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Burning or transmutation of minor actinides (MA: Np, Am, Cm) that are classified as the high-level radio-
active waste in the current nuclear fuel cycle is an option for the advanced nuclear fuel cycle. Although
the thermochemical and thermophysical properties of minor actinide compounds are essential for the
design of MA-bearing fuels and analysis of their behavior, the experimental data on minor actinide com-
pounds are limited. To support the research and development of the MA-bearing fuels, the property mea-
surements were carried out on minor actinide nitrides and oxides. The lattice parameters and their
thermal expansions were measured by high-temperature X-ray diffractometry. The specific heat capac-
ities were measured by drop calorimetry and the thermal diffusivities by laser-flash method. The thermal
conductivities were determined by the specific heat capacities, thermal diffusivities and densities. The
oxygen potentials were measured by electromotive force method.

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

Minor actinides (MA: Np, Am, Cm) are produced from fuel
materials of uranium and plutonium in the nuclear reactors
through neutron captures and decays, and those in the spent fuels
are classified as the high-level radioactive waste in the current nu-
clear fuel cycle. To reduce the radiotoxicity and heat generation of
the high-level radioactive waste and to use the repository effi-
ciently, burning or transmutation of minor actinides as well as plu-
tonium into short-lived or stable elements is an option for the
future nuclear fuel cycle. Many concepts have been proposed and
studied on MA-bearing fuels together with transmutation systems
including critical reactors and accelerator-driven systems (ADS)
with sub-critical cores.

Among various fuel types, the nitride fuel has good potentials
for the transmutation of minor actinides with ADS [1]. The melting
point of the nitride fuel is higher than that of the metal fuel and
comparable to that of the oxide fuel. For the thermal conductivity,
the nitride fuel is higher than the oxide fuel and comparable to the
metal fuel. The nitride fuel supports a hard neutron spectrum
needed for fissions of the minor actinides. The actinide mononit-
rides would form solid solution, which could accommodate a wide
range of the combination and composition of actinides.

The oxide fuel has been used in the current power reactors with
accumulating much achievement and experience in fabrication and
irradiation. The MA-bearing oxide fuel may be put in the first place
to practical use for the transmutation of minor actinides. The com-
posite type fuels of CERCER and CERMET have been studied for the
ll rights reserved.
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transmutation of minor actinides, where U-free oxides are dis-
persed in the inert matrix phases of MgO and Mo, respectively
[2,3].

Although the thermochemical and thermophysical properties
of minor actinide compounds are essential for the design of MA-
bearing fuels and analysis of their behavior, the data on minor acti-
nide compounds are limited. The properties of actinide compounds
of nitrides and oxides have been reviewed [4–6], where it was rec-
ognized that the experimental data on americium and curium
compounds were almost lacking and that some data on neptu-
nium compounds were available in literature though they were
insufficient.

The handling of americium and curium compounds is more dif-
ficult than that of uranium compounds due to their c- and a-rays
and neutron emissions as well as their hygroscopic nature. To sup-
port the research and development of the MA-bearing fuels, the
authors installed new facilities with a purified argon gas atmo-
sphere for property measurements of minor actinide compounds
[7]. This paper gives an overview of the recent results of the prop-
erty measurements of minor actinide nitrides and oxides.
2. Properties of actinide nitrides

2.1. Miscibility of actinide nitrides

Actinide nitrides were synthesized from the oxides by the car-
bothermic reduction method, where the actinide oxides mixed
with carbon were heated in flowing N2 gas to form the nitrides fol-
lowed by heating in N2–H2 mixed gas to remove the residual car-
bon. Preparation of actinide nitrides of AmN and (Cm,Pu)N has
been reported [8,9], besides UN, NpN, PuN, (U,Pu)N, (U,Np)N and
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Fig. 2. Linear thermal expansions of NpN, PuN and AmN, together with that of UN
[17], as a function of temperature.
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(Np,Pu)N [10–14]. Recently, (Np,Am)N, (Pu,Am)N, (Pu,Am,Cm)N
and (Np,Pu,Am,Cm)N were successfully synthesized and analyzed
[15].

The mixed nitrides of (Np0.75Am0.25)N, (Np0.50Am0.50)N, (Np0.25-
Am0.75)N, (Pu0.75Am0.25)N and (Pu0.50Am0.50)N were prepared by
the carbothermic reduction of mixtures of respective oxides in
flowing N2 gas at 1573–1773 K followed by heating in flowing
N2–4%H2 mixed gas at 1773 K. The prepared nitrides were ana-
lyzed by X-ray diffraction and found to have a single phase of a
NaCl-type structure to form the solid solution. The lattice parame-
ters of the solid solutions of (Np,Am)N and (Pu,Am)N followed
the Vegard’s law in the NpN–AmN and PuN–AmN systems,
respectively.

The X-ray diffraction analysis of (Np0.279Pu0.307Am0.279-
Cm0.135)N prepared by the carbothermic reduction method re-
vealed the formation of a quaternary mononitride solid solution,
as shown in Fig. 1. The lattice parameter of 0.4943 nm almost
agreed with the value assumed from the Vegard’s law. The present
result experimentally confirmed the mutual miscibility among
NpN, PuN, AmN and CmN. This property is favorable for the MA
transmutation fuel, which could accommodate a wide range of
the combination and composition of minor actinides.

2.2. Thermal expansions of actinide nitrides

The thermal expansions of NpN, PuN and AmN were deter-
mined from the temperature dependence of the lattice parameters
measured by the high-temperature X-ray diffractometry [16]. The
diffractometer installed in a glove box with a purified argon gas
atmosphere was used to prevent the samples from hydrolysis
and/or oxidation during handling and measurements. About
20 mg of the nitride powder prepared by the carbothermic reduc-
tion of the oxide was loaded on a platinum or tungsten holder. The
measurements were carried out at room temperature to 1478 K.

The thermal expansions of NpN, PuN and AmN, together with
that of the reported values for UN [17], are shown in Fig. 2. The
thermal expansions of AmN and PuN were found to be close to
each other and larger than that of UN, whereas the thermal expan-
sion of NpN was nearly the same as that of UN.

The thermal expansion measurements on the single phase solid
solution samples of (Np0.55Am0.45)N, (Pu0.59Am0.41)N, (Np0.21Pu0.52-
Am0.22Cm0.05)N and (Zr0.61Pu0.21Am0.18)N were also carried out by
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Fig. 1. X-ray diffraction pattern of (Np0.279Pu0.307Am0.279Cm0.135)N prepared by
carbothermic reduction. Arrows indicate peak positions of respective mononitrides.
the high-temperature X-ray diffraction technique at room temper-
ature to 1478 K [18]. It was found that the average thermal
expansion coefficient for each solid solution could be approxi-
mated from the values for the constituent nitrides by the linear
mixture rule.

2.3. Heat capacities of actinide nitrides

The heat capacities of NpN and AmN were determined by the
drop calorimetry [19]. The NpN and AmN samples were prepared
by the carbothermic reduction of the respective oxides. The enthal-
py increments were measured with a twin-type drop calorimeter
in a glove box. The apparatus consisted of two differential calori-
metric units located in two cylindrical wells. The temperature dif-
ference between two calorimetric units was detected by Pt–
Pt10%Rh thermocouples. The sample enclosed in a platinum con-
tainer at room temperature was dropped into the calorimeter kept
at a given temperature. The sapphire disk was used as standard.
The heat capacities were determined by derivatives of the enthalpy
increments.

The heat capacities of UN, PuN and NpN have been reported by
Nakajima and Arai, where differential scanning calorimetry was
used in the temperature range from 323 to 1023 K [20]. Their data
on the heat capacities of UN and PuN agreed with the data in liter-
ature [21–23] within experimental errors and the heat capacity of
NpN was nearly the same as those of UN and PuN.

The heat capacity of NpN obtained was in good agreement with
the reported values [20]. The heat capacities of AmN and NpN ob-
tained, together with those of UN [22] and PuN [23], are shown in
Fig. 3. The heat capacity of AmN was found to be slightly smaller
than those of UN, NpN and PuN.

The heat capacities of mixed actinide nitrides of (Np,Am)N,
(Pu,Am)N, (Np,Pu,Am,Cm)N, (Pu,Am,Zr)N and (Np,Pu,Am,Cm,Zr)N
are being studied by the drop calorimetry to test the validity of
the Neumann–Kopp rule.
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Fig. 3. Heat capacity of AmN, together with those of UN [22], NpN and PuN [23], as
a function of temperature.
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2.4. Thermal conductivities of actinide nitrides

The thermal diffusivity of AmN was measured by the laser-flash
method at 373–1473 K [24]. The AmN powder prepared by the car-
bothermic reduction of the oxide was pressed into a disk followed
by the sintering in flowing N2–4%H2 mixed gas at 1823 K for 10 h.
The specimen used was about 3 mm in diameter and 0.6 mm in
thickness. The apparatus has been installed in a glove box with a
purified argon gas atmosphere. The data of temperature response
curve at the rear surface of the specimen was analyzed by the
curve fitting method. The thermal conductivity of AmN with the
theoretical density was calculated with the measured thermal dif-
fusivity, bulk density and specific heat capacity.

The thermal diffusivities of UN, NpN, PuN and the solid solu-
tions of (U,Pu)N, (U,Np)N and (Np,Pu)N were previously measured
by the laser-flash method from 740 to 1630 K, and the thermal
conductivities have been reported as a function of temperature
[25–27].

Fig. 4 shows the thermal conductivity of AmN, together with
those of the reported values for UN, NpN and PuN [25,26]. The
thermal conductivities of the actinide nitrides gradually increase
with temperature over the temperature range investigated. For
these nitrides, the electronic component contributes dominantly
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Fig. 4. Thermal conductivity of AmN, together with those of UN [25], NpN [26] and
PuN [25], as a function of temperature.
to the total thermal conductivity, and the increase in the thermal
conductivity is due to the increase in the electronic component.
It is also seen in Fig. 4 that the thermal conductivities decrease
with increasing atomic number from UN to AmN. It is probable
that the decrease is caused by the decrease in the electronic com-
ponent contributing to the thermal conductivity. The electrical
resistivity of actinide mononitride tends to increase with atomic
number [27].

The thermal diffusivity measurements of mixed actinide ni-
trides of (Np,Am)N, (Pu,Am)N, (Np,Pu,Am,Cm)N, (Pu,Am,Zr)N and
(Np,Pu,Am,Cm,Zr)N are underway and the thermal conductivities
are to be evaluated.
3. Properties of actinide oxides

3.1. Thermal expansions of actinide oxides

The thermal expansions of NpO2, AmO2 and Am2O3 were deter-
mined from the temperature dependence of the lattice parameters
measured by the high-temperature X-ray diffractometry. The mea-
surements were performed in flowing air for NpO2 and AmO2 and
in flowing N2–4%H2 mixed gas for Am2O3.

The thermal expansions of UO2, NpO2, PuO2, AmO2 and CmO2

were available in literature [28–31]. All the actinide dioxides have
a face-centered cubic crystal structure. The thermal expansion of
NpO2 obtained was in good agreement with the reported values
[29,30], and also that of AmO2 agreed well with the reported values
[30]. The crystal structure of Am2O3 is a hexagonal close-packed
one. The thermal expansion of Am2O3 was not isotropic, where
the thermal expansion along c-axis was larger than that along a-
axis. The volume expansion of Am2O3 was about 1.14� as large
as that of AmO2.

The oxygen nonstoichiometry affects the thermal expansion
and the control of the oxygen/metal ratio of the sample during
measurement is important. The thermal expansion measurements
by the high-temperature X-ray diffractometry on (Np,Am)O2 and
(Pu,Cm)O2 are underway.

3.2. Heat capacities of actinide oxides

The heat capacity of NpO2 was determined in the temperature
range from 334 to 1071 K by the drop calorimetry [32]. A disk
shaped NpO2 sample was loaded in a platinum container, and then
the container was evacuated and sealed in argon gas atmosphere.
The enthalpy increment measurement was carried out with a
twin-type drop calorimeter kept at a given temperature, in which
the container at room temperature was dropped.

The heat capacity of NpO2 obtained, together with those of the
reported values for NpO2 [33,34], UO2 [35] and PuO2 [35], are
shown in Fig. 5. The present result of the heat capacity of NpO2

at temperatures higher than 500 K was close to the values reported
by Barin and Knacke [33], while it was smaller than the literature
values [33,34] at temperatures lower than 500 K. The statistical er-
ror of the enthalpy increment in the present measurement was
large below 500 K compared with that above 500 K, which may
have caused the discrepancy. The heat capacity of NpO2 deter-
mined in this study was slightly larger than that of UO2 and about
7% smaller than that of PuO2.

The heat capacities of AmO2, Am2O3 and (Pu,Am)O2 are being
studied by the drop calorimetry.

3.3. Thermal conductivities of actinide oxides

The thermal diffusivities of AmO2�x and NpO2 were measured
by the laser-flash method [32,36]. Disk samples of AmO2�x and
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NpO2 were prepared by pressing and sintering the respective oxi-
des in flowing air. The O/Am ratio of the disk could be about 1.9
at the beginning of the measurement. The thermal diffusivity mea-
surements were performed in both the heating and cooling
processes.

The thermal diffusivity of AmO2�x at 573–773 K obtained in the
first run was found to be larger than that in the second run, while
the thermal diffusivity at 873–1273 K obtained in the first run was
in good agreement with that in the second run. The data obtained
in the third run were in good agreement with those in the second
run. After the thermal diffusivity measurement, the O/Am ratio
was found to be 1.73. In the case of a hypostoichiometric oxide,
MO2�x, it is known that the decrease in the O/M ratio results in
the decrease in the thermal diffusivity. The thermal diffusivity of
NpO2 obtained in the heating and cooling measurements showed
the good reproducibility.

The thermal conductivity of AmO2�x with the theoretical den-
sity was calculated with the measured thermal diffusivity, bulk
density and the specific heat capacity from literature [37], while
the thermal conductivity of NpO2 was calculated with the mea-
sured thermal diffusivity, bulk density and specific heat capacity.

The thermal conductivities of AmO2�x and NpO2, together with
those of UO2 [38], PuO2 [39] and (U0.8Pu0.2)O2�x [40] for compari-
son, are shown in Fig. 6. The thermal conductivity of AmO2�x

was smaller than those of the literature values of UO2 and PuO2.
On the other hand, the thermal conductivity of NpO2 from 873 to
1473 K lay between those of UO2 and PuO2. The thermal conductiv-
ities of AmO2�x and NpO2 decreased with increasing temperature
in the temperature range investigated. This temperature depen-
dence of the thermal conductivities of AmO2�x and NpO2 was sim-
ilar to that of UO2, PuO2 and (U0.8Pu0.2)O2�x.

The thermal diffusivity measurements by the laser-flash meth-
od on (Pu,Am)O2 and (Np,Pu,Am)O2 are underway and the thermal
conductivities are to be evaluated.

3.4. Oxygen potentials of actinide oxides

The oxygen potentials of AmO2�x [41], (Np,Am)O2�x [42] and
(Pu,Am)O2�x [43] were measured as a function of the oxygen non-
stoichiometry x and temperature by the electromotive force meth-
od with a zirconia solid-electrolyte. For the measurements disks of
the oxides with 3 mm in diameter and 1 mm in thickness were
prepared. The galvanic cell type used was expressed by (Pt-elec-
trode) sample/Zr(Ca)O2�x/air (Pt-electrode).

Fig. 7 shows the oxygen potentials of AmO2�x obtained as a
function of the x at 1333 K, together with those of CeO2�x at 988
and 1353 K [44] in literature. The relation between the oxygen po-
tential and x of AmO2�x is similar to those of CeO2�x. The oxygen
potentials of AmO2�x changed from �20 to �360 kJ/mol with
increasing x from 0.01 to 0.5 at 1333 K, which were higher than
those of CeO2�x at the corresponding x value by �200 kJ/mol. The
oxygen potentials obtained were almost consistent with the pub-
lished phase diagram of the Am–O system. However, those sug-
gested the presence of the intermediate stable phases of Am9O16

and Am7O12.
Fig. 8 shows the oxygen potentials of (Am0.5Np0.5)O2�x and AmO

2�x obtained as a function of the x at 1333 K, together with those of
(Am0.5U0.5)O2�x at 1333 K in literature [45]. The oxygen potentials
of (Am0.5Np0.5)O2�x suddenly dropped around �440 kJ/mol with
increasing x. This could be attributed to the reduction of Am3+ to
Am2+ or Np4+ to Np3+ at x = 0.25, where the chemical composition
is (Am3+

0.5Np4+
0.5)O1.75. The oxygen potentials of (Am0.5Np0.5)O2�x de-

creased smoothly from �93.63 to �440.1 kJ/mol with increasing x
from 0.021 to 0.25. This result suggested that the (Am0.5Np0.5)O2�x

sample should be composed of the single oxygen-deficient fluorite-
type phase in this x range at 1333 K. The oxygen potentials of
(Am0.5Np0.5)O2�x were higher than those of (Am0.5U0.5)O2�x by
�200 kJ/mol at the corresponding x value.
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Table 2
MA-bearing oxides whose properties are available in literature, reported in this paper
and being studied by the authors.

Property MA-bearing oxides

In literature Reported here Being studied

Thermal expansion NpO2 NpO2 (Np,Am)O2

AmO2 AmO2 (Pu,Cm)O2

CmO2 Am2O3

Heat capacity NpO2 NpO2 AmO2

Am2O3

(Pu,Am)O2

Thermal conductivity (U,Np)O2 NpO2 (Pu,Am)O2

(U,Am)O2 AmO2 (Np,Pu,Am)O2

(U,Pu,Am)O2

Oxygen potential (Th,Am)O2 AmO2

(U,Am)O2 (Np,Am)O2

(Pu,Am)O2 (Pu,Am)O2

(U,Pu,Am)O2

(U,Np,Pu,Am)O2
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For the oxygen potential measurements of (Am0.5Pu0.5)O2�x, the
x was controlled at 1333 K over 0.02 < x 6 0.25 by the coulometric
titration method. It was found that the oxygen potentials de-
creased smoothly with increasing x from 0.02 to 0.22 and that
the oxygen potentials remained almost constant around x = 0.23.
The tendency of the change in oxygen potential with increasing x
from 0.02 to 0.22 at 1333 K for (Am0.5Pu0.5)O2�x was similar to that
for AmO2�x. This suggested that the phase relations of (Am0.5-
Pu0.5)O2�x should be similar to those of AmO2�x at 1333 K over
0.02 < x 6 0.25.

4. Summary

The thermochemical and thermophysical properties of minor
actinide nitrides and oxides, especially those of Am-bearing com-
pounds, were studied and some measurements are underway. Ta-
ble 1 summarizes the MA-bearing nitrides whose properties of
thermal expansion, heat capacity and thermal conductivity are
available in literature, reported in this paper and being studied
by the authors. The properties of AmN were obtained and some
Am-bearing mixed nitrides are being studied. However, the prop-
erties of CmN are still lacking though some data on Cm-bearing
mixed nitrides are available. To clarify the effects of CmN on the
properties of Cm-bearing mixed nitrides, the properties of CmN
need to be obtained.
Table 1
MA-bearing nitrides whose properties are available in literature, reported in this
paper and being studied by the authors.

Property MA-bearing nitrides

In literature Reported here Being studied

Thermal expansion NpN
AmN
(Np,Am)N
(Pu,Am)N
(Np,Pu,Am,Cm)N
(Pu,Am,Zr)N

Heat capacity NpN NpN (Np,Am)N
AmN (Pu,Am)N

(Np,Pu,Am,Cm)N
(Pu,Am,Zr)N
(Np,Pu,Am,Cm,Zr)N

Thermal conductivity NpN AmN (Np,Am)N
(U,Pu)N (Pu,Am)N
(U,Np)N (Np,Pu,Am,Cm)N
(Np,Pu)N (Pu,Am,Zr)N

(Np,Pu,Am,Cm,Zr)N
Table 2 summarizes the MA-bearing oxides whose properties of
thermal expansion, heat capacity, thermal conductivity and oxygen
potential are available in literature, reported in this paper and
being studied by the authors. Like the situation of MA-bearing ni-
trides, the properties of americium oxides and some Am-bearing
mixed oxides were obtained and are being studied, but the proper-
ties of curium oxides and Cm-bearing mixed oxides are still
lacking.

Along with the property measurements, it is important to de-
velop the modeling and simulation of the properties. The property
measurements were carried out on single minor actinide com-
pounds and then mixed ones to understand the effects of the mix-
ture on the properties. With modeling and simulation, the
properties of MA-bearing nitride and oxide fuels having any com-
positions would be estimated. This approach is especially favorable
for the development of MA-bearing fuels since the experiments
with MA will take a long time and cost a lot.
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