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The thermal conductivities of (U,Pu,Np)O2 solid solutions were studied at temperatures from 900 to
1770 K. Thermal conductivities were obtained from the thermal diffusivity measured by the laser flash
method. The thermal conductivities obtained below 1400 K were analyzed with the data of (U,Pu,Am)O2

obtained previously, assuming that the B-value was constant, and could be expressed by a classical pho-
non transport model, k = (A + BT)�1, A(z1, z2) = 3.583 � 10�1 � z1 + 6.317 � 10�2 � z2 + 1.595 � 10�2 (m K/
W) and B = 2.493 � 10�4 (m/W), where z1 and z2 are the contents of Am- and Np-oxides. It was found that
the A-values increased linearly with increasing Np- and Am-oxide contents slightly, and the effect of Np-
oxide content on A-values was smaller than that of Am-oxide content. The results obtained from the the-
oretical calculation based on the classical phonon transport model showed good agreement with the
experimental results.

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

Uranium-and-plutonium-mixed oxide (MOX) fuel has been so
far used in fast breeder reactors (FBRs). Recently, the MOX fuel
containing minor actinides (MAs) has become a candidate for a fu-
ture nuclear fuel cycle, because it has high proliferation resistance
and can reduce environmental burdens by decreasing the amount
of MAs in high level radioactive waste [1,2]. In the development of
MA-MOX fuel, thermal physical properties such as melting point
and thermal conductivity are important for fuel design and perfor-
mance analyses. When MAs are added to MOX fuel, these elements
affect the thermal and mechanical properties of this fuel. Some
studies have been reported on the effects of Np-oxide addition in
UO2 and MOX fuels on the thermal conductivity [3,4]. Also, evalu-
ations of thermal conductivity of pure NpO2 have been carried out
[5,6]. There has, however, been no experimental study concerning
the effect of Np-oxide addition into MOX fuel on the thermal con-
ductivity of MOX fuel until now.

In the present study, the stoichiometric MOX fuels containing
6% and 12% of Np-oxide were prepared, and their thermal conduc-
tivities were measured. These results were compared with the
thermal conductivities of MOX fuel containing Am-oxide previ-
ously obtained by Morimoto et al. [7].
ll rights reserved.

: +81 29 282 9473.
orimoto).
2. Experimental

2.1. Preparation of specimens

The specimens in this study were MOX pellets containing two
different amounts of Np (Np-MOX). One Np-MOX specimen con-
taining about 6% Np of the total metal content and two Np-MOX
specimens containing about 12% Np were prepared. Detailed com-
positions of these specimens are shown in Table 1. In this table, the
content of Am generated by the decay of 241Pu was taken into
consideration.

The raw powders containing Np were prepared as follows. The
Pu nitric acid solution obtained from the reprocessing plant of Ja-
pan Atomic Energy Agency (JAEA) contained about 1% Np. The
Np concentration in this solution was enriched to an Np/Pu ratio
of 0.5 by an anion exchange method. This solution was mixed with
the plutonium nitrate and uranyl nitrate solutions to obtain
Np0.06Pu0.30U0.64 and Np0.12Pu0.30U0.58 nitric acid solutions. These
solutions were denitrated by microwave treatment and heated in
an air and then reduced under an atmosphere of Ar–5% H2 mixed
gas to make powders. The main impurities of these powders are
listed in Table 2. These powders were cold-pressed at 4.5 t/cm2,
and the compacts were sintered to pellets at about 1973 K for
3 h under an atmosphere of Ar–5% H2 mixed gas. The oxygen-to-
metal (O/M) ratios of specimens were adjusted to 2.00 by heating
them at 1123 K for 5 h under an atmosphere of Ar–5% H2 mixed gas
containing a suitable amount of moisture. In the following sen-
tences, the pellets of (Np0.06Pu0.30U0.64)O2 and (Np0.12Pu0.30U0.58)O2

are denoted as 6% Np-MOX and 12% Np-MOX, respectively.
After crushing a part of these stoichiometric specimens, the lat-

tice parameters of the specimens were measured by an X-ray
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Table 2
Impurity analysis of the raw materials of 6% Np- and 12% Np-MOX.

Element 6% Np-MOX (ppm) 12% Np-MOX (ppm)

Ag 2 <2
Al <50 <50
B <2 <2
Ca <50 <50
Cd <2 <2
Cr 40 <20
Cu 3 <2
Fe 260 170
Mg <20 <20
Mn 10 <10
Mo <20 <20
Na 110 30
Ni 20 <20
Pb <10 <10
Si <20 <20
Sn <20 <20
V <50 <50
Zn <50 <50
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Fig. 1. Lattice parameters of near-stoichiometric 6% Np-MOX and 12% Np-MOX as a
function of the Np ratio of the total metal content. The lattice parameter of
(U0.7�z1�z2Pu0.3Amz1Npz2)O2 is calculated from Vegard’s law.

Table 1
Main characteristic of the specimens.

Specimen (unit) Np-01 Np-02 Np-03

Content (mol%)
Np/(U + Pu + Am + Np) 5.90% 11.87% 11.87%
Pu/(U + Pu + Am + Np) 28.76% 28.97% 28.97%
Am/(U + Pu + Am + Np) 0.65% 0.85% 0.85%

Theoretical density (%TD) 93.0% 94.1% 94.1%

Diameter (mm) 5.219 5.569 5.684

Thickness (mm) 1.269 1.141 1.154

O/M ratio
Before measurement 2.000 2.000 2.000
After measurement – 1.999 –

Specimen weight (g)
Before measurement 0.2827 0.2640 0.2610
After measurement 0.2820 0.2636 0.2606
Temperature range (K) 874–1780 1008–1793 992–1769
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diffractometer (RINT-1100, Rigaku Co. Ltd.). As shown in Fig. 1, the
lattice parameter analyzed from the diffraction patterns show good
agreement with the parameters of these specimens calculated
using Vegard’s law [8]. In order to check the homogeneity of spec-
imens, the element distribution of a transverse cross-section of
two specimens was analyzed by an electron probe micro-analyzer
(EPMA; JXA-8800, JOEL Ltd.). The EPMA mapping results of Fig. 2
shows that the specimens have a high degree of homogeneity.

2.2. Thermal diffusivity measurements and thermal conductivity
calculation

The thermal conductivity k(T) was obtained by multiplying
thermal diffusivity a(T), density q(T) and heat capacity Cp(T)
according to the following equation:

kðTÞ ¼ aðTÞqðTÞCpðTÞ: ð1Þ

The thermal diffusivities of stoichiometric specimens were
measured at temperatures from 900 to 1770 K using a laser flash
apparatus (TC-7000UVH, ULVAC-Riko Co. Ltd.). Details of this
apparatus have been described elsewhere [7]. The data obtained
experimentally were analyzed by the curve-fitting method [9],
and thermal diffusivities were figured out. Measurements were re-
peated three times at each temperature, and thermal diffusivity
was determined from the average of these data. As shown in Table
2, the changes of O/M ratio and specimen weight between before
and after thermal diffusivity measurement were very slight. The
densities of Np-MOX at room temperature were measured by the
immersion method. The variation of density due to the thermal
expansion during the measurement was taken into consideration
by using the equation reviewed by Carbajo et al. [10]. The heat
capacity of (U,Pu,Np,Am)O2.00 was estimated by using Kopp’s law

Cp½U0:7�z1�z2 ;Pu0:3;Amz1 ;Npz2
O2�

¼ ð0:7� z1 � z2Þ � CpðUO2Þ þ CpðPuO2Þ þ z1 � CpðAmO2Þ
þ z2 � CpðNpO2Þ; ð2Þ

where Cp(UO2) [10], Cp(PuO2) [10], Cp(AmO2) [11] and Cp(NpO2) [12]
are the heat capacities of UO2, PuO2, NpO2 and AmO2, respectively.

The porosity influences of specimens on thermal conductivities
were corrected by the modified Maxwell–Eucken relation:
F(p) = (1 � p)/(1 � bp), where b = 0.5 was from the result of Morim-
oto et al. [7]. The thermal conductivities k0 of a 100% theoretical
density specimen were obtained from the conductivity k of a real
specimen at porosity p.

3. Results and discussion

3.1. Experimental results

The thermal conductivities of Np-MOX specimens are shown in
Fig. 3 as a function of temperature together with conductivities of
MOX fuel containing Am (Am-MOX) investigated previously [7].
Although the effects of additions of Np-oxide and Am-oxide on
thermal conductivity of MOX are not so large, the effect of addition
of Np-oxide is smaller than that of Am-oxide. That is, the thermal
conductivities of 6% Np-MOX are larger than those of 3% Am-MOX,
which are nearly the same as to the thermal conductivities of 12%
Np-MOX. The reason for this can be explained as follows. The dif-
ference of ionic radii between U and Np is smaller than that one be-
tween U and Am, and then the distortion, which is introduced by
adding the MA and contributes to phonon scattering, is smaller
in Np-MOX than in Am-MOX.

The dependence of Np ratio of the total metal content (Np-con-
tent) on thermal conductivities at 1073, 1273 and 1473 K is shown
in Fig. 4. The thermal conductivities decrease slightly with an in-
crease of Np-content.

Comparisons of the temperature dependences of thermal con-
ductivities of UO2, NpO2, (U,Np)O2 and Np-MOX are shown in
Fig. 5. Experimental results are for UO2 and Np-MOX observed by
Morimoto et al. [7], for NpO2 by Nishi et al. [5], for (U,Np)O2 by
Schmidt et al. [3] and for UO2 by Hirai [13]. The data for Np-
MOX by Katayama et al. [4] were theoretically obtained by using



Fig. 2. EPMA mapping results of the cross-section of specimens: (a) results of 6% Np-MOX; (b) results of 12% Np-MOX.
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Fig. 3. Comparison of thermal conductivities of near-stoichiometric Np-MOX and
near-stoichiometric Am-MOX.
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Fig. 4. Thermal conductivities of near-stoichiometric specimens as a function of
Np-oxide content.

K. Morimoto et al. / Journal of Nuclear Materials 389 (2009) 179–185 181
molecular dynamics calculations. The data for UO2 by Hirai were
estimated by multiplying thermal diffusivities and densities mea-
sured by Hirai himself and heat capacities estimated by the present
authors. From these results, it is found that the temperature
dependence of thermal conductivities of UO2, NpO2, (U,Np)O2

and Np-MOX are very similar to each other.
The thermal resistivities, the reciprocals of thermal conductivi-

ties, of all specimens increase linearly with temperature up to
about 1400 K. So, the thermal conductivities of Np-MOX can be ex-
pressed in the temperature region below 1400 K by the following
equation based on a classical phonon transport model of dielectric
solids above their Debye temperature:

k ¼ ðAþ BTÞ�1
: ð3Þ

The constant A in Eq. (3) is the lattice defect thermal resistivity
due to the interaction of phonons with the lattice defect, and BT
corresponds to the intrinsic lattice thermal resistivity due to the
phonon–phonon interactions based on the Umklapp process. The
values of A and B in the thermal conductivity of Np-MOX were
determined by fitting the experimental data to Eq. (3). Here the
slight content of Am-oxide generated by the decay of 241Pu was ta-
ken into consideration. It was found from several fittings of exper-
imental data to above equation, that slight changes of the B-value
affected greatly the derivation of the A-value. If the B-value is
changed, good data on the dependence of A-value on the content
of Np cannot be obtained.

In the previous study on the thermal conductivities of Am-MOX
[7], B-value was nearly constant, independent of the Am ratio of to-
tal metal (Am-content). Also in the study of Fukushima et al. [14]
on the thermal conductivities of MOX containing rare earth oxides,
the effect of rare earth oxide addition on the thermal conductivities
was mainly caused by the lattice defects related to the A-value, and
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Fig. 5. Comparison of thermal dependences of thermal conductivities of oxides
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(U0.58,Pu0.3,Np0.12)O2 are obtained by using molecular dynamics calculations.
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Fig. 6. Comparison of A-values in thermal conductivity of Np-MOX and of Am-
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the B-value was constant independent of rare earth oxide contents.
Then, B-value was assumed to be constant, and the results ob-
tained previously and in this study (Fig. 3) were fitted to Eq. (3).
From this, the A- and B-values were expressed as a function of
Am and Np-oxides contents by the following equations:

A¼3:583�10�1�z1þ6:317�10�2�z2þ1:595�10�2ðmK=WÞ;

B ¼ 2:493� 10�4ðm=WÞ;

where z1 and z2 are Am-content and Np-content, respectively.
Here, the results obtained in the previous study were re-evaluated
by lowering the highest temperature from 1500 to 1400 K.

Table 3 shows A-values obtained from fitting results of experi-
mental data. Fig. 6 shows the dependence of A-values on Am-
and Np-contents. A-values of thermal conductivities of Np-MOX
and Am-MOX decrease with increasing contents of Np- and Am-
oxide, respectively, but their increase rate is larger in Am-MOX
than in Np-MOX. This reason can be also understood from the dif-
ference of ionic radii between U–Np and U–Am in MOX, as already
described.

3.2. Lattice defect thermal resistivity

According to a classical phonon transport model of dielectric
solids above their Debye temperature, the A-value in Eq. (3) is
the lattice defect thermal resistivity, due to the interaction of pho-
nons with the lattice defect. BT corresponds to the intrinsic lattice
thermal resistivity due to the phonon–phonon interactions based
on the Umklapp process.
Table 3
Fitting results of coefficient A (coefficient B was fixed at 2.493 � 10�4).

Specimen Am-content (%) Np-content (%) A-value

0.7% Am-MOX 0.68 0.00 1.827 � 10�2

2% Am-MOX 2.20 0.00 2.279 � 10�2

3% Am-MOX 3.09 0.00 2.750 � 10�2

6% Np-MOX 0.65 5.90 2.237 � 10�2

12% Np-MOX 0.85 11.87 2.685 � 10�2
Ambegaoker [15] obtained the following relationship for the
lattice defect thermal resistivity, A, by using Klemen’s theory [16]

A ¼ p2Vh
3v2h

X
i

Ci ¼ C
X

i

Ci; ð4Þ

where V = a3/12, is the average atomic volume obtained from lattice
parameter a, h the Debye temperature, v the average phonon veloc-
ity, and h Planck’s constant. Ci is a scattering cross-section param-
eter of phonons by point defect i and is approximately given by the
following equation [17]:

Ci ¼ Xi
M �Mi

M

 !2

þ e
r � ri

r

� �2
2
4

3
5; ð5Þ

where Xi and Mi are the atomic fraction and the mass of point defect
i, respectively. M is the average atomic mass of the host lattice site,
ri the atomic radius of the point defect i in its own lattice, and r the
average atomic radius of the host lattice site. The parameter e is one
which represents the magnitude of lattice strain generated by the
point defect and is obtained by fitting the experimental data to
Eq. (5).

The sum of Ci is expressed as

X
i

Ci ¼

P
i

XiM
2
i �M2

M2

0
B@

1
CAþ e

P
i

Xir2
i � r2

r2

0
B@

1
CA: ð6Þ

In this study, the contents of Np in the specimens were about 6%
and 12%. It is known in actinide compounds that U can exist as U4+,
U5+ and U6+, Pu as Pu3+ and Pu4+, Am as Am3+ and Am4+, and Np as
Np4+. Thus, a lot of combinations of different cation valences can be
considered in these compounds. From the results of Morimoto
et al. [7], it was assumed that the combination of U4+, U5+, Pu4+

and Am3+ is suitable in the stoichiometric (U,Pu,Am)O2. In the case
of Np-oxide, Richter and Gerontopoulos [18] indicated that Np4+

could not be reduced and oxidized. It was assumed from these re-
sults that the ionic structures, (U4+,Pu4+)O2, (U4+,U5+,Pu4+,Am3+)O2,
(U4+,U5+,Pu4+,Am3+,Np4+)O2 could be applied to the MOX, Am-MOX
and Np-MOX. In addition, only cations in the cation sublattice were
taken consideration because the amount of O2� ion is independent
of changes of cations in the stoichiometric compounds.

Also in this study, the evaluations of A- and B-values were
carried out, using the same method as in previous studies [7,14].



Table 4
Constants used in the phonon scattering model calculation of A- and B-values.

Constant (unit) Nomenclature Numerical value

Mass number
UO2 MUO2 270
NpO2 MNpO2

269
PuO2 MPuO2 271
AmO2 MAmO2

273

Lattice parameter (nm)
UO2 aUO2 0.54702
NpO2 aNpO2

0.54339
PuO2 aPuO2 0.53960
AmO2 aAmO2 0.53772

Debye temperature of UO2 (K) hUO2 242

Average phonon velocity in UO2 (m/s) VUO2 4300

Melting point (K)
UO2 TMUO2 3123
NpO2 TMNpO2

2820
PuO2 TMPuO2 2843
AmO2 TMAmO2

2773

Heat of fusion (kJ/mol)
UO2 HFUO2 77.9
NpO2 HFNpO2

70.6
PuO2 HFPuO2 70.9
AmO2 HFAmO2

69.1

Table 5
Ionic radii used in this study.

Ion Radius (nm)

Anion CN = 4
O2� 0.1380 [20]

Cation CN = 8
U4+ 0.1000 [20]
U5+ 0.0880 [21]
Np4+ 0.0980 [20]
Pu3+ 0.1100 [21]
Pu4+ 0.0960 [20]
Am3+ 0.1090 [20]
Am4+ 0.0950 [20]
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Generally, the lattice defect thermal resistivity A can be expressed
as follows:

A ¼W l ¼W lð0Þ þ DW lðxÞ; ð7Þ

where Wl(0) is the lattice defect thermal resistivity caused by impu-
rities, grain boundary and so on. DWl(x) is the other lattice defect
thermal resistivity caused by adding the MAs oxides. In the follow-
ing expression, A-values in the thermal conductivities of MOX, Am-
MOX and Np-MOX are described as AMOX, AAm-MOX and ANp-MOX,
respectively.

AAm-MOX was compared with AMOX in order to evaluate the effect
of Am-oxide content (DAAm), and ANp-MOX was compared with AAm-

MOX in order to evaluate the effect of Np-oxide content (DANp). That
is, the following two differences of A-values were analyzed

DAAm ¼ DW l�AmðxÞ ¼ AAm�MOX � AMOX

¼ CAm�MOX

X
j

Cj � CMOX

X
i

Ci; ð8Þ

DANp ¼ DW l�NpðxÞ ¼ ANp�MOX � AAm�MOX

¼ CNp�MOX

X
j

Cj � CAm�MOX

X
i

Ci: ð9Þ

The details of coefficient C in Eqs. (8) and (9) are shown in Eq.
(4). The Debye temperature and the average phonon velocity of
MA-MOX which is necessary to obtain C were calculated by the fol-
lowing equations:

hMA�MOX ¼ hUO2

ðMUO2 Þ
1=2ðVUO2 Þ

1=3ðTMMA�MOXÞ1=2

ðMMA�MOXÞ1=2ðVMA�MOXÞ1=3ðTMUO2 Þ
1=2 ; ð10Þ

vMA�MOX ¼ vUO2

hMA�MOX

hUO2

� �
aMA�MOX

aUO2

� �
; ð11Þ

where TMUO2 and TMMA-MOX are melting points of UO2 and MA-
MOX, aUO2 and aMA�MOX are lattice parameters, MUO2 and MMA�MOX

are the average atomic masses, and VUO2 and VMA�MOX are the aver-
age atomic volumes. The melting points of MA-MOX were calcu-
lated from the melting point and the heat of fusion of all
components in MA-MOX (UO2, PuO2, AmO2 and NpO2) by using
the ideal solution model [19]. The lattice parameters of MA-MOX
were estimated from the lattice parameters of these components
by using Vegard’s law [8]. The data for calculation of coefficient C
are listed in Table 4.

In the analysis using the phonon scattering model, it is impos-
sible to evaluate the effects of Np- and Am-oxide contents on A-va-
lue if both contents are changed simultaneously. Accordingly, the
effects of Np- and Am-oxide content on thermal conductivity were
evaluated individually.

The lattice defect thermal resistivity of Am-MOX, AAm-MOX, is
described as follows:

AAm�MOX ¼ CAm�MOX

X
i

Cj

¼ CAm�MOX
ðXU4þ þXU5þ ÞM2

U þXPu4þM2
Pu þXAm3þM2

Am

M2
Am�MOX

� 1

( )"

þe
XU4þr2

U4þ þXU5þr2
U5þ þXPu4þr2

Pu4þ þXAm3þr2
Am3þ

r2
Am�MOX

� 1

( )#
;

ð12Þ

where MAm�MOX is the average atomic mass of the elements con-
tained in Eq. (12) and rAm�MOX ¼ ð0:7� 2z1Þr4þ

U þ z1r5þ
U þ

0:3r4þ
Pu þ z1r3þ

Am. The cation and anion radii are shown in Table 5.
The lattice defect thermal resistivity of MOX, AMOX, is described

as follows:

AMOX ¼ CMOX

X
i

Cj ¼ CMOX
XU4þM2

U þ XPu4þM2
Pu

M2
MOX

� 1

( )"

þe
XU4þr2

U4þ þ XPu4þr2
Pu4þ

r2
MOX

� 1

( )#
; ð13Þ

where MMOX is the average atomic mass of the elements contained
in Eq. (13) and rMOX ¼ 0:7r4þ

U þ 0:3r4þ
Pu .

In the case of Np-MOX, a small amount of Am has to be taken
into account because 241Am accumulates gradually by the decay
of 241Pu. The lattice defect thermal resistivity of Np-MOX, ANp-

MOX, is described as follows:

ANp�MOX¼CNp�MOX

X
i

Cj

¼CNp�MOX
ðXU4þ þXU5þ ÞM2

UþXPu4þM2
PuþXAm3þM2

AmþXNp4þM2
Np

M2
Np�MOX

�1

( )"

þe
XU4þ r2

U4þ þXU5þ r2
U5þ þXPu4þ r2

Pu4þ þXAm3þ r2
Am3þ þXNp4þ r2

Np4þ

r2
Np�MOX

�1

( )#
;

ð14Þ

where MNp�MOX is the average atomic mass of the elements con-
tained in Eq. (14) and rNp�MOX ¼ ð0:7� 2z1 � z2Þr4þ

U þ z1r5þ
U þ

0:3r4þ
Pu þ z1r3þ

Am þ z2r4þ
Np.

The two dependencies of Np- and Am-oxide contents on A-val-
ues were theoretically calculated by using Eqs. (4)–(14). Fig. 7
shows the obtained dependences of A-values on Am- and
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Np-oxides contents for the thermal conductivities of Am-MOX and
Np-MOX, assuming that e-values were 32 for Am-MOX and 45 for
Np-MOX, respectively. In the case of Am-MOX, the agreement be-
tween experimental and theoretical results is fairly good, but is not
so good in the case of Np-MOX.

As a trial to improve the agreement in the case of Np-MOX, A-
value was calculated in another ionic composition,
(U4+,Pu4+,Am4+,Np4+)O2. These results are also shown also in
Fig. 7(b). A good agreement can be seen between both experimen-
tal and theoretical dependences. Although the reason for this can-
not be fully understood, it is suggested that the addition of Np-
oxide prevents the conversion of U4+ to U5+, resulting in the pre-
vent of Am4+ to Am3+ because the contents of Am in Np-MOX are
so small.

3.3. Intrinsic lattice thermal resistivity

In the studies on thermal conductivity of oxide fuels, many
authors [14,22–25] have used the following Liebfried–Schlömann
relationship to explain the intrinsic lattice thermal resistivity

BT ¼ c2T
24
10 41=3 h

k

� �3
M � V1=3

h3
h i ; ð15Þ

where c is the Grüneisen constant, h Planck’s constant, k the
Boltzmann constant, M the average atomic mass of the host lattice
site, V the average atomic volume, and h the Debye temperature.

It has been reported by Gibby [22] and Duriez et al. [23] that the
B-values predicted by using Eq. (15) were 3 or 4 times lower than
experimental values. As shown in both these studies, the relative
ratio of B1-value for compound 1 to B2-value for compound 2 could
be expressed by the following equation, based on the Lindeman
relationship which express h as a function of the melting point [22]

B2

B1
¼ M2

M1

� �1=2 a2

a1

� �2 TM1

TM2

� �3=2 c2

c1

� �2

; ð16Þ

where Mi, ai, TMi and ci are the molecular weight, the lattice param-
eter, the melting point and the Grüneisen constant for compound i,
respectively.

In the evaluation of B-values of Np-MOX and Am-MOX, com-
pounds 1 and 2 of Eq. (16) were assumed as UO2 and MA-MOX,
respectively, as shown in Eq. (17)

BMA�MOX

BUO2

¼ MMA�MOX

MUO2

� �1=2 aMA�MOX

aUO2

� �2 TUO2

TMA�MOX

� �3=2 cMA�MOX

cUO2

 !2

:

ð17Þ
As described by Gibby [22] and Duriez et al. [23], it was as-
sumed that the Grüneisen constants of Np-MOX and Am-MOX
were same as that of UO2 and cMA-MOX/ cUO2

= 1. The melting points
and lattice parameters of MA-MOX and UO2 used in Eq. (17) were
the values obtained in the same ways mentioned in Eqs. (10) and
(11).

In this study, B-values were tentatively evaluated by using the
above Eqs. (16) and (17). The B-values evaluated by experiment
and calculation are shown in Fig. 8. The experimental value of B
was the average of B-values obtained from the experimental data
of Np-MOX and Am-MOX. It is found from the calculation that
the effects of Np- and Am-oxide additions on B-value are small,
and that the B-value increases very slightly with increasing con-
tents of Np- and Am-oxides. It is seen that the calculated B-values
are a little smaller than the experimental value used in the deriva-
tion of A-values by best fittings, but B-values are nearly indepen-
dent of the Np- and Am-oxide contents, as already described.

4. Conclusions

The thermal conductivities of MOX containing Np- and Am-oxi-
des (Am-MOX and Np-MOX) were measured by the laser flash
method in the temperature range from 900 to 1770 K. The obtained
conductivities were normalized to those of 100% of the theoretical
density by using the modified Maxwell–Eucken relationship [7].
The obtained results were analyzed together with the results on
the Am-MOX obtained in by Morimoto et al. [7].
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The thermal conductivities could be expressed in the tempera-
ture region below 1400 K by the simple equation, k = (A + BT)�1 de-
rived from a classical phonon transport model. The values of A and
B were evaluated by this equation. It was found that the A-values
increased linearly with increasing Np-oxide and Am-oxide con-
tents slightly, and the effect of Np-oxide content was smaller than
that of Am-oxide content.

The reason for this was suggested to be the smaller extent of
lattice distortions leading to phonon scattering in Np-MOX than
in Am-MOX, because the difference of ionic radii between U and
Np is smaller than that between U and Am.

The dependences of A-values on the Np- and Am-oxides were
evaluated, assuming that B-value was constant and independent
of Np- and Am-oxide contents, as similarly pointed out by previous
studies [7,14]. The results were expressed as follows

k0 ¼ ðAþ BTÞ�1ðW=m=KÞ;

A¼3:583�10�1�z1þ6:317�10�2�z2þ1:595�10�2ðmK=WÞ;

B ¼ 2:493� 10�4ðm=WÞ;

where z1 and z2 are the contents of Am- and Np-oxides, respec-
tively. It was shown also in this result that the effect of MA addi-
tion content was smaller in Np-MOX than in Am-MOX.

The dependences of B-values on Np- and Am-oxide contents
were tentatively evaluated by the Liebfried–Schlömann relation-
ship for the intrinsic phonon resistivity. It was found that the ob-
tained B-values was nearly independent of the Np- and Am-oxide
contents and were a little smaller than the ones used in the deriva-
tion of A-values by best fittings.
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