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Abstract

Literature data on the thermal conductivity of americium oxides and americium-oxide containing compounds have been
assessed. The influence of temperature and stoichiometry on the thermal conductivity of both solid solutions and
heterogeneous composites of americium oxides and inert-matrix materials are discussed. The implications of the thermal
conductivity on the choice of the inert-matrix material are examined. q 1998 Elsevier Science B.V.

1. Introduction

The interest in the transmutation of americium has
raised the need for information on the thermal properties
of americium containing fuels. Of the fuel concepts cur-
rently considered, homogeneous solid solutions of ameri-
cium oxide and oxides such as UO , CeO or Y O or2 2 2 3

Ž .heterogeneous composites dispersions in an inert support
Ž . Ž .material such as spinel MgAl O or magnesia MgO are2 4

w xbeing studied extensively 1 . Especially the thermal con-
ductivity of such solid solutions or composites is an impor-
tant property, since it determines the power that can be
generated in an americium-containing fuel rod, but like
many properties of these types of fuels, the thermal con-
ductivity is poorly known and the obvious reason for this
is the high radioactivity of americium as a result of which
special facilities are required for its handling.

Ž .Thermal conductivity l measurements at 333 K of
Ž .freshly annealed AmO ls0.69 Wrm K and Am O2 2 3

Ž .ls0.82 Wrm K pellets have been reported by Schmidt
w x2 . The thermal conductivity of the AmO pellet was2

found to be drastically lower than the thermal conductivity
of other actinide dioxides with an identical crystal struc-
ture, i.e. ThO , UO and PuO , which have a thermal2 2 2

w xconductivity at 333 K of 7-10 Wrm K. Schmidt et al. 3

) Corresponding author.

Žmeasured the thermal conductivity of Am U O x0.5 0.5 2yx
.s0.08 and xs0.19 and Am Np U O in the0.25 0.25 0.5 1.93

temperature range between 1000 K and 2500 K. The
thermal conductivity of these compounds varies between 1
and 2 Wrm K. An additional factor to be considered is the
effect of self-irradiation on the thermal conductivity of

w xAmO and Am O , as described by Schmidt et al. 4 . It2 2 3

was observed that the conductivity decreases due to a-de-
cay until saturation is reached after three days. Because of
the experimental difficulties, we have used a different
approach for establishing the thermal conductivity of
americium-containing fuels, using semi-empirical estima-
tions, analytical approaches and analyses by finite-element
methods.

2. Discussion on the thermal conductivity of AmO2I x

In this section the thermal conductivity of AmO , as2
w xmeasured by Schmidt 2 , will be compared with theoreti-

cal predictions on the thermal conductivity of AmO in2yx

order to get a better insight in the thermal conductivity of
AmO .2yx

The temperature dependence of the thermal conductiv-
Ž .ity l of AmO and Am O can be represented by Eq.2 2 3

Ž .1 up to about 1800 K, since this equation also represents
Ž .the thermal conductivity TF1800 K of actinide oxides
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such as ThO , UO and PuO in pure form as well as2 2 2

containing substitutions or being non-stoichiometric:

1
ls . 1Ž .

A qA x qBTŽ .0 1

T is the temperature, the parameter A describes the0

temperature independent phonon scattering in the pure
Ž .compound. The parameter A x represents the influence1

of substitution or non-stoichiometry on the temperature
independent phonon scattering. x represents the amount of
non-stoichiometry or substitution. The parameter B, which
represents the temperature dependent phonon–phonon
scattering, is less sensitive to substitutions or other scatter-
ing centers. The systematics of the phonon–phonon inter-
actions in the actinide oxides ThO , UO and PuO have2 2 2

w xbeen studied by Gibby 5 who compared experimental
B-parameters taken from literature with the systematics

Ž .obtained from Eq. 2 , that has been derived from the
w xLiebfried–Schlomann relationship 6 :¨

1r2 3r22M a T2 2 M1
B sB . 2Ž .2 1 ž /ž / ž /M a T1 1 M2

M is the molecular weight, a is the lattice parameter, TM

is the melting temperature and the subscripts 1 and 2
represent the oxides that are to be compared. The B-

w x Ž .parameters obtained by Gibby 5 using Eq. 2 and Bs
2.29=10y4 mrW for UO are Bs1.96=10y4 mrW2

for ThO and Bs2.81=10y4 mrW for PuO . Gibby2 2

observed good agreement between the B-values from liter-
ature and the above mentioned calculated B-values. Eq.
Ž . y42 yields Bs3.19=10 mrW for AmO , using the2

UO -data of Gibby and Ms273, as0.53772 nm and2
w xT s2448 K 7 for AmO .M 2

No systematics can be observed between the A -values0
Ž w x. Ž y2of ThO A s0 m KrW 8 , UO A s3.0=10 m2 0 2 0

w x. Ž y2 w x.KrW 9 , U Pu O A s4.2=10 m KrW 100.8 0.2 2 0
Ž y2 w x.and PuO A s0.5=10 m KrW 5 . Assuming that2 0

the A -value of AmO lies in the same range as that of the0 2
Ž y2above mentioned oxides 0 m KrWFA F4.2=10 m0

. y4KrW and B is 3.19=10 mrW, the calculated ther-
mal conductivity of AmO at 333 K lies in the range 6.72

Wrm K-9.4 Wrm K, which is approximately ten times
larger than the thermal conductivity value measured by
Schmidt.

Ž .In UO and U, Pu O fuel it has been shown that2yx 2yx

non-stoichiometry causes a strong decrease of the thermal
w xconductivity 10 . Oxygen deficiencies create irregularities

in the lattice which decrease the thermal conductivity by
the following effects:

– The differences in effective atomic radius and atomic
mass of an oxygen atom and a vacancy.

– Due to charge neutrality the oxidation state of some
of the Pu4q-atoms changes to a 3q oxidation state. This
induces a radius difference between the atoms with a 4q
and a 3q oxidation state.

Ž . Ž .For U, Pu O it was found that the A x -term in2yx 1
Ž .Eq. 1 increases approximately parabolically with increas-

w xing x 10 :

1r2A x s1.528 xq0.00931 y0.1474. 3Ž . Ž . Ž .1

Ž . Ž .A x in m KrW is derived for a plutonium content1

close to 20%, for x up to 0.1 and a density of 95% th.d.
Since the atomic radius differences between Pu4q and
Pu3q and that between Am4q and Am3q are approxi-
mately similar, the influence of non-stoichiometry on the

Ž .thermal conductivity of U, Pu O and AmO will be2yx 2yx
Ž .comparable and consequently Eq. 3 can be used for

AmO .2yx

For example, the thermal conductivity at 333 K of
AmO , which is the lower limit of the existence of the1.62

Ž . w xfcc AmO phase 1.62F2yxF2.0 11 , is approxi-2yx

mated as 1.07 Wrm K using Bs3.19=10y4 mrW,
y2 Ž .A s2=10 m KrW and A xs0.38 s0.81 m KrW.0 1

Ž . Ž .The extrapolation of Eq. 3 to xs0.38 AmO is1.62

drastic since the equation has only been determined in the
range 0FxF0.1. However, the shape of the extrapolated

Ž .curve of Eq. 3 is in good agreement with the theory for
Žthe thermal conductivity of homogeneous mixtures Sec-

.tion 3 . The computed thermal conductivity of AmO1.62
Ž Ž . .l 333 K s1.07 Wrm K and the measured value of

Ž Ž . .Schmidt for AmO l 333 K s0.69 Wrm K are rather2

similar taking into account the rough estimations that were
w xmade in the computations. Since Schmidt 3 did not report

on the OrM-ratio of his samples and taking into account
that the thermal conductivity values he obtained are very
low, it cannot be excluded that his samples were non-
stoichiometric.

3. The thermal conductivity of homogeneous mixtures

Ž . Ž .The thermal conductivity of U, RE O , Pu, RE O2 2
Ž . Ž .and U Pu RE O REs rare earth has been re-0.8 0.2 1yx x 2

w xviewed by Fukushima et al. 12 . Their work shows that
the thermal conductivity of such systems can be described

w xadequately by the theory developed by Ambegaokar 13
w xand Abeles 14 . In this paper this theory is used to

Ž . Žestimate the thermal conductivity of Y, Am O and Ce,2 3
.Am O for americium concentrations up to 30%.2

The thermal conductivity of a homogeneous mixture of
Ž .two elements can be analyzed with Eq. 1 in which the

Ž .parameter A x is represented by1

p
2Vu

A x s G , 4Ž . Ž .1 23Õ h

where V is the average atomic volume, u is the Debye
temperature, Õ is the average phonon velocity, h is Planck’s
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Table 1
Various properties of CeO and Y O . Q is the Debye tempera-2 2 3

ture, Õ is the average phonon velocity, V is the average atomic
volume and l is the thermal conductivity

CeO Y O Ref.2 2 3

aŽ .Q K 530 550
3 3 bŽ .Õ mrs 9.4=10 9.8=10

3 y29 y29Ž .V m 1.33=10 1.59=10
Ž . Ž . Ž . w xl Wrm K 12 at 333 K 15 at 333 K 15,16

cIonic radius 0.0975 0.0900
4q 3q Ž .of Ce or Y nm

a w xObtained by fitting heat capacity data 17 .
b w xObtained by scaling the value of UO 18 .2
c Ž 4q .Obtained for coordination number 8 Ce and coordination

Ž 3q . w xnumber 6 Y 19 .

constant. G is the scattering cross-section parameter of the
phonon by the impurity type. G is given by

2
M yM1 2

Gsx 1yx qe x 1yxŽ . Ž .ž /1yx M qxMŽ . 1 2

=

2r yr1 2
, 5Ž .ž /1yx r qxrŽ . 1 2

where x is the mole fraction of impurity atoms, M is the1

mass of the host atom, M is the mass of the impurity2

atom, r is the ionic radius of the host atom and r is the1 2

ionic radius of the impurity atom. ´ is a parameter that
represents the strain generated in the lattice and is assumed
to be about 100, which is obtained from an analysis of

w xvarious solid solutions by Fukushima et al. 12 . Using the
Ž .data in Table 1, the ratio in front of G in Eq. 4 is equal

to 0.40 m KrW in the case of CeO and 0.43 m KrW in2
Ž . Ž . Ž .the case of Y O . Using Eqs. 1 , 4 and 5 and the ionic2 3

radii r 3qs0.0975 nm for coordination number 6 andAm
w x4qr s0.095 nm for coordination number 8 20 , theAm

Fig. 1. The thermal conductivity of the homogeneous mixtures
Ž . Ž .Ce Am O and Y Am O x-0.3 as calculated with1y x x 2 1yx x 2 3

Ž . Ž . Ž . Ž .Eqs. 1 , 4 and 5 and the thermal conductivity of AmO v2
w xas measured by Schmidt 2 and as estimated in Section 2 using

Ž .the analogy with ThO , UO and PuO solid bar .2 2 2

influence of AmO and Am O substitution in CeO and2 2 3 2

Y O respectively on the thermal conductivity has been2 3

estimated for x-0.3 and is shown in Fig. 1. In both cases
the contribution of the mass effect to G is larger than that
induced by the strain effect. Hence, the uncertainties in the
values of ´ and the ionic radii do not induce a consider-
able error in the thermal conductivity.

The calculations performed in this section should only
be treated as rough estimates that are probably an upper
limit of the real conductivity, since americium oxide might
introduce lattice defects or oxygen non-stoichiometry.
These effects might induce an additional decrease of the
thermal conductivity.

4. The thermal conductivity of heterogeneous compos-
ites

4.1. Spherical inclusions

The influence of spherical inclusions on the thermal
conductivity can be represented by a special case of the

w xequation of Schulz 20 :

1r3
l yl lD C M

1yc s . 6Ž .D ž /l yl lD M C

where l , l and l represent the thermal conductivityM D C

of the matrix material, the dispersed phase and the com-
Ž .posite, respectively. c 0Fc F1 represents the con-D D

centration of spherical inclusions. The influence of varia-
tion of the thermal conductivity of the spherical inclusions
on the overall thermal conductivity is shown in Fig. 2 for
c s0.2 and c s0.4.D D

Randomly ordered spherical inclusions have the small-
est influence on the overall thermal conductivity compared

w xwith randomly ordered inclusions with other shapes 20 .

Fig. 2. The influence of variation of the normalized thermal
conductivity of the spherical inclusions 0F l rl F1 on theD M

Ž .normalized thermal conductivity of the mixed material l rl ,C M
Ž .computed for two concentrations c s0.2 and c s0.4 of theD D

spherical inclusions.
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Fig. 3. The thermal conductivity of heterogeneous and homoge-
Ž .neous mixtures of Ce Am O and Y Am O . The ther-1y x x 2 1yx x 2 3

mal conductivity of the homogeneous mixtures has been calcu-
Ž . Ž . Ž .lated with Eqs. 1 , 4 and 5 . The thermal conductivity of the

Ž .heterogeneous composites have been calculated with Eq. 6 .

Hence, the curves shown in Fig. 2 represent an upper limit
of the thermal conductivity.

The overall thermal conductivity of a dispersion of
Ž .spherical AmO inclusions ls0.69 Wrm K in a CeO2 2

Žmatrix and spherical Am O inclusions ls0.82 Wrm2 3
.K in a Y O matrix is shown in Fig. 3, together with the2 3

thermal conductivity of homogeneous mixtures. The
americium content x has been computed using the CeO2

and Y O density derived from Table 1 and the AmO2 3 2
Ž 3. Ž 3.11.75 grcm and Am O 10.31 grcm density derived2 3

w xfrom 21,22 , respectively.
Ž .Heterogenous Y Am O has a considerably larger1yx x 2 3

Ž .thermal conductivity than homogeneous Y Am O .1yx x 2 3

For Ce Am O the difference of the thermal conductiv-1yx x 2

ity between both types of mixtures is much smaller, which
makes it impossible to determine which type of mixture
has the optimum thermal conductivity. However, due to
diffusion during sintering of the pellets, in heterogeneous
fuel there will exist homogeneous regions at the edges of
the heterogeneous regions.

4.2. Randomly-shaped inclusions

Ž .Recently the finite element method FEM has been
introduced as a technique to compute the thermal conduc-

w xtivity of heterogenous materials 23 . The FEM has the
advantage that it takes the real shape and orientation of the
second phase material into account. This technique is used
to compute the thermal conductivity of a MgO–AmOx

composite. A photograph of the microstructure of this
Ž .material Fig. 4 is entered in the commercially available

w xFEM program ‘ANSYS’ 24 . With the FEM, the two-di-
Ž . Ž .mensional 2D temperature distribution Fig. 5 and the

distribution of the y-component of the 2D thermal flux
Ž .Fig. 6 were obtained for a thermal gradient in the y-direc-

Ž . Ž .tion, assuming that l AmO rl MgO s0.1. The FEMx

program calculates the 2D thermal conductivity, the poros-

Fig. 4. Optical microscopy photograph of the microstructure of a
Ž w x.heterogeneous composite of AmO and MgO after Casalta 24 .x

ity and the AmO -concentration of the material. The 2Dx

thermal conductivity is the computed conductivity in the
plane of the photograph divided by the conductivity of
fully dense MgO. The 2D thermal conductivity is a lower
limit of the real conductivity which makes it an important

Fig. 5. The 2D temperature distribution obtained from FEM
computations on the microstructure of the MgO–AmO compos-x

ite. The white regions mark the pores and the black lines mark the
surface of the AmO -inclusions. The transitions from one grey-x

scale to another mark isotherms. The thermal gradient is applied
in the y-direction. The temperature difference between T and T1 2

is arbitrary since only the influence of the inclusions on the
conductivity is calculated.
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Fig. 6. The 2D distribution of the y-component of the thermal
flux, as obtained from FEM computations on the microstructure of
the MgO–AmO mixture. The white regions mark the pores andx

the black lines mark the surface of the AmO -inclusions. Thex

thermal gradient is applied in the y-direction. The dark regions
represent a larger flux in the y-direction than the light regions.

parameter for safety analysis. The combination of the 2D
thermal conductivity and the AmO concentration is trans-x

ferred into the 3D thermal conductivity, as described in
w xRef. 23 . The 3D thermal conductivity is the real conduc-

tivity of the two-phase material divided by the conductiv-
ity of fully dense MgO. The thermal conductivity of a

Ž .heterogeneous composite of spherical 3D AmO inclu-x

Fig. 7. The ratio of the thermal conductivity calculated with the
Ž . Ž .2D ^ and the 3D ` technique, divided by the conductivity of

fully dense MgO, for a heterogeneous mixture of AmO and MgOx

computed for various ratios of the thermal conductivity of AmOx
Ž .and MgO. The ratio of the thermal conductivity I of spherical

Ž .AmO inclusions in a MgO-matrix, as computed with Eq. 6 , isx
Ž .shown as a comparison. The AmO content 14.4 vol.% and thex

Ž .porosity 2% for all three curves are equal.

Ž Ž ..sions and spherical pores in a MgO-matrix Eq. 6 di-
vided by the conductivity of fully dense MgO is shown as
a comparison. The above mentioned thermal conductivity
values have been computed for various ratios of the ther-

Ž .mal conductivity of AmO and MgO Fig. 7 .x

The porosity of the MgO–AmO composite is 2%,x

which causes the conductivity of the composites to be
slightly smaller than that of fully dense MgO for a conduc-
tivity ratio AmO rMgO of 1.0. The 2D conductivityx

represents a lower limit of the conductivity, the conductiv-
Ž .ity as computed with Eq. 6 an upper limit and the 3D

thermal conductivity as computed from the FEM data a
‘best estimate’.

5. Discussion

The choice between homogeneous and heterogeneous
fuels or targets for transmutation is influenced by various
aspects and the thermal conductivity is only one of them.
In the present discussion it has been suggested that the
conductivity of stoichiometric AmO is much higher than2

w xthe value of Schmidt 2 . When the thermal conductivity of
two pure compounds is higher than that of their homoge-
neous mixture, as is the case for most materials, the
thermal conductivity of a heterogeneous composite is
higher than that of a homogeneous mixture.

An additional advantage of a heterogenous composite is
that the irradiation damage and the fission products are
mainly localized in the americium oxide, while in a homo-
geneous mixture the irradiation damage and the fission
products are homogeneously distributed. Irradiation dam-
age and fission products induce a strong decrease of the
thermal conductivity. The localized decrease of the thermal
conductivity in a heterogeneous composite induces a
smaller decrease of the overall conductivity than the homo-
geneously spread damage in a homogeneous mixture.
However, the size of the americium oxide particles in the
case of a heterogeneous composite should be considerably

Ž .larger than the range of the fission products ,10 mm in
w xorder to take full advantage of this difference 25 .

In the present paper the following aspects, that depend
strongly on the AmO particle size, are not taken intox

account:
– The heat generation distribution in the heterogeneous

composite. When most of the heat is generated in the
fissile particles, this influences the temperature distribu-
tion. However, this has only a minor influence on the
thermal conductivity of the material.

– The heat transport between the inclusions and the
matrix. Due to a difference in thermal expansion or swelling
of the two materials, cracks may form at the material
interfaces. The influence of these cracks on the overall
thermal conductivity depends amongst others on the parti-
cle size of the inclusions and the composition of the gas in
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the crack. When the heat transport between the inclusions
and the matrix is very poor the overall thermal conductiv-
ity can be approximated by assuming that the conductivity
of the inclusion is zero.

6. Conclusions

Comparison of the estimated data for the thermal con-
ductivity of AmO and AmO with the experimental2 1.62

w xdata of Schmidt 2 suggests that for the thermal conductiv-
ity measurements of AmO and Am O that were per-2 2 3

formed by Schmidt, insufficiently characterized samples
were used which makes these data less useful. The thermal
conductivity of heterogeneous mixtures of americium ox-
ides and inert matrices is higher than that of a homoge-
neous mixture. This difference increases when the mass of
the host atom decreases. Although the thermal conductivity
of americium oxides is poorly known, that of fuels contain-
ing up to 30 at.% americium oxide can be estimated
reasonably accurate.
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