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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. © 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,O5 or
heterogeneous composites (dispersions) in an inert support
material such as spinel (MgAl,O,) or magnesia(MgO) are
being studied extensively [1]. Especialy 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.

Thermal conductivity (A) measurements at 333 K of
freshly annealed AmO, (A =0.69 W/m K) and Am,O,
(A =0.82 W/m K) pellets have been reported by Schmidt
[2]. The thermal conductivity of the AmO, pellet was
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 thermal
conductivity at 333 K of 7-10 W/m K. Schmidt et a. [3]
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measured the thermal conductivity of AmgcUqs0,_, (X
=0.08 and x=0.19) and Amg5Npy2Uq50; 95 iN the
temperature range between 1000 K and 2500 K. The
thermal conductivity of these compounds varies between 1
and 2 W,/m K. An additional factor to be considered is the
effect of self-irradiation on the therma conductivity of
AmO, and Am,0,, as described by Schmidt et a. [4]. It
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 therma 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 AmO,_ ,

In this section the thermal conductivity of AmO,, as
measured by Schmidt [2], will be compared with theoreti-
cal predictions on the thermal conductivity of AmO,_, in
order to get a better insight in the therma conductivity of
AmO,_,.

The temperature dependence of the thermal conductiv-
ity (A) of AmO, and Am,O, can be represented by Eg.
(1) up to about 1800 K, since this equation also represents
the thermal conductivity (T < 1800 K) of actinide oxides
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such as ThO,, UO, and PuO, in pure form as well as
containing substitutions or being non-stoichiometric:
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N Rt AG) BT @

T is the temperature, the parameter A, describes the
temperature independent phonon scattering in the pure
compound. The parameter A,(x) represents the influence
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, have
been studied by Gibby [5] who compared experimental
B-parameters taken from literature with the systematics
obtained from Eq. (2), that has been derived from the
Liebfried—Schlomann relationship [6]:

1/2( a, )2 Ty )3/2
C Tuz

M is the molecular weight, a is the lattice parameter, T,
is the melting temperature and the subscripts 1 and 2
represent the oxides that are to be compared. The B-
parameters obtained by Gibby [5] using Eq. (2) and B=
229%107* m/W for UO, are B=1.96X 10"% m/W
for ThO, and B=281X 10"* m/W for PuO,. Gibby
observed good agreement between the B-values from liter-
ature and the above mentioned calculated B-values. Eq.
(2) yidds B=3.19%x 10™* m/W for AmO,, using the
UO,-data of Gibby and M =273, a= 053772 nm and
Ty = 2448 K [7] for AmO,,.

No systematics can be observed between the Ay -values
of ThO, (A, =0mK,/W [8]), UO, (A;=3.0%x10"% m
K /W [9]), UygPuy,0, (Ag=4.2x 1072 m K /W [10])
and PuO, (A,=0.5%x10"2 m K /W [5]). Assuming that
the Ay-value of AmO, liesin the same range as that of the
above mentioned oxides (O m K/W <A;<42Xx 1072 m
K/W) and B is 3.19 X 10~* m/W, the calculated ther-
mal conductivity of AmO, at 333 K lies in the range 6.7
W,/m K-9.4 W/m K, which is approximately ten times
larger than the thermal conductivity value measured by
Schmidit.

InUO,_, and (U, Pu)O,_, fuel it has been shown that
non-stoichiometry causes a strong decrease of the thermal
conductivity [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 Pu**-atoms changes to a 3+ oxidation state. This
induces a radius difference between the atoms with a 4 +
and a 3+ oxidation state.

M,

B,=B, M
1

)

For (U, Pu)O,_, it was found that the A,(x)-term in
Eq. (1) increases approximately parabolically with increas-
ing x [10]:

Ay(x) = 1.528( x + 0.00931)"?

— 0.1474. 3)
A(x) (in m K/W) is derived for a plutonium content
close to 20%, for x up to 0.1 and a density of 95% th.d.
Since the atomic radius differences between Pu*t and
Pu" and that between Am** and Am®* are approxi-
mately similar, the influence of non-stoichiometry on the
thermal conductivity of (U, Pu)O,_, and AmO,_, will be
comparable and consequently Eg. (3) can be used for
AmO,_,.

For example, the thermal conductivity at 333 K of
AmO, g,, Which is the lower limit of the existence of the
fcc AmO,_,, phase (1.62 < 2 — x < 2.0) [11], is approxi-
mated as 1.07 W/m K using B=3.19x10"* m/W,
Ap=2X 1072 mK /W and A(x=0.38)=0.81mK /W.
The extrapolation of Eq. (3) to x=0.38 (AmO,¢,) is
drastic since the equation has only been determined in the
range 0 < x < 0.1. However, the shape of the extrapolated
curve of Eq. (3) is in good agreement with the theory for
the thermal conductivity of homogeneous mixtures (Sec-
tion 3). The computed thermal conductivity of AmO, ¢,
(AM(333 K)=1.07 W/m K) and the measured value of
Schmidt for AmO, (A(333 K) = 0.69 W/m K) are rather
similar taking into account the rough estimations that were
made in the computations. Since Schmidt [3] did not report
on the O/M-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

The thermal conductivity of (U, RE)O,, (Pu, RE)O,
and (UygPug,),_RE,O, (RE = rare earth) has been re-
viewed by Fukushima et al. [12]. Their work shows that
the thermal conductivity of such systems can be described
adequately by the theory developed by Ambegaokar [13]
and Abeles [14]. In this paper this theory is used to
estimate the thermal conductivity of (Y, Am),05 and (Ce,
Am)O, for americium concentrations up to 30%.

The thermal conductivity of a homogeneous mixture of
two elements can be analyzed with Eg. (1) in which the
parameter A,(x) is represented by

w2Vo

A(x) = 302h

T (4)

where V is the average atomic volume, 0 is the Debye
temperature, v isthe average phonon velocity, h isPlanck’s
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Table 1

Various properties of CeO, and Y,05. @ is the Debye tempera-
ture, v is the average phonon velocity, V is the average atomic
volume and A is the thermal conductivity

CeO, Y,0, Ref.
0 (K) 530 550 a
v(m/s) 9.4x10° 9.8x10° b
V (m®) 1.33x107%° 1.59x10~?°
A(W/mK) 12 (at 333K) 15(at 333K) [15,16]
lonic radius 0.0975 0.0900 ¢

of Ce** or Y3+ (nm)

@0btained by fitting heat capacity data [17].

PObtained by scaling the value of UO, [18].

“Obtained for coordination number 8 (Ce**) and coordination
number 6 (Y 3*) [19].

congtant. I" is the scattering cross-section parameter of the
phonon by the impurity type. I" is given by

Ml_MZ 2
F=X(1—X)(m) +EX(1—X)
r,—r, 2
@) ©

where X is the mole fraction of impurity atoms, M, isthe
mass of the host atom, M, is the mass of the impurity
atom, r, istheionic radius of the host atom and r,, is the
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
various solid solutions by Fukushima et al. [12]. Using the
data in Table 1, the ratio in front of I" in Eq. (4) is equa
to 0.40 m K /W in the case of CeO, and 0.43 m K /W in
the case of Y,0;. Using Egs. (1), (4) and (5) and the ionic
radii rpps+= 0.0975 nm for coordination number 6 and
Iamt+= 0.095 nm for coordination number 8 [20], the
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Fig. 1. The therma conductivity of the homogeneous mixtures
Ce,_,Am,0, and (Y;_,Am,),0; (x < 0.3) as calculated with
Egs. (1), (4) and (5) and the thermal conductivity of AmO, (@)
as measured by Schmidt [2] and as estimated in Section 2 using
the analogy with ThO,, UO, and PuO, (solid bar).

influence of AmO, and Am,0O; substitution in CeO, and
Y,0; respectively on the thermal conductivity has been
estimated for x < 0.3 and is shown in Fig. 1. In both cases
the contribution of the mass effect to I 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 specia case of the
equation of Schulz [20]:

/\D_/\C ( /\M )1/3

1-cp=—"5
° )\D_/\M )\C

(6)
where A, Ay and A. represent the thermal conductivity
of the matrix material, the dispersed phase and the com-
posite, respectively. c, (0 <cp < 1) represents the con-
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
Ccp =02 and cy =04

Randomly ordered spherical inclusions have the small-
est influence on the overall thermal conductivity compared
with randomly ordered inclusions with other shapes [20].

1.00
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0.80 [~

0.70 -

AclAy

0.50 -

040 b
0.00 0.20 0.40 0.60 0.80 1.00

Ap/Ay

Fig. 2. The influence of variation of the normalized thermal
conductivity of the spherical inclusions 0 < Ay /Ay <1 on the
normalized thermal conductivity of the mixed materia (A /Ay),
computed for two concentrations (cp = 0.2 and cp = 0.4) of the
spherical inclusions.
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Fig. 3. The thermal conductivity of heterogeneous and homoge-
neous mixtures of Ce,_,Am,O, and (Y;_,Am,),0;. The ther-
mal conductivity of the homogeneous mixtures has been calcu-
lated with Egs. (1), (4) and (5). The thermal conductivity of the
heterogeneous composites have been caculated 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
spherical AmO,, inclusions (A = 0.69 W,/m K) in a CeO,
matrix and spherical Am,O; inclusions (A =0.82 W/m
K) in a Y,O5 matrix is shown in Fig. 3, together with the
thermal conductivity of homogeneous mixtures. The
americium content X has been computed using the CeO,
and Y,0; density derived from Table 1 and the AmO,
(11.75 g/cm®) and Am,0, (10.31 g/cm®) density derived
from [21,22], respectively.

Heterogenous (Y, _,Am,),0, has a considerably larger
thermal conductivity than homogeneous (Y,_,Am,),0,.
For Ce,_,Am 0O, the difference of the thermal conductiv-
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

Recently the finite element method (FEM) has been
introduced as a technique to compute the thermal conduc-
tivity 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-AmO,
composite. A photograph of the microstructure of this
material (Fig. 4) is entered in the commercially available
FEM program ‘ANSY S [24]. With the FEM, the two-di-
mensional (2D) temperature distribution (Fig. 5) and the
distribution of the y-component of the 2D thermal flux
(Fig. 6) were obtained for athermal gradient in the y-direc-
tion, assuming that A(AmO,)/A(MgO) = 0.1. The FEM
program calculates the 2D thermal conductivity, the poros-

Fig. 4. Optical microscopy photograph of the microstructure of a
heterogeneous composite of AmO, and MgO (after Casalta [24]).

ity and the AmO,-concentration of the material. The 2D
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

Temperature T,

oneqeIpY
oneqeIpY

X = Temperature T,

Fig. 5. The 2D temperature distribution obtained from FEM
computations on the microstructure of the MgO—AmO, compos-
ite. The white regions mark the pores and the black lines mark the
surface of the AmO,-inclusions. The transitions from one grey-
scale to another mark isotherms. The thermal gradient is applied
in the y-direction. The temperature difference between T, and T,
is arbitrary since only the influence of the inclusions on the
conductivity is calculated.
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Temperature T,

onRqEIPY
oneqeIpy

RN

X - Temperature T,

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 and
the black lines mark the surface of the AmO,-inclusions. The
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-
ferred into the 3D thermal conductivity, as described in
Ref. [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
heterogeneous composite of spherical (3D) AmO, inclu-

therm. cond. ratio composite/MgO

0.50 n I n I I !
0.00 0.20 0.40 0.60 0.80 1.00

therm. cond. ratio AmO,/MgO

Fig. 7. The ratio of the thermal conductivity calculated with the
2D (a) and the 3D (O) technique, divided by the conductivity of
fully dense MgO, for a heterogeneous mixture of AmO, and MgO
computed for various ratios of the thermal conductivity of AmO,
and MgO. The ratio of the thermal conductivity (00) of spherical
AmO, inclusions in a MgO-matrix, as computed with Eq. (6), is
shown as a comparison. The AmO, content (14.4 vol.%) and the
porosity (2%) for al three curves are equal.

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-
mal conductivity of AmO, and MgO (Fig. 7).

The porosity of the MgO—AmO, composite is 2%,
which causes the conductivity of the composites to be
dlightly smaller than that of fully dense MgO for a conduc-
tivity ratio AmO,/MgO of 1.0. The 2D conductivity
represents a lower limit of the conductivity, the conductiv-
ity as computed with Eg. (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 than
the 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 compositeis
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
larger than the range of the fission products (= 10 wm) in
order 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 into
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. Dueto adifferencein thermal expansion or swelling
of the two materias, cracks may form at the material
interfaces. The influence of these cracks on the overal
thermal conductivity depends amongst others on the parti-
cle size of the inclusions and the composition of the gasin
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the crack. When the heat transport between the inclusions
and the matrix is very poor the overal therma 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 experimental
data of Schmidt [2] suggests that for the thermal conductiv-
ity measurements of AmO, and Am,O; that were per-
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.

Acknowledgements

Mrs S. Casdta and Mr Hj. Matzke are thanked for
providing the photograph of MgO—AmO,. This work was
financially supported by the Dutch Ministry of Economic
affairs (Mefisnumber 60437).

References

[1] JF. Babelot, R. Conrad, W.M.P. Franken, J. van Geel, H.
Gruppelaar, G. Muhling, C. Prunier, M. Rome, M. Sava-
tores, Proc. Global 95, Versailles, France, 1995, p. 524.

[2] H.E. Schmidt, Proc. 4iéme Journées d Actinides, Harwell,

UK, 1974, Atomic Energy Research Establishment report
AERE-R-7961, 1975.

[3] H.E. Schmidt, C. Sari, K. Richter, P. Gerontopoulos, J.
Less-Common. Met. 121 (1986) 621.

[4] H.E. Schmidt, J. Richter, H. Matzke, J. van Geel, Proc. of
the 22nd Int. Conf. Thermal Conductivity, Tempe, AZ, 1993,
p. 920.

[5] R.L. Gibby, J. Nucl. Mater. 38 (1971) 163.

[6] G. Leibfried, E. Schidmann, Akad. Wiss. Gottingen, Math.-
Physik. KI 1A, 1954, p. 71.

[7] W.W. Schulz, The Chemistry of Americium, ERDA Techni-
cal Information Centre, Oak Ridge, TN, USA, 1976, p. 152.

[8] K. Bakker, E.H.P. Cordfunke, R.JM. Konings, R.P.C.
Schram, J. Nucl. Mater. 250 (1997) 1.

[9] C.G.S. Pillai, A.M. George, J. Nucl. Mater. 200 (1993) 78.

[10] Y. Philipponneau, J. Nucl. Mater. 188 (1992) 194.

[11] H. Zhang, M.E. Huntelaar, R.JM. Konings, E.H.P. Cord-
funke, ECN report ECN-1-96-051, 1996.

[12] S. Fukushima, T. Ohmichi, M. Handa, J. Less-Common.
Met. 121 (1986) 631.

[13] V. Ambegaokar, Phys. Rev. 114 (1959) 488.

[14] B. Abeles, Phys. Rev. 131 (1963) 1906.

[15] K. Bakker et a., to be published.

[16] Y.S. Touloukian, R.W. Powell, C.Y. Ho, P.G. Klemens,
Thermophysical Properties of Matter, vol. 2, IFl /Plenum,
New York, 1970.

[17] Y.S. Touloukian, E.H. Buyco, Thermophysical Properties of
Matter, vol. 5, IFl /Plenum, New Y ork, 1970.

[18] S. Fukushima, T. Ohmichi, A. Maeda, M. Handa, J. Nucl.
Mater. 116 (1983) 287.

[19] R.D. Shannon, Acta Crystallogr. A 32 (1976) 751.

[20] B. Schulz, High Temp.-High Press. 13 (1981) 649.

[21] W.H. Zachariasen, Acta Crystallogr. 2 (1949) 388.

[22] D.H. Templeton, C.H. Dauben, J. Am. Chem. Soc. 75 (1953)
4560.

[23] K. Bakker, Int. J. Heat Mass Transfer 40 (1997) 3503.

[24] S. Casdlta, these de I’ Université d' Aix-Marseille |, 1996.

[25] K. Bakker, R.JM. Konings, The influence of americium
oxide inclusions on the thermal conductivity of inert-matrix
fuel, Proc. Actinides '97 conference, accepted for publica
tion.



