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Résumé. 2014 La connaissance des propriétés thermodynamiques de UO2 dans le domaine 1 500-3 100 K est d’une
grande importance pour les calculs de sécurité nucléaire. Cependant, on ne dispose que de peu de résultats expéri-
mentaux. En particulier, l’importante question de l’apparition du désordre de Frenkel à haute température n’avait
pas encore été résolue. Les laboratoires de Harwell ont acquis un nouveau four pour cette gamme de températures ;
de nombreuses expériences ont été effectuées, en particulier diffraction, diffusion quasiélastique et diffusion
inélastique des neutrons par des monocristaux de UO2 et ThO2. Celles-ci ont été complétées par des expériences
réalisées à l’ILL dans la gamme de températures allant jusqu’à 2 500 K. Des détails du four et les méthodes de
mesure de température et de montage des cristaux sont présentés ainsi que les principaux résultats. Pour la première
fois, on montre que le désordre de type Frenkel apparaît dans UO2 au-dessus de 2 000 K.

Abstract 2014 A knowledge of the thermodynamic properties of UO2 at temperatures in the region 1 500-3 100 K is
of importance in reactor safety calculations, yet there are relatively few detailed experimental data available.
In particular the major question of whether Frenkel disorder occurs in UO2 at high temperatures has been un-
answered until now. A new high temperature furnace has been purchased by Harwell for work at temperatures in
this region, and a series of experiments has been carried out involving diffraction, quasielastic diffuse and inelastic
neutron scattering from single crystals of UO2 and ThO2. These have been backed by experiments in the lower
temperature range to 2 500 K at I.L.L. Details of the Harwell furnace, and methods used for temperature measure-
ment and encapsulation of the crystal samples are given, together with some examples of the principal results.
These results show unambiguously, for the first time, that oxygen Frenkel disorder does occur in UO2 above
2 000 K.

Revue Phys. Appl. 19 (1984) 719-722 SEPTEMBRE 1984,

1. Introduction.

Uranium dioxide, U02, exhibits an anomalous spe-
cific heat, Cp, or enthalpy, H, above - 1 500 K which
cannot be accounted for by the usual contributions of
harmonic and anharmonic lattice vibrations and
dilation [1]. The exponential rise above 1 500 K
indicates that additional excitation or activation

processes occur in U02. Excitation of crystal field
levels of the U4+ ion [1], together with either the
creation of Frenkel defects in the oxygen sublattice
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[2-4], or the creation of electronic disorder of the small
polaron type, represented by 2 U4+ ~ U s + + U3+ [5-
7], have been suggested as the principal contributions.
However, several recent analyses of enthalpy data
come to different conclusions as to which is the main
cause of the anomaly [8, 9], and the relative contribu-
tion of Frenkel and electronic disorder is not unam-

biguously established. Furthermore there has been
little information on the lattice dynamics of U02
at elevated temperatures, which has hindered the
interpretation of thermal conductivity as well as

enthalpy data [10]. A thorough understanding of these
thermophysical properties of U02 is necessary for
realistic reactor safety calculations.

In this paper we describe the use of neutron scatter-
ing techniques to investigate the possible occurrence
of Frenkel disorder in U02, and to investigate the
lattice dynamics of U02 [11], at temperatures up
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to 2 930 K, the highest temperatures yet attained
in neutron scattering measurements. The melting
temperature of U02 is T. = 3 120 K. Parallel

work is being carried out on Tho2 (T,. = 3 640 K)
since in this case no small polaron formation is expected
because of the stability of the Th4 + valence. The

techniques and the interpretation of the data which
we have adopted are the same as those used in our
recent investigation [13-15] of the isostructural halide
fluorites PbF2, SrC’2 and CaF2 with T. = 1 128,
1 146 and 1 696 K respectively. The much higher
temperatures involved in a study of U02 have neces-
sitated the use of a new high temperature furnace
specially constructed for neutron scattering studies
and this will be described together with the high
temperature techniques used in the next section. The
ability of neutrons to penetrate the metal walls of
heater elements, heat shields, and sample containment
tubes, makes them a unique scattering probe of sam-
ples at very high temperatures. The measurements
are described in section 3 together with a brief sum-
mary of the results and the conclusions are given in
section 4.

2. Experimental techniques.

Most of the experiments described here were carried
out at Harwell using a new high temperature furnace
specially designed and constructed to our specifica-
tions by D. Hukin of Crystalox Ltd, Wantage, U.K.
A diagram of the main features is shown in figure 1.

Fig. 1. - Schematic diagram of the Harwell high tempera-
ture furnace.

Since most refractory metals have appreciable neu-
tron absorption, a careful balance must be reached
in the design of heater element and heat shields bet-
ween their absorption and their finite lifetime due to
evaporation at the highest temperatures. Further-
more a large number of heat shields are necessary
to reduce radiation losses which dominate the heat
loss above 2 300 K. Care must also be taken so that

adjacent materials are not prone to high reactivity
at high temperatures. Most metals soften well below
their melting point, and some, such as tantalum, have
a tendency to recrystallise at high temperatures. These
considerations have led us to use tungsten for the
components which are subjected to the highest
temperatures : heater élément, inner heat shields,
and sample support and encapsulating tubes. As seen
from figure 1 the basic design is fairly conventional
but the principal feature is Hukin’s novel heater
element which consists of two concentric tungsten
tubes, of diameters 25 mm and 35 mm and thickness
0.25 mm and 0.40 mm respectively, joined at their
lower end by an annular tungsten ring and centre disc.
They are welded at the top to two concentric thick-
walled tantalum tube electrodes. These two electrodes
are attached via phosphor bronze collars, which

provide good electrical and thermal conductivity
and accurate alignment, to water cooled conductors
which pass through the steel top plate of the furnace.
The thyristor power supply, in the phase-angle mode,
is fed through water-cooled copper leads from the
transformer of the power supply. This design of heater
gives good uniformity of temperature over the length
of a 3 cm sample, and ensures low radiation losses
from the inner conductor.

The heat shield assembly detaches as one unit and
consists of two inner tungsten and three outer molyb-
denum shields. The inner and outer shield are 0.25 mm
thick and the others 0.12 mm thick. A further molyb-
denum shield is positioned just inside the aluminium
water-cooled vacuum chamber. The overall trans-

mission of neutrons at 2.3 A is ~ 65 % and the view-
ing angle is approx. 3000. Depending on the method
of temperature measurement to be used, the sample
is suspended from the top, low temperature, region
on either a tungsten rod or tungsten tube. In the
latter case a thin molybdenum sleeve onto which
grub screws can grip is welded to the tube. The samples
are sealed, by electron beam welding under vacuum,
in tungsten tubes. These are coated with tantalum
nitride to reduce the reactivity with the oxide under
investigation. The method of attaching the sample
tube to the suspension tube has evolved during the
experiments, the most satisfactory method being to
seal the sample tube with a lid in the form of a collar
to which the suspension tube is spot welded Boron
nitride spacers are used to keep the suspension tube
or rod concentric in the furnace, and to separate the
tantalum heater electrodes. These help to reduce
heat loss upwards.
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The temperature is measured either by a tungsten/
tungsten 26 % rhenium thermocouple, with the hot
junction welded to the top of the sample tube, or by
a Land, silicon-sensor, infra-red pyrometer. The
former is used for temperatures up to ~ 2 473 K,
and the latter for temperatures above 2 273 K. The
pyrometer is adjusted to view the top of the sample
tube down the suspension tube, and a closed shutter
is usually placed in the sight line to reduce radiation
losses when not measuring the temperature. An impor-
tant check on the temperature measurement is the
lattice constant of the sample under study, or that
of the encapsulating tungsten tube.
The furnace is usually operated with an internal

overpressure of carefully dried argon gas in order to
minimise evaporation of the heater element. Typical
operating conditions at 2 523 K are 900 amps in the
secondary, with approximately half the 8 kW dissi-
pated in the leads and half in the heater. The tem-
perature is controlled by stabilization of the input
power to the output transformer, and this has proved
very satisfactory. It may be increased or decreased

automatically by a motorised ramping control.
Demineralised water is used for the cooling system

which flows around a closed circuit at ~ 17 ltr/min,
shared between the leads and the outer furnace casing.
The input temperature is kept at 10 °C by a F and R
water chiller. A series of temperature and flowmeter
trips in the water circuit, and a current limiter, protect
the furnace from overheating.
The furnace has operated successfully for several

days at its present maximum temperature, 2 930 K,
providing data at the highest temperature yet attained
in a neutron scattering experiment. The heater ele-
ments usually last for one to two weeks when operat-
ing at 2 673 K and above.

3. Measurements and results.

Five samples of U02, and three of Th02, were
investigated in separate experiments using the Mk VI
diffractometer in the DIDO reactor, Harwell, with
incident wavelength 1.092 A. All the U02 samples
were cut in cylindrical shape, - 1.6 mm diameter
and 4 mm long, from boules supplied by Degussa A. G.,
and were reduced for several hours in hydrogen at
1 773 K to ensure stoichiometry. The Tho2 samples
were cut from flux grown crystals prepared by B. Wan-
klyn and B. Garrard at the Clarendon Laboratory,
Oxford The diffraction data on both samples were
interpreted, after correction for extinction, thermal
diffuse scattering and evaporation loss, in the same
manner as that used in a study of Frenkel disorder
in PbF2 [13]. The time-averaged disorder structure
was modelled in terms of a fraction, nd, of anions

leaving their regular sites to occupy either or both of
two sites in the « empty » anion cubes of the fluorite
structure [13, 16]. The best model was judged as that
giving the lowest weighted R-factor in a least squares
fit to the data. As well as nd, isotropic temperature

factors were determined at each temperature for the
cation and the anion in regular and defect sites,
together with an anisotropic temperature factor for
the regular anion site and two parameters deter-

mining the location of the defect sites. At the highest
temperatures the best fits were given by a model for
which the relative population of the two sites cor-
responded to the formation of simple 3 : 1 : 2 clusters,
where the ratios denote numbers of vacancy : intersti-
tial : relaxed anions, comprising a Frenkel pair with
the two nearest-neighbours of the oxygen interstitial
relaxed into the adjacent empty cubes [15]. The values
of nd determined from the fits to the data were found
to be fairly independent of the particular model
chosen. Those found from the best fitting models for
U02 and Tho2 are plotted in figures 2 and 3 where

Fig. 2. - Temperature variation of nd, the fraction of oxygen
ions leaving their regular sites in U02. The broken lines are
described in the text. Different symbols correspond to data
from different samples. _

it is seen that Frenkel disorder does occur above
2 000 K, and increases with temperature increase.

Using the 3 :1 :2 cluster model the number of
Frenkel pairs n f = nd/3. The dash-dot lines in figures 2
and 3 represent exponential increases with Frenkel
pair formation energies of 4.6 and 5.4 eV respectively.
The value for U02 with error - 0.5 eV, is found
from fitting to the data. However, in the case of Tho2
the data are insufficient to enable a unique fit to be
made, and the value used is that found for U02
scaled by the melting temperatures, Details of the
variation of the temperature factors with temperature
will be reported elsewhere [17].

Further evidence for oxygen-ion disorder in U02
comes from the observation of diffuse scattering
along [100] beyond the (200) reciprocal lattice point
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Fig. 3. - Temperature variation of nd in Th02.

[16], similar to that observed in the halide fluorites [14,
15]. These measurements were made using the triple-
axis spectrometer in the PLUTO reactor, Harwell.
A quantitative estimate of nd may also be made from
this diffuse scattering, and though less accurate this
leads to estimates which lie between the dashed lines
in figure 1, in very reasonable agreement with the
diffraction data.
The temperature variation bf the phonons have

also been studied in U02 using the PLUTO triple-
axis spectrometer following earlier work carried out
at Ris0 National Laboratory [18]. Those optic modes
investigated are found to broaden rapidly in the

region of 2 200 K and become unobservable at

higher temperatures. The acoustic modes however
are well defined to 2 930 K, although they broaden
as the temperature is increased above 2 000 K. They
have been measured in the symmetry directions as a
function of temperature enabling the three elastic
constants and hence the bulk modulus to be deter-
mined to 2 930 K. These data will be reported in
detail in a future paper [17]. In most respects the
scattering from lattice vibrations in U02 resembles
that from PbF2 as the temperature is raised into the
fast ion regime.

4. Conclusions.

The neutron diffraction, diffuse scattering and in-
elastic scattering from U02, and the diffraction from
Th02 have been investigated to 2 930 K using a new,
unique, high temperature furnace specially designed
for neutron scattering work. The data show unambi-
guously, for the first time, that Frenkel disorder does
occur in both compounds, and in most respects the
results obtained so far at high temperature resemble
the scattering from the halide fluorites in the fast-ion
phase. We have not yet observed scattering which
might indicate small polaron formation, evidence
for which can only be obtained indirectly, but further
experiments to search for this are currently planned.
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