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NEUTRON SCATTERING STUDIES OF FLUORITE OXIDES AT HIGH TEMPERATURES

The high temperature behaviour of the fluorite oxides UOZ' ThO2
and Y.O.-stabilised ZrO. have been investigated using a variety of
neutron scattering techniques. Interest has centred on the cause of
the anomalously large enthalpy of UO, at temperatures above 1500K,
an understanding of which is important in view of its use as a
fission reactor fuel. High temperature techniques have been
developed which enable the performance of neutron scattering at
temperatures up to 3000K. Bragg diffraction measurements have shown
that a growing fraction of anions vacate their regular sites above
2100K in U0, and above 2300K in ThO,, attaining vacancy concentrations
of ~20% at 2900K in both materials. Quasielastic scattering
investigations have confirmed the occurrence of anion Frenkel disorder
in U0, at high temperatures and have shown that the disorder is of a
dynamic nature. Both sets of results may be interpreted in terms of
fluctuating, dynamic clusters of vacancies and interstitials, having
lifetimes of a few phonon periods. The elastic constants of UO7,
which have been determined up to 2930K from measurements of the long
wavelength acoustic phonons, show an increased rate of softening
above 2400K. The zone-centre optic phonons broaden rapidly above
2000K in UOp. The full phonon dispersion relation of ThO», measured
at 293K, resembles closely that of UOj. The results provide the
first direct, unambiguous evidence of thermally-induced Frenkel
disorder in UO,, which is analagous to the disorder observed in the
fast-ion phase of the fluorite halides, such as CaF2.

Quasielastic scattering techniques have also been used to study
the defect structure of Y,O3-stabilised ZrO, between 293K and 2000K.
Many general features of the scattering observed at room temperature
may be explained in terms of nearest neighbour relaxations around
oxygen vacancies. The diffuse scattering broadens in energy above
1000K, signifying that these clusters of relaxed ions have a finite
lifetime of ~5ps at 1500K. The results have been interpreted in
terms of a vacancy hopping model which is consistent with the enhanced

conductivity observed in this temperature range.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

The high temperature properties of compounds possessing the
fluorite structure have been the subject of considerable interest in
recent years, Whereas extensive experimental work has been performed
on the fluorite halides (Chadwick 1983), investigations of the fluorite
oxides have been limited as a result of their high melting temperatures
( ~3000K). This thesis describes an experimental investigation of the

ThO, and Y, O, - doped ZrO

27 2 503 at high temperatures

fluorite oxides UO 5

using a variety of neutron scattering techniques.

The fluorite structure, shown in Fig. 1.1, has a face-centred
cubic lattice with a basis comprising a cation at the origin and anions
at *(%,%,%). The unit cell is a cube of side a_, which is twice the
anion nearest-neighbour separation. The structure may be viewed as an
array of simple cubic cells of anions, with alternate cube-centres

occupied by cations.

PbF_ and SrCl exhibit a

Most fluorite halides, such as CaF2, 5 ot

broad Schottky-type anomaly in their heat capacity at a temperature

Tc’ a few hundred degrees below their melting temperature ng This
anomaly is accompanied by substantial enhancement of their electrical
conductivity, in the crystalline state, to a value comparable with that
of the ionic melt (Fig. 1.2). A high degree of dynamic anion disorder
occurs in the high temperature phase, as a result of which these
materials are classed as fast-ion conductors. In fact, the fluorite

halides provide one of the simplest systems for the study of the



phenomenon of fast-ion conduction.

Anomalous behaviour has also been observed in the enthalpy

and electrical conductivity of UO, between 1500K and its melting

2
temperature 3120K. This has attracted considerable attention because
of the use of UO2 as a fuel for some designs of nuclear reactors. An
understanding of its thermal properties and the cause of its excess
heat capacity is especially important in the safety analysis of fast
reactors, in view of their high operating temperatures. Unfortunately,
all experimental measurements to date have been of macroscopic
quantities, such as enthalpy and electrical and thermal conductivity.,
This work is an attempt to provide information on the cause of the

excess enthalpy of UO, on a microscopic scale, using neutron

2

scattering techniques.

In this chapter we outline the relevant experimental data on
UO2 and ThO2 that have been collected above 1500K, and the theoretical
work that has ensued. Then we review the use of neutron scattering
techniques for the study of the nature of the high-temperature
disordered regime of the fluorite halides., Lastly we discuss their
proposed use in the investigation of the high temperature behaviour of

the fluorite oxides UO ThO, and Y.O,-doped ZrO

2’ 2 273 2°

1.2 PHYSICAL PROPERTIES OF UO2 AND Th02 AT HIGH TEMPERATURES

1.2.1 ENTHALPY AND HEAT CAPACITY
Practical difficulties such as thermal isolation and accurate
measurement of temperature changes discourage the direct evaluation of

heat capacities above 2000K. Consequently, high temperature values of



heat capacities are normally extracted from the temperature

derivative of the enthalpy H(T).

JH(T)

Cp(T) = ( ) (1.1)

P,T

oT

where Cp is the heat capacity at constant pressure.

Five independent sets of data have been reported for the enthalpy
of UO2 within the temperature range 298 - 3120K. These are by Moore
and Kelley (1947), Ogard and Leary (1968), Hein et. al. (1968),
Leibowitz et. al. (1969) and Frederickson and Chasanov (1970). The
measurements were made mainly using drop-calorimetry techniques, in
which the samples were encapsulated in tungsten, heated to the required
temperature, dropped into a calorimeter and the resulting temperature

rise of the liquid monitored. The agreement between the sets of data,

shown in Fig. 1.3, is about 1 - 2%.

In order to derive the heat capacity from the enthalpy measurements,
an analytical function must first be fitted to the data, thus introducing
some model-dependence. Szwarc (1969) and Kerrisk and Clifton (1972)

found that the heat capacity curves for UO obtained by fitting the

o
customary polynomial or spline functions to the enthalpy data, behave

as for a traditional solid up to 1400K. However, above this temperature
there seemed to be an additional exponential contribution. They assumed
that this contribution was due to Frenkel defects, which had been shown

to exist in fluorite halides at elevated temperatures. This gave an

additional term in the enthalpy function which, for Szwarc's analysis,

became

H(T) = A + BT + C’I‘2 + D exp(—Ed/ZRT) (1.2)



where the parameters A, B, C and D and the defect formation energy Ed
were fitted to the data. Both resulting heat capacity curves were
similar, showing an exponential rise above 1500K (Fig. 1.4). The
values of Ed obtained were 3.10 eV (Szwarc 1969) and 3.28 eV
(Kerrisk and Clifton 1972). It should be noted here that Ed is twice
the activation energy Ea' obtained from a exp(—Ea/RT) temperature

dependence. This follows from the fact that each Frenkel defect

involves the formation of an interstitial and a vacancy.

However, Bredig (1972) noted that the enthalpy analysis of
Szwarc showed a linear temperature dependence, signifying a constant
Cp value, above about 2700K and that there was a systematic trend in
the deviations from the fitted curve around this temperature. The
six points in the temperature range 2340 - 2580K all showed negative
deviations whereas seven out of the eight points in the range 2610 -
2880K had positive deviations. He interpreted this, somewhat
speculatively , as evidence for a cooperative lambda-type transition
at 2670K, and claimed it to be similar to that observed in the
fluorite halides (Fig. 1.2). Rand et. al. (1978) agreed with Bredig's
claim that the enthalpy is linear with temperature above 2700K and
they also observed similar non-random deviations in Kerrisk and
clifton's analysis. Further support was given by a report by

Ackermann et. al. (1956) of a textural change in UO, at 2700K, which

2

they, in fact, interpreted as melting. Consequently, Fink et. al.

(1981) re-analysed the UO, enthalpy data with the function

2



—_ -1 -1
B, - Hyg, = C.0_ i lexp(o,/T)-1]7" - [exp e /298)-11]

2 2
+c,[T7 - (298)7]
+ C - - - .
3Ky [ T exp/( Ea/kBT) 298 exp ( Ea/kBT) ] (1.3a)
for T < 2670K, and
B, - Hyog = c,T - c5 (1.3b)

for 2670K < T < 3120K. The fitted parameters were the variables Ci'
the Einstein temperature BE and the activation energy Ea' kB being
Boltzmann's constant. The resulting values of BE and Ea were 516K
and 1.88eV respectively. The three terms in equation (l.3a) represent
the respective contributions from phonons, thermal expansion and the
additional thermally-activated term. The derived heat capacity curve

is compared with that of Kerrisk and Clifton (1972) in Fig. 1.4.

Further light is shed on the behaviour of the enthalpy of UO2

by comparison with the corresponding data for the isostructural oxide
Tho2 (Fischer et. al. 1981), also shown in Fig. 1.3. These indicate
a change in gradient at about 2950K and a linear dependence above
this temperature. The ThO2 data were also fitted‘with the function
given in equation (1.3), excluding the exponential activated term
since its inclusion did not improve the fit significantly. The heat

capacity curve deduced from the fit is shown, together with those

obtained for U02, in Fig. 1.4.

The picture which emerges from these analyses, involving the
fitting of an analytical function to the enthalpy data, is the
following. The enthalpies of both UO2 and ThO2 behave normally up to

about 1500K. Above this temperature, there is an additional



exponential thermally-activated contribution in U02, which does not

exist in Th02. Both materials show evidence of a transition at

higher temperatures: TC = 2670K in UO2 and 2950K in ThOz. The

ratio T /T is 0.86 for UO. and 0.81 for ThO. (T = 3640K),

¢’ m 2 2 m
indicating a possible similarity between the transitions in each
material. 1In direct contrast with the above analyses, Browning
et. al. (1983) calculated the separate contributions to the

enthalpy of UO_. from phonons, lattice dilation, anharmonic

2
vibrations of the oxygen ions and the population of crystal field
levels, using existing thermophysical data. They claimed that

these contributions alone account well for the enthalpy data up

to 2500K, above which the enthalpy is anomalously large.

These contradicting conclusions, drawn from the enthalpy data,
and the large variation in the behaviour of the extrapolated heat
capacity (Fig. l.4) emphasise the need for an experimental

investigation on a microscopic scale.

1.2.2 ELECTRICAL CONDUCTIVITY

The most comprehensive investigation of the temperature
dependence of the electrical conductivity of UO2 is that performed
by Bates et. al. (1967). They investigated its temperature
variation in polycrystalline and single crystal samples, at
frequencies up to 5kHz, from ambient temperature up to 3000K. No
significant frequency variation of the conductivity was observed,
but the results varied between samples at low temperatures. A
rapid increase in the conductivity & was observed at around 1400K

(Fig. 1.5), above which it was best described as



= - .4
o o exp(-E_/k.T) (1.4)

. 3 -1 -1
with <ro = 3,57 x 10 N “cm and with an activation energy

E = 1l.15eV.
a

Other investigations of the variation of the electrical

conductivity of UO_ over more limited temperature ranges, are in

2
substantial agreement with those of Bates et. al. (Killeen 1980,
Munir 1981). However a two-fold increase in conductivity at
frequencies between O.5MHz and 5MHz at room temperature has

recently been observed (G. A. Saunders and N. Hampton, private

communication).

1.3 THEORETICAL ASPECTS OF THE PHYSICAL PROPERTIES OF UO2 AND ThO2
When the enthalpy of 002 was first shown to increase
anomalously above 1500K, its cause was attributed to the creation of
Frenkel defects (Szwarc 1969, Kerrisk and Clifton 1972). Considera-
tion of the fluorite structure shows that the unoccupied cube centres
provide suitable sites for the formation of Frenkel interstitial ions,

as have been shown to occur in fluorite halides at low temperatures

(Lidiard 1974).

Diffraction studies up to 1400K indicate that the anions
vibrate anisotropically towards the empty cube centres (Willis 1963).
Further support for such a model is given by analogy with the
fluorite halides, in which the presence of Frenkel disorder at high

temperatures has been established (e.g. Chadwick 1983).



The Frenkel defect model for the anomalous excess enthalpy of

UO2 above 1500K was first challenged by MacInnes (1978, 1979). He
noted firstly that the anomaly occurs in UO2 at a much lower fraction
of Tm than in the fluorite halides, for which TC/Tm.v 0.8, Secondly,
there is little evidence for an analogous anomaly in ThO2 (Fig. 1.3),
which would be expected to have similar lattice properties on account
of their comparable cation masses (mU = 238 a.m.u., m, = 232 a.m.u.).
In view of the uranium ion's multiplicity of possible oxidation
states, contrasting with the electronically stable Th4+ ion, MacInnes

concluded that the disorder giving rise to the anomalous excess

enthalpy of 002 above 1500K is electronic in nature.

Further support for an electronic model is given by calculations
of the activation energies Ea for Frenkel defects and for electronic
disorder (Catlow 1977). Using a static model of a cube-centre anion
Frenkel interstitial and an isolated vacancy, involving inter-atomic
potentials deduced from experimental measurements of elastic constants
and other parameters, a value of Ea = %Ed = 2.7eV was obtained. The
activation energy for electronic excitations of the uranium ion,
giving rise to small polarons, of the type

2U4+———) U3+ + U5+ (1.5)

was found to be about 2eV. Similar results were obtained by

fHarding et. al. (1980). A summary of experimental and theoretical
values of Ea is given in Table 1.1, from which it may be seen that
the calculated values for electronic disorder are smaller than the
calculated values for Frenkel defects, and are in better agreement
with the experimental values. Caution is needed regarding these
calculated values because of the approximations involved, such as the

neglect of the effects of temperature and thermal expansion on the



TABLE 1.1

COMPARISON OF EXPERIMENTALLY-DETERMINED ACTIVATION ENERGIES

FOR UO2 WITH VALUES CALCULATED FROM MODELS OF FRENKEL

DEFECT FORMATION AND OF SMALL POLARON EXCITATION

EXPERIMENTAL

Reference Measured Quantity Ea(eV)
Szwarc 1969 Enthalpy 1.55
Kerrisk and Clifton 1972 Enthalpy 1.64
Fink et.al. 1981 Enthalpy 1.88
Bates et.al, 1967 Electrical Conductivity 1.15
Matzke 1976 Oxygen Diffusion 1.15
CALCULATION

Reference Model Ea(eV)
Catlow 1977 Frenkel Defect 2.7"
Harding et.al. 1980 Frenkel Defect 2.61
Catlow 1977 Small Polaron ~ 2
Harding et.al. 1980 Small Polaron 1.7

E_ = 2Ea for Frenkel defect formation



inter-atomic potentials. Nevertheless, these calculations do suggest
that electronic disorder may play an important role in the behaviour
of 002 above 1500K. However, the calculations of Browning et. al.
(1983) indicate that the magnitude of the small polaron enthalpy

contribution is less than the experimental uncertainty of the enthalpy

data in the temperature range 1500 - 2500K.

1.4 NEUTRON SCATTERING INVESTIGATIONS OF FLUORITE HALIDES

The work described in this thesis forms part of a collaborative
programme of research between the Clarendon Laboratory, A.E.R.E.
Harwell and Risg National Laboratory, Denmark, aimed at the
investigation of the high-temperature properties of fluorites using
neutron scattering techniques. An outline of the results obtained
for the fluorite halides is given here; the details of the measure-
ments are discussed and compared with those of the present work on
the fluorite oxides in subsequent chapters. A review of the work is
given by Hutchings (1982), and the details by Smith (1980) and
Schnabel (1983). The various neutron scattering techniques employed
will be discussed more fully in chapter 3; a description of the

results will suffice at this stage.

SrCl PbF

The time-averaged distribution of nuclei for CaF o 5

2'

and BaF obtained from diffraction studies, all show similar

27
properties. The normal fluorite structure accounts well for the
data up to about 200° below TC. As the temperature is increased
further, a growing fraction of anions vacate their regular sites.
Saturation is reached before melting at vacancy levels of about

10 - 20%, probably due to repulsive interactions between defects.

This behaviour is consistent with the decrease in heat capacity



observed above the transition, and is inconsistent with total melting
of the anion sub-lattice. There is no evidence of cation migration.

A more surprising fact which emerges from the analysis is that the
empty cube-centre site is not occupied to any significant degree at
high temperatures. This result is in agreement with molecular

dynamics (Gillan and Richardson 1979), static energy calculations
(Catlow and . Hayes 1982) and X-ray diffraction data (Koto et. al. 1980).
The data may be interpreted in terms of a cluster model of vacancies,
interstitial and relaxed ions, the nature of which is discussed in

§1.4.1.

Inelastic phonon scattering experiments on PbF2 show that the
optic and large wave-vector acoustic phonon modes broaden rapidly in
the region of TC. The full-width at half-maximum (FWHM) linewidths,
2r' , of the transverse acoustic phonons increase with the square of
their wave-vector q around Tc' indicating a hydrodynamic, collision-
dominated regime. To a good approximation, 2I' = ‘Yqz for all
three symmetry directions, where the constant of proportionality ¥
increases rapidly around TC. The elastic constants, obtained from
low-qg phonon measurements, all decrease steadily from ambient
temperature to Tc as predicted by the thermal expansion of the
lattice. In the region of Tc the rate of decrease of C and C

12 44

is accelerated slightly, but not as markedly as that of C No

11°

soft mode behaviour was observed.

Coherent diffuse quasi-elastic scattering (QES) gives the most
information on the defect structures. Whereas in a perfect crystal
all the scattering occurs at the reciprocal lattice points, the
presence of defects gives rise to scattering elsewhere in reciprocal

space. The measurements on the halides are characterised by the



build-up of such QES around (0, O, 2.3) in the fast-ion phase. The
degree of structure observed in the QES intensity indicates strong
correlations in the positions of the defective ions. The energy
broadening of this scattering signifies a defect life-time of

-12 .
about 10 s, i.e. a few phonon periods.

The behaviour of incoherent QES, observed in SrClz, can be
fitted quite well by a model of instantaneous, uncorrelated anion
hops mainly in [ lOO] directions between nearest neighbour sites,
and also in [llO] directions between next nearest neighbour anion

sites.

l1.4.1 THE CLUSTER MODEL

All the neutron scattering experiments indicate a fairly high
level of anion disorder in the high temperature fast-ion phase of
the fluorite halides. The defective anion distribution is highly
correlated, indicating some dynamic clustering of defects, having a
life-time of a few phonon periods. The simplest model which accounts
for the diffraction and coherent QES data is that of a cluster
comprising an anion Frenkel interstitial located on the mid-point
between regular anion sites, causing its nearest neighbour anions to
relax away in the [ 111] directions towards empty cube-centres. The
position of the vacancy associated with the Frenkel interstitial
cannot be ascertained from neutron scattering, but static energy
calculations suggest that it is situated at (O, O, 1.25) with respect
to the interstial site (Catlow and Hayes 1982). Agreement with the
diffraction and QES data is slightly improved if the interstitial is
displaced from the mid-anion site in a [110] direction towards an

unoccupied cube-centre. Such a cluster, named the 3:1:2 cluster, is

- 11 -



illustrated in Fig. 1.6. We use the notation v:i:r where v is the
number of vacancies (due to interstitials or relaxed ions), 1 the
number of true interstitials and r the number of relaxed ions. We
also refer to interstitial and relaxed ion sites as I and R sites

respectively.

It should be emphasised that the cluster model described here
is certainly not unique in thefast-ion region, in view of the complex
and highly dynamic environment. Static energy calculations have
shown that such clusters can be stable in the fast-ion state,
provided that the Frenkel vacancy is correctly located (Catlow and
Hayes 1982). Static clusters, similar to the dynamic cluster
described here, have been observed at room temperature in fluorites

having an excess of anions, such as hyperstoichiometric UO2 + %

(Willis 1978) and halides doped with rare-earth ions (Cheetham 1973,
Kjems et. al. 1983). Molecular dynamics calculations have confirmed
many features of the QES results, such as the peak beyond the (002)
reciprocal lattice point in the coherent QES intensity (Gillan and
Dixon 1981) and the incoherent QES from SrCl2 (Jacucci and Rahman
1978). However these calculations do not give direct support for a
cluster model, possibly as the result of the very small sample size

used (8 unit cells).,

1.5 PROPOSED INVESTIGATION OF FLUORITE OXIDES

This thesis describes an extension of the investigations of
the fluorite halides, described in the previous section, to the
fluorite oxides UO2 and Th02. Because of the higher temperatures

involved, furnace techniques for neutron scattering up to 3000K

had to be developed. These are described in the next chapter, and



in chapter 3 a more detailed description of neutron scattering

techniques and instrumentation is given.

The most obvious first step for the neutron measurements 1is
the determination of the time-averaged distribution of ions using

diffraction. Such measurements on Uo2 and ThO2 are reported in

chapter 4. Following the comparison of lattice disorder in the
two oxides, a comparison of their lattice dynamics in undertaken

in order to establish the degree of similarity between the
interionic potentials in the compounds. Measurements of the phonon

dispersion curves of ThO, are described in chapter 5, which may be

2

compared with those obtained for UO, by Dolling et. al. (1965).

2

Investigations of the high temperature behaviour of phonons in UO2
are described in chapter 6, and an account of coherent QES measure-

ments on UO2 is given in chapter 7. In chapter 8, an investigation

of the behaviour of Y. O, - doped ZrO

203 from room temperature up to

2

2100K is described. This material is of great technological
interest and may also be useful as a model of possible small polaron

+
behaviour in UO as a result of the introduction of Y3 ions into a

2'

4+ .
host cation sub-lattice of Zr ions. Results and conclusions are

summarised in the last chapter.



uol}pl @
uoiuy @




N
92

~N
o

Specific Heat Cp/R
o

b
o

700 900 1100

| o@
100— ]
- SrCl 2 ooo
IE o
" o]
G o)
=~ o
> 50— o ]
>
= O
o o
- O
g oT T
C m
S °§I |
l boo° | |

ol
700 900 1100
Temperature ( K)

Fige 1.2 Temperature variation of the specific heat (Schroter and Nolting

1980 ) and electrical conductivity (Carr et.al. 1978) of the fast-ion

conductor Sr012



* (€861 jutd 1933e) Coyr pue ©

) ‘sanjeradwig],

ON Jo Adieyjus a2yl jo uorleraRA danjeiradwa] ¢°T *S14

3y ‘eanjeiadwigy,

00GE€ 000€ 00G2 0002 OOST 0O0OT O0O0S 0 00GE 000€ 00G2 0002 0OOST 0OO0OT OO0C¢S 0
1 { 1 | 1 1 0 1. | 1 | 1 1 0
- 08 —-0G
[~ ~00T1
00t - 0
-
ﬂlt
-y
- 0CT MW - 0GT
<
)
- 002 m - 002
O
7
-062 - 0G2
NOL.—. -00€ - 00€
0ge 0ge

p_fowr-py “Adreyjuy



0W———F—T— 1T ]

150

Heat Capacity (Jmol™ KT)

TalUg,) T(Tho,)

| 1 1 | . T

0 1000 2000 3000 4000
Temperature (K)

Fig. 1.4 Temperature variation of the heat capacity Cp of UO2 and ThO2 as
deduced from analysis of enthalpy data. The full curves represent the
analyses of Fink et.al.(1981) and Fischer et.al.(1981), and the broken
line that of Kerrisk and Clifton(1972).
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CHAPTER 2

FURNACE TECHNOLOGY
2.1 INTRODUCTION

As was indicated in the previous chapter, the proposed investiga-

tion of the properties of UO_, and ThO,_ at the temperatures of interest

2 2
requires the development of furnace techniques for neutron scattering.

Although many measurements of a macroscopic nature have been

performed at higher temperatures, there has been a paucity of micro-
scopic observations of any kind because of the experimental difficulties
involved. The only neutron scattering measurements performed above
2200K are those of Aldebert and co-workers using powdered samples

(e.g. Aldebert and Traverse 1981), but no neutron experiments on single
crystals have been reported at temperatures above 2000K. Although
diffraction studies may be performed on either powdered or crystalline
samples, the measurement of phonons or QES necessitates the use of
single crystals. This work constitutes an attempt to develop single

crystal techniques above 2000K.

In the next section, various aspects of furnace design for high
temperature neutron scattering experimentation are discussed. A
detailed description of the Harwell High Temperature Furnace, developed
and used for most of these measurements, is then given, and a comparison
is made with Aldebert's furnace used at ILL for some UO2 measurements.

Finally, the practicalities of sample preparation and mounting are

discussed.



2.2 ASPECTS OF FURNACE DESIGN

2.2.1 MATERIALS

The number of materials which are suitable for the manufacture of
components situated in the hot region of the furnace is limited by their
melting temperatures. The only candidates for the construction of
heater elements, sample mounts and heat shields at the temperatures
under consideration are iridium (TIn = 2683K), niobium (2743K),
molybdenum (2890K), tantalum (3269K), osmium (3318K), rhenium (3450K),
tungsten (3680K) and graphite (which sublimes at 3820K). Their
relative merits must be judged further according to other properties

which are now discussed, and later summarised in Table 2.1,

a) Neutron Absorption

For most high temperature applications, there is no
constraint on the size and thickness of furnace components. However,
in neutron scattering experiments the attenuation of the beam through
absorption by the furnace is a very important consideration. The

transmission of an object is given by
t =1/1 =e P (2.1)

where D is its thickness and/u its linear absorption coefficient. All
the materials mentioned above have appreciable absorption coefficients,
so care must be taken in the design of heater elements and heat-shields.
Moreover, the section of the furnace which is in the beam must be
cylindrically symmetrical to avoid any angular dependence of the
absorption. In practice this is achieved by aligning all seams, joints
and water pipes in a 'dead sector' of about 30° in the furnace, which
must be kept away from both the incident and scattered neutron beams.
Since the absorption coefficient is generally proportional to the neutron

wavelength, these effects are particularly important for QES measurements

- 15 -



where low-energy neutrons are employed and the signal:noise ratio is

low.

b) Neutron Scattering Cross-sections

Another factor which must be considered in choosing materials
is the scattering from furnace components, which appears as spurious
contributions to the data., Coherent scattering gives rise to sharp
Bragg peaks, whereas incoherent scattering results in an approximately
isotropic contribution to the background level. Hence it is important
to mask down the incident beam as far as possible in order to reduce
the amount of spurious scattering from the furnace. The sample mount,
heater element and inner shields should, if possible, be made from the

same material so that only one set of spurious Bragg peaks is produced.

c) Mechanical Properties

One of the most important requirements of neutron scattering
experiments on single crystals, as opposed to powders, is that the
sample must be mounted rigidly since sample rotations of greater than
0.05o cannot be tolerated. Whilst this never constitutes a problem at
temperatures below 2000K, it is nevertheless an important factor in
choosing a material for the sample mount at higher temperatures, The
main cause of the problem is recrystallisation and grain growth within
the material., For instance, during a diffraction experiment at 2200K,
for which the sample was encapsulated in a machined tantalum tube, the
crystal was observed to rotate through several degrees and disintegrate
within twelve hours as a result of severe distortion of the tube!
Tantalum is particularly bad in this respect - heater elements which had
been maintained at about 2200K for a few days were observed to have

2
individual grains of surface area ~ 20mm .



There are two ways of reducing the rate of grain growth in a
material. The first technique, which is useful for machined metals, is
that of doping with impurities which congregate at the grain boundaries
and hence oppose the recrystallisation. For instance, tungsten is often
doped with small amounts of Thoz. The alternative method is to 'grow'
the sample tube in a highly crystalline form by condensed vapour
deposition (CVD). In this technique, a mandrel is made to the shape of
the article required from an easily-machined metal such as stainless
steel or copper. It is then mounted in an atmosphere of tungsten
chloride vapour which decomposes on heating, resulting in the deposition
of a uniform layer of tungsten onto the mandrel. The mandrel may then
be dissolved leaving the required product. This technique is useful for
fabricating tungsten articles of uniform thickness up to about lmm which
are stress-free and highly crystalline, thus reducing the extent of
grain growth. Tungsten is also a notoriously difficult material to

machine since it is one of the hardest available and is very brittle

below 500°C.

d) Reactivity

The chemical reactivity of materials increases with increasing
temperature, so that those which are normally inert may become extremely
reactive at the temperatures under consideration here. The most
important possible reaction, which must be avoided, is that between the
sample and its container. Despite its favourable neutron properties,
graphite was rejected as a material because of its incompatibility with
UOZ' ThO2 and tungsten, with which it readily forms carbides. A slow

reaction has been reported between tungsten and UO2 at 2800K. Tungsten

sample tubes may be coated with TaN which is compatible with 002 up to

its melting point (Burnett 1964).

- 17 -



e) Evaporation

The ultimate limitation on the life-time of furnace components
is their rate of evaporation. Tungsten is preferable to the other
elements in that it is far less volatile than the other elements. The
rate of evaporation may be substantially reduced by operation under a
pressurised inert atmosphere such as helium or argon. Sample evaporation

will be discussed later.
f) Summary

The various physical properties of elements having melting
points above 2600K are summarised in Table 2.1. It can be seen that
tungsten and graphite are the best candidates for the manufacture of
furnace components., Graphite must be ruled out for the present work
because of its chemical incompatibility with the oxides under study,
but it should be recommended for use with suitable samples. Tungsten's
large absorption coefficient is offset by its strength and low
volatility which enables the use of thinner cross-sections. Molybdenum
has been used satisfactorily up to 2300K. Tantalum may be used for
heat-shields and heaters but not for sample containment and mounting
because of recrystallisation problems. It is advisable to make use of

only one material in the vicinity of the sample in order to minimise the

number of spurious peaks.

2.2.2 LIFETIMES OF FURNACE COMPONENTS

An important decision of general policy must be made concerning
the permanence of components situated in the hottest region of a
furnace. The element and heat-shields must either be made from very

thin foil and disposed of after each experimental run or else be made
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to last, which is expensive because of the difficulty of machining
metals such as tungsten and tantalum. In order to minimise attenuation,
it is clear that as little material as possible should be positioned in
the neutron beam. On the other hand, if the measurements are to extend
over several days or weeks at high temperatures, the element and heat-
shields must be of sufficient thickness and strength to withstand
evaporation and mechanical stress. Similarly it must be decided how
large a temperature gradient can be tolerated, which will influence the
number of heat shields required. However the most important factor to
be considered is the type of experiment to be performed. For work on
powders, the duration of measurements is limited by inherent sintering

of the sample, so that little is gained by using long-lasting components.
On the contrary, single crystal experiments require much longer measuring
times, especially for inelastic work, and therefore thicker, more
permanent components should be used. The relative merits of powdered and

crystalline samples are discussed further in §2.2.6.

2.2.3 MODE OF HEATING

At low temperatures the heat losses are mainly due to conduction
(and convection if the furnace is not evacuated), but above about 2000K
radiation is the dominant factor. Since the radiated heat loss varies
as T4, the power input required increases dramatically at higher
temperatures. For instance, the radiation losses increase five-fold
between 2000K and 3000K. This must be borne in mind when designing a

power supply.

There are three modes of heating the sample which should be
considered, namely resistive, electron beam and radio-frequency induction

heating. Conventional resistive heating requires more power, and hence



more heat-shields, because of the need to heat the element as well as
the sample. The electron beam technique could create local heating, and
hence temperature gradients, along the sample. Constraints on the size
of a neutron scattering furnace and the need for cylindrical symmetry in
the sample environment would also make the siting of an electron gun
rather difficult. The main concern regarding radio-frequency induction
heating is its possible effect on the neutron detector and monitor,
especially the latter in view of its proximity to the sample table on
most spectrometers. In the design of the Harwell furnace, resistive
heating was chosen because objections to the other techniques were

considered to be more serious, and also on account of its simplicity.

2.2.4 TEMPERATURE MEASUREMENT

The two kinds of monitors available for high temperatures are
thermocouples and pyrometers. The best thermocouples in the temperature
range under consideration are tungsten - tungsten/ ~ 25% rhenium which
are reliable up to about 2400K. At higher temperatures, gradual changes
of composition may occur at the junction, brought about by the diffusion
of rhenium atoms. The simplest form of pyrometer is one in which the
current through a thin filament is varied until it achieves the same
brightness as the light from the sample. It has an accuracy of about
* 50K, which is inadequate for this work. The second type of pyrometer
is a photocell in which an emf is generated as a function of the intensity
of radiation emitted by the sample. This design, which was chosen for the
Harwell furnace, enables the detection of temperature changes of less than
50. A third more advanced pyrometer compares the radiated intensity at

two wavelengths, giving a temperature reading which is independent of

emissivity and window transmission.



Thermocouples are more sensitive than pyrometers at lower
temperatures and are less prone to systematic errors, but they do have
a limiting maximum operating temperature. On the other hand, the
sensitivity of pyrometers improves with increasing temperature and they
do not suffer from an upper limit on their operating temperature.
However they do require a clear optical path to the sample, and correc=
tions might have to be made for the sample emissivity. Another source
of systematic error in the present work is the fact that the reading is
taken from the upper surface of the sample container, which may be up to
20mm away from the centre of the crystal for large samples. The
magnitude of systematic errors in temperature readings is discussed in

§2.3.3, where the performance of the Harwell furnace is described.

2.2.5 TEMPERATURE REGULATION

In order to maintain the sample environment at a constant
temperature, a signal must be fed back to the temperature controller to
regulate the power input into the furnace. The most obvious parameter
to use for regulation is the observed sample temperature. However this
is unsatisfactory above 2500K because of the difficulty involved in
continuous monitoring of the temperature. Clouding of the pyrometer
window due to tungsten evaporation and thermocouple degradation would
both cause the power input to increase slowly. A second option is to
regulate on the temperature of a cooler part of the furnace, and to
monitor the sample temperature intermittently. The control parameter
which was chosen for the Harwell furnace is the power input, which should
be kept constant. This is achieved using a (V + I)2 mode which accounts
for changes in the element's resistance due to evaporation. Since the

4 .
heat losses are approximately proportional to T at high temperatures,



the effect of power input variations is reduced with increasing
temperature. Stability of % 10° or better may thus be achieved at all

temperatures.

2,.2.6 POWDERS OR SINGLE CRYSTALS ?

Whereas phonon dispersion curves can only be investigated using
single crystals, diffraction and phonon density of states measurements
may be performed on either powdered or single crystal samples. Powder
techniques rely on a uniform distribution of crystallite orientations,

a condition well-satisfied in practice at normal temperatures. Powder
diffraction experiments thus avoid systematic errors such as extinction
and multiple reflections. Powder measurements are also much faster
because many reflections can be measured simultaneously, since there are
always crystallites orientated in a diffracting setting. On the other
hand, single crystal reflections must be measured individually since the
diffraction condition is only satisfied for one reflection at a time.
This advantage of powder diffraction is particularly attractive at very
high temperatures because of the limited lifetimes of furnace components.
A further merit of the powder technicue is its insensitivity to sample
movement, whereas shifts of greater than 0.05o cannot be tolerated for
single crystal measurements. This is again a particular problem at very
high temperatures, since movement can be caused by annealing of the sample
mount, as previously noted. Consequently, single crystal samples must be
left to anneal for several hours before measurements can commence. One
further drawback of crystalline samples is possible disintegration at

high temperatures due to internal stresses.

There are however several disadvantages associated with powder

diffraction at very high temperatures. Firstly, large samples are



required, which may result in large temperature variations within the
sample. This problem may be avoided by using well-designed heat-shields.
Another difficulty is that of distinguishing spurious Bragg peaks from
furnace materials, which are also of a polycrystalline nature. This is
much easier in single crystal work since the Bragg peaks are sharp § -
functions in reciprocal space, as opposed to isotropic shells of scatter-
ing for powders. A far more serious objection to powder diffraction at
very high temperatures is that caused by sintering of the sample,
resulting in preferred orientations. Changes in Bragg intensities of a
factor of 2 within one hour at 2300K in polycrystalline La2O3 have been
reported (Aldebert and Traverse 1981). Similar effects have also been
observed in ThO2 at 2500K (B, T.M. Willis, private communication), which
made accurate measurements impossible. Another consequence of limited
sample lifetimes, caused by sintering, is the need for a high neutron
flux and multidetectors to complete measurements quickly. Temperature
dependences are also difficult to explore since a new sample is required
for each temperature. Further, the furnace must be heated quickly to
prevent excessive sintering before attainment of the required temperature,

and the subsequent repeated, rapid thermal cycling may damage furnace

components.

In contrast with the above problems, several experiments on single
crystals are reported in this work which involved continuous measurements
at temperatures above 2000K over extended periods of a fortnight or
longer. We therefore conclude that, despite problems such as sample
movement and long measuring times, single crystal techniques have greater
potential than powder diffraction at very high temperatures. Powder

techniques may however be preferable at lower temperatures where sintering

is not severe.



2.3 THE HARWELL HIGH TEMPERATURE FURNACE
2.3.1 CONSTRUCTION

The furnace, used for most of the experiments reported here, was
designed and built to our specifications by D. Hukin of Crystalox Ltd.,
Wantage. Its main features are illustrated in Fig. 2.1. The power is
taken across two phases of a three-phase supply, and is controlled by
a thyristor unit operating in the phase-angle mode. The thyristor
output is stepped down to about 10V, 1000A (at ~ 2900K) in the trans-
former secondary circuit. The current is carried to the furnace
through thick water-cooled copper leads, and then via water-cooled
connectors to the heater element. The element consists of two concentric
tungsten cylinders, joined at the base by a tungsten annular ring and
central disc, such that the current passes down one cylinder and up the
other. (Some early elements had tantalum base rings which disintegrated
on heating above 2500K, probably as the result of recrystallisation.)
This heater design has greater strength than a single slit cylinder, and
the outer cylinder also acts as an additional heat-shield. The inner
and outer cylinders have diameters of 25mm and 35mm and thicknesses of
0.4mm and 0.25mm respectively. The upper ends of the tungsten element
are welded onto thicker tantalum cylindrical electrodes, which are
clamped by phosphor bronze collars providing good electrical and thermal

contact and accurate alignment.

The heat-shield assembly detaches as one unit and consists of two
replaceable inner tungsten shields and three outer molybdenum shields.
The innermost and outermost shields are 0.25mm thick and the others
0.12mm thick. A further molybdenum shield is positioned just inside the

aluminium water-cooled vacuum chamber. A second heat shield assembly



has been tried, in which zirconium is substituted for molybdenum by
virtue of its preferable absorption coefficient. However, it was

found that the zirconium becomes embrittled and deformed after several
weeks at high temperatures, and it also reacts with the stainless steel

top and base plates of the shield assembly.

The sample, sealed in a CVD tungsten tube, is attached to the
base of a CVD tungsten sighting tube which provides an unobstructed
view of the sample for the Land silicon-sensor infra-red pyrometer.
The upper end of the sighting tube is clamped to a cool part of the
furnace using grub screws. On heating, the tungsten has been found to
fracture at the point of clamping, and therefore a thin molybdenum
sleeve is welded around this region, onto which the grub screws can
grip. The base of the pyrometer sighting tube approximates well to a
black body, so no emissivity correction is required. Clouding of the
pyrometer window is prevented by a shutter which is only opened for
intermittent temperature readings. Boron nitride spacers are inserted
between the inner and outer tantalum heater electrodes and between the
inner electrode and the sighting tube, in order to keep them concentric
and to reduce heat loss upwards. On operation of the furnace above
2700K, a vigorous reaction has been observed between the boron nitride
and the tantalun electrodes. Consequently, the spacers have been
shortened or omitted altogether for some experiments. For experiments
not exceeding ~2450K, two tungsten/tungsten 26% rhenium thermocouples
are used to measure the temperature. The pyrometer and sighting tube
are replaced by a thermocouple assembly, for which the sample tube is
mounted on a tungsten rod. Details of sample preparation and the

welding techniques developed are described in §2.4 and Appendix A.l.



2.3.2 OPERATION

During initial test experiments, the furnace and power leads were
cooled using water taken from a reactor secondary cooling circuit.
However, it was found that electrolysis resulted from the solutes which
the water contained. Consequently, a F & R RCU6 water chiller unit was
obtained, having a tank capacity of 350 litres. Demineralised water at

«JlOOC is pumped around a closed circuit at a rate of ~ 17 1l/min.,
shared between the power leads and the outer furnace casing. A reactor
water supply is used to cool the chiller secondary circuit. Flow trips,
which switch off the furnace power when triggered, have been inserted in
both branches of the circuit. A temperature trip, set to an upper limit
of 35OC, has also been fitted in the return pipe. In addition to these
trips, a relay has been fitted which ramps down the furnace power
steadily if the chiller refrigerant pressure decreases due to a refrigerant
leak, or increases as a result of a failure of the secondary circuit
cooling water flow. This avoids thermal shocks to the furnace caused by
instantaneous tripping of the power. A third flow trip, installed on the
return to the chiller, cuts out the water pump in the event of a water
leak, thus preventing flooding of the reactor floor. A schematic diagram

of the cooling water circuit and the safety trips is shown in Fig. 2.2.

The furnace may be operated either under dynamic vacuum Or under a
closed argon atmosphere. The latter procedure was always adopted for
these measurements in order to minimise tungsten evaporation. Since it is
a closed system, it also avoids any danger of releasing UO2 dust into
the atmosphere. When operation under argon is intended, the furnace must
be first baked out by heating to 1500 - 2000K under dynamic vacuum for
a few hours, in order to remove any adsorbed gases or solvents. After

cooling the furnace, high purity argon is introduced via a BOC rare gas

_2_6_



purifier which removes any traces of oxygen or water vapour. This is
extremely important because slight oxidation reduces a heater's lifetime
dramatically. Similarly, a very good vacuum ( 4:10-5 torr) is required
for operation under dynamic vacuum. When heating the furnace, the argon
pressure must be released periodically. It is normally operated at a
pressure of ~10 p.s.i. above ambient - a safety valve is incorporated
which releases at ~ 15 p.s.i. . The alignment of the pyrometer must be

checked regularly during experiments.

2.3.3 PERFORMANCE

Apart from a few teething problems, the furnace's performance has
been very satisfactory. It has a maximum temperature of 2930K, operates
continuously for over three weeks above 2500K and for over a week at

2800K.

The power input as a function of temperature, for operation under
vacuum and under argon, is shown in Fig. 2.3. At lower temperatures,
more power is consumed when operating under argon because of the
additional convection and conduction losses, whereas at high temperatures
the values merge because of the predominance of radiation losses. There
is no systematic discrepancy between power values for which the
temperature was determined with thermocouples and with the pyrometer,
and sample size has little effect. It should be noted that the quoted power
values are for the primary circuit and that the low temperature values
shown are too large because the thyristor phase—angle output was
measured using meters designed for sinusoidal wave-forms. The furnace's
absorption is about 35% for a neutron wavelength of 22: the contribu-
tions from each component are listed in Table 2.2. The temperature

variation in the hot zone of the furnace is small - about t 5K over 3cm

at 1900K.



TABLE 2.2

TRANSMISSION FACTORS OF COMPONENTS OF THE HARWELL HIGH

TEMPERATURE FURNACE, MEASURED WITH NEUTRONS OF WAVELENGTH

2.28R
COMPONENT TRANSMISSION (%)
Outer Casing 93.3
Outer Mo Shield 97.8
Heat-Shield Assembly (3Mo, 2W) 77.4 1
Heater Element 88.6
Complete Furnace 62.6

' The transmission of the substitute heat-shield assembly
(2Zr, 1Mo, 2W) is 86.3%.



The stability of the sample temperature is ¥ 10K or better at all
temperatures, and relative temperatures within the same experimental run
also have accuracies of about ¥ 10K. Comparison of the measured
temperature variations of the furnace power input and of the lattice
constant of UO2 (Figs. 2.3 and 4.1) indicates that temperatures measured
during different experiments agree to within ¥ 30K. Systematic effects,
such as the transmission of the pyrometer window and the distance between
the centre of the sample and the upper end of the sample tube from which
the pyrometer reading is taken, make estimation of the absolute
temperature value difficult., However, the small temperature gradient
in the sample environment and the agreement between pyrometer and
thermocouple readings noted above suggest an overall error of ¥ 50K or
less, A better test of the absolute temperature would be given by
calibration against the melting point of alumina (Tm = 2324 + 6K). No
errors will be quoted on temperature values throughout this work. The

values given above for stability and errors of relative and absolute

temperatures should be assumed unless otherwise stated.

It was found that the power input needed to maintain a given
temperature was consistently larger than that quoted in test data
supplied by Crystallox Ltd. . Consequently, the manufacturer's tests
were repeated under identical conditions. All the operating parameters
were recorded at 1930K and 2795K, and compared with those quoted by
Crystallox Ltd. (Table 2.3). The power input to the transformer primary
circuit was found to be 19% higher than the quoted value at 1930K and
64% higher than the quoted value at 2795K. The large discrepancy at
2795K indicates that the radiated heat loss is much larger than during
the manufacturer's tests, One possible cause of the additional heat

loss at high temperatures is damage to internal shields of the heat-shield
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assembly, which cannot be examined easily. Further work is required to
establish the origin of this heat loss, and subsequently to increase

the furnace's maximum operating temperature.

2.3.4 COMPARISON WITH OTHER FURNACES

Two other high temperature furnaces were used - one at Risg
National Laboratory, Denmark and the other at Institut Lave-Langevin
(ILL) , Grenoble. The Risg furnace is of a similar, but simpler, design
to the Harwell furnace. Its heater element consists of a thin tantalum
split cylinder of larger resistance, so that water cooling of the power
leads is not required. It was designed to operate up to 1900K, but it
may be 'pushed' to 2300K by coupling three transformers in parallel.
The ILL furnace is based on Aldebert's design (Aldebert and Traverse
1981), and it can attain temperatures of 2500K for a few days. It has
a 10mm diameter, thin ( ~ 0.05mm) tungsten heater element with a
spiralled tungsten heat-shield around it. The element is 1lOcm long and
is clamped at both ends, which introduces an additional heat loss.
Together with the thin heat-shield, this gives rise to a larger
temperature gradient along the sample than necessary. Both furnaces are

operated under dynamic vacuum.

2.4 SAMPLE PREPARATION

Crystalline boules of UO, of varying quality and size, grown from

2

a melt, were obtained from Degussa Ltd. and Nukem Ltd. (V. Germany), Norton
Research Corporation (Canada) and T. Griffiths (Leeds University).

Similar boules of ThO2 were also obtained from T. Griffiths and Norton

Research Corporation. Smaller, good quality ThO2 crystals were grown
using a flux method by B. Garrard and B. Wanklyn (Clarendon Laboratory).

Large Y,O,-doped ZrO, crystals were supplied by J. Wenckus of Ceres

23 2
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Corporation. The crystals were aligned using a diffractometer and cut
into cylinders of varying dimensions, mostly having a <1io> axis, by
S. Hughes (Harwell)., Diffraction samples were of diameter 1.6mm and
length ~4mm; those of inelastic measurements had diameters between 7

and 12mm and length ~ 20mm. After cutting, UO, crystals were heated

2
in a hydrogen atmosphere at 1730K for several hours by M. Mignanelli
(Harwell) in order to attain stoichiometry. Tests of the oxygen:metal

ratio of typical samples gave a value of 2,0001 ¥ 0.0003 (I. G. Jones,

private communication).

Vapour—-deposited tungsten sample tubes and end caps of thickness
O.3mm were fabricated by Archer Technicoat Ltd.. Because of the afore-

mentioned reaction between tungsten and UO, above 2800K, the sample

2
tubes were electrolytically coated with TaN by P. Coad (Harwell). The
crystals were held tightly in place in the sample tubes with compressed
tungsten foil and the caps were sealed using electron beam welding by
K. Habgood and M. Paul (Harwell). The sealed sample tubes were welded
onto machined tungsten collars, which in turn were welded onto a
pyrometer sighting tube or onto a tungsten rod for use with thermo-
couples. Considerable difficulty was experienced in electron beam
welding tungsten of 0.3mm thickness, as might be expected. In order to
avoid burning a hole through the thin tungsten, the electron beam must
be focussed onto the thicker tungsten collar and the molten metal
allowed to flow onto the thinner metal of the sample tube. The
techniques developed for sealing and mounting the sample tubes are
described in Appendix A.l. Details of all UO2 and ThO2 samples used in

this work are summarised in Table 2.4, together with the labels by which

they are referred to in the remainder of the thesis.



(sjuswtaadxs Hurxezleos oT3IseTaUT I03) aTdwes sbireq : oul :L

(sjusutaedxe UOT3ORAIITP A0F) oTdures TleUS :S NOD 0 UOTIPION
- SUON 0°'6 Jenbaaar SU3ITIITIO *L T11L
OTT (QAD) M 80°0 S 9°1 ‘qeT uopuaaeid 1SL
NOLB
100 (aad)m S°¢l1 ST 0° 01 *H °y essnbag gin
011 (and) M 0°6T oc¢ P° 1T *dx0D ydIR9S3Yy UOJIAON Pin
100 (AAD) M 0°6 8T 9°L ‘PIT WSANN £1n
o1t (QAD) M €721 St 9°L " 210
o1t (pauTyoeRW) OW G 0¢ (013 €°1T " 10
OTT (and) M ST°O S°L 9°1 " ssn
o1 (aad) M 11°0 0°9 9°1 u ¥sSn
O1T (AAD) M 60°0 Sy 9°1 " £sn
o1l (pauTtyoe) BL Oo1°0 0°g 9°T u Zsn
OTT (aAd) M LOO 6 ¢ 9°1 "H Y essnbaq TS0
NOD

STXY TeTaalen
resTI0A toTgensdeous (b) ssen (um) ya bust (uru) g zo117ddns a1dures

SINFWIYIAXT dOJ4 dISN SHATIWYS IANITIVLSAYO NO£B aNv NOD JO STIVLIAJ

¢ dTdYL






*A1snOsuBjuBlsut gamod 9yl 1IN0 3INO S[oquwdAs JaABINDOITO AQ pPalILcusp

sd11y asyio syl  swsteym‘ ‘parssitiy usym zemod indut soBuINny ay3 umop sduei draiy eanssead jusisftajarx ayy

draj mo714d

*p1233113 d1e L343l YOdTIym 3B San[BA 3Yyj pue sdiij JoIJuod Yyl 1B uUMOYS OSTY °*I[NOITD I23eMm 3UTT00D ddBUIN] 9YJ z°¢ *314
3IVNAN4
PILM/J <
(AR EDIREER
A
P— umfrets > J.5E< /T el > >
. Q@) > O—FE——>—T13 >
WIIIVIII
) A d D
. u \ C D
3 N\
A 0 V\ ‘ X
< 9 ’
A - A el |
d1x3 sanssaad jueasl31ajey AHV ) WV
\ A
d1x3 aanjexadwag AHV ¢ AMV |
*utw/1 6 >

pa212383113 uaym dund sdois yortym draiz moid

dund uor3lEINIITO I93BM

431104 LNOD
43M0d




*sieud1s pasind-103s114y3l I03TUOW O3 SWIOJ2ABM TEPTIOSNUIS 10J poauldIsSap SIa3aw JO SN 3Yyl JO ISNEI3Q dTQEITdIUN

31e saanjexadwal mMO] IB SONJBA °d0BUIN] PIIBNOBAD 9yl I0J SanieA 330Udp SITIITO puE axaydsowie uolBie °*1°s°*d QF

e xapun uorieiado 10J saniea a23jousap Saienbg ¢sdpuanjy JlaMIBH 3Y3 103 andut 1amod ay3 jo uorieIiea danjeradus] €z *814

(YYadniedaduws |
000% 00S¢ 000¢ 0051 0001 00S 0

T T T | I o
0o 0]
oo
3| me)
m@mwm_ 2
- 3 1S ®
g~ 5
gl —
oS 3
3
C
= t
&
L o 401 A~
S >~
m% =
1 | ! 1 . m.ﬁ



CHAFTER 3

NEUTRON SCATTERING TECHNIQUES

3.1 BASIC PROPERTIES OF THE NEUTRON

A propagating neutron can be described as a particle wave for which
the relation between its wavelength and velocity is determined by its mass,

through the de Broglie relation A = h/mnv. The neutron energy is given by

2 h2

(3.1)
om A2

n
where mn, v and A are the mass, velocity and wavelength of the neutron
respectively, and h is Planck's constant. For neutrons corresponding to a

o
temperature of 293K, E = kBT = 25.3 meV and A= 1.8A.

It can be seen from this simple calculation that the wavelength of
thermal neutrons is of the same order of magnitude as interatomic distances
in solids. Therefore a neutron beam can be used for diffraction studies of
crystalline structures in the same way as X-rays are used. Consideration
of the calculated neutron energy shows that it also has a value of the same
order of magnitude as those of typical lattice vibrations, so that it can
be used to investigate phonon frequencies in the same way as Raman
scattering or infra-red absorption. The power of neutron scattering as a
technique for studying condensed matter lies in its combination oif these two
properties. The scattering of a neutron in a crystal can be considered as the
result of an interaction between the neutron wave and a density wave in the
crystal. If the density wave is a plane wave representing the vibration
of the lattice, then the exchange of both energy and momentum between the

two waves may be observed in the same scattering process. The relation



between these two quantities,namely the dispersion relation, can hence be
determined. Although X-rays may be used for diffraction measurements,
their energy is far too large to observe phonon excitations. For
instance, X-rays of wavelength l.BX have an energy of 6.9 keV, which is
five orders of magnitude greater than that of thermal neutrons having the
same wavelength. Conversely, infra-red radiation may be used for
studying excitations, but its wavelength is so long that observation of

momentum transfer is almost impossible. This is illustrated in Fig. 3.1l.

Whereas X-rays are scattered by the electrons of the atom, neutrons
are scattered mainly by the nucleus. Hence the X-ray scattering cross-
section is propertional to the atomic number, thus making lighter atoms
difficult to detect, whereas there is no such systematic variation in the
corresponding cross-section for neutrons. This is an obvious advantage
for neutrons is a search for anion disorder in compounds such as UO2
because of the disparity in atomic numbers. The absorption cross-section
is much smaller for neutrons than for X-rays in most materials, thus
enabling the use of furnaces containing absorbing metals. The disadvantage

of neutrons, when compared with X-rays, is that the scattering cross-

section is smaller.

3.2 NEUTRON SCATTERING THEORY

3.2.1 GENERAL EXPRESSIONS

Consider an incident beam of neutrons having a wavevector ki and
energy Ei' scattered with wavevector kf and energy Ef, where the magnitude

of a wavevector k is

(3.2)



The energy transferred to the sample 1is

2
h 2 2
hw = E, - E_ = - .
i £ (ki kf ) (3.3)
2m
where i = h/2n , and w is a frequency, the significance of which will

be seen later. Similarly the scattering vector is

Q = k, - kg (3.4)

~ Lo

and the quantity'hg is the momentum transfer, by virtue of de Broglie's

relation (Fig. 3.2(a)).

We now define the scattering cross-sections and consider the
resulting expressions for the experiments described in this work. The
details of the calculations are given by Squires (1978). The partial

differential cross—-section is defined as

d%r _ (number of neutrons scattered per second into solid angle

Al dE df with energies between E and dE)

/§>dndE (3.5)
where § is the inc dent neutron flux. If this is integrated over scattered

neutron energies then the differential cross-section is obtained.

de

30 - (number of neutrons scattered per second into dﬂ)/@dﬂ (3.6)

The total scattering cross-section is

6 = (total number of neutrons scattered per second) /¢ (3.7)

The general expression for the partial differential cross-section

may be derived by applying Fermi's golden rule using a pseudo-potential



consisting of delta functions located at the positions of the nucleil.

The resulting equation is

o0

ThaE = ];f = PP J Cexp {‘igfm'(t = O)} . exp {i0.R ()} D
mm/

o~ P

=00

X exp (-iwt) dt (3.8)

where Rm(t) is the time-dependent Heisenberg operator for the position of
the m'th nucleus. The scattering length b is related to the total

scattering cross-section for a single atom by ¢ = 4nb2, and the brackets

( > ‘denote a thermally-averaged expectation value.

3.2.2 COHERENT AND INCOHERENT SCATTERING

For a single element in which the scattering length b varies
randomly from one nucleus to the next due to isotopic differences or

nuclear spins, equation (3.8) may be expressed as

ae k 1

m m

Z b b , j <m' ,m> exp (-iwt) dt (3.9)

£
aNdE k, 2mh

where <m’ ,m> = <exp {—iQ.Rm(O)} eXpE iQ-Rm(t)} >

On the basis of the random distribution of the b values,

— 2
bb, = ()", m # m
m m

2
bbb, = b , M = m
m m



So

2
d’e k 1
= °f [ — 2 g
— (b) m’ ,m) exp (-iwt) dt
didE ki 2xh Z: < >
m,m’
m#m’
+ b2 Z J.<m'm> exp (-1wt) dt] (3.10)
m
k 1l
- £ - 2
" % [ & ) j (wim) exp (-iwt) 4t

m,m

4—§;§' _ (S)Z}Z: .}<h,m> exp (-iwt) dt J

m

(3.11)

In going from (3.10) to (3.11), the self-term in the summation has been
added onto the first term and subtracted from the second term. It can be

seen that the first term in equation (3.11), which is the coherent

2
scattering cross—section( d o ) » Stems from the correlations between

dNdE coh

the positions of the same nucleus at different times and between the
positions of different nuclei at different times, thus causing interference
effects. The second term in equation (3.11) represents the incoherent
scattering, which depends only on the correlation between the positions

of the same nucleus at different times. Physically, it arises from the
random distribution of deviations of the scattering lengths from their

mean value. This randomness produces an incoherent partial cross-section

(ds which has no Q - variation, except that caused by thermal vibrations.
EE) ~

inc
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The coherent and incoherent scattering cross-sections are

Q
i

- 2
coh 4r (b)

2 —. 2
o = ar[0h - @] . (3.12)

Henceforth all scattering should be assumed to be coherent unless other-

wise stated.

3.2.3 VAN HOVE CORRELATION FUNCTIONS

The neutron scattering cross-sections may be related to correlation
functions, primarily due to Van Hove (1954), which are determined solely

by the properties of the scattering system.

coh

W|?¢‘
o fa]

S (Q,w) (3.13)

Q
0
o 3
p

where the Van Hove Scattering Function S (Q,w) is the double Fourier
transform in space and time of the time-dependent Pair Correlation
Function G(r,t). The Intermediate Function I(Q,t), a space-coordinate

Fourier transform of G(£,t), may also be defined.

S(Q,w) = E%E-jy. G(r,t) exp {i(Q.r - wt)} dr dt (3.14a)
G(r,t) = 1 3 J I(Q,t) exp {— i Q.r} dg (3.14b)
~ (27) ~ ~
I(Q,t) = %I_ Z <exp[ - i0.Rj (O)] . exp{iQ.Rj(t) ] > (3.14c)
33’

Analogous self-correlation functions SS(Q,w), Gs(f't) and IS(Q,t)

may also be defined from the incoherent partial cross-section d%r .
3% )
inc
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3.3 SCATTERING CROSS-SECTIONS FOR CRYSTALS

In order to evaluate equation (3.8) for scattering by crystals,

Rm(t) may be replaced by

o~

(t) =1xr(l) + r(x) + u__ (t) (3.15)

R
1K 1K

A~ ~

where r(l) is the lattice vector of the 1'th unit cell, x(k) is the
equilibrium position of the K 'th atom in the unit cell and ulK(t) is its
instantaneous displacement from its equilibrium position (fig. 3.2(c)).

Equation (3.8) then becomes

d o _ k 1 . . vy

1k 2k’
expg - iQ.ul,K,(O) } exp [i Q.UlK(t)}> exp (-iwt) dt
(3.16)
where r (1K) =1xr (1) + r(k),.

Assuming harmonic interatomic forces, the atomic displacements ulK may be
expressed as a sum of displacements due to a set of normal vibration modes.
This enables the expansion of the thermal averaged term in equation (3.16)

as a series, of which the first two terms correspond to the elastic

scattering (diffraction) and one-phonon scattering respectively.

3.3.1 DIFFRACTION

The resulting cross-section for Bragg diffraction is

3
de _ g7 5 1 r) 4 S$(Q-1) (3.17)
[4

-~
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where the elastic structure factor

F(Q = ). b, exp (iQ.r(x)) exp (-W,(), (3.18)
L8

W _ 1 B 2 B(sinB)z 3.19

x T Em2t %2 T Bl (3.19)

and N : number of atoms in the crystal
vo: unit cell volume
exp (-W,): Debye-Waller factor
B, : isotropic thermal vibration parameter
T = ha* + kb* + lc* : reciprocal lattice vector.

2
For cubic crystals, the mean square atomic displacement (UK ) may be

extracted from the Debye-Waller factor since

2
By = ’8'53“" <UK2 ) . (3.20)

The delta function in equation (3.17) gives rise immediately to the

familiar Bragg's law (Fig. 3.2 (b)),

T = 2k sin ® (3.21)

where 26 is the angle between ki and kf. The measured intensity.q '

-~

obtained by integrating (3.17) over the scan, is

§ - g EO_ i
sin 2B (3.22)
3
where S = N_ @) .
Yo
3.3.2 ONE-PHONON SCATTERING

The scattering cross-section for one-phonon creation is

2 3
ds _ ke (21) 1 2 N
ande  k, vy Z o, (Q) 1G] <nj(g) >
1 O ) j o~
j'q)z

X 5<w—wj<q>), S(a-q -0 (3.23)

—~



by

where G (Q) = Z:
~ P, MK

exp (-W,) exp (i Q r(x))Q :ij q) (3.24)

hw
4 _ exp ( /kgT)
an <nj (@ + 17 (3.25)

exp (h“’/kBT) -1

G(Q) is the inelastic structure factor, which is analogous to F(Q) in

(3.18), and M, is the mass of the X 'th atom. A phonon of wave-vector g

and polarisation index j(= 1, 2, 3) has frequency wj(q), population nj(q)

and a polarisation vector for atom K of ij (@). The corresponding cross-

~~

section for one-phonon annihilation is

2 k 3
de _ £ (2n) 1
anaE - k., v 2. o (@ ‘Q” (n (@)
i o j <
jq¥
X S(w+wj(q)) (Q+q-1) (3.26)
-1
where <nj Q@) = [exp(hw/kaT) - 1] (3.27)
The two delta functions give the following conditions for phonon
scattering
w = + ow.l(q)
J
(3.28)

0 =71+ g

which define the energy and momentum transfers. The positive sign refers
to phonon creation (neutron energy loss) and the negative sign to phonon
annihilation (neutron energy gain). Multi-phonon processes do not give
discrete peaks, but result in a continuous spectrum which, in practice,

may be included in the background scattering.

3.3.3. COHERENT DIFFUSE QUASIELASTIC SCATTERING

Coherent diffuse scattering is the scattering observed away from

reciprocal lattice points for disordered systems. Static disorder gives

— 39 —



rise to purely elastic diffuse scattering. However if the disorder is of

a dynamic nature, having a finite life-time T , then the diffuse scattering
. . h . . . .

acquires an energy width aw~ /p 1 and is called Quasielastic Scattering

(QES). 1In the quasistatic approximation, Aw << w (Squires 1978, p. 78),

the cross-section is

qS
ds ¢ ®
h % coh
((—ﬁ) = 4‘;0 Nh f S(Q,0) dw = Z‘; N S(Q) (3.29)
coh ~ ~

-0

where the structure factor

S(Q) h '[ S(Q,w) dw ]j I(Q,t) exp(-iwt) dw dt

Il

J I(Q,t) §(t) dt = 1I(Q,0) (3.30)

From (3.14c) it can be seen that I(g,o) describes the instantaneous
correlations between the nuclei, and hence S(Q) gives a 'snapshot' picture
of their arrangement. In contrast, the purely elastic coherent cross-
section, giving the scattering at W = o0, is related to I(Q,*) which gives

a time-averaged picture of the nuclear distribution.

el

(fz) _ lcoh I(Q,=) (3.31)

it] 471
d coh

We now define a gquantity SD (Q) which is related to an integral over only
the quasielastic part of S(g,w), thus omitting the contribution from
phonon scattering. Furthermore, we shall consider only the diffuse
contribution, that is excluding the Bragg peak contribution IB(Q,w ).
Thus

sP () = h J S(Q,w)dw - r® (Q, o) . (3.32)

QES

D
Detailed expressions for S (Q) will be considered in chapter 7.

—
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3.3.4 INCOHERENT DIFFUSE QUASIELASTIC SCATTERING

As was seen in equation (3.11) and the subsequent discussion,
incoherent scattering gives information on the behaviour of individual
atoms. The incoherent scattering function SS (Q,w) for random
instantaneous hopping of ions between Bravais lattice sites has a

Lorentzian line-shape.

s, Qw) = ;Lh r(g)‘ 5 (3.33)
- P(g) + W

where ['(Q) is the half-width-at-half-maximum (HWHM), given by

r@ = =) [1-e722] (3.34)
1

~

where { is the residence time, n is the number of possible jump sites

and 1 is the jump vector (Chudley and Elliott 1961).

This model gives a good account of data on SrCl, at high temperature

2

(Schnabel 1983). The incoherent scattering originates from the differing
. 35 37 i

scattering lengths of Cl and Cl isotopes. Such measurements are

impractical on the oxides because of the lack of available isotopes

having a scattering length which differs appreciably from that of 16O.

3.4 NEUTRON SCATTERING INSTRUMENTATION

3.4.1 SINGLE CRYSTAL DIFFRACTOMETER

The geometry of neutron diffractometers is very similar to that of
standard X-ray instruments, the main difference being their larger size.
A single wavelength is selected from the reactor spectrum by Bragg
reflection from a monochromator crystal. A wavelength of about lg is

normally chosen so that a reasonable number of Bragg peaks may be measured

- 41 -



without losing neutron flux in the tail of the spectrum. Although the
higher order wavelengths /2, 1/3, ... are also diffracted by the
monochromator, their contribution to the main beam is usually less than
1% because they originate from the high-energy tail of the Maxwellian

neutron distribution.

The sample is mounted on goniometer arcs, so that the crystal may
be aligned accurately in the diffractometer plane, and can be rotated
through an angle W = : 1800. On a 4 - circle diffractometer the
goniometer is then mounted on a cradle which enables any crystal
orientation to be chosen. This is ruled out for work involving a furnace,
therefore a two-circle instrument must be used, which restricts the number

of reflections which can be measured.

For most two-circle diffractometers, the detector may be rotated to
an angle ¥ in the base plane and raised through an angle ¥ , the

resulting Bragg angle & being given by

cos 286 = cos ¥ cosV , (3.35)

as shown in Fig. 3.3. This enables the measurement of reflections in the
first layer as well as in the base plane. For operation out of the plane,

equation (3.22) must be changed to

EGE

j = S sin¥ cosv ) (3.36)

Counting times are controlled by a neutron monitor installed in the
monochromatised incident beam in order to overcome fluctuations in the

reactor flux.

3.4.2 TRIPLE-AXIS SPECTROMETER

Diffractometers are used to measure the differential cross-section

- 42 -



do—/dﬂ., where neutrons of all energies scattered into a solid angle difl
are counted. In order to perform inelastic measurements, where the
partial differential cross-section d2lr/dndE is required, the scattered
neutron energy must be analysed. A time of flight spectrometer is often
used, in which the scattered beam is chopped and its velocity distribu-
tion determined by measuring the time of flight over a known path length.
The main alternative is the triple-axis spectrometer (TAS), in which the
scattered beam impinges on an analyser crystal set to diffract a
particular wavelength. The TAS is less efficient in its use of neutrons,
but it has better Q - resolution and is more versatile in the types of

scans available. The PLUTO TAS at Harwell, on which most of these

measurements were performed, is illustrated in Fig. 3.4.

Because of the need for energy resolution, the angular divergence
of the neutrons in each arm of the spectrometer is limited by collimators,
which consist of evenly spaced slats of an absorbing material such as
cadmium. The monochromator crystal must be chosen in view of the
requirements of intensity and resolution. The energy spread of the

neutron beam is approximately given by

AE, = 2Eio( cot o (3.37)

where « is the angular divergence of the collimators, so that, by Bragg's
law, monochromator crystals having small inter-atomic spacings should be
chosen to attain short wavelength neutrons. Filters, such as pyrolytic
graphite or cooled beryllium powder, may be used to suppress troublesome
higher order wavelengths. Any value of g may be chosen by varying the
angles ¢ and ¥ , which are the angles of the sample - analyser arm and
sample rotation respectively. The values of Ei and Ef, and hence the

energy transfer, are determined by the monochromator and analyser settings.
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Thus any type of scan in reciprocal space may be performed, the most
common being constant - 9 and constant - energy scans. Energy transfer
may be varied by changing either the incident or scattered energy. The
former has the advantage that the analyser-detector efficiencies are
kept constant, while variations of the incoming flux are recorded by the
neutron monitor, whose efficiency may be assumed to have a linear wave-
length dependence. The latter method suffers from the possibility of an
irregular energy-dependence of the analyser reflectivity. On some
spectrometers the monochromator-sample angle, 26, , is fixed thus

necessitating the scanning of the scattered energy.

3.4.3 RESOLUTION FUNCTION OF A TRIPLE AXIS SPECTROMETER

Although the cross-sections defined in §3.3 contain delta
functions of Q andw , the observed peaks are broadened by resolution
effects. These are due to the finite values of collimations and

mosaic spreads of the crystals.

The observed intensity at a nominal point (Qo'wb)' determined

by the spectrometer setting, is given by

0 coh * _ .
Jio 0y = T80 ma s Rig - w-w; 9 e) dde  (3.38)

(Dorner 1972). S(Q,w) is the scattering function , A is a constant
incorporating the incident neutron flux and R is the spectrometer

resolution function which may be represented as a four-dimensional

ellipsoid in reciprocal space.

R(Q - QO' W - C\)OF QO’wO) = R (Q~o'wo)

~r ~ ~~

(3.39)



where M‘(l is a matrix describing the ellipsoid and the four coordinates

Xk represent the three Cartesian components of Q - QO and W- w

. The
o)

efficiency factor is

vV_V
F

R (Q y W) =
o) o' o
n2 _f%_ i © o) (3.40)
k=1 k o o

where Wk are the ellipsoid widths along its four principal axes.

3
V_oc k,” cot® and V_ o¢c k_3 cot 6_ are the resolution volumes of the
I i M F f A
monochromator and analyser components respectively, and BM and 6A are the

respective Bragg angles.

If S(Q,w) varies slowly with Q over the resolution volume, then

~J

equations (3.38) and (3.39) may be simplified to

§ @ 0 )=%Na | 50,00 R (-0 &, we) dus (3.41)
© O ix ~ ~

I _ . - / - 2 _ 2
where R (W w_; Qd,ag) = Ro exp i a W “6) }

and a = 2{1n2 (3.42)
W

Here W is the full-width at half-maximum (FWHM) of the overall energy

resolution as determined by an energy scan at constant @ of an

~

incoherent elastic scatterer such as vanadium. The modified efficiency

factor is

vV_ V
r' = I F (3.43)

exp {— az(w—wO)Z]dw

There are two important consequences of the finite non-spherical
volume of the resolution ellipsoid. Firstly, peak distortion may be
observed, expecially for rapidly varying scattering functions.

Significant shifts of the peak position often occur during measurement
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of low q acoustic phonons, as a result of the tight curvature of the
scattering surface and of thew_l dependence of the scattering cross-
section (equation (3.23)). Secondly, the peak line-shape depends on the
relative orientation of the resolution ellipse with respect to the
scattering surface. If the major axis of the ellipse is parallel to

the scattering surface then contributions to the intensity occur over a
small range of w values and a sharp, focussed, well-defined peak results.
However if the resolution ellipse is badly aligned with respect to the
scattering surface then contributions to the peak intensity will occur
over a large range of w values, giving a broad de-focussed peak.
Pronounced focussing effects are usually observed when measuring
transverse phonons, whereas such effects are less marked for longitudinal

phonons since the major axis of the ellipse is roughly parallel to the

axis in the w - Q// plane.
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CHAPTER 4

DIFFRACTION STUDIES OF UO2 AND ThO2

4.1 INTRODUCTION

The first step in the investigation of the high temperature
regime of UO2 and ThO2 is the determination of their structural
properties. Diffraction measurements give information concerning the
time-averaged distribution of ions within the unit cell, and hence

afford a sensitive probe of lattice disorder. In this chapter we

describe such measurements on UO., and ThO

2 o and compare the results

obtained for both materials.

4.2 EXPER TMENTAL PROCEDURE

Four experiments on UO, and two experiments on ThO_, were

2 2

performed mainly using the Mk6 2-circle diffractometer at Harwell,

the sample being heated by the Harwell High Temperature Furnace. One
set of data on UO2 was taken with the D15 diffractometer (in 2-circle
mode) at ILL Grenoble, using the ILL High Temperature Furnace. The

D15 diffractometer is preferable for high temperature experiments
because of its high incident neutron flux, enabling the use of shorter
counting times, and its good resolution at large scattering angles,
which is important in view of the large Debye-Waller factors and thermal
diffuse scattering contributions experienced at large values of 26.
However, the difficulties involved in transporting the Harwell furnace

and its associated equipment constrained us to perform the experiments

at Harwell. The single crystal samples, cut in cylinders of diameter

~1l.6mm and length ~4mm with a <lIb> axis, were sealed in vapour-
deposited tungsten tubes as described in chapter 2. Data were taken at
a series of increasing temperatures, with room temperature runs

performed at the beginning and end of each experiment when possible.

- 47 -



These served to fix the values of scale factors and to check the quality
of the crystals after cooling from high temperatures. A summary of

experimental details is given in Table 4.1.

The following procedure was performed at each temperature.
Having allowed the temperature to stabilise for several hours, the
sample was carefully centred on the rotation axis of the sample table.
This was done by iteratively moving the furnace on orthogonal slides
until equal scattering angles were obtained for Friedel pairs of low
angle reflections, such as (111), (I11) and (113), (113)reflections.
The detector tilt zero angle Vo was also determined at each temperature
from the optimised V angles of Friedel pairs. This was done in order
to account for vertical sample movements caused by expansion of the
pyrometer sighting tube, on which the sample was mounted. The detector
angle ¥ , tilt angle V and sample rotation angle w (Fig. 3.3) were
optimised iteratively, using suitable cadmium slits over the detector
aperture, for four or more reflections. The optimised angles were
input into the RAFIN routine (Written by M. Lehmann and adapted for use
on the Harwell diffractometers), which refines the lattice constant and
the UB matrix, a matrix which defines the crystal orientation with

respect to the diffractometer axes.

The integrated intensities of about 25 independent reflections,
each the average intensity of between two and four equivalent reflections,
were determined at each temperature. The intensity of each reflection
was obtained by integrating over %26 scans, in which the detector and
sample rotations are in the ratio 2:1, corresponding to a radial scan
along Q in reciprocal space. The background contribution was determined
by repeating the scan with the w shaft offset by 4°. This has the

advantage that Bragg scattering from polycrystalline furnace components
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should contribute equally to the peak and background scans, thus
minimising its effect on the resulting intensities. Each set of scans,
of reflections in the (110) base plane and the first layer in reciprocal

space, took about 48 hours to complete.

One standard reflection was scanned repeatedly after every 10
or 15 reflections in order to check the sample condition and alignment.
A strong reflection, occuring at a large 20 angle, such as (440) or (444),
was chosen for the standard reflection in order to avoid changing
extinction levels caused by sample annealing. No change in the standard

reflection intensity with time was observed in ThO, at any temperature,

2

nor in UO2 up to 2600K. However, a steady decrease in the intensity of
the standard reflection, and of equivalent reflections measured at
different times, was observed in UO2 at 2690K and 2778K. Consequently,
the integrated intensities at these temperatures were corrected using
the smoothed time-variation of the standard reflection, after which no
systematic variations could be detected. Above 2800K, significant
reductions ( ~20%) in the standard reflection intensity were observed
after attaining a given temperature, but the intensity reached a sta ble
value after several hours. In practice, the sample was left to stabilise
overnight before commencing sample alignment and data collection. The
most probable explanation for this behaviour is evaporation of the UO
crystal, the equilibration resulting from attainment of the saturation

vapour pressure of UO, inside the sample tube.

2

The intensities of the strong, low-angle reflections, such as
(220) and (111), showed a further steady decrease with time at temperatures
above 2500K in UO2 and above 2800K in Th02, whereas the high angle

reflections showed no such variation. This may be explained by increasing



extinction levels due to annealing of the sample, since the
extinction correction does have such a strong angular dependence
(equation 4.6). Consequently, equivalent reflections were measured at
equal times before and after the middle scan of the set of reflections
at each temperature. The averaged integrated intensities of equivalent
reflections, with an assigned error equal to their root-mean-square
deviations, are tabulated in Appendix A.3 for all the UO, and ThO

2 2

experiments.

4.3 SYSTEMATIC ERRORS IN DIFFRACTION MEASUREMENTS

There are several effects for which the data must be corrected
before the analysis can proceed. These are absorption, extinction,
thermal diffuse scattering (TDS) and multiple reflections. Of these,

extinction and TDS are of particular importance at high temperatures.

In order to account for these corrections, the expression for

the calculated intensity of a Bragg peak (equation 3.36) must be modified

to
2
= | F(X)l
I = Alp+d) s (4.1)
sin?¥ cos?Y

where

A is the transmission factor (for absorption)

P is the secondary extinction factor

o is the TDS correction factor

These correction factors will be defined in the coming sections.
4.3.1. ABSORPTION

In passing through a crystal a neutron or X-ray beam is attenuated

by normal absorption processes, resulting in a reduction of the observed



Bragg intensity. The transmission factor is given by
A = L j exp { - M(p + q)} av (4.2)
v s

where/p,is the linear absorption coefficient, p and g are the path
lengths of the incident and reflected beams in the crystal for radiation
reflected in a volume dV, and V is the crystal volume. This correction

has been evaluated for cylindrical and spherical samples by Rouse et.al.

(1970).

In general, the absorption coefficients are much smaller for
neutrons than for X-rays, and consequently the correction is often
ignored for neutron diffraction. It becomes even less significant for
single crystal work because of the smaller samples employed. However,

the correction should not be blandly ignored for UO, because of the very

2
. . 235 . o

large absorption cross-section of U nuclei: hence it is clearly

dependent on the degree of enrichment. For the natural UO2 samples used,

the linear absorption coefficient is 0.18 cm—l, resulting in a

correction of about 2%. This gives the transmission factor an angular

variation of about 0.2%, which is insignificant compared to the

magnitude of the other corrections. The correction for absorption may

therefore be safely omitted.

4,3.2 EXTINCTION

A far more serious form of attenuation, occuring when the crystal
is in a reflecting position, is that caused by diffraction of neutrons
out of the primary beam. It may be shown that the penetration distance
of a neutron beam in a perfect crystal, which is in a diffracting
setting, is typically of the order of 1074 cm (e.g. Bacon 1975). Any
further increase in thickness will contribute little to the measured

intensity. Such attenuation caused by diffraction in a perfect crystal



is called primary extinction. Diffraction occurs in a perfect crystal
only over a very narrow angular range of a few seconds of arc. However,
most real crystals are permeated by dislocations which have the effect
of dividing the crystal into much smaller regions having linear
dimensions of the order of Sooog. These mosaic blocks are usually
misorientated by a few minutes of arc, so few blocks are in a
diffracting position at the same time. Consequently, the penetration of
the incedent beam is greatly increased. Extinction caused by diffraction
from successive mosaic blocks is called secondary extinction, and this

is the dominant type in most crystals (except highly perfect crystals

such as germanium).

Formulae have been derived by Zachariasen (1967) for the
secondary extinction caused by mosaic blocks of mean radius r, having
a Gaussian distribution. His formulation agrees well with experimental
data for small extinction levels, but it cannot cope with extinction
greater than 40%. Cooper and Rouse have extended his theory to cope
with severe extinction, and tests have shown that their expressions can
account for observed extinction levels of greater than 80% in
spherical and cylindrical crystals (Cooper and Rouse 197C). Their
expressions, which were obtained analytically in the main, but some

by trial of various functions, are

= 1 - E;:;E:_ (4.3)
P £(0) '

2.59

where £(8) = 1 + l/3 sin (4.4)

5
’ J;? erf (J3 x fg) /4

P = (for cylindrical crystals), (4.5)

2 J 3 x fo

2
12 F(hkl) 3 * *
X = v sin 2P [ /2 r(r + r*) + r* T ] (4.6)
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(4.7)
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(Cooper and Rouse 1970, Rouse and Cooper 1980). The parameters r and g
are the domain radius and mosaic spread parameter as defined by
Zacharaisen (1967), and T is the mean path length through the crystal.
In the current data analysis, to avoid having two extinction parameters

r and g, they have been combined to give one parameter e given by

o = L 3/2r(r+r*)+r*a] , (4.8)

which may be substituted into equation (4.6). An alternative treatment

of secondary extinction is described by Becker and Coppens (1974).

4.3.3 THERMAL DIFFUSE SCATTERING (TDS)

So far we have assumed that no extra scattering is observed
when scanning a Bragg peak, except spurious Bragg scattering from the
furnace. But since the resolution aperture is finite, some scattering
from phonons at small g values may be detected along with the Bragg
scattering. Equation (3.23) shows that the cross-section for phonons
contains a factor kT/w2 for small w, which demands consideration for

acoustic phonons at high temperatures.

Rouse and Cooper (1969) have evaluated the TDS factoru« for
cubic crystals by integrating the one phonon scattering cross-sections

(equations 3.23 and 3.26) over w, making the following assumptions.

1. TDS arising from optic modes and multiphonon processes may be
accounted for by the normal background correction i.e. we only consider
first order acoustic phonon scattering. Further, only low wavevector

modes are important, so that dispersion effects may be ignored.

)

2. The elastic properties are approximately isotropic i.e. (Cll—C12

f,u2c44.



3. Resolution effects, due to divergence of the incident beam and

crystal mosaic spread, may be ignored.

4. The classical high temperature approximation is applicable, in

which each mode is given an energy of kBT.

The resulting expression for the TDS factor is

4 kT ,
X = sin 20, sin "9 K& (4.9)
3
312
where 1/, b, (C.. +C,.) +C, (2C.. +C,,)
5 °1 %11 2 4
K = ! 4 11 44 , (4.10)
1 2 l/ 2
To5 PPy + /PP (Cyy + Cio) Cuyp ¥ €118y
with bl = Cll - C12 - 2C44
b2 = Cll + 2Cl2 + C44
_ 1 dx dy dz
and & = T Sin 28 J 5 (4.11)

la]

Cll' C12 and C44 are the elastic constants for a cubic crystal, their

values for UO2 being taken from the measurements described in chapter

6. The elastic constants for ThO2 were calculated from the room

temperature values determined in chapter 5, assuming that their

temperature dependence involves the same parameter T/Tm as for UO,.

2
c. (1))
U0,
C (T) = C (293) x
Tho, ThoO, Cyo, (293) (4.12)
with T (Wo,)
' m 2
T = —— x T
T ThO.,)
m 2

The above derivation is valid for X-rays and for neutrons where
the neutron velocity v is greater than the phonon velocity vj(q). For
slower-than-sound neutrons (Vn‘: vj(q)), on the other hand, the scattering

surface is an ellipsoid with the reciprocal lattice point at one focus.

- KR4 -



The scattering corresponds to phonon absorption only when the crystal
setting is on one side of the Bragg position, and to phonon emission
only when on the other side. As the crystal setting approaches the
Bragg position from either side, the scattering surface contracts and
collapses at the reciprocal lattice point. This contraction has an
. 2 . -2 .

approximate q dependence, which when coupled to the g term in
equation (4.11) gives an essentially constant contribution near the

Bragg reflection, so that the normal background correction is adequate.

For the experiments described here the neutron velocity is
3.6 kms_l , the phonon velocity for the transverse acoustic (TA) mode
varies between 2.5 and 1.4 kms—l and between 5.0 and 3.7 kms-l for the
iongitudinal acoustic (ILA) mode in the temperature range 300 - 2900K.
In order to correct for the fact that it is only the TA modes which

contribute to the TDS, the value of K in (4.10) was multiplied by the

Z/Vfrzi 2/C4y
factor = (Willis 1969). This amounts
2 2
1/vLA + 2/vTA l/Cll + 2/c44

to a ~10% decrease in the value of K. The importance of the TDS
correction for this work is demonstrated by the fact that K+ 0.7 for

some high-angle reflections in UO, at the highest temperatures. However,

2
small inaccuracies in «f will be compensated by small changes in the

fitted thermal parameters.

4.3.4 MULTIPLE REFLECTIONS

The measured intensity can be increased or decreased by
successive reflections from different Bragg planes, especially for weak
reflections. Their occurence may be tested by rotating the sample
around the T-vector. This can easily be done on a 4-circle diffractometer,
but it is impractical when using a furnace on a 2-circle machine. The
magnitude of the correction for multiple reflections should be much

smaller than those for extinction and TDS and its effect has therefore

been neglected in this work.



4.4 DATA ANALYSIS
4.4.1 GENERAL CONSIDERATIONS

In principle it is possible to obtain a time averaged probability
density of nuclei over the unit cell from neutron diffraction data by
performing a Fourier transform of the complete set of structure factors.
The resulting map of the scattering density may then be used to provide
information on the time-averaged positions of the ions and the potentials
in which they vibrate. However, in practice difficulties arise from
termination errors,‘since all reflections are not measured, and also from
extinction corrections which are difficult to calculate ab initio. 1In
view of the size and temperature dependence of the extinction correction
for this work, an alternative method of analysis has been adopted. This
involves the comparison of the measured intensities of the Bragg reflec-
tions, after correction for systematic errors, with calculated intensities
derived from a model of the time-averaged positions of the ions together
with associated harmonic and anharmonic temperature factors to describe
the effects of thermal vibrations. The extinction parameter e (equation
4,8) is included in the model as a fitted parameter. In the case of
highly defective structures, this form of analysis becomes difficult as
it necessitates the development and testing of a large number of possible
models of the averaged ionic positions which may not have an unique
solution. The models postulated for the analysis of the present data
are discussed in the next sub-section. A third method of analysis of
diffraction data on fast-ion conductors has recently been suggested,
which involves the direct fitting of appropriate atomic potential

functions to the measured intensitites (Schulz and Zucker 1981 , Walker

et.al. 1981).

For the data analysis reported here the Bragg peak intensities



were calculated from the expression given in equation (4.1), omitting
the absorption correction. The structure factor Fc(hkl) of the (hkl)
reflection is calculated for a particular model of the ionic positions.

S is a scale factor, the determination of which will be discussed later.

4.4.2 MODELS OF THE DISORDERED STRUCTURE

The simplest model which can be applied to the data is the
defect-free regular fluorite structure. Each ion has its isotropic
harmonic vibration parameter Bi (equation 3.19): BM for the metal ions
and Bo for the oxygen ions. This model has been shown to be inadequate
for UO2 and other fluorites at temperatures well below Tc (e.g. Willis
1963), where different intensities were reported for reflections having
the same structure factor and Bragg angle, such as (117) and (551).
Dawson et.al. (1967) showed that this could be accounted for by the lack
of inversion symmetry at the oxygen site. (The cube centre on one side
is occupied by a metal ion whereas the cube-centre on the opposite side
is unoccupied.) The anisotropic vibrations thus caused may be expressed
as a third cumulant coefficient Ci23 of the oxygen ion (Willis and
Hazell 1980), which is related to the oxygen single-particle potential

V by
2 2 2
V=V +% « (x +y +2z) +f xyz (4.13)
o O O
2
o 3 (k_T)
where C = - 8w B
123 3 3 BO (4.14)
a oC
O O
k_T
and B, = s’ "B (4.15)
0(0

The structure factor for the fluorite structure, with anisotropic

vibrations, is given by
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4be M + 8be © (h+k+1) = 4n
M (o) 4
F (hkl) = 4b e ™ _ gp ¢ Mo . (h+k+l) = 4n ¥ 2
C M lo)
W - (4.16)
4b M + o =
Me 8boe 0C123hkl, (h+k+1) 4n + 1
- -W
ab e ™M _ o + - 4n -
Me 8boe 0C123hkl, (h+k+1) 4n - 1

(Dawson et.al. 1967). The anisotropy can be seen to explain the
different intensities at the same 20 values reported for (4nt 1)
reflections. These two models involving the regular defect-free
fluorite structure, without and with an anisotropic vibration parameter,
are denoted I and IA respectively. (All the models and parameters are

denoted consistently with Dickens et.al. (1982)).

The simplest way to introduce defects into the model is to
allow a fraction nd of anions to vacate their regular sites, and for these
interstitials to be distributed uniformally throughout the unit cell, thus
only contributing to the scattering at 2 = O (model II). (This has the
same effect on the structure factor as a reduction in the oxygen scatter-
ing length bo.) The next step is to allocate specific sites to the
interstitial ions. The most obvious site, also suggested by work on the
low temperature Frenkel defects (Lidiard 1974), is the empty cube centre,

represented by model III. The interstitial thermal vibration parameter

Bi is introduced into the fit.

Now we introduce a set of models based on the cluster model
deduced from work on the fluorite halides, as outlined in §1.4 and
illustrated in Fig. 1.6. It may be described in terms of anion vacancies
and displaced anions occupying two types of site, referred to as R and I
sites. There are eight R sites with positional parameter x, situated at

T - x), i(% - x), t(% - x) relative to the empty cube-centre, and twelve



I sites with positional parameter y at positions + (1/4 - v), (l/4 - v),0
etc. relative to the empty cuke-centre. The R sites are at positions

* (x,x,Xx) relative to the cations and the I sites are displaced by

+* (y,y,0) towards the empty cube-centres from the mid-point between
adjacent anions. In the simplest form of the cluster model (model IV),

the interstitials are located on a cube-edge mid-way between adjacent
regular anion sites i.e. at the I sites with y = 0, each site having an

n
average occupancy d/3. In model V,R sites only are considered, each of

occupancy “d/4.

Models VI, VII and VIII represent cluster models consisting of both I
and R sites, héving two positional parameters x and y. The relative
occupancy of each kind of site is expressed as a fraction d (of all
displaced ions) which occupy I sites. In models VI and VII the value

of d is fixed at /3 or l/2 respectively, and in model VIII d is treated

as a variable parameter. The thermal parameter BI . .
o is constrained to be

equal for I and R sites. 1In the cluster notation of § 1.4.1, model VI
represents a 3:1:2 cluster and model VII represents a 4:2:2 cluster.

On the grounds of their molecular dynamics simulation of PbF2, Walker
et.al. (1982) have suggested that the apparent existence of I sites
might be the consequence of anion hopping along [lOOJ directions.
Therefore model IX, which is an adaptation of model VI, has been tried,
in which the I sites have been replaced by anions 'smeared' uniformally
in [100] directions between regular anion sites. The various models and
their fitted parameters are summarised in Table 4.2 and the occupancy of
the sites for each model in Table 4.3. Expressions for the structure

factors of each model are listed in Appendix A.2.

4.4.3 LEAST SQUARES FITTING

Each of the different models of the time—-averaged structure
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described above was fitted in turn to the data at each temperature using
the least squares refinement method. Two computer routines were used
for this purpose: the Harwell program TAILS (Rouse and Cooper 1980)
which was also used to calculate the TDS corrections & , and the program
POWLS written by W C Hamilton, which was adapted to fit the different
models. Identical results were obtained with both programs; the results
presented here were all obtained using the latter program. The quality

of the fit of a given model was judged by the weighted R-factor, Rw,

given by

L [a2-1dsi]?

_ (4.17)
W 2 i 2
%’? (1./0)

i i
where IO and IC are the observed and calculated values of the i'th
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