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STRUCTURES OF UO,, UO:+. AND U,0, BY NEUTRON DIFFRACTION

By B. T. M. WILLIS,
Metallurgy Division, A. E. R. E., Harwell, Didcot, Berks., England.

Résumé. — Des monocristaux ont été étudiés par diffraction neutronique entre 20 °C et 1 100 °C
et dans l'intervalle de composition UO, &4 U,0,. Les recherches se divisent en trois groupes se
rapportant & UO,, UO, 44 (011 0 < z < 0,25) et U,0,. UO, a la structure fluorine 4 la température
ambiante, avec un facteur de Debye-Waller isotrope. A haute température I’arrangement atomi-
que ne peut plus étre décrit exactement par la structure fluorine idéale avec des vibrations ther-
miques harmoniques. Le meilleur accord entre les intensités observées et calculées est obtenu en
donnant aux atomes d’oxygéne des positions de coordonnées « relaxées » 1/4 + 8, 1/4 + 3,1/4 4 &
dans le groupe d’espace Fm3m ot § vaut 0,016 &1 000 °C. L’effet de relaxation peut étre interprété
en termes soit de désordre, soit d’agitation thermique anharmonique.

En oxydant UO, en UO, 14, on forme une solution solide, contenant 3 sortes d’atomes d’oxygeéne,
0, O’ et O”. Les atomes O occupent les sites de type fluorine de UO, mais une partie de ces sites
est vide dans UO, 1, Les atomes O” et O” occupent des positions interstitielles qui sont déplacées
le long de [110] pour O’ et de [111] pour O” & partir des grands vides de la structure fluorine. Les
vides eux-mémes ne sont pas occupés.

A la composition UO, ,;, les atomes d’oxygéne sont ordonnés pour former une nouvelle phase
U,O0,. Les principales réflexions de neutrons de U,O, correspondant aux raies de type fluorine
de UO, sont plus fortes que les réflexions de surstructure qui proviennent de I’ordre des atomes
d’oxygeéne interstitiels au sein de la charpente fluorine. L’examen des intensités des principales
réflexions montre qu’il y a deux sortes de sites interstitiels, comme dans UO, 4 : les atomes O’
sont placés le long de la direction [110] 4 0,85 A du centre des grandes lacunes, et les atomes O” &
1,05 A le long de [111]. On trouve des lacunes sur les sites d’oxygéne du type fluorine (O), mais
%on pas surbles sites d’uranium, et la formule chimique UO,,,; est exprimée plus complétement par

1,00 01,77 05,29 Oo.19:

On en con?;lzxft qouesles atomes d’oxygéne ne peuvent pas entrer dans la structure fluorine indivi-
duellement mais sont incorporés en petits groupes contenant des atomes O’ et O” et des lacunes O.
Pour une détermination compléte de la structure de U,0,, il faut attendre I’analyse des réflexions de
surstructure.

Abstraet. — Single crystals have been examined by neutron diffraction in the range of tempe-
ratures 20 °C to 1 100 °C and of compositions UO, to U,0,. The investigations divide into three
groups, relating to UO,, UO, ., (where 0 < 2 < 0.25) and U,O,.

UO, has the fluorite structure at room temperature, with isotropic Debye-Waller factors. At
high temperatures the atomic arrangement can no longer be described exactly in terms of the
ideal fluorite structure with harmonic thermal vibrations. Better agreement between observed
and calculated intensities is obtained by allowing the oxygen atoms to relax to positions with co-

. 1 . .
ordmates% + 8,% 4+ 3, I + & ... in the Fm3m space group, where &is 0.016 at 1 000 °C. The

relaxation effect can be interpreted in terms of either disorder or anharmonic thermal motion.

On oxidising UO, to UO, 4 a solid solution is formed, containing three kinds of oxygen atom, O,
O’ and O”. The O atoms occupy the fluorite-type sites of UO,, but a proportion of these sites is
empty in UO,4,. The O” and O” atoms occupy interstitial positions, which are displaced along
< 110 > (for O’) and along < 111 > (for O”) from the large interstices in the fluorite structure.
The interstices themselves are not occupied. '

At the composition UO, .5 the oxygen atoms are ordered to form the new phase U,04. The
“ main ”’ neutron reflexions of U,O,, corresponding to the fluorite-type peaks of UO,, are much
stronger than the superlattice reflexions, which arise from the ordering of the interstitial oxygen
atoms within the fluorite framework. The analysis of the intensities of the main reflexions shows
that there are two kinds of interstitial sites, as in UO, 4 : the O’ atoms are located 0.85 A along
the < 110 > directions from the centres of the large interstices, and the O” atoms 1.05 A along
< 111 >. Vacancies occur in the fluorite-type oxygen sites (O) but not in the uranium sites, and
the chemical formula UQ, .5 is expressed more fully as Uj gy O;.97 Og.09 Og.1e- It is concluded
that oxygen atoms cannot enter the fluorite structure individually but are incorporated in small
groups containing O’ and O” atoms and O vacancies. A complete structure determination of U O,
must await the analysis of the superlattice reflexions.

1. INTRODUCTION. determine their crystal structures. The inter-

pretation of thermodynamic and diffusion data, in

In recent years there have been many funda- particular, is critically dependent on knowing the

mental studies of the oxides UO,, UO:z2+z and positions of the oxygen atoms, and this knowledge
U,04 [1], and the aim of the present work was to 1s best gained from neutron diffraction work.
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The structures of the three oxides are inter-
related, and so it will be convenient to describe all
three here. However, the bulk of the paper con-

cerns U,O4 only, as the work on UO, and UOz+=

has already been described elsewhere.

2. UO0,.

At room temperature UO, has the fluorite struc-
ture (fig. 1), as originally proposed by Goldschmidt
in 1923 [2]. The uranium atoms are at the 0 0 0 ...
positions of the cubic cell (space group F m3m) and

the oxygen atoms at %%%’%%1% These sites
have cubic point symmetry, and the temperature
factors B in the Debye-Waller expression
exp (— B sin? 0f/A2) are isotropic. Neutron data
on single crystals give DBv = 0.25 A?
B, = 0.43 A2 [3].

Above room temperature the atomic arrange-
ment can no longer be described exactly in terms
of the ideal fluorite structure with harmonic ther-
mal vibrations [4]. For Bragg reflexions with
h 4+ k + 1 odd the intensities calculated with this
model are proportional to F?, where

F = 4by exp (— By sin? 622). (1)

buis the nuclear scattering amplitude of uranium,
By the isotropic temperature factor of uranium,
20 the scattering angle and X the wavelength.
Equation (1) predicts equal intensities for inde-
pendent reflexions occurring at the same scattering
angle, whereas this is not confirmed by obser-
vation. Thus the 711 reflexion is stronger than
551, 751 is stronger than 555, and the three re-
flexions 755, 177, 933 have intensities in the order
755 > 177 > 933. Better agreement between
observed and calculated intensities is obtained by
allowing the oxygen atoms to relax to positions

with co-ordinatesé + 3, % + 3, % + 3 ... in the

F m3m space group. The‘“ relaxation parameter”
3 increases steadily with temperature and is equal
t0 0.016 + 0.001 at 1 000 °C.

There are two alternative explanations of this
relaxation effect. In the first, the oxygen atoms
are located statistically at the displaced positions,
which are four times more numerous than the
available number of oxygen atoms. These dis-
placed positions lie along the < 111 > directions
joining the Zl%% position with the four adjacent
111 1 1 1
222»2007020 and 002 (fig. 1).
The second interpretation is based on the assump-
tion of asymmetric anharmonic vibration of the
oxygen atom. Each oxygen atom has a non-

interstices at
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@ Uranium
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F1c. 1. — Unit cell of UO, (fluorite-type structure).

centrosymmetric cubic environment, and it is pos-
sible that the atom vibrates asymmetrically across
its normal position and towards the adjacent inter-
stices (fig. 2). In this case the vibration is anhar-

.

@ Uranium

@ Oxygen

[J Interstice

Fie. 2. — Diagram showing extension of the oxygen atom,
under the influence of thermal vibration, along << 111 >.

monic and cannot be described by the conven-
tional vibration ellipsoid, specified by six parame-
ters Bi;, which dégenerale to a single B, for cubic
symmetry. ‘

3. U02+ac.

When UO, is oxidised at high temperatures a
disordered solid solution UOz++ is formed. The
additional oxygen atoms are incorporated at inters-
titial sites of two kinds, O’ and O” ; the O’ atoms
are displaced along < 110 > from the centres of
the large interstices in the fluorite structure and
the O” atoms along < 111 >. Vacancies exist in
the fluorite-type positions, and the interstices them-
selves are not occupied. These conclusions were
derived from the analysis of two-dimensional}Fus
data, collected from a crystal of UQ,.;5 at 800 °C
[6], and were later confirmed by athree-dimensional
study [15].
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4. U,0, : ANALYSIS
OF MAIN BRAGG REFLEXIONS.

4.1. Introduction. — Alberman and Anderson [6]
first recognised the existence of a phase of uranium
oxide, whose structure is closely related to that
of UO, but which has higher oxygen content.
Héring and Pério [7] showed that the composition
of this phase is close to UQ,. 5, but more recent
work [8, 9] has shown that there is a composition
range trom UQ,.,3 to UO, 45 at high temperatures,
with the possibility of a narrower range at room
temperature. Thus the phase U,O, should be
designated U,O¢—y ; it will be referred to below
simply as U,O,, except where the precise compo-
sition is discussed.

Belbeoch, Piekarski and Pério [10] have inter-
preted the oxidation of UO, to U,O,4 in the follo-
wing way. At high temperatures oxygen atoms
enter the UO, structure interstitially and in a
statistically disordered fashion ; the process conti-
nues up to the limiting composition UO,.,5, and
then on cooling the interstitial oxygens are redis-
tributed to form an ordered U,O, phase at room
temperature with an enlarged unit cell. Thisinter-
pretation is supported by density measurements,
which rule out the existence of vacancies in the
uranium sub-lattice, and by X-ray diffraction data.
The X-ray examination of U,O, shows that the
fluorite-type reflexions of UO, remain after oxi-
dation, with a slight increase in the scattering
angles, and that very weak superlattice lines
appear. Belbeoch et al. found that the crystal
system remains cubic on oxidation, with a reduc-
tion_in space-group symmetry from Fm3m (UO,)
to /43d (U,0,) and with an increase in the size of
the unit cell to 21.8 A for U,Q,, four times the
cell size for UO,. They proposed a complete struc-
ture for the 21.8 A cell, without using the conven-
tional method of measuring structure factors. This
structure is not compatible with the neutron dif-
fraction results described below.

The neutrons reflexions divide into two groups :
the very weak and numerous superlattice reflexions
and the ‘“ main ” or fluorite-type reflexions.
Broadly speaking, the main reflexions represent
scattering from all the atoms in the unit cell,
whereas the superlattice reflexions are contributed
by interstitial oxygen atoms alone. Apart from
the determination of space group, which requires
identifying all kinds of reflexion, this paper is con-
cerned only with the measurement and interpre-
tation of the main reflexions.

4.2. Space group of unit eell. — A single crystal,
A, weighing 520 mg was prepared from a single
crystal of UO, by heating for one month at
1 150 °oC in the presence of powdered U;O4. The
UO, crystal was placed in one arm of an evacuated
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silica H-tube and the powder in the other arm, so
that oxidation occurred v¢ia the vapour phase.
Measurement of the oxygen potential with a high-
temperature galvanic cell [11] showed that crys-
tal A was single-phase, within the narrow homo-
geneity range of the U,Os_y phase, at temperatures
above 650 °C. The composition is thus close
to UO,.g5.

The crystal was mounted ‘'on a three-circle neu-
tron diffractometer and reciprocal space was
scanned in lines through the origin along [100],
[010], [001], [110] ..., [111] ..., [211] ...,
[321] ..., where the indices refer to the orthogonal
axes of the 21.8 A cell. Forty-six main reflexions
and over one hundred superlattice reflexions were
observed. Allthesereflexionsindexed satisfactorily
on a cubic 4a, cell, with ay =5.44 A. TForagiven
set of indices { Akl }, the superlattice reflexions with
different signs and order of indices were equivalent
in intensity : this indicates that the unit cell is
cubic with Laue symmetry m3m. h + k + 1
was even for all observed reflexions, so that the
lattice is body-centred. Because of their weak
intensity, only one in ten of the superlattice re-
flexions for a body-centred 4a, cell were detected,
but the indices of all observed reflexions were con-
sistent with the /43d space group.

This space group and cell size of 4a, are in accor-
dance with the X-ray results of Belbeoch et al. [10]
and will be adopted below. They are in dis-
agreement with the conclusions of Steeb [12] based
on the electron diffraction examination of a thin
film of U,0,.

4.3. Space group of composite cell. — The
nuclear density o(XYZ) at any point XYZ in the
unit cell can be computed from the neutron struc-
ture factors Fuu using the equation :

1

o(XYZ) = 5

oo
2 % X Fua exp [— 2ri(hX + kY + 12)),

where V is the volume of the unit cell. For the
main reflexions £, k, [ are all multipes of four, and
if the summation in (2) is restricted to «ll indices

divisible by four, the computed density p’(XYZ)
is :

(XYZ) = -}, XY Fuaexp[— 2mi(hX + kY 4+ 1Z)]
he k, 1 =4n
(3)

o' (XYZ)is derived from p(X YZ) by superimposing
the contents of the sixty-four subcells, each of
side a,, contained in the unit cell of side 4«,.
Expressed formally :

1
o(XYZ) = 614 [p(XYZ) + (X +op Y z)

1 3
—1—p(X—:—5, Y,Z)+p(X+7t,I,Z)



3 3 4 1 3 3
Y + 07 +,)+ P(X+Z’Y+Z’Z+Z)

te(X+p T4z

an equation in 64 terms which is readily derived
from equations (2) and (3). (X YZ) represents
the contents of the ‘“ composite cell ” of side a,.
It is found experimentally that only one or two
very weak superlattice reflexions with £, k, I = 4n
can be detected. p’in equation (3) can be approxi-
mated, therefore, by a summation, which includes
the main reflexions only :
1

P(XYZ) =

2 2 X Fug exp [— 2mi(hX 4 kY + 1Z)].
main

reflexions
(%)

If the indices kKl in (4) are replaced by 'Kl
where ' = k|4, k' = k[4, ' = []4, the co-ordi-
nates XYZ represent fractional lengths of the
axes of the composite cell.

The space group for the distribution p(XYZ)

is 143d. In reducing the cell edge from 4a, for
the true cell to a, for the composite cell, I (body-
centred) is transformed to P (primitive) and the
diagonal glide d is changed to m (mirror plane).

Thus the space group of the composite cell is P43m.
However, A'k’l' reflexions of mixed indices are
either absent or only barely detectable, so that the
lattice type is approximately F (face-centred) and
the space group for p’, as defined by equation (4),

18 F43m. This space group will be used to analyse
the main reflexions.

4.4, Experimental data. — The intensities of the
main reflexions of crystal A were measured with a
three-circle diffractometer. Forty-six independent
reflexions were measured up to

A2+ k24 1'2 =100
with a neutron wavelength of 1.04 A. As in the
case of UO,, these reflexions can be classified into
three groups, which are weak, medium or strong
depending on whether &’ + %" 4 1' =4n 4 2,4n 41
or 4n. Previous experience [3] suggested that the
strong reflexions are subject to systematic errors
from secondary extinction, and the weak reflexions
to errors from double Bragg scattering. Fortunate-
ly, both errors proved tobe small. Examination of
the intensities from crystal A, varying both the
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incident wavelength and the path length of the
beam inside the crystal, showed that there was no
appreciable extinction and that multiple scattering
was less pronounced than for UO,. The widths of
the rocking curves of crystal A were greater than
for the UQO, crystal from which it was prepared :
this indicates that the entry of interstitial oxygen
atoms strains the crystal and increases its mosaic
spread to a point at which the two systematic
errors referred to above are no longer significant.

A second crystal, B, weighing 490 mg and with
the same composition as A, was examined also.
The structure factors |F| for the two crystals
agreed to within a few per cent. Later, crystal A
was re-measured with the Harwell Mark [ auto-
matic diffractometer [13], the observations being
repeated for eight equivalent reflexions of each
{ KE'U }set. Table I lists the observed values of F,
averaged for the measurements on both crystals,
together with the standard deviations o(F) of F.
These o’s were estimated from the variations in the
individual measurements ; they are appreciably
greater than the random errors from the statistics
of pulse counting, and represent uncertainties ari-
sing from other sources, such as non-uniformity of
the incident neutron beam. -

4.5. Analysis of data. — The similarity of the
X-ray patterns of UO, and U0, [10] suggests that
the fluorite structure can be adopted as the first
model in refining the data in Table I by least-

squares methods. For the space group F43m this
model requires placing the uranium atoms at the

(d) positions (International Tables, Volume I)
of four fold multiplicity
333 311 131 113

) =0T AWw 1T GER

half the oxygen atoms at
11 1.1 11

hla) =000, Ogm 505 =50,

and the other half at

111 1 1 1
(8) =555 300, 050, 005
The origin of the cell is occupied by an oxygen
atom, although in the fluorite structure it is more
usual to choose the origin at a uranium atom
(fig. 1). In the least-squares refinement the scale
factor and the individual isotropic temperature
factors of uranium and oxygen (Bu, Bo) were
treated as adjustable parameters. The results are
presented under model 1 in Table II, which shows
that the reliability factor

R = Z|[F| — |Fe|| - Z|F,|
is already less than 16 %,. The Least Squares pro-

gramme of Busing, Martin and Levy [14] was used
for this and later calculations.
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In model 2 another adjustable parameter was
introduced, viz. the *‘ occupation number ” pa of
the atoms in the 4(a) sites. For pn = 1 the fluo-
rite positions are fully occupied, as in UO,, but
for pa less than unity a fraction 1 — pa of the 4(a)
sites is empty. R improved slightly (Table II)

TABLE II

LEAST-SQUARES REFINEMENT (MODELS 1 AND 2)

SITE
TyYPE 0cCUPATION TEMPERATURE R FACTOR
OF ATOM NUMBER, p  FACTOR (A2)

Model 1 U 1.00 0.52

(1 1.00 1.54

Obd 1.00 1.54 0.159
Model 2 18] 1.00 0.60

QOa 0.65 1.57

(o1 1.00 1.57 0.147

and pa was reduced to 0.65. As the 4(a) and 4(b)
sites are equivalent inthe fluorite structure, model2
can be used to refine pa + pv only and not pa, p»
independently. Thus the same results are obtai-
ned in model 2 with p» = 1 and p» = 0.65. ‘

For the next calculation the ninth oxygen atom
in the formula unit U,O,, ignored in models 1
and 2, was placed at the position :

111 133 313

A Lhk’ 444°
of the composite cell. These are the sites of the
large interstices in the fluorite structure, and were
assumed by Belbeoch et al. [10] to be occupied by
the interstitial oxygen atoms. However, no satis-
factory refinement of the neutron data was possible
with this model. All attempts at refinement led
to the rejection of the ninth atom from the 4(c)
position.

At this stage it was decided to carry out a three-
dimensional Fourier synthesis, of the type des-
cribed by equation (4), in the hope of locating the
lost oxygen atoms. The phases of the observed
structure factors Fors were taken as those calcu-
lated for model 2. The nuclear density plot was
dominated by strong peaks due to the oxygen and
uranium atoms at fluorite positions, but there was
no indication of other peaks which could be ascri-
bed definitely to oxygen.

The interstitial oxygen atoms were finally loca-
ted by difference Fourier syntheses. Figure 3 is a
section of the difference map at height Z = 3/8 of
the composite cell ; the coefficients in the Fourier
summation were derived from the observed struc-
ture factors and those calculated for model 2. The
atoms at fluorite positions were not present on_the
difference map, and the peaks, labelled % and e in
figure 3, represent interstitial oxygen atoms at two

331
A
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X= '/2

Fre. 3. — Section of Fourier difference map at height
Z = 38 of composite cell, with uranium and fluorite-type
oxygens removed. The peaks h are interstitial oxy-
gens O at 48(h) sites and e are interstitial oxygens O”
at 16(e) sites. Zero contour shown dotted.

kinds of crystallographic site. O’ atoms are at
positions :

011

1
22 03

DOf =

48(h) = (000,
1 7’ 1 ’
(et gt

and O” atoms at :

11 1 1 11
16(e)=(000, 059 505 520)
1 ” 1 ” 1 " 1 ” 3 " §_ //)
+(4—|—s Z-{—s Z—]—s)»(;A—s Z—e A €

where

Figure 4 is a drawing showing the relation of
the 48(h) and 16(e) sites to the cube of eight
fluorite-type oxygens.

The difficulty of locating the ninth oxygen atom
in the full Fourier synthesis can be ascribed now
to the large number of equivalent O’ and O” sites.
This atom is distributed statistically in [sites
of eight-fold and sixteen-fold multiplicity, whereas
the remaining oxygens occupy fluorite positions of
only four-fold multiplicity.

The interstitial oxygens were placed at 48(%) and
16(e) sites for the least-squares refinement with
model 3 (see Table III). Seven parameters were
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TABLE III
LEAST-SQUARES REFINEMENT (MODEL 3)
- AToOMIC CO-ORDINATES SITE OCCUPATION NUMBER OF ATOMS
I'yrE oF ATOM IN COMPOSITE CELL NUMBER, p IN 21.8 A cELL
i 111 o -
U YA 1.00 256
Qa 000 0.81 + 0.22
111 453 + 5
il . + 0.
Qb 599 0.96 =+ 0.24
1,1 1
(0} — 4 e -4 & - 0.024 + 0.004 73 + 11
4 4 4
1 ” 1 ” 1 ”
0" e [t G+ 0.016 + 0.003 48 + 8
e’ = 0.128 + 0.005, g’ = 0.122 + 0.005, R = 0.037.
1
Lo 2 %
2%o
. : :
Da
1
l 3 Go ~——
2%
N
O fiuorite —type oxygen atoms O fluorite -type oxygen atoms
@ interstitial oxygens O ® interstitial oxygens Of
a b
F1e. 4. — Composite cell of U,O, showing interstitial oxygen atoms at a) O’ sites, b) O” sites. The large

interstice is at the centre of the cube of fluorite-type oxygens.

The O’ oxygens are half way between the

interstice and the mid-point of the cube edges ; the O” oxygens are half way from the interstice to the cube

corners.

refined : the two positional co-ordinates, ¢’ and ¢”,
the occupation numbers of the 4(a) sites (normal
oxygen O*), 4(b) (normal oxygen OP), 48(%) (inters-
titial oxygen O’) and 16(e) (interstitial oxygen O”),
and the overall scale factor.

The temperature factors were kept fixed at the
values given by model 2. Table III gives the
results of the calculation, together with the esti-
mated standard errors of the refined parameters.
These parameters gave the Feae column in Table I.

Later, separate refinement of the temperature fac-
tors gave no significant changes from By = 0.60 A2
and Bo = 1.57 A2,

The following features of the oxidation process,
U0, to U,0,, can be deduced from the refinement
of model 3 :

(1) The isotropic temperature factor at 20 °C
increases trom 0.25 A2 for UO, [3] to 0.60 A2
for U,04. If the whole of this increase, AB, is
attributed to displacements of the uranium atoms
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from the fluorite positions, the r. m. s. displacement
in any direction is \/AB[8x% = 0.06 A.

(2) Oxidation proceeds by the incorporation of
interstitial oxygen atoms at O’ and O” sites. O’
atoms are located 0.86 A (= \/2¢’ a,) along the
< 110 > directions from the centres of the large
interstices at 4(c) ; O” atoms occupy positions
1.05 A (=/3¢" a,) along the < 111 > directions
from 4(c) (see fig. 4).

(3) The incorporation of interstitial atoms is
accompanied by the ejection of oxygen atoms from
fluorite positions. Approximately one in ten of
the normal oxygens are displaced to O’ or O” sites.

5. CONCLUSIONS.

The atomic arrangement in the composite cell
of U,0, is similar to that in the average cell of the
disordered oxide UQOy.13[5]. In both cases inter-
stitial oxygen atoms occupy O’ and O” sites and
vacancies occur in the fluorite sites of the normal
oxygens. This suggests that oxygen atoms cannot
be incorporated singly in the fluorite structure, but
only in groups containing O’ and O” atoms and O
vacancies.

There are two important differences between
UO0,.13and U,04. First, the normal oxygen atoms
in U0, show little tendency to relax along
< 111 > towards the centres of the large inter-
stices. This relaxation effect in UO,.,; can be
attributed (as for UO, at high temperatures [4])
to disorder or to anharmonic thermal motion.
Second, the space-group symmetry (F43m) of the
composite cell of U,O, is lower than the symmetry
(Fm3m) of UOs ., so that the two interpenetrating
sub-lattices, O* and O, can be distinguished
in U,0,. However, there is a very high corre-
lation between the occupation numbers p. and p»
for model 3, and this is reflected in the high stan-
dard errors of these quantities.

Assuming that the fluorite positions 4(d) of the
uranium atoms are fully occupied, the unit cell of
the crystal with the exact composition U,O, con-
tains 256 uranium and 576 oxygen atoms. The
results in Table I1T show that the unit cell contains
256 uranium and 572 oxygen atoms, and that the
chemical formula is expressed more fully as

a b 4 ”
Uj.00 O0.814+0.22 00.96+0.24 O0.20+0.05 O0.19:0.04

Because of the high correlation between pa. and p»
the least-squares refinement for model 3 was
repeated with p. fixed at the value given in
Table III. This led to a reduction in the standard
error tor py (see last column of Table III) and the
chemical formula worked out as :

, ”
Uj.00 Orz740.02 O0,29:£0.04 Oo0.10+0 03

where O represents O. and O» atoms together.
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The standard errors in the occupation numbers p
are quite high, and the close agreement with the
chemical composition UQ,.,5 may be fortuitous.
Clearly, extremely accurate intensity data are re-
quired to determine the p’s precisely.

s !
@ vuranium atoms at Z=zag
[ interstices at Z-%oo

QO fluorite-type oxygens at Z=O
(O interstitial oxygen O

"’ ® 0

O ®) O

A C%
O D
(1] (i)
[ ] O
B

ceo
M

0 ®

Fie. 5. — Possible mechanism for ¢ polarisation *’ of
interstitial oxygen atoms in UO,+y and U,O, The
interstitial oxygen enters the structure at 4 but is pulled
along [110] by the electrostatic force from uranium
atoms B, C, which are converted from U%+ to US+ to
maintain charge balance. The fluorite-type oxygen at D
is displaced, in turn, along one of the < 111 > direc-
tions shown.

Figure 5 is a diagram illustrating a possible
mechanism for the preference of the interstitial
atomsin UO:z, ¢ and U,0O,4 for O’ and O” sites. The
oxygen enters the fluorite structure at A but is
pulled along [110] by the electrostatic force from
uranium atoms B, C, which are converted from
U4t to U5 to maintain charge balance. The nor-
mal oxygen D is then ejected from its fluorite posi-
tion in the directions < 111 > towards the adja-
cent interstices. This interpretation accounts for
the presence of both O’ and O” atoms, and predicts
that the numbers of O vacancies and O” atoms are
equal, in agreement with the figures quoted in
Table III. Any further speculation must await
the determination of the full structure of U,O,
from the measurement of the superlattice reflexions.
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Discussion

Pr WartanaBe. — N’avez-vous pas examiné une
structure basée sur celle de la fluorine et en enlevant
des atomes d’uranium de ses positions sans remplir
d’oxygéne les interstices ?

Dr WirLis. — Le remplissage complet des sites
du type fluorine par les atomes d’uranium est indi-
qué par des mesures de densité et par la compa-
raison des intensités avec celles d’un cristal de UO,
placé dans le méme faisceau de neutrons. Cepen-
dant, un travail supplémentaire est nécessaire pour
établir une conclusion définitive.

Pr Post. — La maille U,O, offre un volume
d’approximativement 18 A3 & chaque atome
d’oxygeéne (en négligeant les atomes d’uranium).
Ceci semble plutét faible. Avez-vous calculé les
distances O-O et certaines sont-elles anormalement
courtes ?

Dr WiLLis. — Il n’est pas possible de calculer les
distances O-0O, carles résultats exposés sont relatifs
a une maille moyenne, obtenue en superposant le
continu de 64 mailles de la véritable maille élémen-
taire.

Dr ANDRESEN. — J’aimerais faire une remarque
concernant la surstructure. En 1956, le Dr Frazer
et moi-méme avons enregistré quelques diagrammes
de U,0, sur le spectrometre de Corliss et Hastings.
Nous avons trouvé que les raies de surstructure ne
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pouvaient étre indexées en systéme cubique, méme
en quadruplant la maille dans toutesles directions.
Les raies de surstructures pouvaient au mieux étre
indexées dans une maille 16 fois plus grande avec

un paramétre de 2a,4/2 dans le plan de base et
une hauteur de 2a,. Depuis nous avons pensé a
plusieurs modéles pour placer les oxygénes supplé-
mentaires mais aucun n’a pleinement réussi. Cest
le manque de données suffisantes sur le monocristal
qui, apparemment, laissele probléeme encore sans
solution.

Dr WiLLis. — Toutes les réflexions, & la fois
principales et de surstructure, observées dans la
présente étude pouvaient étre indexées dans une
maille de 4a,. Il est possible que d’autres réflexions,
nécessitant une plus grande maille n’ont pas été
enregistrées, malgré le soin et le temps employé a
explorer I’espace réciproque.

Dr Rotu. — Observe-t-on une quelconque dif-

- fusion & la température ambiante ?

Dr WiLLis. — A la température ambiante, UO,
et U,04 sont tous deux des structures ordonnées.
Aussi ne s’attend-on pas a une diffusion due aux
défauts. Elle existe probablement & haute tempé-
rature, mais aucune tentative n’a été faite pour
Pobserver.

Dr ABranams. — Les écarts standard pour les
facteurs d’occupation de O’ et O” sont de I'ordre
du 1/60 de celles de O. Y a-t-il une normalisation
spéciale pour ces « sigmas » sinon, pourquoi ces
erreurs seraient-elles si petites ?

Dr WiLrLis. — La corrélation entre les facteurs
d’ocecupation de O* et O est responsable de leurs
grands écarts standard. Le tableau I1I montre que
Pécart standard pour I’ensemble O* et O® est com-
parable a celui pour O’ et pour O”.
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