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Fluorite-type materials (U/,_,La,)0,_, within the compositional
range 0.70 = y = 0.80 have been characterized by X-ray diffraction
and transmission electron microscopy. Their microstructures are
discussed in terms of microdomain formation of a secondary phase,
denominated Ry;, coherently intergrown with the fluorite matrix.
Annealing of the materials y = 0.73 and y = 0.74 at 1100°C for
500 hr leads to the formation of the R,, phase as a single phase,
which may be described as a supcerstructure \/iac x \}'i.rtc X
\/5(1'c of the fluorite cell. A new set of lattice parameters has been
determined on the basis of a primitive trigonal cell, being a, =
0.78220(4) nm and ¢, = 0.99712(7) nm for the composition y =
0.74. Relationships between the fluorite and the R;; cells are
presented.  © 1994 Academic Press, Inc.

INTRODUCTION

Certain kinds of metal atoms M are known to substitute
for uranium atoms in UQ, forming solid solutions (U, _,
M )O,.,, (x = 0) under suitable conditions. Depending
both on the valency of such M metals, which are in the
range between 4* and 2 and on the experimental condi-
tions, the oxidation state of uranium can change consider-
ably. Consequently the overall oxygen/metal ratio varies,
giving risc to nonstoichiometric mixed oxides. Because
of the high yields of some rare-earth and alkaline-earth
metals during fission -reactions, the solid solutions be-
tween urania and most of these metals have been studied
extensively (1-8). Moreover, it has been shown that ura-
nia-based nonstoichiometric mixed oxides with M = Sc,
Y, Pr, Dy, arce good clectrode materials particularly suit-
able for oxygen sensors and offer some advantages over
conventional noble metals (9).

Most of these compounds formed at high temperatures
crystallize in the fluorite-type structure. Structural and
microstructural studies carried out on some of these sys-
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tems and other related ones have revealed the complexity
of these materials in which the description of nonstoichio-
metric phases in terms of a random distribution of point
defects is no longer adequate. Instead, they have to be
more accurately described as microheterogeneous in
character, that is, as fluctuating systems which consist
either of microdomains differing in structure and/or com-
position from the parent matrix but dispersed in a coherent
way with it (10-13), or as a continuous and commensurate
modulation of the fluorite-type structure (14-16).

Within this scope, a reinvestigation of the phases
formed in the pseudobinary UQ,-La0, cis currently being
carried out. The phase diagram for this system indicates
the formation of a fluorite phase (space group Fm3m) in
the composition range (U,_La)0,.,, 0.26 = y = 0.80
at high temperatures. Moreover, the existence of three
ordered phases R;, R, and Ry, at lower temperature has
been pointed out (17, 18). In previous papers, evidence
of R;;; thombohedral microdomains formation at 1400°C,
in the composition range 0.56 < y =< 0.67, has been stated
(12, 19).

The purpose of this paper is to present results of com-
bined transmission electron microscopy (TEM) and X-
ray diffraction studies cairied out in the 0.70 = y = 0.80
range, in which the existence of the ordered rhombohedral
R, phase at temperature below 1300°C has been reported.
This phase was first described by Diehl and Keller (17),
and only X-ray powder diffraction data are available. It
has been indexed on the basis of a hexagonal-rhombohe-
drat cell, that is, a rhombohedral symmetry in hexagonal
setting, with parameters a;, = 1.036 nm and ¢, = 0.9987
nm (17, 18). The phase U,Sm¢0,s formed in the
U0,-U0,—Sm,0, system is so far the only one that has
been pointed out to have the R, structure (20).

EXPERIMENTAL

Samples within the compositional range (U, La,)O,.,,
0.70 = y = 0.80 were prepared by a mixed ceramic/organic
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TABLE 1
Lanthanum Content (y), Synthesis and Annealing Conditions
and Obtained Phases for (U,_,La}0, , Materials

Obtained Obtained
¥y Synthesis phases Annealing phases
0.70 1400°C/150 hr F 1100°C/500 hr F + Ry
0.72 1400°C/150 hr F 1100°C/500 hr F + Ry
0.73 1400°C/150 hr F 1100°C/500 hr Ry

1100°C/700 hr Ry
0.74 1400°C/150 hr F 1100°C/500 hr R,
1100°C/700 hr R[]
0.75 1400°C/150 hr F 1100°C/500 hr F + Ry
0.80 1400°C/150 hr F 1100°C/500 hr F+ Ry

Note. F: Fluerite type structure; Ry: Hexagonal structure.

precursor procedure. Stoichiometric amounts of lantha-
num uranyl propionate and lanthanum sesquioxide (pre-
viously calcined at 900°C) were pyrolized at 750°C, before
being fired in air at the temperatures indicated in Table
1, and then quenched to room temperature by rapidly
removing them from the furnace. Samples quenched from
1400°C were in addition annealed at 1100°C for 500 hr and
gquenched to room temperature. Uranium and lanthanum
were quantitatively determined by inducted coupled
plasma (ICP) with a Perkin—-Elmer Plasma 40 emission
spectrometer. Oxygen content was determined by a back-
cerimetric titration method (21, 22).

X-ray powder diffraction patterns were recorded on
a Siemens D-501 diffractometer with monochromatized
CuK  radiation. Diagrams were recorded in the step-scan-
ning mode, at 0.02° 20 step scanning and 5 sec counting
time. Indexing of powder patterns of annealed samples
was obtained using the program Treor-4 (23).

Electron diffraction and microscopy were carried out
on JEOL 2000 FX and JEOL 4000 EX electron micro-
scopes, fitted with double tilting goniometer stages of
+45°and =25° respectively, Specimens were crushed and
dispersed in acetone and then transferred to holey carbon-
coated copper grids.

RESULTS

All specimens were obtained as orange powders sug-
gesting that the uranium ions in the specimens are in the
hexavalent state. Determination of uranium and lantha-
num indicates that there was no appreciable volatilization
of the metallic elements during sample preparation. The
oxygen content determination carried out for single phase
materials indicates that all of them are oxygen defficient,
and all the uranium ions in the solid solutions are in the
hexavalent state. Table 2 lists the fluorite-type solid solu-
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TABLE 2
Lanthanum Content (y), Experimen-
tal Compaosition and Cell Parameter
Values for (U,_,La,)O,_, Fluorite-type

Materials

¥y Composition a (nm)
0.70 Ugaol.ag 10 95 0.55852(2)
0.72 Upaslag #0; 0 0.56003(2)
0.73 UpLlag 710 g 0.56034(2)
0.74 U 26L20 401 1 0.56069(2)
0.75 Uy asLag 150, 47 0.56093(3)
0.80 Ugaolag 00, 50 0.56360{2)

tions (U,_,La )O,_,, their experimental compositions de-
duced from chemical analysis and their lattice parameters.

X-ray powder diffraction patterns recorded on materi-
als quenched from 1400°C indicate that they are single
phase compounds having the fluorite-type structure over
the whole compositional range. The cell parameter a in-
creases linearly with increasing the La content (y) in the
oxides, as shown in Table 2. A representative pattern
recorded on sample U 5La, 140, g9 is presented in Fig. 1a.

X-ray patterns recorded on materials with compositions
y = 0.73 and y = 0.74 either obtained or annealed at
1100°C are alike. In Fig. 1b, the diagram for sample
U, 5Ly 140 e is depicted. This pattern is fairly similar
to the one reported by Diehl and Keller for the phase 75%
LaO, s, 25% UO, at 1100°C (17). These authors indexed
the diagram by analogy to the R, phase (UY 0} (24, 25),
on the basis of an hexagonal-rhombohedral cell, with
parameters a; = 1,036 nm, ¢;, = 0.9987 nm (18). However,
from a closer inspection of both patterns, some nonnegli-
gible differences arise and the indexing of the powder
pattern obtained in this work suggests an hexagonal cell
with parameters a; = 0.78220(4) nm and ¢, = 0.99712(7)
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FIG. 1. X-ray powder diffraction patterns of the material

Upzglag 40590 (a) quenched from 1400°C, (b) annealed at 1100°C for
500 hr,
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TABLE 3
X-Ray Powder Diffraction Data for U, ,5l.84 740, 39
Annealed at 1100°C

hkl 29Obs 29Calc dObs ”lﬂ
100 13.047 13.059 0.6780 2.4
101 15.807 15.803 0.5602 28
102 22,111 22.120 0.4017 3.2
111 24.421 24.428 0.3642 2.6
003 26.799 26.801 0.3324 34.2
201 27.805 21.795 (0.2206 100.0
112 28.995 28.994 0.3077 1.1
103 29.91¢ 29.921 0.2985 1.5
202 31.925 31.917 0.2801 44.5
210 35.023 35.018 0.2560 0.9
212 39.546 39.536 0.2277 1.2
301 40.952 40.947 0.2202 1.0
114 42,995 42,993 0.2102 1.5
302 44.006 43.986 0.2056 1.0
213 44,647 44.639 0.2028 1.3
204 45.116 45.123 0.2008 26.2
220 46.409 46.396 0.1955 25.7
1as 47.490 47.488 0.1913 1.0
312 51.974 51.971 0.1758 1.1
205 53.278 53.262 0.1718 10.8
223 54.407 54.391 0.1685 20.6
401 54.936 54.950 0.1670 11.8
402 57.441 57.420 0.1603 7.0
213 58.642 58.629 0.1573 0.9
321 60.241 60.218 0.1535 0.9
3212 62.540 62.555 0.1484 1.0
411 63.590 63.578 0.1462 0.7
404 66.709 66.718 0.1401 5.7
315 68.596 68.567 0.1367 0.7
306 70.238 70.271 0.1339 0.7
117 70,272

207 71.842 71.839 0.1313 31
405 73.263 73.272 0.1291 i3
421 74.679 74.695 0.1270 7.6
226 74.955 74.931 0.1266 8.0
4212 76.809 76.806 0.1234 48
325 77.850 77.863 0.1226 0.8
108 77.864

307 79.472 79.491 0.1205 0.8

Note, Unit cell parameters, @, = 0.78220(4) nm, ¢, = 0.99712(7) nm.
Unit cell volume = 0.52835 nm’.

nm. Powder diffraction data for this material are given in
Table 3.

Representative selected area electron diffraction pat-
terns for samples Ugaglag 40 and UgzLlag g0
quenched from 1400°C are presented in Fig. 2, along the
[170]., [112]., [111)., and [100], orientations of the cubic
fluorite cell. In all cases, there is a set of strong Bragg
reflections consistent with a fluorite-type (space group
Fm3m) average structure. In addition, a characteristic
diffuse intensity distribution, situated at = 4 {111)* is par-
ticularly apparent in the [110], and [112], zone axes pat-
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FIG. 2. Electron diffraction patterns for materials UgLag 240 g0
(left} and Ugjlay 5O, 5 (right) quenched from 1400°C.

terns. In the [112], zone axis, ‘‘smoke-rings’’ diffuse max-
ima at == #(311)¥ are also present. The similarity between
the diagrams of both materials is evident and a somewhat
better resolution of the diffuse maxima in sample y = .80
is appreciable.

Lattice images along the [110].and [112], zone axes of
sample y = 0.74, are shown in Fig. 3. Zones with regular
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FIG. 3. High resolution images of the material Uy sLay, 240, ¢ quenched from 1400°C: (A) along [ITO]c and (B) along [lli]c ZONe axes.

fringes corresponding to the fluorite structure coexist with
regions in which irregular features in contrast are evident.
In Fig. 3a, zone axis [110]., distances of .65 nm corre-
sponding to =2 X d;;,. are randomly distributed through-
out the fluorite matrix. Figure 3b, along the [112], zone
axis, shows modulations of contrast in the fluorite planes.

Patterns obtained for U, 5 L.a, 7,0 3¢ annealed at 1100°C
are presented in Fig. 4, along the same orientations as
in the previous case. The presence of (00D} reflections
confirms that the structure of the R phase does not fulfill
the extinction conditions for a hexagonal-rhombohedral
cell, and subsequently it must be described on the basis
of a hexagonal-primitive cell, as the one deduced from
X-ray diffraction data. Morevoer, these diagrams deserve
further comments. Diffuse scattering has vanished, and
two sets of medium and low intensity superstructure spots
are found at positions corresponding to the R|; structure,
They are located in between a set of stronger reflections
that are still consistent with the fluorite type structure.
The scheme depicted in Fig. 5 accounts for the relation-
ship between the diffuse intensity in the high-temperature
samples and sharp satellite spots in annealed materials.
According to this, the streaking of the diffuse spots could
be originated by the overlapping of the two most intense
superstructure maxima. In the high-temperature material,
as microdomains are randomly distributed, diffuse max-
ima appears along the {111)*fluorite directions. However,
when the R}; phase exists as a single phase, the symmetry
is lowered, the equivalence of the (111}, directions is no
longer maintained, and therefore, the two most intense
superstructure spots only appear along one of the (111)}di-
rections.

In Fig. 6, a structural image along the [100], || [1T0],
zone axis is shown. Fringes with interplanar spacings
diy)y = 0.99 nm and dyy,5 = 0.68 nm are easily recognized
and confirm the proposed new cell.

Furthermore, although the X-ray pattern indicates that
this material is a single phase, in Fig. 6, regions with
interplanar spacings of 1.36 nm = 2 X dq, alternate in
a disordered fashion with fringes of the R, phase. This
can be interpreted as isolated layers of an n = 2 super-
structure of the Ry, cell “‘inserted’” into the basic hexago-
nal structure, as confirmed by the corresponding Fou-
rier transform.

The relationships between the cubic fluorite and the
hexagonal R, cell can be established from the correspond-
ing electron diffraction patterns along the zone axes [100],
| [1T0]. and [001], || [111],, (Figs. 2 and 4):

af = 4 [422]*
bF = [224]* [1]

of =4[111]%;

a i & —tfla
bl =% & —§|lb [2]
ol |4 3 4le
h c
and in the real space:
a -1 0||a
bl =10 I 1I(|&]. [3]
¢ 1 1 1||¢c
h c

From the above indicated expressions, the cell parame-
ters of the R, phase in the composition range 0.72 <
y < 0.75 can be related to the cubic parent structure
as follows:
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FIG. 4. Electron diffraction patterns of the material Uy, Lay 7,0, g annealed at 1100°C. Hexagonal zone axes are indicated.

a,=a. — b, a, = ‘\/EaC Figure 7 schematizes the relationship between the hex-
b,=b,—c, by = V7 a, 4] agonal and cubic cells in reciprocal and real space.
c, = a + bc + C. C,= ‘\/jac ’ DISCUSSION

Mixed oxides (U,_,La)O,_, formed in the composi-
tional range 0.70 = y =< 0,80 at 1400°C in air crystallize,
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FIG. 5. Schematic representation of the electron diffraction pattern FIG. 6. Structureimage corresponding to the material Uy Lag 740, g9

shown in Fig. 4 along the [100], zone axis. It accounts for the relationship  annealed at 1100°C, along the [100], zone axis. Fringes corresponding
between diffuse intensity and sharp satellites spots in high and low to the R phase and Ry superstructure are indicated. The corresponding
temperature materials respectively. Fourier transform is shown in the inset.
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FIG. 7.
reciprocal space, (b) real space.

according to the X-ray powder data, in the fluorite-type
structure, space group Frm3m. However, electron micro-
scopic results indicate that full randemization of the cation
sublattice has not been attained. Instead, the materials
contain domains or nuclei with a partial cation ordering
that it i1s closely related to the cation distribution found
in the ordered Ry, phase formed upon annealing at 1100°C.

Because cation mobility in this and other related sys-
tems is very low (26), this degree of heterogeneity will
not be changed significantly except by annealing for long
periods and complete equilibrium is only attainable under
these conditions. In fact, the R phase is only obtained
after annealing for at least 500 hr at 1100°C.

X-ray and clectron microscopy data obtained on high-
and low-temperature materials make evident the close
relationship between the fluorite parent structure and the
Ry phase formed in the compositional range (U,_,La))
0,_, 0.72 < y < 0.75. The latter can be described as a
superstructure of the fluorite cell, with two sixfold super-
lattices along the [422]* and [223];‘ and a threefold super-
lattice along the [I11]3.

It can be inferred that the ordered Ry phase crystallizes
in the trigonal system in a primitive ceil and lattice param-
eters determined for the material with composition y =
0.74 are q, = 0.78220(4) nm and ¢, = 0.99712(7) nm.

On the other hand, the presence of isolated layers of a
probable n = 2 superstructure of the R;; phase suggests
an ordering of the vacancies in the anion sublattice rather
than a rearrangement of the cation sublattice. However,
current available data do not permit to discriminate be-
tween both options. The analysis of HREM images in
both Rj; and Ry superstructure are now in progress, which
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Schematic representation of the Rj hexagonal lattice showing the relative orientations with respect to the cubic fluorite cell: (a)

will permit to outline a model for the anion vacancy distri-
bution and for the heavy atoms positions, in order to solve
both structures by the Rietveld method from X-ray and
neutron diffraction data.

The calculated cell parameter values for the R); phase
are closely related to those determined for the R, phase,
formed in the same system in the interval (.56 < y =
0.67, (12, 18, 19), being ag = 2- aygy and ¢y = Cormn/
2. It suggests a close relationship between the crystal
structures of these two “‘ordered phases’ formed in the
U-La-0 system.
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