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A detailed electron, and X-ray powder, diffraction study has been made of the cubic, fluorite-related
solid solution fields in a range of ZrO,-Ln,0; systems. A rich variety of composition-dependent
diffraction effects were observed, leading to the realization that it is possible for there to be a much
more gradual transition between apparently distinct structural types as a function of composition than
was previously thought to be the case. Labels such as F-type (or C;), C-type (or C,) or pyrochlore as
traditionally used are rather inappropriate and unhelpful when attempting to describe structural varia-

tions across and between such solid solution fields.

1. Introduction

The structure of pure zirconia, ZrO,, is
reported as being monoclinic from room
temperature up to ~1170°C, tetragonal be-
tween ~1170°C and ~2370°C, and cubic
(fluorite type) from ~2370°C up to the melt-
ing point at ~2830°C. Both the monoclinic
and the tetragonal forms can be described
as displacively modulated variants (albeit
with rather substantial displacive modula-
tion amplitudes and, in the case of the tetrag-
onal polymorph, rather substantial isotropic
B parameters (1)) of the high temperature
fluorite-type structure (2, 3).

The ‘‘stabilization’’ of the higher temper-
ature polymorphs of ZrO, via the addition
of a relatively small amount (~5-20 mole%)
of the oxides of a variety of lower valent
metals—such as CaO, MgO, or the lanthan-
ide sesquioxides Ln,O;—and subsequent
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quenching from sufficiently elevated tem-
peratures (~1600°C) leads to anion-deficient
materials with important ceramic and su-
perionic conduction properties. Such prop-
erties are strongly dependent upon the ex-
tent of compositional modulation (in the
form of the distribution of the metal atoms
and the oxygen vacancy ordering) and sub-
sequent associated structural relaxation or
displacive modulation (4, 5). Given that the
oxygen array is certainly very mobile at tem-
peratures >1000°C, it is clear that the order-
ing in the quenched materials is strongly
dependent upon the high temperature order-
ing of the much more rigid metal atom array.

Information as to the type and extent of
such compositional and displacive modula-
tion is most directly present in the form of
the weak satellite reflections and/or weak
diffuse intensity distributions which almost
invariably accompany the strong, sharp,
Bragg reflections of the underlying fluorite-
type average structure. Numerous workers
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F1G. 1. Refined unit cell dimensions as a function of ionic radius for (a) the 25 mole% (b) the 50 mole%
and (c) the 65 mole% LnO, s specimens. The weighted average cubic cell edges were used in two phase
regions. In the pyrochlore region half the cell edge was used.
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have attempted to extract reliable informa-
tion as to the type and extent of such
compositional and displacive modulation
from diffraction data (5-10). To date, how-
ever, the results have tended to be some-
what confusing if not mutually contradic-
tory. Thus, for example, Steele and Fender
(6) and Morinaga et al. (8) agree that
oxygen ions in the ~20-30 mole% YO, ;s
in ZrO, ““C,” solid solution region are
displaced ~0.25 A along (100) directions,
whereas Horiuchi et al. (9) did not find a
significant proportion of oxygen ions dis-
placed along (100). Due to the difficulty
of accurate measurement and subsequent
interpretation, diffuse intensity distribu-
tions have been somewhat neglected in
favor of the (at least potentially) refinable,
fluorite-related  superstructure  phases
which can sometimes be obtained via pro-
longed annealing at lower temperatures
(11, 12). The natural tendency has been to
interpret the diffuse intensity distributions
of the high temperature solid solution

phases in terms of small microdomains of
the lower temperature ordered phases (8,
13).

Increasing further the proportion of the
lower valent metal oxides apparently leads
to the stabilization of structure types not
found in the pure ZrO, (although still closely
related to the cubic fluorite-type parent
phase and describable as compositional and
displacively modulated variants thereof)
such as the pyrochlore and C-type solid so-
lution fields commonly reported at high tem-
peratures (>1600°C) in ZrO,—Ln,0, systems
(14). A typical phase diagram of these anion-
deficient phases at high temperatures
(~1600°C) and as a function of increasing
Ln,O4 concentration (/4) shows an initial
tetragonal solid solution region giving way
first to a cubic fluorite-related solid solution
region which in turn gives way either to a
pyrochlore region and thence to a C-type
solid solution field or directly to the C-type
region depending upon the particular lan-
thanide. In the case of the lighter rare earth
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F1G. 2. Plot of the cubic unit cell dimension as a function of composition for the ZrOQ,-NdO; 5 system.
For the monoclinic region (0-5 mol%j), the cube root of the unit cell volume was used while for the

pyrochlore region half the cell edge was used.

elements, increasing still further the propor-
tion of the lower valent metal oxides leads
to the stabilization of structure types not
related to the cubic fluorite-type parent
phase (and hence not the preserve of this
paper) such as, for example, the A-type and
B-type sesquioxide structures.

Despite much attention, many questions
still remain: first, whether there are, of ne-
cessity, diphasic regions separating these
various fluorite-related, cubic solid solution
fields (I14-16); second, if there are such di-
phasic regions, then what is the nature of
the structural difference between the vari-
ous solid solution fields; and, third, what is
the nature of the structural variation within
or across such solid solution fields (/7). In
arecent TEM study of a closely related sys-
tem (CeO,~Y,0;) it became clear, first, that
the reported F-type solid solution region
contained extra satellite reflections in addi-
tion to the sharp bragg reflections of the

average cubic fluorite-type structure and,
hence, should not be labeled F-type at all
and, second, that the structural difference
between the F- and C-type solid solution
regions within this system is rather more
subtle than had hitherto been supposed (I8,
19). The purpose of this paper is to present
the results of a combined X-ray powder, and
electron, diffraction study of the composi-
tional and displacive ordering present in the
fluorite-related cubic phases of ZrO,~Ln,0,
systems (typically quenched from tempera-
tures ~1600°C) and to use these results to
provide insight into the above questions.

2. Experimental

A selection of ZrO,:Ln0O, specimens
were prepared to address the questions
raised above. In the system ZrO,: NdO, s,
which is reported at 1600°C to display sig-
nificant solid solution fields of so-called



PROPERTIES OF FLUORITE-RELATED ZrO,~Ln,0; SYSTEMS 93

0:85]
a Honeycomb E Pyrochlore-like g C type-like [I:[I' Square wave
|
I
. I p-Ho
0-90] | c
) \ + CO \ k- Dy
T! \ I
| \ ] L To
> i \ I <
| \ | l.Gd @
095{ ! ; v B 3
| ! 1 S
| i | Cubicss*B o
I i | . N . | - S™ .2
! I —2 4 \ N—— | { o
\ |——— e_ / P l P+ ~_ T T
I | /cubic s¢f \ cubicss | cubiCgs+A | A
100} *! . I:_r—ll . ,I o L . 1® . I . Nd
|  — il I [
| — ! ) i
=
Y A r 1 T | Y Y l
0 20 40 60 80 100
mol% LnO g

F1G. 3. Summary of the phase relationships of the system ZrO,-LnO, s quenched from 1600°C under
oxidizing conditions, as a function of lanthanide ionic radius (similar to Fig. 27.2 in Ref. (20)). Data
points are represented by filled circles. The solid solution, cubic, is described as a single phase but
has been subdivided into regions according to the type of diffuse intensity distribution observed via

electron diffraction.

“C,” (fluorite) type, pyrochlore type, and
“C,” (TLO5) type, specimens were pre-
pared at 5, 15, 25, 35, 45, 50, 55, 65, 75,
and 85 mole% NdO, s in ZrO,. In addition,
specimens of the other light rare earth ele-
ments (Pr, Sm, Gd, Tb, Dy, and Ho) were
also prepared at 25 mole% LnO, 5 in ZrO, in
their C, fields, at 50 mole% in their pyro-
chlore or C, fields, and at 65 mole% (Sm,
Gd, Tb, Dy, and Ho) and 75 mole% (Sm,
Gd, Tb, and Dy) within or containing the
end member of their C, fields.

Starting materials (Research 99.9% for
lanthanide oxides, Z-Tech >99.9% *‘ZrO,”’
(2.57% HfO,)) were fired at 1000°C before
weighing. The component oxides were thor-
oughly mixed mechanically before being

pressed into pellets. The pellets were placed
on alumina tiles and heated at 1600°C for
~5 days then remixed and repelleted before
heating again at 1600°C for 2-3 days. Plati-
num support and vessels were avoided due
to the reaction of platinum with the lighter
rare earth containing specimens. Typically
specimens were quenched in water from
1600°C, though Nd containing specimens
and the 25 mole% HoO, 5 in ZrO, specimen
were also cooled in the furnace to 1000°C
before air-quenching to observe the effects
of quench rate on structure and phase rela-
tionships. The course of reaction was moni-
tored at each step by XRD using a Gui-
nier-Hagg camera with monochromated
CuKa, radiation. The attainment of equilib-
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rium was determined by the observation of
a single set of, or in the case of specimens
in two phase regions two sets of, sharp dif-
fraction lines extending to high angle. For
the heavier of the lanthanides it was some-
times necessary to add an additional cycle
to the synthesis procedure described above
in order to meet this criterion. It was notable
that for a given specimen the observed char-
acteristic diffuse distribution was virtually
insensitive to whether or not the specimen
had attained equilibrium according to our
XRD-based criterion.

For the determination of the unit cell di-
mensions by least squares refinement an in-
ternal standard of Si (NBS No. 640) was
added to calibrate the measurement of XRD
films. For the recording of electron diffrac-
tion patterns specimens were crushed, dis-
persed onto 3-mm holey carbon-coated cop-
per grids and examined in a JEOL 100CX
transmission electron microscope.

3. Results and Discussion
3.1 X-Ray Powder Diffraction

The rate of reaction of the specimens de-
creased with increasing atomic number of
the lanthanide. This can be understood in
terms of proximity to the liquidus as defined
previously (14). The refined unit cell dimen-
sions are shown in Figs. 1 and 2 for the series
of compounds studied. Figure 1 shows the
refined unit cell dimensions as a function of
ionic radius for (a) the 25 mole% (b) the 50
mole%, and (c) the 65 mole% LnO, s speci-

mens. As expected, there is an increase in
the cubic unit cell dimension with increasing
ionic radius. However, there are noticeable
deviations from linearity in both the 25 and
the 65 mole% LnQ, s series. In the 65 mole%
case, the points for Nd and Ho have been
interpolated from the weighted average unit
cell dimensions derived from the two cubic
phases observed at this composition. The
weighting was calculated from the relative
intensities of equivalent reflections in the
powder diffraction patterns. The 50 mole%
LnO,s; case was approximately linear
though it gives a less satisfactory fit than the
25 mole% case, which also only contained
one cubic phase at equilibrium.

Figure 2 shows a plot of the cubic unit cell
dimension as a function of composition for
the ZrO,-NdO, 5 system. For the mono-
clinic region (0-5 mole%), the cube root of
the unit cell volume was used while for the
pyrochlore region half the cell edge was
used. As for Fig. 1c, the weighted average
cubic cell edge was used in the two phase
regions. Notably, the slope of the lines is
approximately the same for all compositions
except for the pyrochlore solid solution re-
gion. Also evident is the quasivolume in-
crease observed when transforming from
the cubic zirconia structure to the baddely-
ite structure.

In Fig. 3 we have attempted to summarize
the phase relationships of the system
ZrO,-LnO, 5 at 1600°C in air, as a function
of ionic radius (similar to Fig. 27.2 in Ref.
(20)). The detail in this figure somewhat an-
ticipates the observed electron diffraction

F1G. 4. Typical small condensor aperture (110) zone axis CBPs for 25 mole% (a) Pr, (¢) Nd, (d) Sm,
(e) Gd, (f) Tb, (g) Dy, and (h) Ho LrO; s in ZrO, specimens. In the case of Nd specimens quenched
from within the diphasic regions (cubic,, + T and cubic; + P) bounding the cubic solid solution
region (i.e., at 15 and 35 mole%), some variability in the ““C,”’ diffraction patterns obtained was
observed. Usually the (110) CBP shown in (c) was obtained but occasionally that shown in (b) was
found. In each case the strongest reflections correspond to the underlying fluorite-related average
structure. The first strong reflection in the horizontal direction is the {002}* and the first strong reflection

in the vertical direction is the {220}*.
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results which are to be discussed below.
However, the major feature of this qua-
siphase diagram is the treatment of the
phases formerly labeled as C, and C, as a
continuous single solid solution region la-
beled cubic,,. Specimens at the edge of solid
solution regions which were not quenched
from 1600°C tend to show some unmixing.

3.2 Electron Diffraction

Selected area electron diffraction patterns
(SADPs) and convergent beam electron dif-
fraction patterns (CBPs) were obtained for
all samples along all major zone axes. Dif-
fraction patterns obtained from different
grains within the same preparation were al-
most always internally self-consistent and
reproducible. In every case there is a set of
strong, sharp Bragg reflections (the matrix
reflections) consistent with an underlying,
fluorite-type (Fm3m) average structure and
labeled Gy in what follows. In addition,
however, there are usually sets of weaker,
but still sharp, satellite reflections (at Gg
+ q) surrounding the matrix reflections—as
well as characteristic diffuse intensity distri-
butions. In the case of the C-type structure,
two sets of satellite reflections should be
observed—namely the Gy *= ${220}* and Gg
+ {001}* type satellite reflections. In the
case of the pyrochlore structure, two sets of
satellite reflections should also be ob-
served—namely the Gy * 3{111}* and Gy =
{001}* type satellite refiections. (110 zone
axis diffraction patterns are invariably the
most informative as all of the above types
of satellite reflections can be observed si-
multaneously. To avoid confusion, all dif-

fraction patterns are indexed with respect
to the parent cubic fluorite cell.

3.2.1 (110) Zone Axis Diffraction Patterns
Characteristic of 25 mole% LnO,

Figure 4 shows typical small condensor
aperture (110) zone axis CBPs for 25 mole%
(a) Pr, (¢) Nd, (d) Sm, (e) Gd, () Tb, (g) Dy,
and (h) Ho LnO, 5 specimens, i.e., within
the previously labeled C,, or cubic fluorite-
type, solid solution field (/4) (Such small
condensor aperture CBPs tend to show up
the existence of weak diffuse intensity dis-
tributions better than the corresponding se-
lected area diffraction patterns). The Pr C,
specimen, however, shows quite sharp Gy
+ ${111}* type satellite reflections in addi-
tion to the fluorite-type average structure
reflections as well as weak diffuse streaking
along the {l111}* directions of reciprocal
space. The Nd specimen similarly shows
quite sharp (although not as sharp as for the
Pr C, specimen) Gy = ${111}* type satellite
reflections as well as the beginnings of a
characteristic honeycombed diffuse inten-
sity distribution which develops ever more
strongly through the Sm, Gd, Tb, Dy, and
Ho specimens. (In the case of the Nd speci-
mens quenched from within the diphasic re-
gions (cubic, + T and cubic, + P)
bounding the cubic solid region (the 15 and
35 mole% specimens), some variability in
the C, diffraction patterns obtained was ob-
served. Usually the {110y CBP shown in Fig.
4c was obtained but occasionally that shown
in Fig. 4b was found. When quenched from
within the cubicg solid solution field, how-
ever, the CBP shown in Fig. 4c was always

F1G. 5. Small condensor aperture (110) zone axis CBPs for the 50 mole% (a) Pr, (b) Sm, (c) Gd, (e) Tb,
(g) Dy, and (h) Ho LnO, s in ZrO, specimens. The SADPs corresponding to the Gd and Tb specimens
are shown in (d) and (f), respectively. In each case the strongest reflections correspond to the underlying
fluorite-related average structure. The first strong reflection in the horizontal direction is the {002}* and
the first strong reflection in the vertical direction is the {220}*.
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obtained.) The Pr and Nd C,; specimens
would therefore appear to be pyrochlore-,
rather than fluorite-, related. Note, how-
ever, that the expected Gg = {001}* satellite
reflections of the pyrochlore structure type
are very weak if not totally absent. This
situation is very reminiscent of what was
found in the so-called F-type solid solution
region of the CeO,-Y,0; system, i.e., the
Gy * }{220}* satellite reflections character-
istic of the C-type solid solution region were
found but the Gg + {001}* satellite reflec-
tions also characteristic of the C-type solid
region appeared to be absent. The Sm speci-
men shows diffuse blobs in the same regions
of reciprocal space (i.e., at Gg = 3{111}*)
as well as a more developed characteristic
honeycomb diffuse intensity distribution
which develops ever more strongly through
the Gd, Tb, Dy, and Ho specimens. In these
latter specimens, the only Bragg reflections
observed correspond to the underlying flu-
orite-related average structure and, hence,
the phases could be labeled cubic fluorite-
like, or F-type, although it is unclear, given
the more-or-less smooth variation in diffrac-
tion patterns observed in moving from the Pr
to the Ho specimen, whether such labeling
schemes (based solely upon the observed
sharp Bragg reflections) are very useful.
In any event, the anion vacancies and pre-
sumably also the metal atoms are not ran-
domly distributed, otherwise the diffuse in-
tensity distribution would not have the char-
acteristic honeycomb pattern experimen-
tally observed. Note the similarity of
this diffuse intensity distribution to that

recently reported for ~33 mole% YO,
in ZrO, (10).

3.2.2 {110y Zone Axis Diffraction Patterns
Characteristic of 50 mole% LnO,

Figure 5 shows corresponding small con-
densor aperture (110) zone axis CBPs for
the 50 mole% (a) Pr, (b) Sm, (c) Gd, (e) Tb,
(g) Dy and (h) Ho LnO, s specimens. The Pr,
Nd, and Sm specimens are all within their
pyrochlore solid solution fields and show
the characteristically sharp Gg = ${111}* and
Gg = {001}* type satellite reflections. Com-
parison with the 25 mole% Pr and Nd C,
(110) zone axis CBPs (see Figs. 4a and 4c¢)
shows the partial nature of the pyrochlore
type ordering of the latter specimens. The
Gd and Tb CBPs show diffuse blobs, rather
than sharp satellite reflections, in the vicin-
ity of the Gy + #{111}* regions of reciprocal
space. Furthermore, intensity has disap-
peared altogether from the G = {001}* re-
gions of reciprocal space. The correspond-
ing selected area diffraction pattern (SADP)
for the Gd specimen (d) shows the presence
of localized diffuse streaking perpendicular
to the {111}* directions of reciprocal space
(but running through the G = #{111}* posi-
tions). In the case of the Tb specimen (f) the
corresponding SADP shows that the diffuse
streaking present in the CBP is due to two
apparently sharp satellite reflections on ei-
ther side of the Gy = ¥{111}* positions of
reciprocal space. Detailed tilting experi-
ments, however, show that these are not
incommensurate satellite reflections but
rather constitute part of a circle of diffuse

Fic. 6. Corresponding small condensor aperture (110) zone axis CBPs for the 65 mole% (c) Sm, (d)
Gd, (e) Tb, (f) Dy, and (g) Ho LnO, 5 in ZrO, specimens. The 65 mole% NdO, s specimen was in the
two phase pyrochlore plus cubicg region. The (110) zone axis CBP characteristic of the ~55 mole%
Nd pyrochlore solid solution field is shown in (a) while that characteristic of the ~70 mole% Nd cubic
specimen is shown in (b). In each case the strongest reflections correspond to the underlying fluorite-
related average structure. The first strong reflection in the horizontal direction is the {002}* and the
first strong reflection in the vertical direction is the {220}*.
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intensity. In the case of the Dy specimen,
the localized diffuse blobs in the vicinity of
the Gy = #{111}* regions of reciprocal space
have blurred out into a more continuous
square wave type of diffuse intensity distri-
bution running very roughly along the {001}*
directions of reciprocal space. This continu-
ous distribution runs through both the Gg
+ #{111}* and the Gy = {220}* regions of
reciprocal space. Finally, in the case of the
Ho specimen, the diffuse distribution now
appears to be more localized in the vicinity
of the Gg = {220}* rather than the Gg +
3{111}* region of reciprocal space. Thus, at
least as far as the diffuse intensity distribu-
tions are concerned, there would appear to
be a more or less smooth transition from
pyrochlore-related to C-type-related as a
function of the lanthanide for the 50 mole%
LnO, ; specimens. Figure 1b shows the cu-
bic fluorite cell edge for each of these 50
mole% LnO, s specimens as a function of
the ionic radius of the lanthanide with a sur-
prisingly linear relationship.

3.2.3 {110) Zone Axis Diffraction Patterns
Characteristic of 65 mole% LnO, s

Figure 6 shows the corresponding small
condensor aperture (110) zone axis CBPs
for the 65 mole% LnO, s specimens, i.e.,
generally within the previously labeled C,
or C-type cubic solid solution field (4). The
65 mole% NdO, s specimen was in the two-
phase pyrochlore plus cubic  region. Thus
the (110) zone axis CBP characteristic of the
Nd pyrochlore solid solution field is also
shown (Fig. 6a). The Nd cubic,, specimen
(b) shows a very strong and characteristic
diffuse distribution running approximately
along the {001}* directions of reciprocal
space and almost taking the form of a square
wave. It is very similar to the square wave
type of diffuse distribution observed for the
50 mole% Dy specimen (see Fig. 5g). The
intensity in the diffuse distribution appears
to be fairly evenly distributed and again runs
through both the Gg = 3{111}* and the Gg =

WITHERS, THOMPSON, AND BARLOW

1{220}* positions of reciprocal space. Thus
there is certainly no reason for this phase
to be labelled C-type. The Sm specimen (c)
shows a diffuse distribution in which inten-
sity appears to have concentrated into dif-
fuse blobs in the region of the Gy = 3{111}*
positions of reciprocal space, i.e., more py-
rochlore-related. Indeed the 65 mole% Sm
CBP closely resembles the Pr and Nd C,
CBPs (see Figs. 4a and 4c; there would ap-
pear to be a halo of such a pyrochlore-re-
lated phase surrounding the cubic-P phase
boundary in the quasiphase diagram of Fig.
3). The diffuse blobs at G = #{111}* have
blurred back into a square wave type of dis-
tribution for the Gd specimen (d). In the
case of the Tb specimen (e) diffuse blobs in
the vicinity of the Gy = 1{220}* positions
of reciprocal space (characteristic of the C-
type structure) have become noticeable al-
though a diffuse distribution is still strongly
visible. The diffuse blobs at Gy = 1{220}*
have sharpened considerably in the Dy
specimen (f) while the shape of the accom-
panying diffuse distribution has changed sig-
nificantly to a more sinusoidal shape. The
Ho specimen was in the diphasic region sep-
arating the cubic and C-type solid solution
fields (previously reported as the cubic flu-
orite (Ho F-type) and C-type (Ho C-type)
solid solution fields). The diffuse distribu-
tion in the Ho cubic,, CBP (g) has now virtu-
ally disappeared and we are left with sharp
satellite reflections at the Gy = (3 + 8){220}*
positions of reciprocal space. Notice that &
# 0, i.e., it is incommensurately modulated
(the same phenomenon was reported for 57
mole% YO, s in ZrO, (10)). Notice also the
total absence of second harmonic Gg *
{001}* type satellite reflections. Thus, as for
the analogous transition in the CeO,-Y,0,
system (/9), the two-phase region can be put
down to the sudden onset of compositional
and/or displacive modulation associated
with the second harmonic q = {001}* modu-
lations. Finally, the Ho C-type CBP (h) is
characteristic of the C-type structure exhib-
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Fi1G. 7. The (111) zone axis CBPs characteristic of the Nd pyrochlore phase (a), the 25 mole% Pr *‘C,”’
phase (b), the end member Ho-rich cubic phase (c), the end member Ho-poor, or C-type, phase (d),
the 25 mole% Ho cubic phase (e), and the Nd specimen corresponding to Fig. 4b, (f). In each case
the strongest reflections correspond to the underlying fluorite-related average structure. The first strong
reflection in the horizontal direction is the {220}*.
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Fic. 8. The (001) zone axis CBPs characteristic of the Nd pyrochlore phase (a), the 65 mole% Sm
cubic,, phase (b), the 65 mole% Dy cubic,, phase (c), the 75 mole% Gd C-type phase (d), the 25 mole%
Dy cubic, phase (e), and the Nd specimen corresponding to Fig. 4b, (f). In general, there is always very
little diffuse scattering observed at {001) zone axes. In each case the strongest reflections correspond to
the underlying fluorite-related average structure. The first strong reflection in the horizontal direction
is the {2, —2,0}* and the first strong reflection in the vertical direction is the {220}*.
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FiG. 9. The (110) zone axis SADPs of (a) the 65 mole% Nd cubic,,, (b) the 65 mole% Dy cubic,, (c)
the 65 mole% Ho cubic, (d) the 65 mole% Ho C-type, (e) the 25 mole% Pr cubic,, and (f) the 25
mole% Ho cubic, specimens. In each case the strongest reflections correspond to the underlying
fluorite-related average structure. The first strong refiection in the horizontal direction is the {002}* and
the first strong refiection in the vertical direction is the {220}*.
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iting both the Gy = 1{220}* and the Gy =
{001}* type satellite reflections. Figure 1c
shows the corresponding cubic fluorite cell
edge for each of these 65 mole% LnO,
specimens as a function of the ionic radius
of the lanthanide. For the Ho specimen, the
larger cell parameter corresponds to the
C-type structure while the lower cell param-
eter corresponds to the cubic structure
while for the Nd specimen the larger cell
parameter corresponds to the cubic struc-
ture and the lower to the pyrochlore-type
structure. In both cases the dotted line is
drawn through the point corresponding to
the weighted mean cell average (based on
the observed relative intensities of equiva-
lent reflections for the two phases present).

3.2.4 Other
Patterns

Zone Axis Diffraction
Figure 7 shows (111) zone axis CBPs char-
acteristic of the Nd pyrochlore phase (Fig.
7a), the 25 mole% Pr C, phase (Fig. 7b), the
end member Ho-rich cubic phase (Fig. 7c),
the end member Ho-poor, or C-type, phase
(Fig. 7d), the 25 mole% Ho cubic,, phase
(Fig. 7e) and the Nd specimen correspond-
ing to Fig. 4b (Fig. 7f). Comparison of Fig.
7a with Fig. 7b confirms that the nature of
the ordering in the Pr and Nd C, specimens,
while pyrochlore-related, is by no means the
same as that in pyrochlore itself. Similarly,
comparison of Fig. 7c¢ with Fig. 7d confirms
that there is a sudden sharp increase in the
relative intensity of the Gy = {001}* satellite
reflections relative to the Gy + 4{220}* satel-
lite reflections across the Ho cubic,, + C
diphasic solid solution region just as occurs
in the closely related CeO,-Y,0; system.
Figure 8 shows (001) zone axis CBPs
characteristic of the Nd pyrochlore phase
(Fig. 8a), the 65 mole% Sm cubic,, phase
(Fig. 8b), the 65 mole% Dy cubic, phase
(Fig. 8c), the 75 mole% Gd C-type phase
(Fig. 8d), the 25 mole% Dy cubic,, phase
(Fig. 8e), and the Nd specimen correspond-
ing to Fig. 4b (Fig. 8f). In general, there is
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always very little diffuse scattering ob-
served at (001) zone axes. Note the clear
difference between pyrochlore and C-type
(001) zone axis diffraction patterns.

Good quality SADPs, if sufficiently in-
tense, give a better indication of the sharp-
ness of satellite reflections or diffuse inten-
sity distributions than the corresponding
CBPs. Thus Fig. 9 shows (110) zone axis
SADPs of the (a) 65 mole% Nd cubic,, (b)
the 65 mole% Dy cubic,,, (c) the 65 mole%
Ho cubic,,, (d) the 65 mole% Ho C-type, (e)
the 25 mole% Pr cubic,, and (f) the 25
mole% Ho cubic specimens. Note the very
characteristic diffuse intensity distributions
of the 65 mole% Nd cubic, and the 25
mole% Ho cubic, specimens as well as the
extremely sharp (and hence long range or-
dered) satellite reflections belonging to the
65 mole% Dy cubic,,, the 65 mole% Ho cu-
bic,,, the 65 mole% Ho C-type, and the 25
mole% Pr cubic,, specimens, respectively.

The pyrochlore solid solution field was
found to extend from 38 to 55 mole% NdO,
in ZrO, when quenched rapidly (in water)
from 1600°C, which is a rather wider range
of existence than that reported by Rouanet
(14). However, slower cooling rates saw the
rapid unmixing of the NdO,s-poor end
member due to the narrowing of the solid-
solution field with decreasing temperature.
This interpretation was fully consistent with
XRD data. No obvious differences, how-
ever, could be observed in diffraction pat-
terns from specimens across this solid solu-
tion field.

4. Conclusions

An immediate consequence of a detailed
electron diffraction study of the cubic, fluo-
rite-related  solid solution fields in
ZrO,~Ln,0, systems is the realization that
labels such as F-type (or C,), C-type (or
C,), or pyrochlore as traditionally used are
rather inappropriate and unhelpful when at-
tempting to describe structural variations
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across and between such solid solution
fields. For example, it is clearly inappropri-
ate to label the 25 mole% PrO, s in ZrO,
specimen as cubic fluorite-like (see Fig. 4a).
The existence of sharp Gg = #{111}* satellite
reflections indicates a partial pyrochlore-
type ordering. Whether this partial ordering
involves the metal atoms, the oxygen vacan-
cies, or both, however, will remain unclear
unless a single-crystal X-ray structure re-
finement is carried out at this composition.
Similarly it is inappropriate to label the re-
ported Ho F-type solid solution field as cu-
bic fluorite-like (see Fig. 6g). The existence
of sharp Gg = (§ + 8){220}* satellite reflec-
tions indicates a close resemblance to the
ideal C-type structure. In this case, how-
ever, we now have a good idea of the nature
of the structural difference between the two
solid solution fields (/9) although confirma-
tion would again require a single crystal X-
ray diffraction study on either side of the
observed two-phase region. For neither of
the above examples, however, has the
growth of single crystals been reported to
date.

Clearly it is possible for there to be a much
more gradual transition between apparently
distinct structural types as a function of
composition than was previously thought to
be the case. While the variety of observed
diffuse intensity distributions do not of
themselves provide immediate answers to
the nature of the oxygen vacancy clustering,
metal atom ordering, etc., responsible, they
do provide a crucial constraint on any pro-
posed models for such real space modula-
tion. The existence of such a rich variety of
composition-dependent diffraction effects
shows clearly that much still remains to be
understood about ZrO,-Ln,0; systems.
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