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Crystallographic shear (CS) phases occurring in the Nb;Os—-WO; and Ta,0;—WO; systems near to
WO, were characterized by X-ray diffraction and high-resolution transmission electron microscopy.
The Nb,O;-WO, samples were heated at 1600K. They contained ordered {104} and {001} CS planes
and wavy CS which were composed of intergrowths of {104} and {001} CS segments. The composition

range over which the {104} CS series extended

was from (Nb,W)Oges i.€., (Nb,W)gOygs, to

(Nb,W)O, 44, i.€., (Nb,W)530,53. The composition range over which the {001} CS series extended was
from (Nb,W)O; gars, i.€., (Nb,W)ys04; to (Nb,W)Ogars, i.€., (Nb,W)30y. The Ta,O5~WO; samples
were prepared at 1593, 1623, and 1672K. At lower temperatures ordered {103} CS phases were found,
with a composition range extending between (Ta,W)O; gq9, i.€., (Ta,W)5oO14s, t0 (Ta,W)Oy 4, i.e.,
(Ta,W)360106. At 1673K ordered {103} CS phases occurred, as did wavy CS composed of intergrowths

of {103} and {104} CS segments.

Introduction

When tungsten trioxide is reacted with
either Nb,O; or Ta,O; a number of interest-
ing compounds are formed. At low temper-
atures the phase region near to WO, is of
the tetragonal tungsten bronze (7TB) type
and contains pentagonal column (PC) units
as the major structural motif. At higher
temperatures crystallographic shear (CS)
phases are found. In order to try to under-
stand the factors that determine which of
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these two structure types are formed we
investigated the structures formed in both
of these systems at a number of tempera-
tures. In a previous report, the phase rela-
tions for the Nb-W-0O and Ta-W-0O sys-
tems at about 1373K were described (/). At
this temperature it was found that the low-
ering of the oxygen-to-metal ratio was
achieved by interpolation of PCs into the
WO; matrix. These were often disordered,
especially for compositions close to WO;.
CS phases, when present, were found only
for compositions close to the W-O line of
the phase diagram and were not believed to
contain appreciable amounts of either tan-
talum or niobium.
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This is in contrast to the situation re-
ported at higher temperatures. For exam-
ple, a detailed study of the Nb,O;—WO,
system by Roth and Waring (2) using X-ray
methods indicated the existence of a CS-
phase region lying between 91 to 94 mole%
WO, at temperatures above about 1548K.
Electron microscope studies on these CS
phases have given a more detailed picture
of the microstructures which are produced
than X-ray methods permit. Allpress (3) in-
vestigated preparations in the system con-
taining between 3 and 9 mole% Nb,O; and
found two series of CS phases. At higher
niobium concentrations the CS planes lie
parallel to {001} and at somewhat lower
niobium concentrations, parallel to {104}.
In addition some {102} CS planes were
found at the lowest niobium concentra-
tions. Bursill and Hyde (4) studied a similar
phase region in the Nb,O;—WQO; system
and confirmed these results. They also
found evidence for the existence of {105}
CS planes.

There is less information available for the
Ta,0;—-WO;3; CS region. Magnéli and co-
workers (5, 6) in some powder X-ray dif-
fraction studies identified a CS phase of
composition Ta,W3;0,,; with CS planes
parallel to {103}. The only electron micro-
scope study reported to date is that of Bur-
sill and Hyde (4), who briefly examined
some Ta,0;-WQO; samples which were
close in composition to WQOj; and found only
{103} CS phases. In addition, a small
amount of additional material on CS in the
Nb,Os—WO0O; and Ta,05;-WO; systems, and
comparisons with CS in WO;_,, will be
found in recent reviews by Ekstrom and
Tilley (7) and Tilley (8).

These earlier studies, although not de-
tailed enough to provide a perfect picture of
these systems, show that in the composi-
tion region close to WO; the Ta,0;—-WO;
system behaves differently to the Nb,O,-
WO; system at higher temperatures. How-
ever, no careful study utilizing high-resolu-

tion electron microscopy exists of these
two systems and the limits of the CS re-
gions are not known with any degree of pre-
cision. The present paper begins to fill this
gap by reporting the results of a study of
both the Nb,O5—WO; and the Ta;O;—WO;
systems for the composition region near to
WO;. The results are compared with those
found at lower temperatures (/) and dis-
cussed in terms of the known crystal chem-
istry of CS and related structures.

Experimental

The starting materials for the Nb,O;—
WO, samples were Nb,Os and WO; (John-
son Matthey, specpure grade). Appropriate
weighed mixtures of Nb,O; and WO, were
sealed in platinum tubes without grinding or
premixing and these were sealed in evacu-
ated silica ampoules. This specimen prepa-
ration technique assured chemical inhomo-
geneity and avoided an approach to true
equilibrium. They were then heated for be-
tween 40 hr and 20 days at 1600K. Follow-
ing heat treatment the samples were re-
moved from the furnace and allowed to
cool in air.

For Ta,0;—WO; specimens the starting
materials were Ta,O; and WO; (Johnson
Matthey, specpure grade). Appropriate
amounts of these chemicals were weighed
and mixed by grinding under methanol
(Analar grade) in an agate mortar. The re-
sulting slurry was dried at 50°C and then
sealed into platinum tubes, which were
heated at 1623 or 1673K for 5 days. After
heating, the tubes were quenched by drop-
ping them into liquid nitrogen. A further se-
ries of Ta,05;-WO, samples, for X-ray anal-
ysis, were prepared by heating mixtures of
Ta, 05 and WO, for 11 days at 1593K. This
specimen preparation technique was used
here in an attempt to approach equilibrium.

The samples were examined by optical
microscopy under polarized light using a
Zeiss Ultraphot microscope, and by elec-
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tron microscopy using a JEM 100B electron
microscope fitted with a goniometer stage
and operated at 100 kV. The electron micro-
scope specimens were prepared by grinding
the material in an agate mortar under n-bu-
tanol and allowing a drop of the resultant
suspension to dry on a perforated carbon
support film. High-resolution micrographs
were taken of thin edges of suitably ori-
ented fragments which projected over holes
in the support film. All samples were inves-
tigated by recording their X-ray powder
patterns at room temperature in a Guinier—
Higg focusing camera using CuKe, radia-
tion and KCl (¢ = 0.6293 nm) as an internal
standard. In addition, a few selected sam-
ples were chosen for careful diffractometry
measurement. In the latter case the spectra
were recorded in a step scan mode (0.01° in
20 per step) using Cu radiation.

Some samples were analyzed by X-ray
emission analysis using a JEOL JSM 35
scanning electron microscope or an ISI Su-
per IIIA scanning electron microscope fit-
ted with X-ray analysis equipment.

Results

The Nb,O3;-WOg3 System

Optical examination of the samples after
firing showed considerable variation in
crystal habit in all preparations, suggesting
that equilibrium had not been reached, even
after 20 days heating. This was subse-
quently confirmed by the electron micro-
scope results reported below. The prepara-
tions were found to consist of rather
chunky columnar crystals of a green or
lemon yellow color and very fine pale yel-
low to white needles in the form of a tan-
gled wool. These two crystal habits were
frequently separated in the preparation
tubes, but sometimes columnar crystals
could be found with the woolly material or
vice versa. Careful optical examination al-
lowed these two broad types of crystals to

be further subdivided but detailed optical
classification was not carried out.

Electron microscopy revealed that the
columnar or chunky crystals were CS
phases and no significant difference in the
microstructures of the more green or more
yellow crystals was detected. The very fine
wool-like needle compacts proved to be
TTB phases, a result confirmed by X-ray
powder diffraction. The structures found
are listed in Table 1 and summarized in Fig.
1. Some features of the results are dis-
cussed in the sections which follow.

{001} CS Phases

Examination by electron microscopy re-
vealed that the most commonly occurring
CS structure found was the {001} type,
which was present in all but one of
our preparations. Electron micrographs
showed that these materials were generally
well ordered, as shown in Fig. 2, but images
obtained at high resolution sometimes re-
vealed small irregularities in the spacing of
CS planes. No changes were observed in
the degree of ordering of the CS planes
when samples heated for only 40 hr were
compared to those heated for 10 or 20 days.

In order to analyze the distribution of CS
plane spacings in the samples, about 60
crystal fragments were aligned and their dif-
fraction patterns were recorded for each
composition prepared. The diffraction pat-
terns from such materials, a typical exam-
ple of which is shown in Fig. 2b, consist of a
set of intense WO, subcell reflections sepa-
rated by superlattice spots. These can be
used to calculate the value of # in the series

2Nby 05 7WO, Wavy CS WO,
—— i — ——————— E ]
TTB {001} CS {104ics  {102iCS
T T T T ]
2-80 290 300
Nb,OgWO; O/M-ratio

F1G. 1. Schematic illustration of structures found in
the tungsten trioxide-rich part of the Nb,O;—~WO; sys-
tem at 1600K.



CRYSTALLOGRAPHIC SHEAR 63

FIG. 2. (a) Electron micrograph of a crystal fragment
of a well-ordered {001} CS phase from a sample of
overall composition INb;Oy: 8WO;. Note that the CS
plane images lose sharpness as the crystal thickness
increases, away from the crystal edge. (b) Diffraction
pattern from the crystal, showing an intense square
array of subcell spots, corresponding to the WOj-like
matrix, and superlattice spots, along {001], indicative
of the CS plane spacing.

formula (Nb,W),0;,_,, which describes
these oxides, following the analysis of Bur-
sill and Hyde (4). These surveys showed
that there were no significant changes in the
distribution of n values in samples heated
for 40 hr compared to those heated for 10 or
20 days. In Figs. 3a and b we show the
distribution of n values for the samples
of overall compositions (Nb,W)0O,,, and
(Nb,W)O, 4,5 Which contain the accumula-
tion of all of the data for each of the compo-
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FiG. 3. Histograms showing the occurrence of crys-
tal fragments with a given value of » in the formula
(Nb,W),O3.-1, for {001} CS structures in samples of
overall composition (a) (Nb,W)O. and (b) (Nb,
W)O3.925-

sitions. Thus Fig. 3a contains the total data
for the two (Nb,W)O, 4 samples heated for
40 hr and 10 days at 1600K, while Fig. 3b
contains the total data for the three
(Nb,W)O, 455 samples heated for 40 hr, 10
days, and 20 days. The figures indicate that
there is no strong preference for one n value
compared to another in our preparations,
although it must be noted that » values of
8, 9, and 16 were only rarely encountered
in this study. From this data we can
conclude that the maximum phase range
of the {001} CS structures at tempera-
tures close to 1600K is from (Nb,W)O, g375
to (Nb,W)O,4.5, i.e., (Nb,W),0, to
(Nb,W)0,;.

The electron microscope results are sub-
stantiated by the powder X-ray diffraction
results. In samples of gross composition
(Nb,W)O, 4y usually only {001} CS struc-
tures were identified, although occasionally
very weak diffraction lines of the TTB struc-
ture 2Nb,0O;: 7TWO; were seen. The lower
phase limit of the {001} CS structure field
would be about or just lower than
(Nb,W)O, g. Similarly the X-ray diffraction
analysis of (Nb,W)O,g.; shows the major
crystal component to be the {001} CS type.
A precise upper phase limit of the {001} CS
field is not easily established by the use of
X-ray diffraction because of the similarity
of the different CS structures, and the fact
that disordered structures such as “‘wavy
CS”’ will not produce very distinct X-ray
diffraction patterns. However, the general
appearance of an {001} CS pattern can usu-
ally be distinguished from other CS types,
and from an X-ray point of view it proved
reasonable to assign the {001} CS field the
extension MO, 4,—MO, 4, although index-
ing of such patterns presents considerable
difficulties in multiphasic or nonequilibrium
samples (9, 10).

{104} CS Phases

Well-ordered arrays of {104} CS planes
were found in the (Nb,W)O,4: and
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(Nb,W)O, o5 preparations, but not in those
of (Nb,W)2_85 or (Nb,W)Oz_go. As this CS
type was present in samples heated for 20
days at 1623K it is clear that these phases
do not decompose rapidly or have a tran-
sient existence. Electron micrographs of
these crystals, an example of which is
shown in Fig. 4, reveal that the spacings
between the CS planes vary and also that
the blocks of edge-sharing octahedra which
make up the CS plane vary in size, and are
not always made up of eight linked MOgq
octahedra.

Ordered {104} CS planes give rise to a
homologous series with the compositions of
the members given by the series formula
(Nb,W),,03,-3. The value of the integer n
can be determined from the diffraction pat-
terns (4), but in this case the values ob-
tained can be considered as only approxi-
mate. This is because the superlattice spots
lying along the [104] directions are closely
spaced and also extend for only a short dis-
tance to either side of the WO, sublattice
reflections, as can be seen from the diffrac-
tion pattern illustrated in Fig. 4. With this
limitation in mind, the range of n values
occurring in our preparations was found to
be from 52 to 65, which corresponds to

Fi1G. 4. (a) Electron micrograph of a crystal fragment
of a well-ordered {104} CS phase, from a sample of
overall composition 0.075 Nb,Os : 0.85WQ;. Examina-
tion of the CS planes shows that not all the blocks of
edge-sharing octahedra are identical. (b) Inset is the
diffraction pattern from the crystal, showing that the
superlattice spots only extend a short distance from
the subcell array.

No. of fragments
~

)

1

L 7~ T I - )
T

gullill

50 55 60

o -
T

nlhil

F1G. 5. Histogram showing the occurrence of crystal
fragments with a given value of n in the formula
(Nb,W),03,_3, for {104} CS structures.

composition limits of (Nb,W)O,g to
(Nb,W)O,; g54. The frequency of occurrence
of each n value is shown in the histogram in
Fig. 5, from which it is seen that values less
than 54 or greater than 60 were only rarely
encountered.

As found for the {001} CS structure field,
the X-ray powder patterns of (W,Nb)O, g5
varied somewhat from one preparation to
another. The general appearance could,
though, be distinguished from those sam-
ples lying in the {001} CS field and in this
way the X-ray powder patterns served as a
broad indication of the presence of {104}
CS structures, and confirmed the composi-
tion limits for this structure type found by
electron microscopy.

Wavy CS Structures

At low magnifications, electron micro-
scope images of crystals containing {001}
or {104} CS planes show the crystal flakes
to be crossed by one or more sets of parallel
straight lines, which are the traces of the CS
planes in the surface of the crystal frag-
ment. In the (Nb,W)O, g5 and (Nb,W)O; g05
preparations a number of crystal fragments
were found in which these lines were wavy,
as shown in Fig. 6. Similar CS surfaces
have also been observed by Allpress (3)
and Bursill and Hyde (4). In our prepara-
tions, these wavy CS structures were by no
means rare, as the data in Table 1 reveal.
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.25nm ,

FiG. 6. Typical examples of wavy CS planes from
WO3;-Nb;O; samples. (a) shows irregular CS planes in
a sample of composition 0.075Nb,0;: 0.85WO; con-
taining an intergrowth of {104} and {103} CS units,
while (b) shows a situation approaching a regular
wave-like array, in which {001} and {104} CS units
alternate, from a sample of overall composition
0.05Nb;O5: 0.9WO;.

The degree of ordering of these wavy CS
surfaces varied considerably. In some crys-
tal fragments only small areas of irregular
CS were seen between large regions of par-
allel CS arrays, while in other crystal frag-
ments areas of fairly regular waves could be
seen. Between these two extremes a wide
variety of degrees of ordering and wave-
form were noted, the full range of features
needing some dozen micrographs to illus-
trate them adequately.

At moderate and high resolution the
wavy CS surfaces were usually found to be
made up of intergrowths of segments of
{001} and {104} CS planes, as shown in
Fig. 7. The {001} segments are, as can be
seen, rather short, and could be described
in terms of blocks of {10m} CS planes,
where m is an integer lying between 4 and
infinity. The wave amplitude depends on

the relative number of {104} units com-
pared to {001} units, and it has been no-
ticed that as the composition of the sample
falls, the wave amplitude decreases. Disor-
der was also found in the {104} component
of these waves and sometimes blocks with
more or less than eight edge-sharing octahe-
dra were found corresponding to units of
{103}, {105} CS and so on.

The diffraction patterns from these crys-
tals gave little information about the micro-
structural complexity of the material. Usu-
ally diffraction patterns showed arrays of
spots along one or two {104} directions, ex-
actly as obtained from ordered {104} CS
arrays. More rarely the superlattice spots
and streaks were at a small angle to {001}
and one pattern had these lying along {105}.
Such diffraction patterns alone should not,
therefore, be taken to indicate ordered ar-
rays of CS planes with indices lying in these
directions without confirmation from the
micrographs themselves.

10 nm,

Fi1G. 7. (a) and (b). Examples of wavy CS planes,
showing the variety of units of edge-sharing octahedra
which are found in these structures. Both crystal frag-
ments were from a sample of overall composition
0.05Nb,05: 0.9WO;.
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{102} CS Planes

Crystal fragments containing disordered
{102} CS planes similar in appearance to
those found in slightly reduced WO; were
found in all preparations made, which un-
derlies the basic lack of equilibrium
achieved in these samples, even when heat-
ing times of 20 days at 1600K were em-
ployed. The spacings between CS planes
ranged from about 1.4 to about 29 nm, but
ordered arrays were never encountered. As
the appearance of these fragments is identi-
cal with those illustrated before for reduced
WO; (8), we will not include micrographs
here.

Powder X-ray diffraction does not di-
rectly reveal the presence of such irregu-
larly spaced {102} CS planes. However,
the presence of low concentrations of such
CS planes seems to be able to stabilize the
high-temperature orthorhombic form of
WO; to room temperature (/, 9) and we
found this to be a valuable diagnostic test
for the presence of {102} CS planes which
usually produce no other X-ray evidence.
In the present studies, the X-ray diffraction
patterns of the WO, component of our prep-
arations always revealed that both the
monoclinic and orthorhombic forms of this
oxide were present, although only the
orthorhombic form was reported in similar
compositions by Roth and Waring (2) in
their studies. We therefore take it that a low
concentration of {102} CS planes exists in
the WO; found in our preparations, even in
samples not checked by electron micros-

copy.

The Ta,05-W0O; System

Optical microscopy revealed that the
samples contained two broad types of crys-
tal habit, one being needle-like, and one
rather chunky. Needle-like crystals were of
pale green, yellow, or blue color, while the
chunky crystals were darker yellow or
green. A combination of electron micros-

copy and X-ray analysis showed that the
needle-like crystals in most cases contained
TTB-type phases, and that the chunky crys-
tals contained CS phases. The CS-phase re-
gion found was dominated by {103} CS
structures, with small amounts of {102} CS,
and at 1673K, {104} CS. The details of the
structures found are contained in Table 2.
The individual CS types found are reported
in more detail below and the composition
ranges over which they occur are illustrated
schematically in Fig. 8.

{103} CS Phases

In samples prepared at 1623K crystals
containing {103} CS phases were found in
large numbers in the MO,4s preparation,
and to a much lesser extent in the MO, 4,
preparation. The same was true of prepara-
tions heated at 1673K. Diffraction patterns
obtained from fragments containing {103}
CS phases reflected various degrees of or-
der; some showing streaking along {103} di-
rections while others revealed continuous
rows of superlattice spots between the
WO;-type sublattice spots. In most cases
the superlattice spots extended only short
distances from sublattice spots, so that the
exact spacings could only be estimated.
The values for z in the series formula (Ta,
W),,0,,-, obtained from fairly well or-
dered {103} CS phases in the MO, g5 sam-
ple, using the method of Bursill and Hyde
(4), varied between 43 and 50, as seen in
Fig. 9a, and between 44 and 48 in the

2Ta,05 7WO3 WO,
—— ——_—— - — —
B fio3jcs  {102}CS
1 T T T 1
280 2-90 300

Tay05-WO43 O/M-ratio

Fi1G. 8. Schematic illustration of structures found in
the tungsten trioxide-rich part of the Ta,05~WO; sys-
tem at 1623K. At 1673K we also find the W,,04, struc-
ture type (MO, ) and {104} CS appearing in the com-
position region between the {103} CS phases and
2Ta,05: TWO,, but the data is, as yet, insufficient to
plot on the figure.
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No.of fragments
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F1G. 9. Histograms showing the occurrence of crys-
tal fragments with a given value of n in the formula
(Ta,W),03,—2, for {103} CS structures in samples of
overall composition (a) (Ta,W)O,es and (b) (Ta,
W)O:.475.

MO, 475 sample, as shown on Fig. 9b. Too
few well-ordered crystals were found in the
other preparations to allow a histogram to
be drawn, but we can record that in the
(Ta,W)O, 4o sample heated at 1623K, the n
values of the three well-ordered fragments
examined were 36, 37, and 38. This yields
an overall range of n of 36 to 50 correspond-
ing to a composition range of (Ta,W)Os .44
to (Ta,W)O, g for the {103} CS phases. The
small number of fairly well ordered frag-
ments examined from the samples heated at
1673K all fell within this range and were in
no way exceptional.

High-resolution electron microscope lat-
tice images of {103} CS phases from sam-
ples prepared at 1623K revealed that the
{103} CS planes were generally straight and
formed relatively well-ordered arrays.
Apart from the fact that the spacing be-
tween the CS planes was wider than in the

binary tungsten oxides, the microstructures
of the {103} CS regions seemed very simi-
lar. As such microstructures have been well
illustrated in the past (8), they will not be
described further here. In addition to the
CS arrays, in samples with compositions
fairly close to WQ,, isolated {103} CS
planes, or small groups of such features,
were observed. As these faults do not occur
in the binary W-O system, similar exam-
ples are shown in Fig. 10.
" Lattice images of {103} CS phases from
samples prepared at 1673K showed a
slightly different distribution of microstruc-
tures, in which ordered arrays of straight
{103} CS planes were less frequently en-
countered and fragments containing iso-
lated and small groups of CS planes lying on
several sets of {103} CS planes were quite
common. Typical examples of this sort of
microstructure are shown in Fig. 10.

The X-ray results were in accord with

Fic. 10. Electron micrographs showing isolated
{103} CS planes with microstructures similar to that
shown by crystals containing a low density of {102}
CS planes. In (a) the separation between the CS planes
in each group is about 0.5 nm and between the groups
A and B it is about 2.2 nm. In (b) the separation be-
tween the CS planes at C and D is about 2.0 nm.
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Fi1G. 11. Electron micrograph of a group of isolated
{104} CS planes in a sample of overall composition
(Ta,W)O,4. The CS planes also sometimes contain
blocks of six edge-sharing octahedra characteristic of
{103} CS planes.

these observations, and confirmed the nar-
row extension of the {103} CS structure
field. For example, the (Ta,W)O, 4,5 sample
gave an X-ray powder pattern showing
weak lines from a 77B structure as well as
{103} CS lines, while the (Ta, W), g5 sam-
ples showed faint WQ; lines in addition to
the {103} CS lines.

{104} CS Phases

In samples prepared at lower tempera-
tures there was no evidence at all to suggest
that {104} CS planes could form in this sys-
tem. However, in preparations above
1623K the situation changed, and in sam-
ples heated at 1673K with compositions of
(Ta,W)O; 90 and (Ta,W)O, g5 a few crystals
which contained {104} CS planes were
found. One fragment contained a well-
ordered array of {104} CS planes. The com-
position of the flake, calculated from the
diffraction pattern, was close to (Ta,
W)esO192, 1.€., (Ta,W)Oyz4s,. Some frag-
ments with well-separated {104} CS planes
were also found as shown in Fig. 11. We
should note here that although {104} CS
planes are well known in the niobium-tung-
sten oxides they have not been reported in
the tantalum-tungsten oxide system be-
fore. Some effort was therefore put into
checking the purity of the crystals and in
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particular they were analyzed for niobium,
but always with negative results.

Wavy CS Structures

The wavy CS structures found in the Ta,
0;-WO; system are not so pronounced as
those occurring in the Nb,O;-WO; system,
and the microstructures found seem to de-
pend upon temperature of sample prepara-
tion in quite a marked fashion. In samples
heated at 1623K only the (Ta,W)Oyq 75 prep-
aration contained crystals which included
wavy CS structures. These were found in
small numbers along with {102} CS in
largely unfaulted WO;. The wavy CS sur-
faces consisted of disordered {102} CS
planes containing small numbers of blocks
of six edge-sharing octahedra correspond-
ing to units of {103} CS planes. Diffraction
patterns obtained from fragments contain-
ing these structures showed only streaking
along {102} directions and the true micro-
structures present in the crystals could only
be deduced from high-resolution electron
micrographs.

In samples prepared at 1673K, a different
type of wavy CS structure was found.
These wavy CS structures coexisted with
fragments containing ordered arrays of
{103} CS planes at the lower end of the
phase range rather than at the upper end, as
in the structures just described. Thus the
(Ta,W)Os.925 and (Ta,W)O, 4, preparations
were found to contain, in addition to the
ordered {103} arrays reported above, the
wavy microstructures shown in Fig. 12.
These defects were found to consist of
{103} CS planes which contained blocks of
edge-sharing octahedra corresponding to
units of {104} CS planes, and more rarely
units of {102}, {105}, and {107} CS planes.
The waves were rather irregular with no de-
finable wavelengths. Diffraction patterns
obtained from such crystal fragments only
indicated that {103} CS was present, and as
with the group mentioned above, only high-
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F1G. 12. Electron micrographs of wavy CS planes in
Ta, 05— WQOj; samples heated at 1673K. In (a) regions of
CS made up of units of eight edge-shared octahedra in
mainly {103} CS planes are shown by arrows. In (b)
regions of {102} and {104} CS occur in mainly {103}
CS . This is best seen when the micrograph is viewed at
grazing incidence. Both crystal fragments were taken
from a sample of overall composition 0.1 Ta,O,
:0.8WO;.

resolution micrographs were able to reveal
the true complexity of the system.

{102} CS Planes

Crystal fragments containing disordered
{102} CS planes were found in the
(Ta,W)O. 975 and (Ta,W)O,4; preparations
heated at 1623K. The microstructures of
these fragments were similar in appearance
to those found in slightly reduced WO; and
contained isolated or small groups of up to
about six {102} CS planes in wide regions
of unfaulted WQ;. As these microstructures
have been illustrated in the past (7, 8), mi-
crographs will not be included here. X-Ray
powder diffraction analysis of samples
close to WO; in composition revealed a
mixture of the monoclinic and orthorhom-

bic WOj; phases, which also suggested that
a {102} CS structure field extended some-
what from the stoichiometric WO, oxide
I, 9).

Discussion

In the Nb,O;-WO; system the dominant
CS plane types were {104} and {001}. Al-
though some {102} CS was found this does
not occur over any appreciable composition
range, and is possibly an artifact due to the
preparation methods used. With this in
mind, then, we find that the Nb,O;— WO,
system makes use of neither {102} nor
{103} CS planes to accommodate the loss
of oxygen in the WOs-like parent structure
at 1600K. In the Ta,0;—-WO; system the
results are different than those in the
Nb,O;-WQ; system, and are far more simi-
lar to that found in the binary system. The
major CS plane type here is {103}, al-
though, once again, small amounts of {102}
CS$ are found in some crystals, and at higher
temperatures {104} CS starts to appear.

In the Nb,0;—WO; system the {104} CS
range occupies a composition range of from
(Nb,W)Og.g‘ﬂ to (Nb,W)02.954, COITeSpOIld-
ing to the oxides (Nb,W)0O50;55 to
(Nb,W)gsO192. This is in good agreement
with the resulis of Allpress (3), who re-
corded a range from # = 54 to 63, and Bur-
sill and Hyde (4), who recorded a range
from n = 56 to 63. It is clear, therefore, that
the reaction of Nb,O; and WO, in the phase
range that we are considering does not pro-
duce low densities of {104} CS planes in
WO; which gradually increase in number,
but instead we have a fairly precise upper
boundary to the {104} CS plane range,
which then coexists with WO, itself. In ef-
fect we have, at the upper composition end,
a ‘‘two-phase’’ equilibria between WQO; and
the {104} CS series. The same is true in the
Ta,05—WO; system. Here we have a ‘‘two-
phase’’ equilibria between WO, and {103}
CS phases with compositions close to
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(W, Ta)s00,4s, at least at temperatures on the
order of 1623K.

This behavior suggests that neither the
Nb nor the Ta atoms or ions are entering the
WO, structure at random, but are segregat-
ing within the CS planes, for if this did not
occur, behavior identical to that in the bi-
nary system would be expected. Allpress,
in fact, made some progress toward quanti-
tatively estimating the degree of segrega-
tion for some Nb,O;—WOQO; CS phases and
showed that the amount of Nb within the
CS planes was much higher than that occur-
ring if a random distribution of atoms held
(3). No data exists for the Ta,0;~WO; ox-
ides, but recent studies on a (Mo, W),,04,
CS oxide revealed a segregation of Mo in
the CS planes (//). The phenomenon could
well be a general one, and is of some inter-
est from a theoretical point of view. The
difficulty in investigating this lies in the dis-
ordered nature of the crystals usually pro-
duced. It may, therefore, be worth putting
some effort into careful crystal growth tech-
niques in an attempt to produce well-or-
dered phases suitable for precise structure
determination.

In both the Ta,05—WO; and Nb,O;-WO,
systems, addition of the pentavalent cation
leads to the formation of a series of CS
structures. A question of some interest is
whether all of the substoichiometry is taken
up by CS planes, or whether a ‘‘solid-solu-
tion’’ region exists in which the M"* cations
are incorporated into the WQj; structure
and balanced by some sort of point defect
counter-defects. Very few of the previous
studies use structural techniques which are
able to discriminate between the various
possibilities. Allpress (3), however, using
electron microscopy and X-ray diffraction,
which are structurally sensitive techniques,
suggested that a solid-solution region ex-
isted in the Nb,O;—WO; region for the low-
est concentrations of Nb,Os.

Our results allow us to comment upon
this problem. The answer must be couched

in experimental terms. In all of our prepara-
tions, CS phases were present. Certainly,
CS planes were not found in each crystal
flake examined, but even in preparations
very close in composition to WQO;, use of
optical microscopy for manual crystal se-
lection followed by X-ray diffraction and
electron microscopy left no doubt that each
preparation did contain some CS material.
Our results indicate that no solid-solution
range obtains in the systems studied here at
temperatures on the order of 1600-1700K
and that the change in oxygen:metal ratio
is taken up by CS§ formation.

Superficially the Nb,O;-WQ;, Ta,Os5—
WQO,, and WO; systems all behave rather
differently with respect to the CS planes
used in accommodating oxygen loss. How-
ever, this difference in behavior may not be
as pronounced as appears at first sight. The
most significant result, in this respect, is the
observation that a change in preparation
temperature of only 50°C in the Ta,05;-WO,
preparation leads to the previously unsus-
pected formation of {104} CS planes. This
observation is in agreement with a few pre-
vious results. Allpress (3), in his study of
the Nb,O,-WO, system, indicated that
{104} CS planes are preferred to {001} CS
planes as the temperature rises. Thus in a
sample of composition Nb,O;:11WO,
(MO, ;) prepared at 1552 to 1584K
only {001} CS was found, while in a sample
of the same composition heated at 1585K a
good deal of {104} CS occurred. The same
trend can be seen in his samples of compo-
sition Nb,Os: 15WO;. We can also note that
Bursill and Hyde (4) reported that {105} CS
phases could occur in the Nb,O5-WQj; sys-
tem, a fact which may also reflect variations
in preparation temperature.

In order to compare CS structures in a
meaningful way, it is now clear that phase
relations over as wide a range of tempera-
ture as possible must be obtained, and that
these temperatures must be controlled with
precision. Any reinvestigation should also
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include the binary W-O system itself. To
date, the highest temperatures at which
preparations have been made in this latter
system are close to 1473K. Experiments at
temperatures of 1673K are of some interest
and are already underway. Ideally, there-
fore, precise comparison of CS behavior in
all these systems must be postponed until
such data is available.

In a number of systems a composition
region exists over which the CS planes
change from one orientation to another. In
some of these, the Cr,0;-TiO, oxides, for
example, every composition within this
phase interval leads to an ordered array of
CS planes, the indices of which lie some-
where between the two extremes. This situ-
ation is referred to as a swinging CS plane
region. In our study this type of microstruc-
ture does not occur, at least at the tempera-
tures we employed in our preparations. In
the Nb,O;-WO; system a swinging CS
plane region could be expected to form be-
tween the {104} and {001} CS types, but
instead we get an intergrowth between the
two types. The intergrowth has remnants of
order, but this is not as significant as the
ordering which occurs in the swinging CS
phases.

There are a number of points to comment
on with respect to this region in the Nb;O5~
WO; system. The first of these concerns the
spacings of the bottom member of the {104}
series, (Nb,W);,0,53, and the upper mem-
ber of the {001} series, (Nb,W);0,;. It is a
straightforward matter to calculate the ide-
alized distance between CS planes in these
arrays, using formulae which have been
given in the past (3, 4, 8). We find that the
spacings are very close to one another. In
fact the spacing of the {104} CS planes in
(Nb,W);,0,53 corresponds exactly to the
spacing of the {001} CS planes in
(Nb,W),5044, and the spacing of the {001}
CS planes in (Nb,W),60,; to the spacing of
the {104} CS planes in (Nb,W)g0;e..
Within the experimental error associated

with determination of the phase ranges of
the CS compounds we see that the spacing
of the CS planes at the bottom of the {104}
CS range is equal to the CS spacing at the
top of the {001} CS range. It thus appears
that when the {104} CS plane set trans-
forms to the {001} set, the CS plane spacing
does not change significantly. This feature
seems to be a common one in CS systems,
where one CS type changes to another. It
may well reflect the high energy that would
be associated with the incoherent boundary
which would form between regions of dif-
fering CS spacing where they adjoined.

Another point concerns the nature of the
intergrowth itself. Although extensive re-
gions of {104} CS are sometimes found to
join to regions of {001} CS, this is not
usual, and instead some sort of wavy CS
structure is found. This is a very variable
microstructure but the wave amplitudes
and wavelengths probably vary with
niobium composition. The actual wave
structure seems to represent an attempt by
the crystals to minimize elastic strain, as
similar waves in rutile oxides have been
shown to arise in this way (/2). Unfortu-
nately the elastic constants of WO, are un-
known, and exact calculations to confirm
the elastic strain hypothesis are not possi-
ble at this time.
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