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W 304 was oxidized in air at about 500K for different intervals of time. Defects of various kinds,
related to structures of higher oxides, were observed. These were a coherent intergrowth of W,0,,,
{102}, and {103} crystallographic shear, and WOs-type structures. A new type of TTB structure was
also observed as a defect. Its formation mechanism is proposed and discussed.

Introduction

A preceding paper (/) reported observa-
tions of planar faults in as-reduced W3Oy,
and stated that the proportion of crystal
fragments with these faults did not amount
to more than 7% of the total number when
the samples had been prepared by gaseous
reduction of WO; crystals. The observed
structure of the defects suggested that they
had an oxygen-to-tungsten ratio higher than
that of the matrix. In view of the limited
information available on the accommoda-
tion of defects in W3Oy, it was considered
desirable to examine the microstructure of
W3Oy crystals that had been deliberately
oxidized and to study the accommodation
of defects in the host lattice. This would
also throw light upon the mechanism of oxi-
dation of the phase.

Experimental

W50y crystals, prepared in the way de-
scribed earlier (2), were slightly oxidized
by placing the samples in a silica tube open
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to the air at one end and keeping them at
about 500K for 1, 7, and 14 days. X-Ray
powder diffraction patterns were recorded
in a Guinier~HAgg camera, but the main
studies were made by means of high-resolu-
tion transmission electron microscopy
(HREM). The HREM technique employed
has been described previously (/).

Results

The X-ray powder diffraction patterns of
the samples before and after oxidation
showed no differences in line positions,
which is in accordance with the very lim-
ited homogeneity range reported for W3Oy
(3, 4). No extra lines, sharp or diffuse,
were observed. On the other hand, the elec-
tron diffraction patterns indicated the pres-
ence of a few fragments that had been com-
pletely transformed to higher oxides by
oxidation for 1 or 2 weeks.

Representative micrographs showing the
various defects observed in the oxidized
crystals are shown in Figs. 1 to 9. The de-
fects will be discussed in order of ascending
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FiG. 1. Micrograph of a thin WOy crystal frag-
ment. Diagonally from upper-left corner runs a (201)
defect (labeled B), on the right side of the micrograph
are two parallel (101) defects (A), and in the middle a
WO, network (C) is seen.

degree of oxidation: (i) defects observed
also in as-reduced crystals (1), (ii) defects
containing a tetragonal tungsten bronze
(TTB) -type structure, (iii) those containing
crystallographic shear (CS) structures, and
(iv) defects composed of the WOs-type
structure.

(i) (201) and (101) Defects

Planar defects along (100), (201), and
(101) planes with respect to the host lattice
were the only ones likely to affect the local
composition that were observed in as-re-
duced W30y crystals. They were rarely
present, and then mostly as single planar
faults. Their structures were interpreted
and discussed in a previous paper ().
_Samples oxidized for one day contain
(201) and (101) defects quite frequently, and
in some cases several faults have been ob-
served in the same fragment, as is illus-
trated in Figs. 1 and 2. One can note that
the (101) defects often terminate within the
W g0y crystal and are more frequent than
the (201) defects. The micrograph of Fig. 2
shows a repetitive pattern of (101) defects.
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(ii) TTB-Type Defects

A type of defect structure that is new in
the tungsten-oxygen system was com-
monly observed in crystals oxidized for [
week; it is shown in Figs. 3a and b. The
resolution in the thin part of this image is
quite good, and details of the defect struc-
ture can easily be discerned. A reasonable
model is presented in Fig. 3c. It consists of
a thin slab of TTB-type structure with one-
half of the pentagonal tunnels filled to form
pentagonal columns (PCs). It can be formed
in the regular W;gOy4 structure by splitting
PC pairs and introducing a lateral lattice
shift across the defect as shown in Fig. 4.
This model implies that along the defect the
W-W bonds across the edges of the PC
pairs have been broken, and the average
oxidation state of tungsten has increased by
introduction of the necessary extra oxygen
atoms. In accord with the micrograph (Fig.
3b), the rows of empty pentagonal tunnels
thus formed are inclined at an angle of
about 16° to (100)w 40,9, Which is the defect
plane. This defect may not be stable in the
host, however, as it is occasionally re-
placed by local areas of WOs structure. It

F1G. 2. A micrograph illustrating a repetitive pattern
of (101) defects obtained by slight oxidation for 24 hr.
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Fi6. 3. (a) A TTB-type structure as a new type of structural defect. (b) A portion of (a) at higher
magnification. (c) An interpretation of the region within the box in (b).

may thus represent a transitional stage in
the formation of a fully oxidized WO; struc-
ture.

W03 (5, 6) can be considered as inter-
growth of TTB (with half-filled tunnels) and
WO;. Extended areas of W{,034 structure

intergrown with W30z have never been
observed, and the transformation from
W,044 to W30y upon reduction proceeds
by a nucleation and growth mechanism (2).

Figure Sa shows a wedge-shaped lamel-
lae of predominantly WOQO; grown into
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FIG. 4. An illustration of a possible mechanism for
the formation of the new TTB-type structural defect in
Wi504.

W1304. This WO; region shows a multitude
of contrast features of the same type as pre-
viously reported by lijima and interpreted
as TTB-type defects (7). The defect struc-
ture enclosed in a box in Fig. 5b can be
considered as a microdomain of a homolog
of W,0s3, having wider slabs of WOs-like
structure. Another feature of interest in this
micrograph is the misplacement of one hex-
agonal tunnel at the W304~WO; border,
indicated by a thin arrow. An intuitive in-
terpretation of this part is given in Fig. 5c; it
implies that a PC-HT-PC unit (8) has
formed in twin orientation to those occur-
ring in regular WygQOy.

(iii) Crystallographic Shear (CS)
Structure

An image of a fragment from a sample
oxidized for 1 week is presented in Fig. 6. It
shows a mixture of three coherently inter-
grown structures. These are WOy, {103},
and {102} CS, as is best seen in Fig. 6b. The
micrograph seems to show a frozen-in stage
of a solid-state reaction. Three twin direc-
tions of {103} CS are observed, and the CS
planes are oriented parallel to (101), (601),
and (302) of the parent (W3O4) lattice. As
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isindicated in Fig. 6b, the {102} CS structure,
which should represent the highest degree
of oxidation, is seen to be interleaved be-
tween the lower oxides in this projection.

(iv) WOs Structure Type

Extended defects of WO, structure type
were observed in the samples oxidized for 1
and 2 weeks, but not in the samples oxi-
dized for only 1 day. A low-magnification
micrograph of a defective W3O, fragment
is shown in Fig. 7. Strips of various widths
of WO; structure are lined up paraliel to the
(100) plane of W30, and could be desig-
nated as (100)-WO; defects. The rows of
pseudohexagonal tunnels typical of W50
extend to various lengths into the WO; ar-
eas, as seen in Fig. 7. At the upper-right
corner of the micrograph a twinned part is
also revealed.

As can be seen in Fig. 8, the WO; struc-
ture can be connected in a natural and con-
tinuous way to the basic W30, structure.
An interpretation of the thin part is pro-
posed in Fig. 8b. It is likely that such slabs
of WO, structure can be incorporated in
WizO4 without causing much distortion.
However, an ordered lamellar intergrowth
of the two structure types has not been ob-
served. Instead, irreguiarly shaped areas of
WO; structure, like that shown in Fig. 9,
occur frequently.

Discussion

The purpose of this study was an investi-
gation of the ability of W30, to accommo-
date defects and analysis of the structural
changes that accompany a slight oxidation
of the phase. In all samples the unoxidized
W 304 structure remained the predominant
part, as indicated by the X-ray powder pat-
terns as well as the electron optical results.
Different structures were seen coexisting
with this parent phase, and these are likely
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FIG. 5. (a) Micrograph of a thin crystal fragment showing microdomains of W,03, homolog and WO,
structures within the W30, lattice. (b) Enlargement of the central region of (a). (c) An interpretation

of the contrast indicated by a thin arrow in (b).

to represent different stages in the course of
oxidation. Unfortunately, it is difficult to
reach a definite conclusion concerning the
reaction path from the present experi-
ments. The fragments observed in the mi-

croscope represent small pieces of the orig-
inal crystals, and it is impossible to tell
from what depth beneath the surface a par-
ticular fragment originates.

A first guess could be that the oxidation
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F1G. 6. (a,b) A micrograph of a crystal fragment containing WO, (A), {102}, and {103} CS struc-

tures (B and C, respectively).

proceeds as a reversal of the reduction. The
sequence of phases formed upon reduction
at about 1270K is WO, — {102}-CS —
{103}—CS d W12034 el W13049 (2) It is not

FiG. 7. A low-magnification electron micrograph of
a defective W3Oy crystal fragment. Stripes of WO;-
type structure of varying width and length occur paral-
lel to (100) of the host structure. A twin region (upper-
right corner of the micrograph, T) is also seen.

certain, however, that all these phases
would form at lower temperatures. At least
small areas of all the higher oxide phases
and sometimes totally transformed frag-
ments were observed in the present studies.

The defects observed can be considered
as local intergrowths of other structure
types in WgOy. In only two cases has clus-
tering of defects been observed, viz., three
(101) defects as seen in Fig. 2 and four (100)
TTB-type defects; part of the cluster is
shown in Fig. 3a. Since no further repeti-
tion was observed, these intergrowth struc-
tures are probably formed by chance and
are not thermodynamically particularly fa-
vorable.

The most probable first oxidation step of
the phase, however, is the breaking of the
Me-Me bond at the edge-shared PC pairs,
which requires extra oxygen. This process
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Fic. 8. (a) A micrograph of a crystal fragment containing a rarely observed type of WO; microdo-
main of uniform width. (b) An interpretation of the microstructure enclosed in (a).

may result in the formation of either of
three of the unrelated defect types: (i) the
(201) defect, (ii) the (101) defect, or (iii) the
(100) TTB defect. The existence of these
microstructures suggests that a slight oxi-
dation directly yields one of these alterna-
tive reaction products.

The further path cannot be traced in de-
tail, but the structural relation between the
transformed areas and the parent structure
shows that the oxidation is a coherent pro-
cess. Itis, however, easy to imagine a mech-
anism whereby the (100) TTB defect is
transformed into the (100-WO, defect, as
the micrograph of Fig. 3 suggests.

The CS structures topotactically inter-
grown with W3Oy (Fig. 6) are more diffi-
cult to explain. They could be formed either
by oxidation of (100) TTB or could result
from reduction of a domain previcusly oxi-
dized to WOs. Such reduction could occur
by the action of the electron beam and the
vacuum of the microscope. This could be
true for the {102} CS element indicated in
Fig. 6b, but the {103} CS planes are unlikely
to have been formed in the microscope.

The first diffraction pattern taken of the
fragment with a defocused beam indicated
the presence of the CS phases, and no
change in the pattern was observed by sub-
sequent irradiation even with a focused
beam. Moreover, CS planes grown by beam
heating are generally not perfectly straight,
as they contain local segments of other
types of shear structures (6, 9, 10). This is
not the case here, and another and more
probable alternative is that a local and tem-
porary re-reduction may have taken place
during the preparation heat treatment as a
secondary reaction. This could be because
the diffusion of oxygen from the surface
was hindered or slowed. It is probable that
the rather wide pseudohexagonal tunnels in
W3Oy are important for the transport of
oxygen into the structure as long as they
are available.

Further experiments are obviously re-
quired in order to give a full understanding
of this process. This study shows, how-
ever, that at low temperature the reoxida-
tion of W 304 proceeds, at least initially,
by a coherent transformation mechanism.
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FI1G. 9. (a) Electron micrograph showing a wider view of a representative fragment in which there is
regional distruction of the W3O, lattice due to slight oxidation. (b) Enlargement of the defective
region in (a) indicated by an arrow. (c) An interpretation of the enclosed region of (b).
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