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The phases occurring in the binary tungsten-oxygen system in the composition region WOI-WO1 
have been clarified by electron microscopy and powder X-ray diffraction in the temperature range from 
723 to 1373 K. There are five structure types in the binary system, besides WOJ, viz., the {102} CS 
structures, the { 103} CS structures, WuOee, W,80,8, and WO,. The {102} and {103} CS structures, and 
WZrOBB structures, were always disordered and true equilibrium was not achieved even after 5 months 
of heating at 1373 K. The lowest temperature for the formation of the CS phases was of the order of 873 
K, and the disordered W,,OBs structure formed at somewhat higher temperatures. The formation of the 
latter phase was also slower than the formation of the CS phases. The results suggest that elastic strain 
energy is of importance in controlling the microstructures found in the nonstoichiometric regions. 

Introduction 

The tungsten-oxygen system is of some 
importance technologically in view of the 
use of tungsten metal and its compounds in 
a variety of applications and because the 
metal is invariably prepared by reduction 
from oxide precursors at elevated tempera- 
tures. Because of this there have been a 
number of attempts to determine the phases 
present in the binary tungsten-oxygen sys- 
tem and the conditions under which they 
are stable. In addition, the reduction path 
and the crystal habit and size of intermedi- 
ate phases are of some interest, as in tech- 
nological processes, such as the prepara- 
tion of tungsten powders from WOs; these 
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variables can have a significant effect upon 
the quality of the final product. 
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Establishing the phase relations has not 
been easy and early studies were often con- 
tradictory. The first work to substantially 
clarify the situation was by Magnili and co- 
workers, who identified and determined the 
crystal structures of the lower oxides 
Wdh (I), WI& (3, and WOz (-9, as 
well as the fully oxidized parent WOt. 
These studies, which involved the use of 
careful and precise powder X-ray diffrac- 
tion as well as single-crystal techniques, 
were unable to throw much more light on 
the system because of the high degree of 
disorder found in most of the phases pre- 
pared by conventional techniques, although 
it was suggested that a few other oxides 
related to W,,,O, also existed (4, 5). These 
early results have been summarized on a 
phase diagram published by St. Pierre et al. 
(6) and extended by Phillips and Chang 
(7, 8). 
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More recently the structures occurring 
when W03 is reduced have been clarified 
considerably by using transmission elec- 
tron microscopy. Thus Tilley (9), Allpress 
et al. (IO), and Ijima (11) have studied very 
slightly reduced crystals of WOs and found 
them to contain disordered crystallographic 
shear (CS) planes lying on (102) planes. 
Sundberg and Tilley (22) studied crystals 
which were somewhat more reduced and 
which covered the range of compositions 
between W09 and about WOz.eo and ob- 
served both { 102) and { 103) CS planes. All- 
press and Gad6 (13), who made the first 
electron microscope study of the tungsten 
oxides, observed disorder in oxides of 
overall composition near to WOZ.,,,, and 
Sundberg (14, 15) has characterized oxides 
of composition W%O,,-, and WZJ0,9 which 
occur in this phase region. Pickering and 
Tilley (16) reported on the structures oc- 
curring in the region between WOZ.so and 
W2.,2, and reported the existence of an ox- 
ide phase of composition close to WOZ.sZ 
which may be identical to that reported ear- 
lier by Glemser ef al. (17). The structure of 
this material, WurOss, has recently been de- 
termined using electron microscopy by 
Sundberg (f8), who showed that it consists 
essentially of a WOs-like matrix containing 
pentagonal column (PC) elements. More re- 
cently Berglund and Sahle (19) have stud- 
ied the phases formed when carefully con- 
trolled oxygen pressures are used and Sahle 
and Sundberg (20) have reported the occur- 
rence of disordered PC elements in CS 
phases prepared under these controlled 
conditions. Further information on the 
phases occurring in the binary tungsten- 
oxygen system and their relationships with 
some phases in the ternary tungsten oxides 
is given in the articles by Tilley (21) and 
Ekstrijm and Tilley (22). Finally, we can 
note that Sarin (23) has made a study of the 
morphology of the crystals formed during 
the hydrogen reduction of W09. 

These studies allow a reasonable picture 

to be drawn of the structures occurring 
when WOB is reduced. Many of them are, 
though, fragmented and do not allow an 
accurate assessment of the phase ranges of 
the various structure types to be deter- 
mined, especially as heating times of hours 
or days have been used, which are usually 
too short to achieve equilibrium. This has 
meant that it has not been possible to com- 
pare the theoretical considerations of phase 
stability with precise phase analytical data, 
although the study of Berglund and Sahle 
(19) at 1270 K was made under controlled 
conditions and is therefore of some impor- 
tance in this respect. Nevertheless, there is 
still a need for information from a wider 
range of temperatures. In this paper we 
have attempted to summarize the typical 
phases formed in sealed-tube experiments 
over the temperature range between 723 
and 1373 K. We have paid particular atten- 
tion to the low-temperature region and the 
phases present after extended heating times 
of up to 5 months. These data have not 
been presented before and go some way in 
clarifying the nature of the complex series 
of nonstoichiometric phases that exist near 
to WOB in the binary tungsten-oxygen sys- 
tem. 

Experimental 

Samples with overall compositions in the 
range WOZ to W03 were prepared from 
tungsten metal turnings and WO, powder of 
“Specpure” quality supplied by Johnson 
Matthey Ltd. Appropriate weights of reac- 
tants were sealed into silica ampoules and 
heated for periods of time varying from sev- 
eral days to 5 months at temperatures in the 
range 723- 1373 K. The ampoules were usu- 
ally evacuated, but sometimes they were 
filled with about + atm of HCl to act as a 
mineralizing and transporting agent. 

After reaction, samples were examined 
optically and, where possible, crystals of 
differing habit or appearance were sepa- 
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rated manually. Most samples were studied 
by high-resolution electron microscopy. 
For this, crystals were crushed under n- 
butanol in an agate mortar. A drop of the 
resultant suspension was then allowed to 
dry on a net-like carbon film supported on a 
copper grid. Crystal fragments which pro- 
jected over holes in the net were examined 
using a JEM 1OOB electron microscope op- 
erated at 100 kV and fitted with a goniome- 
ter stage. In addition, many samples were 
studied using X-ray diffraction by recording 
their powder patterns at room temperature 
in a Guinier-Hagg focusing camera using 
CuKa, radiation and KC1 (N = 0.6292 nm) 
as an internal standard. The positions of 
lines on the films were determined visually 
or by means of an Abrahamsson automatic 
film scanner. Evaluation of the film data 
and indexing and refinement of the unit cell 
parameters were performed by computer, 
using programs written by Brandt and Nord 
(24). Finally, a few samples were studied 
by scanning electron microscopy using a 
JSM 35 microscope. 

Results 

Six different structure types were found 
in the preparations studied, viz., W03, the 
(102) CS phases, the { 103) CS phases, 
W,40,8, W180a9, and WOp. With the excep- 
tion of WZ40m, all of these phases are stable 
over the temperature range 873-1373 K in- 
vestigated in this study. This latter phase 
was not found in our preparations at 873 K, 
but we have been unable to determine 
whether this is because the material is un- 
stable at this temperature or merely be- 
cause of kinetic reasons. In practice the 
composition range between W03 and ap- 
proximately WOz.eo contains a number of 
very disordered regions, which will be dis- 
cussed below. The oxide W18O49 appeared 
to be a stoichiometric phase with no mea- 
surable composition range. There was no 
special attempt made to study the composi- 

FIG. I. Schematic representation of the phases 
occurring in the WO,-WO, region of the binary 
W-O system. Most phase regions have uncertain 
boundaries and equilibrium is not usually achieved, the 
structures being disordered. Thus region A contains 
disordered/quasi-ordered { 102) C’S phases, region B 
contains more or less well-ordered { 103} C’S phases, 
and region C contains disordered PC phases of the 
W~0.9 type. WdL on the contrary, appears to be a 
strictly stoichiometric equilibrium phase. The stoi- 
chiometry range of WO, was not studied. 

tion range over which WOZ existed, but the 
present study confirmed that no additional 
phase occurred in the composition range 
between W1s0,9 and WOZ even after very 
long heating times. The composition ranges 
over which the various structures occurred 
is shown schematically in Fig. 1. 

Samples Heated at 1373 K for up to 2 
Weeks 

Apart from Wle04, and WOZ, disorder 
was found to be severe in these prep- 
arations. Equilibrium was not readily 
achieved, and although the structures 
formed quickly, with little difference being 
found between the samples heated for 3 
days and those heated for 2 weeks, there 
was no sign of an increase in ordering over 
this time scale. Invariably after heating 
each sample was found to have separated 
into two parts, a vapor-transported fraction 
and a residue, which was often recrystal- 
lized. The ratio of the structure types 
present in the vapor-transported fraction 
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was always different from that in the resi- 
due. We cannot, therefore, talk of the equi- 
librium situation as this clearly does not 
occur in 2 weeks of heating, but we can 
describe the phase makeup of the samples 
as prepared. The notes below refer to sam- 
ples heated for 2 weeks and not shorter 
periods of time. 

In samples with overall compositions be- 
tween W03 and WOz.ses only (102) CS 
phases were found, but it is possible that 
very small amounts of { 103) CS phases are 
also present but were not detected. Cer- 
tainly in samples with overall compositions 
between WOz.esJ and WOz.ezs both { 102) and 
(103) CS phases were confirmed; the 
amount of (103) CS material increased as 
the composition fell. The (102) CS crystals 
were usually chunky in habit, resembling 
W03, while the (103) CS crystals were nee- 
dle like, making analysis by optical micros- 
copy relatively straightforward. Mixed 
crystals containing both (102) and (103) CS 
planes were not found in our preparations 
at this fairly high temperature. 

The microstructures of the crystals con- 
taining { 102) CS planes showed consider- 
able disorder. The CS planes occurred on a 
number of equivalent { 102) orientations and 
existed in isolation, in small groups, or as 
quasi-ordered arrays. Very occasionally a 
reasonably large area of crystal contained a 
fairly well-ordered array of { 102) CS planes, 
but these were never so well ordered as to 
produce a discrete set of superlattice spots 
on the electron diffraction pattern rather 
than a continuous streak in the { 102) direc- 
tion. On the basis of CS plane density the 
maximum degree of reduction of these 
crystals was never below WOz.as even when 
in contact with { 103) CS phase crystals, and 
this must be regarded as the lower limit of 
the (102) phase range at this temperature. 
Most crystal fragments, though, had com- 
positions far closer to WO,, as stated. 

Most of these microstructures have been 
adequately illustrated in other publications 

(9-22) and will not be shown here. There 
are two features to mention which have not 
been discussed extensively in the past 
which are shown in Figs. 2a, b, and c. In 
Fig. 2a we show a low density of intersect- 
ing CS planes. In these situations one of the 
CS planes invariably terminated before in- 
tersection. The distance at which they ter- 
minated is of interest for calculation of CS 
plane interaction energies (25) and in the 
present survey it was found to vary widely; 
the closest approach being approximately 
1.5 nm. The manner in which the CS planes 
terminated also varied, with some CS 

FIG. 2. (a) Low-resolution electron micrograph of 
intersecting { 102) CS planes in slightly reduced WOs. 
(b) Ill-defined chevrons of darker strain contrast and 
(c) short CS plane segments in slightly reduced WOa. 
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planes ending in a dislocation, some in a 
short row of pentagonal columns of the sort 
described by Sahle and Sundberg (20), and 
some being deflected into a new orienta- 
tion. 

The other feature of interest is shown in 
Figs. 2b and c. In crystals showing this type 
of contrast the diffraction patterns showed 
no significant amounts of streaking, but the 
crystal flake often showed a wrinkled ap- 
pearance with chevrons of darker contrast 
on (102) clearly visible (Fig. 2b). Higher 
magnification micrographs showed dark ill- 
defined chevron-like patterns, which were 
sometimes, but not always, resolved into 
short segments of { 102) CS planes (Fig. 2~). 
As can be seen from Fig. 2c, the CS planes 
are not uniformly straight and some irregu- 
larity is seen to occur. Although the corre- 
lation is not absolutely certain a reasonable 
interpretation of the dark chevron-like re- 
gions is that they represent strained regions 
of crystal, perhaps due to { 102) CS planes in 
the course of formation which have not yet 
penetrated throughout the whole of the 
crystal thickness. Rather similar features 
have been reported by Ijima (I I ), but in this 
case the features were produced by elec- 
tron beam irradiation. 

In slightly reduced WO, samples contain- 
ing a fair number of (102) CS planes, pow- 
der X-ray diffraction showed that the high- 
temperature orthorhombic form of WOs 
persisted to room temperature. This behav- 
ior has, in fact, been reported previously 
(28) and it was suggested that in the pres- 
ence of (102) CS planes the transformation 
from the high-temperature orthorhombic 
form to the monoclinic room-temperature 
form was hindered or blocked. The trans- 
formation involves no radical structural 
changes, merely a change in the displace- 
ments of the W06 octahedra in the matrix. 
This change is not observed in our electron 
micrographs, but the symmetry shift is 
readily detected on a powder X-ray photo- 
graph. Hence we have found that the occur- 

rence of the high-temperature orthorhom- 
bit form of WOt, together with the 
room-temperature monoclinic form of WO, 
as recorded by powder X-ray diffraction, is 
a valuable diagnostic test for the presence 
of { 102) CS planes in the WOs crystals. This 
is so even when the CS planes are disor- 
dered and produce no other X-ray diffrac- 
tion evidence or patterns. 

The (103) CS structures occurred alone 
only in samples with compositions between 
the limits of WOz.sZo and WOz.ass. Above 
this upper composition, (102) CS phases 
were also found and below the lower com- 
position limit WZ40se and sometimes 
W18049 were found. The (103) CS planes 
were much better ordered than their (102) 
counterparts. Although streaking occurred 
in the diffraction patterns a fair number 
contain sharp spots, and the n value in the 
series formula WnOanmZ can be evaluated 
with a reasonable degree of accuracy. The 
range found was from a maximum of IZ = 
25, i.e., W250,2 WQ?.sA to WI5043 
(W02J. This agrees well with previous es- 
timates of this phase range for samples pre- 
pared in a similar way (16, 19). 

The W,, Om phase seemed to occur alone 
only over a narrow composition range close 
to w%72-wo2.83. This is not to say, 
though, that a well-ordered structure 
formed, and, in most of the preparations 
made at 1373 Kfor 2 weeks, they were very 
disordered and did not yield very satisfac- 
tory X-ray films. In fact the X-ray powder 
patterns showed only the WOs subcell 
reflections with certainty and as such they 
could not be indexed or differentiated from 
the X-ray powder patterns of the lower 
{ 103) CS phases. Electron microscopy 
confirmed that the crystals were extremely 
disordered, with the walls of pentagonal 
column units, which characterize the struc- 
ture, usually linked together in the same 
way as in the ordered phase, but with a 
great deal of twinning present and sepa- 
rated by variable widths of W03-like struc- 
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TABLE I 

THE X-RAY POWDER PATTERN OF W,,0,90 

d ObSd 
(nm) Iobsd IFI &,, hkl sinPB,,ti x l(r A 

1.314 122 7 Tot 343 0 
1.272 660 43 001 366 -1 
0.8476 135 20 101 825 +2 
0.8278 154 24 200 865 +2 
0.6568 39 10 202 1,375 0 
0.6104 80 24 301 1,592 +1 
0.5234 92 39 102 2,165 -1 
0.4591 148 84 103 2,814 +7 
0.4549 122 70 401 2,866 +5 
0.4437 312 191 402 3,013 +8 
0.4383 78 48 303 3,088 -4 
0.3908 12 9 403 3,886 0 
0.3784 2,507 2,169 010 4,144 +1 
0.3737 1,220 1,082 103 4,249 +3 
0.3642 1,223 1,146 302 4,473 +5 
0.3523 12 12 401 4,78 1 +1 
0.3496 44 45 302 4,853 0 
0.3407 1,033 1,121 303 5,111 +4 
0.3396 516 561 I04 5,144 +2 
0.3316 45 51 500 5,396 +1 
0.3278 41 48 212 5,516 -2 
0.3250 149 178 203 5,617 +2 
0.3217 33 40 31i 5,734 0 
0.3175 437 552 004 5,883 -1 
0.3055 176 241 602 6,355 -5 
0.3026 126 176 504 6,477 -4 
0.2960 340 499 603 6,772 +12 
0.2943 286 425 402 6,850 +7 
0.2919 669 1,014 501 6,961 -1 
0.2880 82 128 412 7,152 +4 
0.2864 22 34 513 7,235 -3 
0.2805 159 262 505 7,539 0 
0.2782 76 127 205 7,666 +4 
0.2764 383 654 600 7,764 -4 
0.2749 541 934 405 7,848 -2 
0.2720 33 58 413 8,021 -8 
0.2658 904 1,678 113 8,396 +7 
0.2625 805 1,622 512 8,611 +1 
0.2567 32 64 312 9,002 +6 
0.2527 971 2,005 ii4 9,287 +2 
0.2492 94 200 510 9,555 f17 
0.2481 39 a4 403 9,639 -4 
0.2466 123 268 213 9,755 0 
0.2433 213 479 014 10,023 -5 
0.2378 131 309 112 10,495 -8 
0.2365 105 251 105 10,610 0 
0.2333 287 706 613 10,900 -4 
0.2324 192 476 412 10,985 0 
0.2312 485 1,217 511 11,099 -6 

ture. In crystals which were closer in com- 
position to WOB, regions of { 103) CS and of 
the disordered W,,O,, structure were 
sometimes found to coexist, behavior 
which is quite different than that at the 
{ 102}/{ 103) CS boundary at this tempera- 
ture, suggesting that the W24068 structure 
may be able to form from the { 103) CS 
structure type. 

In contrast to this behavior, the oxide 
W18049 was well ordered. Crystal fragments 
examined in the electron microscope were 
only rarely twinned and other disorder has 
not been observed. This is in good accord 
with powder X-ray data, as the films show 
very sharp reflections which usually sug- 
gest that the crystals are not appreciably 
disordered. From a practical point of view 
the oxide W18049 (W02.,22) can be looked 
upon as a stoichiometric phase with no or a 
very limited composition range. This is in 
agreement with the previous findings by 
Marucco et al. (27), who reported a very 
narrow composition range W02.7~-- 

wo 2.72249 or the X-ray phase analysis by 
Ekstrom (28). The X-ray films of all W1*OJ9 
samples were sharp and readily measured 
with high precision. A typical result is 
shown in Table 1. 

In Table 2 we collected together a few 
typical electron microscope analyses of 
some samples within the composition range 
wo2-w02.*0. This reveals clearly the inho- 
mogeneity of the samples. It should be 
stressed that these data apply to an ordi- 
nary series of preparations, and that other 

a Data were recorded at room temperature using a 
Guinier-Hagg camera with strictly monochromatic 
CuKa, radiation. The observed integrated intensities 
I Obsd were obtained by film scanner process and the 
corresponding 1 FIZobsd values after correction for po- 
larization. Lorentz and geometric factors were ob- 
tained by computer routines. In the table, A = 10s x 
(sinz8,bsd-sin*B,.rd). A refinement of the monoclinic 
cell parameters gave a = 1.8324 2 2 nm, b = 0.3784 A 
1 nm, c = 1.4035 k 2 nm, and /3 = 115.20 k 1”. 
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TABLE II 

A TYPICAL ELECTRON MICROSCOPE ANALYSIS OF SOME BINARY W-O SAMPLES PREPARED BY HEATING FOR 
2 WEEKS AT 1373 K REVEALING NONEQUILIBRIUM 

No. of { 103) cs (n) 
Composition crystals { 102} Disordered ** w*,oBB1* 

o/w examined C’S {IO31 24 23 22 21 20 19 18 17 16 15 we 

2.995 11 11 
2.975 12 11 1 
2.980 14 11 2 I 
2.965 14 13 I 
2.950 23 13 2 1 1 1 2 
2.940 14 9 2 1 1 1 
2.925 41 22 1 4 1 4 I 4 I 2 I 
2.910 14 3 4 5 2 
2.900 24 2 4 I 2 IO I 4 
2.895 28 ‘I 4 5 12 9 
2.880 23 7 6 9 ‘1 

2.865 20 0 2 1 2 1 14 
2.857 25 1 2 I 21 
2.850 9 0 I 8 
2.820 23 0 2 21 
2.800 21 0 I 2 18 

similar series of preparations will almost 
certainly have a somewhat different distri- 
bution of structures. In particular we can 
note that the phase W20058, one of the first 
CS structures to be characterized by 
Magneli (I), was not present in these prepa- 
rations. Also it is worth recording the fact 
that no significant differences in phase anal- 
ysis were found between samples heated in 
vacuum and those heated in HCl vapor. 

The difficulty of using powder X-ray dif- 
fraction as a phase analytical tool is also 
apparent from Table 2. As mentioned 
above, { 102) CS phases were only indicated 
on the X rays by the presence of both the 
orthorhombic and monoclinic forms of 
WOB, an indirect method of analysis only 
justified by the prior combination of X-ray 
and electron microscope results. For the 
(103) CS phases the problem is equally se- 
vere. The X-ray powder patterns of the 
(103) CS structures were often very diffuse 
and the only reflections that were reason- 
ably sharp were of the type (hkO), as the a 

and b axes of the { 103) CS phases vary but 
little from one W,O,,, homolog to an- 
other. The superstructure reflections relat- 
ing to the different c axes were usually 
weak or absent, and when present formed 
diffuse or broad bands. Attempts to index 
such patterns were meaningless. Even in 
samples heated for much longer periods of 
time (vide infra), X-ray analysis is still 
difficult. The WNOer, phase posed similar 
problems as remarked above. In general, 
therefore, the X-ray analysis was used only 
as a broad characterizing tool, its main ad- 
vantage being in the recognition of WOs 
and W180d9 in our preparations. 

Samples Heated at 1373 K for 5 Months 
In order to determine whether the disor- 

der found in samples heated for up to 2 
weeks would be changed by prolonged 
heating, a series of samples were heated for 
a period of 5 months. The most important 
feature of note in these samples was that 
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the transported fraction of the product was 
similar in phase composition to the part 
which had recrystallized but had not trans- 
ported. It was found that the (102) compo- 
nent of the CS phases was almost identical 
to that of the samples heated for only 2 
weeks at 1373 K. As before, very disor- 
dered regions occurred and also quasi-or- 
dered arrays, but the latter were never well 
enough ordered to give sharp superlattice 
spots on the electron diffraction patterns. 

The { 103) phases yielded much sharper 
diffraction patterns than the corresponding 
samples heated for shorter times. Even so, 
there was still a spread of CS plane spac- 

ings present, revealed by the presence of 
W,,O,, in a sample of composition WOZ.so 
and the presence of { 102) CS fragments in a 
sample of overall composition W02.93. The 
maximum range found for the { 103) CS 
structures did not vary significantly com- 
pared to that observed in the samples 
heated for shorter times, being from ap- 
proximately W,,O,, to W,,O,,. Neverthe- 
less, the increased sharpness of the elec- 
tron diffraction patterns and the narrower 
spread of n values in these preparations 
lead to sharper and clearer X-ray powder 
patterns. However, even in these cases the 
samples are nowhere near monophasic and 

TABLE III 

THE X-RAY POWDER PATTERN OF A SAMPLE OF OVERALL COMPOSITION W0,,8,a 

Observed values Calculated values 

d(m) I IFI* sin*0 x 105 sin% X lo5 hlil 

0.4296 199 131 3,214 3,265 105 
0.4019 354 270 3,674 3,675 301 
0.3904 1,020 827 3,892 3,892 502 
0.3782 1,571 1,364 4,149 4,152 010 
0.3698 1,312 1,195 4,339 4,324 303 
0.3642 883 831 4,473 4,481 106 
0.2837 184 296 7,372 7,417 115 
0.2739 1,271 2,213 7,911 7,915, 7,940 403, 208 
0.2716 852 1,511 8,046 8,044 512 
0.2643 1,013 1,904 8,493 8,476 313 
0.2623 912 1,742 8,622 8,633 116 
0.2541 27 55 9,192 
0.2472 62 134 9,712 9,694 209 
0.2382 59 138 10,460 10,552 217 
0.2213 850 2,348 12,110 12,092, 12,067 218, 413 
0.2148 29 85 12,864 
0.2139 41 121 12,966 13,062 2,010 
0.2063 32 102 13,934 
0.1970 236 828 15,288 15,386 2,011 
0.1904 789 2,970 16,363 16,324 605 
0.1890 1,421 5,434 16,617 16,608 020 

n The sample was shown to contain only { 103) CS structures by electron microscopy. The most 
frequently found n value was 20, but a significant number of fragments with other n values were also seen. 
X-ray powder data were recorded at room temperature using a Guinier-Hiigg camera with strictly 
monochromatic CuKa, radiation. The observed peak intensities Z were obtained by a film scanner process 
and the corresponding 1 Fl* values after correction for polarization. Lorentz and geometric factors were 
obtained by computer routines. The calculated sin% values were obtained by using a monoclinic cell of a 
= 1.21 nm, b = 0.378 nm, c = 2.36 nm, and /3 = 94.6”. 
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the technique is still subject to this limita- 
tion. 

The difficulty of X-ray analysis is illus- 
trated in Tables 3 and 4. In these patterns, 
taken from samples of overall composition 
woz.Nl and W02.93, it is seen that indexing 
of the films is possible but the uncertainty 
in this method is high. The problem is that, 
with the large, low-symmetry unit cells that 

TABLE IV 

THE X-RAY POWDER PATTERN OF A SAMPLE OF 
OVERALL COMPOSITION W09.s3a 

Observed values 

4nm) I IFI* sin% X 105 

0.3969 117 91 3,766 
0.3941 156 125 3,820 
0.3820 2,860 2,430 4,066 
0.3665 2,139 1,986 4,416 
0.3120 234 307 6,095 
0.3076 163 220 6,270 
0.2819 130 212 7,466 
0.2741 259 450 7,895 
0.2705 1,901 3,400 8,107 
0.2644 1,759 3,304 8,486 
0.2491 39 83 9,562 
0.2208 902 2,493 12,170 
0.2144 10 29 12,905 
0.2021 60 199 14,521 
0.1984 19 65 15,070 
0.1953 156 557 15,549 
0.1908 1,048 3,927 16,289 
0.1877 942 3,652 16,844 
0.1830 85 346 17,716 
0.1808 130 543 18,156 
0.1800 250 1,053 18,301 
0.1792 133 565 18,479 
0.1739 115 518 19,617 
0.1718 20 90 20,090 
0.1709 290 1,352 20,319 
0.1693 1,195 5,671 20,695 
0.1684 1,207 5,784 20,911 
0.1656 238 1,177 21,631 
0.1560 552 3,036 24,376 
0.1550 330 1,834 24,681 
0.1539 482 2,713 25,061 

a Electron microscopy revealed that only { 103) CS 
phases were present, with a range of n values up to a 
maximum of 25. The X-ray powder data were recorded 
and evaluated as in Table III. 

are found for these phases, high-angle lines 
can be indexed with a multiplicity of sug- 
gestions. Thus, there is little difficulty in 
finding indices to fit all of the reflections 
listed in Tables 3 and 4. However, the only 
way in which the correct indices can be 
derived is by a consideration of the struc- 
ture factors of the individual reflections. It 
is then necessary to only use indices which 
correspond to reflections with reasonably 
high structure factors. In Table 3 this has 
been done. The reflections have been in- 
dexed in a satisfactory manner as deriving 
mainly from the oxide W,,05e, because the 
structure factor data for W20058 are avail- 
able in the literature (I). 

The same was not possible for the data in 
Table 4. Some considerable effort was 
spent in attempting to index the lines, as- 
suming that the sample was a mixture of 
phases in the region of W24070 and W250,3. 
There was, of course, little difficulty in as- 
signing indices to each of the lines on the X- 
ray photograph, but such a procedure is 
considered as valueless unless other inten- 
sity information is available. In Table 4, 
therefore, we simply record the data, which 
may be of value to other investigators as 
they represent typical X-ray data from the 
WOl.- region of the phase diagram, with- 
out further interpretation, but in the knowl- 
edge that it represents a mixture of { 103) 
CS phases. The problem of indexing and 
interpreting these complex X-ray photo- 
graphs will be considered further elsewhere 
(29). 

In contrast to this persistent disorder in 
the CS phases, the samples containing only 
the W24068 structure gave reasonably sharp 
X-ray diffraction patterns. An example is 
given in Table 5. Electron microscopy re- 
vealed that a certain amount of disorder 
was still present in these samples in the 
composition range W02.82-W02.84, but 
much less than in those heated for shorter 
periods of time. The X-ray powder pattern 
seemed of good enough quality to attempt 
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TABLE V 

THE X-RAY POWDER PATTERN OF IV,&,’ 

0.9446 31 3 665 
0.8365 63 9 848 
0.4187 22 15 3,384 
0.4124 18 13 3,488 
0.3918 76 60 3,865 
0.3834 2,021 1,704 4,037 
0.3785 2,539 2,200 4,141 
0.3742 49 42 4,238 
0.3573 52 50 4,647 
0.3481 135 140 4,898 
0.3399 62 66 5,137 
0.3296 206 240 5,461 
0.3242 82 98 5,646 
0.3114 136 176 6,118 
0.2962 48 70 6,762 
0.2795 153 254 7,594 
0.2727 320 562 7,980 
0.2693 1,635 2,952 8,183 
0.2596 91 176 8,805 
0.2559 130 262 9,060 
0.2483 199 428 9,628 
0.2463 60 130 9,779 
0.2408 89 204 10,232 
0.2399 60 138 10,310 
0.2247 107 284 11,757 
0.2211 275 756 12,134 
0.2195 292 816 12,319 
0.2092 180 556 13,556 
0.1916 365 1,356 16,161 
0.1891 1,161 4,432 16,595 
0.1831 140 560 17,701 
0.1722 173 794 20,003 
0.1708 939 4,382 20,333 
0.1696 718 3,396 20,634 
0.1652 46 228 21,738 
0.1648 134 668 21,845 
0.1640 129 648 22,05 1 
0.1615 135 698 22,759 
0.1568 289 1,576 24,146 
0.1555 822 4,546 24,542 
0.1548 195 1,086 24,764 

B The sample was of overall composition WOz,sz 
heated for 5 months at 1373 K. The data has been 
recorded in a similar way as described in Table I. The 
pattern can be indexed using the monoclinic cell pa- 
rameters a = 1.931 + 2 nm, b = 0.3781 2 2 nm, c = 
1.707 2 1 nm, and p = 104.4 -t l”, refined from the cell 
originally given by Pickering and Tilley (16). 

to index, as the unit cell is known with a 
reasonable degree of accuracy (16, 18), and 
we know that the material is monophasic. 
However, the problems concerning the cor- 
rect assignment of indices mentioned above 
still apply, and it has proved impossible to 
index high-angle lines categorically in the 
absence of structure factor or intensity 
data. The low-angle lines, however, can be 
indexed with a fair degree of confidence, 
and this has allowed us to calculate more 
accurate unit cell parameters than those 
available from electron diffraction patterns. 
The improved data for Wz40M are 

a = 1.931 + 2 nm, b = 0.3781 + 2 nm, 
c = 1.707 t 2 nm, /3 = 104.4 + l”, 

and the indices of the first seven lines on 
the film are 200; i02; 204; 004; 304; 104; 
(010, 503). 

No new phases were found in the sam- 
ples heated for 5 months, and within this 
time scale all of the phases reported seemed 
stable. 

Samples Heated at Temperatures of 873 K 

The results found for samples heated at 
temperatures lower than 1373 K are 
broadly similar to those above. Thus sam- 
ples prepared at 1273, 1123, 1023, and 
873 K still show the same overall pattern of 
phases in roughly the same composition re- 
gions. 

The differences that do arise become 
more pronounced as the temperature of re- 
action approaches 873 K and it is these 
results, therefore, we will outline below, 
which refer to samples heated for 7 weeks. 
The composition range studied in detail was 
from W03 to WOz.s,s. All the samples were 
dark blue after reaction and consisted of 
crystals with a chunky WO,-like habit simi- 
lar to the starting material and only a small 
amount of material with a needle habit. 

Superficially the composition range over 
which { 102) CS phases occur is much 
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broader in these low-temperature samples, 
and crystal fragments containing quite well- 
ordered arrays of { 102) CS planes with n 
values falling to about 16 have been found, 
as well as the usual disordered mazes re- 
ported above. It is not at all clear if this is a 
true indication of a real increase in the 
width of the { 102) CS phase region, as va- 
por transport was restricted at 873 K which 
suppressed the growth of { 103) needle 
crystals. In fact it would seem that these 
{ 102) arrays form in crystals of WOs by a 
solid reaction. In either case, it is the only 
reliable way we have found of preparing 
reasonably well-ordered arrays of { 102) CS 
planes in this system. The contention that 
the reaction takes place in the WOs crystal 
matrix is supported by the observation that 
in such crystals disordered CS planes are 
sometimes found which contain regions of 
{ 103) CS planes as well as { 102) CS planes. 
This situation was not found at higher tem- 
peratures. The lower composition limit 
found for these (102) CS phases corre- 
sponded to II = 14, in good agreement with 
other estimates of this range. 

It was found that these { 102) CS plane 
arrays were not particularly stable on expo- 
sure to the electron beam, and on observa- 
tion they tended to break up into short seg- 
ments of { 103) CS plane type. The resulting 
crystal microstructures were very disor- 
dered. This sort of microstructure was not 
observed in the high-temperature prepara- 
tions. Another feature that was observed in 
these low-temperature preparations that 
did not occur in the high-temperature prep- 
arations is illustrated in Fig. 3. It is seen 
that large numbers of a new fault are 
present besides the { 102) CS planes. These 
faults are certainly pentagonal columns or 
groups of pentagonal columns and they 
were found to occur in large numbers 
widely distributed throughout the crystals 
containing CS planes, but they appeared to 
be more prevalent in crystals with rather 
lower densities of CS planes. The fact that 

FIG. 3. Electron micrograph of a crystal of WOI 
slightly reduced at 873 K, showing { 102) C’S planes 
and a fair number of isolated PC units. Linked chains 
of these units also occur in other parts of the crystal. 

the crystals which contain these defects 
have the same habit as the starting crystals 
show that these faults have formed by way 
of a solid-state reaction. Many of the faults 
were isolated, but others were found at the 
end of terminating CS planes, while others 
were joined together in chains which were 
not always straight. 

In addition to the { 102) CS phases, { 103) 
CS structures were also found in these 
samples. The appearance of crystal frag- 
ments containing { 103) CS plane arrays 
was very similar to those at higher tempera- 
tures and the range of n values found was 
broadly similar to that reported at 1373 K. 
However, the CS planes were rarely so well 
ordered as at the higher temperatures and 
consequently the diffraction patterns were 
more streaked and harder to measure. In 
the main the well-ordered fragments were 
presumed to come from needle crystals, but 
as { 103) CS planes can also form in bulk 
crystals (I2, f9) this may not be completely 
true. 

The final point to note is that the W,,06s 
phase was not found in any preparations 
made at 873 K. The phase W,,O,, was also 
not present in samples with compositions 
down to W02.874, but other experiments at 
873 K have shown it to form slowly and 
with its usual whisker-like habit at lower 
compositions. Such crystals appeared to 
show no disorder or stoichiometry range, 
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but reaction rates were very sluggish and 
the latter point was not confirmed by the 
preparation of monophasic samples. 

The Lower Limit of CS Phase Formation 

A sample of needle crystals which were 
{ 103) CS phases and had previously been 
prepared at 1373 K were heated slowly in 
air on a thermobalance. At 833 K the speci- 
men started to increase in weight and was 
completely oxidized when the temperature 
reached 950 K. These temperatures sug- 
gested that the lower limit of CS formation 
would be somewhere below 800 K. In view 
of the fact that CS formation occurred at 
873 K, a series of samples were heated at 
723 Kfor 2 months. After this treatment the 
samples appeared to be unreacted and re- 
sembled the starting material both in color 
and crystal habit. Examination of the sam- 
ples did not suggest that any incipient reac- 
tion had occurred or that an extension of 
the heating time would change the results. 
In sealed-tube experiments, therefore, the 
lower temperature for reaction lies within 
the temperature range 773 and 873 K. 

Discussion 

The most general conclusion to be gained 
from these results is that equilibrium, at 
least in the strict thermodynamic sense, 
was not achieved in any of our prepara- 
tions. The CS phases and the WMOM PC 
region were always disordered, even after 5 
months heating at 1373 K and at no time did 
we ever succeed in obtaining a series of 
two-phase equilibria steps in this structural 
region. In fact the structures that are 
formed in the initial reaction do not seem to 
change a great deal as the heating time is 
extended. The only exception to this was 
the W02-W,804a region, which behaved 
classically, as if both phases were strictly 
stoichiometric. 

Before pursuing this point in more detail 
perhaps it is worth restating that our results 

apply to the use of sealed-quartz ampoules. 
This technique may not be the best one for 
obtaining equilibrium phases, and, more- 
over, reaction with silicon-oxygen vapor 
species may also bias the results somewhat. 
Nevertheless, the quartz ampoule tech- 
nique has been used almost exclusively by 
other workers, and as this is the type of 
result we are trying to correlate, our 
present data are of value. The shortcomings 
of the experimental technique should, 
though, be borne in mind when reading the 
conclusions presented below. 

With this point in mind, we can suggest 
that although true equilibrium in the ther- 
modynamic sense may not hold, a quasi- 
equilibrium situation seems to pertain. 
Thus, if we regard CS planes and PC ele- 
ments as defects in a WO,-like matrix, we 
do have a strict progression of structure 
types, and a two-phase structural equilib- 
rium exists. That is, the structures present 
in the preparations usually fall into only 
two types, so that we have WOI coexisting 
with WOB containing { 1023 CS defects, 
{ 102) CS coexisting with { 103) CS, and at 
lower reductions { 103) CS coexisting with 
the WaOM PC region. While this descrip- 
tion is not of use thermodynamically, it 
does accurately reflect the rather slow rate 
of change in these samples and the fact that 
in practical terms equilibrium holds and 
that the structural nature of the samples 
does not vary greatly as heating times are 
extended. The results of Berglund and 
Sahle (19) fall into a similar pattern. The 
other points made in the discussion must 
therefore be viewed in this light and, while 
equilibrium in a thermodynamic sense 
might still be distant, equilibrium in a prac- 
tical sense is quite close to being achieved. 

In the regions closest to W09, repre- 
sented by preparations such as W02.9s5, 
{ 102) CS planes were always present, and 
at 873 K, PC elements as well. In experi- 
mental terms there is no evidence whatso- 
ever to suggest that any oxygen loss is ac- 
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commodated in terms of classical point 
defects such as oxygen vacancies. It may 
seem tautological to suggest that the system 
is unlikely to expend energy on the forma- 
tion of these extended defects if point de- 
fects are a reasonably accessible alterna- 
tive, but nonetheless the argument is a valid 
one. The short CS plane nuclei shown in 
Fig. 2 do not invalidate this argument. Al- 
though the darker chevron-like contrast is 
probably due to elastic strain, surface nu- 
cleation of CS planes is at least as likely as 
bulk nucleation. It seems likely, therefore, 
that in empirical terms, slightly reduced 
WOa contains only { 102) CS planes, and 
that reduction leads to the formation of 
greater and greater densities of these faults, 
at least for temperatures above about 1000 
K. 

There is no doubt that continued reduc- 
tion leads to ordered arrays of { 102) CS 
planes and that these seem to form in the 
matrix of the original WOB crystals used as 
starting material in the experiments. At first 
sight, though, our results and those of 
Berglund and Sahle ( 19) are at variance, as 
they found at 1270 K extensive arrays of 
{ 102) CS planes, with compositions down 
to W12035 which, in some cases, coexisted 
with { 103) CS plane arrays with composi- 
tions of the order of Wz20M. At this sort of 
temperature we find only a narrow range 
for the { 102) CS phases which coexist with 
needle-like crystals of { 103) CS phases of 
compositions close to W240,,,. However, at 
lower temperatures we find microstructures 
identical to those reported by Berglund and 
Sahle (19). 

The difference in these results seems to 
be associated with the presence or absence 
of needle-like crystals which form via a va- 
por pathway. In our experiments these 
crystals were always present in the prepa- 
rations made at higher temperatures and 
lead to the narrow { 102) CS phase region 
we found. If this vapor growth is sup- 
pressed, as it was in the reactions of 

Berglund and Sahle, and as it was in our 
experiments at lower temperatures, then 
we are dealing with reduction of the bulk 
W03 starting crystals. In this case exten- 
sive arrays of { 102) CS planes form. 

Although these two results appear differ- 
ent, they do, in fact, agree perfectly with 
the theoretical estimates of CS plane forma- 
tion energy put forward earlier (M-33) and 
are explained by considering both the for- 
mation energy and relative stability of CS 
planes. It is known that the formation en- 
ergy of { 102) CS planes is lower than that 
of { 103) CS planes when we consider re- 
duction of WOs crystals. Initial reduction of 
crystals will lead inevitably to the forma- 
tion of { 102) CS planes in reduced WO, 
and, provided that no other alternative re- 
action occurs, will lead to the presence of 
ordered arrays of { 102) CS planes, but at 
the expense of a considerable increase in 
the elastic strain energy of the crystals. 
This elastic strain energy is sufficient to 
make ordered arrays of { 103) CS planes 
preferred over ordered arrays of { 102) CS 
planes. This result is confirmed by observa- 
tions on the transformation of { 102) CS to 
(103) CS planes, where even the rather 
modest temperatures experienced by crys- 
tal flakes during electron microscope obser- 
vation cause { 102) CS arrays to transform, 
as far as possible, to { 103) arrays, but 
never vice versa. At a degree of reduction 
corresponding to somewhere in the region 
of W1203J-W1602,, the elastic strain energy 
is unreasonably large, and the crystals can 
become more stable by changing to a { 103) 
array. This, however, is rather a difficult 
solid-state process. 

If a vapor pathway is available the higher 
formation energy of { 103) CS planes in a 
W03 matrix becomes irrelevant. At this 
stage the lower elastic strain energy and 
hence free energy of the { 103) materials 
dominates, and so they form in preference. 
It seems reasonable to suggest, therefore, 
that sealed-tube experiments with a vapor 
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pathway available produce products which 
are nearer to true equilibrium. 

The gradual increase in the WHOe8 phase 
structure as heating times increase suggests 
that it may form, in our experiments, from a 
{ 103) CS phase precursor. This is sup- 
ported indirectly by the observation that 
crystal fragments were found which contain 
elements of both the WvrOss structure and 
{ 103) CS planes. It does not automatically 
follow, though, that we have evidence of a 
sequential reduction reaction as a similar 
result would be anticipated simply by a 
change in overall stoichiometry of the frag- 
ment from one region to another. A series 
of experiments to investigate this further 
would be of interest and is planned for the 
future. 

Because of the structural nature of the 
disorder in the W2,0BB crystals it has always 
seemed reasonable to suppose that a series 
of such phases would occur characterized 
by sheets of rotation faults separated by 
slabs of WO,-like structure (18, 22). To 
date in our studies we have not found any 
evidence for such a series, but other com- 
pounds may occur under different prepara- 
tive conditions than those employed here, 
and as heating times of up to 5 months were 
used, it now seems likely that different 
preparation methods will have to be used or 
else such phases may need to be stabilized 
by the addition of other atomic species. 

Finally we turn to the question of the 
microstructures found in the disordered 
phases. In the past analysis has shown that 
elastic strain energy has played an impor- 
tant part in controlling the microstructures 
of the CS phases (30-H). The present 
results tend to support this contention. If 
we look at Table 2 we find that in the oxy- 
gen-rich end of the phase region, the oxide 
W240,0 forms in preference to the neighbor- 
ing phases and at the metal-rich end of the 
phase region the oxide WleOJz is the com- 
monest one found. Both of these are partic- 
ularly stable phases (30), showing that de- 

spite the fact that equilibrium has not been 
achieved in the strict sense, the distribution 
of phases is in quite good accord with the 
expectations of strain energy calculations. 

A similar consideration applies to the PC 
phases. It has been suggested that the PC 
unit produces a lower degree of elastic 
strain energy in the W03 matrix than the CS 
plane unit (22). This has been taken to im- 
ply that PC phases would be favored at 
lower temperatures or higher degrees of re- 
duction than CS phases. The trend is fol- 
lowed here. In the region near to WOs, PC 
elements were found in samples heated at 
873 K. If the crystals could be reduced at 
lower temperatures, perhaps employing hy- 
drothermal techniques, a phase of the 
WZsOss type may well form at low degrees 
of reduction and may lead to the formation 
of the phases related to W,,OBs referred to 
above. The existence of PC elements at the 
end of CS planes, illustrated by Sahle and 
Sundberg (20), also reflects the role of PC 
elements in reducing elastic strain. At the 
end of a CS plane we have a region of high 
elastic strain, associated with a collapse of 
the crystal structure. The existence of PC 
elements allows this strain field to be dissi- 
pated. 

In conclusion we can say that equilibrium 
in the W-O system within the composition 
range WO, to approximately W02.80 is 
difficult to achieve using ordinary sealed- 
tube preparative techniques. In order to 
prepare any of the compounds pure it is 
likely that very careful control of tempera- 
ture and ambient oxygen pressure is neces- 
sary. Despite the large number of studies so 
far carried out, there is still the possibility 
that new PC phases can form in the system 
at low temperatures if the kinetic barriers to 
reaction can be overcome. 
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