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The distribution and coexistence of Magn61i phases (TinO2n_ 1 ) with n = 4, 5 and 6 in 
hydrogen-reduced Ti02 has been investigated using transmission electron microscopy. The 
major phase was Ti~O 9. Ti6011 was found in TisO 9 grains in the form of narrow lamellae 
( < 10 nm wide) epitaxially intergrown on (001 ) planes. The Ti407 phase, however, was never 
observed as a second phase in TisO 9 grains but formed single-phase grains. The TisO 9 phase 
was twinned on the (01 1 )r planes of the rutile subcell structure and the Ti6011 lamellae were 
pinned to these twins. This pinning may be responsible for the hysteresis that occurs during 
the oxidation-reduction of non-stoichiometric Ti02. We also report observations on in situ 
oxidation of the line phases. 

1. I n t r o d u c t i o n  
The mechanisms by which oxides are able to accom- 
modate deviations from stoichiometry have been of 
interest to solid state physicists for some years [1 6], 
and great advances in the understanding of these 
mechanisms have been achieved by using transmission 
electron microscopy (TEM), particularly using lattice 
imaging and electron diffraction techniques [7 14]. 
The physical properties of non-stoichiometric oxides 
are strongly influenced by their exact composition, 
and for this reason they represent a class of materials 
with interesting and novel properties that are put to 
use in, for example, zirconia oxygen sensors and high- 
T~ superconductors. 

There are several mechanisms by which oxides 
can accommodate non-stoichiometry to form stable 
phases. At small deviations from stoichiometry the 
low density of point defects produced are distributed 
randomly, but as their concentration increases their 
interaction also increases and they can become or- 
dered. This ordering can take the form of defect clus- 
ters, as is the case for oxygen excess wustite (Fel -xO); 
long-range ordering of the point defects to produce 
superstructures; or the formation of crystallographic 
shear structures, which have been studied extensively 
in rutile (TiO2), molybdenum trioxide (MOO3) and 
tungsten trioxide (WO3) [7]. 

Rutile (TiO2) can accommodate relatively large 
deviations from stoichiometry (TiOx with 2.0~> 
x~> 1.75) by the crystallographic shear (CS) mech- 
anism [4, 5]. The formation of the CS planes is 
effectively a two-step process which involves the 
ordering of oxygen vacancies on a crystallographic 
plane and then their elimination by a shear of the 
lattice; Bursill and Hyde [10] have given a detailed 
description of possible mechanisms for the nucleation, 
growth and aggregation of CS planes. The periodic 
ordering of the CS planes in non-stoichiometric TiO 2 
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gives rise to a homologous series of phases with tri- 
clinic symmetry and with the general formula 
Ti, Ozn_a, known as Magn61i or line phases. For 

38 ~> n (even) >/ 16 (1.97 ~> x/> 1.94)the CS planes 
are aligned parallel to (132)r [10, 15 17] (where r 
refers to the rutile subcell), and for l0 >/n ~> 4 
(1.90 ~> x ~> 1.75) they are on (1 2 1)r [10, 18, 19]. For 
both types of CS planes the displacement vector is 
approximately �89 1]r [19, 20], and has been deter- 

mined accurately for (1 3 2)r shear as �89 [0, 0.9, 0.9]r 
[20]. Fig. 1 shows schematically 1 a [07 1It (1 2 1)r 
crystallographic shear in relation to the unit cell of 
rutile. 

In the intermediate composition range, 16 > n > l0 
(1.94 > x > 1.90), the CS planes rotate cooperatively 
from between (1 3 2)r and (1 2 1)r [21, 22]. The change 
of CS plane from (1 2 t)r to (1 32)r has been described 
as an ordered intergrowth and uniform mixing of 
(1 2 1)r CS and (0 1 1)~ anti-phase boundaries (APB) 
[21, 22] and is referred to as "swinging" shear. 

Twins are a common microstructural feature in 
non-stoichiometric TiO2 and are intimately related to 
the formation of shear structures [9, 10, 15]. These 
growth or translation twins form a boundary between 
regions which have sheared on equivalent but non- 
parallel planes of the original rutile structure. A TEM 
study of phases with 10 >/n ~> 4 found that the inter- 
face plane or composition plane of microtwins was 
parallel to (1 0 0)r in most cases and occasionally para- 
llel to (0 1 0)r and (00 1)~ [23]. For n ~< 6, however, no 
twinning was observed. Twinning of Ti407 has also 
been studied using both TEM and X-ray diffraction 
[23, 24], and the twins were found to be coherent, with 
boundaries on (1 0 4) composition planes. 

We report the results of a microstructural investiga- 
tion of a hydrogen-reduced titania (TiOz). The mater- 
ial studied was prepared with the objective of produ- 
cing Tis 09. Equilibrium conditions, however, are not 
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Figure 1 Schematic representation of 2ta[01 l]~ (121), crystallo- 
graphic shear in relation to unit cell of rutile. 

achieved under flowing hydrogen and a range of line 
phases can form. It is the coexistence and distribution 
of these phases that we report here. 

2 .  M a t e r i a l s  a n d  m e t h o d s  
A small block ( ~ 20 x 10 x 2 mm 3) of polycrystailine 
Ti s 0 9 was supplied by Imperial Chemical Industries 
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(Runcorn, Cheshire, UK), who produce the material 
for use as electrochemical electrodes under the trade 
name "Ebonex". The starting powder was 99.5% pur- 
ity titania with a grain size of ~ 0.2 lam. The powder 
was mixed with a binder phase and plastically ex- 
truded into the required shape. The binder was then 
burnt off in air at 1 ~ ra in-  1 to 500 ~ The material 
was reduced in flowing hydrogen at 1050 ~ for 1 h, 
and then, after switching to argon, the temperature of 
the furnace was increased to 1250 ~ and the material 
sintered for 1 h. The furnace was then switched off and 
the specimen cooled in argon over a period of 10 h. 

TEM specimens were prepared from thin sections 
cut from close to the surface and from the centre of the 
original sample. These sections were ground and poli- 
shed to a thickness of ~ 30 gm before mounting with 
epoxy resin onto copper grids. They were then ion 
beam thinned with argon ions accelerated at 5.5 kV. 
The specimens were then studied in a JEOL 2000-FX 
microscope operated at 200kV and fitted with an 
X-ray microanalysis system with an energy dispersive 
spectrometer (EDS). 

3. R e s u l t s  
3.1. M i c r o s t r u c t u r e  of  TisO 9 
The microstructure of the TEM specimens prepared 
from close to the surface ( ~  20 lain) and from the 
centre of the original specimen were similar, and for 
this reason all of the observations reported here, 
which were obtained from both types of specimen, are 
not distinguished. In terms of phase content this ob- 
servation was confirmed by a serial X-ray diffraction 
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Figure 2 X-ray diffraction patterns recorded at a major surface of the original sample (A), 0.5 mm from the surface (B) and at the centre of the 
sample (C). ( - - T i  509, Ti407) 
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analysis of the original sample. Fig. 2 shows the X-ray 
diffraction patterns for the surface (A), the centre (C) 
and an intermediate depth (B) of the original specimen 
parallel to its major face. The patterns are almost 
identical and show that TisO 9 was the predominant 
phase and Ti407 a minor phase. X-ray diffraction 
patterns recorded from different parts of one of the 
major surfaces of the original bar of material showed 
that the composition of the bar was also homogeneous 
along its length. The molecular percentage of Ti407 in 
the material was estimated as 11% using the integ- 
rated intensities of the (10 2) peaks of the two phases 
and an equation described elsewhere [25]. 

The microstructure of the material was character- 
ized by the presence of a large number of crystallo- 
graphic twin boundaries, as shown in Fig. 3a (e.g. at A 
and B), and the individual grains often contained 
several parallel twins. The material had a grain size 
which varied between 1 and 10 gm and contained 
some porosity (C). The material was highly strained, 
as evinced by the presence of a high density of strain 
contours (Fig. 3a), and this made it very difficult to 
study the microstructure at low magnifications. 

An amorphous second phase, formed by impurities 
in the material, was found at grain triple points 
(Fig. 3b) and contained silicon, calcium and a rela- 
tively small amount of aluminium (Fig. 3c). 

Analysis of the electron diffraction patterns of indi- 
vidual grains from tilting experiments confirmed that 
the material consisted predominantly of TisO 9. 
Fig. 4a shows a zone axis pattern parallel to the b-axis 
of Ti509, i.e. [0 t 0] (which is equivalent to [11 l]r for 
the rutile subcell [10]). 

In suitable crystallographic orientations, with the 
(001) planes (equivalent to (121)r) parallel to the 
beam direction, it was possible to image the periodic 
spacing of the CS planes (Fig. 4b). These lattice fringe 
images showed that even when examined at high 
resolution relatively large areas within the grains 
(1 x 10-14m 2) consisted of TisO 9 phase with a 
perfect ordering of the spacings of the CS planes. 

The crystallographic orientation of the twin bound- 
aries was determined from electron diffraction pat- 
terns as (102), which is equivalent to (011)r. Fig. 5a 
shows a diffraction pattern recorded at a twin bound- 
ary and with the twin plane parallel to the direction of 
the electron beam. It consists of two superimposed 
[010] zone axis patterns, which are related to each 
other by 180 ~ rotation about the axis of the reciprocal 
lattice vector of (102), as illustrated diagramaticalty in 
Fig. 5b. Fig. 5c is a corresponding [010] zone axis 
lattice fringe image; it shows the (001) planes either 
side of the twin boundary meeting coherently. The 
orientation of the twin plane and the relative orienta- 
tion of the (001) planes is not consistent with growth 
twinning associated with the formation of the CS 
structures; the angle between the (001) planes across 
the twin boundary (57 ~ ) is not consistent with any pair 
of the equivalent { 121 } planes. The twins, therefore, 
can only have formed by the twinning of the rutile 
subcell structure on (011)r planes. 

Figure3 Microstructure of non-stoichiometric titania. (a) Low 
magnification image showing grain structure, twins (A and B) and 
porosity (C). (b) Grain triple point, with a twin band apparent in the 
lower grain. (c) EDS X-ray microanalysis spectrum of grain triple 
point shown in (b). 

5568 



Figure 4 (a) [010] Zone axis electron diffraction pattern of TisO 9. (b) (001) Lattice fringe image of TisO 9. 

3.2. Second phases 
For a high proport ion of the grains examined weak 
second-phase reflections were a lso  observed super- 
imposed on the electron diffraction patterns of the 
T isO 9 phase, and these were indexed as T i6Ol l .  In 
some cases, for small selected areas of grains, these 
reflections were relatively strong, as for example in 
Fig. 6a, which shows the overlapping 001 systematic 
rows for the two phases (the 001  reflections of the 
T i6Ol l  phase are marked). Lattice fringe images of 
(001) planes from these regions showed an epitaxial 
mixing of T i sO 9 and Ti60~l  line phases on (001) 
planes (Fig. 6b). The Ti60~l  phase usually formed 

Figure 5 (a) Diffraction pattern recorded with direction of electron 
beam parallel to twin plane in TisO 9 crystal. (b) Diagramatic 
representation of diffraction pattern. (c) (001) lattice fringe image 
of twin boundary recorded under the diffraction conditions shown 
in (a). 
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Figure 6 (a) Selected area diffraction pattern from part of a Ti s 09 grain containing second-phase reflections from Ti 6011 (arrowed). (b) (001) 
lattice fringe image from same region (fringe spacing of Yi509 (B) is 0.78 nm and Ti6Oll (A and C) is 0.95 nm). 

long, narrow bands or lamellae (A) in the Ti 5 09  phase 
(B) and sometimes consisted only of a single (001) 
planar spacing of 0.95 nm (C). 

Of the many TisO 9 grains studied using TEM 
( ~ 30), the only second phase found in these grains 
was Ti6Ol l .  It is surprising that T i40  v was not 
observed in the Ti s 09  grains as the X-ray diffraction 
results show that there must have been considerably 
more Ti407 present in the material than Ti6Olx as 
Ti6Ol l  was not even detected in the diffraction pat- 
terns (Fig. 2). It was only by methodically analysing 
the electron diffraction patterns of individual grains 
that YigO 7 phase was eventually identified using 
TEM. When it was identified it was found to occur as 
single-phase grains. In the few grains we were able to 
identify as Ti407 we never observed second-phase 
reflections from other line phases in their diffraction 
patterns. Fig. 7a shows part of a twinned Ti4Ov grain. 

The phase of several of the grains adjacent to the 
Ti407 grain shown in Fig. 7a was examined, and all of 
these grains were indexable as Ti509.  The composi- 
tion of the grains, including the Ti407 grain, was also 
analysed using X-ray microanalysis. None of the 
grains contained any detectable impurities, and only 
Ti was detected (oxygen is not detectable with the 
EDS system used). 

3.3. Disposition of Ti6011 in Tis09 
Although the Ti6Ol l  phase usually occurred as nar- 
row lamellae ( < 10 nm wide) in the Ti 5 09  phase, it 
was always easy to identify in diffraction contrast 
images because when the (001) epitaxial interfaces of 
the TisO 9 and Ti6Ol l  phases were tilted relative to 
the beam direction they produced stacking fault frin- 
ges. Overlap of the epitaxial layers and disorder in 
their spacing meant that the stacking fault fringe 
patterns were complex and clearly not formed by 

5570 

Figure 7 Part of twinned Ti407 grain. 

simple planar stacking faults (see A in Fig. 8a and the 
other faults parallel to it). 

Fig. 8a and b shows corresponding bright field and 
dark field images of a region which contained a rela- 
tively high Ti6011 phase content. It shows a series of 
parallel twin boundaries which bound the twin bands 
labelled 1, 2, 3 and 4 in Fig. 8b. The images were 
obtained with the twin bands 1 and 3 under a two- 
beam condition and bands 2 and 4 with no strong 
diffraction condition, hence the strong contrast be- 
tween the alternate twin bands. The faults which are 
parallel to those indicated at A and B were produced 
by lamellae of Ti 6011 phase, and the region marked C 
is a much wider band of Ti6Ol l .  The faults that are 
parallel to the twin boundaries are in fact microtwins 
(D, E and F). 

The microtwins were almost as common as the 



Fig. 8d, where T i6Ol l  lamella (A) can be seen connec- 
ting with short microtwins (B). There is a macrotwin 
at C and part  of a long Ti6Ol l  lamellae at D which 
ran across the grain. 

The second-phase lamellae were always discontinu- 
ous across the microtwins, suggesting that either the 
microtwins were formed before the second-phase lam- 
ellae or that the lamellae moved (which would have 
involved a reordering of the CS planes) subsequent to 
the formation of the microtwins. 

Fig. 9a is a lattice fringe image of a region which 
showed several interesting microstructural features. 
The image was recorded with the electron beam para- 
llel to the twin boundary plane and the (001) planes. 
A microtwin can be seen at A and a high density of 
T i6Ol l  lamellae at B. Region C corresponds to the 
termination or end of a twin band whose twinning 
plane is parallel to the trace o[ the boundary at D. The 
boundary between the two different twin orientations 
at E and F are faceted and have a preferred orienta- 
tion. The plane on which the boundaries tended to 
align was parallel to the beam direction, as evinced by 
the narrowness of the boundary when viewed in this 
orientation. The trace of boundary at F corresponds 
closely to (105) on side B of the boundary and (203) 
on side F (these planes are equivalent to (2 11)r and 
(1 10)r, respectively). The orientation of the boundary 

Figure 8 Region containing macrotwins, microtwins (D, E and F) 
and Ti6Oll tamellae (A, B and C). (a) and (b) complimentary BF 
and DF images (twin bands 1 and 3 are under two-beam condition 
with g = 101); (c) [010] Zone axis BF image. (d) BF image of 
Ti6011 lamellae (A) between microtwins (B) and macrotwin (C). 

wider twin bands or, as we will now refer to them, the 
macrotwins. The width of the macrotwins was typi- 
cally 0.1 to 1 jam, while that of the microtwins was at 
least an order of magnitude less, with widths of less 
than 10 nm. The microtwins were not only distingui- 
shed from the macrotwins by their distinctly narrower 
width but also by the fact that they were much more 
commonly seen to terminate (D and F) and were 
sometimes very short (E). 

Fig. 8c is a bright field image of the same region in 
Fig. 8a but at a slightly higher magnification and 
recorded with the specimen orientated so that the twin 
and epitaxial phase boundaries were parallel to the 
beam direction, i.e., it is a [010]  zone axis image. In 
this orientation the width and distribution of the 
microtwins and T i6Ol l  lamellae can clearly be seen. 
The second-phase reflections from the Ti6Ol l  phase 
are recorded in the selected area diffraction pattern in 
the insert, and no other second-phase reflections are 
present. 

It is clear from Fig. 8a, b and c that there was a 
strong interaction between the second-phase lamellae 
and the microtwins. This interaction is most  apparent  
in Fig. 8c, in which it is noticeable that the tips of the 
terminating microtwins connect exactly with T i6Ol l  
lamellae (see arrows); and this was a very common 
observation. Another good example of this is shown in 

Figure9 (a) Low magnification (001) lattice fringe image of 
terminating twin band (C) in region with Ti6Oll lamellae (B) and 
microtwin (A). (b) Enlarged image of boundary near (F). (c) Ti601 l 
lamella (A) contacting twin boundary. 
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at E relative to the twinned regions is the reverse of 
that above. 

The same preferred orientation was observed for 
individual twin boundary Steps which were seen at the 
boundary of continuous twin bands. It was by means 
of these discrete steps ( < 50 nm wide) that the width of 
continuous twin bands changed. 

Fig. 9b shows the boundary near F at a higher 
magnification than Fig. 9a (the image has been rotated 
by ~ 90 ~ anticlockwise). In the direction indicated by 
A a series of Ti6011 lamellae intersect the boundary 
and then continue on the other side of the intervening 
twin band. It is, therefore, apparent that the boundary 
and the Ti6Ot l  phase have moved relative to each 
other at some stage. The Ti6Otx lamellae would have 
probably been able to move more easily than the twin 
boundaries since their motion would have required 
only the rearrangement of Ti ions at the CS planes by 
diffusion, whereas the movement of (01 1)~ twin 
boundaries would have required the rearrangement of 
the oxygen sublattice as well as diffusion of Ti ions. 

We also noticed when examining twin boundaries 
at high magnification that very small steps at the 
boundary were quite common and that they were 
often associated with the presence of second-phase 
lamellae. In Fig. 9b at B and C steps at the twin 
boundary can be seen where two Ti6Ol l  lamellae 
contact it. The same thing can be seen more clearly in 
Fig. 9c, which shows part of a narrow Ti 6 Ol l  lamella 
at A ( ~ 15 nm wide) contacting a twin boundary near 
a small step (B). A similar observation was made by 
Yoshida et al. [26] when Ti5 09  and Ti601 t lamellae 
intersect a (0 1 1)~ twin boundary in Ti407.  

3.4. In S i t u  e l ec t ron  b e a m  hea t ing  
During lattice imaging electron beam heating caused 
the lattice fringes to become irregular, wavy and diffi- 
cult to image, and after 10 minutes they could no 
longer b e  imaged. In other imaging modes, which 
required a less intense beam, the effect of beam heating 
was usually not apparent. The structural alterations 
that occurred during beam heating were studied by 
using electron diffraction patterns recorded during an 
unsuccessful attempt tO image lattice fringes at a twin 
boundary. The pattern in Fig. 10a, which shows two 
twin-related [0 1 0] zone axis patterns superimposed, 
was recorded before starting lattice imaging. After 
10 minutes of beam heating (Fig. 10b), with the elec- 
tron beam maximally converged (beam diameter 

0.5 ~tm), diffuse, "zagged" bands appeared in the 
patterns (A) and a number of reflections originally 
present had disappeared or become significantly 
weaker, e.g. (00 1) at B (Fig. 10b). After 15 minutes of 
beam heating further reflections had disappeared 
completely, including (00 1), while some new reflec- 
tions had appeared (Fig. t0c). Some of these new 
reflections had evolved from the diffuse zagged bands 
seen in Fig. 10b. Beyond 15 minutes no further 
changes were seen in the diffraction patterns and the 
twin boundary was still apparent. 

The diffraction pattern of the new phase was in- 

Figure 10 (a) Superimposed [010] zone axis diffraction patterns 
from adjacent twin bands; (b) Pattern after 10 minutes of beam 
heating. (c) After 15 minutes of beam heatingpattern consists of 
two superimposed, twin related [ l l l ] r  zone axis patterns. 
(d) Diagramatic representation of diffraction pattern. (e) and (f) 
[110It and [l l l]r  zone axis patterns, respectively, observed on 
tilting the specimen after the beam heating experiment was 
completed. 

dexed as rutile, formed by in situ oxidation of TisO 9 
under beam heating (Fig. 10c). The pattern consists of 
two [11 1Jr zone axis patterns, which are rotated 
relative to each other by 180 ~ about the axis of the 
reciprocal lattice vector of(0 1 1)r (Fig. 10d). The reflec- 
tions of one of the twin orientation variants is labelled 
in Fig. 10c. Some faint reflections which could not be 
indexed are also present (arrowed), and these were 
probably produced by double diffraction effects. The 
specimen was also rotated about the axis of the (1 1 0)r 
plane and zone axis patterns of the rutile phase were 
found at 25 ~ and 50 ~ rotation relative to E11 1It, and 
these were indexable as [1 101r and [1 1 1]r zone axes, 
respectively (Fig. 10e and f, and also see Fig. 1). 

It is not possible to say what the localized temper- 
ature of the specimen was during beam heating, but 
in situ experiments in TEM by others suggest that 
temperatures of about 500~ are attainable [27]. 
The atmosphere in the microscope column was 1 
X l 0  - 4  Pa, which would correspond to a Po2 (atm) of 

the order of 10 -9 .  According to available phase equi- 
libria data this would be sufficient to produce nearly 
stoichiometric TiO 2 (x > 1.999) even at 1000 ~ and, 
therefore, even greater oxidation at lower temper- 
atures [7]. 
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Fig. l l a  to d shows the effect of beam heating on 
(0 0 1) lattice fringes. Fig. 1 la shows a lamella of Ti 5 09 
(A) in a relatively large band of Ti 6 Ol l  (B). The image 
was recorded about 2 minutes after starting imaging in 
this region, and the TisO 9 planes were already dis- 
torted because of beam heating effects. The TisO 9 
lamellae terminates at a planar fault (C) which is 
parallel to the (0 1 1)~ plane and which is either a 
microtwin or an anti-phase-boundary. After 5 minutes 
of beam heating the (0 0 1) planes of the Ti s 09 phase 
had almost disappeared, while those of the Ti6Ot~ 
were still quite sharp (Fig. llb). After 10 minutes the 
(00 1) planes of Ti6Otl were highly distorted (Fig. 
l lc), and after 20 minutes had almost completely 
disappeared (Fig. lld). In Fig. l l d  (1 10)r lattice frin- 
ges (0.33 nm) are imaged, but are not well resolved. 

It should be noted that as soon as the lattice fringes 
became distorted intermediate phases were forming 
prior to the formation of the rutile phase. These inter- 
mediate phases were highly disordered (Fig. 10b) and, 
therefore, did not correspond to the highly ordered 
higher oxide line phases that can form under slow, 
controlled oxidation conditions. 

The rate of oxidation of the specimen would have 
been controlled by the diffusion of oxygen from its 
surface into the bulk. The fact that the (0 01) fringes 
for the TisO 9 phase disappeared more quickly than 
those of the Ti6011 phase indicates that it has a higher 
oxygen diffusion rate. This observation is consistent 

Figure l l  [-010] Lattice image of TisO 9 lamellae (A) inside 
relatively large region of Ti6011 after (a) 2 minutes, (b) 5 minutes, (c) 
10 minutes and (d) 20 minutes of beam heating during imaging. 

with the available data on oxygen diffusion which 
shows that the diffusion coefficient for Ti 5 09 is about 
a factor of 5 greater than that for Ti6Ot~ [28]. 

4. Discussion and conclusions 
Our investigation of the microstructure of non- 
stoichiometric TiO z has revealed some interesting ob- 
servations on the distribution and coexistence of line, 
or Magn6li, phases. We observed the phases Ti407, 
Ti509 and Ti6Otl ,  of which TisO 9 was the major 
phase. Although Ti 60 t  1 constituted only a very small 
percentage of the material ( <  1 tool %) it was very 
conspicuous throughout the material because it 
formed narrow, epitaxial lamellae in TisO 9 grains; 
local variations in the oxygen stoichiometry of the 
grains was simply accommodated by variations in the 
separation of the CS planes. In contrast, Ti407 phase 
seemed to occur as single-phase grains and was never 
observed as a second phase in TisO 9 grains. 

The distribution of the Ti4 07 as single-phase grains 
is surprising since we observed epitaxial mixing of the 
TisO 9 and Ti60~t phases. We have no conclusive 
evidence to explain its heterogeneous distribution and 
can only speculate on how it might have occurred. A 
tentative explanation is that when the material was 
sintering gas was trapped in pores and that this micro- 
environment controlled the oxidation-reduction equi- 
libria of the contacting grains, especially since diffu- 
sion of oxygen through the material would have been 
relatively slow. 

The twins observed in previous studies of non- 
stoichiometric TiO 2 were predominantly growth 
twins which had been produced by the contact of 
domains in which shear had taken place on equivalent 
but non-parallel planes [9, 10, 23]. The twins we ob- 
served, however, were produced by twinning of the 
rutile subcell structure parallel to (0 1 1)r, which is the 
common twinning plane for rutile [29J. The same 
twinning relation was observed by Yoshida et al. [-26] 
in Ti407 and by Blanchin et al. [303 in slightly re- 
duced TiO2. 

The fact that we did not observe growth twins 
associated with the formation of the crystallographic 
shear structures suggests that they were annealed out 
of the grains during reduction and sintering. The 
(01 1)r twins, however, would have been more difficult 
to anneal out because this would have involved a 
rearrangement of the oxygen sublattice, whereas move- 
ment of the growth twins would have required only 
diffusion of Ti ions. The difficulty in moving the (0 1 1)r 
twin boundaries was confirmed by the fact that during 
beam heating experiments we were unable to move 
them, even when the beam heating was intense enough 
to produce a phase change. In  situ heating experi- 
ments performed by Blanchin et aL [30] indicate that 
temperatures of about 1000 ~ are required to anneal 
out (01 1), twins. 

We observed that Ti6 Ol l  lamellae often ran across 
the width of a grain and were never seen to terminate 
within a grain, except when they contacted a twin 
boundary. Other authors have commented on their 
observation that CS structures were never seen to 
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terminate, and this they attributed to the high energy 
of the terminating dislocation [10]. The fact that we 
observed Ti6011 lamellae terminated and pinned at 
twin boundaries suggests that the twin boundary al- 
lowed a low energy configuration of the terminating 
CS planes that would have occurred because of the 
mismatch between Ti 509 and Ti6Ol~ structures. 

Fig. 9c shows a Ti6Oll lamella contacting a twin 
boundary in Ti509, and it is interesting to note that 
the (001) planes of Ti6Oll seem to deviate near the 
boundary. Although caution has to be taken when 
interpreting lattice images, it is at least apparent that 
some structural alteration has taken place. It is well 
known that relaxation of the lattice occurs at CS 
planes because of electrostatic repulsion, particularly 
between the Ti ions, which form a double row at the 
CS plane [10]. The small distortion that this produces 
seems to be significant in accounting for the stability 
of the CS structures. It, therefore, seems possible that 
distortion of the lattice can also occur at twin bound- 
aries, which would tend to reduce the boundary en- 
ergy. These distortions would be particularly import- 
ant when the boundary is incoherent, as could be the 
case when a Ti6Oll lamella intersects a TisO 9 twin 
boundary (Fig. 9c). They would help to make the 
boundary semicoherent, avoiding the need for disloca- 
tions (which would have a high energy), and could 
explain why the T i60~  lamellae were pinned to the 
twins. It is interesting to note that {0 1 1}r is also the 
plane on which conservative anti-phase boundaries 
are commonly observed in non-stoichiometric TiO2 
[10, 20] and is the glide planes of rutile [10], which 
suggests it has a relatively low stacking fault energy. 

The oxidation-reduction behaviour of non-stoi- 
chiometric TiO2 is sluggish and shows a pronounced 
hysteresis [10, 31, 32]. This behaviour has been at- 
tributed to the difficulty of nucleating or eliminating 
CS planes and the presence of coherent boundaries, 
especially twin boundaries [10, 26, 31]. Our observa- 
tions support the idea that twinning is a source for the 
hysteresis behaviour during oxidation-reduction and 
suggest that the presence of {0 1 1 }r twins would make 
it very difficult to obtain single-phase material even 
under equilibrium conditions. 
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