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High-resolution electron microscopic studies have revealed variations in the length of the tunnel
cavities within Ba,TigO,, from the normal cavity of length three sites to ones of four and five sites.
These elongated cavities can be described in terms of an intergrowth of distorted synroc hollandite
BaAlTigO;6 with Ba,TigO. The implications of such intergrowths in the immobilization of radioactive

cesium are discussed, and a potential homologous series of phases is predicted.

1. Introduction

As an alternative to using borosilicate
glass to immobilize high-level radioactive
waste, Ringwood et al. (1) suggested a syn-
thetic rock (synroc) which, unlike the glass,
is thermodynamically stable. This material
contains three major phases: perovskite,
CaTiO;, zirconolite, CaZrTi;O;, and hol-
landite, BaALTisO16. Use of the latter as
the host for radioactive cesium has stimu-
lated a variety of structural studies on hol-
landites (2—).

Owing to the high TiO, and AlLO; con-
tents of the synroc and the synroc hollan-
dite in particular, which prevent economi-
cal large-scale preparation by sintering,
Ringwood (5) originally proposed synthesis
by hot-pressing at 1200°C and 1 — 3 kb. The
unfavourable economics of this process
have prompted a search for a low pressure
synthetic route, but attempts in this labora-
tory to prepare the BaAlTicO6 hollandite
by sintering at 1200°C under atmospheric
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pressure produced instead barium-titanium
oxide, subsequently identified as Ba,;TisO,,
which has a hollandite-related structure
(see below). High-resolution electron mi-
croscopic (HREM) images of this material
revealed several distinct types of crystallo-
graphic defects, and one of these, equiva-
lent to an intergrowth of Ba,TiyO, and
BaAl,TigO46, is discussed in detail below.

2. The structure of Ba,;Tiy0,

The phase Ba,TigO, was first identified
by Jonker and Kwestroo (6), the stoi-
chiometry being confirmed by Negas et al.
(7). The physical properties of the material,
which is a microwave resonator, have been
extensively studied (8), but the structure
has only recently been solved, and related
to that of hollandite, using HREM and sin-
gle-crystal X-ray diffraction methods (9,
10). Tillman et al. (11) also reported a re-
cent X-ray structure determination of
Ba,TisO,, and compared the result with
other known barium—titanium oxides.

The relationships between the hollandite
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FiG. 1. (a) Schematic projection of the hollandite
structure down [001]. Edge-sharing pairs of MOs octa-
hedra share corners producing square tunnels occu-
pied by large cations such as Ba?*. (b) The correspond-
ing projection ({100]) in Ba,TigO. Note the diagonally
placed octahedra (in lighter outline) which block the
tunnels. The close-packed planes are numbered and
Ba?* ions are indicated by filled circles.

and Ba,TigyOy structures are illustrated in
Fig. 1. Both structures are composed of
tunnels, formed by columns of edge-sharing
MOg octahedra linked to one another by

(a)
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corner-sharing. In hollandite, large cations
such as barium or potassium occupy sites
within the tunnels, such sites having ap-
proximately cubic symmetry (12) and the
overall structural arrangement has either
tetragonal or monoclinic symmetry (13). In
Ba,Tiy0, however, the structure is heavily
distorted, such that the layers of O*~ anions
are approximately close-packed, and the
tunnels are disrupted by blocks of four oc-
tahedra which share edges in the direction
of the tunnels and corners diagonally across
them. The unit cell (@ = 14.358 A, b =
14.095 A, ¢ = 7.77 A, @ = 95.53°, B =
100.55°, y = 89.95°) contains six close-
packed layers of O?~ anions, although poly-
typic modifications have been reported (9)
and were also observed in this study. The
octahedral blocks which bridge the tunnels
are separated by three hollandite-like sites,
of which only two are occupied, such that
the cation sequence is Ba?t-[J0-Ba?*, and
further Ba?* ions replace oxygen in the

(b)

F1G. 2. (a) The (010) sections of the Ba,TiyOy structure, corresponding to each of the numbered
close-packed planes indicated in Fig. 1b, these planes constituting the upper surface of the octahedral
arrangement shown. Ba?* ions are indicated by filled circles and tunnel site ‘‘vacancies” by squares.
(b) Perspective view of the tunnels in Ba,Ti;Oy, showing the Ba*-[J—Ba?* repeat and 14-A vacancy
separation. For clarity, Ba?* ions within the framework and upper and lower tunnel walls have been

outlined.
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framework of the structure at the level of
the octahedral blocks. The exact arrange-
ment of the Ba?* ions and TiOg octahedra is
shown in Fig. 2a, where these are projected
onto the close-packed planes of O~ indi-
cated in Fig. 1. The separation of vacancies
along the direction equivalent to the hollan-
dite-like tunnels is some 14 A, and is shown
in Fig. 2b. The distortion of the octahedral
framework in Ba,TisO,, coupled with an
overall increase in the unit cell size over
that of hollandite, reduces the symmetry to
triclinic.

3. Experimental

Ba,TiyO, was initially prepared during
attempts to synthesize BaALTisO;4 but was
subsequently produced by direct sintering
of stoichiometric mixtures of BaO and TiO,
at 1250°C in platinum capsules for periods
of up to 14 days. Initial characterization
was by X-ray powder diffractometry, using
the data of O’Bryan er al. (14) as a stan-
dard. No cell parameter refinement was at-
tempted.

Specimens for HREM studies were pre-
pared by grinding in acetone suspension
and deposition onto holey carbon films. Im-
ages were recorded at magnifications in the
range 300,000-450,000% . Selected area elec-
tron diffraction patterns from regions of in-
terest were also recorded, and astigmatism
was corrected by observing the granularity
of the carbon support film, after precise
alignment to achieve axial illumination con-
ditions. The JEM-200CX instrument em-
ployed was operated at 200 kV, and was of
modified side-entry configuration, with a
45° double-tilt holder working in a high-res-
olution pole-piece with electron optical
characteristics C; = C. = 1.9 mm. The
point resolution of this configuration was
ca.2.7 Aatan optimum defocus of —850 A,
slightly below the so-called Scherzer condi-
tion. Image simulations were carried out
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using the multislice method (15) with pro-
grams written by one of us (DAJ).

4. Results

HREM investigation of BaAlLTigO;6
preparations with relatively short annealing
periods indicated a wide variety of disor-
dered structures, some of which could be
assigned as defective Ba,;TigOy. A typical
example of the type of microstructure ob-
served is shown in Fig. 3. After more pro-
longed annealing, however, the materials
became more ordered, giving diffraction
patterns similar to those reported by
Grzinic ef al. (9). Two types of residual de-
fect were observed. The first of these was
the nine-layer repeat reported previously,
which can be regarded as arising from a dif-
ferent sequence of successive displace-
ments of the blocking octahedra when the
hollandite-like tunnels are stacked in the
[010] direction. A micrograph of a second
type of defect, distinct from the stacking
faults, and less commonly observed, is,
however, shown in Fig. 4. In this case the
electron beam is parallel to [001], and con-
sequently the ‘‘tunnels’’ lie in the plane of
the micrograph. Rows of white dots run
across the crystal, the row separation being
14 A, and the defect is outlined in a region
where the local spacing of these rows is
some 6 A, terminating with a 3-A row sepa-
ration.

Structural analysis of this defect was
achieved by image-matching studies. Com-
puter simulation of images of perfect struc-
tural regions confirmed that the rows of
white dots were approximately perpendicu-
lar to the ‘‘tunnels’ in the structure and
established the imaging conditions of crys-
tal thickness, AH = 50 A, and objective
lens defocus, Af = —950 A. As this was
close to the optimum focus position, the
projected charge density approximation
(16) was utilized in a preliminary attempt to
interpret the image of the defect region. As
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F1G. 3. HREM image of a highly disordered Ba—Al-Ti-O phase after only brief annealing. The
electron beam is parallel to [101] in the Ba,TisO, structure. The electron diffraction pattern (inset)
shows only diffuse reflections of the 14-A structure.

the regions of low electron density ap-
peared as white dots, these dots in the im-
age corresponded to the vacant tunnel sites
in the Ba,Tiy0, structure. In the perfect
structure the normal separation of vacant
sites along the tunnel axis was ca. 14 A, and
consequently in the defect region, analo-
gous interpretation suggested a separation
of vacant tunnel sites of some 6 A. This
corresponds to lengthening the tunnel by
two octahedra, and replacing the vacant
site in Ba,Tis0, by three sites, two vacan-
cies separated by a further filled site, so
that the sequency along the strip of tunnel
is now Ba?*—-[1-Ba?*-[0-Ba?*. Figure 5a
shows a schematic outline of the local re-
peat so produced, projected onto the same
close-packed planes as in Fig. 2a. The pa-

rameters for this defect cell are a = 20.16
Ab=1410A,c=750A, 0 =955, 8=
100.5°, y = 89.9°, with the 20-A repeat be-
ing in the direction of the tunnels. The over-
all vacancy repeat in this direction is shown
in Fig. 5b, together with the 6-A local sepa-
ration. The composition of the two octahe-
dra strip inserted into the Ba,TisOz cell is
Ba,Ti;s0% . To preserve electrical neutral-
ity, substitution of Ti¢" by AB* is neces-
sary, unless reduction of Ti** occurs (the
defects were only observed in Al-contain-
ing preparations) and the probable stoi-
chiometrty is Ba,Ti,Al,O3. A computer-
simulated image was produced from this
defect, image simulatign is shown in inset
of Fig. 4.

Using identical reasoning, the short re-



DEFECT STRUCTURES IN Ba,TiyOy

“"'**‘*;-!Z.

.....A-. ""t“q‘k

L P

o i
. ¥

’QQYrQotgo

129

FiG. 4. HREM image of annealed Ba,TigO down [001], showing a 6-A tunnel defect, with (inset) the
corresponding optical diffraction pattern from the area of the micrograph. Image simulations are
shown inset for both perfect structure and the defect region. Estimated values of crystal thickness and
objective lens defocus were 50 and —950 A, respectively,

gion with a 3-A separation of the rows of
white dots can be interpreted as areas
where the tunnel is lengthened only by one
octahedron and two vacant tunnel sites oc-
cur side-by-side. These defect strips would
have the stoichiometry TigO;¢ and require
no AIP* substitution. In the example illus-
trated, the presence of tunnels lengthened
by only one octahedron arises from the fact
that the 6-A defect strip does not extend
across the full width of the crystal, but
grows out before reaching the crystal edge.
No effects due to strain and distortion are
visible in the image of Fig. 4, and this can
be reconciled with the determined structure

if the local arrangement is plotted down the
[001] axis, as indicated in Fig. 6a. This illus-
trates how a single strip of the elongated
tunnels can be removed, involving two tun-
nels with adjacent vacancies and a local
change in the stacking sequence of blacking
octahedra in the [010] direction, producing,
in effect, two unit cells of the 21-A poly-
type. Figure 6b shows the close correspon-
dence between the vacancy sites and the
white dots in the image.

The existence of such defects in Baz
TisO4, and the apparent adaptability of the
structural arrangement to varying tunnel
length, point to the possibility of a wider
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(b)

Fi1G. 5. (a) Structural diagram of the structure in the defect of Fig. 4, projected onto the same close-
packed planes of O?- anions. (b) Schematic view of the new, elongated tunnel, showing the overall
repeat distance and the 6-A vacancy separation. Representation of Ba?* and vacancies is the same as

that in Fig. 2.

variation in the stoichiometry of this mate-
rial than was hitherto suspected.

5. Discussion

The defect structures described above
suggest that some degree of solid solubility
between Ba,TigO44 and the hollandite phase
BiAl,TigO;6 may be possible, particularly at
higher pressures of formation. The tunnel
cavities in Ba,TigO, could be lengthened
merely by adding extra octahedra within
the tunnel walls, thereby altering the Ba: Ti
ratio, but Bystrom and Bystrom (12) have
demonstrated that the presence of large cat-
ions within the tunnels is essential to stabi-
lize the framework. Consequently, incorpo-
ration of extra tunnel cations is necessary
and this in turn necessitates the substitution
of Ti* by ions of lower valency (such as
AP*) to maintain electrical neutrality. The
defect structure discussed above can there-
fore be regarded as the first member of a

hypothetical homologous series with the
general stoichiometry BagTizOgp + nBaAl,
TisO6, where n + 3 is the length of the
tunnel cavity in terms of MQg octahedra.
This assumes a regular alternation of filled
and vacant sites within the tunnels. For
large n values, however, one would expect
behavior more like the hollandite materials,
with additional substitution of Ti** by APP*
permitting higher Ba contents and conse-
quently giving rise to certain ordering
schemes as found in synroc-related hollan-
dites (2). Combinations of different tunnel
lengths, involving repeated terminations of
6-A-type defects, might also be possible.

6. Conclusions

In Ba,TisOy barium ions are trapped ei-
ther in the framework or within the tunnel
cavities. Although the latter can apparently
move within the cavities, more extensive
movement is prevented by the diagonally
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FIG. 6. (a) The [001] projection of the right-hand part of the defect strip of Fig. 4, indicating how the
defect strip alters into the normal Ba,TiyOy structure. The plane of projection is equivalent to PQ in
Fig. 1b. The unit meshes A, B, C, correspond to the normal Ba,TisOy structure, the structure with
elongated tunnels, and the 21-A polytype phase, respectively. (b) The corresponding portion of the
image, with the white dots indicating the tunnel site vacancies. Octahedral distortion produces a

larger-than-ideal repeat along the tunnel axis.

placed blocks of octahedra. The leaching
resistance of Ba,TigO, might therefore be
expected to be as good as, if not better than
the synroc hollandite and the introduction
of longer tunnel cavities by incorporating
defects of the type described above should
not affect this property, but could even as-

sist in the substitution of caesium for bar-
ium within the cavities. A regular inter-
growth structure of this type would
therefore have all the advantages of a syn-
roc hollandite but could also be prepared
without the need for hot-pressing.

Clearly, further studies of the system
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Ba,TisO»~-BaAlTigO¢ are required. The
extent to which AP* enters the structure
must be established, as this will clearly de-
termine the length of the tunnel cavities.
Further experimental studies to establish
the stability fields (if any) of the intergrowth
structures is also necessary. The extent to
which Cs* can substitute for Ba?* is also
being investigated.
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