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Stacking fault energy and planar defects on
the basal plane in the beta-alumina system

R.STEVENS, L.J. MILES

Materials Science Section, The Electricity Council Research Centre, Capenhurst,

Chester, UK

Commercial forms of beta alumina have been examined using transmission electron
microscopy. Measurements of the stacking fault energy on the basal plane have been made
from the separation of partial dislocations and the equilibrium separation of partials at
dislocation nodes, and estimated as 0.6 to 1.65 x 1073 Jm~2. The structure of two- and
three-block beta-alumina has been discussed and their relationship and transformation
examined. It has been shown that transformation from two- to three-block beta-alumina
cannot be accomplished by a simple shear. Structures generated by the passage of partial
dislocations on the glide plane are discussed, and simple twining on the basal plane is
examined and shown to be possible in the three-block, but not in the two-block material.

1. Introduction

Beta-alumina is the name used to describe a series
of complex sodium aliminates. These are charac-
terized by possesion of appreciable ionic
conductivity at relatively low temperatures and
this makes them suitable for use as electrolyte in
electrochemical devices [1]. Physical and chemical
properties are improved by the addition of other
oxides such as lithia and magnesia [2, 3].

The stoichiometric compound of beta-alumina,
Na, 0.11Al,03, has an hexagonal crystal structure
P63 /mmc. The unit cell has been described [4, 5]
and consists of blocks of four layers of close
packed oxygen ions with the aluminium ions dis-
tributed similarly to the cations in common spinel
MgO.Al,O;. Between each “spinel” block is a
relatively sparsely populated plane containing all
the soidum ions and oxygen ion “bridges”. The
“spinel” blocks on either side of the sodium-rich
interconnecting layer are mirror images of each
other and the wunit cell has dimensions
ag = 0.559nm and Cy = 2.26 nm.

In practice, there is always an excess of soda
over that required by stoichiometry and this is
compensated either by aluminium ion vacancies or
substitution for aluminium with an ion of lower
valency so as to maintain charge neutrality.

Phases with higher soda contents than
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Na,0.11A1,03 have been reported. Earlier
researchers  have discovered the compounds
Na,0.8Al1,0; [5], Na,0.6A1,0; [6] and
Na,0.5A1,0; [7], as well as structures where the
spinel blocks contain six layers of oxygen ions
[8]. The more important of these compounds,
Na,0.5A1,0; has been called 8" alumina and
the crystal symmetry belongs to the rthombohedral
space group R3m. The unit cell is composed of
three spinal blocks connected by two soda-rich
layers. Unlike § alumina there is no mirror
symmetry across these layers which, therefore, can
be classed as glide planes. The dimensions of the
unit cell are ay =0.561 nm and Cy = 3.39 nm.
The stoichiometric formula corresponds to two
sodium ions per unit cell, charge compensated by
aluminium ion vacancies. The structure deter-
mined in this manner is unstable and so MgO or
Li, O is usually added as a stabilizer. In practice,
less than the stoichiometric amount of soda is
present so that the sturucture may be regarded as
containing defects in the conducting plane. Owing
to the relative shift of the spinel blocks in the glide
plane both sodium ions reside in identical sites and
are also able to diffuse more easily through the
plane. The structure has been developed and dis-
cussed in detail by Bettman and Peters [9, 10].
Beta-alumina used as solid electrolyte in tech-

1911



nological applications often consists of mixtures of
the two phases, “two-block” § and “three-block”
8. The proportions of each is determined by
firing schedules and chemical composition and so
the fine structure of many types of material is
expected to be complex.

2. Experimental techniques

Beta alumina, both sintered and hot pressed, was
obtained from a number of sources, usually
commercial research laboratories. Single crystal 8
alumina was obtained from a brick of fusion cast
Monofrax, a refractory used as a liner in glass
melting furnaces, nominally Na,0.11A1,0;, but
usually containing an excess of soda.

Thin (~ 1 mm) sections of ceramic were cut
from the samples and supported on a glass
microscope slide using thermosetting Lakeside
resin. Chips of single crystal were mounted in a
similar fashion. The ceramic was then polished flat
through a series of silicon carbide papers, and
finally finished on 4um diamond powder. The
polished surfaces were reversed on the glass slide
and the operation repeated until the ceramic
sections were 25 to 50 um thick. Areas 2 to 4 mm?
were then removed, cleaned and mounted on
3mm diameter copper supports, having a 1 mm
diameter central hole. Final thinning was carried
out on an Edwards ion-beam thinning device, an
angle of attack of 15 to 20°, a voltage of 6 to 7kV
and a current of 50mA being used. This allowed
thinning rates of 0.5umh™' and a 75% success
rate in obtaining suitably thin foils.

The thin foils of beta alumina were examined in
a Phillips EM200 electron microscope at 100kV,
using a goniometer stage having = 30° tilt on two

perpendicular axes. The instrument was also
equipped with electromagnetic beam tilting
facilities.

3. Stacking fault energy

Measurement of stacking fault energy using trans-
mission electron microscopy is a well established
technique and can be achieved by several
[11]. The original investigation, using the
measurement of extended dislocation nodes,
equated the line tension of the dislocation partials
with the area of stacking fault under equilibrium
conditions. The theoretical analysis has been
refined several times since, an account being given
in the review by Ruff [12]. A similar technique
utilizes the equilibrium separation of partial dis-
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locations generated from an isolated unit
dislocation [13]. Both techniques can be applied
only to low stacking fault energy materials using
isolated dislocations, aithough they have found
wide application as a method of standardizing
techniques used on higher stacking fault energy
materials.

Successful measurements have also been made
on multiple ribbon strands, extended and fault dis-
location dipoles and stacking fault tetrachedra.

In beta-alumina the unit dislocation lying in the
basal plane may dissociate into two or four partials
resulting in the formation of one or three stacking
faults accordingly [14]:
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Dislocations dissociation has been predicted and
the stacking faults analysed and observed for split-
ting into four partials in chromium chloride and
chromium bromide [15], and also in the case of
talc, a layer type structure [16]. A summary of
this work has been made by Amelinckx [17].

The stacking fauit energy of $-alumina may be
estimated from the formula:

_ 03Gb?
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where vy is the stacking fault energy, G is the shear
modulus, b is the Burgers vector and W is the
width of the node [11]. An hexagonal network
containing extended nodes is shown in Fig. 1.
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Figure 1 Hexagonal dislocation network in single crystal
monofrax showing equilibrium nodes.



Such networks are rarely seen and when they
occur it is usually in a fairly thick section of the
foil. Difficulty is encountered in obtaining accu-
rate measurements, since the specimen charges in
the electron beam, resulting in an instability and
thus a poor quality electronmicrograph. Electro-
static effects may be minimized by working as
rapidly as possible, this, however, excludes
extensive tilting and photographic work.

From Fig. 1 the node width W= 45am. A
value of the shear modulus G may be obtained
from £ = 1.6 x 10! Nm™? by using

- £
2 —vy

which assuming Poissons ratio v=0.33 gives
G=10""Nm 2. The Burgers vector b =a/6
[1T00] =0.16nm, i.e. the value for one of the
four partials, yielding an estimate for the stacking
fault energy y = 1.65 x 107® Jm™2. The stacking
fault energy of faults on the basal plane is thus low
for an oxide material and is of the same order as
that measured for layered ceramic materials such
as graphite [17]. The calculated value should only
be regarded as approximate in that no account is
taken of the anistropy of the elastic constants
which can have a strong influence on the result. At
present there are no data available on elastic con-
stants in different crystallographic directions for
beta alumina, the only measurement having been
limited to polycrystalline material.

An alternative method of measuring stacking
fault energy is by determination of the equilibrium
separation d of two partial dislocations having
Burgers vectors b; and b, in a long extended dis-
location. In Fig. 2 several dislocations can be seen
to thave split up into four partial dislocations and
it is reasonable to suppose that they have the
Burgers vectors of the type given by Equation 2,
since the dislocations are extended along the basal
planes. The stacking fault energy 7y is given by

[11]:

_ Gb1b2 2—v 1
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where G is the shear modulus, v is Poissons ratio
and « is the angle between the dislocation line and
the total Burgers vector of the dislocation. Using a
measured value of d=300nm (Fig. 2), a=60°
and b, =a/6(1100), b, =a/6(0110), and as-
suming » = 0.33, a value of y=6 x 1074 Im 2 is

2v cos 2a
. ) @)
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Figure 2 Separation of partial dislocations in the basal
plane of beta-alumina. Note the uniform separation of the
first and second partials and the third and fourth partials.

obtained which is in good agreement with the
node measurements, considering the approxi-
mations and practical constraints of the method
[12].

It is noticeable that this last result applies to
the stacking fault generated between the first and
second partial dislocations or the third and fourth
partial dislocations. In the micrograph (Fig. 2) it
can be seen that the distance between these par-
tials is fairly constant, whereas the separation of
the second and third partials is larger and varied,
indicating the different nature of the stacking fault
and the lower stacking fault energy of the fault
between the second and third partials. The use of
Equation 4 can be justified since the region
between the second and third partials does not
have a stacking fault in the oxygen ion sequence,
as will be shown later.

4. p—p’ relationships and polytypes

Although the stacking fault energy of beta alumina
is low, it will be shown later that the transform-
ation of § to 8 by a shear mechanism requires
rearrangement in the spinel block and thus only
defect structures can be readily introduced.
However, both 8 and 8" phases may exist as separ-
ate grains or be coincident in a single grain of the
same polycrystalline body. Diffraction patterns of
8 and mixed crystals are shown in Fig. 3 and 4, to-
gether with the diagrammatic pattern. Single phase
" could not be used in this investigation since it is
difficult to manufacture reproducibly. An analysis
of the beta-alumina diffraction patterns has been
carried out and the 1010 pattern presents the
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Figure 4 Diffraction pattern of mixed, 8 and three-block g’-alumina together with the diagrammatic pattern for g'.

Figure 5 Resolution of the 22 A spacing in two-block
crystals. Larger spacings are also visible in the same area
of foil.

easiest method of determining which phase is
present in the crystals. Lattice planes may then be
resolved in (101 0) sections of the sample by the
standard interference method. To obtain the
results shown in Fig. 5 which is of two-block §
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giving a spacing of 2.2nm and Fig. 6 of three-
block " giving 3.3 nm, the beam tilting facilities
were employed to produce an image by the inter-
ference of diffracted beams with the transmitted
beams. The tilting facilities allow both types of
beams to lie along the axis of the microscope,
maintaining resolution. A detailed description of
the technique has been given elsewhere [18].
Apart from the 2.2 and 3.3 nm spacings multiples
of these spacings are also readily visible.

The crystallographic relationship of the phases
is such that both the basal planes and primary
crystallographic directions are parallel. Since the
crystallography of the phases is similar in two
directions and only varies in the third, i.e. in the
manner in which the blocks or spinel layers are
stacked, then the two forms g and §”, might be
considered to be polytypes [19], rather than dis-
tinct phases. Further weight is added to this view
by the fact that both § and § exist in the same
polycrystalline body of a nominally single chemi-



Figure 6 33 A spacing typical of the three-block g”
structure.

cal composition. As is shown by the measurement
of stacking fault energy, the energy difference
between a sheared and unsheared region in the
basal glide plane is very small. Dislocation motion
and thus shear can readily occur [14], causing
relative atomic movements on the glide plane akin
to the B/8" transformation. The /8" transform-
ation can be produced by increasing the sodium
content and by additions of MgO and Li, O |20].
The MgO and Li, O are thought to stabilize the
structure when additional sodium atoms are intro-
duced into the conducting plane by allowing the
necessary ionic charge balance.

The clearest picture of the relationship of the
crystallographic forms may be seen by examin-
ation of a diagrammatic ball model of the oxygen
ions. Fig. 7a shows the (1120) plane of close-
packed spheres of the hexagonal two-block struc-
ture. It can be seen that the top spinel block has
undergone a rotation of 7 with respect to the
lower, and that the conducting plane is a mirror
plane. If each layer of the close packed oxygen
ions is designated. A, B, C then the mirror sym-
metry of the lattice is made obvious. A similar
model is shown in Fig. 7b for the three-block
structure.

The Burgers vector of dislocations and the slip
system in the two block § has been predicted and
observed [14]. In §" alumina, since the sodium
containing plane exhibits the same periodicity,
identical dislocations can be expected, i.e. two or
four partial dislocations with a single or treble
fault between them. Partial dislocations have been
observed in crystals of mixed structures. In Fig. 8,

>00 >
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Figure 7 Ball model of the hexagonal two-block 8
structure (a), and the three-block g’ structure (b), based
on the positions of the oxygen ions in the lattice. The
section shows a (112 0) plane. The letters A, B, C, denote
the stacking position of the close-packed planes of oxygen
ions in the spinel structure.

Figure 8 Dislocations viewed parallel to the electron
beam. The ends of the dislocations show the characteristic
light and dark contrast where they emerge from the foil.
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dislocations can be seen “end on’ exhibiting the
characteristic light and dark contrast at the dislo-
cation surface intersection. A “trace” of each
dislocation is also visible along the projection of
the basal plane onto the foil surface. It is evident
that passage of the dislocation disturbs the relative
structure above and below the sodium-containing
plane, and hence the stacking sequence in the Cqy
direction.

To allow the A, B, C stacking sequences of the
oxygen ions to be illustrated, a section through the
(1120) plane is taken. In all the relative mave-
ments of each layer the partial dislocations are
parts of a unit dislocation which lie in the basal
plane and move in a close-packed direction, i.e.
{1120). The relative movements of stacking
sequence must, therefore, be projected onto the
(1120) plane to avoid possible confusion of A
and C layer positions.

If one considers the stacking sequence of each
of the close-packed oxygen planes in the spinel
block and designate each plane A, B and C, then
the stacking sequence of the unit cell (Fig. 7a)
becomes for the two-block structure:

ABCA/ACBA.

Passage of a partial dislocation a/6 [1 100] causes
the sequence to change to:

ABCA/CBAC/CABC

and the original structure is restored on passage of
a further /6 [1100] dislocation. This is signifi-
cant in that stacking faults in the oxygen ion
layers only exist between the first and second par-
tial dislocation and the third and fourth. A
stacking fault does exist between the second and
third partial dislocations due to the rearrangement
of the aluminium ions.

The region between the second and third dislo-
cation consists of a perfect arrangement of oxygen
ion layers with an adjacent “dangling bond” of the
partial dislocation [21] . It is not possible for dislo-
cations on the mirror or sodium containing plane
to transform the two-block § to three-block 8.
For the transformation to occur the stacking
sequence in the spinel blocks themselves must be
rearranged; the actual stacking sequence and
structure is shown in Fig. 7b, for the three-block
g". For the two-block to transform to three-block
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rearrangement of the stacking sequence must
occur:

two-block ABCA/ACBA/ABCA
three-block ABCA/CABA/BCAB/ABCA.

As can be seen when the stacking sequences are
directly compared, two rearrangements in the
stacking sequence in the second and one in the
third spinel block are necessary to transform the
three-block 8 to two-block B. This movement is
not possible with partial dislocations on the glide
plane alone. For the two-block §:

al6(1100) or a/6(1010)A 4/6(011

=
-~

PEAQR(POW >
Ay waly»r QW >
WA T OE >
QB> O® P

The three-block " should have the stacking
sequence (Fig. 7b) ABCA/CABC/BCAB. It can be
seen that the second two layers of the second
spinel block are not the same and are in fact in-
verted, when compared with layers in the two-
block that have undergone shear. Such a situation
may be remedied by a shear within the spinel
block allowing a complete transformation.

The passage of partial dislocations on the
sodium-containing plane allows the generation of
numerous and varied stacking faults in the Cj
direction. The presence of such stacking faults in
either structure would manifest itself in the
streaking of the diffraction spots, in this case in
the 000n direction and is seen in a (101 0) dif-
fraction pattern.

If stacking faults are introduced by partial dis-
locations at regular intervals, it can produce new
structures. If one considers the oxygen ion layers
we have:

ABCA/ACBA/ABCA.

Passage of a single partial a/6 (1010) gives:
ABCA/BACB/BCAB

and a second partial a/6 (0 T 1 0) produces:
ABCA/ACBA/ABCA,

ie. the original structure once again. It is,
therefore, possible to have a complex periodic



layer structure generated by the passage of partial
dislocations at regular intervals. In addition, dif-
ferent partial dislocations of the same set will
generate slightly different structures:

ABCA/ACBA a/6(1010) ABCA/BACB
ABCA/ACBA 4/6(1 100) ABCA/CBAC.

Thus any suitable combination of these sub-blocks
may give rise to long sequence stacking arrange-
ments. For example a partial dislocation every
third spinel layer could give rise to a unit of:

//ABCA/ACBA/ABCA//BACB/BCAB/BACB//ABCA.

More complicated structures may be produced by
the introduction of partial dislocations at greater
distances or at two or more different, but regular
sequences, giving rise to complicated polytypes as
in the case of SiC [22]. It should be apparent that
similar behaviour could be expected in the three-
block 8" structure.

An important consequence of the stacking
arrangements whether regular or otherwise is the
explanation of multiple separation lattice fringe
spacings observed in thin sections of (-alumina
using transmission electron microscopy. In the
case illustrated above, the spacing would differ
from the original 2.2 nm and there is a possibility
of 1.1 nm spacings and multiples thereof. Thus the
original two-block structure modified by the
passage of partial dislocations could be confused
with the three-block structure which has an intrin-
sic spacing of 3.3nm. Virtuvally all the low
multiples of the Ilattice spacings have been
observed [23], often in the same area of
transmission foil.

It is known that partial dislocations are readily
mobile in S-alumina [14] and their movement can
thus account for the multiplicity of fringe
spacings. It should be emphasized, however, that
the partial dislocations generating fringe spacings
in the two-block and three-block cannot transform
two-block to three-block and vice versa.

5. Basal twinning

Twinning can occur mechanically by shear mech-
anisms or thermally as when growth twins develop.
Deformation takes place by the passage of partial
dislocations in the mirror plane of two block beta
alumina. Passage of a partial dislocation a/6

[1T00] gives a structure
ABCA/ACBA//CBAC/CABC/CBAC/. . ..

A shear structure is developed rather than a twin,
since no mirror symmetry exists across the sheared
region. Should the fault be produced at regular
intervals then a new layer structure is evident.

ABCA/ACBA//CBAC/CABC//BCAB/BACB//ABCA

If the two-block system is designated 2H [19]
then the structure is a 6R variant, produced by
movement of a partial dislocation on every second
mirror plane.

During growth, it is possible that different
stacking sequences of oxygen ion layers may occur
and one of these is equivalent to a 7 rotation of a

spinel block about the “@” axis. This gives the
structure:

ABCA/ACBA//ACBA/ABCA/ACBA.

The middle spinel block is only compatible with
the two-block structure on one side due to lack of
mirror symmetry at the faulted region. When the
fault is produced regularly every third spinel
block, a new simple layer structure is produced
which can be designated 6H.

ABCA/ACBA//ACBA//ACBA/ABCA//
ABCA//ABCA/ACBA//ACBA// . . ..

The higher order “H” polytypes can be generated
by having the fault at a greater separation but still
occuring in a regular sequence.

Similar reasoning may be applied to the three-
block system. The original stacking sequence of
the oxygen ions in the spinel blocks is:

ABCA/CABC/BCAB/ABCA .. ..

Passage of a simple partial dislocation can produce

ABCA/CABC/BCAB//BCAB. ..

so that twinning cannot be produced by shear on
the glide plane. As with two-block, further struc-
tures can be produced by shear at regular intervals
leading to more complex polytypes.

Twinning in the three-block can occur by the
inversion (srotation about “a” axis) of three spinel
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blocks as is shown in the following sequence:

3-block ABCA/CABC/BCAB/ABCA/CABC/BCAB/ABCA . . .
3-block ABCA/CABC/BCAB//BACB/CBAC/ACBA//ABCA . ..

7 rotation

2-block BCAB//BACB ACBA//ABCA.
The structure developed is twinned and has struc-
tural features similar to 6H obtained from a 7
rotation in two-block. It differs in that at the non-
faulted planes, the structure has the three-block
crystal symmetry whereas at the mirror planes
two-block symmetry exists. This structure may
thus be regarded as a mixed 8/8” crystal.

Figure 9 Twinning in commercial beta-alumina. The twin
axis is parallel to the length of the grain.

Basal twinning is often observed in polycrystal-
line B/’ alumina material developed for
electrolyte applications. The electron micrograph
Fig. 9, shows a twin in this material extending the
length of the grain, the major axis of the twin
lying along a projection of the basal plane. As was
shown earlier they can only be formed by a growth
mechanism and not by shear along glide planes.
Such twins are nearly always present in recrystal-
lized material where grain growth has occurred.
In this particular case individual grains are made
up of lamellae of twins and are clearly visible as

1918

in the electron micrograph (Fig. 9) where one

half of the grain can be seen to be built of succes-
sive layers of twins.
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