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Microscopic Mechanism of Decomposition of Fe-Doped 3’-Alumina
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The role of conduction layers in a decomposition process of Fe-doped 8”-alumina into Na-ferrite and
spinel in a reducing atmosphere was investigated by means of high resolution transmission electron
microscopy. The decomposition starts as diffusion of Na ions out from conduction layers of decom-
posing 3"-alumina into surrounding 3"-alumina, causing the collapsing of conduction layers. This leads
to a removal of some oxygen ions which is accompanied by a change of Fe?* ions to Fe2- ions. The
reaction further proceeds as the formation of precipitates of Na-ferrites and as the reconstruction
around the conduction layers, resulting in the formation of spinel. A reverse reaction of the decom-
posed phases into 8”-alumina occurs by annealing in air. Individual conduction layers are recreated in
spinel by the flow of ions from the remaining 8”-alumina and precipitated Na-ferrite, leading to the
recovery into 3"~ alumina, along with a reverse change of Fe>* to Fe’*.

Introduction

B-alumina type compounds, B-alumina,
and B"-alumina and their derivatives, are
among the most promising solid electro-
lytes at this time (/-3). Their structures are
described as periodic modulations of spinel
by loose (conduction) layers (4, 5). There-
fore, 8- and B"-alumina are structurally
very similar and differ only in the stacking
symmetry of close-packed oxygen layers.
The existence of the loose layers is respon-
sible for the high ionic conductivity of these
compounds. These compounds, especially
B”-alumina, are, however, susceptible to
degradation, and the sensitivity to the deg-
radation has been attributed also to the
unique structure of these compounds.

The application of Fe-doped B- and 8"-
alumina as electrodes to be used with B-
alumina type compounds as electrolytes

0022-4596/84 $3.00
Copyright © 1984 by Academic Press, Inc.
All rights of reproduction in any form reserved.

has been investigated by Vest and his col-
laborators (6—8). During this study Fe-
doped B”-alumina utilized as an electrode
was found to decompose at a hot-pressing
stage onto Li B-alumina solid electrolyte at
1150°C in N; atmosphere, but to recover by
a following annealing at 600°C in air (8).
Therefore, we investigated the mechanism
of this reversible process by means of high
resolution transmission electron micros-
copy with an intention to confirm the role of
conduction layers in solid state reactions of
this type of compound in general.

In the following, general features of the
decomposition and the recovery processes
are first described as investigated by means
of X-ray powder pattern technique. Then
the decomposition products at different
stages of reaction investigated by high reso-
lution TEM are presented. We then orga-
nize and piece together these observations
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FiG. 1. X-Ray powder patterns of the original (a), decomposed (b), and (¢) recovered specimens.
The recovered specimen used for (¢) here was annealed at 1400°C for 1 hr in air to show a complete
recovery. CrKa radiation instead of CoKe radiation was used here.

into a microscopic mechanism of the de-
composition and the recovery of this com-
pound.

Decomposition and Recovery of Fe-Doped
B"-Alumina

Here, we briefly describe general fea-
tures of the decomposition and the recov-
ery processes as investigated by means of
X-ray powder pattern technique.

Specimens were obtained from those
used for hot-pressing and annealing. Pellets
of B"-alumina were prepared as described

in earlier work (6-8). The composition of
the pellet was Na,O - 3.5 (Alg¢sFeqssh
0,.993. The ratio of the number of Fe?* ions
to the total number of Fe** ions, which was
0.021, was determined by a chemical analy-
sis technique developed by Pastor earlier
(7). For hot-pressing, the pellet was placed
in a graphite die with a Li-doped 8-alumina
pellet used as a solid electrolyte, and, by
applying a uniaxial pressure of 3000 psi,
heated at 1150°C for 4 min under a constant
flow of pure nitrogen gas. The annealing of
the hot-pressed sample was made at 600°C
for 5 days in air. X-Ray powder patterns
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were taken from the original pellet, a, the
hot-pressed sample, b, and the annealed
sample, ¢, respectively, by utilizing CoKa
radiation. The results are shown in Fig. 1.

The powder pattern of a is identified as
that of a single phase 8”-alumina. It has the
rhombohedral symmetry and the observed
lattice parameters based on the hexa-
orthorhombic reference system are gy =
5.728 A and ¢y = 34.26 A. No other phases
can be detected. On the other hand, the
powder pattern of b shows that the speci-
men consists of three different phases; the
B"-alumina phase, the spinel phase Fe,.,
Al,_,04 and the B-Na-ferrite phase, Na(Fe,
Al;_,)O,. Lattice parameters of the g8"-alu-
mina phase, however, are found to be
smaller than those of the original phase by |
to 2%; they are ay = 5.627 Aand ¢y = 32.82
A. The lattice parameter of the spinel
phase, which is cubic, is 8.147 A, while
those of the Na-ferrite, which has an
orthorhombic structure, are ay = 5.38 A, b,
=5.20A, and ¢y = 7.07 A. The X-ray pow-
der pattern for the annealed sample, shows
that this is a single phase g"-alumina with
the same lattice parameters as the original
B’"-alumina phase, a. Also a considerable
broadening of the linewidths is observed
here, indicating that the grain size of 8"
alumina in c is far smaller than that in a.
Because it is not possible to obtain the ex-
act compositions of decomposition prod-
ucts nor the composition of the remaining
B”-alumina phase in b, quantitative conclu-
sions with respect to the decomposition re-
action cannot be drawn only with these
data.

Observation of the Decomposition and the
Recovery by TEM

In order to obtain more detailed informa-
tion with respect to the microscopic mecha-
nism of decomposition and recovery pro-
cesses, high resolution transmission
electron microscopy was carried out on
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corresponding samples confirmed by X-ray
powder diffraction. A JEM 200 CX electron
microscope was used. Two types of speci-
mens were prepared out of these samples
for TEM observations. The one was made
by ion-thinning, and the other was by
crushing in an agate mortar and by mount-
ing on carbon films. It is known that speci-
mens are affected by preparations, and the
results from these two types of specimens
are compared carefully. Further, earlier
studtes of Mg-doped B"-alumina showed
that decomposition was also caused by the
irradiation of a strong electron beam during
TEM observations (9-//). Therefore, in
the present case, specimens were carefully
observed with relatively weak electron
beam, and no extensive radiation damages
such as those reported earlier were de-
tected. The microstructure observed in the
starting 8"-alumina, a, shows parallel array
of stripes 11 A apart which is the distance
between conduction layers.

The observation of hot-pressed speci-
mens prepared by ion-thinning method
showed that the specimen consisted of
grains with sizes around 10 pm, which was
the same as the original phase. At grain
boundaries and at junctions of three or
four grains, a small amount of amorphous
phases were observed. Since the amount of
these amorphous phases was so small, they
were not investigated further.

Each grain in b, however, is found to
consist of three kinds of areas. Fig. 2ais a
bright field image showing the existence of
these areas. They are indicated by A, B,
and C in the figure. Selected area diffrac-
tion shows that the area A is the remaining
(undecomposed) B"-alumina and the area
B, having a dark contrast, is the spinel
phase. However, no diffraction pattern cor-
responding to Na-ferrite is obtained from
areas C, which show a bright contrast and
are distributed in the spinel phase. These
areas give rise to halo patterns only, indi-
cating that the structure is amorphous. De-
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FiG. 2. (a) A bright field image of a decomposed specimen by hot-pressing. (b) A lattice image taken
from an area indicated by an arrow in (a), showing the coexistence of 8"-alumina and spinel.

spite careful observations, no area in the
specimen shows the diffraction pattern cor-
responding to Na-ferrite. This suggests that
areas C are originally Na-ferrite crystals
but have changed into amorphous phase
due to ion-thinning. Indeed, the amount of
the amorphous substance coincides with
that of Na-ferrite crystals which is esti-
mated from the X-ray powder pattern. On
the other hand, in crushed specimens, Na-
ferrite crystals are found among 8"-alumina
and spinel crystals. Also, it is found that
these Na-ferrite crystals gradually change
into an amorphous phase due to irradiation
of strong electron beam, giving rise to a
similar diffraction pattern to that from the
areas C. Therefore, it can be concluded that
areas C are originally Na-ferrite crystals,
but they have changed into an amorphous
phase during the ion-thinning process.

The observation shows that the distribu-

tion of these three kinds of areas is not nec-
essarily uniform over the entire specimen.
In other words, some grains consist most of
B"-alumina crystals with only a small
amount of spinel and of amorphous phase.
On the other hand, a few grains consist al-
most of spinel phase including islands of
amorphous phase. Such a variation in mi-
crostructure from one grain to another
means that the stage of decomposition var-
ies from one area to another. Therefore, it
is possible to find microstructures corre-
sponding to various stages of decomposi-
tion from the observation carried out of a
few number of specimens.

From the observation thus made, the fol-
lowing general conclusions with respect to
the distribution of the three distinct phases
can be drawn. (1) The 8"-alumina phase al-
ways is of a single orientation in individual
grains. This means that each grain is a sin-



294

OTSUKA ET AL.

F1G. 3. High magnification images of the remaining 8"-alumina phase.

gle crystal of B”-alumina before hot-press-
ing. (2) The amorphous phase is always dis-
tributed as islands among spinel crystals in
a fashion shown in Fig. 2a. Sizes of these
islands are at most 500 A. (3) Spinel crys-
tals are always coherently connected to 8-
alumina crystals. An example of this coex-
istence is shown in Fig. 2b, which is a high
magnification image of the boundary be-
tween a spinel and a B"-alumina crystal
shown in Fig. 2a. The left side of the image
is a spinel crystal while the right side is a
B"-alumina crystal in which the conduction
layers are seen as white parallel fringes
with spacing of 11 A. The image also shows
that the (111) lattice fringes of spinel crys-
tal, whose spacing is 4.8 A, are exactly par-
allel to the conduction layers. This means
that the oxygen sublattices of both crystals
are common.

Figures 3a and b are images taken from a
remaining (undecomposed) B"-alumina

crystal. The incident eiectron beam is par-
allel to the (001) planes (the basal plane) in
both cases. Therefore, the conduction lay-
ers can be seen as parallel white fringes in
these images. They are periodically ar-
ranged with the spacing of 11 A, indicating
that these parts maintain the structure of
B"-alumina. Between these regular arrange-
ments of conduction layers, however, dark
bands whose widths are larger than the nor-
mal spacing of conduction layers (white
fringes) are observed. It is also seen that
some dark bands are interrupted by small
rectangular white islands. These bands are
observed in decomposing 8"-alumina crys-
tals, although their widths, distribution
density, and the sizes of white islands vary
from one area to another. These features
are also found in crushed specimens. On
the other hand, these types of defects are
not at all found in a. It is, therefore, con-
cluded that these bands are found only at an
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F1G. 4. A high magnification image of remaining 8"-
alumina near a boundary with a spinel crystal.

early stage of decomposition. Figure 4 is an
image which is taken from an area close to
the boundary of an undecomposed 3"-alu-
mina crystal and a spinel crystal. The beam
direction is parallel to the [110] axis. The
image shows that both the number and the
width of dark bands and the size of a white
island are much larger than those shown in
Fig. 3. This shows that the size of these
defects increases with the degree of decom-
position.

Observations of undecomposed g"-alu-
mina crystals with various beam orienta-
tions confirm that these plate-like defects
are parallel to the (001) planes. Dark band
defects are long, but some of them termi-
nate within the crystals as seen in Fig. 3b.
The width of these dark bands does not
vary within one band, but it ranges from a
few tens to a few hundreds Angstroms. In
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particular, their width is always multiples
of two S (spinel) blocks. For example, the
width of a defect indicated by an arrow in
Fig. 3a is 28 A. This value is also the dis-
tance from one conduction layer (a thin
white fringe in the image) to the third one in
the c-direction of 8"-alumina (11 A X 3) mi-
nus the width of two conduction layers (2.5
A x 2). The width of the thinnest defect
created by the removal of one conduction
layer, therefore, coincides with that of four
S blocks or is equivalent to eight layers of
close-packed oxygen layers. (The definition
of the S block which is a unit building block
of spinel and consists of two close-packed
oxygen layers is given later; see Fig. 9.)
On the other hand, the width of white
islands is not necessarily constant from one
end to the other. As seen in Fig. 5, a white

Fic. 5. A high magnification image showing an
amorphous island in the remaining 8”-alumina phase.
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Fi1G. 6. The structure image of the remaining 8-
alumina phase. The beam direction is in the [110] axis
of the hexagonal lattice.

island becomes narrower toward its center,
while the width at both ends is the same as
that of a dark band connected to it. As a

001
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result, the surrounding B"-alumina crystal
is heavily strained as seen from the bending
of the image of the conduction layers. All
islands observed have the same tendency.
This indicates that white islands are foreign
substance filling the space between two
(001) plane of B”-alumina crystal. The de-
gree of contraction at the center of islands,
however, is not always the same. As seen
in Fig. 5, the width of the island at the cen-
ter is almost one-third less than that at the
end, while others, as seen in Fig. 3a, have
almost the uniform width. This variation is
understood from the fact that the foreign
substance takes the form of thin platelet
and is contracted toward the center.

Now, let us discuss the fine structure of
defects observed as dark bands. Figure 6 is
a magnified image of the part indicated by
an arrow in Fig. 4. In this figure, the area
between A and B consisting of four lines of
white dots is interpreted to be the 8"-alu-
mina structure. A line of white dots indi-
cates a conduction layer and the distance
between two lines is 11 A as expected. In
Fig. 7a, an image of the 8"-alumina struc-
ture calculated under the corresponding
condition to the micrograph is shown. The
calculation was made based on the multi-
slice method (12). In the calculation, a de-
focusing amount of —1200 A, the thickness

F1G. 7. Calculated images of (a) 8"-alumina and (b) spinel (FeAl,O,). The beam direction is in the

[110] of B”-alumina and in the [110] of the spinel.
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of the crystal of 150 A, and the spherical
aberration coefficient of 2.8 mm were used
as parameters. The defocusing amount was
estimated from the width of the Fresnel
fringe observed at the edge of the crystal.
Effects of the beam divergence and chro-
matic aberration were also taken into ac-
count. In calculation, it is necessary to
know the distribution of Fe and Al ions in
the crystal. Since no data with respect to the
distribution are available, the distribution in
the spinel block is assumed to be the same
as that in FeAl,O,4 (/3); Fe?* ions occupy
the tetrahedral sites while AI’* ions occupy
the octahedral sites. The calculated image
satisfactorily reproduces the observed one
between A and B as shown in Fig. 6.

The area between B and C is a part in
which conduction layers of 8”-alumina are
removed. The image shows regular two di-
mensional fringes. The spacing of the
fringes is 4.8 A in both directions and the
angle between them is about 70°. These val-
ues coincide with those of the {111} planes
of the spinel structure viewed along the
[110] direction. This indicates that the area
has become a microcrystal of spinel with
the close packed layers of oxygen ions par-
allel to those of the 8”-alumina matrix. An
image of the spinel structure with the [110]
beam orientation calculated by using the
same parameters as those for Fig. 7a is
shown in Fig. 7b. Atomic parameters for
FeAl,O, (13) were used for this purpose.
The agreement with the observed image
shown in Fig. 6 is good. The fine structure
between lines of white dots in other areas
also are explained as the spinel structure.
The coexistence of different phases in nar-
row bands with widths down to the size of
unit cell is commonly called the microsyn-
taxy.

On the other hand, no crystalline image is
observed from white islands. High resolu-
tion images of these islands are similar to
those of the amorphous phase (area C in
Fig. 2) found among spinel crystals. As
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pointed out earlier, these white islands are
considered as precipitates of Na-ferrite
which, however, have changed to an amor-
phous structure during ion-thinning.

TEM observations of annealed speci-
mens show that most parts of the speci-
men are found to be the 8”-alumina phase,
but some parts consist of many microtwins
with widths which range from a few tens to
several hundreds /gmgstroms. These twins
are considered to be B"-alumina crystals
formed during the recovery process. These
newly formed B"-alumina crystals during
the recovery process are not only faulty,
but they are far smaller in their sizes, the
original B"-alumina crystals being subdi-
vided into several grains with different ori-
entations of conduction layers. Small parts
of spinel crystals, however, are yet occa-
sionally found in areas among B"-alumina
crystals. Figure 8 shows a high magnifica-
tion image of one of these areas. In this
figure, the right side (A) shows a 8”-alumina
crystal, and regular, ordered arrays of con-
duction layers are seen. The left side (B), is
a defective spinel crystal. The incident
beam was parallel to the [110] direction of
the spinel crystal. As seen in the figure, the
(111) planes of the spinel crystal are parallel
to the conduction layers of the 8"-alumina
crystal. Therefore, the spinel crystal can be
considered to be the decomposition prod-
uct from the B8"-alumina crystal seen in A.
The area with the spinel structure (area B)
shows parallel but irregularly spaced white
fringes very similar to those of conduction
layers in the B"-alumina crystal along the
(111) plane. These are the conduction lay-
ers created during the recovery process.
and their spacings are yet irregular. This
situation thus indicates the transitional
stage of the recovery of spinel back into 8-
alumina. However, they are not parallel to
conduction layers of the original 8"-alumina
crystal at A (parallel to the (Tll) plane).
Since the spinel structure has four equiva-
lent orientations of closed-packed oxygen
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Fi1G. 8. A high magnification image of spinel in the annealed specimen. The beam direction is in the

[110] direction.

layers, these newly formed conduction lay-
ers can take one of these four orientations.
Some of the conduction layers in the spinel
structure are connected with those in the
B"-alumina structure,

Summary and Discussion

Results of X-ray powder diffraction (Fig.
1) show that a part of g8”-alumina has de-
composed into spinel and Na-ferrite, while
the remaining (undecomposed) 8"-alumina
has changed its lattice parameters by hot-
pressing at 1150°C in a reducing atmo-
sphere. They also show a reverse reaction
into B"-alumina which occurs upon anneal-
ing in air. By means of high resolution
transmission electron microscopy of corre-
sponding samples, various stages of reac-
tions are identified. The results show how
the decomposed phases are related to the
original 8"-alumina (Figs. 2-5) in their dis-
tributions, and how the interpretation of
high resolution images of decomposed 8"-
alumina and spinel (Figs. 6-7) can be con-
firmed by image simulation. Figure 8 shows

some processes by which the recovery of
decomposed phases into B”-alumina oc-
curs. The aim of this section is to synthe-
size all these data together to form a consis-
tent picture with respect to the microscopic
mechanism of the decomposition and the
recovery.

The first step of the synthesis is to build
up a reaction scheme of the decomposition
and the recovery which satisfies the X-ray
data. Since the exact composition of each
phase of decomposed products is not ob-
tained from the X-ray data only, reaction
equations cannot uniquely be derived. Nev-
ertheless, important conclusions regarding
the reaction can still be obtained from the
comparison of valence states of compounds
involved in the reaction. In the starting 8"-
alumina, it was identified with a certain ac-
curacy (~2%) that 98% of Fe ions are triva-
lent and the remaining Fe ions are divalent
(7), while Na and Al ions should be in their
normal valence states. In Na-ferrite, Na
ions are monovalent, and all Fe and Al ions
are trivalent. In spinel, on the other hand,
one-third of metal ions is divalent, and
these should be Fe ions, and the others in-
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cluding Al ions are trivalent. If this is so,
the amount of divalent Fe ions in spinel
cannot be attributed solely to a small
amount of Fe™* ions which exist in the origi-
nal B”-alumina. Therefore, it is concluded
that a part of Fe*' ions changes into diva-
lent ions during the decomposition. In or-
der to compensate for this change, some
oxygen ions in 8"-alumina should leave the
specimen as oxygen gas molecules. The re-
action formula then should take the form
something like that shown by

Na;O - 5.5(Feq 35Alp 65),05 —
2Na(Feg 35Al0.65)0,
+ 3(Feg35Alp6s)30s + 20,. (1)

Here, it is also tentatively assumed that the
ratio of Fe and Al ion in both spinel and Na-
ferrite is the same as in the original 3"-alu-
mina. The equation indicates that one 3"-
alumina molecule decomposes to three
spinel molecules, two Na-ferrite molecules,
and 3/2 oxygen gas molecules. Equation (1)
also indicates that the decomposition is
basically a reduction process, agreeing with
the fact that the hot-pressing is made under
a constant flow of nitrogen gas. Indeed,
heating a B”-alumina pellet in the same re-
ducing atmosphere, but without applying
pressure was also found to produce similar
results in X-ray powder patterns, confirm-
ing the above conclusion.

Diffraction intensities of spinel and Na-
ferrite were calculated based on Eq. (1) and
compared with the observed diffraction
pattern. The agreement was poor, indicat-
ing that some important factors were miss-
ing in Eq. (1). Although calculated intensity
distributions for each compound agree well
with observed ones, the amount of Na-fer-
rite with respect to that of spinel are consid-
erably smaller than those expected from
Eq. (1) as judged from their relative intensi-
ties. This indicates that not all Na ions of
decomposed B"-alumina contribute to the
formation of Na-ferrite. On the other hand,

X-ray powder pattern shows that the lattice
parameters of remaining (undecomposed)
B"-alumina decrease substantially from
those of the original phase. This indicates
that undecomposed 8”-alumina also partici-
pates in the reaction. An earlier study of
Fe-doped B"-alumina shows that the lattice
parameters decrease as the content of Na
ions increases (6). For example, lattice pa-
rameters of Na,O 4(AlysFeq5),04 are
5.779 and 34.48 A, respectively, while
those of Na30-7(Al0_5Fe(,,5)303 are 5.784
and 34.67 A, respectively. Therefore, the
result indicates that a substantial part of Na
ions of decomposed B"-alumina flows into
the remaining (undecomposed) B"-alumina
rather than forming Na-ferrite. The content
of Na ions in the remaining 3"-alumina can
be estimated by extrapolating the lattice pa-
rameters of those obtained in the earlier
study. They are located beyond the phase
range of B"-alumina reported in the refer-
ence and this fact indicates that the remain-
ing B"-alumina is supersaturated with Na
ions. In order that the accommodation of
extra Na ions be a part of the reaction, this
fact should rather be interpreted that the
content of Na ions in the remaining 8"-alu-
mina is that of the equilibrium value under
the condition of hot-pressing.

The recovery reaction of the decom-
posed specimen can readily be understood
from the above arguments. The decomposi-
tion is caused by a reducing atmosphere at
high temperatures. Therefore, the decom-
posed phases can recover to the single
phase of g8”-alumina if they are heated in an
oxidizing atmosphere.

Before discussing the results of high res-
olution TEM, it may be worthwhile to dis-
cuss briefly the structural relation between
B- and B”-alumina and spinel. In discussing
the B-alumina type compounds, one of the
authors concluded that this type of com-
pounds is built up of two structural unit
blocks, D and S, and that the structure of a
family of B-alumina type compounds is rep-
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(b)

FiG. 9. Schematic representation of the structures of (a) S-alumina and (b) g”-alumina.

resented by the formula D(nS)D*(nS*)(n =
0,1,2,. . .)(i4-16). Structural unit blocks
D* and S* are the same as D and S but are
rotated by 180° with respect to the c-axis
and the value of n determines the period of a
particular compound. The ordinary S-alu-
mina corresponds to the structure n = 1.
The definition of the D and the S block is
given in reference to Fig. 9 of the n = 1
structure. Solid lines correspond to close-
packed layers of oxygen ions and dotted
lines indicate loose oxygen layers or the
conduction layers. The S block consists of
two close-packed oxygen layers and is the
unit building block of spinel, while the D
block includes the loose, conduction layer
between two close-packed oxygen layers.
Metal ions (except Na ions) exist between
the close-packed layers and the tetrahedral
sites exist only in the central block of the S.
Although the whole part between two con-
duction layers is commonly called the
spinel block, we limit the usage of the
spinel block only to the S block because the
D block does not have tetrahedral sites for
metal ions. On the other hand, 8”-alumina
type compounds having the rhombohedral
symmetry can then be described as

[D"(nS)]5 by utilizing the Zhudanov nota-
tion where D" with the rhombohedral stack-
ing symmetry corresponds to D of g-alu-
mina. Again, the normal B"-alumina
corresponds to the n = | compound. The
structures of 8- and B"-alumina are differ-
ent only in the stacking of oxygen close-
packed layers at both sides of the conduc-
tion layer. Although structurally the same,
the S block in B-alumina type structures is
not electrically neutral, the tetrahedral sites
being occupied by trivalent ions.
Observations of the remaining (undecom-
posed) B"-alumina by high resolution elec-
tron microscopy show the formation of thin
plate-like defects (dark bands) in the early
stage of the decomposition. These defects
are parallel to conduction layers and some-
times accompanied by small islands of
amorphous phase (white islands) which is
considered to have changed from Na-ferrite
during the ion-thinning process. Along with
the image simulation, these defects (dark
bands) are confirmed to have the structure
of spinel. It is also shown that the orienta-
tion of close-packed oxygen layers in these
defects is exactly parallel to those of sur-
rounding 8"-alumina. By referring to Fig. 9,
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these results suggest that the planar defects
were formed by a conversion of the D”
blocks to the S blocks as a result of the
collapse of conduction layers. The struc-
ture of the original S blocks is kept intact.
That the defects have thickness which is an
integral multiple of the thickness of two S
blocks confirms this mechanism.

The mobility of Na ions in the conduction
layer is extremely large. Therefore, the
main microscopic process of the initial
stage of the decomposition should be the
transport of Na ions into the remaining 3"-
alumina. As stated earlier, X-ray diffraction
results indicate that Na ions move out from
decomposing 8"-alumina into remaining 8"-
alumina. In other words, they show that re-
maining B"-alumina becomes supersatu-
rated with Na and that the amount of
Na-ferrite is far smaller than that expected
from the reaction Eq. (1). Thus we con-
clude that the reaction starts as the flow of
Na ions into remaining 8"-alumina. The re-
moval of a large amount of Na ions then
results in the collapse of the conduction
layers, and some oxygen ions possibly
leave in the form of the oxygen molecule,
with remaining Na ions and some metal
ions along with some oxygen ions in the D"
blocks form precipitates of Na-ferrite, lead-
ing to the conversion of the D" block into
the S block as observed as the formation of
spinel (Fig. 6).

Combining all observed evidences to-
gether, the microscopic mechanism of the
decomposition in the reducing atmosphere
such as the present case can be summarized
as follows:

The reaction starts locally as the diffu-
sion of Na ions in the conduction layers
from decomposing 8"-alumina into the sur-
rounding B"-alumina in order to reestablish
proper Na content in the surrounding 8-
alumina under the reducing atmosphere at
1150°C. The loss of Na ions from the con-
duction layers results in the collapse of con-
duction layers of decomposing B"-alu-
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mina. As a result, some oxygen ions leave
from the local decomposing 8”-alumina as
0O, molecules, and the remaining oxygen
ions along with remaining Na ions and some
metal ions (AI** ions and Fe*" ions in the D”
blocks) form precipitates of Na-ferrite. The
amount of Na-ferrite is thus determined by
the amount of remaining Na ions and is far
smaller than that expected from Eq. (1).
The loss of oxygen ions as oxygen mole-
cules locally creates charge imbalance, but,
in order to compensate for the imbalance,
some Fe’* ions in the decomposing B"-alu-
mina should change into Fe?™ ions. The
analysis of the content of Fe?* and Fe’*
shows that the tetrahedral sites in the S
block of 8”-alumina are mostly occupied by
trivalent ions. At the same time, by the re-
distribution of the remaining metal ions the
D" blocks transform into the S blocks, lead-
ing to the formation of spinel. The removal
of oxygen ions from the decomposing 8"-
alumina, however, was not confirmed di-
rectly.

The microscopic mechanism of the re-
covery can be explained as the reverse re-
action of the above. Upon heating in oxidiz-
ing atmosphere, the Na content in the
remaining B"-alumina becomes supersatu-
rated and the excess Na ions thus tend to
flow out. At the same time, in the presence
of Na, 8"-alumina structure is more stable
than spinel and Na-ferrite in the oxidizing
atmosphere. Hence, the reconstruction of
the D" blocks occur along the {111} planes
of spinel by the flow of Na ions from the
remaining B”-alumina as well as from Na
ferrite precipitates. Figure 8 shows this
mechanism clearly. The creation of the D’
block from the S block is a growth of the
conduction layers along the {111} plane in a
microsyntactic fashion very similar to that
of the creation of the CS planes in the
Magnéli phase compounds such as V,0,,_,
and T1,0,,_; in VO, or TiO, with the rutile
structure. This mechanism results in the
subdivision of the original (decomposed)
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B"-alumina and creates the broadening of
X-ray lines.

Finally, it should be mentioned that there
are some other important structural factors
which enable these unique microscopic
mechanisms of decomposition and recov-
ery to occur. One is the weakness of bond-
ing across the conduction layers of these
compounds. The oxygen ions in the con-
duction layers do not form a close-packed
arrangement unlike those in spinel blocks.
Therefore, these oxygen ions can preferen-
tially be removed from the crystal in a re-
ducing atmosphere. Some earlier studies in-
dicate that B”-alumina crystals are less
stable than the normal 8-alumina and this is
attributed to the existence of extra bridging
oxygen ions in the conduction layer of the
latter (/7). The addition of divalent dopants
results in the removal of the bridging oxy-
gen ions, and stabilizes the 8"-alumina (/8).
The result of analysis of Fe?* and Fe** ions,
however, indicates that the tetrahedral sites
of Fe-doped pR"-alumina are occupied
mostly by trivalent ions against this expec-
tation. Another structural factor is the exis-
tence of Fe** ions. The change of these ions
to Fe?* ions can compensate excess
charges due to the loss of oxygen ions from
conduction layers or the increase of Na
ions in them without destroying the struc-
ture of the spinel block. The existence of
mixed valence Fe ions and, hence, the ease
of redox reactions is essential in these
unique decomposition and recovery mecha-
nism explained above.
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