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The relative stability of g and p”-phases in
Na,O0-Al,O; beta alumina
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To reveal the relative stability of f and ”-phases in beta® alumina, effects of Na,O content
and calcination and annealing history on the relative content of f and f”-phases have been
studied for compositions ranging from Na, O-bAl,0; to Na,0-9.5Al,0;. The relative stability
appears to be dependent on the calcination or annealing history, except holding time such as
annealing or re-annealing time, but independent of the Na, O content and the holding time.
From these results it can be demonstrated that the relative stability of § and p”-phases is sen-
sitive to the heat treatment path, except the holding time. The “two stage model” on the f/«

polytypic transition in silicon carbide has been guoted to explain the heat treatment path-

dependent characteristics.

1. Introduction

In a polycrystalline beta alumina*, which is one of the
well-known solid electrolyte materials and has two
similar crystalline phases of f and f”. f”-phase is more
desirable since the phase has higher electrical conduc-
tivity than f-phase [1]. For this reason, much work has
been done in attempts to reveal the phase relations
mostly in the simple Na, O-Al, O, system [2-5]. How-
ever, the phase diagrams [2-5] formerly proposed do
not agree with each other, particularly, in the com-
position range of beta phase and which of these two
phases is a stable phase in the range. These disagree-
ments probably resulted, at least partially, from the
fact that previous work did not consider the delicate
relationship between f and f”, the phase transition of
which differs from those frequently found in metals
and ceramics.

The § and f”-phases in beta alumina have basically
close packed structures [6] with 2 and 3 spinel blocks,
respectively, along the c-axis of the hexagonal system.
They can be thought as individual polytypes [7-9] with
syntactic intergrowth in single beta alumina grain, as
shown by transmission electron microscopy [7, 8]
and X-ray diffraction [9] studies. (Many researchers
involved in phase diagram or phase transition studies
on beta alumina, however, did not appear to have
noticed this.) Furthermore, § and f”-phases would
have similar free energies of formation and negligible
BIB” interface energy because of the crystallographic
similarity of the structures and the identical arrange-
ment of the spinel blocks, as suggested by Heuer et al.
[10].

The purpose of this study is to investigate the effects
of Na,O content on one side and calcination and
annealing history on the other side on the relative

stability of § and f”-phases in Na,0-Al, O, beta alu-
mina. The relative stability of § and f”-phases can be
revealed by the relative content of § and f”-phases
obtained after annealing treatment of sufficiently long
time. The investigation showed that the relative stab-
ility of B and f’-phases was sensitive to the heat
treatment path with the exception of holding time,
such as the annealing or re-annealing time, but insen-
sitive to the Na,O content and the holding time.
We will explain the heat treatment path-dependent
characteristics of the relative stability based on the
fact that the § and f”-phases are polytypes.

2. Experimental procedure
Five powder mixtures were prepared from a-Al,O,
and Na,CO; using the usual techniques. These mix-
tures have compositions ranging from Na,0-5A1,0,
to Na,0-9.5A1,0; (10.8 to 6.0Na,O by weight per
cent) after calcination. The Na,0-6.2A1,0, (8.9 Na, O
by weight percent) composition, however, was used at
all experiments except that examining the effect of the
Na, O content. A mixed powder of 50 g was milled for
2hin a plastic jar of 250 ml with acetone and 140 g of
alumina balls. The powder slurry was then dried at
80°C and crushed. Some crushed mixtures were cal-
cined at 1000°C or 1250°C for 2h, and some were
followed by anncaling without calcination. The calci-
nation conditions for each experiment were selected to
observe the relative phase content without ambiguity.
Each mixture was then compacted to pellet types
with a diameter of 10 mm under a pressure of about
50 MPa and put into an «-alumina crucible with
Na,0-6.2A1,0; packing powder. Annealing was
mostly conducted in air at temperatures ranging from
1300°C to 1600°C for 10min or 24 h. Heating and

*For the purposes of this paper, “beta” will be used as a generic term signifying both  and f’-aluminas. The Greek symbols will be used

to denote the specific phase.
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cooling rates were mostly 5° C/min. In the experiment,
however, to study the effect of the heating rate, both
the pellet heated with a slow rate of 1° C/min and that
put directly in a furnace held at 1400°C were
prepared.

To obtain the X-ray diffraction patterns of the cal-
cined or annealed specimens, they were cut in a direc-
tion perpendicular to the height and ground in a SiC
paper. For quantitative determination of the amount
of f and B”-phases, there have been several sugges-
tions [11-13], all of them choosing their own diffrac-
tion peaks characteristic of f and ”-phases, respec-
tively. These suggestions necessarily lead to more or
less different values in the relative § and p”-contents.
The present study, not regarding this difficulty, used
the method of Youngblood et al. [11] who chose (11 0)
and (01,11) peaks and compared their intensities to
appreciate the relative § and p”-contents.

3. Results and discussion

3.1. Effect of Na,O content

All the annealed specimens contained only f and f”-
phases. Figure 1 shows that the fraction of f”-phase is
independent of the Na, O content for the beta alumina
compositions ranging from Na,0-5A1,0; to Na,O-
9.5A1,0, when they were calcined at 1000°C for
2h and annealed at 1480°C for 2h. This result
also means that the relative stability of § and f”-
phases is not affected by the Na,O content. The
Na,O content, which ranged from Na,0-5Al,0, to
Na,0-9.5A1,0, (10.8 to 6.0Na,O by weight per
cent) before the annealing, transferred to the range
from Na,0-5.1A1,0, to Na,0-11.3A1,0; (10.6 to

5.1Na,O by weight per cent) after the annealing,.

providing the observed weight loss of about 1% for
each composition resulted from the evaporization of
Na,O during the annealing. The result of Fig. 1, how-
ever, shows that these slight composition changes will
not affect the relative § and f”-contents.
Furthermore, Fig. 1 shows that  and f”-phases are
actually not stoichiometric compounds with Na,O-
11A1,0; and Na,0-5.33A1,0, [14] compositions as
ideal formulas, but are nonstoichiometric compounds

I00—T— I I | 7
X
o 80 —
(5]
O
L
Leo- o N
=Q @ o

i

@)

s
1

Fraction of
N
@)
l
|

| | l
6 7 8 9 o

Weight Percent of Na,O(%)

Figure 1 Variation of the fraction of p”-phase with the Na,O
content in Na,0-ALO, beta aluminas calcined at 1000°C for 2h
and annealed at 1480°C for 2h.
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with varying compositions ranging, at least, from
Na,0-5AL,0; to Na,0-9.5A1,0;. This can be
deduced from the fact that, provided § and p”-phases
would have the above ideal compositions [14], the
relative § and f”-contents should vary with the Na,O
content. Therefore, it also seems to be incorrect that
the B/p” phase transition occurs through the growth of
existing f and Na Al O, crystals at the expense of the
existing f”-crystals [2, 15].

3.2. Effects of various heat treatments

The relative stability of § and f”-phases was affected
by the annealing temperature, as shown in Fig. 2. All
annealing treatments were held for 24h at 1600°C.
The short annealing time (2 h) at 1 600° C was chosen
to avoid the severe weight loss of the specimen at that
temperature. The fraction of f”-phase was zero at
1 600° C, but increased significantly with decreasing
the annealing temperature to below 1 550° C at which
Weber and Venero [3] and LeCars et al. [5] suggested
the stability of f-phase.

The stability problem of beta alumina below
1 550° C, after some controversies [2, 5], now seems to
have been concluded as f-phase being thermodynam-
ically stable [15]. But, the Na,0-6.2A1,0, specimen,
which contained only a fS-phase when annealed at
1600°C for 2h (Fig. 2), gave a f”-phase reaching
about 22% of the mixture when the specimen was
reannealed at 1400°C for 24h (Fig. 3B). The result
raises a doubt about whether the f-phase is still ther-
modynamically stable at 1400° C since the “unstable”
B and f”-phases is heat treatment path-dependent.
stable.

Figure 3 shows that the relative stability of f and
f”-phases are also affected by the previous annealing
treatment. The Na,0-6.2A1,0, specimen annealed
directly at 1400° C for 24 h (A) gave a relative §”-con-
tent of about 82%, while the same composition
previously once annealed at 1 600° C for 2 h before the
same annealing at 1400° C for 24 h (B) gave a relative
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Figure 2 Variation of the fraction of ”-phase with the annealing
temperature in Na,0-6.2 AL,O; beta aluminas. All were calcined at
1000° C for 2h and annealed for 24 h. The point at 1600° C, how-
ever, was obtained after annealing of 2 h due to the severe Na,O loss
of the specimen.
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Figure 3 X-ray diffraction patterns showing the effect of the re-
annealing in Na,0-6 AL,O, beta aluminas. Both (A) and (B) were
calcined at 1250°C for 2h and annealed at 1400°C for 24 h. For
comparison, (B) was previously once annealed for 2h at 1600°C
before the same annealing at 1400° C for 24 h. The only peaks which
are not common to both § and f” phases are labelled.

f”-content of only 22%. The results of Figs 2 and 3
clearly show that the relative stability of § and f”-
phases is sensitive to the annealing history (namely,
heat treatment path-dependent) and not determined
by any rule concerning the equilibrium.

Figs 4 and 5 confirm that the relative stability of
and f”-phases is heat treatment path-dependent.
Figure 4 shows the diffraction patterns of the Na,O-
6.2A1,0, specimens calcined at various conditions and
finally annealed at 1400°C for 24h. (The powder
mixture calcined at 1 000° C for 2 h had shown only an
o-phase with trace(s) of unknown phase(s), but that
calcined at 1250° C for 2h had shown a mixture of
(about 20%) and B” (about 80%) phases. The con-
tent of §”-phase, which was about 55% when calcined
at 1000° C (B), increased to about 82% when calcined
at 1250°C (A) before the same annealing. The spe-
cimen directly annealed without calcination {C) has a
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Figure 4 X-ray diffraction patterns showing the effect of the calci-
nation condition in Na,0-6.2 A[,O, beta aluminas annealed at
1400°C for 24 h. Calcination conditions were (A) 2h at 1250°C,
(B) 2h at 1000°C, and (C) no calcination, respectively.
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Figure 5 X-ray diffraction patterns showing the effect of the heating
rate in Na,0-6.2 Al,O, beta aluminas annealed at 1 400°C for 24h
without calcination. In (A) the specimen was put directly in the

furnace held at 1400°C, and in (B) the specimen was heated slowly

at a rate of 1°Cmin~".

B”-content similar to that calcined at 1250°C (about
84%). Figure S shows that the simple difference of the
heating rate gives the difference of about 10% in
p”-content. Therefore, as far as the relative stability of
p and f”-phases is concerned, the previous phase dia-
grams and phase analyses cannot be compared with-
out noting the whole heat treatment path containing
the calcination and annealing history.

The annealing time, however, does not seem to
influence the relative stability of § and f”-phases. As
shown in Fig. 6, the relative f”-content, which was
about 84% when annealed at 1400°C for 10 min (A),
did not change significantly although the annealing
time increased to 24 h (B) at the same temperature. A
similar change of the re-annealing time at 1400°C
after annealing at 1600°C for 2h also gave the con-
stant f”-content of about 22%.

The fact that the relative stability of § and ”-phases
appears to be sensitive to the heat treatment path
except the holding time such as the annealing or re-
annealing time cannot be explained properly by the
concept of the phase transitions generally observed in
metals and ceramics. Preferably, the relative stability
of f and B”-phases has to be described by the view-
point of the polytypic transition since § and B”-phases
are individual polytypes with syntactic intergrowth
within a single crystal [7-9].
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Figure 6 X-ray diffraction patterns showing the effect of the anneal-
ing time in Na,0-6.2 Al,O, beta aluminas. Annealed at 1400° C for
(A) 10min and (B) 24 h without calcination.
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Silicon carbide, with mainly o and S-polytypic
forms, can be thought to show the similar
phenomenon. In the f/a polytypic transition of silicon
carbide, according to Shinozaki and Kinsman [16],
o-plates resulting from the transition in sintered p-SiC
polycrystals were sandwiched between envelopes of
in a well-defined orientation relation with the #-phase,
{I11}4/(0001),. In addition to this observation,
Heuer et al. [10] found that the above composite
grains of « and f grew rapidly into the fine grained
B-matrix and then these a-plates within the S-envelopes
were thickened sluggishly probably due to much lower
energies of {111};/(0001), interfaces than those of
random f/o interfaces. These results led Heuer ez al.
[10] to suggest that the f/« transition occurred in two
stages — a rapid one and a sluggish one.

Occurrence of such two stages may also be applied
to explain phenomenally the /5" polytypic transition
in beta alumina, although a satisfying mechanism of
the polytypic transition is not yet given [17)]. Figure 6
shows apparently that the first rapid stage was already
achieved before the annealing time of 10 min and that
the second sluggish stage was already in progress at
that time. Here, the second stage is sluggish probably
due to much lower energy of the (0001);/(000 1),
interface. Recently, Hodge [18] showed that the §/8”
intergrowth structure in MgO-stabilized beta alumina
which had been formed by 1200°C annealing was
extremely persistent until the specimen was re-
annealed at 1500°C for 110 h. This also appears to be
due to the second sluggish stage of the /8" polytypic
transition. Finally, the heat treatment path-dependent
characteristics of the relative stability of § and f"-
phases appears to be mainly due to the second sluggish
stage of the /8" polytypic transition.

4. Conclusions

The most important result of this study is that the
relative stability of f and ”-phases in beta alumina is
sensitive to the heat treatment path with the exception
of the holding time, such as the annealing or re-
annealing time. This was revealed in the dependence
of the relative content of f and f”-phases on the heat

treatment path except the holding time. Therefore, as

far as the relative stability of § and f”-phases is con-
cerned, the previous phase diagrams and phase analy-
ses cannot be compared without considering the
whole heat treatment path containing the calcination
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and annealing history. Secondly, the “two stage
model” suggested by Heuer ef a/. [10] in silicon carbide
was, at least partially, able to explain the heat treat-
ment path-dependent characteristics of the relative
stability of § and f”-phases in this system. For further
explanation, however, the satisfying mechanism of the
polytypic transition should be given. Finally, it is also
noted that the relative stability of § and f”-phases did
not depend on the Na,O content.
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