





SODIUM BETA- AND BETA"-ALUMINA CERAMICS:
POWDER PREPARATION

by

D.J. Green¥® and T.A. Wheat®*

-ABSTRACT

The present work forms part of a program to develop ionically
conducting materials for potential use in energy storage and conver-
sion systems. With applications in high energy-density batteries,
high temperature thermoelectric generators, fuel cells and sensors,
they are playing an increasingly important role in the development of
more efficient energy storage and conversion devices.

Of the many solid-state cationic conductors known, the most
wldely studied at present are those occurring in the system Na20-A1203
in which occur the two forms: beta-alumina (nominally Na20.11A1203)
and the more conductive beta"-alumina (nominally Na20.6A1203). Be-~
cause of the practical importance of these sodium~conducting materials
in future energy systems, a program was initiated in CANMET to study
the relationship between the various processing parameters and the
properties of the final sintered product. To minimize contamination
and other extrinsic effects, the materials were prepared using wet
chemical techniques.

Powders of sodium beta/beta"-alumina were prepared by the
techniques of solution spray freezing-freeze drying and solution spray
drying. After drying, powders were in the form of spheres with the
physical structure of these spheres depending on the drying process.
The powders were found to have high surface areas after decomposition
and to form a mixture of the beta and beta' phases at v1250°C. During
calcination there is a tendency for the powders to agglomerate but the
spherical nature of the dried powder still persists. The calecined
spheres were found to be complex aggregates of very fine crystals. The
powders were shown to be prone to sodium loss at temperatures above
v1300°C.

*Research scientist, Ceramies Section, Industrial Minerals Laboratory,
Mineral Sciences Laboratories, CANMET, Energy, Mines and Resources
Canada, Ottawa.
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LES CERAMIQUES DE .SODIUM D'ALUMINE BETA ET BETA":
PREPARATION DE LA POUDRE

par

D.J. Green* et T.A. Wheat¥*

RESUME

Le présent travail a été effectué dans le cadre d'un pro-
grammme de mise au point des matériaux a conduction ionique pour
1l'usage possible dans les systémes d'emmagasinage et de conversion de
1ténergie. Comme on peut les utiliser dans les piles 3 haute densité
d'énergie, dans les génératrices themodlectriques & haute température,
dans les piles 4 combustibles et dans les sondes, ces matériaux jouent
un r8le de plus en plus important dans la mise au point de dispositifs
plus efficaces pour l'emmagasinage et la conversion de 1'énergie.

Des nombreux conducteurs cationiques a 1'état solides connus,
ceux qui jusqu'a présent ont été les plus étudiés sont ceux-que 1l'on
retrouve dans le systéme Nago-Algo3 dans lequel se trouvent les deux
formes suivantes: - le béta-alumine (Na20.11A1203)' ;et le bdta'-alumine
plus conducteur (Na20.6A1203). A cause de l'importance pratique de
ces matériaux conducteur de sodium pour -les systémes d'énergie futurs,
un programme a été lancé au CANMET pour étudier le rapport qui peut
exister entre les différents paramétres de transformation et les pro-
priétés du produit concrétionné fini. Les matériaux ont été préparés
selon des techniques chimiques. humides afin de minimiser la contamina-
tion et autres effets intrinséques.

Les poudres d'alumine béta et b8ta! de sodium ont été prépa-
rées selon- les techniques de gel par la vaporisation de solution-sé-
chage par le gel et le séchage par la.vaporisation d'une  solution.
Aprés le séchage, les poudres prenaient la forme de sphéres. la
structure physique de -ces sphdres dépend du procédé de séchage. Les
poudres ont des grandes.aires. de surface aprés‘ la décomposition et

s

forment un mélange des phases. b&ta et bé&ta" a +1250°C. Durant la
calcination, la poudre a tendance i s'agglomérer mais la nature sphé-
rique de la poudre séchée persiste. On a découvert que les sphéres
calcinées sont des agrégats complexes de cristaux trés fins. On a dé-
montré que ces poudres étaient sujets 3 des pertes de sodium & des

températures de plus de »1300°C.

¥Chercheurs  scientifiques, - Section des - céramiques, Laboratoire ‘des
minéraux industriels, Laboratoires des sciences minérales, CANMET,.
Energie, Mines et Ressources Canada, Ottawa.
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INTRODUCTION

Although it has been known for some time
that certain solids were capable of conducting
electricity by ionic transport, it is only within
the last 20 years that the scientific signifi-
cance of these solid-state electrolytes has been
appreciated. This breakthrough was due primarily
to the discovery that some of these conductors

could have appreciable conductivities -~ v0.5 ohn™ !

em'1 - at ambient temperatures.

This advance has
since been followed by considerable technological
developments (1-3). The major interest has been
directed to the development of efficient traction
and energy-storage devices using secondary batter-
ies and to the development of fuel cells. Other
applications are also being developed, such as
sensing devices in control systems, ion-specific
electrodes and membranes, thermoelectric genera-~
tors, and electronic circuit components, e.g.,
coulometers, bi-stable devices, reference voltage
devices and electrochromic displays. Finally, it
should be noted that solid electrolytes are an im-
portant research tool for thermodynamic and kinet-
ic investigations.

Single crystal and dense polycrystalline
Na [3-1\1203 and Mg0- or Lizo-stabilized Na B"-A1203
have been shown to be fast-ion conductors (4,5).
The high conductivity of sodium in these materials
is directly related to their crystal structures
in which the sodium resides on a loosely packed
plane. Major technological programs have already
been initiated to use these two materials as elec-
trolytes in secondary batteries, such as the sodi-
um-sulphur battery. This is currently being ac-
tively developed in the U.S.A., United Kingdom,
France, Germany and Japan for use in electric
vehicles or for load levelling in power genera-
tion (6-8).

It is well established that the micro-
structures and hence the properties of ceramics
depend strongly on the characteristics of the ini-
tial powder. In particular, the powders should
be characterized by a high degree of homogeneity
(chemical and physical) and high purity, while
maintaining a very fine crystal size. A program

was initiated at CANMET to study the preparation

In this
by the tech-

and fabrication of homogeneous powders.
report the preparation of Na B—A1203
niques of solution spray drying and spray freez-
ing-freeze drying will be discussed with particu-
lar regard to the powder characteristics and their
behaviour during calcination. An overview of the

CANMET program is shown in Fig. 1.

STARTING ShuURITY.
MATERIALS COMPOSITION (BETA/BETA")

SULPHATE
SOLUTION |

NITRATE

SOLUTION |CONCENTRATION

SD FD SD

9
[ Powper | | POWDER || POWDER | | POWDER |earacTerise

CALCINE |
[ BETA/BETA"-ALUMINA | TEMPERATURE, TIME

HOT PRESS
| DENSE cERAMIC DisCS |

[ PHASES ] [DENSITY][CHEM ANL ][MICROST][ELEC][MECH ]

Fig. 1 - CANMET program on the preparation, fabri-
cation and characterization of sodium beta- and
beta"-alumina (Phase I)

LITERATURE SURVEY

The primary considerations for using sol-
id state electrolytes in technical applications
are the magnitudes of the ionic and electronic
conductivities and the chemical stability in the
cell environment. For example, the electrolyte
in secondary batteries for vehicular propulsion
must have a low resistivity to achieve the high
power densities that are required. For the case
of B"-A1203 in the Na-S battery a goal of 5 ohm-
Such high

power densities are not required for batteries

em or less has been recommended (7).

being used in load-levelling but even so, a lower
resistivity electrolyte would decrease the initial
capital cost and also increase efficiency.

The ionic conductivities of single crys-
tal Na B- and B"-A1203 are shown in Fig. 2 as a
function of temperature (4). Included in this
figure are the conductivities for the polycrystal-
line materials. It can be seen that B"—Alzo3 has
the lower resistivity and hence is preferred for
applications where high power densities are re-

quired. The polycrystalline resistivities are




somewhat lower than their respective single crys-
tal values and this is probably due in part to the
It has, how-

ever, also been shown that the resistivity-temper-

tortuosity of the conduction path.

ature relationship is also dependent on grain size
(Fig. 3). This behaviour has been shown for B-
A1203 to be a result of the intergranular resist-
ance between grains and is therefore dependent on
the nature of the grain boundary (9). Powers'and
Mitoff have also shown that the intergranular com=-
ponent is not only dependent on temperatures and
composition but also on the microstructure (e.g.,
second phases) and other processing details (9).
For example, they have shown that the milling pro-
cedure and the amount of porosity can greatly in-
A similar

approach has also been taken by Virkar et al. (10)

fluence this intergranular component.

to evaluate the intergranular resistivity for
Lizo-stabilized B“-A1203. However, as pointed out
by De Jonghe (11), it is difficult to make any
quantitative correlations between grain boundary
structure and these equivalent circuit approaches.
It would appear from the above discussion that
even when the correct composition has been chosen,
it is still necessary to fabricate single-phase
materials with Jlarge grain sizes, clean grain
boundaries (high purity), high densities and rea-
sonable homogeneity to achieve low resistivities.

Clearly, some compromises may have to be made when
other specifications have also to be met. For ex-

ample, materials with large grain sizes would tend

Temperature, °C

600 200 100 50
PIT B, Forystline
IO—I_ /
10%
10% ]
2 3
1000/ T

Fig. 2 - Variation of sodim ion conductivity with
temperature (Ref. 9)

Temperature, °C
400__ 200 100 50 25

o
]

I8 22 26 30 34
1000/ T

Fig., 3 - Variation of resistivity with temperature
in three samples of polycrystalline beta-alumina
of the same composition (9.5 wt % Na,0 and 0.25
wt % Lizo) but of different grain sizes (After
Ref. 63)

to give materials of low strength and hence could
be unacceptable.

It has been shown that both B- and B"-
A1203 can be  fabricated with acceptable ionic and
electronic conductivities for many applications,
but problems have occurred in terms of durability,
particularly in the Na-S battery. These problems
are often related to the failure of the B~ or R"-
A120
fracture of the electrolyte or by short-circuiting

3 tube.  Cell failure occurs as a result of

when sodium penetrates the electrolyte. This
electrolytic degradation has been shown to be as-
sociated with the formation and penetration of
sodium either as grey filaments or as a general
darkening extending from the sodium interface
(12-16) .-

Several mechanisms have been put forward
to explain this degradation. Initially, it was
suggested that pre-existing cracks will propagate
at high current densities as a result of the hy-
draulic pressure of the flowing sodium (17), this
postulate has since been extended further to ac-
count for the effect of stress, capillarity and
the selective removal of material from crack tips
by the sodium (18,19).
that cells operating at relatively low current
densities also fail and that other degradation

mechanisms can play a role, e.g., discharge of Na™*

It is clear, however,




ions within the electrolyte can lead to local
stresses (20), impurities present in the electrode
can exchange ions with B- or B"-A1203 and produce
stress gradients (21,22). As discussed before, it
is clear that the degradation process will also
be dependent on the microstructure of the electro-
lyte. For example, fabrication defects may act
as sites for sodium penetration or formation. It
has also been suggested by Powers and Mitoff (9)
that their equivalent circuit model indicates that
large electric fields are possible across grain
boundaries or in the vicinity of large grains and
this may play a role in the degradation process.

In addition to the above consideration,
other specifications have also to be met for these
solid-state electrolytes to be used in practical
systems. These can include: reasonable strengths
and thermal-shock resistance, to withstand stres-
ses encountered during manufacturing, assembly and
operation; high densities for hermeticity and to
assure reasonable strengths; good wettability by
the electrodes; and finally, close geometric tol-
erance for cell design. High strength ceramics
are generally characterized by a small grain size
and absence of cracks, pores, inclusions and in-
ternal stresses, as well as smooth surface finish.
To meet these specifications, careful considera-
tion must be given to the details of the ceramic
fabrication process and in particular to the mi-
crostructure of the electrolyte.

The origin of the high conductivity in B-
and B"—A1203 is directly related to their crystal
structures, which are shown in Fig. 4. Both
structures are layered and consist of blocks of
four close-packed planes, which consist of oxygen
and aluminum ions in a spinel-like structure.
These blocks are separated by A1-0-Al1 columns.
The sodium ions reside on the loosely-packed
planes between the spinel blocks and can migrate
readily in an electric field. The difference be-
tween the 8- and 8"-A1203 is essentially only in
the stacking sequence of the close-packed layers.

The main features of the S—A1203 strucure
were deduced by Bragg et al (23) and have been re-
fined by other workers (24,25). The structure of
8"-A1203 was originally determined by Yamaguchi
(26) from X-ray powder diffraction data but as

)\

A

O
.'

;\.
2 'é:‘
e o

Fig. 4 - Crystal structures of (A) sodium beta-
alumina and (B) sodium beta"-alumina (After Ref.
83)

this had been reported only in the Japanese liter-
ature, it was reported by Théry and Briancon (27)
in 1962 as a new compound. The crystal structure
was confirmed by Bettman and Peters (28) on a sin-
gle crystal of MgO-stabilized 8"-A1203. Powder
diffraction patterns have also been reported by
several other workers for 8- and 8“-A1203 (22,29~
32). These patterns are often complicated by the
epitaxial co-existence of both - and 8"—A1203 in
the temperature range from about 1050 to 1550°C
(32,33). 1Indeed, it has been observed that these
phases can intergrow on a very fine scale (34,35)
and can therefore complicate the X-ray diffraction
intensities.

The phase diagram for the Na20—A1203 sys-
tem has been proposed by Rolin (36) and critically
reassessed by DeVries and Roth (37). In more re-
cent times, the diagram has been further modified
by Weber (38) (Fig. 5). In this diagram both 8-
and 8"—A1203 are given as nonstoichiometric phases
with narrow compositional limits. An alternative
diagram has been put forward by Fally et. al (33)
and is shown in Fig. 6. In this diagram the 8-
A1203 phase field is somewhat wider and at temper-
atures in the range of 1050 to 1550°C, the forma-
tion of S—A1203 is usuvally accompanied by the
presence of the B" phase. Both diagrams indicate

that B"—A1203 is metastable in the binary system.




Liquid + aAlzos/ a
2000t - -
Liquid 7 E P
1800} H
,/Liquid 8 :amzo;
/7
160 158510 |
o d NaAlO# bl
T, °C 2P Bss
141010 if |
1400 vahiozp ’,J P
aAl0s il
1200 7 Soda |1 |
Rich 8",
1000F ! 1
17 k9
. T HTEEL
50 60 70 80 90 100
NaAlo, Mol% AlO5  Al05

Fig. 5 - Section of NaEO—Alzo3 pseudobinary phase
diagram containing B and B"-alumina (After Ref. 38
and 84)
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Fig. 6 - Phase equilibria in the I\Jaeo-ﬁlzo3 pseu-
dobinary system (After Fally et al., Ref. 33)

To stabilize the B" phase, dopants such as L120
and Mg0 are generally added to the system (39,40).
These dopants will also increase the conductivity
but, as pointed out by the Ford workers (41), the
conversion to the B" phase is relatively slow so
that ‘after sintering the conversion to B" is in-
complete. To overcome this problem the samples
can be annealed after fabrication (4#1). - It was
also found that improving the distribution of Li20
by adding L120.5A1203 instead of L12003 to the
initial mix also led to a greater degree of con-

version to B"—A1203 after both calecination and

sintering (41). It is clear therefore that homo-

geneity in the lithium distribution is important
for the conversion of B- to B"-A1203. To form
B"—A1203 compositions of Li:Na:Al and Mg:Na:Al of
approximately 0.16 to 0.25:1:5.0 to 6.3 are gener-
ally used. At lower soda levels, dopants have al-
so been shown to lower the conductivity of B-A120
(42,43).

3

Elliott and Huggins (44) have explored
the NaAlOz—Alzo3 phase diagram for temperatures
between 800°C and 1150°C and have reported two
new phases X—Nazo.xA1203 and a hydrated aluminate
p-Na20.A1203.6H20.

The phase equilibria in these systems are

~also complicated by the high vapour pressure of

Na20. For example, at 1527°C the vapour pressure
is v0.02 mm of Hg. This tendency to lose Na20
leads to the formation of a—A1203 at temperatures
around 1500°C and even lower under reducing condi-
tions (4). As sintering of both B- and B"—A1203
is carried out at temperatures above 1550°C pre-
cautions have to be taken to minimize or prevent
soda loss. This has been accomplished by rapid

firing (45), encapsulation in a covered or sealed

-vessel (41) or by surrounding the material by pow-

der (46).

In the phase diagraﬁ, the presence of a
eutectic at approximately 1585?0 can give rise to
a liquid phase during sintering depending on the
choice of raw materials and the degree of mixing.
It has been observed that higher soda concentra-
tions result in higher sintering rates (47) and
this may be a result of the presence of liquid
phases accelerating the densification 'process.
Indeed by choosing an additive with the' eutectic
composition, it has been shown that the densifica-
tion of B-A1203 can be significantly improved(48).

As discussed earlier, to. achieve the de-
sirable properties of high conductivity, mechani-
cal strength and durability, it is necessary to
control the microstructure of the material. This
control will depend on the details of the fabrica-
tion process. The fabrication of -ceramics is usu-
ally accomplished in three principal steps: pow-
der preparation, forming into the required shape
and, finally, densification to remove pores and

to develop other required properties. There is



invariably strong interaction between these steps.
Various powder preparation techniques
3 These

various powders can be classified according to

have been attempted for B- and B"-A120

their homogeneity, purity, crystal size, shape and
degree of agglomeration. Often in ceramic fabri-
cation use is made of liquid phase sintering to
enhance densification rates, but for the f-alumi-
nas the presence of a liquid phase may lead to the
exaggerated grain growth that is often observed.
As discussed earlier, the presence of this type
of inhomogeneity will also tend to influence the
final properties of the material, e.g., conductiv-
ity and durability. Similarly, the use of high
purity raw materials would also be expected to
give materials with superior properties. For sol-
id state sintering, one generally expects that en-
hanced sintering rates can be accomplished using
homogeneous powders with high surface areas, pro-
vided the powders are not highly agglomerated.
For +the B-alumina, enhanced sintering rates would
be useful in reducing the problem of exaggerated
grain growth and soda loss and, as pointed out
earlier, it appears that homogeneity can also in-
fluence the conversion rate of B to B". Seeding
techniques have also been used to control grain
growth (49,50).

Two commercial powders of B-Al203 are
available, but both are milled to reduce the grain
size, Monofrax H (Carborundum) is obtained from
a fusion process and Alcoa XB-2 is made by a Bayer
process. Other workers have relied on the more
traditional dry milling of the raw materials
(e.g., Na2CO3 and OL-A12O3 (31,41). The milling of
these materials will also tend to increase the im-
purity levels.

Clearly, a higher degree of homogeneity
can be obtained if some or all of the raw materi-
als are initially present as a liquid. For exam-
ple, workers have also explored the techniques of
solution spray drying (20,49), coprecipitation
(20,49), gel processing (32,49,51) and stir drying
(51) for producing B- or B"-A1203. In these tech-
niques, it has been shown that the choice of raw
materials can influence the phase formation and
that the morphology of the powders can greatly in-
fluence the sinterability. For the B-aluminas the

presence of needle-like or platey grains can lead
to poor packing and hence to poor sintered densi-
ties (51). Similarly, even if the powders are of
sub-micrometre size any agglomeration will Ilead
to poor green structures (51). Powders often have
to be modified after preparation to alter their
forming characteristics e.g., de-agglomeration or
spray drying.

Several different types of forming tech-
niques have been used for polycrystalline 8- and
B"-A1203 and include extrusion (20,49), isostatic
pressing (20,49), electrophoretic deposition (33,
52,53), slip casting (54,55) and centrifugal cas-
ting. Hot pressing, which is a technique that
combines forming and sintering, has also beep used
(20,56-59). For the B-aluminas the major influ-
ence of the forming technique has been on the pre-
ferred orientation of the crystals. In a tubular
configuration the orientation is such that the
basal planes tend to line up parallel with the
tube axis. In hot pressing the basal planes tend
to lie perpendicular to the hot pressing direc-
tion. This preferred orientation will lead to an-
isotropy in the sodium ion conduction. For hot-
pressed (56,59,60), isostatic pressed and sintered
(60,61), and extruded materials (20) the ratio of
the ioniec conductivities parallel and perpendicu-
lar to the texture axis seems to be generally less
than 2 to 3. For slip casting, however, a ratio
of U0 has been measured (54).

B~ and B"—Al203 are generally sintered
using either a batch technique or a zone sintering
technique (U45). Atmosphere control is important
in the sintering of the B-aluminas because of the
soda loss problem discussed earlier. It has also
been shown that higher densities can be obtained
when the materials are sintered in oxygen (62) and
that careful control of the temperature must be
maintained to reduce the problem of exaggerated
grain growth (63).

The initial emphasis of the program at
CANMET has been on the preparation of B- and B"-
A1203 powders. Two techniques - solution spray
freezing-freeze drying and solution spray drying -
were chosen, as these generally produce high puri-

ty, homogeneous, reactive powders. (As pointed

out in this discussion, these characteristics




should aid in the fabrication of the B-aluminas,
particularly in the formation of uniform, fine-
grained microstructures and should result in mate-
rials with superior properties.) - Both techniques
use a solution of the required ions as a starting
point and the solvent is removed in such a way as
to retain, as much as possible, the homogéneity of

the original solution.

FREEZE DRYING

The freeze drying method (64) consists of
rapidly freezing a solution containing the re-~
quired cations. The solid is then freeze-dried
to remove the solvent. The aim of the process is
to retain the homogeneitylof the solution by rapid
freezihg and then to remove the solvent without
the formation of any liquids. After freeze dry-
ing, the product must be heat treated to decompose
the salts and the salts should be selected so that
there is no melting or volatilization during this
treatment. After decomposition the salts are usu~
ally ultrafine which enhances reactivity and also
precludes the need for ény milling procedures
which could otherwise lead to contamination of the
material. ' The powders are, however, usually ag-
glomerated after drying and calcining so that it
is often necessary to de-agglomerate by some pow-
It is useful at this
point to describe some of the details of the

der modification technique.

freeze drying process.

Water is frequently chosen as the solvent
and soluble salts such as Sulphates, nitrates, ox-
alates, etec., are chosen as the raw materials.
The solution is rapidly frozen usually as a spray
into a cryogenic 1liquid, e.g., liquid nitrogen.
It is clearly important to establish the freezing
conditions so that phase separation does not
occur. For example, consider the phase diagram
for‘the;Alz(Sou)3-H20 system, Fig. 7,.which can be
formulated from solubility data. For the cooling
of the solution, marked A, the equilibrium process
would be the formation of ice as the temperature
falls below the liquidus curve until at the eutec-
tic temperature the remaining liquid solidifies
into ice and A12(804)3.16H20.

freezing, the degree of phase separation would be

For more rapid

expected to decrease and at higher freezing rates
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Fig. 7 - Phase equilibria in the A12(804)3—H20

pseudobinary system .

the crystallization of one or both phases may be
suppressed completely. The freezing process does
not appear to have been studied in great détail,
but it has been shown from thermal analysis that
the rapid freezing of A12(804)3 solution in liquid
nitrogen at cooling rates between 15°C and 170°C
per minute does give an amorphous phase (65). The
inhibition of crystallization is expécted.to de~
pend on the chemical nature of the solution and
its tendency .to form glass-like material. The
rapid cooling of Mg'SOll at a rate of 15°C per min-
ute indicated that crystallization did occur. It
has, however, also been suggested that phase sep-~
aration-should be allowed to occur to some degree,
otherwise there will be a tendency for'the glassy
phase to melt during drying_at a temperature well
below the euﬁectic temperature (66). Indeed, it
has been suggested that NHMOH should be added to
the solution to increase ' the freezing point and
to enhance phase separation (66).

After  freezing, the mixture must be
placed in a freeze drier to sublime the ice. A
schematic representation of a freeze drier is giv-
en in Fig. 8.

be evacuated to a pressure below the cr&ohydric

It consists of a chamber that can

point so that the ice sublimes directly into va=-
pour. A temperature-pressure. phase diagram for a.
salt-water system is shown in Fig. 9, where Q is

the cryohydric point. Clearly the lower pressure
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Fig. 9 - Phase equilibria in a salt-water system.
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changes the phase relations in Fig. 7 but, in gen-
eral, the effect of pressure on the solubility
curve 1is expected to be relatively small except
that the equilibrium is now between vapour and
solid.

perature of the frozen solid below the eutectic

It is also important to maintain the tem-

temperature until the pressure is below Q, other-
wise melting can occur. During freeze drying, the
water vapour is condensed on a c¢old surface and
hence effectively removed from the system. The
temperature of the condenser is maintained well
below that of the frozen product usually at be-
tween ~U0° and -60°C as the sublimation rate will
depend on the difference in temperature between

the product and the condenser. The sublimation

rate will also depend on the pressure within the
system. In a freeze drier, heat can be supplied
to the frozen product to control its rate of dry-
ing. Because a dyrnamic equilibrium is established
during freeze drying, the vapour pressure in the
powder can rise above Q if too much heat is sup-
plied and "melt back" can occur. To prevent this,
the thermal energy supplied to the product must
be carefully controlled. Alternatively, the tem-
perature can be maintained below the eutectic or
melting temperature throughout the drying process.

For the B-aluminas, information on the
phase equilibria for the aluminum salt-sodium
salt-water system would be useful to determine the
eutectic temperature. To the authors' knowledge,
only the Alg(sou)3-NaZSOu—H20 system has been
studied (67). The phase diagram for this system
is shown in Fig. 10, and the ternary eutectic tem-
perature is given as -10°C,

After the removal of ice, further dehy-
dration can be carried out to remove any bound
water, e.g., water of crystallization. This can
usually be performed at higher temperatures (up
to 100°C in commercial freeze driers) as there are
no liquid phases in the system. A typical drying
cycle is shown in Fig. 11.

As the freeze-drying process should be
performed in the solid state, the homogeneity of
the original solution is expected to be retained

to a high degree. Although X-ray mapping tech-

Fig. 10 - Phase equilibria in the ternary system

1;12(sou)3 - Na,50, - H,0 (After Ref. 82)
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Fig. 11 - Typical conditions in a freeze drier
during the sublimation (drying) stage

niques have been made to substantiate this assump-
tion, it has also been shown that the conductivity
of freeze-dried Cd-doped AgCl is high and that the
optical homogeneity of lanthanum-doped lead =zir-
conate titanate (PLZT) is good (68) thus indicat-
ing that the powder homogeneity was very good-
(69). It is also generally found that the decom-
position and formation of the f‘1nal product occurs
at lower temperatures than for powders prepared
by other techniques (65).

may develop during caleination and' sintering’ of

However, heterogeneity

freeze-dried powders as a result of, for example,
rehydration and melting, sublimation, liquid phase
formation, second phase formation or redox proces-
ses.

Finally, the morphology of the freeze=-
‘dried powders is also of importance as this will
defermine the green structure of powder compacts.
It has been shown that the spherical morphology
of the frozen spheres 'is retained during drying
and calcining but that the spheres consist of ra-
dial chained aggregates of crystallites (70). It
was also shown that grain growﬁh exponents are low
for freeze-dried powders and that this inhibition
of grain growth probably results from the high
porosity of the sbhefioal agglomera’cés (70).

The technique of solution spray freezing-
freeze drying has been attempted for several mixed
oxides and these include MgAlzod, lithiated NiO,
NiCozou (71), PLZT (68), and doped LaMno3 (72).
Freeze drying has also been reported recently for
6—A1203 (51), though it was indicated that the

powders'had poor sinterability. PFrom this discus-
sion, it would appear that solution spray freez-
ing-freeze drying is a simple and noncontaminating
powder. preparation technique in which compositions
can be formulated from high purity reagents with
minimal contamination. The powders can have a
high degree of'homogeneity and therefore offer the
opportunity of producing fine-grained, uniform

ceramic microstructures.

SPRAY DRYING

In the technique of solution spray dry-
ing, a solution containing the required cations
is sprayed into a heated chamber, as shown schema-~
tically in Fig. 12. Depending on the temperature
of the chamber, the solvent will be removed and
decomposition can occur. As this process should
occur rapidly, the resultant powders would be ex~
pected to be homogeneous and fine grained. This
technique has been used to produce mixed oxide
pouders of CaAL,0y (73), PLZT (68), Mghl,0, (TH)
and several different ferrites (74-76).. It is al-
S0 a process that promises ease of scaling-up

(77). The powders are usually amorphous or poorly

crystalline after drying and in the case of

NiFeZOu were shown to form the spinel and sinter
at lower temperature than normal, again an indica-
tion of good homogeneity. In comparison with the

freeze-drying'technique, it has been shown that

Solution or
Suspension

%

Disc Atomizer

AAAAAA

Gas Heater

Fig. 12 - Schematic of a commercial spray drier




spray drying introduces a greater contamination
but that the reactivities were similar (78). In
that work it was noted that the major influence
on powder characteristics was the choice of raw
materials, e.g., nitrates or sulphates, etc.

There appears to be few studies on the
structure of spray-dried powders though it was in-
dicated by de Lau (74) for spray-dried sulphates
that the powder was in the form of hollow spheres
after drying. After calcining, the hollow spheres
were aggregates of very fine crystals, but these
could be easily broken down in a turbine mixer be-
fore pressing and sintering. It was also noted
that the properties of ferrites were improved by
using spray-dried powder.

In this study the two powder-preparation
techniques were used for the formation of B-or B"-
A1203. In particular, an attempt was made to un-
derstand the powder characteristics and the pro-
cesses that occur during the drying and calcining

stages.

EXPERIMENTAL PROCEDURE

SOLUTTON SPRAY FREEZING-FREEZE DRYING

A solution was made up of high purity
Na,C05 and AlZ(SOu)3.16H20 dissolved in distilled
water at room temperature. The two starting ma-
terials had previously been checked for their
weight loss so that the solution would produce
powder with the composition Na20.6A1203 after dry-
ing and decomposition. The concentration of the
solution was 0.02 M with respect to the Na2003.
This solution would be expected to yield approxi-
mately 15 g/L of calecined Na20.6A1203. It was
noted that a gas, presumably 002, was evolved du?—
ing solution preparation when the Na2003 was added
to the acidic sulphate solution.

The starting solution was rapidly frozen
by spraying into liquid nitrogen using a pneumatic
jet (79).

dried in a commercial drier.

The frozen mixture was then freeze
Initially the shelf
temperature was controlled at -15°C to reduce the
possibility of melting. After the powder was re-
latively dry, the shelf temperature was raised to
28°C for final drying.
made to determine whether changing the concentra-

A short study was also

tion of the starting solution, the freezing-rate,
drying temperature or the identity of the sodium
anion altered the powder characteristics.

An attempt was also made to produce pow-
3 and Al(N03)3 but
it was found that these materials tended to melt

ders based on solutions of NaNO
during freeze drying. It has been suggested pre-
viously that this difficulty in freeze drying
Al(NO3)3 is a result of its low freezing point and
its tendency to form a glass during freezing (66).

SOLUTTION SPRAY DRYING
A solution of Na2003 H)3'

was prepared in a similar fashion to that de-

and AlZ(SO 16H20

scribed above. In this case, however, the solu-
tion was saturated with respect to the two compon-
ents at v0.25M. The sclution was split into two
lots, one being freeze dried as described previ-
ously and the other being spray dried in a commer-
cial spray drier. For the latter process, the
solution was dried using an inlet temperature of
360° to 400°C and an outlet temperature of 120°C.

The solution feed-rate was approximately 7 L/h. A
saturated solution was also prepared using NaNO3
and Al(N03)3.9H20 which was then spray dried using

the same conditions.

POWDER CHARACTERIZATION

After drying, it was necessary to cal-
cine the spray-dried (SD) and freeze-dried (FD)
powders to decompose the salts and to produce B-
A1203. The calcination process was studied using
a variety of techniques. Thermogravimetric analy-
sis (TGA) was carried out on the dried powders in
air using a thermobalance and a heating rate of
12°C/min.
ried out on the powders using the same heating

Differential thermal analysis was car-

rate as in the TGA. The powders were calcined in
air for a period of 1 h at a series of tempera-
tures up to 1400°C.

lyzed by X-ray diffraction using Guinier focussing

The samples were then ana-

and Debye-Scherrer cameras, and CoKa radiation) to
identify the phases present, by nitrogen adsorp-
tion to determine the specific surface areas, and
by chemical methods to determine the Na, Al and S
concentrations. A series of samples was also cal-

cined at 1300°C for different periods of time and







The infrared spectrum of the dried powder
is given in Fig. 17 and has Y4 major peaks at 3200,
1650, 1130 and 600 cm™'. The spectrum of the FD
powder is very similar to that of A12(304)3.18H20
except that peaks are absent at 950 and 620
em™'. The first two peaks observed for the FD
powders are typical O-H stretching and H-O-H bend-
ing modes for absorbed water. The other two peaks
are the two normal modes of vibration that are in-
frared active for the soi" ion. The absence of
the peaks at 950 and 620 em | is indicative that
the SO;” ion is not distorted (81).

The results of the X-ray diffraction
analysis on the calcined powders are summarized
in Table 1.

ders have crystallized into A12(Sou)3. Several

By 400°C the amorphous, as-dried pow-

other 1lines were observed in this pattern but
these could not be positively identified. Presum-
ably the the sodium.
Above 800°C the A12(804)3 decomposes and Nazsou is
also formed, which is stable to about 1200°C. The
reacts

of the

other phase contains

NaZSOu decomposes at this temperature and
with the n-A1203 to form B"-A1203. Part
X-ray spectrum is shown in Fig. 18 for a sample
calcined at 1250°C for 1 h. of the
19.7 nm (1.97 &) B"-A1,0, peak at No. 10 indicates

that some B-Alao3 is probably also present in the

The asymmetry

powder as it has been shown that these two phases

tend to intergrow on a fine scale (3,4). At high-

Fig. 16 - X-ray diffraction pattern a) immediately

after drying b) U4 months after drying
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er temperatures of 1300°C to 1600°C or for longer
times, the presence of both phases is readily ap-

Above 1550°C, the amount of B-A1203 de-
creases more rapidly but is still observed at
1650°C after 1 h. This behaviour is in agreement
with the phase diagram of Fally et al. (Fig. 6)
where the B“—A1203, is considered to be metast-
able.

parent.

The phase transformation of B"- to B—A1203
The powder pattern for the
1250°C that produced the

best crystallized sample of B"—Al203 was indexed

is rather sluggish.

FD powder calcined at

and the relative intensities were measured using

both Debye-Scherrer and Guinier cameras. The re-
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Fig. 17 - Ir spectrum of as-prepared powder ob-
tained by freeze-drying a 1:6 sulphate solution

Table 1 - Phase sequence for freeze-dried powder

Temperature (°C) Phases
As dried } Amorphous
200
400 } AL,(50,)5 + ?
600
900 n-A1203 + NaesO,4
1000
1100
1200 n—A1203 + Naesou + B"—A1203
1250 B"—A1203
1300
1400 B"-A1203 + B-A1203
1500
1600
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Fig. 18 ~ Debye-Scherrer X-ray diffraction pattern

for Na B"-Al,0

204 (CoKa radiation, Fe filter)

sults are given in Tables 2 and 3. The calculated
lattice parameters are compared with'previous lit-
erature data in Table 4, The powder pattern cal-
culated from a single crystal study of MgO-doped
B"-A1203 is given in Appendix A.

The presence of a large amount of 8"~
A1203 in the caleined powder was unexpected when
compared with other work in the literature. As
shown in Fig. 19, this effect could be related to

and B"-A1,0

the similarity between the n-A120 203

struetures. 3

It is clear from these results that the
chemical reactions during caleination are very im-
portant. Instead of retaining the high degree of
homogeneity expected for FD powders, two distinct
phases are formed, i.e., n—A1203 and Nazsou. The
latter does not decompose until temperatures above
1200°C and is, moreover, present as a liquid. The
melting point of Nazsou is approximately 890°C.
It is possible that other liquids may be formed
during caleination. For example, sulphates in-
cluding A12(SOM)3.16H20 tend to "melt" in their
own water of crystallization and liquid phases are
present in the NastM—Al2(SOM)3 system (6). The

presence of such liquids would be expected to

cause powder agglomeration, an effect that was ob-

served. It was found that the powders readily

break down under low pressures into ultrafine

crystals.

On heating to 1000°C, the FD powder un-
dergoes a T71% weight loss which occurs in two
stages as shown in Fig. 20. The first stage is
dehydration and for the FD powder it represented

the loss of T mol of water per mole of Al2 (804)3'

Table 2 - X-ray diffraction pattern sodium beta"-

alumina (Debye-Scherrer)

Peak  d(R) hkl a®) I/To
observed . calculated
1 1.1 003 11.3 100
2 5.72 006 5.65 Ii5
3 L, 64 012 4. 67 5
] 2.806 0012/110/1010  2.825/2.804/2.780 40
5 2.617 o117 2.602 ©20
6 2.514 116 2.512 30
7 2.415 021 2.420 25
8 2,334 024 2.344 20
9  2.251 119 2.249 25
10. 2.146 027/011% 2.171/2.167 10
1 1.975 02710 1.974 140
12 1.820 122 1.826 VF
13 1.766. 0213 1.777 VF
14 1.615 0021 1.614 15
15 1.599 0276 1.596 15
16 1.575 12271 1.577 15
17 1.549 036/2017 1.556/1.541 15
18 1.484 0219 1.487 VF
19 1.437 039 1.438 5
20 1.402 220 1.401 60
21 1.391 2020 1.390 VF
22 1.360 226 1.360
23 1.299 0222 1.301
2l 1.210 402/042 1.21371.211 10
25 1.199 Loy 1.201 5
26 1.175  31718/1028 1.176/1.175 5
27 1.134 0030 1.130 20
28 1.058 2221 1.058 25
29 1.050 5076 1.053 20
30 1.039 oy 1.037 20
31 1.019 419 1.020 15
32 .9871 0420 .9871 20
33 Lou17 0036 o7 15
34 .9352 2227 .9350 20
35 .9280 033075011 .9265/.9258 25
36 .9211 336 .9215 25
37 .9170 2L1 .9168 20
38 9119 2k L9118 15
39 . 9070 339 . 9065 20

d® - Calculated lattice spacing using lattice constants
from Table 4



It was subsequently found that the amount of water
lost was dependent on the drying conditions, e.g.,
shelf temperature and vacuum, and also on the time
which
occurs between 700 and 900°C, is due to the decom-
position of A12(SOQ)3. The weight loss in this
equivalent to the loss of 17 mol of 803
per 6 mol of A12(SOQ)3. The other mol of 303 is
It
is clear that at higher temperatures other weight
of

and method of storage. The second stage,

stage is

used in the chemical reaction to form Naasou.
losses will occur due to the decomposition
Naasou and the loss of Na20 from B- or BU- Al2 3
The DTA trace for the FD powder is given in Fig.
21 and shows three peaks.
with the loss of water at 180°C, the crystalliza-
tion (xaln) of A12(304)3 at 500°C and the decom-
position of Al (SOu) at 800°C.

The formation of B"—Al2 3 at approximate-

These peaks correlate

ly 1250°C is associated with a large decrease in

Table 3 - X-ray diffraction pattern for sodium

beta"~alumina (Guinier)

Peak d(R) I/Io hkl de(})
1 11.2 100 003 11.3
2 5.65 u5 006 5.65
3 4.65 012 4,67
4 4,20 014 4,21
5 2.812 10 110/0012  2.804/2.825
6 2.792 50 0170 2.780
7 2. 600 15 o111 2.602
8 2.500 60 116 2.512
9 2.413 Lo 021 2.420
10 2.327 25 024 2.334
11 2.275 10 025 2.285
12 2.256 10 0015 2.260
13 2.245 30 19 2.249
14 2.158 10 0118 2.167
15 1. 968 35 0210 1.974
16 1.612 10 112172110 1.614/1.613
17 1.590 10 0216 1.596
18 1.574 10 1211 1.577
19 1.561 10 1118 1.563
20 1.549 10 2017/036  1.541/1.556
21 1.482 10 039 1.487
dc - Calculated lattice spacing using lattice con-

stants from Table 4
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specific surface area (Fig. 22), which is equiva-
lent to an increase in equivalent spherical diam-
eters from 35 to 24.5 nm (350 to 2400 &). The
specific surface area at 1250°C is still above
Table 4 - Lattice parameters for sodium beta'-

alumina (without stabilizer)

a(R) e(R) Source

5.61 33.9 This work

5.597 33.95 Dyson and Johnson

5.60 34.11 Ray and Subbarao

5.61 33.95 Théry and Briangon
5
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Fig. 19 - Guinier X-ray diffraction patterns for

calcined phases
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Fig. 20 - TGA for freeze-dried powder




15 m2/g and, as shown by Johnson and Schnettler
(70), the porous nature of freeze-dried Alz(sou)3
powders tends to limit crystal growth and hence
they retain a high specific area.
the

For example,
volume fraction of porosity in the FD f"-
A1203 powder in this study is approximately 0.99.

It is well known that the Na B-aluminas
are prone to soda loss at high temperatures. For
the high surface area FD powder, it would be ex-
In

Table 5, the results of the chemical analysis for

pected that such losses could be significant.

samples calcined between 1000 and 1400°C are pre-
It can be seen that up to 1200°C the Na20
content increases due to the decomposition of
Nazsou.

sented.

At higher temperatures, however, the soda
content decreases and is indicative of volatiliza-~
tion of the Na20 from the B"—A1203.

Microscopic observations were made on the
powders calcined at 1250°C for 1 h. In the scan-
ning electron micrographs of Fig. 23 and 24 it can
be seen that the powders still consist of porous
spheres some of which have agglomerated with each
other. The volume fraction and size of the poros-
ity has clearly increased from that initially ob-
served on the as-dried powder. The FD spheres at
this stage must be complex aggregates of the sub-
micrometre B"-A1203
identify the nature of the aggregation and the

crystals. In an attempt to
size and morphology of the crystals, a sample of
the calecined powder was dispersed on a carbon film
for observatioﬁs in a TEM.
25, even after dispersion the powder is still
highly agglomerated. Figures 26 and 27 are dark-
and bright-field micrégrabhs at a higher magnifi-
cation. The diffracting crystals in the dark
field micrograph (white) appear to be approximate-
1y 10.0 nm (1000 &) in diameter. Finally, the
electron micrographs of Fig. 28 and 29 show the
presence of a highly faulted crystal. It was ob-
served that the individual crystals had no defin-
ite morphology but were thin having a high trans-~
parency to an electron beam,
strained.

As can be seen in Fig.

and were often

For the spray freezing-freeze drying pro-
cess, it is important to ascertain the influence
of the process parameters on the powder character-

isties. For a solution of a particular composi-
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Fig. 21 .- DTA trace.for freeze~dried powder
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Fig. 22 = Specific surface area of freeze-dried
powder caleined in air for 1 h at the temperatures
indicated

Table 5 - Chemical analysis of freeze-dried powder

Tempera ture Na 0 A1203 Al/Na
(°C) (ut %) (wt %) (moles)
1000 7.63 82.3 6.6
1100 7.76 83.8 6.6
1200 8.07. 89.8 - 6.7
1300 7.82 92.4 7.2
1400 7.63 93.9 7.5
















servations it can be seen that the surface area
in the FD powder will be higher than the SD pow-
der and that the porosity distribution is differ-
ent for the two powder types.

The result of the X-ray diffraction anal-
ysis on the calecined powders are summarized in
Table 7.
discussed earlier except for the SD powder,
which a-Al203 formed at 1200°C and the final
reaction to form the B/B"-A1203 mixture is slower.
The B-A1203 SD powders is higher
than that of the FD powder. Figure 38 compares
the X-ray spectra for samples caleined at 1300°C
By 1600°C, the

amount of B“—A1203 has decreased significantly in

The phase sequence is similar to that
in

is

content of the

(1 h) to illustrate these points.
both types of powder. The transformation was
found to be nearer completion in the FD powder.
It would appear from these results that the FD
powder reacts more readily to form the different
phases which is probably due to a better degree
of mixing.

mate £(B) values for the two powders.

Included in Table 7 are the approxi-
By sinter-
ing an SD powder at 1600°C for 2 h it was possible

containing no B"-A1203. This
used to index the powder pattern of B-
the data obtained.

to obtain a powder
sample was

21,0

203 and Tables 8 and 9 give
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Table 10 compares the calculated lattice parame-
ters with other data in the literature and in Ap-
pendix B, the powder pattern derived from a
single crystal study is given.

On heating to 1300°C, both powders under-
go approximately 75% weight loss as discussed pre-
viously (Fig. 39). The two powders have different
water contents after drying so that it is diffi-
cult to compare the curves. It was, however, pos-
sible from previous data to find an FD powder
(0.04 M) with the same water content and the com-
parison of the weight loss data is given in Fig.
4o.

weight loss characteristics of the two powder

In this comparison it is clear that the

types are very similar except that the FD powder
loses its water slightly more easily. DTA traces
for the FD and SD powders are given as Fig. 41 and
42,

peaks occur at slightly higher temperatures in the

The two traces are similar except that the
SD powder. The origin of the peaks was discussed
in the last section.

Figure 43 compares the specific surface
areas for the two types of powder during the for-
mation of the B/B"-Al1,0, mixture.

273
that the SD powder has the lower surface area at

It can be seen

a given temperature. This behaviour is probably

Table 7 - Phase sequence for calcined powders

Temperature Phases

(°c) Spray-dried Freeze-dried
As dried Amorphous Amorphous
200 Amorphous Amor phous
400 1&12(30,4)3 + 7 A12(304)3 + ?
600 A12(804)3 + 7 A12(804)3 + 7
900 n—A1203 + Na,S0) n—A1203 + Na, S0y
1000 n-A1203 + N:;12SOLl n—A1203 + N:;12SOLl
1100 n-Al203 + Na2304 n—A1203 + N:;12SOLl
1200 B/B"-A1203 + a-A1203 + l\l’aZSOLl B/B"-A1203 + N:;12SOLl
1300 B/B"-A1203 + 0-Al,05 + Na,, S0, B/B"-A1203
1400 B/B“—A1203 (0.30) B/B“-A1203 (0.34)
1500% B/8"-A1,0, (0.59) B/8"-A1,05 (0.55)
1600% B/B8"-A1503 (0.87) B/B8"-a1003 (0.82)

¥ pressed into pellets and protected by powder of same composition

? not enough lines to identify second phase [possibly NaAl(SOu)Z]

f(B) values in brackets




a .result of the different porosity. distributions
in the two types of powder which would be expected
to limit crystal growth more in the FD pbwder.
Because the FD and SD bowders have relaQ
tively high surface areas it would be expected
that loss of‘sodﬁ could be significant in phese
powders. These results are given in Fig. U4 in
terms of the Al/Na ratio. This ratio increases
more rapidly for the FD’ powder at. temperatures
above about 1350°C.

the S content for the powders.

-Included in this figure is
The decrease in S
content is associated with the ‘dequpbsition of
NaZSO,_l which oceurs more readily in the FD powder.
There is, however, a small percentage of. .S remain-
ing in the powders even after 1 h at 1400°C.
liminary vacuum hot<pressing studies of these,ppr
ders indicatéd that -the . presence of this S as
Na,S0) leads to fabnication difficulties in which
liqyid-phase Nazso,.l is. reduced  during pressing to
form a sulphide. The sulphide willkbg present as
a second phase, presumably at grain boundaries and
will probably give rise to undesirable electrical
properties. This problem is-not so imbortant dur-
ing conventional sintering as the higher tempera-
tures will allow the Nagsou to disappear during
densification. To reduce S levels in the calcined
powders to those required for hot pressing while
retaining a relétively high surface area, it was
found necessary

1300°C for 24 h.

to calcine the two powders at

Such long calcination times give

FD

sD

928 CoKe

Fig. 38 - Comparison of X-ray diffraction patterns
for FD and SD powders (calcined 1300°C, 1 h)

Pre-

20

Table 8 « X-ray diffraction data for sodium
B-A1203 (Deb&e-Scherrer)

a%alegy

Peak da(R) hk1l I/To
méas. 3
1 11.4 11.30 002 100
2 5. 67 5.65 004 .50
3 u.45 4,46 o12. 15
Y 4,04 4,08 013 10
5 . 2.80 2.800 110 25
6 2.69 2.688 . 017 40
7 2,51 2.509 114 35
8 2.42 2,411 020 15
9 2.37 2.371 022 10
10 2.31 2.308 023 .5
11 2.247 2,247 116 .20 -
12 . 2,140 - 2.137 025 20
13 2.033 2,039 026 25
14 1.940 1.939 027 15
15 . 1.838.  1.840 028 10
16 1,647 1. 653 0210 10
17 1:591 1.594 127 ... 5
18 1.969 1.568. 0217 15
19 1.566 1,544 . 034 25
20 1.540 1.538 0178 5
21 1,485 1. 486 036 - 10
22 1,509 1.412/1.413  0016/0213 20
23 1.100 1,400 220 u5
24 1.357 1.359 - 224 10
25 1.345 1.304 0214 10
26 1.240 1.242 317 10
27 1:210- 1.211 401 5
28 1,155 1.154 406 5
29 1.136 1.135 ou7 5
30 1.059  1.058/1.058 227B/410 10
31 1.052 ©  1.051/1.052 0121/327 10
32 1,043 1.044 4011 15
33 1,019 1.019 416 10
34 . 9947 . 9945 o413 15
35 . 9689 . 9695 ouTh 10
36 .9289  .9281/.9290  2121/057 5
37 .9166 9178 - 3118 <2
38 L9142 .9158 421 5
39 .8984 .8982 425 5




rise to soda loss and hence a loss in composition-
Table 11 compares the impurity levels
The

impurity levels are similar for the two powders

al control.

for powders calcined under these conditions.

except for a higher Si content in the FD powder.
The origin of this impurity could not be deter-
mined but it was still considered to be low
enough not to cause concern. It can be seen from

Table 9 - X-ray diffraction for Na B-Al.0

273
(Guinier)
Peak d(R) 4%210(g) hil 1/To
meas.
1 1.2 11.30 002 100
2 5.66 5.65 004 45
3 474 Y474 101 5
y 4. 47 4,46 102 15
5 4,08 4.08 103 10
6 3.68 3.68 104 <2
7 2.97 2.975 106 5
8 2.798 2.800 110 25
9 2.679 2.688 107 10
10 2.506 2.509 114 35
11 2,411 2,411 201 30
12 2.374 2.371 202 15
13 2.215 2.247 116 20
14 2.134 2.137 205 25
15 2.033 2.039 206 25
16 1. 940 1.939 207 10
17 1.838 1.840 208
18 1.589 1.594 217
19 1.565 1.568 2011 10
20 1.533 1.538 218

Table 10 - Lattice parameters for Na B-A120

3
a(d) e(R) Source
5.60 22.6 This work
5.592 22.61 Dyson and Johnson
5.594 22.53 Peters et al
5.596 22,52 Felsche
5.584 22.45 Beevers and Ross
5.593 22.610 Yamaguchi and Suzuki
5.59 22.49 Théry and Briangon

5.592-5.597 22.46-22.52 Harata
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Fig. 41 - DTA of freeze~dried powder
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. Fig. 42 - DTA of spray-dried powder
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Fig. 43 - Specific surface area developed in
spray-dried and freeze-dried powders on calcina-

tion for 1 h in air

Al / Na
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Temperature, °C .

Fig. 44 - Variation of the Al:Na mole ratio and

total S content for $&pray-dried and fpeeze-dried.

materials resulting from calcination in air for

1Th
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Table 11 - Spectrochemical analysis for calcined
_ 8D and FD powders (1300°C, 24 h)

~ Element SD  FD
o (ppm) (ppm)

Si . -9 70
Mg . 2 2:.
Mo 100 80
Pb 10 ND
Ga 10 10
Cu

100 90

Elements below detection level:
P, Mn, Cr, Zr, Ag, Ni, Sb, Ca, "
Sn, Ti, Cd, Ba, Be, B, As, W,
Nb, Ta, 'Bi, Ge, V, Li, In, Zn,.
ACo, Sr ] : ]

ND - Not detected

this data that both the SD and FD techniques give
powders of high purity. Figures 45 and 46 are the
infrared spectfa for the FD and SD powdefs after
calcination at 1300°C for 24 h. Both powders have
a significant peak at. 3300 cm-1,'which indicates
, ‘This
moisture must be picked up during storage and
handling.

that the powders tend to absorb moisture.

It has been suggested .by Kummer )
that the water molecules can enter the Na;contain-
ing planes rather than.being a result of an ion-
exchange process. The rest of the. spectra eon-
sists of a broad absorption band between 500‘and
900 om”’ 1, 1150 en™", 460

! . The origin of these

and peaks at.1460 cm™
cm” ', 380 cmf1 ~and 3}5'cm-1
peeke has not yet been determined.
The calcined powders were observed in theé
SEM. The agglomeration between spheres in the FD
powder appeared to be more extensive than:that ob-
served on FD powder derived from more dilute solu~-
i:ions (Fig. 47).. The structure of the FD spheres
" themselves is a complex aggregation of the ultra-
fine crystals (Fig. 48). Most of these crystals
are equiaxed in-.agreement witﬁ‘TEM work and appear
to have undergone some sintefing (Fig. 49). There
was, however, evidence of some needle-shaped crys-
tals on the surface of the spheres (Fig. 50). ' If

the powder is gently crushed prior to observation,
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Fig. 56 - TGA of spray-dried. powder derived from

nitrate solution

AT
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Fig. 57 - DTA of spray-dried powder derived from
nitrate solution

Table 13 - Specific surface area for spray-dried

nitrate powder

Temperature (°C) Specific surface area (m2/g)

800 36.9
900 26.9
1000 1.08
1100 © 0,78
1200 . 0.7
1300 _0.61

Table 14 -~ Chemical analysis for spray-dried

nitrate powder

Calcination temperature /Na20 (wt’%)
1000 S 732
1100 7.53
1200 7.49
1300 ) 7.18
1400 ' 7.20

Finally the powders were observed after
caleination. In contrast to the sulphate-derived
powders, these were found to have a hard, granular
nature after calcination possibly due to some
melting process. At 1000°C, however, very fine
platelet crystals were observed that were similar
to those observed for the spray-dried sulphate
powders. . These crystals were again in the form
of complex aggregates often retaining the spheri-
cal nature of the dried poﬁder. At higher temper-
atures, long thin needie-shaped crystals are
formed. Figure 58 shows this type .of ‘behaviour
for a powder calcined at 1350°C. At higher magni-
fications, it can be seen that these needle-shaped
crystals are very thin. It was also found that
the calecined aggregates did not break down readily

under stress.
CONCLUSIONS

FREEZE-DRIED Na20.6A1203

The dried powder consisted of spheres

having complex pore structures. After drying, the
powders were amorphous with respect to X-ray dif-
fraction and had a tendency to absorb moisture
from the atmosphere. The water content was also
found to depend on the drying conditions.

During caleination the powder crystalliz-
es and then at higher temperatures separates into
two distinet phases, one of which (Nazsou) is pro-
bably present as a liquid. This would indicate
that the homogeneity of the powder tends to be
lost during calcination.

Above 1250°C, sodium B"-ALl,0, is formed

. 273
which transforms slowly into B~A1203 at higher






in that decomposition occurs at a lower tempera-

ture and that A-Al,0, is formed as a transition

273
phase at about 900°C. At approximately. 1300°C the
A-AIZO3 has disappeared and the powder becomes a

mixture of B~ and B"-A120 After decomposition,

3
the specific surface area of the powder drops rap-
idly, so.that above 1000°C, it 4is less than 1

mz/g.

28

Observations on powders calecined at
1000°C showed the presence of platelet crystals
but,

crystals were also present.

at higher temperatures 'long needle-shaped
The nitrate-derived
powder was hard and granular after calcination and
did not break down readily under stress. Chemical
analysis indicated that sodium is lost from the

powders above about 1200°C.
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Powder diffraction pattern for sodium beta"-alumina (MgO-
stabilized) calculated from observations of Bettman and Peters (J.
Phys. Chem. 73 177%; 1969). The structure factors were obtained from

a private communication with M. Bettman, Ford Motor Company.

Table A-1 - Calculated X-ray powder diffraction pattern for sodium

beta"-alumina¥

Beta"-alumina, Co Radiation, No absorption, Cauchy P.W. = 0.25 at 40 deg.

Sort Wave Rel. Rel. Two
No. h k 1 d Space length I(obs) I(cal) Theta
1 0 0 3 11.2833 B 1 1 8.24
2 0 0 3 11.2833 100 100 9.10
3 0 0 6 5.6417 52 35 18.26
y 0 1 2 4.6729 9 5 22.09
5 1 0 4 4. 2157 20 14 24,52
6 0 1 5 3.9490 2 1 26.20
7 1 0 7 3.4286 1 1 30.27
8 0 0 12 2.8208 5 5 37.00
9 1 1 0 2.8070 25 20 37.19
10 1 0 10 2.7780 25 23 37.59
11 0 1 11 2. 6002 27 35 4o.27
12 1 1 6 2.5131 43 b1 41,73
13 0 2 1 2.42y7 17 16 43,33
14 2 0 2 2.4062 y 2 43.68
15 0 2 y 2.3364 23 22 I5.05
16 2 0 5 2.2879 7 y 46,06
17 0 0 15 2.2567 y y 46.74
18 1 1 9 2.2496 17 13 46.89
19 0 2 7 2.1719 11 12 48,68
20 0 1 14 2.1649 ) y 48,84
21 2 0 8 2.1078 2 2 50.26
22 0 2 10 1.9745 43 50 53.91
23 1 0 16 1.9399 1 1 54,96
24 2 0 11 1.9075 1 1 55.97
25 2 1 1 1.8349 1 1 58.39
26 1 2 2 1.8269 1 1 58.68
27 2 1 it 1.7958 1 1 59.80
28 0 2 13 1.7769 1 1 60.50
29 1 2 5 1.7734 1 0 60.63
30 1 1 15 1.7588 2 2 61.19
31 2 1 7 1.7178 1 1 62.81

* These computations were performed by Dr. Szymanski, Mineral Sciences
Laboratories, CANMET.
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Table A-1 (cont'd)

Beta"-alumina, Co Radiation, No absorption, Cauchy P.W. = 0.25 at 40 deg.

Sort ) Wave Rel. Rel. Two
No. h K 1 d Space length  I(obs) I(cal) Theta
32 2 0 14 1.7143 1 1 62.95
33 1 0 19 1.6728 1 1 64.70
3 3 0 0 1.6206 3 2 67.05
3B 2 1 10 1.6150 8 9 67.32
36 0 0 21 1.6119 2 2 67.46
37 0 1 20 1.5984 1 1 68.11
38 0 2 16  1.5959 9 12 68.23
39 1 2 11 1.5777 15 13 69.13
b 1 1 18 1.5623 3 il 69.91
M 3 0 6 1.5576 2 2 70.15
b2 o0 3 6 1.5576 y 5 70.15
43 2 0 17 0. 5404 6 8 71.05
by 3 0 9 1.4883 2 2 73.94
% 0 3 9 1.4883 b 3 73.94
he 1 2 14 1. 4630 y 5 75.44
47 0 2 19 1.4370 3 3 77.06
48 0 1 23 1. 4086 1 1 78.91
4o 2 2 0 1.4035 30 37 79.25
50 2 2 3 1.3928 5 b 79.98
51 2 0 20 1.3890 22 31 80. 21
52 2 1 16  1.3873 1 2 80.36
53 2 2 6 1.3620 6 5 82.17
5 1 3 il 1.3316 1 1 84,47
5 3 1 5 1.3225 1 0 85.20
56 0 2 22 1.3001 y 3 87.02
57 1 1 24 1.2603 1 1 90.51
58 2 0 23 1.2590 1 1 90.63
59 0 1 26 1.2576 1 1 90.75
60 2 2 12 1.2566 1 1 90.85
61 0 0o 27  1.2537 1 1 91.12
62 1 3 10 1.2527 3 ¥y 91.21
63 1 2 20 1.2449 1 1 91.94
64 3 1 11 1.2351 5 y 92.89
65 3 0 18  1.2277 1 1 93. 63
66 4 0 1 1.2147 Al 2 2 94.85
67 4 0 1 1.2147 A2 1 1 95.12
68 4 0 b 1.2031 A1 2 1 96.05
69 4 0 b 1.2031 A2 1 1 96.33
70 4 0 7 1.1788 A1 1 1 98.71
71 3 1 14 1.1777 A1 1 1 98.84
T2 2 0 26 1. 1477 A1 2 2 102.40
73 2 0 .26 2.1477 A2 1 1 102.71
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Table A-1 (cont'd)

Beta"-alumina, Co Radiation, No absorption, Cauchy P.W. = 0.25 at 40 deg.

Sort Wave Rel. Rel. Two
No. h k 1 d Space length I(obs) I(cal) Theta
T4 y 0 10 1.1440 Al 3 4 102.87
75 4 0 10 1.1440 A2 2 2 103.18
76 0 1 29 1.1350 Al 1 1 104,01
77 0 0 30 1.1283 A1 1 1 104.88
7 3 2 y 1.1058 Al 1 1 107.97
79 0 2 28 1.0825 Al 1 1 111.45
80 1 0 31 1.0654 Al 2 2 114.19
81 1 0 31 1.0654 A2 1 1 114,57
82 1 2 26 1.0623 Al 1 1 114.70
83 &4 1 0 1.0609 Al 1 1 114.93
84 3 2 10 1.0594 Al 2 2 115.20
8 4 1 0 1.0609 A2 1 0 115.32
86 2 2 21 1.0585 A1 2 3 115.35
87 3 2 10 1.0594 A2 1 1 115.59
88 2 2 21 1.0585 A2 1 1 115.74
89 3 1 20 1.0546 A1l 1 1 116.01
90 4 0 16 1.0539 A1 2 2 116.14
91 y 0 16 1.0539 A2 1 1 116.54
92 2 3 11 1.0486 A1l 2 2 117.07
93 1 1 30 1. 0469 A 2 2 117.38
94 2 3 1 1.0486 A2 1 1 117.48
95 1 1 30 1. 0469 A2 1 1 117.79
96 y 1 6 1.0427 A1 2 2 118.15
a7 1 ) 6 1. 0427 A1l 1 1 118.15
98 y 1 6 1.0427 A2 1 1 118.57
99 0 y 17 1.0375 Al 2 2 119.12

100 0 y 17 1.0375 A2 1 1 119.54

101 y 1 9 1.0211 A1l 3 2 122.32

102 1 y 9 1.0211 A1 2 1 122.32

103 y 1 9 1.0211 A2 1 1 122.77

104 1 y 9 1.0211 A2 1 1 122.77

105 y 0 19 1.0041 A1l 1 1 125.96

106 0 y 20 0.9873 A1 10 11 129.92

107 1 2 29 0.9853 Al 1 1 130.41

108 0 ) 20 0.9873 A2 5 6 130.45

109 1 2 29 0.9853 A2 1 1 130.95

110 1 0 34 0.9753 A1 1 1 133.00

111 2 0 32 0.9700 Al 1 1 134.49

112 2 0 32 0.9700 A2 1 1 135.08

113 y 0 22 0.9538 Al 2 2 139.37

114 4 0 22 0.9538 A2 1 1 140.05

115 3 2 19 0. 9454 A1 1 1 142.21




Table A-1 (cont'd)

Beta"-alumina, Co Radiation, No absorption, Cauchy P.W. = 0.25 at 40 deg.

Sort Wave Rel. Rel. Two
No. h k 1 d Space length I(obs) I(cal) Theta
116 0 0 36 0.9403 A1 1 1 144, 08
17 2 1 31 0.9387 A1 b b 144,67
118 0 0 36 0,9403 A2 1 144,85
19 2 1 31 0.9387 A2 2 2 145 .46
120 3 1 26 0.9366 Al 2 2 145. 149
121 3 3 0 0.9357 A1 1 0 145,86
122 2 2 27 0.9350 A1 it it 146.13
123 3 1 26 0.9366 A2 1 1 146.30
124 0 5 10 0.9346 A1 2 2 146,30
125 2 2 27 .0.9350 A2 2 2 146.96
126 0 5 10 0.9346 A2 1 1 147.13
127 -2 3 20 0.9313 A1 1 1 147, 65
128 2 3 20 0.9313 A2 1 1. 148.51
129 5 0 1 0.9272 A1 3 2 149,46
130 0 3 30 0.9260 A1 1 1 150.00
131 3 0 30 0.9260 A1 2 2 150. 00
132 5 0 11 0.9272 A2 2 1 150.38
133 1 b 18 0.9240 A1 1 1 150,93
134 4 1 18 0.9240 Al 1 1 150,93
135 3 0 30 0.9260 A2 1 1 150, 94
136: 0 3 30 0.9260 A2 1 1 150.94
137 3 3 6 10.9231 A1 2 3 151.40
138 . 0 2 34 0.9213 A1 1 1 152.26
139 3 3 6 0.9231 A2 1 1 152.39
140 2 b 1 0.9185 A1 5 5 153. 74
141 - 4 2 2 0.9175 A1 2 1 154,29
2 1 2 32 0.9168 A1 1 1 15U, 67
143 2 it 1 0.9185 A2 3 2 154,82
4y u 2 2 0.9175 A2 1 1 155.40
45 2 u it 0.9134 A 6 y 156. 60
146 2 y y 0.9134 A2 3 2 157.83
47 3 3 9 0.9080 A1 y y 160.19
148 3 3. 9 0.9080 A2 2 2 161.66
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The diffraction pattern generated by Fe-filtered Cokoz
radiation was calculated from the observations of Peters et al.
(ref. 25).

Table B-1 - Calculated X-ray powder diffraction pattern for sodium

beta-alumina*

Beta alumina, Co radiation, No absorption, Cauchy P.W. = 0.25 at 40 deg.

Sort Wave Rel. Rel. Two
No. h k 1 d_Space length I(obs) I(cal) Theta
1 0 0 2 11.2650 B 1 1 8.25
2 0 0 2 11,2650 100 100 9.11
3 0 0 i 5.6325 26 25 18.29
i 1 0 1 4.7363 1 1 21.79
5 1 0 2 4, 4505 1 10 23.21
6 1 0 3 4, 0710 5 5 25.4%0
7 1 0 4 3.6729 1 28.21
8 1 0 6 2.9679 1 35.11
9 0 0 8 2.8162 2 37.06
10 1 1 0 2.7970 10 9 37.33
1 1 0 7 2.6809 24 24 39.01
12 1 1 i 2.5051 17 16 k1,87
13 1 0 8 2.4347 2 2 43,14
14 2 0 0 2.4223 1 1 43.37
15 2 0 1 2.4084 12 11 43,64
16 2 0 2 2.3681 5 5 bl 4o
17 2 0 3 2.3053 1 1 45,69
18 0 0 10 2.2530 2 2 k.82
19 1 1 6 2.2431 9 9 47,04
20 2 0 i 2.2252 3 3 b7, 4y
21 1 0 9 2.22h0 1 1 47.47
22 2 0 2.1335 12 10 49.61
23 1 0 10 2.0429 2 2 51.97
24 2 0 2.0355 15 14 52.18
25 2 0 1.9354 9 9 55.10
26 2 0 8 1.8364 3 3 58.34
27 1 1 10 1. 7546 1 1 61.35
28 2 0 10 1. 6497 2 2 65.72
29 1 0 13 1.6318 1 1 66.53
30 3 0 0 1.6148 1 1 67.32
3 0 0 14 1.6093 1 1 67.59
32 2 1 7 1.5915 10 10 68.45
33 2 0 1 1.5640 7 7 69.82

¥ These computations were performed by Dr. Szymanski, Mineral Sciences
Laboratories, CANMET.
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Beta alumina, Co Radiation, No absorption, Cauchy P.W. = 0.25 at 40 desg.

Sort Wave Rel. Rel. Two
No. h k 1 d Space length  I(obs) I(cal) Theta
3% 1 1 12 1.5589 2 2 70.09
3 3 0 1.5523 3 3 70.43
36 2 1 1.5351 2 2 71.34
3 3. 0 1.4835 3 3 74.22
38 2 1 1. 4779 1 1 74.55
39 2 1 10 1.4210 2 2 78.09
% 2 o0 13 1.4095 11 11 78.85
Mo o2 2 1.3985 19 20 79.59
b 2 2 2 1.3878 2 2 80.33
33 2 2 4 1.3573 3 2 82.52
4y 2 0 14 1.3404 9 9 83.79
B 2 1 13 1.2587 1 1 90.66
4% 2 2 8 1.2526 1 1 91.22
47 3 1 7 1.2399 ] ] 92.42
48 3 0 12 1.2243 1 1 93.96
4 4 0 1 1.2094 Al 1 1 95.39
5 4 0 5 1.1696 AT 1 1 99.77
51 4 0 6 1.1527 A1 1 1 101.79
52 4 0 7 1.1335 A1 1 1 104.20
5 2 0 18  1.1120 A1 1 1 107.10
5 1 0 20 1.0972 A1 1 1 109.21
5 3 1 13 1.0619 A1 1 1 114,77
56 2 2 14 1. 0556 A1 2 1 115.85
57 2 2 14 1.0556 A2 1 1 116.24
58 3 2 7 1.0505- A 2 2 116.73
59 3 2 7 1.0505 A2 1 1 117.14
60 1 0 21 1.0475 A1 1 1 117.28
61 1 1 20 1.0449 Al 1 1 17.74
62 4 0 11 1.0425 A1 2 2 118.18
63 4 0 11 1.0425 A2 1 1 118.60
64 4 1y 1.0390 A1 1 1 118.83
65 4 1 4 1.0390 A2 1 1 119.25
6 4 1 6 10176 A1 2 2 123. 04
67 4 1 6 1.0176 A2 1 1 123.50
68 4 0 13 0. 9927 A1 4 y 128.58
69 y 0o 13 0.9927 A2 2 2 129.09
0 4 0 14 0.9677 A1 4 4 135.13
71 4 0 -4 0.9677 A2 2 2 135.73
72 2 1 20  0.9595 A1 1 1. 137.58
73 2 1 20 0.9595 A2 1 1 138.22
™ 3 1 7 0.9435 A1 1 1 142.88
5 2 0 22 0.9433 A1 1 1 142,98
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Table B-1 (cont'd)

Beta alumina, Co Radiation, No absorption, Cauchy P.W. = 0.25 at U40 deg.

Sort Wave Rel. Rel. Two
No. h k 1 d Space length I(obs) I(ecal) Theta
76 0 0 24 0.9387 At 1 1 144.66
7 3 2 13 0.9356 A1 1 1 145.91
78 2 2 18 0.9327 A1 2 2 147.09
79 2 2 18 0.9327 A2 1 1 147.93
80 5 0 7 0.9278 A1 2 2 149.20
81 5 0 7 0.9278 A2 1 1 150. 11
82 2 1 21 0.9257 At 2 2 150.16
83 3 0 20 0.9239 At 2 2 150.99
8y 2 1 21 0.9257 A2 1 1 151.10
85 3 0 20 0.9239 A2 1 1 151.96
86 4 1 12 0.9212 Al 1 1 152.33
87 3 3 4 0.9198 A 1 1 153.03
8 3 3 4 0.9198 A2 1 1 154,08
89 5 0 8 0.9162 A1 1 1 154.99
90 3 1 18 0.9159 A1 1 1 155.18
91 4 2 0 0.9155 A1 1 0 155.37
92 4 2 1 0.9148 A1 4 3 155.80
93 L} 2 1 0.9148 A2 2 2 156.98
94 L} 2 2 0.9125 A1 1 1 157.16
95 ) 2 3 0.9088 | 2 2 159.61
96 4 2 3 0.9088 A2 1 1 161.04
97 3 3 6 0.9049 A1 3 3 162.61
98 5 0 9 0.9036 A1 1 1 163.70
99 3 3 6 0.9049 A2 2 2 164.31
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