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Abstract 

Using aluminium nitrate solution containing calcium 
and magnesium cations, and saturated ammonium 
oxalate solution in concentrated ammonium hydroxide 
as. precipitating agent, alumina gel was prepared. 
The gel was calcined at d@erent heating rates up to 
400°C and then at dtrerent temperatures and soak- 
ing times. The calcination products successively 
appeared as aluminium oxides, calcium aluminate 
and calcium-beta”-alumina. The obtained calcium- 
beta”-alumina crystallites were plate-shaped and the 
direction perpendicular to the crystallite surface was 
parallel to the Z-axis. It was found that the kinetics 
of calcium-beta”-alumina synthesis depends on the 
presence of a molten salt during the gel thermal 
treatment. The mechanism of calcium-beta”-alumina 

formation is proposed as a reaction between for- 
merly produced calcium aluminate and aluminium 
oxide of the alpha form. Sintered bodies prepared 
from the calcium-beta”-alumina powder were char- 
acterized by good ionic conductivity. 

1 Introduction 

For many years, compositions containing p- and 
p”-alumina have aroused interest as ionic conduc- 
tors.‘q2 They are potential materials for batteries,3 
sensors,4 electrochemical probes5 and for investi- 
gation of thermodynamic data in oxide systems.6 
There are several preparation routes that allow 
p- and $‘-alumina powders, sintered bodies and 
monocrystals to be obtained. In the case of P-alu- 
minas containing monovalent cations, direct high- 
temperature synthesis, often followed by sintering 
of the resulting powder, is the simplest way lead- 
ing to the polycrystalline material. The precursors 
usually applied in such a case are sodium and 
lithium carbonate, aluminium oxides of the (Y- or 
y-fOrnl7~8 as well as bayerite, gibbsite or boehmite.’ 
The zetha-process is a type of direct synthesis in 
which compositions of formula M20.5A1203 
(where M = Na and/or Li) are used as a precur- 

sor.” Thermal decomposition of the appropriate 
nitrate mixtures is also a useful process.” It has 
recently been found that the sol-gel technique 
gives good results in the preparation of p-alumina 
fine powders, 12-14 thin films and coatings.15 

To prepare p’-Al,03 containing ions of a higher 
valence state, the sodium ions in Na-p-Al,O, can 
be exchanged for di- or trivalent ions.16 It is also 
possible to use the direct, high-temperature reac- 
tion of aluminium oxide, calcium and magnesium 
carbonates.17,18 

It has been found that p”-aluminas containing 
divalent cations transform at elevated tempera- 
tures to the magnetoplumbite structure, which 
shows no ionic conductivity.” This has been 
found from ionic conductivity measurements in 
relation to the thermal history of samples2’ and 
X-ray diffraction studies.2’ The mechanism of the 
p-Al203 to magnetoplumbite structure transforma- 
tion is not explained as well as the conditions 
under which this transformation takes place. 
According to Schaefer and Weppneti’ it occurs at 
a temperature of -1400°C during 20 h soaking, 
whereas Kirchnerova et a1.21 state that it can be 
observed at temperatures >lOOO”C. These facts 
suggest that only low-temperature synthesis of the 
divalent $‘-aluminas can be applied. The above- 
mentioned ion exchange technique cannot secure 
the proper microstructure of the material, since 
changes in the microstructure and grain habit 
have been reported22 to occur during the ion 
exchange process. 

The aim of the present work was to study the 
preparation of magnesium-stabilized calcium- 
beta”-alumina ceramics using aluminium hydroxide 
gel as a precursor. 

2 Experimental 

1.2 M aluminium nitrate solution was used. The 
proper amounts of calcium and magnesium carbon- 
ates were added to this solution. The molar ratio 
of the components was 6 : 1 : 0.6, as recalculated 
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to aluminium, calcium and magnesium oxides, 
respectively. Saturated ammonium oxalate solu- 
tion in concentrated (-26 wt%) ammonium 
hydroxide was applied as the precipitating agent. 
It was found that the concentration of the satu- 
rated ammonium oxalate in the concentrated 
ammonium hydroxide is about 0.06 mol ll’. Such 
a solution secures the quantitative precipitation of 
calcium oxalate. Also, the concentration of the 
hydroxide ions secures the quantitative precipita- 
tion of magnesium hydroxide. Chemical analysis 
corroborates these statements. 

The Al-Ca-Mg nitrate solution was introduced 
slowly into the vigorously stirred precipitating 
solution; the amount added was a 10% excess, 
based on the stoichiometric proportion. The pre- 
cipitated slurry was filtered off and the filtrate 
subjected to chemical analysis. The precipitated 
gel was dried at 70°C and calcined at temperatures 
up to 400°C. Two heating rates were applied: 
1 and 10°C min. During this operation the total 
decomposition of ammonium nitrate takes place. 
Powders prepared by the described procedure 
were examined by scanning electron microscopy 
@EM) and by differential thermal analysis (DTA) 
using a heating rate of 6°C min’ at temperatures 
>4OO”C. Changes of the powder morphology and 
phase composition during calcination at lOOO- 
1350°C for a soaking time of at least 1 h were 
followed by transmission electron microscopy and 
X-ray diffraction. 

On the basis of the results obtained, conditions 
for the preparation of a larger quantity of the 
pure p”-alumina phase powder were determined. 
The precipitated gel was filtered, dried, heated at 
the rate of 1°C min-’ up to 400°C and then cal- 
cined at 1350°C for 3 h. The obtained powder was 
ground for 12 h in dry acetone using zirconia 
grinding media and a rotary-vibratory mill. After 
milling the powder was dried at 70°C and isostati- 
tally pressed under 350 MPa, and then sintered 
at 1550°C for 2 h. The four-probe a.c. and 
impedance spectroscopy methods were used to 
determine the electrical properties of the sintered 
bodies. The impedance spectra were recorded 
using a system based on the Tesla 508 impedance 
meter, with platinum electrodes sputtered on two 
faces of the pellets. The preparation routes of 
the calcium-beta”-alumina powders and sintered 
bodies are presented in Fig. 1. 

3 Results and Discussion 

The X-ray diffraction patterns of the dried gels 
show the peaks of ammonium nitrate and a wide 
increase of the background characteristic for 
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Fig. 1. Preparation routes. 

amorphous material. No peaks of calcium oxalate 
and magnesium hydroxide were detected. It follows 
from the diffraction patterns (Fig. 2) that during 
heating the following calcination products succes- 
sively appear: calcium aluminate Ca0.2Al,O,, y-, 
8- and a-aluminium oxides, and calcium-beta”- 
alumina.23 The DTA curves show the ammonium 
nitrate decomposition and an endothermic peak at 
-400°C that can be attributed to the decomposi- 
tion of aluminium hydroxide. There are two prob- 
able reasons why calcium oxalate and magnesium 
hydroxide were not detected. The first is the small 
percentage by weight of these substances and the 
second is the formation of other compounds by 
the calcium and magnesium, not simply oxalate 
and hydroxide. This later phenomenon was often 
found in co-precipitated materials. 

The rate of temperature increase up to 400°C 
strongly influenced the amount of Ca-/?‘I-Al,O, 
produced during further heating. Comparison of 
the diffraction patterns of powders heated at vari- 
ous rates up to 400°C and then calcined at 1300°C 

x Ca-f3”-AI,O, 
. - CaO 2 AI,O, 
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Fig. 2. Diffraction patterns of the powders calcined for 1 h at 
different temperatures. 
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for 1 h shows an increased amount of p-phase in 
the material heated at a slower rate. Rapid heat- 
ing leads to the violent reaction yelding brown 
nitrogen oxide vapour. During the slow tempera- 
ture increase, this salt melts at -180°C and then 
decomposes at -230°C. It was found that the 
co-precipitated gel subjected to prolonged heating 
at 200°C under cover also results in a higher 
Ca-/3”-Al,O, phase content in the product calcined 
at 1300°C than observed without this operation. 

SEM studies of the powder morphology, after 
total removal of ammonium nitrate, revealed that 
both powders (i.e. heated at different rates) are 
composed of -0.2 pm grains linked to each other. 
However, in the powder heated at 1°C min-’ these 
grains are linked more closely than in the rapidly 
heated sample. This is illustrated by the micropho- 
tographs presented in Fig. 3. This difference in 
powder morphology and phase composition can 
most probably be attributed to the way in which 
the ammonium nitrate decomposition takes place. 
It cannot be excluded that products of the precipi- 
tation partially dissolve in the molten salt. This 
may lead to better homogeneity of calcium and 
magnesium in the alumina gel. Rapid heating does 
not allow the liquid phase long enough to act on 
the co-precipitate. It was also found that differ- 
ences in the phase composition of the powders 

Fii. 3. SEM pictures of the powders heated to 4OOT at different 
rates: (a) IT min-’ and (b) 10°C min-‘. 
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Fig. 4. Mutual intensity changes of the (1 0 4) reflection of 
cr-Al,03 and the (2 0 4) reflection of Ca+‘-A&O3 measured 
in the powders heated to 400°C at different rates: 1°C min.’ 

(0) and 10°C min-’ (0). 

heated at different rates were only of kinetic char- 
acter. This phenomenon is illustrated by the 
mutual intensity changes of the (Y- and p’-alumina 
reflections (Fig. 4). 

The microphotographs in Fig. 5 illustrate the 
changes of powder morphology. Figure 5(a) 
shows the powder at the initial stage of the reac- 
tion obtained by calcining the gel at 1100°C for 
1 h. By electron diffraction it was found that both 
the smaller (30 nm diameter) isometric particles 
and the larger (70 nm diameter) particles are com- 
posed of a mixture of calcium aluminate, 
Ca0.2Al,O,, and aluminium oxide of the &form. 
After calcination at 1200°C for 1 h plate-shaped 
crystallites appear, Fig. 5(b), their smaller dimen- 
sions being equal to those of the agglomerates of 
the isometric particles. It was established that the 
plate-like crystallites were calcium-beta”-alumina. 
In the powder calcined at 1300°C for 2 h (Fig 
5(c)) plate-like crystallites, from 0.2 to 1.4 ,um in 
size, were in the majority. In addition, using elec- 
tron diffraction it was found that the direction 
perpendicular to the crystallite surface is parallel 
to the Z-axis of its crystallographic structure. An 
additional experiment showed that the a-alumina 
powder prepared by the same method, under the 
same conditions, was characterized by crystallites 
similar in size but isometric in shape. 

In the case of the powder calcined isothermally 
at lOOO”C, the reaction products that appear first 
are aluminium oxide of the y-form and calcium 
aluminate, Ca0.2Al,O,. During the process calcium 
aluminate remains unchanged but the y-alumina 
transforms into the 6% and cY-forms. Calcination 
prolonged to 20 h results in a powder composed 
of a mixture of a-alumina and calcium aluminate. 
Traces of /?‘I-alumina can be detected in samples 
calcined for up to 200 h. At calcination higher 
temperature changes of the phase contents are 
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Fig. 5. Morphology of the powders calcined: (a) at llOO°C 
for 1 h, (b) at 1200°C for 1 h and (c) at 1300°C for 2 h. Scale 

bars: 150 nm (a and b) and 0.2 pm (c). 

similar, although they occur much more rapidly. 
At 1200°C both (Y- and p”-alumina appear practi- 
cally simultaneously. 

Based on the facts as described above, the 
mechanism of calcium-/Y-alumina formation can 
be proposed as follows. During heating the 
alumina hydroxide gel decomposes into a low- 
temperature form of aluminium oxide. A part of 
this oxide reacts with calcium oxalate to give 
calcium aluminate. Further heating transforms the 
aluminium oxide into its higher temperature 
forms. At the same time, individual crystallites of 
both aluminium oxide and calcium aluminate link 

together to form agglomerates. Then, a-alumina 
reacts with calcium aluminate and forms the p”-alu- 
mina phase. The reaction starts at the interphase 
boundary, the p”-alumina nucleus is then increased 
by the diffusion of calcium cations from calcium 
aluminate to the aluminium oxide. The preferential 
directions of the p’-alumina crystallite growth 
would be the ones along the plane perpendicular to 
the Z-axis. The irregular, not completely hexago- 
nal, plate-like appearance of the Ca-/3”-Al,O, parti- 
cles (see Fig. 5(c)) suggests their formation through 
coalescence from the smaller crystallites. The occur- 
rence of the p-alumina phase at 1000°C only when 
aluminium oxide is completely transformed into the 
a-form suggests that, for the synthesis of Ca$“- 
A&O,, the formation of the crystalline structure of 
aluminium oxide with a densely hexagonally packed 
anion sublattice is necessary. 

The sintered bodies obtained from the p’-alumina 
powders were characterized by the microstructure 
presented in Fig. 6. It is evident that the grains of 
the material are not isometric, suggesting that the 
original crystallite shape has been preserved, at 
least to some extent. 

The dependence of conductivity on temperature 
is presented in Fig. 7. The activation energy of the 

Fig. 6. Fracture surface of Ca-/3”-A1203. 

2.0 - 

1.0 

0.0 

T-‘, 103xK-’ 

Fig. 7. Temperature dependence of Ca-/_?“-A1,03 conductivity. 
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Fig. 8. Impedance spectra of Ca-/3”-A120q measured at 300°C. 

conductivity process determined on the basis of 
this dependence is 50.1 kJ mol-‘. The impedance 
spectra recorded at 300°C are presented in Fig. 8 
and yield the following values of conductivity: 
bulk conductivity q, = 2.40 X 1O-5 (a cm)-‘; grain 
boundary conductivity a&, = 1.50 X 10m5 (Q cm))‘. 
Both the diagrams and the calculated values are 
characteristic of p”-alumina type conductors.‘9,24 

4 Conclusions 

The observations made during this study allow the 
following conclusions to be drawn. 

(1) 

(2) 

(3) 

(4) 

The application of alumina gel and the 
co-precipitationcalcination method allow a 
material with beta”-alumina structure to be 
obtained. 
The kinetics of the beta”-alumina synthesis 
depends on the presence of a molten salt 
during the precursor thermal treatment. 
The probable mechanism of calcium-beta”- 
alumina formation is the reaction between 
formerly produced calcium aluminate, 
Ca0.2A120,, and aluminium oxide of the 
alpha-form. 
Sintered bodies obtained from the powder 
prepared in this manner are characterized by 
good ionic conductivity. 

The fact that material with the Ca$‘-Al,O, 
structure and good ionic conductivity can be pre- 
pared via direct high-temperature synthesis leads 
to the conclusion that more work should be done 
to address the problem of metastability of that 
phase and its high-temperature degradation. To 
describe these phenomena in detail the following 
factors should be taken into consideration: the 
effect of the stabilizing cation type, the effect of 
contamination, the stabilizing effect of microstruc- 
ture, and the kinetics of the degradation process. 

The present work is part of the Polish Scientific 
Research Committee project No. 3 3632 92 3. The 
authors wish to thank Professors Grzegorz Rag 
and Krzysztof Haberko for their helpful discus- 
sions. 
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