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Microstructure and Ionic Resistivity .of Calcium Containing

Sodium Beta Alumina

A. Buechele* and L.C. De Jonghe*

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
ABSTRACT

Calcium containing sodium beta aluminas were prepared, and their
microstructure and ionic resistivity was studied. The calcium signif-
icantly promotes abnormal grain growth at temperatures above 1700°C,
and leads to the formation of highly blocking intergranular calcium
aluminate phases. Evidence was algo found for partial solution of calcia
in B-alumina. The D.C. resistivity, p, at 300°C was found to increase
exponentially with calcium content [C] leading to'a relationship of the
type: 1log (p/pyl)= B°[C], where the proportionality factor B depends on
the sintering conditions.

I. INTRODUCTION

Calcium is one of the impurities frequently found in trace guantities
in ceramic powders. In commercial sodium beta aluminas.it may be pre-
sent at levels of up to several hundred ppm by weight as Ca0O. When such
PovWwders are used to fabricate solid electrolytes for godium—sulphur bat-
teries certain undesirabie effects, such as shortened service lifetime or

increased ionic resistivity, may be associated with the presence of calcia.

Some work has been reported on the effects of calcium on the structure and

* Member American Ceramic Society.
The majority of this work was performed at Cornell University in the
Department of Materials Science and Engineering
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properties of sodium beta alumina, though no detailed or systematic studies
have been made. Torpov and §tukalova (1,2) observed the sodiim exchange
for calcium from molten calcium chloride, leading to the formation of
Ca0+6 Alp03. Jones and Miles (3) reported conductivity and density mea-
surements on electrolytes containing a number of additives including
calcium. They noted that although calcia seemed to enhance densifica-
tion it led to an undesirable increase in electrolyte ionic resistivity.
Imai and Harata (4) similarly reported on the adverse effects of calcium
on the conductivity. Nuclear magnetic resonance was used by Roth, Chung
and Story (5) to study the effects of a number of additives, including
calcium, on the sodium ion motion in B-aluminas. Their findings indi-
cated that calcium dissolved in the conduction planes of the B-alumina.
The calcium ions presumably were organized into Ca Al O3” units, re-
placing NaO~ thereby significantly reducing the sodium ion conductivity.
In this paper we renort on the systematic éffects of calcium on the
conductive properties and the microstructure of sodium beta alumina poly-
crystalline electolyte. The starting material was preconverted, commer-
cial sodium beta alumina' with a calcia content of about 200 ppm by weight.
It was necessary to increase the calcia contents well above this level;
while electrolytes with more than a few hundred ppm of calcia are of no
interest as practical solid electrolytes, the higher calcia levels facil-
itated electron microscope observations of second phases, and permitted

a more reliable establishing of microstructural and conductive trends.

II. EXPERIMENTAL PROCEDURE
1. Sample preparations

Measured amounts of calcium nitrate were added to a methanol slurry

+ Alcoa-XB-2 "superground"
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of sodium beta alumina powder (Alcoa-XB-2 "superground"). The mixture
was stir-dryed and then hand ground with a mortar and pestle. The ni-
trates were decomposed in air at 800°C for one hour.\ After a brief hand
regrinding, bar shaped samples were pressed at 16 Ksi. The green samples
were packed in dried beta alumina powder and zone sintered at maximum
temperatures between 1650°C and 1750°C. 1In this method samples are fed
at a controlled rate through the hot zone of a furnace. The temperature
profiles at 1700°C and 1750°C are shown in Figure 1. The heéting schedule
of a specimen is then determined by the rate at which it moves through
the hot zone of the furnace. The zone sintering has been described in
detail elsewhere (3,6).
2. Microstructural Characterization

Optical, scanning and transmission electron microscopy was used.
Samples for transmission electron microscopy were ion milled from the
sintered bars. Microscopy was carried out in a Siemens 102. The density
of the samples was measured by the Archimedes method.
3. Tonte Conductivity

Two probe A.C. dispersive measurements between 10 Hz and 10 Mhz were
carried out to determine the apparent trahsgranular and intergranular
components of the D.C. resistivities. It should be noted, however, that
this technique-does not generally yieid data that can be interpreted un-
ambiguously. This problem has been discussed in some detail by De Jonghe
4. Chemical Characterization

Samples were analyzed for sodium and caléium contents by atomic
absorbtion spectroscopy. Analysis of sodium contents by the silver

exchange method (8) proved unreliable in this case, since there wes

(7).
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evidence of formation of metallic silver in the pores of the electrolyte,
and of partial calcium exchange.
II. RESULTS AND DISCUSSION

1. Phase ldentification

The presence of second phases in the calcium containing sintered beta
alumina was verified by means of X-ray analysis and transmission electron
microscopy. The dominant-second phase present after sintering was Ca0-6
Alpo0O3. Fifteen lines in Debeye-Scherrer patterns could be attributed to
this phase. CaO*6 Al;03(CAg) was also identified by transmission electron
microscopy from diffraction patterns and dark field observations. Evi-
dence for the presence of other phases was also found in the X-ray powder
diffraction patterns. Four lines were attributable to 3Ca0<2Naj0+5A1,03
(C3NA5). The presence of calcium also caused a §light contraction of the
Co lattice parameters: from 22.5018 for undoped R-alumina to 22.455% for
B with Ca/Al = 0.055. This is consistent with a partial exchange of sodium
with calcium in the conduction plane. EDAX analysis with the scanning elec-
tron microscope revealed the presence of Ca in the bulk of the beta
alumina grains as well. Interestingly, it was found that the large grains
and the small grains both contained approximately the same level of Ca.
This is at variance with the findings of Yasui and Doremus (2) who repor-
ted a lower Ca concentration in large grain for B"-alumina. It is pos-
sible that the lower sintering temperature of the B"-alumina might account
for the difference in Ca distribution. Evidence of partial calcium ex-
change in sodium beta alumina prepared under comparable conditions was

also found by Roth et al. (5) by means of nuclear magnetic resource.
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Other transient phases are also likely to be present during the
sintering while Ca0 is reacting with the beta alumina. Microscopic
evidence of the presence of a liquid phase at sintering temperature was
found when at high CaO content packing material caked to the sintering
specimen. The actual reaction path between the B-alumina and the CaO
could not be established from these sintering experiments, and there-
fore the chemical composition of the liquid phases preceeding the for-
mation of crystalline calcium aluminates is unknown.
The overall reaction based on the X~ray and TEM phase identifica-
tion is therefore the type:
16(C) + (NAjg)> 10(CAg) + 2(C3NpAg) + 3N+
where C = Ca0 -~
NA;g = sodium-B-alumina, for the sake of simplicity b L
assumed to be Nay0°10A1,03

CAg = Ca0 + 6 Al,03 i e

C3NoAg 3Ca0 « 2 Nay0 + 5 Al,03 i

N = Nay0; soda is expected to enter the gas phase.”
The extensive activity of the liguid phase in calcium containing beta
alumina indicates, however, that the sample microstructure and phases
must be significantly off equilibrium during the course of the rapid
zone sintering, so that the above reaction is not likely to.be completed.
Further, substitution of Na by Ca is not included here.' The substi-
tution reaction is discussed in the next paragraph.
2. Micwostructwre

A pronounced exaggerated grain growth was observed in calcium con-

taining samples sintered above 1700°C. ' The fraction of abnormally large
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grains increases with increasing calcium content, as is shown in Figure 2
for samples sintered at 1750°C and at a rate of .5 cm min'l, at the same
time the porosity increases. Figure 3 shows the dependence of the density
on calcium content for two sets of samples sintered under two different
conditions: (a) at 1700°C and 2.5 cm min~!, and (b) at 1750°C and 1 cm
min~!, The corresponding microstructures at Ca/Al = 0.01 are shown in
Figures 4a and 4b. The increased abnormal grain growth and trapped por-
osity at higher temperatures suggests anomalously high grain boundary
mobilities, as may be caused by intergranular liquid phases. Further
evidence of the presence of a liquid phase at sintering temperatures was
found by transmission electron microscopy. An intergranular calcium
aluminate phase, Ca0 * 6 Al,03, was observed in a morphology (as shown
in Figure 5) that strongly suggested that it crystallized from a pre-
cursor liquid phase. Details of wetting behaviour or wetting angle of
the precursor liquid phase can, however, not be extracted from micro-
graphs such as these. The system is chemically reacting with concur-
rent micro-morphological changes. The geometry of the distribution of
the liquid precursor phase will therefore be influenced by factors such
as viscosity, matrix grain growth rates, etc., besides interfacial energies.
Once the calcium hexa—aluminaté, CAg, has formed, continued reaction with
B-alumina is still possible since calcium can enter the Q-alumina conduc-
tion planes. This reaction could be written as:
(1-x) [ (Na0) “. (A11,0;¢)® J+x[ (can103) “. (A1y;014)°]
+[ (1-x) (NaO) “.x(CaAl03) “. (A111014)° ]
Here, we have adopted the notation of Roth et al. (9) and for simplicity

have assumed the sodium beta alumina to be ideally stoichiometric.
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Figure 6 shows part of an intragranular CAg phase in detail. In the
R-alumina grain A, a spinel ledge is indicated by an arrow. Growth of
B-alumina in the [00.1] direction at elevated temperature is thought to
proceed by the nucleation and propogation of such spinel ledges (10).
The micrograph would then give a hint as to how the reaction between
CAg and B-alumina, Eq. (1), might proceed. It is interesting to note
that these ledges seem to nucleate somewhere on the CAg/B interface, and
not at the B/B grain boundary edge.

The CAg phase was most frequently.found wedged between the 00.1 facets

of B-alumina matrix grains, as shown in Figure 7. This canvagain be ex-
plained with the reaction mentioned in Eq. (1l). Since this reactiop in-

volves the entrance of (CaAlO3)” units into the B-alumina conduction

'planes it is reasonable to assume that the 00.1 facets are reactién sites

with slow kinetics. The preponderance of CAg in geometries such as shown
in Figure 7 thus is of a kinetic origin, and has little to do with the
relative ligquid/solid interface energy anisotropy of the precursgf liguid.
3. lonic Conductivity b

Both galcium content and sintering conditions affected the ionic re-
sistivities of the samples. fhe 300°C extrapolated D.C. specific resis-
tivity was found to follow in all cases an expotential dependence on calcium
concentration., This dependence can be expressed as

log (o/oo) = B[c] . ) Eq. (2)
where
p = D.C. specific ionic resiétivity of a balcium

containing sample at 300°C

D.C. specific resistivity extrapolated to

[CJ = 0, at 300°C

o
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[c]

B

calcium content, expressed here as the Ca/Al atom ratio

proportionality factor

The results are plotted in Figure 8 for Ca containing samples sin-
tered under two different conditions: (a) at 1700°C and 1.2 cm min~!,
and (b) at 1750°C and 0.6 cm min=!. This shows that the proportionality
factor B in Eqg. (2) is sensitive to the sintering conditions. Hsieh and
De Jonghe (9) observed a similar dependance in sodium beta alumina con-
taining significant amounts of silicates. In that case, low conductivity
intergranular phases were formed as well. The constant B, however, is
much larger in the case of the calcium containing material for samples
sintered under comparable conditions. The values of B are compared in
Table I. It should be noted that the observed behaviour as expressed
in Eg. (2) cannot be attributed to a grain boundary solid solution atmos-
phere effect, although calcium is partly soluble in sodium beta alumina.
A continued rise of the total specific ionic resistivity is inconsistent
with a grain boundary impurity atmosphere effect once a second phase has
formed. The significant differences between B for calcium containing
samples versus silicate containing samples can then be rationalized by
taking into account the ionic resistivity of sodium aluminosilicates and
calcium aluminates. While no quantitative Na ion transport data are
available for calcium beta aluminates it is expected that the calcium
aluminate ionic resistivity will be many orders of magnitude higher than
that of sodium aluminosilicates.

The observed relationship between ionic resistivity and calcium
content as expressed in Eq. (2) is difficult to explain on a theoreticél

basis. A heuristic derivation of a similar relationship was first put
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forth by Lichtenecker in 1909 (11). 1If it is assumed that the relation-
ship can be used to extrapolate outside the region of the present mea-
surements, a lower limit [Cmin] could be estimated to the Ca content
below which no effect on the electrolyte ionic conductivity would be
detected. If the detectability limit is practically taken at 1% of the
resistivity value, then with [Cmin] = %-log (1.01), and B*100 one gets
Ca/Al = 4 x 10-5 or about 40 ppm by weight.
III. CONCLUSION

The presence of Ca in sodium beta alumina strongly promotes abnormal
grain growth. X-ray and transmission electron microscope evidence was
found for the presence of transient liquid precursor phases from which

Ca0+6Al,03 formed as the dominant intergranular phase. Some evidence was -

N

also found for the presence of 3Ca0+2Nay0*5A1,03. Changes in lattice
parameter of the matrix B-alumina are consistant with (Ca AlO3) ” units
entering the conduction planes. The total D.C. resistivity was found
to be exponentially dependent on the calcium contents. The propo?tion—
ality factor in this relationship depends on the sintering condition. -
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Table I.
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Values of B in log;g (p/pgy) = B [c]

Sintering Conditions

Ca containing f-alumina

Si containing R-alumina

1750°C 0.6 cm min-!

96

12

1700°C 2.5 cm min~!

187
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Temperature profiles for zone sintering at 1700°C (a) and
1750°C (B). The samples are moved through these hot zones

at a specified rate, thus determining the sintering heat

Densities of calcium containing samples for two different

(&) 1700°C and 2.5 cm min~!,

XBL 7812-13347

Microstructures of samples corresponding to Figure 3 at

Ca/Al=0.01. The abnormal grain growth is most significant
XBB 791-706

Examples of T.E.M. observations of intergranular Ca0+*6Al1,03
(Cag). The geometry of the intergranular phase suggests

that it formed from a precursor liguid. Sintering con-

em min-!; (C) 1750°C and 1.2 cm min-! Ca/A1=0.03. xpp 791-707

Detail of an intergranular region containing Ca0O:6A1,03(CAg).
In the B-alumina grain marked A, a spinel ledge on a 00.1

B8) 1700°C and 2.5

faceted interface is indicated by an arrow. Ca/Al1=0.03
sample sintered at 1700°C and 2.5 cm min~!. xBp 7912704

B-alumina. This geometry is found frequently suggesting it

should be slowly reacting interfaces for calcium uptake in

Ca/Al=0.03; sample sintered at

Captions

1.
treatment. XBL 7812-13346

2. BRbnormal grain growth increases' with increased calcium
contents: a) Ca/Al=.0002 b) Ca/Al=.001 c) Ca/Al=.005
d) Ca/Al=.01 Samples sintered at 1750°C at a rate of
0.5 cm min~!., XBB 791708

3.
sintering conditions:

(B) 1750°C and .6 cm min~l.

4.
for samples sintered above 1700°C.

5.
ditions: (A) 1700°C and 2.5 cm min-1;

6.

7. Ca0+6A1,03 (CAg) phase between 00.1 faceted grains of
has kinetic rather than energetic origins.. 00.1 facets
the conduction planes.
1700°C and 2.5 cm min~l. XBB 791-705

8.

D.C. specific ionic resistivities at 300° C for samples
sintered under different conditions:

cm min~!; (®) 1750°C and 0.6 cm min-l.

(A) 1700°C and 2.5
The results

illustrate Eq. (2) and document the dependence of B on

sintering conditions.

XBL 7812-13345
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Figure 5
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