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Abstract

The fracture toughness anisotropy has been determined for sodium-
beta alumina single crystals, using a hardness indent method. For
cracks with a habit plane normal to the 00.1 planes the fracture

1/2

toughness is about 2 MPa.m~'“, while for cracks running parallel to

the 00.1 planes the fracture toughness is about 0.16 MPA.m1/2. This
extreme anisotropy may partly explain the difference between calcu-
lated and observed critical current densities for Mode [ failure ini-

tiation of polycrystalline solid electrolytes.



I. Introdution

When sodium-beta and beta" alumina are used as solid electrolytes
in a Na/S battery, fracture may be initiated from the electrolyte -sur-
face at which metal is formed at a sufficiently high ionic charging
current density. This current density is called the critical current
density. Buechele et al. (1), using acoustic emission detection meth-
ods, reported recently that first crack initiation events occured at

2,. This value is sig-

an average current density of about 300 mA/cm
nificantly below the current densities at which rapid, macroscopic
crack propagation, Mode I failure (2,3), is usually observed for sim-
ilar electrolytes. (4) Theoretical considerations of the critical
current densities for Mode [ failure initiation predict that the crit-

ical current density, jcrit’ is related to the fracture thoughness, K

C,
by:
. 4 -n

where n is a parameter that ranges between 1 and 3 depending on the
way in which the elastic relaxation is taken into account and on the
details of the crack geometry selected for the model (5,6). For rea-
sonable flaw lengths, using the fracture toughness measured on poly-
crystalline electrolytes by macroscopic fracture mechanics methods (7),

the calculated j is found to be several orders of magnitude above

crit
the observed one. However, for materials that are as anisotropic as
the beta aluminas macroscopic fracture toughness should not be used
when flaws are on the order of the grain size. In the early stage

of growth small cracks should advance through regions of low criti-

cal stress intensity, with the fracture toughness rising to the value



appropriate for macroscopic fracture mechanics as the crack gets
larger.

For sodium-beta and beta" aluminas features are known that have
very low strength. The layered crystals cleave easily along the 00.1
conduction planes and may show spontaneous fractures when left in am-
bient moist air. Grain boundaries with 00.1 habit planes are also
known to be mechanically weak (8). Since 00.1 cleavage is most likely
to be ihvolved in the initial crack configuration and growth, it is
necessary to determine the KC anisotropy. The microhardness indent-
er fracture toughness method (9,10,11) had to be used since only small

crystals were available.

II. Experimental Procedures

A single crystal of sodium-beta alumina* and polycrystalline sod-
ium-beta" alumina** were heated for 24 hours, at 900°C, in beta alum-
ina packing powder, prior to mechanical polishing. This polishing is
necessary to allow an accurate measurement of crack length after in-
dentation. The 00.1 cleavage surface of the single crystals was smooth
and needed no further preparation. The prismatic planes of the single
crystals could only tolerate a minimum of preparation since, however
carefully the sanding and polishing was performed, some 00.1 cleavage
cracks would result. The few cracks that were produced did not inter-

fere with the measurements, since indents could be made on unflawed

*Union Carbide, Linde Division, San Diego, California. Composition:
6.4 w Nay0, balance, Al,03.
**Ceramatec, Inc., Salt Lake City, Utah. Composition: 8.7 w Nas0,
0.75 w Lip0, balance Al703. Average grain size: 1.1 micron.



prismatic plane segments, and the crystals could be viewed in trans-
mitted light. After surface preparation, the samples were annealed in
packing power of the appropriate A1203/Na20 composition, for 3 hr, in
air, at 1500°C. This treatment heals many cracks, and roughly corre-
sponds to a sintering cycle. The polycrystals showed considerable
thermal etching, but the indent cracks would sti]]lbe measured with
accuracy under oblique illumination in the optical microscope. Inden-
tations were made with a Vickers hardness indenter, with loads between
19.6 and 49.0 N. Dur{ng the indentation the surfaces were covered
with immersion o0il to prevent possible crack_extension due to ambient
moisture. After indentation the immersion oil was removed with ace-

tone, and the crack dimension were measured immediately.

II1. Results and Discussions

The expression used to calculate K. was (9):
S = Ke (H/E)L/2/(P1c3/2) = 0.016 +/- 0.004 (2)

where S is a materials-independent constant for radial cracks produced
by a Vickers diamond indenter, H is the hardness, E is Young's modulus,
P is the load on the indenter, and c is the measured length of the ra-
dial cracks. The Young's modulus for polycrystalline sodium-beta" al-
umina is reported to be about 200 GPa (7). For indentation fractures

in elastically anisotropic crystals the modulus E used in Equation (2)
should be that for the direction perpendicular to the crack habit plane,
provided the indenter axes were aligned with the principal axis of the

elasticity tensor. Measurements of the elastic anisotropy were not



available, but a fairly good estimate can be made from the shape of
Knoop indents. The various values of H/E, H, and E found from meas-
urements of Knoop indent shapes are listed in Table I for indents made
on prismatic'plahes of single crystals. It was interesting to note
that the hardness, H, measured by the Vicker's indenter method normal
to the basal planes, varied as a function of app1ied.1oad, P, according
to: | |

H = 13.5(in 6Pa) - 3.37x10™° (in GPa/N3)x P(in N) 3 +/- 0.1 (in GPa).
The reason for this is not known. The ratio, E1/E2, of the elastic
moduli parallel, El, and perpendicular, E2, to the 00.1 direction was
about 1.23. The fracture toughness values were then determined from
the measurements of the Vickers indenter cracks and from the values
for E1 and E2 listed in Table I. They are given in Table II. An
example of an indent on a prismatic plane is shown in Fig. 1. The
extreme fracture toughness anisotropy is immediately evident in this
micrograph. Note also that the crack running in the 00.1 direction
exhibits some crack branching. The values of KC for the indents

made on 00.1 planes and on polycrystals agree well with the values
for the polycrystals measured by macroscopic fracture mechanics
methods (7). The KC for cracks in the 00.1 planes are a factor

of ten lower than these values. When these 00.1 crack values are
inserted into the expression describing initial Mode I crack growth
(5,6) values for the critical current densities for failure initi-
ation are obtained that agree reasonably well with those reported by

Buechele et al. (1).



It is therefore concluded that Mode I crack initiation in sodium-
beta and -beta" aluminas can occur well below the average values ob-

served for rapid, catastrophic electrolyte failure.

Acknowledgements

This research was supported by the Assistant Secretary for Con-
servation and renewable Resources, Office of Advanced Conservation
Technology, Electrochemical Research Division of the U. S. Department
of Energy under Contract DE-AC03-76SF0098, and by the Electric Power
Research Institute.

Discussions with David Marshall are gratefully acknowledged.



References

10

A. C. Buechele, and L. C. De Jonghe, "Degradation of Sodium-Beta"
Alumina: Effect of Microstructure", J. Electrochem. Soc. (1983).
L. C. De Jonghe, L. Feldman, and A. Buechele, "Failure Modes of
Na-Beta Aluminas", Solid State Ionics, 5, 267-270 (1981).

R. D. Armstrong, T. Dickinson, and J. Turner, "Breakdown of
Beta"-Alumina Ceramic Electrolyte", Electrochim. Acta, 19,
i87-192 (1974).

G. Tennenhouse, R. C. Ku, R. H. Richman, and T. J. Whalen, "Deter-
joration in Ceramic Electrolytes for Sodium-Sulfur Batteries," Am.
Cer. Soc. Bull., 54, 523 (1975).

L. A. Feldman, and L. C. De Jonghe, "Initiation of Mode I Failure
in Sodium-Beta Alumina Electrolytes". J. Mat. Sci., 17, 517-524,
(1982). |

A. Virkar, and L. Viswanathan, A-Thhee-Dimensional Approach to the
Degradation of So]id{E]ectrd]ytes“, J. Mat. Sci. 18, 1202 - 1212
(1983).

. D. K. Shetty, A. Virkar, and R. S. Gordon, "Electrolytic Deg-

radation of Lithia-Stabilized Polycrystallyne Beta"-Alumina",
pp. 651-65, in Fracture Mechanics of Ceramics, Vol. 4, Edited by
R. C. Bradt, D. P. Hasselman, and F. F. Lange, Plenum, New York,

1977.

. L. C. De Jonghe, A. Buechele, and K H. Yoon, "Grainboundaries and

Solid Electrolyte Degradation," in press. Advances in Ceramics,

1983.



9. A. G. Evans and E. A. Charles, "Fracture Toughness Determination
by Indentation" J. Am. Ceram. Soc., 59, 371-72 (1976).

10. G. R. Anstis, P. Chanticul, B. R. Lawn, and D. B. Marshall,
"A Critical Evaluation of Indentation Techniques for Measuring
Fracture Toughness: I, “J. Am. Ceram. Soc., 64, 533-538 (1981).

11. D. B. Marshall, Tatsuo Noma, and A. G. Evans, "A Simple Method for
Determining Elastic-Modulus-to-Hardness Ratios Using Knoop Inden-

tation Measurements," J. Amer. Ceram. Soc., C175-176, (1982).



Tables

TABLE I
Indent On H/E H(GPa) E(GPa)
Basal plane 0.0632 13.59 215
Prismatic plane 0.0465 8.1 174

TABLE II
Material Indent on KC(MPa.mI/Z) Standard Deviation
Beta single cr. prism. plane 0.162 0.067

basal plane 1.973 0.232

Beta" polycr. 1.984 0.226



Figure Caption

Fig. 1. Fractures resulting from a Vickers indent on a prismatic plane
of a sodium beta-alumina single crystal. The load on the

indenter was 9.8 N.
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Figure 1 XBB 836-5083
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