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Percolative ionic conduction in the LiA1Si04 glass-ceramic system*
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The effect of crystallinity on the lithium ion conductivity in LiA1Si04 glass and glass-ceramic solid
electrolytes has been determined. The ionic conductivity is thermally activated with an activation energy and
preexponential factor that change in a marked and ponsimple manner as the volume fraction of crystallin&ty
changes. These results are explained by using a continuum percolation model (effective medium
approximation) which assumes that ionic conduction in the glass-ceramic is almost entirely within the glass
phase until the crystalline volume fraction rises above -55%. The LiA1Si04 system would seem to be
nearly ideal for application of percolation theory since the crystalline phase, P eucryptite, has nearly the
same composition as the glass phase. Hence, as the crystallite volume fraction increases in the glass-ceramic,
the residual glass composition and conductivity remain the same, This is the first application of percolation
theory to ionic transport in glass-ceramics and excellent agreement is obtained between theory and
experiments for the LiA1Si04 system.

I. INTRODUCTION

The electrical properties of LiAlSiO4 materials
are of interest because these materials are being
considered as possible lithium ion conducting,
high-temperature, solid electrolytes. ' These are
also good materials for fundamental studies of
ionic transport since they can be prepared as sin-
gle crystals, "glass, "or glass-ceramics, '4 all
with the same composition (LiA1SiO, ). The single
crystals exhibit the P eucryptite structure" and
are quasi-one-dimensional conductors with lithium
ions transported primarily in channels parallel
to the c axis."The glass and glass-ceramic
materials are, however, three-dimensional con-
ductors. ' The glass-ceramic is produced by con-
trolled devitrifieation of the glass and consists
of P eucryptite crystals imbedded in a glass ma-
trix.

Our previous studies af ionic conductivity in
LiAlSiO, materials have indicated a large decrease
in the ionic conductivity when the glass is con-
verted to a glass-ceramic. ' Other investigators
have observed similar changes in the ionic con-
ductivities of glass-ceramics upon devitrifica-
tion. ' " In studies of other glass-ceramics, the
glass and crystalline phases generally had differ-
ent compositions, and the changes in the ionic
conductivity were qualitatively explained in terms
of variations iq. the composition and resultant con-
ductivity of the glass phase as the crystalline
phase(s) precipitated. Generally, no quantitative
measurements of the glass phase: crystalline
phase ratios were reported and the relative con-
tribution of the glass and crystalline phases to the
conductivity mere unknown. The LiAlSiO4 system
differs from those previously studied in that the
crystalline phase i.n the LiA1Si04 glass-ceramic

is P eucryptite which has the same composition as
the glass. Hence as the crystallinity increases
in the glass-ceramic, the residual composition
and conductivity of the glass phase should remain
the same. In this paper we report quantitative
measurements of both the ionit: conductivity and
the crystalline fraction in the glass-ceramics.
These features of our experiment have allowed us
to develop a model to explain the ionic conductivity
in tPis system.

A large part of the theoretical work that is pres-
ently bei.ng done on solid electrolytes is prj.marily
concerned with explaining ionic conductivity ip
single crystals" and glasses" from a microscopic,
atomic viewpoint. In this paper, we present a
macroscopic remodel which complements this view-
point. Ours is a continuum percolat;ion model
which trIE, ats the composite, glass-ceramic system
as a random, binary mixture of the glass @nd

crystalline phases. The degree to which the as-
sumptions of the percolation model are in accord
with the detailed chemical, structural, and elec-
trical properties of the glass-ceramics and the
possible extension of the percolation mode) to other
glass-ceramics are discussed.

II. MATERIALS PREPARATION

The glasses used in this investigation (LiA1SiO,
and LiAlsiO, +2.8-mole% TiO, ) were prepared
from reagent grade Lj,CO, and the required oxides.
These chemicals were mixed thoroughly and then
melted and stirred in Pt crucibles at 1600 'C for
16-. 24 h. After melting, the glasses were quenched
and they annealed at 650'C for 5-10 min to re-
move strain. X-ray powder diffraction photographs
of the glasses, taken after they mere annealed,
revealed no crystalline structure. Differential
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TABLE I. Heat treatments and percent crystallinity
(mass /p) for LiAlSi04 glass-ceramics.

Heat treatment
Crystallinity

(mass /o)

925'C —5 h, 965 C-16 h
925'C-5 h, 960'C-5 h
650 'C-2 h, 1000 'C-5 min, 915 'C-1 h
675 'C —3.5 h, 940 'C-5 min, 830 C-1 h
580 'C-24 h, 725 'C —3 h, 740 'C-1 h
650'C-2 h, 725'C-1 h
600'C —32 h, 650'C—2 h, 670 C-1 h,
680'C —1 h
600 'C-16 h, 650 'C-2 h, 670 'C-2 h
600 C—16 h, 650 C-2 h, 670 C-1 h

88,'+ 7
81+7
78 +6
74+6
66+5
60+5
42 +4

13+1
6~1

thermal analysis performed on the glass, which
contained TiO„ indicated N glass transition tem-
perature of 650 'C and a crystallization exotherm
at 770 C. The TiO, was added to the LiA1Si04
glass as a nucleating agent to aid in the formation
of the glass-ceramics. Attempts to crystallize
LiA18i04 glass without the nucleating agent resulted
in preferential surface crystallization and cracking
of the samples. All the glass-ceramics of differ-
ent crystalline fraction are listed i.n Table I. These
materials were cooled slowly after crystallization
at a rate of about 10'C/mintoavoidcraekingdueto
thermal stress. Such stresseS could be introduced
by differences in the thermal expansion of the glass
and the crystalline phases. The most pronounced
cracking, which occurred while the samples were
cooled, was observed in the materials of low
crystallinity where the heat treatments mere below
770 'C. Extended heat treatments at high tempera-
ture (&950 'C} i'esulted in chalklike samples which
were porous and cracked. For these reasons, no
attempt was made to measure samples with a
crystalline fraction greater than 88/o.

III. STRUCTURAL PROPERTIES

X-ray diffraction analyses of all the LiA18i04
glass-ceramics used in this study indicated the
presence of only one crystalline phase, P eueryp-
tite. Powder diffraction patterns yielded lattice
parameters identical to those for single crystals"
of P eucryptite [a =10.49(1}; c =11.18(1)A]. -Other
glass-ceramics that we have studied with composi-
tions that differ from LiAlSi04 contain either dif-
ferent crystalline phases or p eueryptite with dif-
ferent lattice parameters. For example, a glass-
cer~ic with the composition Li,A14Si,O„has the
P eucryptite structure with lattice parameters
[a =10.38(1) c =10.88(6) A]thatdiffer from those of
stoichiometric p eucryptite, and glass-ceramics
with the composition Li,Al, Si40„contain both the

p eucryptite (LiAlSiO, ) and lithium orthosilicate
(Li,SiO, ) crystalline phases. The absence of phas-
es other than P eucryptite from our glass ceramics
and the identity of the lattice parameters of stoi-
chiometric p eucryptite (LiAlSiO, ) with those of
our glass-ceramics indicate that the composition
of the glass and crystalline phases in our glass-
ceramics should be the same.

The method used to determine the percent of P
eucryptite in the glass-ceramics is similar to one
previously reported. " A series of standards w'ere
prepared from p eucryptite single crystals and
LiAlSi04 glass. These were ground to pass through
a 325-mesh screen (0.044-mm opening). Silicon
powder (325-mesh) was added as an iriternal stan-
dard at a constant mass fraction of the glass and
single-crystal sample. The intensities of the
(111)x-ray diffraction peak of Si and the (202) peak
of p eucryptite were determined by the use of a
scintillation counter, pulse-height analyzer, CuKn
radiation, arid a graphite monochromator. A
linear analysis of the intensity ratio (IB/I~, ) vs the
mass percent of P eucryptite yielded the following:

SII = (14 +1)(I~/I~, ),
where Stl is the mass% of P eucryptite. The densi-
ty of the glass which contains TiO, is 2.45 g/cm'
and the theoretical density of P eucryptite is 2.351
g/em'. Since there is only a, slight difference in
the densities of the glass and the crystalline phas-
es, the mass percent and volume percent are
nearly identical and differ at most by only one
percent. The mass percentages determined by
the x-ray analyses for the glass-ceramics are
presented in Table-I.

Scanning and transmission electron micrographs
were obtained for some of the glass-ceramics
to determine structural characteristics. Samples
were prepared for scanning electron microscopy
by mechanically polishing and then etching the
sample by using a 0.1M HF acid solution. Scan-
ning electron micrographs were also taken of a
sample that was fractured and not polished or
etched. Samples for transmission electron micro-
scopy mere prepared by mechanically slicing a
thin section and then a hole with very thin edges
was produced by ion bombardment of the thin sec-
tion. The scanning electron micr ographs show
areas where the glass has been preferentially
etched away but do not give any useful information
about the crystalline material. The transmission
electron micrographs give information about grain
size and the type of crystalline phases present
(Fig. 1}. The grain sizes ranged from 0.3 p, m for
the 13% glass cera-mic to 1.2 pm for the 81%
glass-ceramic. In the 81% glass-ceramic, small
(50-100 A) crystallites of TiO, were detected in
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concluded that Ti4 ions were preferentially located
on the surface of P eucryptite crystals in the
glass-ceramics that were investigated. The sig-
nificance of the TiO, enriched interface between
the crystalline and glass regions is discussed in a
later section.

IV. IONIC CONDUCTIVITY

A. Measurements

FIG. 1. Transmission electron micrographs of
LiAlSi04 glass-ceramics with 2.8-mole% Ti02 as a
nucleating agent. (a) Micrograph of the 13% crystalline
material with -0.3-pm crystallites of P eucryptite;
(b) micrograph of the 81% crystalline material with
1.2-pm crystallites of p eucryptite. The small dark
areas located primarily in the grain boundaries of the

p eucryptite crystallites [in part'(b)] are - 50—1pp-A
Ti02 crystallites.

the transmission electron micrographs and identi-
fied as TiO, (rutile) by their electron diffraction
patterns. (These were not observed in the x-ray
diffraction patterns because of the size of the
crystallites and/or their low concentration. ) The
TiO, crystallites are concentrated in the P eucryp-
tite grain boundaries [Fig. 1(b)]. From this ob-
servation, it can be concluded that at least part of
the TiO, is excluded from the P eucryptite as it
crystallizes so that the glass-crystal boundary be-
comes enriched in TiO, . This behavior has been
observed in a previous study on the crystallization
of glasses in the Li,O+Al, O, +SiO, system which
contained TiO, as a nucleating agent. '4 That study

The samples used for the ionic conductivity mea-
surements had dimensions of about 1&1&0.1 cm'.
Electrodes were applied by evaporating Cr onto
the 1x 1 cm' faces with the sample temperature at
300-350 'C. The electrical measurements were
made by using a three-terminal guarded ac tech-
nique. ' In preparing samples for the guarded
measurements, a circular groove was cut through
the Cr contacts with sand-blasting techniques.
This defined a center electrode area (-0.35 cm')
and an outer electrode area on each surface. The
center circular electrodes were used for the con-
ductance measurements. Electrical contact was
made by using spring-loaded leads. The sample
was connected to the measurement instrument by
using two shielded coaxial cables. The leads to
the outer electroded areas on the sample were
connected to the grounded shields on the coaxial
cables. For temperature-dependent conductivity
measurements, thermocouples were bonded to the
sides of the samples by using Omega CC high-
temyerature cement. The sample was supported
by the spring-loaded leads between Ta strips
which formed the heater arrangement. This as-
sembly was mounted in a vacuum system, and
measurements were made at -10 ' Torr over the
temperature range 325-775 K. The temperature
gradient across the sample was 1-2 deg. The
electrical measurements were made by using a
Hewlett-Packard 4800A vector impedance meter
with a 4810A direct measurement plug-in. With
this instrument, measurements were made over
the frequency range from 5 to 5~10' Hz. The con-
ductivity was determined from the conductance data
in the frequency-independent region. In all of our
impedance measurements, the phase angle was
zero at some frequency in this region. This gave
a direct measure of the real part of the impedance
(i.e., the conductance) and thus gave assurance that
the true sample conductance was being determined.
Previous work has shown that the measured con-
ductance (and thus the conductivity) is that asso-
ciated with lithium ions in the bulk material. '

B. Results

Typical data obtained on the temperature depen-
dence of the conductivity in the glass and glass-
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ceramic materials for various degrees of crystal-
linity are shown in Fig. 2. These results show
(i) that for the LiA1Sio, glass (0% crystallinity)
the TiO, nucleating agent does not significantly
affect the ionic conductivity (to the concentrations
examined here, i.e., 2.8 mole%); (ii) that in the
glass-ceramic, the conductivity- generally de-
creases as the percent crystallinity is increased;
and (iii) that u varies exponentially with reciprocal
temperature (i.e., v=a, e ~ ) over the tempera-
ture range examined.

Table II lists the conductivity activation energies
E and preexponential factors v, for all the samples
examined in these studies with different degrees
of crystallinity. The E and o, values and their
respective errors were determined from a least-
squares analysis of the data. Plotting each of
these experimental quantities separately against
the crystallinity fraction (Figs. 3 and 4) empha-
sizes the fact that the conductivity is not changing
in a simple average way. The results in Fig. 3
show that with increasing percent crystallinity, the
value of E for the glass-ceramic is the same as
that of the glass up to a value of -55% crystallinity.
As the degree of crystallinity increases beyond
this point, the activation energy increases sharply
and has a value of E=1.23 eV at 88% crystallinity.
The o'0 values in Fig. 4 have a slightly different

-2
10

Percent
crystallinity

0'0

(lcm} '

pb 0.676 + 0.003 1,83 x 10
' x f 0-0.11

6+1 0.682 + 0.004 1.47 x 10
' x 10—0.12

0.673 y p.pp5 1.f 9 x f 02 + x ip2-0.13

60+5

74 +6

78 +6

81 +7

0.754 + 0.010 9.92 x 10

0.860 + 0.011 5.3f x f 0

1.00 + 0.011 2.18 x10

1.08 + 0.014 4.90 x f 0

1.14 +0.035 8.5pxip'

('", ,',).io

+ 1.47

+ 7.20 4

-3.90

1.23 + 0.047 2.60 x 105 x 105-1.51

Conductivity data were analyzed using a least-squares
method.

Data on the glass are both with and without the Ti02
nucleating agent.

TABLE II. Ionic conductivity activation energies g and
preexponentia1 factors 0'0 obtained from o =0'Oexp( —E/O'T)
for LiAlSi04 glass and glass-ceramics with varying de-
grees of crystallinity. ~
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dependence on the degree of crystallinity. With
increasing percent crystallinity a', first decreases
and then dramatically increases as the percent
crystallinity increases beyond the -55% value.
The critical value is the same for both the increase
in-E and the increase in oo with percent crystal-
linity, i.e., -55% crystallinity. From these re-
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FIG. 2. Ionic conductivity temperature dependence
of LiAlS104 glass and glass-ceramics with different de-
grees of crystallinity. For the glass (0/p crystallinity),
the ~ data points are with no nucleating agent whereas
0 denotes a glass with nucleating agent {2.8-mole %
Ti02); there is no significant difference between these
results. For the glass-ceramics the conductivity in the
low-temperature region generally decreases with in-
creasing percent crystallinity.
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FIG. 3. Dependence of conductivity activation energy
on percent crystallinity for LiAlsi04 glass and glass-
ceramic material.



5916 R. M. BIEFEI,D, G. E. PIKE, AND R. T. JOHNSON, JR.

10

5
10

E

CL
C)I—

y 10
UJ

D

I—

10
Ch

C)

10
0

LiAISi04

GLASS

AND

GLASS — CERAMIC

I ~l

20 40 60

PERCENT CRYSTALLINITY

I

80 100

tite. Experimentally, though, this is not observed.
Bj using the data reported by Raistrick et al."for
the conductivity of hot-pressed, ceramic P eucryp-
tite, one finds values of E=—0.9 eV and op: 260
(Oem) '. Neither of these values is close to the
glass-ceramic endpoints indicated in Figs. 3 and 4
[i.e., E-=1.2 eV and o, =—2X10' (Qcm) ']. Another
measure of this discrepancy may be obtained from
the experimental conductivity of single crystal
P eucryptite. This crystal has a highly anisotrop-
ic, nearly one-dimensional ionic conductivity which
is highest parallel to the c axis. Measurements we
have made of the c-axis conductivity yield values
of E=—0.83 eV and o'o=—8&&10» (Oem) '. Even in a
polycrystalline arrangement of such crystals, the
&-axis conductivity is expected to dominate and
thus the temperature dependence should be acti-
vated with an-energy of about 0.83 eV. The ran-
dom orientation of the crystallite c axes with the
electric field will reduce the conductivity;at any
temperature by a constant, geometric factor which
produces a lower preexponential factor. If there
were perfect ionic injection from one crystallite to

FIG. 4. Dependence of conductivity preexponential
factor on percent crystallinity in LiAlSi04 glass and
glass-ceramic material.

suits, it is obvious that the conductivity of these
I iAlSi04 materials changes in a marked and non-
simple manner as the volume fraction of crystal-
linity increases within the glass-ceramic material.
While similar changes are often observed in other
related glass-ceramics, this is the first study
which presents a quantitative dependence of con-
ductivity on crystaOinity.

V. DISCUSSION

A. Material's properties

The I iAlsiO, glass-ceramic system would seem
to be ideal for studying the effect of crystallinity
on ionic conductivity, or in a more general con-
text, the effect of random inclusions on glass ionic
conductivity. Since the glass and the crystalline
(J3 eucryptite) phases have nearly the same chemi-
cal composition and density, ' the conductivity of
each phase should remain constant as the degree
of crystallinity changes. Hence the glass-ceramic
conductivity ought to be describable simply as
that of a binary mixture of two materials of differ-
ent eonductivities. Indeed, we propose a quantita-
tive description of this type later in this section.
However, there is a complication we wish to dis-
cuss beforehand. As the glass-ceramic becomes
more crystalline, one might expect the activation
energy and preexponential factor to have a trend
towards pure, polycrystalline (ceramic) P eucryp-

another, this factor would be 0.5. However, if
one considers the material of Raistrick et al."to
beapure, polycrystalline mixture, then the injection
process is apparently blocked frequently leading to
a much lower &p. In any case, neither the ceramic
actual'y produced by Raistrick «a~."nor the theo-
retical ceramic assembled from single crystals
has values of E and v, appropriate for the 100%
crystallinity values in this experiment. This is
not too disconcerting, though, if the difference
in preparation methods is considered. Our mater-
ials are formed by crystallization. from the glass
phase at elevated temperatures. Even small dif-
ferences in density or thermal expansivity between
the two phases can produce large stresses at their
interface. Evidence for such stress in our mater-
ials is manifest by their proclivity to crack as
they are cooled from the crystallization tempera-
ture. This stress leads to the possibility of an
interface layer with properties different from
either the glass or the bulk crystal. Further evi-
dence for a layer of different properties comes
from the report that titania is excluded from P
eueryptite crystallized from the glass phase. "
This is consistent with our observation of (roughly)
100-A particles of titania located preferentially
at the boundaries of the P eucryptite crystallites.
Because of the evidence for a physically and chem-
ically distinct interface layer, it is entirely possi-
ble that the crystallite conductivity is controlled
by a low-conductivity surface layer. In this case,
the crystallites mould have an effective, isotropic
bulk conductivity dependent upon the surface layer
conductivity.
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Another hypothesis of why our extrapolated 100%
values are not those expected for pure ceramic
P eucryptite has to do with impurities in the crys-
tallites. If the Ti were effective in blocking all
the c-axis channels in the crystallites, then the
bulk crystalline conductivity would change so as
to have a higher activation energy and possibly a
higher preexponential factor. However, any Ti
incorporated in the P eucryptite crystallites is
expected to substitute for the Si or Al in their
tetrahedral sites instead of occupying a site in the
c-axis channels. Thus we consider this possibility
to be less likely.

The above discussion of the unexpected values of
E and o, for the highly crystalline materials and
their probable cause has been largely independent
of a specific conductivity model. We are now rea-
dy to consider a specific model and to discuss the
consistency of the model assumptions with the
measured material's properties.

B. Percolation model

at any given temperature

a =a(T) =o, (T)/o, (T).
We take the conductivities of each pure phase to be
thermally activated:

o (T) =o c BE~RT o (T) =o c Scar

For the glass, we use values of E~ =0.676 eV and
o„=183(0cm) ' as measured. Since we were not
able to obtain a measurable sample of 100Vp crys-
tallinity by our method, we have had to estimate
values for this case. For values of E,=1.21 eV
and o«=1.5x10' (Qcm) ' the effective-medium
results for the preexponential factor and activa-
tion energy are shown in Fig. 5. As discussed by
Pike et al. ,' the effective medium conductivity will
not have a simple activated form. However, it is
approximately activated with preexponential factors
and activation energies which vary slowly and
smoothly with temperature. Our results were ob-
tained by calculating the conductivity at fixed crys-

We propose that the conductivity of the LiA1SiO,
glass-ceramic system may essentially be de-
scribed by considering it to be a random binary
mixture of crystallites in a glassy phase. In the
temperature range of interest, the glass conduc-
tivity is always much higher than the effective,
bulk conductivity of the crystallites. This, then,
is a percolation problem in the sense that there
are easy and hard paths by which the ions are con-
ducted through the material. Because the spread
of endpoint conductivities is less than a factor of
10', the problem is one which may be reasonably
solved in an effective medium approximation. ""
The effective medium theory appropriate for this
problem has been worked out by Landauer. " Since
considerable discussion of effective medium theo-

. ry, particularly its derivation and limitations, al-
ready appears in the published literature" "we
shall give only a brief description of Landauer's
continuum version here. He considers the con-
ductivity in a continuous medium composed of two

continuous, isotropic, different conductivity phases
randomly interdispersed. The effective conductivi-
ty of the medium is determined self-consistently
by assuming that each volume element is sur-
rounded by an average environment instead of ex-
plicitly treating all possible environments. In nota-
tion suitable to our problem, Landauer's result
may be written

o(c, T) = —,'o, (T)[(2a —1)—3(a —1)c

+ (Sa + [(2a —1)—3(a —1)c]'j '~'], (1)

where c is the volume fraction of crystallites and
a is the ratio of glass-to-crystallite conductivities

10

(a) PRE~EXPONENTIAL FACTOR

10
5

O
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10
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FIG. 5. Results of percolation model calculations.
The solid lines show the calculated effective medium
values of (a) the preexponential factor; and (b) the
activation energy for the Li ion conductivity. The cor-
responding experimental values are also shown. Both
parts of the graph have a common abscissa which is
the volume fraction of crystallinity c.
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tallinity fraction for values of 10'/T equal to 1.6
and 2.0 K ' which are in the middle of the experi-
mental range. Activation energies and preexponen-
tial factors were determined from these conduc-
tivities for many values of c. From Fig. 5 it can
be seen that the overall fit to the data is quite
good. Similarly, good agreement can be obtained
only in a rather narrow range for crystallite pa-
rameters, E,= (1.21 +0.02) eV and o'~ = (1.5 +0.4)
&&10' (Q cm) '. The principal disagreement be-
tween theory and experiment is seen to be the loca-
tion of the critical crystallite fraction at which
both E and a, begin to change rapidly. This is a
well-known minor failure of effective medium theo-
ry that results from ignoring details of the strong-
ly fluctuating environment near the critical con-
centration. ' '"'2 "Nevertheless, the theory does
yield a good, semiquantitative fit.

Physically, the data may be interpreted as fol-
lows. - When small amounts of crystallite are added
to (precipitated within) the glass, they act mainly
to block ions from traversing their volume because
of their much lower effective conductivity. Thus
the ions which are measured during a conductivity
experiment are moving through the glass phase.
The temperature dependence, described by E, will
remain that of the glass alone, but the geometric
effect of the obstructing crystallites will decrease
the conductivity slightly, and hence also o,. This
situation prevails until the critical concentration
is reached at which point the- ions will no longer
be able to utilize purely glass paths in crossing
the material. In real systems, this critical con-
centration will obviously depend on details of par-
ticle shape and interparticle connections. These
physical details are also ignored in I.andauer's
treatment which shows why the critical concentra-
tion is not predicted too well. As the crystallite
concentration increases further, the temperature

. dependence of the crystallite regions begins to
influence that of the total material, E tends to E„
and the overall preexponential factor o, moves
toward o, .

We now want to address the questions of how .

well the assumptions of this model agree with the
actual I iA18i04 glass-ceramic system and how the
model could be applied to other glass-ceramics.
One important assumption we made was that the
conductivity of the glass phase remained constant
independent of the crystalline fraction. This was
because the chemical composition of the two phases
is the same. However, in the high-crystallinity
samples, this might be questioned due to the glass
(at least partially) being enriched with the TiO,
which is excluded from the crystallites. The ef-
fect of this on the glass conductivity is unknown,
but two separate considerations indicate that the

model fit w'ill be only minimally affected. First,
we know that the glass conductivity is not discerni-
bly changed when. the TiO, concentration is changed
from 0 to 2.8 mole%%. ' Second, it is in the high-
crystallinity range that the glass conductivity af-
fects the overall conductivity the least (within our
model). Thus the TiO, may change the glass con-
ductivity somewhat, but the model should still be
quite applicable.

Another assumption in our model is that the
crystallite conductivity o, is constant independent
of crystalline fraction. If a, is controlled by TiO,
impurities within the erystallites, and if the TiO,
concentration is saturated (as indicated), then this
should be a good assumption. However, if the
bulk conductivity is only "effective, " controlled
by a surface layer, then a, ought to vary directly
as the crystallite size." The average crystallite
size does change in samples from &.3 p, m at 13%
cyrstallinity to -1.2 p, m at 81%. By assuming a
linear variation of crystallite size, and hence con-
ductivity, with crystalline fraction, we have recal-
culated the effective medium conductivity by using
the same conductivity values as before for c =0
and 1.0. We find very little difference from the
curves in Fig. 5 except that the calculated pre-
exponential factor undershoots somewhat the data
point at c =0.42. Thus for the conditions of our
experiment, this complication has a negligible
effect on the model fit. While on the subject of
crystallite size, we note that the TiO, at the crys-
tallite surface probably helps to limit the grain
size in two ways. For an isolated crystallite to
expand, it must exclude ever increasing concen. -
trations of TiO, from the surrounding glass layer
which requires even longer times for the TiO, to
diffuse away. For two nearby crystallites growing
toward each other, the presence of the TiO, en-
riched layer w'ill tend to prevent them from joining
into a larger particle without a low conductivity
intraparticle barrier. That is, the crystallization
process is schematically like a random collection
of expanding balloons which preserve their mem-
brane interface even as their contact area in-
creases. Thus polycrystalline clusters in our
particular material are treated as a joined collec-
tion of small grains rather than one large grain
with a proportionately larger effective conductivi-
ty.

As we have already noted, the glass-ceramic
system we have chosen to study is rather special
in that the chemical composition of the two phases
is nearly the same and the structure of each phase
remains constant for all crystalline fractions. In
other systems, such as have been studied in the
past, this is not the case. To apply our model to
other glass-ceramics would require that the eom-
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position and conductivity of each phase be known
for each crystallinity fraction.

As a final comment, we reverse the emphasis
and note that;the LiAlSi04 glass-ceramic system
is probably the most ideal actual realization of
Landauer's mathematical model to appear in the
literature. This is because the material can pro-
perly be treated as a two-phase continuum (instead
of a lattice) and the conductivity difference between
these phases is-large enough to produce significant
differences with changing volume fractions. "

VI. SUMMARY AND CONCLUSIONS

We have made a series of glass-ceramics, all
with the same composition (LiAISiO, ) for the glass
and crystalline phases, but differing from each
other by the fraction of crystalline phase present.
X-ray techniques are used to quantitatively mea-
sure the crystallinity and to determine that the
crystallites are P eucryptite in all' samples. Trans-
mission electron micrographs yield information
about the grain size and about accumulation of the
TiO, nucleating agent at the crystallite boundaries.
Measurements of the lithium ion conductivity ver-
sus temperature reveal an Arrhenius form for all
the glass ceramics.

There are two aspects of the conductivity results
which are particularly interesting. First, the con-
ductivity of the highly crystalline glass-ceramics
does not approach the expected values either de-
rived from sing)e-crystal results or obtained on

pure ceramic (polycrystalline) materials. In the
glass-ceramics, the precipitation of crystallites
from within the glass probably causes a highly
strained glass-crystallite interface. We have ar-
gued that in our glass-ceramics, the strain and/or
the TiO, enrichment could produce a low-conduc-

tivity layer. This would cause the conductivity
of the crystalline regions to be other than ex-
pected. The second interesting feature is that the
conductivity changes in a nonsimple manner with
increasing crystallinity. The most notable aspect
of this variation is the abrupt change of both the
activation energy and preexponential factor near
55% crystallinity. To account for the dependence
of conductivity on crystallinity, we have used a
percolation model which is solved within the ef-
fective medium approximation. Physically, the
results indicate that within the glass-ceramic, the
ions move almost exclusively through the glass
phase until a critical crystalline concentration
is reached. Beyond this point, the ions must also
traverse the lower-conductivity regions in cross-
ing the materials. By the use of such modeling,
excellent agreement is obtained with our experi-
mental data.

This is the first application of percolation theory
to the description of ionic conductivity in glass-
ceramics. Although the LiA1Si04 materials ex-
amined here were nearly ideal for such studies,
it should be possible to apply this type of modeling
to other glass-ceramic systems.
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