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A moderate increase in the electrical conductivity of sodium
sulfate has been obtained by dispersing alumina particles. The
largest enhancement in conductivity for furnace-cooled samples
is observed for 5.5 and 35 m/o a-Al2O3 compositions. For 35 m/o
composition, the conductivity increases by more than 1 order of
magnitude at 4003C and 2 orders of magnitude at 2003C. In
contrast to the understanding based on many composite electro-
lyte theories, 0.004 lm alumina brings about the same or even
lower enhancement in conductivity as 0.5 lm alumina. Further-
more, contrary to expectations, negligible enhancement is ob-
served when c-Al2O3 is employed. The maximum enhancement in
this study is observed for the 4 m/o Al2O3 quenched sample: the
conductivity increases by 2 orders for the high-temperature phase
and by more than 3 orders for the low-temperature phase. ( 2000
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1. INTRODUCTION

Na
2
SO

4
undergoes a transition from low-temperature

orthorhombic phase III to highly conducting high-temper-
ature hexagonal phase I at 2413C. The electrical conductiv-
ity of Na

2
SO

4
, explained on the basis of a percolation-type

ion-transport mechanism, is relatively low (p&1.31]
10~5 ohm~1 cm~1 at 4003C) for practical applications. In
the past, several workers have tried to enhance the conduct-
ivity of phase I and stabilize it at room temperature by
cationic and anionic substitutions (1}4). So far, the largest
enhancements, by more than 3 orders of magnitude, have
been observed in Sm3`-, La3`-, and Zn2`-doped systems
with complete stabilization of phase I at room temperature
(4}6). In the Sm3`-doped system, Shahi and Prakash (7)
reported p+5.5]10~3 ohm~1 cm~1 at 4003C. A conduct-
ivity of &10~1 ohm~1 cm~1 at 3003C would make
hom correspondence may be addressed. E-mail: pgopalan@met.
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a Na
2
SO

4
- based system a potential electrolyte candidate

for solid-state batteries, SO
2
/SO

3
sensors, etc.

In this work, we have attempted to enhance the conduct-
ivity through composite formation. The ionic conductivity
of several solid electrolytes has been increased signi"cantly,
from 1 to 3 orders of magnitude, by dispersing "ne, insulat-
ing particles of a second phase (8}10). These dispersoids
tend to enhance the defect concentration in the parent
lattice through either interface mechanisms or matrix phe-
nomena (11). Maier has contributed signi"cantly to explain
the origin of conductivity enhancement in composite elec-
trolyte systems (12}18).

Of the nearly twenty composite systems researched to
date, the most well-studied system is LiI where the conduct-
ivity increases by 3 orders of magnitude when dispersed
with 40 m/o Al

2
O

3
(19). Similarly, the ionic conductivity of

the low-temperature phase of Li
2
SO

4
increases by 3 orders

of magnitude when dispersed with 47% Al
2
O

3
(20). For

Na
2
SO

4
, however, no prior studies have been undertaken,

despite the higher conductivity it exhibits over the other
sulfates in the 250}5003C range.

In the present work, we have aimed at enhancing the
conductivity of Na

2
SO

4
by studying the in#uence of

composition, particle size and form of alumina, and pre-
paratory parameters. An attempt has been made to identify
the conductivity enhancement mechanisms operating in this
system. We have also tried to correlate our data with a num-
ber of existing models for composite electrolytes. The com-
posites have been characterized using X-ray di!raction,
di!erential scanning calorimetry, and impedance spectro-
scopy techniques.

2. EXPERIMENTAL PROCEDURES

The starting materials were procured from Loba Chemie,
India, Aldrich Chemicals, U.S.A., and Condea Chemie,
Germany. High-purity Na

2
SO

4
(99.99%) was used for

measurements made on pure sodium sulfate. Na
2
SO

4
of

purity in excess of 99.5% was used for preparation of all the
composites. Al

2
O

3
was prepared from a sol using Disperal
0022-4596/00 $35.00
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FIG. 1. Log p¹ vs 103/¹ for x m/o a-Al
2
O

3
(0.5 lm) compositions:

pure Na
2
SO

4
(s); x"1 (h), 4 (d), 4.75 (n), 5.5 (j), 7 (m), 10 (]).

FIG. 2. Log p¹ vs 103/¹ for x m/o a-Al
2
O

3
(0.5 lm) compositions:

pure Na
2
SO

4
(s); x"20 (h), 30 (n), 35 (j), 40 (m), 50 (d).
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Sol P3. Subsequently, "nely sized Al
2
O

3
(40 A_ ) was pre-

pared by reacting ultraclean Al pieces with 0.1 N mercuric
chloride, dissolving them in water, precipitating the par-
ticles in a solution of 2-ethylhexanol and Span 80, and then
drying them under infrared. The particles obtained were
characterized by surface area measurement techniques and
TEM.

Sodium sulfate and alumina were mixed in appropriate
mole percentages and stirred thoroughly in deionized water.
The mixtures were then heated to a temperature of 10003C
(a-Al

2
O

3
) or 6003C (c-Al

2
O

3
) for 24 h to achieve a "ne

dispersion of the second-phase particles. The samples were
furnace-cooled, ground into "ne powders, and pelletized at
pressures of around 5 tons/cm2. The resulting pellets were
2}4 mm thick and around 12 mm in diameter. These pellets
were sintered at 6003C for 8 h. They were then gold-coated
to provide good contact with the Pt electrodes for the
impedance measurements. Identical heat-treatment sched-
ules were followed for all the composites studied.

The DSC measurements were made with a DuPont 9900
calorimeter using a heating rate of 103C/min. The XRD
patterns were recorded with a PW1820 Philips di!rac-
tometer using CuKa radiation. The impedance measure-
ments were carried out as a function of temperature using
a computer-controlled Solarotron impedance gain/phase
analyzer, Model Schlumberger SI 1260. The measurements
were made in the cooling cycle in the frequency range 1 Hz
to 32 MHz with a signal amplitude of 100 mV.

3. RESULTS AND DISCUSSION

3.1. DSC

In the absence of high-temperature XRD data and phase
diagrams for the Na

2
SO

4
(Al

2
O

3
) system, it has been cum-

bersome to interpret the DSC results. In the 4.75 and
5.5 m/o compositions, peaks in DSC were observed at 201
and 2113C, respectively. A steep rise in conductivity, shown
in Fig. 1 and discussed later, was observed at the same
temperatures for these compositions. These peaks most like-
ly represent the (III)P(I) phase transition in Na

2
SO

4
. Sim-

ilarly, for the 35 m/o composition, the (III)P(I) transition
occurs at 2033C, which corresponds to a transition in the
conductivity data (Fig. 2) at the same temperature. For
some of the compositions, a peak was observed below
1103C, corresponding to the loss of absorbed moisture.
Except for the 4.75 m/o Al

2
O

3
composition, a peak between

240 and 2503C was observed for all the systems. These could
correspond to the appearance or disappearance of an inter-
mediate second phase.

3.2. XRD

At room temperature, Na
2
SO

4
appeared to be the major-

ity phase in all the samples. The high-temperature phase
Na
2
SO

4
(I) was not observed in any of these samples. In

compositions of less than 7 m/o, the alumina (a, c, or h)
phase could not be observed. For most other compositions,
a-Al

2
O

3
was the predominant phase when the treatment

temperature was 10003C, while c-Al
2
O

3
was observed for

samples treated at 6003C. There was apparently no reaction
observed between liquid Na

2
SO

4
and the dispersed Al

2
O

3
even at temperatures around 10003C. Besides Na

2
SO

4
and
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Al
2
O

3
, no third phase could be observed in any of the

compositions.

3.3. Conductivity versus Temperature

The log p¹ versus 103/¹ plots for Na
2
SO

4
}x m/o Al

2
O

3
(x"0, 1, 4.75, 5.5, 7, 10, 20, 30, 35, 40, 50) in the cooling
cycle are shown in Figs. 1 and 2. For the Na

2
SO

4
(I) phase

(¹
#
!5503C), the plot indicates a classical Arrhenius-type

dependence. No visible trend is observed for variation
of either the activation energy or the pre-exponential
factor with alumina composition in this temperature range.
Table 1 provides relevant data for some of the compositions
studied in this work. In a percolation model discussed in the
next section, Roman et al. (21) have predicted a dependence
of the activation energy on the concentration p of the
insulating phase as given by

E
C
"[1!u (p, q)]E

B
#u(p, q)E

A
, [1]

where E
C
, E

B
, and E

A
are the activation energy of the

composite, bulk, and interface, respectively. Further, u is
a function of p and q, a model parameter, given by qu

"

+
.!9

/+
0
. According to this model, the activation energy of

the composite sample drops sharply above a threshold
concentration p@

#
. However, no such trend is observed in the

activation energy versus composition behavior.
The maximum enhancement in conductivity was ob-

served for 5.5 and 35 m/o Al
2
O

3
compositions. For 5.5 m/o

Al
2
O

3
, the conductivity increased by a factor of 17 at 4003C

(p"2.2]10~4 ohm~1 cm~1 at 4003C) and 260 times
at 2003C (p"3.3]10~6 ohm~1 cm~1). For 35 m/o com-
position, the enhancement in conductivity was almost
similar. The conductivity increased 23 times (p"3.16]
10~4 ohm~1 cm~1) at 4003C and 450 times (p"5.6]
10~6 ohm~1 cm~1) at 2003C. This enhancement was almost
comparable with the Li

2
SO

4
(Al

2
O

3
) system where the con-

ductivity increased by 3 orders of magnitude. However, this
enhancement was less than that observed in Na

2
SO

4
-based
TABL

p/p
163%

Composition
(m/o Al

2
O

3
) At 2003C At 4003C

0 1 1
1 5 3
5.5 263 17

10 45 8
20 91 8
30 10 6
35 457 23
40 275 18
50 * 12
solid solutions with cationic and anionic substitutions. The
high-temperature phase was stabilized to 2013C in the
4.75 m/o Al

2
O

3
composition, as con"rmed by the DSC

data.

3.4. Conductivity versus Composition

The conductivity versus composition behavior of most of
the reported composite systems has been invariably the
same (10, 19). On adding the second-phase particles, the
ionic conductivity initially increases, due to the formation of
regions with locally enhanced conductivity, until it reaches
a maximum. The ionic conductivity then decreases with
increasing second-phase content due to the insulating na-
ture of second-phase particles. The peak is observed either
around 10 m/o composition (CuCl}Al

2
O

3
) or 40 m/o com-

position (LiI}Al
2
O

3
, Li

2
SO

4
}Al

2
O

3
) of the dispersed phase.

However, a di!erent form of conductivity versus com-
position behavior is observed in the Na

2
SO

4
}Al

2
O

3
system

as shown in Fig. 3. Upon addition of alumina, initially there
is a sluggish increase in conductivity followed by a sharp,
abrupt peak at 5.5 m/o composition. With further addition
of alumina, the conductivity decreases and reaches a nearly
constant value. However, after 30 m/o Al

2
O

3
, the conduct-

ivity again increases to reach another maxima at 35 m/o
Al

2
O

3
followed by a subsequent drop. This behavior stands

in contrast to that of all other composite systems studied so
far.

All the conductivity enhancement mechanisms (9) for
composite electrolytes suggested in the literature o!er an
explanation for the presence of only one peak in the con-
ductivity versus composition plot and, therefore, fail for
Na

2
SO

4
}Al

2
O

3
system. It seems then, as pointed out by

Dudney (11), that the enhancement in conductivity cannot
be attributed to any single mechanism since many mecha-
nisms may operate concomitantly. The sluggish increase in
conductivity on adding alumina and the sharp peak at
5.5 m/o are representative of the percolation mechanism
suggested by Roman et al. (21). On the other hand, the peak
E 1

E
!

(eV)
¹

#
(3C) (¹

#
!5503C) p

0
(ohm~1 cm~1 K)

241 0.49 5.33
234 0.50 4.99
210 0.47 6.33
232 0.46 5.33
215 0.56 7.22
240 0.47 5.23
205 0.52 7.66
215 0.45 5.97
215 0.50 6.64



FIG. 3. Log p vs composition isotherms for 1}50 m/o a-Al
2
O

3
: (h)

2503C; (n) 3003C; (j) 3503C; (m) 4003C; (s) 4503C; (]) 5003C; (d) 5503C.
FIG. 4. Variation of *p with alumina volume fraction. Note that the

Jow}Wagner model predicts linear behavior.

FIG. 5. Log (p/p
0
) vs mole fraction of the dispersed phase (p). The

experimental data (h) and the "tted curve for calculated values (n) using
the model of Roman et al. are shown.
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at 35 m/o Al
2
O

3
is characteristic of the dispersoid-induced

changes in bulk conductivity, suggested by Wagner (22).
To unambiguously establish the mechanisms operating in

this system, we have attempted to correlate our results with
the existing conductivity enhancement models for com-
posite electrolyte systems. Most of these models (10, 21, 22)
explain the conductivity enhancement behavior in a system
assuming that only one mechanism is operative, which
again di!ers from model to model. The most widely studied
conductivity enhancement mechanisms (21, 22) are locally
enhanced regions of conductivity around the dispersed
phase (percolation mechanism) and dispersoid-induced cha-
nges in the conductivity of the host material (bulk mecha-
nism). All of these models, therefore, explain the presence of
only one peak in conductivity versus composition plot,
which is true of most of the composite systems studied so
far. Since the Na

2
SO

4
(Al

2
O

3
) system shows two conductiv-

ity peaks, we have met with limited success in our model-
"tting endeavors.

Jow and Wagner (10) have proposed a qualitative model
based on enhanced ionic conduction in the space charge
layer around the alumina particles. They state that the
enhanced conductivity, *p, is proportional to the surface
area of added alumina, and is given by

*pJ(1/r)[<
7
/1!<

7
], [2]

where r and <
7

are the radius and volume fraction of
alumina particles, respectively. Figure 4 exhibits the ob-
served variation in *p with alumina volume fraction. It is
evident that *p is not proportional to the alumina volume
fraction, as suggested by Jow and Wagner.

In their three-component resistor model, Roman et al.
(21) emphasize the role of an enhanced interface conductiv-
ity. At two threshold concentrations, p@
#

and pA
#
, of the

insulating phase, they predict critical properties correspond-
ing to random conductor-semiconductor networks and nor-
mal conductor}insulator networks, respectively. They "nd
the conductivity + normalized by the value +

0
in the pure

conductor to be related by

+ (p)/+
0
"(1!p)[1#M(q!1)/qN 2d~1 p], [3]

where p is the mole fraction of the dispersed phase, q is
a model parameter given by q"+

.!9
/+

0
, for dimensionality

d"3. The +(p)/+
0

versus p graph is exhibited in Fig. 5.
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Again, the model of Roman et al. fails to explain the ob-
served variation.

In an exhaustive review, Brailsford (23) has divided the
electrical conductivity behavior of composite electrolytes
into three major categories. In the composite systems show-
ing Type I behavior, the conductivity decreases monoto-
nously with increasing second-phase content. Type II
behavior is characterized by an initial linear enhancement in
conductivity on second-phase addition followed by smooth
maximum, whereas Type III behavior corresponds to an
initial insensitivity followed by a sharp, abrupt peak. While
the former assumes that the conductivity enhancement is
primarily due to the dispersoid-induced changes in the bulk
conductivity of the matrix, the latter asserts that locally
enhanced conduction is, in fact, the dominant factor. Our
data seem to resemble a combination of Type II and Type
III behavior as classi"ed and later suggested by Brailsford.
Type II behavior is given by

p
M
/p

1
"2(1!F) (1#gF)/(2#F), [4]

where p
M

and p
1
represent the conductivity of the composite

and host, respectively, F is the alumina volume fraction, and
g is a model parameter. Type III behavior is given by

p
M
(F)/p

#
"4(1!F) (1!F@)/(2#F!3F@)(2#F@)

for F'F@. [5]

Here F@ is some alumina volume fraction at which the
conductivity is known, and p

#
is the same as p

1
.

Figure 6 shows a correlation of log(p/p
0
) versus alumina

volume fraction for these two mechanisms. For the Type II
FIG. 6. Log (p/p
0
) vs alumina volume fraction: (n) model Type II

behavior; (s) model Type III behavior; (h) experimental data for 0.5 lm
sized a-Al

2
O

3
compositions.
behavior, the value of model parameter g has been taken to
be 100. It was calculated assuming that the conductivity
enhancement is only due to Type II mechanism and not
a combination of Type II and Type III mechanisms. For the
Type III behavior, the conductivity value at 5.5 m/o Al

2
O

3
has been used for calculations.

Though the aforesaid behaviors represent two entirely
di!erent conductivity enhancement mechanisms, their com-
bination is able to explain the conductivity versus composi-
tion behavior observed in the Na

2
SO

4
}Al

2
O

3
system. It

seems then, in our case, that the percolation mechanism
dominates at smaller dispersoid volume fractions, and the
sharp peak at 5.5 m/o Al

2
O

3
indicates the establishment of

percolation paths throughout the sample. As the alumina
volume fraction was increased further, conductivity contri-
butions from dispersoid-induced enhancements in the bulk
conductivity become more signi"cant, reaching a maximum
at 35 m/o Al

2
O

3
composition.

Any possible contribution from a highly conducting in-
termediate high-temperature phase is unlikely; DSC results
rule out any thermal event that would otherwise accompany
the observed changes in conductivity. However, a high-
temperature XRD study would be required to substantiate
this claim.

3.5. Conductivity versus Form of Alumina

Alumina occurs in many forms, among which c-Al
2
O

3
reportedly produces the maximum enhancement in con-
ductivity in most systems (20). It is considered to be inert,
and the e!ect is ascribed to a surface action, which leads to
an increase in number of vacancies in the matrix material.
This phenomenon, however, seems to be inoperative in the
Na

2
SO

4
}Al

2
O

3
system. The 5.5 and 35 m/o Al

2
O

3
com-

positions show an enhancement by a factor of 20 with
a-Al

2
O

3
as the identi"ed phase. Little or no enhancement is

observed with c-Al
2
O

3
for these compositions. The log

p versus 103/¹ plots for Na
2
SO

4~x
m/o X-Al

2
O

3
(x"4.75,

5.5, 35, 40; X"a, c) are shown in Fig. 7. There has been one
more instance in the literature (24) where c-Al

2
O

3
actually

leads to a decrease in conductivity (PbCl
2
}Al

2
O

3
). A more

careful and detailed investigation of such systems along the
lines of Shahi and Wagner (25) is required to obtain deeper
insight into this selective enhancement phenomenon at the
matrix}dispersoid interface.

3.6. Conductivity versus Particle Size

It is well known that the particle size of the dispersed
phase plays a crucial role in the conductivity enhancement
process. As the second-phase particle size decreases, the
matrix}particle interface area increases. As a result,
the volume fraction of the regions with locally enhanced



FIG. 7. Log p¹ vs form of alumina for x m/o Al
2
O

3
(0.5 lm) composi-

tions: pure Na
2
SO

4
(s); x"5.5, (h) a-Al

2
O

3
, (n) c-Al

2
O

3
; x"35, (j)

a-Al
2
O

3
, (m) c-Al

2
O

3
.

FIG. 8. Log p¹ vs particle size of alumina for x m/o a-Al
2
O

3
com-

positions: pure Na
2
SO

4
(s); x"4.75, (n) 0.5 lm, (n) 0.004 lm; x"5.5,

(j) 0.5 lm, (]) 0.004 lm; x"35, (h) 0.5 lm; (d) 0.004 lm.
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conductivity increases dramatically, leading to an overall
increase in conductivity.

Very little enhancement has been observed in composite
electrolyte systems when the second-phase particle size was
greater than 1 lm. In the Na

2
SO

4
}Al

2
O

3
system, an en-

hancement by a factor of 20 was observed when Al
2
O

3
of

particle size 0.5 lm was used. Alumina of particle size 40 A_
was also employed with an aim of further enhancing the
conductivity. The log p¹ versus 103/¹ plots for 4.75, 5.5,
and 35 m/o Al

2
O

3
are shown in Fig. 8. No signi"cant

enhancement in conductivity for 40 A_ alumina could be
observed over 0.5 lm alumina. Even more interesting is the
fact that for the 35 m/o composition, the dispersal of 40 A_
Al

2
O

3
results in a lower conductivity enhancement when

compared to the 0.5 lm alumina. It is therefore appropriate
to conclude that a tremendous increase in the surface area
due to the 40 A_ dispersed particles did not bring about
a corresponding increase in the ionic conductivity.

The insensitivity of the particle size again contrasts with
well-established composite theories that state an inverse
relationship between conductivity and particle size. It indi-
cates that although a certain minimum particle size ((1 lm)
is indeed required to obtain noticeable conductivity en-
hancement, the size factor perhaps becomes ine!ective after
some critical particle size. In his description of Type III
behavior, Brailsford (23) has suggested a similar dependence
on particle size as stated above. Dudney (26) has also
pointed out that the reduction in particle size must be
accompanied by an corresponding reduction in the matrix
grain size if continuous increments in conductivity with
decreasing particle size are to be obtained. The relationship
between the second-phase particle size and matrix grain
size, therefore, must be clearly understood if maximum
enhancements in conductivity are to be engineered.

3.7. Ewect of Preparative Parameters

It has been found that the conductivity enhancement
process depends, to a large extent, on the preparative para-
meters (11). The various factors of importance are sample
moisture content, heat-treatment temperatures, cooling
rates, grain size, etc. As pointed out by several researchers,
the conductivity enhancement process is quite sensitive to
changes in the grain size. Zhu et al. (13) reported that in the
Li

2
SO

4
}Al

2
O

3
system, the highest conductivity is obtained

when the grain size is the "nest. The grain size, in turn,
depends on the preparatory parameters.

To highlight the role of grain size, we chose the 4 m/o
Al

2
O

3
composition, which otherwise exhibits the least con-

ductivity enhancement. The sample was heat treated at
10003C. Instead of furnace cooling, it was quenched in air to
obtain a "ner-grained material.

The log p¹ versus 103/¹ plots for 4 m/o composition
(furnace-cooled as well as the quenched samples) are shown
in Fig. 9. Also shown are pure Na

2
SO

4
, and the 35 m/o

Al
2
O

3
furnace-cooled composition, which exhibits the max-

imum conductivity enhancement. Compared to the furnace-
cooled 35 m/o Al

2
O

3
composition, the 4 m/o quenched

sample shows an increase in conductivity of 70 times for
phase I. This enhancement is 2 orders of magnitude (105



FIG. 9. Log p¹ vs 103/¹ for 4 m/o a-Al
2
O

3
compositions, one fur-

nace-cooled (s) and the other quenched (n). Also shown for comparison
are pure Na

2
SO

4
(m) and the conductivity for the x"35 (h) m/o Al

2
O

3
,

which is the highest among furnace-cooled samples.
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times) greater than that of Na
2
SO

4
-I at 4003C and over

3 orders of magnitude (1860 times) at 2153C. The increase in
conductivity is also far greater than for the 35 m/o furnace-
cooled composition, which shows enhancement by 20 times
for phase I and 450 times at 2003C.

4. CONCLUSION

In this work, the in#uence of composition, particle size
and form of alumina, and preparatory parameters on the
electrical conductivity of Na

2
SO

4
has been studied. The

ionic conductivity of a wide range of compositions between
1 and 50 m/o Al

2
O

3
of particle sizes 0.5 and 0.004 lm was

measured. Two peaks were observed in conductivity versus
composition plots at 5.5 and 35 m/o Al

2
O

3
, respectively.

For the 35 m/o a-Al
2
O

3
, the conductivity increased around

20 times (p"3.16]10~4 ohm~1 cm~1) at 4003C and 450
times (p"5.6]10~6 ohm~1 cm~1) at 2003C.

It appears that two conductivity enhancement mecha-
nisms, namely the percolation mechanism and the bulk
mechanism, operate in the Na

2
SO

4
}Al

2
O

3
system. The

experimental data seem to resemble a combination of
Type II and Type III behavior, as suggested by Brailsford
(23). Reduction in the particle size of alumina from 0.5 to
0.004 lm does not bring about any further enhancement in
conductivity. Also, negligible enhancements are observed
when c-Al

2
O

3
is the identi"ed phase. On the other hand,

quenching leads to enhancements by 2 orders of magnitude
at 4003C and more than 3 orders of magnitude at 2003C.

Presently, quenching studies of 5.5 and 35 m/o composi-
tions are in progress. Attempts are underway to control the
grain size of the matrix.
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