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Abstract

Dielectric properties of liquid-phase-sintered alumina (LPS) ceramics prepared using commercial powders of different particle
size distribution and impurities (Na,O) content were studied. So far as the particle size distribution of the commercial powder is
concerned, LPS ceramics, those derived from powders of both medium (3.1-8.4 um) and coarse (70-100 pm) grades, showed similar
dielectric loss, whereas it was higher in the case of LPS derived from the reactive powders (<1 um). While considering the impurity
levels of the powders, higher Na,O content (0.57 wt.%) in the powder showed significantly higher dielectric loss compared to that
of the lower Na,O content (<0.2 wt.%). Furthermore, the MgO/(CaO + BaO + KNaO) ratio in the chemical composition of the
LPS within the range of 0.4-1.8 was found to influence the dielectric properties in the frequency range of 10>~107 Hz. The dielectric
loss in the frequency band of 10>-103 Hz was found to be higher in the case of the LPS with a MgO/(CaO + BaO + KNaO) ratio of 1.6.
Besides the starting powder and the chemical composition, the orientation of alumina platelets arising out of fabrication route (e.g.
tape casting) was also found to have a profound influence on the dielectric properties. A higher loss was observed in the tape cast

specimen. © 2002 Elsevier Science Ltd and Techna S.r.I. All rights reserved.
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1. Introduction

Ceramic materials have been broadly classified into
insulators and semiconductors based on dielectric con-
stant [1]. Generally, materials with dielectric constant less
than 12 are classed as insulators and dielectric constant
above 12 is capacitors [1]. Alumina is a low loss dielec-
tric material. The dielectric constant of alumina places it
well within the insulating range with a value of 8.8 at 1
MHz [1]. The loss tangent of materials at lower fre-
quencies depends on the ease of migration of ions under
the influence of the a.c. field. The loss factor of alumina is
about 0.001, that is again low enough to satisfy conditions
for insulating applications [1]. Alumina is a dominant
ceramic material not only because of its superior
mechanical, thermal, and chemical properties, but also
because of outstanding electrical properties. The electrical
properties make it adaptable for use in many applications
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ranging from electronic substrates to spark plug insulators
to MHD power generators.

Impurities at the grain boundary are known to influ-
ence the electrical characteristics [1-13]. Concerning the
purity aspects of the raw materials—alkali, iron and tita-
nia impurities are reported to be the most influential on
the electrical properties [1]. Second-phase distribution,
alkali content and working temperature alter the
dielectric behavior in alumina ceramics. In glasses, for
example, Na,O, Ca0O, and Al,O; are known to produce
a decrease in resistivity [3,4]. Na,O is the chief impurity
in commercial alumina powders, that mostly lies in the
level of 0.1-0.4 wt.% and in some as high as 0.7 wt.%.
The particle sizes, however, vary widely starting from
submicron to 100 um depending on the commercial sour-
ces. A vast number of alumina ceramics are produced by
reactive liquid phase sintering using alkaline earth sili-
cates as sintering additives (LPS) and thus a significant
amount of second phases remains in the grain boundary
as glass. Alumina ceramics with crystalline o-alumina
separated by a vitreous silicate boundary layer may
have properties between those of single crystal alumina
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and glass [1]. Anisotropy in dielectric properties may
also need to be taken into account if the permittivity of
a single crystal of any of the major phases is anisotropic.
For example, there is a 20% difference in permittivity
between a- and c-axis directions in sapphire [2]. A fine-
grained alumina ceramic in which the individual crystals
have a non-random orientation, as in an extruded or
tape cast product, may also be anisotropic [14,15].

In our previous report, it was shown that the MgO/
(CaO+BaO+KNaO) ratio and SiO, content in the
chemical composition of the LPS play a dominant role
on the microstructure (grain size, grain shape and
intergranular phases) resulting in significant differences
of the mechanical and the tribological properties [16—
19]. The aforesaid ratio was investigated in the range of
0.4-2.0 in 91-94 wt.% Al,O5 containing LPS materials
derived from medium (3.1-8.4 um) and coarse (70-100
um) sized powders. LPS of lower ratio had more elon-
gated grains while that of the higher ratio had more
equiaxed grains.

The objective of the present study is to investigate the
role of particle size and impurity level (Na,O) in the
starting powder on the dielectric properties. The role of
MgO/(CaO + BaO + KNaO) ratio in the chemical com-
position of the LPS on the electrical properties shall also
be investigated. Additionally, the effect of particle
orientation due to the fabrication route shall be examined.

2. Experimental

All the starting powders are from commercial sources.
On the basis of the particle size, the alumina powders of
the lowest size range (<1.0 um) are termed here as
reactive or those with higher size range as non-reactive
as similarly designated elsewhere [20]. Alumina powders
(both non-reactive and reactive varieties) with different
particle size distribution and purity were selected from
different origins. The non-reactive powders that possess a
particle size distribution in the range of 3.1-8.4 um are
termed as ““‘medium” and those in the range of 70-100 um
as “coarse”. In the medium variety, ‘I’ grade had Na,O
content (wt.%) of 0.19 and 0.30. ‘M’ and ‘S’ belong to
coarse variety and had Na,O content of 0.57 and 0.29
respectively. Likewise, the reactive powders were com-
prised of two grades, namely ‘R’ and ‘A16SG’ (specific
surface area of about 10 m?/gm), both with Na,O con-
tent of 0.1 wt.%. The chemical and physical properties
of these powders have been reported elsewhere [16].

Different LPS ceramics were prepared using the above
powders and different sintering additives. The propor-
tion of the constituents’ e.g. Na,O, CaO, MgO, BaO,
Si0», F>0O3 and TiO, in the chemical composition of the
LPS was also varied in each class.

Alumina powder along with the required amounts of
sintering aids were thoroughly mixed in the appropriate

ratio and ball-milled using alumina bowl and balls for
16 h in deionsed water medium. The mixed composition
was then oven dried, fabricated in the form of pellets by
uniaxial pressing and fired in air following the same pro-
cedure as mentioned earlier [16]. One of the compositions
was also fabricated by tape casting using the doctor blade
technique [14,15]. Chemical composition, grain size and
its shape, intergranular phases, volume percentage of
glass and pore in these sintered LPS materials were
presented in our previous reports [16-19].

The grain size and shape of the LPS alumina ceramics
are dependent on the MgO/(CaO + BaO + KNaO) ratio
in the chemical composition [16]. Depending on the
ratio, the materials have been further classified. In 91—
94 wt.% LPS, MgO/(CaO+ BaO+KNaO) ratio of
<1.0, 1.0-1.5 and 1.5-2.0 are represented by ‘A’, ‘B’
and ‘C’ respectively [16]. 95-97 wt.% LPS has been
represented by ‘H’ irrespective of the ratio. For identi-
fication, the grade of the powder used has been men-
tioned in the suffix of the material code. Dense LPS
ceramics with open porosity less than 0.1% has been
used for further study. Specimens of Aly, A6y AT,
A8g, Cly, C24i, C4; and H346 have been prepared by
uniaxial pressing and C2gi has also been prepared by tape
casting [19].

2.1. Volume resistivity

Specimens for these tests were thin discs of 12—-14 mm
diameter with thickness of nearly 1 mm. Uniform
thickness (+0.05 mm) and smooth surface finish was
maintained by grinding and lapping with SiC grits and
diamond paste successively. After cleaning in an ultra-
sonic bath, specimens were oven dried at 110 °C for 24 h
and then cooled in a desiccator. Both faces of the speci-
men were gold coated by sputtering. In addition, layers
of silver paste were applied repeatedly until the surface
resistance was less than 1 Q. A digital LCR meter (Sor-
tester made by Aplab, India) measured both the surface
resistance and the volume resistance. The layer of con-
ducting metal at the outer face of the specimen was
carefully removed with the help of a fine SiC (No. 800)
paper and acetone so as to avoid direct contact between
the faces. If the resistance within the plane of the speci-
men was low and a value of the order of 10° Q between
the opposite faces was observed, the specimen was then
accepted for further testing.

2.2. Leakage current in d.c. applied voltage

Leakage current was measured by a ‘break down tes-
ter’ (model RM 215G of BPL India) at 10 kV d.c.
applied voltage. Specimens of diameter 74—77 mm and
thickness 0.9—1.2 mm were prepared by uniaxial pressing.
The specimens were cleaned in an ultrasound water bath
and oven dried at 110 °C for 24 h and then allowed to
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cool down in a desiccator. A conducting silver paint
(resin bond) of ~5 mm diameter was applied on the
same spot of the opposite faces using a zig. The resin
was heated to set in an oven at 110 °C for a period of 2
h. A set of two such spots in each face of the specimen
was marked at a distance of 25 mm. Opposite spots of
the specimen with a conducting layer was tightly held in
between the pointed electrodes for the purpose of
applying the voltage. The applied voltage was gradually
increased in steps of 1 kV and held for duration of 1
min. Both the leakage current and the applied voltage at
the time of discharge were recorded. After the test, the
specimens were subjected to a ‘die penetration test’ for
the porosity check. The test was conducted at a pressure
of 25 MPa and for duration of 8 h. The penetration of
the die-solution into the subsurface areca was visually
examined after breaking the specimen. The discharge
path was also carefully observed later on under an
optical microscope (x50) for identification of defects.

2.3. Dissipation factor, relative dielectric constant and
loss factor at different frequency

In order to determine the effect of MgO/(CaO+
BaO + KNaO) ratio on the capacitance (Cp) and the
dissipation factor (d.f.), tests were conducted on the two
non-reactive 91-94 wt.% LPS of low and high MgO/
(CaO +BaO+KNaO) ratio. Aly (ratio of 0.41) and C1;
(ratio of 1.57) were the two materials. An impedance
analyzer (Hewlett Packard, model 4194 A) measured
the Cp and d.f. in the frequency range starting from 100
Hz to 40 MHz. The digitized output was collected
through a computer and the relative dielectric constant
(k') was calculated from the measured Cp using the
following formula.

K = Cp.d/(e,.A) (1)

where, d is the distance between the parallel plate of
capacitor, A is the contact area and &, = 8.85 picofarad/
meter.

The loss factor is obtained by multiplication of k" and
d.f. The loss factor (%), d.f- (%) and &’ were then plotted
against frequency.

In the case of other LPS ceramics, Cp and d.f. were
measured at a frequency of 1 MHz only. Four readings
were taken for each of the specimens and the average
was calculated. Tests were conducted using the same
specimens for volume resistivity test.

2.4. Voltage dependence of dissipation factor in power
frequency

The test set up has been described in ASTM D150-92
[21]. The test was conducted using a transformer of 30
kV capacity transformer (KEC, India) that supplies

power at 50 Hz frequency and applied voltage can be
increased up to 4 kV. Both the capacitance and the dis-
sipation factor were noted down from the digital dis-
play. The test was conducted on a LPS ceramics, A6y,
derived from a high Na,O (0.57 wt.%) alumina powder.
Specimens in the shape of disk with a diameter of 75
mm and thickness of 4.30 mm were fabricated by uni-
xial powder compaction. The surface of the disk was
ground to minimise the variation in thickness to less
than 0.05 mm. One of the faces was completely coated
with a conducting material (silver) while the opposite
face was not entirely coated but an annular area in
between the diameters 50 and 60 mm was left uncoated
to place a guard electrode so as to avoid the ‘effect due
to gas conduction’.

3. Results and discussion
3.1. Micrographs of starting powder and sintered LPS

Fig. 1 (a—) shows the differences in the morphology
of different starting powders e.g. coarse, medium and
reactive. More details of these powders can be seen from
our previous report [16]. The large agglomerates of
coarse powder (Fig. 1a) were broken into tiny platelets
of 2-10 um during milling and mixing process.

LPS derived from coarse and medium powders (91-94
wt.%) had different grain size and shape depending on
the MgO/(CaO+ BaO + KNaO) ratio. As for example,
the grains were more elongated in the case of Al;
whereas that of the Cl; were more equiaxed. On the
other hand, LPS of reactive powders had equiaxed
grains irrespective of the MgO/(CaO + BaO + KNaO)
ratio. Fig. 2 shows the grain size, grain shape and dis-
tribution of voids typically, in a reactive 95-97 wt.%
LPS ceramic. Micrographs of different LPS materials
have been presented in our previous reports [16—19].

3.2. Volume resistivity

Table 1 shows that the volume resistivity for the pre-
sent LPS ceramics is lower than purer alumina (~10!?
Q.m) and the differences among the different LPS com-
positions are not wide i.e. well within an order of mag-
nitude. Interestingly, although the Na,O content in the
chemical composition of A6y, is nearly double to that of
B6; (0.45 and 0.21%, respectively), there is no significant
change in resistivity. The microstructures of A6y, and
B6; are similar [16,19]. When one alkali oxide is pro-
gressively substituted for another, it has been observed
that the resistivity does not vary linearly with the frac-
tion-substituted [7]. Rather, it goes through a pro-
nounced maximum, often but not always in the range of
composition in which the two alkalis are present in
nearly equimolar amounts. Conductivity increases with
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Fig. 1. Scanning electron micrographs of (a) coarse ['M’ grade], (b)
medium [‘I" grade] and (c) thermally reactive ['R’ grade] powders.

Na ion concentration but decreases when SiO, is
replaced by modifying ion CaO, MgO, BaO or PbO and
CaO [8]. Thus the ‘mixed alkali effect” which appears in
mechanical and dielectric relaxation as well as d.c. con-
ductivity is associated with an interaction between ions
of different types of glass [7]. Although Na,O content is
high in A6y, hardly any difference in resistivity is

Fig. 2. Thermally etched micrograph of liquid-phase-sintered alumina
ceramics (H34¢) showing grain size, grain shape and void.

Table 1
Volume resistivity of 91-97 wt.% LPS alumina ceramics derived from
powders of different purity and particle size

Material code Resistivity .m, x 108

Aby 6.45
ATr 5.49
B6; 8.04
Cly 5.95
C2g 11.81
C2g* 11.50
H3a16 5.24
& Tape cast.

revealed possibly due to the mixed alkali effect. Resisti-
vites have also been observed (Table 1) to be similar in
the case of the LPS materials (A7g and H34¢) derived
from reactive powders where Na,O content is also less
than 0.1% [16].

3.3. Leakage current

Electrical conduction in glasses is mainly attributed to
the migration of mobile ions such as Li™, Na*, K*,
OH™, and H" under the influence of an applied d.c.
field. Conduction can be ionic or electronic depending
upon composition, structure and defect state. In purely
crystalline materials, mobility of ions is determined by
the concentration of defects, such as vacancies and
impurities, in solution and at grain boundaries [2]. The
strong atomic bonding in many pure oxides permits
very little migration, and losses are correspondingly
low. However, in glasses, especially those with alkali
metals, Na and K, movement is relatively easy and los-
ses are higher. Since the vast majority of ceramics are
not of high purity, they contain glassy phases, which
even in smaller amounts at grain boundaries can lead to
a significant loss.
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Table 2 shows that the leakage current is high due to
the open porosity in the case of A6y and Cly. The
microscopic examination of the discharge path also
showed presence of the local impurity in C1;. However,
the leakage current is seen to be higher in the case of A8x
even though it is non-porous. The LPS materials, A8z and
A1y, have similar chemical composition but prepared with
different powders. A8y is derived from reactive powder
whereas Alj is derived from non-reactive powder. It was
shown that a higher amount of alumina remains dis-
solved in the grain boundary glass in the case of A8y
compared to Al [18]. Alumina can enter into the glass
structure either as ‘AlO4-network’ former or can remain
in the ‘SiO4-network’ as a modifier [7]. As a network
former, it is expected to stabilize the glass structure
whereas as a modifier its role can possibly be different.
In the present materials, the structure of grain boundary
glass has not been investigated. However, a previous
author has reported that the resistance of the glass
decreased when alumina dissolved into the glass [3]. Pre-
sent results also show that a higher amount of alumina
dissolved into the glass has resulted in a higher leakage
current.

3.4. Role of impurities on dielectric loss

The energy loss is proportional to frequency, so also
the dissipation factors. Fig. 3 shows a comparison of the
relative dielectric constant (k), d.f. and loss measured at
the frequency range of 100 Hz to 40 MHz for Cl1; and
Al In the frequency range of 10>-10* Hz, the d.f. is
normally high due to ion jump relaxation. At frequencies
greater than 10'° Hz, d4.f. is again high because of ion
vibration and deformation [7]. However, measurement
of d.f. at a frequency higher than 10% is not recom-
mended in the instrument used. In the frequency range
of 10>-10° Hz, the material (C1;) with a high MgO/
(CaO+BaO+KNaO) ratio has a higher dielectric loss
than that of the material (Al;) with low MgO/(CaO +
BaO+ KNaO) ratio. Molla et al. [11] also observed
similarly that a higher concentration of MgO increases
loss at 10° Hz at room temperature. The k', however,
did not show significant differences within the frequency

Table 2
Leakage current under d.c. applied voltage

(a) 15%\* LPS A1, ;

| T 'II'II T 'II'II T T o 1
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Fig. 3. Frequency dependence of dielectric constant, dissipation factor
and dielectric loss in 91-94 wt.% LPS alumina with different levels of
MgO/(CaO + BaO + KNaO) ratio; (a) low ratio, Al;, and (b) high
ratio, Cl;.

range of 10°-10'© Hz in his study. In the frequency
range of 10*-107 Hz, dielectric losses in these two
materials are almost the same while &’ is higher in Alj.
The bulk density and open porosity in these two mate-
rials are comparable (3.579 g/cc and 0.058% in C1y, and
3.552 and 0.076% in Alj). Further, it may be noted that

Sample code Thickness (mm)

Current and discharge voltage

Die-penetration test result

Test I pamp (kV) Test II pamp kV)
Aly 1.18 Nil Nil Non-porous
A6y 1.13 100 5 Nil Porous
B7; 1.83 Nil Nil Non-porous
Cly 1.05 Nil 60 5 Porous
C4y 1.17 Nil Nil Non-porous
ATr 2.22 Nil Nil Non-porous
A8r 0.93 80 4.5 100 3 Non-porous
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Table 3

Dielectric constant, dissipation factor and loss factor for different liquid-phase-sintered aluminas

Material code Dielectric constant

Dissipation factor (%)

Loss factor (%) Bulk density (g/cc) Open pore (%)

A6y Average 10.30 0.17 1.79 3.679 0.067
o® 0.025 0.023 0.240

ATr Average 10.35 0.08 0.79 3.738 Nil
o 0.036 0.006 0.058

A8r Average 12.15 0.21 2.52 3.620 Nil
o 0.513 0.021 0.304

C2gi Average 9.63 0.06 0.54 3.510 0.079
o 0.003 0.012 0.111

C2gi* Average 10.01 0.20 2.00 3.569 0.007
o 0.020 0.003 0.004

C4; Average 10.29 0.04 0.42 3.472 0.088
o 0.167 0.002 0.213

H3a16 Average 10.19 0.09 0.95 3.728 Nil
o 0.035 0.006 0.065

2 Tape cast.

b &, Standard deviation.

both these two materials were prepared with the same
starting powder.

Table 3 shows the k', d.f. (%) and loss (%) measured
at 1 MHz frequency. C4; with Na,O content of 0.19
wt.% shows the lowest d.f. and loss. Further both the
d.f. and the loss of C2, are comparable to C4;, but the
LPS with a high Na,O content, i.e. A6y, shows a steep
rise in dielectric loss (Fig. 4). In the case of the LPS
ceramics derived from reactive powders, the loss is
found to be relatively higher (Table 3). Considering all
the LPS ceramics, the highest loss is seen in A8g where
the d.c. leakage current was also seen to be higher
(Table 2). As already discussed a higher amount of dis-
solved alumina into the grain boundary glass can be a
possible reason. It is thus obvious that LPS ceramics of
reactive powders although produce superior mechanical
properties as well as higher wear resistance, does not
indicate any improvement in the electrical properties
compared to that of the medium and coarse powders.

2 -
1.6 1
w
T 1.2
=
»
17}
2 o3 -
ES ———loss, %
0.4 -A-df, %
_______ -4
0 A===—h= : . . .
01 0.2 0.3 0.4 0.5 0.6 0.7

% Soda content

Fig. 4. Showing the effect of Na,O content in the starting powder on
the dielectric loss and the dissipation factor of LPS alumina ceramics.

In general, k' is higher in the present LPS materials
that may possibly be due to the presence of impurities
and added dopants. The tape cast C2gi material also
shows a higher d.f. and correspondingly higher loss
(Table 3) compared to the same LPS materials fabri-
cated by uniaxial pressing. Such a behavior can be
attributed to the alignment of platelets during tape
casting as revealed in the micrographs presented in our
previous report [19].

3.5. Voltage dependence of dielectric constant,
dissipation factor and dielectric loss

Fig. 5 shows the voltage dependence of k', d.f. and
loss at power frequency i.e. 50 Hz, for A6y, material. It
is seen that the d.f. increases as the applied electrical

15+
9 -
: T T T T T J T Y
2 O_O 1000 2000 3000 4000
X 16
; 1.2—_
0.8 —
0 1000 2000 3000 4000
< 20
g 15—_
0l &«
0 1000 2000 3000 4000
Volt

Fig. 5. Dielectric behavior at different voltage in a 91-94 wt.% LPS
alumina (A6y).
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load increases and consequentially loss increases. The &’
is hardly affected by the increase in the applied voltage
whereas the d.f. and the resultant loss rise steadily up to
2 kV beyond which it remains unchanged.

4. Conclusion

The study showed that the alkalis and alkaline earth
oxides present as impurities in the grain boundary glass
influenced the dielectric properties of the LPS alumina
ceramics. Because of impurities, the dielectric constant of
the LPS materials was higher and the resistivity was lower
compared to that of the pure alumina. Use of low Na,O
(non-reactive) alumina powder in the LPS ceramics resul-
ted in lower dielectric loss at 1 MHz frequency. The
dielectric properties did not show any improvement
when reactive powder was used. The MgO/(CaO +
BaO + KNaO) ratio in the chemical composition of the
LPS was found to influence the dielectric loss but only
in the lower frequency band (100-1000 Hz). At higher
frequency, the difference was not significant. When the
test voltage was increased from 500 V to 2000 V, the
dissipation factor and the dielectric loss was found to be
increased, and beyond 2000 V the effect was negligible.
The study showed that both the coarse and the medium
powders could be used in place of the costly reactive
powders for superior dielectric properties in liquid-
phase-sintered alumina ceramics.
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