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The a.c. dielectric breakdown and electrical resistivity of glass ceramics in the system MgO-
Al,0,;-Si0,-TiO, have been studied using three sets of samples having different crystallinity
contents. Standard a.c. (50 Hz) breakdown tests were performed at room temperature (18°C)
using planar disc specimens and hemispherically-ended brass contact electrodes. The break-
down process caused the formation of a breakdown channel which terminated at the
specimen surface in a crater. The breakdown strength was independent of the rate of voltage
rise, but decreased exponentially (60 to 10kV mm™") with increasing specimen thickness. A
high crystallinity content, good surface finish and a homogeneous microstructure yielded high
breakdown strengths whilst poor microstructural development caused a reduction in break-
down strength. The breakdown mechanism is believed to be a combination of electronic,

thermal and electromechanical processes.

1. Introduction

The insulation and dielectric properties of ceramic-
based materials (including glass ceramics) are of con-
siderable importance in the fields of electrical
engineering and solid state electronics. During the last
decade, technological developments have placed
increasing demands upon the electrical and structural
properties of the insulators [1-4] and revealed
the inadequacy of some existing materials [3, 4]. A
primary requirement of any candidate material is the
ability to withstand high voltages and maintain insu-
lation without suffering serious degradation. If the
ceramic or glass-ceramic is to be used as a substrate
for the direct mounting of components [5] or simply as
a substantial element of solid insulation then mechani-
cal strength is important. For example the utilization
of such materials in high voltage instruments or instal-
lations, demands the provision of adequate mechani-
cal strength and stability. This dual role means that
the mechanical and structural integrity of the
insulator is of crucial importance.

The superior electrical and mechanical properties of
ceramics, in general, makes them suitable for the more
demanding applications in hostile environments of
high temperature, high frequency or severe corrosive
atmospheres {1, 5]. However, ceramics are brittle
in nature and may occasionally break down mech-
anically or electrically under high stresses. Therefore,
high-quality materials and components are essen-
tial for systems to be used in the more demanding
environments.

Alumina, glass-ceramics and related ceramic-based
materials are used extensively in electrical, electronic
and structural applications [6-10]. The mechanical
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properties of most suitable ceramic materials have
been investigated in some detail [1, 11], but as yet we
have only a limited understanding of the electrical
processes occurring in these solid insulators. In par-
ticular, the literature suggests that the electrical proper-
ties of glass-ceramics have received comparatively
little attention [10, 11].

The present study is concerned with the a.c. dielec-
tric breakdown of some cordierite glass—ceramics (in
the system MgO-Al,0,-S5i0,-Ti0O,). Glass-ceramics
from this family have been used in a variety of appli-
cations from radomes to substrates [6, 12] and a.c.
conditions are relevant for many. Breakdown tests
have been performed in a dedicated test cell/electrode
system, which had previously been used for studies of
alumina ceramics [13].

Related electrical resistivity and loss factor
measurements were also performed in order to
try to identify conduction processes and breakdown
mechanisms.

2. Materials

2.1. Preparation

The glass—ceramic materials were supplied by Pilking-
ton Brothers Ltd. Three sets of samples were prepared
from the same parent glass using different crystal-
lization times and temperatures. The products, hereby
classified as GC 138.1, GC 138.2 and GC 138.3
(Table I), were in the form of blocks. These were cut
and machined to yield discs of 26 mm diameter and
various thicknesses.

2.2. Characterization
The bulk densities of the specimens were determined
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TABLE I Glass—ceramic specimens

TABLE III Crystallinity content of the glass—ceramics

Specimen Temperature of Time of
crystallization (°C) crystallization (h)

GC 138.1 1300 <5

GC 138.2 1300 <3

GC 1383 1020 <2

by methods based on Archimedes Principle (following
the modified technique defined in ASTM C373) [14].
The results, shown in Table I, are the average of ten
individual measurements on each sample.

The specimens for the grain size measurements were
prepared in the following way: glass—ceramics from
each batch were polished to a mirror-like finish and
then etched for 2 min in a hot (400° C) solution of 3:1
by volume of orthophosphoric acid (0.8 N) and nitric
acid (0.5N). Finally, the surface was cleaned by
acetate paper soaked in acetic acid, and coated with
carbon for scanning electron microscope (SEM) exam-
inations. It is believed that the etchant partly dissolved
the silicate (glassy) grain boundary phase thereby
revealing the morphology of the grains. Electron
micrographs of the surface morphology were obtained
for eight different sections on each type of sample.
Over 1500 grains (of each type) were examined by an
electronic analyser and the planimetric (Jeffries) [15]
method. Full details of both techniques are reported
elsewhere [16]. Results from the electronic method are
summarized in Table II, and the results from the
planimetric method are not significantly different.

An X-ray diffraction technique [17-19] was used to
determine the fraction of crystallinity in selected speci-
mens. This method is based on the fact that during
heat treatment of the parent glass to form the glass—
ceramics, crystalline regions are formed at the expense
of the glassy phase. It has been established [17, 19] that
there is a proportional reduction of X-ray scattering
intensity from the glassy phase as crystallization
develops. Thick specimens (5 mm) of the parent glassy
(pg), the glass—ceramic (gc = test specimens) and a
mechanically mixed powder of pure crystalline species
of the compound.(gm), having the same chemical
composition as the parent glass, were involved in the
measurements. X-ray diffractograms were obtained
for all the three samples and the peak intensity at a
single angle 26 was determined. The selection of 20
was based on the broadest peak available for the
parent glass. The percentage crystallinity (Peg) in a
particular specimen can then be expressed as:

PCR = 1()O[(ng - Igc)/(lpg - Igm)]

where I, is the X-ray intensity of parent glass, I, the

TABLE II Density and grain size of glass—ceramics

Parameters Specimens

GC 138.1 GC 138.2 GC 1383
Bulk density (gem~*) 2.832 2.776 2.731
STD 0.003 0.003 0.004
Grain size (um) 1.782 1.780 1.783
STD 0.609 0.607 0.615

STD = Standard deviation.

5292

Specimen % Crystallinity
GC 138.1 88.62 + 1.17
GC 138.2 86.23 + 1.65
GC 138.3 38.63 + 1.48

X-ray intensity of test specimen and I,
intensity of mixture of crystalline species.

The pure crystalline, mechanically-mixed, powder
was used to correct for background scattering effects
(from air and the instrument). It was assumed that the
absorption coefficient of the parent glass does not
differ significantly from that of the residual glassy
phase of the glass—ceramics. Crystallinity contents
in the glass—ceramic specimens (based on three
determinations of each) are summarized in Table III.

Bulk chemical analyses of the samples were
obtained by an X-ray fluorescence technique. Full
details of specimen preparation and analytical
procedures are reported elsewhere {16]. The chemical
composition is presented in Table IV.

the X-ray

3. Studies of electrical properties

3.1. Dielectric breakdown tests

The specimens for the breakdown test were prepared
as 26 mm diameter discs, which were edge-rounded,
diamond-ground and polished to mirror-like finish.
Before use, they were washed in soapy water, then
ethylene, dried and examined optically. Gold contacts
were vapour deposited on each face (Fig. 1).

For the breakdown tests a hemispherically-ended
electrode system was clamped to specimens (Fig. 1).
The contact faces of the brass electrodes were of § mm
diameter and highly polished. This type of electrode
arrangement minimizes the risk of flash-over effects
and reduces corona discharges [11].

In order to prevent flashover effects during oper-
ation the entire system was immersed in an oil bath.
Immersion was slow to avoid bubble formation. The
transformer oil employed was cleaned, degassed and
dried prior to use.

Standard a.c. breakdown tests were performed at
room temperature (18° C) and 50 Hz for 20 individual-
specimens of each type. In most cases a continuous
steady-state voltage rise of 2kVsec™' was applied to
the specimens up to the breakdown point. Sufficient
tests were performed to examine the effects of rate of
voltage rise, surface finish (highly polished speci-
mens), specimen thickness and crystallinity content on
dielectric breakdown strength.

TABLE IV Typical composition of the glass-ceramics

Elements Composition (wt %) Standard deviation
AL O, 30.67 0.25

Si0, 45.18 0.26

MgO 12.62 0.08

TiO, 11.72 0.09

Fe, O, 0.02 (0.01)

Cr, O, 0.01 -

Na, O Trace -

CaO Trace -




Vapour deposited
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Figure 1 Arrangement for breakdown tests.

3.2. A.c. resistivity and dielectric loss

The electrical resistivity and dielectric loss of GC
138.1 specimens were determined in air at tem-
peratures of 18 to 800°C. The a.c. frequency range
was 20 Hz to 300 kHz. A simple a.c. conductivity test
cell was used [16] for the low and high temperature
measurements. Before use the specimens were ground,
polished down to lum diamond paste, washed in
water and cthylene, then gold-coated, by sputtering
(using appropriate masks), to provide the electrodes
(Fig. 2). The basic three-probe technique was
employed [20], for the plane-parallel specimens. The
upper central electrode was of radius (r) S5mm, the
outer (guard-ring) electrode 6mm wide and the
gap (g) between the guard and central electrode was of
the size required to meet the condition g < 2d < r
[20]. The lower electrode was of 9 mm radius. Suitable
measurements were made with an a.c. bridge (Wayne
Kerr 6425) in order to determine the resistivity and
dissipation factor variations for the samples. These
measurements were restricted to GC 138.1 specimens
because of its high crystallinity content and break-
down strength. Whenever the temperature was
changed the specimens were allowed to equilibrate for
a minimum of 3h in order to ensure thermal and
parametric stability.

4. Results and discussion

The grain size data for the glass ceramics (Table IT)
indicate no significant differences between the sets
of samples; but there is some variation in the density
data (Table II). This implies that the crystallization
process modified the bulk densities of the speci-
mens. Furthermore there were uniform grain size
distributions.

Figure 2 Specimen-electrode system for electrical conductivity
measurements,
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Figure 3 Variation of breakdown strength of glass-ceramic
(GC 138.1) with rate of voltage rise.

X-ray diffraction analysis showed that GC 138.1
glass-ceramic consisted mainly of crystalline S-cor-
dierite with TiO, in the rutile phase. GC 138.2 con-
tained similar crystalline phases but the TiO, in GC
138.2 was partially reduced but still in the rutile form.
The glass-phase content of GC 138.2 was slightly
higher than that of GC 138.1. In contrast, GC 138.3
glass ceramics consisted of f-quartz solid solution
with the glass content well above 60%.

The microstructures of all the glass—ceramic speci-
mens were broadly similar and comprised fine crystal-
line particles embedded in a continuous glassy matrix.
The major differences between the specimens were in
the crystallinity contents and the phases present.

As the three sets of glass—ceramics were obtained
from the same parent glass, the bulk chemical com-
positions were the same. A typical analysis is shown in
Table IV.

Using specimens of different type and thickness the
effect of rate of voltage rise on breakdown strength
was examined. Figure 3 shows that the breakdown
strength was independent of the rate of voltage rise
over a wide range of conditions. This observation is
consistent with the behaviour expected for avalanche
breakdown [6, 11, 13] which is an electronic process.

The variation of breakdown strength with specimen
thickness for all samples is presented in Fig. 4. The
data are based on at least 30 individual measurements
for each sample at each thickness. Results for the vari-
ation of breakdown strength with surface finish (highly
polished specimens), and crystallinity content are
summarized in Tables V and VI.

The fact that the breakdown strength of the glass—

log £

| L ]
-0.31 0.00 0.3 061 0.9
log o
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Figure 4 Effect of specimen thickness (d) on breakdown strength
E (kVmm™') of glass-ceramics. (0) GC 138.1, () GC 138.2,
(®) GC 138.3.
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Figure 5 Variation of resistivity (Qcm) with temperature and
frequency for glass—ceramic GC 138.1.

ceramic was independent of the rate of voltage rise
suggests an electronic process. It is believed that elec-
trons were initially produced by a field emission
process at the electrode—specimen interface. These
electrons repeatedly bombard the surface of the
material producing more electrons by secondary
emission and collision processes. The net result was
visible during the breakdown tests performed in the
dark by multiple glow and minute sparks.

There was a significant increase in breakdown
strength with improved surface finish and increased
crystallinity content. Improved surface smoothness
reduces the effect of local field concentrations and
corona discharges on premature breakdown [21, 22].
Consequently, a more uniform field distribution leads
to higher breakdown strengths. Similarly, an increased
crystallinity content implies a reduction in the volume
of glass-phase. The latter phase has a slightly higher
electrical conductivity than the crystalline phase. Thus
with increasing crystallinity content, a more homo-
geneous system is formed and this tends to result in
higher breakdown strengths.

Fig. 4 demonstrates that the breakdown strength of
the glass—ceramic specimens decreased exponentially
with increasing specimen thickness. This is probably
due to the higher chance of encountering breakdown
initiating flaws (glassy phase, microcracks, bubbles
and grain boundaries) within the effective volume
(between the electrodes) as the specimen thickness
increases. Regression analyses of the data yield the
following expressions:

GC 138.1: E = 46d°°7
GC 1382 E = 3547%%
GC138.3: E = 30d7%7

Hence, generally, E = Ad ™", where d is the specimen
thickness and 4 and » are characteristic constants for
the materials. These constants appear to reflect the
dielectric quality of the specimens, which is dependent
upon composition, density and the phases present.
Furthermore, the decrease in breakdown strength
with increasing thickness suggests that the major

TABLE V Variation of breakdown strength with surface finish
for glass—ceramics (GC 138.1) (high quality surface polishing)

Type of finish Breakdown strength (kVmm™')

As-received 264 + 1.7
7 pm 295 + 19
2 um 415 + 1.1
0.25 um 654 + 1.1

80 |- 1kHz
m bh
(=]
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s 40kHz
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Q16 200kHz
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Figure 6 Variation of dissipation (D) factor with frequency and
temperature for glass—ceramic GC 138.1.

factor contributing to low breakdown strength is bulk
defects (associated with the glassy phase) [23] rather
than surface defects.

The electrical resistivity and the dissipation factor
for glass—ceramics are shown as a function of tem-
perature and frequency in Figs 5 and 6, respectively.
As expected the resistivity decreases with increasing
temperature whilst the dissipation factor increases
with increasing temperature. However, the dissipation
factor decreases with increasing frequency. Thus as
the temperature of the system is increased the conduc-
tivity increases and any local increase in temperature
causes further increase in the dissipation factor.
Hence, the electrical resistivity and energy loss
behaviour of the material will play a major role in the
breakdown processes. At low frequencies and high
temperatures the specimen will receive more energy
than it loses and so the conductivity will increase. The
accumulation of energy leads to high electrical losses
and assists thermal breakdown processes.

5. Electron microscopy
Electron optic techniques (based on Philips 505 and
525 scanning electron microscopes) were used for
microstructural and microchemical investigations of
representative specimens after breakdown tests. These
studies were performed in order to establish the break-
down mechanism. The breakdown process is charac-
terized by an explosive sound and a sparking event.
This results in the formation of an irregular break-
down channel which terminates in a crater at the
surface of the specimen (Fig. 7a, b). The crater
exhibits multiple cavities, surface tracking features,
cracks and markings (solidification structures)
(Figs 7b, 8 to 11). Cracks were randomly dispersed
within the crater and surface tracking was pronounced
(Figs 7b, 9, 11). The latter may have been caused
by the relatively high electrical conductivity of the
glass—ceramics.

The dominant morphology observed at the
crater surface was well-defined spherical particulate

TABLE VI Variaﬁon of breakdown strength with crystallinity
content for glass—ceramics (all specimens were polished to 1 um for
a short period)

Specimen % Crystallinity Breakdown strength (kVmm™!)
GC 138.1 89 31.7 + 17
GC 1382 86 271 £ 1.5
GC 1383 39 194 + 1.8
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Figure 7 (a) Schematic diagram of breakdown channel and crater. (b) SEM micrograph of typical breakdown crater.

structures (Figs 10 and 11) which are thought to be
solidification patterns. The multiple cavities found
within the craters might have resulted from occluded
gas or bubbles formed within the material during
breakdown.

The breakdown channel (Figs 7a, 12), observed in
fracture sections was smooth sided and irregular in
shape. The smoothness of the channel wall suggests
that some form of melting and liquid flow has
occurred. It also indicates that the viscosity of glass—
ceramic melt was relatively low. This characteristic of
the breakdown channel might have been influenced by
the amount of the glassy phase and its microstructure.
Indeed channels in specimens of GC 138.3 were
smoother than those in specimens of GC 138.1.

It is proposed that the crystalline structures
observed at the crater surface resulted from an atom-
ization process which followed breakdown. As the
voltage is increased, breakdown is initiated leading to
melting, the formation of a continuous breakdown
channel and puncture. These processes cause vapor-
ization and rapid cooling of the melt. Jones [24]
reported that local melting with rapid ambient cooling
could cause fragmentation of molten charges (i.e. an
atomization process). Thus, it is possible that with
voltage rise and breakdown channel formation, the
molten charges which were previously within the
channel were squeezed out on to the surface of the
specimen in the oil bath. The accompanying explosive

Figure 8 Detail of breakdown crater in specimen of GC 138.1
showing multiple cavities.

sound, forces and sparks could also assist the frag-
mentation of the molten charges as they reach the
specimen surface. Once the melt flows to the surface,
the relatively low ambient temperature (of the oil)
should give rise to rapid cooling which will in turn
enhance the solidification or crystallization of
the material. It is not surprising that the breakdown
channel is smooth since it cools at slower rate than the
crater.

The results of chemical analysis performed at
random locations within the crater regions are sum-
marized in Table VII. The data indicate a random
variation from point-to-point which differs from that
of the bulk material. In general, Al,O; and TiO, con-
centrations are lower within the crater region (includ-
ing the solidification patterns) whilst SiO, and MgO
concentrations are higher. Similar random variations
in composition were also observed in the breakdown
channels. These changes in concentrations may have
been due, in part, to melting and vaporization of the
material and preferential movements of materials.

The variation of composition in the crater, the
observed cracks and the formation of the breakdown
channel suggests that thermal and electrochemical
processes were involved. The solidification patterns
tend to support these proposals.

6. Conclusions

The a.c. breakdown of MgO-Al,0,-Si0,-TiO, glass-
ceramic is believed to occur through a combination
of electronic, thermal and electromechanical pro-
cesses. The mechanisms are inferred from the fracture
patterns, presence of melt, solidification structures,

Figure 9 Surface tracking on glass ceramic GC 138.1.
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the formation of irregular breakdown channels,
cracks and the fact that the breakdown strengths were
independent of the rate of voltage rise, and decreased
exponentially with specimen thickness.

Chemical analysis revealed a difference in com-
position between the crater regions (and breakdown
channel) and the unaffected regions of the specimen.
This suggests that a significant transfer of material
occurred during the breakdown process.

A high percentage of crystallinity, good surface
finish and homogeneous microsctructure yield high
breakdown strengths, whilst poor microstructural
development (characterized by low density, glass
phase and lack of homogeneity) caused a significant
reduction in breakdown strengths.

Figure 11 Solidification pattern in crater of specimen GC 138.1 after
breakdown test.

Figure 12 Fracture surface of specimen GC 138.2 showing
breakdown channel.
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Figure 10 Detail of crater in specimen of GC 138.1 showing
spheroidal markings.

TABLE VII EDAX analysis of major crater region of glass—
ceramic at random locations

Specimen Locations Concentration (wt %) + 0.1
AL O, Sio, MgO TiO,
Original composition
30.6 452 12.6 11.7
GC 138.1 1 27.7 49.6 15.0 10.9
2 27.1 49.6 16.9 12.4
3 27.3 48.3 13.0 11.4
GC 138.2 1 24.7 52.6 14.6 9.3
2 272 51.8 15.2 8.9
3 20.0 54.6 14.9 5.8
GC 1383 1 29.9 53.2 14.6 4.6
2 26.2 51.0 12.8 12.1
3 26.2 52.6 14.3 10.2
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