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Abstract

This study describes the electrical behaviour of SiC-�′-SiAlON particulate composite materials under pulsed high electric fields. If such
composite materials present interesting mechanical and thermal behaviour at high temperature, they also display enhanced discharges on
the surface when a high electric field is applied. The global electric field required for the discharge is much reduced compared to those for
similar air gaps at the same atmosphere pressure. Furthermore, the electric field required for discharge varies weakly over a large range of
the atmosphere pressure. Such composite materials can be used for electric devices, where a local high energy level at high temperature is
necessary. It is shown that the electrical discharge proceeds in successive steps, the first one being the local ionisation of the air atmosphere.
During this step, the mechanisms involved follows Paschen’s law at the microscopic scale for gaps between conductive SiC grains, but also
at the macroscopic scale for the electrode gap. When the air pressure increases, a departure from Paschen’s law is observed and a mechanism
of breakdown is proposed based on Fowler–Nordheim’s law for field emission at thin SiC grain boundaries.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Most applications for particle-reinforced ceramic matrix
composites exploit their fracture toughness and their re-
liability for structural applications.1 Wear resistance and
toughness are also enhanced by the dispersion of hard par-
ticles in a ceramic matrix.2 This study, in contrast, concerns
the electrical properties of sintered particle-reinforced com-
posites containing a dispersion of particles that weakly react
with the matrix material. In general, these materials are
metal–ceramic matrix composites, such as nickel particles
in an alumina or zirconia matrix.3 These materials can be
used for electrodes in electrochemical devices, machined
by electric discharge or electrochemical methods and used
in electrotechnical applications. Besides the electrical prop-
erties, such ceramic materials display attractive oxidation
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resistance at high temperature and excellent transient ther-
mal shock resistance.

To increase the electrical conductivity of particle-re-
inforced ceramic matrix composites, not only particles of
metal but also particles of conductive ceramic can be used.
The most competitive material is SiC, and various car-
bide or nitride materials can be also added. In general, the
electrical behaviour is explained by the current percolation
between the conductive grains. A contribution of the mi-
crostructure has also been found,4 involving the random
or uniform distribution of conductive grains and the grain
boundary behaviour where secondary phases can locally
modify the electrical resistance.

With such composite materials, when the conductive grain
to matrix phase ratio is within a narrow range close to that
for current percolation, high electric fields create electrical
surface discharges. One of the most interesting aspect is
the very large range of current–voltage characteristics, as
compared to semiconductor devices.

The electrical discharges occur with a high energy level
between the two electrodes for the electrical connection. The
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main behaviour of this specific device is related to the vari-
ation of the breakdown voltage with gas pressure. Whereas
for an air gap between isolated electrodes the variation is
large, a promising feature is the flat characteristic of voltage
against gas pressure. Such behaviour is useful when electri-
cal discharges are involved in engineering applications with
a high energy level at high temperature.

Our approach in this paper is to prepare particle-reinforced
ceramic matrix composites using micro-sized SiC grains as
conductive phase and�′-SiAlON as matrix phase, to obtain
a significant oxidation resistance at high temperature. For
both phases, thermal expansion coefficients are similar and
thermal mismatches are therefore limited. In such a way, the
thermal stress from electrical discharge is minimised, despite
the high energy level of the discharge. Our ceramic matrix
composites were subjected to electrical discharges and the
current versus tension characteristics were recorded against
the gas pressure, to investigate the mechanisms involved.

2. Experimental

A �′-SiAlON matrix material was prepared from pow-
ders Si3N4 (Starck, M11), Al2O3 (Pechiney, P172) and MgO
(Prolabo) as sintering additive. The powders were firstly ball
milled in water-dispersant solution (Dolapix A92, Zschim-
mer & Schwarz) in alumina jars with alumina balls, for
45 min. The slip density was adjusted to avoid settling, but
to maintain a sufficient low viscosity to allow an intimate
mixing of powders. In a second stage, SiC powder (Good-
fellow) was added in slips with an organic binder (PEG
300, Prolabo), at the same time, to avoid the rapid segre-
gation of larger SiC grains. Time and grinding energy, as
the slip rheology during the mixing stage were carefully
controlled to limit the reduction of SiC grain size, but to
ensure the distribution of SiC grains in the matrix mate-
rial. Slurries were dried in a vacuum rotary dryer at 100◦C
and sieved at 500�m to break up agglomerates. Square
(7 mm× 7 mm× 5 mm) samples were shaped by isostatic
compaction at 200 MPa in silicon rubber moulds. The pre-
liminary firing stage was at low temperature (500◦C and
10◦C/h) under air, to remove organic additives. The sinter-
ing stage was in a graphite kiln at 1680◦C, under N2 at
atmospheric pressure.

Material porosity with SiC to�′-SiAlON matrix ratio are
reported inTable 1, where it is seen that the overall open

Table 1
Porosity, density and sintered density against SiC to�′-SiAlON matrix
ratio

SiC (vol.%)

51 61 65 68

Open porosity (vol.%) 23 25 27 30
Density 2.41 2.38 2.33 2.25
Relative density (%) 72.0 71.8 70.5 68.6

Table 2
Crystallographic phase and electrical conductivity at room temperature of
SiC and�′-SiAlON sintered material

Phase Conductivity (S/cm)

SiC α 2.43
�′-SiAlON Si6Al10O2N14 1.47 × 10−13

Table 3
Conductivities of composites against SiC to matrix phase volume ratio

SiC (vol.%)

51 61 65 68

Conductivity (10−8 S/cm) 1.39 1.47 1.67 1.96

porosity varies slightly, although the SiC content changes
significantly. The increase of porosity compensates the in-
crease of SiC content to maintain the global density of ma-
terial in a narrow range (Table 1). In Table 2, phase analyses
by X-ray and individual dc electrical conductivities of SiC
and�′-SiAlON sintered material are indicated. Conductivity
data of SiC are reported from the supplier and�′-SiAlON
data were measured by the four probe method applied to
monolithic material. InTable 3, the global conductivity of
composites increase with SiC content, but values are always
very small. It results from the porosity of the matrix material
and the very limited current percolation between SiC grains.

In the electrical discharge circuit, the energy is stored in a
high voltage capacitance connected to our device through a
trigger circuit and a series resistor. The electrical discharge
characteristics depend not only on the device where dis-
charges occur, but also on the electrical circuit parameters.
Electronic components must be carefully chosen to obtain
smooth and repeatable voltage and current histories for the
discharge. By so doing, the discharge duration can be con-
trolled. The discharge voltage and current can be directly
measured using a large bandwidth oscilloscope. In our ex-
periments, the capacitive discharge circuit is electronically
switched to the ceramic device thought a damping resistor
placed in series. This resistor was adjusted to avoid high fre-
quency oscillations of the discharge current, but also to set
the duration of the electrical discharge. Voltage and current
were recorded via appropriate probes by a 100 MHz digital
storage oscilloscope (Agilent Mega 200 M).

3. Results

The current–voltage characteristic of our composite ma-
terial extends to a broad range of voltage and current, about
800 V and 300 A. The general aspect of curves is similar for
all materials and two examples of experimental plots are pre-
sented inFig. 1for the 65 vol.% sample for two air pressures
(75–750 Torr). In general, a first and rapid increases of volt-
age is followed by a plateau, where the voltage maximum
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Fig. 1. Current–voltage characteristic of the sample containing 65 vol.%
of SiC grains, at two air pressures 100 mbar (dashed line) and 1000 mbar
(solid line).

Vm is attained. A very rapid decrease of voltage is accom-
panied by the current increase. During this stage, a second
and small voltage characteristic point is observed, followed
by a second rapid decrease. This final stage is characterised
by very large values of current. The whole duration of dis-
charges is about 110�s. The process ends when the capac-
itor discharge is exhausted, but the whole duration of the
discharge was adjusted by the capacitance and the damping
resistor values, to limit peaks of current and residual high
frequency oscillations in the discharge current.

The macroscopic behaviour of our materials with an elec-
trode gap of 1.2 mm was studied with peak voltageVm
against the SiC to matrix phase ratio and the air pressure.
Fig. 2 presents the very weak variation ofVm against the
SiC content.Fig. 3 shows thatVm values slightly increase
when the air pressure changes from 75 to 750 Torr, but in
Fig. 3 the Vm data for the same air gap are also plotted,5

indicating very larger variations with air pressure.
The typical aspect of sample microstructures is presented

in Fig. 4, where dense SiC grains differ from the porous
matrix phase. The general aspect of all samples are simi-
lar although the SiC content changes significantly and the
mixing process ensure that SiC grains are well dispersed in
the matrix phase. Whereas the grain size distribution of SiC

Fig. 2. Vm peak voltage of samples against SiC grains content, for a
1.2 mm gap between electrodes.

Fig. 3.Vm peak voltage of samples against the air pressure, for all samples
(dashed line) and for a 1.2 mm gap between electrodes (solid line).

grains is already known, we were mainly interested in the
SiC repartition. We measured the distance distribution be-
tween grains by image analysis of several electronic images
of each sample by SEM (Hitachi S2500). Images were pro-
cessed by numerical methods implemented in theAphelion
software (ADCIS SA, Hérouville Saint-Clair, France). As
the analysis was performed with particulate materials, inves-
tigations are essentially concerned by the external shape of
grains, so a preliminary chemical treatment was performed
by HF etching, to increase the morphological contrast of SiC
grains embedded in the matrix. Such surfaces are very suit-
able for SEM observations and further numerical treatments
because they easily be analysed as 2D silhouette of particles.

Fig. 4. SEM microstructures of a sample with 65 vol.% of SiC. The arrow
indicates a dense SiC grain embedded in the porous matrix phase.
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Fig. 5. Distribution functions of distances for samples containing 51 vol.%
(solid), 61 vol.% (dash), 65 vol.% (dot), 68 vol.% (dash dot).

The image processing was performed following methods
described in Refs.6,7 to obtain stereological parameters
describing material characteristics. Results of distribution
functions of distances between nearest neighbours are pre-
sented inFig. 5 for all samples. Distance distributions tend
to shift toward lower values as the SiC volume increases,
whereas the granulometry distribution of SiC grains remains
very similar for all samples and unchanged from the initial
size repartition.

4. Discussion

The typical current–voltage characteristic of a gas dis-
charge at low pressure is inFig. 6. It is interesting to note
that the general aspect of this curve is similar to theI–V
curves of our samples, inFig. 1. Both curves extend to broad
ranges of voltage and current and they present three distin-
guishable regions. At low current (region A inFig. 6) is the
Townsend region. The ionisation of gas molecules at the an-
ode leads to a subsequent secondary emission at the cath-
ode under the ion motion. The secondary emission process

Fig. 6. Typical current–voltage characteristic for a gas discharge at low
pressure.

results in the multiplication of electron emission, which be-
comes self-sustaining. Above the breakdown voltage (Vm),
the voltage decreases and the current highly increases to-
wards the glow region (region B) where cold plasma con-
ditions exist. There is still a great fraction of electrons with
sufficient energy to excite electronic states, to produce ions.
Following this region, a slight increase of voltage indicates
a further secondary emission of energetic electrons from the
cathode. This phenomenon entails a transition from the glow
plasma region to the thermal discharge region, which is the
later discharge phase (region C). Highly conductive channels
of electrons and ions form, which bridge the gap between
the anode and the cathode. This high conductivity causes
the local electric field to collapse to lower values, leading to
a large decrease of electron energy, which no longer ionises
molecules but heats the gas. The high ion and electron den-
sity within the arc results in emission of light and acoustic
waves and accelerated erosion of surrounding material or
electrodes.

It is firstly proposed that the electrical sequence phenom-
ena can be explained using knowledge from electric dis-
charges in low pressure gas, under the Paschen’s law.8,9 This
model reflects the electrical breakdown mechanism in gases
at theVm voltage.Vm is related to thepd product, wherep
is the gas pressure andd is the gap between electrodes:

Vm = Bpd

ln(Apd) − ln(αd)
(1)

whereA andB are gas dependant parameters.α is the signif-
icant Townsend’s first ionisation coefficient, which relates
the mean free path for electron secondary ionisation to the
total scattering path. It is pressure and electric field depen-
dant.

In the continuation of the discharge process, the acceler-
ation of ions in the electric field leads to secondary electron
emissions at the electrodes. This secondary emission re-
plenishes the population of ions and the discharge becomes
self-sustaining when:

αd = ln

(
1 + 1

γ

)
(2)

where γ is the secondary ionisation coefficient for the
electrode surface.

To assess the microscopic behaviour of our composite
materials, we used the Paschen’s law at gaps between the
SiC grains on the material surfaces. The Paschen’s law must
be rewritten as:

ln(p) = Bp

E
+ ln

( α

A

)
(3)

whereE is the local electric field and a plot of ln(p) against
p/E should give a straight line andα values are obtained
sinceA andB are known from the literature.10 Whereas the
local E varies with gap lengths, when applied to mean val-
ues fromFig. 5, it gives quasi straight lines as shown in
Fig. 7which suggest a possible application of the Paschen’s



A. Jankowiak et al. / Journal of the European Ceramic Society 25 (2005) 13–18 17

Fig. 7. Plot of ln(p) againstp/E, from the Paschen’s law, when the SiC
content varies. SiC (vol.%): 51 (solid), 61 (dash), 65 (dot), 68 (dash dot).

model. In that way the limiting value ofα at very low pres-
sure is obtained. Furthermore, a very particular behaviour is
observed when plottingEq. (3), but at the macroscopic scale
between the electrode gap (1.2 mm). It gives very similar
straight lines with the sameα limiting values as for the mi-
croscopic behaviour. This interesting observation supports
the existence of larger ionised zones between electrodes than
localised zones at micron sized gaps between SiC grains.
The material response during the electrical discharge must
be rather considered as a global surface phenomenon, than
as a percolation phenomenon from gap to gap.

Whenp increases,α varies from the limiting low-pressure.
UsingEq. (1), α values are reported inFig. 8againstp/E. It
shows thatα decreases sharply with pressure to electric field
ratio.α is the number of electron–ion pairs generated per unit
distance, which is related to the secondary electron emission
γ at the cathode throughEq. (2). A large decrease ofα means
an increase ofγ, which exceeds therefore realistic values.

At micro gaps, the Paschen’s law supposes that fewer ion-
isable molecules lead to a higher breakdown voltage. Some
authors reported that the breakdown threshold changes from
ideality when gaps are below a few micrometers11,12 as is
the case of several gaps in the microstructure of our samples
(Fig. 4). Such behaviours will also cast some doubts in the
single description by Paschen’s law of electrical discharges
and a further mechanism is therefore proposed.

Fig. 8. First ionisation factorα against pressure to electric field ratio for
all samples.

When field emission is assumed as the main mechanism
for current flowing between electrodes, the most widely
used model for current flowing between electrodes is the
Fowler–Nordheim’s law.13 Given the height of the potential
barrier for electrons to escape from the electrode surface and
the work functionΦ under the electric fieldE, the current
densityj is:

j = aE2

Φ
exp

(
−b

Φ3/2

E

)
(4)

a andb depend onΦ and the work function for SiC is in a
similar range as that for metals (2.7–3.5 eV).14 a andb can
be estimated as:15

a = 1.54× 10−6 A/m2, b = 6.83× 10−9 V−1/2 m

Experimentally, a good check of the field emission mecha-
nism is obtained when the plot of log(I/E2) versus 1/E gives
a straight line during the pre-breakdown voltage period. The
above description describes an ideal situation with perfect
electrode surface. For less well characterised electrode sur-
face, the phenomenology appears to be different.16,17 An
enhanced field emission is observed with significant current
values even at low electric fields. It seems that the current
emission is enhanced by local microscopic emitting sites,
which can be micro-protrusions on surfaces18 or chemically
modified surfaces by doping or local deposits.

In that case, there is still a linear relationship between
log(I/E2) and 1/E, but we have to account with an enhanced
local electric field by a factorβ, whereasΦ for the emitting
site is supposed to be unchanged.Eq. (4)becomes:

j = aβ2E2

Φ
exp

(
−b

Φ3/2

βE

)
(5)

The experimental plot of log(I/E2) versus 1/E is in Fig. 9
for one sample, for the discharge period just before the
breakdown voltage. It is seen that during the pre-breakdown
voltage situation, a quasi-linear variation is verified. The cal-
culatedβ values are within the rangeβ = 12000–1500 m−1,
that means a very large accentuation of field emission, in
accordance with the literature.19 Such values should not be

Fig. 9. Fowler–Nordheim plot before and after the breakdown point for
the 61 vol.% sample.
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only justified by geometrical factors at grains edges, but
alternatively they seem to be due to local surface features
as locally bonded oxide or various materials.

5. Conclusion

Electrical discharge at surface of SiC-�′-SiAlON granular
composite materials are supposed to be originated from two
mechanisms. First, if it is assumed that discharge is located
at SiC grains boundaries, the Paschen’s law can be applied
and the percolation of discharge current should be obtained
between external electrodes. Some restrictions to this mech-
anism appear with the very low variation of the breakdown
voltage to a large range of pressure. In that case, the primary
ionisation coefficientα decreases sharply with pressure and
the secondary ionisation coefficientγ attains very unusual
values. An additional mechanism of field emission between
thin grain boundaries is then supposed and described with
the Fowler–Nordheim’s law. In that case, the key observa-
tion is the very high values of the field emission factorβ.
It suggests that if air ionisation occurs at the material sur-
face under low electric field, it is highly improved by some
SiC surface features as protuberances and physico-chemical
local modifications. During the final stage of electrical dis-
charges, both mechanisms suggest that not only the grain
boundaries of SiC grains, but the most part of the air atmo-
sphere just above the composite surface is ionised.
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