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Role of Temperature in Partial Discharge
Inception Voltage at Triple Junctions

R. Szilagyi, Ph. Molinié, M. J. Kirkpatrick, E. Odic, G. Galli, Ph. Dessante

Abstract—In numerous industrial and electrical
applications, within the zone near the junction between a
metal conductor, a solid insulator and the surrounding
gas, here called a triple junction, the local electric field
created by the electric potential of the metal conductor
may be enhanced due to the difference in the relative
permittivity of the solid insulator and surrounding gas.
This local field enhancement may facilitate the formation
of partial electrical discharges (PD). Partial discharge
activity can cause low-level damage as well as an
accelerated aging which weakens the insulation system
and then lead in the long term to complete breakdown.
Therefore, in certain applications, such as in the
aeronautical or nuclear sector, differences in
temperature and gas pressure from the ambient case
should be considered because of their influence on the
partial discharge inception voltage (PDIV). The present
work demonstrates a significant reduction in the PDIV in
the case of a triple junction with alumina as the solid
insulator when the system is heated to temperatures in
the range of 300-400 °C. It is proposed that this effect is
due to the increased permittivity of the alumina ceramic
insulator at these temperatures, which leads to an
increased enhancement of the local electric field at the
triple junction. The proposed mechanism for local field
enhancement is discussed considering, among others,
permittivity measurements at elevated temperature.

Index Terms—Partial discharge (PD), Paschen’s law,
nitrogen, triple junction electrodes, high temperature,
aluminium oxide.

[. INTRODUCTION

HE junction between a solid insulator, a solid

I conductor and the surrounding gas constitutes a triple

junction (gas/metal/solid insulator), as illustrated in
Fig. 1. In the case of overvoltages, the triple junction could
be the starting point for electrical breakdown.

For applied voltages below the threshold for full dielectric
breakdown, the intense electric field at the triple junction
may nevertheless lead to the inception of partial electrical
discharges initiated by gas ionisation phenomena. These
partial discharges can lead to accelerated aging of the
insulation system and cause low-level damage which may
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Fig. 1. Schema of a triple junction.

accumulate and gradually result in complete breakdown
(dielectric breakdown and/or insulator flashover) [1], [2].

These triple junctions are often present in industrial
applications where solid dielectrics are used to isolate high
voltage conductors from other system components or from
the ground as for example in Gas-Insulated Switchgears,
Gas-Insulated Lines [3]-[5], or high voltage feedthroughs
[6], [7]. In some circumstances, these solid insulators and the
surrounding gas are exposed to environmental constraints in
terms of pressure and temperature, as for example in the
nuclear sector [8] and in the aeronautical sector [9]. In
addition, the future increase in voltage for the purpose of the
“More Electrical Aircraft” raises issues in regard to partial
discharge activity which affects the reliability of the
insulation system [10], [11].

Over the years, different studies have been published
considering the influence of temperature and/or pressure on
partial discharge activity [1], [9], [10] [12]-[14]. Other
studies were made to examine partial discharge activity at
triple junctions using different solid insulator materials, gas
types and for varying gas pressure [1], [3], [15]. The main
results of these studies show that discharge activity is
facilitated with increased temperature and lowered pressure.
Concerning triple junctions, the partial discharge activity
depends on the material used as a solid insulator (the higher
the permittivity, the easier it is to provoke partial discharges)
as well as on the surrounding gas (nature and pressure).

Despite the interesting results presented in these studies, in
most cases, the influence of different gas types or different
solid insulator materials were examined whereas pressure
and/or temperature remained at a constant level. However,
applications in the nuclear sector are exposed to temperatures
up to 500 °C [8] and in the aeronautical sector to pressures
down to 100 mbar [16].

In the work reported in this paper, a broad range of
temperature and pressures is considered, and specifically an



investigation is made regarding partial discharges at a
circular triple junction at temperatures up to 400 °C with
varying gas (N») pressure. Furthermore, the present work
aims to come to a more detailed understanding of phenomena
taking place at triple junctions under various conditions of
pressure and temperature.

In section II, the theoretical background of Paschen’s curve
is presented. Section III describes the experimental
arrangements. All experimental results are presented and
discussed in section I'V. Finally, section V gives a conclusion
and prospects for future work.

[I. THEORETICAL BACKGROUND

A gas discharge can be initiated under the condition that seed
electrons are accelerated by an external electric field to an
energy superior to the ionisation energy of the bulk gas atoms
or molecules. This leads to an electron avalanche. Sources of
seed electrons can be cosmic rays, natural radioactivity of the
earth, etc. These electron avalanches can lead in turn to gas
discharge and breakdown.

Paschen’s curve, named after the German physicist Friedrich
Paschen who described it in 1889, characterises the conditions
which lead to gas breakdown. More precisely, Paschen’s curve
gives the inception voltage for electrical breakdown in a gas as
a function of the product of the gas pressure and the gas gap
distance between two infinite planar electrodes. That means that
the Paschen’s curve is derived for the case of a homogeneous
electric field. An analytical equation for Paschen’s curve is
givenin (1) [17]:

A-p-d
V= 1
1n(p-d-B)—ln(ln(1+?))

where V is the breakdown voltage, p the gas pressure, d the
distance between the electrodes, y the secondary-electron-
emission coefficient (an empirical constant representing the
yield for the emission of secondary electrons — in this case
limited to emission induced by positive ion bombardment of the
cathode’s surface which is typically taken to be in the range
104-1072).

The constants 4 and B can be calculated according to (2)
and (3):

€y

4= &0
_kB'T (2)
B = o

where ¢; is the gas ionisation potential, ¢ the collision cross
section for electron-gas ionisation, 7"the gas temperature and kz
the Boltzmann constant. It may be noted that in (1), the pressure
parameter is always divided by a factor kz-T, indicating the fact
that it is the gas density which is important to the physical
principal behind the formation of an electrical discharge. Fig. 2
shows the experimental Paschen’s curve [18] in nitrogen at
25 °C (the black curve was made using data from reference [18]
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Fig. 2. Paschen’s curves in nitrogen: experimental

curve at 25 °C [18] and calculated curves for different
temperatures (25 °C, 200 °C, 400 °C).

for different electrode materials, based on results from various
experiments, for different electrode materials) as well as three
calculated (1) Paschen’s curves in the same gas for different
temperatures (25 °C, 200 °C and 400 °C). As for all other gases,
Paschen’s curve for nitrogen exhibits a minimum. At ambient
temperature, this minimum corresponds approximately to 254 V'
at 8.82.10° barmm. The relative agreement between the
experimental and calculated curves at 25 °C confirms that (1)
reasonably describes the phenomenon. In the left-hand branch
of the curve, the breakdown voltage increases very strongly due
to a lack of sufficient gas molecules available for the
development of electron avalanches. For relatively high values
of p-d (right-hand branch of the curve), the breakdown voltage
increases linearly due to a weaker electric field strength caused
by increased distance between the electrodes and/or a reduced
mean free path because of higher gas pressure. The influence of
gas temperature on breakdown and therefore on Paschen’s
curve is usually treated by using the ideal gas law, see (4), as
proposed by Dunbar et al. [19]. The basic idea of Dunbar was
to adjust the data in the abscissa to reflect the fact that if the
temperature changes at a given pressure, the gas density (and
therefore mean free path for collisions) will also change
accordingly. As aresult of the Dunbar correction, the Paschen’s
curves are shifted to the right with increased temperature which
leads to a decrease in breakdown voltage for given values of p-d.
In the model represented by (1-3), this adjustment of the data is
implicit. This effect can also be described using the equation
of the ideal gas law, see (4), of the free mean path, see (5),
and of the electrical field strength, see (6), which is
considered to be homogeneous near the triple junction:

N=tT )
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where N is the gas density, A the mean free path, E the
electrical field strength, W the electrical work and ¢. the
elementary charge.

As can be seen in the above equations, an increase in
temperature leads to a decrease in gas density which in turn
leads to a greater value for the mean free path. Consequently,
for a given gas ionisation potential, the electrical field strength
and thus the voltage required for discharge inception decrease
too.

Thus, by plotting the breakdown voltages of Fig. 2 as a
function, not of the product p d, but as a function of the product
N, all the calculated curves merge whatever the temperature.

Finally, at this stage, it must be specified that in the case of a
triple junction, the electric field is inhomogeneous and that
consequently a deviation from the Paschen’s curves will be
observed.

[1l. EXPERIMENTAL ARRANGEMENTS
A. Test Circuit

To test the triple junction at high temperature and different
gas pressure / density, an experimental setup as pictured in
Fig. 3 was constructed.

An aluminium oxide (99.7 % a-Al,O3 / ceramic a-alumina)
disc (diameter of 50 mm, thickness of 1 mm) was used as
dielectric test object. The ceramic a-alumina is an electrical
insulator with a high dielectric strength which is used in
many applications because of its stability at high temperature
and good chemical resistance [20], [21]. All data presented
in this work were obtained using a same 99.7 % a-AlO;
ceramic disc, but other experiments using similar discs
showed equivalent results.

As shown in Fig. 3, the aluminium oxide disc (4) was
placed between a 30 mm diameter cylindrical tungsten
electrode with Rogowski profile (3) and a 50 mm diameter
stainless steel disc electrode (5). The surface roughness of
the tungsten electrode was measured using an optical
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1 — HV-connection; 2 — Refractory box; 3 — Tungsten electrode;
4 — Aluminium oxide disc; 5 — Stainless steel electrode;
6 — Heating element; 7 — Thermocouple
Fig. 3. Schematic of the triple junction assembly
including the heating plate inside the refractory box.

profilometry technique. An arithmetic average of profile
height from the mean line (R,) of 0.15 um, with a quadratic
mean of profile height considering deviations (valleys and
peaks) from the mean line (Rg) of 0.2 um were obtained. The
tungsten electrode was connected (1) to a high voltage source
and the stainless steel electrode was connected to ground. A
ceramic (silicon nitride) heating element (6) was placed
beneath the grounded electrode and was connected to a
separate DC power supply (0-64 V, 0-6 A). This heating
element could operate at temperatures up to 1000 °C, but in
this work the maximum temperature used was 400 °C, as
measured close to the triple junction. The temperature of the
grounded electrode was measured by a thermocouple (7);
this temperature was used as input for the control of the
separate DC power supply. The triple junction assembly was
placed in a refractory box (2) as shown in Fig. 3. This
refractory box was constructed using porous aluminium
oxide with a low thermal conductivity; its purpose was to
homogenise the temperature around the triple junction and
protect the outer wall of the vacuum chamber which was
made of PMMA (poly(methyl methacrylate)). The refractory
box, the vacuum chamber as well as the discharge analyser
were placed in a Faraday Cage.

The refractory box with the triple junction assembly was
part of the experimental setup which is depicted in Fig. 4.



As shown in Fig. 4, the high voltage power supply (Trek
model 20/20C-HS), controlled via a function generator (in
this work only used at 50 Hz sinusoidal) was placed in series
with a 10 MQ resistor to prevent any damage in case of
breakdown. The electrical connection of the triple junction
assembly between the vacuum chamber and the voltage
source was made via a feedthrough. It may be noted that the
feedthrough was insulated by PMMA, and therefore a second
triple junction was present in the experiment. However,
control experiments showed no discharge activity up to a
voltage of 4.8 kV at ambient temperature and 4.5 k" when
the temperature inside the refractory box was at 500 °C.

The AC voltage was measured using a high voltage probe
(1 V:1000 V, 75 MHz bandwidth). To detect partial
discharges, a commercial discharge analyser (OMICRON
MPD 600) was used. This analyser was connected in parallel
to the triple junction assembly via a 250 pF coupling
capacitor and discharge pulses were detected according to
IEC 60270 [22] using a frequency domain integration (centre
frequency of 250 kHz, bandwidth of 300 kHz). To assure
consistent measurements, voltage and charge calibrations of
the discharge analyser were made before each experiment
according to IEC 60270. For this purpose, a defined charge
pulse (50 pC) was fed into the measuring circuit by a charge
calibrator (OMICRON CAL 542) whereas the voltage was
calibrated using the high voltage probe. The data produced
by the discharge analyser were visualized using the software
provided by Omicron. A partial discharge detection
threshold value of 3 pC was achieved.

All the experiments were made inside a vacuum chamber
using nitrogen. Nitrogen was chosen because of its similarity
to air with regard to the Paschen’s curve minimum and slope
at high values of gas density and inter-electrode distance.
The use of air was undesirable at high temperature because
of oxidation of the metallic materials (electrodes of tungsten
and stainless steel) inside the refractory box. A vacuum
pump as well as a nitrogen supply were connected to the
pressure chamber and the pressure was measured using a
Pirani type sensor.

B. Temperature Control

The temperature of the gas close to the triple junction was
an important parameter in this work. While the system was
designed to have a temperature profile as homogeneous as
possible, there remained nevertheless a temperature gradient
from the heating element, extending out to the vacuum
chamber. Experiments were made to determine the heat input
necessary to obtain the desired temperature near the triple
junction. These experiments consisted in the use of three
thermocouples. The first thermocouple, also used in
subsequent experiments and shown in Fig. 3, was placed
within the grounded stainless steel electrode, itself in direct
contact with the heating element. The other two
thermocouples were placed i) wedged into the triple junction,
and ii) in the gas approximately 2 mm from the triple
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Fig. 5. Comparison of measured temperatures at the
grounded electrode, at the triple junction, and its near
proximity for nitrogen at atmospheric pressure.

junction. The heating element was controlled by a PI
controller implemented within LabVIEW using the first
thermocouple as input.

The results of these experiments are described by the data
shown in Fig. 5. The data in the figure were obtained at
atmospheric pressure; additional experiments were also
made for other pressure values. To reach the desired
temperature at the triple junction, the setpoint required for
the PI controller was therefore adjusted empirically: the
value of the setpoint thus varied depending on both the
pressure and temperature conditions.

Finally, a third thermocouple was used to measure the
temperature in the gas at proximity to the triple junction
(distance of ~2 mm) for selected junction temperature
setpoints. The goal of this measurement was to estimate the
temperature gradient and thereby its influence on the gas
density near the triple junction from which discharges were
expected to propagate. Fig. 5 shows the measured
temperatures inside the grounded electrode above the heating
element, at the triple junction, and in the proximity of the
triple junction for atmospheric pressure, while using the
previously determined setpoints. Depending on the
emplacement of the thermocouples, the time to reach a
stabilised temperature varied. Thus, it should be noted that
all reported temperatures correspond to stabilised
temperatures measured at least 1 min after reaching a
stabilised gas temperature in the proximity of the triple
junction which was the case 3 min after changing the
setpoint. A stabilised temperature inside the grounded
electrode was reached within 2 min and at the triple junction
within 2 % min.

As shown in Fig. 5, the temperature inside the grounded
electrode is the highest of the three measured temperatures.
The temperature difference between the triple junction and
the temperature measured about 2 mm away is about 8 °C for
a setpoint of 80 °C and 15 °C for a setpoint of 400 °C. This
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Fig. 6. Flowchart of the PDIV determination procedure.

difference in temperature leads only to a small difference in
gas density of approximately 2.489-10% m? which is smaller
than the measurement error for the density caused by the
uncertainty of the pressure gauge according to the
manufacturer.

It should be noted that observations may be found in the
literature indicating that the discharge does not start at the
exact location of the triple junction [1], [4], [23].
Consequently, in such a triple junction situation in presence
of an inhomogeneous electrical field, the gas gap distance d
is no longer fixed by the geometrical distance between the
electrodes. A calculation of the discharge trajectory which
varies with temperature and pressure in a range of a few
hundred micrometres has been made in this work which
validates the observations presented in literature. More
details of this calculation will be presented in future work.

Hence, based on these observations, the gas densities at
the triple junction and in its near proximity can considered to
be homogeneous and a presentation of the obtained results
only as function of pressure or gas density is relevant.

C. Experimental Procedure

After the installation of the test object inside the refractory
box, the vacuum chamber was closed. To eliminate sources
of uncertainty on the composition of the gas (for example
outgassing of material with elevated temperature), the
vacuum chamber was purged three times by pumping down
to 3 mbar and then refilled with nitrogen (purity of 99.8 %)
up to atmospheric pressure. This procedure was repeated
each time the temperature was changed.

Each experiment was made beginning at the lowest
temperature (ambient temperature), and then increasing up to
the highest temperature (400 °C). For each temperature
setpoint, the pressure was varied starting at the highest
(atmospheric pressure) and then pumping down gas to reach
lower gas pressure (50 mbar) / density values.

For given conditions of temperature and gas pressure /
density, a standardised procedure was applied to detect the
partial discharge inception voltage (PDIV). It should be
noted that the voltage was first applied at the earliest 5 min
after reaching a stabilised temperature in the gas in vicinity
of'the triple junction. Fig. 6 shows the flowchart of the PDIV
determination procedure.
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Fig. 7. PDIV as a function of pressure for different
temperatures.

As shown in Fig. 6, the voltage applied to the test object
was first adjusted approximately 100 ¥ below the expected
PDIV (which came from previous measurements). Then, the
voltage was raised by steps of 10 7 and maintained during
10 5. As long as no discharges were detected (detection
threshold: 3 p(C), the voltage was raised again by 10 V.
Otherwise, the applied voltage was maintained for 30 s. If
more than 30 discharge events were detected in this time
interval, the PDIV value (AC voltage peak value) was
retained. If not, the applied voltage was again raised by 10 V.

D. Measurement of Relative Permittivity

In addition to PDIV measurement for different
temperatures and gas pressure / densities, the relative
permittivity of the aluminium oxide disc was determined for
different frequencies in the range from 20 Hz up to 1 kHz and
for temperatures from ambient temperature up to 400 °C
including a control measurement at ambient temperature
after exposure to 400 °C. For this purpose, the same test
circuit was used, and the measurement was made using a
commercial LCR-meter (Wayne Kerr LCR Meter 4300)
measuring the capacitance C. The relative permittivity was
subsequently calculated using the thickness e of the
aluminium oxide disc, the tungsten electrode surface 4 as
well as the vacuum permittivity &y.

IV. RESULTS AND DISCUSSION

A. PDIV for Triple Junctions: Dependence on
Temperature as Function of Pressure

Fig. 7 shows the results for the PDIV in dependence on
temperature as a function of pressure. Each data point was
calculated from the average of 15 measurements (three
repetitions of all temperatures and five repetitions for each
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pressure). Error bars were calculated for a 1o standard
deviation.

Fig. 7 shows that, as expected, PDIV increases with
pressure for all temperatures. Moreover, the obtained results
show that an increase in temperature leads to a decrease in
PDIV which is in accordance with the theory proposed by
Dunbar. For instance, the PDIV difference between ambient
temperature and 400 °C at atmospheric pressure amounts to
820 V.

B. PDIV for Triple Junctions: Dependence on
Temperature as Function of Gas Density

Fig. 8 shows the results for the PDIV depending on
temperature as a function of gas density. To make it easier to
see the changes, all the points belonging to the same
temperature experiments are connected with a trendline
(second-degree polynomial).

Assuming that the gas density is homogeneous in the
vicinity of the triple junction, it should be expected that all
trendlines merge together when plotted as a function of gas
density, according to calculations discussed in section II.
However, as can be seen in Fig. §, with increasing
temperature up to 400 °C, all the curves are slightly below
their precedent ones whereas a bigger gap between 300 °C
and 350 °C can be observed. Consequently, for a given
pressure, the increase in mean free path in the gas due to
increase in temperature does not alone explain the decrease
in PDIV.

Attention was then directed towards the role that the
dielectric material (ceramic disc) could play on the PDIV as
a function of temperature because studies showed that
temperature may alter the properties such as the relative
permittivity or volume conductivity of aluminium oxide
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Fig. 9. PDIV as a function of pressure for two different

materials (PTFE and aluminium oxide) in nitrogen at

ambient temperature.

[15], [20].

C. Influence of Relative Permittivity Modification on
PDIV

It should be noted that, in such an electrode arrangement,
a change in the relative permittivity of the solid insulator
leads to a change in PDIV. An approach to illustrate that is
given by the comparison of the PDIV of two different
insulating materials. More precisely, two geometrically
identical (50 mm diameter, 1 mm thickness) discs of PTFE
(e- = 2) and aluminum oxide (&, = 10) were compared at
ambient temperature with respect to their PDIV. The
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experimental procedure was the same as described in section
II1. Fig. 9 shows the results.

As seen in Fig. 9, the PDIV for the PTFE disc is always
higher than PDIV for the aluminium oxide disc. The reason
for this is that a higher permittivity leads to increased
polarisation of the insulator, which in turn leads to an
increased electric field in the gas near the triple junction.
Consequently, it can be stated (and calculated) that a higher
relative permittivity leads to a lower PDIV.

In the case under investigation, a single insulating material
was studied, but submitted to different temperatures. The
relative permittivity of aluminium oxide is known to increase
with temperature [20], [24]. To quantify this dependence, the
relative permittivity of the aluminium oxide disc was
measured in the temperature range under study for different
frequencies, see Fig. 10.

For the experimental conditions presented in the work
(frequency of 50 Hz and temperature range from ambient
temperature up to 400 °C, cf. solid line in Fig. 10), the value
of the relative permittivity varies between & =~ 9.6 (ambient
temperature) and &~ 11.9 (400 °C).

The higher relative permittivity at higher temperatures can
be explained by the displacement of mobile charge carriers
which is facilitated at high temperatures due to the increase
in conductivity of the aluminium oxide. Since the charge
quantity carried by conduction is approximately proportional
to the duration of the applied voltage, the phenomenon of
increase in relative permittivity is more distinct for lower
frequencies. Hence, the results shown in Fig. 10 consolidate
that the increase in relative permittivity at higher
temperatures can indeed be explained by the increase in
conductivity [20].

Thus, an increase in temperature leads to an increase in
solid insulator relative permittivity, and consequently
results, for a given gas density and electrode potential
difference, in an increase in the local electric field strength
near the triple junction. It is therefore logical that the PDIV
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Fig. 11. Numerical simulation of the electric field near
the triple junction for an applied voltage of 1 V. Further
calculations were made for the coloured points.
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field for different points in the gas near the triple
junction in dependence of relative permittivity.

drops with temperature even more than may be expected
simply due to the decrease in gas density.

This result can be supported by a numerical simulation of
the electric field in the gas at proximity to the triple junction
using finite element modelling (COMSOL Multiphysics). In
Fig. 11, the electric field in vicinity of the triple junction for
an applied voltage of 1 V' is shown.

Additionally, a calculation of the variation of the local
electric field in the gas as a function of the permittivity,
varying from & = 9.5 to & = 14, was made for the three
coloured points shown in Fig. 11 and is presented in Fig. 12.

As can be seen in Fig. 12, the higher the permittivity, the
greater the increase in electric field with the increase being
highest for the point closest to the triple junction. Despite the
qualitative character of this numerical simulation, it can
clearly be seen that an increase in relative permittivity leads
to a reinforcement of the electric field in the gas near the



Fig. 13. Surface of the tungsten electrode after
exposure to elevated temperatures (400 °C), protected
(silvery colour) and oxidized (bluish colour) zones.

Table |
Comparison of relative permittivity and PDIV for a
96 % and 99,7 % aluminium oxide disc.
96 % 99,7 %
T[°C]| & |[PDIV[V]| & |PDIV[V]
20 8,5 1745 9,6 1530
400 | 31 405 11,9 710

triple junction thus facilitating PD activity.

In this context, it should be noted that the effect of the
increase in relative permittivity is even more important when
an aluminium oxide with lower purity is used. Experiments
have shown that the value of the relative permittivity using a
96 % aluminium oxide disc at 400 °C increases up to &~ 31.
Hence, the PDIV at 400 °C for this specimen is about 305
lower than for the specimen at 99.7 % purity, and the
difference in PDIV between ambient temperature and 400 °C
at atmospheric pressure for the 96 % purity specimen is about
1340 V' compared to the previously mentioned 820 V for the
99.7 % purity alumina disc. Table I shows a comparison of
the PDIV and relative permittivity values for both the 96 %
and 99,7 % aluminium oxide disc at ambient temperature and
400 °C.

It should be noted that the same relative permittivity was
measured during a control measurement at ambient
temperature after exposure of the aluminium oxide disc to
temperatures up to 400 °C. This demonstrates that exposure
of the aluminium oxide disc to elevated temperatures did not
irreversibly change its dielectric properties.

In Fig. 10, it may be observed that the increase in relative
permittivity with temperature is more pronounced starting
from 300 °C. This profile justifies the fact that in Fig. 8, the
PDIV curve corresponding to 350 °C is clearly detached
from that obtained at 300 °C. On the other hand, the
difference between the curve at 350 °C and that at 400 °C
should therefore be expected to have been even greater,
given the profile of the curve of dependence of the relative
permittivity with temperature. Oxidation of the surface of the
tungsten electrode can be invoked as a mechanism to explain,
at least partly, this discrepancy. Indeed, even though the
vacuum chamber was purged with nitrogen three times
before each experiment, it must be taken into account that

9 h exposure time to temperatures > 300 °C
¢ 18 h exposure time to temperatures> 300 °C
11 a 27n exposure time to temperatures > 300 °C
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Fig. 14. PDIV at 400 °C as a function of nitrogen
pressure for increasing exposure time of the tungsten
electrode to temperatures above 300 °C.
Table Il

Atomic concentration of tungsten and oxygen on the
tungsten electrode surface for a cleaned/polished and
an oxidised state.
Cleaned/polished | Oxidised
Tungsten 84,2 % 453 %
Oxygen 15,8 % 54,7 %

some air leaked in during the experiments above 300 °C
leading to a visible, bluish tungsten oxide layer on the surface
of the tungsten electrode. This can be seen in Fig. 13 where
a picture of the tungsten electrode with an oxidised (bluish
colour) and a from oxidation protected (silvery colour) zone
is shown.

Furthermore, an XPS-analysis measuring the atomic
concentration of tungsten and oxygen to characterise the
composition of the tungsten electrode surface for both the
polished/cleaned and oxidised state was made. Table II
shows the results.

The values in table II clearly indicate that the bluish
coloured surface of the tungsten electrode shows a higher
atomic concentration of oxygen than of tungsten whereas for
the cleaned/polished electrode surface the tungsten
predominates.

Finally, these results of the analysis support the hypothesis
that it may be possible that the tungsten oxide layer has an
influence on the secondary emission processes through the
increase of the electron work function (from 4.5-5 eV to 6-7
el) of the electrode material [25] [26], resulting in an
increase in PDIV.

This effect is evidenced in Fig. 14 where the evolution of
the PDIV for different pressures at 400 °C as a function of
exposure time of the electrode to temperatures above 300 °C
(350 °C and 400 °C) is shown.

It can be seen that with increasing exposure time to high
temperature (> 300 °C), the PDIV measured at 400 °C tends
to increase. From 9 A to 27 h, a rise of 170 V in PDIV was
observed at atmospheric pressure.



Hence, the PDIV values presented in Fig. 7 and 8 for
temperatures above 300 °C are potentially overestimated,
even though the electrode surface was polished using a fine
sandpaper (grain size of 22 um) and then cleaned with
alcohol using a precision wipe after each temperature cycle,
so resulting in a 9 4 maximum exposure time to temperature
above 300 °C. It should be emphasised that this effect of
oxidation is to increase the PDIV value whereas the main
objective of this work is to explain the observed reduction in
PDIV at higher temperatures, the proposed mechanism for
which is the increased relative permittivity of the aluminium
oxide insulator at higher temperatures, which results in
higher local electric fields at a given applied voltage.

V. CONCLUSIONS

The present work reports on the effects of temperature and
different gas pressure / densities on partial discharge
inception voltage (PDIV) at triple junctions under 50 Hz AC
high voltage conditions using a 99.7 % aluminium oxide
disc.

It was observed that the PDIV decreases with increasing
temperature and that the voltage drop becomes even more
significant above temperatures of 300 °C. At atmospheric
pressure, a drop of the value of PDIV of 820 V" was measured
when temperature was increased from ambient temperature
up to 400 °C. When data are presented as a function not of
pressure, but of gas density, an additional effect of
temperature is observed. The net effect is a further lowering
of PDIV values at higher temperatures in addition to what
may be expected due simply to lower gas density. This
additional effect is attributed to changes in the relative
permittivity of alumina at higher temperatures, which results
in increased electric fields near the triple junction for a given
applied voltage. This idea was confirmed by dielectric
measurements on aluminium oxide in the same temperature
range, which highlighted the contribution of the insulating
material to the PDIV drop for the highest temperatures
through an increase of its relative permittivity.

In this context, it was noted that the effect of the increase
in relative permittivity and hence the decrease in PDIV at
400 °C is even more important when using an aluminium
oxide with lower purity (96 %) as an insulator.

All observed results are of interest for industrial
applications where a triple junction is exposed to high
temperature. Particularly the decrease in PDIV should be
considered because partial discharges could lead to
unexpected flashover of the insulating system.

Thus, future work will focus on the one hand on flashover
conditions from a triple junction on ceramic insulators under
high temperature conditions, and on the other hand on an in-
depth study of the mechanisms and consequences of the
oxidation of the electrode materials in the same conditions.
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