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Abstract

The study uses the phenomenon of high voltage partial discharge to investigate the phenomenon
of percolation and visualisation of the percolation channel. The phenomenon of partial discharges is very
similar to the quantum tunneling phenomenon observed in metal-dielectric nanocomposites. In both cases
the flow of alternating current occurs in the absence of direct contact between the metallic phase particles.

A measuring stand was developed and constructed to test models of metal dielectric nanocomposites
using high voltage partial discharge. The stand consists of a 110 kV high voltage transformer, a voltage
regulator protecting the constant rate of high voltage rise, a measuring system consisting of a measuring
probe, voltmeters and a computer. The communication between the measuring probe and the voltmeter was
made in digital technology with the use of fiber optic technology, which allowed the meter to communicate
with the computer without any errors and eliminated the interference caused by a strong electromagnetic field
resulting from the use of high voltage.

Systems modelling metal-dielectric composites were built, consisting of metallic elements in the form
of disks, randomly distributed on the surface of the dielectric matrix. The number of disks was increased in
series of 40 in each. The maximum number of disks was 1520. The dependence was determined of one of the
important parameters characterising an partial discharge, i. e. the initial voltage, at which an electric current
starts to flow between electrodes, on the concentration of the metallic phase. On the basis of these results,
a percolation threshold was established for a matrix with a random distribution of metallic phase elements,
the value of which is about 50 %. Films and pictures of partial discharges with visible percolation channels
were taken with the camera with which the stand was equipped.
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I/I3MepI/ITe.TI]>Haﬂ YCTAaHOBKA AJd UCCJICI0BAHUA U
BU3YyaJIu3allui AIBJCHUSA MMEPKOJAINNA B HEYIIOPATOYCHHBIX
MOAC/IAX HAHOKOMIIO3UTOB METAJJI-INIJICKTPUK

I1. Okauan

Jhobaunckuii mexHuueckull yHusepcumem,
ya. Haooviempuyxas, 384, Jlrooaun 20-618, Honvwa

Hocmynuna 05.06.2020
Hpunama k nevamu 27.08.2020

B craTpe 1 uccnenoBaHus SIBICHUS MEPKOJIALMN U BU3YAIN3alUN KaHAJIOB MTEPKOJISIIUN UCIIOIB30BaH
BBICOKOBOJIFTHBIA YaCTUYHBIN Mpo00il. YacTHuHbI mpo0oil OYeHb MMOX0K Ha KBAHTOBOE SIBJICHHE TyHHEIH-
poBaHusl, HabJro1aeMOe B HAHOKOMITO3HTaX METaJUI-IUAIICKTPUK. Kak B epBOM, TaKk U BO BTOPOM CITydasix
JUTSL IPOTEKAHUSI QJIEKTPUIECKOTO TOKA HE TPeOYyeTCcs KOHTAKT MEX/Ty YacTUIIAMU METAIITMYECKOl (asbl.

Pa3paboTrana u M3roToBJIeHAa M3MEpPHUTENbHAs YCTAaHOBKA, NMPEJIHA3HAYCHHAA JUISI U3MEPEHU Mozenei
HAaHOKOMITO3UTOB METAJUI-AMAJIEKTPUK C HMCIIOJIb30BAHHEM BBICOKOBOJIBTHOTO YaCTHMYHOIO mIpobdosi. B co-
CTaB YCTAaHOBKHU BXOJAT: BBICOKOBOJIBTHBIM TpaHC(OPMATOp C MaKCUMaJIbHBIM HampspkenueM 1o 110 kB,
PEryJIATOpP HANPSKCHHS MEPBUYHON 0OOMOTKH BBICOKOBOJIBTHOTO TpaHchopmMaropa, 00eCreYrBarOIIni 110~
CTOSTHHYIO CKOPOCTH YBEJIMYCHHUS HATIPSHKEHNS, U3MEPHUTEIBHBIN 30H, BOIBTMETPHI 1 KOMITbIOTep. CUTHAITBI
OT 30H/a ¥ BOJIBTMETpA C IEJIbI0 OTPAaHUYCHHUS IIOMEX, CBSI3aHHBIX C CHIIBHBIM 3JIEKTPHYECKUM TI0JIEM, TIepe-
JTAIOTCS C NCIOJIb30BAaHUEM ONTORJIEKTPOHHOTO KaOes.

Pa3paboTanbl 1 U3rOTOBJICHBI ABYMEPHBIE MOJIEIH HAHOKOMITIO3UTOB, B KOTOPBIX YaCTHUI[Bl METaJINIe-
ckoii (ha3bl B (hopMe METANTNIECKUX TUCKOB Pa3MeIIeHbl CITydalHbIM 00pa30M Ha TIOBEPXHOCTH AUIIEKTPH-
YeCKOW MaTpHIbl. YHCIIO METANTHYECKHUX JUCKOB BO BpPEMs M3MEPEHHH YBEITMUMBAIOCh 1o 40 MITyK B cepuu
10 MaKCUMaJIbHOU BennunHb! 1520.

Omnpenenena 3aBUCUMOCTh OT KOHIIEHTPAIIUN METAITHIECKOH (pa3bl OJTHOTO U3 CYIIECTBEHHBIX IIapame-
TPOB BBICOKOBOJIFTHOT'O YaCTUYHOTO MPOOO0s — MOPOrOBOE HAMPSKEHHE, BBIIIE KOTOPOTO MEXKIY 3JIEKTPO-
JlaMU HadrWHaeT Teub TOK. Ha ocHOBaHMM 3THX M3MEpEeHUil onpeneiéH Mmopor MEepKOJISALNN JUIS MaTPHIIBI
CO CITy4ailHbIM pacripeielICHUEM IIEMEHTOB METAIUTMYECKOH (hazbl.

C nomotipio GoToanmapara, BXOJSIIEr0 B COCTaB yCTAHOBKH, 3apETUCTPUPOBAHBI (DMIIbMBI U (OTOTpa-
(buH SIBICHUS YACTHYHOTO MPOOO0ST MEXKJTy dIIEMEHTaAMU METAIUTHIECKOH (as3bl Mojienell, Ha KOTOPBIX BHTHBI
KaHaJIbl IePKOJISIIHH.

KuroueBsble ciioBa: mepKoIsIus, HAHOKOMITO3UTHI, YaCTHYHBINA MTPOOOH, BHICOKHE HATIPSKEHUS.
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Introduction

There are currently more and more studies and
applications of nanocomposites and nanomaterials
which are characterised by a number of interesting
chemical, optical, mechanical and electrical
properties [1]. These are materials that consist of at
least two phases with at least one component less than
10”7 m in size [2]. Their special properties are related
to the influence of surface energy, much higher than
that of solid materials, and to quantum phenomena
that occur in nanocomposites. One of the types of
nanocomposites are metal-dielectric nanocomposites.
Such material has special electrical properties related
to conductivity. Metallic nanoparticles are so small
that they should be considered as wells of potential.
Then all phenomena must be described on the
principles of quantum physics.

In such materials, which are characterised by
high resistivity, there may be a type of conductivity,
based on step exchange (tunnelling) of electrons [3].
The condition of its observation is the weakening
to the lowest possible level of ionic conductivity
in dielectrics and electron or hole conductivity in
semiconductors. The basis for the occurrence of
the quantum effect of electron tunnelling between
potential wells is that the wave function of the
electron in a potential well of nanometre dimensions
or smaller has a non-zero probability beyond the
potential barrier. The probability of finding a valence
electron at a distance r outside a three-dimensional
potential well is given by the formula [3]:

¥ = exp (—2(XV), (1)

where: o — inverse of the radius of the location of the
electron; r — distance from the well of potential in
which the electron is located.

-1
o =Ry,

()

where R; — Bohr’s radius.

In the absence of an external electric field, the
direction of electron tunnelling is random. After
applying an electric field to the semiconductor, there
is a partial ordering of electron jumps, related to the

er-E

Debye factor [3]:
E
exp(i °r = sinh j,
T k-T
where: e — electron charge; » — distance between the

well of potential from which the electron is tunnelling
and the well to which it is jumping (tunnelling);

3)

E —electric field strength; k& — Boltzman constant;
T — temperature.

According to the precursor of the theory of
electron tunnelling in disordered semiconductors
and dielectrics [3] electron tunnelling between
potential wells can take place in two ways. The first
one occurs in the case of weak location of electrons
and temperature, close to the temperature of liquid
helium. The second mechanism occurs in the case
of strong electron localisation and high temperatures.
Then electron tunnelling occurs between the closest
adjacent potential wells. The conductivity formula
for the case of tunnelling between the closest
neighbours [3]:

where: r— distance between wells between which
the electron is tunnelled; k& — Boltzman constant;
T — temperature; AW — activation energy.

As can be seen from formula (4), in the
mechanism of electron tunnelling between the closest
adjacent potential wells there is a strong temperature
dependence of conductivity. The activation energy
entering the formula is related to the fact that the
tunnelling electron, as a rule, jumps from a lower
energy level in the first well to a higher level in the
second well. The distance between the potentials
wells to be seen in formula (4) is a function of their
concentration N:

1

er_g. Q)

Formulas (4) and (5) demonstrate that
conductivity increases faster than linearly as the
concentration of potential wells increases. Mott's
calculations [3] show that when the distance
between potentials wells decreases to a value two-
and-a-half times greater than Bohr's radius Ry, as the
concentration of potentials wells increases:

r=2,5R,,

AW
=200 ———

T 4)

0=0, exp(

(6)

there will be a transition from dielectric type
conduction with a positive temperature coefficient of
conductivity do/dT > 0 to metallic type conduction
with do/dT < 0.

The transition from dielectric type conductivity
at low contents to metallic type conductivity in the
area of high potential well contents is associated
with percolation [4]. Below the percolation threshold
there is a rapid increase in the conductivity of the
nanocomposite with an increase in the metallic phase
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content, while above the percolation threshold the
increase in conductivity significantly slows down and
the transition to metallic type conductivity occurs.

Percolation phenomena cover a wide range
of issues related to the flow of current in spatial
networks, self-generated in  metal-dielectric
nanomaterials. Networks composed of resistive (R),
resistive and capacitive (RC) and resistive, capacitive
and inductive (RLC) elements are used to model
such phenomena [5]. The network consists of nodes
connected to each other by sections consisting of
these elements [6]. When the network is continuous,
there is a current flow channel from one side of
the network (contact) to the opposite through the
elements forming the network. After it is connected
to a power source, current flows through the network.
When more than one damage is introduced into the
network, at some point the current stops flowing from
one contact to another. It is said that the percolation
threshold has been reached [7]. Such a state can be
achieved in networks consisting of passive elements
in two ways. In the first one, randomly determined
nodes are eliminated. In the second one, the sections
connecting the nodes are randomly cut. There are also
other ways of modelling the percolation phenomenon,
for example testing the current conduction by
randomly mixed balls of identical dimensions, one
of which is made of metal and the other of insulating
material. Gradually increasing the content of metallic
balls, we achieve a rapid increase in current intensity
practically from zero, which corresponds to passing
through the percolation threshold. Nowadays, the
phenomenon of percolation has been analysed
using the Monte Carlo method. The most common
models studied were two-dimensional networks
with translational symmetry. Such networks were
damaged by eliminating nodes or crossing bonds with
statistically independent probability p. Depending on
the method of network damage, they formed models
of bond percolation or node percolation. In the last
few decades a huge amount of work has been put into
finding precise and approximate ways to determine
the values of percolation thresholds for different
networks [8]. Exact thresholds are only known for
some two-dimensional networks such as square or
triangular.

Unfortunately, both in the grating, ball and
Monte Carlo models below the percolation threshold,
the conductivity of the investigated grating is zero,
which is not observed in real nanocomposites. The
models do not take into account the fact that in
nanocomposites the current conductivity is also

below the percolation threshold through electron
tunnelling, and with the increase of metallic phase
content the conductivity of the material increases [9].
Real nanocomposites are characterised, first of all,
by random distribution of metallic phase elements
in dielectric matrix, secondly, the flow of direct or
alternating current occurs also in the absence of
direct contact between adjacent nanoparticles. This is
due to the quantum tunnelling phenomenon. Another
problem related to both the network and ball models
is that these models do not allow to determine the
route of the percolation channel.

Comparing the voltage behaviour in the case
of high voltage partial discharge (HVPD) and
conductivity behaviour in the case of electron
tunnelling in the nanocomposite we can state that
they are similar. For both phenomena, HVPD
and tunnelling, the resistance decreases with the
decrease of distance. The application of an partial
high voltage discharge does not require direct
contact of the metallic phase elements to the current
flow between the electrodes. Of course the scale of
these phenomena is completely different. Tunnelling
occurs on a nanometer scale, while the phenomenon
of high voltage discharge — on a macroscopic
scale. Due to the similarity of both phenomena, the
phenomenon of high voltage discharge was used in
the study to model the percolation phenomenon in
metal-to-electric nanocomposites. The aim of this
work was to develop and build a stand for research
of the phenomenon of percolation and visualisation
of percolation channels in disordered systems
modelling metal dielectric nanocomposites, make
models and define the percolation threshold for them
and determine the route of percolation channels.

Measuring stand

In order to investigate the phenomenon of
percolation in metal-to-dielectric nanocomposites
based onanpartial high voltage discharge,ameasuring
stand was developed and made, the block diagram
of which is shown in Figure 1. A dielectric matrix 3
was used as a model of a two-dimensional metal-
to-dielectric composite. In the model, the dielectric
phase is modelled by air, while the metallic phase is
represented by metal disks. The base of the matrix
is XPS extruded polystyrene. The primary winding
of the single-phase high voltage transformer 2,
whose gearbox was 110 kV/220 V, was powered by
autotransformer 1, which was used to control the
voltage. It was a specially designed autotransformer
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with a stepper motor drive. Such a solution allowed
precise regulation of the voltage increase at a
constant speed. This is very important due to changes
in the strength of the system depending on the rate of
voltage increase. The stepper motor is controlled by
an electronic system based on a sixteen-bit Atmega
microcontroller. The program that has been written
and imported to the microcontroller supports the
motor controller in such a way that the value of
voltage increase is digitally regulated in the range
from 1 to 2 kV/s. On the surface of matrix 3 there
are flat electrodes between which, as a result of the
voltage increase, an partial discharge is created. The
essence of the work was to register the changes in the
HVPD current value along with the voltage increase
for different concentration of metallic phase. Due to
the very high values of the electromagnetic field it
was significantly difficult.

Vr
)

1

2

10

Figure 1 — Block diagram of the measuring station:
1 — autotransformer; 2 —high voltage transformer;
3 —percolation model; 4 —measuring probe; 5,6-—
voltmeters; 7 — computer; 8 — stepper motor; 9 — stepper
motor control electronics; 10 — camera

The first and fundamental problem was the
measurement of the current intensity. Due to the use
of high voltage it was not possible to make direct
measurements. In order to measure the current in the
grounding branch, resistance was incorporated into
the system. Two resistors of 50 Q each were used.
The voltage on the resistor did not exceed 4 V. The
tests showed the presence of residual inductance in
the measuring circuit, which significantly deformed
the course making it impossible to obtain reliable
measurements. This problem was solved by using
specialised non-inductive resistors. For smaller
voltage values, i. e. up to 80 kV, the system met the
requirements. For larger values, the electromagnetic
field induced a voltage in the cables and resistors,
which resulted in a very noisy signal. In order to limit

the influence of the field, a Faraday cage was used,
in which both resistors to which the test leads were
connected were placed. It was a 1 mm thick copper
cuboid, earthed, which allowed the wires to be
earthed. Figure 2 shows a diagram of the measuring
probe used in the model.

. N .

S

Figure 2 — Diagram of the measuring probe: 1 — BNC
connector; 2 —resistors; 3 —measuring BNC output;
4 — copper casing

1 —

+

An additional element used to reduce
electromagnetic field interference was the use of
BNC RG213 50 Q coaxial cables, double-insulated
with braid. These cables were used in the branch
between the model output and the probe in order not
to interfere with the input current and in the branch
that provided the measuring signal to the meter.
Thanks to this solution, the measuring system was
not exposed to a strong field and the received signal
was free of noise resulting from its operation.

Then, a computer program with a graphical
interface was created, communicating via a computer
with two electronic meters 5 and 6, which had
digital outputs. The communication was created in
accordance with the RS-232 standard. This allowed
the computer to receive 7 synchronised items of data
from the two meters. One indicated the voltage value
on non-inductive measuring resistors. The other
was connected to an autotransformer supplying a
high voltage transformer and was used to read the
voltage given to the model. The program supported
data recording at a frequency of 32 per second in a
CSV format file. Such a resolution of measurements
is sufficient to be able to plot characteristics such as
the value of the voltage on the measuring resistors
or changes in the current of the exhaust depending
on the voltage supplied by the test transformer. As it
turned out, such measurement method was effective
only for HVPD registration. When the stand was
applied in the full range, i. e. until the moment of
a full discharge, the electromagnetic field of the
resulting electric arc caused a disturbance of the
digital signal between the meters and the computer,
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which made it impossible to read the downloaded
data. Therefore Universal Serial Bus cables were
replaced by TOSLINK type optical fibre cables.
This procedure reduced transmission errors to zero,
thanks to which the created measuring station was
used in the full measuring range.

Test results and their analysis

In order to measure the changes in the current
intensity value as a function of the supply voltage
depending on the concentration of the diffuse phase,
it was necessary, in the first step, to place the metal
disks in the dielectric matrix in strictly defined
quantities depending on the series being tested.
The matrices with the coordinates of points were
generated by means of a computer program created.
This program was based on a random number
generator. The model of the matrix was generated
for the smallest possible distances equal to 0 mm and
the diameters of points were the same and amounted
to 6 mm. The matrix generated in this way leaves the
freedom to choose the number of disks in a series.
The whole matrix was composed of 1520 points,
randomly distributed on the matrix surface. Such a
large number of disks was selected due to the fact
that errors, resulting from the statistics, for sets over
1000 do not exceed 2 %. The matrix was divided into
38 series which contained 40 discs each [10]. It was
not a continuum type because the program did not
allow disk overlapping. The concentration of disks
modelling metallic phase molecules is defined as
the ratio of the metal surface area of the disks to the
surface area of the matrix. Figure 3 shows a matrix
for four concentration values of metallic phase as an
example.

For testing, another series of metal discs, 40 in
each, were placed on the matrix. When each series
was mounted on the model, a program was run to
connect to the meters and initiate the download of
measurement data from them. A microcontroller-
controlled stepper motor was started, driving an
autotransformer to control the test transformer
voltage. The rate of voltage increase was 2 kV/s in
the range from 0 V to jump voltage. An electric field
was generated between the electrodes on the matrix.
Voltages on the test transformer and on the probe
were read by electronic voltmeters and their values
were stored in the computer memory. In this way, for
a specific concentration value of the metallic phase,
the course of voltage changes on the resistors in the
probe depending on the model supply voltage was

obtained. The voltage measured on the measuring
probe was proportional to the current of the partial
discharge, formed on the model of nanocomposite
metal dielectric. The diagram for one of the series of
measurements is shown in Figure 4.

Figure 3 — Coordinates of discs of computer-generated
dielectric matrix for 12 %, 30 %, 42 %, 58 % concentration

One of the basic parameters of the partial
discharge is the initial voltage. Only when this voltage
is exceeded will an partial discharge be initiated and
a current start to flow between the electrodes. From
Figure 4 it can be seen that for a concentration of the
metallic phase of 42 % the partial discharge starts at
an initial voltage of about 35 kV.

2.75—
2.5
225
7]

._.

29

A
|

1

,_.
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|

._.

[\

Y
|

1

Output voltage (V)
T

0.75-
0.5
0.25-]
.

T T 1 T T 1
40 80 120 160
Input voltage (kV)

Figure 4 — The course of the voltage value on the
measuring probe depending on the model supply voltage
for concentration of metallic phase 42 %
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After exceeding this voltage, the current flowing
through the model starts to rise faster and faster.
After reaching the voltage value of about 45 kV, the
increase of the current intensity is clearly slowing
down. When a voltage of about 72 kV is reached, an
electric arc is ignited and the overcurrent protection
switches off the power supply. This can be seen on a
vertical drop to zero current.

The most important feature of the partial
discharge applied in the test is the flow of electric
current through the matrix below the percolation
threshold. This is due to the similarity of the
partial discharge and quantum tunnelling of
electrons. Metallic phase elements, exactly as in
real nanocomposites, do not need any direct contact
current for the flow of current and the flow of current
between them depends on the value of probability
of jumps as a function of distance. By comparing
the waveforms for individual concentrations of the
metallic phase shown in Figure 5, it is possible to
determine the initial voltage at which an partially
discharged current appears. Figure 5 shows that for
the concentration of the metallic phase X <42 %
the initial voltage of partial discharges appears at a
voltage of about 36 kV. An increase in concentration
up to 50 % causes the initial voltage of partial
discharges to decrease rapidly to about 15 kV.

4.5

4 -

3.5

— 12%
- 69%
— 65%
— 58%
- 50%
— 42%
— 25%
— 12%
— 8%

w
|

2.5

Output voltage (V)
TR
L\ |

T T | |
60 80
Input voltage (kV)

I
100

Figure 5 — Diagram of the voltage waveforms on the
measuring probe depending on the supply voltage for
different concentration of metallic phase

Such a leap change can be interpreted as reaching
the percolation threshold. Its value is (46 + 4)%. The
conductivity of the system suddenly changes, which

means that a small change of concentration between
42 % and 50 % significantly affects the properties of
the whole system.

Figure 6 — Example picture of percolation channel

During partial discharges radiation is generated
in the areas of visible light and ultraviolet. One of
the elements of the station equipment is a camera.
Its application allows the visualisation of percolation
channels which are recorded in the form of films
and photographs. Figure 6 shows a picture of an
partial discharge, on which percolation channels
and disks modelling the metallic phase are visible.
In the picture, the light is visible in places where
there is no direct contact with the metallic elements
of the model and an partial discharge occurs. The
photos taken during the research show that in the
matrix, similarly as in nanocomposites, a number of
percolation channels may occur.

Conclusion

A measurement stand was developed and built
to study the percolation phenomenon and visualise
the percolation channel using a high voltage partial
discharge. The phenomenon of partial discharge
applied in the work is very similar to the quantum
tunnelling phenomenon. In both cases the current
flow occurs in the absence of direct contact between
elements of the metallic phase.

The measuring equipment, i. e. the measuring
probe and connecting cables, were made in such
a way as to eliminate the interference caused by a
strong alternating electromagnetic field resulting
from the use of high voltage. The communication
between the measuring probe and the voltmeter
was made in digital technology with the use of
optical fibre technology, which allowed the meter to
communicate with a computer without errors.

Models of nanocomposites of metal dielectric
type were used for the tests. Modelling systems
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consisting of metallic elements in the form of
disks with concentration varying from 0% to
72 % randomly distributed in the dielectric matrix
were generated by computer and built. During the
research, the concentration of the metallic phase was
gradually increased by placing successive series of
discs, 40 in each. The maximum number of discs
was 1520 at 72 % concentration. The initial voltages
of the exhaust were determined, at which the electric
current starts to flow through the model, depending
on the concentration of the metallic phase. Based on
the obtained dependencies, a percolation threshold
was determined, the value of which for the random
distribution of the metallic phase elements is
about (46 £ 4)%. The radiation generated during
partial discharges in the visible light area was used
to visualise the percolation channels. Photographs
of partial discharges, on which percolation channels
are visible, were taken during the tests. The photos
taken during the study show that the matrix,
similarly to nanocomposites, may contain a number
of percolation channels.
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