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Abstract: This paper presents the results of the development of a technology to obtain a nanostruc-
tured coating for the protection of overhead wires and the possibility of their application in the
electric power industry. The paper provides an analysis of available data on methods of combating
ice in different countries, ways to protect the surface of metals from environmental influences, and
new materials used for protection. We studied the possibility of using a protective nanostructured
coating to protect overhead wires. A technology for obtaining a protective nanostructured coating
based on silicon oxide and methods for applying it to the wire of overhead lines are proposed. The
analysis of the elemental composition and surface morphology of overhead line wires with protective
coating is carried out by scanning electron microscopy. The influence of the nanostructured coating
on the high-frequency signal bandwidth and wire resistance using a PCle-6351 data acquisition
board, equipped with a BNC-2120 terminal module generating a frequency signal were determined
using the National Instruments LabVIEW software package. The subject of the study was a 110 kV
overhead power line with a protective coating developed in this work. By analyzing the calculation,
we obtained the operating requirements of the developed nanostructured coating. As a result, we
developed a protective coating satisfying the working conditions and investigated its properties. In
the final phase of the experiment, we tested the electrical characteristics of overhead wires with the
developed protective coating.

Keywords: LabVIEW; nanostructured coating; overhead wires; superhydrophobic properties

1. Introduction

Electricity is an essential resource for a prosperous life. It is impossible to imagine our
civilization without electricity: economic and social progress would be relegated to the past
and our daily lives completely transformed. Electrical power has become universal. As we
know, electricity is transmitted from power plants to homes by power lines; by wires. This
poses a problem—in wet and cold regions of the world, where temperatures reach negative
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values, wires become frosted, which leads to a decrease in electrophysical and mechanical
properties and the breaking of power lines [1,2].

There are several solutions to solve this problem. For example, the most common
one is to heat the wires using higher than the rated current (the Joule effect). The de-icing
effect of power lines is achieved by a short-term increase in the current strength or a
short-circuiting of the conductor [3,4].

In modern conditions, with an increasing trend towards general savings in the world,
the heating of wires is an irrational waste of energy. In this case, it is necessary to seek other
approaches for anti-icing. For example, the development of various kinds of protective
coatings with hydrophobic properties. Wang et al. (2011) presented a study confirming
the economic feasibility of using hydrophobic compositions to protect electrical wires from
icing [5].

It is reported that the hydrophobic coating of the aluminum surface of power lines
is not able to provide complete protection against ice formation, but significantly delays
this process. Menini and Farzaneh (2009) demonstrated a successful surface treatment
experience with an anti-icing coating based on poly(tetrafluoroethylene) [6]. The proposed
compound provided a wetting contact angle up to 140°. The researchers were able to
reduce the ice adhesion by 2.5 times and preserve the hydrophobic properties after several
cycles of icing.

Protective coatings are thin films made of various chemical compounds. In particular,
coatings based on MnO, /PS composite (manganese oxide polystyrene), ZnO/PS composite
(zinc oxide polystyrene), CaCOj3 (precipitated calcium carbonate), as well as coatings based
on carbon nanotubes, fluorinated silanes, fluoropolymer coatings, SiO,, and composites
with other oxides, etc. [7-17].

Of the compounds listed, coatings based on nanoscale oxide materials are the most
promising. The anisotropic structure possessed by ceramic materials allows for the for-
mation of strong protective coatings, which is why silicon dioxide-based coatings have
received widespread recognition. SiO, forms a relief structure with low surface energy,
which contributes to the creation of a hydrophobic layer [18]. Ligang Xu and Junhui He
obtained superhydrophobic coatings based on silicon oxide nanoparticles with a maximum
wetting contact edge angle of 156° at a sliding angle of <2° and a maximum transmittance
of 83.7% [19].

There are many methods to obtain silicon dioxide at the nanoscale: self-assembly
method on a substrate [20], sonochemical method [21], magnetron sputtering method [22],
and others [23,24]. Among all of the methods, the sol-gel method should be noted, which
is economical, simple, and effective. Thus, it is possible to fine-tune the particle size during
synthesis, to set the necessary porosity and, in particular, the surface energy [25].

However, to form a film with superhydrophobic properties, it is not enough to use only
silicon dioxide. Many studies show that modification of SiO, with other oxide particles,
such as TiO,, ZnO, ZrO,, Fe;O3, etc., is beneficial [26-30]. Therefore, the purpose of this
work was to develop a technique to obtain a nanostructured oxide coating to protect power
lines from icing, and investigate its elemental composition, morphology, structural and
mechanical properties, and practical effectiveness. Consequently, the novelty of the work is
associated with:

(1) the use of nanostructured coating;

(2) comparison of methods for obtaining a nanostructured coating;

(38) determination of the optimal number of layers of nanostructured coating;

(4) evaluation of the effect of nanostructured coating on the mechanical characteristics of
power lines.

2. Materials and Methods
2.1. Materials

The following materials were used in the experiment: tetraethoxysilane (LLC “Silan”,
Dankov, Russia), ethyl alcohol (LLC “Suvorovsky”, Stavropol, Russia), 25% ammonia
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(LLC “Metachem”, Moscow, Russia), and distilled water. For the practical approval of the
preparation, we used non-heat-treated aluminum alloy ABE (Table 1).

Table 1. Chemical composition of the electrical aluminum alloy of the AVE brand.

Chemical Composition, %wt.
- Tensile Strength, MPa

Si Fe Cu Mg Zn Ti, V, Cr, Mr Al
ABE 045060 035-0.70 005  045-0.60  0.05 ~0.015 remarung 132-170
portion

2.2. Synthesis and Technique of Applying a Protective Coating
In this work, we obtained a silicon oxide-based protective coating in two ways, de-

pending on the application technique:

1. Application of SiO; nanoparticles sol to the surface of ABE wire. Synthesis of silicon
oxide (5iO,) nanoparticles was carried out by the Stober method according to the
following method [31]:

A total of 24 mL of distilled water and 65 mL of ethyl alcohol (96%) were injected into

a 250 mL round-bottomed flask under constant stirring on a Heidolph MR Hei-Standard

magnetic stirrer (“Heidolph Instruments” GmbH & CO. KG, Schwabach, Germany);

(a) continued heating at 50 °C with the addition of 8 mL of 25% aqueous ammonia
solution;

(b) with constant stirring, 3 mL of tetraethoxysilane solution was slowly added dropwise,

(c) theresulting sol was stirred for 1 h at 50 °C.

The ABE wire samples were immersed in this solution for 2 min and dried in a drying
chamber Oven 125 (“IKA”, Staufen, Germany) at 150 °C for 10 min. After each drying, the
mass of the obtained sample was measured. To apply the next layer, the operation was
repeated. The number of layers varied from 1 to 5 (Figure 1).

H,0 NH,OH TEOS

Yy |

s

Si0, layer

C,H;0H

=
/

Climate chamber

Figure 1. Scheme of formation of a nanostructured coating by SiO, sol deposition.

2. The sequential immersion method, based on alternating stages of applying tetraethoxysi-
lane and ammonia solution (T =25 °C; T = 1 min) to the surface of ABE wire [32]. After
each stage of immersion, the ABE wire samples were dried in a drying chamber Oven
125 (“IKA”, Germany) at 150 °C for 10 min. To apply the next layer, the operation
was repeated. The number of layers varied from 1 to 5 (Figure 2). When the wire is
sequentially immersed in a solution of tetraethoxysilane and ammonium hydroxide,
a layer of silicon dioxide is formed in accordance with the reaction:
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NH,OH,pH>7
—

(C2H5O)4Si + H,O Si0,+4C,H50H.

Climate chamber

ol = -]

o] Si0, layer
TEQS IIEL \

5 cycles *’\

Climate chamber

Figure 2. Scheme of formation of a nanostructured coating by sequential immersion in tetraethoxysi-
lane and ammonia.

Research Methods

Measurements of the size and zeta potential of colloidal SiO; particles were carried out
by acoustic and electroacoustic spectroscopy methods in the DT-1202 analyzer (“Dispersion
Technology” Inc., Bedford Hills, NY, USA).

The microstructure and elemental composition of the surface of ABE wire samples
were studied by scanning electron microscopy and energy dispersive microanalysis on
a MIRA-LMH scanning electron microscope (Tescan, Brno, Czech Republic) with the
AZtecEnergy Standard /X-max 20 (standard) elemental composition determination system
(Tescan, Brno, Czech Republic) [33].

The study of the structural and mechanical properties of coated wires were carried out
on a universal testing machine LabTest 6 (LLC “LABTEST”, Moscow, Russia) using DOLI
Test & Motion software (LLC “LABTEST”, Moscow, Russia). Samples of ABE wires were
subjected to a tensile test in static loading mode.

To measure the wetting contact angle, we prepared & 10 mm aluminum plates, the
composition of which corresponded to the composition of the ABE wire. A nanostructured
coating based on oxide materials was deposited on a part of the plates by consecutive
immersion. The other part of the plates was treated with SiO, nanoparticles sol. A series
of samples with a different number of application cycles of the oxide material-based
nanostructured coating was prepared. The number of cycles varied from 1 to 5. The
application of a drop of distilled water onto the experimental coating was carried out by
an automatic micropipette; the wetting contact angle was measured using the LAUDA
Scientific Surface Analyzer 100 device (“LAUDA DR. R. WOBSER” GmbH & CO. KG,
Lauda-Konigshofen, Germany).

The determination of the effectiveness of oxide coatings under laboratory conditions
was carried out in the climate chamber EVCLIM KGH-250 (LLC “ERSTVAK”, Moscow,
Russia). Three series of wire samples were placed in a climate chamber at 98% humidity
and —40 °C temperature for 24 h; one of the samples was treated with a nanostructured
oxide coating developed by sequential immersion in a solution of tetraethoxysilane and
ammonia (5 layers); the second sample was coated by immersion in SiO; nanoparticle sol
(5 layers); and the third sample was an uncoated wire (control sample). Then, the samples
were removed from the climate chamber and the amount of ice formed was recorded.

All studies were carried out in a five-fold repetition (n = 5). Statistical data processing
was carried out in the Statistica 10.0 software (Statsoft, Tulsa, OK, USA). Graphical data
processing was carried out in the Origin software (OriginLab, Northampton, MA, USA).
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The analysis of the effect of the nanostructured coating on the high-frequency signal

was carried out experimentally. The test was conducted on a test bench consisting of a PCle-
6351 signal generation and data acquisition module with a BNC-2120 terminal generating a
frequency signal, using the National Instruments LabVIEW software package (“National
Instruments” Inc., Austin, TX, USA) [34]. Figure 3 shows the connection diagram of this
module with an ABE wire core. Using LabVIEW software, we also developed and wrote a
program for the correct operation of the PCle-6351 module with the BNC-2120 terminal.
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Figure 3. Connection diagram of the BNC-2120 module with ABE wire.
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The measuring equipment used operates under the control of a program for gener-
ating voltage signals of a given shape, amplitude, and frequency, and measuring voltage
waveforms, performed in the LabVIEW graphics programming environment, controls the
hardware via the DAQmx driver. We used the method of direct estimation of the measured
values of stresses at the ends of the experimental sample. Applying the generated voltage
to one end of the wire sample, its value is measured at the connection point and at the
opposite end of the sample. The voltage is generated with the specified parameters of
amplitude, frequency, and initial phase. The measurement of voltage signals is performed
continuously for 1 s and is recorded as an array of instantaneous values with a sampling
frequency exceeding the frequency of the generated signal by an order of magnitude.

The images of the block diagram panel associated with the program are shown in
Figures 4 and 5. Figure 4 shows the first part of the program code for managing the data
generation and collection device. The first is the configuration of the analog voltage signal
generation channel with the specified parameters of the minimum and maximum levels
and the number of the generation channel. Next, the parameters of the continuous signal
generation mode are set, as is the number of samples per unit time describing the signal
and the selection of the clock source of the signal generator. Figure 5 illustrates the second
part of the generation device control code. All operations of this part are performed in a
loop by condition and contain three stages. The first one is aimed at forming a sequence of
values describing the signal of the required shape, frequency, and amplitude. Then, the
generated data array is loaded into the clipboard of the digital-to-analog converter, and the
final action is the start of signal generation. When the cycle stops on demand or when an
error occurs, generation stops and all settings of the generation device are cleared.
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Sample Rate @
I DBL ¥ L
Sample Clock Source

| =% DAQmx Write % B =t DAQmx Timing B =t DAQmx Task R[22
P RegenMode @ u : 1 NumChans ¥
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Figure 4. The first part of the block diagram panel.
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o to the next loop iteration so
that the function generator will
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[=nz) o
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| S—

Mumber of Samples
[I3Z}

3

Waveform Settings Output

Figure 5. The second part of the block diagram panel.
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To study the effect of the nanostructured coating on the high-frequency signal, the
method of direct estimation of the measured values of stresses at the ends of the experi-
mental sample was used. By applying the generated voltage to one end of the wire sample,
its value can be measured at the connection point and at the opposite end of the sample.
The voltage is generated with the specified parameters of amplitude, frequency, and initial
phase. Voltage signals are measured continuously for 1 s and recorded as an array of instan-
taneous values with a sampling frequency exceeding the frequency of the generated signal
by an order of magnitude. Accordingly, the voltage waveforms at the ends of the sample
are measured. Then, the effective voltage values (U; and U;) and voltage frequencies
(f; and f) are determined, as well as the voltage drop on the sample AU, as the voltage
difference (U1-Uj;). The instrumental measurement error was 1%.

3. Results and Discussion
3.1. Study of SiO, Nanoparticles

The SiO; nanoparticles sol obtained by the Stober method was studied by acoustic
and electroacoustic spectroscopy. The results of the SiO; particles size determination and
the nature of their size distribution are presented in Figure 6.

40 -

351

1%
(=]
1

[N
(%]
1

PSD, weight basis
— )
W (o]
1 1

—_
(=]
1

()}
|

0 —————————
30 75 120 165 210 255300
Diameter, nm

Figure 6. Histogram of SiO, nanoparticle size distribution.

As can be seen in Figure 4, the distribution of SiO; nanoparticles has a unimodal
character; the average size of silicon oxide particles is 90 &= 12 nm (the value of the average
hydrodynamic radius + standard deviation). A silicon oxide particle has a small negative
charge equal to —0.14 mV.

3.2. Investigation of the Process of Applying Nanostructured Coatings

The synthesized SiO, nanoparticles sol was applied to the ABE wire surface. During
the experiment, we prepared five groups of ABE wire with a different number of layers
of 50, nanoparticles on the surface. Each group contained five samples. After each SiO,
nanoparticles application cycle, the samples were dried and weighed on analytical scales.
Figure 7 shows a histogram of the relative mass variation (%) of the samples as a function
of the number of SiO; nanoparticles layers deposited.



Coatings 2022, 12, 1346

8 of 25

e
=)
1

0.67

e
~
1

5%
[o))
1

e
W
1

Relative change in mass of samples, %
o o o
o w IS
1 1 1

e
=

g
(=)
I

1 cycle 2 cycle 3 cycle 4 cycle 5 cycle

Figure 7. Relative change in the mass of ABE wire samples treated with SiO, nanoparticles sol.

As can be seen in Figure 7, after each cycle, the mass of the samples increased by 0.13%
on average.

In the second part of the experiment, the protective coating was applied by sequential
immersion in tetraethoxysilane and a 25% aqueous ammonia solution. Before the first
tetraethoxysilane application cycle, the ABE wire samples were washed with distilled water
and dried.

During the experiment, five groups of ABE wire samples with different contents of sil-
icon oxide layers were obtained. Each group contained five samples After each application
cycle, the samples were dried at a temperature of 150 °C and weighed. According to the of
weighing results, the variation of the mass from the samples in relation to the initial mass
of the ABE wire was determined. Figure 8 shows the dependence of the relative change in
the mass of samples after each immersion cycle.
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Figure 8. Relative change in the mass of ABE wire samples treated with a hydrophobic coating by
sequential immersion method.
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As can be seen in Figure 8, the average mass of samples after each cycle increased
by 0.15%. After the application of five layers of protective coating, the relative change
in the weight of the ABE wire does not exceed 1%. In more detail, the mechanical effect
of additional weight due to the application of a nanostructured coating is analyzed in
Section 3.8.

A comparative analysis of the change in the mass of ABE wires after the application
of protective coating in two ways showed that the mass of samples treated with SiO,
nanoparticles sol changes faster after the third cycle, and the mass of samples treated
with a protective coating applied by the sequential immersion method changes faster after
the fourth cycle. It is important to note that when applying a single coating layer, the
largest change in the mass of the sample (0.21%) is observed in the case of using SiO,
nanoparticles sol.

In the third stage of the experiment, we analyzed the elemental composition of the
ABE wire samples using a Tescan MIRA-LMH scanning electron microscope with the
AZtecEnergy Standard /X-max 20 (standard) elemental composition determination system
(Tescan, Brno, Czech Republic). Figure 9 shows the elemental composition spectrum of

an electrical aluminum alloy of the ABE wire, and Table 2 shows the interpretation of the
spectrum.
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Figure 9. Spectrum of the elemental composition of an electrical aluminum alloy of one of the ABE
wire samples.
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Table 2. Interpretation of the spectra of the elemental composition of an electrical aluminum alloy of

the ABE wire samples.

Element Type of Line Weight, % Sigma Weight, % Content of Atom, %

C K series 14.72 £ 0.17 0.54 25.75 + 0.21

(@) K series 18.60 £ 0.23 0.13 2442 +0.23

Na K series 0.33 £ 0.01 0.01 0.30 +0.01

Mg K series 0.18 + 0.05 0.01 0.15 + 0.01

Al K series 56.19 + 0.42 0.36 43.73 £0.37

Si K series 4.78 £ 0.07 0.03 3.57 £ 0.06

K series 0.15 £ 0.01 0.01 0.10 + 0.01

S K series 0.15 £ 0.01 0.01 0.10 £ 0.01

Cl K series 0.46 £+ 0.02 0.01 0.27 £ 0.02

K K series 0.70 &+ 0.02 0.01 0.38 + 0.02

Ca K series 0.45 £ 0.01 0.01 0.24 £0.01

Ti K series 0.09 £+ 0.01 0.01 0.04 +0.01

Fe K series 1.46 £ 0.04 0.02 0.55 + 0.04

Zn K series 0.48 + 0.03 0.02 0.15 £ 0.02

Ag L series 1.26 £ 0.02 0.02 0.24 +0.02

Summ: - 100.00 - 100.00

Data presented are the mean of five repetitions (n = 5) £ standard error.

The interpretation of the elemental composition spectrum showed that the aluminum
alloy contains C, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Tj, Fe, Zn, and Ag. The sample contains
43.73 £ 0.37% (atom.) aluminum, 3.57 £ 0.06% (atom.) silicon, 0.15 £ 0.01% (atom.) mag-
nesium, 0.04 £ 0.01% (atom.) titanium, and 0.55 & 0.04% (atom.) iron, which corresponds
to the composition of the ABE grade aluminum alloy according to GOST 839-80. The
presence of elements such as carbon, oxygen, sodium, sulfur, phosphorus, and zinc, which
are not declared for ABE wire in GOST 839-80, can be explained by contamination on the
wire surface.

Table 3 shows the elemental composition of ABE wire samples with different num-
bers of layers of protective coating applied by the method of sequential immersion in
tetraethoxysilane and ammonia solution.

From the analysis of the data presented in Table 3, we can draw the following
conclusions:

(1) after the application of a protective coating on the wire surface, the content of silicon
and oxygen in the sample starts to increase;

(2) with the increase of the number of layers of protective coating, the silicon and oxygen
content in the sample composition increases and the aluminum content decreases.
The decrease in the aluminum content is associated with an increase in the silicon
oxide layer on the surface of the samples, which covers the surface of the aluminum
wire and does not allow the use of a scanning electron microscope to determine the
aluminum content on the surface of the samples.
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Table 3. The ratio of elements (% atom.) present in the samples prepared with sequential immersion

method.
Content of Atom, %
Elements Control 1 Layer 2 Layers 3 Layers 4 Layers 5 Layers
C 25754+ 021 2344 +0.31 9.72 +0.08 10.39 £ 0.05 9.21 +0.05 14.48 £ 0.07
@) 2442 +£023 16.17+0.05 38.64+0.13 36.01+021 43.04+0.14 4695+ 027
Al 4373 £0.37 571+£0.21 37.8+£026 4043 +024 29.36+0.28 16.7 £0.15
Si 3.57 £ 0.06 3.16 + 0.05 1356 £0.10 12.87+£0.05 18.09+0.18 21.68 +0.14
K 0.38 £ 0.02 - - - - -
Ca 0.24 £+ 0.01 - - - - -
Ti 0.04 £0.01 - - - - -
Fe 0.55 4 0.04 0.13 £+ 0.01 0.14 4 0.01 0.18 4+ 0.01 0.14 £ 0.01 0.13 4 0.02
Zn 0.15 £ 0.02 - - 0.02 £ 0.01 - -
Ag 0.24 4 0.02 - 0.05 4 0.01 0.1+0.01 0.15 4+ 0.01 0.07 4 0.01
Na 0.30 £ 0.01 - 0.08 £ 0.01 - - -
Mg 0.15 £ 0.01 - - - - -
P 0.10 £+ 0.01 - - - - -
0.10 £ 0.01 - - - - -
Cl 0.27 £+ 0.02 - - - - -

Table 4 shows the results of determining the elemental composition of ABE wire with
a different number of layers of protective coating applied by the method of immersion of
samples in SiO, nanoparticles sol.

Table 4. The ratio of elements (% atom.) present in the samples prepared with the method of

immersion of samples in SiO; nanoparticles sol.

Elements Control 1 Layer 2 Layers 3 Layers 4 Layers 5 Layers
C 2575+£021 1556+0.18 23.69 £0.13 12.7 £0.12 10.19 +0.21 142 +£0.14
(@] 24424023 1347 +£013 2573+£020 2514019 31.82+014 37.8+£0.28
Al 4373 £037 67214+038 39.81+£037 551+034 4278+023 30.6+021
Si 3.57 +0.06 3.54 +0.12 9.49 4 0.09 6.76 + 0.07 13.5 £ 0.06 15.8 £ 0.05
K 0.38 £ 0.02 - 0.22 £+ 0.02 - - 0.09 £ 0.01
Ca 0.24 4 0.01 - 0.05 4 0.01 - 0.11 £ 0.01 0.09 & 0.01
Ti 0.04 £ 0.01 - - - 1.15 £ 0.03 0.78 +0.03
Fe 0.55 4 0.04 0.14 4 0.01 0.16 £ 0.01 0.17 £ 0.01 0.12 £ 0.01 0.12 £0.01
Zn 0.15 4+ 0.02 - 0.02 4+ 0.01 0.02 4+ 0.01 0.02 4+ 0.01 0.02 £+ 0.01
Ag 0.24 £0.02 - 0.21 £+ 0.02 - 0.29 £ 0.03 0.24 £ 0.02
Na 0.30 4 0.01 0.05 £ 0.02 0.41 4+ 0.01 0.09 & 0.01 - 0.36 4 0.01

Mg 0.15+£0.01 - - - - -
P 0.10 & 0.01 - - - - -

0.10 £+ 0.01 - 0.04 + 0.01 - - -

Cl 0.27 £ 0.02 - 0.16 4 0.01 - - -

@

From the analysis of the results presented in Table
conclusions:

4, we can draw the following

after applying the protective coating, the silicon and oxygen content increases with
the number of layers of the protective coating, and the aluminum content decreases;
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(2) the oxygen and silicon content in the protective coating applied by immersion in
silicon oxide sol is lower than that of the protective coating applied by sequential
immersion in tetraethoxysilane and ammonia.

Next, we investigated the morphology of the surface of metallic aluminum by scan-
ning electron microscopy (SEM). According to SEM micrographs (Figure 10), the surface
structure of metallic aluminum is homogeneous and non-porous. With an increase in
the resolution of the SEM, granules of crystalline aluminum oxide, of sizes from 0.3 to
0.45 microns, are clearly distinguishable on the surface.

D1=029 um

D2 =0.45ym

D3 =0.29 um

D4 =0.43 pm

D5 =0.36 um

i
{ RN i A t
SEM HV:10.0kV | 31 MIRA3 TESCAN| SEMHV:10.0kV | 36 MIRA3 TESCAN|
SEMMAG: 43 x | Det: SE SEM MAG: 9.01 kx | Det: SE
WD: 8.39 mm Date(m/dly): 04/16/19 Performance in nanospace WD: 8.33 mm Date(m/dly): 04/16/19 Performance in nanospace

Figure 10. Micrography of the SEM surface of metallic aluminum.

Next, we studied the surface morphology of the experimental samples. Since the
morphology of the samples’ surface has a similar character, samples containing one, three,
and five layers of protective coating on the surface were chosen as examples.

Figure 11 shows SEM micrographs of the surface of a sample containing one layer of
protective coating applied by sequential immersion in tetraethoxysilane and ammonia.

D3=33.15nm
U
D1 =60.62 nm

D8=84.10 nm

i ( g
Lu | ) ¥/ ]
SEM HV: 10.0 kv 12 MIRAS TESCAN| SEM HV: 10.0 kv MIRAS TESCAN  SEM HV: 100 kV "1 L 1 MIRAS TESCAN|

SEM MAG: 46 X Det: BSE 1mm SEM MAG: 100 x s SEM MAG: 64.0kx  Det: In-Beam SE  1pm
WD:7.99mm  Date(midy): 06/06/19 Performance in nanospace WD: 7.99 mm Performance In nanospace WD:B08mm  Date(miay): 06/06/19 Performance in nanospace

(a) (b) (c)

Figure 11. SEM micrographs of the surface of a sample containing one layer of protective coating
applied by sequential immersion in tetraethoxysilane and ammonia. (a) zoom x46; (b) zoom x100;
(c) zoom x64,000.
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SEM HV: 10.0 kV
SEM MAG: 46 x

132 WMIRA3 TESCAN

Det: BSE 1 mm

WD:7.88mm | Date(m/dry): 06/06/19

SEM HV: 10.0 kv
SEM MAG: 46 X
WD: £.08 mm

As can be seen from Figure 11, indentations are visible on the surface of the sample,
and a silicon oxide film is present on the surface, which does not uniformly cover the
surface of the sample. With a significant magnification, it can be seen that the film is not
continuous, but consists of silicon oxide nanospheres with a diameter from 26 to 65 nm.

Figure 12 shows SEM micrographs of the surface of a sample containing three layers
of protective coating applied by sequential immersion in tetraethoxysilane and ammonia.

SEM HV: 10.0 kV 1346 MIRA3 TESCAN
SEM MAG: 600 x Det: SE 100 pm
WD:E11mm | Date(m/diy): 06/06/19 Performance in nanospace

SEM HV: 10.0 kv 135 L MIRA3 TESCAN
SEM MAG: 240 Det: SE 200 pm
WD:7.88 mm | Date(midly): 0610613 Performance in nanospace

(b) (c)

Figure 12. SEM micrographs of the surface of a sample containing three layers of protective coating

Performance in nanospace

applied by sequential immersion in tetraethoxysilane and ammonia. (a) zoom x48; (b) zoom x240;
(c) zoom x500.

As can be seen from Figure 12, after the application of the third layer of protective
coating, the surface of the sample is more uniformly covered with a silicon oxide film. With
magnification, it can be seen that the coating consists of flakes of various sizes.

Figure 13 shows SEM micrographs of the surface of a sample containing five layers of
protective coating applied by sequential immersion in tetraethoxysilane and ammonia.

162 MIRAS TESCAN|  SEM HV: 10.0 kV. 164 MIRA3 TESCAN  SEM HV: 10.0 kv 185 | MIRA3 TESCAN

Det: BSE 1 mm
Date{m/dly): 06/06/19

()

SEM MAG: 100 X Det: BSE 500 SEM MAG: 240 X Det: BSE 200 pm
Performance in nanospace WD:E08mm | Date(m/diy): 06/08/13 Performance in nanospace WD: 8.08 mm | Date{midly): 06/06/19 Performance in nanospace

(b) (c)

Figure 13. SEM micrographs of the surface of a sample containing five layers of protective coating

applied by sequential immersion in tetraethoxysilane and ammonia. (a) zoom x45; (b) zoom x100;
(c) zoom x240.

As can be seen from Figure 13, after the application of the five layers of protective
coating, the surface of the sample is covered with a significant layer of silicon oxide. With
magnification, it can be seen that in the pitting recesses, the oxide layer is denser, resulting
in cracking of the coating.
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Figures 14-16 show SEM micrographs of samples containing one, three, and five layers
of protective coating, respectively, deposited by immersion in SiO, nanoparticles sol.

SEMHV: 100KV 22 | | MiRA3 TESCAN]|  SEM MV 1008y 229 L wiras Tescan]  sem v 100 kv 210 MIRA3 TESCAN

SEM MAG: 42 x Det: BSE Tmm SEMMAG: 320kx | Dot In-Boam SE  2jum SEMMAG:640kx | Dot InBeamSE | 1um
WO:BSTmm | Dateimiiy): 060818 Peorassn ve fn mammomes WD:8.63 mm  Dateqmialy): 0606119 Periommancs in nanospace WO 867 mm | Date{m/aly): 08/08/18 Performance in nanospace

(a) (b) ()

Figure 14. SEM micrographs of the surface of a sample containing one layer of protective coating
applied by immersion in SiO; nanoparticles sol. (a) zoom x42; (b) zoom x32,000; (c) zoom x 64,000.

SEM HV: 100KV 22 23
SEM MAG: 44 X Det: 8SE 1 mm SEM MAG: 100 Det: SE 500 ym
WD: 8.23 mm | Data{midiy): 081018 Forformance in nanospace WD:8.28 mm __ Date{m/dly): 0810118 Porf

@) (b) : ©

Figure 15. SEM micrographs of the surface of a sample containing three layers of protective coating
applied by immersion in SiO; nanoparticles sol. (a) zoom x44; (b) zoom x100; (c) zoom x 64,000.

sEn i 10 4V wn | L] wmasrescad
SEMMAGIB40KC | Dot InBoumSE  1ym
WO: 828 mm Date(m/dry): 0810/19 Performance In nanoepace

D3=20.87hm

D1 =54 22'nm

D!

semmenow | 22 MIRA3 TESCAN semwiow | 2em ‘ WiRAS TESCAN
semmac-2x | petsSE  1mm SEMMAG: 640k | Det Ineam SE
WD: 8.60 mm Datem/diy): 08/10/19 Performance in nanospace WD: 8.62 mm | Performance in nanospace

TR R e
S e

WD: B.62 mm | Date(m/diy): 06/10/19 Performance In nanospace

(©)

Figure 16. SEM micrographs of the surface of a sample containing five layers of protective coating
applied by immersion in SiO, nanoparticles sol. (a) zoom x42; (b) zoom x64,000; (c) zoom x128,000.

As can be seen from Figures 14-16, the surface of the ABE wire after applying layers
of silicon oxide, regardless of the number of layers, is not uniformly coated. The degree
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of coating increases with the number of cycles of silicon oxide application, but the main
amount of aluminum oxide is decreased. With magnification, it can be seen that the coating
is not homogeneous and consists of a silicon oxide nanosphere with different diameters
ranging from 20 to 55 nm.

Thus, by the comparison of SEM micrographs of the surface of ABE wire samples with
protective coating, we can conclude that the sequential immersion method in tetraethoxysi-
lane and ammonia lead to denser and more uniform films of silicon oxide on the samples’
surface, while immersion in S5iO, nanoparticles sol does not allow for the achievement of
the same degrees of surface coatings.

3.3. Investigation of Structural and Mechanical Properties of Nanostructured Coatings

In the next stage of research, we investigated the structural and mechanical character-
istics of the coated wires on a universal testing machine LabTest 6. We used the DOLI Test
& Motion software Version 3.5. As a result of the study, stretching diagrams were obtained
for all samples. Three of them are shown in Figure 17.

2500
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1500 1
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0 1 2 3 4 5 6
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Figure 17. Stretching diagrams: (a) ABE wires treated by sequential immersion in tetraethoxysilane
and ammonia (five cycles); (b) ABE wires treated by immersion in SiO, nanoparticles sol (five cycles);
(c) uncoated wires (control sample).

Based on the analysis of tensile diagrams, the dependences of the tensile strength of
the samples on the coating cycles were obtained and are presented in Figure 18.
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Figure 18. The dependences of the value of the tensile strength of samples on the number of
coating cycles on the surface of the ABE wires: (a) ABE wires treated by sequential immersion
in tetraethoxysilane and ammonia; (b) ABE wires treated by immersion in SiO, nanoparticles sol;
(c) uncoated wires (control sample).
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An analysis of the dependences obtained showed that the deposition of a nanostruc-
tured oxide coating on the wire increases the tensile strength of the material. It can be seen
that for the sample coated by successive immersion in tetraethoxysilane and ammonia,
the tensile strength was about 2385 N after five deposition cycles, and for the wire coated
by immersion in the SiO, nanoparticle sol, the tensile strength was about 2305 N after
five cycles. Thus, a coating deposited by successive immersion in tetraethoxysilane and
ammonia exhibits increased strength, which is due to the uniform distribution of dense
silicon oxide films on the surface of the samples. The results of investigation of structural
and mechanical properties of nanostructured coatings are consistent with the results of the
study of the microstructure of the surface of AEF wires. It is important to note that this
material does not have a yielding area.

3.4. Investigation of the Effect of the Number of Nanostructured Coating Layers on the Wetting
Contact Angle

In addition to studying the structural and mechanical properties of the samples, we
analyzed the effect of the number of layers of oxide nanostructured coating on the wetting
contact angle. The results of this study are presented in Figure 19.

140 - a 130
b K
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97 ] ]
100 4 92
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as | Ll
40
20-
0 T T
1 2

3 4 5

Number of cycles

Figure 19. Dependence of the wetting contact angle on the number of application cycles: (a) ABE
wires treated by sequential immersion in tetraethoxysilane and ammonia; (b) ABE wires treated by
immersion in S5iO, nanoparticles sol; (c) uncoated wires (control sample).

The analysis showed that the application of 1-2 layers of nanostructured oxide coating
hardly affected the wetting contact angle. By applying 34 layers of oxide nanostructured
coating, an increase in the wetting contact angle reached 90°, which indicates the forma-
tion of hydrophobic properties of the surface. In the samples with five layers of oxide
nanostructured coating, the value of the wetting contact angle exceeded 120°, which is
characteristic of materials with superhydrophobic properties. It should be noted that the
sequential immersion method in tetraethoxysilane and ammonia achieves a larger wetting
contact angle than the immersion method in SiO; nanoparticles sol.

3.5. Investigation of the Effectiveness of Nanostructured Coating in Critical Climatic Conditions

To study the effectiveness of the oxide nanostructured coating under model conditions,
we placed three ABE wires in a climate chamber with humidity set at 98% and a temperature
of —40 °C for 24 h. The first sample was treated with an oxide nanostructured coating
developed by sequential immersion in tetraethoxysilane and ammonia; the second sample
was treated by immersion in SiO, nanoparticle sol; and the third sample was a control. The
result is shown in Figure 20.
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Figure 20. Photograph of ABE wire after climate chamber: (a) control sample (b) ABE wires treated by
immersion in SiO, nanoparticles sol (c) ABE wires treated by sequential immersion in tetraethoxysi-
lane and ammonia.

As a result, the samples of the control group contained 24.57 + 1.34 g of ice, and the
ABE wire samples treated by successive immersion in tetraethoxysilane and ammonia
contained 9.41 & 0.47 g of ice. No ice crust formation was observed on the surface of ABE
wire samples treated by sequential immersion in tetraethoxysilane and ammonia. The mass
change in this series of samples before and after being placed in the climate chamber was
052+0.13g.

3.6. Investigation of the Effect of a Nanostructured Coating on a High-Frequency Signal

As it is known, the protective coatings under development for overhead line wires
can improve or deteriorate the bandwidth of high-frequency communication channels, as
well as affect the electrical characteristics of the conductor. Therefore, we experimentally
determined the change of the studied characteristics from the application method and the
number of layers of oxide nanostructured coating [35-37].

The influence of the nanostructured coating on the high-frequency signal was de-
termined in the National Instruments LabVIEW software package using the BNC-2120
module generating a frequency signal. During the experiment, we increased the frequencies
from 50 Hz to 239,000 Hz and observed changes in voltage parameters with frequency
changes. In the experiment, three types of wire were used. A wire without any application,
a wire with the application of tetraethoxysilane and ammonia solution, and a wire with
the application of SiO;, nanoparticles sol. Figure 21 shows the signal attenuation graphs at
different frequencies for all ABE wire samples.
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Figure 21. Graph of attenuation values for different frequencies: (a) ABE wires treated by sequential
immersion in tetraethoxysilane and ammonia (five cycles); (b) ABE wires treated by immersion in
5iO, nanoparticles sol (five cycles); (c) uncoated wires (control sample).

According to the obtained graph, it can be concluded that the wire coated with
tetraethoxysilane and ammonia at a frequency of 100,000 Hz has the smallest voltage
deviation. Thus, it can be said that covering the wire with tetraethoxysilane and ammonia
results in a significant decrease in the magnitude of signal attenuation in the studied range.

3.7. Investigation of the Effect of a Nanostructured Coating on the Resistance of an ABE Wire

The effect of nanocoating on the resistance of the ABE wire was evaluated using the
LabVIEW software package version 2022 Q3. The resistance of each aluminum core with a
length of 30 cm was measured. Figure 22 shows the resistance values of ABE wire samples.
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Figure 22. Resistance values of ABE wire samples: (a) ABE wires treated by sequential immer-

sion in tetraethoxysilane and ammonia (five cycles); (b) ABE wires treated by immersion in SiO,
nanoparticles sol (five cycles); (c) uncoated wires (control sample).

From the graphs (Figure 22), it can be seen that the reactance value (X) of the SiO,-
coated ABE wire decreased by 18% compared to the control sample (from 0.000325 £ 0.00001
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to 0.000275 + 0.00001), while the total resistance (Z) also decreased by 13% (from
0.00034 £ 0.00001 to 0.00030 +£ 0.00001), which leads to a decrease in active power losses
and an improvement in the parameters of the electrical regime. At the same time, the
highest resistance value was observed in the samples treated by tetraethoxysilane and
ammonia. Based on these results, it can be concluded that power losses will be minimal at
Si0; coating application.

3.8. Investigation of the Effect of Nanostructured Coating on the Mechanical Characteristics of
Power Lines

Since the applied substance has its own density and mass (the density of the applied
substance gg = 2.65 kg/m? and the wall thickness of one coating layer b = 0.0002 mm), it is
necessary to create conditions such that the sag, as well as distance to the ground, is within
acceptable limits according to the electrical installation rules (Table 5) [35].

Table 5. Minimal vertical distance between overhead wires and the ground surface and industrial
buildings and structures in a populated area.

The Minimal Distance (m),

Working Conditions of the Overhead at an Overhead Lines Voltage (kV)
Lines <20 <35 110 150 220 330 500 750
To the surface of ground 6 7 7 7.5 8 11 15.5 23
To industrial buildings and structures 3 3 4 4 5 7.5 8 12

Wire breakage in an adjacent span to the
ground surface

5.0 5.5 55 55 5.5 6 - -

The sagging arrow is the vertical distance between an imaginary horizontal line with
the wire attachment point and the lowest point of the wire sagging in the span (Figure 23).
The ground dimension is referred to as the smallest vertical distance between the lowest
point of wire sag and the surface of the earth (rivers, lakes, railways, bridges, etc.). The
span length is the distance along the line between two adjacent intermediate supports [38].

Span length

Suspension height

Wire size

Figure 23. Scheme of the main terminology of the power line.

The wires are subjected to mechanical loads directed vertically (self-weight and ice)
and horizontally (wind). Under the action of loads, tensile stresses occur in the metal [38].
A single load is a load that falls on 1 m of wire length. A specific unit load is a mechanical
load uniformly distributed along the wire span, which falls on 1 m of the length of the wire
and 1 mm? of the wire cross-section [39]. These loads are calculated under the condition
that the load is uniformly distributed and there are no wind gusts.
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To calculate the dependence of the wire sag on the mass of the oxide nanostructured
coating, we used an experimental intermediate support P-1TS-5t-S (Table 6, Figure 24) [40].

Table 6. Structural dimensions and characteristics of the support.

Parameter Meaning
Type of support P-1TS-5t-S
Total height of the support, m 25
Installation height of the traverse of phase A, m 19
Installation height of the traverse of phase B, m 19
Installation height of the traverse of phase C, m 23
Overall span length, m 400
Il
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Figure 24. Steel intermediate support of 110 kV overhead line.

For the calculated theoretical experiment, we used the PS-70-V insulator corresponding
to the voltage (Table 7) and the geometric dimensions of the line (Table 8)

Table 7. Physical and mechanical characteristics of the insulator.

Parameter Value
Type of insulator PS-70-B
Number of insulators 8
Electromechanical destructive load, daN 70
Total weight of insulators, kg 36

Construction height, m 1.35
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Table 8. Geometric dimensions of the line.
Parameter Value

Height of insulators, m 1.35

Height of the suspension of insulators of the wire 1 of the phase A circuit (1,1), m 19

Height of the suspension of insulators of the wire 1 of the phase B circuit (/1;2), m 19

Height of the suspension of insulators of the wire 1 of the phase C circuit (/1,3), m 23
Line size, m 7

Size margin, m 0.3

With data on the experimental support and the insulator, we can calculate the max-
imum possible sag. Calculations were carried out in accordance with the guidelines
“Mechanical part of overhead power lines” and GOST 839-2019 “Non-insulated conductors
for overhead power lines. Specifications” [41-43].

The sag is defined as:

fmax = hwire - Hsize - AI_Isizer (1)

where:

Hgj,,—Line size, m;

AH;;,,—Size margin, m;

hyire—Height of the wires to the insulators, which is equal to:

Hapire = hw — A, ()

where:
A—the constructive length of the insulators (1.35 m);
hy—the arithmetic mean of the heights of the centers of gravity of individual wires, which
is equal to:
o hwl + th + hw3

e S ()

_19+19+23
B 3
Using Equation (2), we found the height of the wire fixation:

H =203m

hwire = 20.3 —1.35 = 18.95 m.
Further, according to Formula (1), we calculated the maximum allowable sag;:
frax = 1895 -7 —0.3 = 11.65 m.

The stress of the wire’s own weight, which depends on its material, can be determined
by Formula (4).

Go x 1073
1= —E 4)
cal

where:
Go—weight of 1 km of wire, kg/km;
F_,;—the calculated cross-section of the wire, mm? (reference value) [44].
For experimental calculations, we used normative characteristics of the ABE wire
(Table 9).
1 =471 x 1073/136.43 = 3.452 x 103 daN/m-mm?.
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Table 9. Physical and mechanical characteristics of the ABE wire.

Physical and Mechanical Characteristics Value
Diameter of the wire, mm 15.2
Calculated cross-section of the wire F,;;, mm? 136.43
Specific weight of the wire Gy, kg/km 471
Elastic modulus, E x 1073 daN/mm?2 8.25
Temperature coefficient of linear expansion & X 100 K1 19.2
The normative permissible stress of the wire at the average annual temperature

0101, daN/m-mm? 8.7

Knowing the load of the wire from its own weight, we calculated the sag using
Formula (5).
f — 71 X Lgize (5)

8 X o1

where:
Lgj,e—overall span length (400 m);
ot—standard permissible wire voltage.

3.452 x 1073 x 400%
f= Y, =793 m.

Thus, it can be concluded that the sag remains within the allowable range when loaded
by the wire’s own weight. We then calculated the load of a wire with N layers of oxide
nanostructured coating (Formula (6)).

N 80 X 7TX N X beg(d+ N X bgyy) x 1073

, (6)
72 F, cal

where:
go—density of coating (2.65 kg/m?);
boy—thickness of 1 layer;
d—outer diameter of the ABE wire (15.2 mm);
N—number of layers.
Then, we calculated the load of a wire with one layer of oxide nanostructured coating:

721 =265 x 3.14 x 1 x 0.0002(15.2 + 1 x 0.0002) x 1073/136.43 = 1.855 x 10~/ daN/m-mm?

o0 _ 265X 3,14 100 X 0.0002(15.2 4 100 x 0.0002) x 10~2
loo _

The weight of the wire was also calculated with an increase in the amount of oxide
nanostructured coating by one layer (Formula (7)).

B=m+m @)
73 =3.452 x 1073 + 1.855 x 1077 = 3.4522-10 "2 daN/m-mm?,

From the calculations, it can be seen that one layer of the applied coating changes the
load of 0.0002-10~3 daN/m-mm? (0.006%), which will not affect the increase in the sag, b
how will the situation change if the overhead line wire is treated with 100 layers of oxide
nanostructured coating? The following is a similar calculation using Formulas (6) and (7):

= 1.858 x 10~° daN/m-mm?.

136.43

7300 = 3.452 x 1072 4 1.858 x 107° = 3.471 x 10> daN/m-mm?.
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The value of sag according to Formula (5) will be:

3.471 x 1073 x 400%
f= S 87 =798 m.

Even with 100 layers of nanostructured oxide coating on the ABE wire, the load will
increase by 0.019 x10~2 daN/m-mm? (0.55%), and the sag will only increase by 0.05 m,
which will also be absolutely not critical. In addition, we carried out calculations for a large
number of hydrophobic coating layers.

4. Conclusions

We have developed a nanostructured coating for the protection of the wires of power
lines. Two methods of applying a nanostructured coating to the surface of the ABE wire
were used in this work: the method of sequential immersion in a solution of tetraethoxysi-
lane and ammonia, and the method of immersion in SiO, nanoparticles sol. We have
established that the method of sequential immersion in a solution of tetraethoxysilane
and ammonia is optimal, which has the following advantages compared to the method of
immersion in S5iO, nanoparticles sol:

—  formation of denser and more homogeneous coatings, consisting of silicon oxide
nanoparticles with a diameter from 26 to 65 nm;

—  higher content of silicon (21.68 % 0.14% compared to 15.8 &+ 0.05%) and oxygen
(46.95 & 0.27% compared to 37.8 &= 0.28%) in samples of nanostructured coatings;

— higher tensile strength (2385 N compared to 2305 N);

—  higher wetting contact angle (130° compared to 110°);

—  higher efficiency in critical climatic conditions (ice mass 0.52 + 0.13 compared to
9.41 £0.47 g);

—  lower voltage deviation at 100,000 Hz (0.5% compared to 3.5%).

The disadvantage of nanostructured coatings obtained by sequential immersion in a
solution of tetraethoxysilane and ammonia is an increase in reactive and total resistance,
which leads to a loss of power in transmission lines. The use of nanostructured coatings
obtained by immersion in SiO, nanoparticles sol allows for the reduction of the reactive
resistance by 18% and the total resistance by 13% compared with the control sample.

The calculation of the sag and the mechanical effect of the additional weight of the
nanostructured coating showed that the application of five layers of coating does not
significantly affect the mechanical characteristics of power lines.

The data obtained will become the basis for the industrial introduction of a new
type of hydrophobic coatings for wires intended for northern regions with extremely low
seasonal temperatures.
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