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Abstract: In recent years, the performances of rubber composite insulators, which operate in the
coastal foggy regions, have attracted researchers’ concern because of the observation of their
degradation. In this paper, salt-fog experiments with DC test voltage of high-temperature
vulcanized (HTV) silicone rubber (SR) have been conducted. The electrical strength and material
performances of samples with salt-fog treatment were focused on. The DC flashover voltage,
hydrophobicity, scanning electron microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), and dielectric parameter were investigated. It was found that the samples’ performances
deteriorated after salt-fog treatment. The DC flashover voltage of HTV SR decreased in the salt-fog
environment. The hydrophobicity of the material deteriorated and the static contact angle (CA)
became small. Under the action of electric and thermal stress, the surface of samples after salt-fog
treatment became rough and porous. The absorption peak of the hydrophobic groups decreased,
indicating that the molecular chain of SR material was broken, and the filler was consumed,
bringing down the arc resistance of the sample. The absorption of moisture further led to insulation
performance loss and then reduced the electrical strength of the material. Degradation of
physicochemical properties will eventually lead to a decline in electrical strength.

Keywords: silicone rubber; salt-fog; DC electrical strength; hydrophobicity; SEM; FTIR; dielectric
parameter

1. Introduction

Rubber composite insulators using high-temperature vulcanized (HTV) silicone rubber (SR) as
the sheaths and sheds material are widely applied in the power systems of China in recent decades
for their many advantages, such as excellent antipollution flashover performance, light weight,
convenient installation, and especially the hydrophobicity and hydrophobicity transfer. They
provide better electrical and physicochemical performances compared with the traditional porcelain
and glass insulators [1-4].

However, silicone rubber sheds suffer from various kinds of external environmental stresses in
practice, such as pollution, ultraviolet radiation, heat, salt-fog, etc. The performance of silicone
rubber composite insulators will be degraded under multiple stresses, which may cause severe
damage to the electrical transmission system. For example, the long chain structure of silicon rubber
can be broken to short ones in the environment of high-energy rays, which will reduce the
hydrophobicity of silicone rubber, resulting in a reduction of flashover voltage [5,6]. The absorption
of moisture increases the dielectric constant and dielectric loss factor (tand), which leads to local

Polymers 2020, 12, 324; doi:10.3390/polym12020324 www.mdpi.com/journal/polymers



Polymers 2020, 12, 324 2 of 17

heating on the insulator and poor insulation performance, decreasing the breakdown filed strength
of HTV SR [7,8]. Hydrophobic surfaces can still be destroyed in heavy contamination, thus forming
dry bands before the recovery of hydrophobicity [9]. The electric field also affects the performance of
the silicone rubber insulator. The water drop on the surface of composite insulators can be
elongated, forced by the voltage stress, making the static contact angle decrease [10]. In turn, the
electric field will be enhanced by water drops, especially at the interface of the water drop and the
insulator surface, the corona caused by which plays a negative role in the long-term operating of
composite insulators [11]. In a word, under the influence of various electrical stresses and
environmental stress, silicone rubber material will inevitably age, which has become a widespread
concern in scientific research and operation departments [12].

In recent years, China has constructed several EHV and UHV power transmission projects, and
some others are about to start. In this condition, long-distance transmission lines will travel through
complex climate regions. In southern China, a large number of composite insulators have been
installed in the coastal areas with a salt-fog environment, and we have observed that there have been
some performance changes of running composite insulators [13]. There has been a decrease of
flashover voltage of insulators in the salt-fog environment—salt-fog has an independent effect on
this downward trend [14]. It was found that the long-term field exposure yielded weaker insulator
deterioration than the salt-fog chamber ageing [15], suggesting that long-term salt-fog aging may
have a serious impact on the properties loss of HTV. The salt-fog aging phenomenon under corona
treatment is more obvious than that without energy [16]. More hydroxylation induced by corona
was found in a cold-fog condition, which may cause a hydrophobicity loss of composite insulators
[17]. In addition, some detection techniques have been applied to study and evaluate the
performance of silicone rubber or composite insulators. For instance, the flashover voltage, or
breakdown strength, can reflect the macroscopic electrical insulation property of a material. Static
contact angle can tell us something about a material’s hydrophobicity. Fourier infrared spectrum
(FTIR) and scanning electron microscopy (SEM) are often used to study the microstructure of
silicone rubber. These methods are often used alone or together to study the properties of the
material [18-22].

In this paper, the aging experiment of HTV SR samples were conducted in a salt-fog
environment with DC energized voltage, and then the electrical strength and physicochemical
performances of aged and fresh samples were measured and discussed to study the impact of
salt-fog on SR. The variation of DC flashover characteristics was studied. The hydrophobicity
change was studied from the results of static contact angles. The microstructure of the sample
surface was also observed using the scanning electron microscope. The change of molecular chain
bonds was analyzed according to the Fourier infrared spectrum of the samples. The dielectric
parameters were proposed to evaluate the insulation performance of HTV silicone rubber. All the
research results are discussed to study the effect of salt-fog in the coastal areas on silicone rubber
composite insulators from some aspects.

2. Materials and Methods

2.1. Samples

The silicone rubber samples used in this paper were provided by a Chinese composite insulator
manufacturer, and the composition of the silicone rubber samples is the same as that of the
composite insulator operating on the transmission line. The main component of this HTV silicone
rubber is polymethyl ethylene, and a certain proportion of reinforcing agents (silica and silicate) and
flame retardants (aluminum hydroxide) were added. In addition, the samples were a sheet-like
shape and the size was 150 mm x 120 mm x 6 mm, shown in Figure 1. Two 12.5 mm electrodes were
mounted on each end of the sample during the test process, so the leakage distance of the sample
surface was 125 mm.
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Figure 1. Tested samples (unit: mm).

2.2. Experimental Setup

The aging and flashover tests were carried out in an artificial climate chamber, which had a
cylindrical structure and its length was 3.8 m and diameter was 2.0 m. During the test, the salt-fog
environment was simulated by generating ultrasonic water mist into the test chamber. The generator
can produce salt-fog particles with an amount rate of 2.5 kg/h and these salt water particles had an
average size about 1~10 pm. The power supply used in the test was provided by a 150 kV/6 A AC
transformer whose maximum short-circuit current was 30 A, meeting the requirements of IEC for
the pollution test power supply [23]. The schematic diagram of test circuit is shown in Figure 2, the
DC voltage in the test was positive and the meanings of symbols are illustrated in the figure.

3f Data collection system

T - AC test transformer; R, - Current limiting resistor;
D - Silicon stack; C - Capacitor for rectification;
H - Wall bushing ; F - Salt-fog generator;

E - Artificial test chamber; r - Sampling resistor (50 €);

I - Resistor divider (R:R,=1000:1)
Figure 2. Schematic diagram of DC test circuit.

2.3. Aging and Flashover Test Method with DC Energized

(1) Preparation: Before the aging and flashover test, we carefully cleaned SR samples with
absolute ethanol and deionized water and then put them into a dust-free box for 24 h to ensure that
the samples’ surfaces had good hydrophobicity [5,21,24-26]. According to the relevant regulations of
IEC and Chinese standards about the creepage ratio of the light and medium polluted areas in China
(35 mm/kV and 40 mm/kV), the applied voltage (Us) was determined to be 3.6 kV and 3.2 kV since
the leakage distance of samples was 125 mm [27,28]. In addition, 1.6 kV and 0 kV (i.e., unenergized)
were also selected in order to analyze the influence of applied voltage value.

(2) Aging process: The spray device was first activated, and then a predetermined voltage was
applied to the sample to initiate pressure aging for different duration timest (2 h, 4 h, 6 h, and 8 h) in
the salt-fog environment with different water conductivity rates (y20) of 100 uS/cm, 1000 puS/cm, 3000
pS/cm, and 5000 pS/cm, respectively (all corrected to 20 °C). The temperature of the climate chamber
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was set at 10 °C. The leakage current waveform was recorded during the period, and the following
parameters were calculated based on the current data.

(1) Maximum pulse (Irmax): The maximum value of the leakage current in a certain period of test
time.

(2) Discharge amount (Q): The total discharge in a certain period of test time, which is
calculated as

0= [lic) M
0

where Q is the discharge amount (C), i(t) is the leakage current (A), 7 is the length of time (s).

(3) Electrical strength test: DC flashover voltage was used to characterize the electrical strength
of HTV SR in the salt-fog environment. An even-rising voltage method was adopted to find the
critical point of electrical strength—we increased the applied voltage uniformly and the flashover
voltage was recorded once the flashover occurred. Flashover tests were carried out on 3—4 samples
and 4-5 times per sample under the same salt-fog condition. The average flashover voltage Ur and
the relative deviation error (o) were calculated as:

N
_ ZIU @

U
TN

N
a=\/(Z(Ui—Uf)z)/(N-l)/foIOO% 6)

i=1

where Ui is single flashover voltage, N is the total number of valid flashover events for each test
condition with different salt-fog conductivity or a different duration time.

2.4. Physicochemical Performances Test Methods

The following material properties were tested on samples subjected to an 8 h electrification test
in a salt-fog environment, as well as a fresh sample.

2.4.1. Hydrophobicity

A 30 mm x 30 mm tiny sample was cut from the SR sample for the hydrophobicity test. In this
paper, we used the static contact angle (CA) to evaluate the hydrophobicity of HTV SR after salt-fog
treatment. The measuring device was a DropMeter A-100P video optical contact angle measuring
instrument produced by Ouyi, Ningbo, China. Static contact angle measurements were made at nine
different positions on the surface of the sample and the results were averaged.

2.4.2. Scanning Electron Microscopy (SEM)

SEM tests were carried out on 1 mm x 2 mm x 3 mm samples that were subjected to a salt-fog
experiment with DC energized. The device was a scanning electron microscope manufactured by
FEI, Hillsboro, USA with an adjustable magnification of 80-150,000.

2.4.3. Fourier Transform Infrared Spectroscopy (FTIR)

An ALPHA Fourier infrared spectrometer manufactured by Bruker, Karlsruhe, Germany was
used for the FTIR test to study the molecular chain bond conditions of samples. In this paper, FTIR
was performed on the position where the sample surface was severely burned by arc, and the
measurement range was 400 cm™! to 4000 cm™.
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2.4.4. Dielectric Parameters

A tiny 30 mm x 30 mm sample of SR was taken for broadband dielectric spectrum scanning to
obtain the dielectric parameters of SR sample at different frequencies by an Alpha-A concept 80
wide-band dielectric spectrum analyzer, which was made by Novocontrol Technologies of
Montabaur, Germany. The measurement was carried out in a constant temperature box of 25 °C and
the frequency was set from 10~ Hz to 10° Hz.

3. Results and Discussion
3.1. Electrical Strength under Salt-Fog with DC Energized

3.1.1. Fog Water Conductivity

The electrical strength of silicone rubber was investigated according to the aforementioned test
procedure. The DC flashover voltage results of samples with different fog water conductivity rates
and different duration times are shown in Table 1, the applied voltage was 3.2 kV.

Table 1. DC flashover results at different fog water conductivity rates (DC 3.2 kV).

Y20 (uS/cm)
t (h) 100 1000 3000 5000
Uy (kV) o (%) Uy (kV) o (%) Uy (kV) o (%) Uy (kV) o (%)
2 25.9 5.2 14.4 3.1 11.8 3.8 10.1 3.4
4 249 1.8 13.7 22 11.2 24 9.3 29
6 23.3 3.6 12.6 3.5 10.3 2.8 8.5 24
8 213 3.3 11.4 23 8.7 2.3 7.4 1.7

It can be concluded from Table 1 that the fog water conductivity rate has a significant effect on
flashover voltage reduction. For instance, for samples energized for 8 h, Uswere 21.3kV, 11.4kV, 8.7
kV, and 7.4 kV when y2 was 100 pS/cm, 1000 puS/cm, 3000 uS/cm, and 5000 uS/cm, respectively,
which indicates that the U decreases by 46.48%, 59.15%, and 65.26%. The reason may be that with
the increase of fog water conductivity, the deposition of conductive substances on the silicone
rubber surface increases, causing the arc to burn more intensely, then resulting in a decrease in the
flashover voltage.

Numerous studies have found that the relationship between the DC pollution flashover voltage
and SDD can be expressed as follows [29-31]:

U,=A-SDD" 4

where A is the coefficient related to the insulator material, structure, and power type; SDD is the salt
deposit density (mg/cm?), n is the effect coefficient of SDD on flashover voltage, while the
relationship between SDD and y20 can be expressed as [32]:

SDD = (5.7y,9)" " - (V/S) ®)

where y2 is the volume conductivity at the temperature of 20 °C (S/m), V is the volume of
suspension (cm?), S is the area of sample surface (cm?).

For the salt-fog experiment, the volume of salt-fog generated by spray system and the sample
surface area are both constant in a certain period of time. Therefore, referring to Equation (4), the
relationship between the flashover voltage Urand yz in the salt-fog environment can be expressed as
follows:
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Uy =A-((57y9)" " -(V[S)™"
=(A-(6-(V/S) ) (ry) " ©)
=By 207m

where B is the coefficient related to the silicone rubber material, structure, and power type; yx is the
fog water conductivity (uS/cm); m is the effect coefficient of y20 on flashover voltage.
Fitting the test results in Table 1 with Equation (6), the fitted curves and the value of parameters
B and m are shown in Figure 3 and Table 2. It can be seen from the fitting results that the DC
flashover voltage of SR samples energized in a salt-fog environment for a period of time decreases
exponentially with the increase of fog conductivity.
30
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Figure 3. Relationship between Urand y2 (DC 3.2 kV).

Table 2. Fitting results of flashover voltage.

t (h) B m
2 77.99 0.2401
4 77.49 0.2470
6 74.54 0.2531
8 73.12 0.2679

Table 3 shows the variation of discharge characteristics in different salt-fog conductivity
conditions when the applied voltage was 3.2 kV and the duration time was 8 h.

From the leakage current data, it can be seen that during a complete aging test, the maximum
pulse (Imax), and discharge amount (Q) of the leakage current on the sample surface increased
significantly with the increase of fog water conductivity. For example, when y20 was 1000 puS/cm,
during the test, Imax was 0.989 mA and Q was 0.136 C, while when y2o increased to 5000 uS/cm, Imax
was 7.836 mA and Q was 5.793 C, which increased by 6.92 times and 41.60 times, respectively,
indicating that the salt-fog environment with higher fog water conductivity leads to a more intense
discharge.
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Table 3. Characteristic quantity of leakage current at different fog water conductivity rates (DC 3.2 kV, t =8 h).

Y20 (uS/cm) 100 1000 3000 5000
Q/C 0.136 1.594 2.639 5.793
Inax/mA 0.989 1.972 2.832 7.836

3.1.2. Duration Time of Applied Voltage

According to the test results in Table 1, under the same fog water conductivity environment,
flashover voltage (Uy) declined with increase of duration time of applied voltage (t), as shown in
Figure 4. In addition, it can be seen from the fitting results in Table 2 that with the extension of
duration time, the influence coefficient characteristic exponent m increased. For example, when the
duration time increased from 2 h to 4 h, 6 h, and 8 h, the m value increased by 2.87%, 5.41%, and
11.58%, respectively, which gives a sign that the fog water conductivity has a greater influence on
flashover voltage drop with the duration time increases.

—a—,,= 100uS/cm

28
—0— ,,~1000uS/cm
26+ —A— y,,=3000pS/cm
4 ——7,,=5000uS/cm
22 A
Z 4
- o
=14
12 4
10 1
8 4
2 4 6 8
t/h

Figure 4. Relationship between Urand t (DC 3.2 kV).

Table 4 shows the specific values of the leakage current characteristics of different time periods
during the 8 h test in the salt-fog condition, y20 is 5000 uS/cm and U. is 3.2 kV. The current waveform
also indicates that the discharge degree was gradually getting stronger, as shown in Figure 5. To be
specific, in the first two hours of the test, the maximum pulse amplitude and accumulated discharge
amount were 0.682 mA and 0.476 C, which increased to 7.836 mA and 2.646 C in the last two hours,
increasing by 10.49 times and 4.56 times, respectively.
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Figure 5. The typical waveform of leakage current (DC 3.2 kV, y20 = 5000 uS/cm).
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Table 4. Specific values of leakage currents at different time periods (DC 3.2 kV, y20 = 5000 uS/cm).

t (h) QO Inax (mA)
0~2 0.476 0.682
2~4 0.937 2.368
4~6 1.734 3.732
6~8 2.646 7.836

3.1.3. Applied Voltage

The DC flashover voltage test results of the samples under different applied voltage conditions

are shown in Table 5 and Figure 6. It can be seen that whether the sample was energized in the
salt-fog environment and the applied voltage had an influence on the DC flashover voltage. To be
specific, in the salt-fog environment with vy of 3000 uS/cm, compared with 10.7 kV of the
unenergized sample, the Urof samples energized with 1.6 kV, 3.2 kV, and 3.6 kV were 9.9 kV, 8.7 kV,
and 7.9 kV, reducing by 7.48%, 18.69%, and 26.17%, respectively. This indicates that in the salt-fog
environment, the aging of SR was aggravated by the increase of electric field stress, the

hydrophobicity was reduced or even lost, and the insulation performance deteriorated, resulting in a

decrease of electrical strength.
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Table 5. DC flashover results at different applied voltage (y20 = 3000 uS/cm).

U. (kV)
t (h) 0 1.6 3.2 3.6
ur (kV) o (%) Ur (kV) o (%) ur (kV) o (%) Ur (kV) o (%)
2 15.0 3.1 14.1 2.3 11.8 3.8 11.7 29
4 14.3 2.7 12.9 1.8 11.2 2.4 104 2.6
6 12.8 4.0 11.6 2.8 10.3 2.8 9.6 3.1
8 10.7 29 9.9 1.4 8.7 2.3 7.9 4.0
164
—u—=2h
—e— —4h
—a—=6h
e —o— 1=8h
5 12 1
5\
10 4
8 4
0 1 2 3 4
U,/ kV

Figure 6. Relationship between Urand Ua (y20 = 3000 uS/cm).

Similarly, the leakage current flowing through the surface of the sample increased as the
applied voltage increased, as shown in Table 6. In the salt-fog condition with a 3000 pS/cm fog water
conductivity rate, the maximum leakage current of the sample with a voltage of 3.6 kV increased by
3.20 times more than that with 1.6 kV, and the cumulative discharge increased by 5.15 times,
indicating a more severe discharge under a higher applied voltage.

Table 6. Characteristic quantities of leakage current at different applied voltage (y20 =3000 uS/cm, ¢t =8 h).

U (kV) Q (C) Inax (mA)
1.6 0.498 0.697
3.2 2.639 2.832
3.6 3.062 2.927

3.2. Physicochemical Performances under Salt-Fog with DC Energized

3.2.1. Hydrophobicity

Silicone rubber material is widely used in power systems because of its good hydrophobicity.
At present, researchers generally believe that materials with a larger static contact angle have better
hydrophobicity. However, in our experiment we observed that the static contact angle of SR samples
operating in the salt-fog environment with DC energized had decreased. Figure 7 shows the surface
states of energized and unenergized samples under the same fog water conductivity rate (y2 = 1000
uS/cm) for the same time (¢ =8 h).
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(@)

Figure 7. Surface states of the samples after salt-fog treatment. (a) Unenergized (0 kV), (b) energized
(DC 3.2 kV).

It can be seen from Figure 7 that the water droplets on the surface of the unenergized sample
were distributed evenly and independently, and only small pieces of water film existed in the edge
area; while for the energized sample there were dispersed water films and dry-bands on the surface,
indicating a loss of hydrophobicity. In addition, in the connection area between water films, traces of
arc burning can be clearly seen, indicating that in areas with uneven distribution of water droplets,
the electric field was distorted and produced partial discharge, which destroyed the molecular
structure and degraded the hydrophobicity of materials.

Figure 8 shows the flashover process of the HTV SR sample in the salt-fog environment. (a)
Water droplets eventually deposited on the sample surface, distributing evenly and independently
with a good hydrophobicity of silicone rubber. At this point, the silicone rubber samples were
covered by a high resistive layer, which was scattered with conducting water droplets; (b) the
increase of droplet density reduced the distances among the droplets. The DC electric field flattened
and elongated the droplets to connect with each other randomly; (c) water film and channel reduced
the distance between the electrodes, which led to an increase in the electric field between adjacent
wet regions and spot discharges, which consumed the polymer surface around the droplets and
destroyed hydrophobicity, eventually causing an elongation of water channel and further spot
discharge at the end of channel; (d) increase of the water channel’s length sorts the samples by a
conductive, electrolytic path, through which the arc traveled on the surface, finally causing flashover

33,34].
Water droplets\. Elongated and connected
{
o e,
'. ° ~
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Figure 8. Development of flashover of HTV SR sample in salt-fog environment. (a) Water drops
deposit, (b) water drops deformation, (c) partial discharge, (d) flashover.

Further, the samples subjected to the 8 h electrification test under different DC voltages were
used to measure the static contact angle to study the degradation of the hydrophobicity, as shown in
Figure 9.

06=118.9°
(a) (b)

(o) (d)

Figure 9. Static contact angles at different applied voltages (y20=1000 uS/cm, t =8 h). (a) DC 0 kV, (b)
DC1.6kV, (c) DC3.2kV, (d) DC3.6 kV.

After the salt-fog experiment, it was found that the decrease of the static contact angle (CA) of
the SR sample was related to the applied voltage U.. The higher the value of the Us, the greater the
decrease. For example, the CA values of the samples were 84.6°, 65.7°, and 52.3° when U. were 1.6
kV, 3.2 kV, and 3.6 kV, decreased by 28.85%, 44.74%, and 56.01%, respectively, compared with the
unenergized sample (118.9°), which indicates that the hydrophobicity of SR samples has
deteriorated.

The degradation of hydrophobicity was essentially caused by the destruction of the molecular
structure of the SR material. The higher the applied voltage value, the greater the electric field
strength, resulting in more intense discharge. Electrothermal action destroyed the molecular
structure of the sample surface, resulting in a decrease in hydrophobic groups and an increase in
precipitation of hydrophilic groups and inorganic substances, making the static contact angle
smaller, this issue will be discussed further below.



Polymers 2020, 12, 324 12 of 17

3.2.2. SEM

The scanning electron microscope images show the micromorphology of the material surface,
which can intuitively reflect the changes of the silicon rubber material surface in the salt-fog
environment. Figure 10 shows the SEM images of tested samples under different applied voltages
for the 8 h test, y20 is 1000 uS/cm.

It can be seen from Figure 10 that the surface structure of the fresh SR sample was compact,
with good flatness and no obvious impurities and defects. On the other hand, the surface structure
of the samples energized with DC voltage in salt-fog environment was obviously degraded. The
surfaces of tested samples became rough and porous, and were covered with a blocky or cluster-like
powder, and with the increase of applied voltage, the destructive effect became more obvious. Since
the water droplets easily collapsed on the rough, uneven surface, the static contact angle of
electrification-aged samples decreased. This kind of test image also indicates that degradation such
as powdering, cracking, and breakage occurs in SR materials operating in the salt-fog environment.
According to our follow-up study, it is estimated that the powders on the sample surface may be
small molecule siloxane formed by the cleavage of long chain molecules.

]M]

(c) (d)

Figure 10. SEM images at different applied voltage (Y20 = 1000 pS/cm, ¢t =8 h, 1000x). (a) DC 0 kV, (b)
DC 1.6 kV, () DC 3.2 kV, (d) DC 3.6 kV.

3.2.3. FTIR

The Fourier transform infrared spectroscopy is widely used to study the type and relative
content of molecular bonds in polymer materials. The wave numbers corresponding to each typical
functional group of SR materials are shown in Table 7. In the spectrogram, the higher the absorption
peak height, the more the corresponding functional group content.
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Table 7. FTIR absorption bands of silicone rubber.

Wavenumber (cm?)  Functional Groups Characteristics
790~840 Si—(CHs)2 CH stretching vibration
1000~1100 Si-O-Si Si—O stretching vibration
1255~1270 CH in Si-CHs CHs symmetrical deformation vibration
2960~2962 CH in CHs C-H stretching vibration
3200~3700 OH Condensation OH stretching vibration

In the present study, by measuring the absorption peak height in a specific band range, the
formation, fracture, and recombination of the corresponding chemical bonds were obtained. Thus,
the changes in the chemical structure of SR in the salt-fog environment were deduced. The FTIR
spectrum for one fresh sample and three energized samples with different DC voltages in a salt-fog
condition for 8 h is shown in Figure 11, and Table 8 presents the absorption peak height for
corresponding bands.

_ Si-0-Si
1.0y Si-(CHs), ———  Fresh sample
—— DCL6kV
o ¥ —— DC32kV
§ o6 —— DC3.6kV
o
S 04l CH in Si-CH;
= oi
0.0 A
500 750 1000 1250 3000 3350 3500 3750 4000
Wave number / cm™
Figure 11. FTIR spectra at different applied voltages (y20 = 1000 uS/cm, t = 8 h)
Table 8. The absorption peak height of bands in the FTIR spectrum.
Wavenumber (cm™)
Samples
790~840 1000~1100 1255~1270 1412 2960~2962 3200~3700
Fresh sample 0.914 1.000 0.354 0.030 0.092 0.156
DC1.6kV 0.493 0.556 0.186 0.017 0.048 0.007
DC3.2kV 0.135 0.160 0.048 0.005 0.014 0.006
DC 3.6 kV 0.080 0.110 0.024 0.003 0.009 0.004

It can be seen from Figure 11 and Table 8 that the absorption peak height of the main
characteristic bands in the infrared spectrum of the sample subjected to the aging test in the salt-fog
condition decreased significantly, and the larger the applied voltage value, the more obvious the
downward trend. Compared with the fresh sample, the absorption peak height of the energized
samples with 3.6 kV had a decrease up to 90%, which indicates that several bonds were seriously
broken. The absorption peak height of Si—-(CHs)2 near the band 790-840 cm™ decreased, indicating
that the methyl group in the molecular side chain of silicone rubber decreased, and the nonpolar
methyl group in the side chain was the structural basis for good hydrophobicity of silicone rubber.
Therefore, this change will lead to poor hydrophobicity of the sample, CA of water droplets on the
silicone rubber surface will become smaller, and adjacent water droplets will be easier to connect
with each other, resulting in water film and channel. Similarly, the decrease in the intensity of the
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adsorption peak at 1000-1100 cm™ confirms that the main Si—-O-Si chain of SR molecule was broken.
The absorption peak heights in the 1255-1270 cm™ and 2960~2962 cm™ bands also decreased
significantly, indicating that the C-H bond within the methyl group also broke, forming free
hydrogen. As for the OH bond near 3200-3700 cm™, there were two factors affecting the peak height
of it. On the one hand, the free hydrogen element generated by the C-H bond cleavage underwent a
hydroxylation reaction with the silicon—oxygen bond to form a new silanol, resulting in an increase
in the OH absorption peak. On the other hand, the alumina trihydrate (ATH, a filler material used to
inhibit the discharge of SR) [35], decomposed into alumina under the electrothermal action, resulting
in a decrease in the OH absorption peak. According to the measurement results, it is obvious that the
latter factor played a stronger role, indicating that a large amount of inorganic flame retardants was
consumed by the arc burning during the aging test. Therefore, with the gradual consumption of
ATH, the arc resistance of the SR material gradually decreased, making the surface of the sample
more susceptible to partial discharge, which eventually leads to a reduction in the flashover voltage.

3.2.4. Dielectric Parameter

Dielectric parameters are the basic physical properties of dielectric, which can characterize the
polarization and dielectric loss of materials. In this section, the complex permittivity (including real
part €' and imaginary part €”) and dielectric loss tangent (tand) of the SR applied by different
applied voltages were obtained, as shown in Figure 12. The specific dielectric parameter values of
the samples at three typical frequency points of 10! Hz, 50 Hz, and 10* Hz are shown in Table 9.

It can be concluded from Figure 12 and Table 9 that both the & and tand of energized samples
were obviously higher than the fresh sample. In the salt-fog experiment process, the arc
cauterization caused holes and cracks on the samples’ surfaces, which leads to a loose and porous
surface, so the moisture is more easily able to invade the sample. Thus, the intrusion of moisture
increases the polarization and dielectric loss of SR material. Finally, the insulation performance of
the material deteriorates and the flashover voltage decreases.

Table 9. Variation of dielectric parameters at different applied voltage (y20=1000 uS/cm, t =8 h).

Samples 101 Hz 50 Hz 10¢ Hz
€ g’ tand € g’ tand g g’ tand
Fresh sample 8.09 0.58 0.071 7.23 0.13 0.018 7.03 0.03 0.004
DC 1.6 kV 10.81 2.42 0.224 7.77 0.34 0.044 7.10 0.07 0.010
DC3.2kV 16.42 7.45 0.454 8.12 0.48 0.059 7.18 0.09 0.012
DC 3.6 kV 22.94 12.08 0.527 8.25 0.76 0.092 741 0.14 0.019
24 Fresh sample 1 — Freshsample o0 Fresh sample
221 —— DC L6kV 12  bhelekv 054 —— DC L6V
20] —— DC32kV  Deia — DC32kV
. —— DC3.6KV 109  he3ekv 4] —— DC36KV
8]
% 4] e
R g
21
ol
00100 10 107 10 100 107 108 0 100 10 163 0 100 10° 10°
f1Hz J/Hz
(a) (b)

Figure 12. The dielectric parameters at different applied voltage (y20 = 1000 uS/cm, t = 8 h). (a) Real
part, (b) imaginary part, (c) dielectric loss factor.
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4. Conclusions

In this paper, a series of performances of HTV SR samples in a salt-fog environment with DC
energized voltage were studied. It was found that the electrical strength as well as physicochemical
performances of the material were degraded to some degree.

The discharge of the SR surface was more intense when samples were in a high fog water
conductivity condition. The DC flashover voltage decreased with the increase of fog water
conductivity in a negative exponential pattern, decreased with the increase of duration time, and
decreased with the increase of applied voltage.

The hydrophobicity of tested samples was reduced as CA became smaller. Water film and
dry-band appeared on the surface of silicone rubber.

SEM images showed that there was a change of surface morphology from compact to rough and
porous. Some physical defects and cluster particles were observed, indicating that arc discharge has a
destructive effect on SR.

Analysis of FTIR spectra showed a hydroxylation and decomposition of ATH, this can bring
down the arc resistance of silicone rubber and makes it easier for water droplets to collapse and
accumulate on the sample surface, resulting in a decrease in electrical strength.

The dielectric parameter of the tested material also increased significantly, indicating that the
insulation properties of the tested sample deteriorated.

In general, in the high-conductivity salt-fog environment, the energized silicone rubber samples
are prone to sustained partial discharge, which will damage the material itself and degrade the
performance. The properties discussed above all indicate the degradation of silicone rubber materials
from one certain aspect. In fact, the changes in various properties will affect each other. For example,
according to the analysis of FTIR, the chemical bonds of the silicone rubber were broken under the
bombardment of high-energy particles, thereby generating small-molecule siloxanes and inorganic
particles, which increased the roughness of the sample surface and reduced the hydrophobicity of the
material. These degradations in performance ultimately affect the electrical strength of the material,
making flashovers more likely to occur.

Author Contributions: Conceptualization, Z.Z. and X.J.; formal analysis, Z.Z. and T.L.; investigation, T.L., JW.,
and B.W.; methodology, Z.Z., T.L., and X.J.; visualization, C.L.; writing—original draft, T.L.; writing—review
and editing, Z.Z. and T.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research is supported by Science and Technology Project of State Grid Corporation of China
(SGCQJX00SDJS1800671, SGCQJX00SDJS1900591) and the Graduate Research and Innovation Foundation of
Chonggqing, China (Grant No. CYB18010).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Madi, A.; He, Y,; Jiang, L. Design and testing of an improved profile for silicone rubber composite
insulators. IEEE Trans. Dielectr. Electr. Insul. 2017, 24, 2930-2936.

2. Liang, X,; Wang, S.; Fan, J.; Guan, Z. Development of composite insulators in China. I[EEE Trans. Dielectr.
Electr. Insul. 1999, 6, 586-594.

3. Hackam, R. Outdoor HV composite polymeric insulators. IEEE Trans. Dielectr. Electr. Insul. 1999, 6,
557-585.

4.  Retnders, J.P.; Jandrell, L.R.; Reynders, S.M. Review of aging and recovery of silicone rubber insulation for
outdoor use. IEEE Trans. Dielectr. Electr. Insul. 1999, 6, 620-631.

5. Rajini, V.; Udayakumar, K. Degradation of silicone rubber under AC or DC voltages in radiation
environment. IEEE Trans. Dielectr. Electr. Insul. 2009, 16, 834-841.

6. Iman, A,; Alireza, M.; Amir, A.S.; Hossein, M. Aging evaluation of silicone rubber insulators using leakage
current and flashover voltage analysis. IEEE Trans. Dielectr. Electr. Insul. 2013, 20, 212-220.

7. Wang, Z; Jia, ZD,; Fang, M.H., Li, Y.S; Guan, Z.C. Moisture absorption, desorption, and
moisture-induced electrical performances of high-temperature vulcanized silicone rubber. IEEE Trans.
Dielectr. Electr. Insul. 2016, 23, 410-417.



Polymers 2020, 12, 324 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tu, Y.; Gong, B.; Yuan, Z.; Wang, C.; Xu, Z,; Li, R.; Zhang, F. Moisture induced local heating of overhead
line composite insulators. IEEE Trans. Dielectr. Electr. Insul. 2017, 24, 483-489.

Haddad, A.; Waters, R.T.; Griffiths, H.; Chrzan, K.; Harid, N.; Sarkar, P.; Charalampidis, P. A new
approach to anti-fog design for polymeric insulators. IEEE Trans. Dielectr. Electr. Insul. 2010, 17, 343-350.
Osamu, F.; Khalil, H.; Yukio, M.; Katsuhiko, N. A basic study on the effect of voltage stress on a water
droplet on a silicone rubber surface. IEEE Trans. Dielectr. Electr. Insul. 2009, 16, 116-122.

Guan, Z.; Wang, L.; Yang, B.; Liang, X.; Li, Z. Electric field analysis of water drop corona. IEEE Trans. Power
Del. 2005, 20, 964-969.

Stanislaw, M.G. Modern outdoor insulation-concerns and challenges. IEEE Electr. Insul. Mag. 2005, 21,
5-11.

Chen, X.C; Zheng, M.C,; Li, ] H. The aging characteristics of composite insulators under salt fog
Conditions. Appl. Mech. Mater. 2014, 496-500, 231-237.

Jiang, X.; Guo, Y.; Meng, Z; Li, Z; Jiang, Z. Additional salt deposit density of polluted insulators in salt
fog. IET Gener. Transm. Distrib. 2016, 10, 3691-3697.

Mahendra, F.; Stanislaw, M.G. Ageing of silicone rubber insulators in coastal and inland tropical
environment. IEEE Trans. Dielectr. Electr. Insul. 2010, 17, 326-333.

Reddy, B.S.; Shakthi, P.D. Corona degradation of the polymer insulator samples under different fog
conditions. IEEE Trans. Dielectr. Electr. Insul. 2016, 23, 359-367.

Reddy, B.S.; Shakthi, P.D. Effect of coldfog on the corona induced degradation of silicone rubber samples.
IEEE Trans. Dielectr. Electr. Insul. 2015, 22, 1711-1718.

Tu, Y.; Zhang, H.; Xu, Z.; Chen, J.; Chen, C. Influences of electric-field distribution along the string on the
aging of composite insulators. IEEE Trans. Power Del. 2013, 28, 1865-1871.

Gao, Y.; Wang, J.; Liang, X.; Yan, Z.; Liu, Y.; Cai, Y. Investigation on permeation properties of liquids into
HTYV silicone rubber materials. IEEE Trans. Dielectr. Electr. Insul. 2014, 21, 2428-2437.

Liu, H.; Greg, A.C,; Birtwhistle, D.; Graeme, A.G. Characterization of a severely degraded silicone
elastomer HV insulator—An aid to development of lifetime assessment techniques. IEEE Trans. Dielectr.
Electr. Insul. 2005, 12, 478-486.

Song, W.; Shen, WW.; Zhang, GJ.; Song, B.P; Lang, Y, Su, G.Q. Mu, HB.; Deng, ].B. Aging
characterization of high temperature vulcanized silicone rubber housing material used for outdoor
insulation. IEEE Trans. Dielectr. Electr. Insul. 2015, 22, 961-969.

Zhang, Z.; Liang, T.; Jiang, X.; Li, C.; Yang, S.; Zhang, Y. Characterization of silicone rubber degradation
under salt-fog environment with AC test voltage. IEEE Access 2019, 7, 66714-66724.

Artificial Pollution Tests on High-Voltage Insulators to Be Used on d.c. Systems, IEC Standard 61245-2015; IEC:
Geneva, Switzerland, 2015.

Du, B.X;; Li, Z,; Li, J. Surface charge accumulation and decay of direct-fluorinated RTV silicone rubber.
IEEE Trans. Dielectr. Electr. Insul. 2014, 21, 2338-2342.

Wang, Z; Jia, Z.D.; Jiao, ] K;; Guan, Z.C. Influence of water, NaCl solution, and HNOs solution on
high-temperature vulcanized silicone rubber. IEEE Trans. Dielectr. Electr. Insul. 2016, 23, 1164-1173.

Du, B.X,; Liu, Y. Frequency Distribution of Leakage Current on Silicone Rubber Insulator in Salt-Fog
Environments. IEEE Trans. Power Del. 2009, 24, 1458-1464.

Technical Specification for Long Rod Composite Insulators with a Nominal Voltage of +500 kV DC and
above, DL/T 810-2012. Available online:
https://www.chinesestandard.net/PDF/English.aspx/DLT810-2012 (accessed on 13 December 2019).
Selection and Dimensioning of High-Voltage Insulators Intended for Use in Polluted Conditions, IEC
Standard 60815-2016. Available online:
https://shop.bsigroup.com/ProductDetail?pid=000000000030253458 (accessed on 13 December 2019).
Yang, L.; Hao, Y.; Li, L.; Zhao, Y. Comparison of pollution flashover performance of porcelain long rod,
disc type, and composite UHVDC insulators at high altitudes. IEEE Trans. Dielectr. Electr. Insul. 2012, 19,
1053-1059.

Abbasi, A.; Shayegani, A.; Niayesh, K. Pollution performance of HVDC SiR insulators at extra heavy
pollution conditions. IEEE Trans. Dielectr. Electr. Insul. 2014, 21, 721-728.

Zhang, Z.; Jiang, X.; Cao, Y.; Chen, L.; Sun, C.; Hu, J. Study on DC pollution flashover performance of
various types of long string insulators under low atmospheric pressure conditions. IEEE Trans. Power Del.
2010, 25, 2132-2142.



Polymers 2020, 12, 324 17 of 17

32. Zhang, D.; Zhang, Z,; Jiang, X.; Yang, Z.; Liu, Y.; Bi, M. Study on the flashover performance of various
types of insulators polluted by nitrates. IEEE Trans. Dielectr. Electr. Insul. 2017, 24, 167-174.

33. Karady, G.G.; Shah, M.; Brown, R.L. Flashover mechanism of silicone rubber insulators used for outdoor
insulation—1. IEEE Trans. Power Del. 1995, 10, 1965-1971.

34. Shah, M,; Karady, G.G.; Brown, R.L. Flashover mechanism of silicone rubber insulators used for outdoor
insulation—II. IEEE Trans. Power Del. 1995, 10, 1972-1978.

35. Papailiou, K.O.; Schmuck, F. Silicone Composite Insulators Materials, Design, Applications; Springer: Berlin,

Germany, 2013.
© 2020 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



