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ABSTRACT Nuclear Magnetic Resonance (NMR) detection is a non-destructive testing method that can
be used to detect the aging state of organic materials. A unilateral NMR sensor is used in this study to
detect the aging state of the corona aging samples of silicone rubber materials after 100-hour’s corona aging
under different humidity. At the same time, a comparative analysis is made between the NMR results and
the conventional methods results such as Fourier Transform Infrared Spectroscopy (FTIR) and static contact
angle test. The results show that with the effect of corona discharge, the polymer structure of the silicone
rubber materials change to a certain extent. These changes are shown as the effective transverse relaxation
time Toefr of aged sample decreases in the NMR detection. The results of NMR and FTIR both show that
the molecular crosslinking density of silicon rubber materials increases, and the activity of the H-containing
group decreases. With the increase of relative ambient humidity, AT».¢ gradually increase, and it means the
corona aging state is becoming much severer. The results of NMR are consistent with the results of FTIR and
contact angle tests. The Toefr of the same sample tested at different time does not have significantly changes.
This indicates that the NMR characteristic of silicon rubber materials after corona are irreversible. The NMR
method can test the permanent damage of silicon rubber materials caused by corona. Compared with the static
contact angle test, the NMR method can analyze silicon rubber materials from the molecular structure level,
and it has good portability and orientation. Meantime, NMR method can achieve a non-destructive aging
state detection. Hence the NMR method will provide reference for the operation and maintenance of the

silicone rubber composite insulator.

INDEX TERMS Corona aging, silicone rubber composite insulator, NMR, non-destructive testing.

I. INTRODUCTION

Composite insulator is mainly composed of silicone rubber
insulator shed, end-fitted metallic and mandrel. Compared
with porcelain insulator and glass insulator, composite insula-
tor has the advantages of small weight, good performance of
preventing pollution flashover and great mechanical strength
[1]-[3], so it has been widely applied in modern power
system.

Due to the complicated work conditions such as corona dis-
charge, ultraviolet ray, pollution and humidity haze, the sil-
icon rubber material of composite insulator shed apron has
a series of aging phenomena such as pulverization, crack-
ing and discoloration [4]-[6]. Compared with other regions
in China, the geographical location of southwest China is
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always in a high humidity environment (Relative Humidity,
RH>70%)[7], which frequently leads to the corona discharge
at the end-fitted metallic of composite insulator. Both of the
hydrophobicity and the aging composite insulator insulator’s
shed capability of preventing pollution flashover is reduced,
which easily leads the flashover of the insulator to damage
the power system. Therefore, testing the performance of
composite insulators and assessing the ageing of insulators
are of great significance in eliminating potential threats of
power system and improving the efficiency of equipment
maintenance to ensure the safety and stable operation of
power systems.

The current testing methods for the aging state of com-
posite insulators mainly include: leakage current method
[8]-[10], hydrophobic detection methods [11]-[13], and ther-
mal current stimulation method [14]. However, Leakage
current method is sensitive to the severity of the insulator
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surface contamination. The result of leakage current method
has high randomicity, and this method need a lot of equip-
ment for measuring the leakage current. The Hydrophobic
detection includes static contact angle method, dynamic con-
tact angle method, water spray classification method, etc.
Due to the recovery characteristics of the insulator material’s
hydrophobicity, the results cannot fully represent the aging
state of the insulator. Thermal current stimulation method can
conduct microscopic analysis of samples. But this method
will cause certain damage to samples in the process of
analysis.

NMR method is a conventional technique for laboratory
testing of polymer materials. In recent years, NMR method
is gradually applied to detecting the state of composite insu-
lator aging [15]-[18]. Compared with the aging state test-
ing method widely used at present, NMR technology has
some advantages. NMR method can non-destructive measure
the equivalent lateral relaxation time Tefr of silicone rub-
ber composite insulators. According to the changes of Toefr,
it can reflect the aging state of composite insulators. The
Tt changes reflects the changes of silicone rubber materials
molecular structure after corona. aging. The Toefr is a more
clear demonstration of composite insulator’s aging state.
Xu Zheng and his fellows from Chongqing Univer-
sity [15]-[17] have developed a unilateral NMR detection
sensor. The sensor ‘s maximal size is 50mm x 56mm X
97 mm and it’s weight is approximately 0.85kg. This sensor
enables non-destructive inspection on-site carried by main-
tenance personnel. It can be seen that NMR technique can
be miniaturized and portable. The NMR method has a broad
application prospect in the field of nondestructive testing of
composite insulator aging state.

In this paper, the 100-hours multi-needle-plate electrode
corona aging experiments are performed. The samples are
silicone rubber materials of composite insulator shed. The
experiments are under different relative humidity (RH) con-
ditions including 40%, 60%, 80%, and 95%. A unilateral
NMR sensor is used to perform NMR detection on the aging
samples. The result of NMR detection is compared with the
result of Fourier Transform Infrared Spectroscopy (FTIR)
to analyze the aging state of samples. The research results
in this paper can provide some references for the material
improvement, structural optimization design of composite
insulator shed. And the research will help power system’s
operation and maintenance in high humidity areas.

Il. CORONA AGING EXPERIMENT
The experimental sample is a 115mmx115mmx2mm sil-
icone rubber sheet produced by an insulator factory. The
composition of silicon rubber materials is shown in table 1.
The molecular formula of PDMS is shown in Fig. 1 [20].
The experiment mainly studies the corona aging charac-
teristics of silicone rubber materials under different humidity
conditions. The experimental principle is shown in Fig. 2.
The dry compressed air of 0-1Mpa is generated by
air compressor and cold compressor, and the dew point
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TABLE 1. (PU) The composition of silicon rubber material.

Ingredient PDMS SiO, Al (OH); Silicone Oil
Proportion 35%-40% 5%-10% 45%-50% 1%-2%
H,C— Si—F 0— Si—4—f-0—si—; 0—Ssi—CH;
CH3 CH3 CH:CHZ CH3
FIGURE 1. The Molecular formula of PDMS.
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FIGURE 2. The schematic diagram of experiment device.

is 10-24°C. The air output flow is controlled to 10L/min.
Dividing the dry air into two parts, a part of dry air passes
through the control valve A directly into the environmental
unit through the air pipe, and the other part of the dry air
passes through the control valve B into the water tank. Dry
air passing through water tank will increase the humidity of
the air. The relative humidity in the environment control unit
can be controlled by adjusting the air flow through control
valve A and control valve B. The electrical conductivity of
the liquid in water tank is less than 10 ©S / cm. When the rel-
ative humidity reaches the value required by the experiment,
the mixed air of this proportion is continuously injected into
environment control unit.

After using step-up transformer and the voltage regulator
to boost the voltage, the high voltage through protective
resistance and high-voltage bushing is applied to the environ-
mental control unit.

Needle-
Electrode

Sample

Plate-
Electrode

(a) environment control unit (b) Multi-needle plate electrode

FIGURE 3. The device of corona aging experiment.

In Fig.3 (a), the environmental control unit is a plexiglass
cylinder with a diameter of 350mm and a height of 400mm.
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As shown in Fig.3(b), the multi-needle-plate electrode corona
aging device is placed in the environmental control unit. And
the silicon rubber sample for experiments is placed on the
plate electrode.

In corona aging experiment, silicon rubber samples were
placed respectively in the environment with relative humidity
of 40%, 60%, 80% and 95%, and the ambient temperature is
20°+£2°. The silicon rubber samples are subjected to 10kV ac
voltage for 100h of continuous corona aging experiment.

lll. DETECTION METHOD

A. NUCLEAR MAGNETIC RESONANCE DETECTION

NMR is a microscopic analysis method for studying the state
of materials at the molecular structure level. NMR principle
is to place the sample under a strong external magnetic field.
The nuclear spin magnetic field of the sample atom itself
is rearranged under the effect of external magnetic field.
In this condition, most atoms rotate from the low energy state
to the high energy state under the interference of external
magnetic field. The NMR signal will be generated when the
atom nuclear spin returns to the equilibrium state. Due to
the influence of electron cloud distribution and other factors
in the molecular structure, the actual external magnetic field
intensity of the nucleus tends to change to a certain extent.
The intensity of the external magnetic field of the nucleus
in different positions in the molecular structure also varies.
So, this makes the sensitivity of the nucleus at different
positions in the molecule to the RF fields of different fre-
quencies. Finally, NMR signals measured is the differences.
This difference is the basis for the analysis of the molecular
structure of the substance by NMR.

FIGURE 4. The low field NMR analysis system.

When NMR detection takes the Larmor-Frequency of
H atom as resonance excitation frequency, the change of echo
signal is able to provide information of H atom structure
change. In other words, the echo signal reflects the changes
of the H atoms and the group contain H atom in the molecular
structure of samples. As shown in Fig. 4, the low field NMR
analysis system [17]-[19] developed by the state key labo-
ratory of power transmission and distribution equipment and
system security and new technology of Chongqing University
is adopted for the experimental NMR test. The system is
composed of NMR spectrometer Kea2 (Magritek, Welling-
ton, New Zealand), power amplifier (Tomco Technologics,
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Stepeny, Australia), PC and unilateral NMR sensor. The fre-
quency used by the sensor is 6.03MHz, and the detection
range of the sensor is Smmx5mm x2mm.

All experimental measurements are performed at room
temperature. In the experiment, CPMG pulse sequence exci-
tation is used [16], [17]. The parameters are set as follows:
pulse width D = 4.5us, echo time TE = 120us, and the
number of 180 ° pulses is 1000. Repeat time is 1000ms, the
amplitude of 90 ° pulse, A90 °, is -20dB. The amplitude
of 180 ° pulse, A180 °, is -14dB. Because of the application
of unilateral NMR sensor, CPMG’s peak envelope decreases
exponentially with equivalent relaxation time 7Tt rather than
with transverse relaxation time 75. The exponential relation-
ship between the silicon rubber sample surface echo peak and
equivalent transverse relaxation time can be fitted according
to formula (1) [17], [18]:

y= AeTaett (1)

where y is the amplitude of the fitted curve; T is equivalent
transverse relaxation time; t = mxTE, m is the number of
echoes, and TE is the echo time.

B. FOURIER TRANSFORM INFRARED

SPECTROSCOPY ANALYSIS

After the 100 hours corona aging of the silicone rubber
material, the corona aging experiment is stopped and the
silicone rubber sample is taken out. After NMR detection,
a piece of the silicone rubber samples with specifications for
5 mm x5 mmx2 mm is cut off for FTIR test. It is necessary to
keep the piece of samples in dry and closed glassware during
the inspection period. The glassware can prevent other uncon-
trollable factors from affecting the quality of the sample.

C. STATIC CONTACT ANGLE ANALYSIS

The optical contact Angle tester (ZJ-6900) is used to test
different areas of the silicone rubber. After the corona aging
experiment, static contact angle test is conducted on the
aging samples after being placed for Oh, 2h, 4h, 6h and 8h
respectively. During the inspection period, the samples are
kept in dry and closed glassware.

IV. ANALYSIS OF EXPERIMENTAL RESULTS

A. THE RESULTS OF NMR

Taking the samples after 100h of corona aging under the
condition of 60% environmental relative humidity as an
example, the surface of samples after corona aging is shown
in Fig. 5. Observing the sample surface, it can be obviously
seen the aged marks. In the corresponding sample surface
below the needle electrode, there appear distinct aged marks.
The corona aged marks in the central area of samples are more
obvious and denser than those in the peripheral area. The
samples under other environmental relative humidity have
same aged marks. This indicates that the aging degree is
different among different areas of samples. Therefore, dif-
ferent areas of the aging sample surface need to be tested.
For comparative testing, the corresponding back areas of each
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Area 4
Area 3

Area 2

Area 1

FIGURE 5. The sample after corona aging and areas division.

area are selected as the non-aging sample. The samples are
divided into four areas, with the intervals of 10mm, 10mm
and 10mm, respectively. The specific areas are divided as
shown in Fig.5.

The echo signal of the silicone rubber sample obtained by
NMR detection has a single exponential decay with the time
constant Thesr. The results of the NMR detection are all shown
as Fig. 6.

Result : T5=117.4ms
1 1 1 L

&}

O Echo signal

°

— Fitted curve

s o = o
(ST

Normalized echo integral

3
S

100 200 300 400
Time (ms)

FIGURE 6. The result of the NMR detection.

TABLE 2. (MS) The T,.¢ of each area under different relative humidity.

RH=40% RH=60% RH=80% RH=95%
Before aging 125.8 124.4 112.8 116.6
After aging 119.0 116.1 102.8 104.5
Reduction 6.8 8.3 10.0 12.1

Multiple NMR detections were performed on different
areas of the sample for many times. The average values of
these equivalent transverse relaxation times T were shown
in table 2. Because of the individual differences of the sample,
the initial T of the sample is different in Table 1. After
corona aging, the results Toefr are significantly decreased.
With the increase of environmental relative humidity, the
reduction of Toefr is more significant. Under the 95% rel-
ative humidity condition, the maximum reduction of Toesr
reached 12.1. Therefore, the NMR detection can reflect the
variation of silicone rubber material before and after corona
aging.

Fig. 7 demonstrates the fitting curve of NMR signals before
and after corona aging in area 1 under different humidity
conditions. It can be clearly observed from Fig. 7 that the
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FIGURE 7. The change of T, before and after corona aging.

Tt of the silicone rubber material after aging in area 1 is
significantly reduced. As the relative humidity increases,
the reduction of Toefr changes more. This indicates that the
increases of relative humidity in the environment makes the
molecular structure of silicone rubber materials change more
obviously. The degree of aging is more serious under corona
discharge.

B RH=40%
B RH=80%

B RH=60%
RH=95%

Amplitude of L;T el

Area

FIGURE 8. The AT,q¢ change trend of each area under different relative
humidity.

The difference in equivalent transverse relaxation time
before and after the aging of the silicone rubber material
is taken as ATyesr, and the change trend is shown in Fig.8.
It can be seen from Fig. 8 that the aging degree of silicone
rubber materials is positively related to the relative humidity.
The environmental relative humidity is higher, the change in
Terr Will be more obvious. The change of T,efr means the
molecular structure of the silicone rubber materials damage
degree. The higher AT,eff means the aging state of sample is
more severe. In the most severely corona aging area 1, AT
is 10.2 at RH = 40%, and when RH = 95%, AT).¢ increased
to 14.7, an increase of about 44.1%.

This indicates that environmental humidity has a signif-
icant effect on corona aging of silicone rubber materials.

VOLUME 8, 2020
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The corona aging degree of the central area is more serious,
while the aging degree of the edge area is lesser. Using the
NMR detection method can reflect the change of silicon rub-
ber material in aging experiments under different humidity.

B. THE RESULTS OF FTIR

FTIR is essentially an analytical method to determine the
molecular structure of substances and identify compounds
based on the information of relative vibration and molecular
rotation among atoms in molecules. The infrared spectrum
can be obtained by recording the absorption of infrared
light. The FTIR testing results of the peak wave numbers
of the main functional groups of the aged sample are shown
in Fig. 9.

2 - Si-O
[}
=
§ 08 —— Uaged
= 06 ——RH=40%
8 ) RH=60%
g‘ 0.4 SI-CH3 RH=80%
2z ——RH=95%
< 02

J R
0.0 b "

500 1000 1500 2000 2500 3000 3500 4000
Wave Number (cm™!)

FIGURE 9. The FTIR testing results of aged sample.
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FIGURE 10. The wave number of Si-CH; characteristic peaks.

According to the testing results of FTIR, Si-CH3 character-
istic peaks in the wave number is 1300 cm™'-1250 cm~!. As
shown in Fig. 10, compared with other corona aging samples
under different relative humidity, the characteristic peak of
the corona aging sample under RH = 40% absorption value is
at maximum. Namely after corona aging there are still a large
number of Si-CHj3 groups, which means the -CH3 group of
the aged samples has not been severely damaged. The FTIR
results of corona aging samples under different humidity indi-
cates that as the relative humidity of environment increases
gradually, the damage degree of Si-CHj3 of silicone rubber
material becomes more and more serious.

According to the FTIR test results, the Si-O char-
acteristic peak absorption value is at wave number
1100 cm~! ~1000cm~!. As shown in Fig. 11, It can be seen
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FIGURE 11. The wave number of Si-O characteristic peaks.

that with the increase of environmental humidity, the peak
value of Si-O characteristic peak absorption value gradually
decreases. This indicates that the main chain of silicone
rubber molecules is broken. That is the original molecular
structure is destroyed, and the aging degree of silicone rubber
material sample is more serious.

0.6 Base Line

0.4

0.2

Absorption Value

00 1 i i 1 J
1000 1400 1800 2200 2600
Wave Number (cm™)

FIGURE 12. The schematic diagram of absorption value region.

By measuring the peak area of the absorption peak within
a specific wave number range, FTIR can make a quantitative
analysis on specific molecular groups. In this paper, the tan-
gent line at both ends of the absorption peak is selected as the
baseline when calculating the peak area. As shown in Fig. 12,
the absorption peak area is bounded by the absorption peak
spectral curve and the baseline. The absorption peak area can
reflect the content of the corresponding molecular groups in
the sample. So, the calculation of the absorption peak area
value can effectively reflect the damage degree of the sample
molecular structure, namely, the aging degree of silicone
rubber material.

The calculation results of Si-CHj3 absorption peak area
are shown in table 3. As seen from table 3, there is a
significant association between corona aging relative envi-
ronment humidity and the aging degree of silicone rubber
material. The absorption peak area of Si-CHj is the largest
at RH = 40%, and the least value is at RH = 95%. The
absorption peak area can reflect the content of the Si-CH3z
molecular groups of the sample. Therefore, it can be seen that
the greater the relative humidity of the environment, the less
the Si-CH3 content of the sample after corona aging will be.
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TABLE 3. (PU) The Area value of the Si-CH; absorption peak.

Relative Humidity 40% 60% 80% 95%

Area value of the Si-CHj;
absorption peak

3.5742  2.8304 2.5523 2.0712

This indicates that the damage of sample molecular structure
is more severe. In another word, the result means the corona
aging of the sample is more severe.

In order to facilitate the comparison of FTIR and NMR
measurement results, the Si-CHj3 absorption peak area value
and AT value were normalized. The normalized value is
obtained by dividing all the test data by the maximum value
in the test results. In order to observe the change trend easily,
the reciprocal of the normalized T,.f data was calculated.
Finally, the graph shown in Fig. 13 is obtained.

2 -
< —=—FTIR
= 16 t —e— NMR
&
b
s 12
=
(]
2
2 08 f
0.4 . . ,
40% 60% 80% 100%

Relative Humidity

FIGURE 13. The trend curve of AT,g¢ and FTIR.

As can be seen from the Fig.13, as the environmental rel-
ative humidity increases, the absorption peak area of Si-CH3
in the FTIR test results gradually decreases. Meantime,
the reciprocal value of AT, gradually decreases with the
increasing relative humidity. The change trend of the two test
results is close to linear change. Both two detections’ results
reflect that the content of Si-CHj3 of sample is decrease after
corona aging.

However, the change range of the NMR test results ATosr
is significantly greater than FTIR test. Therefore, for the
state of the silicone rubber material before and after corona
aging, NMR detection can obtain a nearly linear change law
of ATyer. Thereby the NMR detection can accurately reflect
the change of the material molecular group before and after
aging. Also ATesr measured by NMR method changes sig-
nificantly. Compared with the absorption peak area obtained
by FTIR, NMR method can more clearly and intuitively
reflect the aging state.

C. THE RESULTS OF STATIC CONTACT ANGLE

In the molecular structure of PDMS, the —CHj3 group is
distributed in the molecular side chain. The —CHj3 group is
hydrophobic, so PDMS as a whole is hydrophobic. The value
of the static contact angle can reflect the hydrophobicity of
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the silicone rubber material. Therefore, the -CH3 group in the
silicone rubber material can be judged by the contact angle.

The test sample was placed on the test platform, and a drop
of deionized water was dropped on the sample surface by
the dropper on the tester. The volume of deionized water is
about 10uL. After the water droplets on the surface of the
sample stabilized, the static contact angle of the sample was
measured by image acquisition devices.

In order to facilitate the description of static contact angle
test results, the result of RH = 60% is selected as an example.
The static contact angle test results have the same change rule
under other relative humidity conditions. The results of static
contact angle tests (RH = 60%) are shown in Fig. 14.

L:60 491 R:b7. 235

CA: |58 863
| - F

L:6B. 561 R:fU. 086
ca: 69425

(a) Area 1 (b) Area 2
(c) Area3 (d) Area 4

FIGURE 14. The result of static contact angle test with 0Oh standing after
corona aging (RH = 60%).
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—e— RH=60%
40 ¥ —&— RH=80%
—&—RH=95%
20 - - - -
0 2 4 6
Standing Time (h)

FIGURE 15. The result of static contact angle test.

The static contact angle change curve is shown in Fig. 15.
At the end of the corona aging experiment, the average
static contact angle of the sample is only 53.9°, and that the
degree of surface hydrophobicity loss is the highest. With the
increase of the standing time, the average static contact angle
of the aging sample surface has gradually increased to 88.3°.
This indicates that the surface hydrophobicity has recovered
to some degree. Therefore, the result of static contact angle
test is not reliable due to the recovery characteristic. With the
increase of relative humidity, the contact Angle of the sample
decreases greatly. The more serious the hydrophobicity loss
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of silicone rubber was. This indicates that the increase of
relative humidity makes the damage of -CH3 more serious
under corona discharge.

Based on the Fig.13, the average value of static contact
angle was normalized to facilitate the comparison of static
contact angle test, NMR and FTIR. The normalized method
is as same as Fig.13. The reciprocal of the normalized Tefr
data was calculated. Finally, the graph shown in Fig. 16 is
obtained.

—&—FTIR
——NMR
—— Contact Angle

Percentage (pu)
-

04 \ \ )
40% 60% 80% 100%
Relative Humidity

FIGURE 16. The result of AT,¢¢ and static contact angle test.

It can be seen from Fig.16 that the results of NMR,
FTIR and static contact angle test have the same rule. With
the increase of relative humidity, the corona aging degree
of silicone rubber material is deepened. Microscopically,
the corona aging effect shows that the -CH3 content in the
silicone rubber material is significantly reduced according to
the NMR test. Macroscopically, the corona aging effect is
shown by the loss of the hydrophobicity of the surface of the
silicone rubber in the measurement of contact angle.

The results in Fig. 17 are the NMR test results of
RH = 60% corona aged samples with an interval of Oh, 50h,
100h, 200h. According to Fig. 17, the T is no significant
changes under different measurement time. This indicates
that NMR detection is not affected by detection time. There-
fore, NMR method is more reliable than static contact angle
test.

Due to the recovery characteristics of the silicone rubber
material surface hydrophobicity, the static contact angle test
cannot accurately reflect the aging state of the sample. As a
detection method of the molecular structure of materials,
NMR will not be affected by the detection time. Because the
damage of silicone rubber materials’ molecular structure after
corona aging is irreversibility

D. SUMMARIZE

Comparing the testing results of NMR, FTIR and static con-
tact angle test, the results indicate that the relative humidity
will aggravate the corona aging of silicone rubber materials
to a certain extent. With the increase of relative humidity,
the Si-O bond of the main molecular chain of the samples and
the side bond of the molecular chain Si-CHj3 rupture degree
increases gradually. The change of the molecular structure
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FIGURE 17. The result of NMR detection with different time interval.

is an important feature of the silicone rubber after corona
aging [20].

During the NMR test, there is an individual difference in
Toesr of the silicone rubber sheet. Even the Thefr in different
areas of the same sample are not the same. Therefore, using
ATyt of the same area can accurately reflect the corona
aging state. But it is impossible to establish a uniform 7oef
standard value for the same type of silicone rubber products to
evaluate the corona aging state of silicone rubber insulators.
In order to solve this problem, it is possible to conduct NMR
test before the insulator is put into operation, and to use the
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same NMR equipment for testing during later maintenance.
By comparing the variation amplitudes of ATy.f to evaluate
the aging degree, the silicone rubber composite insulators in
operation can be tested regularly. A T database can be
established to systematically track and evaluate the operating
state of insulators. Meantime, the design of the NMR sensor
should be optimized to improve the measurement accuracy as
much as possible. The better NMR sensor will reduce mea-
surement errors and avoid measurement differences between
different equipment,

Compared with the traditional static contact angle test,
NMR detection method is not affected by the detection time.
NMR detection can accurately reflect the aging state of the
material according to the molecular structure changes. NMR
detection is of higher reliability at the same time. Compar-
ing with FTIR, NMR has the same accuracy and reliability
of FTIR detection. But the change degree of NMR detec-
tion results before and after corona aging is more obvious.
In addition, the NMR sensor used in this paper has the advan-
tages of non-destructive testing, portability, lightweight, etc.
And NMR detection can be used to detect the aging states
of silicone rubber insulators on the site of transmission lines.
Therefore, NMR detection can be used as a technical method
to evaluate corona aging states of silicone rubber materials.
Due to the characteristics of portability and nondestructive
testing, NMR detection has a broad application prospect in
the future.

V. DISCUSSION

During the corona aging process of silicone rubber, particles
such as electrons bombard the surface of the material. Other
chemical reactions work simultaneously. These factors lead
to the breaking of the Si-O bond of the main chain of the
silicone rubber molecule. At the same time, cross-linking
reactions, hydrolysis reactions, oxidation reactions, and con-
densation also occur. These reactions produce low-molecular-
weight polymers, and make the -CH3 group detached from
the main chain in the form of CHy gas [21]. These effects
lead to a decrease in the number of H atoms and H-containing
groups in the silicone rubber material, as well as a decrease
in molecular mobility. This makes a change in the spin state
of the H atom nucleus, and ultimately it manifests as a
decrease in Toef. As the relative humidity of the environment
increases, the water molecule content in the air increases.
The PDMS hydrolysis reaction using water as a catalyst
will accelerate at the same time in multiple areas of silicone
rubber. The average molecular weight of the silicone rub-
ber material will also be greatly reduced. Therefore, result-
ing in aggravating the corona ageing state of silicon rubber
materials.

VI. CONCLUSION

In this paper, 100-hour corona aging experiments of silicone
rubber materials of composite insulators are performed under
different humidity conditions. NMR detection methods are
used to evaluate the condition of aging samples. NMR results
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are compared with the FTIR results and static contact angle
results. The research conclusions are as follows:

(1) Under the effect of corona discharge, the polymer
structure of the silicone rubber material changes to a certain
extent. The molecular crosslink density increases, and the
activity of the H-containing group decreases. In NMR test,
these changes are demonstrated as the decrease of Toeft.
Furthermore, the reduction of T in different areas of dif-
ferent samples varies.

(2) Environmental relative humidity has a significant effect
on corona aging of silicone rubber materials. With the
increase of the ambient humidity, the decrease amplitude
in the equivalent transverse relaxation time before and after
aging, AT».fr, gradually rises. This indicates that the silicon
rubber composite insulator is more prone to corona aging in
high humidity region.

(3) The NMR results are consistent with the FTIR testing
and static contact angle test results. Corona aging reduces
the content of -CHj3 in silicone rubber materials and dam-
ages the hydrophobicity. At the same time, the greater the
ambient humidity, the more severe the corona effect of the
silicone rubber material. This indicates that the NMR test
can reflect the aging state of silicone rubber materials. At the
same time, the unilateral NMR sensor used in this paper
has certain directionality. The results of the unilateral NMR
sensor can reflect the aging state of different regions of the
sample. Meantime NMR detection has the characteristics of
non-destructive testing. So, without damaging the insulator,
the corona aging state of the insulator can be detected on-site.
This will help inspectors to maintain insulators.
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