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Abstract: With the continuous expansion of the construc-
tion scale of the State Grid and the gradual improvement of
people’s awareness of environmental protection, the power
contradictions and disputes caused by the North-South
Power Transmission and Transformation Project have
become increasingly prominent, which has attracted wide-
spread attention from all walks of life. This study focuses on
the development of conductive silicone gel for UHV trans-
mission lines using carbon fiber (CF) powder, carbon black
(CB), and carbon nanotubes as fillers, and organic silicone
polymer as the matrix. The aim was to address the issues of
corona noise and detachment. We prepared a series of con-
ductive silicone gels with different proportions of CF and CB
conductive fillers and conducted a comprehensive analysis
of their electrical conductivity, tensile performance, hydro-
phobicity, and rheological properties. The research results
demonstrated that the maximum electrical conductivity of
the conductive silicone gel was achieved when the CF and
CB contents reached a ratio of 2:1. In the case of a 70%
organic silicone polymer gel, the electrical conductivity
reached 0.73 S/cm, while it increased to 1.17S/cm in an
80% organic silicone polymer gel. This indicates that opti-
mizing the proportion of fillers can significantly enhance the
electrical conductivity of the conductive silicone gel, meeting
the requirements of UHV transmission lines. Additionally,
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the study evaluated the tensile performance, hydrophobicity,
and rheological properties of the conductive silicone gel.
The results showed that the 70% organic silicone polymer
gel exhibited a tensile strength, Young’s modulus, and elonga-
tion at a break of 678.6 MPa, 1.3 MPa, and 15.22%, respectively.
The corresponding values for the 80% organic silicone
polymer gel were 129.9 MPa, 1.6 MPa, and 55.89%. This indi-
cates that the conductive silicone gel possesses excellent
mechanical properties and ductility, enabling it to withstand
stress and deformation in UHV transmission lines while
providing anti-detachment effects. In summary, this study
successfully developed a conductive silicone gel that meets
the requirements of UHV transmission lines. By optimizing
the ratio of CF and CB contents, the electrical conductivity
of the gel was maximized. Furthermore, the conductive
silicone gel exhibited favorable tensile performance, elec-
trical conductivity, and anti-detachment effects, effectively
addressing corona noise and detachment issues in UHV
transmission lines. These research findings are of great sig-
nificance for the design and application of UHV transmis-
sion lines.

Keywords: carbon fiber powder, carbon, carbon nano-
tubes, electrical conductivity, tensile properties

1 Introduction

China has a vast territory, and the climate of the north and
south is changeable. The winter temperature in the north
generally reaches -20°C, with the temperature difference
between morning and evening being large. The general
wire lines are easy to crack, and the prevention of aging
and falling off of wires is an important consideration in the
design of transmission lines and power equipment. Corona
characteristics are another important consideration in the
design of transmission lines and power equipment. At pre-
sent, to reduce the corona loss of transmission lines at
home and abroad, there has been more use of increasing
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the number of splits, the diameter of the wire, or the height
of the tower and other means. Although these methods can
achieve the effect of reducing corona loss, a lot of man-
power and material resources are required; moreover,
large-scale replacement of wires or improving the method
of pole tower is impractical [1]. However, these methods
cannot fundamentally solve the corona discharge caused
by bumps, scratches, wires, and residual metal protrusions
that are difficult to be avoided during construction. At
present, the existing anti-corona coatings are mostly used
in generator windings and there is no good conductive
anti-shedding coating for high-voltage transmission lines.

Silicone polymer is a kind of rubber that relies on
moisture in the air to cure [2] and has excellent mechanical
properties, chemical resistance, and high gloss and color
retention [3]. In addition, solvent-based silicone polymers
are widely used in engineering construction because of their
lightweight, high structural stability, good electrical conduc-
tivity, non-toxicity, and harmless and strong adhesion to
metals [4-7]. In the field of composite materials, according
to Adin and Kilickap [8], the use of conductive fillers such as
carbon fiber (CF) powder and carbon black (CB) can signifi-
cantly enhance the electrical conductivity of composite
materials. Furthermore, Adin and Adin [9] investigated the
influence of different combinations of conductive fillers on
the performance of composites, highlighting the crucial
impact of the mixing ratio of CF powder and CB on the
electrical conductivity. Conductive fillers (such as carbon
nanotubes (CNT) and graphene )is a key step in the prepara-
tion of conductive silicone polymer cement with excellent
properties [10-14]. Therefore, in this study, carbon fiber
powder (CF) and carbon black (CB) were introduced into
the conductive organic silica gel mud as conductive fillers.
These conductive fillers cooperate with silicone polymer
matrix to form a composite system of conductive silicone
polymer. Conductive silicone polymer is widely used in
practical applications because of its excellent conductivity
and its ability to suppress corona noise of UHV transmission
lines. The improvement of conductivity can reduce the
intensity and frequency of corona discharge and reduce
the corona noise. At the same time, the addition of conduc-
tive fillers can also improve the conductivity of the material,
improve the continuity of the conductive path and conduc-
tive ability, so as to enhance the suppression effect of con-
ductive silicone polymer on corona noise. [15-17].

Herein, CF powder and CB were added to the silicone
polymer matrix as conductive fillers and a UHV transmission
line was prepared to suppress corona noise and anti-shedding
conductive silicone cement, which can effectively prevent
wire peeling, suppress corona noise, and facilitate on-
site construction. This conductive silicone gel demonstrates
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significant application values in UHV transmission lines. First,
the selection of CF, CB, and CNT as excellent conductive fillers
is noteworthy. These fillers exhibit favorable electrical conduc-
tivity and mechanical strength, enabling effective current con-
duction and enhancing the overall conductivity of the material.
By precisely adjusting the filler content, we can achieve the
desired level of conductivity required for UHV transmission
lines. In addition, the plasticity of the conductive silicone
polymer cement can be used to repair the damage to the sur-
face of UHV transmission lines and their gaps, which can
change the radius of curvature of the local charged body
to a certain extent, to reduce the local field strength of the
high-voltage transmission line and inhibit the occurrence of
corona noise at the tip.

Second, the use of organic silicone polymer as the
matrix material is crucial, as it possesses remarkable char-
acteristics such as high-temperature resistance, electrical
stress resistance, and weather resistance, making it highly
suitable as an insulation material for UHV transmission
lines. By incorporating conductive fillers into the organic
silicone polymer matrix, we successfully combine conduc-
tivity with insulation. The good fluidity of conductive sili-
cone polymer cement is used to make the surface of UHV
transmission lines smooth and rounded so that, to a certain
extent, it can show the effect of equivalent diameter expan-
sion and further suppress the generation of corona noise [18].

Additionally, we conducted a comprehensive analysis
of the conductive silicone gel’s performance, including con-
ductivity, tensile strength, hydrophobicity, and rheological
properties, among others. Through experiments and testing,
we verified the excellent performance of the conductive
silicone gel in various performance indicators, thereby
demonstrating its rationality and feasibility as a material
choice for ultra-high-voltage transmission lines.

In summary, this research successfully develops a con-
ductive silicone gel that effectively suppresses corona noise
and prevents detachment by combining outstanding con-
ductive fillers and an organic silicone polymer matrix. This
study demonstrates innovation in material composition
and performance optimization, providing a novel solution
for the application of ultra-high-voltage transmission lines.

2 Experimental section

2.1 Main raw materials and instruments

Raw materials used were the following: organic silicon
polymer (organosilicon polymer, PP, industrial grade, Suzhou
Fulu Biotechnology Co., Ltd.), CF powder (Yancheng
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Xiangsheng Carbon Fiber Technology Co., Ltd.), CB (Kaisa
Graphene Co., Ltd.), CNT (Kaisa Graphene Co., Ltd.), and
silane coupling agent 3-aminopropyltriethoxysilane (KH550,
chemically pure, Macklin).

RTS-9 double electric test four-probe tester (Guangzhou
Four-Probe Technology Co., Ltd.), Kruss contact goniometer
(DSA100, Germany), Instron 5967 Universal Testing Machine
(Inmstrand), and MARS Type III Hack Rheometer (Thermo
Fisher Scientific USA) were used in the experiments.

2.2 Preparation of conductive silicone
polymerization cement

2.2.1 Preparation of CF powder modified by the silane
coupling agent

During the experiment, the environmental temperature
was maintained within the range of room temperature,
approximately 25°C. The humidity was maintained at 60%.
About 200 g of CF was placed into a 600°C muffle furnace
and calcined at a high temperature for 5 h. The product was
washed with ethanol and filtered three times to wash off
impurities to obtain pure CF. The pure CF was added to the
pre-configured KH550 silane coupling agent (mass fraction
of 30%); then ammonia was added to alkalinize, followed by
mechanical stirring for 5h at room temperature. The pro-
duct was washed with ethanol, filtered, and dried to obtain
the modified CF powder. The modified CF powder particles
were ground evenly with a natural agate mortar.

2.2.2 Preparation of CB modified by the silane coupling
agent

During the experiment, the environmental temperature was
maintained within the range of room temperature, approxi-
mately 25°C. The humidity was maintained at 60%. About
200 g of CB was added to the pre-configured KH550 silane
coupling agent (mass fraction of 30%); then, ammonia was
added to alkalize followed by mechanical stirring at room
temperature for 5h. The product was washed with ethanol,
filtered, and dried to obtain the modified CF powder. The
modified CB particles were ground evenly with a natural
agate mortar.

2.2.3 Preparation of silicone polymer mastic films

During the experiment, the environmental temperature
was maintained within the range of room temperature,
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approximately 25°C. The humidity was maintained at 60%.
The silane coupling agent-modified CF powder and CB were
added to the silicone polymer, and then hydroxylated CNT
was added and dispersed. The above mixed sample was
mechanically stirred for 30 min to disperse the conductive
silicone polymer cement evenly, and then the obtained cement
was evenly coated on the PTFE plate (30 cm x 30 cm) using
a small brush. The solvent was completely volatilized to
obtain a conductive silicone polymer cement film [19].

2.2.4 Preparation of CF and CB samples with different
contents

In order to prepare the conductive silicone polymer cement
with good mechanical properties and owing to a large number
of experimental experiences in the early stage, the total mass
ratio of the silicone polymer matrix and CF and CB filler is set
to 80:20 and 70:30. On this basis, the mass ratio of CF and CB is
set to 0:1, 1:2, 1:1, 2:1, 1:0, and the samples are named respec-
tively as follows: FSOCF0CB20, F80CF6CB14, PPSOCF10CB10,
PP80CF14CB6, F80CF20CB0O; PP70CFOCB30, PP70CF10CB20,
PP70CF15CB15, PP70CF20CB10, and PP70CF30CBO.

2.3 Testing and characterization
2.3.1 Tensile property test

During the experiment, the environmental temperature
was maintained within the range of room temperature,
approximately 25°C. The humidity was maintained at 60%.
The tensile properties of the conductive silicone cement to
suppress corona noise have been tested using a universal
testing machine, and the reference test standard is GB/T
1040-2006; the tensile speed was 5 mm/min [20].

2.3.2 Rheological tests

The rheological properties and curing of corona noise-suppres-
sing conductive silicone cement were tested using a Hack rhe-
ometer: the linear viscoelastic zone of the sample was deter-
mined by strain scanning, followed by frequency sweeping to
test the viscosity and modulus change of the sample (3% strain).
The test angle frequency range was 0.25-100 rad/s.

2.3.3 Conductivity test

The conductivity of the conductive silicone cement that sup-
presses corona noise was tested by a double electric test
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four-probe tester, and each sample was tested eight times.
The conductivity was taken as the average of the last test.

2.3.4 Hydrophobic performance test

The hydrophobic properties of corona noise-suppressing
anti-shedding conductive silicone cement were determined
using a contact angle measuring instrument. Before the
contact angle test of the sample, it was necessary to ensure
the dryness of the sample. The test process mainly deter-
mined the size of the surface water droplets of the sample.

2.3.5 Anti-shedding performance test

The conductive silicone cement that suppresses corona
noise and prevents shedding was evenly coated on the
wire, dried, and cured. It was then into the ultraviolet
aging box, and after 15 days of high-temperature aging, it
was observed whether the surface of the wire before and
after high-temperature ultraviolet aging had fallen off.

3 Results and discussion

3.1 Tensile properties

Tensile performance is a key factor limiting the production
and application of conductive cement; therefore, the effect
of CF and CB content on the tensile performance of conduc-
tive silicone cement to suppress corona noise was further
studied; the experimental results are shown in Figure 1. It
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can be seen from Figure 1 that when the ratio of CF and CB
reaches 2:1, the tensile energy of the conductive silicone
polymer cement is the best, and the tensile strength, Young’s
modulus, and elongation at break of PP70CF20CB10 reached
678.6 MPa, 1.3 MPa, and 15.22%, respectively. The tensile
strength, Young’s modulus, and elongation at break of
PP80CF14CB6 reached 129.9 MPa, 1.6 MPa, and 55.89%,
respectively. Compared with the conductive silicone polymer
cement without PP70CF20CB10, PPSOCF14CB6 has an increase
in elongation at break by 267.21%, Young’s modulus increase
of 1.9%, and a slight decrease in the tensile strength.

This shows that the addition of CF improves the tensile
properties of conductive silicone polymer cement, and the
enhancement of its tensile strength can ensure that the
cement can still have good durability in the harsh natural
environment. On the other hand, since CF is a nano-filler
with certain ductility, it can undergo a certain level of
stretching and deformation when subjected to stress without
easily fracturing. When CF is added to conductive mortar, it
can bear a portion of the stress and distribute it to the sur-
rounding materials, reducing the stress on individual compo-
nents and improving the overall toughness [21].

The addition of CF improves the interface bonding
between the nanomaterial filler and the matrix of the con-
ductive mortar. CF has a high surface area, allowing for more
contact points with the matrix. This enhances the physical
and chemical adsorption between the nanomaterial filler
and the matrix. The improved interface bonding facilitates
more effective stress transfer to the filler, thereby increasing
the overall strength and toughness of the material.

CF, as a filler, can fill the voids and defects in the con-
ductive mortar, thereby increasing its density and conti-
nuity. This filling effect effectively hinders the propagation
and expansion of cracks, thereby improving the toughness
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Figure 1: Tensile properties of conductive silicone polymer mastic films: (a) and (b) 70 and 80% conductive silicone polymer tensile strength and
Young’s modulus, respectively, and the relationship between elongation at break and CF and CB content.
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of the conductive mortar. The filling effect also enhances the
material’s energy absorption capacity, enabling it to with-
stand external impacts and vibrations more effectively.

In summary, the addition of CF improves the flex-
ibility, interface bonding, and filling effect in conductive
mortar, leading to an overall improvement in toughness.
This enhancement enables the conductive mortar to with-
stand stress and deformation more effectively, contributing
to its increased toughness.

3.2 Rheological properties

In order to further explore the rheological properties of PP/
CF/CB silicone cement, the change curves of the measured
cement storage modulus G, loss modulus G”, and complex
viscosity n* with angular frequency w were used to charac-
terize, and the relationship curve (Cole—Cole curve) between
G' and G" was studied (as shown in Figures 2 and 3). It can be
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seen from Figure 2a and b that with the increase of CF
content, the storage modulus and loss modulus of the
sample increase, indicating that CF can increase the mod-
ulus of silicone polymer, thereby increasing the material’s
tensile strength, which is also the reason for the increase of
tensile strength. When CF nanofillers are incorporated into
the silicone resin polymer, they reinforce the material and
increase its rigidity and strength. It can be seen from Figure 2c
that the complex viscosity of the sample decreases with the
increase of angular frequency, indicating that under this test
condition, the sample exhibits the properties of non-New-
tonian fluid; with the increase of the CF content, its complex
viscosity increases, indicating that the addition of nanofiller
changes the fluidity of the silicone polymer and its fluidity
deteriorates. It can be seen from Figure 2d that the slope of
the Cole—Cole curve of the conductive silicone polymer
cement is lower than 1.8 with different CF contents, and
the slope of the curve decreases slightly with the increase
of the CF content. A slope smaller than 1.8 indicates that
the material’s dielectric response is nonlinear and exhibits

10°
(b)
«
[-™
- 103 L
&)
PP70CFOCF30
3 PP70CF10CF20
PP70CF15CB15
—&— PP70CF20CBI10
10! . _—9— PP70CF30CR0
10° 10! 10?
o/ (rad~s‘1)
10°F (9
[
-, 103 L
=
&) e
PP70CFOCF30
PP70CF10CF20
PP70CF15CB15
102 L —@— PP70CF20CB10
) 99— PP70CE3Q0CBQ
102 10° 10*
G'/Pa

Figure 2: Rheological properties of 70% PP/CF/CB conductive silicone polymer cement: (a) relationship curve between storage modulus and angular
frequency; (b) relationship curve between loss modulus and angular frequency; (c) relationship curve between complex viscosity and angular
frequency; and (d) Cole-Cole relationship diagram of storage modulus and loss modulus.
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Figure 3: Rheological properties of 80% PP/CF/CB conductive silicone polymer cement: (a) relationship curve between storage modulus and angular
frequency; (b) relationship curve between loss modulus and angular frequency; (c) relationship curve between complex viscosity and angular
frequency; and (d) Cole-Cole relationship diagram of storage modulus and loss modulus.

complex non-homogeneous structures containing various
phases and configurations.

The presence of these complex non-homogeneous struc-
tures with different phases and configurations can be attrib-
uted to the addition of CF nanofillers, which may induce
phase separation or the formation of local aggregates within
the material. These different phases and configurations lead
to changes in the electrical and mechanical properties of the
material.

The non-homogeneous nature of the material has a
certain influence on its rheological behavior and perfor-
mance. The presence of non-homogeneous structures can
cause variations in viscosity, nonlinear response in rheo-
logical properties, as well as alterations in fatigue and
damage behavior. Therefore, with the increase in CF con-
tent, the internal non-homogeneous nature of the conduc-
tive silicone polymer cement undergoes further changes.

In summary, the addition of CF has an impact on the
rheological properties of the conductive silicone polymer
cement. It increases the storage modulus and loss modulus,
thereby enhancing the material’s rigidity and strength.

Additionally, it alters the material’s flow behavior, leading
to an increase in composite viscosity. These changes can be
attributed to the modification of the internal structure and
phase configuration of the material due to the addition of
CF, which in turn influences the rheological performance.

It can be seen from Figure 3a and b that with the
increase of the CF content, the storage modulus and loss
modulus of the sample increase, indicating that CF can
increase the modulus of the silicone polymer. As can be
seen from Figure 3c, the complex viscosity of the sample
decreases with the increase of angular frequency, indi-
cating that under this test condition, the material exhibits
the properties of a non-Newtonian fluid, and with the
increase of the CF content, its complex viscosity increases,
indicating that the addition of CF changes the fluidity of the
silicone polymer. It can be seen from Figure 2d that the
slope of the Cole—Cole curve of the cement is lower than 1.8,
and the slope of the curve decreases slightly with the
increase of the CF content. This shows that the addition
of CF improves the rigidity of the cement, that is, the ability
of the cement to resist deformation.
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Figure 4: Conductivity of the silicone polymer cement: (a) conductivity of the 70% silicone polymer cement and (b) conductivity of the 80% silicone

polymer cement.

3.3 Conductivity

Conductivity is the key factor affecting the suppression of
corona noise by conductive silicone cement, so the influ-
ence of the content of CF and CB on the conductivity of
conductive silicone cement to suppress corona noise was
first studied; the experimental results are shown in Figure 4.
It can be seen from Figure 4 that when only CF or CB is
present in the conductive silicone cement, the conductivity
of conductive silicone cement is weak. When the content of
CF and CB in conductive silicone cement reaches a ratio of
2:1 mixed, the conductivity of the conductive silicone cement
reaches a maximum. The conductivity of 70 and 80% silicone
polymer cement reaches 0.73 and 1.17 S/cm, respectively. This
shows that in the conductive network of conductive silicone
cement, simply adding CF or CB cannot build a perfect
conductive network, in which CF constitutes the main
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conductivity channel and CB, a coupling anchor. When the
content of CF and CB in the conductive silicone cement
reaches 2:1, CB can form more contact sites with CF, and
the internal conductive network is further improved, so the
conductive silicone polymer cement has better conductivity.

3.4 Hydrophobic properties

The corona phenomenon on the surface of a high-voltage
conductor is closely related to the smoothness of the wire
surface; therefore, the hydrophobic properties of the PP/
CF/CB conductive silicone polymer cement were further
tested; the results are shown in Figure 5. For the silicone
polymer cement with 70% content, with the increase of the
CF mass fraction, the surface contact angle showed a trend
of first increasing and then decreasing, and reached a
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Figure 5: Surface wetting of the silicone polymer cement: (a) surface wetting performance of the 70% silicone polymer cement and (b) surface wetting

performance of the 80% silicone polymer cement.
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Figure 6: Comparison before and after high-temperature aging of the silicone polymer cement (PP80CF14CB6): (a) before aging of the silicone

polymer cement and (b) after aging of the silicone polymer cement.

maximum value of 107 + 0.54° when the CF content fraction
was 10%. For the 80% silicone polymer cement, with the
increase of the CF mass fraction, the surface contact angle
showed a trend of first increasing and then decreasing, and
reached a maximum value of 108 + 0.39° when the CF con-
tent fraction was 10%. In addition, it can be seen from the
comparative analysis that when the ratio of CF/CB = 1:2, the
contact angle on the surface of the silicone polymer cement
is relatively large, which can significantly improve the
hydrophobic performance of the high-voltage conductor,
thereby inhibiting the generation of the corona.

3.5 Anti-shedding performance test

The anti-shedding conductive silicone cement (PP80CF14CB6)
prepared in this study was used to further study the effect of
anti-corona noise anti-shedding conductive silicone cement
on the performance of anti-shedding conductive silicone
cement after high-temperature aging; the experimental
results are shown in Figure 6. It can be seen from Figure 6
that the conductive cement prepared can be evenly coated on
a wire 7 cm long and 0.25 cm wide, and after high-tempera-
ture aging, the cement does not produce cracks and the sur-
face of the cement is relatively smooth, which indicates that
the conductive silicone cement prepared to suppress corona
noise and prevent shedding can be applied to wire lines to
prevent wires from falling off.

4 Conclusion

In this article, CF powder and CB were used as conductive
fillers and silicone polymers as the matrix to prepare a
UHV transmission line to suppress corona noise and prevent

shedding. When the content of conductive filler CF and CB
in conductive silicone cement reaches a ratio of 2:1 mixed,
the conductivity of the cement reaches a maximum value.
Specifically, the conductivity of the gel with 70% organic
silicone polymer was measured to be 0.73 S/cm, while the gel
with 80% organic silicone polymer exhibited a conductivity
of 1.17 S/cm. Additionally, the gel with 70% organic silicone
polymer demonstrated a tensile strength of 678.6 MPa, a
Young’s modulus of 1.3MPa, and a fracture elongation of
15.22%. On the other hand, the gel with 80% organic silicone
polymer exhibited a tensile strength of 129.9 MPa, a Young’s
modulus of 1.6 MPa, and a fracture elongation of 55.89%.

In conclusion, based on the experimental results, the
conductive silicone gel prepared in this study meets the
requirements for tensile performance, conductivity, and
prevention of detachment in ultra-high-voltage transmis-
sion lines. This research provides significant support for
the reliability and stability of such transmission lines and
offers valuable insights for further studies and develop-
ments in related fields.
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