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Abstract: With the rapid development of electronic technology and modern radar detection system,
there is increasingly urgent demand for microwave absorbing composites working efficiently in the
low frequency range (e.g., 1–2 GHz). In this work, a type of metamaterial/honeycomb sandwich
composite (MHSC) was proposed and fabricated, which exhibited a light weight structure and
excellent wave-absorbing performance in the low frequency band. The relationship between the
wave-absorbing properties and the design parameters of the composite, such as the thickness of the
wave-transmitting skin, the thickness and dielectric properties of the wave-absorbing honeycomb,
was systematically investigated. The electromagnetic coupling interference between the honeycomb
absorber and metamaterial resonator proved to be a crucial factor that affects synergistic wave-
absorbing performance in the low-frequency band. Under the rational design, the incorporation of
subwavelength-sized phase-gradient metamaterial units in the composite can significantly improve
low-frequency wave-absorbing performance for greater than 5 dB (an increment larger than 100%);
and the obtained MHSC exhibits averaged reflectivity (Ra) less than −10 dB in the low frequency band
of 1–2 GHz as well as outstanding performance (Ra < −14.6 dB) over an extremely wide frequency
range (1–18 GHz). The MHSC reported in this study could be a promising candidate for the key
material in high-performance radar stealth and other related applications.

Keywords: honeycomb sandwich composites; metamaterial; radar stealth; microwave absorbing
material; low frequency

1. Introduction

In recent years, microwave-absorbing materials (MAMs) have attracted much at-
tention in view of their practical applications in electromagnetic shielding, camouflage,
radar stealth and other advanced technologies for both commercial and military pur-
poses [1–8]. Compared with other types of MAMs (e.g., wave-absorbing coating), structural
wave-absorbing composites show comprehensive superiorities, including high mechan-
ical strength, heat resistance and broadband absorption ability [9]. They exhibit dual
functions for load-bearing and wave-absorbing in an integral structure and are widely
used in radar stealth equipment [10]. Nowadays, with the rapid evolution of electronic
technology, modern radar systems can effectively detect a target within a broad frequency
band (e.g., 1–18 GHz). In particular, low frequency early warning radar (1–2 GHz) has
become the most predominant threat for conventional military planes and even stealth
aircraft [11–14]. As a result, there is an increasingly urgent demand for structural wave-
absorbing composites having light weight structure, broadband absorption ability, and
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high performance low-frequency radar stealth function at the same time [14]. This presents
a great challenge in the design and fabrication of such material systems within the bounds
of current knowledge.

Honeycomb sandwich composites (HSCs) are widely used in aeronautical structures
and automobiles due to their advantages, such as being light weight, having high stiffness-
to-mass ratio, good heat-insulation performance and so on [15]. By coating or filling
hexagonal honeycomb cores with lossy agents, an HSC can become an efficient MAM [16].
The wave-absorbing performance of an HSC is affected by a series of design parameters,
such as thickness, core size and orientation of the honeycomb [17–19], coating thickness
and dielectric properties of the lossy agents [20–22], and even the fabrication/molding
process [23]. Vast work and progress have been made by using varied lossy agents, in-
cluding dielectric materials (e.g., carbon black, graphene and multi-wall carbon nanotube)
and magnetic materials (e.g., carbonyl iron, ferrite and nickel metal) to fabricate wave-
absorbing HSCs with low reflectivity and high absorptivity [17,21,24–31]. Nevertheless,
early studies mainly focused on enhancing the wave-absorbing properties of HSCs in a
relatively high frequency band within 2–18 GHz (mostly 8–18 GHz). By contrast, there
is still a lack of effective methodologies to realize satisfactory radar stealth performance
(averaged reflectivity less than −10 dB) in the low frequency band of 1–2 GHz for conven-
tional HSC. Although increasing the thickness of honeycomb, using a high content of lossy
agents, or employing magnetic materials with high complex permeability may be helpful in
improving low-frequency wave-absorbing performance [14,32], this will inevitably result in
drastic weight increase for the total structure, which is infeasible for practical applications.
Consequently, it is necessary to introduce new technical approaches and mechanisms to
fundamentally solve this problem.

Metamaterials are kinds of artificial materials which consist of subwavelength struc-
tural units and possess many peculiar electromagnetic properties unattainable with natural
materials [33–35]. By arranging resonant units in a periodic, quasi-periodic or disor-
dered/coded manner, the design of metamaterials can exhibit artificially customized
permittivity and permeability following predetermined spatial distribution, resulting in
full control of the amplitude, phase, polarization, propagation and dispersion of the electro-
magnetic wave [36–38]. Compared with the traditional microwave absorber, metamaterial
not only provides new perspectives on the wave-absorbing mechanism but also offers
more practical approaches to realize high performance radar stealth with a light-weight
structure [39–41]. Among metamaterials, phase-gradient metasurface (PGM), which is
based on generalized laws of reflection and refraction (Snell’s Law), is a promising can-
didate to solve the bottleneck problem of traditional wave-absorbing material in the low
frequency region [42–45]. Through the abnormal reflection properties of PGM, the main
lobe of a reflected radar wave can be deviated in a non-threatening direction to reduce
radar cross section (RCS); meanwhile, due to abnormal refraction, the effective thickness
of the absorber below PGM is significantly increased to enhance the energy dissipation
of the electromagnetic wave [46,47]. Although it is expected that the incorporation of
metamaterial can possibly improve absorption efficiencies, or widen the absorption band
of conventional MAMs, at the current stage, there is still lack of study concerning the fabri-
cation and wave-absorbing performance of honeycomb sandwich composites loaded with
metamaterials [48,49]. Huang et al. [48] proposed a type of wave-absorbing honeycomb
containing “H-shaped” metamaterial, where the inner wall of wave-transmitting honey-
comb cores was first posted with metal units and then impregnated with wave-absorbing
resin. The reflectivity of the metamaterial-loaded honeycomb is less than −5 dB in the fre-
quency band of 2~18 GHz. However, electromagnetic interaction and coupling interference
between the metamaterial units and honeycomb absorber, especially in the low-frequency
microwave region, is still ambiguous. It is of vital significance and urgent demand to
investigate the synergistic/conflict effect of the two absorbing mechanisms and to optimize
design parameters to the composites, in order to achieve satisfactory low-frequency and
broadband wave-absorbing performance within a light-weight structure.
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In this work, we reported on a type of metamaterial/honeycomb sandwich composite
(MHSC) which exhibited excellent microwave absorption performance in the low frequency
band of 1–2 GHz. The metamaterial units designed, following the phase-gradient principle,
were incorporated into MHSC via a pattern-transfer method and molded together with the
composite. The influences of the design parameters (including the thickness of skin, and
thickness and dielectric properties of honeycomb) on the low-frequency wave-absorbing
properties of the composites were systematically investigated, and the related mechanisms
were elucidated. It was demonstrated that coupling interference between the honeycomb
absorber and metamaterial resonator was the most crucial factor that affected their syner-
gistic wave-absorbing performance in the low-frequency band. On the basis of the above
understanding, an optimized radar stealth performance with averaged reflectivity (Ra) less
than −10 dB in the band of 1–2 GHz was successfully obtained for MHSC, while there
was no significant weight increase compared with the original HSC. On this occasion, the
MHSC also exhibited excellent radar stealth performance (Ra < −14.6 dB) over an extremely
wide frequency range of 1–18 GHz, which shows great opportunities for real applications.

2. Materials and Methods

2.1. Materials

Quartz fiber/bismaleimides wave-transmitting prepregs (QW280/5429), wave-absorbing
honeycomb (SKuF), wave-transmitting Nomex honeycomb (NH-1-2.7-48) and carbon
fiber/bismaleimides prepregs (ZT7H/5429) were purchased from AVIC Composite Corpo-
ration Ltd., Beijing, China. The poly(ether-ether-ketone) (PEEK) film with the thickness
of 10–15 µm was fabricated by solution casting, following the literature [50]. Epoxy glue
film (J-116) was purchased from the Institute of Petrochemistry, Heilongjiang Academy of
Sciences, Harbin, China. All the reagents and materials were purchased from commercial
sources and used as received without further purification.

2.2. Fabrication of MHSC

The fabrication process of the metamaterial/honeycomb sandwich composites (MH-
SCs) is schematically shown in Figure 1. First, the PEEK film was plated with a thin
copper layer by magnetron sputtering, and the periodic metal units were then fabri-
cated by wet-etching, according to the designed patterns, to obtain the metamaterial
layer. The wave-transmitting skin and the reflection skin were prepared by the autoclave
vacuum bag molding method. To fabricate the wave-transmitting skin, several layers of
the QW280/5429 prepregs were stacked together with the metamaterial layer, which were
cured at 180 ◦C for 3 h, followed by post-curing at 200 ◦C for 5 h. During the curing process,
a vacuum and a pressure of 0.7 MPa was applied. A photograph of the fabricated wave-
transmitting skin containing metamaterial is shown in Figure S1 in the Supplementary
Materials, where the dark patterns are the periodic metal units. The reflection skin was
prepared by curing ZT7H/5429 prepregs using the same procedure. Finally, the wave-
transmitting skin, containing metamaterial units, the wave-absorbing honeycomb and
the reflection skin were bonded together by J-116 glue film at a temperature of 180 ◦C
under a pressure of 0.3 MPa for 2 h [51], by which means the MHSCs were successfully
fabricated. To investigate the effect of metamaterial on wave-absorbing properties, conven-
tional HSC was also fabricated, which uses the same procedure as above, except that the
wave-transmitting prepregs were cured alone without adding the metamaterial layer.

2.3. Characterization

The dielectric property (i.e., the complex relative permittivity, εr = εr
′ + iεr

′′) of the
wave-absorbing honeycomb was measured by the free space method in a frequency range
of 1–2 GHz. Two spot-focusing horn lens antennae (transmitting and receiving antennae)
were placed face-to-face at a distance of twice the focal length. A honeycomb sample with
an area of 600 mm × 600 mm was mounted on the focal plane of both the antennae. The
S-parameters (Scattering parameters) of the sample in free space was measured by a vector
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network analyzer (Keysight PNA-L). The complex relative permittivity was calculated
from the input reflection scattering parameter (S11) and the forward transmission scattering
parameter (S21), by using the Nicholson-Ross algorithm [52]. The reflectivity (R, unit: dB)
of the MHSC and HSC was measured by the NRL-arc method in a frequency range of
1–2 GHz. The transmitting antenna and receiving antenna, connected to a vector network
analyzer (Keysight PNA-L), were mounted on top of the sample at normal incidence.
Wave-absorbing pyramids were placed beneath the sample to suppress the reflection of
the background. The value of R was calculated using the equation R = 10log(P/Pm),
where P and Pm are respectively the reflection power of the composite with an area of
600 mm × 600 mm and the reflection power of the metal sheet with the same dimensions.
All the tests were conducted at a temperature of 25 ◦C.

δ ε ″ ε ′

Figure 1. Schematic illustration about the fabrication of the metamaterial/honeycomb sandwich
composites (MHSCs).

3. Results and Discussion

3.1. Wave-Absorbing Properties of HSC

Honeycomb sandwich composite (HSC) is generally composed of a wave-transmitting
skin, a wave-absorbing honeycomb and a reflection skin. The wave-absorbing mechanism
of HSC is schematically illustrated in Figure S2 in the Supplementary Materials. When
the electromagnetic wave is incident onto the HSC, it will first interact with the wave-
transmitting skin. The material of this layer often exhibits low dielectric constant and low
loss tangent (tan δ = εr

′′/εr
′) [53,54], in order to realize good impedance matching with the

free space and to decrease reflection loss (increase transmittance) on the surface of the HSC.
With good performance of the wave-transmitting skin, the electromagnetic wave energy
can enter into the HSC as much as possible. As the electromagnetic wave enters into the
wave-absorbing honeycomb, it will be scattered in the periodic hexagonal structure and
attenuated by the wave-absorbing resin adhering to the honeycomb surface (Figure S2).
To obtain rapid and sufficient attenuation of the electromagnetic wave, the honeycomb
should have relatively large dielectric loss and sufficient thickness. Meanwhile, impedance
matching between the skin layer and the honeycomb is also important to suppress reflection
on the interface and realize the maximum absorption ratio of the radar waves. The reflection
skin consists of carbon fiber reinforced bismaleimides resin, which is the bottom layer of the
HSC. Due to the high conductivity of carbon fiber, this layer can be regarded as a reflection
layer and shields electromagnetic signals on the back side of the HSC. According to the
above analysis, it is realized that the rational design of the wave-transmitting skin and
the wave-absorbing honeycomb are very important for wave-absorbing performance of
the HSC. The effects of thickness of wave-transmitting skin, dielectric properties of wave-
absorbing honeycomb and thickness of wave-absorbing honeycomb on wave absorbing
properties of the HSC are presented as follows.

4



Polymers 2022, 14, 1424

3.1.1. Effect of the Thickness of the Wave-Transmitting Skin

For wave-absorbing HSC, the wave-transmitting skin is the first layer of material
that interacts with the incident electromagnetic wave. The impedance matching between
the skin and free space determines direct reflection on the surface and affects the integral
wave-absorbing performance of HSC. Herein, the quartz fiber (εr

′ = 3.7, tan δ = 0.0005) and
bismaleimides (εr

′ = 3.3, tan δ = 0.01) with low dielectric constant and low loss tangent were
respectively selected as the reinforcing fiber and resin matrix of the wave-transmitting skin.
Under the same composition of material, the thickness of the skin layer is the main factor in
influencing transmittance of the electromagnetic wave and wave-absorbing performance.
Wave-transmitting skins with different thicknesses were fabricated by adjusting the number
of plies of the stacked prepregs in the curing step. Figure 2 shows the reflectivity of the HSC
with different thicknesses (0.5–2.5 mm) of the wave-transmitting skin in the low frequency
range (1–2 GHz), where the same type and thickness of honeycomb is used. The results
illustrate that the wave-absorbing performance of HSC is slightly enhanced by increasing
the thickness of the wave-transmitting skin. This phenomenon is ascribed to the long
wavelength of the electromagnetic wave in this frequency band, which can sufficiently
penetrate through the skin layer with negligible dielectric loss. However, increasing the
thickness of the wave-transmitting skin can also weaken wave-absorbing properties in
the high frequency range (e.g., 12–18 GHz) [13], and increase the total weight of the HSC
structure, which works against the demand for wide-band radar stealth using light-weight
material. To balance wave-absorbing performance, weight and mechanical property of the
HSC, a moderate thickness (1 mm) of wave-transmitting skin is selected and used in the
following sections.

ε ′ δ
ε ′ δ

 

ε ′

Figure 2. Reflectivity of the honeycomb sandwich composites (HSCs) with different thicknesses of
the wave-transmitting skin.

3.1.2. Effect of Dielectric Properties of Wave-Absorbing Honeycomb

The honeycomb structure is the core functional layer of the wave-absorbing HSC,
whose dielectric property and thickness show significant influence on radar stealth per-
formance of the composite. Wave-absorbing honeycombs were fabricated by repeatedly
immersing the Nomex honeycomb in a dispersion of conductive carbon black mixed with
bismaleimides resin and acetone for several cycles to reach a predetermined weight incre-
ment, and finally cured at an elevated temperature in the oven. The Nomex honeycomb
is a kind of wave-transmitting material with small dielectric constant (εr

′ = 1.1) and low
loss tangent (tan δ = 0.003). Conductive carbon black can attenuate the radar wave through
electronic polarization, interfacial polarization and other effects, during which electromag-
netic energy is converted into conduction current and finally dissipated into heat. The
effective dielectric constant and loss tangent of honeycomb can be promoted by increasing
the loading amount of wave-absorbing agent. Figure 3a,b respectively show the real part
and imaginary part of the complex relative permittivity of the eight wave-absorbing honey-
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combs (1#~8#) used for this study. In the frequency range from 1 GHz to 2 GHz, εr
′ of the

honeycombs show the order of 1# < 2# < 3# < 4# ≈ 6# < 5# < 7# < 8# and εr
′′ show the order

of 1# < 2# < 3# < 4# < 5# < 6# < 7# < 8#. The reflectivity of the HSC with honeycombs 1#~8#
was measured in the frequency range of 1–2 GHz, and the results are shown in Figure 3c.
The thickness of wave-absorbing honeycomb is fixed at 30 mm. The results demonstrate
that, by increasing the dielectric properties (εr

′ and εr
′′) of honeycomb, the wave-absorbing

performance of HSC gradually increases at first, while rapidly decreasing when complex
permittivity exceeds a certain level. The effect of the dielectric property of honeycomb
on wave-absorbing performance originated from the following mechanisms. When the
real part and imaginary part of permittivity are both small (e.g., 1#~5#), the impedance
difference between the wave-transmitting skin and the honeycomb is relatively low, and the
electromagnetic wave can effectively pass through their interface and enter into the honey-
comb. In this condition, the increasing of εr

′′ enhances the attenuation rate and absorption
ratio of the radar wave in the honeycomb structure, which contributes to decrease in the
reflectivity of HSC. However, when the dielectric property of honeycomb is sufficiently
large (e.g., 7# and 8#), impedance mismatching between the skin and honeycomb leads to
considerable reflection of the incident radar wave on the interface, which decreases energy
transmission efficiency and weakens wave-absorbing performance of the HSC. Limited
by the above reasons, even for honeycomb 6#, which has the best performance among the
overall samples, reflectivity in 1–1.3 GHz is still larger than −10 dB, which is unsatisfactory
in satisfying the demand for high-performance radar-stealth in the low frequency band.
Moreover, wave-absorbing honeycomb with high dielectric properties loads a large amount
of the wave-absorbing agent and shows a large density (Table 1), which significantly in-
creases the total weight of the composite structure. Consequently, increasing the dielectric
properties of honeycomb is of limited effect in improving low-frequency wave-absorbing
performance of the composites in line with the demand for a light weight structure.

 

ε ′ ε ″

− −

Figure 3. (a) Real part and (b) imaginary part of the complex relative permittivity (εr
′ + iεr

′′) of differ-
ent wave-absorbing honeycombs (1#~8#). (c) Reflectivity of the honeycomb sandwich composites
fabricated from the wave-absorbing honeycomb 1#~8#.
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Table 1. Density of the wave-absorbing honeycomb.

Wave-Absorbing Honeycomb 1# 2# 3# 4# 5# 6# 7# 8#

Density (g/cm3) 0.06 0.07 0.08 0.09 0.1 0.15 0.2 0.3
Surface density (kg/m2) 1 1.8 2.1 2.4 2.7 3 4.5 6 9

1 The surface density was calculated for the honeycomb with the thickness of 30 mm.

3.1.3. Effect of the Thickness of Wave-Absorbing Honeycomb

As the low-frequency radar wave has a long wavelength and large penetration depth,
the thickness of wave-absorbing honeycomb also affects the wave-absorbing property
of HSC to a large extent. The influence of honeycomb thickness was investigated using
honeycomb 6#, which exhibits optimal dielectric property (Figure 3c) in the low frequency
range compared with the others. Figure 4 shows the reflectivity of HSC with the thickness
of honeycomb (6#) ranging from 10 mm to 50 mm. It demonstrates that the honeycombs
with moderate thickness of 30 mm and 40 mm possess the best wave-absorbing perfor-
mances among the samples, where the averaged reflectivity of the corresponding HSC
is respectively −11.5 dB and −11.2 dB in the frequency band of 1–2 GHz. For the fixed
dielectric property, the honeycombs with lower thickness (e.g., 10 mm and 20 mm) could
not sufficiently attenuate the incident radar wave in the transmission length. In this case,
increasing honeycomb thickness is beneficial to enhance wave-absorbing performance.
However, when honeycomb thickness reaches a much larger level (e.g., 50 mm), the res-
onant absorption peak of honeycomb moves to a lower frequency region (f < 1 GHz),
which weakens its wave-absorption ability in the band of interest (1–2 GHz). By balancing
these two opposite factors and considering the demand for a light-weight wave-absorbing
composite, the honeycomb with moderate thickness of 30 mm was chosen to fabricate the
wave-absorbing MHSC in the following sections.

 
Figure 4. Reflectivity of HSC-6# with different thicknesses of the wave-absorbing honeycomb.

3.2. Wave-Absorbing Properties of MHSC

According to the above discussion, increasing the dielectric property (Figure 3) and
increasing the thickness (Figure 4) of honeycomb both have limited effect in improving
the wave-absorbing property of HSC in the low-frequency band. To solve this problem,
we designed a type of MHSC that contains metamaterial structural units with unique
electromagnetic response in the frequency range of 1–2 GHz. MHSC was fabricated
by incorporating a PEEK layer loading the periodic metal arrays into the conventional
HSC structure, which is schematically illustrated in Figure 1. The PEEK film acts as the
supporting substrate of the periodic metal units and guarantees position accuracy in the
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pattern-transfer process. Moreover, during the curing step, the PEEK film can be dissolved
in the resin matrix and fused into wave-transmitting skin, which prevents mechanical
property loss brought about by the redundant film layer.

As shown in Figure 5, the metamaterial layer consists of open square metal rings with
subwavelength sizes, which were designed on the basis of the phase gradient principle [45].
These anisotropic metal units can effectively resonate in the electromagnetic field under
the specific wavelength, inducing a phase shift to the incident radar wave and producing
a phase gradient on the meta-surface. In consequence, when the radar wave is incident
on to the metamaterial units, both the reflected wave and the transmitted wave will be
deflected with an abnormal reflection/refraction angle. The mechanism is schematically
shown in Figure 5. On one hand, abnormal reflection can make the reflected wave deviate
from the incident direction, which changes the direction and shape of the reflected lobe
and reduces the RCS (Radar Cross Section) of the target. On the other hand, the abnormal
transmission can increase the propagation distance (i.e., the effective thickness) of the radar
wave in the honeycomb, which can significantly enhance electromagnetic loss and improve
the wave-absorbing property of the composites in the low-frequency band.

 

θ

θ

−

Figure 5. Schematic illustration of the wave-absorbing mechanism of metamaterial/honeycomb
sandwich composites (MHSCs).

3.2.1. Properties of MHSC with Wave-Transmitting Honeycomb

Firstly, the effect of metamaterial units on the radar stealth performance of composites
was investigated using the wave-transparent Nomex honeycomb with different thicknesses
ranging from 10 mm to 50 mm. The thickness of the wave-transmitting skin of MHSC
was fixed at 1 mm. As shown in Figure 6, increasing the thickness of Nomex honeycomb
can significantly decrease the reflectivity of HSCM in the frequency range of 1–2 GHz.
This phenomenon is ascribed to the abnormal transmission of the electromagnetic wave
on the metamaterial surface. As demonstrated in Figure 5, the effective thickness of
the honeycomb (d/cos(θ), propagation distance of the refracted wave) shows positive
correlation with its actual thickness d. Consequently, for a certain electromagnetic response
(cos(θ)) of metamaterial units, a relatively large thickness (d) of honeycomb is conducive
to fully utilize the radar stealth function of the metamaterials in MHSC. According to
Figure 6, when the thickness of Nomex honeycomb is larger than 30 mm, the composite with
metamaterial shows relatively small reflectivity (less than −5 dB) in the band. However, the
wave-transparent Nomex honeycomb without loading absorbing agents has low dielectric
loss and cannot effectively attenuate the electromagnetic wave in the high frequency
range (e.g., 8–18 GHz). Consequently, in the next section, wave-absorbing honeycombs
with different dielectric constants and dielectric loss were complexed with metamaterial
structure to fabricate MHSC, in order to realize more efficient wave-absorbing property in
the low frequency range and balanced performance in a wide-frequency range.
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θ
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Figure 6. Reflectivity of the MHSC with the different thicknesses of the wave-transmitting
Nomex honeycomb.

3.2.2. Properties of MHSC with Wave-Absorbing Honeycomb

Figure 7a–e show the reflectivity curves of five different MHSCs (colored solid lines)
in the frequency band of 1–2 GHz, which were compared with corresponding HSCs
without metamaterials (black dash lines). The HSCs and MHSCs were fabricated from
wave-absorbing honeycombs (1#~5#) with different dielectric properties (see Figure 3a,b)
and with a fixed thickness of 30 mm. The results illustrate that, for the five honeycomb
samples, incorporating the metamaterial layer in the composite can decrease reflectivity
in the low frequency band to a large extent. In fact, the metamaterial designed in this
paper is a kind of subwavelength anisotropic structure. Due to the distinct phase-frequency
response of the resonant units with different rotational orientation, the metamaterial can
generate a gradual phase distribution (i.e., phase gradient) for the reflected and transmitted
waves [44–46]. This unique electromagnetic effect equivalently changes the shape and
direction of the reflected lobe and increases the effective thickness of the honeycomb
absorber, which significantly enhances the low-frequency radar stealth performance of
the composites. However, as revealed in Figure 7f, the wave-absorbing performance of
MHSC is still correlated with the dielectric property of the wave-absorbing honeycomb
in a complex manner. To quantitatively evaluate this issue, the averaged reflectivity (Ra)
of the HSC and MHSC in the frequency range of 1–2 GHz is extracted from the curves
and listed in Table 2. HSC without metamaterial increasing the dielectric property of
the honeycomb (1#~5#) within a certain range can significantly enhance radar-stealth
performance, where Ra is decreased from −1.35 dB to −6.29 dB from 1# to 5#. This effect
is attributed to the more intensified wave absorption ability of the honeycomb with the
larger dielectric loss. By contrast, when incorporated with metamaterials, it is the MHSC-4#
with the moderate dielectric property of honeycomb that exhibits the best wave-absorbing
performance (Ra = −10.59 dB) among the five MHSC samples. As shown in the second
row of Table 2, for honeycombs 1#, 2#, 3#, 4# and 5# with increased dielectric property,
averaged reflectivity increases first and then decreases. In other words, the wave-absorbing
performance of the metamaterial units is strongly restricted by the dielectric properties
of the honeycomb structure. The value of (Ra,HSC − Ra,MHSC) is the reflection reduction
of MHSC compared with HSC, which represents the enhancing effect of the radar stealth
performance contributed by the metamaterial layer in the composite. As shown in the
last row of Table 2, this value is negatively correlated with the dielectric property of the
wave-absorbing honeycomb. Specifically, for the wave-transmitting Nomex honeycomb
with the lowest dielectric constant and lowest dielectric loss, the metamaterial decreases
the averaged reflectivity for 8.14 dB in the low frequency band, while the value is only
4.09 dB for the wave-absorbing honeycomb 5# with the largest dielectric property among
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the samples. The mechanism is that, although the honeycomb with larger dielectric loss
exhibits better wave-absorbing property, it will also show more significant interference on
the electromagnetic response of the metamaterial layer. To achieve optimal radar-stealth
performance in the low frequency band, the metamaterial units should be complexed with
the wave-absorbing honeycomb that exhibits well-matched dielectric properties.

 

−

−

−
− −

−
−

Figure 7. (a–e) Reflectivity of HSC (dash line) and MHSC (solid line) in the low frequency range
(1–2 GHz). The wave-absorbing honeycomb is respectively (a) 1#, (b) 2#, (c) 3#, (d) 4# and (e) 5#,
whose dielectric properties show an ascending order of 1# < 2# < 3# < 4# < 5#. The shadow area in each
figure represents the reduction of reflectivity by inserting the metamaterial units in the honeycomb
sandwich composite. (f) Comparison of the wave-absorbing performance of MHSC fabricated from
the honeycomb with different dielectric properties.

Table 2. Averaged reflectivity of HSC and MHSC with different honeycombs in the frequency band
of 1–2 GHz.

Honeycomb Nomex 1# 2# 3# 4# 5#

Ra,HSC 0 −1.35 −2.80 −4.35 −5.16 −6.29
Ra,MHSC −8.14 −7.85 −8.64 −10.18 −10.59 −10.38

Ra,HSC − Ra,MHSC 8.14 6.50 5.84 5.83 5.43 4.09

According to the above investigation, the fabricated honeycomb sandwich composite
with metamaterial (e.g., MHSC-4#) can realize excellent low-frequency wave-absorbing
performance with averaged reflectivity as low as −10.59 dB in the band of 1–2 GHz.
Compared with HSC-4# with the same thickness of wave-transmitting skin (1 mm) and
wave-absorbing honeycomb (30 mm), incorporating the phase-gradient metamaterial into
the composite can significantly enhance the wave-absorbing performance for 5.43 dB, with
an increment larger than 100%. Meanwhile, the thin metamaterial layer with a surface
density of only 0.19 kg/m2 (much lower than that of the wave-absorbing honeycombs, see
Table 1) shows no obvious weight-increase to the total structure. Moreover, under dielec-
tric match between the honeycomb and metamaterial, the MHSC also possesses a more
satisfactory and enhanced wide-band wave-absorbing property than the corresponding
HSC. The reflectivity of MHSC-4# and HSC-4# in the frequency range of 1–18 GHz was also
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characterized, and the curves are shown in Figure 8. According to the results, averaged
reflectivity in the frequency band of 1–4 GHz is −11.18 dB for MHSC-4# but only −7.51 dB
for HSC-4#. The −10 dB bandwidth in the frequency band of 1–8 GHz is 5.4 GHz for MHSC-
4# but only 3.16 GHz for HSC-4#. Moreover, over an extremely wide frequency range of
1–18 GHz, the averaged reflectivity of the HSCM-4# is lower than −14.8 dB, with the lowest
reflectivity of −33.4 dB at the frequency of 9.5 GHz. These results indicate that, when
matched with a suitable honeycomb, incorporation of the phase-gradient metamaterial
layer can significantly enhance the wave-absorbing properties of the composites in the low
frequency band while effectively maintaining original wave-absorbing performance in the
high frequency range. It is strongly believed that the MHSCs reported in this study show
promising potential to be applied as high-performance radar stealth composite materials.

 

−

Figure 8. Wide-band wave-absorbing performance of the MHSC (solid line) and HSC (dot line) in the
frequency range from 1 GHz to 18 GHz. Both the composites used the wave-absorbing honeycomb
4# with a thickness of 30 mm. From left to right, the five regions with the colors of red, yellow, green,
blue and purple respectively represent frequency bands of 1–2 GHz, 2–4 GHz, 4–8 GHz, 8–12 GHz
and 12–18 GHz.

4. Conclusions

In summary, we have fabricated a new type of metamaterial/honeycomb sandwich
composite (MHSC) and systematically investigated wave-absorbing performance in the
low frequency band of 1–2 GHz. It is proved that, simply increasing dielectric properties
and heights of the wave-absorbing honeycomb both show a limited effect in improving
low-frequency radar stealth performance of the conventional HSC, which is ascribed to
the long wavelength of the electromagnetic wave in the band. This challenging problem is
successfully solved by incorporating a phase-gradient metamaterial layer in the composite
via a pattern-transfer method and optimizing the designing parameters of the fabricated
MHSC. When the height of the wave-absorbing honeycomb and the height of the wave-
transmitting skin are respectively 30 mm and 1 mm, the fabricated MHSC can possess
averaged reflectivity less than −10 dB in the frequency band of 1–2 GHz, whose wave-
absorbing performance is promoted for larger than 5 dB compared with the corresponding
HSC. It is discovered that enhancement of radar stealth performance in the low frequency
band contributed by the metamaterial layer shows negative correlation with dielectric
properties of the wave-absorbing honeycomb, which is caused by coupling interference
between the two response structures. The optimal low-frequency wave-absorbing property
of MHSC is achieved by elaborately balancing the dielectric loss of the honeycomb and
the electromagnetic response of the metamaterial units. Under rational design, the MHSC
loaded with a thin and light-weight metamaterial layer not only possesses more excellent
low-frequency (1–2 GHz) wave-absorbing properties compared with the conventional HSC
but also shows more satisfactory radar stealth performance over a wide frequency range
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of 1–18 GHz. This study both proposes an effective methodology to enhance the low-
frequency wave-absorbing performance of conventional HSCs and provides deep insight
into electromagnetic coupling between the honeycomb absorber and metamaterials. It is
highly expected that the discoveries and design methods of this work can be extended to
fabricate light-weight and wide-band MAMs based on metamaterials and other composite
structures, such as laminates, foams, fabrics, aerogels, and so on.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14071424/s1, Figure S1: Photograph of the fabricated
wave-transmitting skin containing metamaterial units; Figure S2: Schematic illustration about the
structure and wave-absorbing mechanism of the honeycomb sandwich composites (HSC).
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Abstract: Herein, high-performance electromagnetic interference (EMI) shielding bio-based com-
posites were prepared by using EUG (Eucommia ulmoides gum) with a crystalline structure as the
matrix and carbon nanotube (CNT)/graphene nanoplatelet (GNP) hybrids as the conductive fillers.
The morphology of the CNT/GNP hybrids in the CNT/GNP/EUG composites showed the uniform
distribution of CNTs and GNPs in EUG, forming a denser filler network, which afforded improved
conductivity and EMI shielding effect compared with pure EUG. Accordingly, EMI shielding effec-
tiveness values of the CNT/GNP/EUG composites reached 42 dB in the X-band frequency range,
meeting the EMI shielding requirements for commercial products. Electromagnetic waves were
mainly absorbed via conduction losses, multiple reflections from interfaces and interfacial dipole
relaxation losses. Moreover, the CNT/GNP/EUG composites exhibited attractive mechanical proper-
ties and high thermal stability. The combination of excellent EMI shielding performance and attractive
mechanical properties render the as-prepared CNT/GNP/EUG composites attractive candidates for
various applications.

Keywords: Eucommia ulmoides gum; carbon nanotubes; graphene; electromagnetic shielding

1. Introduction

With the widespread application of advanced electronic devices, our lives are enhanced
by ever greater convenience. However, the development of electronic devices has created
considerable quantities of electromagnetic (EM) pollution due to electromagnetic radiation
and EM interference; this pollution affects human health and the normal operation of
other devices [1–6]. In order to avoid these issues, many novel materials with high EMI
shielding performance were explored with the aim of addressing problems related to EMI
and radiation [7]. Conductive polymer composites (CPCs) consisting of polymer and
conductive fillers were explored as promising alternative EMI shielding materials; these
materials are generally metal-based materials [8–12]. Research on CPCs was motivated by
their low weight, flexibility, resistance to corrosion and good processability [13–16].

Numerous efforts were devoted to the design and construction of CPCs using com-
pounding polymers with carbon-based nanofillers, such as carbon black (CB), carbon fibers
(CFs), carbon nanotubes (CNTs) and graphene [17–23]. For example, Cheng et al. [24] pre-
pared CPCs using an ultrahigh-molecular-weight polyethylene/polypropylene (PP) blend
with conductive CB, which exhibits an absorption-dominated EMI shielding effectiveness
(EMI SE) as high as 27.29 dB over the X-band frequency range. Lin et al. [25] developed
CF/PP composites with an EMI SE of ~20 dB via adding 15 wt% CFs. Since both CNTs and
graphene have exceptional mechanical, electric transport properties and extremely high
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aspect ratios, they make excellent conducting fillers in CPCs for EMI shielding applica-
tions [26–31]. Wu et al. [32] prepared CNT/PP composites with an EMI SE of 43.1 dB by
adding 5 wt% CNTs. Abraham et al. [33] produced CNT/styrene-butadiene rubber com-
posites with ionic liquids, and the EMI SE of the composites was found to reach 35.06 dB
at 18 GHz when adding 10 wt% CNTs. Lu et al. [34] fabricated graphene nanoplatelet
(GnP)/ethylene propylene diene monomer rubber (EPDM) composites via a combination
process that included mixing, ultrasonication and compression. The GnP/EPDM com-
posites exhibit a high EMI SE of 33 dB in the range 8.2–12.4 GHz and 35 dB in the range
12.4–18 GHz.

The EMI shielding performance of CPCs is heavily dependent on the conductivity,
dispersion and connectivity of fillers in the matrix [35,36]. Three-dimensional (3D) hybrid
filler materials were successfully constructed via the hybridization of one-dimensional
(1D) CNTs with two-dimensional (2D) graphene, which can overcome the problem of
dispersion faced by the individual fillers. The π–π interaction between the CNTs and the
graphene is beneficial in the nanoscale separation of the individual CNTs and graphene
sheets [37,38]. Moreover, the long CNTs were found to be entangled with the graphene
nanosheet, which inhibited their aggregation and provided efficient pathways for electron
transfer. Zhao et al. [39] produced a material with an improved EMI shielding performance
using polydimethylsiloxane with CNT/graphene hybrids; this material achieved an EMI SE
of 31 dB. Kim et al. [40] fabricated CNT/GNP/PP composites with an EMI SE of 36.5 dB at
1.25 GHz. Mohammed et al. [41] prepared PP/polyethylene composites using GNP/CNT
hybrid nanofillers. Across this research, it can be seen that using CNTs and graphene as
hybrid fillers yield an effective route to the fabrication of CPCs with excellent EMI shielding
performance.

With concern regarding the price fluctuations of fossil fuel reserves and the increas-
ing environmental awareness, eco-friendly polymeric materials have attracted increasing
research attention. Eucommia ulmoides gum (trans-1,4-polyisoprene, EUG) is extracted
from the Eucommia ulmoides Oliv and an isomer of natural rubber. Due to its unique dual
nature combining properties of both plastics and rubber, EUG was used as a thermoplastic
material, thermoelastic shape memory material and as a highly elastic material in many
fields. To date, there is little research regarding the use of EUG as an EMI shielding matrix.
In the present work, we used EUG with a crystalline structure as a matrix material and
CNT/GNP hybrids as conductive fillers to construct a shielding composite with a high
EMI shielding performance. The effect of the CNT/GNP hybrids on the morphology,
electrical conductivity and EMI shielding properties was investigated. Furthermore, the
EMI shielding mechanism of the CNT/GNP/EUG composites was analyzed.

2. Materials and Methods

2.1. Materials

Eucommia ulmoides gum (EUG) was supplied by Shandong Beilong Eucommia Chem-
ical Industry Co., Ltd., Weifang, China. Carbon nanotubes (CNTs, with a diameter in
the range of 8–15 nm and length of 1–10 µm) were purchased from the Shanghai Kajite
Chemical Technology Co., Ltd., Shanghai, China. Graphene nanosheets (GNPs) were pro-
vided by Shenzhen Hongda Changjin Technology Co., Ltd., Shenzhen, China. Triton X-100
(polyethylene glycol tertoctylphenyl ether) used in this work was provided by Shanghai
Youdao Aoba Chemical Co., Ltd., Shanghai, China.

2.2. Methods

2.2.1. Preparation

CNTs and GNPs were modified via the use of Triton X-100. An amount of 0.1 g
of GNPs (or CNTs) was mixed with 1 mL of Triton X-100 and subsequently grounded
manually in an agate bowl for 30 min. The product was then dispersed in deionized water
and magnetically stirred in a glass beaker for 20 min. The suspension was ultrasonicated for
60 min in ice bath conditions, filtrated and vacuum dried to obtain m-GNPs (or m-CNTs).
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The calculated amounts of m-GNPs (0 wt%, 0.80 wt%, 2.35 wt% and 3.85 wt%) and
m-CNTs (9.62 wt%) were dispersed in toluene at 2 mg/mL under the action of mechanical
stirring; this was followed by sonication for 60 min. The m-GNPs and m-CNTs suspensions
were subsequently mechanically stirred for 10 min and ultrasonicated for 30 min. Then
CNT/GNP suspension was added to the EUG toluene solution; the mixture was then
mechanically stirred for 30 min and ultrasonicated for 2 h. The mixture was precipitated
using ethanol and then dried at 40 ◦C. The dried mixture was mixed with curing agents
(ZnO, 4 phr; SA, 2 phr; sulfur, 2 phr; NOBS, 1.2 phr) on a two-roll mill at 65 ◦C. Then, the
blends were cured into 1-mm-thick sheets under 150 ◦C at the vulcanization time. The
CNT/GNP/EUG composites are referred to as ECGx, where x represents the content of
GNPs added to the composites.

2.2.2. Characterization

The morphology of the composites was investigated via scanning electron microscopy
(SEM, SU8010, Hitachi Co., Ltd., Tokyo, Japan) and transmission electron microscopy (TEM,
FEI Talos F200, Thermo Fisher Scientific Inc, Shanghai, China). The samples used for SEM
were fractured in liquid nitrogen and had a surface coated with a thin gold layer. The
TEM samples were ultramicrotomed at −100 ◦C to produce sections with a thickness in the
range of 50–60 nm. Dynamic mechanical rheology measurements were performed using a
rubber process analyzer (RPA-8000, Goteh Testing Machines Co., Ltd., Qingdao, China). A
strain sweep was undertaken from 1% to 200% at 60 ◦C and 1 Hz.

The electrical conductivity of the composites was measured using a four-probe con-
ductometer (RTS-9, Guangzhou Four-Probes Technology Co. Ltd., Guangzhou, China).
The EMI shielding performance of the composites was measured in the frequency range
of 8.2–12.4 GHz (X band) at room temperature, using a vector network analyzer (E5071C,
Agilent Technologies, Santa Clara, CA, USA); the test samples were of length 22.86 mm,
width 10.16 mm and thickness 2.00 mm. The EMI performance parameters, including
the SE total (SET), SE reflection (SER) and SE absorption (SEA), were calculated from the
scattering parameters (S11 and S21).

R = |S11|2 (1)

T = |S21|2 (2)

SER = −log10(1 − R) (3)

SEA = −log10(T/(1 − R)) (4)

SET = SER + SEA (5)

The tensile tests were carried out using an INSTRON 3365 testing machine (Instron Co.,
Ltd., Norwood, MA, USA) according to the standard ASTM D412 using a crosshead speed
of 500 mm/min at 23 ± 2 ◦C. Cut the EUG/CNTs/GNPs composite sample into strips with
a section width of 6 mm and thickness of 2 mm with a dumbbell cutter, and clamp both ends
of each sample. For each data point, at least five specimens were tested, and an average
value was taken. The thermal stability of the samples was measured via thermogravimetric
analysis (TGA, Q50, TA Instruments, Rutherfordton, NC, USA) from 40 ◦C to 600 ◦C using
a heating rate of 10 ◦C/min in an N2 atmosphere. Differential scanning calorimetric (DSC)
measurements were obtained using a DSC-Q200 (TA Instruments, Rutherfordton, NC, USA)
under N2 from −70 ◦C to 100 ◦C at a heating/cooling rate of 10 ◦C/min. The crystallinity
of the EUG was determined, as

Xc =
∆Hm

∆H∗
m
× 100% (6)

where ∆H∗
m is the theoretical value of 100% crystallized EUG (125.6 J/g).
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3. Results and Discussion

3.1. The Morphology of the CNT/GNP/EUG Composites

It is generally accepted that the properties of composite material are closely correlated
with the dispersion of the filler material used. Figures 1 and 2 show the SEM and TEM
images of CNT/GNP/EUG composites. As shown in Figures 1a and 2a, the CNTs are
uniformly dispersed within the EUG matrix without obvious agglomeration or entangle-
ment. As shown in Figures 1b–d and 2b, the CNTs and GNPs are uniformly dispersed
across the matrix after the shear force was applied during the open mill process. CNTs
were observed to show an individual distribution state and are seen to be closely attached
to the GNPs, further demonstrating that the GNPs lead to an efficient dispersion of the
CNTs and implying that there exists a high-strength binding interaction between the GNPs
and CNTs. Because of the π–π interaction between the CNTs and GNPs, GNPs can improve
the dispersibility of CNTs and inhibit their re-aggregation due to their larger surface area
and steric hindrance; rod-shaped CNTs can also reduce stacking effects of the GNPs [42].
Furthermore, with an increase in hybrid loading, the GNPs exhibit increased agglomeration;
these were caused by the effect of the π–π bond between the GNPs and the strong Van der
Waals force. Thus, the composites form a more complete CNT/GNP conductive network,
which provides a favorable condition for the electrical conductivity of the composites.

Figure 1. SEM images of CNT/GNP/EUG composites: (a) ECG0; (b) ECG1; (c) ECG2; (d) ECG3.

Figure 2. TEM images of CNT/GNP/EUG composites: (a) ECG0; (b) ECG3.

The Payne effect is widely used to characterize filler dispersion and filler networks.
Figure 3 shows the storage modulus (G′) as a function of the strain for the CNT/GNP/EUG
composites. G′ of the CNT/GNP/EUG composites is seen to decrease rapidly with in-
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creasing dynamic strain amplitudes; it is also seen to exhibit high sensitivity to strain,
an indication of a typical Payne effect. The decrease in G′ is due to the destruction of
filler networks. G′ increases significantly with increasing GNP loading of the CNT/GNP
hybrids, demonstrating that denser filler networks are formed between CNTs and GNPs at
higher CNT/GNP loading. The difference between G′ at 200% and G′ at 1% (referred to as
∆G′) also increases with the increase in the GNP loading; this phenomenon indicates an
increase in the Payne effect. In summary, with increasing GNP loading within CNT/GNP
hybrids, the filler networks possess a higher modulus and a higher sensitivity to strain. The
strong filler networks also demonstrate that the CNT/GNP hybrids are highly dispersed
within the EUG matrix.

Figure 3. Storage modulus versus strain of CNT/GNP/EUG composites.

3.2. Electrical Conductivity and EMI Shielding Properties of the CNT/GNP/EUG Composites

Electrical conductivity is a key factor that determines the EMI shielding properties of a
given composite [43]. Materials with high electrical conductivity usually exhibit good EMI
shielding properties. The volume electrical conductivity values of the CNT/GNP/EUG
composites fabricated here are shown in Figure 4. CNTs are observed to be non-directionally
dispersed and distributed but in a directional distribution in local microbeams, which
results in the composites having anisotropic characteristics across different micro-domains;
these properties have an effect on the electrical conductivity of the rubber. The electrical
conductivity of CNTs/EUG composites with 9.62 wt% CNTs is seen to be around 2.31 S/cm.
This result indicates that the CNTs in the composites form a conductive network at this CNT
loading. The electrical conductivity of the CNT/GNP/EUG composites slightly increases
with increasing of GNP loading within CNT/GNP hybrids. As shown in Figure 2, the
CNT/GNP hybrids were well dispersed within the EUG matrix, which is conducive to
the formation of perfect conductive networks and leads to an improved EMI shielding
performance.

Figure 4. Electrical conductivity of CNT/GNP/EUG composites.
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The outstanding electrical properties endow CNT/GNP/EUG composites with high
EMI shielding properties [44]. The EMI shielding properties of the CNT/GNP/EUG com-
posites were assessed by measuring the values of SET, SER and SEA. Figure 5 shows the
EMI SET, SER and SEA of the CNT/GNP/EUG composites in the X-band frequency range.
The pure EUG exhibits a very small SET value of less than 0.5 dB, indicating that EUG
is almost completely transparent to the electromagnetic waves over the whole X-band
frequency range. It can be seen from Figure 5a that the value of SET of the CNT/GNP/EUG
composites gradually increased from 30.29 dB to 42.49 dB with the increase in the GNPs
loading within the CNT/GNP hybrids. The enhanced EMI shielding properties are at-
tributed to the increased conductive networks created by the synergistic effect of GNPs
and CNTs.

Figure 5. (a) EMI SET (b) EMI SER, (c) EMI SEA and (d) EMI SET at 10 GHz of CNT/GNP/EUG
composites.

In order to state the synergistic effect of 2D GNPs and 1D CNTs, the same weight
loading of GNP and CNT composites were fabricated, and the comparative results of elec-
trical conductivity and EMI shielding efficiency are summarized in Figure 6. The electrical
conductivity and EMI SET of the CNT/GNP/EUG composite are all higher than CNT/EUG
composite and GNP/EUG composite. As a 1D material, CNTs contact each other predom-
inantly through point contacts. As a 2D material, GNPs contact each other via surface
contacts. In CNT/GNP hybrids, GNPs function as the ‘spacers’ between the polymers, and
the CNTs function as the ‘wires’ making up the conductive network. The combination of
the two fillers creates much denser conductive networks than either filler used alone. Such
perfect conductive networks permit the dissipation of electromagnetic waves through both
reflection and absorption. Therefore, the CNT/GNP/EUG composites exhibit enhanced
electrical conductivity and EMI shielding efficiency because of the synergistic effect of GNP
and CNTs.
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Figure 6. Comparison of (a) electrical conductivity and (b) EMI SET of CNT/EUG composite
(13.47 wt% CNT), GNP/EUG composite (13.47 wt% GNP) and CNT/GNP/EUG composite (9.62 wt%
CNT and 3.85 wt% GNP, ECG3).

The maximum EMI SET value of the CNT/GNP/EUG composite is seen to be as high
as ~42 dB, a value that meets the EMI shielding requirement for commercial products.
Table 1 compares the results obtained in this work with other EMI shielding polymeric com-
posites reported in previous work [17,18,20,28,30–32]; it is seen that the CNT/GNP/EUG
composites created in this work exhibit superior EMI SET compared with previously stud-
ied composites. The results indicate that this work provides a practical and effective method
for the preparation of high-performance EUG-based EMI shielding composites.

Table 1. Comparison of EMI shielding properties of CNT/GNP/EUG composites with other CPCs.

Materials
Carbon Filler

Contents
Thickness

(mm)
SE

(dB)
Frequency

Range
Ref.

CB/Silicone Rubber 15 phr 2.0 20 0.01–10,000 MHz [17]
CF/MWCNT/PBT/PolyASA 8 vol %+2 vol % 2.0 33.7 8.2–12.4 GHz [18]

CNT/PE 10 wt% 3.0 35 0.5–1.5 GHz [20]
RGO/CB/PDMS 15 wt%+17 wt% 1.5 28 8.2–18 GHz [28]

graphene/SBR 27.81 wt% 3.0 45 8–12 GHz [30]
GN/NBR 4 wt% 2.0 77 1–12 GHz [31]

CNTs/RGO/Epoxy 0.83 wt%+1.2 wt% 3 42 8.2–12.4 GHz [32]
CNTs/GNPs/EUG 9.62 wt%+3.85 wt% 2.0 42.5 8.2–12.4 GHz this work

PBT: Polyb; PBT: Polybutylene terephthalate; ASA: Acrylonitrile Styrene acrylate copolymer; PDMS: Polydimethyl-
siloxane; SBR: 1,3-butadiene polymer.

3.3. EMI Shielding Mechanism of the CNT/GNP/EUG Composites

In order to fully elucidate the EMI shielding mechanism of the CNT/GNP/EUG
composites, the values of SEA, SER and the relative values at 10 GHz were calculated and
plotted in Figure 5b,c,d, respectively. The values of SEA and SER of the CNT/GNP/EUG
composites all increase with increases in GNP loading of the CNT/GNP hybrids. More
importantly, the SEA values greatly increase with the GNP loading of the CNT/GNP
hybrids. In all the CNT/GNP/EUG composites, the SEA values are much greater than
the SER values; this is because the conductive networks provide a sufficient number of
interfaces that form multiple reflections and thus attenuate the incident electromagnetic
waves [45]. For instance, the SET, SER and SEA of ECG3 are 42 dB, 7.4 dB and 34.6 dB,
respectively. Furthermore, the SEA value that represents absorption makes up 82% of the
SET value, whereas the SER value that represents reflection accounts for only 18% of the SET

value. Thus, the results of this work indicate that absorption is the predominant shielding
mechanism of the CNT/GNP/EUG composites.

The complex permittivity of the CNT/GNP/EUG composites was also measured
in order to understand their EM absorption properties better. Figure 7 shows the real
part (ε’), the imaginary part (ε”) and the dielectric loss tangent (tan δε = ε”/ε′) in the
X-band frequency range. The values of ε’ and ε” represent the storage and loss capability
of electric energy within a material, respectively, whereas tan δε is used to evaluate the
dielectric loss capacity of a material. Both ε’ and ε” decrease with increasing frequency; this
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decrease is related to the interface polarization [46]. It is noted that the values of ε’ and ε”
of the CNT/GNP/EUG composites increase with an increase in the GNP loading of the
CNT/GNP hybrids. This is ascribed to the formation of perfect conducting networks by the
CNTs and GNPs within the EUG matrix. The enhanced ε’ value is predominantly due to the
creation of more dipoles within the composite. The uniform distribution of the CNT/GNP
hybrids without agglomeration can create many interfaces and hence induce polarization
at the interfaces of CNT/GNP, CNT/EUG and GNP/EUG. Moreover, the introduction of
more layers of GNPs with a large specific surface area induces an increase in the interface
polarization [47]. The increase in the value of ε” with an increase in the GNP loading is
attributed to the dielectric relaxation and electrical conductivity of the composites. The
incorporation of GNPs enhances the electrical conductivity, resulting in high conduction
loss. Furthermore, the presence of a high number of interfaces between the EUG matrix
and the fillers results in further increases in the dielectric loss within the composite. The
value of tan δε is significantly increased by increases in GNP loading, indicating a superior
dielectric loss capacity. The enhanced value of tan δε represents significant dissipation of
electrical energy and attenuation of wave absorption.

Figure 7. (a) ε’, (b) ε” and (c) tan δε of CNT/GNP/EUG composites.

Based on the preceding analysis, we established the shielding mechanism of the
CNT/GNP/EUG composites, which is illustrated in Figure 8. When the EM waves reach
the interfaces within the composite, a proportion of the EM waves are reflected at the surface
of the CNT/GNP/EUG composite due to the impedance mismatch between the composites
and the air, while a proportion of EM waves is absorbed by the CNT/GNP/EUG compos-
ite due to the conduction losses, multiple reflections from interfaces and the interfacial
dipole relaxation losses. The CNT/GNP/EUG composites form more effective conductive
networks due to the synergistic effect of 2D GNPs and 1D CNTs, thereby causing the
attenuation of EM waves via Joule heating, which increases the EM absorption. Moreover,
the numerous EUG/CNT, EUG/GNP and CNT/GNP interfaces facilitate substantial atten-
uation of the EM waves via multiple reflections and scattering. The interfacial polarizations
also attenuate EM waves and enhance the EM wave absorption effect. Importantly, the
boundary of crystalline–amorphous phases within EUG matrix can accumulate electrical
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charges, thus resulting in polarization loss, while the crystalline regions of the EUG matrix
also increase the propagation of EM waves within the material and hence enhances EM
absorption [48,49].

Figure 8. Proposed electromagnetic shielding mechanism for CNT/GNP/EUG composites.

3.4. Crystallinity of the CNT/GNP/EUG Composites

Thermal and crystalline behaviors were characterized by the DSC curves, and the
crystallinity of EUG was calculated. As shown in Figure 9a, all samples exhibit one peak
upon heating curves, which corresponds to the melting peak of crystalline EUG. Compared
with pure EUG, the melting temperature (Tm) of the CNT/EUG composite shifts to a
higher temperature, and the melting enthalpy (∆Hm) increases from −23.95 to −35.48 J/g.
Accordingly, the crystallinity (XC) of the CNT/EUG composite also increases from 19.1% to
28.2%, implying that CNTs acted as the nucleating agent and promoted the crystallization of
EUG segments. However, the Tm, ∆Hm and XC of CNT/GNP/EUG composite all decrease
with the increase in GNP loading of the CNT/GNP hybrids. These results indicate that the
EUG segmental mobility was restricted by strong networks formed by the synergistic effect
of CNTs and GNPs.

Figure 9. (a) DSC curves of CNT/GNP/EUG composites, (b) the crystallinity (Xc) of CNT/GNP/EUG
composites.

3.5. Thermal and Mechanical Properties of the CNT/GNP/EUG Composites

Figure 10 depicts the TGA curves of the CNT/GNP/EUG composites; the related data
are shown in Table 2. As shown in Figure 8, the thermal decomposition of CNT/GNP/EUG
composites takes place in a single stage between 260 ◦C and 300 ◦C, predominantly due
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to the pyrolysis of the EUG macromolecules. The decomposition temperatures of the
CNT/GNP/EUG composites with 5% and 30% weight loss (T5, T30) and the calculated
heat resistance index (THRI) are all higher than 303 ◦C, 410 ◦C and 180 ◦C, respectively. The
value of THRI of the CNT/GNP/EUG composites all increase with the increase in the GNP
loading of the CNT/GNP hybrids. The value of THRI for the CNT/GNP/EUG is 191 ◦C,
which is 11 ◦C higher than that of pure EUG (180 ◦C). The reason for this increase is due
to the CNT and GNP fillers possessing high heat resistance, which improves the thermal
stability of the EUG matrix.

Figure 10. (a) Thermogravimetric curves of CNT/GNP/EUG composites. (b) Enlarged view of
thermogravimetry at 100–90%.

Table 2. Thermal characteristics data of CNT/GNP/EUG composites.

Samples
Weight Loss Temperature (◦C) THeat-resistance index

(◦C)Td,5% Td,30%

EUG 305 410 180
ECG0 303 423 184
ECG3 328 429 191

T5 and T30 correspond to the decomposition temperature of 5% and 30% weight loss, respectively.;
THeat-resistance index = 0.49 ∗ [T5 + 0.6 ∗ (T30 − T5)].

The mechanical properties of the CNT/GNP/EUG composites are shown in Figure 11.
The tensile strength of the CNT/GNP/EUG composites is seen to increase with an increase
in the GNP loading of the CNT/GNP hybrids. The elongation at break initially increases
and subsequently decreases with increasing GNP loading of the composite. The incorpora-
tion of GNPs in the CNT/GNP/EUG composite improves the dispersion of CNTs, resulting
in enhanced tensile strength and elongation at break. On the other hand, the introduction
of more CNT/GNP hybrids increases the filler–filler and filler–polymer networks, which
further reinforce the composites and resists the removal of polymer chains; this results in
improved tensile strength and decreased elongation at break. The Young’s modulus of
ECG0, ECG1, ECG2 and ECG3 are 0.05 GPa, 0.051 GPa, 0.052 GPa and 0.057 GPa, respec-
tively. Besides, the shore A hardness of ECG0, ECG1, ECG2 and ECG3 are 79, 81, 82 and 84.
The Young’s modulus and the hardness of the CNT/GNP/EUG composite show a slight
increase with the increase in the CNT/GNP hybrids, an indication of the reinforcement
of CNT/GNP hybrids. ECG3 exhibits a tensile strength of 20.9 MPa and elongation at
a break of 304%. Therefore, the combination of the excellent electromagnetic shielding
performance and high mechanical properties makes the as-prepared CNT/GNP/EUG
composite appropriate for a wide range of applications.
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Figure 11. Stress-strain curves of CNT/GNP/EUG composites.

4. Conclusions

In summary, we have successfully fabricated bio-based composites with a high EMI SE
and attractive mechanical properties by combining a matrix of EUG with a crystalline struc-
ture and CNT/GNP hybrid structures used as conductive fillers. The synergistic effect of the
CNT/GNP hybrid originates from the bridging of CNTs between GNPs, which facilitates
the enhanced filler networks, electrical conductivity, EMI shielding properties and mechan-
ical properties of the CNT/GNP/EUG composites. The maximum electrical conductivity
and EMI SE values of CNT/GNP/EUG composites are observed to be up to 2.71 S/cm and
42.49 dB, respectively. Furthermore, the tensile strength of the CNT/GNP/EUG composites
was found to increase with an increase in the GNP loading of the CNT/GNP hybrids.
These results indicate that the method studied here provides a practical and effective route
towards the creation of high-performance EUG-based EMI shielding composites.
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Abstract: The flashover along the insulator endangers the reliable operation of the electrical power
system. The reasonable curved profiles of the shed could improve the flashover voltage, which would
reduce power system outages. The research on the influence of the curved profiles of the shed on the
streamer propagation along the insulator made of polymer was presented in the paper. The streamer
propagation “stability” field, path, and velocity affected by the curved profiles of the shed, were
measured by ultraviolet camera, ICCD camera, and photomultipliers. The “surface” component of
the streamer is stopped at the shed with the different curved profiles, while the “air” component
could go round the shed and reach the cathode. The streamer propagation “stability” fields are
inversely proportional to the curved profiles of the shed. The streamer propagation velocities are
proportional to the curved profiles of the shed. The relationship between the streamer propagation
and the flashover propagation was discussed in depth. The subsequent flashover propagation is
greatly affected by the streamer propagation path and “stability” field. Furthermore, the influence of
the material properties on the streamer propagation path was also discussed in depth.

Keywords: streamer discharge; curved profiles; streamer propagation “stability” field; streamer
propagation path; streamer propagation velocity

1. Introduction

The flashover along the insulator surface causes many widespread power outages
every year. It endangers the stability and safety of electrical power system, resulting in a
large number of social and economic losses. The reasonable shed design might improve
the flashover voltage, which would reduce power system outages. The test results of the
flashover along the insulator with the different shed configurations have been used to
optimize the design of the insulator by many researchers at home and abroad [1–4].

The flashover along the insulator was supported by many researchers [5–7]. However,
the streamer discharge along the insulator with a shed were little investigated [8–10]. The
streamer propagation along the insulator is the important physical process before the
flashover. The inhibited streamer discharge along the insulator can lead to the subsequent
flashover process to disappear. Hence, the research on the streamer discharge along the
insulator with the different sheds is helpful for designing the shed configuration of insulator.

The streamer discharge along the smooth insulator have been investigated widely,
but the characteristics of streamer discharge along the insulator with a shed were rarely
researched [11–15]. In the paper [12,13], the influences of the shed on the streamer discharge
were discussed, the “surface” component of streamer propagation along the insulator was
blocked at the shed, but the “air” component could cross the shed and reach the cathode
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plate. In the paper [15], the influences of the shed configuration on the streamer discharge
were discussed and summarized, such as the diameter, location, and combination of the
shed. However, the influences of the curved profiles of the shed on the streamer discharge
was not studied in depth. The photograph of streamer discharge along the profiled insulator
surfaces was not shot by advanced high-definition camera [13]. The relation between the
streamer discharge and flashover along the insulator with the shed was still not very
clear [16].

In the paper, the streamer propagation “stability” field, path, and velocity affected
by the curved profiles of the shed, were measured by ultraviolet camera, ICCD camera,
and photomultipliers. The streamer energy loss at the shed was estimated by a method,
which was used to interpret physical phenomenon in the test. Furthermore, the relationship
between the characteristics of the streamer and the flashover was discussed in depth. It
provided theoretical and experimental basis for optimization design of the curved profiles
of the shed.

2. Experimental Arrangement and Measurement System

The streamer propagation “stability” field, path, and velocity affected by the curved
profiles of the shed, were measured by ultraviolet camera, ICCD camera, and photomulti-
pliers in a three-electrode arrangement. The experiment arrangement and measurement
system could be found in our past literature [15], as shown in Figure 1. The streamer
discharge was triggered by a square pulse voltage applied to the needle electrode. A
negative DC voltage was applied to two flat electrodes to produce a uniform electric field.
The photographs of the streamer discharge paths were shot by the UV imaging detector
(Ofil Corporation, Tel Aviv-Yafo, Israel). The micromorphology of streamer discharge was
taken by an ICCD camera (Princeton Instruments, Trenton, NJ, USA). The photons radiated
from the streamer discharge could be acquired by the photomultiplier (ET Enterprises Lim-
ited, Uxbridge, UK), so three photomultipliers were adopted to monitor the development
process of the streamer discharge.

“surface” 
“air”

“stability” 

“stability” 

Positive voltage 

pulse source

Negative DC 

voltage source

3

2

1

Voltage 

measure

ICCD

Ultravioletc
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Ω under the test condition

Figure 1. Experimental equipment.

The experiment was taken under standard atmospheric pressure, and the relative
humidity was about 60% and temperature was about 20 ◦C. The insulators with the different
curved profiles of the shed were made of polymer (nylon). The diameters of the sheds were
70 mm. The fillet diameters of the curved profiles of the sheds were 25 mm, 16 mm, and
5 mm respectively, as shown in Figure 2. The surface resistivity of the polymer (nylon) is
6.8 × 109 Ω under the test condition.
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Figure 2. Insulators with the different fillet diameters of the curved profiles of the sheds.

3. Experimental Results

3.1. Streamer Propagation Fields

The streamer propagation probability under the different electric fields is an important
parameter in the development of streamer, which is useful to reveal streamer characteristics.
The detailed measurement method of the streamer propagation probability was based
on our past literature [17]. The streamer propagation probability distribution is shown
in Figure 3.
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Figure 3. Streamer propagation probability.

The formula of Gaussian distribution could be used to calculate the streamer “stability”
propagation fields Est corresponding to streamer propagation probability of 97.5% [15].
Figure 4 shows that the relation between the pulse amplitude and the streamer “stabil-
ity” propagation fields is linear. There is inverse proportional relationship between the
streamer “stability” propagation fields and the pulse amplitude, as same as the result in
the literature [18]. The streamer “stability” propagation fields for the insulator with a shed
are larger than that for the smooth insulation surface and the air alone. Specifically, the
streamer “stability” propagation fields are inversely proportional to the fillet diameters of
the curved profiles of the sheds.
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Figure 4. Stability fields for streamer propagation.

3.2. Light Emission

The photomultipliers were used to measure the streamer discharge along the insulators
with the different curved profiles of the sheds. The double light peaks were detected by the
photomultiplier 2 at the shed, whereas single light peak at the cathode were detected by the
photomultiplier 3. The test results measured by the photomultiplier have been discussed in
depth in the literature [15]. The “surface” component of streamer propagation along the
insulator is blocked at the shed, but the “air” component could cross the shed and reach
the cathode plate.

The photographs of the streamer discharge along the insulators were shot by the
ultraviolet camera (Figures 5–7). The shooting method of the ultraviolet camera was listed
in the literature [17]. Consistent with the measurement result of the photomultipliers, the
“air” propagation path bypasses the shed and reaches the cathode, while the “surface”
propagation path stops at the shed.

cussed in depth in the literature [15]. The “surface” component of streamer prop-
agation along the insulator is blocked at the shed, but the “air” component could cross the 

–

“air” “surface”

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 5. Streamer discharge photographs (Insulator A). (a) 570 kV/m, (b) 590 kV/m, (c) 630 kV/m,
(d) 680 kV/m, (e) 710 kV/m, (f) 740 kV/m.
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Figure 6. Streamer discharge photographs (Insulator B). (a) 610 kV/m, (b) 630 kV/m, (c) 650 kV/m,
(d) 690 kV/m, (e) 710 kV/m, (f) 750 kV/m.
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Figure 7. Streamer discharge photographs (Insulator C). (a) 630 kV/m, (b) 650 kV/m, (c) 690 kV/m,
(d) 720 kV/m, (e) 750 kV/m, (f) 780 kV/m.

The ICCD camera (PI MAX3) made by Princeton Instruments was used to take pho-
tographs of the micromorphology of the streamer propagation along the insulators. Due
to the weaknesses of the streamer discharge, each photograph recorded the three-times
process of streamer discharges in order to make the photograph clearer. Figures 8–10 shows
the streamer discharge photographs. It is found that there are also two streamer paths: the
“air” propagation path and the “surface” propagation path. The “air” propagation path
crosses the shed and arrives at the cathode. Different from the measurement results of
the ultraviolet camera, the “surface” propagation path also crosses the shed and arrives
at the cathode. However, the photomultiplier 3 detected single light peak at the cathode,
which meant that the “surface” component was blocked by the shed, and only the “air”
component crossed the shed. The reason to explain this contradiction is that the “surface”
component is blocked by the shed. When the “air” component of streamer bypasses the
shed, sometimes it might propagate along the “surface” propagation path due to the attrac-
tion of the surface charge [19–21], or sometimes it propagated along the “air” propagation
path, or both cases existed in the one streamer discharge. Due to the larger fillet diameters
of the curved profiles of the insulators A and B, the air component is more easily attracted
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by the surface charge and develops along the insulating material surface. This situation
is not obvious on the surface of the insulator C due to the smallest fillet diameters of the
curved profiles. In the literature [15], the “air” component of streamer might propagate
along either the “surface” propagation path or the “air” propagation path. Therefore, the
“surface” propagation path and the “air” propagation path behind the shed both belong to
the “air” component of streamer due to the attraction of the surface charge. The greater the
fillet diameters of the curved profiles, the easier it is for the “air” component of streamer to
develop along the surface of the insulating material. The streamer propagation paths along
the insulator with a shed are described in Figure 11.

  
(a) (b) 

  
(c) (d) 

Figure 8. Streamer propagation photographs measured by ICCD camera (Insulator A). (a) 618 kV/m
(b) 643 kV/m, (c) 690 kV/m, (d) 720 kV/m.

  
(a) (b) 

  
(c) (d) 

Figure 9. Streamer propagation photographs measured by ICCD camera (Insulator B). (a) 620 kV/m,
(b) 660 kV/m, (c) 700 kV/m, (d) 740 kV/m.
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Figure 10. Streamer propagation photographs measured by ICCD camera (Insulator C). (a) 640 kV/m
(b) 680 kV/m, (c) 720 kV/m (d) 760 kV/m.
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Figure 11. Streamer propagation paths along the insulators.

3.3. Streamer Propagation Velocity

The streamer “stability” propagation velocities Vst were defined as the velocities of
streamer propagation at the stability fields [22]. The velocities of streamers propagating
along the insulators with a shed decreases linearly but slowly with the pulse amplitude
in Figure 12. The velocities of the “air” component along the insulators with a shed are
higher than that along the smooth insulator in Figure 13. The reason could be found in the
literature [15]. It is obvious that the “air” component velocities are proportional to the fillet
diameters of the curved profiles of the sheds.
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Figure 12. Streamer stability propagation velocity.
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Figure 13. Streamer propagation velocity (“air” component).

3.4. Evolution of Streamer to Flashover

The characteristics of flashover along the insulator were investigated through improv-
ing the applied voltage between the plates. The flashover “stability” propagation fields
E50 corresponding to flashover propagation probability of 50% could be acquired by the
method of acquiring the streamer “stability” propagation fields Est. Table 1 shows that the
flashover “stability” propagation fields E50 increase with streamer “stability” propagation
fields E50. The flashover “stability” propagation fields are also inversely proportional to
the fillet diameters of the curved profiles of the sheds. Hence, the applied electric field has
the same effect on the streamer propagation and the subsequent flashover propagation.

Table 1. The comparison of streamer “stability” propagation fields Est and flashover “stability”
propagation fields E50.

Shed Configuration
Est

(kV/m)
E50

(kV/m)

Insulator A 585 824
Insulator B 605 842
Insulator C 630 863

The photographs of the flashover path were acquired by a high-speed camera in
Figure 14. It shows that the flashover propagates along the insulator with only one prop-
agation path. In front of the shed, the flashover propagates along either the “surface”
or “air” propagation path of the previous streamer. The flashover propagated along the

36



Polymers 2022, 14, 897

“air” propagation path of the previous streamer behind the shed due to the interruption
of the “surface” propagation path at the shed. Hence, the streamer channel has a great
influence on the subsequent flashover. The reasonably optimized curved profiles of the
sheds could improve the electric fields for the streamer propagation, thereby, the electric
fields for the flashover propagation are also improved. The perspective of restraining the
streamer discharge to prevent the flashover discharge would be a new idea to design the
curved profiles of the shed.

 

(a) 

 

(b) 

 

(c) 

The reason why the “surface” component of streamer would not cross this small electric 

“surface” propagation path fails to reach the cathode.

Figure 14. Photographs of flashover along the insulator with the shed. (a) Insulator A. (b) Insulator B.
(c) Insulator C.

4. Discussion

4.1. Tangential Electric Field along Streamer Propagation Path

Ansoft Maxwell was adopted to calculate the electric fields along the insulator.
Figure 15 shows the tangential electric field along the whole insulator surface. The tangen-
tial electric field is small and even negative in the regions of the curved profiles of the shed.
The reason why the “surface” component of streamer would not cross this small electric
field region is that the energy from this small electric field could not maintain the streamer
propagation. Hence, the “surface” propagation path fails to reach the cathode.
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However, the “air” component could cross the shed and reach the cathode plate.
Hence, the streamer propagation characteristic parameters, such as the streamer “stability”
propagation fields and the streamer “stability” propagation velocities, are all determined
by the “air” component of streamer. The distribution of the tangential electric field along
the “air” path is important to explain the streamer propagation characteristic parameters.
Figure 16 shows that the tangential electric field along the “air” path before and behind the
shed is proportional to the fillet diameters of the curved profile of the shed; whereas, the
tangential electric field at the shed is inversely proportional to the fillet diameters.

However, the “air” component could cross the shed and reach the cathode plate. 
“
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Figure 16. Tangential electric field along the “air” path.

The streamer has not yet obtained much energy from the electric field in front of
the shed, so the applied electric field has the greatest impact on it. When the streamer
propagates along the insulator with the largest fillet diameters of the curved profile of
the shed, the tangential electric field along the “air” path is the largest, so it is easy for
the streamer to develop and to cross the shed where the tangential electric field is greatly
reduced. Therefore, lower electric field is required for the streamer to propagate along the
insulator with the larger fillet diameters of the curved profile of the shed. Under the same
electric field, the “air” component velocities along the insulator are proportional to the fillet
diameters of the curved profiles of the sheds.
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4.2. Streamer Propagation Energy Loss at the Shed

The streamer discharge would lose much energy at the shed due to the low tangential
electric field and the charges in the streamer attaching to the shed [23–26]. The method in
the literature [15] was used to estimate the energy loss at the shed. The calculated energy
loss at the shed (Lshc) differed by an error (Qste) from the real energy loss (Lshc) as shown in
Equation (1).

Lsh = Lshfc + Lshsc − (Qstfe − Qstse) = Lshc − Qste (1)

In Table 2, Est1 is the stability fields for streamer propagation along insulators with a
shed. v1/v2 is the “air” component velocity before/after the shed at Est1. QEf1/QEs1 is the
energy obtained from ambient electric field before/after the shed. Ef2 is the ambient field
corresponding to the same value of v1 when streamer propagates along smooth insulators
during the first half part of air gap. Es2 is the ambient field corresponding to the same
value of v2 when streamer propagates in air alone during the second half part of air gap.
QEf2/QEs2 is the energy obtained from ambient electric field Ef2/Es2 in its case.

Table 2. Energy loss at the shed.

Shed Configuration Insulator A Insulator B Insulator C

Est1(kV/m) 585 605 630
v1(105 m/s) 1.4 1.45 1.52
v2(105 m/s) 2.48 2.68 2.84

QEf1(104 J/C) 2.93 3.03 3.15
QEs1(104 J/C) 2.93 3.03 3.15

Ef2(kV/m) 580 595 610
Es2(kV/m) 527 535 550

QEf2(104 J/C) 2.9 2.975 3.05
QEs2(104 J/C) 2.635 2.675 2.75
Lshc(104 J/C) 0.315 0.4 0.5

Table 2 showed the energy loss at the shed (Lshc) is inversely proportional to the fillet
diameters of the curved profile of the shed. From the perspective of the energy loss, the
streamer propagation energy loss at the shed is inversely proportional to the fillet diameters
of the curved profile of the shed. Therefore, the streamer “stability” propagation fields are
inversely proportional to the fillet diameters, and the streamer propagation velocities are
proportional to the fillet diameters under the same electric field.

4.3. Influence of the Material Properties

In the literature [12,13], the authors found that the “air” component of streamer
discharge could bypass the shed and reach the cathode, the “surface” component of
streamer discharge could also bypass the shed with the large fillet diameters of the curved
profile and reach the cathode. However, we used more advanced experimental equipment
and experimental testing methods in this paper, such as the ICCD camera and the UV
imaging detector was adopted to shoot the streamer discharge photographs. The different
test conclusion was obtained that the “surface” component of streamer discharge could not
bypass the shed, even the fillet diameters of the curved profile of the shed is much large. The
“surface” propagation path behind the shed does not belong to the “surface” component of
streamer discharge, but belongs to the “air” component of streamer discharge.

Our conclusion is closer to the actual situation, in addition to our more advanced
measuring equipment, it is more important that we consider the influence of material
properties on the streamer discharge. There are much microporous defects (physical defect
and chemical defect) on the surface of the polymer in Figure 17 measured by the scanning
electron microscope. The surface adsorbed charges on the polymer increase with the
increase of the microporous defects [27]. Therefore, the surface of the polymer would
adsorb a lot of negative charge with the negative DC voltage applied on the gap.
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− 0 μC/m

Figure 17. Scanning electron microcopy images.

The method of the thermally stimulated current was used to measure the trap charges
(nC) on the surface of the polymer. The trap charges on the polymer could be calculated
by the result of the thermally stimulated current in Figure 18. The trap charge on the
polymer used in the test is 1879 nC, which is greater than other materials. The more trap
charges means that the more negative charge is accumulated or deposited on the polymer
surface. The result of the thermally stimulated current proves the result of the scanning
electron microscope.

− 0 μC/m

Figure 18. The result of the thermally stimulated current.

As shown in Figure 19, the vector of electric fields is parallel to the surface of the
polymer with no surface charge. However, the vector of electric fields points to the surface
of the polymer with negative surface charge. Therefore, the air component of streamer
discharge behind the shed is more easily attracted by the polymer surface and develops
along the “surface” propagation path. It could explain reasonably that why the “surface”
propagation path and the “air” propagation path behind the shed both belong to the “air”
component of streamer in the Section 3.2.
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(a) (b) 

− 0 μC/m
Figure 19. Vector plots of the electric field distribution along the surface of the polymer. (a) no surface
charge, (b) −10 µC/m2 surface charge. The darker part is polymer material, the white part is air.

This contradiction of the measurement result from the ICCD camera and the UV
imaging detector has given us great enlightenment. It is easy to produce confusing results
or conclusions for a single test equipment or measurement method to study the physical
process of the temporal and spatial evolution of streamer discharge. Combining a variety
of test equipment or measurement methods, and then comprehensively analyzing the test
results, can accurately reveal the physical development process of streamer discharge.

The test results tell us that the smaller fillet diameters of the curved profile of the
shed would be adopted to obtain the larger flashover voltage in electrical power system.
However, the outdoor insulators of the transmission lines are prone to accumulating
pollution on the surface in the atmospheric environment, and the larger fillet diameters
of the curved profile of the shed would remove pollutants easily through rain and wind.
Hence, the fillet diameters of the curved profile of the shed not only affect the flashover
voltage of the insulator, but also the removal of pollutants through rain and wind. In
engineering practice, the fillet diameters of the curved profile of the shed should be chosen
to consider the impact on both sides, taking into account both flashover voltage and
cleaning capacity. Sometimes in order to obtain high cleaning ability, the flashover voltage
can be appropriately reduced to obtain better environmental adaptability. These results
provide a theoretical basis for promoting the shape of the shed.

5. Conclusions

From typical photomultiplier signals and the streamer discharge photographs, the
“surface” component of streamer discharge was blocked at the shed. Only the “air” compo-
nent crossed the shed, and the “air” component behind the shed might propagate along
either the “surface” propagation path or the “air” propagation path.

The streamer “stability” propagation fields were inversely proportional to the fillet
diameters of the curved profiles of the sheds. The streamer propagation velocities were
proportional to the fillet diameters.

The applied electric field had the same effect on the streamer propagation and the
subsequent flashover propagation. Furthermore, the streamer channel had a great influence
on the development path of the subsequent flashover. The perspective of restraining the
streamer discharge to prevent the flashover discharge would be a new idea to design the
curved profiles of the shed.

The tangential electric field along the streamer propagation path and the streamer
propagation energy loss at the shed could be used to explain the characteristics of the
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streamer discharge. From the perspective of the tangential electric field, when the streamer
propagates along the insulator with the largest fillet diameters of the curved profile of
the shed, the tangential electric field along the “air” propagation path is the largest, so
it is easy for the streamer to develop and to cross the shed where the tangential electric
field is greatly reduced. From the perspective of the streamer propagation energy loss, the
streamer propagation energy loss at the shed is inversely proportional to the fillet diameters
of the curved profile of the shed. Therefore, lower electric field is required for the streamer
to propagate along the insulator with the larger fillet diameters of the curved profile of
the shed.

The surface of the polymer would adsorb a lot of negative charge with the negative
DC voltage applied on the gap. The vector of electric fields points to the surface of the
polymer with negative surface charge. Hence, the air component of streamer discharge
behind the shed is more easily attracted by the polymer surface and develops along the
“surface” propagation path. It could explain reasonably that why the “surface” propagation
path and the “air” propagation path behind the shed both belong to the “air” component
of the streamer.
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Abstract: The dynamic behaviour of rain droplets on the insulator surface is a key measure to its
reliability and performance. This is due to the fact that the presence and motion of rain droplets
cause intensive discharge activities, such as corona and low current arcing, which accelerate the
ageing process and flashovers. This article aims to investigate and characterize the movement of a
rain droplet placed on an inclined insulator surface subject to an intensive electric field. The rain
droplets’ movement on hydrophobic surfaces in the absence of an electric field is investigated. A high
speed camera is used to capture the footage and finite element method (FEM) is used to simulate
the multi-physics phenomenon on two polymeric surfaces, namely, silicon rubber (SiR) and PTFE
(polytetrafluoroethylene). A ‘creepage’ motion was observed. The inception of motion and the
movement speed are analysed in correlation with various surface conditions. Models are established
to estimate the moisture and potential discharge characteristics on the inclined polymeric surfaces.
They are further utilized to analyse the actual insulators subject to wet conditions.

Keywords: droplet vibration; high voltage insulator; polymeric surface; corona discharge; arcing;
creepage distance

1. Introduction

The distortion and movement of rain drops in an electric field has been the subject
of a number of experimental research studies. High voltage AC outdoor insulators can
be distinct by their bulk insulation material as ceramic insulators (glass or porcelain)
or composite insulators (polymeric or non-ceramic insulators). Composite insulators
consist of pultruded glass cores and polymeric shed sheaths are fast becoming the main
choice of materials because of their improved wetting behaviour and greater degree of
hydrophobicity [1,2]. The discharge activity on the surface of polymeric insulator surfaces
is one of the ageing mechanisms leading to insulator failure. Such activity between the
rain droplets causes the production of radicals that chemically react with the surface of the
insulator, thereby altering the properties of the insulator material. The practical aspect of
the subject seems to be an important factor in justifying the extensive work carried out on
electrical discharges from rain drops on polymeric surfaces.

The surface of operational polymeric insulator experiences hydrophobicity weakness
and even loss due to the surface discharge of the rain droplet. Due to the reduced hy-
drophobicity, the rain droplets coalesce and form ‘rivulets’ of conductivity, which bridge the
insulation path on the insulator surface leading to the flashover between HV and ground.
Most experimentation revolves around discharges between rain drops on the top of flat
horizontal surfaces. As the weather-proof sheds of insulators are neither horizontal nor
planar, it is worth studying the behaviour of rain droplets in more complex situations.
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This article aims to investigate the behaviour of a rain droplet on an inclined insulator
surface under the influence of intense AC electric field. This unique experiment and its
results are necessary to further understand the behaviour of moisture [3] and ageing process
for polymeric surfaces, especially their application within power systems for insulators
and bushings.

2. Literature Review

The study of thunderstorms inspired the early work on the impact of electrical fields
on rain drops and much of the activity was concerned with the distortion and break-up of
individual drops in high fields. The discharges on the surface of polymeric insulators are
important in the ageing mechanisms of insulators. Since the introduction of hydrophobic
polymeric insulators, a considerable amount of work has been conducted addressing the
electrical discharges from rain droplets on polymeric surfaces. Rowland [4] highlighted
the critical role played by the local ageing of the polymers’ surface in the formation of ‘wet
fingers’ of conductivity. Karady et al., for example, describes the formation of the filaments
between rain droplets on aged commercial silicon rubber insulators and a mechanism by
which this led to flashover of single sheds [5–7].

The vibration and distortion of rain drops in the presence of an alternating field (ac)
is well established [8–11]. A rain droplet in a strong electric field deforms as a result of
the interaction of electrostatic force and the surface tension of the rain droplet [12]. The
movement of rain droplet in alternating field (ac) is characterized by periodic vibration or
fluctuation. Higashiyama and Yamada investigated in detail the behaviour of a rain droplet
placed on the surface of the hydrophobic polymeric sheet in presence of an ac field. They
demonstrated the change in droplet shape during vibration, showing that the droplet is
deformed and synchronized with the ac field [8]. Their study revealed that the frequency
and the volume of rain droplet greatly affect the amplitude of vibration.

An electric field alone can force raindrops up an incline in order to move away from a
high-stress region pointing out the importance of gravity on inclined surfaces [13]. Phillips
et al. and Cheng et al. have shown elongation of single raindrops [14,15]. They observed
that raindrops do not change their shape gradually, but in a series of steps, and do not
necessarily recover their shape after the field is removed. Krivda and Birtwhistle [13]
explained that natural vibrations of a rain drop change its shape during the ac cycle and
hence can reduce the insulation path. This increases the risk of flashover. It was shown
that when several raindrops coalesce they can bridge a significant distance of insulation
and hence discharges appear between them. The corona discharge takes place at the triple
junction area of the rain–air–solid interface as the electric field at this point is intensified
due to the difference in permittivity of silicon rubber, air and the rain droplet [16].

The corona discharge destroys the hydrophobicity of the insulator and thus a long
chain of elongated drops is formed. Under the influence of electric field, this can lead to
the flow of currents over the surface of the insulation [5].

The discharge activity between rain droplets on the insulator surface plays an im-
portant role in its ageing mechanisms. It is also critical in the processes leading up to the
flashover of these insulators in highly polluted or marine environments. However, limited
research has been conducted on the impact of surface shapes and dimensions on surface
hydrophobicity and water sliding behaviour.

3. Methodology

To address this gap in the literature, this article aimsu to design a specific experimental
set up to investigate the factors affecting the rain droplets’ dynamic movement on an
inclined insulation surface. To simplify, a flat inclined surface was used with the capability
to vary its inclined angle. The first step was to investigate the behaviour of the rain droplets
on an inclined plane in the absence of electric field [17]. This will facilitate the design
process while identifying the key variables that need to be controlled. In the second step,
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the experiments were conducted in a high voltage environment. The aims and objectives of
the study can change depending upon need and setup availability/feasibility.

3.1. In the Absence of an Electric Field

Silicon rubbers with different additives are materials of high interest for high voltage
composite insulators. A number of other materials were also chosen for investigation in
order to examine the role of surface energy or hydrophobicity. These materials included
glass, PTFE and a commercial silicon rubber-based material (SiR). A drop of de-ionised
water was placed on the sample surface by a pipette and the angle of inclination gradually
increased until the droplet started to move. The experiment was repeated with three
different sizes of droplet (50, 90 and 140 µL) and material types (SiR, PTFE and Glass). The
diagram of the test setup is shown in Figure 1.

μ

μ

 

Figure 1. Test up to measure inclination angle.

The hydrophobicity of each material was determined by measuring the contact angle
with a 100 µL drop of de-ionised water. The geometry of the point of contact between the
liquid, solid and air is the key to controlling the process, so this is a particularly useful
measurement in that context. Figure 2 shows the diagram of the syringe unit of the optical
contact angle measuring device.

μ

μ

 

Figure 2. Syringe unit of the optical contact angle measuring device (Data Physics OCA Series).

3.2. In the Presence of an Electric Field

The basic understanding developed through investigating rain droplet behaviour on
different materials (without E-field) helped to design the experiment. The experimental
setup consists of two large cylindrical metal electrodes with rounded edges. The electrode
surfaces were smooth with little or no asperities in order to obtain uniform electric field.
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A silicon rubber sample with an inclination of 30 was used as a test material. The metal
electrodes were separated by about 50 mm. A 50 µL drop of de-ionised water was placed in
the central region on top of the insulator sample. The droplet size (volume) was controlled
by the electronic syringe unit of the optical contact angle measuring device. A high speed
camera (imaging rate 3902 fps) was used to observe and record the movement of the rain
droplet under the influence of high AC electric field. A diagram of the experimental setup
is shown in Figure 3.

μ

Ω

Figure 3. Diagrammatic overview of the experimental setup.

The electrical diagram of the same experiment is shown in Figure 4. The components
include a high voltage transformer, the rated voltage of which is 80 kV AC (frequency
50 Hz), and a 125 kΩ current limiting resistor. The circuit also contains a surge protection
device and a voltage divider. A digital storage oscilloscope was used to monitor the
voltage waveforms.

μ

Ω

 

Figure 4. Diagram of the test circuit.

A ‘break down test’ was conducted in order to find the maximum voltage that can be
safely applied to the test setup before the dielectric (air between electrodes) breaks down.
A fairly large rain droplet with the volume 100 µL was applied to the sample surface and
the voltage was gradually increased. The breakdown occurred at 55 kV and hence it was
decided to perform all experimentation below the 35 kV voltage level.
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The silicon rubber used in the experiment was designed using basic geometry. The
thickness of the material was 7 mm. A 30◦ inclined silicon rubber sample was made using a
sharp cutting tool as shown in Figure 5. The dimensions of the sample are shown in Table 1.

μ

  

Figure 5. Silicon rubber sample with 30 degrees inclination.

Table 1. Sample dimensions.

A B C D E

42 mm 11 mm 12 mm 7 mm 15 mm

3.3. Numerical Simulation Using the Finite Element Method (FEM)

When the rain droplet is under the electric field, the electric field force drives the
movement and deformation of the rain droplet, which leads to the distortion of the field
strength and changes the size of the electric field force [18,19]. The interaction between
the two is a coupling problem of electricity and fluid dynamics, which is defined as
electrohydrodynamics. After a sensitivity study of various simplified versions of the
simulation in comparison with the measurements, the FEM was identified as the most
effective tool to understand the physical mechanism behind the droplets’ dynamics.

4. Results and Discussion

4.1. Contact Angles and Inclination Angle of Samples

The experimentation conducted in absence of electric field was quite useful in devel-
oping a basic understanding about key concepts, such as surface hydrophobicity and water
contact angles. The contact angles between rain drops on different surfaces are shown in
Table 2; each value given is an average of three measurements.

Table 2. Contact angles between water droplets on different materials.

Materials SiR PTFE Glass

Contact Angles (◦) 108 100 38

Table 3 shows the inclination angle at run-off for different materials and droplet sizes
(volume). In the experiments carried out, a fresh sample of material was used for all
readings. The line of sight was kept perpendicular to the scale while taking the readings in
order to avoid a parallax error.

The results in Table 2 show that the highest contact angles were seen for silicon rubber
sample. This can be explained by the excellent hydrophobicity of silicon rubber. Water
molecules were seen to form discrete droplets on the surface of the insulation when the
material is highly hydrophobic.
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Table 3. Inclination angle at run-off.

Volume
50 µL 90 µL 140 µL

Sample Type

SiR 52◦ 40◦ 32◦

PTFE 49◦ 37◦ 28◦

Glass 33◦ 21◦ 16◦

Table 3 shows that, for a given volume, a greater degree of inclination was required
to run off a water droplet from the SiR surface compared to PTFE and glass. The surface
properties of these materials, such as surface roughness and hydrophobicity, are important
in water droplet movement. The results were important in the design of the experiment
conducted in presence of high electric field (AC). It provided the range of the droplet sizes
and materials that can be used to meet the research specifications.

4.2. Creepage Phenomenon on the Insulator Surface

The main highlight of the experiment was the identification of a ‘Creepage Phe-
nomenon’, which has not been observed earlier in the literature. The vibration and dis-
tortion of water drops on horizontal surfaces under the influence of an alternating field
(AC) is well established. It was observed that, if the water droplet placed on an inclined
insulator surface is subjected to an ac field, it tends to creep along the surface. Additionally,
the movement is affected by numbers of factors, including the strength of field, volume of
water droplet, type of the insulating material and the roughness of insulator surface. This
dynamic behaviour of water droplet can play an important role in the ageing mechanisms
of composite systems.

The voltage was uniformly increased from zero kV in steps of 5 kV. The ‘Creepage
Phenomenon’ was seen at 30 kV (AC) using the experimental setup shown in Figure 3. The
high-speed camera captured the movement and distortion of the water droplet placed on
the inclined surface, which is shown in Figure 6. It can be clearly seen that the droplet
creeps down the insulator surface during the course of the experiment.

Figure 6 shows the movement of the water droplets corresponding to footage of 8 s. It
was found that:

The water droplet in strong electric field deforms as a result of the interaction of
electrostatic force and the surface tension of the water droplet. Additionally, it vibrates
with many vibration modes throughout the creepage movement. The deformation and
vibration modes of the water droplet depend on a number of factors. The factors include
the magnitude of the applied field, the surface tension, droplet size (volume) and the water
density of the water droplet [13,20,21]. Additionally, the actual insulator surface has a
non-uniform electric field distribution. This means that it is possible to find many vibration
modes occurring simultaneously on its surface.

Upon careful observation of the high-speed camera footage, the water droplet was
seen to elongate in the action of electric field. The change of water droplet shape would
have a significant influence on the insulation performance of insulators.

4.3. Speed of Creeping Movement

The speed of the water droplet creeping down the insulator surface was calculated
using MATLAB. This helped to quantify the experiment. The relationship between time
and the speed of movement is shown in Figure 7. The graph expresses the variation of
instantaneous speed against time. The average speed was also calculated, which is seen to
increase with time.
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μ μ μ

   
(a) t = 0 s (b) t = 1 s (c) t = 2 s 

   
(d) t = 3 s (e) t = 4 s (f) t = 5 s 

   
(g) t = 6 s (h) t = 7 s (i) t = 8 s 

Figure 6. Still pictures from high-speed camera footage.

 

Figure 7. Speed of rain droplet movement with time.

Figure 7 shows that:
The maximum instantaneous speed is recorded as 3.94 mm/s at 5.38 s. The variation

in instantaneous speed can be caused due to a number of factors, especially hydrophobicity
and surface roughness.

Overall, the average speed of water droplet motion increases with time. The reason
for this is that the combined forces on the water droplet are the driving forces.
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It was seen that the water droplet placed on the SiR sample under the influence of
ac electric field vibrates. This results in the deformation of the water droplet shape. The
change in shape can cause the enhancement of a local electric field in the triple junction
area of water–air–solid. Cheng [15] points out that the surface of composite insulators
can experience hydrophobicity loss as a result of local electric field enhancement. Corona
discharge may appear at the triple junction as the electric field is most intensified in that
area [22]. This can facilitate the movement of the water droplet on the sample surface and
thereby an increase in instantaneous speed is observed.

The energy transfer mechanism can also play an important role in justifying the speed
variation. The energy (surface tension) of vibrating water droplet is transferred to the
kinetic energy of the moving droplet and vice versa. After each subsequent movement, the
dynamics change, resulting in different conditions needed to initiate the movement again.

4.4. The Occurance of the Creeping Phenomenon

It was quite interesting to observe that the phenomenon did not recur, despite many
attempts to reproduce it. Both old and new silicon rubber samples were employed to see
the reproducibility of the experiment. Later, the angle of inclination was also increased
to 40 degrees to see the effect of level of inclination on water droplet movement. This
had no impact on the water droplet movement as the creepage phenomenon was not
observed at all. An increase in the electric field resulted only in severe vibration and
distortion of the water droplet, but no movement. The same experiment was repeated
on PTFE (another hydrophobic insulator) in order to examine the effect of surface energy
or hydrophobicity. This experiment again did not see any creeping of the water droplet
subject to same experimental conditions.

The last stage involved changing the droplet size (volume) to investigate its effect on
the water droplet movement. In this case, the ‘Creepage Phenomenon’ was successfully
repeated four times with a water droplet of about 75 µL. This indicates two main possibili-
ties: the water droplet size measured as 50 µL in the initial experiment was inaccurately
dispensed by the electronic syringe system, or there are some other unrevealed factors
governing the movement of water droplets on inclined surfaces.

4.5. Electric Field with an Insulator

The experimental set up was designed in a way to simulate the electric stress of
real insulators in service. This was quite important in developing a useful experiment
whose relevance can be directly related to the practical world of overhead line composite
insulators. The finite element method was employed as an effective tool to compute the
electric field. Figure 8a shows the electric field distribution of an insulator in service. It can
be seen that the electric field distribution on a real insulator varies from 0 to 9.754 kV/cm
along the insulator length.

The electric field distribution on the silicon rubber sample surface is shown in Figure 8b.
The top electrode is connected to the high voltage end, so the electric field intensity increases
in magnitude from bottom to top on the sample surface. The graph shown in Figure 8
confirms that the electric field on the sample surface simulates the electric stress experienced
by real insulators. This shows that a great proportion of sample surface experiences the
same electric stress as that of real high voltage composite system insulator.

52



Polymers 2022, 14, 750

 
(a) (b) 

μ

Figure 8. (a) Electric field distribution on a real insulator; (b) Electric field distribution on a sample (SiR).

5. Conclusions

It can be concluded that the water droplet placed on an inclined insulator surface
vibrates with various modes. This is due to the reason that the insulators in service
experience different electric field distribution on its surface and form wide range of droplet
sizes. A ‘Creepage Phenomenon’ was observed where the water droplet (placed on an
inclined polymeric surface) tends to creep along its surface in presence of high AC electric
field. The experiment proved that this phenomenon is water-droplet-size dependent. A
water droplet of about 75 µL is needed to observe the creepage movement of the water
droplet on a 30 degrees inclined silicon rubber sample. The average speed of movement is
seen to increase with time. The effect of hydrophobicity (for fixed volumes) did not have
an important impact on the creepage movement. The outcomes from the indicated that
this new phenomenon, so called ‘creepage’, plays a significant role in the ageing process of
high voltage composite insulators.
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Abstract: Rubber damping materials are widely used in electronics, electrical and other fields because
of their unique viscoelasticity. How to prepare high-damping materials and prevent small molecule
migration has attracted much attention. Antioxidant 4010NA was successfully grafted onto graphene
oxide (GO) to prepare an anti-migration antioxidant (GO-4010NA). A combined molecular dynamics
(MD) simulation and experimental study is presented to investigate the effects of small molecules
4010NA, GO, and GO-4010NA on the compatibility and damping properties of nitrile-butadiene
rubber (NBR) composites. Differential scanning calorimetry (DSC) results showed that both 4010NA
and GO-4010NA had good compatibility with the NBR matrix, and the Tg of GO-4010NA/NBR
composite was improved. Dynamic mechanical analysis (DMA) data showed that the addition
of GO-4010NA increased the damping performance of NBR than that of the addition of 4010NA.
Molecular dynamics (MD) simulation results show GO-4010NA/NBR composites have the smallest
free volume fraction (FFV) and the largest binding energy. GO-4010NA has a strong interaction with
NBR due to the forming of hydrogen bonds (H-bonds). Grafting 4010NA onto GO not only inhibits
the migration of 4010NA but also improves the damping property of NBR matrixes. This study
provides new insights into GO grafted small molecules and the design of high-damping composites.

Keywords: molecular dynamics simulation; damping performance; nitrile-butadiene rubber; graphene
oxide; antioxidant 4010NA

1. Introduction

Rubber damping materials are widely used in electronics, electrical, aerospace, and
automobiles for vibration and noise reduction due to their unique viscoelastic proper-
ties [1–3]. As some special fields have higher requirements for rubber damping materials,
the preparation of high-performance damping materials has become a research hotspot.
In recent years, the preparation, and research of organic hybrid damping materials have
attracted much attention in the field of rubber damping [4,5]. Rubber damping materials
with a dynamic hydrogen bond (H-bond) network can be prepared by adding small molec-
ular compounds with polar functional groups, such as hydroxyl and amino into the polar
rubber matrix, which can significantly improve the damping properties of the material [6,7].
In the previous studies, researchers often used nitrile-butadiene rubber (NBR) as the polar
rubber matrix and added hindered phenol antioxidants (such as AO-80 or AO-60, etc.) to
prepare organic hybrid damping materials with high-damping performance [8–10].

NBR has good damping performance due to the strong polarity of the -CN functional
groups. However, NBR molecular chain contains a large number of unsaturated carbon-
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carbon double bonds, which is easy to age in heat, oxygen, ozone, light, and other external
conditions, thus shortening the service life and affecting the damping effect. At present,
adding amine antioxidants into a rubber matrix is one of the easiest ways to prevent rubber
aging. For most rubbers, amine antioxidants are more effective in preventing long-term
oxidative degradation [11]. Many researchers improve the phenomenon of rubber aging
easily by adding a small molecular antioxidant, but the antioxidant tends to migrate from
the rubber matrix due to their low molecular weight, thus affecting the damping effect,
resulting in shortened service life and environmental pollution [12–14]. At present, there
are two solutions: the first is to improve the molecular weight of antioxidants [15,16]; the
second is to graft antioxidants to the polymer chain or filler surface [17–21], which is an
effective method for anti-migration of antioxidants.

Graphene oxide (GO) is a two-dimensional carbon material, arranged in a honeycomb
shape, with an extremely high specific surface area and high stability. Compared with
graphene, its surface contains a large number of oxygen-containing functional groups,
such as hydroxyl (-OH), carboxyl (-COOH), and epoxy functional groups (-CH (O) CH-),
which make GO have excellent mechanical, thermal, and electrical properties [22–25] and
more practical application value and broad prospects. It can usually show a significant
enhancement effect on some polar rubbers [26–29].

Grafting antioxidants on the surface of GO is an effective method to reduce the
migration of antioxidants. At present, experimental studies have been carried out to graft
antioxidants onto GO and other fillers. For example, Zhong et al. [30] modified GO with the
antioxidant p-phenylenediamine (PPD), and added the modified GO into the NBR matrix,
which significantly improved the thermal stability of the rubber matrix. Yao et al. [31]
functionalized GO nanosheets through an acyl chloride reaction and then reacted the
product with hindered phenol (HP) to obtain GO-g-HP with excellent anti-aging effects.
Zhong et al. [32] grafted antioxidant 4020 to the surface of GO, which showed better
anti-migration performance in styrene-butadiene rubber (SBR) than free antioxidants. By
grafting the antioxidant onto the GO surface, the antioxidant can be fixed to prevent the
migration in the rubber matrix, and the dispersity in the rubber can be improved. Generally,
amine antioxidants contain polar functional groups, the addition of antioxidants can also
form an H-bonds network with a polar rubber matrix, which can improve the damping
and aging properties of rubber.

At present, there are few studies on the microstructure of GO grafted antioxidants
from the molecular level, and the microscopic mechanism of adding GO grafted antiox-
idants into rubber to prevent migration and improve the damping performance of the
rubber matrix. Molecular dynamics (MD) simulation, as a novel, practical, and powerful
theoretical tool, can not only explain phenomena and processes that are difficult to be
considered in traditional experiments but also predict experimental results. MD simulation
has been widely used to study the relationship between microstructure and properties of
materials [8,10,33].

In this study, antioxidant N-isopropyl-N’-phenyl-p-phenylenediamine (4010NA) was
selected as a damping additive. NBR was selected as a polar rubber matrix. Small molecule
4010NA contains imino, which is easy to form H-bonds with NBR. Firstly, antioxidant
4010NA was grafted onto GO to prepare an anti-migration antioxidant (GO-4010NA). Then,
the microstructure, compatibility, and damping properties of GO-4010NA/NBR composites
were investigated by combining the experiment and MD simulation. For comparative
analysis, control systems including NBR, GO/NBR, 4010NA/NBR, GO/4010NA/NBR
were also studied. We expect to establish correlations between the microstructures and the
damping properties.

2. Experimental Section

2.1. Materials

NBR with an acrylonitrile mass fraction of 41% (N220S) was purchased from Japan
synthetic rubber co., Ltd. (Tokyo, Japan). GO was provided by Sixth Element Materi-
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als Technology Co., Ltd. (Changzhou, China). Antioxidant N-isopropyl-N′-phenyl-p-
phenylenediamine (4010NA) was obtained from Shangshun Chemical (Heze, China). N,
N-dimethylformamide (anhydrous grade, 99.8%), and sulfoxide chloride were purchased
from Aladdin (Shanghai, China). All other raw materials are commercially available
industrial products.

2.2. Preparation of NBR Composites

2.2.1. Synthesis of Anti-Migration Antioxidant GO-4010NA

The steps for the synthesis of anti-migration antioxidants are shown in Figure 1. First,
1 g GO was weighed and dissolved in 150 mL sulfoxide chloride (SOCl2). The reaction
was performed at room temperature for 1 h under ultrasound, and then at 85 ◦C for 6 h,
after which SOCl2 was removed by rotary steaming. Then it was added to 100 mL DMF
for an ultrasound for 1 h, 5 g 4010NA was dissolved in 200 mL DMF and added to GO
solution for reflux reaction at 120 ◦C for 48 h. Then the reaction solution was pumped and
filtered, the solid product was poured into anhydrous ethanol for soaking for 12 h. During
the extraction and filtration process, anhydrous ethanol was used for washing 4–6 times.
Finally, the solid product was dried in a 40 ◦C vacuum oven for 12 h to obtain GO-4010NA.

N′

–

Figure 1. The synthesis route of damping additives.

2.2.2. Preparation of NBR Composites

The experimental formulae are shown in Table 1. First, 100 g NBR was plasticized at
room temperature for 3 min on a two-roll mill. Then 4010NA (0.1 g), GO (1 g), GO (1 g)
and 4010NA (0.1 g), GO-4010NA (1 g) were added to the above NBR, respectively. Then,
the pure NBR and the four groups of samples were mixed at room temperature for 5 min.
Rubber additives are added to the above samples, including 5 phr of zinc oxide (ZnO),
1 phr of stearic acid (SA), 0.5 phr of promoter D (diphenyl guanidine), 0.5 phr of promoter
DM (dibenzothiazole disulfide), 0.2 phr of promoter TMTD (tetramethyl thiuram disulfide),
2 phr of sulfur hit the triangle package and cutting material, mixing evenly, mixing for
10 min. Finally, the samples were hot-pressed and vulcanized for 15 min at 15 MPa and
150 ◦C, and then cooled naturally to room temperature.
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Table 1. The experimental formulae of NBR composites a.

Sample
Ingredients (phr)

NBR GO 4010NA GO-4010NA

NBR 100
GO/NBR 100 1

4010NA/NBR 100 0.1
4010NA/GO/NBR 100 1 0.1
GO-4010NA/NBR 100 1

a Other rubber additives: ZnO, 5 phr; SA, 1 phr; D, 0.5 phr; DM, 0.5 phr; TMTD, 0.2 phr; S, 2 phr.

2.3. Characterization

Fourier transform infrared spectra (FTIR) were obtained from a Nicolet iS50 spectrom-
eter made by Thermo Scientific Inc. (Waltham, MA, USA) within the 4000–400 cm−1. The
potassium bromide pellet technique and attenuated total reflection (ATR) technique were
applied to powder antioxidants and NBR composites, respectively.

X-ray photoelectron spectroscopy (XPS) spectra were determined by an ESCALAB 250
Xi made by Thermo Fischer Inc. (Waltham, MA, USA). Excitation source was Al-Ka ray
(HV = 1486.6 eV), operating voltage was 12.5 kV.

Differential scanning calorimetry (DSC) measurements were performed using a Net-
zsch DSC 200F3 calorimeter made by NETZSCH Scientific Instruments Trading Ltd. (Ger-
many) under a nitrogen atmosphere. Samples were heated at a rate of 20 ◦C/min from
room temperature to 100 ◦C, kept at 100 ◦C for 5 min, then cooled to −80 ◦C at a rate of
20 ◦C/min, and then heated to 180 ◦C at a rate of 10 ◦C/min.

Dynamic mechanical analysis (DMA) measurements were obtained by a Q800 dynamic
mechanical analyzer made by TA instruments Inc. (New Castle, DE, USA). The samples’
length, width, and thickness were 20 mm, 10 mm, and approximately 2 mm, respectively.
The temperature dependence of the loss factor (tan δ) was measured from −50 ◦C to 150 ◦C
at a constant frequency of 10 Hz and a heating rate of 3 ◦C/min in tension mode.

3. Model and Simulation Details

Materials Studio (MS) 7.0 software was used to reveal the effects of different fillers
on NBR composites from the microscopic aspect, providing theoretical guidance for the
experimental study of GO graft antioxidants.

The MD simulation was carried out using the Forcite and Amorphous Cell modules.
During the simulation, the Andersen thermostat is used for temperature control, and the
Berendsen barostat is used for pressure control. In the MD model, COMPASS force field
is adopted. In COMPASS force field, the total energy ET of the system is the sum of bond
energy and non-bond energy, and the calculation formula is as follows [8].

ET = Eb + Eθ + Eφ + Eχ + Ecross + Eele + EvdW (1)

In the formula, Eb is the bond stretching energy, Eθ is the bond Angle bending energy,
Eϕ is the dihedral Angle torsion energy, Eχ is the out-of-plane energy, Ecross is the cross
term interaction energy, Eele is electrostatic interaction energy and EvdW is van der Waals
interaction energy. The sum of the first five energies is the bond energy, and the sum of the
last two energies is the non-bond energy.

3.1. Construction of GO Model

The GO model adopts the classic Lerf–Klinowski model: C10O1(OH)1(COOH)0.5 [34–36],
which represents the results of the standard oxidation process. GO model is C297O28
(OH)28(COOH)14, hydroxyl and epoxy groups are randomly distributed on the surface of
GO, carboxyl groups are distributed on the edge of GO, and the oxidation degree is 21.27%.
The length and width of the GO model are 34.295 Å and 22.811 Å, as shown in Figure 2.
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Figure 2. Molecular models for GO. The green atom is H, the gray atom is C, and the red atom is O.

3.2. Construction of Composite System Model

NBR is a polar rubber, because the molecular chain contains polar group nitrile (-NH)
and the double bond structure has good performance and is widely used. Therefore, we
selected NBR and constructed pure NBR (NBR molecular chain consists of 50 repeating
units, 41% acrylonitrile content, and 59% butadiene content). 4010NA/NBR, GO/NBR,
4010NA/GO/NBR and GO-4010NA/NBR composite models were also constructed. The
4010NA/NBR composite has 4 NBR polymer chains and 2 4010NA small molecules, the
GO/NBR composite has 4 NBR polymer chains and 1 GO, and the 4010NA/GO/NBR
composite has 4 NBR polymer chains, 2 4010NA small molecules and 1 GO. The GO-
4010NA/NBR composite has 4 NBR polymer chains and one GO-4010NA, as shown in
Figure 3.

 

−

−

− −

– −

−

− −

Figure 3. The construction of the 4010NA/NBR, GO/NBR, 4010NA/GO/NBR, and GO-
4010NA/NBR composites amorphous cells (The green atom is H, the gray atom is C, the blue
atom is N, and the red atom is O).

59



Polymers 2022, 14, 736

After the periodic cells are constructed, a series of simulations are needed in order to
keep the system in equilibrium. First, the energy of amorphous cells is optimized by 2 mil-
lion steps by geometric optimization with a convergence value of 1.0 × 10−5 kcal/mol/Å.
The optimized cells are annealed from 200 K to 500 K with 200 annealing cycles. Then,
the dynamics simulation was performed by an NVT ensemble (constant atomic number,
constant volume, and constant temperature) at room temperature 298 K and the time length
was set at 1000 ps. Finally, the dynamics simulation of the NPT ensemble (constant atomic
number, constant pressure, and constant temperature) was carried out. The temperature is
set at room temperature 298 K, the pressure is set at 0.1 MPa, and the time length is set at
1000 ps. The relevant physical parameters are calculated for the system reaching perfect
equilibrium.

4. Results and Discussion

4.1. Structure Analysis of the Synthetic Antioxidant GO-4010NA

The structure of the anti-migration damping agent (GO-4010NA) was characterized
by FTIR, as shown in Figure 4. From Figure 4a, the peak at a wavenumber of 3378 cm−1

is attributed to -NH- vibration. The peaks at wavenumber 1597 cm−1 and 1518 cm−1 are
attributed to the benzene ring vibration [36]. In Figure 4b, pure GO has a broad absorption
peak in the wavenumber range 2500–3750 cm−1, which belongs to the -OH vibrations. The
carbonyl group -C=O has a strong infrared absorption peak at 1736 cm−1 [10]. Compared
to GO, the carbonyl peak is absent, and the hydroxyl peak is weakened in the GO-4010NA
spectra. In addition, new peaks appear at 1550 cm−1 and 1492 cm−1, which belong to the
benzene ring vibration, indicating that 4010NA was grafted to GO.

 

Figure 4. FTIR spectrum of (a) 4010NA and (b) GO and GO-4010NA.

To further illustrate whether 4010NA was grafted to GO, an XPS test was performed
as shown in Figure 5. From Figure 5b, for GO, two peaks are detected at 284.8 eV (C1s)
and 534.6 eV (O1s). For GO-4010NA from Figure 5c, in addition to strong signals of C1s
and O1s, N1s signals were also found at 398.2 eV, indicating that 4010NA molecules were
linked to the GO layer. All the above results indicate that the small molecule 4010NA was
successfully grafted onto GO.
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Figure 5. (a) XPS survey scans for GO and GO-4010NA, XPS C 1s core-level spectra for (b) GO and
(c) GO-4010NA.

4.2. FTIR Analysis of NBR Composites

Figure 6 shows the FTIR spectrum of NBR composites with different contents. The
telescopic vibration of -OH is generally at the wavenumber range 3125–3704 cm−1. In
Figure 6a, the spectrum of the neat NBR and 4010NA/NBR hardly reveals any absorbance
band in the wavenumber range 3200–4000 cm−1 [8], whereas the other three systems
containing GO showed significant peaks at 3400–3600 cm−1. Compared with GO/NBR and
4010NA/GO/NBR composites, the -OH peak in GO-4010NA/NBR composites becomes
stronger and shows a red shift, which is mainly attributed to the formation of hydrogen
bonds in GO-4010NA/NBR composites. It can be seen from Figure 6b that the stretching
vibration peak in the range of 2220–2260 cm−1 is -CN groups. After the addition of GO-
4010NA, the -CN peak value is significantly weakened compared with pure NBR, indicating
that many -CN groups in the composite are involved in the formation of hydrogen bonds.
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Figure 6. FTIR spectrum of (a) NBR composites with different fillers added illustrating the hydroxyl
-OH stretching vibration region and (b) NBR composites with different fillers added illustrating the
the nitrile -CN stretching vibration region.

4.3. DSC Analysis NBR Composites

Figure 7 shows the DSC curves and the Tg of different NBR composites. From Figure 7a,
all the NBR composites have only one Tg, indicating good compatibility between filler and
NBR matrix [6]. The glass transition temperature (Tg) of pure NBR was −8.3 ◦C, and the Tg

increases after the addition of 4010NA or GO as shown in Figure 7b, indicating that the
interactions of the composites are enhanced. Compared with 4010NA/NBR composite, the
Tg of the GO-4010NA/NBR composite is increased to −7.5 ◦C. This increase is due to the
H-bond network formed between GO-4010NA and NBR matrix [7,8]. The formation of
H-bonds promotes the interaction of the composites and restricts the movement of NBR
polymer chains, leading to an increase in the Tg.

– −

– −

– −

– −

Figure 7. (a) DSC curves of different NBR composites and (b) the Tg of different NBR composites.

4.4. Dynamic Mechanical Properties of NBR Composites

Figure 8 shows the temperature dependence of the loss factor (tan δ) value and
storage modulus (E’) of NBR composites. Table 2 shows the damping parameters of NBR
composites. When the small molecule 4010NA is added to the NBR matrix, the tan δ peak
value (denote as tan δmax) is 1.71 and the loss peak area TA is 29.58. When GO-4010NA
was added, the tan δmax increased to 1.73 and TA increased to 30.05. The results show that
the addition of GO-4010NA can improve the damping performance of NBR composites
more than the addition of 4010NA, which is caused by the strong interactions between
GO-4010NA and NBR. It indicates that more hydrogen bonds may be formed between
GO-4010NA and NBR, thus improving the damping performance of the NBR composite.
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Figure 8. Temperature dependence of (a) the loss tangent (tan δ) values and (b) storage modulus for
NBR composites.

Table 2. Damping properties of the NBR composites.

Sample
Tan δ Peak
Position(◦C)

Tan δmax

Temperature Range > 0.3 (◦C)
TA

T1 T2 ∆T

NBR 10.39 1.75 −0.56 34.04 34.60 31.12
4010NA/NBR 11.78 1.71 0.13 35.17 35.04 29.58

GO/NBR 11.73 1.77 0.55 34.98 34.43 31.30
4010NA/GO/NBR 11.95 1.74 −2.18 35.23 37.41 27.50
GO-4010NA/NBR 11.75 1.73 0.34 34.68 34.34 30.05

4.5. Molecular Simulation Data Analysis

4.5.1. Compatibility Analysis of 4010NA, GO, GO-4010NA and NBR

Improving the dispersity of filler is a key problem in the preparation of high-damping
composites. The compatibility between filler and rubber can be evaluated by solubility
parameters. The widely used solubility parameters are Hildebrand and Hansen solubility
parameters [37].

δT =
√

CED =

√

Ec,T

V
(2)

where δT is the Hildebrand solubility parameter, V is molar volume, and EC,T is cohesive
energy. The non-bonding energy consists of three parts, namely dispersion, polarity, and
hydrogen bonding. Hansen also proposed to divide the Hildebrand solubility parameter
into three parts [38].

EC,T

V
=

EC,D

V
+

EC,P

V
+

EC,H

V
(3)

where EC,D, EC,P, and EC,H represent dispersive, polar, and hydrogen bond cohesive energy,
respectively. Combined with Equations (2) and (3), δT can also be divided into three parts:

δT = δD
2 + δP

2 + δH
2 (4)

δD, δP, and δH represent the dispersion, polar, and hydrogen bonding solubility parameters,
known as Hansen solubility parameters. In the COMPASS force field, two energies are
contained in Eele.

Eele = EC,P + EC,H (5)

EvdW = EC,D (6)

Then, Equation (4) can be expressed as:

δT
2 = δvdW

2 + δele
2 (7)
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Therefore, in the COMPASS force field, the three-component Hansen solubility pa-
rameter is converted into a two-component solubility parameter (δvdW and δele). It can be
expressed by the following formula [39,40]:

R =
√

(δvdW,A − δvdW,B)
2 + (δele,A − δele,B)

2 (8)

The compatibility of GO, 4010NA, and polymer is predicted by Cohesive Energy
Density calculation R in the Forcite module. The physical significance of R is that the
Hansen solubility of rubber is the distance from the spherical coordinate to the Hansen
solubility parameter of filler. The smaller R is, the closer the solubility parameter is and the
better the compatibility is [38,40]. The δ, δvdW, and δele values of NBR, 4010NA, GO and
GO-4010NA are calculated. Table 3 shows the δvdW and δele values of NBR, 4010NA, GO,
and GO-4010NA. Then, Equation (8) is used to calculate the value of R. The δ and R value
of NBR, 4010NA, GO and GO-4010NA are shown in Figure 9. The results show that the R
value increases first and then decreases, and the addition of GO made the R value increase,
but the R value decreases after the addition of GO-4010NA, indicating that the GO graft
4010NA improves the compatibility with NBR, and there is good compatibility between
NBR and GO-4010NA, which was consistent with the above DMA analysis.

Table 3. Solubility parameters of NBR, 4010NA, GO, and GO-4010NA by MD simulation.

Materials
δvdW

(cal/cm3)0.5
Standard Error

(cal/cm3)0.5
δele

(cal/cm3)0.5
Standard Eror

(cal/cm3)0.5

NBR 8.36 0.006 3.84 0.005
4010NA 8.80 0.026 4.01 0.029

GO 10.32 0.009 5.98 0.016
GO-4010NA 7.53 0.009 4.38 0.012

NH…NC
OH…NC

COOH…NC
O…HO

c3′

Figure 9. (a) Solubility parameter of NBR, 4010NA, GO, and GO-4010NA. (b) R value of NBR,
4010NA, GO, and GO-4010NA.

4.5.2. Charge Analysis of Atoms on Polar Functional Groups

Table 4 shows the atomic charges on the polar functional groups of NBR, 4010NA,
and GO molecules obtained by MD simulation. The stronger the electronegativity, the
stronger the H-bond is expected to form. According to the atomic charge distribution, it
can be predicted that four types of H-bonds may be formed in the NBR composites as
shown in Figure 10. The type a H-bond may be between the -CN groups of NBR molecular
chains and the -NH- groups of small molecules 4010NA, expressed as (4010NA)-NH . . .
NC-(NBR). The type b H-bond may be between -CN groups of NBR molecular chains and
-OH of GO, expressed as (GO)-OH . . . NC-(NBR). The type c H-bond may be between -CN
groups of NBR molecular chains and -COOH groups of GO, expressed as (GO)-COOH . . .
NC-(NBR). The type d H-bond may be between -OH groups of GO and -C-O-C- groups of

64



Polymers 2022, 14, 736

GO, expressed as (GO)-O . . . HO-(GO). The specific types and numbers of H-bonds need
to be further calculated.

Table 4. Charges and forced field type of the atoms.

Polar Functional Groups Atom q(e) Forced Field Type

-CN (NBR) C 0.234 c2t
N −0.428 n1t

-NH (4010NA) N −0.373 n3h1
H 0.353 h1n

-OH (GO) H 0.410 h1o
O −0.570 o2h

-C-O-C (GO) C 0.160 c44o
O −0.320 o2e

-CO1O2H (GO) H 0.410 h1o
O2 −0.455 o2c
O1 −0.450 o1=
C 0.495 c3′

= − = − − −（ ）

Figure 10. The four types of H-bonds might be formed in the NBR composites.

4.5.3. Accurate Statistics of Types and Number of H-Bonds

The types and numbers of H-bonds can be quantitatively calculated by MD simulation.
As listed in Table 5, four types of H-bonds are formed in the NBR composites, including
intermolecular H-bond interactions (such as H-bond types a, b, and c) and intramolecular
H-bond interactions (such as H-bond type d). There is only one type of H-bond interaction
in the 4010NA/NBR composite. With the addition of GO, it can be seen that the types
and numbers of H-bonds increase significantly because there are more oxygen-containing
functional groups on GO. The oxygen-containing functional groups on GO can not only
form intermolecular H-bonds with NBR but also form intramolecular H-bonds between
the oxygen-containing functional groups, so the addition of GO can significantly increase
the types and numbers of H-bonds. Compared with the 4010NA/NBR composite, GO-
4010NA/NBR composite has more H-bonds, indicating stronger interaction and better
damping performance of the composite, which is consistent with the previous DMA
experimental analysis.
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Table 5. Numbers of H-bonds in NBR composites.

Sample 4010NA/NBR GO/NBR 4010NA/GO/NBR GO-4010NA/NBR

No. of type a H-bond 3 0 1 2

No. of type b H-bond 0 11 12 8

No. of type c H-bond 0 5 5 4

No. of type d H-bond 0 11 12 11
No. of total H-bonds 3 27 30 25

4.5.4. Binding Energy Analysis of NBR Composites

Binding energy (Ebinding) is defined as the negative value of intermolecular energy
(Einter), which can reflect the mixing capacity and compatibility between each component.
The larger Ebinding value is, the stronger the interface interaction is. If Ebinding is positive, the
compatibility between two components is good. Formula (9) can be used to calculate [8]:

Ebinding = −Einter = −(Etotal − ENBR − E f iller) (9)

where Etotal, ENBR, and Efiller are the total energies of the NBR composite, NBR, and the
corresponding filler of composite, respectively.

The Ebinding of different NBR composites is shown in Figure 11. Compared with
4010NA/NBR, the addition of GO obviously increases the Ebinding of NBR composites,
indicating a stronger interaction between GO and NBR and corresponding to the above
H-bonds analysis. In particular, GO-4010NA/NBR composite has the largest binding
energy, which is caused by the strong H-bonds of the composites, indicating the better
damping performance of the composites.

−
= =

Figure 11. Binding energies of the different NBR composites.

4.5.5. Free Volume Fraction (FFV) of Different NBR Composites

Free volume fraction (FFV) represents the stacking degree of polymer and is the
percentage of free volume Vf in the total volume V, which can be obtained from the
expression below [39]:

FFV =
V − V∗

V
=

Vf

V
(10)

where V, Vf, and V* represent the total volume, free volume, and occupied volume of the
composite, respectively.
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The FFV of different NBR composites is shown in Figure 12. Compared with pure
NBR, the FFV of 4010NA/NBR composite decreases. This is due to the formation of H-
bonds, which restricts the free movement of NBR molecular chains. This is consistent with
the previous analysis of H-bonds above. When GO is added into NBR, the FFV becomes
smaller, mainly because a large number of hydrogen bonds are generated between GO and
NBR, which makes the NBR molecular chain pile closer and the FFV decreases.

( ) ( ) ( )
=

= −  

Figure 12. FFV of the different NBR composites by MD simulation, gray and blue areas represent the
occupied and free volume, respectively.

4.5.6. Migration of Antioxidant 4010NA and Anti-Migration GO-4010NA

The mean square of the particle displacement in time t is called the mean square
displacement (MSD). MSD can be used to describe the variation of molecular motion with
time in the system [38]. Therefore, MSD can be used to study the migration characteristics
of antioxidant molecules [39]. The equation for calculating MSD in MD simulation is [38]:

MSD(t) =
1
N

N

∑
i=1

[

ri(t)− ri(0)
]2

(11)

where, N is the total number of selected particles in the simulation system, and ri(t) and
ri(0) are the final and initial position of atom i over the time interval t.

The movement of antioxidant 4010NA and GO-4010NA in 4010NA/NBR and GO-
4010NA/NBR composites is simulated and analyzed at 298 K and 373 K, respectively. MSD
curves of free and grafted 4010NA molecules are shown in Figure 13. The results show that
MSD of both free 4010NA and grafted 4010NA increase with the increase of temperature,
indicating that 4010NA was more mobile and migrated easily from the rubber matrix at a
high temperature. At the same temperature, the MSD of free 4010NA is higher than that of
GO-4010NA, indicating that the GO grafted 4010NA restricts the movement of 4010NA.
The grafting method was effective to inhibit the migration of 4010NA.
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Figure 13. The MSD curves of 4010NA and GO-4010NA in NBR composites at different temperatures.

5. Conclusions

In this work, a new type of antioxidant was successfully prepared by chemical grafting
4010NA to the GO surface by SOCl2. The effects of 4010NA and GO-4010NA on the
compatibility and damping performance of NBR were studied by experimental and MD
simulation methods. The main conclusions are as follows:

(1) DSC results show that NBR has good compatibility with 4010NA, GO, or GO-4010NA.
Compared with 4010NA/NBR composite, the Tg of the GO-4010NA/NBR composite
is increased, which is due to more H-bond networks formed between GO-4010NA
and the NBR matrix. DMA results show that the addition of GO-4010NA can increase
the damping performance of NBR more effectively than the addition of 4010NA.

(2) Through MD simulation, the two-component solubility parameters between 4010NA,
GO, GO-4010NA, and NBR matrix is calculated. Compared with 4010NA, the ad-
dition of GO-4010NA significantly improved the compatibility with NBR. The MD
simulation is used to calculate the H-bonds, binding energy, and FFV of the NBR
composites with different fillers. Compared with 4010NA/NBR composite, the GO-
4010NA/NBR composite has more H-bonds, larger binding energy, and smaller FFV,
indicating GO-4010NA/NBR composite has the better damping performance, which
is consistent with the DMA results.

(3) Grafting 4010NA onto GO not only inhibits the migration of 4010NA but also improves
the damping property of the NBR matrix. GO-4010NA is expected to be a functional
filler for the preparation of high-damping NBR composites.
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Abstract: Breakdown strength is an important parameter for polymer dielectric, and introducing
inorganic filler into the polymer matrix is an efficient method to improve the breakdown strength. In
this work, graphitic carbon nitride nanosheets (CNNS) were ultrasonically exfoliated and coated with
polydopamine to obtain modified nanosheets (DCNNS), and then polyimide (PI) composite films with
various CNNS and DCNNS were prepared and compared. Owing to the abundant hydroxyl groups
of polydopamine, good filler-polymer compatibility and uniform filler dispersion were achieved for
PI/DCNNS composites. Both breakdown strength and dielectric constant were improved with the
addition of either CNNS or DCNNS. However, at the same filler content, the PI/DCNNS composites
exhibited higher breakdown strength and dielectric constant than the PI/CNNS. The PI composite
with 0.5 wt% DCNNS showed the highest breakdown strength of ~300 kV/mm, increased by 67.6%
as compared to the pure PI, while the PI/CNNS composite with the same filler content only increased
by 14.5%.

Keywords: polyimide; graphitic carbon nitride nanosheets; polydopamine; interfacial interaction;
breakdown strength

1. Introduction

Polymer dielectrics with good dielectric properties and high-energy storage density
play an important role in modern information and electronic industries connected to,
for example, charge storage devices and embedded capacitors [1,2]. However, with the
rapid development of the modern power industry, more requirements are proposed on
the stability of polymer dielectrics and electronic devices operating under high electrical
conditions. For the insulation dielectric materials, once the surface flashover or body
breakdown phenomenon occurs, it can lead to insulation dielectric surface degradation
and an equipment short circuit, ultimately threatening the operational reliability of the
power equipment. What is more, according to the formula of energy storage density of the
linear polymer, U = 1

2 ε0εrE2
b , the energy storage density (U) is proportional to the square

of breakdown strength (Eb) tolerated by the film, so it is of great significance to improve
the breakdown strength of polymer in the power industry [3,4].

Polyimide (PI), as a typical engineering polymer material, has been widely used in
insulation materials, microelectronics, aerospace and other fields in recent years due to
its high thermal stability, excellent electrical insulation, and mechanical properties [5–7].
However, the defects (such as impurities and micro-pores) during the breakdown of pure
PI will lead to a theoretical reduction in the actual breakdown strength of the material,
which limits its demand in some special applications [8]. The traditional strategy of
adding inorganic nanofillers (such as Al2O3 [9,10] and BaTiO3 [11]) to the polymer matrix
can improve the comprehensive properties of the composites and suppress the distorted
electric field. However, the small particle size and large specific surface area of conventional

71



Polymers 2022, 14, 385

nanoparticles lead to their poor dispersion in polymers. Recently, it was reported that two-
dimensional nanofillers [12–19], such as boron nitride, graphene, mica and titanium dioxide
nanosheets, play an important role in improving the performance, including the breakdown
field strength, of polymer composites when they are evenly dispersed in the matrix.

Two-dimensional graphitic carbon nitride (g-C3N4) is a promising material commonly
used in the fields of photocatalysis and heterogeneous catalysis due to its simple synthesis
and low cost [20–22]. Recently, Zhu et al. [23] reported that the frictional properties of
the composites were improved by introducing g-C3N4 as a filler in the polyimide matrix.
This work provides an example of the application of g-C3N4 as an excellent nanofiller in
polymer-based composites. Wang et al. [24] explored the potential application of carbon
nitride nanosheets in improving the thermal conductivity of PI through experiments and
simulations. The improvement in thermal conductivity benefited from the self-orientation
and strong interaction of the fillers, along with the PI film. Although g-C3N4 has been used
as a filler to improve polymers’ properties, the research on its application as an electrical
insulation filler in the field of high-voltage insulation is relatively rare [25]. Generally, the
poor interfacial compatibility between the polymer matrix and the filler affects the dielectric
breakdown strength of composites [26–28]. To solve this problem, an economical, efficient
and easy way is to modify the inorganic fillers through surface treatment, modulating the
interfacial properties and increasing the breakdown field strength of the composite dielec-
tric. In our previous work [25], silicone rubber (SR)/g-C3N4 composites were prepared by
in situ modification with vinyl tri-methoxysilane (VTMS), and the incorporation of VTMS
reduced the defects in the prepared composites and improved their breakdown strength
and mechanical properties.

The polydopamine coating is formed by spontaneous oxidative copolymerization
of the dopamine on the surface of the substrate. Compared with traditional chemical
modification methods, polydopamine can adhere to the surface of most materials without
destroying the matrix structure. In addition, strong adhesion is formed between the
polydopamine-encapsulated nanofiller and the polymer [13]. The covalent bonds are
formed between the dicarboxylic anhydride of PI and the amine groups of polydopamine,
further improving the compatibility of carbon nitride and the PI matrix.

In this work, the g-C3N4 composites were prepared from melamine through ther-
mal condensation, and then carbon nitride nanosheets (CNNS) were prepared using the
ultrasonic stripping method. Carbon nitride nanosheets modified by polydopamine (DC-
NNS) were prepared by self-polymerization of dopamine in a weak alkali environment,
and then PI composite films with various CNNS and DCNNS were prepared by solution
casting. The microstructure, dielectric, and breakdown properties of the composite films
were investigated.

2. Materials and Methods

2.1. Materials

Melamine was purchased from Anhui Jinhe Co., Ltd. (Chuzhou, China). 4,4-oxydianiline
(ODA) was purchased from Tianjin Guangfu Fine Chemical Research Institute (Tianjin,
China). Pyromellitic dianhydride (PMDA) was purchased from Beijing Chemical Fac-
tory (Beijing, China). Dimethylacetamide (DMAc) was purchased from Beijing Innochem
Science & Technology Co., Ltd. (Beijing, China). Tris(hydroxymethyl)aminomethane hy-
drochloride (Tris-HCl) and dopamine hydrochloride were purchased from Alfa Aesar Co.,
Ltd. (Shanghai, China). All reagents were used as received.

2.2. Sample Preparation

Preparation of the CNNS: Melamine powder covered with thin aluminum foil was
heated to 500 ◦C with a heating rate of 3 ◦C·min−1 in a muffle furnace, and the temperature
was maintained at 550 ◦C for 4 h. After cooling to room temperature, the bulk g-C3N4
was obtained. The ground bulk g-C3N4 (10 g) was added into 1 L of deionized water
and then stirred with a high-speed mixer at a speed of 13,000 rpm for 2 h, followed by
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ultrasonically treating for 48 h. After standing for 5 h, the exfoliated CNNS was left in
the upper white suspension. After evaporating most of the water at 80 ◦C, the upper
suspension was concentrated from 1 L to 50 mL, and then the CNNS powder was obtained
through freeze-drying.

Preparation of the DCNNS: The CNNS powder (4 g) was ultrasonically dispersed in
100 mL of deionized water for 30 min, and then 0.315 g of Tri-HCl and 0.379 g of dopamine
hydrochloride was added to the CNNS aqueous suspension. After adjusting the pH to
8.5 by NaOH, the suspension was stirred for 4 h to complete the modification. Finally, the
mixture was centrifuged and rinsed repeatedly 5 times followed by freeze-drying to obtain
the DCNNS powder.

Preparation of the PI composite films: The PI/CNNS and PI/DCNNS composite
films were prepared through a viscous prepolymer cast on the glass slide and the thermal
imidization method. A certain amount of CNNS or DCNNS was ultrasonically dispersed
in 30 mL of DMAC for 2 h, and then equimolar proportions of 3.064 g of ODA and 3.34 g of
PMDA were added and stirred until the ODA was dissolved completely. Subsequently, the
mixture was stirred under a nitrogen flow for 8 h, followed by degassing under vacuum
for 2 h. The solid content of the PAA/CNNS and PAA/DCNNS suspension was 18%.
After casting on a flat glass plate, the mixture was converted into films by scraping them
with a glass rod, and then thermally imidized at 60 ◦C for 10 h, 120 ◦C, 200 ◦C, 250 ◦C
and 320 ◦C for 1 h each. After the sample was naturally cooled to room temperature, the
yellow and transparent PI composite films were obtained and denoted as PI/CNNS-X
and PI/DCNNS-Y, where X% and Y% stand for the weight percentage of the CNNS and
DCNNS. The thickness of the PI composites was approximately 30 µm.

2.3. Characterization and Measurement

The fractured surface of the PI/CNNS and PI/DCNNS composite films were ob-
served by scanning electron microscopy (SEM, SU8010, Hitachi, Tokyo, Japan) with an
accelerating voltage of 10 kV. The surface element composition was determined by the
X-ray photoelectron spectrometer (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA)
equipped with an Al Ka X-ray source under an operating pressure below 8 × 10−10 Pa.
The dielectric properties were tested by precision dielectric test apparatus (Novocontrol
Concept 80, Montabaur, Germany). The dielectric breakdown strength (Eb) was tested using
a voltage-withstand testing device (HCDJC; Beijing Huace Testing Instrument Co. Ltd.,
Beijing, China) at ambient temperature, with an increasing alternating voltage of 0.5 kV/s.
The specimens were sandwiched between two copper rod electrodes with diameters of
25 mm and immersed in pure silicone oil to prevent surface flashover.

3. Results and Discussions

3.1. Structure of the CNNS and DCNNS

The photographs of the CNNS and DCNNS are shown in Figure 1a. It can be seen
that the color of the CNNS powder is dark-yellow, while it changes to gray-brown when
coated with polydopamine. As shown in Figure 1b, the DCNNS can form a very stable
suspension in the DMAc, and no noticeable precipitate was observed even after 24 h. In
contrast, the CNNS were very unstable in the DMAc, as all the CNNS settled to the bottom
after 24 h. Since polydopamine with many hydroxyl groups is coated on the surfaces of
the nanosheets, the DCNNS can form hydrogen bonds with the DMAc, which effectively
improves the dispersion and stability of the nanosheets in the solvent.

XPS measurement was used to investigate the surface chemical composition of the
elements in the CNNS and DCNNS. As compared between Figure 1c,f, both the CNNS
and DCNNS contained the elements C, O, and N, while the DCNNS had more O element
as compared to the CNNS. Owing to the numerous oxygen-containing functional groups,
the content of the O element increased from 3.28% to 7.44%, and the C/O ratio decreased
from 12.4 to 6.3 after the polydopamine was coated on the nanosheets. In Figure 1d, the
C1s spectra of both the CNNS and DCNNS contained two peaks at 284.8 eV and 288.0 eV,
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which were assigned to C-C and N-C=N, respectively. The dominant peak of N-C=N
originated from the aromatic nitrogen heterocyclic structure of the g-C3N4 [29]. However,
one more peak at 286.1 eV related to the C-O peak was found in the spectrum of the
DCNNS, which should be attributed to the amidogen and phenolic hydroxyl from the
polydopamine. In Figure 1e, the N1s spectrum of the CNNS presented four component
peaks, C=N-C at 398.6 eV, N-(C)3 at 400.1 eV, N-H at 401.2 eV, and a heterocyclic charging
effect of 404.5 eV [30]. In contrast to the CNNS, the DCNNS had the same peak, and the
peak intensity of the C=N-C was relatively low, which can be attributed to the adhesion
of the polydopamine on the surface of the CNNS, which reduced the N element content
detected on the surface of the CNNS. The results mentioned above illustrate the successful
attachment of the dopamine to the surface of the CNNS.

Figure 1. The photographs of (a) CNNS and DCNNS powder; (b) dispersing stability of CNNS
and DCNNS in DMAC; XPS (c) wide-scan, (d) C1s and (e) N1s core-level spectra of CNNS; XPS
(f) wide-scan, (g) C1s and (h) N1s core-level spectra of DCNNS.
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3.2. Fractured Surface Morphologies

The SEM images of the fracture surface for the PI composite films are shown in Figure 2.
For the PI/CNNS composite films, some voids and defects can be seen in the composites,
indicating the poor interfacial compatibility between the CNNS and the PI that becomes
worse with higher filler content. As for the PI/DCNNS composites, no voids or defects can
be seen in the composites with 0.25 wt% and 0.5 wt% filler contents. Moreover, some voids
and defects were observed in the composites with 0.75 wt% and 1.0 wt%, but still much
fewer than those in the PI/CNNS composites with the same filler content. Only when the
specific gravity of the DCNNS reached 1.0 wt% did a small number of protrusions appear,
while the PI film with the CNNS added did cause filler agglomeration at 0.75 wt%. This
can be attributed to the fact that the hydroxyl groups on the surface of the DCNNS can
form hydrogen bonds with the PI matrix or covalent bonds with the carboxyl groups of
polyamic acid (the medium product used during the synthesis of the PI). This provides a
morphological basis for the better breakdown performance of the PI/DCNNS composites,
as discussed below. Under the action of the high-voltage electric field, such structural
defects in the composites might induce the distortion of the electric field, which would
directly affect the breakdown characteristics of the composite materials.

Figure 2. SEM images of the fractured surface for PI composites with (a) 0.25 wt%, (b) 0.5 wt%,
(c) 0.75 wt% and (d) 1.0 wt% CNNS and (e) 0.25 wt%, (f) 0.5 wt%, (g) 0.75 wt% and (h) 1.0 wt% DCNNS.

3.3. Dielectric Performance

Breakdown strength is an important parameter used to evaluate dielectric materials.
Due to differences in structure and process, the scatter of breakdown times and break-

down strength may be large even for identical specimens. The researchers found that the
breakdown voltage obeyed statistical probability distribution under the test standard [31].
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The Weibull distribution is a statistical distribution proposed by the Swedish physicist
Weibull in the fatigue test of materials, the main feature of which is to find the weakest
independent small unit in the material and to calculate it analytically [32]. It is generally
believed that the breakdown of polymer-insulating material occurs at the weakest point of
the polymer. Therefore, in dielectric physics, the Weibull distribution is commonly used
for statistical analysis of the breakdown field strength of polymer-insulating materials
under DC and AC voltages [33]. The statistical model of the Weibull distribution can be
used to analyze the magnitude and dispersion of the breakdown field strength of dielectric
materials and to obtain the stability analysis results of the breakdown of dielectric materials.

The breakdown strength of the CNNS and DCNNS composites were analyzed by two
parameter Weibull distribution approaches, which reflected the probability of the material
being broken down under a certain electric field and the probability of failure after a certain
electric field action time, as depicted in this formula:

P(E) = 1 − exp

[

−
(

E

Eb

)β
]

where P(E) is the cumulative probability of failure for electrical faults, E is the breakdown
field strength for each data point, Eb is the characteristic breakdown field strength where
the cumulative failure probability is 63% for the polymer, and β is the Weibull shape
parameter used to assess the dispersion of the experimental data. In this experiment, for
each sample, 11 data points were taken for testing to estimate the corresponding Weibull
breakdown strengths.

Figure 3a shows the Weibull distribution DC breakdown strength of the pure PI and
PI composite films. As shown in Figure 3a, the breakdown strength of all the PI/CNNS
composite films was a little higher than that of the pure PI (~179 kV mm−1). Nevertheless,
all the PI/DCNNS composite films exhibited much higher breakdown strength than the
PI/CNNS composite films with the same filler content, certainly significantly higher than
the pure PI. In addition, as the content of DCNNS increased, the breakdown strength of the
PI/DCNNS composite films first increased and then decreased. The PI/DCNNS composite
film containing 0.5 wt% DCNNS showed the highest breakdown strength of ~300 kV/mm,
which is 67.6% and 14.5% higher than the pure PI and the PI/CNNS with the same filler
content, respectively.

𝑃(𝐸) = 1 − 𝑒𝑥𝑝 −( 𝐸𝐸 )𝑃(𝐸)  𝐸  𝐸   𝛽

−

Figure 3. (a) Weibull distribution of electric strength and (b) dielectric constant change law of
PI composites.

Owing to the high specific surface area of the two-dimensional nanomaterials, the in-
terface between two-dimensional nanofillers and polymers occupies an important position
even at low-filler content [34]. The interface layer surrounding the nanofiller is believed to
dissipate the charge and improve the internal electric field distribution, while the dispersed
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nanofiller acts as a scattering center to help reduce the charge transport. The deep interface
traps, introduced by incorporating the nanosheets, can capture carriers, leading to a de-
crease in mobility and thus an increase in the electrical strength at the working frequency.
Compared with the PI/CNNS composite films, the stronger interfacial interaction results
in much fewer defects in the PI/DCNNS composite films, and the tight combination of the
PI and nanosheets also reduced the fluidity of the PI macromolecular chain and the carrier
transport. Furthermore, more polar groups on the surface of the DCNNS enhanced the
electron scattering. Therefore, a higher breakdown strength for the PI/DCNNS composite
films was observed. The decrease in breakdown strength for filler content above 0.5 wt%
should be due to the formation of the filler agglomerations in the PI matrix.

Moreover, the dielectric constant of PI composite films with various filler contents at
1 kHz is shown in Figure 3b. All the PI/DCNNS composite films exhibited a higher dielec-
tric constant than the PI/CNNS composite films with the same filler content, which should
also be attributed to the stronger filler–matrix interactions and better filler dispersion.

4. Conclusions

In this work, the DCNNS were prepared using ultrasonic stripping of the bulk g-C3N4
followed by polydopamine modification, which was confirmed by XPS. PI composite films
with various contents of CNNS and DCNNS were prepared via the in-situ polymerization
method. The modification of the g-C3N4 by polydopamine was revealed to strengthen the
interfacial compatibility between the PI matrix and the DCNNS, and reduce the defects in
the composites, resulting in an improvement in breakdown strength. Compared with the
pure PI film, the PI/DCNNS composite films showed increased dielectric constant and a
much higher breakdown strength. The PI/DCNNS composite film with 0.5 wt% DCNNS
showed an increase in breakdown strength by 67.6% and 14.5% as compared to the pure
PI and the PI/CNNS composite film with the same filler content, respectively. Therefore,
we provided a simple and convenient method to prepare high-voltage insulating materials
with excellent breakdown strength and good dielectric properties by adding only a small
amount of nanosheets.
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Abstract: The current lead insulation of high-temperature superconductivity equipment is under
the combined action of large temperature gradient field and strong electric field. Compared with a
uniform temperature field, its electric field distortion is more serious, and it is easy to induce surface
discharge to generate high-energy particles, destroy the insulation surface structure and accelerate
insulation degradation. In this paper, the degradation reaction process of bisphenol F epoxy resin
under the impact of high-energy particles, such as O3

−, HO–, H3O+ and NO+, is calculated based on
ReaxFF simulation. According to the different types of high-energy particles under different voltage
polarities, the micro-degradation mechanism, pyrolysis degree and pyrolysis products of epoxy resin
are analyzed. The results show that in addition to the chemical reaction of high-energy particles with
epoxy resin, their kinetic energy will also destroy the molecular structure of the material, causing the
cross-linked epoxy resin to pyrolyze, and the impact of positive particles has a more obvious impact
on the pyrolysis of epoxy resin.

Keywords: epoxy resin; partial discharge; active product; electro-thermal dissociation; reactive
molecular dynamics

1. Introduction

Epoxy resin is currently the polymer thermosetting insulating material with the high-
est share in industrial applications [1–3]. Among them, the bisphenol F epoxy resin is
widely used in the insulation of extreme environment equipment, such as aerospace,
superconductivity, medical and military industries due to its good low temperature per-
formance [4,5]. For example, in the terminal of superconducting power equipment, the
current lead is insulated with epoxy resin under the coupling action of a strong electric
field and a large temperature gradient field, which easily induces partial discharge and
accelerates insulation aging. Previous studies have shown that partial discharge (PD) is
the main cause of insulation deterioration breakdown. The impact, corrosion and thermal
effects of high-energy particles and active products produced by PD on the surface of
insulating material will greatly influence the transient dielectric strength and aging process
of insulating material [6–8].

At present, the research on insulation properties of polymer materials such as epoxy
resins is mostly based on experiments. For example, there have been many studies on the
extraction of characteristic parameters of partial discharge signal and the characterization
methods [9–11] between partial discharge signal and material [12–14] insulation state
and degradation process, and the aging cracking mechanism is analyzed based on the
experimental data. However, it is difficult to reveal the aging micro-mechanism and
degradation cracking process of insulation materials under partial discharge (PD) by
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experimental research, physical modeling and other methods. Furthermore, the research
on simulation analysis at atomic level is mostly limited to the thermal decomposition
process of macromolecule materials [15,16]. Few studies have been conducted on the
influence mechanism of high-energy particle impact on aging and cracking of epoxy resin
materials at atomic level.

ReaxFF force field uses quantum chemistry theory to judge the formation and break-
age of chemical bonds and uses classical molecular dynamics force field to simulate the
molecular conformation of the system. Combining the two effectively, ReaxFF force field
can be widely used to simulate pyrolysis, detonation, particle impact, chemical reaction
and other phenomena of various materials. By simulating the heating and cracking process
of epoxy resin under microwave heating and conventional heating, Zhang Yiming reveals
the cause of thermal runaway of macromolecular polymer system caused by microwave
heating from a micro level [17]. Farzin Rahmani studied the mass loss, surface damage
and penetration depth of AO in polyimide materials with different grafting methods bom-
barded by Atomic Oxygen (AO) based on ReaxFF force field [18]. Morrissey verified the
feasibility of using ReaxFF force field to study the corrosion resistance of spacecraft metal
materials under the impact of high-energy particles [19]. The above research results show
that ReaxFF force field can be used to simulate the aging process of epoxy resin materials
under the impact of partial discharge particles.

Under the action of strong electric field, air (main effective components are N2, O2,
H2O) collides with electrons emitted by electrodes and positive and negative ions generated
by ionization during partial discharge, resulting in particles with high energy and active
products [7]. The high-energy particles generated during the discharge process have high
kinetic energy under the action of strong electric field, and they continuously impact the
epoxy resin surface. When impact occurs, the kinetic energy will be converted into internal
energy, which will make the local temperature of insulation material rise sharply. At the
same time, high-energy particles themselves will also have complex chemical reaction with
insulation material, destroying the cross-linking structure of epoxy resin and accelerating
the aging process of insulation. Chen X and Pavlik M carried out corona discharge studies
on air under different humidity conditions and analyzed the species and activities of its
products. The results showed that the highest reactivity and content was O3

−, followed
by HO− free radicals [20,21]. Wayne Sieck studied the corona discharge products of
humid air and found that more than ten ion products with strong reaction activity were
produced at the positive electrode, among which H3O+ and O2

+ had the strongest reaction
activity [22]. Y. Ehara et al. studied the degradation process of epoxy resin surface under
partial discharge in different humidity air environments. The experiments proved that
partial discharge can produce ozone, active oxygen atoms, nitrogen oxide, nitric acid and
other active products [23]. Therefore, taking the above ion products as the object, it is of
great significance to study the effect of high-energy particle impact produced by partial
discharge on the cracking process of epoxy resin materials, so as to reveal its deterioration
mechanism from the micro level.

In this paper, the interfacial model of cross-linked bisphenol F type epoxy resin and
the models of hydration hydrogen ion (H3O+), nitric oxide ion (NO+), hydroxide ion (HO−)
and ozone ion (O3

−) were established. ReaxFF force field was used to inject the above four
particles into the epoxy resin interface. The mechanism of high-energy particle impact
caused by partial discharge on the aging and cracking process of epoxy resin and its
reaction products were analyzed. The micro-aging mechanism of epoxy insulation material
under partial discharge was revealed at atomic level.

2. Molecular Simulation Design

2.1. Model Building

In this paper, bisphenol F epoxy resin matrix and diethyltoluene diamine (DETDA)
curing agent are used as the simulation research object to build the model. Figure 1 is
the flow chart for establishing the cross-linked epoxy resin interface model. According to
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the steps in Figure 1, the periodic cross-linked epoxy resin interface model on the XOY
plane is built, and the impact of high-energy particles on the surface model is simulated.
According to the characteristics of ReaxFF force field, when the total number of atoms
in the model reaches about 4000, stable and accurate simulation results can be obtained
while guaranteeing calculation efficiency. Therefore, an amorphous mixture model with
60 DGEBF and 30 DETDA molecules and a density of 0.6 g/cm3 is established in this
paper. Before the establishment of the cross-linked epoxy resin model, the periodicity of
the model in the Z-axis direction is blocked by adding a vacuum layer of 15 Å, in which the
argon molecular layer is filled. The cross-linking process of the model in the Z-direction
is isolated to establish the periodic interface model on the XOY plane and then cross-link
the amorphous model [24]. After the cross-linking procedure is completed, the argon
molecular layer on the surface is deleted, and a surface model of cross-linked epoxy resin
with 95% degree of cross-linking is obtained. The obtained model is imported into AMS
software and a density of 1.19 g/cm3 model is obtained by 100 ps relaxation at 298 K and
0.1013 MPa using NPT system [24]. The addition of a vacuum layer in the Z-axis of the cell
provides space for the motion of energetic particles, and the final cell volume is 30.195793 Å
× 30.195793 Å × 100.00 Å. The position of high-energy particles is set on a plane at the top
of the Z-axis of the cell. The horizontal position of each high-energy particle is randomly
distributed, and the incident direction is vertical to the XOY plane.

  

a) b)

c)d）

Figure 1. Construction process of cross-linked epoxy resin simulation model. (a) Molecular structure
of bisphenol F epoxy resin monomer and curing agent monomer; (b) Constructing epoxy resin
cross-linking interface model; (c) Import ReaxFF software; (d) Arrange the position and angle of
incidence of high-energy particles.

2.2. Simulation Settings

In order to simulate the dynamic and thermodynamic effects of high-energy particles
bombarding the insulation interface, a micro-canonical ensemble (NVE) is selected for
the simulation system, in which the atomic number N, volume V and energy E remain
unchanged. When high-energy particles with certain kinetic energy are incident, the energy
E of the system rises, while the form and parameters of potential in NVE ensemble are fixed,
and the position of the particles is determined by the motion of the particles themselves.
The energy of the system will change the temperature of the system. Therefore, the use of
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NVE ensemble can simultaneously reflect the kinetic and thermodynamic effects caused by
high-energy electric particle bombardment.

The initial temperature of the simulation system is 298 K, and the air pressure is set
to 0.1013 MPa. Due to the high kinetic energy of high-energy particles in the simulation
process, it is necessary to set a short simulation step in order to make the simulation
converge. The simulation step size is 0.05 fs, the total number of simulation steps is
2.0 × 106 steps, and the total time is 100 ps. The four energetic particles H3O+, NO+, OH−

and O3
− carry energy of 1, 4, 7 and 10 eV in different combinations and are incident along

the epoxy resin interface in the negative direction of Z-axis at intervals of 1 ps. It takes
100 ps to simulate the accumulation effect of high-energy particle impact under pulsed
partial discharge.

3. Simulation Results and Analysis

3.1. Analysis of Small Molecular Products of Epoxy Resin Impacted by High-Energy Particles

In the simulation of high-energy particle impact, all atoms in the epoxy resin surface
model are cross-linked and can be regarded as one molecule. Therefore, the total number
of molecules in a cell can represent the volume of debris and damage caused by impact
of energetic particles. The volume of debris produced by four high-energy particles
impacting the surface of insulating material with different energy tends to change, as
shown in Figure 2.
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Figure 2. Variation trend of fragment number caused by impact of four high-energy particles on epoxy resin interface with
different energy. (a) Changes in the number of H3O+ particle fragments with different energies; (b) Changes in the number
of NO+ ion fragments with different energies; (c) Changes in the number of HO− ion fragments with different energies;
(d) Changes in the number of O3

− ion fragments with different energies.
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First, as the energy carried increases, the volume of debris produced by the impact
of various high-energy particles increases. Among them, H3O+ and O3

− are the strongest
ones to destroy the surface of epoxy resin. At the same time, the increase in the volume
of debris produced is not linear with the increase in the energy of high-energy particles.
When all types of high-energy particles carry more or less energy, there is little difference in
the volume of debris generated in the first half of the simulation process, while the speed of
debris generated by the impact of high-energy particles with higher energy in the second
half is greatly increased. This is mainly due to the fact that the kinetic energy carried by
high-energy particles when impacted on the surface of insulating material changes into
thermal energy, which makes the cell temperature rise sharply.

The change trend of local temperature at the interface of epoxy resin impacted by
high-energy particles with different energy is shown in Figure 3. During the impact process
of H3O+ carrying different energies, the temperature in the cell will rise to over 4000 K,
which will cause the temperature in the local area of the epoxy material surface to rise
sharply. When the energy of high-energy particles is low, most of the incident particles
cannot directly destroy the surface of the epoxy resin, usually only because the high-energy
particles have their own chemical reaction activity to attack the epoxy resin. The collision
between high-energy particles and the surface of epoxy resin results in heat energy which
causes local temperature rise, while the thermal conductivity of epoxy resin is poor, at only
0.2~2.2 W/mK. Local temperature rise caused by particle impact cannot diffuse in time,
which leads to rapid accumulation of local heat and temperature rise, making epoxy resin
subject to more severe erosion.

At the same time, the increase in the volume of 
debris produced is not linear with the increase in the energy of high-energy particles.

When the energy of high-energy particles is low, most of the incident particles 
cannot directly destroy the surface of the epoxy resin, usually only because the high-en-
ergy particles have their own chemical reaction activity to attack the epoxy resin. The col-
lision between high-energy particles and the surface of epoxy resin results in heat energy 
which causes local temperature rise, while the thermal conductivity of epoxy resin is poor, 
at only 0.2~2.2 W/mK. Local temperature rise caused by particle impact cannot diffuse in 
time, which leads to rapid accumulation of local heat and temperature rise, making epoxy 
resin subject to more severe erosion.

 

 

10 30 50 70 900 20 40 60 80 100
0

1000

2000

3000

4000

5000

6000

7000

In
te

rf
ac

e 
lo

ca
l 

te
m

p
er

at
u

re
 K

Time/ps

 1eV_tem

 4eV_tem

 7eV_tem

 10eV_tem

Figure 3. Local temperature change trend of epoxy resin.

The simulation results of main small molecular products generated by the impact
of high-energy particles with various parameters are analyzed to study the aging pro-
cess of small molecular products and insulating materials analyzed in partial discharge
experiments. Epoxy resin is an organic insulating material, and the damage of carbon
skeleton structure is directly related to the formation of carbon-containing, small molecular
products. It can be found that when NO+ and HO− particles interact, the amount of C2
and C3 products in the small molecule products produced is very low, so the mass loss
under the corresponding conditions is smaller. In the impact simulation of H3O+, the small
molecular products of C1 and C2 produced by H3O+ are significantly higher than those
of other particles. After 40 ps, as the temperature of the simulation system increases, the
epoxy resin molecules are more likely to be damaged by particle impact, and the rate of
small molecule products production in each system increases significantly. In addition to
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carbon-containing, small molecular products, the main small molecular products under
the action of particles are H2O, H2, CO2, etc. If there are few H3O+ and O3

− particles in the
environment where partial discharge occurs, it is difficult to cause significant damage to
the surface of epoxy resin when there are only a few NO+ and HO− particles. H3O+ will be
released, resulting in a large amount of hydrogen gas. Because of its strong oxidation, O3

−

particles will further corrode the epoxy resin while breaking the molecular structure of the
epoxy resin under impact.

3.2. Surface Damage and Mass Loss Characteristics of Epoxy Resin

The interface structure change of epoxy resin under the action of high-energy particles
is shown in Figure 4. The analysis of model structure changes during simulation shows
that with the development of simulation process, the small molecular debris generated
on the surface of epoxy resin diffuses in the empty area along the Z-axis when the energy
of high-energy particles is low. However, most of the small molecular debris are still
concentrated in the lower half, and the average molecular mass of the small molecular
debris is higher than that of high-energy particles. At the same time, when the energy
carried by the high-energy particles is low, during the impact process of the high-energy
particles, most of the high-energy particles rebound after striking the surface of the epoxy
resin without reacting with the epoxy resin or generating small molecular debris.

When the energy of high-energy particles is high, obvious damage occurs on the epoxy
resin surface at an earlier stage. The high-energy particles with 7 eV already caused relatively
long and deeper void damage at an earlier stage compared to the low-energy particles. In
addition, most of the high-energy particles can impact on the surface of epoxy resin to produce
small molecular debris, and the average incident depth is significantly increased.

Normalized mass statistics of epoxy resin under high-energy particle impact during
simulation are shown in Figure 5. The trend of epoxy resin variation can indicate the
degree of erosion of epoxy resin under impact of high-energy particles. According to GBT
20112-2006 (the evaluation and identification of electrical insulation structure), when the
quality loss of insulation material reaches 5%, the insulation material can be considered to
be ineffective [25]. It can be seen that the mass loss of epoxy resin material is small when
the energy of NO+ and HO− particles is low, and the rate of mass loss is small during
the simulation process of the first 50 ps or so. In combination with the side-cut snapshot
of the simulation model in Figure 4, it can be found that although the impact action of
high-energy particles will cause the cross-linkage structure of epoxy resin to react or break
with high-energy particles, the amount of small molecular products that completely break
off the surface of epoxy resin is small. The mass loss of epoxy resin under the action of
H3O+ and O3

− particles is significantly higher than that under the other two conditions.
At the end of the simulation process, the mass loss of the model under H3O+ is higher than
that under the same condition of O3

− particles. However, O3
− is easy to produce during

impact, and its strong oxidation will also cause corrosion to the epoxy resin, which leads to
the mass loss of epoxy resin under the action of O3

− particles reaching 5% earlier, making
the insulating material invalid earlier.

3.3. The Main Small Molecule Products of Epoxy Resin Surface Damage

It is very difficult to analyze the small molecular products produced by the impact of
high-energy particles of partial discharge in experiments, and the generation of these small
molecular products is directly related to the aging of insulating materials. Therefore, the
generation and mechanism of small molecular products caused by the impact of various
high-energy particles on epoxy resin are analyzed.
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Figure 4. Structural change of interface model under the action of high-energy particles.
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Figure 5. Normalized mass loss curve of epoxy resin under the action of high-energy particles. (a) Normalized mass loss
curve of epoxy resin under the action of H3O+ particles; (b) Normalized mass loss curve of epoxy resin under the action of
NO+ particles; (c) Normalized mass loss curve of epoxy resin under the action of HO− particles; (d) Normalized mass loss
curve of epoxy resin under the action of O3

− particles.

Epoxy resin is an organic insulating material, and the damage of carbon skeleton
structure is directly related to the formation of carbon-containing, small molecular products.
It can be found that when NO+ and HO− particles interact, the amount of C2 and C3
products in the small molecule products produced is very low, so the mass loss under
the corresponding conditions is smaller. In the impact simulation of H3O+, the amount
of small molecular products of C1 and C2 produced by H3O+ is significantly higher than
that of other high-energy particles. After 40 ps, with the increase in the temperature of
the simulation system, epoxy resin molecules are more likely to be damaged by high-
energy particle impact, and the production rate of small molecular products in each system
increases significantly. In addition to carbon-containing, small molecular products, the
main small molecular products under the action of high-energy particles are H2O, H2,
CO2, etc.

Combined with the mass loss information in Figure 5, it can be found that if the H3O+

and O3
− particles produced in the environment where partial discharge occurs are small,

it is difficult to cause significant damage to the surface of epoxy resin when there are only a
few NO+ and HO− particles. H3O+ will release hydrogen ions after impact contact with
epoxy resin, resulting in a large amount of hydrogen gas. Because of its strong oxidation,
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O3
− particles will further corrode the epoxy resin while breaking the molecular structure

of the epoxy resin under impact.

3.4. Polar Effect of Surface Damage of Epoxy Resin

In DC discharge experiments, the positive and negative discharge polarities often have
effects on the starting discharge voltage, flashover voltage, damage to insulating materials,
etc. Therefore, this paper presents a comparative study on the change trend of the number
and mass loss of small molecular fragment products of epoxy resin under the combined
impact of positive and negative high-energy particles, as shown in Figures 6 and 7.
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Figure 6. Variation trend of small molecular fragment products of epoxy resin under the action of positive and negative
high-energy particles. (a) Variation trend of small molecular fragment products of epoxy resin under the action of positive
high-energy particles; (b) Variation trend of small molecular fragment products of epoxy resin under the action of negative
high-energy particles.
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Figure 7. Normalized mass loss curve of epoxy resin under the action of positive and negative high-energy particles.
(a) Normalized mass loss curve of epoxy resin under the action of positive high-energy particles; (b) Normalized mass loss
curve of epoxy resin under the action of positive and negative high-energy particles.

In Figure 6, under various energy conditions carried by high-energy particles, the
mass loss of epoxy resin under the action of negative high-energy particles increases faster
than that under the action of positive high-energy particles. At 14.4 ps, the mass loss of the
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epoxy resin model subjected to the impact of 10 eV high-energy particles reaches 5%, which
is higher than that of the epoxy resin model subjected to the simultaneous action of single
positive-polar high-energy particles. Under the same energy condition, the mass loss of
epoxy resin reaches 5% at 18 ps under the action of positive energetic particles. When the
energy carried by the high-energy particles is low, the difference between the positive and
negative high-energy particles on the erosion of epoxy resin is greater. When the energy
carried by high-energy particles is 1 eV, the time for the mass loss to reach 5% under the
action of positive and negative high-energy particles is 64.4 ps and 34 ps, respectively.
When the energy of charged particles is 4 eV, it is 29.8 ps and 24 ps, respectively. This shows
that the working life of epoxy resin is longer under the action of positive energetic particles.

With the development of impact, the temperature of the simulation system gradually
increases. The local temperature rise of epoxy resin interface under the impact of positive
and negative high-energy particles is limited, as shown in Figure 8, and the temperature
under the action of high-energy particles with negative polarity is always higher than
that under positive polarity. This leads to the impact of positive energetic particles at the
same time, which will locally raise the temperature of the epoxy resin surface to a higher
temperature and aggravate the erosion. At the same time, the unstable O3

− and HO− in
the negative particles have strong oxidation after collision with the epoxy resin, which
makes the cross-linking structure of the epoxy resin more fragile and the surface of the
epoxy resin more vulnerable to erosion.
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Figure 8. Temperature variation curve of simulation system under the action of positive and negative high-energy particles.
(a) Temperature variation curve of simulation system under the action of positive high-energy particles; (b) Temperature
variation curve of simulation system under the action of negative high-energy particles.

4. Conclusions

The effect of high-energy particle impact on the insulation degradation of epoxy resin
is analyzed by ReaxFF simulation force field. The decomposition process, mechanism and
characteristics of insulating materials were analyzed at the micro atomic level, and the
following conclusions are drawn:

(1) The high-energy particles produced by partial discharge will cause irreversible
erosion on the surface of epoxy resin material. The simulation results show that O3

−

particles have the strongest erosion effect on the surface of epoxy resin material under the
action of high-energy particles alone. High-energy particles not only impact the surface
of epoxy resin and interrupt its chemical structure, but also convert its kinetic energy
into potential energy, resulting in a sharp rise in the system temperature and the cracking
of epoxy resin. This also shows that when the insulating material is subjected to partial
discharge, the local temperature will rise sharply, resulting in insulation deterioration.

90



Polymers 2021, 13, 4339

(2) In the simulation of various high-energy particles carrying different sizes of energy,
the erosion effect on epoxy resin is characterized by mass loss. It can be found that
compared with charged particles with higher energy, the erosion effect of charged particles
with lower energy on epoxy resin materials is less in the initial stage, but it is very obvious
in the later stage of impact development and accumulation.

(3) In the study of the positive and negative polarity of high-energy particles, it is
found that the corrosion effect of negative charged particles on epoxy resin is more obvious.
This is because the temperature rise of the system increases under the impact of negative
charged particles, and the negative particles O3

− and HO− are unstable and have strong
oxidation, which makes the cross-linking structure of epoxy resin more fragile.
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Abstract: Moisture is detrimental to the performance of epoxy resin material for electrical equipment
in long-term operation and insulation. Therefore, moisture absorption is one of the critical indicators
for insulation of the material. However, some relevant test methods, e.g., the direct weighing method,
are time-consuming, and it usually takes months to complete a test. For this, it is necessary to
have some modification to save the test time. Firstly, the study analyzes the present prediction
method (according to ISO 62:2008). Under the same accuracy, the time required is reduced from
104 days to 71 days. Subsequently, the Langmuir curve-fitting method for water absorption of epoxy
resin is analyzed, and the initial values of diffusion coefficient, bonding coefficient, and de-bonding
coefficient are determined based on the results of molecular simulation, relevant experiment, and
literature review. With the optimized prediction model, it takes only 1.5 days (reduced by 98% as
compared with the standard prediction method) to determine the moisture absorbability. Then, the
factors influencing the prediction accuracy are discussed. The results have shown that the fluctuation
of balance at the initial stage will affect the test precision significantly. Accordingly, this study
proposes a quantitative characterization method for initial trace moisture based on the terahertz
method, by which the trace moisture in epoxy resin is represented precisely through the established
terahertz time-domain spectroscopy system. When this method is used to predict the moisture
absorbability, the experimental time may be further shortened by 33% to 1 day. For the whole water
absorption cycle curve, the error is less than 5%.

Keywords: epoxy resins; Langmuir; terahertz; molecular simulation; prediction

1. Introduction

Epoxy resin has many advantages, e.g., high insulation strength, good chemical
properties, and excellent environmental adaptability [1–7]. It is widely used in electrical
equipment as a packaging and pouring material. Existing studies have shown that mois-
ture will accelerate the aging of epoxy resin material for power equipment and reduce its
insulation performance [8,9]. After the intrusion of water molecules, physical and chem-
ical changes such as plasticization and hydrolysis will occur in epoxy resin, resulting in
irreversible crack, structural damage, and performance degradation of epoxy resin [10–12].
Chemical aging of epoxy resin mainly involves its changes in chemical structure, including
chemical processes such as bond breaking and cross-linking degradation caused by hy-
drolysis. Chemical changes will have an irreversible effect on the material itself. Physical
changes refer to morphological changes such as stiffness degradation and crack, as well as
damage on epoxy matrix. After swelling for water absorption, the crack will be enlarged
with the diffusion of water molecules, and thus the moisture absorption will be accelerated,
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making the water molecules fully contact with the epoxy resin and further damage its
matrix [13–15]. Therefore, moisture absorption is an important indicator for material aging,
and it is necessary to characterize the moisture absorption of epoxy resin material so that
epoxy resin of excessively high water absorption will not be used for the power grid.

Presently, the main method for studying water absorption of composite materials is
weighing method, which may reflect the moisture absorbability of the material simply and
intuitively. However, for organic polymer materials such as epoxy resin, usually, it takes
more than 50 days to reach the saturation point for water absorption, which has seriously
restricted the application of water absorption method in engineering practice [6,16–19]. In
order to reduce the experimental time by the direct method for determining the moisture
absorption and improve the practical utility of the method. ISO 62:2008 [20] put forward a
water absorption prediction formula, combined with Fick’s law and the curve method or
calculation tool, that can estimate the saturated water absorption of the material. However,
it is still time consuming, the error is large, and the prediction effect is not obvious. Based
on Fick’s Law, Simon Heid-Jørgensen [21] established the analytical homogenization model
to predict the water absorption of epoxy-glass composites, which predicted the first stage
of water absorption of the material successfully. However, for the second and third stages
of water absorption, the prediction effect was unsatisfactory. Fu Yingqiang [22] predicted
the water absorption of modified polyvinyl alcohol with the BP neural network method.
The water absorption of the material was predicted successfully based on the measured
water absorption values with a precision of 85%. Hui Li [23] established a water absorption
prediction model for the composite in combination with Arrhenius’s and Fick’s Laws,
which accurately predicted the moisture absorption of the composite any time as soaked in
water at a constant temperature of 95 ◦C.

The existing moisture absorption prediction methods are based solely on experimental
data, which has the following shortcomings: (1) for the vast majority of composite materials,
relevant theory has proved that the moisture absorption should satisfy the Langmuir
model [24]. However, the existing methods fail to consider the Langmuir model, and thus
the prediction efficiency is low; that is, the experimental time is not shortened obviously.
(2) For a certain material, a lot of tests need to be carried out first to determine its moisture
absorption at different time points, thus causing heavy workload and poor universality.

In order to reduce the time required for moisture absorption test, this study conducted
an epoxy resin moisture absorption prediction and proposed a shrinkage–expansion pre-
diction algorithm based on the Langmuir diffusion model, which was conducive to engi-
neering moisture absorption evaluation, because it shortened the experimental time greatly
as guaranteeing the precision. This study first applied the water absorption prediction
model of material proposed in ISO 62:2008 to the experimental samples and carried out a
relevant error analysis. Then, we proposed a nonlinear fitting method based on shrinkage–
expansion theory according to the characteristics of the Langmuir diffusion equation for
polymers, explored the diffusion process for moisture absorption of epoxy resin through
molecular simulation, and determined the search range of shrinkage–expansion algorithm.
Additionally, through a comparison with the moisture absorbability of epoxy resin material
measured experimentally, the study analyzed the relationship between the experimen-
tal time and the final prediction error, put forward the shortest experimental time, and
obtained a preliminary moisture absorption behavior prediction model for epoxy resin.
At the same time, in order to further reduce the influence for fluctuation of balance in
the experiment and represent the initial trace water absorption in epoxy resin was rep-
resented precisely. The study established a terahertz time-domain spectroscopy system.
As a result, the early water absorption of epoxy resin was represented precisely by the
Terahertz time-domain spectroscopy test method, a theoretical verification was carried out
through molecular simulation. Therefore, the prediction model was deeply optimized. The
experimental time was further reduced to 24 h by terahertz spectroscopy of epoxy resin,
and the precision of the model was up to 99%.
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2. Materials and Methods

2.1. Materials and Experiments

In this experiment, diglycidyl ether of bisphenol-A (DGEBA) (Changzhou Runxiang
Chemical Co., Ltd., Changzhou, China) was adopted, with methylhexahydrophthalic
anhydride (MeHHPA) (Shanghai Aladdin Biotechnology Co., Ltd., Shanghai, China) as
the curing agent and DMP30 (tertiary amine) (Jiangsu Dandelion Biotechnology Co., Ltd.,
Jiangsu, China) as the accelerant. The preparation process was as shown in Figure 1. Mix
all the reagents according to the ratio of epoxy resin: curing agent: toughening agent:
accelerant = 100:80:10:1, and stir at a constant temperature of 50 ◦C. Then, pour the mixture
into a mold, and after vacuum defoamation, solidify at 90 ◦C and 110 ◦C for 2 h, respectively,
in a thermostat (Shanghai qixin scientific instrument co., LTD, Shanghai, China). Cool and
demold until flake samples of diameter 100 mm and thickness 1 mm are obtained.

Figure 1. Sample preparation process.

The experimental process is shown in Figure 2, in which experimental samples are
placed on the hollow iron frame in the constant temperature and humidity box. Before the
experiment, the epoxy resin samples were dried at 60 ◦C in a drying oven and weighed
regularly until the sample mass did not change. The average weight of the six samples after
drying was recorded as m0. Then, the constant temperature and humidity box was tested.
The temperature and humidity meter was placed in the box, and the parameters were set
as temperature = 25 ◦C and relative humidity = 95 %. When the display for the constant
temperature and humidity chamber as well as the reading of built-in hygrothermograph
remained unchanged, it was determined that the experimental environment was good, and
the experimental test was carried out [25]. In the process of the experiment, all the dried
samples were put into the constant temperature and humidity box, keeping the relative
humidity unchanged; a high-precision balance (precision 1 mg) was regularly used to
measure the weight, and the samples were put back immediately after each measurement.
Six samples were repeated five times, and the average m(t) of five experiments was taken;
then, the water absorption percentage, w(t), can be expressed by Formula (1).

w(t) =
m(t)− m0

m0
× 100%, (1)

where m(t) represents the mass of sample after experimental time t, and m0, the mass of
dried sample.

95



Polymers 2021, 13, 4250

Figure 2. Experimental process.

2.2. Molecular Dynamics Simulation

In the early stage of moisture absorption process for the material, the water absorption
rate is fast, and the initial moisture absorption curve is close to a straight line. Therefore,
in this study, an epoxy resin containing water molecules/anhydride curing agent system
was established, and the search range of diffusion coefficient D was determined through
molecular dynamics simulation.

The system was universal DGEBA, with MeHHPA as the curing agent and DMP30 as
accelerant. The model construction was as shown in Figure 3. Based on the flow for epoxy
resin processing, the crosslinking temperature was determined as 580 K, the crosslinking
pressure as 0.005 GPa, and the COMPASS field was selected as the crosslinking force field.
The standard Forcite/COMPASS force field was for several times of epoxy resin molecule
optimization. The system was performed a 500 ps of molecular dynamics equilibrium
simulation, in which the equilibrium was determined based on the fluctuation ranges of
temperature and energy. The epoxy resin containing water molecules/anhydride curing
agent system contains a total of 2397 atoms, i.e., 274 O, 975 C, and 1148 H.

Figure 3. DGEBA Molecular Dynamics Model: the MSD curves at different temperatures and the relationship curves
between diffusion coefficient and temperature were obtained by simulation.

The range for initial value of diffusion coefficient D was determined by simulating the
diffusion of water molecules at different temperatures in the epoxy resin system.

The chain movement of water molecules in epoxy resin may be represented by mean
square displacement:

MSD =
〈

[ri(t)− r0(t)]
2
〉

, (2)
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where ri(t) and r0(t) represent the position vectors of atom i at time t and time 0, respec-
tively.

The diffusion coefficient of water molecules in epoxy resin may be solved by the
Einstein Formula as follows:

Da =
1

6Na
lim
t→∞

d

dt

Na

∑
i=1

〈

[ri(t)− r0(t)]
2
〉

, (3)

where
→
r i(t) and

→
r 0(t) represent the position vectors of atom i at time t and time 0, respec-

tively. In Formula (3), when t is large enough, the diffusion coefficient D may be calculated
with the mean square displacement:

D =

∣

∣

∣

→
r (t)−→

r (0)
∣

∣

∣

2

6t
=

a

6
(4)

In Formula (4), a represents the slope of the fitting curve.
As shown in Figure 3, the MSD at 358 K was at maximum, and at 298 K was at

minimum.

2.3. Terahertz Time-Domain Spectroscopy System

Considering that the requirement for initial experimental data was high for the model,
this study represented water absorbability of epoxy resin precisely by terahertz time-
domain spectroscopy to reduce the influence for fluctuation of balance. Due to the strong
absorption effect of water molecules on terahertz waves, the nondestructive and sensitivity
of terahertz technology to water molecules have attracted much attention and research
from all walks of life. In recent years, a large number of articles [26–29] have studied the
quantitative identification of moisture in various media by terahertz technology. Consider-
ing the stability and accuracy of THz measurement of water, we first combined it with the
prediction method and proposed a faster water detection method.

The established terahertz platform was as shown in Figure 4. First, the femtosecond
laser emitted a pulse less than 80 Fs at 1560 ± 20 nm, which was split into two beams
perpendicular to each other by a beam splitter: pump light and the probe light. Then,
the pump light was focused on the base surface of the photoconductive antenna through
the reflector and time delay device, thus generating the THz pulse, which was focused
on the tested sample after the parabolic mirror collimation. The THz pulse carrying
sample information was transmitted through the samples, and then collimated and focused
through another pair of parabolic mirrors, passing through a detector in alignment with
the probe light. At last, the detector sent the signal to a computer for further data analysis.

Figure 4. The transmission terahertz time-domain spectroscopy system.
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2.4. DFT Methods

In order to explore the absorption peak of water-bearing epoxy resin in the terahertz
band and verify the experimental data, a spectrum vibration analysis on water-bearing
epoxy resin system was carried out with the Gaussian software (Gaussian, Inc, Gaussian
09W) to identify the characteristic absorption frequency of water molecules in the epoxy
resin theoretically. DGEBA molecules of epoxy resin were selected for the model, with
water molecules added for simulation, as shown in Figure 5. The DFT method was used for
relevant calculation and simulation. The adopted method was mainly B3LYP commutative
correlation functional from generalized gradient approximation, with def2-SVP defined as
the base group of calculation, and the diffusion and polarization functions were added for
all atoms.

Figure 5. Molecular simulation of water-bearing epoxy resin system.

3. Study Methods

3.1. Physical Model of Water Absorption

Carter described a diffusion phenomenon by the Langmuir diffusion model [30].
Water molecules bind together temporarily (physically) or permanently (chemically) in the
material, thus retarding the diffusion process and reducing the speed of water absorption,
especially for a long-term water absorption process. Carter represented relevant physical
and chemical interactions with bonding coefficient α and de-bonding coefficient β. In this
case, α, β ≪ π2 Ds−2, and the water absorption can be expressed by the following formula:

w(t)
ws

=
[

α
α+β exp(−αt)(y(t)− 1) + exp(−βt)

(

β
α+β − 1

)

+ 1
]

y(t) = 1 − 8
π2

∞

∑
j=0

{

1
(2j+1)2 exp(−( 2j+1

2 )2) · π2 · 4Dts−2
}

(5)

3.2. Error Thershold Determination

In the water absorption test of epoxy resin sample, water loss is inevitable when the
samples are removed from the constant temperature and humidity box. Therefore, the
weight gain rate for water absorption fluctuates greatly. In the experiment, the applicable
range for precision of model was determined through measuring the error, and thus, the
error caused by the test itself was avoided.

The 2500 h of moisture absorption of epoxy resin samples were analyzed using the
experimental apparatus as shown in Figure 6. For each sample, the analysis was repeated
five times under the same environmental conditions, and the five sets of measurements
were averaged at last, with the mean value as the baseline. As shown in Figure 6, the
weight of the six samples after 2500 h of water absorption ranged from 9.692 g to 9.700 g,
mean value 9.696 g, experimental error ±0.004 g, and the corresponding error of weight
gain rate for water absorption about 5%.

98



Polymers 2021, 13, 4250

Figure 6. Test error of the testing apparatus. The right ordinate is the weight range of six samples
after 2500 h of water absorption, and the left ordinate is the corresponding saturated water absorption
error.

3.3. ISO 62:2008 Prediction Method

According to ISO 62:2008 [20], the measured D and C when constant mass is not
achieved are as shown in Formula 6.

√
D ≈ 1

Cs
× d

0.52π
× c(t)√

t
, (6)

where CS saturated water absorption; d sample thickness; t moisture absorption time; C(t)
water absorption rate measured at t.

As applied to the epoxy resin samples, its prediction precision was as shown in
Figure 7. The prediction precision increased with the experimental days. Within the 5%
range of threshold, the required experimental days was about 71 days, and for the samples,
relevant fluctuation was large, and the prediction effect was not obvious.

Figure 7. Relationship between experimental days and prediction accuracy of ISO 62:2008 model for
six samples.
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3.4. Fitting Method Based on Langmuir Formula

Current studies have shown that the water absorption of organic polymer materials
such as epoxy resin conforms to the Langmuir’s Law. Langmuir Formula is characterized
by multiple parameters, cascade equation, high latitude, and high nonlinearity. Therefore,
parameters D, α, β, and Ws were estimated by optimization fitting to determine the
moisture absorbability of the material.

In this study, the shrinkage–expansion theory was applied to the optimization fitting
of initial water absorption data of epoxy resin so as to establish the water absorption
prediction model of epoxy resin. In the shrinkage–expansion theory, there are three stages,
as follows: first, gradually reduce the step size in the initial search space; the second is
to expand the step size for search; the third is to calculate the mean value and standard
deviation for these degree points that meet relevant requirements, which are used to
determine the step size of the next process and carry out iteration. The objective function
can be searched in and out of multi-dimensional starting space, the search center and step
size can be adjusted by the feedback information during the search process, and thus the
optimal parameters for the given Langmuir Formula [31], i.e., D, α, β and Ws, may be
approached by merely a few shrinkage-expansion cycles. This algorithm does not have to
give the derivative or partial derivative of the formula, thus reducing the complexity of
calculation, and therefore, this study introduced the shrinkage-expansion algorithm for
relevant fitting. Since the initial values for the parameters were greater than 0, they were
first all set to any value greater than 0.

As shown in Figure 8, for direct fitting based on all the 104 days of data, the direct
fitting based on all 104 days of data had a good effect. However, water absorption prediction
based on36 h and 108 h initial experimental data had a poor effect, and the error relative
to the true value was large. In order to further explore the relationship between the
time required fir experiment and the final prediction error, the repeated five times of
experimental data for six samples were averaged, and the fitting test was conducted with
the experimental data at 18 h, 36 h, 45 h, 89 h, 108 h, 174 h, 311 h, 430 h, 511 h, 625 h, 1406 h,
1731 h, 2122 h, and 2500 h. The fitting results of the experimental data at 104 days were
taken as the benchmark for observing and analyzing the error.

Figure 8. The experimental data of 36 h, 108 h, and 2500 h were used to directly apply the shrinkage-
expansion algorithm to fit the obtained curves.

As shown in Figure 9, the shrinkage-expansion algorithm was directly used for
optimization fitting of the Langmuir formula. Based on less than 94 days of experimental
data, the error for the six samples was greater than 5.1%, and so, the prediction effect was
poor, and the fitting error was large, that is, the order of magnitude for the results obtained
for the parameters differed greatly from that of the true values. The reason for this was
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that, for the shrinkage—expansion algorithm, when there are multiple parameters and the
nonlinear relationship is complex, the efficiency for optimization search is low, especially
when the initial value is not so appropriate, the search process from the initial point to the
optimal point is relatively slow, while the Langmuir formula contains four unknowns, with
D, α, β, Ws as regression parameters to be estimated. Ws is merely parameter solution > 0,
and it is impossible to estimate its initial value. Therefore, it is necessary to narrow the
shrinkage range and determine the initial values of D, α and β.

Figure 9. The relationship curve between experimental time and water absorption prediction error of
the initial shrinkage–expansion prediction method directly applied to six samples.

4. Determination of the Initial Values of the Parameters

4.1. Search Range of Diffusion Coefficient D

Table 1 showed the diffusion coefficient of water molecules at 298 K, 313 K, 328 K,
343 K, and 358 K, with R2 as the goodness of fit, which was greater than 0.98 for all,
indicating that the simulation fitting results are credible. The diffusion coefficient of water
molecules in this study was close to that in relevant literature [32], which indicated that the
simulation method used in this study was effective and reasonable. According to Table 1,
the diffusion coefficient of water molecules in epoxy resin increased with temperature.

Table 1. Diffusion coefficient of water molecules at different temperatures in epoxy resin.

Temperature a R2 D/cm2/s

298 K 0.024 0.98 3.96 × 10−7

313 K 0.025 0.98 4.19 × 10−7

328 K 0.037 0.98 6.11 × 10−7

343 K 0.090 0.99 1.50 × 10−6

358 K 0.222 0.99 3.71 × 10−6

There is no unit for Slope a or correlation coefficient R2, where D is diffusion coefficient.
According to the classical diffusion theory, the migration rate as well as the diffusion

coefficient of water molecules increases with temperature. Microscopically rising tempera-
ture makes the model expand and the free volume of water molecules increase. At the same
time, with the increase in temperature, the kinetic energy of water molecules increases, and
the binding effect of epoxy resin on water molecules decreases. Therefore, the diffusion
coefficient of water molecules increases with temperature.

According to the thermodynamic formula, the thermodynamic process of gas molec-
ular diffusion follows the Arrhenius Formula, that is, the diffusion coefficient of water
molecules has an exponential relationship with temperature. A temperature fitting was
carried out for the diffusion coefficient of water molecules, and the fitting results were as
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shown in Figure 3. As a result, the diffusion coefficient functions of water molecules at
different temperatures were obtained, which proved the accuracy of molecular simulation
results.

The theoretical value for the magnitude order of diffusion coefficient of water molecules
in pure epoxy resin was determined as about 10−7 through the establishment of molecular
model. However, in practice, the penetration rate of water molecules through the epoxy
resin may be hindered by the internal forces of the material. For this, the initial magnitude
order for the diffusion coefficient may be selected as 10−7~ 10−8 for selecting the initial
value of the algorithm. However, it should be noted that this is only a range for the initial
value of the algorithm; that is, it is not the range for final value due to the influence of other
environmental factors.

4.2. Search Range of α and β

In the initial moisture absorption stage of epoxy resin for rapid water absorption, water
molecules interacting intensively diffuse into the polymer, while free water quickly fills the
free volume of the epoxy resin. After a certain moisture absorption time, the diffusion is
saturated, and the free water and the bound water are in equilibrium. This process is time
consuming, while for the molecular simulation method, the time is relatively short, with ps
as the unit, and thus, it cannot be simulated by molecular simulation. Therefore, the range
of initial value for α and β was determined by an experiment and relevant literature in this
study.

As shown in Table 2, the magnitude order of α and β for water absorption of epoxy
resin measured in this experiment was 10−6 ~10−7 s−1. Based on an enormous amount of
literature, the magnitude order of α and β for organic polymer materials such as epoxy
resin is roughly 10−6 ~10−8 s−1. Therefore, the initial value was set as 10−7 s−1 for α and β

of epoxy resin.

Table 2. Ranges of α and β of different materials.

Water Absorption Test
Value of Epoxy

Resin/s−1

Silicone
Rubber [16]/s−1

Epoxy Resin Adhesive
(Type EC 2216 from

3M) [33]/s−1

α 7.432 × 10−6 1.5 × 10−6 4 × 10−8

β 9.071 × 10−7 2.5 × 10−6 8.1 × 10−8

5. Prediction Results for Water Absorption of Epoxy Resin

In the experiment, the moisture absorption of epoxy resin material was measured, the
relationship between the required experimental time for prediction and the final prediction
error was analyzed, and the shortest time required for experiment was proposed. Thus,
the moisture absorption behavior prediction model of epoxy resin was obtained.

The 36 h and 108 h experimental results were applied through the prediction model
after the initial values were substituted. The results were as shown in Figure 10 and Table 3.
Obviously, the prediction curve and saturated water absorption were more precise than
before optimization of the model (Figure 8).
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Figure 10. The experimental data of 36 h, 108 h, and 2500 h were used to compare the predicted
curves of the optimized shrinkage-expansion algorithm.

Table 3. Parameter Comparison of 36 h, 108 h, and True Value.

The Experimental
Time

D
The Relative

Error
α/β

The Relative
Error

Ws

The Relative
Error

The real value 1.098 × 10−7 0 8.248 0 1.958 0
108 h 1.082 × 10−7 1.457% 8.003 2.970% 1.95 0.409%
36 h 1.052 × 10−7 4.189% 9.113 10.487% 1.912 2.349%

The relationship between the required experimental time for prediction and the final
prediction error was as shown in Figure 11. Based on the results for experimental error,
the precision of the established water absorption prediction model of epoxy resin was
further verified. Based on the precision of the testing apparatus mentioned above, the error
threshold was determined as 5%, and thus, the shortest time required for experiment was
36 h. The prediction precision may be increased with experimental time. The optimized
prediction model shortened the experimental time greatly as guaranteeing the precision as
compared with the model before optimization and the prediction method proposed in ISO
62:2008.

However, the stability of prediction models for different samples needed to be further
improved. As shown in Figure 11, the final error corresponding to the early experimental
time of different samples fluctuated greatly, which was caused by the instability of balance.
Therefore, it is necessary to further optimize the stability of the model.

Figure 11. ISO 62:2008, Unoptimized Model and Optimized Model Prediction Error Comparison.
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6. Precise Representation of Early Water Absorbability

The influence of water content on terahertz absorption was analyzed through cal-
culating the absorption spectra of the samples. The THz-TDS test system was used to
obtain the reference and sample time domain signals, which were uref(t) and usample(t),
respectively. The uref(t) and usample(t) were converted to frequency domain through Fourier
transform, and thus, frequency functions Eref(ω) and Esample(ω) were obtained. According
to Bill Lambert’s Law, the absorbance is directly proportional to the concentration of light
absorbing material and the thickness of absorbing layer but inversely related to the trans-
mittance. Therefore, Formula (7) may be used to calculate the absorption coefficient (α) of
the samples.

α =
1
d

ln(
Are f

Asample
), (7)

where d is the sample thickness, and Aref and Asample are the amplitudes of the reference
signal and sample signal frequency functions, respectively.

After testing, analyzing, and median filtering of epoxy resin, the absorption coefficient
of the samples with different water content was obtained, as shown in Figure 12. Obviously,
there was an intensive absorption peak near 1.9 THz, and the peak value increased with
water content.

Figure 12. Absorption coefficient of samples with different water content.

The vibration spectra of the mixed system at 0–3 THz were as shown in Figure 13.

Figure 13. Terahertz spectrogram for molecular simulation.
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According to Figure 13, the vibration simulation results of water-bearing epoxy resin
system showed obvious absorption peaks at 1.13, 1.51, 1.9, and 2.5 THz, and the intensity
of absorption peak at 1.9 THz was the highest, which was consistent with the test results.

For this, the peak value at 1.9 THz was taken as the reference for fitting with water
absorption as shown in Figure 14. For absorption spectra of epoxy resin samples with
different water content, the peak height at 1.9 THz fitted well with water content, with
goodness of fit greater than 0.98. Therefore, the device may be used for preliminary testing.

Figure 14. Peak height at 1.9 THz and relevant water content curve.

The error comparison of Terahertz with balance for testing was as shown in Figure 15,
where there were water absorption data indirectly represented by terahertz and obtained
by the balance. According to the obtained prediction curve, under an error threshold of
5%, the terahertz method may shorten the experimental time to 24 h and enhance relevant
stability as compared with the testing of balance, thus further shortening the experimental
time.

Figure 15. Comparison of model prediction precision between THz and electronic balance.

7. Conclusions

For the conventional experimental method, it takes a long time to test the water
absorption of epoxy resin for electrical equipment. The core idea of this study is “to obtain
long-term water absorption over time with short experimental time”. With the prediction
model proposed in this study, the long-term water absorption may be predicted, and the
water absorption curve may be drawn simply by substituting 24 h of initial experimental
data into the model.
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(1) Based on the nonlinearity and high latitude of the Langmuir diffusion equation, this
study has proposed a shrinkage-expansion algorithm-based fitting method, which
may realize the fitting of the water absorption process, but the algorithm is still to be
improved, for the experimental time is merely reduced from 104 days to 94 days.

(2) The diffusion coefficient of epoxy resin at different temperatures has been simulated
and analyzed with a molecular simulation method, and the diffusion coefficient and
the temperature satisfy the Arrhenius formula.

(3) Based on the results of molecular simulation, experiment, and the relevant literature,
the initial values of diffusion coefficient, bonding coefficient, and de-bonding coeffi-
cient have been determined, and the prediction model has been optimized. Thus, the
experimental time is further reduced from 108 days to 1.5 days, and the prediction
error is no greater than the experimental error of moisture absorption test (5%), and
so the engineering requirements may be set generally.

(4) In order to reduce the influence for fluctuation of balance and further shorten the
experimental time required by the model, this study has proposed a method to
improve the precision of the model based on terahertz. Under an error threshold of
5%, the terahertz method may shorten the experimental time from 36 h to 24 h.
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Abstract: The dielectric elastomer (DE) generator (DEG), which can convert mechanical energy to elec-
trical energy, has attracted considerable attention in the last decade. Currently, the energy-harvesting
performances of the DEG still require improvement. One major reason is that the mechanical and
electrical properties of DE materials are not well coordinated. To provide guidance for producing
high-performance DE materials for the DEG, the relationship between the intrinsic properties of
DE materials and the energy-harvesting performances of the DEG must be revealed. In this study,
a simplified but validated electromechanical model based on an actual circuit is developed to study
the relationship between the intrinsic properties of DE materials and the energy-harvesting perfor-
mance. Experimental verification of the model is performed, and the results indicate the validity of
the proposed model, which can well predict the energy-harvesting performances. The influences of
six intrinsic properties of DE materials on energy-harvesting performances is systematically studied.
The results indicate that a high breakdown field strength, low conductivity and high elasticity of DE
materials are the prerequisites for obtaining high energy density and conversion efficiency. DE mate-
rials with high elongation at break, high permittivity and moderate modulus can further improve the
energy density and conversion efficiency of the DEG. The ratio of permittivity and the modulus of
the DE should be tailored to be moderate to optimize conversion efficiency (η) of the DEG because
using DE with high permittivity but extremely low modulus may lead to a reduction in η due to the
occurrence of premature “loss of tension”.

Keywords: dielectric elastomer; intrinsic property; energy harvesting

1. Introduction

The dielectric elastomer transducer (DET) has been a hot area of research in recent
decades due to its high flexibility, light weight, large mechanical strain, simple structure and
low cost [1–4]. A typical DET device consists of a dielectric elastomer (DE) film sandwiched
by two compliant electrodes [5,6]. In generator mode, the DET is called the dielectric
elastomer generator (DEG), and is able to convert mechanical energy into electrical energy
during the stretch-release process due to its stretching variable capacitance property. As
a new type of generator, the DEG provides a simple and feasible solution for harvesting
energy from nature motion sources, such as waves, tides and human movements [7–10].
Therefore, the DEG has attracted much attention in recent years [11–15].

The working principle of the DEG is illustrated in Figure 1. The DE film is first
electrically excited under low voltage at stretched state with high capacitance. Then,
the film is released, and higher voltage across the film at the released state with lower
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capacitance can be obtained. The harvested electrical energy in this process is called the
single-cycle generated energy (∆U), which can be calculated as follows:

∆U = Uout − Uin =
1
2

C2V2
2 − 1

2
C1V2

1 (1)

Δ

2 2
out 2 2 1 1

1 1U
2 2

0

z
ε ε

Δ
η

Δ

100%

Figure 1. Schematic diagram of the working principle of the DEG. Mechanical energy is converted into electrical energy by
releasing a stretched and charged DE film.

Among them, Uout and Uin represent the input electrical energy in the stretched state
and the output electric energy in the released state, respectively. C, V and the subscripts
1 and 2 represent the capacitance, voltage, the stretched state and the released state,
respectively. The calculation formula of capacitance is:

C =
ε0εrS

z
(2)

where ε0 represents the vacuum permittivity; and εr, S and z, represent the relative per-
mittivity (hereinafter referred to as permittivity), the area and the thickness of DE film,
respectively. C, as well as ∆U, will be affected by the film size. Therefore, the gravimetric
energy density (wm) and electromechanical conversion efficiency (η), as more important
performances that avoid the influence of film shape [16], can be achieved by dividing ∆U
by the mass of the DE film (m) and input mechanical work (Wmech), respectively.

wm =
∆U

m
(3)

η =
∆U

Wmech
× 100% (4)

Previous studies on the DEG have mainly focused on the circuit or device structure
design to improve the energy-harvesting performance of the DEG based on commercial
elastomers trademarked as VHB4905/10 [17–23]. On the other hand, some efforts have
been made to prepare DE materials with high permittivity to enhance the performances
of the DEG [24–29]. Ellingford et al. introduced a polar functional group into a styrene-
butadiene triblock copolymer (SBS) to enhance the permittivity, but the significant charge
leakage reduced the generated energy, which may have been caused by the relatively
high conductivity of the modified SBS [28]. Yang et al. employed nature rubber (NR)
and barium titanate (BT) as a high-elasticity DE matrix and dielectric filler, respectively,
while the achieved conversion efficiency was relatively low, which may have resulted from
the high modulus of the composite [26]. In these studies, the mechanical and electrical
properties of the prepared materials were not well coordinated. Therefore, the energy-
harvesting performances of the as-prepared DE materials were not satisfied. Therefore, to
provide guidance for the preparation of high-performance DE materials for the DEG, the
relationship between the intrinsic properties of DE materials and the energy-harvesting
performances must be studied and revealed.

To date, scarce studies have reported the influences of the intrinsic properties of DE
materials on the energy-harvesting performances of the DEG. Koh et al. established an
electromechanical model to calculate the theoretical maximum energy density based on
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several failure mechanisms, and explored the influences of material parameters, such as
Young’s modulus (Y), the product of permittivity and the square of electrical breakdown
strength (Eb), on the energy density [30]. This study provides a preliminary guidance for
the preparation of high-performance DE materials for the DEG, but the results on energy
density calculated by this model cannot be obtained in an actual circuit. Moreover, this
model does not take the mechanics/charge loss of the DE into consideration. Therefore,
the simulation results differ from the experimental results [22].

Therefore, an electromechanical model based on an actual circuit is necessary to reveal
the relationship between the intrinsic properties of DE materials and the energy-harvesting
performance, thereby guiding the design and preparation of DE. An electromechanical
model would also help to predict the theoretical energy-harvesting performances of the
DEG. Based on the energy generation mechanism of the DEG, the main influencing factors
involved in the energy conversion are as follows. During the electrical excitation and
harvesting process, the permittivity and strain, electrical breakdown strength and the
bulk conductivity influence ∆U by affecting the capacitance, bias voltage and charge loss,
respectively [31,32]. Therefore, the main influencing factors involved in energy conver-
sion include the intrinsic properties of DE and the external environment, as summarized
in Figure 2 [16,30]. Among these intrinsic properties, the mechanical-related properties
include the Young’s modulus, elongation at break and mechanical loss, and the electrical
related properties include the permittivity, electrical breakdown strength and bulk conduc-
tivity. The external environment factor can be divided into device variables, including the
stretching mode and circuit design, and the operating variables, including stretch ratio and
bias voltage. It is noted that some intrinsic properties of the material limit the maximum
value of the operating variable. That is, the elongation at break and the electrical break-
down strength of the DE material limit the maximum stretch ratio and the maximum bias
voltage that can be applied, respectively. Therefore, the energy-harvesting performance
of the DE with different elongation at break and breakdown field strength can be equiva-
lently investigated under different stretch ratios and bias voltages, respectively. Under the
premise of fixed device variables, the relationship between the intrinsic properties of DE
materials and the energy-harvesting performances can be studied.

λ
λ

ε λ ε

Figure 2. Influencing factors on the energy-generation performances of the DEG.

In this study, a simplified but validated electromechanical model based on an ac-
tual circuit was developed to describe the relationship between intrinsic properties of DE
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material and the energy-harvesting performance. Linear elastic proposition with strain
relaxation parameter was employed, and charge leakage was considered while studying the
energy conversion mechanism. Experimental verification of the model was performed. The
influences of six intrinsic properties of DE materials (including the modulus, elongation at
break, mechanical loss property, permittivity, electrical breakdown strength and conduc-
tivity) on the energy-harvesting performances (including energy density and conversion
efficiency) were systematically studied. Furthermore, guidance for the preparation of DE
materials with high energy-harvesting performance was proposed. In addition, the ratio of
permittivity and modulus of the DE material on the energy conversion efficiency of the
DEG was discussed.

2. Modeling of DEG

2.1. Setup of Device Variables

The device variables contain the stretch mode and circuit design. The stretch modes
reported in the literature have mainly included cone stretch, equibiaxial stretch and di-
aphragm inflatable stretch [21]. Among these stretch modes, equibiaxial stretch, a kind
of uniform stretch in a plane, is the most widely used. This is because the uniformity of
the thickness of the DE film can be maintained during stretching, and the highest energy-
harvesting performances can be obtained under equibiaxial stretch [22,31]. Figure 3a shows
a schematic diagram of equibiaxial stretch. The radius of the circular DE film before and
after stretching are r0 and r, respectively. In this case, the equibiaxial stretch ratio λ is used
to describe the degree of stretching, which is calculated using the formula λ = r/r0. The
relationship between the stretch ratio and strain ε is λ = 1 + ε.

The circuit shown in Figure 3d was adopted according to Samuel Shian’s study [22].
The parallel transfer capacitors (CP) with the capacitance of CP = 1.3 C1 in this circuit
can reduce the voltage rise caused by film releasing to prevent the film from electrical
breakdown during the releasing process and ensure the completion of the cycle. The
DEG energy-harvesting process was performed through the following four steps: (i) the
stretching process, where the equibiaxial stretch was performed on the DE film and changed
its radius from r0 to r1; (ii) the voltage boosting process, where S1 was closed, and the DC
source with preset input voltage V1 was made to fully charge the DE film and CP; (iii) the
releasing process, where S1 was disconnected, and the DE film was released with a charged
state, during which a higher voltage V2 can be obtained across the DE and CP. Because of
the existence of Maxwell stress, a “loss of tension” occurred before it releasing to r0, and
the radius of DE film at the released state was rk (rk > r0); (iv) the harvesting process, where
S2 was closed to release the charges across the DE film and CP.

The input mechanical work (Wmech) is equal to the difference between the work done
by the stretch device on the DE film (Ws) during the stretch process and the work done by
DE film on the stretching device (Wr) during the release process, that is:

Wmech = Ws − Wr =

r1
∫

r0

Fsdr −
r1
∫

rk

Frdr (5)

where Fs, Fr and r1 represent the stretching force, restoring force and the radius of stretched
state, respectively.

Both the equibiaxial stretch force and Maxwell stress perform work on the DE film
during the energy-harvesting process. Figure 4 shows the schematic diagram of the
Maxwell stress and equibiaxial stretch force acting on the DE film. Performing the Maxwell
stress and equibiaxial stretch force from the thickness direction and horizontal direction on
the DE film with an initial thickness of z0 and initial radius of r0, respectively, to make the
film produce a slight deformation, the thickness becomes z0-dz, and the radius becomes
r0 + dr.
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Figure 3. (a) Schematic diagram of equibiaxial stretch. (b) Released state and (c) stretched state of
homemade equibiaxial stretch device. (d) Circuit principle adopted in this study.
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Figure 4. Schematic diagram of the Maxwell stress and equibiaxial stretch force acting on the DE film.
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Since the energy consumed by the two deformation methods is the same, the work
performed by the Maxwell stress (PMaxwell) in the vertical direction is equal to the work
performed by the equibiaxial stretch force (Pequi) in the horizontal direction, that is:

(PMaxwellπr0
2) · dz = (Pequi2πr0 · z0) · dr (6)

Assuming that the volume of the DE film remains unchanged, that is:

πr0
2dz = 2πr0 · z0dr (7)

Combine the Equations (6) and (7):

PMaxwell = Pequi (8)

Therefore, the effect caused by Pequi in horizontal direction is equivalent to that caused
by the same magnitude of PMaxwell in the vertical direction.

During the stretching process, the stretch force applied on the circumference of the film
causes the film to stretch in the radial direction and shrink in the thickness direction. At this
time, the recovery force of the DE film is equal to its stretch force. Since the Maxwell stress
also tends to shrink the film in the thickness direction and expand in the radial direction,
the generation of the Maxwell stress caused by exerting bias voltage reduces the restoring
force of the film. The input mechanical work is calculated based on the force-displacement
relationship in the thickness direction. From Equation (8), during the releasing process of
charged film, the restoring force is equal to equivalent Pequi in the vertical direction minus
PMaxwell. The value of PMaxwell under the action of the electric field strength (E) is ε0εrE

2.
Therefore, during the releasing process of charged film, the vertical restoring force (Pr) of
the film under the action of the electric field is:

Pr = Pequi − PMaxwell = Pequi − ε0εrE2 (9)

Expressing the relationship between force and deformation in terms of Hooke’s law
can simplify the model. Assuming that during the stretching process, the Pequi and the
stretch ratio λ satisfy the following linear relationship:

Pequi = (λ − 1)M (10)

The proportional coefficient M is called the elastic coefficient. Since the effective
modulus of equibiaxial stretching is twice of Young’s modulus [33], the relationship be-
tween M and Young’s modulus is M = 2 Y (1 + ε) = 2λY, where ε represents the strain.
The higher Young’s modulus of the material results in the greater elastic coefficient M, so
M can also reflect the ability of a material to resist elastic deformation under the action of
external force.

2.2. The Description of Mechanical Loss Behavior

Rubber is a viscoelastic material [34]. During the stretch-release process, the move-
ment of the molecular chain of the viscoelastic material needs to overcome the internal
resistance to do work, and it must convert a part of the energy into heat energy, thus
causing mechanical loss. After being stretched to a certain strain, the stress of rubber
gradually decreases with time, a stress relaxation phenomenon [35,36]. During the voltage
boosting process, it takes time for the voltage to increase from zero to the bias voltage
value. Therefore, the DE film undergoes a stretching-relaxation-release process in the
energy-harvesting cycle. The stress relaxation property is used in this work to describe the
mechanical loss in the conversion process. The difference in the recovery force between
the end of the stretching process and the beginning of releasing process comes from two
aspects: One is the decrease caused by the Maxwell stress, and the other is the decrease
caused by stress relaxation. In order to simplify the model description, the stress relaxation
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ratio θ was introduced to describe the mechanical loss behavior of the DE (i.e., the ratio
between the relaxed stress and maximum stress) [37]. A smaller θ value indicates the better
elasticity. At the beginning of the release process, the reduction of the recovery force caused
by stress relaxation is directly deducted from the recovery force. DE is still regarded as a
linear elastic material in the stretch and release process. In this study, the viscoelasticity of
DE was considered, as shown in Figure 5. In this case, the restoring force of the film during
the releasing process is as follows:

Pr = Pequi − θ · Pequi(λ1)− PMaxwell (11)

where Pequi(λ) represents the Pequi under λ, and λ1 represents the stretched state ratio. In
addition, λk represents the released state ratio when the recovery force of the film drops to
0 and the film cannot continue to shrink. λk can be calculated as follows:

Pequi(λk)− θ · Pequi(λ1)− PMaxwell = 0 (12)

θ
θ

r 1( )
λ λ λ
λ

λ

1( ) ( ) =0

Figure 5. Force-displacement curve of the DEG under different elasticity conditions.

2.3. The Description of Electrical Loss Behavior

Equation (14) describes the single-cycle generated energy without charge loss. How-
ever, the DE film is not an ideal insulator, so the charge will be consumed due to the tiny
leakage current inside the DE. The leakage of charge is a continuous process which occurs
from the charging of the DE film to the release of the charge.

Figure 6 shows the force-displacement curve under three different charge leakage
conditions: (a) leakage-free condition, (b) actual condition and (c) leakage-first condition.
The differences of these conditions are mainly exhibited in the release process. At the
beginning of the release process (λ1, F1), since no charge has been consumed yet, the
restoring force in the actual condition is equal to that in the leakage-free condition. During
the release process, the continuous leakage of charge causes the voltage in the actual
condition to be relatively lower than that in the leakage-free condition, that is, the Maxwell
stress across the film during the actual condition is relatively low. Therefore, the restoring
force in the actual condition is higher than that in the leakage-free condition. Therefore, the
rk of the actual condition (marked as rk2) is smaller than the that of leakage-free condition
(marked as rk1), that is, rk2 < rk1. Since the voltage and area of the film are constantly
changing, other parameters, such as the stretching rate and time must be introduced in
order to accurately express the charge leakage, which greatly complicates the model. To
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simplify the model, the charge leakage ratio δ is defined as the percentage of the leakage
charge in the input charge. The higher conductivity of the DE material results in the higher
leakage current. Therefore, δ is positively related to the conductivity of DE material, which
is used to describe the electrical loss behavior of the material. δ can be calculated by the
following formula:

δ =
Qin − Qout

Qin
=

(C1 + CP)V1 − (C2 + CP)V2

(C1 + CP)V1
(13)
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Figure 6. Force-displacement curve of the DEG under different charge leakage conditions.

At the end of the release process, the voltage across the DE film becomes:

V2 =
(C1 + CP)V1(1 − δ)

(C2 + CP)
(14)

Therefore, the actual single-cycle generated energy that takes the electrical loss into
account can be rewritten from Equation (1) as:

∆U =
1
2
(C1 + CP)V

2
1

[

(C1 + CP)

(C2 + CP)
(1 − δ)2 − 1

]

(15)

Under the definition of δ, the “leakage-first” condition is constructed, which means
that the DE loses δ of the charge at the beginning of the process, and then the release
process is performed with a constant charge. At the beginning of the release process, since
no charge has been consumed yet in the actual condition, the voltage and the Maxwell
stress in the actual condition are higher than that in the leakage-first condition, that is,
F1 < F1

′. As the film releases, the continuous leakage of the charge causes a decrease in the
difference in the restoring force between the actual and leakage-first condition. Finally,
when the restoring force in both cases drops to 0, the charge leakage ratio of both cases is δ,
so the actual condition curve and the leakage-first condition curve intersect at the point
(rk2, 0). Clearly, the release curve in the actual process is between that in the leakage-first
condition and the leakage-free condition, so the average value of Wr in the leakage-first
condition and leakage-free condition can be used to approximate the Wr in actual condition,
which is:

Wr,actual =
Wr,leakage− f ree + Wr,leakage− f irst

2
(16)
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2.4. The Model of Energy Harvesting Performances of DEG

By combining Equations (2) and (15), and Equations (5), (10), (12) and (16), the model
on the energy-harvesting performances of the DEG can be obtained. ∆U and Wmech can be
written as:

∆U =
2.3ε0εrπr2

0λ4
1V2

1
2z0

[

2.3λ4
1

1.3λ4
1 + λ4

k2
× (1 − δ)2 − 1

]

(17)

Wmech = 2πr2
0z0M(λ1 − 1 − Inλ1)

−πr2
0z0
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∫

1
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(18)

where r0, z0, M, θ, δ and εr represent the initial radius, initial thickness, elastic coefficient,
stress relaxation ratio, charge leakage ratio and permittivity of DE film, respectively; and
V1, λ1, λ, λk1 and λk2 represent bias voltage, stretch ratio, stretched state ratio and released
state ratio without or with charge leakage, respectively. λk1 and λk2 can be obtained by:

(λk1 − 1)M − (λ1 − 1)Mθ =
ε0εrV2

1
z2

0

(

2.3λ4
1
)2

λk1
4

(

1.3λ4
1 + λ4

k1

)2 (19)

(λk2 − 1)M − (λ1 − 1)Mθ =
ε0εrV2

1 (1 − δ)2

z2
0

(

2.3λ4
1
)2

λk2
4

(

1.3λ4
1 + λ4

k2

)2 (20)

3. Results and Discussion

3.1. Experimental Validation

Before further exploration, the actual energy-harvesting performance of the VHB4905
material was measured under a homemade test platform in Section S1.3 in the Support-
ing Information and then compared with simulation results to verify the accuracy of the
proposed model. The materials parameters used in the simulation were obtained by the
characterization of VHB4905 (see Sections S2.1–S2.5 and Table S1 in Supporting Informa-
tion). The experimental and simulated energy density and electromechanical conversion
efficiency of the VHB4905 material under λ1 = 2 and different V1 values are shown in
Figure 7. The results show that the error between the experimental value and simulated
value of the energy density and conversion efficiency was less than 15% and 20%, respec-
tively. These favorable results verify the feasibility of the proposed model in describing
the relationship between the intrinsic properties of DE material and the energy-harvesting
performances of the DEG. Moreover, the results indicate that the proposed model can
predict the energy-harvesting performances of the DE.

It should be mentioned that the focus of this study is to establish the relationship
between the intrinsic properties of materials and energy-harvesting performances, so some
of the assumptions and approximations used in this model sacrifice accuracy. First, the
linear elastic model with stress relaxation parameter is obviously different from the actual
stretch-release process, so there is a certain error in the calculation of input mechanical
work. Second, some studies have shown that the dielectric constant of the material changes
with tension [38,39]. The dielectric constant was set as a constant in this model, which led
to a certain error in the calculation of generated energy. The above factors will lead to an
error between the model and the experimental value.

3.2. Influences of Intrinsic Properties of DE Materials on Energy-Harvesting Performance

The parameters related to the material properties in the model include the elastic
coefficient M, stress relaxation ratio θ, permittivity εr, bias voltage V1, stretched state
ratio λ1 and charge leakage ratio δ. As explained in Section 2, the influences of the
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above six variables on the simulation results correspond to the influences of the modulus,
viscoelasticity, permittivity, breakdown field strength, elongation at break and conductivity
on the energy-harvesting performances, respectively. The six variables were divided into
two groups: V1, θ and δ as one group, and permittivity εr, elastic coefficient M and stretched
state ratio λ1 as the other group. The influences of each variable on the energy-harvesting
performances were studied separately.

λ

 

λ

θ ε
λ δ

θ δ ε
λ

Figure 7. The experimental and simulated (a) energy density and (b) electromechanical conversion
efficiency of the VHB4905 material under λ1 = 2 and different V1 values.

To provide better guidance for preparing high-performance DE materials for the DEG,
the values of these variables for the simulation were chosen according to experimental
values. The shape of the DE film and the variables used in the simulation of energy-
harvesting performances are shown in Table 1. Since the VHB material has atypical and
serious viscoelasticity loss, the setting of θ value in this work refers to silicone rubber with
high elasticity. The stress relaxation rate of the silicone rubber is around 0.05 to 0.10 [40].
Referring to this value, we set 0, 0.05 and 0.1, respectively, indicating no mechanical loss,
high elastic material and moderate elastic material.

Table 1. Summary of the shape of the DE film and variables in this study.

DE Film Shape and Variables Value

thickness, z0/mm 0.5
radius, r0/mm 20

bias voltage, V1/kV 0, 1, 2, 3, 4, 5
stress relaxation ratio, θ 0, 0.05, 0.1
charge leakage ratio, δ 0, 0.05

elastic coefficient, M/MPa 0.2, 0.1
permittivity, εr 4.2, 8.4

stretched state ratio, λ1 2, 3

The energy-harvesting performances of DE materials under different bias voltage V1,
stress relaxation ratio θ and charge leakage ratio δ. The other three variables are fixed
(elastic coefficient M = 0.2 MPa, permittivity εr = 4.2, stretched state ratio λ1 = 2). Figure 8a
shows the influences of the three variables above on the single-cycle generated energy ∆U.
The increase in V1 greatly enhanced ∆U. The increase in V1 from 1 kV to 5 kV caused am
increase in ∆U of 24 times. This is because the increase in V1 increased the work done by
the Maxwell stress during the releasing process by enhancing the Maxwell stress. Thus,
more mechanical energy can be converted into electrical energy. This also means that
under the same film thickness, DE with higher breakdown strength can withstand a higher
V1, which is able to obtain a higher ∆U. ∆U was significantly affected by charge leakage.
Even a small charge leakage of 0.05 resulted in a significant decrease in ∆U of about 25%.
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Therefore, DE with lower conductivity can increase ∆U in the form of reducing charge
leakage. The increase in θ increased the reduction of restoring force during the stress
relaxation process, which increased λk as well as C2, and thus decreased ∆U. ∆U was not
sensitive to stress relaxation, but the effect of θ on ∆U increased with the increase in V1. In
the case of V1 = 1 kV, δ = 0.05 and θ = 0.05, ∆U decreased by 2.9%. In the case of V1 = 5 kV,
δ = 0.05 and θ = 0.05, ∆U decreased by 4.3%. Although ∆U was less affected by θ, DE with
lower stress relaxation characteristics can obtain higher power generation, that is to say,
high elasticity is needed for the ideal DE.

θ

δ

θ δ η
Δ η

δ δ δ
η δ Δ

θ Δ
η θ δ

θ η
θ θ θ

η θ θ
η

θ ≠

η
η δ θ

δ θ
η

θ δ

θ
δ

ε λ

ε λ

Figure 8. Influences of bias voltage V1, stress relaxation ratio θ and charge leakage ratio δ on the
energy-harvesting performances of DE materials: (a) generated energy, (b) energy density, (c) input
mechanical work, (d) electromechanical conversion efficiency. The abscissa represents the bias
voltage; the black, blue and red curves represent the θ = 0, 0.05, 0.1, respectively; and the solid line
and the dashed line represent the δ = 0 and 0.05, respectively.

Figure 8b shows the influences of V1, θ and δ on the energy density w. The energy
density was obtained by dividing ∆U by the mass of the DE in the effective working area,
which reflected the energy-harvesting performance of DE per unit mass. The mass of the
effective working area of DE remained unchanged under different variables. Therefore, the
influences of the variables on the energy density were very similar to that on ∆U, except the
scale of the ordinate was different. Similarly, the increase in V1, and the decrease of δ or θ all
resulted in the increase in the energy density. Therefore, low conductivity, high breakdown
strength and high elasticity are needed for DE materials with high energy density.

Figure 8c shows the variation of input mechanical work Wmech with V1, θ and δ. The
increase in V1 increases the λk through enhancing the Maxwell stress, thus reduces the
external work done by the film during the release process, which in turn leads to an increase
in Wmech. The increase in θ greatly increases the Wmech, which reflects the energy loss caused
by molecular chain rearrangement and slippage during the stretch-release process, and it is
especially significant under low V1. In the case of low V1, the increase in Wmech caused by θ
is much higher than that caused by the V1. This means that most of Wmech is consumed due
to the viscoelastic loss, and only a small amount of Wmech has been converted into electrical
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energy. The increase in δ slightly reduces the Wmech. This is because the charge leakage
reduces the work done by Maxwell stress, as analyzed in Section 2.3.

Figure 8d shows the influences of V1, θ and δ on the conversion efficiency η. The
conversion efficiency was obtained by dividing ∆U by the input mechanical work Wmech. η
decreased with the increase in δ. Compared with the condition of δ = 0, δ = 0.05 will result
in a decrease in η of nearly 20%. This is because the increase in δ greatly reduces ∆U but
less affects Wmech. Since the increase in θ had little effect on ∆U but largely increased Wmech,
η also decreased with the increase in θ. For example, under V1 = 1 kV and δ = 0.05, more
Wmech will be consumed in the viscoelastic loss by increasing θ, so the value of η drops from
79.97% (θ = 0) to 9.27% (θ = 0.05), and further reduces to 4.93% (θ = 0.1). This shows that
using low elastic materials at low bias voltages is an inefficient way of harvesting energy.
The change of η with V1 varied with the value of θ. In the case of θ = 0, no energy was
consumed in the mechanical loss, and η decreased slightly with the increase in V1. In the
case of θ 6= 0, a large amount of the mechanical work was consumed in the mechanical
loss, and the increase in V1 enlarged the Maxwell stress, thus increasing the proportion of
the work done by the Maxwell stress to Wmech during the conversion process, so the η was
improved. The value of η gradually increased from 4.93% (V1 = 1 kV, δ = 0.05, θ = 0.1) to
46.79% (V1 = 5 kV, δ = 0.05, θ = 0.1). Therefore, the high breakdown strength, high elasticity
and low conductivity of the material are of great significance for achieving high η.

Figure 9 shows the energy-harvesting performances of DE materials with different
elastic coefficient M, permittivity εr and stretched state ratio λ1 under different V1 values.
It is noticed that the black “Reference” curve represents the DE with the fitting conditions
of εr = 4.2, M = 0.2 MPa, λ1 = 2; the red “M = 0.1 MPa” curve represents the DE with the
fitting conditions of εr = 4.2, M = 0.1 MPa, λ1 = 2; the bule “εr = 8.4” curve represents the
DE with the fitting conditions of εr = 8.4, M = 0.2 MPa, λ1 = 2; amd the green “λ1 = 3” curve
represents the DE with the fitting conditions of εr = 4.2, M = 0.2 MPa, λ1 = 3. The other
two variables were fixed (θ = 0.05, δ = 0.05).

Figure 9a shows the influences of M, εr and λ1 on ∆U under different V1 values.
Since the increase in both εr and λ1 increased the Maxwell stress, and the increase in λ1
also enlarged the stretch displacement, ∆U increased with the increase in εr, and greatly
increased with the increase in λ1. The simulation results show that under V1 = 5 kV, the
increase in εr to 2 times that of the reference sample caused the increase in ∆U from 20.77 mJ
(Reference) to 35.84 mJ (εr = 8.4), an increase of 72.6%. The increase in λ1 from 2 to 3 caused
the increase in ∆U from 20.77 mJ (Reference) to 122.84 mJ (λ1 = 3), an increase of 491%.
On the other hand, the decrease in M led to a slight decrease in ∆U under low V1, but
when ∆U reached V1 = 5 kV, the decrease in M by half caused the decrease in ∆U from
20.77 mJ (Reference) to 17.92 mJ (M = 0.1 MPa), a decrease of 13.8%. This is because the
decrease in M had no effect on Maxwell stress, but it reduced the recovery force, which
increased λk as well as the released state capacitance C2, thus reducing ∆U.

Figure 9b shows the influences of M, εr and λ1 on the energy density w under different
V1 values. Similar to Figure 8b, the influences of variables on w was very similar to that
on ∆U, except that the scale of the ordinate was different. Therefore, the energy density
increased with the increase in εr, λ1 and M. The simulation results show that the material
with the properties of θ = 0.05, δ = 0.05, εr = 4.2, M = 0.2 MPa, and λ1 = 3 can obtain a
theoretical energy density of up to 195.61 mJ/g under V1 = 5 kV.

Figure 9c shows the influences of M, εr and λ1 on Wmech under different V1 values.
The simulation results indicate that Wmech increased with the increase in M, εr and λ1. The
reduction in M reduced the useless work due to the viscoelastic loss, thus reducing Wmech.
For example, in the case of V1 = 5 kV, Wmech reduced from 35.20 mJ (Reference) to 30.04 mJ
(M = 0.1 MPa), a decrease of 14.7%. The increase in εr indicatesan increase in Maxwell
stress, which significantly increased Wmech. Except for the increase in the work done by
the Maxwell stress, the increase in λ1 also increased the mechanical loss, and thus largely
increased Wmech. In the case of V1 = 5 kV, the increase in εr to 2 times that of the reference
sample caused the increase in Wmech from 35.20 mJ (Reference) to 60.08 mJ (εr = 8.4), an
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increase of 70.7%. The increase in λ1 from 2 to 3 caused the increase in Wmech from 35.20 mJ
(Reference) to 179.20 mJ (λ1 = 3), an increase of 409%.
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Figure 9. Influences of elastic coefficient M, permittivity εr and stretched state ratio λ1 on the energy-
harvesting performances of materials with under different V1: (a) generated energy, (b) energy
density, (c) input mechanical work, (d) electromechanical conversion efficiency. The black “Reference”
curve represents the material with fitting conditions of εr = 4.2, M = 0.2 MPa, λ1 = 2; the red curve
represents the material with fitting conditions of εr = 4.2, M = 0.1 MPa, λ1 = 2; the blue curve
represents the material with fitting conditions of εr = 8.4, M = 0.2 MPa, λ1 = 2; the green curve
represents the material with fitting conditions of εr = 4.2, M = 0.2 MPa, λ1 = 3.

Figure 9d shows the influences of M, εr and λ1 on η under different V1 values. In-
creasing λ1 can effectively improve η, especially under low V1. In the case of V1 = 1 kV,
η increases from 9.27% (Reference) to 15.48% (λ1 = 3), an increase of 66.9%. In the case
of V1 = 5 kV, η increases from 59.00% (Reference) to 68.55% (λ1 = 3), an increase of 16.2%.
Interestingly, the blue and red curves almost overlapped, which shows that the influ-
ence of reducing M by half on η had the equivalent effect as that of increasing εr by
two-fold. The M and εr values in the fitting condition of the blue curve (M = 0.2 MPa,
εr = 8.4) were twice those in red curve (M = 0.1 MPa, εr = 4.2). Through extracting M or
εr, Equations (19) and (20) can be rewritten to Equations (21) and (22), respectively, from
which λk1 and λk2 are equal in the two conditions under any V1 value.

M · [(λk1 − 1)− (λ1 − 1)θ] = εr ·
ε0V2

1
z2

0

(

2.3λ4
1
)2
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4

(

1.3λ4
1 + λ4
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)2 (21)

M · [(λk2 − 1)− (λ1 − 1)θ] = εr ·
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)2

λk2
4
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Similarly, through extracting M or εr, Equations (17) and (18) can be rewritten as
Equations (23) and (24), respectively.

∆U = εr ·
2.3ε0πr2

0λ4
1V2

1
2z0

[

2.3λ4
1

1.3λ4
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(23)
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Therefore, the ∆U and Wmech in the fitting condition of blue curve was twice of these
in red curve under any V1, respectively. Thus, the value of η was the same under the
two conditions. In this case, the two curves in the η graph vs. the V1 graph completely
coincide. In addition, the η in these two fitting conditions first increased and then decreased
with the increase in V1, reaching a maximum value of 61.11% at V1 = 4 kV. This indicates
that DE with too high εr or too low M is not conducive to obtain high η under high working
voltage since a premature “loss of tension” may occur [31]. Therefore, it is necessary to
balance the relationship between Eb and εr or M when designing high-η materials: Under
low E (lower than 32 kV/mm), it is suggested to enhance εr or reduce the modulus to
improve η. Under high E (higher than 32 kV/mm), the ratio of εr and M of the DE should
be tailored to optimize η, and the recommended εr/M value of the DE should be between
20/MPa and 40/MPa.

The results indicate that the ∆U and w were greatly affected by a small amount
of charge leakage, but were not sensitive to mechanical loss property, so they could be
significantly improved by increasing the insulation performance of the DE material. Wmech

was less affected by charge leakage but was quite sensitive to mechanical loss. In addition,
∆U and w can be further enhanced with the increase in λ1 and εr. Appropriately reducing
M is beneficial to improve η, but excessively low M will cause the reduction in η under
high V1 since a premature “loss of tension” may occur. Since the reduction of the modulus
and the increase in εr have equivalent effects on η, DE materials with high εr should have a
moderate modulus. The recommended εr/M value of DE should be between 20/MPa and
40/MPa.

To sum up, high breakdown field strength, low conductivity and high elasticity of DE
materials are the prerequisites for obtaining high energy density and conversion efficiency.
DE materials with high elongation at break, high permittivity and moderate modulus can
further improve the energy density and conversion efficiency of the DEG.

4. Conclusions

Herein, an electromechanical model of DEG was established to reveal the relationship
between the intrinsic properties of DE materials and energy-harvesting performances.
The good agreement between the simulation and experimental results was verified, in-
dicating that this coupling model can well predict the energy-harvesting performance of
the material under the preset conditions. By tailoring the fitting condition in the model,
the relationship between the intrinsic properties of DE materials (including the modulus,
elongation at break, mechanical loss property, permittivity, breakdown field strength and
conductivity) and the energy-harvesting performances (including the energy density and
conversion efficiency) of the DEG was revealed. The results indicate that DE materials with
high breakdown field strength, low conductivity and high elasticity are the prerequisites
for achieving high energy density and high conversion efficiency of the DEG. In addition,
DE materials with high elongation at break, high permittivity and moderate modulus can
further improve the energy density and conversion efficiency of the DEG.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13234202/s1, Figure S1: Test platform contains equibiaxial stretching device, force/
displacement sensor, digital electrometer, DC source and PC, Figure S2: Simulation of the elastic
coefficient M of VHB4905 material. The slope of linear fitting curve of M = 0.2 MPa is adopted in
simulation of the energy harvesting performances of VHB4905, Figure S3: The relationship between
stress relaxation of VHB material and relaxation time under uniaxial strain of 100%. Stress relaxation
ratio when time equal to 5s, that is θ = 0.35 is adopted in simulation of the energy harvesting
performances of VHB4905, Figure S4: Permittivity vs. frequency graph of VHB4905. Permittivity
under 100 Hz of εr = 4.2 is adopted in simulation of the energy harvesting performances of VHB4905,
Figure S5: Calculated charge leakage ratio δ under different V1. Average value of δ is adopted in
simulation of the energy harvesting performances of VHB4905, Table S1: Summary of value of DE
film shape and variables in simulation of the energy harvesting performances of VHB4905.
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Abstract: A pollution flashover along an insulation surface—a catastrophic accident in electrical
power system—threatens the safe and reliable operation of a power grid. Silicone rubber coatings
are applied to the surfaces of other insulation materials in order to improve the pollution flashover
voltage of the insulation structure. It is generally believed that the hydrophobicity of the silicone
rubber coating is key to blocking the physical process of pollution flashover, which prevents the
formation of continuously wet pollution areas. However, it is unclear whether silicone rubber coating
can suppress the generation of pre-discharges such as corona discharge and streamer discharge.
In this research, the influence of silicone rubber coating on the characteristics of surface streamer
discharge was researched in-depth. The streamer ‘stability’ propagation fields of the polymer
are lower than that of the polymer with silicone rubber coating. The velocities of the streamer
propagation along the polymer are higher than those along the polymer with silicone rubber coating.
This indicates that the surface properties of the polymer with the silicone rubber coating are less
favorable for streamer propagation than those of the polymer.

Keywords: surface streamer discharge; silicone rubber coating; three-electrode arrangement; ther-
mally stimulated current method; surface properties

1. Introduction

Pollution flashover along the insulation surface occurs widely in electrical power
systems, which threatens the safe and reliable operation of the power grid. The hydropho-
bicity of silicone rubber coating can prevent the formation of continuously wet pollution
areas, and thus it can block the physical process of pollution flashover along the insulation
surface. Therefore, silicone rubber coatings have typically been applied to the surfaces
of other insulation materials in order to increase the pollution flashover voltage of the
insulation structure.

In the long-term operation of an electrical power system, a partial pre-discharge
may occur on the surface of the silicone rubber coating and cause it to gradually lose
hydrophobicity. At the same time, a partial arc can also develop more easily due to the
existence of a partial discharge, and then the pollution flashover voltage will decrease [1].
However, it is unclear whether the silicone rubber coating suppresses or promotes the
generation of pre-discharges such as corona discharges and streamer discharges. Therefore,
the influence of silicone rubber coating on the characteristics of partial pre-discharges needs
to be researched in depth. It is necessary to find ways to suppress the partial pre-discharge
on the surface of silicone rubber coating.

There have been many studies on the engineering applications of silicone rubber
coating in electrical power systems, which have provided many theoretical bases for
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the engineering applications of silicone rubber coatings [2–10]. However, research on
the characteristics of the partial discharge on the surfaces of silicone rubber coatings
is rare. Streamer discharge is the most complex physical process in partial discharge,
which develops into leader discharge and surface flashover within high-enough electric
fields [11–18]. The streamer ‘stability’ propagation fields in air were lower than those on
the insulation surface [13]. When there was streamer propagation along the insulation
surface, there were ‘surface’ and ‘air’ components of the streamer discharge [14–16]. We
have previously obtained photographs of the streamer discharge, observing the ‘surface’
component of the streamer propagated along the insulation surface having a higher velocity,
and the ‘air’ component of streamer propagated in the air having a lower velocity [17].
In [17], the influence of the dielectric materials on the characteristics of the streamer
discharge was also researched; the conclusion was that both the permittivity and the
surface properties of dielectric materials affected the streamer discharge, which affected
the subsequent flashover processes. Therefore, research on the characteristics of streamer
propagation along the surface of the silicone rubber coating is conducive to a deeper
understanding of the mechanism of partial discharge. If the partial arc discharge can be
suppressed during the streamer propagation stage, the external insulation performances of
silicone rubber coating will be greatly improved.

The paper [18] designed an experiment to describe the quantitative influence of
permittivity and surface properties on the characteristics of streamer propagation along
insulation surfaces. In this paper, a test of the characteristics of the streamer propagation
along the polymer and the polymer with a silicone rubber coating was designed, which
measured them using three photomultipliers and an ultraviolet camera. Because the
silicone rubber coating was very thin, the overall permittivity of the polymer with the
silicone rubber coating hardly changed. The differences between the streamer propagation
along the polymer and the polymer with the silicone rubber coating were determined by
comparing the characteristics of the surface streamer discharge from those materials. Not
only could the test results be used as a verification of the previous test results in [18], but
also the influence of a silicone rubber coating on the surface streamer propagation process
was analyzed. In addition, the characteristics of the streamer propagation along the silicone
rubber coatings produced by different manufacturers were compared, which provided a
feasible method for evaluating the insulation performances of silicone rubber coatings.

2. Experiment Arrangement and Measurement System

Figure 1 is a schematic diagram of the test equipment and measurement system
used. Two flat electrodes and one needle electrode formed a three-electrode structure.
The diameter of the parallel plates was 250 mm, and the distance between the upper and
lower plates was 100 mm. The needle electrode was located at the circular hole (10 mm in
diameter) in the center of the lower plates. The needle electrode was 2–3 mm above the
plane of the lower plate, and was insulated from the lower plate. A negative DC voltage
was applied to the upper plate, which was divided by a resistor divider, and then connected
to a voltage measuring instrument via a coaxial cable. The lower plate was grounded. A
square pulse voltage with adjustable amplitude and pulse width (1~6 kV, 100~250 ns) was
applied to the needle electrode to trigger the positive polarity discharge. The square pulse
voltage was divided by a high-voltage probe (Tektronix P6015A) that served as the trigger
signal of a 4-channel 2 GHz oscilloscope (Agilent DSO7104A).

Three photomultipliers, each with a narrow slit (1 mm wide), were respectively
directed at grazing incidence to the needle electrode, the middle position of the parallel
plates, and the upper plate. The photomultiplier could monitor the development process
of the streamer, because the head of the streamer would radiate photons into the space.
The ‘DayCor@Superb’ UV imaging detector made by Ofil Corporation was used to take
the photographs of the streamer discharge.
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Figure 1. Schematic of the experiment arrangement and measurement equipment.

The polymer sheet used in the test was made of polyamide, and was placed vertically
between two parallel plates. The polymer sheet was a square plate with a length of 100 mm,
a width of 100 mm, and a thickness of 5 mm. The first polymer sheet was clean and had
no silicone rubber coating, namely it was a polymer sheet. The second polymer sheet was
coated with the first silicone rubber coating, namely Coating A. The last polymer sheet
was coated with the second silicone rubber coating made by another manufacturer, namely
Coating B. The permittivity of the polymer was 5, the permittivity of the first silicone
rubber coating was 3.6, and the permittivity of the second silicone rubber coating was 3.8.
The dielectric strength of Coating A was 22.2~22.8 kV/mm, and the dielectric strength of
Coating B was 22.5~23.2 kV/mm. Their volume resistivity was 1.6 × 1014~1.8 × 1014 Ω m.
For this study, the silicone rubber coatings were sprayed onto the surface of the polymer
sheets, their thickness was 0.5 mm, and their surface drying time was 18–25 min. During
the test, the indoor temperature was stable at about 25 ◦C, the relative humidity was
maintained at about 65%, and the air pressure was the standard atmospheric pressure.

3. Experimental Results

3.1. Streamer Propagation Fields

Allen defined the applied electric field with a probability of 97.5% of the streamer
propagating to the cathode plate as the streamer ‘stability’ propagation electric field Est [13].
This definition was adopted in this study. The measurement method of the streamer stable
propagation electric field was briefly as follows. The pulse voltage amplitude on the needle
electrode was kept at a certain value Upulse, and the DC voltage Uapp applied between the
plates was increased gradually. The DC voltage between the two parallel plates gradually
increased from 450 kV/m to 750 kV/m. At each DC voltage value Uapp, voltage pulses
were applied to the needle electrode 20 times with a pulse interval of 20 s. That setting
of the pulse interval was to ensure that the remaining ions from the previous streamer
discharge were fully diffused. As the voltage between the two parallel plates gradually
increased, the propagation probability of the streamer gradually increased from 0% to
100%. The streamer propagation probability and the applied electric field satisfied the
Gaussian distribution function as shown in Figure 2. The Gaussian distribution function
(1) was used to fit the statistical distribution curve of the streamer propagation probability
with the electric field.

y = y0 +
A

w
√

π/2
e−2 (E−Ec)

2

w2 (1)
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Figure 2. Relationship between the probability of streamer propagation and the guiding electric field.

In Formula (1), E is the electric field, Ec is the mean value of the electric field; w is the
variance; y is the streamer propagation probability; A and y0 are undetermined coefficients.

Then, the streamer ‘stability’ propagation fields Est (streamer propagation probability
of 97.5%) were obtained as shown in Figure 3. It was found that the streamer ‘stability’
propagation fields decreased linearly with the increase in the applied pulse amplitude. The
reason is that the energy initially obtained by the streamer from the applied pulse increases
with its amplitude, and the subsequent streamer propagation becomes easier. In addition,
it can be seen that the streamer ‘stability’ propagation fields with the polymer with the
silicone rubber coating are stronger than those with the polymer. Furthermore, the electric
fields for the streamer stable propagation along the surface of the different silicone rubber
coatings are quite different.
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Figure 3. Relationship between the streamer ‘stability’ propagation fields and the pulse amplitude.

The fitting Formula (2) was used in Figure 3 to fit the curve. Est is the streamer
‘stability’ propagation field, E0 is the streamer stable propagation electric field when the
pulse amplitude is 0 kV, u is the pulse amplitude, and α is an undetermined coefficient.

Est = E0 − αu(kV/m) (2)
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3.2. Light Emission

A large number of photons are generated during the process of streamer discharge.
Some of them participate in the photoionization in the discharge area, while others escape
to the outside. The photoionization plays a vital role in the generation and development of
streamers. The secondary electron avalanches generated by the photoionization in front of
the streamer head supply the streamer discharge with positive and negative charges, and
then the streamer channel moves forward.

Based on the physical phenomenon of photons being emitted outward during the
streamer discharge, the photomultipliers and UV imaging detector were used to observe
the process of the streamer discharge. In our previous articles [17,18], we found that there
were ‘surface’ and ‘air’ components of the streamer discharge when streamer propaga-
tion occurred along the insulation surface. The ‘surface’ components of the streamers
propagated along the insulation surfaces at a higher velocity, and the ‘air’ components
of the streamers propagated in the air at a lower velocity. However, there were only ‘air’
components of the streamer discharges when the streamers propagated in air alone. The
same conclusion was reached in this article. The photomultiplier detected two peaks of
light at the cathode plate when the streamers propagated along either the polymer or the
polymer with the silicone rubber coating as shown in Figure 4. Therefore, the ‘surface’ and
‘air’ components of the streamer discharges also occurred along both the polymer and the
polymer with the silicone rubber coating. The ‘surface’ components of the streamers had
higher velocities and their propagation paths lay along the insulation surfaces. The ‘air’
components of the streamers had lower velocities and their propagation paths were in
the air.
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Figure 4. Typical signals from the photomultiplier monitoring the streamer propagation along the
surface of the polymer.

The UV imaging detector was used to take the photographs of the streamer discharges.
The light emitted from a single propagation process of a streamer was able to be recorded in
a clear image. The white spots on each image are the signal displayed by the light emitted
from a streamer discharge. Figures 5 and 6 show the streamer propagation photographs
for the polymer and the polymer with the silicone rubber coating.

It can be observed that the ‘surface’ component of a streamer propagates along the
insulation surface, while the ‘air’ component of a streamer propagated in the air and was
away from the insulation surface. Within the same electric field, the luminous intensity of
the streamer propagation along the polymer was greater than that along the polymer with
the silicone rubber coating. Furthermore, the luminous intensity of the streamer propaga-
tion along the polymer with the different silicone rubber coatings was also different. It was
determined that the luminous intensity of a streamer was closely related to the subsequent
photoionization. The stronger the luminous intensity of a streamer was, the more intense
the subsequent photoionization would be, and it would promote the development of the
subsequent streamer. This also explains that the electric fields required for the streamer
stable propagation along the polymer with the silicone rubber coating were greater than
that along the polymer.
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Figure 5. Streamer propagation photographs for the polymer. (a) 500 kV/m, (b) 530 kV/m, (c)
550 kV/m (d) 590 kV/m, (e) 620 kV/m, (f) 660 kV/m.
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Figure 6. Streamer propagation photographs for the polymer with the silicone rubber coating. (a)
510 kV/m, (b) 540 kV/m, (c) 560 kV/m, (d) 590 kV/m, (e) 630 kV/m, (f) 660 kV/m.

3.3. Streamer Propagation Velocity

The propagation velocity of the streamers was calculated by the ratio of the vertical
distance between the three photomultipliers and the time difference ∆T between the starting
points of the rising edge of the light signals from the three photomultipliers (Figure 4).
The streamer ‘stability’ propagation velocity Vst was defined as the streamer propagation
velocity within the ‘stability’ electric field. Figure 7 shows the relationship between the
streamer ‘stability’ propagation velocities and the pulse amplitude. The ‘stability’ velocities
of the streamer propagation along the surface of the polymer with a coating were linearly
related to the pulse amplitude. For Figure 7, Equation (3), which relates the streamer
‘stability’ propagation velocities to the pulse amplitude, was used to fit the curves. u is
the pulse amplitude, kV; V0 is the streamer stable propagation velocity when the pulse
amplitude is 0 kV, 105 m/s; β is the undetermined coefficient.

Vst = V0 + βu (3)
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Figure 7. Relationship between the streamer ‘stability’ propagation velocities and the pulse amplitudes.

The ‘surface’ and ‘air’ components of the streamers occurred when the applied elec-
tric fields were larger than the streamer ‘stability’ propagation fields. The velocities
of the ‘surface’ and ‘slow’ components under the varied electric fields are displayed
in Figures 8 and 9, respectively. Equation (4) was used to draw the fitting curves in
Figures 8 and 9. Est and Vst come from Equations (2) and (3), and n and γ are the un-
determined coefficients listed in Table 1.

Vs = Vst(
E

Est
(1 + γ))

n

(4)
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Figure 8. Velocities of the ‘surface’ components under the varied electric fields.
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Figure 9. Velocities of the ‘air’ components under the varied electric fields.

Table 1. Corresponding parameters in Equation (3).

Material Est
‘Surface’ Component ‘Air’ Component

Vst γ × 100 n Vst γ × 100 n

Air 456 1.56 0.22 3 1.56 0.23 3
Polymer sheet 528 2.37 0.15 4.3 1.23 3.24 2.2

Coating A 537 2.50 1.69 4.1 1.34 0.75 2.1
Coating B 544 2.58 1.16 4.1 1.3 2.48 2.2

Est and Vst in Equation (4) were replaced by Equations (2) and (3) to become Equation (5).
It describes the streamer propagation velocities under any pulse amplitude and applied
electric field.

Vs = (V0 + βu)(
E(1 + γ)

E0 − αu
)

n

(5)

In Figures 8 and 9, it can be seen that the velocities of the ‘surface’ components of
the streamers were higher than those in the air alone, and they increased with the applied
electric field significantly. In contrast, the velocities of the ‘air’ components of the streamers
were lower than those in the air alone, and they increased with the applied electric field
slowly. It can be explained that the electric field in the head of the ‘air’ component of a
streamer is suppressed by the charge in the head of the ‘surface’ component. Furthermore,
it can be seen that the velocities of the ‘surface’ components of the streamer decreased
after the silicone rubber coating was applied to the polymer. In addition, the velocities of
the ‘surface’ components of the streamers propagating along the different silicone rubber
coatings were also different. However, the differences between the velocities of the ‘air’
components of the streamers propagating along the different insulation surfaces were
relatively small.

4. Discussion

4.1. Permittivity

The main factors that affected the characteristics of the streamer propagation along
the insulation surfaces were the permittivity and surface properties (the attachment of the
charge to the surface, photoemission of secondary electrons from the surface, etc.) [18].
First, the influence of the silicone rubber coating on the permittivity of the polymer sheet
was analyzed. Figure 10 shows the variation of the electric field from the needle electrode
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up to 1 mm along the insulation surface. The thickness of the silicone rubber coating was
considered to be 0.5 mm. It can be seen that the electric fields from the needle electrode
up to 1 mm along both the polymer and the polymer with the silicone rubber coating
were basically the same, but the electric field along the polymer with the silicone rubber
coating was slightly strengthened. The permittivity of the silicone rubber coating was
smaller than that of the polymer. After the silicone rubber coating was applied to the
polymer, the volume of the polymer sheet with the silicone rubber coating became larger
than that of the polymer sheet. The overall capacitance (permittivity) increased, so the
electric field along the polymer sheet with the silicone rubber coating increased. However,
the silicone rubber coating only had a small increase in the electric field at the tip of the
needle electrode, which indicates that the silicone rubber coating produced a small change
in the overall permittivity (capacitance) of the polymer sheet. Therefore, the change in the
overall permittivity caused by the silicone rubber coating had a tiny impact on the electric
field distribution in the gap.
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Figure 10. Variation of the electric field from the needle electrode up to 1 mm at axial distances.

With the increase in the permittivity, the charge (ions or electrons) accumulated on the
insulation surface increased [19–21]. On the one hand, there were many negative charges
accumulated on the insulation surface with the negative direct voltage applied to the
cathode plane [22–24]. Those would have reduced the electric fields in the latter half of the
sheet as shown in Figure 11. The negative charges on the surface weakened the electric
fields in the latter half of the sheet. Hence, the streamer propagation along the sheet with
the larger permittivity required higher electric fields [17]. On the other hand, the sheet with
the larger permittivity would have attached more positive charges in the streamer. The
ionization efficiency at the head of the streamer would have weakened, which made the
streamer propagation difficult and required high electric fields. Because the silicone rubber
coating made the overall permittivity (capacitance) of the polymer sheet slightly increase,
the silicone rubber coating caused a slight increase in the positive charge in the streamers
attached to the surface, which would have suppressed the development of those streamers
to a certain extent. However, the stable streamer propagation fields of the polymer sheet
and the polymer sheet with the silicone rubber coating displayed a large difference. The
change in the overall permittivity caused by the silicone rubber coating should not have
caused such a large difference. It must have been caused by the change in the surface
properties of the polymer sheet after spraying the silicone rubber coating.
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Figure 11. Variation of the electric field in the gap at axial distances.

4.2. Surface Properties

When the silicone rubber coating was applied to the polymer sheet, the surface condi-
tion changed greatly. The roughness of the materials was measured using the roughness
gauge. The roughness of the three materials was as follows: Coating B was the largest (Ra
of 0.93 µm), Coating A was second (Ra of 0.76 µm), and the polymer was the smallest (Ra
of 0.65 µm). The larger the surface roughness of the material was, the more serious the
accumulation of the surface charge was [21]. Therefore, the negative charges accumulated
on the surface increased with the increases in the surface roughness, which had two influ-
ences on the streamer discharges. One is that the electric fields in the latter half of the sheet
weakened due to the negative surface charges; the other is that the ionization efficiency
at the head of the streamers weakened due to the attachment of the positive charges in
the streamer to the surface. It was more difficult for the streamers to propagate along the
sheet with the higher surface roughness. That is the reason why the streamer ‘stability’
propagation fields for the polymer with the silicone rubber coatings were larger than those
for the polymer. In addition, the electric fields for the streamer stable propagations along
Coating B were larger than those along Coating A at the different surface roughness levels.

Figure 12 shows the surface conditions of the three insulation materials measured
by the scanning electron microscope. It can be seen that the surface of the polymer had
more microporous defects than the polymer with the silicone rubber coatings. The trap
charges (nC) and trap levels (eV) of the three insulation materials were tested using the
method of the thermally stimulated current (TSC). The trap charges on the polymer surface
were greater than those on the silicone rubber coatings. The microporous defects on the
insulation surfaces could reflect the surface trap distributions [21]. The trap charges on the
insulation surface decreased with the decreases in the microporous defects. Hence, the
results of the SEM figures and the TSC test corroborate each other.

The traps that had low trap levels are named “shallow traps”. In Table 2, the shallow
traps on the polymer surface were greater than those on the silicone rubber coatings.
The photoemission of secondary electrons from the surfaces can be described as follows:
the collisions of the high-energy photons detach the trap charges from the insulation
surface and produce many high-energy secondary electrons, which then promote the
development of the streamers [13,14]. Under the collision by the high-energy photons,
a shallow trap emits high-energy secondary electrons more easily. The reason why the
streamer propagation along the silicone rubber coating is more difficult than that along
the polymer is that the photoemission of secondary electrons from the silicone rubber
coating is weaker. The shallow traps on the Coating A were greater than those on Coating
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B. Therefore, the stronger photoemission of secondary electrons from Coating A led to the
streamer propagation more easily, which is consistent with the test results.

   
(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

Figure 12. SEM figures of the insulation surfaces. (a–c) Polymer. (d–f) Coating A. (g–i) Coating B.

Table 2. Trap parameters of the dielectric materials measured by TSC test.

Parameter Polymer Coating A Coating B

Current peak (PA) 1050 165 138
Trap charge (nC) 1879 246 225
Trap level (eV) 0.38 0.45 0.49

In a word, the polymer surface was more favorable for the streamer propagation than
the silicone rubber coating surface from the perspectives of both the surface roughness
and surface trap. The electric fields required for the streamer stable propagation along the
silicone rubber coating were larger than that required for the streamer stable propagation
along the polymer surface. The velocities of the streamer propagation along the silicone
rubber coating were lower than that along the polymer surface under the same electric
fields. From the perspective of surface properties, it was also a good explanation of the
differences between the streamer stable propagation fields and velocities along the different
silicone rubber coatings produced by the different manufacturers. There were differences in
the characteristics of the streamer propagation along the different silicone rubber coatings,
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which indicates there are large differences in the insulation properties of the silicone
rubber coatings belonging to different manufacturers. These differences can be found by
measuring the characteristics of the streamer discharge. Therefore, tests of the streamer
discharge can be used to evaluate the insulation properties of silicone rubber coatings.

The test results of the characteristics of streamer propagation along the different
material surfaces have also taught us many things. Higher permittivity in a material is
unfavorable for streamer propagation along it. Hence, materials with higher permittivity
can be chosen to suppress the pre-discharge in some conditions of electrical power systems.
It is difficult for streamer propagation to occur along materials with higher macroscopic
surface roughness, so insulation surfaces can be made rougher to reduce pre-discharge in
electrical power systems. The microporous defects on the insulation surface can affect the
streamer propagation to a great extent. In the factory, more nanomaterials can be applied
to insulation materials to fill the microporous defects on the insulation surface, thereby the
pre-discharge will be prevented by the technology of reducing microporous defects. These
results provide a theoretical basis for promoting the application of the nanomaterials.

5. Conclusions

The streamer ‘stability’ propagation fields for the polymer, Coating A and Coating
B were 528 kV/m, 537 kV/m and 544 kV/m, respectively. The velocities of the ‘surface’
components of the streamer stable propagation along the polymer, Coating A and Coating
B were 2.37 × 105 m/s, 2.50 × 105 m/s and 2.58 × 105 m/s, respectively. The velocities
of the ‘air’ component of the streamer stable propagation along the polymer, Coating
A and Coating B are 1.23 × 105 m/s, 1.34 × 105 m/s and 1.30 × 105 m/s, respectively.
The streamer ‘stability’ propagation fields for the polymer were lower than those for the
polymer with the silicone rubber coatings. Within the same electric fields, the velocities of
streamer propagation along the polymer were higher than those along the polymer with
the silicone rubber coatings.

Higher permittivity in a material was unfavorable for streamer propagation along it.
The effects of permittivity on electric field distortion in front of needle tip, the effects of the
surface charge accumulation before the development of a streamer on the distortion of the
electric field in the gap and the effects of the charge attachment to the surface during the
development of streamer were analyzed to determine the reason.

It is difficult for streamer propagation to occur along materials with higher macro-
scopic surface roughness. The effects of the surface charge accumulations before the
development of streamers on the distortions of the electric field in the gap and the effects
of the charge attachment to the surface during the development of streamers were also
analyzed to determine the reason.

The streamer propagation along materials with more microporous defects on the insu-
lation surface was easier. The reason is that the photoemission of secondary electrons from
the surface increased with increased microporous defects, which would have promoted the
development of the streamer.

There are large differences in the characteristics of surface streamers along the different
silicone rubber coatings. Testing the streamer discharge can be used to evaluate the insula-
tion properties of the silicone rubber coatings produced by the different manufacturers.
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Abstract: In this paper, we studied the space charge phenomena of a solid polymer under thermal and
electrical stresses with different frequencies and waveforms. By analyzing the parameter selection
method of a protection capacitor and resistor, the newly built pulsed electro-acoustic (PEA) system
can be used for special electrical stresses under 500 Hz, based on which the charge phenomena
are studied in detail under positive and negative DC and half-wave sine and rectangular wave
voltages. Experimental results show that the charge accumulated in the polyimide polymer under DC
conditions mainly comes from the grounded electrode side, and the amount of charge accumulated
with electric field distortion becomes larger in a high-temperature environment. At room temperature,
positive charges tend to accumulate in low-frequency conditions under positive rectangular wave
voltages, while they easily appear under high-frequency situations of negative ones. In contrast, the
maximum electric field distortion and charge accumulation under both half-wave sine voltages occur
at 10 Hz. When the measurement temperature increases, the accumulated positive charge decreases,
with a more negative charge appearing under rectangular wave voltages, while a more positive
charge accumulates at different frequencies of half-wave sine voltages. Therefore, our study of the
charge characteristics under different voltage and temperature conditions can provide a reference for
applications in the corresponding environments.

Keywords: space charge; polyimide polymer; unipolar electrical stress; temperature; frequency

1. Introduction

With the rapid development of the transmission and transformation grid, power elec-
tronic equipment has come to play a more important role in power operation. In contrast
to traditional DC and AC power equipment, the insulation of electronic equipment usually
has to deal with special electrical environments, including high-frequency rectangular
wave and sine-like voltages [1,2]. Under a sine voltage at power frequency, traditional
equipment can operate continuously for several years. In contrast, due to the coupling ef-
fect of high-frequency voltage and high temperature, the insulation of electronic equipment
may deteriorate within 2 years [3–5]. Therefore, the effective evaluation of the insulation
characteristics of electronic equipment has become a necessary to ensure its safe operation.

Under the coupling effect of electrical and thermal stresses, a great deal of space charge
usually accumulates inside insulation, which can further lead to electrical tree development,
electric field distortion, flashover, and breakdown phenomena [6]. The current research of
the space charge inside insulation mainly relies on reliable measurement methods. Among
the various measurement techniques used at present, the PEA method has been widely
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used in traditional DC and AC stresses at power frequency due to its simple structure and
mature measurement technology. Many researchers have found that the voltage amplitude,
waveform shape, and temperature conditions can directly affect the charge accumulation
of insulating polymers [7–9]. Therefore, an evaluation of the charge characteristics under
the voltage and temperature environments faced by the insulating polymer will be helpful
for its future application and modification design for the corresponding environments.

For the special electrical stresses withstood by the insulation of electronic equipment,
researchers have carried out some comparative studies on the charge characteristics of
different polymers. From the results shown in [10], it is evident that the charge accumula-
tion and electric field distortion inside cross-linked polyethylene polymers under unipolar
half-wave sine and rectangular wave conditions are more serious than those under DC
conditions. Meanwhile, the frequency can directly affect the charge characteristics. For the
research of the polyamide-imide (PAI) polymer, it has also been found that the problem
of accumulated charge is more severe under some unipolar voltage situations than that
under DC stresses, and voltage polarity can also influence the charge accumulation [11,12].
A further comparison of the charge characteristics of polyester-imide, PAI, and polyimide
(PI) polymers under special voltages was carried out in [13], with PI samples showing
less space charge accumulation under rectangular wave stresses at 50 Hz. However, at
present an analysis of the charge characteristics of this polymer under the effect of voltage
frequency, temperature, and voltage waveform conditions is still lacking. Meanwhile, the
existing research mainly focuses on the common conditions with low voltage frequencies
and temperatures. PI material has been widely applied as the supporting insulation for
high-frequency power electronic transformers, motors, and other electronic equipment.
A comprehensive measurement of its charge characteristics under special electrical and
high-temperature environments will aid in our understanding of the actual operating state
of equipment insulation.

Based on the background described above, we carried out an investigation of the
space charge phenomenon inside PI polymers under different temperature and voltage
conditions. In contrast to the traditional PEA design for DC and AC conditions at 50 Hz,
the key electrical component in the PEA system for high-frequency voltage conditions
was analyzed and designed. After analyzing the component selection in the PEA system
for high-frequency voltage conditions, the charge and electric field distributions under
negative and positive DC and rectangular wave and half-wave sine voltages were studied.
The effect of three temperature conditions was also compared. The research results of this
paper firstly show the charge evolution under special unipolar electrical stresses in the
space charge research field, which could be used to guide the design and modification of
the insulating materials used for electrical performance improvement. Thus, this should
provide an important reference for insulation system design in the manufacturing of power
electronic equipment.

2. The PEA System Applied for High-Frequency Voltage Conditions

The basic PEA system can be seen in Figure 1a. The space charge from the two
electrodes was injected into the sample under the effect of electrical stress. The pulse
voltage from the pulse generator was simultaneously imposed on the sample. Then, the
pressure wave was generated from space charge due to its vibration and finally measured
by the oscilloscope. The whole measurement processes was carried out via a computer [14].
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Figure 1. The PEA method for space charge measurement: (a) the measurement system, (b) the
equivalent circuit.

Figure 1b shows the equivalent circuit of the PEA system based on the IEC Stan-
dard [15]. The values of protection resistor Rdc and capacitor Cc in Figure 1 can directly
affect the voltage applied to the sample. According to the IEC standards, the protection
capacitor should be smaller than 1 nF and the protection resistor should be larger than
10 kΩ. Based on this selection, the system has been widely used for DC or AC stresses at
power frequency.

Since high-frequency voltages are studied in our research, the applicability of the
traditional system was analyzed first. PI polymer was selected as the sample, and positive
rectangular wave voltages with different frequencies were imposed on it. Figure 2 shows
the voltage applied to the sample, as measured by a high-voltage probe. The amplitude of
rectangular wave voltages was 500 V and the frequencies were 100, 250, and 500 Hz.
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Figure 2. The voltages applied to the sample based on the traditional circuit design: (a) 100 Hz, (b)
250 Hz, (c) 500 Hz.

It can be seen from Figure 2 that the applied high-frequency voltage to the sample
deforms obviously. The amplitude of the applied voltage decreases with frequency, which
indicates that the system used for DC voltages cannot be applied under high-frequency
voltages. Therefore, the system needs to be adjusted for use in this situation.
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Based on the circuit of the PEA system shown in Figure 1b, the voltage Vm that was
actually applied to the sample is represented by Equation (1).















Vm = Vs − Rdc
Vs

Rall
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(1)

where Vs (V) represents the output voltage from a high-voltage generator. Rall (Ω) is the
resistance of the whole circuit. ω (Hz) represents the angular frequency. Csa (Hz) is the
capacitance of the sample. Rp (Ω) is the resistance of the pulse generator.

From this equation, the voltage applied to the sample can be calculated under the
effects of the protection resistor and capacitor. Further, combined with the purchased
components in the laboratory, we selected three protection capacitors of 560 pF in series and
three protection resistors of 1 MΩ in parallel to establish a new system. The corresponding
component values in the PEA system were 187 pF and 333 kΩ, respectively. This selection
can decrease the probability of the flashover and breakdown of the components. Based on
this design, the measurement of the voltage applied to the sample is shown in Figure 3.
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Figure 3. The voltages applied to the sample based on the improved circuit selection: (a) 100 Hz,
(b) 250 Hz, (c) 500 Hz.

Using this component selection, we can see that the voltages actually applied to the
sample with different frequencies are consistent with the expected input—i.e., the voltages
still maintain a rectangular wave shape and their amplitude does not deform. Therefore,
we used this system for the charge measurements under unipolar voltage conditions. In
addition, the selected components were only used for electrical stresses under 500 Hz in
the later research. Therefore, the voltage applied to the sample is analyzed within 500 Hz
to judge the applicability of the components. The above three frequencies, including 100,
250, and 500 Hz, clearly represent the waveform distortion of applied voltages. The results
obtained from this new system design are also compared with those of the traditional
system for DC voltages, which verifies that the new design also maintains a good accuracy.

For the studied DC voltages, a high voltage was applied to the sample for 30 min
with a later 30-min short-circuit state, during which the charge measurement was carried
out every 5 seconds. For the other voltage waveforms, Figure 4 shows the measurement
method used for positive situations. The pulse excitation voltage was applied to the
maximum amplitude of the half-wave sine voltages and the center point of rectangular
wave voltages. The half-wave sine voltage contained only half a cycle of the sine waveform,
while the voltage in the other half was zero. To ameliorate the signal-to-noise ratio of the
measurement, 200 continuously measured signals were used for the averaging process.
In the following measurements, the PI material usually used for electronic equipment
was determined as the sample, whose thickness was about 125 µm. The amplitude of all
the following applied electric fields was set as 60 kV/mm. In addition, for the inevitable
distortion of the measured signal by the equipment, the corresponding calibration method
was also designed, which also shows a high precision compared to past methods [14]. The
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measurement below was repeated many times to ensure that the results and conclusions
were accurate and reliable.

μ

    

Figure 4. The measurement process for the two kinds of voltages.

3. Measurement Results under Different Voltage and Temperature Conditions

3.1. Results under Negative and Positive DC Stresses

The space charge characteristics under DC voltages with positive and negative po-
larities were firstly analyzed. Meanwhile, the effect of the three temperatures was also
discussed, as shown in Figure 5. In the subfigures, the left part shows the voltage appli-
cation state while the right part shows the short-circuit state when a high voltage was
removed. The vertical axis represents the sample thickness direction from the grounded
electrode to the upper electrode, while the horizontal one indicates the measurement time.
The yellow and blue colors represent positive and negative charges, respectively.

μ

 
(a) 

      
(b)  

 
(c) 

Figure 5. Space charge distributions under DC voltages: (a) room temperature, (b) 50 ◦C, (c) 80 ◦C.

143



Polymers 2021, 13, 3401

From Figure 5, it can be seen that the polarity of the accumulated space charge
inside the deep of the sample is the same as that of the grounded electrode. At room
temperature, the charge injections from both of the electrodes could be found under the
positive condition, while a small amount of positive charge accumulated in the polymer
under the negative condition. When the temperature increases, more charge from the
grounded electrode side migrates into the deep portion of the sample, indicating that the
injection barrier at this side further decreases with temperature. From the results at the
short-circuit stage, the extraction of space charge from the sample interfaces is slow at room
temperature. However, the charge dissipates quickly from the electrodes after increasing
the temperature, which means the extraction barriers of the electrode interfaces decrease
and the migration of a large amount of space charge becomes very quick.

On the basis of the above charge distributions, the electric field results can be calculated
using Poisson’s equation, as shown in Equation (2):

E(z) =
1

ε0εr

∫ ds

0
ρ(z)dz (2)

where E(z) (kV/mm) is the electric field distribution inside the sample. z (mm) represents
the position. ε0 (F/m) is the vacuum dielectric constant and εr is the relative permittivity of
the sample. ρ(z) (C/m3) represents the space charge distribution.

Based on the above equation, the electric field distributions under DC voltages can
be calculated, as shown in Figure 6. The results correspond to the last measurement of
the voltage application state, which represents the field distribution along the direction
of sample thickness. Under positive voltages, the electric field distributions found at
room temperature and 50 ◦C are very close. The result obtained at 80 ◦C shows the
maximum electric field distortion, whose value is about 67.09 kV/mm. Under negative
voltages, the results at both 50 and 80 ◦C show high levels of electric field distortion. The
maximum distortion also appears at 80 ◦C, the value of which is 68.64 kV/mm. Thus,
the space charge accumulation and the electric field distortion are a little larger under the
negative DC voltage application. This phenomenon also indicates that a higher temperature
promotes space charge accumulation inside the PI sample. Meanwhile, combined with
the results in Figure 5, charge accumulation and dissipation occur quicker under high-
temperature conditions. This means that the electric field distortion could reach the states
easily, as shown in Figure 6; thus, the material can be more easily damaged under high-
temperature conditions.
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Figure 6. Electric field results under DC voltages: (a) positive voltages, (b) negative voltages.

3.2. Effect of Unipolar Rectangular Wave Voltages on Space Charge

The charge phenomena occurring under positive and negative rectangular wave
voltages within a frequency ranging from 10 to 500 Hz were then measured. Figure 7
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shows the results obtained at room temperature, 50 ◦C, and 80 ◦C; the measurement time is
illustrated in Figure 4. The three results shown in the columns correspond to one frequency,
and the four results in the rows correspond to one temperature.

 
                            (a)  

 
(b)  

Figure 7. Charge results under rectangular wave voltages at different temperatures: (a) positive
voltages, (b) negative voltages.

For the positive situations, positive charge accumulates inside the sample under the
application of low-frequency voltage at room temperature from the upper electrode. At
250 and 500 Hz, barely any space charge appears in the deep of the material. At the
higher temperature situation, it can be found that the amount of positive charge at the
low-frequency voltage conditions decreases. In contrast, negative charge appears in the
deep portion of the sample, especially at 500 Hz. This means that more negative charge
accumulates under positive rectangular wave voltages when increasing the temperature,
especially in high-frequency situations.

Similar to the results obtained under positive situations, positive charge appears in
the sample under negative conditions at room temperature as well. However, the charge
tends to accumulate under high-frequency conditions, especially at 500 Hz. When the
temperature increases, the amount of positive charge decreases at each frequency condition.
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This phenomenon may be due to the same reason as that in the positive situation—i.e.,
more negative charge accumulates in the sample. The PEA measurement only presents the
net charge distribution. Therefore, under the rectangular wave stresses with two polarities,
the increase in temperature can cause a greater accumulation of negative charge when the
amount of positive charge is decreased.

From the above charge distributions, the electric field results can also be calculated at
the last measurement of the voltage application, as shown in Figure 8. For simplicity, the
most severely distorted electric field at each temperature condition is selected, as is also
labeled in the figure.
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Figure 8. Electric field results under rectangular wave voltages at different temperatures: (a) positive
voltages, (b) negative voltages.

Consistent with the charge results shown in Figure 7a, the maximum electric field
distortion also appears at 10 Hz for the applied positive voltages, whose value is about
69.45 kV/mm. At 50 and 80 ◦C, the maximum field distortions are at the opposite site
compared to the room temperature situation, which is due to the negative charge accumu-
lation shown in Figure 7a. The two maximum distortions occur under the 500 Hz condition.
Therefore, the increase in temperature reduces the electric field distortion at low-frequency
situations and causes a more severe distortion in high-frequency conditions under positive
rectangular wave voltages.

In contrast, the largest electric field distortions occur at the frequency of 500 Hz under
negative voltages for each temperature condition. The maximum values of electric field at
each temperature reach 71.32, 65.16, and 64.63 kV/mm, respectively. Therefore, the electric
field distortion is alleviated a little with temperature due to the decrease in the positive
charge, as shown in Figure 7b.

3.3. Results under Unipolar Half-Wave Sine Voltages

The results obtained under unipolar half-wave sine voltages were measured and
discussed, as shown in Figure 9. The result at each condition corresponds to the maximum
amplitude of the voltage waveform, as illustrated in Figure 4.

At room temperature, the space charge injected from the upper electrode layer accu-
mulates in the deep portion of the sample under both the positive and negative voltages
with a frequency of 10 Hz. When the voltage frequency increases, nearly no charge can
be found in the deep portion, and only a small amount of charge from the two electrodes
accumulates in their vicinity.
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Figure 9. Charge results under half-wave sine voltages at different temperatures: (a) positive voltages,
(b) negative voltages.

When the temperature increases, different charge phenomena are found. For positive
situations, the amount of positive charge at the frequency of 10 Hz decreases, while the
high-frequency situations including 100 and 500 Hz show some positive charge accu-
mulation. In the negative voltage situations, barely any negative charge accumulates in
the sample at 10 Hz compared to the room temperature condition. Meanwhile, a large
accumulation of positive charge can be found at high-frequency conditions, especially at
500 Hz. Therefore, different from the results obtained under rectangular wave voltages, the
increase in temperature causes a greater accumulation of positive charge under half-wave
sine conditions with high frequencies.

Similarly, the electric field results calculated at the last measurement are shown in
Figure 10.
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Figure 10. Electric field results under half-wave sine voltages at different temperatures: (a) positive
voltages, (b) negative voltages.

For the positive conditions, the maximum electric field occurs under a condition of
10 Hz at room temperature, and the value is about 68.02 kV/mm. With temperature, the
maximum electric field distortion appears at higher frequencies. In contrast, under negative
voltage conditions, the maximum field distortion is found at the frequency of 500 Hz and
the temperature of 80 ◦C, with a value of 68.82 kV/mm.

4. Discussion

From the above results, an interesting phenomenon can be seen; the charge accumula-
tion is very quick under the conditions of special unipolar electrical stresses. The charge
inside the deep portion of the polymer also dissipates quickly at the short-circuit stage of
some DC conditions. This kind of rapid charge migration has also been found in previous
charge measurements [16–18]. Under some DC and voltage transition conditions, space
charge appears or dissipates immediately after the voltage state changes.

This phenomenon is caused by the rapid migration speed of space charge. In addition
to the space charge with a mobility in the range from 10−17 to 10−13 m2/(Vs), which has
been observed by most measurement results, the charge in shallow traps can migrate
quickly inside the sample [19]. According to the space charge phenomena observed
by some researchers, it has been calculated that the mobility of rapid charge is nearly
10−9 m2/(Vs) [20,21]. Meanwhile, some measured current results have also indicated that a
part of space charge has a large migration speed [22]. From the analysis based on the results
under the DC-superimposed pulsed voltage conditions [23], the charge inside the sample
has been found to increase and decrease instantaneously after the pulsed voltage rises and
falls. Therefore, this rapid charge migration exists under all kinds of voltage conditions.
However, it is more obvious under special unipolar stresses due to the continuous and
sharp changes in the applied voltage.

The charge accumulated inside the polymer withstands forces from many sources,
which can generally be divided into two kinds—applied electric field force and the other
force—as displayed in Figure 11 [23]. The former occurs due to the applied electrical stress.
The latter mainly occurs due to the material itself, nearby charges, and other sources. Under
stable voltage conditions, the forces withstood by the charge are also stable. Therefore, the
charge can keep a relatively balanced state, can stay in traps for a long time, and have a low
migration speed. In contrast, if the applied electric field continuously changes, the other
force cannot always follow the applied electric field force due to the material deformation
and relatively unchanged position between charges. Therefore, the charge obtains a faster
migration speed more easily, due to the unbalanced force, and this phenomenon is more
common under changing voltage conditions.
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Figure 11. The forces withstood by the migrating space charge.

5. Conclusions

The space charge characteristics of PI polymer under different unipolar voltages and
temperatures were studied. It was found that the accumulation process and evaluation law
of charge are dependent on the voltage form, frequency, and temperature conditions. Some
conclusions were obtained:

(1) The voltage that was actually applied to the sample was greatly affected by the
protection capacitor and resistor in the PEA system. The circuit previously used for DC
conditions is improper for high-frequency stresses, which can seriously deform the voltage
applied to the sample when the frequency exceeds 100 Hz. After adjusting the protection
capacitor and resistor to 187 pF and 333 kΩ, the PEA system could be used properly
under 500 Hz.

(2) Experimental results achieved under DC voltages indicate that the space charge
injected from the grounded electrode dominates in most cases. More charge accumulates
inside the sample at a higher temperature, and the largest electric field distortions under
the negative and positive stresses occur at 80 ◦C.

(3) In contrast to the charge phenomena under DC voltages, the results under special
electrical stresses show frequency and temperature-dependent characteristics. For rectan-
gular wave voltages at room temperature, positive charge accumulates easily under 100 Hz
under positive conditions, while it accumulates more easily at higher frequencies under
negative conditions. When the temperature increases, a negative net charge occurs under
positive voltages, while the amount of positive charge is reduced under negative voltages,
which indicates that an increase in temperature promotes the negative charge accumulation.

(4) For positive and negative half-wave sine voltages, the largest charge accumulations
at room temperature occur at 10 Hz. When the temperature increases, a more positive
charge is found inside the sample under different frequency conditions, which is com-
pletely opposite to the charge phenomenon that occurs under rectangular wave voltages.
Meanwhile, the results under unipolar electrical stresses show the phenomenon of rapid
charge accumulation. The special mechanisms of space charge accumulation and evolution
under different voltages still need to be further researched.
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Abstract: In this paper, in order to improve the electrical and thermal properties of SiC/EP com-
posites, the methods of compounding different crystalline SiC and micro-nano SiC particles are
used to optimize them. Under different compound ratios, the thermal conductivity and breakdown
voltage parameters of the composite material were investigated. It was found that for the SiC/EP
composite materials of different crystal types of SiC, when the ratio of α and β silicon carbide is
1:1, the electrical performance of the composite material is the best, and the breakdown strength
can be increased by more than 10% compared with the composite material filled with single crystal
particles. For micro-nano compound SiC/EP composites, different total filling amounts of SiC cor-
respond to different optimal ratios of micro/nano particles. At the optimal ratio, the introduction
of nanoparticles can increase the breakdown strength of the composite material by more than 10%.
Compared with the compound of different crystalline SiC, the advantage is that the introduction of a
small amount of nanoparticles can play a strong role in enhancing the break-down field strength.
For the filled composite materials, the thermal conductivity mainly depends on whether an effective
heat conduction channel can be constructed. Through experiments and finite element simulation
calculations, it is found that the filler shape and particle size have a greater impact on the thermal
conductivity of the composite material, when the filler shape is rounder, the composite material can
more effectively construct the heat conduction channel.

Keywords: SiC crystal form; micro-nano compound; thermal conductivity; breakdown field strength

1. Introduction

The filled high thermal conductivity composite material is to dope inorganic fillers or
metal fillers with high thermal conductivity into the polymer matrix to build a thermally
conductive network. Filled thermally conductive polymers are simple to operate, low in
cost, suitable for industrial production and have become the mainstream development
direction of high thermally conductive insulating materials. [1–7].

The type, distribution and filling amount of the fillers incorporated have a great
impact on the electrical and thermal properties of the composite material [8–11]. Many
studies modified the epoxy matrix by introducing two or more types of powder fillers
into the resin [12–15]. For example, Zhou et al. [16] added 6 wt% multi-walled carbon
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nanotubes (MWCNT) or 71.7 wt% micron-sized silicon carbide (SiC) to the epoxy resin
to maximize the thermal conductivity of the composites, and then partially replaced the
micron-sized fillers with nano-sized fillers. This paper took the advantage of the large
aspect ratio of one-dimensional structure of MWCNTs, making MWCNTs effectively act
as thermal conductivity channels between micron SiC particles and form a more effective
three-dimensional infiltration network for heat flow. Zhao et al. [17] used two-dimensional
boron nitride nanosheets (BNNS) and zero-dimensional boron nitride microspheres (BNMS)
to build a three-dimensional thermal conductivity network, which can effectively improve
the thermal conductivity of epoxy composites. Tu et al. [18] studied the surface charge
transfer characteristics and the control mechanism of the coating to illustrate the influence
of the surface coating on the surface charge accumulation characteristics of epoxy resin. The
surface charge of epoxy resin can be effectively suppressed by coating 1–3 wt% micron SiO2
particles or 3 wt% nano SiO2 particles. Takahiro et al. [19] prepared micro-nano epoxy com-
posites by dispersing nano-layered silicate filler and micron silica (SiO2) filler in the epoxy
matrix. Compared with the conventional SiO2 filling, the internal structure of the composite
obtained by micro-nano composite was tighter, and the breakdown strength of the compos-
ite was 7% higher than that of the conventional filled epoxy composite. Huang et al. [20]
prepared alumina (Al2O3)/silicon carbide (SiC)/epoxy composites by sol-gel method.
The results showed that the introduction of dense and uniform Al2O3 on the SiC surface
improved the interface adhesion between the epoxy matrix and SiC particles, and the
thermal resistance of the filler-matrix interface was reduced. Wu J [21] et al. magnetized
the SiC particles so that the paramagnetic SiC particles were aligned along the magnetic
field lines under the action of an external magnetic field. After thermosetting, an ordered
epoxy/silicon carbide composite material was obtained, and the relationship between the
distribution state of silicon carbide and the dielectric properties and thermal conductivity
of the composite material was explored. Seenaa Hussein [22] et al. studied the modification
method of poly(vinyl alcohol) (PVA)/poly(vinyl pyrrolidone) (PVP) polymer film. By
using a solution blending method to incorporate nano-graphene fillers into PVP/PVA,
the thermal conductivity and mechanical properties of the composite material are greatly
improved. At the same time, as the graphene content increases, the thermal weight loss rate
of the composite material decreases, which proves that there is a strong interface interaction
between the nano-graphene and the matrix. Alaa M. Abd-Elnaiem [23] et al. used sol-gel
polymerization method to coat multi-walled carbon nanotubes (MWCNTs) with tetraethyl
orthosilicate (TEOS) to form a covalent bond with the epoxy resin matrix when used as
a filler to enhance the interface effect. Epoxy-TEOS/MWCNTs composites filled with
different proportions were prepared. When the filling ratio was 4 wt%, the mechanical,
optical and thermal properties of the epoxy composites reached the best. Nadia A [24] et al.
prepared polymethyl methacrylate (PMMA)/MWCNTs composites using a solution blend-
ing method. The covalent bond and hydrogen bond between PMMA and MWCNTs were
analyzed by infrared spectroscopy, which proved the strong interaction between the filler
and the matrix. By adding an appropriate proportion of MWCNTs filler, the mechanical
properties and electrical conductivity of the composite material have been greatly im-
proved. Seenaa I. Hussein [25] et al. used graphene, carbon nanotubes and carbon fibers as
fillers, respectively, to fabricate epoxy resin-based composite materials. Under the action of
the filler, the wear rate of the composite material is significantly reduced, while the thermal
conductivity is greatly improved. Among them, graphene and carbon nanotubes have the
most significant increase in the thermal conductivity of composite materials.

The SiC-filled composite dielectric has nonlinear conductivity characteristics [26,27].
When the local electric field in the insulating medium is distorted, it can homogenize the
electric field [28,29]. At the same time, filling with SiC can significantly improve the thermal
conductivity of the composite material, so SiC/EP has broad application prospects in the
packaging of high-capacity power devices and the insulation of high-voltage equipment.
However, the introduction of SiC will decrease the breakdown strength of composite
materials [30]. In the current research on SiC/EP composite materials, attention has
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been paid to the electrical and thermal properties of the composite materials filled with
various crystal forms of SiC, but there is still a lack of relevant research on the combined
effects of different crystal forms. In view of the above problems, this paper studies the
effects of different crystalline SiC compound and micro-nano particle compound on the
breakdown field strength and thermal conductivity of SiC/EP composites. Suggestions for
improving the electrical and thermal properties of SiC/EP composites are provided from
the perspective of particle compounding.

2. Materials and Methods

2.1. Materials

Bisphenol A epoxy resin was used as the matrix. This kind of epoxy resin can fuse
well with many additives, with excellent bonding strength and strong corrosion resistance.
Anhydride curing agent has a good mixing property with epoxy, the viscosity of the mixed
liquid is low, which is convenient for the mixing of filler particles, and the electrical and
mechanical properties of the cured epoxy composites are improved to a certain extent.
Silicon carbide (SiC) with different crystal shape and particle size was selected as filler. In
order to improve the binding degree of nano-SiC particles and epoxy resin and enhance
the dispersion of filler particles, the surface modification of nano-SiC particles was carried
out by using silane coupling agent (KH-560). The raw materials used in the experiment are
listed in Table 1.

Table 1. Information of the raw materials.

Name Parameter Manufacturer

E51 type epoxy resin The epoxy value 0.48~0.54 eq/100 g
Viscosity 10~16 Pa·s (25 ◦C)

Shanghai Xiongrun Resin Co., LTD,
Shanghai, China

Methyl tetrahydrophthalic anhydride
(curing agent) Purity > 80% (GC) TCI Chemical Industrial Development

Co., LTD, Toyko, Japan

2,4,6-tris (dimethylaminomethyl) phenol
(accelerator) Purity > 80% (GC) TCI Chemical Industrial Development

Co., LTD, Toyko, Japan

Micron silicon carbide (α,β-SiC) Particle size: 1.5, 10 µm Qinhuangdao One nuo Company,
Qinhuangdao, China

Nano silicon carbide (n-SiC) Particle size: 50 nm Qinhuangdao One nuo Company,
Qinhuangdao, China

2.2. Sample Preparation

In order to study the effect of different crystalline SiC composite and micro/nano SiC
composite on the electrical and thermal characteristics of the material. Under the premise
that the overall filling ratio remains unchanged, we changed the proportions of different
crystalline SiC and micro/nano SiC particles in the filler. Since the physical and chemical
properties of silicon carbide and epoxy resin are different, the particles in epoxy are easy to
agglomerate. However, the silicon carbide should evenly disperse in the matrix as far as
possible. The flow chart is shown in Figure 1, and the specific experimental steps are as
follows:

(1) The required mass of epoxy resin was weighed and poured into a three-port flask.
The oil bath was heated to 60 ◦C to improve the fluidity of the matrix, and the water vapor
adsorbed by the epoxy was mechanically stirred for 30 min to discharge the water vapor
absorbed by the epoxy during storage.

(2) With the mass ratio of epoxy: curing agent of 100:85, the curing agent was weighed
into the epoxy, and the silicon carbide filler particles were weighed according to the
corresponding ratio. After full grinding, the epoxy curing agent mixed solution was added,
and the mixture was mixed in the oil bath at 60 ◦C at a constant speed of 360 r/min for
60 min to ensure uniform distribution of filler particles.
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Figure 1. Epoxy composite preparation process.

(3) After the matrix and the filler were fully mixed, the matrix was dispersed by
ultrasonic for 20 min, and the high-speed disperser was treated for 20 min. The mass ratio
of epoxy:accelerator = 100:1 drop and the accelerator were added, and the mixture was
mixed at 260 r/min at a constant speed for 10min.

(4) Pour out the mixed solution and put it in a vacuum drying box, keep it at 60 ◦C for
vacuum operation, and extract it for many times until no obvious bubbles overflow.

(5) Put the mold sprayed with release agent into the blast dryer for preheating, and
the temperature was 100 ◦C for 30 min. Pour the vacuum pumped mixed solution into the
mold and put it in the vacuum oven for degassing again. The temperature was 60 ◦C for
30 min. The silicon carbide epoxy composite was obtained.

When the filling ratio of filler particles reaches 20 vol%, the thermal conductivity of
the composite material is significantly improved, but when the filling ratio exceeds 30 vol%,
the liquid mixture is very viscous, and it is difficult to vacuum out the internal bubbles
and cast molding. Therefore, we chose the most representative 20 vol% and 30 vol% as the
total filling amount, which have better comprehensive performance. The filling ratios of
different filler are shown in Tables 2 and 3:

Table 2. SiC/EP composites filled with different crystal forms of SiC particles.

Sample α-SiC β-SiC SiC Volume
Fraction

α-SiC/EP20vol% 20 vol% 0

20 vol%
3α-SiC/1β-SiC/EP20vol% 15 vol% 5 vol%
1α-SiC/1β-SiC/EP20vol% 10 vol% 10 vol%
1α-SiC/3β-SiC/EP20vol% 5 vol% 15 vol%

β-SiC/EP20vol% 0 20 vol%

α-SiC/EP30vol% 30 vol% 0

30 vol%
3α-SiC/1β-SiC/EP30vol% 22.5 vol% 7.5 vol%
1α-SiC/1β-SiC/EP30vol% 15 vol% 15 vol%
1α-SiC/3β-SiC/EP30vol% 7.5 vol% 22.5 vol%

β-SiC/EP30vol% 0 30 vol%

In order to improve the bonding degree between the surface of SiC particles and epoxy
resin matrix, the silane coupling agent KH-560 was used to organically modify the surface
of SiC particles [7]. The modification method was as follows:

(1) According to the volume ratio of ethanol and ultra-pure water of 19:1, 400 mL
solution was mixed and poured into the flask. 50 g SiC particles were weighed and dried
at 80 ◦C for 6 h and added into the flask. The SiC particles were stirred at 60 ◦C for 10 min
to fully disperse in the solvent;
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Table 3. SiC/EP composites filled with micro/nano particles.

Sample β-SiC Mass Fraction n-SiC Mass Fraction
Overall Mass

Fraction

19.5M/0.5N/EP 19.5 wt% 0.5 wt%

20 wt%
19M/1N/EP 19 wt% 1 wt%

18.5M/1.5N/EP 18.5 wt% 1.5 wt%
18M/2N/EP 18 wt% 2 wt%

17.5M/2.5N/EP 17.5 wt% 2.5 wt%

29.5M/0.5N/EP 29.5 wt% 0.5 wt%

30 wt%
29M/1N/EP 29 wt% 1 wt%

28.5M/1.5N/EP 28.5 wt% 1.5 wt%
28M/2N/EP 28 wt% 2 wt%

27.5M/2.5N/EP 27.5 wt% 2.5 wt%

(2) 2.5 g silane coupling agent KH-560 was dropped into SiC/ethanol/aqueous solu-
tion and stirred at 60 ◦C for 6 h to fully react.

(3) Pour the solution into the plastic reagent bottle, use centrifuge to separate SiC
particles and solvent, take out after drying at 50 ◦C for 8 h, and grind with agate mortar for
reserve.

2.3. Material Characterization and Testing

Scanning electron microscope (SEM) Quanta FEG 250 was used to observe α-SiC
and β-SiC packing particles with different crystal types. α-SiC has hexagonal crystal
structure, and its surface morphology is more distinct, β-SiC is cubic crystal, and its surface
morphology is rounder. The SEM of SiC particles are shown in Figures 2 and 3.

Figure 2. Electron microscope of SiC particles with different crystal types. (a) 10 µm α-SiC; (b) 10 µm β-SiC.

Figure 3. Electron microscopy of micron and nanometer SiC particles. (a) 1.5 µm β-SiC; (b) 50 nm β-SiC.
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Transient plane heat source method was used to measure the thermal conductivity of
the material using the thermal conductivity meter TPS 2500S. The sample used for the test
was a wafer with the radius of 35 mm and thickness of 3 mm. In the room temperature,
the breakdown strength tester HCDJC-50kV was used for the sample breakdown test. The
voltage was increased at a rate of 2 kV/s until electric breakdown occurred. The samples
used to measure the breakdown voltage were discs with a thickness of 1 mm and a diameter
of 50 mm. 10 samples were tested for each group of materials.

3. Electrical and Thermal Properties of Epoxy Resin Composite with Different Crystal
Forms of SiC

Different crystal types of SiC have different atomic packings, so their macroscopic elec-
trical and thermal properties are different. By preparing epoxy resin composite materials
with different crystal forms of SiC, and testing their electrical and thermal properties, the
influence of the interaction between the filler and matrix on the properties of the composite
materials was explored.

3.1. Breakdown Strength Analysis of Composite Materials

Two-parameter Weibull distribution was used to analyze the breakdown data of
SiC/EP composites. The equation of two-parameter Weibull distribution is as follows:

F(x) = 1 − exp
(

−
( x

α

)β
)

(1)

where x is a variable, representing the breakdown data of the sample obtained by the test;
β is the shape parameter, the dispersion of the data decreases with the increase of the
value; α is the scale parameter, representing the breakdown strength when the breakdown
probability is 63.2%, which is also called the average breakdown strength.

The least square method and Ross failure probability distribution function were used
to solve the correlation coefficient, and the critical value criterion of the correlation coeffi-
cient was used to judge whether the breakdown data complied with the two-parameter
Weibull distribution.

Ross failure probability distribution function is:

F(i, n) =
i − 0.44
n + 0.25

× 100% (2)

The experimental breakdown voltage data were arranged according to their size
and processed by formula. Least square method for linear fitting was used to solve the
correlation coefficient.

Xi = ln(Ei) (3)

Yi = ln
{

− ln
(

1 − F(i, n)

100

)}

(4)

As shown in Figure 4, the data processing results showed that the breakdown strength
data of SiC/EP composites conformed to Weibull distribution.

By comparing the two groups of composites with different filling quantities in Figure 4,
the breakdown strength showed a consistent trend with the change of the ratio of the two
crystal forms. The breakdown strength of β-SiC composite is higher than α-SiC. When
the ratio of α-SiC to β-SiC is 3:1 or 1:3, the breakdown strength is significantly lower than
the composite filled with single crystal SiC. When the ratio of α-SiC to β-SiC is 1:1, the
breakdown strength is the highest. It can be seen in Figure 5 that when the total filling
ratio is 20 vol%, the breakdown field strength of the composite material with a ratio of
α-SiC:β-SiC of 1:1 is increased by 41.7% compared with single α-SiC crystal type filling,
and 32.9% compared with single β-SiC crystal type filling. When the total filling ratio is
30 vol%, compared with the single α-SiC crystal type filling, the breakdown field strength
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of the composite material with a ratio of α-SiC:β-SiC of 1:1 is increased by 34.0%, and
compared with the single β-SiC crystal type filling, it is increased by 10.4%.

Figure 4. Weibull distribution of composite material breakdown strength. (a) 20 vol% SiC/EP; (b) 30 vol% SiC/EP.

Figure 5. Average breakdown strength of composite material.

It can be seen from the SEM images of two different crystal forms of SiC that the
morphologies of the two fillers are not completely regular, the shape of α-SiC is relatively
sharp, and the surface of β-SiC is comparatively round. When the composite material
uses two different crystal forms of SiC as the filler of the composite, it will lead to internal
defects of the material, which results in a significant decrease in the breakdown strength
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of the composite material. When the compounding ratio is 1:1, the internal defects of the
material are obviously reduced, and the bonding degree of the interface between the filler
and the matrix is obviously improved. The breakdown path cannot form along the air
gap defect and the development path extend, which improves the breakdown strength
of the material to a certain extent. This conjecture was verified by analyzing the infrared
spectrum.

In order to compare the relative size of each absorption peak more intuitively and
quantitatively, the infrared absorption spectrum was converted into a projection spectrum,
and the method of baseline correction was adopted to make the spectral values at both
ends of each absorption peak lying on a straight line. Enlarge the characteristic peak area,
as shown in Figures 6 and 7.

Figure 6. Infrared spectrum of SiC/EP composite material.

The wave numbers of 1230 cm−1 and 1170 cm−1 are the absorption bands of the
ester [31–33]. The wave number of 2850 cm−1 represents the symmetrical stretching
vibration of C-H in CH3 [24]. The wave number of 2920 cm−1 is attributable to the
vibration of aromatic protons, and the broad peak at 3420 cm−1 is hydroxyl and hydrogen
bonds [23]. By comparing the infrared spectra of the five formula systems, it can be
found that the crosslinking degree of epoxy resin composite material has decreased to
varying degrees compared with the pure epoxy resin, which also reflects the reduction
of the breakdown strength of the composite material. A higher degree of cross-linking
indicates that the epoxy resin molecules are more closely linked, and the defects between
the insulating material and the filler in the system are reduced, the breakdown path is
difficult to develop along the interface [34,35], which increases the breakdown strength
of the composite material. For the five composite material systems, when the volume
ratio of α-SiC to β-SiC was 1:1, the crosslinking degree of the composite material was the
highest, so it also had a higher breakdown strength. This may be due to the different crystal
forms of α-SiC and β-SiC and the better overlap between the particles, which reduced
the agglomeration of the same crystal particles and played a certain mutual coordination
during the condensation reaction, so as to improve the crosslinking degree of epoxy
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Figure 7. Partial enlarged view of baseline correction of different crystal SiC/EP infrared spectra.

Compared with 20 vol% composite materials, the overall breakdown strength of
composite materials filled with 30 vol% was reduced. As a crystal with high electrical
conductivity, SiC has high breakdown strength, therefore, it is the epoxy resin matrix that
determines the breakdown strength of the composite material. When the SiC filling amount
increased, due to the micro-particles and the matrix interface were not tightly bonded, the
internal air gap defects greatly increased, the development path of the electrical tree in the
epoxy was shortened, and the breakdown strength was significantly reduced [36,37]. When
other inorganic fillers such as SiO2 and BN are used [38,39], the breakdown field strength
of the composite material exhibits consistent characteristics at high filling ratios, and this
trend is not conducive to the application of thermally conductive insulating materials.

In order to investigate the effect of crystal configuration on the crosslinking degree
in terms of microstructure, the cross sections of the composites with different crystal
configuration were observed by scanning electron microscopy. The focus was on the state
of the interface between the filler particles and the matrix and the dispersibility of the filler
particles. The SEM image is shown in Figure 8:

It can be seen from the microscopic morphology that the filler particles are uniformly
distributed in the matrix without delamination or particle aggregation. In the filling system,
α-SiC particles have more edges and corners, while the shape of β-SiC is more rounded,
and there are obvious air gap defects at the interface between the filler particles and the
matrix. When the ratio of α-SiC to β-SiC was 1:1, the bonding degree between the filler and
the matrix was better and the defects at the interface were significantly reduced. There are
no protruding particles or obvious pits at the cross-section, which appears to be compact
structure. This shows that the two crystal particles overlap and cooperate with each other
in the mixing and solidification process under the appropriate ratio, which can improve
the uniformity of the mixed system. The degree of cross-linking of epoxy resin between
particles is increased, which significantly reduces defects at the interface of the composite
material [40].
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Figure 8. Sectional electron micrograph of SiC/EP composite material. (a) α-SiC/EP; (b) α-SiC:β-SiC = 3:1;
(c) α-SiC:β-SiC = 1:1; (d) α-SiC:β-SiC = 1:3; (e) β-SiC/EP.

3.2. Thermal Conductivity of SiC/EP Composites

The Figure 9 shows the variation of thermal conductivity of two crystal SiC composites
in five proportions. Since the epoxy resin has low cross-linking crystallinity and disorder,
only the thermal motion of macromolecular chains and groups cannot provide a way for
the rapid movement of phonons, so the thermal conductivity of pure epoxy resin material
is only 0.196 W/(m·K). The thermal conductivity of β-SiC composite was significantly
higher than α-SiC composite when the volume fraction of β-SiC was fixed and the ratio
of two different crystal forms was changed. The thermal conductivity of β-SiC/epoxy
composites was 0.7433 W/(m·K) and 0.9019 W/(m·K), respectively, which was 61.13% and
48.58% higher than α-SiC/epoxy composites with the same amount of filling, and 279.23%
and 360.15% higher than pure epoxy resin.
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Figure 9. Thermal conductivity of SiC composite filled with different crystal forms.

The thermal conductivity of the composite material of the two crystal forms increased
with the increasing of the proportion of β-SiC. At present, the thermal path theory is
the most common theory used to explain the thermal conduction mechanism of filled
thermally conductive composites. This theory describes that the high thermal conductivity
filler particles in the matrix overlap each other to form a thermal conduction path, and
the heat flux is transferred from the high temperature direction to the low temperature
along the network built by the thermal conductive filler [41,42]. The results showed that
the crosslinking degree of epoxy matrix had little effect on the thermal conductivity of
filled composites, but the shape of filler had much effect on the thermal conductivity
of filled composites. Compared with α-SiC, β-SiC particles have more rounded shapes,
better bonding degree with epoxy resin matrix, and lower interface thermal resistance.
Furthermore, β-SiC particles have more effective contact area between particles than
those with sharp edges and angles, which is more conducive to the formation of thermal
conductivity channels.

3.3. Simulation Study on the Influence of Different Shapes of SiC Particles on the Thermal
Conductivity of Composites

In order to study the influence of the shape of filler particles on the construction
of the internal heat conduction channel of the composite material, the finite element
method [5,43,44] was used to construct a solid heat transfer model for the internal represen-
tative volume elements (RVE) of the filled composite material. In the steady state, according
to Fourier’s law of heat conduction, the differential equation for solving the internal heat
conduction of the composite material was obtained, as in the following equation:

∂2T

∂2x
+

∂2T

∂2y
+

∂2T

∂2z
= 0 (5)
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We set the side surface of the composite material as thermal insulation, which was
also the second type of boundary condition, as in the following formula:

∂T

∂n

∣

∣

∣

∣

Γ

= 0 (6)

In the formula, the subscript Γ denoted the side surface of the composite material. Set
the initial temperature on the upper surface (S1) to 60 ◦C, and set the temperature on the
lower surface (S2) to 20 ◦C, which was also the first type of boundary condition, as in the
following formula:

T|s1
= 60 ◦C; T|s2

= 20 ◦C (7)

The setting of boundary conditions is shown in Figure 10.

Figure 10. Model boundary settings.

Using the finite element method, by solving the heat conduction equation (1), the
conduction heat flux inside the composite material was obtained. According to the Fourier
law of heat conduction, the thermal conductivity of the composite material was calculated
by the following formula [45]:

K =
QL

∆T
(8)

In the formula, K is the equivalent thermal conductivity; Q is the average conductive
heat flux in the z-direction inside the composite material; L is the thickness of the model in
the z-axis direction; ∆T is the temperature difference between the upper surface and the
bottom surface in the z-axis direction.

In order to study the influence of particle shape on the heat flux of the surrounding
matrix, a single particle was placed in a cube RVE with a side length of 30 µm. Spherical
and cubic particles of the same size were placed, and the cubes were placed in parallel and
rotated 45◦ to make the calculation results representative. As shown in Figure 11.
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Figure 11. The geometric model of a composite material filled with a single particle. (a) A single spherical particle; (b) A
single cubic particle placed horizontally; (c) A single cubic particle rotated 45◦.

Taking the cross section parallel to the xz plane and y = 15 µm to study the conductive
heat flux of the filler and its surrounding matrix, as shown in Figure 12:

Figure 12. Cross-section conductive heat flux cloud diagram of composite materials. (a) Filler particle is small sphere; (b)
Filler particle is horizontally placed cube; (c) Filler particle cube is rotated 45◦.

Considering that the filler particles construct a heat conduction channel through
effective contact, it is believed that when the conductive heat flux of the matrix between
the fillers reaches 80% of the filler [5], the matrix between the fillers can participate in
the construction of an effective heat conduction channel. We used the ImageJ software to
process the conduction heat flux cloud image. Taking the conduction heat flux at the center
of the filler particles as the reference, the conduction heat flux at the center of the particle
was red in the chromatogram, and the corresponding color gamut value was 0; the point
where the conduction heat flux was 0 is blue in the chromatogram, and the corresponding
color gamut value was 158. When the conductive heat flux in the matrix was 80–100% of
the heat flux in the center of the particle, the color gamut value range of the matrix in the
three cases can be obtained by calculation, and the area within this range was integrated in
ImageJ, as shown in Figure 13:

The effective contact areas obtained in the three cases were: (a) 9.941, (b) 1.34 and
(c) 2.405. It can be seen that when the filler is spherical particles, because the surface was
more rounded, according to the principle of heat transfer, the effective heat transfer area
of the surrounding matrix was larger, while the effective heat transfer area of the matrix
surrounding the cubic particles was much smaller.
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Figure 13. Cloud iamge of conductive heat flux after ImageJ processing. (a) Filler particle is small sphere; (b) Filler particle
is horizontally placed cube; (c) Filler particle cube is rotated 45◦.

In order to study the influence of multiple particles on the thermal conductivity of
composite materials, a three-dimensional random particle distribution model was estab-
lished. We took the composite material RVE as a cube with a side length of 50 µm, and
filled it with 20 vol% particles, corresponding to the composite material of different crystal
types, and the numbers of particles were set as shown in Table 4.

Table 4. The number of filler particles in the RVE geometric model.

Corresponding Crystalline
Compound Composite Material

Number of Cube Fillers
Number of Spherical

Fillers

α/EP 0 25

3α/1β/EP 7 18

1α/1β/EP 13 12

1α/3β/EP 19 6

β/EP 25 0

The established RVE model is shown in Figure 14:

Figure 14. RVE geometric model of randomly filled composite materials with particles. (a) Model corresponding to β/EP;
(b) Model corresponding to 1α/3β/EP; (c) Model corresponding to 1α/1β/EP; (d) Model corresponding to 3α/1β/EP;
(e) Model corresponding to α/EP.
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Comparing the thermal conductivity of the volume representative element (RVE)
obtained by the simulation with the experimental results is shown in the Figure 15. The
results show that the finite element simulation can be consistent with the experimental
results. Therefore, the simulation results can be used to explain the influence of the shape
of the filler particles on the heat of the composite material. As the proportion of spherical
particles increases, the thermal conductivity of the composite material increases. This is
due to the effective heat conduction area of the matrix around the spherical filler particles is
larger, which is beneficial to participate in the construction of an effective heat conduction
channel.

Figure 15. Comparison of experimental and simulated composite thermal conductivity results.

4. Electrical and Thermal Properties of Epoxy Resin Composites with
Micro-Nano Compound

Compared with micro-particles, nanoparticles have a larger specific surface area, and
their particle sizes are small. There is a scale effect at the interface, which can significantly
improve the degree of bonding between the particles and the matrix, thereby affecting the
electrical and thermal performance of the composite material [46]. Nano particles are small
in size, large in surface energy and packed loosely, making it difficult to measure their
actual density. Therefore, the proportion of the mass fraction of micro-nano particles is
used as a variable in the study of micro-nano composite.

4.1. Changes and Analysis of the Breakdown Strength of Composite Materials

By comparing the breakdown voltage of SiC/EP composites with a total filling mass
fraction of 20 wt% and 30 wt%, it can be found that under different total filling ratios, the
optimal relative ratio of the micro-nano compound has also changed. It can be seen from
the current experimental results that for the composite with the total filling mass fraction
of 20 wt%, when the ratio of micro and nano was 18.5 wt% and 1.5 wt%, the breakdown
strength of the composite material was the highest, and the breakdown strength was
increased by 14.9% compared with the case when no nanoparticles were added. For the
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composite with the total filling mass fraction of 30 wt%, when the ratio of micro and nano
was 29.5 wt% and 0.5 wt%, the breakdown strength of the composite material was the
highest, and the breakdown strength was increased by 32.4% compared with the case
when no nanoparticles were added. Weibull distribution of micro-nano composite SiC/EP
breakdown strength is shown in Figure 16.

Figure 16. Weibull distribution of micro-nano composite SiC/EP breakdown strength. (a) 20 wt% SiC/EP; (b) 30 wt%
SiC/EP.

In micron SiC/EP composites, there will be more air gap defects at the interface
between the micron particles and the epoxy resin matrix, which leads to the development
of partial discharge channels along the two-phase interface. Thus, the electrical breakdown
path of the composite material is formed, and the breakdown strength of the composite
material is reduced. After the introduction of nanoparticles, due to the small radius of
curvature of the nanoparticles, the groups on the surface of the particles are more likely to
react with the epoxy resin instead of bonding with each other [47]. The interface bonding
effect between the nanoparticles and the matrix is stronger, and the breakdown path is
blocked, so it is unable to develop along the interface [19,48].

It can be seen from the data in Figure 17 that after adding nano-SiC particles to
SiC/EP composites, the breakdown strength of the composites changed with the amount
of nano-SiC particles, and there was a certain correspondence with the infrared spectral
characteristics of the composites.

Figure 17. Average breakdown strength of micro-nano composite SiC/EP. (a) 20 wt% SiC/EP; (b) 30 wt% SiC/EP.
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The same processing method in Figure 7 was adopted. We converted infrared ab-
sorption spectrum into projection spectrum and performed baseline correction and local
amplification to visually compare the relative size of each absorption peak, as shown in
Figures 18 and 19.

Figure 18. Infrared spectrum of SiC/EP composite material. (a) 20 wt% SiC; (b) 30 wt% SiC.

Figure 19. Partial enlarged view of baseline correction of the micro/nano SiC/EP infrared spectra. (a) 20 wt% SiC/EP;
(b) 30 wt% SiC/EP.

Wavenumber 800 cm−1 corresponds to C-N single bond, and the stronger absorption
peak represents the greater amide concentration, which indicates that the reaction between
tertiary amine promoter and anhydride curing agent was more completed. The reaction
rate of tertiary amine accelerator and anhydride curing agent changed when the filling
amount of nanoparticles was changed, which also proves that the filling of nanoparticles
has a significant effect on the curing reaction of epoxy resin matrix. The wavenumbers
of 1230 cm−1 and 1170 cm−1 are the absorption bands of esters, and the wavenumbers of
1040 cm−1 are the absorption bands of primary alcohols. The peak with a wavenumber
of 2850 cm−1 is caused by the symmetric stretching of C-H in CH3 [24]. The vibrational
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band at 2920 cm−1 is attributed to the vibration of aromatic protons, and the broad peak at
3420 cm−1 is hydroxyl and hydrogen bonds [23]. After curing, the higher the crosslinking
degree is, the stronger the absorption peaks of corresponding bands are [31–33].

When the amount of addition was appropriate, the SiC nanoparticles were uniformly
dispersed, whose surface was bonded with the epoxy matrix [19]. The crosslinking degree
of the epoxy resin was also improved. However, when the filling amount of nano-SiC
particles was too large, the potential energy of the nanoparticle interface will be larger,
which will cause agglomeration [49,50]. The equivalent radius of the agglomerate increased,
leading to a large number of void defects formed inside, which caused the epoxy cross-
linking degree to decrease, and the decrease of breakdown strength of the composite
material.

Figure 20 showed that the filler particles are relatively uniformly distributed in the
matrix, but when the filling ratio of the nanoparticles exceeded the optimal ratio, the
nanoparticles will agglomerate more seriously. The nanoparticles will agglomerate together,
and more air gap defects will be formed inside the agglomerated particles. [31] The degree
of bonding between the particles and the matrix decreased, resulting in more defects at
the cross section. At the same time, in a nano-composite system, when the density of
micron SiC particles became larger, the nanoparticles used as reinforcing fillers were more
likely to cause agglomeration problems. This was due to the micro- and nanoparticles
collide with each other during the mixing process. Since the size of micro-particles and
nanoparticles were very different, the movement range of nanoparticles was limited to
the gap between the micro-particles, and there was a greater chance for nanoparticles to
agglomerate together. Once agglomerating, it was less likely to be separated by the impact
force of the stirring process.

Figure 20. The cross-sectional microscopic electron microscope image of the micro-nano composite system. (a) 29.5%
m-SiC/0.5%n-SiC/EP; (b) 27.5% m-SiC/2.5%n-SiC/EP.

4.2. Effect of Nanoparticles on Thermal Conductivity of Composites

When nanoparticles were added to the SiC/EP composite material, the thermal con-
ductivity of composite material changed as shown in the Figure 21:

With the increase of the doping amount of nanoparticles, the thermal conductivity of
the composite material decreased. Some previous studies also showed similar results: in the
micro-nano composite system, the contribution of nanoparticles to the thermal conductivity
is not as good as that of micro-particles [12,39]. This was because nanoparticles were too
small in size compared to micro particles. Under the same mass, although the number of
nanoparticles was larger, their dispersibility was stronger and they cannot form effective
contact similar to larger micron particles, thereby constructing a heat conduction channel.
Therefore, as more nanoparticles replaced micron particles, the thermal conductivity of
composites showed a downward trend.
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Figure 21. Thermal conductivity of micro-nano compound SiC/EP composite. (a) 20 wt% SiC/EP; (b) 30 wt% SiC/EP.

5. Conclusions

In this paper, in order to improve the electrical and thermal properties of SiC/EP
composites, the effects of SiC crystal form and micro nano scale of SiC particles on the break-
down strength and thermal conductivity properties were studied. The main conclusions
are as follows:

(1) The compounding of different crystal particles and the compounding of micro-nano
particles will significantly affect the bonding degree between the filler particles and the
matrix at the interface. For composite materials with different crystal type particles, when
the filled particle ratio of α-SiC to β-SiC is 1:1, the breakdown strength of the composite
material is more than 10% higher than that of the composite material filled with a single
crystal type.

(2) For micro/nano composites, different SiC content corresponds to different op-
timum ratio of micro to nano. When the amount of SiC increases, the motion space of
nanoparticles will be squeezed, which leads to more serious agglomeration and the de-
crease of corresponding optimal nanometer ratio. Under the optimal ratio, the breakdown
strength of the composite material is improved. Compared with the compounding of
different crystal types, the introduction of a small amount of nanoparticle can significantly
increase the breakdown strength of the micro-nano composite material.

(3) Whether an effective thermal conductivity channel can be formed is the key to
determine the thermal conductivity of composites. The experimental results and the finite
element simulation analysis show that the shape and particle size of the filler have a greater
impact on the thermal conductivity of the composite. When the shape of the particles is
more rounded, the heat conduction channel can be constructed more effectively.

(4) In the filled composite material, the method of compounding different crystalline
SiC particles and micro-nano particles can increase the breakdown field strength of the
composite, and at the same time make the composite material have a relatively high thermal
conductivity, showing certain advantages.
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Abstract: Materials with excellent thermal stability, mechanical, and insulating properties are highly
desirable for electrical equipment with high voltage and high power. However, simultaneously
integrating these performance portfolios into a single material remains a great challenge. Here, we
describe a new strategy to prepare composite film by combining one-dimensional (1D) rigid aramid
nanofiber (ANF) with 2D alumina (Al2O3) nanoplates using the carboxylated chitosan acting as hy-
drogen bonding donors as well as soft interlocking agent. A biomimetic nacreous ‘brick-and-mortar’
structure with a 3D hydrogen bonding network is constructed in the obtained ANF/chitosan/Al2O3

composite films, which provides the composite films with exceptional mechanical and dielectric
properties. The ANF/chitosan/Al2O3 composite film exhibits an ultrahigh electric breakdown
strength of 320.1 kV/mm at 15 wt % Al2O3 loading, which is 50.6% higher than that of the neat ANF
film. Meanwhile, a large elongation at break of 17.22% is achieved for the composite film, integrated
with high tensile strength (~233 MPa), low dielectric loss (<0.02), and remarkable thermal stability.
These findings shed new light on the fabrication of multifunctional insulating materials and broaden
their practical applications in the field of advanced electrics and electrical devices.

Keywords: aramid nanofiber; hydrogen bonds; electric breakdown strength; mechanical strength;
alumina nanoplates

1. Introduction

Polymers-based dielectrics are widely utilized in advanced electronics and electric
power systems by virtue of their irreplaceable advantages, such as easy processing, light
weight, and excellent mechanical properties [1–8]. The rapid development of those modern
devices with high power density, high integration, and high voltage has caused escalating
hot-spot temperatures, causing a great challenge to the heat resistance of polymer dielectrics
present in applications including high-frequency motors, high-voltage transformers, electric
vehicles, 5G equipment, and pulsed power apparatuses, etc. [9–13]. However, most of
traditional polymer dielectrics are limited to unsatisfactory temperature stability, which
usually causes a remarkable deterioration in performance at a high temperature. Therefore,
excellent thermal stability, mechanical, and insulating properties become the inevitable
requirements for the next generation dielectric materials. Unfortunately, simultaneously
integrating these properties portfolios into a single material remains a great challenge.

As one of the high performance fibers, aramid fiber, constructed by highly aligned
molecular chains of poly (paraphenylene terephthalamide) (PPTA), is well known for its
outstanding mechanical properties, high heat resistance, and excellent electrical insulation
properties [14]. At present, aramid fibers and/or aramid pulp fibers are widely used to
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make insulating papers, but their mechanical properties and dielectric strength are still
inadequate due to the poor interfacial interactions between microscale aramid fibers [15,16].
It has been found that aramid fibers can be completely split into uniform high aspect ratio
aramid nanofibers (ANFs) by controlled deprotonation [17]. The obtained ANFs inherit the
excellent properties of aramid fiber and has emerged as a promising nanoscale building
block to fabricate advanced materials owing to its high thermal stability and excellent
electrical insulation [17–22]. For example, Hu et al. reported a composite film with supreme
electromagnetic interference shielding efficiency and exceptional Joule heating performance
by combining the ANFs with carbon nanotube and hydrophobic fluorocarbon [23]. Wu
et al. and Wang et al. fabricated highly thermoconductive and thermostable polymer
nanocomposite films by engineering ANFs with boron nitride nanosheets [1,22]. Zhang
and coworkers found that ANFs-based composite films had a potential application as
high-performance nanofluidic osmotic power generators [24]. Therefore, incorporating
functional fillers into ANFs matrix composite films is an effective strategy to improve
its performance. To access the extraordinary properties of ANFs, elegant design the
architecture of composites is necessary.

Over the past decade, the aligned “brick-and-mortar” layered structure of nature nacre
have demonstrated an effective architecture to achieve remarkable properties. Inspired by
the hierarchical microstructures of nature nacre, Zeng et al. successfully fabricated a highly
thermally conductive nacre-like papers based on noncovalent functionalized boron nitride
nanosheets and poly (vinyl alcohol) via a vacuum-assisted self-assembly technique [25].
Wang et al. claimed that composite films with exceptional insulating properties could
be prepared by constructing three-dimensional “brick-and-mortar” layered structures
using ANFs and mica nanoplates. As a result, a high dielectric breakdown strength of
164 kV/mm was achieved for the composite film [15]. In addition, the precise design
of the inorganic–organic interface is another important factor to fulfill the composite’s
properties. Yu et al. proposed a multiscale soft-rigid polymer dual-network interfacial
design strategy to reinforce the nanoscale building blocks, which endows the resultant
nacreous nanocomposite with superior mechanical enhancement and improved stability
under high humidity and temperature conditions [26].

In this study, by learning from the hierarchical microstructure of natural nacre, we
fabricated mechanically strong and electrical insulating films by combining ANFs with
alumina (Al2O3) nanoplates using vacuum-assisted filtration, followed by a hot-pressing
technique. The underlying rationale for using Al2O3 nanoplatelets is that Al2O3 platelets
have an excellent dielectric properties with wide band-gap. In addition, the two-dimensional
structure of Al2O3 nanoplates is beneficial for forming a highly ordered arrangement in ANFs
framework. Meanwhile, chitosan, a natural cationic polymer obtained by deacetylation of
chitin extracted from the shells of shrimp and crabs, has been utilized to enhance the interfacial
interaction between ANFs and Al2O3 nanoplates by constructing hierarchical hydrogen bonds.
The ANF/chitosan/Al2O3 composite film with unique “brick-and-mortar” structure and
three-dimensional hydrogen bonds was successfully prepared. The obtained composite film
exhibits an ultrahigh electric breakdown strength of 320.1kV/mm and a large elongation
at break of 17.22% at 15 wt % filler loading, which was 50.6% and 89.9% higher than those
of neat ANFs film, respectively. Moreover, high tensile strength, low dielectric loss, high
thermal decomposition temperature are achieved for the composite film simultaneously. It is
believed that the biomimetic approach is of great importance for the fabrication and practical
application of multifunctional dielectric materials in electrical equipment.

2. Materials and Methods

2.1. Materials

Al2O3 nanoplates were purchased from Jicang Nano Technology Co., Ltd., Nanjing,
China. Potassium hydroxide (KOH) and carboxylated chitosan were purchased from
Aladdin Biochemical Technology Co., Ltd., Shanghai, China. Kevlar® 29 fibers were
purchased from DuPont (Wilmington, DE, USA). Dimethyl sulfoxide (DMSO), ethylalcohol,
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and deionized water (DI H2O) were obtained from Chengdu Kelong Chemical Reagent
Co., Ltd., Chengdu, China, and were used as received.

2.2. Preparation of ANFs, ANF/Chitosan, and ANF/Chitosan/Al2O3 Composite Films

ANFs were fabricated by treating chopped Kevlar® 29 fibers with a DMSO/KOH
solution according to the typical method explored by Kotov et al. [17]. First, 1.6 g of
chopped Kevlar® yarn and 2.4 g of KOH were added into the 320 mL of DMSO. Then,
the mixture was magnetically stirred at 30 ◦C at 800 rpm for 1 week, yielding a clear
dark red ANF/DMSO dispersion. Then, 100 mL of the obtained ANF/DMSO dispersion
was injected into 500 mL of H2O to form the colloidal ANF. The filtrate was filtered out
with a Buchner funnel, and then the ANF was repeatedly washed with DI H2O until the
filtrate was neutral, and the purified colloidal ANF was obtained. A stable ANF slurry was
obtained by adding 400 mL H2O and stirring it at 8000 rpm for 10 min. The pure ANF film
was prepared by simple vacuum-assisted filtration with a 0.2 µm pore PTFE membrane.
Then, the obtained ANF film was hot-pressed at 150 ◦C for 5 min and vacuum-dried at
45 ◦C for 48 h.

The ANF/chitosan composite films were fabricated using the same procedure as
for ANFs, with the addition of a certain amount of carboxylated chitosan. Typically, 3 g
of carboxylated chitosan was dispersed in DI H2O and magnetically stirred for 15 min
to obtain a chitosan/H2O solution with a concentration of 3 mg/mL, after which other
concentrations required could be obtained by dilution with DI H2O. The required content
of carboxylated chitosan/H2O solution was uniformly dispersed in ANF/DMSO solution
by sonicating for 3 h, and 500 mL H2O was added to obtain ANF/chitosan suspension. The
obtained suspension was repeatedly washed with DI H2O to make the filtrate neutral. The
filtrate was then treated in a high-speed homogenizer at 10,000 rpm for 10 min to obtain
homogeneous ANF/chitosan slurry. Then, with the aid of vacuum, ANF/chitosan film
was formed on a 0.2 µm pore PTFE membrane. Finally, ANF/chitosan film was further
hot-pressed at 150 ◦C for 5 min and dried at 45 ◦C for 48 h.

The ANF/chitosan/Al2O3 composite films were fabricated by a simple vacuum-assisted
filtration of a uniformly distributed suspension containing ANFs, chitosan, and Al2O3
nanoplates. First, The Al2O3 powder was dispersed in DI H2O and then added into the
ANF/chitosan suspension. The ANF/chitosan/Al2O3 slurry was then treated in a high-speed
homogenizer at 10,000 rpm for 10 min to obtain homogeneous ANF/chitosan/Al2O3 slurry.
The ANF/chitosan/Al2O3 films were prepared by direct filtration of the ANF/chitosan/Al2O3
slurry with the same procedure as ANF/chitosan. The obtained ANF/chitosan/Al2O3 films
were further hot-pressed at 150 ◦C for 5 min and dried at 45 ◦C for 48 h. The preparation
processes for ANFs and their composite films are illustrated in Figure 1a–h.
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Figure 1. Fabrication of ANF/chitosan/Al2O3 composite film. (a) Schematic diagram for the preparation of ANF using
KOH/DMSO dissociating method, and the photograph of the obtained ANF/DMSO dispersion. (b) SEM image of Kevlar
fiber. (c) TEM image of the ANFs. (d) SEM image of Al2O3 nanoplates. (e) ANF/chitosan/Al2O3 hybrid dispersion with
strong Tyndall effect. (f) Fabrication of composite films by vacuum-assisted filtration. (g) SEM image of the cross-section
morphology of the ANF/chitosan/Al2O3 composite film. (h) Photographs of ANF/chitosan/Al2O3 composite films and its
mechanical flexibility.

2.3. Characterization

The microstructure and morphology of ANF, Al2O3 nanoplates, and ANF/chitosan/Al2O3
composite films were characterized by transmission electron microscopy (TEM, JEM2100F, JEOL,
Beijing, China) and scanning electron microscopy (SEM, Quanta 250 FEG, FEI, Shanghai, China).
Thermal gravimetric analysis (TGA) was performed on the composite films with TG 2950
(NETZSCH, Selb, Germany) at a heating rate of 10 ◦C/min and N2 flow rate of 20 mL/min.
The mechanical properties of the composite films were tested at room temperature by the
universal testing machine (Instron 5967, Norwood, MA, USA). DDJ-50 kV electric breakdown
tester (Kelang Measuring Instrument Co., Ltd., Beijing, China) was used to test the electrical
breakdown performance of the composite films at DC high voltage, and the voltage boost rate
was 500 V/s. The dielectric response of the composite films was analyzed using the Concept
80 broadband dielectric impedance relaxation spectrometer (Novocontrol GmbH, Montabaur,
Germany) in the frequency range of 102~106 Hz. The Nicolet-5700 Fourier transform infrared
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spectrometer (Thermo Nicolet Corporation, Madison, SD, USA) was used to collect the Fourier
transform infrared (FT-IR) spectra of the composite films.

3. Results and Discussion

The Kevlar fiber was spilt into ANFs by consistent stirring in a KOH/DMSO system for a
week, resulting in a dark red colloidal dispersion as schematically shown in Figure 1a. During
the dissociating process, the intermolecular hydrogen-bonding interactions between PPTA
molecular backbones were weakened due to the deprotonated effect (Figure 1a, inset) [17,18,27].
Consequently, the original Kevlar fiber with a diameter of ~15 µm (Figure 1b) was dissociating
into curly nanofibers with length in micrometer scale and diameter in the range of 20–30 nm,
as revealed in the TEM image in Figure 1c. Kotov et al. found that the ANFs not only
inherit the exceptional properties of Kevlar fiber, but also possess a large number of functional
groups on their surface [17]. The nanoscale, high aspect ratio, surface activity, and good
dispersibility of ANFs render them promising nanoscale building blocks to prepare advanced
materials [1,22,23,28]. The Al2O3 nanoplates, with a lateral size of approximately 1 µm and
mean thickness of 100 nm (Figure 1d), were utilized to enhance the performance of ANFs based
films, owing to their excellent dielectric properties [29,30]. As can be seen from Figure 1e, the
hybrid suspension of ANFs, chitosan, and Al2O3 nanoplates show strong Tyndall effect, which
indicates the homogeneous suspension and good interaction between ANFs, chitosan, and
Al2O3 nanoplates. The ANFs/chitosan/Al2O3 can be made ready by the vacuum-assisted
filtration method, as schematically shown in Figure 1f, to form a yellow film with typical lamellar
microstructure (Figure 1g), which exhibit excellent flexibility and fold-ability (Figure 1h).

Constructing hydrogen-bonding is a feasible and effective approach to improving the
properties of composites [31]. Here, carboxylated chitosan was chosen as molecular modifier
to improve the mechanical properties of ANFs, because strong hydrogen bonding can be
generated between ANFs and the abundant functional groups (carboxyl, hydroxyl and amino
groups) of carboxylated chitosan (Figure 2a). In addition, the carboxylated chitosan not only
acts as a hydrogen bonding donor, but also as an interlocking agent to connect the ANFs.
Figure 2b,e presents the difference in the mechanical properties of ANF/chitosan compos-
ite films with various chitosan contents. It is noted that the mechanical properties of ANF
films can be improved remarkably by employing the carboxylated chitosan (Figure 2b). The
tensile strength and the elongation at break of the ANF films reach a high value of 360 MPa
and 13.34%, which are 78.2% and 47.1% higher than that of neat ANF film (202 MPa and
9.07%), respectively. The intermolecular hydrogen bonding between ANFs and chitosan can
be invoked as being responsible for the excellent mechanical properties of ANF/chitosan
films. These hydrogen bonds greatly enhanced the intermolecular forces. In addition, due to
the existence of hydrogen bonds, the compatibility between ANF and chitosan was brilliant.
Chitosan can be uniformly dispersed in ANF, making the internal structure of the composite
films compact. The defects and pores are significantly decreased in the compact structure,
which is beneficial for enhancing the mechanical properties. The tensile strength and elon-
gation at break of ANF/chitosan composite films decreased slightly when the content of
chitosan was higher than 5 wt %, but all of them were higher than that of the neat ANF
film. When the content of chitosan was 10 wt %, the tensile modulus of ANF/chitosan
composite films decreased by 5.4% (from 7608 MPa to 7201 MPa). The mechanical properties
of ANF/chitosan composite films are mainly determined by hydrogen bonding and physical
entanglement between soft chitosan molecular chains and relatively rigid ANFs framework.
The deterioration of mechanical properties at high chitosan content can be attributed to the
saturation of hydrogen bonds and the soft nature of chitosan. Similar phenomena were found
in the ANFs/polyvinyl alcohol (PVA) and resol/PVA systems, as reported in the works of
E et al. [32] and Chen et al. [26]. Based on the above analysis, when the content of chitosan
was 5 wt %, ANF/chitosan composite films showed the best mechanical properties. Therefore,
in the present work, we fixed the mass fraction of chitosan as 5 wt % and added more Al2O3
nanoplates to prepare ANF/chitosan/Al2O3 composite films.
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Figure 2. Mechanical properties of ANF/chitosan composite films. (a) Schematic representation of the formation of
intermolecular hydrogen bonding between chitosan and ANF. (b) Typical stress–strain curves of ANF/chitosan composite
films at different chitosan contents. (c–e) Tensile strength, tensile modulus, and break elongation of ANF/chitosan composite
at different chitosan contents.

In the ANF/chitosan/Al2O3 composite films, the Al2O3 nanoplates orderly embedded
into the framework of the ANFs, and generated a natural nacre-like “brick-and-mortar”
structure (Figure 3a). In this special structure, the embedded Al2O3 nanoplates were glued
with ANFs framework together by soft chitosan molecules, and three-dimensional hydrogen
bonds were established between ANFs, chitosan, and Al2O3 nanoplates (Figure 3b). This can
be confirmed by means of FT-IR spectra (Figure 4), since the vibrational peaks of functional
groups are closely related to the intermolecular interactions. A comparison of the FT-IR
spectra of ANF and ANF/chitosan/Al2O3 shows a remarkable red shift that is representative
of the deformation of N–H (from 3316 cm−1 of ANF to 3313 cm−1 of ANF/chitosan/Al2O3).
This shift is indicative of the interaction between the Al2O3 and amino (N–H) groups of ANF,
resulting in the formation of hydrogen bonds between the ANF and Al2O3 nanoplates. The
nacre-inspired “brick-and-mortar” structure endowed ANF/chitosan/Al2O3 composites with
excellent ductile deformation behavior. As shown in Figure 3c, a large elongation at break
of 17.22% was achieved for the ANF/chitosan/Al2O3 composite film at the filler contents of
15 wt %, which is 89.9% higher than that of neat ANF film (9.07%). The elongation at break
was far superior to that of the conventional commercial Nomex insulating paper [15]. As
demonstrated in Figure 1g, the composite film could be arbitrarily folded without breakage.
The large ductility indicates that the composite film has wonderful manipulation reliability,
which is essential to the dielectric materials.
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Figure 3. Mechanical properties of ANF/chitosan/Al2O3 composite films. (a) Typical stress–strain curves of
ANF/chitosan/Al2O3 composite films at different Al2O3 contents. (b–d) Tensile strength, tensile modulus, and
break elongation of ANF/chitosan composite at different Al2O3 contents. (e) Schematic diagrams of the structure of
ANF/chitosan/Al2O3 films. (f) Schematic representation of the formation of intermolecular hydrogen bonding between
chitosan, ANF, and Al2O3 nanoplates.

Figure 4. FT-IR curves of ANF/chitosan/Al2O3 composite films with different contents of
Al2O3 nanoplates.

It is noted that the dramatic improvement of the elongation at break of the composite
films with the addition of Al2O3 content is accompanied by a significant decrease in
the tensile strength and modulus. Typical stress–strain curves, tensile strength, tensile
modulus, and elongation at break of ANF/chitosan/Al2O3 composite films were shown in
Figure 3c–f. The addition of Al2O3 nanoplates caused a decrease in the tensile strength and
modulus of the composite films. The deterioration of the tensile strength and modulus of
ANF/chitosan/Al2O3 can be attributed to the decrease in intermolecular interaction in the
composite films. On the one hand, part of the hydrogen bonds between ANF and chitosan
were replaced by the hydrogen bonds between ANF/Al2O3 and chitosan/Al2O3. Although
the new three-dimensional hydrogen bonds were formed, their strength was far lower than
that of the hydrogen bonds between ANFs and chitosan. As a result, the intermolecular
force was greatly reduced, leading to a decrease in tensile strength of composite films. On
the other hand, the free volume of molecular chains is inversely proportional to the compact
of the films. The incorporation of Al2O3 nanoplates will increase the free volume of the
composite film, resulting in a decrease in tensile strength. Moreover, the agglomeration
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will occur with the increase in Al2O3 nanoplates, which will act as stress concentration
point and lead to the degeneration of the mechanical properties. Although the addition of
Al2O3 nanoplates led to the deterioration of mechanical strength, the tensile strength of
ANF/chitosan/Al2O3 composite film at 15 wt % filler contents (232 MPa) was still 14.9%
higher than that of neat ANFs film (202 MPa).

Next, we turned to investigate the dielectric properties of the ANF/chitosan/Al2O3
composite films. The frequency-dependent dielectric constants, dielectric losses, and AC
conductivity of the composite films are shown in Figure 5a–c. It is observed that the
addition of Al2O3 nanoplates caused a slight increase in dielectric constants of composite
film at low filler contents, which can be attributed to the increase in interfacial polarization
in ANF/chitosan/Al2O3 composite films [33–35]. In addition, the differential dielectric
constants of ANFs and Al2O3 nanoplates might generate a lot of mini-capacitors, con-
tributing to an increase in the dielectric constant [36]. However, the values of tanδ of
the ANF/chitosan/Al2O3 composite films were below 0.02 (100 Hz, Figure 5b). The AC
conductivity of ANF/chitosan/Al2O3 composites increase linearly with the increase in
frequency and no DC plateau is situated in the low frequency (Figure 5c). These results
indicate that ANF/chitosan/Al2O3 composite films possess high insulation capability and
low charge carriers mobility [37].

δ

ε′

P = 1 − exp[ − (E/E )β]
β

Figure 5. Dielectric properties of ANF/chitosan/Al2O3 composite films. (a) The dielectric constant (ε′) and (b) loss tangent
of ANF/chitosan/Al2O3 composite films as a function of frequency. (c) AC conductivity of ANF/chitosan/Al2O3 composite
films as a function of frequency. (d) Breakdown strength of ANF/chitosan/Al2O3 composite with Weibull distributions.
(e) The enhancement of the breakdown strength of ANF/chitosan/Al2O3 composites compared with that of the neat ANF
film. (f) TGA curves of ANF and ANF/chitosan/Al2O3 composite films at 15 wt % filler loading.

The two-parameter Weibull cumulative probability function was utilized to analyze
the dielectric breakdown strength of ANF/chitosan/Al2O3 composite films according to
Equation (1):

Pf = 1 − exp[ − (E/E0)β] (1)

where Pf represents the cumulative breakdown probability of the electrical system; E is
the experimental breakdown strength; β is the shape parameter, reflecting the breakdown
voltage dispersion degree; and E0 is the characteristic breakdown intensity, reflecting the
size of the breakdown field intensity when the cumulative breakdown probability is 63.2%.
The dielectric breakdown strength of neat ANF film and ANF/chitosan/Al2O3 compos-
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ite films were shown in Table 1 and Figure 5d. It can be observed that the breakdown
strength composite films increase remarkably with the addition of Al2O3 nanoplates. The
ANF/chitosan/Al2O3 composite film with 15 wt % filler contents exhibits the highest dielec-
tric strength of 320.1 kV/mm, which is 50.6% higher than that of neat ANF film (Figure 5e).
This indicates that Al2O3 nanoplates, as a typical dielectrics, can significantly increase the
dielectric strength of the ANF film. Similar results are reported in previous research; Zeng
et al. have showed that the nacre-mimetics ANF/mica films possess much better dielectric
performance than the neat ANF [15]. However, the dielectric strength of ANF/mica is sig-
nificantly lower than that of ANF/chitosan/Al2O3 film. This can be attributed to a denser
structure of ANF/chitosan/Al2O3, owing to the hot press under high temperature and high
pressure. The prominent improvement of dielectric breakdown strength of composite films
was mainly due to the formation of deep traps caused by the addition of Al2O3 nanoplates.
The existence of deep traps can inhibit charge injection and hot electron formation, which
will be beneficial for enhancing the dielectric breakdown strength. With the increase in the
loading of Al2O3 nanoplates, the density of the trap increased, leading to the increase in the
dielectric breakdown strength. Additionally, the electrons are easier to attract with the wide
band gap Al2O3 nanoplates, leading to more internal charge consumption and less accu-
mulation of space charge in the composite films. As a result, the electric branches migrated
to the direction of nanoparticles, which was conducive to the improvement of the break-
down characteristics of the composite films. In addition, the special biomimetic nacreous
“brick-and-mortar” structure of ANF/chitosan/Al2O3 can distribute the electrical stress
homogeneously and avoiding the concentration of electrical field. In such a well-arranged
architecture, the Al2O3 nanoplates were orderly embedded into the ANFs framework,
which efficiently impedes the growth of electric tree in composite films. Therefore, the
breakdown strength of ANF/chitosan/Al2O3 composite films is significantly improved.
However, a decrease in electric breakdown strength is observed when the contents of
Al2O3 are higher than 20 wt %. This can be ascribed to the agglomeration of fillers at high
concentration, which will act as a weak point under the high electric field and contribute
to the deterioration of the breakdown performance of the composite films. Although
there is a slight decrease in electric breakdown strength at high filler loading, the value
is still much higher than that of the neat ANF film. Therefore, the ANF/chitosan/Al2O3
composite films have a great promising as insulating materials application in high-voltage
electric power systems. More importantly, ANF/chitosan/Al2O3 composite film exhibited
outstanding thermal stabilities. owing to the high thermal durability of the ANF and Al2O3
(Figure 5f). Compared to the decomposition temperature (Td) of neat ANF film, the Td
of ANF/chitosan/Al2O3 composite film increases by 9 ◦C from 566 ◦C of ANF to 575 ◦C
of ANF/chitosan/Al2O3, which can be attributed to the “tortuous path effect” caused by
the “brick-and-mortar” structure. In addition, in the composite film, the Al2O3 nanoplates
preferably absorbed heat due to its high intrinsic heat capacity, which effectively retarded
the volatilization of the PPTA chains [22].

Table 1. Mechanical properties of ANF and ANF/chitosan/Al2O3 composite films.

Content (wt %) β Eb (kV/mm)

0 16.3 212.6
5 10.2 297.1
10 7.7 309.1
15 7.9 320.1
20 14.7 279.2

4. Conclusions

In summary, a series of ductile composite films consisting of ANFs, chitosan, and
Al2O3 nanoplates was successfully fabricated by vacuum-assisted filtration followed by
hot-pressing. A special biomimetic nacreous “brick-and-mortar” structure was constructed
in the ANF/chitosan/Al2O3 composite films, which effectively restrained the accumulation
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of space charge and prorogation paths of electric branches in the films. This contributed
to a prominent improvement of dielectric breakdown strength of ANF/chitosan/Al2O3
composite films. An ultrahigh electric breakdown strength of 320.1 kV/mm was achieved
for ANF/chitosan/Al2O3 composite film with 15 wt % Al2O3 loading, which is 50.6%
higher than that of the neat ANF film. In addition, favorable three-dimensional hydrogen
bonds have formed between the ANFs, chitosan, and Al2O3 nanoplates, which imparts
an excellent flexibility of composite film, and a large elongation at break of 17.22% was
achieved. Furthermore, low dielectric constant, low dielectric loss (<0.02), high tensile
strength (~230 MPa), and remarkable thermal stability (Td ~575 ◦C) were simultaneously
achieved for the ANF/chitosan/Al2O3 composite film. Those admirable features confirmed
that the ANF/chitosan/Al2O3 film, as a typical dielectric material, shows great potential
for application in high power apparatuses operating at high temperatures.
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