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ARTICLE INFO ABSTRACT

Handling editor: Prof. M Meyers To reduce the hazard of ice adhesion, a superhydrophobic coating with a contact angle of 150.4°, a sliding angle

of 2°, and high light absorption performance was applied to the aluminum surface in the present study. The

Keywords: phase transition time of water on the superhydrophobic photothermal coating surface was delayed by 82.70 s
Ice adhesion compared to the freezing time of water on the aluminum alloy surface at —5 °C. Under the same light intensity,
Ei‘iﬁi’:{mal the melting time of the accumulated ice on the GPSC surface was 445.60 s; however, the melting of the covered

. ice on the aluminum alloy surface did not occur. The energy consumption required to melt the accreted ice on the
Superhydrophobic

GPSC surface using electric heat was 55.63% lower than that for melting ice on the aluminum alloy surface. The
contact angle of the GPSC surface was measured at 143.6° after being impacted by 4 kg of quartz sand. Coating
the material surface with GPSC could enhance the passive anti-icing performance of the material. When com-
bined with a low-power electric heating method to melt the ice on the surface, this would create an all-weather
anti/de-icing strategy that merges both active and passive approaches to remove ice from component surfaces.
Additionally, the interface strain could change suddenly during the freezing process of water on different ma-
terial surfaces at varying temperatures. This research could support ice monitoring techniques in the engineering
field as well as assist in determining the optimal starting time for anti/de-icing methods.

All-weather anti/de-icing
Freezing interface strain

1. Introduction Additionally, ice adhesion can increase the load on components and
affect operation safety, which has a particularly significant impact on
the power transmission field. For example, during the freezing disaster

in southern China in 2008, the transmission line and tower collapsed due

Ice adhesion occurs when moisture in the environment adheres to
cold surfaces, undergoes a phase change to freeze into ice, and forms an

adhesion strength between the material, which is not easy to remove
from the material surface. Although it can be seen that ice adhesion is a
common natural phenomenon, it has posed serious hazards to the en-
gineering field [1]. As wind turbines are often installed in high altitude
or humidity areas, ice or snow adheres to the surfaces of turbine blades,
gearboxes, anemometers, and other components [2-5]. It alters the
shape and centroid of the blade, leading to abnormal vibrations of the
wind turbine, voltage instability, reduction in operation safety, etc.
[6-8]. Statistically, the loss of turbine capacity due to ice adhesion is
approximately 50% of the annual grid-connected generation [9,10].

to the increased load caused by ice adhesion [11-14]. The freezing
disaster has caused widespread paralysis of the power grid in the south
of China, with direct economic losses exceeding 150 billion RMB [15,
16]. Meanwhile, ice adhesion can also change material surface proper-
ties, such as thermal conductivity and light transmission [17,18]. As one
of the key components of cold chain logistics, evaporators, condensers,
etc., are prone to accumulate a large amount of frost and ice layers on
their surfaces, which seriously affects the equipment operation effi-
ciency and reduces the storage quality of agricultural and sideline
products [19-21]. Meanwhile, the influence of ice adhesion on
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high-speed rail operation performance has become increasingly evident
as the global high-speed rail operation mileage increases. If ice or snow
adheres to the surfaces of the bogie, suspension, and other components
of the high-speed rail chassis, it will affect the steering freedom of
high-speed rail and passenger comfort [22-26]. Additionally, ice adhe-
sion can also have a serious influence on engineering fields, such as
aircraft, ships, communication, photovoltaics, and construction
[27-34].

To mitigate the harm of ice adhesion and develop anti/de-icing
methods, researchers have begun to explore the ice adhesion mecha-
nism, such as the mechanical anchor effect, liquid-like layer, chemical
bonding, electrostatic interaction, and so on [35-38]. Meanwhile, the
influence of temperature, wettability, water composition, and other
factors on ice adhesion have been studied [39-44]. For example, the ice
adhesion strength gradually increases and tends to be stable with
decreasing temperature [42-44]; adding sodium chloride to water can
delay the freezing time as well as reduce the ice adhesion strength [45,
46]. Based on the mechanism of ice adhesion and the influence factors
on ice adhesion strength, many kinds of anti/de-icing methods have
been developed to remove the accumulated ice, which can be divided
into active and passive anti/de-icing methods [47-49].

At present, active anti/de-icing methods, such as mechanical
methods using external force, thermal solutions to improve surface
temperature to postpone the phase time of water and melt the accu-
mulated ice, and chemical methods by spraying anti/de-icing to delay
freezing, have been widely used in engineering [50,51]. Although active
anti/de-icing methods have been widely used, there are many draw-
backs such as complex systems, high energy consumption and cost,
environmental pollution, etc. [52-55] For example, when the chemical
anti/de-icing method is used to remove the accreted ice, a large amount
of anti/de-icing will be required, and the used anti/de-icing agent will
result in soil hardening, water resource pollution, and so on [56,57].
However, with the discovery of the lotus effect, it is possible to reduce
the attached amount of water and decrease the contact area between
water and material by enhancing the wettability of the material surface
to exhibit superhydrophobicity. So, the superhydrophobic coating is
regarded as the passive anti/de-icing method and is considered one of
the promising anti/de-icing methods in the future due to its remarkable
properties. Many engineering fields have begun to explore the applica-
tion of superhydrophobic surfaces in their respective fields, such as
liquid manipulation [58], crude oil pollution [59], thermal camouflage
and infrared anti-counterfeiting [60], and anti/de-icing [61]. However,
some results have demonstrated that the superhydrophobic
anti/de-icing coating has shortcomings, such as durability, mechanical
stability, etc. [62-69] For example, Geng and He have repeatedly the
connection strength between the superhydrophobic coating and the
substrate using the tape and found that the wettability of the coating
gradually decreased [68]. Kulinich et al. found that after freeze-thaw
cycles, the anti/de-icing effect of the superhydrophobic surface pre-
pared during the test would be reduced owing to the coating surface
microstructure damage [69]. With the continuous development of ma-
terial fabrication processes, many methods have been developed to
prepare superhydrophobic surfaces, such as brushing [70], scraping
[701, dipping [70-73], spraying [71,74-78], liquid-phase deposition
[79], self-assembly [79], chemical deposition [71], sol-gel method [80],
scraping [81], etc. Therefore, the spraying method which is simple to
prepare and easy to apply in engineering, is used to prepare the func-
tional coating on the substrate surface.

It can be seen that both active and passive anti/de-icing methods
have their advantages respectively. Therefore, a combined passive and
active anti/de-icing method can be developed by utilizing the advan-
tages of active and passive anti/de-icing methods. As an inexhaustible
renewable energy source, solar energy has been widely used and pro-
moted, such as photovoltaic power generation, photovoltaic heat
collection, agriculture, and so on [82,83]. Therefore, solar energy can be
utilized to raise the material surface temperature, making the attached
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water less likely to freeze and adhere to the material surface in
low-temperature environments. During the present study, a super-
hydrophobic coating with strong light adsorption was coated on the
material surface, and the increased surface temperature after absorbing
solar energy could delay the freezing time or melt the accumulated ice.
Meanwhile, combined with the commonly used electrothermal method
in active anti/de-icing techniques, the accumulated ice could be melted
by heating when there is weak/no sunshine. Hence, the purpose of
all-weather anti/de-icing coating would be achieved. Additionally, the
interface strain between water and substrate was collected owing to the
variation in contact diameter formed between water and substrate
during the phase transition of attached water, and this could lay a
theoretical foundation for proposing a new anti/de-icing strategy in
engineering.

2. Materials and methods
2.1. Anti/de-icing model

Fig. 1 shows the all-weather anti-deicing model proposed in the
present study. The functional coating with photo-thermal and super-
hydrophobic properties is sprayed on the material surface, and a low-
power electrothermal film is pasted or fixed underneath the material.

It is well known that water is not easily adhered to superhydrophobic
surfaces, and the coating with the photothermal function can absorb the
solar energy to raise the surface temperature to delay the phase change
time of the attached water to ice or melt the accumulated ice at the
interface to decrease the ice adhesion strength. This will contribute to
reducing the difficulty of removing the accreted ice. When sunlight is
not available, the specimen is heated using a low-power electrothermal
film fixed to the material bottom to melt the covered ice. The electro-
thermal film can be powered by the electricity generated by solar
photovoltaic panels or other power sources.

Meanwhile, it is necessary to determine the working time of the
electrothermal film based on the state of the attached water to remove
the accumulated ice. It is well known that the volume of water increases
before and after freezing, while other materials undergo shrinkage at
low temperatures. So, the freezing interface strain generated from the
freezing process will be also discussed during the present study. A
method that determines the starting time of active anti/de-icing
methods based on the change law of the freezing interface strain may
be proposed.

2.2. Materials

During the present study, the aluminum alloy was purchased from
Harbin Dongbeilong Metal Co., Ltd. as the substrate. The size of the
sample was 20 mm x 20 mm x 1 mm (L x W x H). The chemical
composition of aluminum alloy used as the substrate in the experiment is
Cu (0.15-0.40%), Mn (0.15%), Mg (0.80-1.20%), Zn (0.25%), Cr
(0.04-0.35%), Ti (0.15-0.40%), Si (0.40-0.80%), Fe (less than 0.7%),
and the remaining part is Al. The graphene purchased from Shenzhen
Hongdachang Science and Technology Co., Ltd. was utilized to improve
the surface absorption performance. SiO, powder was purchased from
Jinan Mcc New Materials Co., Ltd. Epoxy resin, tetrahydrofuran, FAS-
17, xylene, and deionized water were purchased from Liaoning Quan-
rui Reagent Co., Ltd.

2.3. Fabrication process of surfaces

SiO, particles with hydrophobic property is obtained by adding FAS-
17 to a magnetically stirred SiOy dispersion in xylene, followed by
magnetic stirring, centrifugation, and drying. 1.6 g of epoxy resin was
added to 30 ml of tetrahydrofuran and stirred for 30 min. Subsequently,
0.6 g of modified SiO, powder was added to the mixed solution. After
continued stirring for 15 min, 0.1 g of graphene powder was added. The
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Fig. 1. All-weather anti/de-icing model.

mixed solution which was stirred for 10 min was sprayed on the 2.4. Characterization

aluminum alloy surface. The specimens with photothermal and super-

hydrophobic properties were obtained by drying at 90° ambient for 50 The contact angle of 20 pL of deionized water on the GPSC surface as
min. The superhydrophobic coating with light absorption property well as the sliding angle were measured by OCA 20. The material
prepared during the present study was named GPSC. composition of GPSC was analyzed by energy dispersive spectroscopy

(X-Max50, Oxford Instruments Co., Ltd, UK). The coating surface was
analyzed for micromorphology (Sigma 300, Zeiss Co., Ltd, Japan) and
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Fig. 2. Schematic diagram of the test device. (a) Multi-functional test apparatus; (b) Quicksand abrasion-resistant device.
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the surface roughness of the coating was analyzed by OLS 3000
(Olympus Co., Ltd, Japan). A solar simulator was used to simulate
sunlight irradiation to melt the accumulated ice on GPSC, and the light-
absorbing properties of aluminum and GPSC were tested by UV/Vis/NIR
spectrometer (UV-3600i Plus, Shimadzu Co., Ltd, Japan). Meanwhile,
the infrared spectrum of the coating was measured using the Spectrum 3
(PerkinElmer Co., Ltd, US). A high-speed video camera (Phantom 9.1,
Vision Research, Inc.) was utilized to record the bouncing process of
droplets falling on GPSC. In the test, the mechanical stability of the GPSC
was tested by quartz sand impacting the surface.

2.5. Experimental methods

2.5.1. Test device

Fig. 2 shows the self-built device used in the experiment. The
multifunctional apparatus shown in Fig. 2 a could be used to observe the
freezing process of water adhering to the cold surface as well as to collect
the freezing interface strain. The device consists of a refrigeration sys-
tem, a temperature control system, an icing observation system, a strain
acquisition system, and other components that synchronize the obser-
vation of the freezing process and the acquisition of interface strain.

A thermoelectric device shown in Fig. 2 a is used to cool the cold
surface as well as the attached water, and the refrigeration bath is uti-
lized to dissipate heat generated from the semiconductor. A K-type
thermocouple with an accuracy of +0.01 °C is adopted to collect the
internal temperature of the attached water. The refrigeration system and
temperature control system in the device shown in Fig. 2 a can be used
for solar simulation to melt the accreted ice.

The apparatus for the mechanical stability of GPSC was shown in
Fig. 2 b. During the test, quartz sand (purchased from Hongdingxing
Quartz Sand Factory, Guangxi) with a diameter of 0.5 mm-1.0 mm was
utilized to impact the GPSC surface by falling from a height of 15 cm.

2.5.2. Test methods
(1) Anti-icing test

The freezing interface strain generated from the freezing process was
collected by an indirect method. During the test, a circular strain gauge
was pasted to the center area of the uncoated aluminum surface. A
volume of 20 pL of deionized water was titrated to the substrate surface
by a micropipette. The freezing process of droplets is observed using the
apparatus shown in Fig. 2 a, and the interface strain generated by the
attached water during the freezing process is collected simultaneously.
Meanwhile, the internal temperature of the water droplet is also
measured during the freezing process. The surface temperature of the
sample is changed by adjusting the operating power of the thermo-
electric. During the test, the diameter of the circular strain gauge
(Model: BHF350-12 KA, purchased from Taizhou Huangyan Electronic
Components Co., Ltd) is 15 mm and the sensitivity factor is 2.8. The
acquisition frequency of the system was set at 10 Hz.

In the test, the freezing time of water was utilized as an evaluation
index for the anti-icing performance of GPSC compared to the phase
change time of water on the aluminum alloy surface.

(2) De-icing test

During the present study, the de-icing test included the solar melting
ice test and the electrothermal melting ice test. The ice cube of the same
size as the substrate was prepared by the mold method, and the thickness
of the ice cube was 3 mm. Aluminum alloy and GPSC specimens with ice
on the surface were placed in a —20 °C environment and frozen for 12 h.

Aluminum alloy coated with GPSC and aluminum alloy was pasted
on the electrothermal film surface using thermally conductive silicone.
In the photothermal melting ice test, two specimens were irradiated
using a solar simulator with a light intensity set to 1000 W/m?2. When
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conducting the electrothermal melting ice test, a low-power electro-
thermal film was powered to melt the accumulated ice. The melting
process and time of the accreted ice on the GPSC surface and the
aluminum alloy surface were respectively recorded.

(3) Mechanical stability test

The prepared GPSC coating was subjected to a quartz sand impact
using the method shown in Fig. 2 b. The contact angle of the GPSC
surface after 4 kg of quartz sand impact was measured and the micro-
structure of the GPSC surface was observed.

3. Results and discussion
3.1. Surface characterization

Fig. 3 shows the characterization results of the GPSC surface. The
average static contact angle of water on the GPSC surface is 150.4° and
the sliding angle was 2°, as shown in Fig. 3 a. It can indicate that the
prepared coatings have superhydrophobic properties. Applying the
coating can significantly improve the wettability compared to aluminum
with hydrophilicity.

The microscopic morphology of the GPSC surface is shown in Fig. 3
b. It can be seen that the photothermal-superhydrophobic coating has a
micro-scale structure with modified SiO, nanoparticles uniformly
embedded on the structure surface. Hence, a multilevel structure is
formed on the GPSC surface, which can affect the water attachment on
the material surface and reduce the contact area between the water and
substrate. This will cause the water attachment morphology on the GPSC
surface to be approximately spherical. Meanwhile, the multilevel
structure of the GPSC can enhance solar absorption [84]. The surface
roughness of GPSC is 13.76 pm, and the GPSC surface has a regular
microstructure, as shown in Fig. 3 c.

Fig. 3 d shows the results of the material composition analysis of
GPSC. It can be seen that GPSC is mainly composed of elements such as
C, H, O, F, and Si. The element F is from the FAS-17solution. The
appearance of the Au element is due to the gold spraying treatment on
the GPSC surface during testing. The solar absorption rate by aluminum
alloy and GPSC is shown in Fig. 3 e. The orange area in Fig. 3 e is the
solar energy spectrum [85]. The solar absorption by GPSC is signifi-
cantly higher than that of the aluminum alloy under the same light
conditions. Aluminum has less than 40% solar adsorption in the visible
wavelength, especially infrared light range, however, GPSC has more
than 70% solar adsorption in the same range. Fig. 3 f shows the FT-IR
spectra of GPSC. Multiple peaks within the range of 3400 cm™! to
2200 cm ™! are stretching vibrations of the O-H. The peak at 1468.59
emlisthe angular vibration of the Chy. Multiple peaks within the range
0f 3400 cm ™! to 2200 cm ! are caused by carbon-fluorine vibration. The
peak at 873.05 cm™! is the contraction of organosilicon Si-C, and the
peak at 792.06 cm ! is the symmetric stretching vibration of the quartz
Si—-O-Si.

Fig. 4 shows the temperature variations on the surface of the
aluminum alloy and GPSC collected by a thermal imager under irradi-
ation conditions with a light intensity of 1000 W/m?. The surface tem-
perature change of the aluminum alloy was small, while the surface
temperature of GPSC increased from 24.58 °C to 61.73 °C within 300s.
The growth rate of the GPSC surface temperature was more than nine
times that of the aluminum alloy surface temperature.

3.2. Anti/de-icing test

3.2.1. Anti-icing test

The freezing process of water on the surface of aluminum alloy and
GPSC (shown in Fig. 5) was using the device shown in Fig. 2. Although
water has the same freezing process and freezing phenomenon on
different surfaces with different temperatures, droplets have different
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Fig. 3. Surface characterization of the prepared coatings. (a) and (b) were the wettability and SEM images of the coating; (c) was the surface roughness of the GPSC
coating; (d) Material composition analysis of modified SiO»; (e) were the light absorbance of aluminum without and with GPSC coating; (f) was the infrared spectrum
of the GPSC coating.
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Fig. 4. Photothermal properties of different surfaces.

attachment morphology on aluminum alloy and GPSC. The whole attached to the GPSC surface approximates a sphere. Compared with the
freezing process can be separated into (i) supercooled state; (ii) phase freezing time of water on the surface of aluminum alloy, the GPSC
state; (iii) stable state and the frosting stage. Water adhering to the surface can delay the phase transition time of the attached water and
aluminum alloy surface presents a hemispherical shape, while water show a good anti-icing performance. For example, the freezing time of
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Fig. 5. Freezing processes on different substrate surfaces with different surface temperatures.

water on the GPSC surface at —5 °C is delayed by 82.70 s compared to that of water/ice attached to the aluminum alloy surface. Compared to
the freezing time of water on the aluminum alloy surface. the change in contact diameter between water and aluminum during the

Meanwhile, the contact diameter between water and the GPSC sur- freezing process, the change in contact diameter between water and
face is smaller than that between water and the aluminum surface, but GPSC is more obvious, as shown in Fig. 5. The cold surface can restrict
the height of water or ice attached to the GPSC surface is greater than the spreading of the attached water on the aluminum alloy surface (as



X. Qin et al.

shown in Fig. 5), so the initial height of the water gradually increases
with the decrease of the target temperature. Due to the super-
hydrophobic properties of the prepared coat on the substrate surface (as
shown in Fig. 3 a), the contact diameter between water and the GPSC
surface is reduced, the cooling rate of the cold surface on the attached
water is decreased, and the phase change time for the attached water
will be delayed. So the phase transition time of water adhering to the
GPSC surface is later than that of water adhering to the aluminum alloy
surface.

Meanwhile, a high-speed camera was utilized to record 20 pl of water
falling from a distance of 10 cm from the cold surface and impacting the
GPSC surface at —20 °C. The acquisition frequency of the high-speed
camera was set to 2000 frames/second. Fig. 6 shows the process of
water droplets impacting the GPSC surface. When the droplet ap-
proaches the cold surface, the contact area of water on the cold surface
could spread first to the maximum and then shrink to the minimum, as
shown in Fig. 6 a to Fig. 6 f. At this point, the droplet shape was elon-
gated (as shown in Fig. 6 g). Water began to bounce at the highest point
re-drop onto the GPSC surface, spread on the GPSC surface to a
maximum area, and then retracted, as shown in Fig. 6 g to Fig. 6 k. After
multiple bounces, the bounced height of the water gradually decreased,

5 mm )

Smm (¢)
1 :

5 mm (d)
| — ) oy St
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and the droplets could no longer jump off the GPSC. A stable state of
water would not reach and the droplets could be rolling off the material
surface, as shown in Fig. 6 1to Fig. 6.

The gravitational potential energy gained by the water is converted
into kinetic potential energy when it drops from a high location onto a
cold surface. When the water spreads on the GPSC surface, the resistance
such as contact line friction, viscous loss, air resistance, electrostatic
force, and other forces, can be overcome [86]. The GPSC surface with a
low temperature will reduce the internal kinetic energy of the attached
water during the spreading process. Moreover, the surface tension of
water will also restrict the droplets from spreading on the material
surface during the spreading process. Water will also need to overcome
gravitational potential energy when the droplets rebound.

Meanwhile, the freezing interface strain between water and material
during the freezing process was collected synchronously using a self-
built device shown in Fig. 2 a. The experimental results are shown in
Fig. 7. At low temperatures, metal substrates will shrink and water will
phase into ice accompanied by an increase in volume (as shown in
Fig. 5). Water can undergo the phase transition and volume expansion,
increasing the contact diameter between water and the substrate (as
shown in Fig. 5). Therefore, the freezing interface strain between water

Smm (g)
(&)

0.000 s 0.060s

0.066 s

Droplets | |
falled.

Droplets contacted with surface. Contact |
area increased first and then retracted.

k.
v

0.131s
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| S— |
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Droplets was in an unstable state. ={

A4

Droplets rolled off.

Fig. 6. Bouncing of droplets on the GPSC surface with —20 °C.
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Fig. 7. Freezing process of water on the surface of aluminum and coating and the changes in interfacial strain during the freezing process.

and substrate will change in low-temperature environments. The inter-
face strain will change abruptly when the phase transition of the
attached water occurs, and the growth values increase gradually as the
substrate surface temperature decreases. As shown in Fig. 7, the
maximum strains formed by the adhering water during the phase
transformation of aluminum alloy surfaces at —5 °C, 10 °C, —15 °C, and
—20 °C are 201, 265, 300, and 383, respectively. As shown in Fig. 5,
compared to the initial contact diameter, the change in contact diameter
between water and GPSC during the freezing process is more significant
than that of the contact diameter between water droplets and aluminum.
The time when the attached water is in a supercooled state on the GPSC
surface is greater than that of the attached water on the aluminum alloy
surface. It will result in a sudden change in interfacial strain caused by
water adhering to the GPSC surface during the freezing process, which
occurs later than the sudden change in interfacial strain caused by water
on the aluminum alloy surface and will slowly act on the frozen inter-
face. Under the same conditions, the interface strain generated by water
adhesion on the GPSC surface will be lower than that generated by water
adhesion on the aluminum alloy surface. Therefore, the variation law of
interface strain during the freezing process of water on the GPSC surface
is different from that of interface strain during the freezing process of
water on the aluminum alloy surface.

It is well known that the ice adhesion strength on the material surface
increases with decreasing ambient temperature [87,88]. Hence, timely
intervention in the freezing process of the attached water and removal of

the accreted ice from the material surface when the ice adhesion
strength was lowest can minimize the ice adhesion hazards and reduce
the anti/de-icing cost. Based on the experimental results shown in Fig. 7,
it can be seen that whether water freezes on the aluminum alloy surface
or the superhydrophobic surface, the interface strain generated from the
freezing process will change abruptly. By monitoring the change of the
freezing interface strain between water and material, it is possible to
monitor the state of the attached water as well as to determine the phase
change in real-time. Utilizing the characteristics of the freezing process
can provide experimental support for the execution time of the active
anti/de-icing methods, such as mechanical, thermal, and chemical
methods, as well as a theoretical basis for developing a new kind of
anti/de-icing control system.

3.2.2. De-icing test

Fig. 8 shows the solar melting process of the accumulated ice on
aluminum and GPSC surfaces at —20 °C. When GPSC completely melted
the covered ice within 445.60s, the accreted ice on the aluminum alloy
surface was not been melted under the same light intensity, as shown in
Fig. 8 aand Fig. 8 f. This indicated that the GPSC surface has a good solar
energy absorption performance, which is consistent with the experi-
mental results shown in Fig. 3 e. As the illumination time prolongs, the
edge area of the accumulated ice on the GPSC surface gradually begins
to melt, and the melted water starts to drip down, as shown in Fig. 8 g to
Fig. 8 i. Due to the superhydrophobicity of the GPSC surface, the melted
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Fig. 8. Photothermal melting ice tests.

water will drive the accumulated ice to slide on the GPSC surface. With
the continued illumination, the amount of melting water on the GPSC
surface gradually increased, and the accreted ice began to thin until it
was completely melted, as shown in Fig. 8 j to Fig. 8 L.

Fig. 9 shows the thermal melting process of the accumulated ice on
the surface of aluminum alloy and GPSC at a surface temperature of
—20 °C after the electrothermal film is energized. Since GPSC is mainly
composed of graphene, it will enhance the electrical and thermal con-
ductivity of GPSC. Compared to the electrothermal melting process time
of 613.00 s for the accreted ice on the aluminum alloy surface, the
electrothermal melting process time of the attached ice on the GPSC
surface was reduced by 341.00 s. The time to melt the ice on the GPSC
surface was reduced by 55.63% compared to the time required to melt
ice adhered to the aluminum alloy surface. It can be seen that GPSC has
good electrothermal ice melting performance. During the electrothermal
ice melting test, the water from the melting ice on the aluminum alloy
surface adheres to the material surface without rolling off, as shown in
Fig. 9 ato Fig. 9 f. However, water from melting ice attached to the GPSC

surface rolls from the material surface under the effect of super-
hydrophobicity, s shown in Fig. 9 g to Fig. 9 L. It will also drive the
accumulated ice to slide on the GPSC surface, as shown in Fig. 9 k.

The energy consumption of electrothermal ice melting on the
aluminum alloy is 55.63% higher than that of melting the ice on the
GPSC surface. During the test, the power of the electrothermal film is 9W
and the size of the ice overlay is 20 mm x 20 mm x 1 mm (L x W x H). If
the time without sunlight is hours, the electric heating film needs to
consume energy of about 210 kJ to melt the accumulated ice on the
GPSC surface. 1 m? of solar PV panels can produce 3600 W per day under
normal conditions [89,90]. Therefore, 1 m? of solar PV panels can fully
satisfy the energy consumption of melting large areas of the accreted ice
on the GPSC surface.

3.2.3. Mechanical ability test

The GPSC surface was impacted with 4 kg of quartz sand by utilizing
the device shown in Fig. 2 b. The contact angle of the GPSC surface
impacted by quartz sand was measured, as shown in Fig. 10 a. The

27.00 s 40.00 s

55.00s 105.00 s 613.00s

Aluminum

52.00s

79.00 s

95.00 s 270.80 s 272.00 s

Aluminum coated with GPSC

Fig. 9. Electrothermal ice melting tests.
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Fig. 10. Sand impact test. (a) and (b) were respective the contact angle and the SEM image of GPSC after sand impact.

contact angle of water on the GPSC surface impacted by quartz sand is
143.6°, which still has good hydrophobicity, but the sliding angle of the
GPSC surface is greater than 10°. Fig. 10 b shows the microstructure of
the GPSC surface after quartz sand impact. After 4 kg of quartz sand
impact, some of the SiO5 adhering to the GPSC surface was taken away,
resulting in a decrease in the wettability of the GPSC surface.

4. Conclusions

During the present study, an all-weather anti/de-icing method was
proposed to realize the removal of the accumulated ice on the material
surface through a combination of passive and active methods. An anti/
de-icing coating with excellent light absorption and superhydrophobic
characteristics was applied to enhance the passive anti-icing perfor-
mance of the surface under sunlight, and low-power electrothermal was
used to melt the overlying ice on the surface at dark.

The average contact angle of water on the GPSC surface is 150.4°
with a sliding angle is 2°, with good solar absorption property at visible
and infrared light ranges. The freezing time of water on the aluminum
alloy surface of —5 °C is 82.70 s more than that on the GPSC surface.
Under the same illumination intensity, the surface temperature of GPSC
rises to 61.73 °C and the covered ice can be completely melted within
445.60 s, while the accreted ice on the aluminum alloy surface does not
melt. The water rolling off formed by the melting ice on the GPSC sur-
face with superhydrophobic characteristics can achieve surface self-
cleaning and avoid secondary freezing. When conducting electro-
thermal ice melting tests, the melting time of the accumulated ice on the
GPSC surface was reduced by 55.63% compared to the melting time of
the accumulated ice on the aluminum alloy surface. After 4 kg of quartz
sand impact, the surface of GPSC still has good hydrophobicity with a
contact angle of 143.6°.

Moreover, it is found that a sudden change in the freezing interface
strain between water and the material during the freezing process. The
interface strain gradually increases with the decrease in ambient tem-
perature, but it can be reduced by the delayed effect of the super-
hydrophobic coating on the freezing of the attached water. For example,
the attached water forms an interfacial strain of 383 on the aluminum
alloy at —20 °C, but an interfacial strain of 309 on the aluminum alloy
with a photothermal superhydrophobic coating. Based on the change of
the interface strain, it can provide a new icing monitoring method for
the engineering field, as well as a reference and theoretical basis for the
implementation time of existing anti/de-icing methods. Of course,
follow-up research will be carried on about the development of new
icing monitoring techniques.

The present study can provide a new all-weather anti/de-icing
method for the engineering field. When the photothermal-
superhydrophobic coating is illuminated, the anti/de-icing purpose of
the material can be achieved by spraying the GPSC on the material; in
the absence of sunlight, the energy consumption of removing the
accreted ice by electrothermal de-icing methods will be reduced due to
the thermal and electrical conductivity of the GPSC. Furthermore, it can
provide a reference for icing monitoring technology in the engineering
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field as well as for the start of operation time of anti/de-icing methods.
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