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Abstract: Durable elastomeric deicing coatings were developed for the anti-icing and deicing of
wind turbine blades in this study. Our developed deicing coatings demonstrated extremely low ice
adhesion strength (~15 kPa). Silica was added to enhance the icephobic surfaces’ durability. The life
of the deicing coating with silica was extended by 1.2 times. After 168 h of xenon lamp irradiation,
there were no significant changes in the chemical composition of the coatings. Due to the increasing
roughness and the decreasing tensile modulus, the contact angle of the aged coatings decreased by
14◦. Further outdoor research was carried out on a wind farm for two months to investigate the
influence of natural insolation and wind erosion on the elastic deicing coatings. The aged coating
still maintained a high hydrophobicity and low ice adhesion strength. The contact angle stabilized at
107◦, and the ice adhesion strength was 75% lower than that of the uncoated wind turbine blade. The
elastomeric deicing coatings had three advantages: a lagging freezing time, low ice accumulation, and
a short icing/deicing cycle. The results of field experiments on the naturally aged coatings showed
that the freezing time of the coated blade was delayed by 20 min, and the ice on the coated blade was
29% thinner than that on the uncoated blade.

Keywords: elastic deicing coating; aging; wind turbine blade; field experiment; dynamic deicing
performance

1. Introduction

As a clean and renewable energy source, wind power is one of the fastest-growing
industries, and it has become the third largest power resource in China after coal and water.
Many wind farms are located in cold regions or at high altitudes, but low temperatures
increase the possibility of icing events. Icing on wind turbine blades may cause many
operational problems, such as power losses, mechanical failures, and safety hazards [1]. In
order to address the icing challenge and reduce the frequency of unscheduled shutdowns
and maintenance issues caused by icing, many active and passive anti- and deicing meth-
ods have been tried. Icing mitigation technology mainly includes thermal, mechanical,
and chemical deicing. Most active deicing technologies require intensive maintenance
and a high energy input and pose safety hazards, such as the attraction of lightning [2].
Anti-icing coatings are low-cost, do not require special lightning protection, and enable
easy blade maintenance [3]. Therefore, a range of deicing coatings have been developed,
including superhydrophobic, liquid-infused, and hydrated surfaces [4]. Among a wide
range of icephobic surfaces, elastomers have shown minimum ice adhesion and can achieve
exceptional anti-icing properties [5,6].
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Strong hydrophobic properties, low surface energy, and a tunable modulus make
silicone rubber perform well as an anti-icing material [7–10]. Darryl et al. [11] developed a
polydimethylsiloxane (PDMS) coating with ultra-low adhesion to ice. Due to its deforma-
bility, the ice detachment from PDMS is localized rather than monolithic, which greatly
reduces the shear force required for deicing. Under sufficient tensile stress, ice locally
detaches from the PDMS gel surface but soon reattaches through van der Waals forces and
traps air cavities at the interface. Air cavities propagate in a separation pulse and result
in a stick–slip motion and a low ice adhesion strength. The ice adhesion strength can be
further decreased by introducing internal holes into PDMS, enlarging the internal holes,
and increasing the number of layers with internal holes [12]. Irajizad et al. [6] reported a
new physical concept called stress localization and corresponding icephobic elastomers.
These materials utilized the stress-localization function to induce cracks at the ice–material
interface and consequently minimized ice adhesion to 1 kPa. Silica aerogels, hydrophobic
fumed silica nanoparticles, micro-fibers, and nanoparticles were added to elastic icephobic
coatings to enhance their hydrophobicity, mechanical strength, and durability [13–16].
Many studies have tested the durability of elastic icephobic coatings under different con-
ditions, such as icing/deicing cycles, erosion by acidic and basic chemical solutions, UV
radiation, sandblasting, abrasion cycles, and liquid flow impingement [6,11,17–19]. How-
ever, limited efforts have been dedicated to elastic coatings’ durability and capability to
maintain icephobic performance in real wind power plant environments [16].

In this study, we developed durable deicing coatings made of viscoelastic, non-toxic,
non-corrosive, nonflammable, inert, and inexpensive silicone rubber. Hydrophobic silica
nanoparticles were added to enhance the durability of the coatings. The aging mechanism
of some coatings was determined under simulated insolation. The other coatings were
subjected to natural insolation and wind erosion on a wind farm to figure out the aging
calendar. The deicing performance of the coatings after one month of natural aging was
verified using dynamic analysis in the field. The aging of the elastic deicing coatings was
studied at full size, from the laboratory to the field, which has rarely been reported in
previous research. In the previous studies on deicing coatings, the deicing performance has
mainly been evaluated via a static process. However, the actual stress state of ice on wind
turbine blades is complicated. During blade rotation, the ice on wind turbine blades is
subjected to a periodic tangential force resulting from wind and gravity. Here, the dynamic
deicing performance of the elastic coatings was verified using a small wind turbine on a
real wind farm. The results preliminarily verified the feasibility of elastic deicing coatings
on a real wind turbine.

2. Materials and Methods
2.1. Preparation of Elastic Deicing Coatings and Performance Test

The procedure for the development of the elastic deicing coatings was as follows:
First, hydrophobic silica (SiO2, purchased from Jinan Zhiding Co., Ltd., Jinan, China) was
dissolved in hexamethyldisiloxane (HMDSO, purchased from Shanghai Macklin Biochemi-
cal Technology Co., Ltd., Shanghai, China) and then stirred mechanically for 5 min. The
diameter of the silica was 20 nm. The silica/HMDSO dispersions were filtered using a
200-mesh filter cloth. Second, silicone rubber (SR, RTV neutral cure sealant, Dow Corning
Corporation, Midland, MI, USA) was added to HMDSO, and the mixture was stirred for
20 min. The filtered silica/HMDSO dispersions were slowly poured into the HMDSO/SR
mixture and stirred for 10 min. The HMDSO/SR ratios of the HMDSO/SR/silica mixtures
were 2:1 and 4:1 (by weight). The silica proportions of the mixture were 0.125%, 0.25%,
0.5%, 1%, and 2% (by weight). The prepared elastic deicing coatings were brush-painted
onto blade samples cut from a real wind turbine blade.

A horizontal shear test was used for determining the ice adhesion strength in this
study [20]. A schematic of the experiments is shown in Figure 1. The coated and uncoated
blade samples were placed on the top of a semiconductor cooling plate. The temperature
of the cooling plate was kept at −18 ± 0.1 ◦C and monitored using a thermocouple on top
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of the cooling plate. The test ice was produced by freezing water in a square acrylic cuvette
that was 10 mm by 10 mm. The ice adhesion strength was measured with a force transducer
(SF-100) by pulling on the side of the ice molds at a constant velocity. The average of at
least 5 readings was taken for each sample. The ice adhesion strength was defined as the
ratio of the peak removal force F to the interface area of the ice [5].

Figure 1. Horizontal shear test apparatus for ice adhesion.

The static water contact angle (CA) of the elastic deicing coatings was measured with a
video contact angle measurement system (OCA20, DataPhysics Instruments GmbH, Filder-
stadt, Germany) using 3.5 µg droplets of deionized water. The average of at least 3 contact
angle readings was taken for each sample. The surface morphology of the elastic deicing
coating was investigated using a field-emission scanning electron microscope (SEM, Hi-
tachi SU3500, Hitachi, Ltd., Tokyo, Japan). The SEM pictures with a magnification ranging
from 500 to 10,000 times were compared (Figure S1). The pictures with a magnification of
1000 times, which have the highest resolution and relatively more information, were studied.

In order to determine the effect of silica on the durability of the elastic deicing coatings,
a wind fan was installed on the roof of the lab (Figure S2). The fan was propelled by a
three-phase asynchronous motor, and the speed of the fan was controlled at 0–300 r/min
using a frequency converter. The elastic deicing coatings with and without silica were
painted on two different blades of the fan. The HMDSO/SR ratio of the coatings was 2:1,
and the silica proportion was 0.25%. The fan was operated continuously outdoors for
150 days.

2.2. Accelerated Aging of Elastic Deicing Coatings using Xenon Lamp

The accelerated aging tests on the elastic deicing coatings were operated under a
xenon lamp. The coating samples were prepared according to the procedure in Section 2.1.
The HMDSO/SR ratio of the coatings was 4:1, and the silica content was 0.25% (by weight).
The coatings were spray-painted on a 10 cm-by-10 cm square sample of tempered glass and
dried for 24 h at room temperature. This step was repeated 20 times. The coatings peeled
from the glass were used for accelerated aging tests in a xenon lamp light-accelerated
aging test chamber (Q-SUN Xe-3-HDSE, Q-lab cooperation, Westlake, OH, USA). The
xenon lamp aging test was operated according to standard GB/T16422.2-2022. The test
temperature was 65 ◦C, and the humidity was 50% RH. The power output was 0.51 W/m2.
The dry and wet cycles lasted for 102 min and 18 min. The accelerated aging experiment
lasted 168 h, and the physicochemical properties of the coatings at different times were
tested. Many coating samples were placed in the accelerated aging test chamber first. Then,
4 pieces were taken at each testing time to measure the chemical structure, contact angle,
surface morphology, and mechanical properties. Due to the irreversible damage caused by
testing, the tested samples were not put back into the chamber for more tests. The chemical
structure of the elastic deicing coatings was determined using Fourier-transform infrared
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(FTIR) spectroscopy (Nicolet iS50, Thermo Fisher Scientific Inc., Waltham, MA, USA). The
surface morphology of the coatings was investigated using SEM. The mechanical properties
of the deicing coatings were measured according to GB/T 528-2009 using a universal testing
machine (CMT4304, MTS Corp, Eden Prairie, MN, USA) in stretching mode.

2.3. Natural Aging Properties of Elastic Deicing Coatings

A natural aging test of the elastic deicing coatings was performed on a wind farm
located 800 m high in the mountains. During the test period, the wind farm was subjected
to cold waves 5 times, and 1.57 million kilowatt-hours were lost due to the blades icing
over. The maximum wind speed was 12.29 m/s, and the minimum temperature was
−8 ◦C (Figure 2). The elastic deicing coatings were painted on two blades located in
different areas with sufficient wind and light. Then, silicone papers were stuck onto the
coatings. On the top of the silicone papers, the elastic deicing coatings were painted
again for testing (Figure 3). The HMDSO/SR/SiO2 ratio of the deicing coatings was
2:1:0.0075. The silicone papers covered with coatings were cut into squares measuring
50 mm by 50 mm. One square sample was collected every half month to measure the
contact angle, ice adhesion strength, and surface microstructure.

Figure 2. The daily temperature at the wind farm during the test period.

Figure 3. Blades on wind farm used for natural wind erosion and insolation aging tests.

2.4. Dynamic Deicing Test on Wind Farm

The dynamic deicing test was performed on a mountaintop, where the wind direction
and intensity were relatively steady (Figure S3). The rated power of the experimental small
wind turbine was 300 W. The blades of the small wind turbine were made of a glass fiber
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composite, and the blades were 1 m in length. The fan blade was marked with a line every
10 cm from tip to root. One of the three blades was coated with an elastic deicing coating,
and the HMDSO/SR/SiO2 ratio of the coating was 2:1:0.0075. During the experiment, the
temperature was −5–0 ◦C, the humidity was above 90%, and the highest wind speed was
37.6 m/s. According to the icing situation, the rotating wind turbine was stopped manually,
and pictures were taken. With the plotting scale previously marked on the blade, the ice
thickness was measured and calculated using the Image J analyzer (Figure S4).

3. Results
3.1. Effect of Silica on the Durability of Elastic Deicing Coatings

To make the elastic deicing coatings, HMDSO was used to dilute SR to make it easier
to brush (HMDSO/SR = 2:1) or spray (HMDSO/SR = 4:1). As the amount of HMDSO
increased, the ice adhesion strength increased by about 25%, which might be due to the
lower water contact angle and increased surface roughness. Silica could have slightly
decreased the ice adhesion strength. As the silica content of the coatings increased from
0.25% to 2%, the ice adhesion strength increased from 22 kPa to 28 kPa (HMDSO/SR = 2:1)
(Figure 4a). However, the contact angle (at 112◦–118◦) of the coating surface remained
constant as the amount of silica nanoparticles increased from 0.125 to 2% (Figure 4b). It
has been proved that a low silica content has a limited effect on the contact angle [21]. The
hydrophobicity and ice adhesion strength of the deicing coatings were largely related to
the surface morphology [22]. As shown in Figure 5, the surfaces of the deicing coatings
with an HMDSO/SR ratio of 2:1 were much smoother than those of the coatings with
an HMDSO/SR ratio of 4:1. Our previous research showed that most of the HMDSO
evaporated during coating curing. In the coatings with a higher HMDSO/SR ratio, mass
HMDSO evaporation might result in surface undulation and silica agglomeration. The silica
was dispersed in the elastic deicing coatings when the content was less than 1%, but more
silica particles agglomerated when the silica content increased to 2%. The agglomerated
silica particles were exposed on the surface of the coatings with a higher HMDSO ratio
(Figure 5j), while most particles were buried in the coatings with a lower HMDSO ratio
(Figure 5e). Using an increasing amount of silica made the surfaces significantly rougher
and enabled mechanical interlocking between the ice and coatings, thus facilitating ice
adhesion [23]. In addition, the shear force required to separate ice from an elastomeric
coating depends on the Young’s modulus, which might be affected by the filler volume
fraction of nanoparticles [24,25].

The low ice adhesion strength of elastic deicing coatings is highly dependent on their
elasticity, but high elasticity leads to poor mechanical properties and unsatisfactory erosion
resistance [25,26]. Nano-silica precipitation can improve the mechanical properties of
elastomers [27,28]. Here, elastic deicing coatings with and without silica were painted
on a small wind turbine, which was operated outdoors for 150 days. During the first
90 days, even though many dust particles attached to the coatings both with and without
silica, the coatings were intact (Figure 6). After 126 days of operation, the tip of the blade
coated without silica was torn because of the high linear velocity this area is exposed to.
Meanwhile, more ice accumulated in this place during icing. A coating failure in this
position would significantly reduce the anti-icing performance of the coatings. However,
after 150 days of operation, the coating with silica was still intact. This indicates that
using silica extended the life of the coating by at least 20%. In order to verify the deicing
performance of the coatings after long-term operation and identify how they age, further
research was conducted on deicing coatings with silica.
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Figure 4. Effect of silica nanoparticle participation on ice adhesion strength (a) and contact angle
(b) of elastic deicing coatings.

Figure 5. Cont.
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Figure 5. SEM images of elastic deicing coatings with different silica ratios,(a)HMDSO/SR = 2:1,
SiO2% = 0.125%; (b) HMDSO/SR = 2:1, SiO2% = 0.25%; (c) HMDSO/SR = 2:1, SiO2% = 0.5%;
(d) HMDSO/SR = 2:1, SiO2% = 1%; (e) HMDSO/SR = 2:1, SiO2% = 2%; (f) HMDSO/SR = 4:1,
SiO2% = 0.125%; (g) HMDSO/SR = 4:1, SiO2% = 0.25%; (h) HMDSO/SR = 4:1, SiO2% = 0.5%;
(i) HMDSO/SR = 4:1, SiO2% = 1%; (j) HMDSO/SR = 4:1, SiO2% = 2%.

Figure 6. Outdoor aging behavior of elastic deicing coatings with and without silica.

3.2. Xenon Lamp Accelerated Aging of Elastic Deicing Coatings

Accelerated aging tests on the elastic deicing coatings were carried out under a xenon
lamp. After 90 h of xenon lamp irradiation, the contact angle of the elastic deicing coatings
decreased from 129◦ to 115◦ and remained stable for the following 78 h (Figure 7). The
main chain of silicone rubber is mainly composed of a silica network, and silicon and
oxygen atoms are alternately arranged on the main chain. Non-polar methyl groups are
closely arranged on both sides of the main chain and oriented towards the surface, thus
making silicone rubber strongly hydrophobic [29]. The FTIR results of the deicing coatings
at different times are shown in Figure 8. There were pronounced bands appearing at
2963 cm−1, 1260 cm−1, 1090 cm−1, 1020 cm−1, and 799 cm−1, which were assigned to CH3
stretching, CH3 deformation, Si-O stretching, and the Si-O-Si groups, respectively [30]. As
shown in Figure 8b, a smaller quantity was transmitted at 2963 cm−1 and 1260 cm−1 for the
aged coatings than for the new coatings. This indicates that the decreasing contact angle of
the aged coatings might be due to the decreasing quantity of methyl groups. The increasing
transmittance of Si-O indicates a cross-linking reaction on the main chain, thus enhancing
the polarity of the coatings and inhibiting hydrophobicity. Many researchers have shown
that the surface roughness of aged silicone rubber increases with time, resulting in low
hydrophobicity [10,31–33]. In this study, the SEM pictures of the deicing coatings show that
both the new and aged coatings had dense surfaces (Figure 9). After 120 h of irradiation, the
surface became rough, and the white granules appeared on the surface, which might be due
to silicon leakage from the coating. The xenon lamp spectrum, which is concentrated in the
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visible region, had enough energy to break the Si-C bonds and lead to Si precipitation from
the deicing coatings. The tensile modulus of the elastic deicing coatings decreased from
1.62 MPa to 1.27 MPa after 50 h of irradiation. During the following 70 h, the tensile
modulus remained stable and then decreased to 0.88 MPa in the last 40 h (Figure 10). Given
that the changes in contact angle and chemical construction were not remarkable, the
changes in surface microtopography and elasticity might be the main reasons for deicing
performance degeneration.

Figure 7. Xenon lamp irradiation aging effect on contact angle of elastic deicing coatings.

Figure 8. FTIR spectra of the elastic deicing coatings at different times: (a) FTIR spectra; (b) transmit-
tance at some specific wave numbers.
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Figure 9. SEM images of elastic deicing coatings at different times.

Figure 10. Xenon lamp irradiation aging effect on tensile modulus of elastic deicing coatings.

3.3. Natural Aging of Coatings on Wind Farm

After two months of insolation and wind erosion, the ice adhesion strength of the
elastic coatings was higher than that of the non-aged coatings. Within one month, the
ice adhesion of the coatings increased from 15 kPa to 70 kPa, and the adhesion then
remained stable during the second month (Figure 11a). The water contact angle significantly
decreased for 60 days and then remained stable. The contact angle of the insolated coatings
decreased from 119◦ to 107◦, and the contact angle of the wind-eroded coatings decreased
to 110◦ (Figure 11b). After exposure to insolation and wind erosion, more dust granules
were attached to the surface of the coatings (Figure 12). Interestingly, less dust attached
to the coatings under wind erosion than to those under insolation, which might be due
to the wind blowing it away. Thus, the contact angle of the coatings under wind erosion
was higher than that of the coatings under insolation. As observed for the aged coatings
under xenon lamp irradiation, many white granules appeared on the aged coatings under
insolation and wind erosion. Both insolation and wind erosion increased the roughness
of the elastic coatings, and greater roughness allows for surfaces with a higher surface
tension to be wetted more easily by liquids [34,35]. Even though the anti-icing performance
degraded due to insolation and wind erosion, the ice adhesion of the aged coatings was still
below 100 kPa, and they could be classified as icephobic surfaces [36]. The ice adhesion of
the aged coatings was about 75% lower than that of the uncoated wind turbine blade. This
demonstrates the application feasibility of elastic coatings on wind turbine blades. Further
research was conducted to verify the dynamic deicing performance of one-month-old
coatings on wind turbine blades.



Coatings 2024, 14, 870 10 of 14

Figure 11. Natural insolation and wind erosion effects on ice adhesion strength (a) and contact angle
(b) of elastic deicing coatings.

Figure 12. SEM images of insolated and wind-eroded elastic deicing coatings at different times.
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3.4. Dynamic Deicing Performance of Elastic Coatings on Wind Farm

The dynamic deicing performance of the elastic deicing coatings was tested on a small
wind turbine. The elastic deicing coatings were painted on the blade, and then the wind
turbine was operated on a wind farm for one month before being tested. The results show
that the elastic deicing coatings delayed freezing, reduced the ice adhesion strength, and
reduced the icing mass. Like on a real wind turbine, the amount of ice linearly increased
from the root to the tip and mainly accumulated at the leading edge and the side under
pressure (Figure 13a) [37]. In the first 20 min, there was no ice on the tip of the coated blade,
while the ice thickness on the tip of the uncoated blade was 6 mm. After 100 min, the ice
on the coating was 9.6 mm thick, which was 40% thinner than that on the uncoated blade
(Figure 13b). The hydrophobicity of the surface made the water droplets easily roll off the
coating, and the low thermal conductivity of the silicone rubber reduced heat transfer, thus
slowing or hindering ice formation [38]. Different from ice growth in an artificial climate
chamber, the ice growth rate rose with time, which might have resulted from the decreasing
temperature during the test time [39] (Figure 14). Due to the low affinity for ice on the
hydrophobic surface, the ice can hardly form firm adhesion on the coating surface [40]. In
addition, the separation pulses of the elastomer, the centrifugal force, and the vibrations
generated by the rotation of wind turbine blades caused the ice to easily separate from the
coatings [11,35]. After 238 min, the ice on the coating was shaken off, while the ice layer
thickness on the uncoated blade reached up to 37 mm. The results indicate that the elastic
coatings could keep the ice thickness within 30 mm (Figure 15). After 294 min, the ice on
the uncoated blade was shaken off. This indicates that the ice on an uncoated blade might
be thicker than 37 mm, and heavy ice remained on the uncoated blade for 1 h longer than it
did on the coated blade. In summary, compared with the uncoated blade, the coated blade
had three advantages: (1) a lagging freezing time, (2) lesser ice accumulation, and (3) a
short icing/deicing cycle. Thus, the elastic deicing coatings could mitigate icing hazards
and increase the output power of wind turbines.

Figure 13. Ice thickness distribution on small wind turbine blades. (a) Ice thickness distribution on
coated and uncoated blades. (b) Ice thickness changes over time.
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Figure 14. The temperature and speed changes during the dynamic deicing test.

Figure 15. Ice accumulation and distribution on the coated and uncoated small wind turbine blades.

4. Conclusions

Silicone rubber elastomer with a low ice adhesion strength has been identified as a
potential anti-icing and deicing coating. In this study, elastic deicing coatings composed of
silicone rubber and silica were developed with the aim of balancing icephobicity and me-
chanical properties, thus inhibiting ice adhesion and increasing durability simultaneously.
The elastic deicing coating with 0.25% silica had the highest hydrophobicity and the lowest
ice adhesion strength. Xenon lamp accelerated aging led to a decrease in hydrophobicity,
which resulted from a decrease in the quantity of methyl groups in the coatings, an increase
in surface roughness, and a decrease in the tensile modulus of the deicing coatings. Even
though natural aging caused by insolation and wind erosion resulted in an increase in the
ice adhesion strength and a decrease in the contact angle, the deicing coatings were still
icephobic surfaces and had lower ice adhesion strength than the uncoated blade. Thus, the
ice could easily be detached from the elastic deicing coatings, and the coatings kept the
ice thickness at a low level. The present study verified the deicing performance of elastic
deicing coatings and the feasibility of long-term operation on wind farms. However, the
present work still cannot support the large-scale application of elastic deicing coatings;
more work on operational wind turbines is needed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings14070870/s1, Figure S1: The SEM picture with different
magnification of natural aging coatings; Figure S2: The wind fan used for the durability test of the
elastic deicing coatings; Figure S3: Wind turbine used for dynamic deicing test; Figure S4: The picture
used for ice thickness measurement.
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