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Abstract: Ice accumulation on wind turbine blades poses a significant challenge to turbine
performance and safety, and these issues have led to extensive research on developing
effective anti-icing methods. Polymer-based icephobic coatings have emerged as promising
solutions, given their passive nature and low energy requirements. However, develop-
ing effective icephobic coatings is a complex task. In addition to anti-icing properties,
factors such as mechanical strength, durability, and resistance to UV, weathering, and
rain erosion must be carefully considered to ensure these coatings withstand the harsh
conditions faced by wind turbines. The main challenge in coating engineering is mastering
the chemistry behind these coatings, as it determines their performance. This review pro-
vides a comprehensive analysis of the suitability of current icephobic coatings for wind
turbine applications, emphasizing their alignment with present industrial standards and
the underlying coating chemistry. Unlike previous works, which primarily focus on the
mechanical aspects of icephobicity, this review highlights the critical yet underexplored
role of chemical composition and explores recent advancements in polymer-based icepho-
bic coatings. Additionally, earlier studies largely neglect the specific standards required
for industrial applications on wind turbines. By demonstrating that no existing coating
fully meets all necessary criteria, this work underscores both the urgency of developing
icephobic coatings with improved durability and the pressing need to establish robust,
application-specific standards for wind turbines. The review also combines insights from
cutting-edge research on icephobic coatings that are coupled with active de-icing methods,
known as the hybrid approach. By organizing and summarizing these innovations, the
review aims to accelerate the development of reliable and efficient wind energy systems to
pave the way for a cleaner and more sustainable future.

Keywords: ice protection requirements; wind turbine; passive methods; icephobic coatings;
hybrid methods

1. Introduction

Atmospheric icing occurs when ice or snow builds up on surfaces exposed to the
surrounding air; this accumulation causes problems for the structure and function of objects
and infrastructure. Broadly, atmospheric icing is typically classified into two primary types:
“in-cloud icing”, which includes rime ice and glaze (Figure 1), and “precipitation icing”.
Rime ice is primarily solidified supercooled droplets of water that typically can be formed
at cold temperatures. Glazed ice consists of incompletely frozen supercooled droplets of
water and is created at temperatures slightly below water’s freezing point; it is denser than
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rime ice and exhibits a polished appearance. Mixed ice develops within the middle range
of freezing temperatures, usually between 0 and —20 °C and even as low as —40 °C under
extreme conditions [1-3]. Additionally, icing creates significant obstacles that hinder the
optimal utilization of renewable energy sources, like wind power [4].

Rime Ice Glaze Ice Mixed Ice

Figure 1. Icing forms of rime, glaze, and mixed ice [5].

Wind turbines are one of the most promising solutions for converting renewable
wind energy into electricity. However, they face operational challenges in cold climates
because of ice formation on their surfaces (Figure 2) [6-8]. Mild icing can create sufficient
surface roughness to significantly impair aerodynamic performance, leading to marked
power losses through increased drag from ice accretion. This reduction can produce up
to a 30% loss in instantaneous power production, which translates into a potential annual
reduction of up to 20% in wind turbine farm output. These losses significantly reduce
profitability and compromise wind project viability [6,9,10]. During severe icing events,
torque can drop completely, causing the turbine to stop and resulting in a complete loss
of production [11,12]. Under uneven ice coverage [13], wind turbines may need to be
forcefully stopped from rotating because of major vibrations that can damage the structure
and cause large pieces of ice to detach. In certain cases, when great segments of ice are
expelled, the wind turbine has to be halted to protect other devices in the field and ensure
the safety of surrounding communities [14-16].

Figure 2. A blade of wind turbine in icy conditions [provided by Nergica-June 2020].

In icing conditions, wet ice growth typically poses a greater threat to wind turbine
operations than dry rime ice growth. This is primarily due to the more pronounced
degradation of aerodynamic characteristics associated with glaze icing conditions [17].

Therefore, all the impacts of ice accretion on wind turbines make ice protection systems
essential [18,19]. Ice accumulation on turbine blades and the adhesion between the surface
of a substrate and ice can be limited or mitigated using blade ice protection technologies
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and applying a range of innovative approaches. The icephobicity of a surface refers to
its ability to prevent ice accretion by delaying icing or reducing the temperature of ice
nucleation, as well as inhibiting ice accumulation by decreasing the strength of ice adhesion.
Indeed, measuring “ice adhesion strength (Tjce)” is a means of assessing the icephobicity of
a surface [20].

Different approaches have been investigated to achieve effective ice protection on
the surface of wind turbines. These strategies consist of two primary approaches: “active
de-icing” and “passive anti-icing” methods. “Active methods” involve the use of external
energy sources, such as thermal, electrical and mechanical energy, to prevent ice formation
or remove accumulated ice from the surface. Various active de-icing methods have been
developed, particularly in industrial settings, e.g., wind energy projects. These active ap-
proaches include electrothermal heating using heating elements, e.g., mats, laminates and
coatings, placed on the outer surface of the blade, hot air injection at different blade areas,
“low-frequency vibrations” using “high-power ultrasonic guided waves”, “microwave
heating”, and “mechanical removal techniques”, including the manual de-icing and heli-
copter/drone de-icing through the dispersal of hot liquids [16,21,22]. A summary of the
benefits and drawbacks of various “active de-icing systems” is outlined in Table 1 [22].

Table 1. Overview of the benefits and drawbacks of various ice protection systems [22].

Method Advantages Disadvantages
Proven reliability, simple design, and a long track Low gfflClency: Heat must travel a
. long distance from the source to the
Hot air record of use blade tip, passing through the blade
Modification possibilities for specific blade types b P & Hous
material before reaching the surface.
Optimized power consumption: close to blade Requires extra effort to integrate into
Electrothermal surface and can have spanwise heat control the blade production process
Established reliability with a long history of use Costly maintenance
. Non-thermal and consumes much less power than This technique remains in the
Ultrasonic
other systems laboratory research stage
Optimized power consumption Not yet tested on a large scale
Microwaves Wireless, repair-friendly Challenging to integrate into the
Minor radio/radar interference blade design
No upfront investment in de-icing systems Case examples only
Mechanical removal is necessary Potentially expensive
On-demand service providers are available, Potential damage to the blade
allowing for purchase as needed Health and safety issues for workers

However, despite the impressive performance of active methods, numerous disadvan-
tages associated with these approaches affect their widespread use. For example, “de-icing
electrical heating” systems consume approximately 10% to 25% of the entire energy gen-
erated by wind turbine blades. Hence, the use of passive methods is preferred, as they
significantly reduce operational costs and energy consumption relative to active methods,
as no external energy input is required [22]. The majority of these passive trajectories
involve using coatings with icephobic properties that change or modify the physical and
chemical characteristics of the surface of a blade.

Passive methods that use icephobic coatings do not require energy input and mecha-
nisms such as (1) preventing water droplets from sticking to the surface, (2) inhibiting the
formation of ice, and (3) decreasing the adhesion strength between ice and the surface [23].
Researchers have created various passive icephobic coatings, such as surfaces designed
with multiscale crack initiators [24], superhydrophobic surfaces (SHS) [25], gels and elas-
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tomers with low elastic modulus [26-28], slippery liquid-infused surfaces and aqueous
lubricating layers [29-31].

Combining de-icing systems with icephobic coatings to create a hybrid approach
appears to alleviate some of the technical challenges associated with implementing a
de-icing system. For example, icing wind tunnel tests have shown a reduced energy
consumption of over 50% for a heating system combined with icephobic coatings [32,33].
As a result, there has been increased research interest in this area, given the growing
popularity of engineered surfaces produced with these coatings [20].

While most reported studies have primarily focused on enhancing and maintaining the
icephobicity of developed icephobic coatings, other critical aspects, such as their mechanical
properties, require more attention, as these are essential for coating performance in wind
turbine applications. Because these surfaces can experience extreme conditions, various
experiments have been conducted to study their performance under harsh environments.
These tests fall into three main categories: assessing the mechanical strength of the coatings,
examining the chemical resilience of the coatings, and evaluating the coating performance
in different environments [34]. Anti-icing coatings for wind turbine blades must meet
specific criteria, including excellent icephobicity (ISO/TS 19392-6:2023 [35]) and adequate
mechanical strength (ISO 527-1 [36], ASTM D2240 [37], and ASTM D4060 [38]), such
as a minimum elongation value of approximately 5-10% (especially when subjected to
mechanical stresses caused by wind). Other important criteria include desirable UV and
weathering resistance (ISO/TS 19392-5 [39], ISO 16-674-3 [40]), strong adhesion to the
blade surface, resistance to delamination or peeling over time (ISO 4624 [41]), good rain
erosion resistance (ISO/TS 19392-3 [42]) given the impinging water droplets striking at
up to around 90 m/s near the blade tips of the wind turbines [43], abrasion durability in
harsh environmental conditions. These attributes are typically determined by the choice of
polymer used as the main resin. The various types of icephobic coatings, such as silicone,
polyurethane and epoxy, exhibit distinct characteristics from one another [44]. Furthermore,
the icephobicity of a coating depends not only on its intrinsic features but also on the
additives in the formulation that are manipulated to achieve icephobic characteristics. In
simpler terms, it is essential to modify the composition of these coatings, either through
physical methods, e.g., incorporating various fillers, or chemical methods, e.g., adjusting
the crosslink density and elastic modulus, surface modification and copolymerization
or grafting with other functional groups, to obtain suitable coating properties for wind
turbine applications.

Although several previous review articles have addressed anti-icing methods in the
wind power industry [21,45-47], none have placed significant emphasis on the role of
the chemistry of these anti-icing coatings. Therefore, this review examines the icephobic
characteristics of various anti-icing coatings by exploring recent research and highlighting
the crucial role of chemistry in determining the effectiveness of icephobic coatings for
wind turbines. To categorize potential solutions for ice-repellent coatings and assess their
suitability for wind turbine applications, the solutions are organized based on the primary
polymer binder used in their formulations. Furthermore, a concise overview of hybrid
systems is presented as a promising direction for future advancements in developing
anti-icing surfaces.

2. Silicone-Based Coatings

Silicone elastomers have gained significant attention as icephobic coatings primarily
because of their chemical inertness, tunable mechanical properties, low surface energy,
and flexibility, especially at low temperatures [11-14,48-50]. Their low surface energy
allows them to repel incoming water droplets and, as a result, prevent ice formation on
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surfaces. The crucial factor in their low Tjc is the high deformation incompatibility (DI)
with ice [51,52]. The mismatch between the low elastic modulus of silicone-based surfaces
and the higher elastic modulus of ice can lead to the formation of “stress concentration
points” at the ice—surface interface, which can result in ice detachment from the surface.
In 1946, Loughborough and Haas [53] first used silicone-based materials to evaluate ice
adhesion on surfaces known as de-icer surfaces. Polydimethylsiloxane (PDMS) is one of the
most commonly used silicone-based polymers and offers numerous advantages, such as
electrical insulation, resistance in either high or low temperatures, weather resistance, and
so forth. Additionally, PDMS can be cured at room temperature with a highly controllable
chemistry in the polymer curing reaction, enabling its use in various applications [54-64].

However, silicone-based coatings suffer from poor mechanical properties (modulus,
strength) with low abrasion resistance and low adhesion to the substrate, which limits
their use in certain industrial applications, such as on wind turbines. Furthermore, the Tjce
of pure silicone coatings is rarely below 100 kPa, which is the critical adhesion strength
beyond which ice cannot be naturally removed through forces such as wind [11,65-67].

Modification strategies for silicone-based icephobic coatings can be classified into
two primary categories. The first involves external materials, e.g., micro/nanofillers, or
additives, e.g., lubricants, to enhance coating icephobicity and mechanical properties. The
second grouping relies on chemical modification, focusing on creating novel chemical
structures, incorporating functional groups, favoring copolymerization, and adjusting
crosslink density. Surface modifications, such as micro/nanostructures and the grafting of
functional groups, also fall under this category.

2.1. Physically Modified PDMS-Based Icephobic and Superhydrophobic Coatings

A series of methods have been employed to physically improve the icephobic charac-
teristics of PDMS using oils, fillers, and similar agents [68]. The use of fillers/solid particles
incorporated within PDMS stands out as a promising candidate for producing icephobic
coatings, given the inherent low surface energy and anti-icing characteristics of the resulting
coatings. In its pure form, PDMS is unlikely to achieve a water contact angle (WCA) exceed-
ing 120°. However, incorporating fillers like silica nanoparticles has been shown to augment
both the hydrophobicity and icephobicity of PDMS by effectively reducing surface energy
and bolstering the surface’s water-repelling capabilities [69]. Yang et al. [70] produced a
physically modified PDMS-based icephobic coating by adding ZnO nanoparticles—their
surfaces first modified with odecafluoroheptyl-propyl-trimethoxysilane—to a PDMS coat-
ing. ZnO was selected as filler to facilitate the easy handling and direct construction of low
surface energy micro/nanostructures. The modified PDMS coating produced a contact
angle (CA) of up to 159.5° and less ice accretion. Water droplets did not freeze on the
surface of the ZnO/PDMS sample (horizontal and tilted) at —5 °C, even after 120 min. Both
the horizontal and tilted surfaces experienced extended delays in icing at —5 and —10 °C,
with icing only occurring on the mentioned surface at —15 °C (Table 2).

Table 2. Icing delay time on the ZnO/PDMS composite surface at varying temperatures and tilting
angles ((0° and 10°) [70].

Duration of Icing Delay (s)

Temperature (°C) Horizontal Surface Tilted Surface
-5 >1800 >1800
—10 1380 + 30 >1800

—15 210 £ 25 870 £ 42
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Liu et al. [71] prepared nano-anti-icing coatings based on MoS;/ZnO/PDMS. The
prepared surface was porous and rough, allowing an air cushion to form in contact with
the added liquids. This layer reduced the interaction between the liquids and the coating
surface, which in turn diminished the 7ic.. They applied their innovative coating to a “glass
fiber-reinforced plastic blade (GFRP)”. Figure 3a displays the icing test results for three
different GFRP blades: one uncoated, one coated with MoS, /PDMS nanomaterials, and
one coated with MoS; /ZnO/PDMS nanomaterials. The tests were performed at —10 °C,
5m/sand —15 °C, 10 m/s, for a duration of 3 min.

b
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Figure 3. (a) The results of icing test for three different GFRP blades: one uncoated, one coated
with MoS, /PDMS nanomaterials, and one coated with MoS, /ZnO/PDMS nanomaterials at —10 °C,
5m/s and —15 °C, 10 m/s for 3 min [71]; (b) frosting morphology of hydrophilic (S1), hydrophobic
(52), and superhydrophobic (S3) surfaces at —12 °C and 100 s [72]; (c) Tjce of coated aluminium
and untreated bare aluminium substrates [73]; (d) The electronic tensile testing machine showed
the coating/substrate interfacial strength [74]; (e) Preparation process of ZnO/SiO2 multi-scale
superhydrophobic coating [75].

Lei et al. [72] developed a SiO; /silicone rubber coating using a spray coating technique.
This coating was superhydrophobic with a WCA of 165.5° £ 2.7° at room temperature and
demonstrated anti-icing results at —8 °C. The superhydrophobicity of the surface delayed
icing accretion and reduced the volume of accumulated ice at —12 °C (Figure 3b). The accu-
mulated ice volume on the samples at 100 s decreased as surface hydrophobicity increased.

Liu et al. [73] fabricated icephobic PDMS coatings modified with fluorosilane and
incorporating silica nanoparticles. Hydrophobicity was improved by fluorinating PDMS
and incorporating silica nanoparticles. However, they found low Tjc. for fluorinated PDMS
coatings with no added silica nanoparticles. The freezing of water droplets on the clean
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aluminum substrate was 3.2 s, whereas it was 13.8 s for the F-PDMS/silica coating. The F-
PDMS had a WCA of 125° before a 90-min erosion test and 127° after. In contrast, the WCA
of the F-PDMS/silica coating lowered from 157° to 151° with the erosion. Both coatings
showed a similar surface morphology after the erosion test. Moreover, a centrifugal ice
adhesion test found shear stress between the ice and the F-PDMS or F-PDMS/ssilica coatings
was well below the 100 kPa threshold of icephobicity and lower than that of the untreated
aluminum substrate (Figure 3c).

Zhang et al. [74] recently produced spherical-shaped SiO, nanoparticles with a di-
ameter of 90 nm through “RF (radio frequency) plasma spheroidization” and dispersed
them effectively within an epoxy resin (E51), PDMS, and ethyl acetate. They subsequently
sprayed this mixture on the surface of wind turbine blades that had previously been coated
with a polyurethane primer (Figure 3d). This resulted in a superhydrophobic coating
showing excellent anti-icing properties, durability against harsh environmental conditions,
self-cleaning properties, and resistance to irradiation and abrasion. Coating adhesion is
crucial for any coating applied to the surfaces of wind turbine blades. The maximum inter-
facial stress strength between the coating and substrate was 7.68 mPa, showing superior
adhesive strength. Additionally, this coating was cost-effective in terms of raw material
and processing.

Bao et al. [75] developed ZnO and SiO, multiscale superhydrophobic anti-icing PDMS-
based coating for wind turbine blades. They used ZnO and SiO; to greatly enhance the
mechanical flexibility and improve the coating resistance to heat, weather, and corrosion.
Their product delayed freezing by 1511 s, 10.7 times longer than freezing on untreated
blade surfaces. The icephobic properties of the coating were evaluated via a custom-made
device. In an environment of —10 °C, the uncoated glass slide gradually started to freeze
in approximately 6 min, whereas no ice formed on the surface of the ZnO/SiO, coating.
The excellent mechanical durability of the coating was confirmed through 10 wear test
cycles (using sandpaper), after which the CA of the coating remained relatively constant
as it decreased only from 153° to 141°, and the sliding angle increased slightly from
3.3° to 6.8° but not by more than 10°. This indicates that even after repeated wearing,
the coating retained excellent hydrophobic properties. Moreover, its good mechanical
flexibility in outdoor settings and structures and anti-icing properties suggest a strong
potential application of this coating in the wind turbine industry. The interfacial strength
between the coated surface and the ice is demonstrated in Figure 3e.

A summary of the research conducted on physically modified icephobic silicone-based
coatings is provided in Table 3.

Table 3. Summary of various studies carried out on silicone-based coatings.

Ice Adhesion Ice Adhesion Mechanical
Matrix Measurement Icephobic Durability . CA/CAH Reference
A h Strength Properties
pproac
Icing delay time: at
ZnO/polydime- —15°is 210 £ 25s.
Iy 1§?O§ane € N/A N/A After freezing and 20 N/A CA:159.5° [70]
y thawing cycles (FTC),
the CA remained >150°
Accumulated ice
of the samples
. - with higher .
Si0, /silicone surface N/A N/A N/A CA: [72]
rubber coating h - 165.5° + 2.7
ydrophobicity

reduced within
100s
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Table 3. Cont.

Ice Adhesion Ice Adhesion Mechanical
Matrix Measurement Icephobic Durability . CA/CAH Reference
Strength Properties
Approach
Fluorinated After erosion, the WCA
PDMS Centrifuge Below 100 kPa Qf F-PDMS/silica N/A CA.: 157 ) (73]
(F-PDMS)/ silica method coatings decreased from CAH:2 £ 0.6
157° to 151°
Zn0O and SiO, hf;;iee dvx;a;, After 10 wear cycles,
nanoparticles in Lab-made device ; 0/SiO CA decreased from 153° N/A CA: 153° [75]
PDMS 7512 to 141°
coating
Interfacial
. . The coating exhibited a strength of coat-
Mixture of SiO, .
/ WCA of 148.82° and ing/substrate CA:158.1° )
E51, PDMS, and N/A N/A 150.02° after 100 icing/ ~ with a tensile CAH: 7.2° (741
ethyl acetate de-ici S
e-icing cycles machine:
7.68 MPa

2.1.1. Superhydrophobic Surfaces (SHS)

SHS has been presented as the first generation of icephobic materials to promote the
rapid elimination of water droplets before they freeze and thereby delay ice nucleation.
However, the air pockets that contribute to their hydrophobic properties are vulnerable to
disruption in harsh environments, which can compromise the surface structure. As a result,
this leads to increased adhesion between the surface and water, reducing the material’s
ability to repel fluids and diminishing its effectiveness as an icephobic coating. Furthermore,
in wind turbine icing conditions, water droplets can impact the blade surface at high speeds,
reaching up to approximately 90 m/s near the blade tips [43]. These water droplets that hit
the surface can easily penetrate the texture, causing a shift from the “Cassie-Baxter” state
to the “fully-wetted Wenzel” state (Figure 4) [76].

Pressure

o | 1]

.
)

Cassie-Baxter state Wenzel state

Figure 4. Superhydrophobic surface (SHS) with nano/microscale textures.

As a result, there is a need for the development of innovative, multifunctional surfaces
that maintain stable hydrophobic characteristics.

2.1.2. Slippery Liquid-Infused Surfaces

Drawing on the functioning of pitcher plants, researchers have begun to investigate
liquid-infused surfaces (LISs) [77]. The chemical properties of PDMS and silicone oil share
significant similarities, which results in a strong affinity between them. This interaction
helps prevent the lubricant in PDMS/silicone oil-based lubricant-infused surfaces (LISs)
from being easily lost. This compatibility ensures that the lubricant remains more stable and
effective in these systems, thereby enhancing their overall performance and longevity [78].
The preparation of silicon oil-infused polymers, such as dimethyl siloxane (PDMS), is one
of the most cost-competitive techniques for creating icephobic coatings [79].
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Zhu et al. [79] investigated the anti-icing features of “oil-infused siloxane coatings”
with various silicon oil contents. With adding 20 to 40 wt % silicone oil, Tjc fell to less than
0.075 MPa, and the CA ranged from 70° to 120° under all testing conditions. However, no
investigation was conducted into the durability of these coatings.

Taking inspiration from epidermal glands, Li et al. [80] devised a “slippery liquid-
infused porous surface (SLIPS)” with an icephobic lubricant composed of hybrid surfactants,
which were strategically placed within a PDMS matrix. After 20 icing/de-icing cycles,
their coating exhibited strong mechanical durability. Additionally, its thermal stability
was equally impressive, maintaining surfactant presence on the surface even after 60 h at
100 °C. This high thermal resilience is attributed to the encapsulation of the lubricant, which
reduced its diffusion rate and effectively prolonged its stability at elevated temperatures.
These kinds of coatings, when combined with superhydrophobic coating layers, produce
an effective anti-icing method for wind turbines in icy weather conditions. In the study of
Coady et al. [81], the durability and icephobic characteristics of “UV-cured silicone resins”
mixed with silicone oil were explored. Their coating’s Tic. was under 10 kPa at —15 °C
and maintained values below 50 kPa across seven icing/de-icing cycles. These properties
indicate its significant suitability for turbine blade applications [73,82].

He et al. [83] manufactured a crosslinked solid lubricant SLIPS for wind turbine blades.
In their study, a solid lubricant was integrated into industrial fluorinated silicone rubber,
known for its hydrophobic nature and low sliding angle. This process created a durable
bond with the substrate, producing a surface with excellent hydrophobic properties. The
Tice Stayed consistently low at 44.1 kPa, even following 15 cycles of icing and de-icing. Cao
et al. [84] studied and compared the wetting properties of “lotus leaf-based superhydropho-
bic” and “pitcher plant-based lubricant-infiltrated slippery surfaces”. The superhydropho-
bic silicone-based coating (WCA ~150° + 2°, SA ~4.3° £ 0.4°, optical transparency <10%)
was developed on a glass substrate through dip coating, using a homogenous mixture
of hydrophobic fumed silica nanoparticles and poly(dimethylsiloxane). Meanwhile, the
slippery liquid-infused surface (WCA ~96° £ 1°, SA ~7.8° & 1.2°, optical transparency
~90%) was achieved by infusing silicone oil into the superhydrophobic coating.

Lubricant infusion was achieved by using a syringe to inject the lubricants into the
SHS, causing the fluid to spread spontaneously [85]. The applied lubricants were a per-
fluorinated fluid (Fluorinert™ FC-70), kerosene, and silicone oil, collectively referred to
as “SLIPS 1-3”. The surface demonstrated a CA of 162°, self-cleaning properties, and me-
chanical durability—the CA was 155° after 1100 cm of abrasion. Water droplets effortlessly
slid off the SLIPS at —20 °C, while on the superhydrophobic surface, they stayed fixed
at all temperatures. They claimed that the “slippery properties of SLIPS demonstrated
outstanding mechanical durability, with resistance to abrasion, corrosion, tape peeling, and
impact from drops”. Although SLIPS showed superior anti-icing properties compared to
SHS, their wettability was also impacted by the condensation of air humidity. In “wet”
and low-temperature conditions, the traveling speed was reduced [85]. Barthwal et al. [86]
A slippery anti-icing coating was created by embedding non-toxic, affordable silicone oil
into aluminum surfaces with superhydrophobic dual-scale micro/nanostructures (MNS).
A process involving chemical etching and anodization, followed by surface modification
with PDMS, was used to manufacture the superhydrophobic surfaces. They measured ice
adhesion with a home-built cooling stage at —10 °C at a relative humidity of 52% =+ 6%.
The ice adhesion of the (silicone oil-infused polydimethylsiloxane) SOIP was the lowest
compared to PDMS and Si oil (22 + 5 kPa). The MNS surfaces, modified with low surface
energy materials such as Superhydrophobicity, were achieved with PDMS and PFOTS,
resulting in WCAs of 159° and 161°, respectively. Furthermore, after the infusion with Si
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oil, the WCA of the resulting SOIP surface decreased to 104°. Following 15 icing/de-icing
cycles, the MNS surface modified with the SOIP coating retained a low T, of 81 kPa.

Nonetheless, SLIPS may experience reduced durability due to the depletion of lubri-
cant with each icing/de-icing cycle [81,87,88]. In contrast, self-crosslinking coatings could
be more durable and show interfacial slippage [26]. For instance, Yuan et al. [66] prepared
fluorinated polysiloxanes via varying grafting densities of fluorinated groups using a hy-
drosilylation reaction of PMHS and tridecafluorooctyl methacrylate (13FMA). After adding
vinyltriethoxysilane (VTES), the prepared polymers underwent self-crosslinking to produce
icephobic coatings. When the fluorinated polysiloxanes were grafted with an appropriate
content of 13FMA and VTES, supercooled water droplets could easily slide off the tilted
surface at —15 °C, attributed to its high receding CA and low (Tjc) of 83 & 2 kPa. Table 4
provides an overview of these discussed studies.

Table 4. Summary selected research conducted on slippery liquid-infused surfaces.

. o Ice Adhesion Icing/De-Icing
Coating WCA/CAH Temperature (°C) (kPa) Cycles Reference
PDMS coatings infused
with Si oil in the CA: 118° —10 50 N/A [79]
presence of a Pt catalyst
N AA/RAL:
Sg%;ii‘fﬁ:;‘é rv;’gi‘ 75.1° /15.0° to 18 46210 18.0 4050121;12?“ [80]
80.2°/12.0°
Silicone resins cured
with UV light, combined CA 100° 15 <10 <50 kPa after [81]
o . 7 cycles
with silicone oil
Introducing a solid
lubricant in an
inherently hydrophobic CA: 98° 20 385 44.1 kPa after [83]
. 15 cycles
fluorinated
silicone rubber
SLIPS-coated CAH:2 +1 ~10, —20 15.6 &+ 3.6 N/A [84]
aluminum surface
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kero.ser.le, and silicon oil CA: 162° 15, 20 N/A N/A [85]
within the superhy-
drophobic surface
Superhydrophobic
MN-surface modified CA: 104° ~10 245 8]; é‘Pa al‘fter [86]
with PDMS cycles

LAA: Advancing angle RA: Receding angle.

2.2. Chemically Modified PDMS-Based Icephobic Coatings

PDMS has been extensively used for anti-icing purposes. Because of the flexibility of
PDMS at low temperatures (Tg = —123 °C) and its low surface energy, these materials are
fitting candidates for icephobic coatings. The difference in the mechanical properties of
PDMS-based polymers and ice can minimize mechanical interlocking and thus decrease
Tice [11,49]. However, PDMS-based materials suffer from poor mechanical properties.
Chemical modification strategies can be a good approach for improving the characteristics
of silicone-based polymers. These modifications include tailoring the crosslink density and,
thus, elastic modulus, surface modification, and copolymerization or grafting with other
functional groups.
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2.2.1. Tailoring the Crosslink Density /Elastic Modulus of Silicone

SYLGARD™ 184, a commercial two-part, platinum-cured silicone elastomer product,
is characterized by good physical and chemical stability; it is used in a wide range of
research [11,89,90]. The final modulus of the SYLGARD 184 is influenced by the mixing
proportion of the resin and the curing agent—higher proportions of resin relative to the
curing agent result in reduced stiffness [90]. Meuler et al. [89] showed an average Tjce of
291 =+ 44 kPa for a spin-coated SYLGARD 184 coating, and Wynne et al. [11] showed the
inverse relationship between T, and the thickness of SYLGARD 184 film (Figure 5a). In a
recent review, Zhang et al. [52] identified a reference coating thickness value (t1go, = 500 pm)
that can be used for optimizing the design of icephobic polysiloxane coatings (Figure 5b).

Several works have concentrated on reducing the elastic modulus to decrease
Tice [24,26,91-93]. Varying the resin-to-curing agent ratio of the PDMS is a common strat-
egy for altering the elastic modulus of PDMS [24]. Tuteja et al. [26] tailored the crosslink
density (o) of PDMS to optimize the surface elastic modulus and enable interfacial slip-
page to achieve ultra-low ice adhesion (T;e < 0.2 kPa), regardless of material chemistry
(Figure 5(c1—c4)). These coatings consistently retained Tice values below 10 kPa, even after
enduring harsh conditions, including high abrasion, “acidic/alkaline” treatment, 100 cycles
of icing and de-icing, thermal fluctuations, corrosive environment, and prolonged expo-
sure to winter weather. However, when the elastic modulus is reduced, the number of
unattached PDMS chains increases, which negatively affects the robustness of PDMS for
industrial applications, including wind turbines, which require a physically and chemically
robust coating.

Organogels, which can release fluids from their inner gel frameworks to their external
surfaces in response to an alteration in environmental conditions such as temperature, have
a lower elastic modulus than elastomers. By relying on this feature, called syneresis, new
coatings are developed that have exceptional surface functionalities. Hozumi et al. [92]
developed self-lubricating organogels (SLUGs) through crosslinking PDMS in various or-
ganic liquids (Figure 5(d1)), demonstrating repellence to a variety of liquids, regeneratable
superhydrophobicity and thermoresponsive anti-icing characteristics (Figure 5(d2,d3)).

Kota et al. [91] fabricated eco-friendly, inexpensive PDMS gels that provide super-
low ice adhesion and improved mechanical endurance. Gels were prepared through
the hydrosilylation reaction between vinyl-terminated PDMS (v-PDMS) and hydride-
terminated PDMS (h-PDMS). To reduce the crosslink density, the authors also tuned the
modulus by incorporating non-reactive trimethyl-terminated PDMS (t-PDMS) oil in the
blend (Figure 5(el)). Separation pulses separated the ice from the PDMS gels (Figure 5(e2)).
Exposure to 1000 abrasion cycles using 400-grit sandpaper did not alter their super-low Tjce
(Figure 5(e3)). These coatings’ low elastic modulus contributed to lowering the Tj. to lower
than that of any commercially available icephobic coating (NuSil R2180, Tj. = 37 kPa) [94].

Zhang et al. [95] simultaneously combined three mechanisms for lowering Tjc.: de-
creasing surface energy, reducing elastic modulus, and raising possible crack length in
the coating/ice interface. This approach yielded a super-low ice adhesion of around six
times less than that reported in their earlier work [24]. They designed a series of 3D porous
sandwich-like PDMS sponges (Figure 5(f1,{2)) by tuning the resin to curing agent proportion
and achieved a minimal i of 0.9 kPa for neat PDMS, which remained constant through
25 icing/de-icing cycles. A similar mechanism can be applied to fabricate icephobic coat-
ings having ultra-low Tjc; however, the significant thickness of the sandwich-like PDMS
sponges (4.8 mm) remains an issue needing to be addressed for its practical application.
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Figure 5. (a) Maximum shear removal force (Ps) for ice release vs. thickness for Sylgard 184 on glass
microscopic slide at a 0.05 mm/s shear velocity [11]. (b) Tjce Vs. film thickness for polysiloxanes [52].
(c1-c4) Describing the mechanisms behind minimal ice adhesion by tailoring the cross-link density,
(c1) PDMS films with low or high o, with or without interfacial slippage, (c2) Correlation amid p“*
and T, for films without interfacial slippage, (¢3) Change in T;ce with pC for films having interfacial
slippage, (c4) Potential to decrease ice (I*) vs. pCL [26]. (d1) schematic of creation of organized
and syneresis induced by gelation, (d2) Thermoresponsive behavior of organogels ((left) initial and
(right) after incubation for 6 h at —15 °C), (d3) Anti-icing properties of organogel [92]. (e1) Schematic
illustration of the PDMS gels formation with tunable shear modulus, (e2) Force-displacement curves
recorded through the Tj,e measurement on Teflon™, the PDMS gel, and Krytox™ 104 at 0.8 mm s1
probe velocity, (e3) The ultra-low Tjc of the PDMS gels remained nearly unaltered after 1000 abrasion
cycles [91]. (f1) Photo of sandwich-like PDMS sponge (thickness = 4.8 mm), (f2) The microscopy
images of the pink marked area in (f1) depicting the PDMS sponge structure [95].

Recently, linear nanometer-thick PDMS-based polymer brushes have gained significant
interest for anti-icing applications [96-98]. The nearly negligible shear modulus of these
PDMS coatings allows them to behave similarly to liquids. This property arises from the
low rotational energy of PDMS (1.9 kJ-mol~1!), which is below the ambient thermal energy
threshold (kT ~2.5k] mol 1) [99] and contributes to their exceptionally low glass transition
temperature (Tg), unattainable in carbon-based polymers [100]. These coatings enable ice
to easily slide on their surface, resulting in ultra-low ice adhesion strength values that are
even lower than 1 KPa [101].
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The rebound properties of coating to rapidly shed impacting water/ice droplets also
play a key role in reducing ice accumulation. Traditional strategies for reducing the contact
time of impacting droplets focus on engineering superhydrophobic surfaces by introducing
secondary textures at macroscopic or nanoscopic scales or creating specifically designed
nanotextures. Recently, it has been shown that incorporating liquid-like polymer chains
with surface micro-/nano-textures can significantly improve the rebound properties of
coatings. This improvement is attributed to reduced adhesion of water droplets compared
to coatings with low-surface-energy, solid-like polymer brushes [102]. Fan et al. [102]
reported a 26% reduction in water contact time when transitioning from solid-like to
liquid-like brushes on a textured surface.

On the other hand, while soft elastomers and gels can have ultra-low Tjc, as low
as 10 kPa, their ultra-low modulus restricts their mechanical robustness, especially for
high-performance applications, such as for wind turbines, that require durable coatings.
These coatings cannot survive long-term exposure to high shear. Moreover, they show very
low rain erosion resistance, which makes them unsuitable for wind turbines because they
fail to meet the required standards. Enhancing the icephobicity of coatings solely by relying
on ultrasoft elastomers is thus not realistic.

2.2.2. Surface Modification

The surface energy of silicon-based coatings can also be modified through various
strategies [86-96]. For instance, Yan and coworkers [103] used a CF4 plasma modification
to reduce the surface energy of PDMS samples. They found that short plasma durations
(<15 min) adequately fluorinate PDMS surfaces and form a macromolecular fluorocar-
bon layer. This process increases the fluorine concentration, reduces surface energy, and
decreases smoothness. For plasma durations of 15-30 min, a proper equilibrium amid fluo-
rination and ablation ensures the stability of surface texture, fluorine levels, and the ratio
of [F — Si]/[F — C]. Longer durations (45 min) remove the fluorinated layer, significantly
increasing surface texture and the proportion of [F — Si]/[F — C] while decreasing the
surface fluorine content.

Chen et al. [104] prepared sol-gel films with various surface energies and textures
on glass substrates. These researchers utilized 3-glycidyloxypropyl trimethoxysilane
(GLYMO), methyltriethoxysilane (MTEOS), and fluoroalkylsilane (FAS) to achieve a me-
chanically durable film. MTEOS served as the crosslinking agent, GLYMO as the cou-
pling agent, and FAS as the agent to decrease the surface energy. They observed that
reduced roughness in conjunction with decreased surface energy reduced the 7. Zhang
et al. [105] reduced the surface energy of a silicon substrate with FAS (1H,1H,2H,2H-
perfluorodecyltrichlorosilane; FAS-17) to investigate the ice nucleation kinetics on hy-
drophobic surfaces. The rate of ice formation on an unmodified hydrophilic silicon wafer
surface was approximately ten times slower than that on a hydrophobic silicon surface
modified with FAS-17. This difference was influenced by water viscosity at the interface and
surface roughness. Higher water viscosity on hydrophilic surfaces increases the activation
energy for ice nucleation, whereas the slightly rougher surface of hydrophobic surfaces
may accelerate ice nucleation. Zhang et al. [24] decreased the PDMS surface energy via
perfluorodecyltrichlorosilane silanization to enhance the nanoscale crack initiation at the
ice—coating interface. Nevertheless, earlier studies have shown that the ice adhesion drop
by mere surface modification is limited.

2.2.3. Copolymerization and the Grafting of Silicone

During the past few years, silicon-based copolymers have attracted significant interest
due to their capacity to combine desirable qualities of organic polymers, e.g., low dielectric
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constant, mechanical integrity and strength, with the exceptional bulk and surface charac-
teristics of silicones. Chemically modified silicone copolymers are particularly attractive
because they integrate the benefits of both silicones and the integrated components. Various
strategies, such as living anionic polymerization, ring-opening polymerization (ROP), atom
transfer radical polymerization (ATRP), and step-growth polymerization, are commonly
used to prepare silicone-based copolymers [106,107]. A review by Yilgor et al. [106] delves
into the synthesis methods and processes of silicone-based copolymers, which is beyond
the scope of the present review.

Fluorinated polymers, which possess unique surface characteristics, including low
surface energy and a small dielectric constant (¢ ~ 2.1), are also considered excellent
candidates for icephobic coatings [108,109]. Conversely, the water and fluorocarbon groups
have an interaction energy that is 3 times greater than that of water and the siloxane
group [110]. Consequently, water droplets do not easily slide on fluoropolymer surfaces
because of the strong fluorocarbon-water interaction. Recently, a growing interest has
emerged in creating fluorosilicone copolymers. By joining both fluorine and silicone on
a heterogeneous polymer surface, the interaction energy of water and coating is reduced
when a water molecule faces both groups [111]. Fluorosilicone coatings combine the merits
of both silicone and fluorinated polymers, resulting in synergistic effects that decrease CAH
and Tjce [110,112-114]. Furthermore, earlier research has shown that fluorosilicone coatings
reduce ice adhesion relative to pure silicone coatings [110,114].

Yuan and coworkers have made significant advances in developing icephobic fluoro-
silicone copolymer coatings [49,66,111,115-120]. The incompatibility of block structures
can cause microphase separation not only in bulk material but also on the surface of
block copolymers. In this regard, Yuan et al. [111] developed icephobic coatings of
polydimethylsiloxane-b-poly(fluorinated acrylate) (PDMS-b-PFA) block copolymers and
spin-coated them onto a substrate. The synthesis process of the PDMS-b-PFA block copoly-
mers, prepared via radical polymerization, is shown in Figure 6(al). They found that as
the PDMS concentration decreased from 50 to 15 wt % (PF1 to PF4), the size of domains
was reduced from 90-200 nm to 40-65 nm (Figure 6(a2)), and they realized a decrease from
46.1° £ 4.98° to 21.2° £+ 3.05° in CAH. In addition, the ice adhesion and shear strengths
exhibited a declining trend from 28 kPa to 17 kPa and from 305 kPa to 187 kPa from PF1
to PF4, respectively (Figure 6(a3)). PF4, with 6.7% surface fluorine and 10.4% silicone (the
highest studied F/Si ratio), displayed the best icephobic characteristics, primarily because
of the surface “flexible-hard” microphase-separated morphologies and the collaborative
impact of silicon and fluorine, which reduces the ice/coating interactions. In another study
by this group [115], with the usage of a PMTFPS macroinitiator (PMTFPS-MALI), five block
copolymers of polymethyltrifluoropropylsiloxane (PMTEFPS) and polyacrylate (PMTFPS—
b-polyacrylate) were prepared via free radical polymerization of methyl methacrylate,
n-butylacrylate, and hydroxyethyl methacrylate (Figure 6(b1)). In this study, ice shear
strength (Tjce) was evaluated using a custom-built cooling stage (Figure 6(b2)). The surface
and bulk characteristics of the coating were different due to the migration of PMTFPS
segments to the air-surface interface as the film formed. The relative molar mass and
composition of the PMTFPS-b-polyacrylate were linked with the microphase separation
(Figure 6(b3,b4)). A PMTFPS-MAI content of 20 wt % produced the longest freezing delay
(186 s at —15 °C) and the lowest Tjc. (301 £ 10 kPa) of the tested coatings.
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Figure 6. (al) PDMS-b-PFA block copolymers preparation, (a2) AFM topography and phase pho-
tographs of the PDMS-b-PFA coatings (area of 3 um x 3 um), (a3) Ice adhesion and Tjc s of the
PDMS-b-PFA coated on Al substrates [111]. (b1) PMTFPS-b-polyacrylate copolymers preparation,
(b2) Tjce measurement setup, (b3,b4) TEM images of PMTFPS-b-polyacrylate on Al plates [115].

In icephobic systems, water droplets fail to slide off the copolymer surface and cannot
rebound upon impact, leading to ice accumulation. Increasing the receding CA to over
100° or minimizing CAH can achieve rapid de-wetting and droplet rebound [115,116,121].

Surface morphology greatly affects the icephobic properties of materials. Surfaces
with nanoscale roughness exhibit better icephobic behavior than those with microscale
roughness [116,122-124]. Polyhedral oligomeric silsesquioxane (POSS) is a hybrid organic-
inorganic framework with a cage-like inorganic silicon-oxygen cubic core surrounded
by organic corner groups. It can enhance the mechanical properties, thermostability, hy-
drophobicity, and surface roughness of polymers [125-128]. POSS can be incorporated into
polymers via free radical polymerization [49,129], living anionic polymerization [130,131],
and ATRP [132-134]. Reversible addition-fragmentation chain transfer (RAFT) polymeriza-
tion is another route for creating complicated polymer structures with controlled molecular
weight [135-142] to improve the chemical stability and physical characteristics of the
polymers. The adaptability of the RAFT technique makes it a favorable selection for
incorporating sterically hindered POSS into polymers [138-140,143-145].

Yuan et al. [116] prepared POSS-containing fluorosilicone multi-block methacrylate
copolymers (PDMS-b-(PMAPOSS-b-PFMA)2) using RAFT technique. They used methacry-
loisobutylPOSS (MAPOSS) with hexafluorobutyl methacrylate (HFBMA) or dodecafluoro-
heptyl methacrylate (DFHMA) and a dithiobenzoate-terminated PDMS as a macro-RAFT
chain transfer agent. They observed that compared to PHFBMA, PDFHMA chains having
longer fluorinated functionalities migrated more readily onto the surface. Adding PMA-
POSS segments improved surface roughness and reduced the Tj. from 361 to 264 kPa.
The multi-block PDMS-b-(PMAPOSS-b-PDFHMA)2 coating had a fluorine-rich surface, a
receding CA of 103.8 + 0.5°, and a CAH of 8.7 £ 1.4°. Water droplets could effortlessly slide
off the tilted coating (45°) at
ice on the S-POSS-12F (F/Si = 2.34) demonstrated a loose ice assembly at the ice—coating

—20 °C. After the T;, experiment, the absence of remaining

interface (Figure 7(a3)).
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Figure 7. (al) Preparation of “PDMS-b-(PMAPOSS)2, PDMS-b-(PFMA)2 and PDMS-b-(PMAPOSS-b-
PFMA)2” with RAFT technique, (a2) Photos of the dynamic behavior of 7 pL water droplets placed
on the fluorosilicone multi-block copolymers coated on Al plates at a 45° tilting angle at RT or
—20 °C, (a3) Photos of the S-POSS-12F film before (left) and after (right) ice shear strength test [116].
(b1) Preparation of fluorinated polymethylsiloxane (PMHS—xFMA) and the development of hybrid
coatings by combining PMHS-xFMA with octavinyl-polyhedral oligomericsilsesquioxanes (OVPOSS),
(b2) AFM topography images of S13F hybrid coatings with various mass ratio of OVPOSS (from top
to bottom: Sy3r.5, S13p-5, S13F-5, S13F-5), (b3) During the droplet impact process on a horizontal S13F
surface with different mass fractions of OVPOSS, the contact line diameter evolution was monitored.
These copolymer coatings were applied to aluminum (Al) substrates [117].

In another study by Yuan and coworkers [117], they developed icephobic hybrid
coatings consisting of fluorinated polymethylhydrosiloxane (PMHS-xFMA) that x can be 6,
13, or 17, in combination with octavinyl-POSS (OVPOSS). The preparation of fluorinated
PMHS-xFMA and the creation of hybrid icephobic coatings is achieved through an addi-
tional reaction between the vinyl groups of PMHS-xFMA and the Si-H groups of OVPOSS,
as shown in Figure 7(b1). By varying the OVPOSS content from 5 to 20 wt %, they could ad-
just the root-mean-square roughness (Sq) from 42.6 nm to 145.2 nm (Figure 7(b2)). OVPOSS
concentration above 10 wt % and Sq values greater than 90 nm repelled water droplets
(Figure 7(b3)). They also found that longer fluorinated side groups did not improve ice-
phobicity despite enhancing hydrophobicity. Nevertheless, the Tjc. of these fluorosilicone
polymer films remained above 100 kPa, which is the critical i beyond which ice cannot
be detached naturally with wind and gravity [11,65-67].

Although the icephobicity of polysiloxane coatings has been greatly enhanced, there is
still a need to strengthen their mechanical properties to meet practical requirements, such
as use as wind turbine coatings.
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To address this challenge, Yuan et al. [119] developed robust coatings with self-
controlled surface texture using branched PDMS co-crosslinked with fluorinated POSS
using a breath figure approach. The surface microtextured facilitated the formation of
microcracks at the ice/coating interface with minimal external force, resulting in excep-
tional anti-icing characteristics. The prepared film with a self-controlled honeycomb texture
showed a low Tjc of approximately 19.7 &= 2.5 kPa. The coating exhibited a minor rise in
Tice after 30 icing/de-icing cycles and over 1600 abrasion cycles, but it remained icephobic
(Tice < 50 kPa). Thus, the developed films possessed significantly improved anti-icing
performance and mechanical robustness, making them suitable for real-world implications.

Photopolymerization has gained interest in recent years because of its fast-curing ki-
netics at ambient temperature, low energy consumption, and eco-friendly nature [146-149].
Thiol-ene reactions, in particular, have been extensively studied for developing crosslinked
surfaces, as they are not affected by oxygen inhibition [150,151]. Inspired by efficient
radiation curing technology, Yuan et al. [152] prepared icephobic coatings using thiol-
terminated fluorosilicone methacrylate triblock copolymers (PDMS-b-(PFMA-SH)2), thiol-
functionalized PDMS (PDMS-SH), and OVPOSS (Figure 8(al)). The photopolymerization
reaction of the triblock copolymer coating is shown in Figure 8(a2). However, these coatings
achieved only an Tje of approximately 210 kPa. In another study, Yuan et al. [120] synthe-
sized POSS-containing fluorinated methacrylate block copolymers through the RAFT mech-
anism and altered them into etiolated copolymers via aminolysis to regulate self-assembly
and adjust surface morphology (Figure 8(b1)). UV-curable thiol-end reactions were used to
prepare icephobic coatings, incorporating varying quantities of thiol-functionalized POSS-
fluorinated methacrylate diblock copolymers, vinyl-modified PDMS, and thiol-modified
PDMS. These components were combined to create coatings with enhanced ice-repellent
properties (Figure 8(b2)). By preventing the agglomeration of PMAPOSS and facilitating
the migration of fluorine segments to the surface, the authors observed fluorinated poly-
acrylate segments in PMAPOSS-b-P13FMA-SH (S13F) and PMAPOSS-b-P17FMA-SH (S17F)
(Figure 8(b3)). The prepared UV-cured coatings exhibited Tjc s of approximately 12.5%
that of the aluminum surface, with the film having 5% S17F providing the minimal Tc. of
105 4 12 kPa. The icephobic action of these systems mainly arises from the combinatory
impact between the POSS-fluorinated methacrylate copolymer and the PDMS segment.

The introduction of fluorinated POSS can lead to very low Tjc values. However, it is a
difficult and costly preparation process that hinders its practical application, especially for
large-scale industrial applications like wind turbines. Moreover, the degradation products
of fluorosilicone polymers, which contain fluorine, can adversely affect the environment
and potentially harm humans [153]. As a result, there has been a recent focus on limiting the
use of fluorosilicone polymers. Researchers are now seeking more eco-friendly icephobic
coatings to replace fluorosilicone-based coatings.

Epoxy-based coatings with excellent thermal properties, good abrasion resistance,
superior chemical resistance, mechanical durability, and adhesion to metallic sub-
strates [154,155] are another interesting candidate that improves the mechanical durability
of silicone-based coatings for industrial anti-icing applications such as wind turbines.
Epoxy-based coatings possess an outstanding Young modulus of about 3.8 GPa [156].
However, epoxy-based coatings have a brittle nature and poor hydrophobicity and ice-
phobicity [157,158]. To address these issues, combining epoxy-based coatings with soft
hydrophobic silicone-based components is an interesting approach that enhances their
flexibility and icephobicity [159-161]. In silicone-epoxy hybrid coatings, the comparatively
rigid epoxy polymer modifies the weak mechanical features of the silicone polymer and
introduces firm siloxane linkages, which improves the UV resistance of the epoxy poly-
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mer [162,163]. Furthermore, according to Kendall’s theory, the small Young modulus of the
silicone segment improves the icephobicity of the hybrid coating [159,164].
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Figure 8. (al) Preparation of PDMS-b-(PFMA)2 and PDMS-b-(PFMA-SH)2 copolymers, (a2) Synthesis
of photocrosslinkable fluorosilicone triblock methacrylate copolymer coatings [152]. (b1) Preparation
of thiol-modified PMAPOSS-b-PFMA-SH via RAFT approach, (b2) Schematic illustration of the
development of the icephobic coating from photocrosslinkable POSS-fluorinated methacrylate diblock
copolymers, (b3) PMAPOSS aggregates migrated to the surface throughout the spin coating process
on Al and photocrosslinking in PMAPOSS-SH (S) comprising film [120].

Momen et al. [159] recently developed an icephobic coating for steel substrates
on marine harbor infrastructures. The coating, based on silicone-epoxy hybrid resins
(SILIKOPON® EF&ED, Evonik company) and amino-functional silane-curing agents, exhib-
ited superior mechanical characteristics and weathering resistance for outdoor utilizations
(Figure 9(al-a4)). They also investigated the relationship between T and various film
properties and showed that ice adhesion behavior in silicon-epoxy hybrid coatings can be
predicted by the Young modulus. Moreover, they modified the surface energy properties
of the best-performing coating formulations using two fluorinated silicone additives, re-
sulting in a decrease in Tjce from 362 to 94 kPa. Zietkowska et al. [165] fabricated icephobic
coatings for photovoltaic panel applications. They modified a silicone-epoxy hybrid resin
(SILIKOPON® ED) using dually functionalized polysiloxanes and observed a significant
improvement in icephobicity. The Tic. decreased by 69% (below 100 kPa), and the freezing
delay time increased 17-fold relative to the unmodified coatings. The silicon-epoxy coatings
exhibited a CAH of 7° to 11° and a roll-off angle of 32° to 55°.

Despite these promising findings, there remains a need for further research to
develop mechanically robust icephobic silicone-epoxy hybrid coatings suitable for
industrial applications.

Although acylate-modified polysiloxanes, such as “poly(methylmethacrylate)-g-
poly(dimethylsiloxane) (PMMA-g-PDMS)”, have been used in various applications, e.g.,
antifouling coatings [166,167], there are limited reports on the fabrication of icephobic
silicone-polyacrylate coatings. In the work of Yuan et al. [49], two polyacrylate-PDMS
copolymers were prepared: polyacrylate-b-PDMS and polyacrylate-g-PDMS. These copoly-
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mers were designed to have PDMS blocks or side chains of various molecular weights
(Figure 9(b1)). The copolymer solutions were then sprayed onto aluminum substrates.
Microphase separation was evident in all samples, particularly the block copolymers
(Figure 9(b2)). As a result, the aggregated PDMS chains on the copolymer surface re-
duced coating-water interactions, primarily hydrogen bonds, leading to a decrease in
CAH (33.5°—44.7°). Incorporating PDMS into the copolymers resulted in significantly infe-
rior Tic values of 22—45 kPa in comparison with commercial polyacrylate-polyurethane
coatings. Hence, these copolymers show promise for developing icephobic coatings for
practical applications.

Several attempts have been made to modify silicone-based coatings with different
polymers to develop icephobic coatings having improved properties over silicone. In
their 1978 pioneering work, Jellinek et al. [168] prepared ice-releasing copolymer coatings
using poly(PDMS-b-polycarbonate). They discovered that Tj.. depends on several factors,
including the copolymer’s glass transition temperature, siloxane content, block length, and
the hydrophobic nature of the coating surface. Kozera et al. [169] enhanced an unsaturated
polyester polymer by incorporating double-organo-modified polysiloxanes, achieving
a 30% reduction in ice adhesion and an enhancement in water contact angle (WCA) in
comparison with the unmodified resin. In 2020, Xiao et al. [67] incorporated symmetric
4,4'-Methylenebis(phenyl isocyanate) (MPI) into the PDMS (Figure 9(c1)) and produced
durable PDMS-based icephobic coatings with an ;. of 52.2 kPa following 20 icing/de-icing
cycles (Figure 9(c2)). The film also exhibited rapid self-healing capacity, with more than
80% self-healing within 45 min at RT because of the presence of abundant hydrogen bonds
that ensure durability in harsh environments.

To achieve a future with effective anti-icing capabilities, it is crucial to investigate the
synergistic effects of various icephobic strategies incorporated into coatings and discover
new strategies to achieve super-low Tjc. Improving the durability of silicone-based coat-
ings to obtain optimally low Tj. requires a delicate balance of low elastic modulus and
mechanical robustness, which is a challenge that currently hinders the industrial appli-
cation of silicone-based materials like wind turbines. Another major challenge is scaling
up laboratory-prepared coatings for industry use, as it is uncertain what minimum value
of ice adhesion is sufficient for industrial use. Considering that a variety of ice is present
under various conditions, it is necessary to develop icephobic coatings tailored to specific
applications, such as wind turbines. Strategies that accelerate self-healing may be greatly
advantageous. Additionally, addressing the relatively low adhesion of soft silicone-based
materials to solid substrates is another significant challenge that requires further research.
Please refer to Table 5 for a summary of chemically modified silicone-based coatings.
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Table 5. Summary of various studies performed on chemically modified Silicone-based coatings.
. Ice Adhesion Ice Adhesion Icephobic Mechanical Weathering
Coating Measurement o . . Ref.
Strength (Tjc.) (kPa) Durability Properties Resistance
Approach
Tice after 5000 abrasion cycles (ASTM
D4060), acid and base treatment, 100
PDMS/interfacial A custom-built cycles of icing/de-icing, thermal Elongation at break:
X <0.2 . . o N/A [26]
slippage apparatus to test Tjce cycling, accelerated corrosion, and >1000%
facing Michigan wintery climate
more than 4 months: <10 kPa
V-PDMS-h-PDMS/t- A custom-built 50 Tice following 1000 abrasion cycles Shear modulus: N/A [91]
PDMS gels apparatus to test Tjce ' using 400-grit sandpaper: <10 kPa 10-100 kPa
Vertical shear test using
3D porous an Instron mechanical . - ) . )
sandwich-like PDMS  testing system equipped 0.9 Tice after 25 icing,/ de-icing cycles: Elastic modulus: N/A [95]
. 1 kPa 0.1-2.5 MPa
sponges with a homemade
cooling system
A universal testing
apparatus equipped 17
with a 100 N load cell in
PDMS-b-PFA a pull-off mode for Tice N/A N/A N/A [111]
A custom-built cooling
stage in pull and push 187
mode to test Tjce
A custom-built cooling
Pg\l/lzlzfslj; stage in pull and push 301 N/A N/A N/A [115]
potyacty mode to test Tjce
A custom-built cooling
PDMS-b-(PMAPOSS-b- stage in pull and push 264 N/A N/A N/A [116]

PFMA),

mode to test Tjce
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Table 5. Cont.
. Ice Adhesion Ice Adhesion Icephobic Mechanical Weathering
Coating Measurement o . . Ref.
Strength (Tjc.) (kPa) Durability Properties Resistance
Approach
A custom-built cooling
PMHS-xFMA, stage in pull and push 188 N/A N/A N/A [117]
x=6,13,17
mode to test Tjce
. A CUSt.Om-bUIlt cooling Tice following 15 icing/de-icing
F-POSS-SiH stage in pull and push 3.8 cveles: approx. 30 kPa N/A N/A [118]
mode to test Tjce ycles: approx.
A custom-built cooling
PMHS-13FMA-VTES stage in pull and push 83 N/A N/A N/A [66]
mode to test Tjce
Branched PDMS A custom-built cooling Ticeioils‘;’fltr;% fgol(():l:l;grgcslieo-iflgli lceyscles,
co-crosslinked with stage in pull and push 19.7 (400-grit sandpaper, 200 g v}\lreight N/A N/A [119]
F5-POSS-H, mode to test Tice 4.9 kPa pressure at —15 °C): <50 kPa
A custom-built cooling
PDMS-b-(PFMA-SH), stage in pull and push 210 N/A N/A N/A [152]
mode to test Tjce
A custom-built cooling
PMAPOSSEPIZEMA  stage in pull and push 105 N/A N/A N/A [120]
mode to test Tjce
SILTIKOPON® EF&ED- Tensile strength: Gloss index
amino-functional 2-7 MPa; Elastic before and
silane-curing Push off test 94 N/A modulus: 1-2 GPa; after UV [159]
agent/flurosilicon elongation at break: exposure:
additive 3.3-3.6% 80.3, 75.8 GU
SILIKOPON®
ED-dually A universal testing
functionalized apparatus to test Tice %5 N/A N/A N/A [165]

polysiloxanes
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Table 5. Cont.

. Ice Adhesion Ice Adhesion Icephobic Mechanical Weathering
Coating Measurement o . . Ref.
Approach Strength (t;..) (kPa) Durability Properties Resistance

A universal testing
Polyacrylate-b-PDMS or machine equipped with
polyacrylate-g-PDMS a 100 N load cell in a 2245 N/A N/A N/A [49]
pull-off mode for Tjce

Young’s modulus:

Vertical shear test using 0.28-20.71 MPa
Elongation at break:

an Instron mechanical Tice after 30 icing/de-icing cycles:
PDMS-MPI testing system equipped 37 1ce & g cycles: over 200%; rapid N/A [67]
approx. 52.2 kPa . .
self-healing capacity

with a homemade
cooling system with more than 80%
within 45 min at RT
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Figure 9. (al,a2) Mechanical properties of the silicone-epoxy matrices, (a3) Tjc of silicone-epoxy
hybrid films applied on steel substrates (the inset shows the schematic of push-off testing), (a4) Tjce
of films following 300 h UV exposure [159]. (b1) Preparation of polyacrylate-b-PDMS (I) and
polyacrylate-g-PDMS (II), (b2) Schematic illustration depicting the surface structure of the copoly-
mer coatings [49]. (c1) Chemical structures and self-healing behavior of PDMS-urea (PDU) and
PDMS-modified PDU (PDUM), (c2) Tjce of the PDU3000 film through 20 icing/de-icing cycles (green
zone), and following cut/healing test (yellow zone) (“R1 [170], R2 [171], R3 [172], R4 [173], R5 [174],
R6 [175], and R7 [176]") [67].

3. Fluoropolymer-Based Coatings

Polymers, exemplified by fluoropolymers, are frequently used in hydrophobic and
icephobic coatings. For example, polytetrafluoroethylene (PTFE) is a flexible material
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widely used for its water-repellent, non-adhesive and dense. It is particularly famous for
its ability to resist sticking, and when tested using a centrifugal ice adhesion apparatus,
PTFE exhibited almost no ice adhesion [1,177]. PTFE coating reduces ice adhesion on
various infrastructures, such as wind turbine blades, thereby ensuring effective energy
production. For instance, Belov et al. [178] developed a protective composite coating
for wind turbine blades by applying polytetrafluoroethylene on commercially pure tita-
nium VT1-0. Two types of fluoropolymer suspensions were used to create composite
layers: a commercial suspension of F4-d and an isopropanol suspension of super-dispersed
polytetrafluoroethylene (SPTFE). The latter produced a 6 x decrease in Tjc.

Liu et al. [45] created an icephobic coating for wind turbine blades using fluorocarbon
as the primary film-forming material and TiO,, SiO,, and micro/nanocomposite particles
as fillers. They found that fluorocarbon coupling agents enhance material hydrophobicity,
resulting in a contact angle of over 150°. The freezing time of water droplets at 10 °C
was extended to 1601 s with an ice adhesion of only 76 kPa, demonstrating effective
icephobic performance. The coating’s resistance to erosion was tested with a sand-blasting
machine designed to mimic wind-blown sand conditions. After 10 min of exposure, the
coating maintained its hydrophobicity with a contact angle of 152.5°, demonstrating strong
erosion resistance.

Adding ZnO to perfluoropolyether (PFPE) coatings can significantly modify their
superhydrophobic properties by changing the microstructure of the coating surface [179].
The contact angle reached a peak value of 158° when the PFPE content was increased
to 15%, after which it showed a slight decrease. (Figure 10a). The incorporation and
elimination of ZnO powder created a micro-nano roughness on the coating and delayed
the icing time to 107.1 s.

Lu et al. [180] used a perfluorosilane fluorinated ethanol solution to coat TiO; nanopar-
ticles and create a superhydrophobic coating by spraying or brushing it onto the substrate.
The WCA remained within 156° to 168° after 40 abrasion cycles, indicating the mainte-
nance of superhydrophobicity after mechanical abrasion. No other tests were performed to
characterize its superhydrophobicity. Son et al. [181] developed a highly impact-resistant
and recyclable “polyamide 6 (PA 6)-based carbon fiber-reinforced thermoplastic (CERTP)”
using a reactive liquid molding process. However, the mechanical properties degraded
when external components were used in a humid environment. They resolved this issue
by coating the PA 6-based CFRTP with fluorinated polydopamine (f-PDA) using the ther-
moplastic resin transfer molding process. The resulting coating exhibited improved water
stability, reduced the surface energy by 49%, and demonstrated an anti-icing performance.
This anti-icing ability remained effective for 30 min. Additionally, the f-PDA coating re-
tained its integrity after being exposed to temperatures between —30 and 210 °C, as well as
undergoing a sandpaper wear test for 200 cycles (CA > 85°).

Polyvinylidene fluoride (PVDF) is an excellent material for achieving a superhydropho-
bic surface with high physicochemical stability and self-cleaning ability [182,183]. However,
pure PVDF cannot be utilized as an effective coating due to its weak adhesion [184]. For
example, Peng et al. [185] developed a porous superhydrophobic PVDF coating for wind
turbine blades that has excellent anti-icing properties. They investigated the weight gain
due to icing in a climatic chamber maintained at —10 °C for 30 min. Ice accumulation was
achieved by precipitation, approximately 1 mm in diameter, from sprinklers positioned
20 cm above the samples, as shown in Figure 10b. The weight of the uncoated hydrophilic
wind turbine blade surface increased steadily throughout the experimental period, whereas
the weight gain of the superhydrophobic PVDF coating was negligible.

Zhao et al. [186] fabricated the “PVDF-PDMS-PF@y1/nSiO, (PPPSS)” as a rough super-
hydrophobic coating. After 15 days of exposure, the WCA of the PPPSS coating remained
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unchanged, changing by 0.7°, from 162.6° to 161.9°. However, no Tjc tests were conducted.
According to Huang et al. [187], the alkali treatment of PVDF introduced hydroxyl groups
improved the adhesion between the coating and substrate by enhancing the miscibility of
PVDF and E51. This final coating exhibited superior anti-icing properties (WCA > 158°,
SA < 1°). The WCA also remained elevated after 200 cycles of abrasion (approx. 157°)
(Figure 10(c-1)) and 72 h of UV-irradiation (WCA > 158°) (Figure 10(c-2)), although no Tjce
estimates were provided.
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Figure 10. (a) Ice adhesion of different PFPE content [179].; (b) The connection between the weight
gain from ice accumulation on the tested samples and the duration of supercooled water droplet
exposure in a cold chamber set at a temperature of —10 °C [185]; (c-1) The WCA values exhibited
only slight variation, staying above 156° after undergoing 50 tape peel tests or 200 abrasion cycles.
(c-2) WCA of the coating surface was significantly unchanged under UV irradiation for 72 h [187].

In summary, fluorinated coatings are known for their ultra-low surface energy, high
hydrophobicity, and icephobicity (Table 6). These properties make them highly effective at
minimizing ice adhesion. Poor mechanical durability, especially under abrasive conditions,
high cost, and environmental concerns associated with the use of fluorinated materials
cannot be ignored. Thus, further research is needed to optimize formulation, application
methods, and long-term performance under various environmental conditions.
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Table 6. Summary of various research studies carried out on fluoropolymer-based coatings.
Ice Adhesion . .. .
Coating Measurement Ice Adhesion Hydrophf)l.)lmty Mechan%cal CA/HCA Reference
Strength Durability Properties
Approach
Fluorocarbon
complemented by Freezing delay of Erosion
TiO,, SiO,, and mi- 76 kPa 107-157 kPa & ceay ‘ CA: > 150° [180]
. 1601.4 s resistance
cro/nanocomposite
particles
Table 6. Cont.
Ice Adhesion . .. .
Coating Measurement Ice Adhesion Hydrophf)l?laty Mechan{cal CA/HCA Reference
Strength Durability Properties
Approach
Perfluoropolyether/ Shear force delays icing time 1 Eo
ZnO de-icing test 0.6-1.36 N reached 107.1 s N/A CA:158 [179]
Fluorinated No ice Remained intact Flexural
polydopamine Anti-icing test ~ accumulated on  after 200 cycles at strength: CA:93.2° [181]
(f-PDA) the surface —30to0 210 °C 823.1 MPa
Climatic The water
Porous chamber droplets rapidl
superhydrophobic (spraying P picly N/A N/A CA:156 £1.9 [185]
slide off the
PVDF supercooled
surface
water droplets)
Air weathering for
PVDF-PDMS-SiO, N/A N/A 15 days; WCA: N/A CA:162.7° [186]
162.7-158.1°
Exposure to UV
PVDF light for several
(MPVDF) / epf)xy N/A N/A .da}fs Whlle N/A CA: ) [187]
resin composites maintaining super- approx. 158
(SMECC) hydrophobicity:
WCA > 158°

4. Polyurethane-Based Coatings

Due to their mechanical strength, durability, elasticity, UV stability, chemical resis-
tance, and low toxicity, polyurethane (PU) is widely utilized as “topcoats” [188]. The
distinctive feature of PU coatings is their ability to form strong “interchain hydrogen bond-
ing” between urethane linkages, resulting in superior mechanical features that surpass
most other coating systems. However, creating durable superhydrophobic or hydrophobic
PU-based coatings is particularly challenging in subfreezing temperatures. Hydropho-
bicity and icephobicity are major obstacles that limit the industrial use of PU coatings
in harsh, cold climates. Despite attempts to address this limitation, further refinement
of modification techniques is required to achieve stable superhydrophobic, anti-icing, or
icephobic PU-based coatings [189]. Recent research has developed innovative technolo-
gies to enhance the hydrophobicity and icephobicity of PU coatings in various industries.
For example, porous PU films incorporating polystyrene (PS) films have demonstrated
superhydrophobic and superoleophilic properties [190]. Zheng et al. applied a thermal
modification at 100 °C to enhance the adhesion of PS colloids in the porous PU structure.
By utilizing the self-assembly of PS colloids, dual roughness was created on the porous
PU films, which resulted in coatings exhibiting superhydrophobic behavior, e.g., WCA of
158°. Chauhan et al. [191] embedded PDMS into PU with a “transurethanetion reaction”,
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leading to phase separation between the soft and hard segments, which was influenced
by the reaction temperature, the PDMS/PU blend ratio, and the molecular weight of the
PDMS used. Roshan et al. [192] developed a polyurethane-based icephobic coating that
contained fluoropolyol and isocyanate that was modified with hydroxyl-terminated sil-
icone oil and fluoroalkyl polyhedral oligomeric silsesquioxane (F-POSS) particles. They
claimed that the incorporation of silicone oil and F-POSS enhanced the water contact angle
of their coating to 127° and Tj.., measured by push-off test after 15 icing/de-icing cycles,
maintained at 9.3 kPa. Wong et al. [193] developed an ultra-durable superhydrophobic
coating by depositing a colloidal suspension of PU-PMMA in a layer-by-layer fashion to
form interpenetrated networks (IPNs), followed by applying a fluorinated-silica solution.
The IPNs stably held the F-5iO, NPs, resulting in a coating with a hierarchical structure
that exhibited high durability even after 200 cycles of abrasion, UV light, acid attack, and
oil contamination. These coatings, which were not dependent on the substrate, exhibited
high transparency with optical transmittance reaching up to 80%. They also demonstrated
a WCA of 165° and an SA of less than 10°, attributed to the low surface energy of the
fluorinated nanoparticles. Figure 11a presents SEM images and the schematic of the fab-
rication of PU-PMMA IPNs with and without F-5iO,, as well as after multiple abrasions.
Zheng et al. [194] also introduced an in situ heating de-icing approach using CNT/WPU,
which created a flexible and lightweight nanocomposite. The exceptional elongation of
this nanocomposite was attributed to the even distribution of MWCNTs within the WPU
matrix. This nanocomposite was designed for electrothermal de-icing applications on wind
turbines. IR images and tensile stress—strain curves of the CNT/WPU films containing
varying amounts of MWCNT are demonstrated in Figure 11(b-1,b-2).
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Figure 11. (a) fabrication of PU-PMMA interpenetrated polymer network (IPNs) with and without
F-SiO, and after multiple abrasion cycles and SEM images [193]; (b-1) IR thermal images of the
CNT/WPU electrothermal films, (b-2) tensile stress—strain curves of the CNT/WPUfilms containing
varying amounts of MWCNT. The maximum strain of the CNT/WPU films [194]; (c) Optical microscopic

images of 5 wt % PUCMEF coating: (a) as-synthesized (b) after solid particle erosion test, and (c)
showing erosion scars at erodent angles of 30° and 90° [195], (d) Synthetic route of F-PU/SiO,
coating [196]; (e) Adhesion strength of Si-PUx coatings [197]; (f-1) The fabrication of Si-PUA /IEM-
SiO, superhydrophobic coating; (f-2) Photographs of delay in ice nucleation [198].

Pathak et al. [195] recently investigated the effects of different weight ratios (2, 5, and
10 wt %) of cellulose microparticles (CMP) and cellulose microfibers (CMF) in water-based
PU coatings for wind turbine blade protection. WPUCMP 5 wt % (Figure 11c) had the
lowest average erosion rate. According to the authors, these cellulose-based composite
coatings have significant promise for protecting wind turbine blades against particulate
matter impact and rain erosion. Lv et al. [196] developed a “UV-curable high-strength, anti-
icing, self-cleaning F-PU/SiO, superhydrophobic coating”. F-PU functioned as the primary
binder, while vinyltriethoxysilane (VTEO) acted as a secondary binder to secure SiO,. The
synthetic route for F-PU and the preparation process for F-PU-5iO; are shown in Figure 11d.
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By controlling the nanosilica content, the researchers achieved a superhydrophobic coating
with a SA of 2° and a WCA of 165°. The coating maintained its superhydrophobicity even
after 750 friction cycles (WCA > 145°) and when exposed to —10 °C for 100 h (WCA > 145°),
demonstrating good resistant anti-icing properties. The coating also exhibited excellent
antifouling properties and acid/alkali resistance, making it suitable for various substrates.

Surface erosion of wind turbines occurs over their operational lifespan due to challeng-
ing environmental factors, such as UV radiation and precipitation impacts. Protecting them
with PU coatings can be beneficial. Zhao et al. [199] engineered a “fluorine-free waterborne
suspension containing hexadecyl polysiloxane-modified SiO, (SiO,@HD-POS)”, which
they dispersed in a commercially waterborne polyurethane (WPU). The coatings exhibited
exceptional abrasion resistance to a 4.5 kPa force over 200 cycles and were compatible
with various substrates, all while maintaining superhydrophobicity with high WCAs of
approximately 164° and low SAs of about 3°. Liu et al. [198] modified SiO, nanoparticles
using 2-isocyanatoethyl methacrylate (IEM) and OH-terminated PDMS, in combination
with pentaerythritol triacrylate (PETA), to modify isophorone diisocyanate (IPDI). The
modified components were applied using a spray coating technique with ethyl acetate
solvent and then cured under UV light. By adjusting the IEM-5iO, concentration to 4%,
impressive WCAs of about 160° and SAs close to 2° were attained. The final products
showed excellent mechanical durability against sandpaper abrasion, enduring 400 cycles
of 20 cm strokes while maintaining superhydrophobicity even in extremely acidic and
basic environments. The “silicone-modified PU hybrid coating” also exhibited a sevenfold
increase in freezing time at —10 °C compared to substrates without coating. The combina-
tion of PU and silica produces either anti-erosion or hydrophobic features. Incorporating
crosslinking within PU, along with nano-SiO, particles, enhanced the coating’s hydropho-
bicity anti-aging properties and improved its chemical and mechanical characteristics, as
concluded by several researchers [200]. Carrefio et al. [201] produced a PU-paint based on
OH-terminated-PDMS. They also sprayed a sol-gel solution consisting of tetraethylorthosil-
icate (TEOS) and (3-glycidyloxypropyl) trimethoxysilane (GLYMO) onto the PU-paint
before full curing. Coating the PU surfaces with a 5% PDMS sol-gel mixture before the final
curing process resulted in an impressive 80% decrease in T, with a value of approximately
90 kPa observed for the PU-paint. In the study of Golovin et al. [202] PDMS-silane and
PU coatings with low crosslinking densities were fabricated and compared to commercial
SLIPs and icephobic surfaces. They found that PU-based low crosslinking density coatings
had good durability (after 100 icing/de-icing cycles), abrasion resistance (5000 cycles with
Taber abrasion ASTM D4060), and lower Tj. (after 4 months in severe winter conditions)
in comparison to PDMS-silanes, lubricant infused-PU coatings, and fluorinated PUs. Most
notably, the PU coatings demonstrated 0.2 kPa Tic and 9 & 2 kPa even after all the durabil-
ity assessments. PU is inherently hydrophobic and, when combined with ceramic oxide
nanoparticles (e.g., Al,O3, ZrO,, CeOy,), it exhibits enhanced resistance to solid particle
erosion, which is crucial for wind turbines. Furthermore, PU has significant advantages
over epoxy resins, making it a convincing choice for important parts of wind turbine blades
such as the main beam, web, and blade [203]. However, epoxy-based coatings also play a
distinct and important role in wind towers.

Generally, creating durable superhydrophobic or hydrophobic PU-based coatings in
subzero temperatures is currently a challenging task. The limited hydrophobicity and
icephobicity of PU coatings in harsh, cold climates significantly hinder their industrial
usage. Thus, further research is needed to enhance their properties for application in
wind power industries. For example, incorporating advanced fillers like carbon nanotubes,
graphene oxide, or nanoclays can improve both mechanical and icephobic properties. A
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summary of the research that has been performed in PU-based coatings, as discussed in
this section, is given in Table 7.

Table 7. Summary of various research projects on PU-based coatings.

Ice Adhesion

Coating Measurement Ice Adhesion Hydrophf)l.nclty Mechan%cal CA/HCA Reference
A h Strength Durability Properties
pproac
It can be
PU-PMMA N/A N/A superhydrophobicity N/A N/A [193]
after 200 friction cycles
Endures
100,000 bending
The electrothermal film  cycles (at 240°) with a
can start working at resistance variation of )
CNT/WPU N/A N/A —35 °C and heated to 3.17% and withstands N/A [194]
35 °C for 5 min repeated stretching of
2.0% strain along the
length direction.
Cellulose- Erosion rate: 20
reinforced N/A N/A N/A 3 3 1 N/A [195]
(x107° mm>-g™")
Polyurethane
Can maintain
F-PU/SiO; N/A N/A superhydrophobicity N/A CA: 165° [196]
after 750 friction cycles: ’
WCA > 145°
PDMS—sﬂape and after 5000 abrasion and
PU coatings Tice as low as 100 icing/ de-icin
featuring varying N/A fce 8 & N/A N/A [202]
rosslinking 0.2 kPa cycles, Tice was
Crossim® 9 4+ 2kPa
densities

5. Epoxy-Based Coatings

“Epoxy resins”, also known as “polyepoxides”, belong to a unique category of reactive
polymers or prepolymers characterized by the presence of epoxide groups in their molec-
ular structure. The designation “epoxy” is commonly used to describe both the uncured
materials and the hardened end products formed from these resins [204]. Epoxy resins
can be effectively tailored to meet the requirements of specific applications by properly
selecting the resin, crosslinking agent, and modifiers [205,206]. ERs are commonly used as
protective coating binders in such industries as aviation, power transmission, and wind
power generation because of their excellent chemical resistance, thermal stability, and adhe-
sion to various substrates [205-207]. In addition, neat epoxy coatings have polar groups on
their surface that produce hydrophilicity. Modified epoxy coatings, however, have shown
promising results in icephobic applications.

For instance, a modified epoxy-based resin with dopamine molecules improved hy-
drophilic properties by forming a lubricating aqueous layer on anti-icing coatings, which
can reduce Tjc of them by a factor of 7.2 [208]. Another important modification approach
in epoxy-based resins can be performed by utilizing nanoparticles. To give some examples,
Zhou et al. [209] found that a composite coating of clustered ZnO/epoxy exhibited superior
corrosion resistance and hydrophobicity, making it suitable for anti-rust and de-icing appli-
cations. The coating maintained its superhydrophobic nature even when damaged because
of its high specific surface area. The coexistence of epoxy/ZnO seeds and cluster-like
ZnO provided dual protection to the magnesium alloy substrate, resulting in increased
corrosion resistance. After undergoing tape peeling 10 times, the coating maintained a
contact angle of 163°, reflecting the excellent adhesion of cluster-like ZnO to the substrate
and preservation of its superhydrophobic characteristics. However, no analysis of ice
adhesion was conducted to validate the coating’s icephobicity.
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Pan et al. [210] developed a novel carbon fiber/epoxy resin composite with anti-icing
properties using the octadecylamine modification method and a sandblasted hard template.
The surface had a static CA of 155° and a minimal SA of 8°. The adhesion strength of ice on
the modified sample (50 kPa) was significantly lower than on the untreated sample (75 kPa)
because of the irregular, rough surface texture that caused stress buildup in certain areas
(Figure 12a).

Fan et al. [211] created a “two-layer epoxy-based nanocomposite coating” for hy-
brid anti-icing and de-icing purposes (Figure 12b). The bottom layer consisted of an
electrothermal active de-icing layer composed of epoxy mixed with copper, which was
coated with silver- (Ag-Cu) and epoxy with multi-walled carbon nanotubes (MWCNTs)
nanocomposites. The epoxy/Ag-Cu coating exhibited good electrical conductivity and was
capable of rapidly producing heat under electrical voltage. This layer was covered with a
superhydrophobic coating made from an epoxy composite containing SiO, and hexade-
cyltrimethoxysilane (HDTMS) [2,212]. Integrating electrothermal and superhydrophobic
coatings reduced the energy consumption compared to using an electrothermal coating
alone while also enhancing icephobic performance, making it an efficient hybrid anti-icing
solution, especially for wind power generation.

Zhang et al. [213] coated the substrate surface with a superhydrophobic layer com-
posed of micro-nanoscale ZnO and epoxy resin. They further roughened the coating’s
surface using stearic acid and acetic acid solutions, creating a micro/nanostructure and
reducing surface energy to produce a mechanically stable and wear-resistant superhy-
drophobic coating. Zhao et al. [214] improved the icephobic characteristics of the coating by
incorporating silane-modified graphene nanoplatelets. Nistal et al. [215] further modified
the icephobic properties of their coating by adding silane-modified graphene nanoplatelets.
These nanocomposite coatings were hydrophobic and possessed low surface energy, sig-
nificantly reducing Tic (9 & 3 kPa) beneath the natural ice detachment. Moreover, even
after being subjected to 1000 Taber abrasion cycles, the icephobic nanocomposite coating
remained durable, with an average T below 50 kPa (Figure 12c).

In other research, Atta et al. [216] evaluated the mechanical resilience of superhy-
drophobic iron oxide/HMT and Ag/HMT epoxy nanocomposites using an abrasion test.
They analyzed WCAs post-abrasion testing to evaluate the effect of resistance and con-
ducted impact tests, pull-off tests, and hardness measurements. The CA continued to
increase after 5000 abrasion cycles, which showed improvements in the roughness of the
prepared surface. Qin et al. [217] developed an epoxy-based anti-icing surface by apply-
ing a spray-coated layer of polytetrafluoroethylene (PTFE; Teflon) nanoparticles with a
diameter of 300 nm diameter (Figure 12d). The static CA for deionized water was 154°,
and the roll-off angle was below 2°. At —10 °C, the average ice detachment strength was
around 30 kPa, roughly 2.5% of that for an aluminum substrate and approximately 20% of
the value for a plain epoxy. They also observed that over 10 cycles, the strength required
for ice shedding consistently remained around 27.5 kPa.

Kozera et al. [218] synthesized derivatives to modify epoxy resin composites using
organosilicon compounds that incorporated multiple functional groups, such as octahydro-
spherosilicate (OSS). The structure of the multifunctionalized silicone compounds (MFSC)
is shown in Figure 12e. To measure the ice adhesion of this coating, they used a universal
tensile testing machine. The control sample demonstrated an Tjc. of 264 + 14 kPa, while the
modified samples exhibited values ranging from 186 to 265 kPa. Chemical modification us-
ing spherosilicate compounds improved the surface’s icephobicity. Low roughness samples
showed a correlation between surface wettability and ice adhesion: as WCA increased, ice
adhesion decreased. After 100 icing/de-icing cycles, the WCA values were lower relative
to the initial values for all samples. The reference sample produced the largest decrease
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in WCA, with a 10% reduction relative to its initial value. In contrast, the other modified
samples experienced a WCA reduction ranging from 1% to 6%, with no notable change
in hydrophobicity.

In conclusion, epoxy coatings are known for their excellent adhesion, hardness, and
resistance to environmental degradation. They are often used in combination with nanopar-
ticles to enhance icephobic properties and have advantages such as strong adhesion to
substrates, high chemical resistance, and good structural integrity. However, they suffer
from brittle nature and poor elongation that can limit their icephobic efficiency. There-
fore, by developing flexible epoxy hybrid systems with other coatings like epoxy-silicone,
brittleness and enhancement of icephobicity can be addressed.

Table 8 provides a brief summary of studies that have been carried out on Epoxy-
based coatings.

Table 8. Summary of various research projects carried out on epoxy-based coatings.

Ice Adhesion . . . .
Coating Measurement Ice Adhesion Hydrophf)]'almty Mechan}cal CA/HCA Reference
A h Strength (kPa) Durability Properties
pproac
Polish with 2000# The friction
sandpaper. coefficient of the
Epoxy/ZnO N/A N/A By increasing friction . CA: 163° [209]
. EZZ surface is
distance, the contact angle sthe 77 surface
is reduced to 132°
. Increasing abrasion length
Carbon fiber/epoxy Push off 52-75 leads to an enhanced CA N/A CA: 155° [210]
resin
from 145° to 152°
A hybrid of
Epoxy/SiO, / Adhesion
HDTMS/kaolin strength < on its superhydrophobicity
nanocomposite and Pull-off glass (0.01 MPa for 240 wear test cycles N/A CA: 156.3° [211]
electro-thermal for coatings with (CA:135.3°)
layer (epoxy/Ag- 0.2 mL HDTMS)
Cu/MWCNTs)
The 2400 x abrasion
removed the rough CA: 155 £
Epoxy/ZnO N/A N/A surface; minimum effect N/A 2° [213]
on the ZnO/ER coating
Fluorinated epoxy . . CA is still above 150° after
resin/carbon/PTFE ]Z.)yr}amlc 2 higher than 100 cycles of tape peeling N/A CA: >155° [214]
. anti-icing tests the neat sample .
particles and abrasion
Table 8. Cont.
Ice Adhesion . . . .
Coating Measurement Ice Adhesion Hydrophf)]'alaty Mechan}cal CA/HCA Reference
A h Strength (kPa) Durability Properties
pproac
Epoxy 1000 cycle abrasion times
resin/ GNP /3 with 1 kg load, mass loss: HCA:
different silane Pull-off 9 +3kPa 39 + 5, mg and WCA N/A 25-32° [215]
coupling agents would be increased
Modified epoxr The ice detachment
resin using polyte- Custom-built strength remained within
trafluoroethylene oniometer 30 kPa a range of 27.5 kPa (mean N/A CA: 154° [217]
(PTEE) & value) and 11.4 kPa
nanoparticles (deviation) over 10 cycles.
Universal tensile . -
. N 100 icing/de-icing cycles, CA:89 +1
Epoxy/OSS testing machine 186-265 kPa decrease 5-10% in WCA N/A t0 103 4+ 0° [218]
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Figure 12. (a) The T, by using custom-built device [210]; (b) Hierarchical nano-microstructure
observed at low HDTMS loadings, gradually disappearing with higher loadings [211]; (c) The Tjce
before and after the abrasion test [215]; (d) Fabrication of epoxy-based anti-icing surface by applying
a spray-coated layer of polytetrafluoroethylene (PTFE; Teflon) nanoparticles [217]; (e) Image of the
structure of one the modifier MFSC [218].

6. Hybrid Approaches for Icephobic Surfaces

Despite advancements in minimizing ice buildup and reducing adhesion strength,
passive anti-icing techniques still face challenges in terms of long-term durability and
preserving low T throughout multiple cycles of icing/de-icing [219]. Active de-icing
methods often require significant energy inputs, such as electricity or heat, leading to
increased operational costs and potential environmental implications. Additionally, anti-
icing coatings s may lose effectiveness over time because of factors like UV radiation,
abrasion, and chemical degradation, especially in severe weather conditions or on complex
surfaces. Both active and passive methods can also face reliability issues, compromising
their effectiveness in preventing ice accumulation [31,33,205].

Therefore, to address the constraints of active and passive strategies, a hybrid approach
offers the potential to create an effective, low-power, reliable, and resilient ice protection
system. In the wind turbine industry, a hybrid approach involves integrating multiple anti-
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icing methods, in particular, the combining of passive techniques (anti-icing coatings) with
active technologies to improve overall performance [25,51]. The efficiency and energy usage
of the hybrid anti-/de-icing approach have been evaluated and compared to traditional
passive and active de-icing methods [220].

Active methods that use electrical heating to warm the blade surfaces can effectively
mitigate wind turbine icing; however, they require high power consumption to maintain
the blades at a high temperature. Another issue is the formation of dense ice from runback
water, which poses safety risks when shed from the blades and can have aerodynamic
implications [47,221,222]. Therefore, a potential solution to address ice buildup on wind
turbines is a hybrid structure that complements thermal or mechanical ice protection meth-
ods with the usage of icephobic coatings, which reduce power inputs and the ecological
footprint of current systems. Hybrid thermal de-icing strategies with icephobic coatings can
be achieved through three approaches: electrosensitive coatings, photosensitive coatings,
and magnetosensitive coatings.

6.1. Hybrid Electrothermal De-Icing Systems

The first report of an electrothermal anti-icing system was in 1939 [223]. Electrical
energy dissipation in conductive objects may cause Joule or resistive heating, effectively
removing ice from a substrate by melting a thin interfacial film and creating a water
layer [224-229]. The water layer reduces ice adhesion and aids in its removal by natural
forces [230]. An electrothermal de-icing system typically consists of multiple layers with
varying material characteristics and thicknesses based on the design and application [1].
Good thermal/electrical conductivity is crucial for maximizing de-icing efficiency and
minimizing energy consumption [227,231,232]. Heating systems such as hot air pump-
ing [233], conductive polymer-based heaters [234,235], graphene-based heaters [226,236],
and metallic systems [237-239] are used to melt interfacial ice. Nevertheless, every active
de-icing technique requires the whole surface temperature to be higher than 0 °C, resulting
in significant energy consumption for de-icing large surfaces like wind turbine blades.
A hybrid system that utilizes both passive anti-icing and active de-icing technologies,
therefore, offers an ideal solution to the icing issue.

Earlier research has indicated the need to further evaluate the performance of elec-
trothermal de-icing systems with surface coatings. Selecting the appropriate surface coating
is pivotal for enhancing anti-icing action, as it can reduce the energy needed to prevent ice
formation and minimize the occurrence of runback ice [1,240]. Drawing upon results from
icing wind tunnel experiments of Ti.., Bebaeu et al. [241] concluded that combining an
electrothermal heating system and an icephobic coating is the best strategy for wind turbine
blade icing safeguard. Perron et al. [242] at the Anti-icing Materials International Labo-
ratory (AMIL) used two hydrophobic coatings and a superhydrophobic coating coupled
with an electrothermal anti-icing assembly to simulate icing situations in an icing wind
tunnel. Relative to the bare substrate, the hydrophobic coatings reduced the required power
by 8% and 13% for rime and glaze ice; hydrophobic films lowered the required energy
input up to 8% for rime and 13% for glaze ice. On the other hand, the superhydrophobic
coating diminished the energy demand by up to 13% for rime and 33% for glaze ice. The
hydrophobic coatings were unable to prevent runback water from freezing in unprotected
regions; however, the superhydrophobic coating did prevent the freezing of runback water,
resulting in a largely ice-free surface and suggesting that superhydrophobic coatings can
meaningfully decrease the required power of anti-icing facilities.

Tour et al. [230] developed a conductive coating by incorporating stacks of graphene
nanoribbons (GNR) into an epoxy matrix, with a conductivity of over 100 S/m at 5 wt
% of GNR. Thermal energy was generated by enforcing a constant voltage through the
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sample. They found that applying a 0.5 W/cm? power density could remove 14 g of ice
from a helicopter blade interface at —20 °C. This composite could be an ideal candidate for
icephobic applications across a range of industries, including power-line networks, wind
turbines, aerospace, and so forth. In another study [243], superhydrophobic films with anti-
icing capabilities were created by spraying perfluorododecylated graphene nanoribbons
(FDO-GNR) onto a surface. The films effectively prevented ice formation at temperatures
as low as —14 °C. Additionally, by enforcing approximately 40 V to the interface, enough
heat was generated to clear ice at colder temperatures. Remarkably, a minimal 0.2 W /cm?
power density was sufficient to keep the surface at RT even with a surrounding tempera-
ture of —32 °C. The researchers further enhanced the de-icing capacity by introducing a
lubricant, which created slippery surfaces. The easy spray coating approach marks this
material as a potential choice for large-scale utilizations such as wind turbines. Karim and
coworkers [244] prepared a graphene-based de-icing composite via a microfluidic strategy.
They used the ink to coat glass-fiber roving to achieve a minimal electrical resistance of
approximately 1.7 (2/cm. The researchers then used a vacuum resin infusion method to
integrate the graphene-coated roving via an epoxy resin, forming glass-epoxy composite
materials. They tested the de-icing action by immersing the sample in an ice-filled container
and under 10 V. Over five minutes, the container temperature increased from —27.3 °C to
—0.1 °C, resulting in ice melting.

Amirfazli et al. [240] studied the impact of superhydrophobic films on reducing power
consumption in anti-icing systems. They used NACA0021 aluminum airfoil substrates with
three inserts: untreated aluminum, aluminum covered with PMMA, and etched aluminum
covered with Teflon. The researchers heated the leading-edge region using an electrical
resistor and located a no-ice region on the insert to measure coating performance. They
found that the surface coatings significantly reduced the energy input by up to 80% and
decreased runback icing. The Teflon film protected the substrate from runback icing. In
another study, Amirfazli and colleagues [245] investigated the presence of hydrophilic
(untreated aluminum) and hydrophobic (etched aluminum superhydrophobic coating)
interfaces on runback icing using the previous setup [240]. They found that ice buildup
differed depending on the coating wettability. On the hydrophilic surface, droplets formed
a liquid film that separated into ligaments while sliding downward. Outside the heating
region, extensive ice buildup occurred. On the superhydrophobic surface, only isolated
ice islands were observed, and some were removed via aerodynamic forces. These re-
sults highlight the significant role of superhydrophobic coatings in electrothermal icing
protection systems. To minimize the power input, Hu et al. [47] used a combination of a
superhydrophobic coating and an electro-thermal system only at the leading edge of the
blade (5-10% of the blade). They coated the whole blade interface with a superhydrophobic
coating (Hydrobead™ Standard with Hydrobead™ Enhancer) and wrapped an electric
heating film strip (DuPont™ Kapton® RS, 50 mm thick) around the leading edge of the
blade (Figure 13(al)). A turbine blade model featuring a DU91-W2-250 airfoil in its cross-
section was subjected to different icing conditions to assess performance under various
ice-formation scenarios (Figure 13(a2)).

The hybrid strategy has demonstrated significant energy savings (up to approx. 90%)
and similar anti-/de-icing performance compared to the traditional approach of warming
up the whole surface to protect it from icing [47]. This makes it a capable technique for
mitigating wind turbine freezing. Unlike the hydrophilic interface, the runback water
did not re-freeze on the superhydrophobic interface. Earlier hybrid de-icing strategies
demonstrated a serious problem. Hydrophobic films only resist liquid water; therefore, ice
melting is necessary for the approach to be effective. Although the energy consumption
in these earlier reports was lower than in merely active de-icing processes, the necessary
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power is yet high and scales with the iced surface size. Given that the ice melting’s
latent heat (334 ] /g) is around 160 times higher than the specific thermal capacity of ice
(2.09 J/g °C), a dual de-icing strategy that avoids melting can offer significant power
reduction advantages.

Films with low interfacial toughness (LIT) reduce the energy required to spread an
interfacial crack at the ice/coating interface, facilitating more efficient mechanical de-icing.
This is particularly suitable as a passive de-icing strategy for large, iced interfaces [246,247].
Golovin et al. [248] prepared smart hybrid de-icing coatings by integrating a LIT coating
with printed circuit board heating elements and a microwave-based sensor for ice detection.
This approach contrasts with previous hybrid de-icing systems, which relied heavily on
energy-intensive methods to melt ice. With the usage of LIT films, the system allows
mechanical de-icing, allowing ice to detach easily without requiring melting. The film’s
interfacial toughness and its Tjc changed with temperature and could be regulated by the
incorporated heating elements (minimum at —5 °C) (Figure 13(b1,b2)). The inclusion of the
incorporated microwave resonator sensors, which worked on the basis of the dissimilarity
in dielectric properties of ice and water, enabled on-demand de-icing. Once the sensor
detects an ice-free surface, the heating elements can be turned off immediately. The
synergistic effect of the LIT film and periodic heating elements showed a higher de-icing
efficiency than a fully covered heating system. The scalability of the smart coating was
shown by utilizing iced surfaces as large as 1 m. This mechanical-de-icing approach is
effective for ice removal from large surfaces such as wind turbine blades but not for the
smaller parts. Moreover, the coatings” durability remains uncertain.

Electrothermal conversion efficiency under cold conditions is another key limitation
of the practical use of hybrid electrothermal de-icing systems, particularly for large-scale
applications like wind turbines. Moreover, there are no distinct standards regarding the
utilization and impact of hybrid electrothermal de-icing systems. Additionally, data on the
impact of speed on the physics of ice accretion on coatings is lacking. Therefore, despite
coatings offering a promising direction for the enhancement of electrothermal systems,
more research is needed to better comprehend the physics and optimize their application.

Lightning hazards are another issue in electro-thermal deicing systems [249], which use
conductive materials to generate heat. When these materials are exposed to lightning, they
can conduct electrical energy, leading to damage or failure of the system. Electro-thermal
systems on wind turbine blades may attract lightning due to their height and conductive
surfaces. If lightning strikes nearby, it can induce surges in the electrical system, potentially
damaging sensitive electronic components due to overheating or short-circuiting within the
system. Proper safety measures and regular maintenance checks should be implemented to
reduce the risk of damage to the system.

6.2. Hybrid Photothermal De-Icing Systems

Solar radiation is an efficient energy source that can be used for non-contact de-
icing systems through remote photothermal methods. Functional surfaces have been
fabricated using this strategy [250-255]. Fan et al. [251] developed a superhydrophobic
photothermogenic coating relying on a titanium nitride-polytetrafluoroethylene composite
for de-icing applications. The fabricated film not only delayed ice formation by 400%
relative to an uncoated steel surface but also melted the surface ice by converting absorbed
light to heat. Zhang and coworkers [255] fabricated a photosensitive anti-icing/de-icing
coating by introducing photothermogenic nanocarbon fibers (NFs) into an amphiphilic
matrix composed of PDMS and hydrophilic polyvinylpyrrolidone (PVP) segments (to
lower water freezing temperature) (Figure 13c). The developed coating delayed freezing
time by 34 times relative to bare steel substrates and had an 7 of 18 kPa, allowing for
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easy ice detachment by natural wind action. NFs also reduced Tjc. and provided rapid
sunlight-responsive photothermal de-icing properties for the coating (up to 10 °C/min).
The coatings remained icephobic (Tjce < 30 kPa) after simulated acid rain (pH = 0) scouring,
200 abrasion cycle experiments, sand dropping, and 30 icing/de-icing cycles, making them
promise for large-scale operations, e.g., outdoor, high-altitude equipment and vehicles.

Ferroferric oxide nanomaterials (Fe30O4) have gained attention as photothermal agents
due to their comparatively cost-efficiency and enhanced infrared-to-heat conversion
yield [256-258]. Incorporating Fe;O4 nanoparticles into superhydrophobic coatings com-
bines passive anti-icing and active de-icing strategies, making them good candidates for
icing problems in various conditions. Cui et al. [254] designed a multifunctional super-
hydrophobic coating using an inverse infiltration process with fluorinated epoxy resin
containing Fe3O4 nanoparticles (Figure 13d). The coating demonstrated excellent superhy-
drophobicity with a WCA of up to 161.0° and a SA down to 1.4°. The coatings maintained
superhydrophobicity after 260 cycles of sandpaper abrasion, 400 cycles of tape peeling
and 25 cycles of sand impact, suggesting good mechanical durability. The hydrophobic
micro/nano hierarchical morphology, resulting from the aggregation of Fe3O4 nanoparti-
cles in the matrix, delayed water droplet freezing time by up to 35 min more than the bare
substrate. The photothermal effect of the Fe304 nanoparticles allowed the coating’s surface
temperature to quickly rise to 0 °C under infrared irradiation, melting ice on cold surfaces.

Hybrid de-icing strategies may include lubricant infusion. Dash et al. [252] also used
the same strategy to create a laminate photothermal trap with three layers: a selective
sunlight-radiation absorber (cermet), a heat spreader (aluminum layer), and insulation to
minimize transverse heat loss (carbon foam) (Figure 13e). The system melted snow com-
pletely within 5 min of initial exposure to solar radiation with an intensity of 0.6 kW /m?.
Zhang et al. [259] developed a slippery photothermal trap by adding a layer of silicone
lubricant to a candle soot film, which acts as a natural light absorber using conductive
Fe304 nanoparticles as a heat spreader. With this approach, a completely frost-covered film
was melted within 100 s at —20 °C under a sunlamp.

Wang et al. [260] designed a plasmonic photothermal superhydrophobic MXene@Au-
waterborne polyurethane (MXene@Au-WPU) composite coating. The plasmonic MX-
ene@Au facilitated a significant increase in temperature across the entire coating because
of its high light energy absorption and fast heat transfer. To achieve superhydrophobicity,
chemically modified silica nanoparticles were applied to the MXene@Au-WPU surface to
produce a fSiO; /MXene@Au-WPU (fluoroalkyl silane-SiO, /MXene@Au-WPU) superhy-
drophobic photothermal coating, having a CA of 153°. This film demonstrated a prolonged
icing delay time of 1053 s at —20 °C and 68% RH and a high photothermal de-icing effi-
ciency of 73.1%. Furthermore, the coatings exhibited excellent resistance against corrosive
liquids (pH: 1 to 13). These combined characteristics of the coating, including its anti-icing
properties, corrosion resistance, and ease of implementation, demonstrated its potential
application to various surfaces.

Integrating electro- and photothermal properties into a single coating presents a
promising approach to mitigating ice accretion while reducing the complexity associ-
ated with multilayer designs. In a recent study, Guo et al. [261] developed an electro-
photothermal SHS by incorporating hexadecyltrimethoxysilane-modified multiwalled
carbon nanotubes (HDTMS-MWCNTs) into an epoxy matrix. The coating was applied
via a simple spray technique and demonstrated delayed icing times of 264 s at —20 °C. It
exhibited efficient photothermal deicing capabilities (1.5 sun, 175 s) and electrothermal
deicing performance (25 V, 65 s). Additionally, the coating displayed excellent droplet
rebound properties, with a 5 uL droplet bouncing 11 times after falling from a height of
2 cm. However, the rough surface of the coating limits its ability to achieve ice adhesion
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strengths below 100 kPa due to increased mechanical interlocking between the ice and the
surface. Moreover, the high concentration of HDTMS-MWCNT (20 wt.%) adversely affects
the mechanical robustness of the coating.

However, considering ISO/TS 19392 standard [35], none of these developed coatings
meet the minimum required visible light transmission of wind turbine coatings. Exploring
coatings with selective absorption in the IR region or employing thin film technology can
lead to the formation of transparent coatings.

6.3. Hybrid Magnetothermal De-Icing Systems

Using magnetic fields as a stimulus for magnetosensitive films is a hybrid de-icing
technique with advantages including an eco-friendlier nature, convenience, and real-time
action [262-264]. Magnetic nanoparticles in the coatings produce heat through magne-
tothermal properties, specifically N’eel or Brownian relaxation [265,266]. The application
of the Joule effect can effectively remove ice. The wettability and adhesion features of
magnetosensitive coatings can be easily tailored to achieve the desired surface proper-
ties [267]. Ghasemi et al. [268] designed magnetic slippery surfaces (MAGSS) with low
interfacial energy and icephobic properties. The physics of MAGSS’s liquid-liquid interface
formation is depicted in Figure 13f. MAGSS had an ice formation temperature down to
—34 °C, with an ultra-low Tjc of 2 Pa and high water and ice mobility on the surface. The
prepared MAGSS showed self-healing properties and remained stable even at high-shear
flows (Reynolds number < 105).

Zhang and coworkers [269] prepared multifunctional superhydrophobic magnetic
hybrid systems using a fluorinated copolymer-tethered epoxy matrix, a diethylenetriamine
crosslinker, and amino-functionalized Fe3O4 nanoparticles (Figure 13g). The coatings
exhibited a magnetothermal capacity, with a temperature rise from 24 to 44 °C within 25 s
exposure to external stimuli. The coatings significantly delayed icing time from 50 to 2878 s
and showed excellent ice/water removal.

However, magnetothermal de-icing approaches have drawbacks, including high costs
and increased energy input [20]. Nevertheless, the thermal capacity of magnetic nanoparti-
cles exposed to magnetic fields makes them potential candidates for icephobic applications.
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Figure 13. (al) Schematic of the hybrid anti-/de-icing strategy, which utilizes a combination of
active heating and passive superhydrophobic film to mitigate ice accumulation on wind turbines,
(a2) Schematic of Icing Research Tunnel at Iowa State University (ISU-IRT) [47]. The effect of
temperature on (b1) the toughness of the ice/coating interface and (b2) Tjc of ultra-high molecular
polyethylene (UHMW-PE) [248]. (c) Schematic illustrates the fabrication of a durable sunlight-
responsive anti-icing/de-icing coating [255]. (d) Schematic illustration of hierarchical coatings
composed of fluorinated epoxy resin containing Fe3O, nanoparticles [254]. (e) The diagram illustrates
the structure of a photothermal trap applied as a laminate, displaying the attributed heat transfer
processes [252]. (f) Physics of the creation of a magnetic liquid-liquid interface in MAGSS [268].
(g) Synthesis path of MNP@NH2@P(C6SMA-r-SMA-r-GMA) film [269].
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6.4. Hybrid Electromechanical De-Icing Systems

“Electromechanical de-icing systems” operate by vibrational forces to remove ice. This
de-icing method is applied in three main ways: ultrasonic [270], low-frequency systems, and
those using piezoelectric materials. Ice buildup can be effectively dislodged from surfaces
using “ultrasonic guided waves”, which overcome the ”critical shear stresses” present at
the interface [271]. “Ultrasonic de-icing” relies on the principle that the ice/substrate bond
exhibits a relatively weak adhesive shear strength. It is worth noting that it is still in the
experimental phase and has yet to be implemented for de-icing wind turbine blades [272].
However, Habibi et al. [18] highlighted the potential feasibility of applying ultrasonic
de-icing to wind turbine blades through numerical simulation, though it has yet to undergo
experimental validation.

Once the applied shear force exceeds the adhesive strength of the ice, the ice can
be easily detached. A multi-transient actuation method showed a 70% increase in
the de-iced area relative to continuously driven ultrasonic excitation. On the other
hand, “low-frequency de-icing (LFDI) systems” use the resonant frequencies of the
ice-covered structure to remove the ice by surpassing the critical shear and normal
stresses [273,274]. For example, Marboeuf et al. [275] developed a low-energy solution to
prevent ice buildup on aircraft. They employed a model derived from the “phase-field
variational approach” to analyze the propagation of cracks and the detachment of ice,
focusing on the impact of an electromechanical resonant de-icing strategy. In another
study, Venna et al. [276] investigated the use of “piezoelectric activation patches” to induce
low-frequency vibrational waves on an aluminum airfoil, aiming to match its resonance
frequency for de-icing purposes. They observed ice to shed 130 s after the excitation, with
measured 7.5 MPa for shear stress and 25 MPa for normal stress, respectively.

Ultrasonic waves produced by a piezoelectric transducer induce shear stress in the
layered ice-material structure as they propagate. Applying a voltage to piezoelectric patch
actuators positioned on the inner side of the leading edge causes these actuators to expand
and contract, resulting in surface deformation. When resonant frequencies are reached,
the structure undergoes considerable deformation with minimal power consumption as
the actuator surpasses structural damping. This resonance-driven deformation results in
significant bending and strain at the leading edge, promoting the removal of ice.

The piezoelectrics can convert electrical signals (from an electric field) to the displace-
ment occurring in the expansion or contract of piezoelectric materials such as PZT (Pb
[ZryTi; _«] O3), quartz, lithium tetraborate (Li»B4Oy), and barium titanate (BaTiO3) [265,277].
Upon the application of an electric field, the piezoelectric material vibrates, generating
shear stress on the surfaces, leading to ice removal [278]. For instance, Wang et al. [278]
designed an ultrasonic de-icing technique using a lithium niobate transducer affixed to the
inner surface of the aircraft wing. De-icing experiments found that a frequency of 140 kHz
is optimal, with the method proving effective by using one transducer to generate a combi-
nation of shear and vibrational forces. This method can also be applied to wind generation
industries because of the similarity between aircraft wings and wind turbine blades.

An electromechanical system can be achieved with a low Young’s modulus, as it
generates minimal shear stresses at the interface, which requires more power for ice
delamination. Haung et al. [1] recommended a coating with a Young’s modulus of at least
1 GPa. They also discovered that the elastic modulus of the coating significantly influences
ice detachment within electromechanical de-icing systems. A lower Young’s modulus leads
to minimal shear stresses present at the interface, which in turn requires more power for
ice delamination.
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The development and adoption of hybrid systems represent progress in effective ice
management in challenging environmental conditions. However, the use of these systems
is relatively new, and ongoing research and development efforts are actively underway.

One possible approach to implementing electromechanical de-icing systems in wind
turbines may be to embed actuators within or near the structural spar of the blade to
generate resonant vibrations at specific frequencies. These vibrations can cause high levels
of stress and strain on the ice layer, initiating adhesive or cohesive ice fracture. Resistive
heating elements can be integrated into the laminate of the blade’s leading edge to soften
ice before mechanical removal. This combination can reduce the power required by the
piezoelectric actuators to dislodge ice, improving overall energy efficiency. Temperature
and icing sensors can be embedded to detect ice formation and monitor the operating
conditions to dynamically activate heating or actuation modes. Resonant modes can
be selected based on finite element analysis of the blade structure, ensuring maximum
vibratory efficiency for de-icing. Power may be routed from the nacelle to actuators
and heaters via shielded cabling within the blade. A central control unit can ensure
synchronized operation between heating and mechanical vibration for rapid ice removal.

Table 9 compares various hybrid approaches for wind turbine ice protection, followed
by an explanation to provide a clearer understanding of their advantages, limitations,
and effectiveness.

Table 9. Comparison of Hybrid de-icing Approaches for Wind Turbine Ice Protection.

Hybrid Approach Advantages Limitations Performance Metrics
Rapid High energy demand o -
Electrothermal Reliable in various Potential overheating of Eigﬁ ;C;ef‘emgziﬁg:mteig;y
weather conditions the surface & 8y p
Utilizes sunlight Dependent on light availability . -
Fhototermal Lo oot Requires effcient ey low emrgy consumption.
Low operational cost photothermal materials y &Y P
o Requires advanced s -
Even heat distribution . . High ice removal efficiency
Magnetothermal magnetic materials .
Scalable for larger surfaces A Moderate energy consumption
High initial setup cost
Low energy consumption Elee%lligri?cl;f zclisimen ¢ Moderate-High ice
Electromechanical Minimal thermal damage & removal efficiency

to surfaces

It may cause wear on the

Low energy consumption

turbine component

The pivotal role of numerical simulation should also not be neglected in advancing
the development and optimization of icephobic coatings for wind turbine applications.
By modeling ice adhesion and detachment using tools like finite element analysis (FEA)
and computational fluid dynamics (CFD), researchers can evaluate how coatings perform
under mechanical and thermal stresses [272,273]. These simulations help optimize for-
mulations by predicting ice removal efficiency, identifying failure points, and assessing
durability against dynamic loadings, such as vibrations and rotational stresses typical of
wind turbine operations.

Thermodynamic and heat transfer modeling further enhance coating development
by simulating heat distribution during deicing processes, such as resistive heating or hot
air application [274]. These models evaluate how polymer binder materials and additives
influence thermal conductivity and energy efficiency. Additionally, aerodynamic simula-
tions assess the effects of residual ice and coating wear on blade performance, ensuring
that coatings minimize drag and maintain operational efficiency over time [275,276].

Future work should prioritize integrating multi-scale and multi-physics simulation
approaches to capture the complex interactions between coating materials, ice formation,
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and environmental variables. Standardized frameworks and machine learning-enhanced
simulations can further accelerate the development of robust, high-performance icephobic
coatings tailored for wind turbine applications, ensuring reliability and efficiency in harsh,
icy conditions.

7. Conclusions

Addressing the challenges posed by ice formation on wind turbines is crucial, given
the adverse effects on aerodynamic performance, mechanical stress, and energy produc-
tion. Although significant research has been conducted to develop ice protection systems,
mitigating ice accretion on turbine surfaces remains complex for wind turbine applications.
Passive methods, such as surface modifications and icephobic coatings, show promise in
enhancing icephobicity and improving turbine performance. However, selecting the appro-
priate approach or chemistry remains challenging. Coatings for these applications must
consider factors beyond anti-icing properties, given the harsh conditions they may face.
Standards, such as ISO/TS 19392, provide valuable guidance by considering mechanical
properties, durability, UV, and weathering resistance, as well as rain erosion resistance.
These considerations are essential for ensuring the effectiveness and longevity of ice pro-
tection systems in wind turbine applications. Continued research is necessary to address
these challenges and optimize ice protection solutions for wind turbines.

This review delves into recent research on coatings, emphasizing the pivotal role of
chemistry in enhancing the efficiency of icephobic coatings for wind turbines. Potential
icephobic coating solutions are categorized and assessed for their suitability in wind tur-
bine applications by classifying them based on the primary polymer binder used in their
formulation. This classification aims to guide future researchers and industry professionals
as to which polymers may be more appropriate for wind turbine applications. The cate-
gorized polymers include silicone, polyurethane, epoxy, and fluoropolymers, along with
hybrid systems, which show promise for advancing wind turbine ice protection technology.
Each coating category described in this paper exhibits different properties in terms of
chemical, mechanical, thermal, and physical aspects, as well as UV resistance. Altering the
structure of these coatings through physical methods, combinations of different fillers, or
chemical methods, such as tailoring crosslink density, and surface modification through
copolymerization or grafting with other functional groups, can yield different properties
for applications where icephobicity is required.

In summary, silicone-based icephobic coatings, while promising in terms of flexibility,
impact resistance, hydrophobicity, and weather resistance, suffer from poor mechanical
properties. Efforts to improve them have mainly focused on incorporating fillers, creating
SLIPS, and chemically modifying PDMS to enhance durability and icephobicity. However,
challenges like rain erosion resistance, especially for wind turbines, persist. Incorporating
self-healing mechanisms could offer avenues for further improvement. PU coatings offer
strength, elasticity, UV stability, and chemical resistance, and recent improvements have
enhanced their hydrophobicity, durability, and erosion resistance, but icephobicity and
environmental concerns with isocyanates remain challenges. Epoxy coatings are valued
for their mechanical properties, thermal stability, chemical resistance, erosion resistance,
corrosion protection capabilities, and excellent adhesion. Innovative modification strategies
of epoxy coating have led to promising icephobic properties. However, they are inherently
hydrophilic. Approaches such as creating nanocomposites and silicone copolymerization
have improved their hydrophobicity and weathering resistance, making them more suitable
for mitigating ice accretion. Fluoropolymer coatings like PTFE and PVDF show promise
for wind turbine applications due to low surface energy, hydrophobic properties, chemical
inertness, and resistance to harsh environmental conditions. However, they still suffer from
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low durability and have high production costs. More importantly, environmental concerns
associated with using fluor-based materials remain a significant issue. Hybrid approaches
combine passive and active methods, offering innovative ice protection through a more
efficient, reliable approach, ensuring enhanced performance. However, these approaches
are still in the early stages of development. Further research is required to adapt them
to meet the specific guidelines for wind turbine applications, including minimum visible
light transmission standards. Strategies such as wavelength selectivity and thin film
technology can result in transparent coatings. Continued research and development efforts
are crucial for optimizing these systems and realizing their full potential in practical
applications, contributing to safer and more sustainable operations in icy environments. In
addition to the previously discussed challenges with each coating chemistry and the current
hybrid approach, several other issues must be addressed. Most of the developed coating
systems are still unsuitable for large-scale production. Furthermore, for practical industrial
applications, the coatings need to exhibit multifunctional properties, such as self-cleaning,
anti-corrosion, wear resistance, and photothermal capabilities. However, most research on
icephobic coatings has concentrated on reducing Tjc rather than on improving mechanical
properties and wear resistance. The integration of theoretical simulations and experimental
results is also essential to improve the understanding of the anti-icing mechanisms of each
approach, a gap that is currently lacking in the literature. Future directions should aim
to align with the standards for wind turbine coatings by emphasizing simple processes,
accessible raw materials, cost-effectiveness, and eco-friendly methods in the formulation,
fabrication and analysis of coatings.

The conclusion highlights a clear direction for future efforts in the development of
icephobic coatings. Priority should be given to creating coatings with ultra-low ice adhe-
sion that can also withstand the demanding conditions typical of wind turbine operations.
Equally important is the establishment of comprehensive standards tailored to the applica-
tion of icephobic coatings on wind turbines. These standards would provide a benchmark
for performance and durability, guiding the formulation of coatings to ensure they meet
both functional and industrial requirements. Additionally, interdisciplinary approaches
that integrate advances in material science, engineering, and environmental testing could
accelerate progress in this critical area. Employing numerical simulations is also crucial
for optimizing the performance and durability of icephobic coatings on wind turbines
by providing predictive insights into ice adhesion, thermal behavior, and aerodynamic
impacts under real-world operating conditions. Future work should focus on developing
standardized simulation frameworks to evaluate the performance of icephobic coatings
under conditions representative of wind turbine operations.
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