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Ice accumulation on large rotor blades poses a major operational challenge by reducing energy output and
threatening structural integrity. Active de-icing systems are effective but limited by high energy demand, delayed
response, and elevated costs. Passive solutions, particularly silicone-epoxy icephobic coatings, offer advantages
such as low surface energy, durability, and reduced ice adhesion, enabling earlier shedding. However, most
studies remain confined to laboratory scale without validation under realistic conditions. This study addresses
this gap by evaluating a durable commercial silicone-epoxy coating at both laboratory and large scales. Labo-
ratory characterization following ISO/TS 19392 standards showed a water contact angle of 100° + 2.2°, me-
chanical abrasion resistance of 72 + 2.1 mg/1000, and ice adhesion strength below 20 kPa even after 50 icing/
de-icing cycles, confirming strong icephobic performance. Push-off and CAT tests with short ice specimens
predominantly exhibited adhesion-dominated detachment, favorable for anti-icing. In contrast, spinning rotor
blade and field trials with more realistic accretions often resulted in cohesive or mixed failures, leaving residual
ice. These results indicate that adhesion-focused behavior observed in small-scale tests correlates with the more
complex detachment dynamics at larger scales, demonstrating how laboratory measurements can predict ex-
pected performance and benefits under operational conditions. Overall, the study demonstrates the value of
integrating quantitative material properties with multi-scale adhesion testing to guide the design of ice-
mitigation coatings. In practice, the coating’s role is best understood as part of broader ice protection strate-
gies, where variables such as rotation speed during accretion strongly influence shedding.

1. Introduction employed to address this issue, they often suffer from high energy

consumption, increased operational complexity, and maintenance de-

The growing demand for renewable energy has established wind
turbines as essential components in the global shift towards sustainable
power sources [1]. The performance of wind turbines improves as the
temperature decreasesbecause colder air is denser, allowing the turbine
to capture more energy from the wind [2,3], however, a significant
challenge these turbines face is the accumulation of ice on their blades,
which can severely hinder aerodynamic performance, reduce energy
efficiency, and compromise operational reliability [4-6]. While several
active anti-icing methods, such as electro-thermal heating, hot air cir-
culation, and mechanical de-icing systems, have been designed and
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mands, especially under harsh environmental conditions [5,7,8]. To
mitigate this issue, the advancement of anti-icing coatings has become a
key focus in addressing ice accumulation on wind turbine blades due to
zero emission benefits, operational costs and energy usage. To be
effective, anti-icing coatings designed for wind turbines need to satisfy
several critical performance requirements [9,10]. Mechanical robust-
ness is essential, as the coatings must endure environmental and oper-
ational stresses, including wind-induced forces, blade elongation, and
bending. Standards such as ISO 527-1, ASTM D2240, and ASTM D4060
are commonly used to evaluate tensile strength, hardness, and abrasion
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resistance, respectively, ensuring the durability of coatings under such
conditions [11-13]. In addition to mechanical performance, these
coatings must exhibit high icephobicity to minimize ice accumulation
and adhesion, critical for maintaining aerodynamic efficiency and
reducing maintenance needs. This is assessed according to ISO/TS
19392-6:2023, which provides testing guidelines for icephobic prop-
erties in wind turbine applications [14]. Rain erosion resistance is
another critical factor; coatings need to withstand impacts from water
droplets that can strike blade tips at speeds nearing 90 m/s on large wind
turbines (ISO/TS 19392-3) [15]. Additionally, abrasion resistance is
essential for maintaining performance under harsh environmental con-
ditions [16]. These characteristics are largely determined by the poly-
mer selected as the base resin [17-19]. Among polymer-based resins,
silicone-epoxy coatings stand out for their superior performance,
particularly in harsh environmental conditions, due to the synergistic
combination of the unique properties of both silicone and epoxy. The
silicone component imparts low surface energy to the coating, which
plays a crucial role in reducing ice adhesion strength (trice) by weak-
ening bonding forces between the ice and the surface [20]. This also
contributes to low wettability, minimizing water accumulation and
promoting droplet roll-off, factors that further enhance icephobic
behavior. Meanwhile, the epoxy component provides mechanical
robustness, strong adhesion to various substrates, and resistance to wear
and environmental degradation [21], resulting in coatings that are not
only durable but also highly icephobic. As a result, silicone-epoxy
coatings are especially interesting for applications where resistance to
ice accumulation and ease of ice removal are essential for maintaining
operational reliability in subzero environments [22,23]. However,
despite their promising potential, these coatings face challenges such as
limited large-scale validation, susceptibility to mechanical damage
under harsh icing conditions, and potential degradation over long-term
field exposure. Consequently, studies on the anti-icing performance of
silicone-epoxy coatings remain relatively few, with development efforts
concentrated in a small number of research groups [24-26]. Typically,
these researchers employ a range of methodologies to enhance the ice-
phobic properties of silicone-epoxy resins, as detailed below. For
example, Adja et al. [27] recently fabricated an icephobic silicone-
—epoxy hybrid coating using commercial silicone-epoxy resins (SILI-
KOPON® EF & ED), two fluorinated silicone additives, and
amino-functional silane-curing agents for steel substrates. They re-
ported an tice for 94 kPa. Further research [28] examined the anti-/-
de-Icing performance of epoxy coatings with GO-PPy@SiO, as
photothermal fillers. The researchers claimed that at an optimal filler
concentration, the water droplet on their produced coating remained
unfrozen for 710 s at —15°C, effectively delaying icing. Also, when their
sample was exposed to simulated sunlight, the surface temperature of
the coating rapidly increased from room temperature to over 80 °C
within 10 min, peaking at 84.9°C, resulting in frozen droplets melting
within just 5 s. Zigtkowska et al. [29] tailored a commercial
silicone-epoxy resin (SILIKOPON® ED) through the incorporation of
dually functionalized polysiloxanes to fabricate icephobic coatings for
photovoltaic panel utilizations. They found that the chemical modifi-
cation significantly improved the icephobicity of the prepared coatings
with a 69 % decrease tice (reaching below 100 kPa) and 17 times in-
crease in the freezing delay time in comparison with the pure ones. The
silicon-epoxy coatings showed a contact angle hysteresis (CAH) of 7° to
11° and a roll-off angle of 32° to 55°. Following the approach of Zhao
et al. [30] a robust icephobic coating was developed using an inter-
penetrating polymer network (IPN) of epoxy and Polydimethylsiloxane
(PDMS). Low-molecular-weight silicone oil was also incorporated to
reduce the crosslink density, allowing precise control of the coating’s
elastic modulus. This adjustment contributed to achieving optimal ice-
phobic properties by balancing low ice adhesion and coating strength.
Testing demonstrated that the coating's tice reached approximately 8
kPa at an elastic modulus of 0.18 MPa. Even after 25 cycles of icing and
de-icing, the coating remained stable, with tice consistently maintained
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between 3 and 14 kPa. In another study, Sullivan et al. [31] designed a
dual-function anti-icing system featuring a superhydrophobic layer
supported by an embedded thin-film heating element. After 52 s heating,
the SiO2-PDMS coating exhibited rapid thermal response up to 60 °C. It
also showed superhydrophobicity with a 164° contact angle and 3°
hysteresis. In cold chamber tests, the hybrid coating reduced ice adhe-
sion by 83 % (from 284 kPa to 50 kPa) and delayed freezing, achieving
full anti-icing with 0.34 W/cm? power density, reducing energy con-
sumption by 37 %. Zhang et al. [32] fabricated a durable, anti-corrosive
superhydrophobic coating with photothermal properties, made with
Fe304 composite nanoparticles in dual sizes (200 nm and 20 nm) for
anti-icing and de-icing applications, which was sprayed onto glass
substrates. The coating,), PDMS as a protective layer, and epoxy as the
basecoat, uses Fe304 NPs optimized to achieve superior micro/-
nanostructures. This design enhances photothermal conversion under
simulated sunlight with a radiation intensity of 1 kW/m?, achieving a
heating rate of 14.4 °C/min and a light-to-heat conversion efficiency of
62.38 %. [33].

Despite extensive research on various icephobic materials, a signif-
icant gap remains in translating laboratory findings into real-world ap-
plications, particularly for wind turbine blades exposed to dynamic,
harsh, and variable environmental conditions [34,35]. Most studies
have been limited to small-scale tests [36] on flat, idealized surfaces
under simplified icing conditions, often leading to complete ice
detachment due to short interface lengths and purely adhesive failure
modes, where the bond between the ice and the substrate fails at the
ice/substrate interface [37,38]. However, real-world ice accretion in-
volves both adhesive and cohesive failures (the ice itself fractures and
breaks apart internally) across much longer spans [39,40]. In opera-
tional turbines, ice buildup reduces rotational speed (RPM), diminishing
the centrifugal forces essential for passive ice shedding, especially
against dense ice types like glaze or hard rime, where gravity or aero-
dynamic forces are typically insufficient. While full-span shedding is
ideal, the outer third of the blade is particularly critical, as it contributes
most to lift and energy output. Low tice measured in the lab can support
passive shedding by allowing centrifugal and aerodynamic forces to
remove ice more easily, potentially improving energy production,
reducing downtime, and lowering maintenance costs, though its effec-
tiveness depends heavily on in-field conditions. This study aims to
bridge this lab-to-field gap by evaluating a commercially available
silicone-epoxy coating (Lotus Dry) from our industrial partner, Techeol,
Canada, under realistic geometries, ice types, and mechanical stresses to
assess its practical ice-shedding performance on wind turbine blades.

The study is structured in two phases: the first phase involved
detailed laboratory characterization of the silicone-epoxy coating, with
various tests conducted to assess their icephobic, mechanical and
durability properties. The second phase transitioned from small-scale
laboratory characterization to larger scale realistic testing by applying
the coatings on 1.3 m radius x 2.6 m long rotor blades installed ina 12 m
high cold room, to evaluate their performance under simulated atmo-
spheric icing conditions. This approach takes into account environ-
mental factors such as droplet size, liquid water content, wind speed,
and precipitation intensity, providing a comprehensive understanding
of the coatings' effectiveness in mitigating ice accumulation on wind
turbines.

This dual-scale investigation, by examining both laboratory charac-
terization and large-scale applications, offers a deeper understanding of
how these coatings can be optimized to address the challenges faced by
wind turbines in cold climates, while also demonstrating the correlation
between lab-scale and larger-scale more representative tests, ultimately
contributing to improved performance and energy efficiency.
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2. Materials and methods
2.1. Material

The commercial silicone-epoxy coating (Lotus Dry), used as the
primary topcoat in this study, was obtained from Techeol, Canada. This
coating was selected for its advertised hydrophobicity and weather
resistance, highlighting its potential as a candidate for improving the
surface durability under harsh environmental conditions. As the base
layer and reference for comparative analysis, a polyester gel coat
(VIBRIN G290AA) supplied by AOC was applied. This specific gel coat
was chosen because it is commonly used in industry as a protective layer
on fiberglass-epoxy composite wind turbine blades. Its established per-
formance and compatibility with composite substrates make it an ideal
benchmark for evaluating the enhancements offered by the silicone-
epoxy topcoat.

2.2. Sample preparation

In this study, specimen preparation methods were tailored to the
specific requirements of each test, considering variations in geometry,
surface conditions, and coating application. Detailed preparation pro-
cedures are provided in the respective sections corresponding to each
test. All aluminium substrates used were first cleaned with acetone to
remove surface contaminants and then pre-coated with a polyester
gelcoat (VIBRIN G290AA). Aluminum is widely used in aerospace, and
other engineering components. Testing on aluminum provides results
that are closer to what would be expected in real-world applications. The
gelcoat layer was allowed to fully cure at room temperature for three
days. Subsequently, the silicone-epoxy topcoat (Lotus Dry) was spray-
applied onto the cured gelcoat surface and allowed to fully cure at
room temperature for seven days. The average dry thickness of the
gelcoat and coating were approximately 400 + 20 um, measured using
DeFelsko's PosiTector 200 and Elektrophysik MiniTest70 coating
thickness gauges.

2.3. Surface characterization

Water Contact Angle (WCA) and contact angle hysteresis (CAH) were
measured to evaluate surface wettability. A Kruss™ DSA100 goniometer
at 25 + 0.5 °C was used with the sessile drop technique. In this method, a
4 uL water droplet was dropped on the surface, and WCA was calculated
using the Young-Laplace model. The sliding angle (SA) of water droplets
was evaluated using a Kriiss instrument equipped with a tilting platform.
Each sample was securely mounted on the stage, and a 35 uL water
droplet, selected to minimize gravitational effects [41], was deposited
on its surface before the stage was gradually inclined at a rate of 60° per
minute up to a maximum of 60°, until the droplet-initiated sliding or
rolling. The sliding angle was recorded as the stage inclination measured
0.5 s before the droplet began to move. Additionally, CAH was calcu-
lated by inclining and subtracting the receding contact angle from the
advancing contact angle. These measurements helped to evaluate how
the surface interacted with water, reflecting its hydrophobic properties.

2.4. Evaluation of the mechanical durability of the coating

A variety of tests were conducted to assess the mechanical durability
of the coating, including tensile testing, rain erosion, and abrasion
resistance. These assessments aimed to evaluate the coating’s mechan-
ical durability, wear resistance, and stability under simulated environ-
mental conditions.

2.4.1. Tensile strength

A tensile test is a key method for evaluating the mechanical prop-
erties of the coating, specifically its tensile strength, elongation, and
flexibility. In this test, according to ISO/TS 19392-1, five free films of
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the coating were subjected to a controlled, uniaxial force until failure,
providing essential data on the material’s ability to resist deformation
and fracture under stress at room temperature. Additionally, five free
films of the Lotus Dry were tested at low temperature (-35°C) to assess
the coating’s performance under varying thermal conditions.

2.4.2. Rain erosion

Wind turbines are constantly subjected to high-velocity rain, which
can cause significant wear on their surfaces, potentially leading to per-
formance degradation and increased maintenance costs. Thus, the rain
erosion test is a crucial evaluation method to assess the durability of
coatings, especially for applications exposed to harsh environmental
conditions. Referring to ISO/TS 19392-3, rain erosion is assessed by
subjecting the surface to high-speed water jets or impacting droplets,
reflecting the conditions of droplets hitting wind turbine blade tips at
speeds up to ~90 m/s [42] (Fig. 1). This test was carried out for three
coated beams for 6000 impacts at 160 m/s, which is higher than the
90 m/s droplet velocity. The higher velocity is used to accelerate dam-
age and ensure reproducible evaluation.

2.4.3. Abrasion resistance

The abrasion resistance of a coating is critical for evaluating its
durability against mechanical wear. The abrasion resistance test, per-
formed as per ASTM D4060, involved 1000 cycles of a CS-17 abrasive
rotating wheel under a 1 kg load at 60 rpm to simulate mechanical wear
on the coating. The measurement of weight loss after 1000 abrasion
cycles provides valuable insights into the material's resistance to abra-
sion, indicating how well the coating can withstand wear under me-
chanical stress.

2.5. Assessment of coating icephobicity

To comprehensively evaluate the icephobic performance at the lab-
oratory scale, five complementary tests were carried out on the coated
surfaces. This includes measuring ice adhesion strength using centrifu-
gal force, performing a push-off test, subjecting the samples to repeated
icing/de-icing cycles to assess durability, and determining both the ice
nucleation temperature and freezing delay time. This multi-test strategy
was not only intended to enhance the accuracy of the study but also to
establish correlations among the results, thereby providing deeper in-
sights into the coatings’ icephobic behavior.

2.5.1. Ice nucleation temperature

Samples were prepared by applying a thin, uniform layer of the test
coatings to Tzero aluminum pans, which were then allowed to dry
thoroughly. A 5 mg droplet of deionized water was carefully placed at
the center of each coated pan to observe ice nucleation, and the use of
three replicates per coating allowed us to determine the average
nucleation behavior.

The samples were then subjected to a controlled cooling cycle using a
TA Instruments DSC 250. The temperature was decreased from 40 °C to
—40 °C at a constant rate of 5 °C/min. During cooling, the ice nucleation
temperature (IN_temp), defined as the point at which the water droplet

Fig. 1. Schematic of the principle of rain erosion test device (provided by ISO/
TS 19392-3:2018); 1: high-pressure pump, 2: jet nozzle, 3: panel holder, 4:
rotating disc, a: fluid jet [15].
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froze, was identified by an exothermic peak in the DSC thermogram.
This temperature, recorded with a precision of +0.05 °C, was used to
evaluate the nucleation behavior of each coating.

2.5.2. Freezing delay time

The freezing delay time was determined by measuring how long a
5 uL water droplet remained unfrozen on coated aluminum coupons.
Experiments were conducted at —15 °C using a Kriiss™ DSA100 goni-
ometer equipped with a Peltier plate, within a controlled cold chamber.
To minimize condensation effects, humidity in the chamber was regu-
lated using anhydrous calcium sulfate desiccants. The final freezing
delay time represents the average of five measurements taken from
different locations across multiple samples.

2.5.3. Push-off

A custom-made device was used to measure the tice of Gelcoat
(VIBRIN G290AA) and Lotus Dry coatings at —10.0 + 0.2 °C. Fig. 2
shows the setup of the push-off test. Deionized water was poured into a
solid plastic cylindrical mold (22 mm in diameter), which was placed on
top of aluminum plates coated with the test material (size: 10 x 10 cm?).
The mold stayed in place during freezing and testing to keep the ice in
shape and contact area consistently. To make sure the ice fully froze into
a solid cylinder, the samples were kept in a cold chamber overnight at
—10.0 £ 0.2 °C.

During the test, a fixed probe was used to push the ice cylinder from
the side. The probe and load cell (which measures force) stayed still,
while the substrate with the ice was slowly pushed horizontally using a
worm screw powered by a stepper motor. The speed of movement was
0.5 mm per minute to obtain a quasi-static load. The load cell recorded
the pushing force over time.

Before the test began, the height of the probe was carefully adjusted,
so it touched the side of the ice just above the coated surface. The highest
force recorded (F) before the ice detached was used to calculate the
shear adhesion strength using Eq. (1).

tice=F/A (€9)

Where A is the area of contact between the ice and the coating. This
method makes it easy to repeat the test and get reliable results on how
well the coating resists ice sticking.

2.5.4. Icing/De-icing cycles

The durability of the coated surfaces was evaluated by repeating the
push-off test 50 times, with tice measured every 5 cycles to monitor
performance over time. To ensure consistency, a custom-made plastic
mold was used to form ice in a previously determined fixed area on each
sample. The mold had a cylindrical cavity with a 22 mm diameter and
was positioned using an alignment frame or guide, allowing it to be
placed in the same location during each cycle. This setup confined the
water to the same spot and ensured that the ice column had a uniform
shape and contact area throughout all tests, allowing for accurate and
repeatable measurements of ice adhesion.

2.5.5. Centrifugal adhesion test (CAT)
Centrifugal force testing was performed to determine the shear stress
required to detach ice samples at a slightly large scale and for more

-:')':F>

Coating

Aluminum

Fig. 2. A schematic of Horizontal push-off test mechanism.

Engineering Structures 353 (2026) 122191

representative atmospheric icing conditions. CAT tests were conducted
using aluminum beams (6061-T6 alloy, 340 x31.8 x6.4 mm) rotated by
an electrical motor.

Two sets of specimens were prepared: one set consisting of aluminum
substrates coated with the polyester Gelcoat (VIBRIN G290AA) and a
second set coated with the Lotus Dry icephobic coating. Each group
included three replicate samples.

To simulate natural icing, all samples were exposed to freezing
drizzle (320 ym mean volumetric diameter) at an icing intensity of 11 g/
h for 35 min and tested for two temperature conditions: -5 °C and
-12 °C, representing glaze and mixed ice formation, respectively
[43-45]. During each CAT test, beams were mounted individually in a
centrifuge vat and spun from zero up to the ice detachment point at a
constant acceleration of 300 rpm/s. To assess centrifugal ice-shedding,
the acting force was determined using Eq. (2), taking into account the
ice’s mass (m), radial position of the center of mass (r), and angular
velocity at detachment (o):

F=mre? (2)

The corresponding centrifugal tice was determined by normalizing
this force over the surface area in contact with the ice.

2.5.6. Spinning rotor blade (SRB)

The SRB is a vertical-axis spinning model consisting of a 2000 RPM,
10 hp motor, a 1-inch diameter power steel shaft, a hub, and two blades,
with an overall diameter of 0.780 m. The rotating blades are mounted in
the Anti-icing Material International Laboratory (AMIL)’s icing wind
tunnel, a low-speed facility capable of reproducing cloud conditions
with supercooled water droplets. Beyond conventional icing tests, the
SRB setup can also be employed for hybrid test configurations, as dis-
cussed by Villeneuve et al. [36]. The detailed specifications of the rig are
described by Fortin et al. [46]. The spinning rotor blade test [46] allows
to study of passive ice protection systems under simulated conditions
closer to those encountered in application. The test involves keeping the
rotor at a constant rotation speed while exposing it to in-cloud icing
conditions. Key ice accretion physics on rotors are captured in the test
such as high droplet impact velocity, presence of centrifugal and aero-
dynamic forces, and efficient dissipation of thermal energy. The test is
continued until ice shedding occurs at which point measurements are
taken to evaluate tice from Eq. (3):

TZ({m*(r—%)*aﬂ}—[a*e*s]) .

lcxS

Where, m: Mass of shed ice, r: Rotor radius (0.391 m), o: Cohesive
normal stress of the ice (1.10 MPa at —5°C (glaze ice) and 1.16 MPa at
—10°C (mix ice), values measured for atmospheric ice accretions using
method described in [47]), s: Curve length (0.01 m), I¢' Ice shedding
length (m) (measured after shedding), @: Rotation speed during icing
and shedding (rad/s) (controlled), e: Ice thickness at shedding position
(m) (measured after shedding). In the scale-up process of ice adhesion
testing, the SRB test marks a turning point where ice failure is no longer
fully adhesive. Although the ideal failure scenario for the test is one
where the full iced surface area shears off at the lowest ice thickness, in
most cases, only a fraction of the ice-covered surface detaches from the
blade. The failure mode is mixed where at a specific point, ice will
fracture both cohesively through the thickness and adhesively along the
interface towards the blade tip.

The coated blade’s performance was evaluated against that of un-
coated Aluminum blades under controlled experimental conditions at a
constant rotational speed of 2000 RPM to obtain similar tip speed than a
real V90 wind turbine blade, across two icing scenarios, with ambient
temperatures of —-5°C and -10°C, as outlined in Table 1.
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Table 1
Test Conditions for Coating Evaluation at Two Temperatures by the SRB method.
Condition IWT SRB
Speed Temperature LWC MVD SRB Blade Tip Speed Blade Tip speed Angle of Attack (AOA)
m/s °C g/m? pm Speed m/s km/h °
RPM
1 10 -5 0.5 25 2000 80 300 0
2 10 -10 0.5 25 2000 80 300 0

2.5.7. Large scale rotating ice accretion and shedding test bench

Comprehensive lab-scale characterization is essential for establish-
ing a performance baseline for ice protection coatings under controlled
and repeatable conditions. While these tests offer high precision and
environmental control, they may lack representativity of full-scale
operational environments. Bridging this gap is key to evaluating
coating performance for wind turbine ice protection and understanding
the extent at which it can be efficient to identify future improvement
needs. In this study, a large-scale test bench is therefore used to char-
acterize ice shedding with the presence of the coatings in a more
representative way and establish a scale-factor correlation of the coating
properties to help predict its effect at full scale.

The large-scale test bench is a centrifugal adhesion test bench
composed of a horizontal axis 2.6 m diameter rotor equipped with two
NACA 0012 blades. Testing is performed in two separate phases. First,
the ice is accumulated on the rotor under controlled freezing rain pre-
cipitation at a slow rotation speed. Second, precipitation is stopped, and
the iced rotor is slowly accelerated at 10 rpm/s until the ice detaches
from the blades by centrifugal force. Similar to the procedure described

Rails

Protective
cage

for the SRB in Section 2.5.6, tice is determined by subtracting the
cohesive portion of the failure from the total centrifugal force acting on
the detached ice block. This is achieved by precisely measuring the
cohesive fracture surface with a three-dimensional numerical scanner
and combining it with the estimated ice cohesion strength to calculate
the cohesive force. The adhesive surface area is also obtained using
during the scanning process. The estimated cohesive strength of the ice
is obtained using a secondary tensile test apparatus [47] under the same
experimental conditions. During the icing phase, rotating cylinders are
positioned near the rotor to accrete ice simultaneously and a tensile test
is used to obtain the corresponding cohesive strength of the ice. The
rotor blades can be changed to evaluate different substrates and char-
acterize the performance of different ice protection systems at a larger
scale. The rotor stand is installed in a tall cold chamber that includes
vibration sensors, temperature probes at four different heights in the
chamber, surveillance cameras, high-speed camera and a spraying ramp
at the upper most point of the chamber, as depicted in Fig. 3 This system
is equipped with numerous protective equipment and enclosed in a
protective cage. A spraying system is installed at eleven meters from the

Spray ramp
(11 m above ground)

Steel shaft
(3" dia.)

Pulley-Belt
transmission

Bearings

100 HP electrical
motor

Support
frame

Fig. 3. Diagram of the large-scale test bench inside the cooling chamber.
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ground in the cold room to simulate ground atmospheric icing. The
system consists of 6 Spraying Systems sprinklers disposed in line to cover
the entire width of the rotor from above which can be set to simulate a
wide range of icing intensity and droplet MVD. After ice shedding,
blades are weighed once more to measure the mass of ice shed and the
cohesive and adhesive surface areas of the failure are obtained by 3D
scanning. Ice adhesion is then estimated using the same equation pre-
sented earlier for the SRB (Eq. 3). Fig. 4 shows an example of ice
accumulation on the blades and numerical model of the ice resulting
from the three-dimensional scan operation used to measure the ice shape
and analyze its type. It also includes the corresponding post-shedding
numerical scan, where the highlighted regions clearly indicate the ad-
hesive fracture area, one of the primary areas of interest, along with the
much smaller cohesive zone observed at the fracture point.

3. Results and discussion
3.1. Surface characterization

The water contact angle, CAH and sliding angle results are presented
in Table 2. The Lotus Dry coating exhibited a contact angle of approx-
imately 100° and a CAH of 10°, classifying it as hydrophobic [48]. In
comparison, the reference Gelcoat (VIBRIN G290AA) showed a lower
WCA and higher CAH. Although low CAH is an important indicator of
ice-repellent behavior and places the Lotus Dry coating within the
category of icephobic surfaces [18,49], it alone does not confirm ice-
phobicity. Therefore, further tests are conducted to validate its ice-
phobic performance. This dual classification demonstrates the coating's
potential for applications requiring both high hydrophobicity and effi-
cient water shedding.

3.2. Evaluation of the mechanical durability of the coating

3.2.1. Tensile strength

According to the test results presented in Fig. 5, the commercial
coating free films behave as a brittle material, fracturing with little to no
elastic deformation at both room and -35 °C. The elongation at break
was consistently low, averaging 1.25 % at room temperature and 0.53 %
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Table 2
Surface Characterization.

Item Description Lotus Dry Gelcoat (VIBRIN G290AA)
WCA ~100° + 2.2 ~84°+1.9
CAH ~10° £ 1.6 ~55° £1.2
Sliding angle ~18° £+ 0.3 ~30° + 0.4

at low temperature, both below 2 %, which reflects their limited flexi-
bility. Additionally, the Lotus Dry coating showed low yield strength,
averaging 10.9 MPa at room temperature and 8.9 MPa at low temper-
ature. Notably, the Gelcoat (VIBRIN G290AA) could not be character-
ized by tensile testing due to its extremely fragile nature.

It should be noted that tensile testing of coating free films does not
allow direct conclusions about the mechanical performance of the
coating when applied to a substrate, as substrate—coating interactions
can significantly affect stress distribution, elongation, and overall
durability. Nonetheless, these tests provide useful insights into intrinsic
coating properties, highlighting potential limitations in elasticity and
mechanical strength.

These findings suggest that, while the coating performs better than
the Gelcoat (VIBRIN G290AA), it still lacks sufficient elasticity, an
essential property for applications involving rotating components such
as wind turbine blades. In such systems, coatings must withstand dy-
namic forces from rotation, vibrations, particle impacts, and environ-
mental stresses. High elongation at break is therefore a key requirement
to ensure long-term durability and mechanical reliability.

To address this limitation, future modifications should focus on
improving the coating’s mechanical strength, with particular attention
to enhancing its elongation properties. While improving elongation at
break is essential for withstanding mechanical stress from rotation and
impacts, it is also important to consider wear resistance. Excessively soft
and elastic coatings may degrade faster under environmental exposure
and mechanical erosion. A balanced mechanical profile, combining
sufficient flexibility to prevent cracking with adequate hardness to resist
wear, would be ideal. Therefore, future work should aim to optimize
both elongation (>10 %), as suggested in previous studies [18], while
maintaining adequate hardness to ensure long-term durability.

a)

b)

Fig. 4. a) Iced rotor blades after accumulation phase and corresponding numerical model. b) Iced rotor blades after shedding phase and corresponding numerical

model with highlighted adhesive fracture area.
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Fig. 5. Tensile Test Results at both room and —40°C temperatures.

Moreover, it is important to mention that the substrate and subtrate-
coating systems play an important role in coating’ mechanical perfor-
mance and substrates can control s

3.2.2. Rain erosion

The performance of the commercial coating under rain erosion
conditions is summarized in Table 3. According to the standardized
evaluation method outlined in ISO-TS-19392-2:2018, the coating
qualifies as durable surface, owing to its consistent performance
throughout the testing process.

The coating endured over 6000 water droplet impacts at a jet ve-
locity of 160 m/s, simulating the harsh weathering conditions typically
faced by wind turbine blades. Notably, no visible surface degradation,
delamination, or loss of functionality was observed, as confirmed by
unchanged water contact angles (WCA~101° + 1.3), demonstrating
excellent mechanical resilience and surface stability under high-velocity
impact.

Although tensile testing revealed that the coating behaves as a brittle
material, showing low elongation at break and no plastic deformation,
its strong performance under rain-erosion loading indicates that brittle
behavior in free-film tension does not directly translate to poor impact
resistance when the coating is well adhered to a rigid substrate. In this
configuration, the coating’s high hardness, scratch resistance, and
strong interfacial adhesion allows it to withstand localized, high-
velocity impacts. Rather than relying on bulk elasticity, the coating re-
sists damage through sufficient surface toughness, cohesive strength,
and the ability of the substrate—coating system to share and redistribute
the impact stresses. This contrast highlights that brittleness under uni-
axial loading does not necessarily correlate with poor behavior under
repeated impact, and that hardness, more than elasticity, is the key
property governing resistance to erosive wear. Evaluating coatings
under multiple mechanical stress modes therefore remains essential for
capturing their true in-service performance.In contrast, the gel-coated
reference samples began showing damage before 6000 impacts,
including surface wear, micro-cracking, and partial coating removal.
This direct comparison highlights the superior erosion resistance of the
silicone-epoxy coating, which retained both its structural integrity and
functional surface properties after prolonged exposure to aggressive

Table 3
Rain Erosion Test results for both gel-coated and Lotus dry coated samples.
Samples Number of Results
impacts
Gelcoat (VIBRIN G290AA) < 6000 The coating seems to come off the
surface in chunks rather than at the
precise points of impact
Coating (Gelcoat (VIBRIN > 6 000 No evidence of surface damage

G290AA) + Lotus Dry
top layer)

conditions.

These findings suggest that the commercial coating is a promising
candidate for long-term application in high-impact environments, such
as the leading edges of wind turbine blades. Its ability to withstand
repeated mechanical stress without loss of performance enhances its
viability as a durable passive icephobic solution, supporting improved
operational reliability and reduced maintenance in cold climate energy
systems.

The pictures of coated beams after the rain erosion test are presented
in Fig. 6:

3.2.3. Abrasion Resistance

All three Lotus Dry-coated samples demonstrated excellent abrasion
resistance, with an average wear index of 72 mg/1000 cycles and no
significant material loss or visible surface degradation after testing
(Fig. 7). These results should be interpreted in the context of the unique
characteristics of silicone-epoxy systems. Unlike neat, rigid epoxy for-
mulations, silicone-epoxy hybrid coatings are distinguished by their low
surface energy and inherent flexibility. Neat epoxy coatings typically
exhibit a substantially higher wear index of approximately 115 mg/
1000 cycles, indicating a more brittle failure mechanism and greater
mass loss [50-52]. The relatively lower wear index of the silicone-epoxy
coatings, combined with the absence of delamination or visual degra-
dation, suggests that wear occurs primarily through controlled surface
deformation rather than fracture or particle loss. These findings high-
light the distinctive wear behavior of silicone-epoxy coatings and their
suitability for applications such as wind turbine blades, where coatings
are expected to undergo prolonged mechanical stress and environmental
exposure while preserving key functional properties.

3.3. Assessment of coating icephobicity

3.3.1. Ice nucleation temperature

Fig. 8 shows that the commercial coating had a lower average ice
nucleation temperature (-16.7 + 0.05 °C) than the reference Gelcoat
(VIBRIN G290AA) (-14.5 4 0.03 °C), based on measurements from three
independent samples of each, suggesting delayed ice formation. This
behavior can be attributed to its low surface energy, hydrophobicity,
and flexible silicone-rich domains, which reduce the likelihood of water
molecules organizing into a stable ice nucleus at the interface compared
to the more rigid and polar polyester Gelcoat surface. As a result, the
coating not only delays ice nucleation but also plays a significant role in
minimizing ice accumulation and facilitating ice removal after
formation.

3.3.2. Freezing delay time

The silicone-epoxy coating delayed ice formation by approximately
1020 s in a controlled environment at —15 °C, compared to 540 s for the
Gelcoat. This prolonged freezing time is a clear indication of the
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Fig. 6. Rain erosion test results showing the performance of a) the eroded gel-coated surfaces and b) the epoxy-silicone coated sample, which remained non-eroded.

Fig. 7. Surface of the coating after abrasion test, exhibiting minimal wear and
no significant damage.

—— LotusDry
—— Gelcoat

Heat Flow (W/g)

2 #\
K\

-40 -30 -20 -10 0 10 20 30 40

Temperature (°C)

Fig. 8. The average ice nucleation temperatures (INtemp) for the Gelcoat and
Lotus Dry coatings.

coating's superior resistance to ice nucleation, which is a critical factor
in the development of effective anti-icing surfaces. By impeding the
initial formation of ice crystals under subzero conditions, the coating
significantly enhances operational reliability and safety, especially in
scenarios where ice accumulation can lead to mechanical failure or
reduced system performance. The ability to delay freezing not only
minimizes the frequency of required maintenance interventions but also
contributes to energy savings by reducing the need for active de-icing

methods such as heating or chemical treatments. Beyond this improve-
ment, the coating also demonstrates promising anti-icing behavior, as
evidenced by its low tice and efficient ice-shedding capability, which
are detailed in the following sections. Fig. 9 illustrates the frozen water
droplet on the silicone-epoxy coated coupon after 1020 s at —15 °C.

3.3.3. Push-off adhesion test

Six substrates were prepared in total, with three coated with Gelcoat
(VIBRIN G290AA) and three with Lotus Dry, and tice of an ice mold on
each surface was measured using a custom-built push-off test. The Lotus
Dry-coated substrates exhibited an average tice of 8.3 1.1 kPa,
remaining well below the 20 kPa benchmark [53-55]. In contrast, the
gelcoat showed a significantly higher tice of 13.7 & 3.9 kPa, although
still below 20 kPa benchmark. For reference, bare aluminum displayed a
much higher tice of 128.9 + 11.9 kPa. These findings suggest that
lateral shear detachment is strongly influenced by surface chemistry.
The substantial reduction in push-off force for Lotus Dry-coated samples
indicates excellent practical ice-shedding potential, as surfaces with tice
values below 20 kPa are typically considered optimal for anti-icing ap-
plications [37,56].

3.3.4. Icing/De-icing cycles by push-off adhesion test

Throughout 50 icing/de-icing cycles which carried out by a home-
made push-off device, the average tice remained consistently low,
19.6 + 3.6 kPa for the Lotus Dry coating, as illustrated in Fig. 10. The
consistently low values of tice (below 20 kPa) observed throughout
these tests indicate that the coating’s icephobic properties were well-
preserved, ensuring reliable performance over extended periods of
exposure to icing conditions [57-62]. Notably, the long-term stability
and durability of its anti-icing functionality make it well-suited for use
on wind turbine blades and other critical outdoor infrastructure exposed
to severe winter weather. This reliability can contribute to enhanced
operational performance, reduced downtime, and lower maintenance
costs, underlining the coating’s strong potential for large-scale deploy-
ment in cold-climate technologies.

Fig. 9. Frozen water droplet on the surface of the coated coupon after 1020 s
at —15°C.
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Fig. 10. Ice adhesion strength of the silicone-epoxy coating after 50 icing/de-
icing cycles.

3.3.5. Ice adhesion performance across conditions and test methods

The different ice adhesion assessment methods presented were tested
under two conditions, warmer (—5 °C) and colder (—10 to —12 °C)
temperatures. Due to the differences in scale, ice types and ice detach-
ment modes, the comparison of these methods is rendered a complex but
hugely insightful analysis. The following section presents the shapes and
types of ice obtained at different temperatures for each ice adhesion test
as well as the type of detachment for each sample. The test samples
appearance is greatly influenced by the precipitation parameters, rota-
tion speed, and the type of fracture that leads to the ice shedding.

Figs. 11 and 12 present result examples for the CAT tests at —12°C
and —5°C respectively. For each temperature, a total of 18 repetitions
were performed: 6 on aluminum, 6 on gelcoat, and 6 on LotusDry—
coated surfaces. Results at warmer temperatures involve mostly purely
adhesive failure, while the second type of failure (cohesive), typically
obtained at colder temperatures (Fig. 12). The cohesive failure for
aluminum substrates as can be observed in Fig. 11b, while gelcoat and
Lotus Dry retained adhesive predominant failure modes (Fig. 11c and d).

Figs. 13 and 14 show ice formation under both conditions and the
types of ice shedding for the SRB and large-scale test benches. For the
SRB tests, 3 repetitions were performed at -5 °C and 2 repetitions at -10
°C for each of the aluminum and LotusDry—coated blades. Additionally,
6 repetitions at -5 °C and 6 repetitions at —12 °C were conducted for the
large-scale tests across all surface types. As shown in Fig. 12a the sub-
strate wettability significantly affected the ice formation process under
warmer accumulation conditions, due to the presence of a wet regime,
resulting in non-uniform ice growth. This can significantly influence the
measured adhesion strength during testing. This was not observed for
the large-scale rotor and SRB, probably this is explained by the air flow
caused by the rotation, improving dissipation of latent heat and impact
ice formation vs ground icing (CAT).

Push-off adhesion failure results were excluded from direct com-
parison with CAT, SRB, or large-scale tests, as the ice used was molded
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rather than atmospheric, and the applied strain rate did not reflect the
failure conditions of the other tests. Nevertheless, the push-off results
are included to provide context, as many studies in the icephobic-
coating literature rely on molded-ice adhesion tests to infer perfor-
mance. By comparing these results with CAT, SRB, and large-scale at-
mospheric icing measurements, it becomes clear that molded-ice tests do
not necessarily predict in-service performance. This highlights a key
limitation of relying solely on push-off or molded-ice measurements and
underscores the importance of using more representative icing condi-
tions for evaluating coating behavior. Additionally, since the ice studied
here was produced while simulating atmospheric accretion, with drop-
lets freezing upon contact, factors such as freezing delay and nucleation
temperature are not relevant for this analysis and are also not
considered.

A detailed analysis of the ice adhesion data under both conditions
reveals distinct performance trends across different substrate types and
testing methods, as summarized in Table 4. The following discussions
explore the influence of substrate composition, temperature variation,
and consistency across testing methods, supported by quantitative
comparisons to highlight the reliability and significance of the results.

3.3.5.1. Inter-method correlation and reliability. A comparative analysis
of CAT, SRB, and large-scale results reveals key insights into the reli-
ability and representativity of each method. For the aluminum results,
SRB and large-scale test values showed significant alignment. When
compared to CAT, the SRB and large-scale tests resulted in lower
adhesion values, averaging about 58 % lower (SRB) and 57 % lower
(large-scale) than CAT results. For instance, at —12°C, CAT measured
0.54 MPa on aluminum, compared with 0.25 MPa for large-scale (a
difference of 116 %), while for Gelcoat the gap was even larger (0.47 vs
0.16 MPa, 194 % higher). In contrast, SRB and large-scale results were
much closer to each other, differing on average by less than 10 %, which
suggests that these two methods yield consistent results as the test is
scaled up.

CAT differs in that failures typically involve the complete detach-
ment of ice over a small, well-controlled sample. This keeps the failure
mechanism largely strength-dominated, enabling accurate measurement
of adhesion strength. Larger-scale configurations such as the SRB and
large-scale rotor tests result in a combination of cohesive (through-
thickness) and adhesive fracture, since only a portion of the ice sheds
while a residual remains attached to the rotating structure. As the scale
increases, the failure mechanics transition to being governed by the
strain energy dissipation, the presence of flaws and complex stress
states.

It is worth noting that these differences are influenced not only by
the scale of the setups but also by the geometry of the test specimens. In
both the large-scale and SRB tests, ice forms around the curved leading
edge of the blade and tends to detach through a mix of adhesive and
cohesive failure. In contrast, the CAT test forms ice on a flat surface with
a shorter interface, with the adhesion plane parallel to the direction of

b)

)

d)

Fig. 11. a) CAT blades ice accumulation in —12°C on aluminum, gelcoat and Lotus Dry. b) Example of CAT blade result at —12°C on aluminum showing partial ice
detachment c¢) Example of CAT blade result at —12°C on gelcoat with minor ice residual. ¢) CAT blade result in —12°C on Lotus Dry showing adhesive failure with

complete ice detachment.
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a)

L

i

Fig. 12. a) CAT blades ice accumulation in —5°C on aluminum with inconsistent solidification. b) CAT blade result in —5°C on aluminum. C) CAT blade result in —5°C
on Lotus Dry with complete ice detachment.

Fig. 13. a) Ice accumulation on SRB blade at —5°C for Lotus Dry. b) SRB test result at —5°C for Lotus Dry, c) Ice accumulation on SRB blades at —12°C on Lotus Dry,
d) SRB test result at —12°C on Lotus Dry.

a)

Fig. 14. a) Ice accumulation on Large-scale blade in —12°C on Lotus Dry. b) Large-scale test result in —12°C on Lotus Dry. c¢)Ice accumulation on Large-scale blade in
—5°C on Lotus Dry. d) Large-scale test result in —5°C on Lotus Dry.

spinning, leading more often to purely adhesive failure. In SRB and equal to the combined adhesive and cohesive limits of the ice acting over
large-scale methods, it is assumed that at failure, the centrifugal load is the area of the shed piece. However, this assumption neglects fracture
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Table 4
Ice adhesion strength of various substrates measured at different temperatures
(-5 °C to —12 °C) using multiple testing methods.

Samples  Tests 7 ice at warmer 7 ice at colder Temperature
Temperature (-5°C)
CAT SRB Large- CAT SRB Large-
kPa kPa scale (-12°C) (-10°C)  scale
kPa kPa kPa (-12°Q)
kPa
Aluminum 290 110 170 540 230 250
+£40 +£2  +60 + 81" + 30 + 40
Gelcoat 270 - 110 470 160
+50 +10 +70 +20
Lotus Dry 76 27 50 146 101 60 + 30
+ 50 +9 + 30 + 10 + 49

1.CAT tests at —12°C for aluminum were corrected by removing the cohesive
component from the centrifugal force at failure, like the method described for
SRB.

mechanics and material defects, where failure may initiate and propa-
gate either within the ice volume or along the interface. This explains
why adhesion strength values from SRB and large-scale result in lower
values than for CAT as the adhesion force is independent of the surface
area of the detached ice block when failure is toughness-controlled.
Further investigation into the fracture mechanics of partial ice detach-
ment is needed to establish a more reliable relationship between CAT-
measured adhesion strength, the stiffness and tensile strength of ice,
and the interfacial fracture toughness, as well as the partial shedding
observed on more complex structures. Such work is essential to better
predict the timing and location of fracture during ice accretion.

Interestingly, the trends across the three measurement methods are
consistent. Using the adhesion reduction factor (ARF), defined here as
how many times adhesion on aluminum is higher than on Lotus Dry,
Lotus Dry is shown to significantly reduce adhesion. At warmer tem-
peratures, ARF values range from 3.4 to 4.1, indicating that adhesion on
aluminum is over three times greater than on Lotus Dry. At colder
temperatures, CAT and large-scale tests show ARFs of 3.7 and 4.2,
respectively. These consistent reductions suggest that while CAT may
better capture adhesion strength as an intrinsic material property, the
effect of adhesion reduction is also clearly reflected in the more realistic
SRB and large-scale methods.

Large-scale and SRB test benches both have partial shedding of the
ice when the rupture point is attained. Because of their difference in size,
this behavior can be used to analyse the shedding ratio and extrapolate
to build predictions on the behavior of the ice on full scale wind tur-
bines. Table 5 presents a comparison of the ice shed length for both
testing methods.

Large-scale and SRB testing differ in their approaches but provide
complementary insights. In large-scale testing, ice is accreted to a target
thickness at low rotation speeds, after which the speed is gradually
increased until shedding occurs. This procedure simulates a wind tur-
bine that has accumulated ice under light wind conditions and later
attempts to operate in stronger winds. For passive coatings, the desired
performance is early shedding at low rotational speeds combined with
high shedding coverage. By contrast, SRB testing involves ice accretion

Table 5
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while the blade is already rotating at a constant speed, representing
operation in sustained high winds. In this case, shedding occurs once a
critical ice mass is reached. For passive coatings, the goal is to minimize
the ice mass required to trigger shedding while maximizing the pro-
portion of the blade that sheds.

In terms of shedding behavior, the percentage of shed length is
comparable between SRB and large-scale at —12°C. However, at the
warmer condition (-5°C), SRB exhibits larger shed lengths. This aligns
with the reduction in ice adhesion at warmer temperatures, which fa-
cilitates more extensive shedding. The absence of a comparable increase
in large-scale testing may be attributed to the delay between ice accre-
tion and centrifugal loading, as well as the greater thermal mass of the
larger blades. This delay allows the ice to stabilize at the ambient -5°C.
In contrast, SRB testing is more dynamic: the thin aluminum-skinned
blades are more susceptible to heating effects, and the latent heat of
fusion released during ice accretion can raise the interfacial tempera-
ture. As a result, the effective interface temperature in SRB may be
higher than in large-scale testing under the same ambient conditions,
favoring earlier and more extensive shedding.

For the Lotus Dry coating, its reduced adhesion translates into
shedding at lower loads (lower RPM in large-scale and lower accreted
mass in SRB). However, shedding lengths are not significantly different
from aluminum, suggesting that adhesion alone does not fully dictate
the extent of shedding. Shedding typically occurs in the tip-most region
of the blade, which is beneficial for the recovery of aerodynamic per-
formance in wind turbine applications. Maximizing shed length while
minimizing adhesion strength therefore represents a promising direction
for future coating development. Equally important is the need to better
understand the stress states that govern ice shedding. The discrepancies
observed between adhesion measurements from CAT, SRB, and large-
scale methods indicate that mechanical considerations, such as static
versus dynamic loading, or partial-shedding (SRB, large-scale) versus
complete detachment (CAT), play a key role in the adhesion strength
measurements.

Overall, SRB tests offer strong predictive value for field-scale adhe-
sion behavior, particularly when assessing passive coatings under dy-
namic conditions. Large-scale tests are even more representative but are
limited by lower test throughput and higher resource requirements.
Meanwhile, CAT remains useful for material screening and assessing
temperature effects but may overestimate adhesion due to its simplified
loading configuration.

3.3.5.2. Influence of substrate composition. Across all tested substrates,
aluminum consistently exhibited the highest adhesion values in CAT,
SRB, and large-scale tests. For example, CAT measurements for
aluminum increased from 0.290 MPa at —5°C to 0. 54 MPa at —12 °C,
highlighting its strong ice-substrate bonding affinity and poor icephobic
properties. Notably, CAT cold-condition results for aluminum showed
cohesive failure in addition to adhesive failure (partial ice detache-
ment), due to high ice/aluminum adhesion strength. Gelcoat (VIBRIN
G290AA) showed slightly lower, yet comparable, adhesion values. On
average across all testing methods, the gelcoat demonstrated an adhe-
sion reduction factor (ARF) of 1.35 compared to aluminum.

In contrast, the Lotus Dry-coated surfaces exhibited significantly

Ice Shedding Length in Partial Failure Mode Comparison for Large-Scale Tests and SRB Tests on All Substrates.

Temperature (°C) Substrate Average Shed Length (mm) Percentage of blade length shed (%) Standard Deviation (%)
Large-scale SRB Large-scale SRB Large-scale SRB
-12 Aluminum 362 89 28 % 28 % 2% 5%
Gelcoat (VIBRIN G290AA) 352 N/A 27 % N/A 7 % N/A
Lotus Dry 366 100 28 % 32% 17 % 7 %
-5 Aluminum 334 146 26 % 46 % 4% 5%
Gelcoat (VIBRIN G290AA) 388 N/A 30 % N/A 5% N/A
Lotus Dry 305 126 23 % 40 % 10 % 1%
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lower ice adhesion in all test configurations. CAT results showed adhe-
sion strength of 0.076 MPa at —5 °C and 0.146 MPa at —12 °C, which are
significantly lower than both aluminum and gelcoat. Notably, Lotus Dry
applied on a gelcoat base layer showed the lowest adhesion under large-
scale tests, with values of 0.05 MPa at —5 °C and 0.06 MPa at —12 °C.
The average ARF for the Lotus Dry coating was 3.57, confirming its
strong potential to significantly reduce ice adhesion on wind turbine
blades.

The fact that the ARFs are stable in between test methods and show
similar values for substrate comparison highlights the potential of both
small scale and scaled-up testing methods and confirms that they can
accurately represent substrate behavior without introducing significant
error in their performance evaluations. Smaller scale tests are quick and
inexpensive, great for screening multiple formulations, and larger scale
setups allow to obtain a comprehensive characterisation of well-rounded
products, allow to assess durability and act as a last step before field
tests.

3.3.5.3. Temperature dependence of ice adhesion. A general trend of
increasing adhesion with decreasing temperature was observed,
particularly for uncoated substrates, consistent with literature reports of
enhanced adhesion at lower temperatures, typically up to a critical point
around —20 °C, beyond which adhesion strength may begin to decline
[63]. This trend is also influenced by changes in the ice composition: as
temperatures move away from 0 °C, glaze ice exhibits stronger adhesion,
but this behavior changes as conditions transition toward rime ice,
which has different mechanical properties and weaker bonding [64,65].
Additionally, for all substrates tested, a greater variability in ice adhe-
sion results was observed in warmer temperatures, especially on the
Large-scale test bench. The greater variability observed at —5°C is
attributed to differences in ice morphology and freezing dynamics, but
also to a lesser precision for this test bench in the range of lower
adhesion values.

Across all testing methods, the average increase in adhesion strength
under colder conditions was 1.8 for aluminum, 1.6 for gelcoat, and 2.3
for the Lotus Dry coating. The similar trend observed for gelcoat and
aluminum suggests that their adhesion increase with colder tempera-
tures is more characteristic of the ice itself rather than the substrate. In
contrast, the stronger temperature dependence observed for Lotus Dry
suggests that its surface properties may accentuate thermal effects.
Moreover, the Lotus Dry coating demonstrated stable adhesion perfor-
mance across both tested temperatures, confirming that Lotus-based
surfaces maintain consistent ice adhesion and shedding behavior. This
supports their temperature-independent anti-icing effectiveness, which
is a desirable feature for real-world applications in fluctuating atmo-
spheric conditions.

In both tested conditions, the Lotus Dry is significantly less adhesive
than the base substrate for wind turbines. These results support the
hypothesis that ice formed at temperatures close to 0°C adheres less and
demonstrate that the icephobic coating significantly reduces ice adhe-
sion compared to the gelcoat. In the field, the application of this coating
could translate into shorter downtimes for wind turbines. Lower adhe-
sion increases the likelihood of natural ice shedding due to centrifugal
forces during rotation or environmental factors such as wind and solar
radiation. This passive protection system could enable turbines to
resume operation more quickly after icing events or even continue
spinning during moderate icing and shedding ice without requiring a
complete stop. Furthermore, coatings like this could complement elec-
trothermal de-icing systems by reducing the energy required for ice
removal, particularly in areas of the blade where active systems are less
efficient. This confirms its potential performance for practical applica-
tion on wind turbine blades exposed to icing conditions.
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4. Conclusion

Ice accumulation on wind turbine blades remains a critical challenge
for energy efficiency and reliability. To evaluate how material properties
translate into functional performance, our study assessed a commercial
silicone-epoxy coating by linking mechanical strength, wettability, and
freezing delay to multi-scale ice adhesion tests. Results showed that
longer freezing delays and lower contact angle hysteresis correlated
with improved icephobicity across push-off, CAT, SRB, and large-scale
tests. Differences in adhesion values across test methods were traced
to distinct adhesion-dominated versus cohesion-dominated failure be-
haviors. Adhesion-dominated failures, characterized by clean ice
detachment from the surface, are preferable for anti-icing performance
and were more frequently observed in CAT and push-off tests. On the
other hand, cohesion-dominated failures, which occur within the bulk of
the ice, indicate either a stronger interface or the presence of localized
stress concentrations. Mixed cohesive-adhesive failures were typically
observed in SRB and large-scale measurements, further reflecting the
complex nature of ice detachment under realistic conditions. Overall,
this study offers an integrated evaluation strategy, combining material-
level properties with multi-scale testing to better predict field perfor-
mance. The consistency between dynamic lab tests and large-scale
outcomes validates the coating’s icephobicity and underscores the
need to consider both interfacial mechanics and scale when designing
and evaluating anti-icing coatings. This work represents a significant
step toward translating laboratory coatings into field-ready solutions for
wind turbines and similar applications.
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