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Abstract: Ice accumulation on wind turbine blades reduces power generation efficiency and increases
wind turbines’ maintenance cost, even causing equipment damage and casualties. In this work,
in order to achieve passive anti-icing, a series of nano-pillar array structures with different diameters of
from 100 to 400 nm and heights of from 400 to 1500 nm were constructed on the substrate bisphenol-A
epoxy resin, which is generally used in the manufacturing of wind turbine blades. The as-constructed
functional surface showed excellent water repellence, with a contact angle of up to 154.3◦. The water
repellence on the nano-pillar array structures could induce ultra-low ice adhesion as low as 7.0 kPa,
finding their place in the widely recognized scope of icephobic materials. The underlying solid–ice
interface mechanism was well revealed in regard to two aspects: the interface non-wetting regime and
the stress concentration behavior on the nano-pillar array structured surface. A detailed discussion on
both the factors presented here will help surface structure design and function of icephobic materials,
especially for epoxy-based composite materials.
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1. Introduction

Ice accumulation on wind blades affects turbines’ efficiency and makes the corresponding
maintenance more expensive and difficult [1,2]. Active de-icing methods to deal with such problems
are currently mainstream, such as heating and mechanical vibration. The extra functional adjuncts are
mainly attached to the wind turbines to reduce or avoid ice accumulation [3,4]. However, such methods
require a separate power supply and make maintenance procedures difficult and costly. Hence, a passive
anti-icing strategy based on the material’s own hydrophobic/icephobic characteristics was quickly
developed and has gained increasing attention in recent years [5–7].

Since the secret of the lotus leaf was discovered [8], many researchers proposed superhydrophobic
materials as the pivotal point in the search for a passive anti-icing regime [9], as the air layer
between the droplet and substrate could block the heat transfer in freezing conditions and result in
an icing delay effect [10–14]. Moreover, various anti-icing/icephobic surfaces were built by imitating
natural structures such as the lotus and nepenthes [5,15] to change the interface state by introducing
an air layer and a lubricating layer on micro- and nano-structure surfaces [16–19]. On this basis,
researchers have successively fabricated various hierarchically structured superhydrophobic coatings
with excellent anti-icing performance [14,20,21]. Furthermore, icephobic silicone rubber and its coatings
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were developed with ultra-low ice adhesion [7,22–24], with some even displaying Pa-levels [19].
Such progress indicates the great application value for icephobic materials. However, recent research
on icephobic materials is primarily based on soft elastic materials, such as polydimethylsiloxane
(PDMS) [22,23,25], hydrogels [19,26], polypropylene (PP) [27], and polystyrene (PS) [28], which are
seldom used in the wind turbine manufacturing industry. Relevant studies on icephobic epoxy resin
and its composite materials are, therefore, of utmost necessity.

It is widely recognized that materials’ surface adhesion behavior is influenced by four major
forces: hydrogen bonding, van der Waals force, mechanical force, and electrostatic interaction [3,29].
Changes in one or more of these factors can cause significant changes to the functioning of the solid–ice
interface state [30]. In recent research on the solid–ice interface mechanism for low ice adhesion,
ice stripping mechanisms were studied based on the solid–ice interface’s mechanical force, especially on
the relationship between ice adhesion behavior and micro-structure morphology [31,32]. Since the other
three forces, namely, hydrogen bonding, van der Waals force, and electrostatic interaction, are related
to the chemical properties of the material itself [22], they are not easy to alter to have a further impact
on icephobicity. Generally speaking, water vapor condenses quickly in micro-structures at the dew
point [33], causing the supercooled micro-droplets to permeate the voids of microstructures before ice
formation. Moreover, newly formed ice crystals tend to grow into the structure voids, compressing
the suspended water droplet’s air layer. Therefore, it is not easy to keep naturally formed solid–ice
interfaces in the Cassie–Baxter state. When the microstructure is filled with ice, the so-called interlock
effect makes the ice adhesion strength increase significantly [31,32,34]. In this case, even if there is ice
detached from the surface, it is more likely that the fracture occurs inside the ice rather than at the
ice–substrate interface [31].

Nonetheless, it is also reported that ice adhesion strength could be deficient at some nano-structured
superhydrophobic surfaces due to the air layer being kept in the Cassie–Baxter state [35,36]. In other
words, the air layer in the interface between ice and substrate serves as a crack initiator for the
subsequent de-icing procedure. Still, current studies on how nano-structures influence ice adhesion
are mainly based on disordered nano-morphology. The studies on ordered micro- and nano-structures
have only begun in recent years [28]. In such a context, nano-scale morphology is random and can
barely be reproduced by other processing methods. For instance, the geometrical characteristic (such as
structure volume fraction) of nano-wires produced by the hydrothermal method are beyond count.
The icephobic law on such surfaces is associated with fabrication parameters (time, temperature,
and etching solution) rather than geometrical characteristics, which can be directly used as a reference
under different conditions. A universal solid–ice interface mechanism regarding how nano-structures
influence ice adhesion behavior will significantly strengthen the development of a passive anti-icing
strategy [3,22,31].

In this work, we constructed a series of nano-pillar arrays on an epoxy surface; the diameter and the
height of the nano-pillar were precisely controlled using the anodic aluminum oxide (AAO) templating
method. This study investigates the internal relationships between nano-structure, non-wetting
behavior, and ice adhesion behavior. This study aims to reveal the universal solid–ice interface
mechanism on the nano-structured epoxy surface.

2. Materials and Methods

2.1. Materials

The AAO membranes (20 mm × 20 mm × 1 mm) used to fabricate the nano-pillars were purchased
from Shenzhen Topmembranes Technology Co., Ltd., Shenzhen, China. Diglycidyl ether of bisphenol
A-based epoxy resin (LT5078 A) and curing agent (LT5078 B) were procured from Wells Advanced
Materials (Shanghai) Co., Ltd., Shanghai, China. Fluoroalkylsilane (FAS-17) was obtained from Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan. Analytical grade phosphoric acid, hydrochloric acid, copper
chloride, and ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd., Nanjing, China.
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2.2. Sample Preparation Procedure

To explore the influence of the structure volume fraction and nano-pillar height on the wettability
of epoxy resin, the experiment was conducted using 10 different sizes of AAO membranes with pore
diameters ranging from 100 to 400 nm and a pore depth ranging from 400 to 1500 nm. The diaIn
a particular fabricating technique, as illustrated in Figure 1, epoxy resin was configured at a mass
ratio of 10:3 by adding 1 wt % FAS-17. The as-prepared liquid resin mixture system was stirred by a
magnetic bar for 15 min to make the mixture uniform, and the rotation speed was set at 6000 rpm.
The uniformly mixed epoxy resin system was degassed in an ultrasonic cleaner (Skymen, JP-010T,
Shenzhen, China) for 15 min with an ultrasonic frequency of 100 kHz at 30 ◦C. After the degassing
procedure was completed, 5 mL of epoxy resin was added to the AAO template and cured for 2 h
at 60 ◦C in a vacuum maintained within 80 to 200 Pa. After the completion of curing procedure,
the aluminum matrix in AAO membranes was removed by dissolving it in 3 wt % copper chloride and
50 wt % hydrochloric acid aqueous solutions [37]. The residual alumina was removed by dissolving it
in an aqueous solution of 10 wt % phosphoric acid at 45 ◦C for 1 h [38], finally obtaining the epoxy
resin film samples with nano-pillar arrays.
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Figure 1. Schematic presentation of the fabrication process of the nano-pillar structured EP surface.

2.3. Surface Characterization

Surface morphologies of the AAO templates and the nano-structured epoxy surface were viewed
with scanning electron microscopy (Hitachi S4800, Tokyo, Japan). The EDS data were collected by
an EDS detector (Hitachi S4800, Tokyo, Japan). Prior to the imaging and EDS detection, the epoxy
samples were covered by a 3 nm layer of gold by a sputter coater (Cressington 208HR, Watford, UK).
FTIR spectra (Nicolet Nexus670, Madison, WI, USA) were recorded to determine the organic groups
on the epoxy surface.

2.4. Non-Wettability Test

The contact angle of a 4 µL reference water droplet with the sample surface was measured using
a contact angle analysis meter (Kruss DSA100, Hamburg, Germany). The mean value of the five
measurements was also determined. The surface energy of different EP surfaces was determined by
the contact angle data measured under two kinds of droplets, deionized water and ethanol, which are
polar and weakly polar liquids, respectively. The calculation was automatically accomplished by a
series of python codes, presented in Appendix ??.

2.5. Ice Adhesion Test

The ice adhesion strength was measured by a home-made device, mentioned in a paper published
before [29]. The sample was placed on a self-made pillar-shaped polypropylene container (ϕ = 10 mm,
h = 30 mm) filled with deionized water, and then kept at −18 ◦C freezing in a refrigerator for more than
24 h. After the ice column was stuck to the sample surface, the samples sticking with the ice column
were carefully transported to a −18 ◦C cooling plate and kept for another 30 min. Then, the peak
detachment force of the ice pillar was recorded using a force transducer [39]. Each sample was subjected
to 10 individual ice adhesion strength tests. The formula used for calculating ice adhesion strength
τ was: τ = F/A. F and A represent the recorded peak detaching force and the contact area of the ice
column with the sample, respectively.
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3. Results and Discussion

3.1. Surface Morphologies

The SEM morphology of the nano-pillar arrays is shown in Figure 2. Figure 2a,b is the SEM
images of the pore structure on the AAO template and the copied nano-pillar design on the epoxy
resin, respectively. The diameters of the nano-pore and nano-pillar are 300 nm. The nano-structures are
of honeycomb arrangement. The diameter and spacing distance of the as-prepared epoxy nano-pillar
arrays are consistent with the AAO templates. SEM images of different pore sizes and depths of AAO
templates as well as fabricated epoxy surfaces are illustrated in Figures S1–S3. Detailed geometry
characteristics and standard deviation are recorded at Tables S1 and S2. The sub-image shown in
Figure 2a confirms that the AAO membrane surface appears as orange at room temperature in daylight.
This is because the regular nano-pore arrays of the membrane surface can cause directional light
scattering and refraction when the light is coming in. Due to differences in optical properties between
alumina and epoxy resin, cyan appears on the surface of the resin nano-pillar array, as illustrated in
the inset of Figure 2b, which shows unique scattering and refracting effects of cyan light.

Coatings 2020, 10, x FOR PEER REVIEW 4 of 12 

 

adhesion strength τ was: τ = F/A. F and A represent the recorded peak detaching force and the contact 

area of the ice column with the sample, respectively. 

3. Results and Discussion 

3.1. Surface Morphologies 

The SEM morphology of the nano-pillar arrays is shown in Figure 2. Figure 2a,b is the SEM 

images of the pore structure on the AAO template and the copied nano-pillar design on the epoxy 

resin, respectively. The diameters of the nano-pore and nano-pillar are 300 nm. The nano-structures 

are of honeycomb arrangement. The diameter and spacing distance of the as-prepared epoxy nano-

pillar arrays are consistent with the AAO templates. SEM images of different pore sizes and depths 

of AAO templates as well as fabricated epoxy surfaces are illustrated in Figures S1–S3. Detailed 

geometry characteristics and standard deviation are recorded at Tables S1 and S2. The sub-image 

shown in Figure 2a confirms that the AAO membrane surface appears as orange at room temperature 

in daylight. This is because the regular nano-pore arrays of the membrane surface can cause 

directional light scattering and refraction when the light is coming in. Due to differences in optical 

properties between alumina and epoxy resin, cyan appears on the surface of the resin nano-pillar 

array, as illustrated in the inset of Figure 2b, which shows unique scattering and refracting effects of 

cyan light. 

A slight size deviation between the AAO template and the copied epoxy nano-pillar array is 

observed and marked in the SEM images in Figure 2. As is illustrated, the epoxy nano-pillar diameter 

is 3.6% larger than the pore size in the AAO template. Such deviation is explained as the synergistic 

effect of the size non-uniformity in the AAO template and the volume expansion in the curing 

process. 

 

Figure 2. SEM images of the anodic aluminum oxide (AAO) template and the as-constructed nano-

pillar structured EP surface (d = 290 nm): (a) AAO template; (b) nano-pillar EP array. 

3.2. Characterization of Chemical Compositions 

The FTIR spectra of epoxy resin component (A), curing agent (B), and cured epoxy resin are 

illustrated in Figure S4. The characteristic absorption peak of the amine group almost disappeared in 

the cured epoxy, showing that the resin and curing agent had reacted completely. 

Figure 3 shows the ATR-FTIR spectra of the modified epoxy resin, which contains FAS-17 in the 

amounts of 0, 0.5, 1, 1.5, 2, 2.5, and 3 wt %. The spectra show a characteristic absorption peak of –OH 

group near 3406 cm−1 and a distinctive absorption peak of C–F near 1180 and 1250 cm−1. Meanwhile, 

the peak strength increased with the addition of FAS-17, which is marked in Figure 3, indicating that 

the FAS-17 molecules have been successfully grafted into the molecular chain network of the epoxy 

resin surface. Furthermore, with the increase in the FAS-17 mass fraction, the peak strength does not 

tend to change. This is related to the concentration effect of the fluorine elements. 

Figure 2. SEM images of the anodic aluminum oxide (AAO) template and the as-constructed nano-pillar
structured EP surface (d = 290 nm): (a) AAO template; (b) nano-pillar EP array.

A slight size deviation between the AAO template and the copied epoxy nano-pillar array is
observed and marked in the SEM images in Figure 2. As is illustrated, the epoxy nano-pillar diameter
is 3.6% larger than the pore size in the AAO template. Such deviation is explained as the synergistic
effect of the size non-uniformity in the AAO template and the volume expansion in the curing process.

3.2. Characterization of Chemical Compositions

The FTIR spectra of epoxy resin component (A), curing agent (B), and cured epoxy resin are
illustrated in Figure S4. The characteristic absorption peak of the amine group almost disappeared in
the cured epoxy, showing that the resin and curing agent had reacted completely.

Figure 3 shows the ATR-FTIR spectra of the modified epoxy resin, which contains FAS-17 in the
amounts of 0, 0.5, 1, 1.5, 2, 2.5, and 3 wt %. The spectra show a characteristic absorption peak of –OH
group near 3406 cm−1 and a distinctive absorption peak of C–F near 1180 and 1250 cm−1. Meanwhile,
the peak strength increased with the addition of FAS-17, which is marked in Figure 3, indicating that
the FAS-17 molecules have been successfully grafted into the molecular chain network of the epoxy
resin surface. Furthermore, with the increase in the FAS-17 mass fraction, the peak strength does not
tend to change. This is related to the concentration effect of the fluorine elements.
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Figure 3. The FTIR spectra of the modified epoxy resin with mass fractions of FAS-17 of 0, 0.5, 1, 1.5, 2,
2.5, and 3 wt %.

The EDS results in Figure 4 illustrate the distribution of the elements at epoxy surfaces before and
after the addition of FAS-17. The concentration of fluorine detected at the epoxy surface is much higher
than the original amount of 1 wt % added to the epoxy resin matrix. This confirms the assumption that
the groups containing the fluorine have accumulated to the epoxy surface from the inside, providing
lower surface energy on the substrate surface.
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Figure 4. The EDS data of the epoxy surface before and after the addition of 1 wt % FAS-17: (a) EP,
(b) F-EP (fluoridated epoxy).

3.3. Static Water Repellency and Surface Energy

The relationship between the water contact angle and the FAS-17 mass fraction of the modified
epoxy resin is illustrated in Figure 5a. The contact angle of cured resin without adding FAS-17 is
about 69.8◦, which belongs to the scope of the hydrophilic state. With the increase in the mass fraction
of FAS-17 in the resin system, the water contact angle increases to 117.3◦, and the intrinsic wetting
likelihood of the resin surface converts into hydrophobicity. The introduction of FAS-17 has a significant
influence on the chemical properties of the epoxy resin surface. When the mass fraction of FAS-17
increases from 0.5 to 3 wt %, the contact angle of water on the modified epoxy surface fluctuates within
a small range. The hydrophobicity of the modified epoxy surface did not undergo significant alteration
with the increase in the FAS-17 concentration. The reason for this is related to the curing kinetics of
epoxy resin. Small molecules (methanol) are removed from the branches on the oxy resin side during
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the curing process. At the same time, the groups containing fluorine tend to move towards the surface
spontaneously and reduce the surface energy. By curing at an ambient temperature of 60 ◦C, high
ambient temperature intensifies the movement of molecular chains in the liquid state. A large number
of groups containing fluorine gather on the resin surface. The groups on the surface significantly
reduce the epoxy surface energy and increase the non-wettability. Subsequently, with the increase in
the mass fraction of FAS-17, the change in contact angle was not obvious, the reason for which relates
to the saturation distribution of groups containing fluorine on the epoxy surface.
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contact angle of epoxy modified with the FAS-17 mass fraction; (b) Surface energy of the epoxy resin
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The surface energy of resin under different FAS-17 mass fractions is shown in Figure 5b, which
is calculated by a series of python codes with a two-liquid method, as presented in Appendix A.
The surface energy of the resin without modification by fluorine-containing groups was 33.18 mJ/m2.
On adding FAS-17, the surface energy of the modified resin decreased to 8.38 mJ/m2. The surface
energy was only one-third of that before modification, which conforms to the surface concentrating
phenomenon of fluorine, as illustrated in Figure 4. As the mass fraction of FAS-17 increases from 0.5 to
3.0 wt %, the surface energy is not significant and fluctuates in a small range. This means that persistently
reducing surface energy by increasing the mass fraction of FAS-17 is not possible. The regularity is
consistent with the tendency illustrated in Figure 3, further verifying the above conjecture.

Using AAO templates with the same nano-hole spacing distance (450 nm) and the different pore
diameters of 100, 150, 200, 250, 300, 350, and 400 nm, 1 wt % FAS-17-modified epoxy resin was used to
prepare nano-pillar arrays with different sizes. Figure 6a shows the contact angle of the unmodified
epoxy resin array. With the increase in pillar diameter, the contact angle fluctuates in the range of 51.7◦

to 73.3◦, which is generally lower than that for an unmodified smooth surface (69.8◦). This is due to
the introduction of nano-pillar arrays. The intrinsic hydrophilic epoxy resin shows a larger specific
surface area, making it easier for liquids to infiltrate into the voids between nano-pillars. Figure 6b
shows the contact angle on the modified epoxy resin surface with a nano-pillar array. The contact angle
fluctuates in the range of 124.2◦ to 134.3◦. Besides, nano-pillar arrays of different heights (400, 900,
and 1500 nm) were prepared from templates to investigate the mechanism of the non-wettability and
icephobic behavior affected by nano-structure height increase. Figure 6c shows the contact angle
curve of the unmodified nano-pillar array epoxy resin surface. The contact angle fluctuates between
30.9◦ and 80.6◦, appearing as the hydrophilic surface. The higher value (80.6◦) is probably caused by
mistake. Besides that, the contact angle at the nano-pillar array epoxy resin surface is much lower than
that (69.8◦) on a smooth epoxy surface. On the other hand, the contact angle on the modified surface
illustrated in Figure 6d raises to 154.3◦ because of the combination of surface structure and the low
surface energy effect.
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Figure 6. Water contact angle on the epoxy surface before and after modification: (a) Water contact
angle on the pillar-structured epoxy with a pillar diameter in the range of 100–400 nm. The pillar
heights are controlled by AAO templates with a pore depth of 500 nm. (b) Water contact angle on
the pillar-structured F-epoxy (1 wt %) with a pillar diameter in the range of 100–400 nm. The pillar
heights are controlled by AAO templates with a pore depth of 500 nm. (c) Water contact angle on
the pillar-structure epoxy with a pillar height in the range of 400–1500 nm. The pillar diameters are
controlled by AAO templates with a pore diameter of 300 nm, and the AAO templates control the pore
distance of 450 nm. (d) Water contact angle on the pillar-structured F-epoxy (1 wt %) with a pillar
height in the range of 400–1500 nm. Pillar diameter with a pore diameter of 300 nm and a pore distance
of 450 nm.

3.4. Ice Adhesion

To further investigate the relationship between nano-structure morphology and icephobic
performance, the ice adhesion strength was tested, and the results are illustrated in Figure 7. Ice adhesion
strength on the smooth epoxy surface is 21.4 kPa, as shown with blue circles in Figure 7. Each circle
represents an individual ice adhesion test. It decreases to 12.2 kPa after 1 wt % FAS-17 modification.
The low surface energy effect causes a significant reduction after 1 wt % FAS-17 modification.Coatings 2020, 10, x FOR PEER REVIEW 8 of 12 
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The ice adhesion strength of the modified epoxy resin surface is significantly changed under the
nano-structure’s influence, showing a rising trend at the start and then a fall. The introduction of
nano-structures does not always reduce the ice adhesion strength on the epoxy resin surface. Some data
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are even higher than that of the smooth epoxy resin surface without modification, caused by the
severe interlock effect [31]. Still, with the increase in nano-pillar diameter, the ice adhesion strength
shows a decreasing trend to as low as 7.3 kPa. The influence of the nano-structure’s interlock effect
is significantly reduced, while the diameter of the nano-pillar further increases, as the epoxy array
shows better elastic performance in the nano-scale and further induces the interface elastic mismatch
effect [22,37,38].

The variation in ice adhesion strength shows a similar trend with the previously measured contact
angle, which is correlated with the structure volume fraction of the nano-pillar arrays on the epoxy
resin surface, as shown in Figure 8. Ice adhesion strength data for some samples have a large error,
because the degree of the interlock effect could not be assessed during the freezing procedure. The ice
adhesion strength displays an “M” shape similar to the non-wettability of the nano-pillar array epoxy
resin surface, and the trend of the ice adhesion strength curve slightly lags behind the trend of the
contact angle curve related to the different stress characteristics of ice and water [31]. As soon as the
structure volume fraction of the nano-pillar array is close to 0 and greater than 70%, the nano-pillar
array epoxy resin surface tends to display lower ice adhesion strength. The ice adhesions reach 16.7 and
7.3 kPa at the structure volume fractions of the nano-pillar of 4.5% and 71.7%, respectively, which are
generally recognized as ultra-low ice adhesion strength [22,40]. The tendency of the results is similar to
that obtained by micro-column arrays on silicon wafer [41], which implies a strong connection between
micro- and nano-structured surfaces.
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epoxy (1 wt %) plot at a volume fraction of nano-pillar structure on the epoxy surface.

For the surfaces where micro- and nano-structures are relatively sparse, the volume expansion
effect of the freezing process can make the ice inevitably fill in the voids between micro- and
nano-structures [42], causing an interlocking effect on the micro- and nano-structure surface and
making the de-icing procedure become more demanding on such hydrophobic surfaces [31,43,44],
as shown in Figure 9a. Such a theory explains that ice adhesion strength increases on the epoxy resin
surface. The nano-pillar array is relatively sparse, especially in the starting region of the ice adhesion
strength curve shown in Figure 8. On such a surface, the nano-pillar array is too sparse. The liquid
water droplet is conducive for infiltrating into the voids between nano-pillars, resulting in a lower
contact angle. It is also easier for the ice frontier to fill into the voids with such a low structure volume
fraction while freezing. In that condition, even the nano-pillar array has better elastic properties [38].
The interlocking effect on the sparse nano-pillar array will offset or partially offset the benefits of
reducing the ice adhesion of the interface elastic mismatch effect.
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Figure 9. Illustrations of the ice adhesion mechanism of the hydrophobic nano-structure array on
fluoridated epoxy (1 wt %): (a) The icing and de-icing process on the nano-pillar array EP surface;
(b) the ice adhesion behavior under different structure volume fractions of nano-pillar arrays; (c) the ice
adhesion strength under different heights of nano-pillar arrays.

When the structure volume fraction is close to 17.9% (the nano-pillar diameter is close to 200 nm),
the ice adhesion strength on the surface increases up to 32.3 kPa, 2.64 times that of the smooth
surface. When the structure volume fraction of the surface structure increased from 15% to 30%,
the nano-structure still could not effectively prevent the ice front from filling the space in the nano-pillar
array. The interlocking effect of ice filling in pillar voids weakened with the structure volume fraction
of the nano-pillar rising. At the same time, due to the similarity of the structure volume fractions of
ice and the structure volume fraction of the nano-pillar, the elastic mismatch effect, which causes the
nano-crack initiator effect to decrease ice adhesion, was affected [22], resulting in relatively high ice
adhesion strength.

When the volume fraction of the structure increased further, the smaller void fraction of the
structure became conducive to reduction in ice growth in the voids during the droplet freezing
procedure, as illustrated in Figure 9b. Moreover, with the structure volume fraction rising further,
the mechanical mechanism of the solid–ice interface was dominated by the elastic mismatch effect,
presenting the nano-crack initiator’s role during ice stripping, resulting in extremely low ice adhesion
strength (7.3 kPa; structure volume fraction of around 71.7%).

Besides the research regarding ice adhesion behavior under different structure volume fractions,
the ice adhesion strength affected by the height of the nano-pillar structure was also studied. AAO
templates control the pillar diameter with a pore diameter of 300 nm and a pore distance of 450nm.
The ice adhesion strength on the nano-pillar array epoxy surface shows a pronounced downtrend with
the height of the nano-pillar increasing, as low as 7.0 kPa. The downtrend illustrated in Figure 10
is in accordance with the previously reported laws [41,45]. It is well accepted that the ice adhesion
strength decreases with the increase in the height of the hydrophobic nano-pillar, as illustrated in
Figure 9c. Moreover, with the understanding of the height of nanoscale structure affecting the ice
adhesion, we predict that a higher nano-structure height will facilitate lower ice adhesion strength on
the nano-pillar epoxy surface.
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Figure 10. The ice adhesion of hydrophobic nano-pillar array fluoridated epoxy (1 wt %).

4. Conclusions

In summary, we constructed a series of nano-pillar array epoxy resin surfaces from AAO
membranes with nano-structured templates. The nano-pillar arrays fabricated on the epoxy surface
provided excellent non-wettability and a contact angle of up to 154.3◦. The ice adhesion strength on the
nano-pillar array epoxy surface could be reduced to 7.0 kPa, which is a 24% reduction when compared
to smooth surfaces. This therefore proves to be a potential method for weakening or neutralizing
the interlock effect which blocks the development of icephobic materials. Moreover, the solid–ice
interface mechanism induced by the synergistic effect of non-wetting behavior and the nano-crack
initiator effect is discussed. The interlock effect, causing the high ice adhesion, drops with the rise in
the nano-pillar structure volume fraction, giving theoretical insights into the feasibility of tactics to
reduce the ice adhesion strength on such hydrophobic/superhydrophobic resin surfaces. The results
provide great support to the research of passive anti-icing techniques, especially for epoxy matrix
composite materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/11/1043/s1,
Table S1: The geometry characteristics of the AAO template and nano-pillar EP surface (various in diameter).
Table S2: The geometry characteristics of the AAO template and nano-pillar EP surface (various in depth and
height). Figure S1: The SEM images of the AAO templates. (a–g) The pore structured AAO templates with a pore
diameter of 100, 150, 200 250, 300, 350 and 400 nm; (h) the AAO template with a pore depth of 900 nm. Figure S2:
The SEM images of the nano-pillar array epoxy with a pillar diameter of (a) 100 nm, (b) 150 nm, (c) 200 nm, (d) 250
nm, (e) 300 nm, (f) 350 nm, and (g) 400 nm. Figure S3: The SEM images of the nano-pillar array epoxy with a pillar
height of (a) 400 nm, (b) 900 nm, and (c) 1500 nm; Figure S4: FTIR spectra of epoxy resin before and after curing.
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