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Abstract. In this study, we investigated the influence of surface topography on ice-phobic
efficiency,including the degradation of ice-to-surface bond strength and ice resistance on
superhydrophobic surfaces. Uniform nanostructures with different morphologies were generated
on PDMS thin films using the spin coating technique, followed by a lift-off method combined
with a hard PI (Polyimide) mold. The concept of a unit cell was proposed to investigate the
contribution of nanotextures on surfaces with relatively similar wettability to bond strength. The
results showed a linear dependence of the measured values on the proposed regular hexagon-
shaped area fraction, confirming the importance of textured structures in ice removal
performance, especially in the superhydrophobic range. In addition, the evaluation of ice
resistance over time showed a great influence of the size of the surface structure on the
nucleation and propagation of ice nuclei. The experimental results demonstrate the importance
of the influence of surface parameters and suggest rational designs for ice-phobic surfaces.

Keywords: water repellency, surface morphology, nanostructure, hexagonal unit cell, ice resistance.
Classification numbers: 2.4,2.5,2.9.3.

1. INTRODUCTION

The formation of ice on surfaces near the Earth's surface often causes dangerous and
unexpected risks in many cases [1-6]. Ice on aircraft wings and engines disrupts the
aerodynamic structure and can cause loss of control while flying [7-9]. Thick ice accumulation
on power transmission systems in cold weather often causes overloading and collapse, affecting
the transmission process and posing a danger to people and infrastructure [10—14]. Ice can also
easily form on ships and drilling rigs, endangering movement and work safety [4, 5, 15, 16].

Over the past few decades, research directions have focused on developing and optimizing
techniques to prevent icing situations encountered in life, transportation, and industry [14, 15,
17-21]. Anti-icing methods can be defined as active or passive based on the perspective of the
external energy required. While active methods focus on de-icing using heating, de-icing
liquids, or vibrations to mechanically remove ice, which requires external energy [22-26],
passive methods rely on surface texture modification and low surface energy to resist ice
formation or delay liquid-solid phase transition without requiring any energy source [20, 27-33]
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Among the passive approaches, superhydrophobic morphology is considered the most
desirable solution for anti-icing applications. Recent studies have demonstrated passive anti-
icing properties that reduce adhesion to the surface and maintain anti-icing surfaces under icy
conditions. A standard anti-icing surface needs to include many factors such as structural
calculations, surface energy, contact liquid, and specific working environment, as they
determine how they react to liquids [22, 28, 34-37].

To the best of our knowledge, studies to date have focused on fine-tuning and refining the
surface structure to enhance anti-icing performance in aspects including adhesion degradation,
phase transition extension, or function retention under freezing conditions.

However, from a theoretical point of view, the contribution of surface morphology to ice
resistance properties has not been fully investigated [37, 38], specifically compared and
evaluated, especially in the very narrow range of superhydrophobicity. For example, current
studies cannot explain why surfaces with similar superhydrophobic wettability have different
bond strengths. In addition, the important role of structural subtlety in nucleation formation also
needs to be clarified because it is related to maintaining the functionality of working surfaces
under freezing conditions and thus guiding the optimization of surface properties.

In this study, we aim to investigate the influence of surface topography on ice repellency
including bond strength and ice resistance on superhydrophobic surfaces in real time. Uniform
nanostructures with different morphologies will be fabricated on PDMS thin films by spin
coating technique followed by a lift-off method. A regular hexagonal unit cell morphology
describing the surface structure is proposed to study the influence of projected area on surfaces
with relatively similar wettability. The results document the important role of surface
restructuring in improving ice removal performance for surfaces in the superhydrophobic range.
On the other hand, the ice resistance over time demonstrates a great influence of the
nanostructure size on the formation and propagation of ice nuclei. The experimental results
demonstrate the importance of surface textures and suggest rational designs for
ice-phobic surfaces.

2. MATERIALS AND METHODS
2.1. Materials

The investigated samples were fabricated on PDMS thin films with tailored nanotexture
designs. PDMS is viscoelastic, acting as a viscous liquid at high temperatures while performing
as an elastic solid at low temperatures (curing). The mechanical properties of PDMS enable it to
conform to a diverse variety of surfaces owing to being easily stretched, bent, and compressed
in all directions, which might be used to attach to functional surfaces working outside.

2.2. Preparation

Figure 1la describes the fabrication process (a) and the corresponding surface
morphologies after the lift-off process (b-g). After the etching and lift-off routine, surfaces
demonstrated the well-uniformed textures created on the PDMS thin film surface (b-g).
Textured samples were then coated with FOTS (FluotoothorTetroSilane, Sigma-Aldrich Inc.,
USA) via vapor coating for 1 hour to enhance the hydrophobicity. After functionalization,
samples demonstrated outstanding water repellency with contact angles ranging from 156°+0.3°
to 159.5°+0.3° (Figure 1h).

519



Thi Minh Thuy Nguyen, et al.

PDMS
dispersion

POMS
Pl Mold

Hydrophohic 158.5¢
Coating £

Figure 1. Fabrication process of flat and micro-groups (a), nanostructure surface with different
morphologies from side view (b, c, d), top view (e, f, g), and corresponding wettability (h).

2.3. Characterization

The wettability of samples was measured using a contact angle apparatus (Kyowa Interface
Science Co. Ltd., Japan) with 5-10 pL. deionized water droplets [39]. The contact angle value
was determined statistically by the measurement from ten independent positions on each sample
(Table 1). The dynamic contact angle measurements were used to determine a deeper insight
into surface properties (Figures 2a,b). By measuring the advancing and receding contact angles,
we can observe the true liquid-surface interactions and intrinsic surface properties to further
explain the phenomena occuring at the three-phase interface.

Figure 2. Dynamic contact angle measurement equipment (a), static contact angle (top), advancing and
receding contact angle (bottom) (b), experimental setup for evaluating icing repellency (c), and real-time
image captured from a high-speed camera (d).

Evaluated samples were carefully attached to a cooling plate using Aluminum tape set up
inside the environmental chamber maintained under compared conditions in cold weather (-5 °C
or 23 °F, and 75 % humidity) (Figure 2c). A high-speed camera (Photron Ltd.) was used to
observe the icing process and quantitatively determine the icing resistance of each sample
(Figure 2d). The anti-icing performance was observed through a computer and processed using
ImageJ to determine the ice-covered area over time.
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The high-speed camera was also used to determine the velocity of water droplets falling on
the superhydrophobic surfaces. A stopwatch initially incorporated into high-speed camera
exactly determined the position of water droplets and therefore calculated the velocity.

Table 1. Information details of all investigated samples.

Rl v~

(nm) (nm) © (kPa) (cm/s)
Bare Bare PDMS 79+0.2 15  8940.5 6810.5 1 238+0.6 --
1 300 400 158.5+0.3 1.2 161.51+0.5 156.5+0.3 0.51 158.6+0.5 4.28
2 230 400 157+0.2 1 1621+0.2 155.5+£0.3 0.30 148.3%£0.8 5.14
3 180 400 157.6+£0.3 1 162.540.3 155+40.2 0.18 141.2+0.6 5.71

3. RESULTS AND DISCUSSION

The hydrophobicity of the fabricated surfaces was investigated using water-repellent
testing, as shown in Figure 3. Dust was poured onto three superhydrophobic surfaces titled at
30°. Water droplets were gently dropped on the top edge of the sample and freely rolled down
by gravity. The movement of the droplets was observed using a high-speed camera placed
positioned opposite the sample surface.

Despite relatively similar hydrophobicity, the surfaces illustrate a significant difference in
water-repellent efficiency. Indeed, water droplets of the same-volume present relatively
different velocities. Interestingly, the water velocity shows a chaotic correlation with the contact
angle. The fastest surprisingly belongs to the #3 (CA 157.6° + 0.3) sample and gradually
decreases by #2 (157° £ 0.2) and #1 (158.5° £ 0.3).

Time (s) #1 #2 #3

Figure 3. Water repellency and self-cleaning ability on different surfaces.

The interface contact characteristics between textures and liquid were evaluated for three
nanostructure samples to consider the profound contribution of surface topography, especially
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for samples with relatively similar wettability in the superhydrophobic range. Indeed, the unit
cell index was brought into consideration, demonstrating the importance of texture properties in
adhesion reduction. Figure 4 describes our proposed unit cell definition with an area fraction fin
a hexagon shape with s and d parameters, corresponding to the center-to-center spacing and
pillar diameter, respectively. It should be noted here that the f strongly depends on the surface
parameters such as diameter, and spacing, which is believed to determine the Laplace pressure
acting at the curvature given by neighbor nanopillars. The higher area fraction refers to the
larger contact area between surface textures and water droplets. With a given spacing s, the
lowering of diameter d leads to the longer air-water interface, leading to the higher Laplace
pressure acting at the air-water curvature and significantly affecting the three-phase boundary's
contact angle. However, the qualitative contact angle might not be solely used to determine the
surface characteristics including adhesion strength or water repellency.

Area fraction f =

s
24/3s2

Figure 4. Proposed model of area fraction ffrom tilted view (a) and top view (b).

Figure 5 illustrates the fit of the ice-surface adhesion (left) and contact angle (right) plotted
against the area fraction and shows the different distributions on each criterion. It is important to
note that the results were measured at least 10 times on the same sample to determine the
average value. The blue bars represent the values measured on samples #1, #2, and #3 in
comparison to the bare sample. The dashed lines represent the wettability of the
superhydrophobic samples with small differences between the measured contact angles.
Interestingly, larger contact angles might not ensure smaller bond strength. Indeed, sample #1
has the largest contact angle and surprisingly decreases as the nanopillars become sharper.

On the other hand, the area fraction f illustrates an inverse correlation with the measured
adhesion strength and is considered a reliable indicator for optimizing the anti-icing
performance. Figure 5 (blue column) reveals good agreement with the area fraction f indicated
in Table 1. The mechanism might be attributed to the projected contact area at the interface [37].
In the relatively similar wetting state, the lower area fraction corresponds to the narrower
contact area. Indeed, the lowest value belongs to #3 (0.18) and gradually increases with the
increase of f.
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Figure 5. Adhesion strength and contact angle plotted against area fraction.

Recent studies across a wide range, from superhydrophilic to superhydrophobic, may
readily explain the aforementioned relationship owing to the large difference between contact
angle and contact area [29, 40, 41]. The larger the contact angle, the smaller the area fraction,
meaning there is less contact area between the ice and the surface structure. Bond strength is
essentially an electrostatic interaction between charges at the interface and therefore depends on
the interface's nature and contact area. Meanwhile, the contact angle in the very narrow
superhydrophobic range may not facilitate a good indication as it cannot show any familiar
trends or relationships with the measured adhesion values. This can be explained by the
penetration of water between the nanostructures, which may affect the contact behavior. As the
tips of the pillars become smaller, the distance between them becomes larger, thus facilitating
water penetration. During this propagation, the Laplace pressure directed from the inside exerts
a larger pressure on the curved interface and thus slightly shrinks the contours at the three-phase
interface, resulting in a slight decrease in the contact angle from sample #1 to sample #3.
Furthermore, the longer air-water curvature enhances the sagging effect before freezing,
therefore facilitating the anchoring effect at the pillars’ edge, which significantly increases the
adhesion. Hence, the area fraction f will quantitatively determine the surface-ice adhesion
strength and should be documented as an icephobic effectiveness index.

Until now, the inverse correlation between anti-icing and wettability has been
demonstrated for several decades [20, 32, 42]. However, in this work, the relative samples'
contact angle reveals an appreciable difference in ice resistance over time and documents an
interesting phenomenon. Figure 6 reveals the icing evolution on superhydrophobic surfaces with
relative differences in icing resistance. Interestingly, the anti-icing performance may not be
effectively used to explain this behavior based on previous research, and this raises a
remarkable question.

As shown in Figure 6, the sample #3 can maintain a clear area (black) that is much larger
than other surfaces after 60 minutes. The Image] software has been used to qualitatively
measure the ice-covered area (white) on different surfaces. After one hour, the ice covers over
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80 % and 75 % of samples #1 and #2, respectively. On the opposite side, the clean area still
maintains around 50 % on the #3 surface, corresponding to increases of 183 % and 104 %
compared to the samples #1 and #2, respectively. It can be explained by the area fraction
criterion and surface textures while the spacing plays an important role in determining the nuclei
radius. The higher area fraction corresponds to the larger contact area between the surface
textures and water within the same cross-section of the unit cell. From the perspective of heat
conduction coefficient, the heat is mainly transmitted through the PDMS-water area. Therefore,
the lower the area fraction we can generate, the lower the heat transferred through the interface
per unit time.

0 min 15 min 30 min 45 min 60 min Clear area

18.90%

25.38%

51.61%

Figure 6. Icing evolution on different morphologies and ice resistance performance
with corresponding clear areas.

4. CONCLUSIONS

In this work, we comprehensively evaluated the effects of surface topography on anti-icing
performance in terms of ice repellency and ice-surface adhesion deterioration. The unit cell
structure was introduced to clarify the differences in bonding strength and ice resistance of
surfaces in the superhydrophobic range. The area fraction was evaluated, demonstrating a
crucial role in the prediction of the adhesion strength on uniform nanostructure. An icing test
was proposed to examine the contribution of surface textures to determining ice formation on
functional surfaces. This advantage can be explained by the unique morphology to enhance
water repellency and therefore inhibit ice nucleation and coalescing behavior of neighbor
droplets. Our research results document the importance of the design for functional surfaces in
both adhesion strength and ice resistance for potential outdoor applications.
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