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Hydrophobic organic coatings effectiveness of hydrophobic coatings, which is one of the most promising methods to solve
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drilling difficulties in warm ice. Herein, four types of hydrophobic organic coatings that can be
used on metal surfaces were tested to evaluate their anti-icing performance, service durability,
and friction properties. All of them possess rough surfaces with microstructure characteristics
such as pores, stripes, or micropapillae. They also exhibit hydrophobicity, with water contact
angles of 101.6°, 100.0°, 103.1°, and 108.5°. They can significantly prolong the required freezing
time of water droplets on their surfaces, effectively reduce ice adhesion, and decrease the friction
between ice and their surface. The ice adhesion in the axial, tensile, and tangential directions can
be reduced by 65.64 %, 56.31 %, and 72.11 %, respectively, for the coating with silicon (Si)-based
and fluorine (F)-containin compounds (coating-C) at —30 °C; while it can be reduced by 85.05 %,
73.9 %, and 94.2 %, respectively, for the coatings with Si-based and polytetrafluoroethylene
(PTFE) compounds (coating-D). The two coatings mentioned above lose their anti-icing perfor-
mance after 20 icing and de-icing cycles, and their hydrophobicity after 120 abrasion cycles under
a load of 6 N.

1. Introduction

Icing, a natural phenomenon, poses challenges and risks in various industries and sectors. For example, power lines, aircraft,
marine vessels and wind turbines are all susceptible to the negative effects of ice accumulation [1-3]. The accumulation of ice on
electric power lines causes a flashover of insulator strings, resulting in power outages or structural damage (such as the collapse of
towers). Additionally, the accretion of ice on wind turbine blades inhibits their optimal power performance, affecting their efficiency
and safety during operation. In aircraft, ice formation on the wings or leading edges can alter the aerodynamic characteristics, resulting
in serious malfunctions or disastrous consequences. In drilling tools, ice accumulation hinders their penetration rate, decreases drilling
efficiency in ice core drilling, and can lead to drill-stuck incidents and tool losses [4]. Thus, addressing the problems caused by icing
has become crucial in various fields, necessitating the development of effective solutions.

Generally, ice cores serve as invaluable resources for understanding the global climate history, geological evolution of the Earth,
and glaciological dynamic behavior [5-7]. Given the urgency of understanding global warming and climate change, the retrieval of
ancient ice cores from deep ice sheets has emerged as a critical objective in polar scientific research. Currently, electromechanical drills
are commonly used for ice drilling to obtain ice cores due to their lightness and maneuverability [4]. However, drilling in so-called
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“warm ice” (ice temperatures of —10 to 0 °C), which has a low melting point and poor drillability, presents significant challenges [8].
Ice chips produced during drilling are likely to melt or partially melt because of the cutting heat when the ambient temperature is close
to their corresponding melting point. Subsequently, these chips can easily refreeze and adhere to the cutters of the drill bit, thereby
blocking the circulation of the drilling fluid and reducing the penetration rate [9,10]. Moreover, refrozen ice between the drill bit and
borehole wall can lead to a stuck drill bit, causing serious drilling incidents. Therefore, the icing phenomenon in ice drilling can
significantly affect the drilling and coring processes, resulting in severe economic losses and environmental hazards [11].

In recent years, considerable attention has been directed towards solving the problems of ice accumulation on drilling tools in warm
ice drilling, such as using ethanol-water solutions to dissolve the refrozen ice, altering the cutter structure and shape to reduce cutting
heat or generate coarse ice chips, and raising the pump flow rate to improve its capacity to transport ice chips. However, despite the
progress made, each method has its own shortcomings and limitations, highlighting the need for further improvements and ad-
vancements. For example, ethanol-water solutions have been successfully applied at ice drilling sites in NorthGRIP, EPICA Dome C,
and EPICA Droning Maud Land. Nevertheless, it was found that the ice cores were also partially dissolved, resulting in poor quality
[12]. Moreover, clathrate hydrates can be formed in the borehole if the drilling fluid contains a denaturant of HCFC 141b, which might
negatively affect drilling safety [13]. Furthermore, in an attempt to address the challenges of warm ice drilling, a slotted cutter with a
dihedral shape on its bottom surface was used in Hole No. 5 at Vostok Station, Antarctica. Despite the improved run length, the
penetration rate was still low, and the applicability was poor [14]. In addition, ice drilling at the NEEM and Vostok stations used
staggered cutters to solve the problems of warm ice drilling [15]. Although the coarse ice chips that it produces were less viscous and
easier to transport from the borehole bottom, the penetration rate did not greatly increase, as expected [16,17]. Therefore, drilling
difficulties in warm ice are far from solved when using electromechanical drilling tools, notwithstanding the above-cited efforts.

Researchers have explored the application of special organic coatings to solve the problems of ice accretion on drilling tools. In
Dome Fuji, Antarctica, a special short Teflon-coated bit was successfully implemented, enhancing the drilling performance in warm ice
conditions. Although its effect was temporary, this coating method improved the anti-icing performance of the drilling tool by pre-
venting ice from adhering to its surface [18]. Later, a Teflon-coated dolphin holder was adopted for warm ice drilling at Aurora Peak in
central Alaska [19]. The Teflon coating was effective in reducing the formation of ice on the drilling tool surfaces. Furthermore, a
previous study investigating the anti-icing performance of four different hydrophobic coatings found that the ice-adhesion strength
was significantly reduced on both flat and curved surfaces [4]. The use of anti-icing coatings to prevent ice formation and adhesion on
the surface of drilling tools has become one of the most promising approaches for solving the problems of drilling in warm ice.

So far, hydrophobic and superhydrophobic organic coatings have been successfully used for the reduction of ice formation and
accumulation in many fields, such as electric power transmissions, wind turbines, aeronautics, and marine vessels [20-22]. Previous
studies have demonstrated that hydrophobic or superhydrophobic coatings can reduce ice adhesion on the material surfaces and
prolong the freezing time of water droplets [23-25]. The reasons for this are related to the chemical composition and surface
morphology of the coatings. Fluorine (F)-containing or silicon (Si)-based compounds are commonly utilized to fabricate hydrophobic
coatings due to their lower surface energy [26-31]. They can form hydrophobic or superhydrophobic surfaces [32-35], reducing the
contact area between the material and water droplets and making it easier for water droplets to roll off the material surface [36-38].
Thus, ice nucleation is prevented, reducing the ice cover on the material surface or even completely avoiding its formation. For
example, the ice adhesion strength on the surface of a hydrophobic coating containing polytetrafluoroethylene (PTFE) was reduced by
approximately 60 % [32]. The ice adhesion force in the shear direction on the organosilicon coating surface was only approximately
30 kPa, which is far less than that on the uncoated surface [21]. Compared to the chemical composition, the surface morphology of the
coatings also plays an essential role in reducing ice adhesion [36]. Water droplets can only penetrate the micron-scale grooves but not
the nanoscale folds on the rough surface of the coating. As a result, there are trapped air pockets in these nanoscale folds that remain
when freezing occurs [39]. These trapped air pockets will significantly reduce the contact area between the ice and the material
surface, resulting in a considerable decrease in ice adhesion, prolonging the freezing time of water droplets, and achieving anti-icing
and de-icing effects.

Notably, although many types of commercially hydrophobic organic coating materials are available, most studies investigated their
performance on aluminum alloys, wood, plastics, or glass, while fewer studies were conducted on stainless steel surfaces [40-42]. In
this study, four commercially available hydrophobic organic materials were selected for use on a 304 stainless steel substrate to form a
hydrophobic surface because most electromechanical drill tools are made of 304 stainless steel. The chemical composition, surface
morphology, wettability and thermophysical property of each coating surface were characterized using Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), water contact angle measurements and thermal conductivity measurement.
The anti-icing performance was evaluated by measuring the freezing time of the water droplets and the ice adhesion forces on the
substrate surface at different temperatures. In addition, icing/de-icing and mechanical abrasion resistance tests were performed to
investigate the service life of each coating during application. To ascertain the potential influence of chemical composition and coating
surface smoothness on the transport of ice chips in drilling, the friction between the ice and the coating surface was examined by a
series of friction tests.

2. Materials and methods
2.1. Materials

Table 1 lists the four types of commercially available hydrophobic organic coatings tested in this study. All of these coatings can
easily adhere to metal substrates to form a hydrophobic surface through brushing. Thus, the use and maintenance of these coatings are
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very convenient, even in remote regions such as the Arctic and Antarctica. The substrate material adopted was stainless steel 304 since
most of the drilling tools used in polar regions are made from this material, as discussed above. Before applying the coatings, all
substrate surfaces were fully polished and cleaned with an alcohol solution to ensure a consistent surface finish. After brushing, all four
coating surfaces needed to be dried separately for subsequent testing, with the following detailed requirements: coating-A at 150 °C for
15 min, coating-B at 170 °C for 30 min, coating-C at 110 °C for 15 min, and coating-D at 200 °C for 30 min.

2.2. Analytical methods

Because the physical and chemical characteristics of the coated surfaces are important for the anti-icing performance of the hy-
drophobic surface, as mentioned above, the chemical composition, surface morphology, wettability and thermophysical properties of
four hydrophobic coatings were investigated in the present study.

2.2.1. FTIR analysis

FTIR analysis was conducted to identify the functional groups of each coating for determining the chemical compositions of the four
hydrophobic coatings. A Nicolet iS10 FTIR spectrometer (Thermo Nicolet, USA) was used to record the IR spectra of each sample. Each
specimen for IR detection was a thin slice, which was prepared by pressing the mixture of the sample and potassium bromide or KBr
powder at a mass ratio of 1:100. To obtain a good signal-to-noise ratio, all samples were recorded ranging from 4000 to 400 cm ™~ with
a resolution of 4 cm™! and 16 scans.

2.2.2. SEM analysis

The surface morphology of the coatings was analyzed using a tungsten filament SEM (JSM-IT500, Japan). Before SEM analysis, a
thin layer of gold was spattered on all specimens to ensure that all surfaces were sufficiently conductive for proper SEM imaging. An
accelerating voltage of 10 kV was used for the analysis.

2.2.3. Water contact angle measurement

The wettability of a material is generally evaluated based on the water contact angle between a water droplet and a solid surface. In
this study, the water contact angle of each coating was measured using a DSA-100 water droplet shape analyzer (Kriiss, Germany) at
room temperature (approximately 22 °C). Water droplets with a volume of approximately 2 pL are placed vertically on the surface of
the samples. The shape of each water droplet was recorded using a high-speed camera. The water contact angle was then determined
through image acquisition and data analysis via the DSA3 software. Each sample was measured five times, with the average taken as
the final result.

2.2.4. Thermal conductivity measurement

The stainless steel specimens used in this experiment had dimensions of 50 mm in length, 40 mm in width, and 50 mm in height.
Four hydrophobic coatings were applied to the surfaces of specimens according to the method described in section 2.1. The thermal
conductivity was assessed at room temperature using a TPS 2500S Thermal Constant Analyzer (Hot Disk, Sweden). The probe code
utilized was designated as K5501. The heating power was set at 1 W, and the duration of the test was established at 10 s. Prior to
testing, the TPS 2500S was subjected to a standard calibration to ensure the accuracy of measurements. The TPS 25008 automatically
recorded the thermal response data during the experiment. Five experiments were conducted with each specimen to ensure the
reliability of the data. The experimental data were subsequently analyzed by specialized software to calculate the thermal conductivity
of each coating.

2.3. Anti-icing performance tests

2.3.1. Freezing time test

A coating specimen 200 mm in length, 92 mm in width, and 5 mm in thickness was employed to characterize the ability of the four
hydrophobic coatings to delay the freezing time of water droplets on their surfaces. Equal volumes of water droplets were injected at
different locations on the specimen surface via a syringe. The freezing process of the water droplets was then recorded from a hori-
zontal perspective using a high-speed camera. The time corresponding to the freezing process of water droplets on different coating
surfaces can be ascertained by analyzing the attached video data.

Table 1
Four types of hydrophobic coatings used in this study.
Coating Product Composition Manufacturer
A M1502 Silicon (Si)-based compounds Shenzhen Paiqi Nanotechnology Co., Ltd, China
B Crystal Plating Solution Fluorine (F)-containing compounds Hanze New Material Trading Company, China
C 7Y220 Mixture of Si-based and F-containing compounds ~ Dongguan Changping Zhanrong Plastic Material Business Department
D DS102 Mixture of Si-based and PTFE compounds Dongguan Deshenglong Paint Co., Ltd., China
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Fig. 1. Test setup of ice adhesion, coating durability and friction property: (a) schematic diagram, 1-base frame, 2-base frame, 3-guideway,
4-force gauge, 5-guideway, and 6-electric draw stem; (b)-(d) tests for ice adhesion strengths in axial, tensile, and tangential directions, 7-
positioning device, 8-positioning device, 9-positioning device, 10-stainless-steel clips, and 11-stainless-steel center column; (e) mechanical
e:brasion test and 12-sandpaper; (f) friction test and 13-ice cube; and (g) specimen, 14-stainless-steel plate, and 15-stainless-steel tube.

2.3.2. Ice adhesion test

To investigate the ability of the hydrophobic coatings to prevent ice from adhering to the drilling tool surface, a special testing
stand was designed, as shown in Fig. 1. It primarily comprises a base frame designed with two guideways, a positioning device, an
electric putter, and a force gauge. Tubular coating samples with an outer diameter of 127 mm and thickness of 5 mm were positioned
on the substrate plate of the base frame. A stainless-steel cylindrical sleeve with an inner diameter of 60 mm was placed on the coating
specimen. Pre-cooled distilled water with a volume of approximately 40 mL was injected using a syringe. Because the water freezes
immediately in the sleeve owing to its lower temperature, it was not necessary to seal the connection between the sleeve and the
coating specimen. To ensure this, the distilled water was stored at a temperature close to 0 °C for at least 1 h. A stainless-steel cove was
screwed on the top end of the sleeve. During testing, the electric putter moved along the guideways at a constant speed of 7 mm/s and
pulled or pushed the steel through the cover to remove the ice from the interface between the ice and the coating samples. The
maximum force applied to break the contact was measured and recorded by a force gauge. Then, the ice adhesion strength was ob-
tained by calculating the force per contact area. To ensure the accuracy of the tests, an HF-3000 force gauge was used to record the
peak forces with a measurement range of 0-3000 N and a precision of 1 N.

The entire experiment was carried out in a cold room with a temperature control between 0 and —30 °C. Before testing, the cylinder
sleeve with the cover and the coating samples were kept in a cold room for several hours to avoid the influence of their initial tem-
perature on the testing results. In addition, to ensure that the water was completely frozen, it was placed in a cold room and cooled for
at least 4 h at a specific testing temperature. Five trials were conducted for each coating sample to reliably measure the mean and
standard deviation of the testing results.

2.4. Durability tests

2.4.1. Icing/de-icing cycles tests

During the application of hydrophobic coatings, the surfaces undergo numerous icing and de-icing processes. Therefore, it is
necessary to investigate the service life of hydrophobic coatings during icing/de-icing cycles to assess their durability. Because the
tangential adhesion strength on the drilling tool surface plays a major role in ice drilling, the variation in the tangential adhesion
strength during icing/de-icing cycle testing was evaluated. The experiments were conducted at —10 and —30 °C for de-icing and icing,
respectively.

Notably, to prevent damage to the coating surface during the de-icing process, the coating specimen was placed at room tem-
perature after each test to allow the ice to melt naturally. After the ice was completely removed, the coating specimens were placed in a
cold room at the testing temperature for 4 h to ensure that their initial temperature had no impact on the ice properties before the next
testing.

2.4.2. Mechanical abrasion resistance test

The coatings inevitably come in contact with the borehole wall during ice drilling, causing friction that may affect the durability
and service life of the coatings. Moreover, the ice chips continually wipe the coating surfaces when transported to the ice chip chamber,
also affecting the coating life. Therefore, it is important to evaluate the mechanical robustness of the coatings. Based on the study by
Cao et al. [4], the method used to assess the mechanical robustness of each coating is described in Fig. 1.

The coating plate with a certain weight fixed on it was placed onto 2000 grit dry sandpaper, and then it was moved back and forth
on the sandpaper using an electric draw stem. The speed and displacement of each movement were approximately 30 mm/s and 60
mm, respectively. After every 20 abrasion cycles, the water contact angle of each coating was measured to assess its mechanical
abrasion resistance.

2.5. Friction property tests

In ice drilling, the friction between the ice chips and the drilling tool surface has a considerable effect on the movement of the ice
chips. A large frictional value can increase the resistance of the ice chip motion, thereby affecting their transportation. This causes ice
chips to accumulate near the drill bit, resulting in a drill-stuck incident. This is especially true for electromechanical drill tools that use
spiral vanes to transport ice chips. Therefore, it is necessary to analyze the friction coefficient between the coating surface and ice.

The apparatus used to investigate the friction between the coating surfaces and ice is shown in Fig. 1. Rectangular hydrophobic
coatings (200 mm in length, 92 mm in width, and 5 mm in thickness) were fixed on the bottom plate of the base frame. An ice cube with
a smooth bottom surface was placed on the coating surface. An electric putter was used to drive the force gauge to push the ice cube in
the horizontal direction at a constant speed of 7 mm/s. The friction between the ice cube and the coating surface was recorded in real-
time using a force gauge. Then, the friction coefficient of the coating surface can be calculated using the following formula:

Fo = uMog
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where, Fj is the friction measured by the force gauge during the friction property tests, N; y is the friction coefficient of the coating
surface; M) is the mass of the ice cube, 233 g; and g is the gravity coefficient, taken as 9.8 N/kg.

3. Results and discussion

3.1. The physicochemical properties of the hydrophobic coatings

3.1.1. Chemical composition

The FTIR spectra of the four hydrophobic coatings are shown in Fig. 2. The results for coating-A show that apparent absorption
peaks appear at 1007 and 807 cm ™!, corresponding to the antisymmetric and symmetric contraction peaks of the Si—-O-Si and Si-O-C
functional groups, respectively. This indicates that coating-A consists mainly of Si-based compounds. The C-F characteristic peaks in
coating-B appear at 1261, 1105, and 1038 cm ™, indicating that coating-B is composed mainly of fluorinated compounds. For coating-
C, the asymmetric contraction peaks of CF3 and Si-O-Si functional groups appear at 1278 and 1100 cm ™!, respectively, which means
that the main components of coating-C are F-containing compounds and Si-based compounds. Similarly, the C-F peak can be observed
at 1100 cm ™! in the results of coating-D, suggesting the presence of F-containing compounds.

Notably, all four hydrophobic coatings exhibited distinct C—0O absorption peaks. They are specifically located at 1640 and 1612
cm~! for coating-A; 1757, 1640, and 1620 cm~! for coating-B; 1640 and 1618 cm~! for coating-C; and 1638 and 1618 cm~! for
coating-D. Furthermore, all four hydrophobic coatings have a clear -OH absorption peak at 3000 to 3600 cm ™}, which may be caused
by the physical adsorption of water. The above results demonstrate that the four hydrophobic coatings have different chemical
compositions, which is consistent with those described in Table 1.

3.1.2. Surface morphology

Fig. 3 shows SEM images of the four hydrophobic coatings. As shown in Fig. 3(a), coating-A had a few small irregular bumps
ranging from 1 to 3 pm in width. However, more bumps and rod-like ridges appeared on the surface of coating-B. The lengths of the two
ridges were 267 and 300 pm. In addition, some bumps were embedded between them, as shown in Fig. 3(b). For coating-C, there is a
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Fig. 2. The FTIR spectra of four hydrophobic coatings.
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strip structure with micropapillae inside, and the width of the strip is approximately 21 pm, as presented in Fig. 3(c). The surface of
coating-D exhibits a large number of irregular bumps, which cover approximately 70 % of the scanned area, as shown in Fig. 3(d).
Inside these bumps, concave structures with a diameter of approximately 40 pm are found. In addition, the bumps also have a small
area of duplex protrusion structure, which demonstrates a secondary composite structure. Moreover, it can be seen from Fig. 3 that
coating-D has the highest rough area structure, followed by coating-C, while coating-A and -B have less.

Furthermore, all four hydrophobic coatings have rougher surfaces with the characteristics of microstructures such as porous, stripe,
or micropapillae, which provide storage space for the adsorption of gas molecules. Therefore, in theory, they all have certain hy-
drophobic properties.

3.1.3. Wettability

The water contact angles of the uncoated and four different coatings are shown in Fig. 4. The contact angle is approximately 74.2°
for the uncoated specimen surface, whereas it is 101.6°, 100.0°, 103.1°, and 108.5° for coating-A, -B, -C, and -D, respectively. Because
the water contact angle values of all four hydrophobic coatings are greater than 90°, all of them exhibit obvious hydrophobicity.
Moreover, their hydrophobic capacity can be arranged in the following order: coating-D > coating-C > coating-A > coating-B.

Notably, the above hydrophobic phenomena of the four coatings are related to their chemical composition and surface morphology.
Generally, the lower the surface energy of a material, the better its hydrophobicity. According to the FTIR analysis results, all four
hydrophobic coatings contained Si-based or F-containing compounds. F atoms have a strong electron-withdrawing capacity, so the
surface energy of F-containing compounds is extremely low. For example, the surface energy of perfluoroalkyl is 10 mN/m. In addition,
although Si has a high surface energy, it has a low interaction force with water molecules. Therefore, Si-based compounds also exhibit
good hydrophobicity. Therefore, the hydrophobic properties of the four coatings are attributed to the fact that they all contain Si-based
or F-containing compounds.

Moreover, based on the results of the SEM analysis, all four coatings have different surface roughness characteristics, as mentioned
above, which can form air-insulating layers between the water droplets and the coating surfaces. Consequently, the water droplets are
more likely to become spherical and thus roll off, contributing to their stronger hydrophobicity.

3.1.4. Thermophysical property

Fig. 5 presents the average values of thermal conductivity for uncoated specimen and specimens coated with four different coatings.
The thermal conductivity of uncoated specimen is 14.38 W/(m-K), whereas the thermal conductivity of the specimens coated with
coating-A, -B, -C, and -D decreases to 6.91, 6.27, 4.50, and 4.21 W/(m-K), respectively. These results obviously demonstrate that all

(a) Coating-A (b) Coating-B
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Fig. 3. The SEM images of four hydrophobic coatings.
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four coatings significantly reduce the thermal conductivity of the specimens. This reduction is primarily attributed to the inherently
lower thermal conductivity of hydrophobic coatings containing Si-based or F-containing compounds compared to substrates such as
stainless steel [43,44]. Additionally, the rough surface structure of the coatings, which harbors more air, not only reduces the contact
area with water droplets but also further lowers the thermal conductivity [45]. Consequently, when applied to substrates like stainless
steel with higher thermal conductivity, they lead to a reduction in the overall thermal conductivity of the structure. This reduction in
thermal conductivity effectively decelerates the rate of heat transfer across the surface of the coatings.

3.2. Anti-icing performance of the hydrophobic coatings

3.2.1. Freezing time

Generally, one of the important indices for assessing the anti-icing performance of a coating is the time required for a water droplet
to freeze [46,47]. Fig. 6 depicts the initial and final frozen shapes of water droplets on the uncoated surface and four hydrophobic
coating surfaces at —10 °C. First, the water droplets are transparent, and then their shapes and transparency change continuously
during the freezing process. When the transparency of the droplets no longer changes, the droplets display a peach-like shape, indi-
cating that they are completely frozen [47].

The time required for a water droplet to freeze on various surfaces at different temperatures is shown in Fig. 7. It can be seen that it
takes approximately 1.1 s for the water droplet to freeze into ice on the uncoated surface when the temperature is —30 °C. It takes
approximately 4.5, 4.5, 8.3, and 8.5 s to freeze on the surfaces of coating-A, -B, -C, and -D, which means that the freezing time is
prolonged by 309.1 %, 309.1 %, 654.5 %, and 672.7 %, respectively. In addition, the freezing time on all surfaces increased with an
increase in the environmental temperature. As the temperature increased to —10 °C, the water droplets were completely frozen in 7.3 s
on the uncoated surface. Meanwhile, about 15.8, 15.1, 27.1, and 29.5 s were required for the surfaces of coating-A, -B, -C, and -D,
respectively, extending by 116.4 %, 106.8 %, 271.2 %, and 304.1 %. All four hydrophobic coatings delayed the freezing of water
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Fig. 5. The thermal conductivity of uncoated and coated specimen.
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Fig. 7. Freezing time of water droplets on various surfaces at different temperatures.

droplets at any given temperature. Moreover, coating-D exhibited the best performance in delaying the freezing time of the water
droplets, followed by coating-C, and coating-B was the worst. This effect can be attributed to several factors related to the composition
and characteristics of the coatings. For one thing, the surface energy of hydrophobic coating is quite low, making the surfaces exhibit
strong hydrophobicity to water. This results in a smaller contact area between the water droplets and the coated surfaces compared to
uncoated steel, thereby limiting interfacial heat transfer and extending the freezing time [48]. Moreover, all four coatings significantly
reduce the thermal conductivity of the specimens. Notably, coating-C and coating-D perform the best, followed by coating-A and
coating-B. This reduction in thermal conductivity effectively decelerates the rate of heat transfer across the surface of the coatings, thus
contributing to delaying the freezing process of the water droplets [49].

3.2.2. Ice adhesion strength

The ice adhesion strengths on different coating surfaces in the axial, tensile, and tangential directions at different testing tem-
peratures are presented in Fig. 8. Evidently, all four hydrophobic coatings can effectively reduce ice adhesion compared to the un-
coated coating. Moreover, the effects were more noticeable when the ambient temperature was lower. At —30 °C, the average axial
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adhesion strength on the uncoated surface was 227 kPa, while it was reduced to 93.9, 90.4, 78.0, and 33.9 kPa on coating-A, -B, -C, and
-D surfaces, respectively, which was minimized by 58.63 %, 60.18 %, 65.64 %, and 85.05 %, respectively, as shown in Fig. 8(a). When
the ambient temperature increases to —10 °C, the average axial adhesion strength decreases to 115.2 kPa on an uncoated sample, while
it was 63.2, 61.3, 44.3, and 84.2 kPa on coating-A, -B, -C, and -D, respectively, showing a decrease of 45.13 %, 46.79 %, 61.55 %, and
26.91 %. Thus, of the four hydrophobic coatings, coating-C and -D exhibited excellent anti-icing performance, while coating-A showed
the worst anti-icing performance.

The variations in the tensile and tangential adhesion strengths of the different coatings exhibit similar trends to those of the axial
adhesion strength, as shown in Fig. 8(b) and (c). All four hydrophobic coatings significantly reduced the tensile and tangential ice
adhesion strengths. Among the four coatings, coating-C and -D displayed outstanding anti-icing performance. The coating-D performed
best at lower temperatures, reducing the tensile and tangential adhesion strengths by 73.9% and 94.2% at —30 °C, respectively. The
coating-C showed the best results at higher temperatures, which can decrease the tensile and tangential adhesion strengths to 66.3 kPa
and 46.8 kPa at —10 °C, respectively.

Combined with the experimental results of ice adhesion strength, it is evident that all four coatings show a reduction in ice adhesion
(in all three directions) compared to uncoated bare steel. Firstly, all four hydrophobic coatings contain components that significantly
reduce the surface energy, such as Si-based or F-containing compounds. The low surface energy diminishes the mutual attraction
between the ice and the coatings, thereby reducing ice adhesion [50]. Moreover, all four coatings have a certain degree of rough
surface morphology, decreasing the contact area between water droplets and the coatings, which in turn reduces adhesion [51].
Additionally, the four coatings have lower thermal conductivity compared to bare steel, which slows down the temperature decrease
on the coating surfaces under freezing conditions, minimizing the mechanical bonding between the ice and the surface by reducing the
likelihood of ice melting and refreezing [49].

Notably, the above results indicate that the wettability of the material surface, that is, the water contact angle, does not simply
correlate positively with the ice adhesion strength, which is consistent with the results of previous studies [52]. The water contact
angle of coating-A is greater than that of coating-B, while its anti-icing performance is worse than that of coating-B. Coating-C has a
lower water contact angle than coating-D, whereas it shows better anti-icing performance at higher temperatures.

In addition, the ambient temperature is a significant factor affecting the ice adhesion strength. As the temperature increases, the ice
adhesion on coating-A, -B, and -C decreases, similar to the uncoated coating, showing an approximately positive correlation, which
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Fig. 8. The ice adhesion strengths on different coating surfaces in axial, tensile, and tangential directions at different testing temperatures.
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exhibits the same trend as previous studies [53,54]. This is because as the temperature rises, the surface energy of the samples de-
creases [55], which has been demonstrated to lead to a decrease in ice adhesion [56]. However, coating-D shows an approximately
negative correlation with temperature. Its anti-icing performance decreases with an increase in temperature at low temperatures,
which is in accordance with previous studies [57]. For one thing, the freezing rate of water on the coating surface increases as the
ambient temperature decreases [58]. This can result in the freezing of water into ice before it enters the microstructure at the coating
surface, leaving a large amount of air between the ice and the coating surface. As a result, the actual contact area is reduced and the ice
adhesion is lowered. Besides, as the temperature decreases, the hardness of PTFE increases. It may become more non-sticky and exhibit
a more significant resistance to water adhesion, thereby reducing the ice adhesion [59].

3.3. Durability of the hydrophobic coatings

3.3.1. Service life

To gain a better understanding of the service life of each coating tested in this study, icing-de-icing tests were carried out, as
discussed above. The variations in the tangential adhesion strength of ice adhered to different surfaces with different icing and de-icing
cycles are shown in Fig. 9. Although hydrophobic coatings can significantly reduce ice adhesion strength and prevent ice accumu-
lation, durability is the most difficult challenge for their practical applications. As shown in Fig. 9(a), the tangential adhesion strength
exhibited an increasing trend as the number of icing/de-icing cycles increased. For coating-A and -B, the tangential adhesion strength
increased to approximately 802.3 kPa after 10 icing/de-icing cycles at —30 °C, which is slightly higher than that on the uncoated
surface (802.3 kPa). For coating-C and -D, the tangential adhesion strength was close to that on the uncoated surface after 20 cycles.
Obviously, coating-C and -D have longer excellent service lives than the other two coatings at —30 °C, but they lose their anti-icing
properties after 20 cycles.

Fig. 9(b) shows the variations in the tangential adhesion strength in 1-12 icing and de-icing cycles at —10 °C. Due to the poor anti-
icing performance of coating-D at this temperature, its durability was not investigated in this study. Similarly, with repetitive icing and
de-icing, all three coating samples exhibited gradually increased ice adherence. For coating-A and -B, the tangential forces reached
about 201.6 and 195.5 kPa after 8 cycles, respectively, both exceeding the one on the uncoated surface (193.2 kPa). Meanwhile,
coating-C still exhibited some anti-icing performance after 10 cycles.

According to previous reports on various hydrophobic and superhydrophobic surfaces, these increases in ice adhesion strength are
attributed to a larger ice-solid contact area on these surfaces after several icing and de-icing tests [38]. During the icing process, ice
crystals may form in microcracks, pores, or defects in the coating, causing deformation or even fracturing of the coatings. Moreover,
the melted water during the de-icing process may penetrate the damaged areas of the coatings and form new ice nuclei, thereby
increasing ice adhesion on the coating surfaces. Meanwhile, repeated icing and de-icing processes may also lead to changes in the
chemical composition and structure of the coatings. For example, water molecules can react with the internal groups of the coatings,
such as hydroxyl and carboxyl groups, to form hydrogen bonds, which increases the ice adhesion strength.

3.3.2. Mechanical abrasion resistance

The results of the water contact angle measurements on the four hydrophobic coating surfaces under different loads with various
abrasion cycles are shown in Fig. 10(a)-(f). It shows that the water contact angle on the surface of all four hydrophobic coatings
continuously decreases with an increase in the number of friction cycles under different loads. Coating-C and -D have the highest
number of abrasion cycles, demonstrating excellent mechanical abrasion resistance, whereas, for coating-A and -B, their mechanical
abrasion resistances are weak at any given load. This is probably due to the larger friction coefficients of coating-A and -B, which lead
to higher friction under the same load. Thus, the microstructures of their surfaces are rapidly damaged, which accelerates the coating
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Fig. 10. The results of the water contact angle on the four hydrophobic coating surfaces under (a) 2, (b) 3, (c) 4, (d) 5, and (e) 6 N with various
abrasion cycles. (f) The cycles corresponding to the loss of hydrophobicity for the four coatings under different loads.

failure. However, the surface microstructures were damaged more slowly owing to the smaller friction coefficients of coating-C and -D.
Therefore, the corresponding mechanical abrasion resistances performed better. The friction coefficients of the four coatings will be
discussed in detail later.

Based on the results of Figs. 9 and 10, although they have excellent anti-icing performance for coating-C and coating-D, they cannot
bear a larger friction load. Hence, they may not be strong enough to be used on the cutters of the drill bit because large friction is
generated between ice and the cutters during ice drilling. This needs to be further tested and analyzed. Even so, they can be used on
other parts of the drill where no significant friction force is generated. Moreover, these two coatings are easily brushed onto the
surfaces of drilling tools, making them convenient for use. Once the coating fails, it can be easily repaired in the drilling field. The real
effectiveness of anti-icing in ice drilling needs further study.
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Taken together, coating-D is more suitable for application at extremely low temperatures, such as —30 to —20 °C, whereas coating-
C can be used in a wide range of low temperatures.

Fig. 11 illustrates the initial and final shapes after different abrasion cycles of water droplets on the four hydrophobic coating
surfaces under a load of 6 N. The water contact angles of all four hydrophobic coatings were less than 90° after a certain number of
abrasion cycles, indicating that they all lost their hydrophobicity to varying degrees.

3.4. Friction properties of the hydrophobic coatings

Fig. 12 illustrates the friction variation between the ice and coating surfaces at different temperatures. At an ambient temperature
of —30 °C, the average friction force between the ice and the uncoated surfaces was 0.99 N, while it was reduced to 0.54, 0.51, 0.31,
and 0.46 N for coating-A, -B, -C, and -D, respectively. When the ambient temperature increased to —10 °C, it decreased to approxi-
mately 0.40 N for the uncoated surface, while it was 0.20, 0.27, 0.13, and 0.17 N for coating-A, -B, -C, and -D, respectively, as shown in
Fig. 12. Therefore, all four hydrophobic coatings can effectively decrease the friction between the ice and the coatings at any testing
temperature, which is beneficial to ice chip transportation in ice drilling, as discussed above.

The friction coefficients y of the different coating surfaces were calculated using the formula described in Section 2.5, with the
results shown in Fig. 13. The friction coefficient was about 0.24, 0.22, 0.14, and 0.20 at —30 °C for coating-A, -B, -C, and -D,
respectively, and it was reduced to about 0.09, 0.12, 0.06, and 0.07 as the ambient temperature increased to —10 °C. The friction
coefficients of all surfaces decreased with an increase in ambient temperature. This is because the surface energy of the samples
decreases as the temperature increases, whereas the lower surface energy of the surface usually has a lower friction coefficient [55]. In
addition, when it moves on the surface of the samples, the ice at the contact will melt owing to the friction between them. A thin water
film is formed, which can lubricate their movement, thus reducing the friction between them [60]. When the temperature increased,
the thickness of the water film increased, and the lubrication effect was enhanced, thereby lowering the friction coefficient. Among the
four coatings, coating-C had the lowest friction coefficient, followed by coating-D, while coating-A and coating-B had higher friction
coefficients. This is probably due to the surface energy and morphology of these coatings.

4. Conclusions

(1) All four hydrophobic organic coatings exhibit a certain hydrophobicity, with water contact angles of 101.6°, 100.0°,103.1°, and
108.5°. They can significantly delay the freezing time of water droplets on their surfaces. The time required for water droplets to
freeze was approximately 15.8, 15.1, 27.1, and 29.5 s at a ambient temperature of —10 °C, while it took approximately 4.5, 4.5,
8.3, and 8.5 s when the environmental temperature decreased to —30 °C for coating-A, -B, -C, and -D, respectively.

(2) The four coatings can effectively reduce ice adhesion at any testing temperature. Compared with the uncoated one, the ice
adhesion strength in the axial, tensile, and tangential directions can be reduced by 65.64 %, 56.31 %, and 72.11 % for the
coatings with the mixture of Si-based and F-containing compounds (coating-C), while it can be reduced by 85.05 %, 73.9 %, and
94.2 % for the coatings with Si-based and PTFE compounds (coating-D), respectively.

(3) The anti-icing performance and water repellency of the four coatings gradually decreased with use. They lost anti-icing per-
formance after 20 icing and de-icing cycles for the coating with a mixture of Si-based and F-containing compounds (coating-C),
along with the coating with a mixture of Si-based and PTFE compounds (coating-D), while the other two coatings only sustain
10 cycles. In addition, they lost hydrophobicity after 120 abrasion cycles for the first two coatings.

Coating-A Coating-B Coating-C Coating-D
Initial shape : \
(0 cycle) L : » l
Failed shape H G

100 cyeles 80 cycles 120 cycles 120 cycles

Fig. 11. The initial shapes and the final shapes after different abrasion cycles of water droplets on the four hydrophobic coating surfaces under a
load of 6 N.
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Fig. 12. The friction variation between the ice and the surfaces of the different specimens at different temperatures.

(4) All four coatings can effectively decrease the friction between the ice and their surface, which is beneficial to the transportation
of ice chips in ice drilling. The friction coefficient is approximately 0.24, 0.22, 0.14, and 0.20, respectively, at —30 °C, and it will
be reduced to approximately 0.09, 0.12, 0.06, and 0.07 as the ambient temperature increases to —10 °C.

(5) The hydrophobic coatings tested in this study have excellent anti-icing properties, which prolong the freezing time of water
droplets and reduce ice adhesion, as well as demonstrating excellent durability and a low friction coefficient. Therefore, it is
feasible to use the surface of electromechanical drill tools to prevent ice adhesion in warm ice drilling; however, this requires
further study.
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