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Abstract

Using an anti-icing coating to prevent ice accretion on the drill surface is a feasible solution to
address the drilling difficulties in warm ice. In this study, four types of commercially available
hydrophobic coating materials were tested to evaluate their water repellency and anti-icing prop-
erties, namely, a mixture of silica and fluorocarbon resin with polytrifluoroethylene, modified
Teflon, silica-based emulsion and an acrylic-based copolymer. Their water contact angles are
∼107°, 101°, 114° and 95°, respectively. All these hydrophobic coatings can significantly reduce
the strength of the ice adhesion within a temperature range of −10 to −30°C on a planar or
curved surface. The coating of an acrylic-based copolymer, in particular, can reduce the average
tensile strength and the shear strength of the ice adhesion by 87.08 and 97.11% on planar surfaces
at −30°C, and by 98.06 and 96.15% on a curved surface, respectively. The main challenge in the
practical application of these coatings is their durability. An acrylic-based copolymer coating will
lose its water repellency performance after 140 cycles of abrasion. The shear strength of ice
adhered on curved surfaces coated with this material will approach that achieved on uncoated
surfaces after 11 cycles of icing and de-icing tests.

1. Introduction

Drilling into the basal ice and subglacial environment of large ice sheets for sample recovery is
of great scientific interest. It can provide a rich paleo-environmental archive for numerous
types of studies including understanding the mechanism of global climate change, learning
about the evolution of the earth’s glaciology and determining the resilience of life forms
exposed to extreme conditions. Sampling from these zones is also important to provide scien-
tists with information regarding the ice-sheet/bedrock interaction and how this zone influ-
ences the overlying ice-sheet dynamics (Popp and others, 2014a; Cao and others, 2018).
However, the ice located in this zone is extremely difficult to drill with electromechanical drills
because the in situ temperature of the ice is close to or at its pressure melting point, which is a
so-called warm ice problem. During the process of ice cutting, ice chips that partially melted
owing to the cutting heat refreeze, blocking the pathway of chips into the chip chamber. In
addition, refrozen ice builds up on the cutters and shoes of the drill bit. The performance
of the drill rapidly deteriorates, which not only lowers the penetration rate, but also leads to
a poor core recovery and frequent drill sticking (Augustin and others, 2007; Cao and others,
2015).

There have been numerous attempts to solve this icing problem in warm ice drilling. For
example, an ethanol–water solution has been successfully used to dissolve refrozen ice at sev-
eral deep drilling sites, such as NorthGRIP, Greenland, EPICA Dome C and EPICA Droning
Maud Land in Antarctica (Johnsen and others, 2007). However, the use of an ethanol–water
solution generates its own set of problems such as a partial dissolution of the ice core, sticking
of the core in the core barrel and the formation of clathrate hydrate when HCFC 141b is used
as a densifier in the drilling fluid (Johnsen and others, 2007; Murshed and others, 2007). A
new geometry of cutters was used in hole No. 5 in Vostok station to overcome drilling diffi-
culties in warm ice. The bottom of the cutter was designed to have a dihedral shape to increase
the clearance angle, and several slots were also designed to allow the ice chips to be more easily
conducted off the borehole bottom. It seems that the drilling problem was solved because the
run length increased in spite of a poor penetration rate (Vasiliev and others, 2007). However,
this was unable to improve the drill performance during later testing in the EPICA Dome C-2
borehole. To reduce the sticking of ice chips and prevent adherence to the surface of the cut-
ters, Zagorodnov and others (2005) suggested the use of staggered cutters to drill into warm
ice. This was then tested at Vostok station and later at the NEEM borehole. The results indi-
cated that these staggered cutters can produce coarser chips that are less sticky and easier to
transport from the borehole bottom and clean from the drill at the surface (Popp and others,
2014b; Talalay and others, 2015). A special short Teflon-coated drill was used in Dome Fuji to
make the drill more effective in warm ice environments by avoiding ice adhesion; it achieved
good results, although the duration of the drilling was not long (Motoyama, 2007). Similarly, a
dolphin mount coated with Teflon was successfully used in warm ice in Aurora Peak, central
Alaska (Matoba and others, 2014). It not only reduced the friction between the ice and cutters,
but also effectively protected the drill from ice accretion on its surface. Therefore, using an
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anti-icing coating to prevent ice accretion may be one feasible
solution to reduce the drilling problems in warm ice. Even if it
cannot be applied as a standalone solution to the icing problem,
the integration of suitable coatings on the drill surface can
enhance the effectiveness of other anti-icing measures.

In fact, icing is a common problem in many different areas
such as aeronautics, electric power transmission lines, wind tur-
bines, marine vessels, buildings and oil platforms. The formation
of ice on these surfaces can cause system malfunctions, which
results in large economic losses, or even severe accidents. One
particularly attractive technique to address this problem is
anti-icing coatings that modify the surface topography and inhibit
the formation and accumulation of ice (Jung and others, 2015).
Owing to their convenience and simplicity, the use of hydropho-
bic surfaces, which originate from natural microstructures such as
the surfaces of lotus leaves and rose petals, is regarded as one of
the most promising approaches to achieving an anti-icing coating
and have frequently been applied in the above fields (Barthlott
and Neinhuis, 1997; He and others, 2015). Compared with a nor-
mal hydrophilic surface, a hydrophobic surface has a high water
contact angle and a low roll angle owing to its high water repel-
lency property. A water droplet on a hydrophobic surface does
not touch a large area of the surface like that on a hydrophilic sur-
face and adopts a spherical shape, thus making the water contact
angle extremely large, allowing it to easily drop off the surface
(Fillion and others, 2014). In addition to extraordinary water
repellency, a hydrophobic surface can reduce the accumulation
of ice and even completely prevent its formation. For example,
Cao and others (2009) reported low ice accumulation on hydro-
phobic nanoparticle–polymer composite surfaces exposed to
freezing rain conditions. In a study by Liu and others (2008), a
superhydrophobic surface has a strong ability to restrain frost
growth and can retard frost formation to a certain extent, allowing
the frost layer to be easily removed. Beyond these performance
advantages, a hydrophobic surface can also significantly reduce
the strength of the ice adhesion. Farhadi and others (2011) inves-
tigated the anti-icing performance of several micro/nano-rough
hydrophobic coatings with a different surface chemistry and top-
ography and found that superhydrophobic surfaces exhibit a sig-
nificantly lower ice adhesion strength than that on polished
aluminum. In a study by Bharathidasan and others (2014), the
ice-adhesion strength on silicon-based hydrophobic surfaces was
∼43 times lower than that on normal hydrophilic surfaces such
as polymethylmethacrylate and polyurethane coatings. In fact,
ice adhesion strength can be affected by numerous factors includ-
ing environmental parameters (such as temperature and atmos-
pheric conditions), substrate characteristics and properties (such
as roughness, geometry, stiffness, water contact angle and thermal
expansion coefficient), ice properties (such as ice strength and
liquid water content) and the measurement method (Guerin
and others, 2016). Owing to the complexity of ice adhesion,
numerous related phenomena remain unexplained. In particular,
the reasons why hydrophobic coatings can prevent ice accumula-
tion and reduce ice adhesion strength are poorly understood.
Despite this, the use of a low-adhesion coating remains a better
choice as it is an extremely effective method to solve the ice prob-
lem in numerous cases.

The excellent water repellency and anti-icing properties of
hydrophobic surfaces are perfect for warm ice drilling. If the
down-hole equipment of an electromechanical drill is coated
with a hydrophobic or superhydrophobic material, it will not
allow the meltwater or partially melted ice chips to remain on
its surface. Thus, the drill can maintain a good performance in
a warm ice environment. Even if the meltwater or ice chips
refreeze on the surface of the drill, they can be easily sheared
off the surface owing to the lower ice adhesion force, which can

reduce or eliminate the accumulation of ice. Accordingly, the
risk of a stuck drill can be significantly reduced or completely
avoided. Therefore, choosing a suitable hydrophobic material to
coat the surface of the drill is a promising method to solve the
drilling difficulties that occur in warm ice.

Numerous chemical modification materials such as fluoroalkyl
silane, Teflon and fatty acids have been used to fabricate a hydro-
phobic coating (Hu and others, 2010; Bernagozzi and others,
2014; Park and others, 2019). Such coatings can be applied to a
variety of engineering materials including alloys, wood, plastics,
glass and metals used as substrates (Chen and others, 2018;
Hasegawa and others, 2018; Kim and others, 2019). Despite the
availability of several types of commercial hydrophobic coating
materials in China, most cannot be used on a steel material sur-
face. In this study, four types of commercially available hydropho-
bic materials were selected as the coating materials. These
hydrophobic materials are extremely convenient to use, and can
be applied on a metal surface by a dip, spray or brush method.
Stainless steel 304 is employed as the metal substrate owing to
its common use in electromechanical drilling. The water contact
angle of each coating sample was measured to characterize the
surface water repellency. An ice adhesion measurement apparatus
was designed to measure the ice adhesion strength, including the
tensile (perpendicular to the interface) and shear (parallel to the
interface) strengths. Considering the state of the electromechan-
ical drill, the ice adhesion strengths on planar and curved surfaces
with different coatings were tested at different temperatures.
Subsequently, these tests were repeated, reusing each coating sam-
ple by growing new ice on it after detachment of the previous ice
sample, allowing the deterioration in the performance of the coat-
ing during use to be evaluated. Moreover, a series of special abra-
sion tests were conducted to assess the mechanical strength of
each coating plate.

2. Experimental section

2.1. Materials

The four mature commercial hydrophobic coating materials
tested in this study are listed in Table 1. All materials can be easily
used on a metal surface using a dip, spray, brush or other method,
as discussed above. Stainless steel pipes with an outer diameter of
127 mm and a thickness of 5 mm and stainless steel plates with a
thickness of 5 mm were used as a standard substrate. Their sur-
faces were polished before being brushed with the coating
materials.

2.2. Hydrophobicity measurement

The hydrophobicity of a material is generally evaluated based on
the water contact angle between a drop of water and a solid sur-
face. In this study, the water contact angle of each coating was
measured using a sessile drop method with a DSA-100 drop
shape analyzer (Krüss Company, Germany) at room temperature
(about 22°C). During the testing, the video signal of the water
droplet on each coating was recorded using a video camera at
high resolution. The water contact angle was obtained through
image acquisition and data analysis by drop analysis DSA3
software.

2.3. Ice adhesion strength testing and procedure

The ice adhesion measurement apparatus developed in this study
is shown in Figure 1, which mainly consists of a base frame
designed with two guide ways, an electric draw stem and a force
gauge. The coating samples are clamped onto the substrate plate
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of the base frame. A cylindrical stainless steel sleeve with an inner
diameter of 60 mm is set on the surface of the test coating sample,
and a stainless steel cover connected with the force gauge is
screwed on its top end. One large hole is designed on the cover
so that distilled water can be easily deposited into the sleeve for

freezing with a 40 mL syringe. During testing, the sleeve can be
pushed and pulled by an electric draw stem at a constant speed
of 7 mm s−1. In addition, ice is removed from the interface
between the ice and test surface of the coating samples. The max-
imum force applied to break the contact is measured and

Table 1. Hydrophobic coating materials used in this study

Coating Product name Description Factory

A CS-100 Mixture of silica, fluorocarbon resin and polytrifluoroethylene Wuxi Youbo Chemical Co., Ltd., China
B GF-2200 Modified Teflon Dongguan Guangfu Chemical Co., Ltd., China
C ZXL-DS-01 Silica-based emulsion Laiyang Zixilai Environmental Protection Co., Ltd., China
D DS-200 Copolymer of acrylic and perfluorinated ethylene Dongguan Deshenglong Paint Co., Ltd., China

Fig. 1. Schematic illustration of ice adhesion
measurement apparatus: (a) tensile force testing;
(b) image of tensile force testing; (c) coating sam-
ples; (d) shear force testing; (e) image of shear
force testing: (1) base frame; (2) guide way; (3)
guide way; (4) electric draw stem; (5) force
gauge; (6) coating samples; (7) stainless steel
sleeve; and (8) stainless steel cover.
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recorded by a force gauge, and is then divided by the cross-
sectional area of the ice–substrate interface to obtain the ice adhe-
sion strength. The force gauge can move along the guideway to
adjust its position to ensure that the force remains perpendicular
or parallel to the test surface. When the ice adhesion force is
larger than 200 N, an HF-1000 type force gauge with a range of
0–1000 N and a precision of 1 N is used. However, if the ice adhe-
sion force is smaller than 200 N, an HF-200 force gauge is
adopted to increase the measurement accuracy. The range and
precision of the HF-200 force gauge are ∼0–200 and 0.1 N,
respectively. The entire experiment was conducted in a cold
room, where the temperature can be adjustable at the range of
0 to −30°C with an increment of 0.1°C. Before testing, a cylinder
sleeve with a cover and the coating samples are kept in a cold
room for several hours to avoid the influence of the initial tem-
perature on the test results. In addition, distilled water is stored
at near 0°C for at least 1 h before being poured into the pre-chilled
cylinder sleeves. Thus, a sealer between the sleeve and coating
samples is not needed because the water is immediately solidified
within the sleeve. The water is frozen for 4 h in the sleeve, which
will be discussed later. After the water turns into ice, an external
force is applied in the normal and shear directions to measure the
ice adhesion strength. Five trials are conducted for each coating
sample for a reliable measure of the mean and std dev. of the
test results.

2.4. Durability measurement of the coatings

Undoubtedly, the durability and mechanical robustness of the
coating play a significant role in the anti-icing property of an elec-
tromechanical drill because friction between the drill and ice is
inevitable during its operation. Based on a study by Liu and
others (2017), a method for evaluating the mechanical robustness
of each coating is shown in Figure 2. The coating sample with a
100 g weight on top was placed on 2000 grit dry sandpaper and
moved back and forth on the sandpaper by an electric draw
stem. The speed and displacement of each movement were
∼30 mm s−1 and 150 mm, respectively. After every ten abrasion
cycles, the contact angle of each coating was measured to assess
its durability. For simplicity and convenience, only the coatings
on the planar surfaces were tested by the method described in
this study.

Moreover, to evaluate the deterioration of the coating materials
and estimate their practical application, the shear adhesion
strength testing for each coating on a curved surface was repeated
under the condition of continuous icing and de-icing cycles at
−10°C.

3. Results and discussion

3.1. Water contact angle

The water contact angle value of each coating material on a stain-
less steel substrate is shown in Table 2. Coating C has the largest
water contact angle, followed by coating A, with coating D being
the smallest. Although these coatings are not as superhydrophobic
as the manufacturers claimed, they did exhibit a substantial
hydrophobicity because all their water contact angles are larger
than 90°. The reason for the discrepancy may be the different sub-
strate materials used.

3.2. Frozen time

It is evident that the ice accumulated on the coating samples and
sleeves needs to be removed after each test. In this study, a nat-
ural melting method is adopted to remove this ice. That is, the
coating samples and sleeves are placed in an outdoor

environment after each test for several hours to let the ice grad-
ually melt in a relatively warmer environment, and then placed
in a cold room for cooling. The subsequent tests cannot be con-
ducted until the surface temperature of these devices is returned
to a value close to the ambient test temperature to avoid the ini-
tial surface temperature of the devices from influencing the ice
adhesion strength. The curves of the change in surface tempera-
ture of the stainless steel plate during the cooling process are
recorded using a Pt-100 type thermoresistor, the results of
which are shown in Figure 3. It is seen that the surface tempera-
ture of the stainless steel plate first decreases rapidly owing to
the large temperature difference, and the cooling rate then
slows down when its temperature reaches the ambient tempera-
ture. After ∼3.5 h of cooling, the surface temperature of the
stainless steel plate can be considered the same as the ambient
temperature. This means that the coating samples and sleeves
should be cooled in the testing environment for no less than
3.5 h to avoid the influence of the initial temperature. In this

Fig. 2. Coating abrasion testing device: (a) abrasion testing; (b) image of the actual
device: (1) sandpaper; (2) weight; (3) coating plate; (4) electric draw stem.

Table 2. Water contact angle value of the coating materials

Coating material Bare metal plate A B C D

Water contact angle, ° 76 107 101 114 95
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study, all devices were maintained at the test temperature for 6 h
prior to freezing the ice.

Figure 4 illustrates the relationship between the tensile adhe-
sion strength and the freezing time under a cooling condition
of −10°C. It is apparent that the water should be frozen for at
least 3 h to adhere to the substrate steadily for all coating samples
in the environment at −10°C. If the ambient temperature is lower,
the freezing process should be further accelerated. Based on this,
the freezing time of water in this study is ∼4 h during all tests. In
addition, the experiments show a better repeatability, although
some documents have mentioned that freezer ice can lead to a
relatively high error (Laforte and Beisswenger, 2005), which
may be attributed to the use of a cold room and pure distilled
water.

3.3. Ice adhesion strength

3.3.1. Ice adhesion on planar surface
The tensile and shear strengths of the ice adhesion on stainless
steel plates with different coating samples at different testing tem-
peratures are shown in Figure 5. It is clearly seen that the com-
mercial hydrophobic coatings can more effectively reduce the
ice adhesion compared to the bare stainless steel substrate. The
lower the ambient temperature is, the more obvious these effects
are. At an ambient temperature of −10°C, the average tensile
strength of ice adhesion on an uncoated surface is ∼9.65 kPa,
whereas it is reduced to 9.43, 7.97, 7.72 and 7.17 kPa on surface
coatings A, B, C and D, respectively. When the ambient tempera-
ture decreases to −30°C, it increases to ∼14.01 kPa on an
uncoated surface, whereas it is ∼11.47, 9.76, 7.72 and 1.81 kPa
on surface coatings A, B, C and D, respectively, as shown in
Figure 5a. Therefore, coating D exhibits excellent anti-icing prop-
erties among the four coatings applied. Compared with the
uncoated surface, it can reduce the tensile strength by 25.70% at
−10°C and 87.08% at −30°C, respectively. This is followed by
coating C, which decreases the tensile strength by 20.00% at
−10°C and by 44.90% at −30°C. The anti-icing performance of
coating A is the worst.

The variation trend of the shear adhesion strength on the dif-
ferent coatings is similar to that of the tension strength, but its
value is larger, as shown in Figure 5b. Among the four types of
coatings, the shear strength of ice adhered on coating D is the
smallest. Compared with the uncoated surface, this coating can
reduce the shear strength of ice adhesion by ∼60.25% at −10°C
and 97.11% at −30°C. The next is coating C, which can decrease

the shear strength to ∼5.37 and 13.24 kPa at −10 and −30°C,
respectively.

It is worth noting that there seems to be no connection
between the water contact angle and the ice adhesion strength.
The water contact angle of coating C is the largest, whereas its
ice adhesion strength is not the lowest. Coating D has the least
ice adhesion strength, but its water contact angle is also the
lowest.

Moreover, it is clear from Figure 5 that the ambient tem-
perature is an important influential parameter for the ice adhe-
sion strength on a planar surface. With decrease in the ambient
temperature, the ice adhesion strength increases with an
approximately linear dependence for an uncoated surface and
the coating samples A and B. These trends are similar to that
of previous studies on hydrophobic surfaces (Soltis and others,
2015; Janjua, 2017). The reason for this may be the fracturing
of ice from these substrate surfaces through a combination of
adhesive and cohesive breaks, based on the residual ice
observed on the surfaces of the uncoated surface and coating
A at all five testing temperatures and that observed from
−20°C on coating B samples, as shown in Figure 6. In most
cases, a lower temperature produces a higher strength of ice.
Therefore, the ice adhesion strength increases with a decrease
in temperature. For the coating samples C and D, the fracture
of ice is a pure adhesive break at all testing temperatures
because the surfaces are relatively smooth after the ice is
detached. In addition, the ice adhesion strength on coating D

Fig. 3. Changes in the surface temperature of the stainless steel plate during the
cooling process.

Fig. 4. Relationship between tensile adhesion force and freezing time (at −10°C): (a)
planar surface (stainless steel plates); (b) curved surface (stainless steel pipes).
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is decreased with a decline in temperature. This may have
occurred because the lower temperature increases the ice-
freezing rate, which results in a lower adhesion force, although
this requires further study.

3.3.2. Ice adhesion on curved surface
Figure 7 shows the results of the ice adhesion strength on curved
surfaces with different coating samples. It is seen that the vari-
ation in the ice adhesion strength on curved surfaces with a

change in temperature is similar to that on planar surfaces,
although the values are much higher. When the ambient tempera-
ture decreases from −10 to −30°C, the average tensile strength of
ice adhesion increases from 115.20, 86.23, 51.93 and 45.33 kPa to
226.72, 178.49, 111.24 and 78.97 kPa on an uncoated surface, and
on sample coatings A, B and C, respectively. However, it is
reduced from 44.21 to 4.39 kPa on the coating D substrate,
which decreased by 61.62 and 98.06% compared with the
uncoated surface.

The shear strength of ice adhesion on coating D substrate is
also the smallest among all tested samples, varying from 7.01 to
55.76 kPa. On the uncoated surface, however, it is much higher,
ranging from 122.73 to 182.16 kPa. Therefore, coating D demon-
strates an excellent anti-icing property even on a curved surface,
which can reduce the ice shear adhesion strength by nearly
54.57 and 96.15% at −10 and −30°C, respectively, compared to
an uncoated surface.

Furthermore, although a pure adhesive fracture occurred on
the surfaces of sample coatings C and D at all tested temperatures,
such fracturing occurred only under a combination of cohesive
and adhesive forces for the uncoated surface and coating A, as
shown in Figure 8. For coating B, the change in ice fracture behav-
ior is observed at −15°C.

3.4. Coating durability

To better understand the mechanical durability of each coating
tested in this study, we conducted abrasion tests as discussed
above. The change in water contact angle was measured after
every ten cycles, the results of which are shown in Figure 9.
Coating A has the worst abrasion resistance because its water con-
tact angle decreases to ∼90° after only 100 cycles of abrasion. For
the three other coatings, the abrasion resistance showed little
change, and the water repellency is lost after ∼140 cycles of abra-
sion. In addition, the performance of coating D is relatively stable
despite its water contact angle being the smallest among all coat-
ings. After 80 cycles of abrasion, its water contact angle remained
at 95°, which is almost the same as its initial value.

Figure 10 shows the change in the shear strength of ice
adhered on the curved surfaces at −10°C with different icing
and de-icing cycles. Although hydrophobic coatings can signifi-
cantly reduce the ice adhesion strength and prevent ice accumu-
lation, their durability is the most difficult challenge in a practical
application, as shown in Figure 10. After repeated icing and
de-icing, all coated samples show a gradual increase in ice adher-
ence. For coating A, the shear force increases to ∼110.33 kPa after

Fig. 5. Ice adhesion strength on planar surfaces with different coating materials over
a range of temperatures: (a) tensile strength of ice adhesion; (b) shear strength of ice
adhesion.

Fig. 6. Fracture surface of the ice on planar surfaces with different coating samples.
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six cycles of icing and de-icing experiments, which is slightly
lower than that on the uncoated surface at ∼122.73 kPa. For the
other three coatings, the shear strengths are close to that on the
uncoated surface after 11 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 the surfaces after several icing and de-icing
tests (Farhadi and others, 2011).

Based on the results shown in Figures 9 and 10, coatings C and
D maybe not be sufficiently strong for use on the cutting surface
of the electromechanical drill because a large amount of friction is
generated between the ice and cutters during ice drilling. This
needs to be further tested and analyzed. For other parts of the
drill, the service life of these two coatings should not be a problem
because little friction occurs there. Together, coatings C and D

Fig. 7. Ice adhesion strength on curved surfaces with different coating materials over
a range of temperatures: (a) tensile strength of ice adhesion; (b) shear strength of ice
adhesion.

Fig. 8. Fracture surface of the ice on curved surfaces with different coating samples.

Fig. 9. Water contact angles of hydrophobic coating surfaces versus abrasion cycles.

Fig. 10. Shear strength of ice detachment from the curved surface at −10°C versus
icing/de-icing cycles.
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achieve a good anti-icing performance, and can greatly reduce the
ice adhesion strength, allowing an effective decrease in or com-
plete prevention of stuck drills in warm ice when using an electro-
mechanical drill. Therefore, applying a coating of hydrophobic
material on a drill surface is believed to be a promising method
for solving the difficulties of warm ice drilling, although its
anti-icing capabilities need to be further studied.

4. Conclusions and perspectives

An ice adhesion testing instrument was developed to assess the ice
adhesion characteristics of different hydrophobic coatings on
metallic substrates. Four different types of commercially available
hydrophobic coating materials were chosen to coat the surfaces of
a stainless steel surface: a mixture of silica and fluorocarbon resin
with polytrifluoroethylene, modified Teflon, silica-based emulsion
and an acrylic-based copolymer. The tensile and shear strengths
of ice detached from planar and curved surfaces coated with
these hydrophobic materials were measured. The conclusions
derived from this study are as follows.

(1) All four coatings demonstrate a certain water repellency prop-
erty with water contact angles of 107°, 101°, 114° and 95°,
respectively.

(2) Compared with bare stainless steel surfaces, all four coatings
can effectively reduce the ice adhesion strength on either a
planar or curved surface. The lower the ambient temperature
is, the greater the effect. In addition, the coating of an acrylic-
based copolymer has the best anti-icing property among the
four tested coatings. Compared with an uncoated surface, it
can reduce the mean tensile strength and shear stress by
87.08 and 97.11% on a planar surface at −30°C, and by
98.06 and 96.15% on a curved surface, respectively. The effect
of a silica-based emulsion is slightly worse than that of an
acrylic-based copolymer coating in terms of the anti-icing
performance, followed by modified Teflon. In addition, for
the coating of an acrylic-based copolymer and silica-based
emulsion, the fracture behavior of ice adhered to its surface
is purely adhesive, whereas for other types of coatings, it is
a combination of an adhesive and cohesive break.

(3) Although all hydrophobic coatings tested in this study can
significantly reduce the ice adhesion strength over an
uncoated surface, their water repellency and anti-icing perfor-
mances gradually decrease with use. The water repellency is
lost after ∼140 cycles of abrasion for both an acrylic-based
copolymer and a silica-based emulsion. Moreover, the shear
strengths of ice adhered to a curved surface will be close to
that on an uncoated surface after 11 cycles of icing and
de-icing for both coatings at −10°C.

The use of hydrophobic or superhydrophobic materials to coat
the surfaces of an electromechanical drill and prevent ice from
accreting on its surfaces, particularly on the cutters, coring head
and core barrel, may be a promising method to solve the difficul-
ties incurred during warm ice drilling. Next, an acrylic-based
copolymer and a silica-based emulsion will be coated on the sur-
face of an electromechanical drill in a future study. An ice bore-
hole will be drilled in a laboratory to study the actual
effectiveness of the anti-icing and real service life of these two
hydrophobic materials.
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