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ABSTRACT

Ice nucleation and accretion on structural surfaces are sources of major safety and operational concerns in many industries including aviation
and renewable energy. Common methods for tackling these are active ones such as heating, ultrasound, and chemicals or passive ones such
as surface coatings. In this study, we explored the ice adhesion properties of slippery coated substrates by measuring the shear forces required
to remove a glaze ice block on the coated substrates. Among the studied nanostructured and nanoscale surfaces [i.e., a superhydrophobic
coating, a �uoropolymer coating, and a polydimethylsiloxane (PDMS) chain coating], the slippery omniphobic covalently attached liquid
(SOCAL) surface with its �exible polymer brushes and liquid-like structure signi�cantly reduced the ice adhesion on both glass and silicon
surfaces. Further studies of the SOCAL coating on roughened substrates also demonstrated its low ice adhesion. The reduction in ice adhesion
is attributed to the �exible nature of the brush-like structures of PDMS chains, allowing ice to detach easily.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).https://doi.org/10.1063/10.0017254
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Ice accretion and adhesion have damaging impacts on
many sectors, including aviation, renewable energy, and
telecommunications.1–4 For example, ice formation on aircraft
wings poses a great hazard to health and safety; according to the Air
Safety Foundation of the Aircraft Owners and Pilots Association,
between 1990 and 2000 there were 105 accidents involving fatalities
due to the effects of icing.5 Renewable energy generation is a key
growing area to reduce the amount of energy generated from fossil
fuels, but considering the impact that cold weather can have on wind
turbines, ice formation can result in power loss, mechanical and
electrical failures, and safety issues.6 Common passive approaches
to tackling this issue have involved either simply painting surfaces
or using more-complex icephobic treatments.7–9 There have been
extensive studies of icephobic coatings for passively preventing

ice accretion and reducing ice adhesion on surfaces; the simplest
passive coating is a black substance to allow for solar heating,10 but
there may not be suf�cient sunlight, especially during dark winter
days or periods of heavy rainfall.

Recently, the focus in fabricating new icephobic coatings has
been on nature-inspired coatings. Superhydrophobic surfaces based
on nanoscale features on microscale structures have been explored
for achieving icephobicity.7–9 These surfaces are highly water repel-
lent and have large contact angles, but their problems include (i)
mechanical durability over time (the coating breaks down easily
with repeated wear) and (ii) potential nucleation sites due to their
microporous structures (which can result in condensate freezing).
Various polymer coatings have also been explored for their anti-
icing capabilities; such surfaces have promising applicability to a
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wider range of surfaces and for longer-term use. For example,
Kreder et al.11 noted that various polymer coatings can be used
(combining superhydrophobic surfaces with nanostructures) to
lower ice adhesion. Fluorinated polymer-based coatings have also
been shown to achieve low ice adhesion (of the order of 10 kPa);12–14

these were fabricated from polytetra�uoroethylene or polydimethyl-
siloxane (PDMS) elastomers cross-linked with various �uori-
nated polymer surfaces such as �uorinated polyhedral oligomeric
silsequioxane. The in�uence of PDMS-based surfaces for low ice
adhesion has also been investigated, including the use of PDMS
surfaces from methylated and non-methylated surfaces, lubricant-
infused PDMS brush structures and cross-linked PDMS struc-
tures, PDMS-loop structures of varying chain lengths, and PDMS
brushes infused with toluene vapor.15–18 Those investigations of
the ice adhesion strength of various polymer coatings reported
values in the range of 0.55–100 kPa depending on the sur-
faces under investigation and the slippery nature of the PDMS
coatings.

Previous studies of superhydrophobic coatings often suggested
that the smoother the surface, the better the performance because of
the increased dif�culty of ice nucleation. However, while previous
studies of polymer coatings have largely been focused on altering
the surfaces and coating chemistry, few studies have investigated the
in�uences of altering a substrate's physical properties before coating
with such polymer coatings regarding ice adhesion. For industrial
applications, it is critical to be able to reduce ice adhesion on the
rough or roughened surfaces of components.

In the study reported herein, we compared two different
nanoscale hydrophobic polymer surfaces against a porous super-
hydrophobic coating on both glass and silicon substrates. The �rst
polymer coating is an amorphous �uoropolymer with relatively
solid/rigid but randomly orientated nanostructures, and the sec-
ond is a �exible and slippery nanoscale coating formed from PDMS
chains; both polymer coatings bond covalently with the surface
of glass and silicon and have similar chain lengths but different
physical properties. Additionally, the silicon substrates were altered
physically to produce different scales of roughness to study its in�u-
ences on ice adhesion. We compared the ice adhesion values of all
surfaces—both glass and silicon, smooth and roughened—to those
from an analytical model that estimates the ice adhesion empirically
based on the receding contact angle of water on the different sur-
faces. Finally, we veri�ed that after repeated ice adhesion testing, the
surfaces had not been changed signi�cantly in terms of their wet-
tability and therefore had some robustness in terms of stability in
wettability.

The substrates used in this study were glass cover slips
(ca. 170� m thick) and silicon wafers (500� m thick) that were
cleaned thoroughly before the three surface treatments of (i)
hydrophobic nanoparticles (Glaco Mirror Coat; Nippon Shine), (ii)
polymer treatment using amorphous �uoro chains (CYTOP; AGC
Chemicals Company), and (iii) a PDMS chain structure [a so-called
slippery omniphobic covalently attached liquid (SOCAL) surface].
The Glaco-coated surface represents a porous superhydrophobic
nanoparticle surface, while CYTOP represents a rigid but randomly
orientated polymer chain structure. The PDMS chain structures
have previously been reported as having a �exible vertical arrange-
ment that gives rise to a 4.7-nm-thick brush-like and liquid-like solid
coating.19

To prepare the surfaces, the substrates �rst underwent a
standard cleaning process consisting of sonication in a cleaning
�uid solution (Decon 90) with deionized (DI) water followed by
further sonication in DI water. The substrates were then cleaned
with solvents consisting of acetone followed by isopropanol (IPA),
and �nally they were rinsed in DI water and dried with compressed
air. Following the cleaning procedure, the Glaco surface20 con-
taining hydrophobic silica nanoparticles (ca. 100 nm in diameter)
suspended in IPA was deposited on the various substrates; the IPA
was then allowed to evaporate, leaving the particles on the structure,
and this was repeated �ve times. The result was a superhydrophobic
nanoporous structure with a thickness of ca. 1.7� m.20

The next surface treatment involved depositing a thin layer of
an amorphous �uoropolymer solution (CYTOP) onto pre-cleaned
substrates via dip coating to ensure an even coating across the sub-
strate. After being dipped, the sample was placed in a tube furnace
at 150XC for 25 min, and after being cured, the obtained substrate
surface was bonded covalently with the �uoropolymer chains.

The SOCAL surface was fabricated via the acid-catalyzed poly-
condensation of dimethyldimethoxysilane (DMDEOS), for which
DMDEOS was mixed with a 98% concentration of sulfuric acid in
a solution of IPA to create a liquid-like hydrophobic surface.19 Once
the samples were cleaned, they were treated in a plasma oven for
30 min at a power of 30 W to create OH� radicals on the surface.
Following this step, the samples were immersed in the solution for
5 s before a slow manual withdrawal from the solution and curing
in a humidity chamber at 65% relative humidity (for 20 min). This
process allowed the solution to react with the exposed radicals on
the surface, inducing the polycondensation of PDMS chains on the
surface and creating the polymer chain structure that results in low
surface energy and low contact-angle hysteresis.21

To form the surfaces of different roughness, silicon wafers were
chosen as the substrates, and two different grades of sandpaper were
used to generate different surface roughness values. The sandpaper
was rubbed repeatedly over the sample for ca. 5 min, using a fabri-
cated block to ensure that the sandpaper remained in contact with
the surface and with suf�cient pressure. The �rst grade of sandpaper
chosen was P120; this was a macro grit sandpaper with a grit dia-
meter of 162� m, and herein after the samples roughened using this
are referred to as Si P120 samples. The second grade of sandpaper
chosen was P1200; the was a micro grit sandpaper with a grit dia-
meter of 23� m, and hereinafter the samples roughened using this
are referred to as Si P1200 samples.

To characterize the wettability of the surface coatings, the
contact angles (� adv for advancing and� recfor receding) and contact-
angle hysteresis (�� ) of the various surfaces were measured using
a drop shape analyzer (DSA-30; Krüss). The contact angles for the
untreated, Glaco, and CYTOP surfaces were measured using an
in�ation–de�ation procedure in which 4-� l DI water droplets were
deposited on the surface before in�ation and de�ation of 2� l at a
�ow rate of 0.5� l/s; for the SOCAL surface, 4-� l DI water droplets
were deposited on the surface before in�ation by 2� l at a �ow
rate of 0.033� l/s for 60 s and then a slow evaporation under room
conditions (ca. 24XC and ca. 40% relative humidity).

For the Glaco surface, the coating thickness was of the order
of 1 � m despite being a collection of nanoparticles, and therefore
a scanning electron microscopy (SEM) image was taken. However,
for the two types of nanometric polymer coatings, this method is
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FIG. 1.(a) 3D AFM image of CYTOP surface. (b) 3D AFM image of SOCAL surface. (c) SEM image of Glaco surface.

not suitable and therefore atomic force microscopy (AFM) was used
instead. To characterize the surface roughness of the Glaco coating
and sanded samples, the roughness was measured using an optical
pro�lometer (ContourGT; Bruker) within a surface area of 1.7 mm
� 2.5 mm.

The ice adhesion tests were carried out using a horizontal shear
force ice adhesion tester.22 Silicone molds were �lled with DI water
and placed on different substrates and coatings. The samples were
placed in a cold chamber for 3 h for the water to freeze onto the
substrate. Once the samples were frozen, they were placed in the
ice adhesion testing set-up and the force required to remove the ice
block was recorded.

Figures 1(a) and 1(b) show the obtained 3D pro�le AFM images
for the CYTOP and SOCAL surfaces, and Fig. 1(c) shows an SEM
image taken over a 1-� m scan at 6.0 kV to illustrate the microscale
Glaco coating consisting of hydrophobic nanoparticles. From the
AFM image for CYTOP, the rms roughness was 0.40 nm with an
average maximum height of 2.17 nm, and the random structure of
the CYTOP coating can be assumed from the absence of clear reg-
ular patterns in Fig. 1(a). By contrast, the SOCAL structure had
an rms roughness of 0.75 nm with an average maximum height of
14 nm, and Fig. 1(b) shows more order to the polymer chains as
seen by the distinct vertical ridges, which might indicate an ordered
vertical alignment. Meanwhile, the SEM image of Glaco clearly illus-
trates its porous nature, with very few particles in some places and
the silicon substrate visible underneath; Fig. 1(c) also illustrates
the formation of clumps of nanoparticles, and this microstruc-
ture created from the hydrophobic nanoparticles gives rise to the
superhydrophobicity.

Table I lists the obtained rms roughness values for the untreated
glass, Glaco, and silicon samples, both untreated and roughened.
The CYTOP and SOCAL values are mentioned above from the AFM

results. From the data in Table I, the Si P120 surface had the high-
est rms roughness, which is to be expected because it was generated
with much rougher sandpaper. The Si P1200 sample had lower rms
roughness, which was generated using much �ner sandpaper. In
both cases, the addition of the PDMS chains in SOCAL appears to
have made the surface slightly smoother.

Figure 2(a) shows the differences in contact-angle measure-
ments (� adv for advancing contact angle and� rec for receding contact
angle) on the cover-slip glass substrates before and after the repeated
ice adhesion testing, and Fig. 2(b) shows the contact-angle hys-
teresis (�� , difference between� adv and � rec). For the ice adhesion
results after testing, each surface underwent 15 ice adhesion tests
before the contact-angle values were measured again to investigate
the changes. All values in Fig. 2 are the average ones for seven rep-
etitions on three different samples, therefore the standard deviation
values were obtained. Ice adhesion results were obtained from �ve
measurements. For the untreated glass surface, the contact angles do
not appear to change signi�cantly, but the hysteresis is decreased;

TABLE I.Measured roughness values of studied surfaces.

Surface Rms roughness [� m]

Glass (untreated) 0.005� 0.002
Glass (Glaco) 0.07� 0.00
Si (untreated) 0.000 3� 0.000 1
Si (SOCAL) 0.000 75� 0.000 1
Si (P120, untreated) 0.19� 0.07
Si (P120, SOCAL) 0.12� 0.01
Si (P1200, untreated) 0.16� 0.03
Si (P1200, SOCAL) 0.14� 0.02
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FIG. 2.Contact-angle (a) values and (b) hysteresis before and after testing for all surfaces.

this may be because of surface damage due to ice adhesion testing.
For the coated glass surfaces before the adhesion testing, the contact-
angle data match closely with those reported in the literature for
the Glaco and SOCAL surfaces.20,21For the CYTOP surface before
testing, the values obtained match closely with the manufacturer's
reported values. Following adhesion testing on the glass samples,
there were minimal changes in� adv, � rec, and�� , which shows that
the coating wettability had not been changed signi�cantly by sur-
face damage during testing. For the roughened silicon samples, while
the surface roughness was decreased by adding SOCAL,� rec was
increased and�� was changed. This indicates that the morphology
of the SOCAL surface is slightly different and therefore the mobil-
ity of the contact line of a droplet on the surface has been changed.
This change in contact-line mobility and change in receding angle
could cause increased ice adhesion. Similarly, contact-angle hystere-
sis has increased following ice adhesion testing in almost all cases.
This may be because following repeated ice removal, the nanoscale
surface structure has been disrupted by adding more scratches at
the nanometric scale. However, the contact-angle data show that the
wettability of the substrate is not affected signi�cantly in the case of
SOCAL.

Because the untreated glass surface was hydrophilic, a droplet
on it preferentially wetted the surface. However, for the various
coatings on cover-slip glass, the roughest surface was Glaco, which
was mainly because of the porous nature of the coating formed of
nanoparticles with 100-nm diameter; this porosity is also charac-
terizes the superhydrophobic properties of the coating. As shown
previously in the experimental results, the CYTOP coating had a
lower rms roughness than the SOCAL coating, but there was a
larger hysteresis due to the nature of CYTOP. The random orien-
tation of the polymer chains results in a surface with more-variable
morphology, and therefore when a droplet is undergoing in�ation
and de�ation, there may be a nonsmooth change and so greater
hysteresis. For the SOCAL coating, while it had higher rms rough-
ness, it also had a more orientated pattern whereby more chains
were vertical, as shown by the distinct lines in the AFM image.
SOCAL has been shown to behave as a liquid because of the �exible

nature of the PDMS chains;15 therefore, as the droplet is in�ated,
there is smoother movement of the contact line, leading to lower
hysteresis.

For the silicon samples, the untreated one was atomically
smooth, but because of its intrinsic chemical nature, a water droplet
wetted the surface and therefore the contact angle was lower than
that of the SOCAL surface. When the samples were roughened, there
was signi�cant disruption to the surface in the form of increased
roughness, and consequently a droplet wetted the surface further
and had an even lower contact angle. Because of the morphology
of the SOCAL coating, there was a lower rms roughness compared
with an untreated surface. Because the PDMS chains in SOCAL are
�exible and nanoscale, they follow the pattern of the microstructure.
Therefore, despite the addition of the nanoscale liquid-like coating,
the droplet encounters an overall rough surface. This change in the
surface morphology due to the roughness affects the movement of a
droplet across the surface by increasing the receding angle and the
hysteresis.

When investigating the ice adhesion strength on surfaces, an
analytical equation was applied in which the shear ice adhesion
strength is proportional to the practical work of adhesion,15 i.e.,

Wp � A
 wˆ1 � cos� rec• , (1)

where A is a proportionality constant,
 w is the surface tension
of a water droplet with air, and� rec is the receding contact angle.
Using Eq. (1) and the receding contact angle data from Fig. 2(a),
the ice adhesion strengths for a droplet of DI water on untreated
cover-slip glass (22.87 kPa), Glaco (0.81 kPa), CYTOP (10.02 kPa),
and SOCAL (10.08 kPa) surfaces were obtained. Given that the
CYTOP and SOCAL surfaces have similar receding contact angles,
their analytical values are similar. Based on Eq. (1) and the data in
Fig. 2, the analytical value is highest for the untreated surface and
lowest for the Glaco surface.

Figure 3 shows the differences in ice adhesion strength on
the cover-slip glass among the different coatings and the untreated
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FIG. 3.Experimental data for ice adhesion on cover-slip glass compared
with analytical values (black—untreated, red—Glaco, light-blue dashed—CYTOP,
light-green solid—SOCAL).

sample. For each surface, four repetitions were carried out; in the
case of SOCAL, the scale and the small standard deviation of the
repetitions mean that these data appear as one point. Note that the
experimental values for untreated, Glaco, and CYTOP lie relatively
close to the analytical data (see the different lines in Fig. 3). With its
superhydrophobic nature, the Glaco surface reduces the contact area
of a droplet with the surface, and this reduction in contact area is
linked to the high receding and advancing angles that help to reduce
ice adhesion signi�cantly. For the CYTOP surface, a droplet has a
smaller contact area than on the untreated substrate but a larger
contact area than on the Glaco surface; this can be seen from the
surfaces' contact angles. Given that the advancing and receding con-
tact angles for CYTOP are between those for the untreated substrate
and Glaco surface, it is reasonable for the ice adhesion strength of
CYTOP to be between those of the other two surfaces. However, this
is not the case for the SOCAL surface because the measured ice adhe-
sion values are much lower than the analytically predicted value.
This signi�cant change can be explained by the PDMS chains being
�exible and liquid-like on the coated surfaces,15 which has been
shown to remain consistent under different environmental condi-
tions. The �exible nature of the PDMS chains means that because
the block has been applied with a horizontal force, the interface
between the block and the surface is easily separated, thereby reduc-
ing the adhesion of the ice block to the surface. Unlike some other
types of PDMS, these chains do not detach locally because of the
strong covalent bonds between the substrate and the chains. Once
the block starts to move, the remaining chains covered by the block
also move to aid in the removal of the ice and create the effect of a
slippery surface. As a combined effect of the low surface energy of
the polymeric PDMS chains with a liquid-like nature, the SOCAL
surface exhibits a lower ice adhesion strength than that suggested
theoretically.

We further investigated the effects of this liquid-like nature of
the SOCAL coating for reducing ice adhesion on roughened sur-
faces. The obtained values of adhesion as a function of� rec for all
glass and silicon samples are plotted in Fig. 4, where the results are
�tted using Eq. (1) adjusted using a scaling factorA. All the experi-
mental results are shown to �t using the analytically obtained values,
except for the glass SOCAL surface. The ice adhesion data for Si

FIG. 4.Ice adhesion strength versus receding angle as determined experimentally
(data points) and �tted theoretically (dashed line).

P1200 are larger than those for Si P120, smooth untreated silicon,
and cover-slip glass (25.04 kPa, 26.85 kPa, and 25.67 kPa, respec-
tively); this is because of its signi�cantly increased ice contact area
arising from the large surface roughness (Table I) from the intro-
duction of many microscale scratches and� rec [Fig. 2(a)]. The large
amount of surface features provides strong mechanical interlocking
between the ice block and the substrate, resulting in a larger force
required to remove the ice block. For the Si P120 surface, there
are fewer but larger surface features. When the ice block is being
removed from a smooth surface, the same frictional force is required
to move it across the entire surface. For the Si P120 surface, there are
several ridges and valleys, and once the ice is dislodged from a ridge,
a valley can act as an air pocket that reduces the friction for the ice to
move, therefore less force is required. The air pockets from the val-
leys act as breaking positions in the mechanical interlocking of the
ice block with the surface.

In the case of the SOCAL surfaces, the presence of such chains
decreased the ice adhesion on all the silicon samples, including the
ones with increased surface roughness. The PDMS chains break the
mechanical interlocking between the ice and the surface, and given
their �exible nature, this reduces the force required to move the
ice. Once this interlock has been broken and the �rst chains start
to move, the rest follow, therefore reducing the ice adhesion. Given
that the silicon had an ultra-smooth surface compared with the glass
surface, when the surface was coated, it required more force to break
the mechanical interlock and move the ice. For the Si P120 SOCAL
surface and the Si P1200 SOCAL surface, the adhesion values were
12.84 kPa and 21.05 kPa, respectively; this difference in ice adhe-
sion strength arose from differences in the surface roughness, which
can also be seen through the differences in� rec and �� in Fig. 2.
The Si P120 SOCAL surface had a lower rms roughness and thus
a higher receding angle than those of the Si P1200 SOCAL surface;
the higher receding angle then translated into a lower analytically
predicted ice adhesion strength, and this is shown in the experimen-
tal data (Fig. 4).

In this work, we investigated the effects of wettability on a given
substrate to reduce the ice adhesion strength of glaze ice. This inves-
tigation of the reduction in ice adhesion was realized by fabricating
three different nanostructure and nanoscale coatings. We showed
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that the ice adhesion of a droplet could be reduced to less than 12 kPa
by using a �uoropolymer coating, then we reduced it further to less
than 3 kPa by using a nanoparticle coating. We then showed that
by using a nanoscale SOCAL coating, we could reduce the ice adhe-
sion strength even more to only ca. 1 kPa. We then compared these
results to a standard equation for ice adhesion and found that they
matched closely with the analytical results. We investigated experi-
mentally the in�uences of macroscale and microscale roughness on
a selected SOCAL surface, and these results showed that for both
macroscale and microscale roughness, the PDMS chain structure
present in SOCAL signi�cantly reduces the ice adhesion strength.
Furthermore, we reported that even with a macroscale or microscale
substrate roughness, the presence of PDMS chains on the surface
lowers the ice adhesion values. The robustness of the wetting prop-
erties of all the coatings was also explored through comparisons of
contact angles contact-angle hysteresis after repeated ice adhesion
tests comprising ca. 15 icing/de-icing cycles.
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