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A B S T R A C T

Preventing ice accretion on exposed surfaces is important to the operational performance of various facilities and
devices. As time elapses and temperature lowers sufficiently, ice accretion becomes inevitable. Herein, we
present a new approach to prepare icephobic coatings by incorporating two strategies towards lowering ice
adhesion strength, i.e. introducing an aqueous lubricating layer and maximizing macro-crack initiators at the
ice-substrate interface. The aqueous lubricating layer is realized by grafting poly(acrylic acid) (PAA) onto
polydimethylsiloxane (PDMS) coatings, and the macro-crack initiators are induced by introducing macro-scale
hollow sub-surface structures into PDMS coatings. By using vertical shear tests, ice adhesion strengths of PAA-g-
PDMS (10:1), PDMS coatings with macro-scale hollow sub-surface structures (hPDMS) (10:1), PAA-g-hPDMS
(10:1), PAA-g-PDMS (10:10), hPDMS (10:10), and PAA-g-hPDMS (10:10) coatings are obtained as 178.5± 22
kPa, 153.1± 19 kPa, 122.7± 18 kPa, 24.6±4 kPa, 20.3± 3.4 kPa and 17.6± 3.2 kPa, respectively, showing a
reduction of 37.2 %, 46.1 %, 56.8 %, 32.8 %, 44.5 % and 51.9 % when compared with corresponding pure PDMS
coatings. These results indicate that ice adhesion strength can be further reduced by simultaneously introducing
two strategies. The principle of designing icephobic coatings by combining two or more strategies to reduce ice
adhesion to as low as possible provides a new avenue to the preparation of icephobic coatings, and makes
practical applications possible under extremely severe conditions.

1. Introduction

Preventing ice accretion on exposed surfaces is important to the
operational performance of various facilities and devices, such as power
lines, vehicles, aircrafts, wind turbines, and oil drilling rigs [1–3]. To
reduce risks caused by ice accretion, both active and passive methods
have been developed. Active strategies, such as de-icing fluid spray and
thermal heating, induce high costs and energy demands as well as po-
tential environmental pollutions and safety concerns. Compared with
active approaches, passive icephobic coatings without external energy
input are preferred, which are supposed to repel incoming water dro-
plets, suppress ice nucleation and/or lower ice adhesion strength [3–6].

As time elapses and temperature lowers sufficiently, icing becomes
inevitable on exposed surfaces. One practical solution to achieve sur-
face icephobicity is to lower ice adhesion to as low as possible [3].
Recently, there are various strategies proposed towards the design of
icephobic surfaces by lowering ice adhesion, as shown in Fig. 1,

including (super-)hydrophobic surfaces [7–14], polyelectrolyte
polymer brushes [15–17], aqueous lubricating layers [18–25], organic
lubricating layers [26–30], low elastic modulus surfaces [31–36], and
multi-scale crack initiator-promoted icephobic surfaces [3–5,37,38].
For example, low surface energy of (super-)hydrophobic surfaces and
potential micro-scale cracks at ice-substrate interface contribute to the
reduction of ice adhesion strength during a de-icing test. The poly-
electrolyte polymer brushes usually contain a hydrophilic regime and a
hydrophobic regime, and ice adhesion strength can be varied by
changing the hydration state of these brushes. For aqueous lubricating
layers, a non-frozen liquid-like water layer can exist at ice-substrate
interface, which works as a lubricating layer and thus reduce the ice
adhesion strength. Organic lubricating layers can serve as a sacrificial
layer during icing/de-icing cycles and therefore possess low ice adhe-
sion strength. The deformation incompatibility can occur between low
elastic modulus surfaces and ice, which is beneficial to the reduction of
ice adhesion strength. Moreover, multi-scale crack initiator-promoted

https://doi.org/10.1016/j.porgcoat.2020.105737
Received 12 November 2019; Received in revised form 3 April 2020; Accepted 28 April 2020

⁎ Corresponding author.
E-mail address: zhiliang.zhang@ntnu.no (Z. Zhang).

Progress in Organic Coatings 147 (2020) 105737

0300-9440/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/03009440
https://www.elsevier.com/locate/porgcoat
https://doi.org/10.1016/j.porgcoat.2020.105737
https://doi.org/10.1016/j.porgcoat.2020.105737
mailto:zhiliang.zhang@ntnu.no
https://doi.org/10.1016/j.porgcoat.2020.105737
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2020.105737&domain=pdf


icephobic surfaces show low ice adhesion strength due to the formation
of multi-scale cracks during a de-icing test. Although these strategies
have their particular de-icing mechanisms, they may reach the limita-
tion of lowering ice adhesion when working individually. To achieve
ice adhesion strength as low as possible, it is worthy of combining two
or more above strategies when designing new types of icephobic coat-
ings.

For example, Golovin et al. prepared organic lubricating layers by
adding oils into low elastic modulus substrates to obtain icephobic
coatings [39,40]. Wang et al. reported robust anti-icing surfaces by
combining superhydrophobic surfaces and low elastic modulus sub-
strates [41]. He et al. induced macro-cracks at the ice-substrate inter-
face by introducing macro-scale hollow sub-surface structures into low
elastic modulus substrates to obtain super-low ice adhesion surfaces
[3–5]. The above icephobic coatings combine the strategy of low elastic
modulus with other strategies (e.g., organic lubricating layer, super-
hydrophobic surface, and macro-crack promoted surface), showing
excellent icephobicity of multiple strategies designed icephobic coat-
ings [42]. Similarly, it is also possible to combine multi-scale cracks
promoted surfaces with other strategies, such as aqueous lubricating
layers, low elastic modulus surfaces and superhydrophobic surfaces
[3,4]. However, multiple strategies designed icephobic coatings have
not received attention, which are worthy of being discussed so that new
types of icephobic coating can be utilized in different conditions.

The aqueous water layer can exist at the ice-substrate interface
below 0 °C and thus serves as a lubricating layer during a de-icing test
[43,44]. Generally, this non-frozen liquid-like water layer can be rea-
lized by grafting hygroscopic molecules or polymers and then forming
hydrophilic surfaces. For example, Chen et al. designed self-lubricating
icephobic coatings by blending polydimethylsiloxane (PDMS)-poly
(ethylene glycol) (PEG) amphiphilic copolymers into a polymer coating
matrix [18]. Chen et al. constructed a self-sustainable lubricating layer
by modifying solid substrates with highly hydrophilic poly(acrylic
acid)−dopamine, and then obtained anti-icing coatings with low ice
adhesion [45]. Ozbay et al. prepared aqueous lubricating layers by
introducing hydrophilic lubricants (e.g., water, ethylene glycol, for-
mamide, and water-glycerine mixture) to filter papers and poly-
propylene-sorbent sheets [46]. Li et al. obtained highly transparent
antifogging/anti-icing coatings from amphiphilic block copolymers

[47]. Wang et al. designed and prepared various anti-icing coatings
with aqueous lubricating layers inspired by ice skating [19]. They in-
troduced the hyaluronic acid [19], dimethylolpropionic acid [48] and
poly(acrylic acid) [20] as the hydrophilic components to realize an
aqueous lubricating layer to achieve surface icephobicity. In addition to
the above studies, the combination of an aqueous lubricating layer with
other strategies towards design of icephobic coatings has rarely been
studied.

Multi-scale crack initiator-promoted icephobic surfaces have been
investigated in recent years [3]. From the viewpoint of fracture me-
chanics, the purpose of this strategy is to create multi-scale crack in-
itiators at the ice-substrate interface such that ice adhesion can be
largely reduced. For example, Nosonovsky et al. reported that ice ad-
hesion strength depends on the receding contact angle and the initial
size of interfacial cracks [49]. Ling et al. reported that the formation of
micro-cracks acts as interfacial stress concentrators and thus reduces ice
adhesion [37]. Chen et al. utilized a swelling force to create cracks at
the ice-substrate interface and thus decreased ice adhesion [38]. He
et al. found that macro-crack initiator-promoted icephobic surfaces can
reduce ice adhesion down to 5.7 kPa without using any slippery agents
due to the introduction of macro-scale hollow sub-surface structures
[3], and then they investigated the role of macro-scale hollow sub-
surface structures in reducing ice adhesion [5]. He et al. also reported
sandwich-like PDMS sponge-based surfaces with super-low ice adhesion
(∼1 kPa) which was achieved by incorporating macro-cracks, low
elastic modulus and a top smooth layer [4]. The key of this strategy is to
maximize the total length of cracks and achieve ductile fracture at the
ice-substrate interface, and thus to obtain the lowest ice adhesion
possible.

Herein, we design and fabricate poly(acrylic acid) (PAA) grafted
PDMS-based icephobic coatings by simultaneously introducing an
aqueous lubricating layer and macro-crack initiators at the ice-substrate
interface. To lower ice adhesion strength, these two strategies can se-
parately achieve a reduction of 37.2 % and 46.1 % for PDMS (10:1)
based coatings and a reduction of 32.8 % and 44.5 % for PDMS (10:10)
based coatings when compared with corresponding pure PDMS coat-
ings, and the combination of these two strategies can even reach a re-
duction of 56.8 % and 51.9 %, respectively. This approach provides a
new insight into the design of icephobic coatings with low ice adhesion
strength.

2. Materials and methods

2.1. Chemical materials

The Sylgard®184 silicone elastomer kit was purchased from Dow
Corning Corporation. 3-(trimethoxysilyl)propyl methacrylate (TPM, 98
%), acetic acid (≥99.7 %), isopropyl alcohol (≥98 %), ethanol (≥99.5
%), acetone (≥99.5 %), acrylic acid (99 %) and 2-hydroxy-2-methyl-
propiophenone (97 %) were purchased from Sigma Aldrich. All re-
agents were used as received.

2.2. Preparation of SU8 patterns

The SU-8 5 (MicroChem Corp., Newton, MA) photoresist was used
to fabricate SU-8 pillar pattern on silicon wafer via a photolithography
process [3]. The edge-to-edge spacing was 1 mm. The speed of spin-
coating (WS-400B-6NPP-LITE/AS, Laurell Technologies) was selected
at 3000 rpm to obtain the SU-8 pillar pattern with a height of 5 μm. The
dimension of a SU-8 pillar was 1 mm × 1 mm × 5 μm.

2.3. Preparation of hPDMS

The preparation process of PDMS coatings with macro-scale hollow
sub-surface structures (hPDMS) is described in Fig. 2a, based on but
improved from our previous study [3]. First, a silicone base and a

Fig. 1. Strategies towards design of icephobic surfaces by lowering ice adhesion
strength.
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Fig. 2. The fabrication routes of (a) hPDMS coatings and (b) PAA-g-hPDMS coatings.
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curing agent of Sylgard®184 in different weight ratios (10:1 and 10:10)
were mixed, stirred vigorously, and degassed to remove air bubbles.
The above liquid mixture was poured on a SU-8 patterned silicon wafer
and was spin-coated for 30 s with a speed of 1400 rpm to obtain PDMS
coatings with a thickness of 67 μm after a curing process (65 °C, 2 h).
Both glass substrates and PDMS coatings were treated with oxygen
plasma (Femto plasma cleaner, 50 % O2 flow/80 % power) for 12 s.
Then the PDMS coating was peeled off from the silicon wafer and
coated on the glass substrate, followed by curing the PDMS coating for
another 2 h at 65 °C. Finally, the hPDMS coatings were obtained.

2.4. Preparation of PAA-g-PDMS coatings

The grafting of PAA onto PDMS coatings is described in Fig. 2b,
improved from previous studies [20,50]. First, the PDMS coating was
treated by oxygen plasma for 30 s, reacted with a TPM solution (50 %
v/v TPM and 0.1 % v/v acetic acid in pure ethanol) within 15 min, and
heated at 120 °C for 5 min. Then, the obtained PDMS coating was
washed by isopropyl alcohol and ethanol, followed by drying and
curing at 65 °C for 2 h and 30 min. In the subsequent step, the PDMS
coating was immersed in a monomer solution (20 % acrylic acid and 5%
2-hydroxy-2-methylpropiophenone) under the irradiation of UV (UV
zone cleaner) for 15 min, at 72 mW cm−2, producing covalent linkages
between the acrylate group of acrylic acid and the methacrylate group
of TPM. Finally, the hydrophilic PAA-g-PDMS coating was obtained
after thoroughly washing by de-ionized water.

2.5. Characterization

The surface roughness of PDMS-based coatings was characterized by
using a profilometer (Dektak 150, Veeco) equipped with a 12.5 μm
diamond tip stylus. The water contact angle was evaluated by using a

CAM 200 contact-angle system (KSV Instruments Ltd., Helsinki,
Finland). The receding contact angle (θrec) was tested and repeated for
5 times, where water was supplied via a syringe in or out of sessile
droplets (∼5 μL) [2]. The water adhesion force was investigated by a
Dynamic Contact Angle Tensiometer (DCAT11®, dataphysics) and re-
peated for 10 times [2]. Chemical structures of PDMS and PAA-g-PDMS
coatings were examined by X-ray photoelectron spectroscopy (XPS,
Kratos Axis Ultra DLD).

2.6. Ice adhesion strength

The ice adhesion strength was measured by a vertical shear test
(Instron MicroTester, Instron® Model 5944), following the same pro-
cedure as described in previous studies [3–5,29–31]. The details of
freezing behavior of samples were as follows: 10 mL de-ionized water
was filled in a polypropylene centrifuge tube mold sealed on PDMS
coatings by using a silicone sealant (Loctite ®5926), followed by
keeping the system in a refrigerator at −18 °C for 2∼24 h [3–5]. Then
the system was rapidly transported from the refrigerator to a cooling
chamber (−18 °C) where the system was stabilized at −18 °C for 30
min. A force probe with a diameter of 5 mm was used to propel the
tube-encased ice columns at a velocity of 0.1 mm min−1 during an ice
adhesion test. Each sample was tested for three times, and the standard
error was used for the tested data. For the icing/de-icing cyclic tests, the
freezing time was chosen as 2 h to save time, for it has been demon-
strated that the freezing time (2∼24 h) of water had no significant
effect on the values of ice adhesion strength [4,32].

Fig. 3. XPS C 1s spectra of (a) PDMS (10:1), (b) PDMS (10:10), (c) PAA-g-PDMS (10:1), and (d) PAA-g-PDMS (10:10).
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3. Results and discussion

3.1. X-ray photoelectron spectroscopy

To have a better understanding of the surface chemistry of PDMS,
hPDMS, PAA-g-PDMS and PAA-g-hPDMS coatings, X-ray photoelectron
spectroscopy (XPS) analysis of PDMS and PAA-g-PDMS is performed, as
shown in Fig. 3 and Fig. S1-S3. For hPDMS and PAA-g-hPDMS coatings,
macro-scale hollow sub-surface structures will not influence the surface
chemistry. The XPS analysis indicates that PDMS-based coatings con-
tain elements of oxygen, carbon and silicon (Fig. S1). The spectrum is
shifted to fix the C − C/C–H peak at 284.6 eV because of possible
surface charging of PDMS coatings [51]. For example, peak fitted C 1s
spectra of PDMS (10:1), PDMS (10:10), PAA-g-PDMS (10:1) and PAA-g-
PDMS (10:10) coatings are shown in Fig. 3. For PDMS (10:1 or 10:10)
coatings, the peaks of C − C/C–H and C − Si are 284.6 eV and 284.2
eV (Fig. 3a and b) [52]. It is found that the relative intensity of C − C/
C–H to C − Si for PDMS (10:10) is weaker than that of PDMS (10:1)
because of less components of base materials as shown in the poly-
merization process (Fig. S4). When the PAA is grafted onto PDMS
coatings, the binding energy at 288.9 eV and 286.5 eV belongs to O −
C=O and C − O [53]. The relative intensity of C − C/C–H to C − Si
for PAA-g-PDMS (10:10) is weaker than that of PAA-g-PDMS (10:1),
which is in agreement with the above results in Fig. 3a and b. In short,
different surface chemistry can cause different surface energy, and thus

influence ice adhesion strength of four PDMS-based coatings.

3.2. Ice adhesion strength

Ice adhesion strengths of PDMS-based coatings with a thickness of
67 μm have been measured by a vertical shear test (see the experi-
mental section), and the results are shown in Fig. 4a. The PDMS coat-
ings with macro-scale hollow sub-surface structures and the PAA-g-
PDMS coatings with macro-scale hollow sub-surface structures are la-
beled as hPDMS and PAA-g-hPDMS, respectively. For pure PDMS (10:1)
coatings, ice adhesion strength is 284.2±38 kPa. When the aqueous
lubricating layer is introduced into pure PDMS (10:1) coatings, ice
adhesion strength of PAA-g-PDMS (10:1) coatings is 178.5±22 kPa,
showing a reduction of 37.2 % for ice adhesion because of the existence
of a liquid-like water layer at the ice-substrate interface as several
studies reported [18–20,48]. If macro-scale hollow sub-surface struc-
tures are introduced

into pure PDMS (10:1) coatings, ice adhesion strength of hPDMS
coatings is reduced to 153.1±19 kPa and shows a reduction for ice
adhesion as 46.1 %, which is caused by the occurrence of macro-crack
initiators at the ice-substrate interface during a shear test.

When designing icephobic coatings by incorporating two strategies
(the aqueous lubricating layer and macro-scale hollow sub-surface
structures), the results of ice adhesion strength are also shown in
Fig. 4a. The ice adhesion strength of PAA-g-hPDMS (10:1) coatings is

Fig. 4. (a) Ice adhesion strength of eight PDMS-based coatings, (b) De-icing mechanism of an aqueous lubricating layer, (c) De-icing mechanism of the combination of
an aqueous lubricating layer and macro-scale hollow sub-surface structures.
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122.7± 18 kPa and reaches a reduction of 56.8 %. The de-icing me-
chanisms of two strategies are schematically illustrated in Fig. 4b and c.
For PAA-g-PDMS coatings, the reduction of ice adhesion strength is
caused by the lubricating function of the aqueous lubricating layer, and
the whole lubricating layer is effective for the reduction of ice adhesion
strength. For hPDMS coatings, ice adhesion strength is largely reduced
due to the introduction of macro-crack initiators (Fig. 4c), which causes
stiffness inhomogeneity in both perpendicular and tangential directions
to weaken the ice–solid interface and maximizes the crack length un-
derneath the ice [3].

Tuning the weight ratio of base material and curing agent is another
approach that can change elastic modulus and surface energy of PDMS
substrates [3,4]. As shown in Fig. 4a, when the weight ratio of PDMS
prepolymer and curing agent is changed from 10:1 to 10:10, ice ad-
hesion strengths of pure PDMS, PAA-g-PDMS, hPDMS and PAA-g-
hPDMS are 36.6± 5.4 kPa, 24.6±4 kPa, 20.3±3.4 kPa and
17.6±3.2 kPa, respectively. The reductions of ice adhesion strength
for PAA-g-PDMS (10:10), hPDMS (10:10) and PAA-g-hPDMS (10:10) are
32.8 %, 44.5 % and 51.9 % when compared with pure PDMS (10:10)
coatings, respectively. It can be seen from the above results that ice
adhesion strength can be reduced by decreasing the weight ratio of base
material and curing agent. Lower weight ratio of base material and
curing agent can result in lower elastic modulus of PDMS coatings, and
thus leads to lower ice adhesion strength of PDMS coatings [4].
Moreover, the combination of two strategies still works for the further
reduction of ice adhesion strength of PDMS (10:10) coatings when
compared with individual strategy. This indicates that the incorpora-
tion of two strategies (the aqueous lubricating layer and macro-scale
hollow sub-surface structures) may be proper for the design of

icephobic PDMS-based coatings with different weight ratios.

3.3. Relationships between room temperature characteristics and ice
adhesion strength

The characterization of ice adhesion strength is a direct method to
evaluate surface icephobicity. However, ice adhesion tests require low
temperature operation, which is costly and time-consuming. To facil-
itate the evaluation of surface icephobicity, it is interesting to correlate
ice adhesion strength with room temperature characteristics of coat-
ings. Herein, the correlations between room temperature characteristics
(e.g., surface wettability, roughness and water adhesion force) and ice
adhesion strength are investigated and plotted in Fig. 5.

It can be seen from Fig. 5a that water contact angle has no obvious
correlation with ice adhesion strength of the prepared PDMS-based
coatings [4,18]. This is because water contact angle only reflects the
surface chemistry and topography, while ice adhesion strength is de-
termined by various parameters, such as surface chemistry and topo-
graphy, elastic modulus, the aqueous lubricating layer, macro-cracks at
the ice-substrate interface, and so on [3,4,18]. Generally, the increase
of contact angle and the decrease of surface energy are favorable to the
reduction of ice adhesion strength [54,55]. In this study, the grafting of
hydrophilic PAA onto PDMS coatings not only lowers water contact
angle, but also leads to the reduction of ice adhesion strength by in-
troducing an interfacial non-frozen water layer [18]. Compared with
PDMS (10:1) coatings, PDMS (10:10) coatings have higher water con-
tact angle and lower ice adhesion strength because of lower surface
energy and elastic modulus. For PDMS and hPDMS coatings, both have
similar water contact angle, but ice adhesion strength of hPDMS

Fig. 5. Room temperature characteristics of PDMS-based coatings.
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coatings is lower than that of PDMS coatings. Because the measurement
of water contact angle cannot reveal the role of the macro-scale hollow
sub-surface structures, while it significantly contributes to the reduction
of ice adhesion strength by inducing macro-cracks at the ice-substrate
interface [3]. Similarly, the value of [1 + cos θrec] is not proper to
correlate with ice adhesion strength of low elastic coatings with or
without macro-scale hollow sub-surface structures (Fig. 5b), in agree-
ment with early work by Chen et al. [18] and He et al. [4].

As for the root-mean-square roughness (Rq), it ranges from 35 to 85
nm for the eight PDMS-based coatings (Fig. 5c). The roughness of PDMS
(10:1) and PDMS (10:10) coatings is almost the same, while ice adhe-
sion strength of PDMS (10:1) coatings is about 7 times as that of PDMS
(10:10) coatings. Therefore, surface roughness cannot individually
dictate ice adhesion strength [2]. Furthermore, the correlation between
water adhesion force and ice adhesion strength is shown in Fig. 5d. It
can be found that water adhesion forces on PDMS-based coatings
(10:10) are lower than that of corresponding PDMS-based coatings
(10:1), indicating the influence of elastic modulus on ice adhesion
strength. Similarly, hPDMS coatings with lower water adhesion forces
show lower ice adhesion strength for the corresponding PDMS coatings
with same weight ratios. When ice adhesion strength is larger than 100
kPa, a linear relationship can be obtained with the square of the cor-
relation coefficient (R2 = 0.60). When ice adhesion strength is less than
60 kPa, water adhesion force is in a range from 160 to 315 μN, which is
in agreement with previous studies [2,4]. Although ice adhesion
strength cannot be precisely predicted by water adhesion force in the
above range, it can be estimated whether it is above or below 60 kPa if
we know exact values of water adhesion forces as suggested by our
previous studies [2,4]. In short, it is cost-effective to estimate ice ad-
hesion strength of unknown coatings by some room temperature

characteristics (e.g., water adhesion force).

3.4. Icing/de-icing cycling tests

The surface durability is an important parameter that evaluates the
long-term performance of icephobic coatings in real applications. In
Fig. 6, the icing/de-icing cyclic testing results of four selected PDMS-
based coatings are presented. In all icing/de-icing cyclic tests, the
freezing time in icing/de-icing cyclic tests was chosen as 2 h [4,32],
because the freezing time (2∼24 h) of water had no significant effect
on the values of ice adhesion strength as demonstrated by Beemer et al.
and He et al. For the failure of ice, the detachment of ice on PDMS-
based coatings has been confirmed as the adhesive failure. Over 15
cyclic tests, ice adhesion strengths of pure PDMS (10:1), PAA-g-PDMS
(10:1), hPDMS (10:10) and PAA-g-hPDMS (10:10) coatings are stable
around 281 kPa, 180 kPa, 21 kPa and 17 kPa, respectively. It indicates
the durability of the prepared PDMS-based coatings is fitted for a long-
term use as our previous studies and other reports suggested
[3,4,32,34,39,40]. For organic lubricating coatings, the depletion of
organic lubricants needs to be considered [56], while the stability of
hollow sub-surface structures of PAA-g-hPDMS coatings should be
concerned for a long-term use. Besides, other factors, such as abrasion,
corrosion and UV resistances, also need to be considered when applying
these coatings in real applications.

4. Conclusions

We present a new approach to prepare icephobic coatings by com-
bining two strategies towards lowering ice adhesion, i.e. introducing an
aqueous lubricating layer and maximizing macro-crack initiators at the

Fig. 6. Icing/de-icing cycling tests of (a) pure PDMS (10:1), (b) PAA-g-PDMS (10:1), (c) hPDMS (10:10), (d) PAA-g-hPDMS (10:10).
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ice-substrate interface. The reductions of ice adhesion strength for PAA-
g-hPDMS (10:1) and PAA-g-hPDMS (10:10) are 56.8 % and 51.9 %
when compared with corresponding pure PDMS coatings, respectively.
These results indicate that the combination of two strategies can further
reduce ice adhesion strength for PDMS coatings with different weight
ratios. We envision that strategies, such as an aqueous lubricating layer
and macro-crack initiators induced by macro-scale hollow sub-surface
structures, can be used to combine with other strategies, which opens a
new avenue to the design of icephobic coatings.
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