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1. Introduction

The development of materials and systems
that successfully act against ice formation,
accretion, and adhesion of ice would signif-
icantly impact daily life during cold seasons
or in locations where low temperatures are
a constant challenge. The demand for such
materials or systems has increased in the
past years,[1,2] and materials with so-called
icephobic properties have been developed
to mitigate ice by inhibiting ice nucleation,
delaying propagation, and/or significantly
reducing ice adhesion.[3–5] Icephobic mate-
rials, their properties, and the phenomena
around them have been widely studied.[6,7]

Unfortunately, in most cases, the materials
are unsuitable for industrial, large-scale
applications and are only suitable for use
in limited environmental conditions.[8,9]

Studies indicate that icephobic materials
are not a standalone solution for anti-icing
or de-icing. To date, no icephobic material

has been identified that can withstand harsh environmental con-
ditions while maintaining its functionality. This has limited the
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Icephobic materials and systems are highly desired in regions and seasons where
daily life activities are hindered by the presence of ice. The combination of
icephobic materials with active de-icing systems, known as hybrid systems, is a
promising way to optimize efficiency in ice removal, while reducing power
consumption. However, the development of hybrid systems is limited by their
lifespan and the incompatibility of most icephobic materials with the operating
mode of the active system. Here we present a hybrid system comprising a
gradient polymer coating deposited with initiated chemical vapor deposition and
a resonant piezoelectric de-icing system. The de-icing performance is evaluated in
an icing wind tunnel, where the system is capable of detaching ice blocks in less
than 1 s, regardless the ice type and covered area. An in-depth ice detachment
study confirms that ice adhesion reduction is an intrinsic property of the coating,
independent from external factors. The nanometric nature of the coating enables
efficient operation of the resonant de-icing systems. The coating shows out-
standing durability against the de-icing cycles, abrasion, water erosion, and
delamination. The results showcase the hybrid systems potential in real-world
applications to contrast icing.
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application of such coatings because once a single ice layer forms,
ice accretes, thereby suppressing the surface icephobicity.[2,9–11] As
a solution, the construction of hybrid systems has been proposed;
these systems consist of coupling icephobic coatings with active
ice protection systems, such as electrothermal,[12,13] pneumatic
boots,[14] shape-memory materials,[15,16] and ultrasound or micro-
wave technologies.[17] Hybrid systems seem an appealing alterna-
tive to overcome the current performance limitations of anti-icing
and de-icing systems operating individually.

Electrothermal de-icing systems have been widely investigated
due to the simplicity of the concept: the principle consists of
integrating electrical heating elements into the desired protected
surface.[2,11] However, one of the primary limitations is the sub-
stantial amount of electrical energy required for the operation. In
some cases, achieving the melting temperature is insufficient
and temperatures above 10 °C are required, which further
increases the energy consumption,[2,18] not to mention the prob-
lem of run-back ice, which may require operation with strongly
energy-demanding full-evaporative systems. Electrothermal
de-icing systems have been combined with icephobic coatings
resulting in a reduction in power consumption. Fortin et al.[19]

reported that the power reduction on de-icing systems coupled
with icephobic coatings depended on the type of ice accreted
and whether the coating employed had hydrophobic or superhy-
drophobic properties. Antonini et al.[20] used a Teflon coating on
etched aluminum and reported a reduction of power up to 80%
compared to the performances of the unpolished substrate.
Additionally, a significant reduction of runback ice was observed
in the presence of coatings. As discussed by Huang et al.,[2] the
proper selection of the coating is crucial for achieving a power
consumption reduction.

Electromechanical resonant de-icing systems represent a via-
ble alternative to traditional ice protection methods for limiting
the required power. They can use piezoelectric actuators which
generate vibrations in the iced surface. The vibrations result in
the generation of localized stresses, which ultimately lead to the
failure and detachment of the ice. Due to the small vibrational
amplitude, the structural fatigue to the surface is minimal to
other mechanical de-icing strategies, such as electromechanical
expulsive or electroimpulsive systems.[18,21–24] In a comparative
analysis conducted by Palanque et al.,[25] the power consumption
of two electromechanical de-icing architectures for the Airbus
A320 was investigated. Findings indicate that these systems
require between 1.5 and 2 kVAm�2, significantly lower than
the 26.5 kWm�2 consumed by the thermal anti-icing systems
commonly employed on commercial airliners.

The combination of electromechanical de-icing systems with
an icephobic coating that reduces ice adhesion can further
improve the system’s effectiveness and efficiency. However, the
critical issue is the coating’s mechanical properties which
can negatively affect the transmission of vibrations, specifically
the loss modulus, which has an impact on damping, and the
Young’s modulus, which, if too low, makes the coating layer soft
and prone to vibration absorption.[2]

Previously, gradient polymeric coatings exhibiting a broad
range of icephobic properties and extraordinary durability were
presented.[26] These nanometric coatings were formed and
deposited via initiated chemical vapor deposition (iCVD), a one-
step technique that does not require solvents and that has been

successfully adapted for the industrial scale.[27,28] The gradient
coating composition was gradually changed from the one of a
organosilicon polymer to the one of a perfluoroacrylate polymer,
namely, 2,4,6,8-tetraethenyl-2,4,6,8-tetramethylcyclotetrasiloxane
(pV4D4) and 1H,1H,2H,2H-perfluorodecyl acrylate (PFDA),
respectively. It was found that when the top section (pPFDA)
thickness of the gradient structure increased, a systematic change
in crystallographic orientation at the surface plane ensued, pro-
ducing a discontinuity in the surface energy. The predominantly
random-oriented structure at the surface leads to a systematic
enhancement of the icephobic properties of the coating. In other
words, the higher the surface energy discontinuity, the more
effective the icephobic properties. This was particularly observed
and quantified in the coating ability to reduce ice adhesion by an
adhesive reduction factor (ARF) of at least 20 times.[26] During
the coating characterization via push test, a distinct fracture
propagation mechanism was observed, indicative of a tough-
ness-dominated detachment process. This mechanism is charac-
terized by a low detaching force that is independent of the iced
area.[29–31] Consequently, these coatings possess an advanta-
geous property, which is a low toughness at the ice/surface inter-
face when compared to unpolished substrates.

Although hybrid systems represent a viable alternative to mit-
igate ice, existing icephobic coatings face limitations, these
include a lack of mechanical durability, thermal stability, and
chemical resistance, as well as the coating deposition technique,
leading to incompatibility with large-scale industrial applications
and current de-icing systems.[1,2] In this study, the versatility of
iCVD was leveraged to coat a range of substrates. Aluminum
plates were coated and equipped with piezoelectric actuators
to create a hybrid electromechanical de-icing system. The coat-
ing’s nanometric nature did not introduce any damping that
would have limited the vibration transmission, thereby highlight-
ing the potential of iCVD coatings over traditional coatings and
methods for the combination of passive ice protection systems
with resonant electromechanical active systems. The system
was tested in an icing wind tunnel (IWT) simulating atmospheric
icing conditions and for the first time, a hybrid system composed
of a nanometric polymeric coating showed promising de-icing
performance. The action-responsive times were less than a sec-
ond, and an outstanding resistance against the mechanical
stresses after multiple icing/de-icing cycles was observed. The
ice detachment mechanism in relatively large areas was charac-
teristic of coated surfaces with fewer cohesive fractures. The final
result was a full ice-block detachment with less energy than
experiments with an uncoated plate.

As previously demonstrated,[29] ice adhesion is influenced by
experimental conditions such as temperature, relative humidity,
cooling rate, and ice sample size and geometry. Therefore, an
extended ice adhesion study is presented to validate that the
ice adhesion reduction displayed by the gradient polymer surfa-
ces, observed in the de-icing experiments in the IWT, is an intrin-
sic property of the material independent of external variables. In
the end, gradient polymers manufactured via iCVD demon-
strated not only outstanding icephobic properties but also proved
to be viable candidates for combination with resonant electrome-
chanical de-icing systems, resulting in hybrid systems exhibiting
high performance and durability in outdoor conditions.
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2. Results and Discussion

To understand the contribution of the gradient polymer surfaces
in the detachment process when coupled with the electrome-
chanical de-icing system, an extended ice adhesion study is pre-
sented. As discussed by Stendardo et al.,[29] the ice adhesion is
influenced by experimental conditions such as temperature, rel-
ative humidity, cooling rate, and ice sample size and geometry. A
series of gradient polymer coatings with different top section
thicknesses, 100, 200, and 300 nm, was deposited over silicon
substrates via iCVD. As a preliminary experiment, the ice adhe-
sion of the gradient coating series was tested to evaluate the effect
of surface temperature and cooling rate. Figure 1a shows the ice
adhesion force of the gradient polymer coatings as a function of
the temperature with the “fast” cooling method. When compar-
ing all temperatures, no effect was observed in the ice adhesion
force values, which stayed constant. However, at each tempera-
ture, the following trend was observed: as the top section thick-
ness increased, the ice adhesion force systematically decreased,
with Grad300 displaying the lowest force. This experimental case
evidenced that the ice detachment mechanisms exhibited by the
gradient polymer coatings were not temperature-dependent and
that the ice adhesion systematically decreased with an increment
of the coating thickness. As demonstrated previously,[26] the only
difference between the three gradient coatings is the randomness
of the crystallites at the surface, which increases for thicker
coatings.

Figure 1b shows the adhesion force results with the “slow”
cooling method, which resulted in two different outcomes: a
global increase in ice adhesion on each sample, compared to
the “fast” cooling method, and a systematic reduction in ice adhe-
sion as the temperature decreased. In accordance with previous
observations, the ice adhesion force systematically decreased, as
the top section thickness increased. At each temperature,
Grad300 remained the coating with the lowest adhesion force.
This experimental case demonstrated that the icephobic proper-
ties prevailed over the temperature in the testing conditions, and
the ice detachment mechanism remained the same. This was not
only visible in the tendency at “fast” cooling rates but was also
reproduced at “slow” cooling rates. In a previous contribution,[26]

it was demonstrated that the main difference between the gradi-
ent coatings resides in the crystal orientation; hence, this

demonstrates that the superior performance of Grad300 is
due to its characteristic crystallinity. Finally, this study confirms
the ice adhesion reduction ability as an intrinsic icephobic prop-
erty of the gradient polymer coatings and possibly originated
from the difference in the crystal orientation, as it is the only
different attribute among them. Figure 1c compares the two cool-
ing mechanisms. Although the exact reason behind the global
force increment for the “slow” cooling method is still uncertain,
we speculate that it can be related to the ice mechanical proper-
ties because ice is more brittle when water cooling and freezing
occur rapidly.

As Grad300 was the coating with the strongest icephobic prop-
erties regarding the lowest adhesion force, it was chosen for fur-
ther experiments on aluminum. The surface properties of the
gradient polymer coatings were successfully transferred to the
aluminum surface as the water contact angle (WCA) analysis
and ice adhesion assessment confirmed. Figure 2a shows the
WCA analysis of the unpolished aluminum (as received from
the manufacturer), polished, and coated. The polished alumi-
num sample showed lower static WCA compared to the unpol-
ished one, with a difference of 20°. This difference in wettability
is attributed to the roughness of the unpolished aluminum,
approximately Sp= 0.56 μm, which comes from the contiguous
unidirectional brushing in the surface. The polished aluminum
substrates exhibited a strong hydrophilic behavior, likely due to
the enhanced contact area of the water with the surface, which
was a consequence of the elimination of the topographical fea-
tures. In contrast, the unpolished substrate displayed a weaker
hydrophilic behavior, likely due to the presence of brushing,
which hinder the mobility of the drop in the surface.

By using iCVD, conformal coatings are formed,[32,33] i.e., all
the features existing at the surface are uniformly covered by the
coating; this is shown in the optical micrographs in Figure 2b. In
the polished coated surface, there were no features influencing
the interaction of the coating with water; hence, the typical hydro-
phobic behavior of Grad300 was observed.[26] The unpolished
coated sample exhibited weaker hydrophobicity than the polished
sample. In this case, the roughness promoted the pinning effect
more than enhancing the wetting, as indicated by the stronger
hysteresis and lower WCA values. Figure 2c compares the ARF
for the samples with Grad300 and without coating. The coating
successfully decreased the ice adhesion on the unpolished

Figure 1. Ice adhesion force exhibited by the gradient polymer coatings as a function of temperature with a) “fast” cooling method and b) slow cooling
method. c) Ice adhesion force comparison of both cooling methods.
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surface, with a reduction factor of at least 2.6 times, whereas on
the polished surface, the reduction was 7.5 times. In the unpol-
ished coated sample, an anisotropic effect due to the unidirec-
tional brushing was observed. Two experiments were performed:
one with the pushing force direction perpendicular (⊥) and the
other parallel (‖) to the direction of the brushing. In the perpen-
dicular configuration, the reduction factor was found to be lower
than in the parallel configuration, i.e., 2.6 and 4.5, respectively.
This was attributed to physical ice interlocking, i.e., the water
penetrates within the brushing and, when it freezes, it creates
anchor points promoting ice adhesion. Although the parallel con-
figuration favored the ice detachment reducing 4.5 times the ice
adhesion, there was still a significant difference compared to
the polished coated, whose reduction was 7.5 times smaller.
While the roughness effect on ice adhesion has been previously
discussed,[34–36] these experiments provide a more comprehen-
sive understanding of how ice adhesion is affected by the rough-
ness of an icephobic surface. To avoid roughness influences and
to characterize the pure icephobic performance of the gradient
polymer coating, the aluminum samples were polished for
IWT testing.

Ice accretion was tested in coated and noncoated aluminum
plates fixed in the IWT chamber as shown in Figure S3,
Supporting Information. Prior to ice accretion tests, the wettabil-
ity of the plates was observed at room temperature by spraying
water through the IWT nozzles. Due to the strong pinning effect

and hydrophobic character of the coating, drops maintained uni-
form size and distribution with clear dry zones separating them,
analogous to the previous observations reported in our previous
contribution.[26] At a certain drop volume, the pinning effect was
overcome and drops rolled off the surface, drying their way
(Video S1, Supporting Information). In the noncoated area,
drops covered the entire surface, forming a quasicontinuous
water layer. This phenomenon was clearly observed at the bound-
ary of the coated/noncoated part, located in the middle of the
half-coated plate, as shown in Figure 2d. Despite the noticeable
difference in the wettability, the formation of several types of ice
in the icing wind tunnel (glaze, rime, andmixed) was not affected
resulting in homogeneous ice blocks. Only a slight difference
was observed during the formation of rime ice when the plate
was tilted 45°. Figure 2e shows the evolution of the ice-covered
area observed at the boundary of the coated and noncoated part;
this was obtained by analyzing snapshots during the process. The
ice-covered area in the coated part was smaller than in the non-
coated during the early part of the experiment, but eventually, the
accreted rime ice covered both areas equally. The experiment was
concluded when the ice accreted reached a thickness of 30mm.
The limited icephobic performance that Grad300 displayed as a
purely passive system was in line with expectations, as at some
point ice will start to form on any surface, leading to ice accretion.
Nevertheless, the point of IWT tests is to form ice in challenging
conditions (Tchamber=�5 °C, υwind= 20m s�1, MVD= 50 μm,

Figure 2. a) WCA analysis of the aluminum noncoated and Grad300-coated samples. b) Microscope image comparing the appearance of unpolished
aluminumwith and without coating. The brushing causing roughness can be distinguished with the bare eye and was conformally coated with iCVD. c) Ice
adhesion reduction comparison of unpolished and polished uncoated aluminum samples with unpolished and polished Grad300-coated samples. The
unpolished sample with parallel brushing (‖) and perpendicular brushing (⊥) displayed differences due to the interlocking effect. d) A close-up image
at the boundary of the Grad300-coated part on the half-coated polished plate allows for a comparison of the wettability observed along the plate
(300� 70� 1mm3) on both parts of the plate. To achieve a partial coating with iCVD, a mask covering the noncoated area was used during the deposi-
tion. e) The graph shows a comparison of the area coverage at different moments during the rime ice formation over the half-coated plate (see the full
sequence in the Video S1, Supporting Information).
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LWC between 1 and 10 gm�3) similar to those in nature and
assess the effective de-icing in combination with an active
system.

As such, the aluminum plates were coupled with an electro-
mechanical de-icing system to assess their compatibility and ice-
phobic performance. On the back of the aluminum plates, five
piezoelectric actuators were glued in the configuration shown
in Figure 3a. This specific configuration was designed to excite
the plate in two specific resonant modes: the second extensional
mode and the second in-plane flexural mode. A detailed study on
resonant modes and fracture propagation mechanisms has been
published by Gastaldo et al.[24] In Figure 3b, the polished
uncoated plate equipped with the electromechanical de-icing sys-
tem was placed in the IWT where ice accreted until the surface
was covered by a uniform block of glaze ice, having a thickness of
≈3mm. The electromechanical system was then activated, excit-
ing the plate at its second extensional mode, with a frequency
around 13 kHz. With this mode, the displacement is mostly
in the in-plane direction. This is expected to induce high stresses
at specific sites in the ice block producing cracks and eventual
detachment from the aluminum surface.

Noncoated plates were used as references. During the tests
with the noncoated plate, only cracks were formed without
achieving complete detachment. In the first test, the reference
plate was excited for 10 s at 250 Vpk. A crack appeared on the
left side of the ice block almost instantly when the piezoelectric
actuators were activated (t= 0.8 s), as shown in Figure 3c.
Although the opaque color near the crack indicated a localized
detachment, the crack did not propagate during or after the exci-
tation. The ice block was not affected and remained adhered to
the plate. In the second test, the plate was excited for 10 s with
13 kHz and 200 V, in extensional resonant mode. The second
excitation did not generate new cracks; however, it promoted
the propagation of the existing one toward the center of the plate
(Figure 3c). The crack propagated continuously during the exci-
tation increasing the opaque area in the ice, and it stopped with
an approximated length of 53mm when the excitation ended.

The half-coated and fully coated plates were tested under
the same conditions as the reference. The half-coated plate
(Figure 4a) showed explicitly how the presence of the Grad300
coating significantly improved the de-icing performance of the
electromechanical system. Figure 4b shows the experiment in
which a continuous glaze ice block covers homogeneously the
coated and noncoated part of the plate. The piezoelectric actua-
tors were excited for 10 s around 13 kHz and at 200 Vpkþ, again
with the second extensional resonant mode. After only 0.1 s, sev-
eral cracks originated at the left side of the plate and propagated
along the entire coated area. At 1.5 s, a big ice piece detached
from the coated area, while the cracks propagated to the non-
coated area. It took 4.8 s to fully clear the ice from the coated area.
In contrast, the ice continued being firmly adhered to the non-
coated area, despite the cohesive cracks generated in the ice block
during excitation. The test on the half-coated plate demonstrated
the beneficial impact of the Grad300 coating on the de-icing pro-
cess, specifically in relation to the second extensional mode. With
similar results, a second type of mode, specifically the second in-
plane flexural mode, was then tested. In this mode, the move-
ment is primarily in the in-plane direction; however, rather than
the plate merely extending longitudinally (as in the second exten-
sional mode), it undergoes in-plane bending.

The same experiment was performed with two separated
blocks of mixed ice in each area, as shown in Figure 4c. The pie-
zoelectric actuators were excited for 10 s at 250 Vpkþ and around
7 kHz, corresponding to the second in-plane flexural mode. At
only 0.1 s of excitation, a sequential crack formation, propaga-
tion, and ice detachment occurred almost simultaneously on
the top-left side of the coated area. This was critical and triggered
the full detachment of the rest of the ice block. Hence, in less
than 1 s (0.2 s), the coated area was fully clear of ice. In the
noncoated part, the ice block remained tightly adhered to the sub-
strate during the whole experiment, and no evidence of cracking
or adhesive propagation was observed. The same de-icing perfor-
mance was observed with glaze ice blocks. The de-icing process
observed suggested that the detachment occurred by a combina-
tion of cohesive and adhesive fractures.[18] The ice fracture
started as a cohesive fracture and then propagated adhesively
until the ice detached. The exclusive detachment observed on
the coated area revealed that the presence of the coating was a
crucial element in the detachment process, thus aiding the elec-
tromechanical system.

Figure 3. a) Configuration of the piezoelectric actuators on the back side
of the aluminum plates. b) Ice accreted in the IWT over aluminum plates
(300� 70� 1mm3). The dashed area indicates the area in which a crack is
formed and propagated during the excitation. c) During the first test, the
formation of the crack occurred in less than 1 s after the start of the exci-
tation. During the second test, the crack propagated adhesively (i.e., at the
interface between the ice layer and the plate). The marked zones corre-
spond to total crack propagation area. The dashed gray line is the maxi-
mum area achieved (see the full sequence in the Video S2, Supporting
Information).
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Figure 4d shows the experiment performed on the fully coated
plate. Similar to previous experiments, once the surface of the
plate was covered with a homogeneous mixed ice block, the pie-
zoelectric actuators were activated for 10 s at 6.8 kHz and at 250
Vpkþ. At 0.1 s of excitation, the vibrations produced a burst of ice
crystals formed along the top of the ice block. Simultaneously,

the formation and propagation of a minor crack occurred at
the bottom-left corner of the ice block, followed by a full adhesive
detachment of the ice block in one piece. At only 0.3 s of excita-
tion, the plate surface was completely ice-free.

Notably, the gradient polymer coating resisted multiple ice
detachment cycles. The ice was accreted on each plate at least

Figure 4. a) Half-coated plate inside the IWT before ice accretes to form an ice block. The iCVD coatings do not interfere with the substrate properties, it
can be seen that the reflectiveness of the polished plate was preserved when coated with Grad300, and only a subtle rainbow color hue distinguishes the
coated from the noncoated area. b) Sequential snapshots of the half-coated plate with a continuous glaze ice block during excitation. When the plate was
excited, multiple cracks appeared on the coated area that propagated toward the noncoated area (dashed arrow). After 4 s, the coated area was clear of ice,
whereas the ice remained adhered in the noncoated area. c) Sequential snapshots of the half-coated plate excitation with two separated blocks of mixed
glaze and rime ice. When the plate was excited, a crack formed and propagated detaching a small piece of ice (dashed circle), followed by the detachment
of the rest of the block in one piece in less than 1 s. d) Sequential snapshots of the fully coated plate excitation with a continuous glaze ice block. When the
plate was excited, a crack formed and propagated detaching a small piece of ice (dashed circle), followed by the detachment of the rest of the block in one
piece in less than 1 s. The detachment mechanism confirmed the low-interfacial toughness property of gradient polymer coatings (see the full sequence in
the Video S3–S5, Supporting Information).
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10 times, and no signs of scratches, delamination, degradation,
or decrease in effectiveness were observed. The cohesive and
adhesive fractures were identified to occur in the same time
scale, and in less than half of a second, the ice block was
detached. No difference in the detachment mechanisms was
observed between the small ice block (70 cm2) and a large ice
block (140 cm2), proving the critical length is below the charac-
teristic lengths of the ice blocks investigated in this study.
Therefore, the fracture mechanism is always the same, indepen-
dently of the area. These results are coherent with the toughness-
dominated detachment mechanism previously associated with
gradient polymer coatings observed in even smaller areas.[26,29,31]

A key element behind the efficient performance of this system
lies in the thickness of the coating. The nanometric nature of
thickness plays an advantageous role in vibrational systems
because the stresses generated by the actuators are fully delivered
to the ice and are not dampened by the coating. This is not pos-
sible for soft coatings that potentially reduce the vibrations,
compromising the de-icing effectiveness. Furthermore, no signs
of wear were detected after several excitations. For the first time,
iCVD was used to build a hybrid ice protection system demon-
strating the versatility and compatibility of the technique with
electromechanical de-icing systems. This system demonstrated
quite promising results of high relevance to industrial applications.

3. Conclusion

Gradient polymer coatings deposited by iCVD possess intrinsic
icephobic properties, proven to be temperature and ice type inde-
pendent in different conditions. In this study, the icephobic per-
formance was presented in a broad range of parameters allowing
for a proper conceptualization of the material. Based on the best
icephobic performance using a push test on silicon substrate,
Grad300, where the upper polymer layer has a thickness of 300 nm,
was selected to coat a series of aluminum plates. WCA analysis and
ice detachment experiments demonstrated that icephobic proper-
ties can be easily transferred to aluminum using iCVD.

For the first time, iCVD was used to build a hybrid ice protec-
tion system by integrating gradient polymer coatings with piezo-
electric actuators. The system was tested in the IWT and
demonstrated highly effective de-icing performance independent
of the iced area. The system is a practical alternative for ice miti-
gation due to its simplicity, minimal excitation, and fast response.
Furthermore, the coating demonstrated remarkable resistance to
scratches and delamination after numerous detachment cycles.

To conclude, we presented a comprehensive case study on the
viability of gradient polymer coatings for ice-repellent functions.
Further studies on the energy consumption and optimization
are required to improve the limitations of the current technology.
Additional evaluation in the IWT would provide a more robust
understanding of the practical applications of this system with dif-
ferent icing conditions and ice thicknesses in real-world scenarios.

4. Experimental Section

Materials and Deposition Process: A series of gradient polymers with dif-
ferent properties were synthesized and deposited using a custom-made
iCVD reactor with a standard configuration described elsewhere.[28]

Di-tert-butyl peroxide (TBPO), purchased from Sigma–Aldrich, was used
as an initiator with no further purification. V4D4 and PFDA were both pur-
chased from Sigma–Aldrich and used as monomers without further puri-
fication. The iCVD reactor was operated in a continuous flow mode. The
monomers V4D4 and PFDA were heated to ensure a constant flow into the
reactor up to 80 and 95 °C, respectively. The flow rates were 1.0� 0.1 sccm
for TBPO, 0.2� 0.05 sccm for V4D4, and 0.2� 0.05 sccm for PFDA. The
flow rates were controlled using a needle valve. The reactor was operated
at a pressure of 500mTorr with a filament temperature of ≈200 °C and a
substrate temperature of 40 °C. The formation of gradient structures fol-
lowed previously reported procedures.[26,37] A series of gradient polymers
with top section thicknesses of 100, 200, and 300 nm, named Grad100,
Grad200, and Grad300, respectively, were prepared on silicon substrates.
The deposition thickness was followed in situ using a He–Ne laser. The
selection of this coating was based on the icephobic properties displayed,
mainly, the significant reduction of ice adhesion through a toughness-
dominated detachment mechanism.[26] The coatings were first deposited
on silicon substrates for preliminary ice adhesion push tests. Silicon was
chosen as a base material to eliminate any topological influence that might
contribute to physical ice interlocking during the ice detachment experi-
ments. It is shown later that the ice adhesion results can be greatly influ-
enced by the surface roughness. It is therefore of high importance to
minimize external effects on ice adhesion and to only account for the coat-
ing effect. After the first study on silicon substrates, aluminum (Al 6082)
plates were homogeneously coated with the gradient polymer coating
Grad300 for IWT tests. Three aluminum samples were studied: an
uncoated plate, a half-coated plate, and a fully coated plate.

Characterization: The coating thickness was determined on silicon sub-
strates via ellipsometry (M-2000 V ellipsometer from J.A Woolam Co.).
Static, advancing, and receding WCA measurements were aluminum sub-
strates using 10 μL of deionized water and advancing�receding rates of
0.4 μL s�1. A Biolin Scientific’s Optical Tensiometer Theta Flow was used.
Atomic force microscopy (AFM) analysis was performed on aluminum
substrates using a Nanosurf Easyscan 2 AFMwith a scanning probe model
PPP-NCLR-20 in tapping mode. An extended characterization of these
coatings is found in our previous contribution.[26]

Hybrid System Preparation: Coated and uncoated aluminum (Al 6082)
plates of 300� 70� 1mm3 were equipped with an array of five piezoelec-
tric actuators glued to the rear surface using conductive adhesive. The pie-
zoelectric actuators are soft piezoceramics made by PI in PIC255 material.
The power electronics are from Amp-Line. The actuator control signal was
generated in Matlab and transmitted to the power electronics via a National
Instrument input/output card. All the devices are calibrated and allowed to
ensure repeatability of the tests. The configuration of the piezoelectric com-
ponents, detailed in Figure S1, Supporting Information, was based on sim-
ulations conducted on Ansys Workbench that provided the optimal
arrangement to induce vibrations in both flexural and extensional modes.

Icing Wind Tunnel Tests: The aluminum plates were subject to testing in
an icing wind tunnel, with their upper surface oriented perpendicular to
the wind direction. Glaze, rime, and mixed ice were accreted on the plates.
The formation of glaze ice, rime, and mixed ice followed specific param-
eters in the wind tunnel. Glaze ice was formed at a temperature of �4 °C
with droplets of a media volumetric diameter (MVD) of 50 μm and liquid
water content (LWC) between 1 and 10 gm�3 with an airspeed of 20m s�1.
Water was injected for 60 s resulting in a very dense and homogeneous ice
block with an average thickness of 3mm. Rime ice was formed at a tem-
perature of �10 °C, droplets of 50 μm MVD with an airspeed of 20m s�1.
Water was injected for 60 s to ensure an ice thickness of ≈3mm. Once ice
had formed on the surface, a voltage sweep was performed to identify the
natural frequencies of the iced-covered plates, and the plates were excited
with a voltage ranging from 200 to 250 V around these frequencies. The de-
icing tests were recorded with a digital camera from which snapshots were
retrieved and analyzed with the software ImageJ.

Ice Adhesion Experiments: A custom-built setup, developed at the
University of Milano-Bicocca and described elsewhere,[29] was used to
quantify the adhesion force on both substrates. A block of ice was formed
by pouring distilled water into a cylindrical mold with an inner diameter of
8 mm, placed over the substrates, and frozen at �15, �20, �25, and
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�30 °C. Two different cooling ramps were executed. In the “fast” method,
the mold was filled with water once the testing temperature was reached,
and then 15min were waited before the experiment started. In the “slow”
method, the mold was filled at�3 °C, and the temperature was reduced by
2 and 3 °C alternatively with 5 min between each reduction until the testing
temperature was reached. Details regarding the cooling ramps can be
found in the Figure S2, Supporting Information. A metallic rod coupled
to a force gauge was used to push the mold at a constant velocity
(0.01mm s�1) and to measure the force at which the ice was detached.
To avoid the condensation of water vapor, the relative humidity was
decreased through a continuous introduction of nitrogen into the chamber
(ambient temperature Tamb= 20 °C, RH< 3%).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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