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a  b  s  t  r  a  c  t

Icing  of wind  turbines  affects  energy  production,  causes  mechanical  failures  and  increases  safety  hazards
in general;  hence  there  is  an  enormous  demand  for  powerful  anti-icing  methods.  To  investigate  the
icephobic  properties  of  different  coatings,  ice  adhesion  measurements  were  performed  with  a  0◦ cone
test to  determine  ice  adhesion  strengths  between  coating  and  ice.  Various  coatings  with  different  ice-
phobic  properties  were  investigated,  e.g.,  hydrophilic  and  hydrophobic  coatings,  sol–gel  based  coatings
containing  fluorinated  compounds  and  viscoelastic  rubbers,  as  well  as  commercially  available  icephobic
products.  The  coatings  currently  used  on  wind  turbines  showed  an  adhesion  to  ice  that  is  comparable  to
cephobic coatings
ce adhesion test
oughness
luminium
hear stress

that of  bare  aluminium;  meaning  a  quite  high  adhesion  to ice.  Very  low  adhesion  values  were  obtained
in  the  case  of  coatings  consisting  of viscoelastic  elastomers.  Additionally,  the  influence  of  surface  rough-
ness on  ice  adhesion  has  been  examined.  Aluminium  pins  were  chemically  and  mechanically  roughened
and their  ice  adhesion  was  determined.  These  pins  were  further  coated  with  a fluorine-containing  coat-
ing  in  order  to  study  the  influence  of  minimized  surface  energies.  Shear  stress  of  those  coated  pins  was
considerably  reduced,  however,  rough  surfaces  showed  higher  ice  adhesion  than  smooth  ones.
. Introduction

Ice accretion and ice adhesion on different surfaces can result in
evere problems on power lines, telecommunications, transporta-
ion in general, aircraft or power production by wind turbines.
cing of wind turbines not only affects their energy production
erformance, but also causes mechanical and electrical failures,

nfluences monitoring and controlling, as well as generating safety
azards. About 20% of all wind turbines are located at sites
here icing events are likely to occur during winter. The result-

ng power losses can be up to 50% of the annual production
1]. The reason for building wind turbines in these regions is
ased on the fact that the available wind power is 10% higher
han in other regions. In Switzerland, the most suitable sites
or wind turbines are located more than 800 m above sea level,

nd these locations often face extremely harsh conditions [2].
ence, there is an enormous demand for powerful methods to
eep wind turbines ice-free. These methods can be divided into
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anti- and de-icing ones [1]. Anti-icing systems try to avoid ice
accretion whereas de-icing methods are applied when ice already
has built up. Our research focuses on a passive method, namely
permanent icephobic coatings, which decrease the adhesion of
ice to a surface in such a way  that accreted ice may fall off
from the rotor blades due to accreted mass, combined with cen-
trifugal and vibrational forces alone. In contrast to active anti-
and de-icing methods, passive ones do not need any external
power such as heating systems or the like; they take advantage
of their physical surface properties. Besides their anti-ice prop-
erties, these coatings should be inexpensive, durable and easy to
apply.

Although lots of studies were made in the field of icephobic
coatings, the determination of ice adhesion is still a challenge. The
comparison between different measuring methods is restricted in
terms of strain rates that are used as well as different forces that
occur between ice and the coatings. Very promising results are
given by the 0◦ cone test, which is easy to prepare and to oper-
ate [3–5]. We  used a modification of this test method because
it allows the measurement of the adhesive strength of different
coatings and bare materials with high reproducibility. This uni-
versal ice adhesion test is applicable for the determination of

Open access under CC BY license.
icephobic properties of various coatings. A suitable measure for this
ice adhesion is the so-called adhesion reduction factor (ARF) that
allows for comparison of results obtained by different measuring
methods.

.
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An approach to find a correlation between the water wettabil-
ty of certain surfaces and their ice adhesion strengths provided
o clear correlation, however, Meuler et al. found a promising
ependency of ice adhesion on the receding contact angle [6].

t was studied if increasing the contact angle into the superhy-
rophobic regime (� > 150◦) could lead to lower ice adhesion due
o the water-repellent properties of superhydrophobic surfaces.

any studies can be found reporting a reduction of ice adhesion as
ell as delayed ice accretion by using superhydrophobic surfaces

7–12]. Contrary to these studies, recent investigations provided
isputable results concerning the use of superhydrophobic coatings
s icephobic surfaces [13–16]. Structuring surfaces means changing
heir topography, hence, superhydrophobic surfaces always show

 certain roughness. While roughness has a major influence on ice
dhesion [17,18], this can be the reason for the questionable use
f superhydrophobic surfaces in the field of icephobic coatings. In
um, there is still a lack of concensus in the literature whether a cor-
elation between wettability and ice adhesion exists at all, and it is
till doubtful if superhydrophic surfaces show a general icephobic
ehaviour under different icing conditions.

In this study, we performed a screening of a variety of differ-
nt coatings to supplement the discussion about the relationship
etween wettability and ice adhesion. Therefore, we investigated
ynthesized coatings as well as six standard commercially available
oatings currently used on the rotor blades of operating wind tur-
ines. In addition, the influence of different degrees of roughness of
he coatings on ice adhesion was investigated. Additionally, we gen-
rated rough but low-energy surfaces to systematically study the
nterplay between low-energy surfaces, roughness and ice adhe-
ion. The objective was to understand the influence of wettability
nd roughness on ice adhesion to develop a permanent icepho-
ic coating that produces lower ice adhesion than what has been
lready reported in literature, knowing that icing cannot be com-
letely avoided.

. Materials and methods

.1. Preparation of coatings

All sol–gel coatings were synthesized by using silica pre-
ursors consisting of tetraethylorthosilicate (TEOS, Aldrich) and
3-glycidylpropyl)trimethoxy silane (GPTMS, Aldrich) in different
atios. Diluted hydrochloric acid was used as a catalyst.

Different additives bearing alkoxy silane groups were added
o this silica precursor system to impart different properties
o the coating. “Fluorolink®S10” (ABCR, Germany) is a �,�-
riethoxysilane terminated polyfluorinated polyether (PFPE) with

 molecular weight of ∼2000 g/mol. Fluorolink®S10 can be repre-
ented as follows:

EtO)3Si CH2CH2CH2 NH CO CF2O(CF2CF2O)m (CF2O)n

CF2 CO NHCH2CH2CH2 Si(OEt)3

The other fluorinated compound used in this study was
Fluorotelomer-V” (Clariant, Switzerland). It bears just one
riethoxysilane group and possesses a molecular weight of
2900 g/mol:

EtO)3Si CH2CH2CH2 NH CO CF2(O CF2 CF(CF3))m

O CF2 CF2 CF3
For the synthesis of coatings containing Fluorolink®S10
“sol–gel fluorinated 1a–c”) 9.3 g TEOS and 3.9 g GPTMS were given
o a mixture of 12 ml  tetrahydrofuran (Aldrich) and 12 ml  ethanol
Haeseler, Switzerland), then 0.4 g, 0.8 g or 1.6 g Fluorolink®S10 was
cience 282 (2013) 870– 879 871

added in either 1 wt%, 2 wt% or 3 wt%. Hydrolysis was started by
adding a mixture of 1.2 g HCl (conc.) and 4.4 g H2O under ice-cooling
of the reaction vessel. The solution was  stirred for one day at ambi-
ent temperature. After dip-coating the substrates (aluminium pins
and platelets), the coatings were cured for 1 h at 120 ◦C.

“Sol–gel fluorinated + Aerosil 1d and e” coatings showing con-
tact angles of 134◦ and 169◦ were prepared by incorporating
different amounts of silica particles (Aerosil R805) to the coating
solutions.

Coatings containing Fluorotelomer-V (“sol–gel fluorinated
1g–i”) were prepared in a similar method as for the ones with
“Fluorolink®S10”, except Fluorotelomer-V was  used instead of
“Fluorolink®S10”. “Sol–gel fluorinated 1j–n” are coatings that con-
tain “Fluorolink®S10” as well as “Fluorotelomer-V” in different
ratios. Additionally, the coating “sol–gel fluorinated 1f” was  pre-
pared by adding 1.1 g “Fluorotelomer-V” to 10.5 g GPTMS in 17.5 g
isopropanol. For hydrolysis 10.5 g of 0.03 mol/l HCl were added and
the reaction mixture was stirred for 48 h. The coating was  applied
by dip-coating and the curing was  done at 120 ◦C for 1 h.

Siliclad® Glide 10 (ABCR, Germany) was applied as 2 and 5 wt%
solution in isobutyl acetate (Haeseler, Switzerland). Dynasylan®

4144 (Evonik, Germany) (used to introduce polyethylene gly-
col (PEG) to the silica matrix) was applied as recommended
in the technical data sheet. N-Trimethoxysilylpropyl-N,N,N-
trimethylammoniumchlorid (Aldrich) (used as an ionic compo-
nent) was applied according to a report in literature [19].

For coatings prepared from viscoelastic elastomers, a two
component silicone system was  used that cures by an addition-
crosslinking reaction. This silicone rubber shows a Shore A hardness
of 25 and an elastic modulus of G′ = 440,000 Pa at 100 ◦C at a
measuring frequency of 1 Hz. For the application on aluminium
an adhesion promoter was  used. According to Hirayama et al.,
poly(hydrogenmethylsiloxane) was  used as a primer [20]. The
coatings were applied by dip-coating using solutions of this silicone
in toluene and cured at 100 ◦C for 1 h.

Nusil R-1009® was purchased directly from Nusil-Silicones.
Nusil R-1009® is a one-component condensation curing silicone
system that does not need any adhesion promoter. The coating was
applied by dip-coating from a 50 wt% solution in toluene. The coat-
ing was  cured for two days at ambient temperature in the presence
of air humidity.

All chemicals were high purity reagents and were used as
received without further purification.

All coatings were applied by dip-coating process on cleaned
and plasma activated aluminium pins and platelets. For this, a dip-
coater (KSV dip coater, LOT Oriel) was  used to coat the substrates
automatically. For each coating, the platelets were held for 30 s in
the respective solution, and were pulled out of the solution with a
constant velocity of 300 mm/min. Then, the coatings were cured as
previously described.

The standard wind turbine coatings were applied directly onto
aluminium pins by the coating manufacturer.

Teflon coated aluminium pins were prepared by Eposint AG,
Switzerland.

2.2. Contact angle measurements

Static contact angles of deionized water (Millipore) were
measured with a DSA-10 goniometer (Krüss, Germany) at room
temperature by applying water droplets of 6 �l onto the respective
surfaces. Dynamic sessile water drops were observed using the
drop shape analysis (DSA) system (DSA-100, Krüss, Germany)

combined with the analytical software (DSA4, Krüss, Germany)
and equipped with a high speed camera. Advancing (�adv) and
receding (�rec) angles were measured as water was  supplied via
a syringe into or out of sessile droplets. Starting drop volume for
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etermination of �adv was between 2 and 5 �l and between 20 and
00 �l for determination of �rec, depending on surface coating.
he drop shapes have been recorded every 2 s during an evalu-
tion period depending on final droplet size. A minimum of five
easurements on different spots was recorded for each substrate.

.3. Preparation of different degrees of roughness on aluminium
lates

The aluminium pin material was of the type “Anticoro-
al” (Anticorodal-112, EN AW-6082 AlSi1MgMn, Allega GmbH,
witzerland), whose surface roughness could be altered in many
ays. Different degrees of roughness can be obtained chemically,

y etching with acid or alkali, or mechanically, by roughening by
and blasting or abrasive paper. In this study, diluted hydrochloric
cid was used for chemical roughening. Other pins were rough-
ned by sand blasting. Further, pins were treated with abrasive
aper in such a way that roughness showed a preferred orientation
erpendicular to the pin axis.

Chemical etching was performed by using diluted hydrochlo-
ic acid, formed by diluting concentrated hydrochloric acid in a
:3 ratio with demineralized water. At room temperature, the
egreased and cleaned pins were put into the stirred mordant.
he time after which the pins were removed from the mordant
epended on the course of the reaction. Aluminium dissolves
xothermally in hydrochloric acid, therefore the solution becomes
arm and this in turn accelerates the reaction. However, before the

eaction starts there is a time delay because the oxide layer has to
rst be dissolved. The etching time was chosen to be either 5 min, or
etween 10 and 15 min. In conclusion, it should be noted that there

s an induction period until the aluminium gets dissolved. How-
ver, relatively high roughness in the range of a few micrometres
an thus be obtained.

.4. Determination of roughness

Roughness was analyzed in terms of surface roughness Sa by a
onfocal microscope (Leica DCM 3D, Germany). The surface area
nvestigated was in most cases 255 × 191 �m2. For determination
f surface roughness it has to be considered that the samples show

 curvilinear surface. Therefore the analysis of these samples was
one by Leica software (Leicascan DCM 3D Version: 3.2.0.9) which
llows for assuming a plane surface via a mathematical transfor-
ation. Roughness was determined at different positions along

he pin, and at least five measurements were performed for each
ample.

.5. Ice adhesion measurements: test geometry and procedure

For the determination of the adhesive strength on ice, we uti-
ized a standard testing method in accordance to Haehnel and

ulherin [3]. They adapted the 0◦ cone test for measuring the adhe-
ive strength of ice in shear. The test setup consists of an inner
ylindrical pin and an outer cylindrical mould. The pin is centred
n the mould that possesses a notch at the bottom that fits to the
in’s diameter. The annular gap between pin and mould is filled
ith deionized water and the whole test block is put into a deep

reezer overnight to allow the water to freeze at temperatures
 < −25 ◦C. For measuring the adhesive strength the pin is pulled
ut of the mould by a tensile testing machine at −14 ◦C, putting
he ice into shear. This procedure differs from the one of Haehnel

nd Mulherin. In their approach, the pin is loaded axially to put
t in shear. Whichever method is used, shear forces between ice
nd pin are produced showing only a difference in the algebraic
ign.
cience 282 (2013) 870– 879

The shear stress � can be described by the following equation:

� = P

A
= P

�Dc
(1)

where P is the applied load, A is the surface area of direct contact
to the ice, D is the diameter of the pin and c describes the height of
the mould. The strain rate ε̇ can be calculated in the following way
[3]:

ε̇ = 1uz

2a
(2)

where uz is the vertical velocity of the pin and a is the annular gap
between the pin and the mould.

The details of the test geometry and its stress analysis are given
in depth by Haehnel and Mulherin [3,4].

Since temperature significantly affects ice adhesion, the mould
is equipped with a temperature sensor that measures the tempera-
ture at the ice–mould interface. All measurements were performed
at −14 ◦C. After adjusting the test block to the tensile testing
machine, it was allowed to warm-up until the desired temperature
was  reached before starting the measurement process. The tensile
velocity was  in most cases uz = 1 mm/min  resulting in a strain rate
of ε̇ = 2.78 × 10−3 s−1. Fig. 1 shows the setup of the mould and
the frozen-in pin at the testing machine. The test block is fixed at
the bottom, and on the top the pin is clamped to be pulled out of
the ice with a constant velocity.

For the determination of adhesion strengths, the force of load vs.
displacement of the pin is measured at a constant tensile velocity.
The force increases in a nearly linear and continuous way until the
adhesion between ice and the surface fails and the force decreases
to zero after a sharp kink. The maximum load is used to calculate the
shear stress by dividing the maximum load by the surface area (alu-
minium pin with diameter D = 2 cm;  surface area that is in contact
with the ice A = 0.0037 m2).

For the comparison of results obtained by different test meth-
ods, the shear stress alone is not an appropriate term because the
shear stress is strain rate dependent. It is more reasonable to nor-
malize the results by a reference shear stress obtained with a certain
material. In many cases, aluminium was used as this reference
[3,11,17,21,22]. By normalizing one gets the so-called adhesion-
reduction-factor (ARF), given by the following equation:

ARF = �Alu

�coating
(3)

where �Alu is the shear stress of bare aluminium and �coating the
shear stress of the sample under investigation. Hence, the ARF of
the reference (bare aluminium) equals one. The ARF is a measure
of the ability of a certain coating to reduce the adhesion to ice com-
pared to bare aluminium. Thus, high ARF values mean low adhesive
strengths of the coated surface.

3. Results and discussion

3.1. Evaluation of the ice adhesion test

The dependence of shear stress on strain rate is due to relaxation
processes of either the material (or coating) or of the ice itself. It was
shown that shear stresses for stainless steel increased with strain
rate until a plateau was  reached [3]. This behaviour was  observed
for strain rates in the range of 10−5–10−3 s−1 by using a 0◦ cone
test. Even lower strain rates down to 10−6 s−1 occur by using the
centrifuge adhesion test [23].

For a better understanding of our test set up, we conducted an

analysis of the stress–strain rate relationship of two different mate-
rials at somewhat higher strain rates. As a purely elastic material
we chose aluminium (uncoated aluminium pin) and a silicone rub-
ber was  chosen as a viscoelastic coating. Silicone as an icephobic
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Fig. 1. Ice adhesion test setup. Left: adjustment of mould and corresponding f

aterial is promoted by Nusil® showing very low shear stresses
24]. In our test setup we were able to increase the strain rate.

 decrease of the strain rate would have meant that the samples
re exposed to longer measuring times resulting in an increase
f the measuring temperature. Hence, the tensile velocity was
ncreased from 1 mm/min  to 20 mm/min, producing strain rates
f 2.78 × 10−3–5.56 × 10−2 s−1, respectively.

In Fig. 2 it can be seen that a significant dependence exists
etween the shear stress of the silicone coating on the strain rates.
y increasing the strain rate the changes in shear stress become
maller, hence a plateau value can be expected at even higher strain
ates. Only small changes of the shear stress with strain rate are
bserved in the case of bare aluminium. It can be concluded that
he plateau region is already reached for these strain rates.

The behaviour depicted in Fig. 2 can be explained by the fact that
luminium as a metal shows only pure elastic behaviour (Young’s
odulus: ≈70 GPa). Thus, any dependence of the shear stress on

train rate should be due to the viscoelastic properties of ice show-
ng a Young’s modulus of about 9 GPa. However, this behaviour can

nly be observed at very low strain rates because those relaxation
rocesses emerge only after long times. Contrarily, silicone rubber
ossessing a Young’s modulus below 0.1 GPa shows those depend-
ncies already at shorter times, meaning higher strain rates. Thus,

ig. 2. Dependence of shear stress of bare aluminium and silicone coated aluminium
n  strain rate.
-in pin at tensile testing machine; right: sketch of the ice adhesion test setup.

the behaviour is primarily dominated by the silicone’s viscoelastic
properties in comparison to those of ice. However, increasing the
strain rate should also in this case end in a strain rate-independent
region.

Reflecting on these results with regard to the stress–strain rela-
tionship and influence of other parameters, the strain rate should be
a fixed value if dealing with ice adhesion measurements by tensile
tests. Aside from the geometry of the setup and the temperature,
the strain rate is a parameter that possesses an enormous influ-
ence on ice adhesion. Whether a strain rate-dependency exists or
not depends on the materials or coatings used. Additionally, the
influence of the system “ice” may  not be disregarded although it
only appears at low strain rates.

In order to verify the suitability of our method for the determina-
tion of ice adhesion, a test series of 25 samples of bare aluminium
was  carried out to prove reproducibility. For each measurement
an unused aluminium pin was  frozen into the mould. After freez-
ing overnight, the pin was pulled out with a velocity of 1 mm/min.
Fig. 3 shows the shear stress of the specimens.
The mean shear stress is � = 1573 ± 191 kPa visualized by the
broken line in Fig. 3. This value fits well to the literature data,
although a higher strain rate was  used [3]. This fact indicates that
the rate-independent region is reached. The standard deviation is

Fig. 3. Course of shear stress for a test series consisting of 25 specimens (bare
aluminium) at a velocity of 1 mm/min.
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Fig. 4. Screening of different coatings. Shear stress of investigated coatings that
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re classified into certain groups; horizontal line denotes mean shear stress of bare
luminium (reference material), dotted line = standard deviation; shear stress value
f  Wearlon was  calculated.

2%, signifying a quite good reproducibility. The deviations and
cattering of the data points can be attributed to the manufac-
uring of the aluminium pins and small deviations in their surface
oughness.

In general, the measurements show that the method applied
ere for the determination of ice adhesive strength provides reli-
ble data and good reproducibility.

.2. Ice adhesion of coatings

Since ice accumulation has an enormous impact on transporta-
ion (roads, boats, airplanes) and energy production (e.g., energy
osses of wind turbines due to icing), a variety of so-called “ice-
hobic” coatings and paints are commercially available. Teflon
polytetrafluorethylene) is known as the “best” icephobic material,
o it was reasonable to determine its adhesive strength with our
dhesion test [25]. In literature, its ARF value is given as 5–7. In
ur study, we determined an ARF value of ≈5 according to a shear
tress of about 305 kPa (Fig. 4, coating 7a). Additionally, the shear
tresses of the commercially available icephobic coating Wearlon®

coating 8a), and a silicone based coating of Nusil® (coating 7b) are
dded to Fig. 4, where the value for Wearlon® was calculated from
iterature data [26], denoted as “icephobic II”. Wearlon® is a combi-
ation of epoxy and silicone compounds. In 2004 it was  considered
o be the best non-sacrificial icephobic coating providing an ARF
alue of 12 [26]. Very promising results are given by Nusil Silicone
echnology that distributes silicone based coatings for the preven-
ion of icing on different surfaces (www.nusil.com). Some of these
oatings comprise fluorosilicones that should give coatings with
ery low surface energies. In our study the ARF of Nusil R-1009 was
etermined. If the shear stresses of the commercial coatings are
ompared to all other analyzed coatings, it can be concluded that

earlon® possesses quite good but no exceptional icephobic prop-
rties. In contrast, the Nusil product in general seems to possess
ery good icephobic properties.

For protecting the rotor blades on wind turbines, so called
rosion resistant paints are used. They are often based on
olyurethanes, thus they possess a slightly hydrophilic character
nd act as long lasting erosion protection finishes. These coatings
revent the erosion of the blades due to particles and other impuri-

ies that are present in air. Some manufacturers also promote their
roducts as icephobic ones. Six “state of the art” coatings from the
ind turbine industries were analyzed with regard to their icepho-

ic properties. They are labelled as “standard coatings wind turbine
cience 282 (2013) 870– 879

6a–f”. It can be seen in Fig. 4 that their adhesion to ice is as high
as it is for bare aluminium. Only one coating shows a significant
lower shear stress resulting in an ARF of three. From their static
water contact angles, these coatings also show fairly hydrophilic
characteristics leading to better adhesion of water.

In addition to the determination of the ice adhesion of commer-
cially available products, it was the aim of this study to develop new
coatings or to modify systems that are already used in the field of
adhesion reducing materials.

New systems were developed comprising coatings that are
based on sol–gel chemistry containing the fluorinated com-
ponents Fluorolink®S10and Fluorotelomer-V. In all cases the
fluorinated compounds consist of perfluorinated polyether bear-
ing one (Fluorotelomer-V) or two (Fluorolink®S10) trialkoxy silane
end-groups to be directly incorporated in the sol–gel network.
“Sol–gel fluorinated 1a–c” comprises coatings with Fluorolink®S10
[27]. In contrast to the latter coatings, “sol–gel fluorinated 1f–i” are
made of silica precursors TEOS and GPTMS and Fluorotelomer-V.
The series of “sol–gel fluorinated 1j–n” is a combination of both
fluorinated polyethers. It can be seen that the coatings consisting
only of Fluorolink®S10 (sol–gel fluorinated 1a–c) show the lowest
ice adhesion of this group. The ARF-value is about 20, this means
that the adhesion of ice to these coatings is 20 times lower than to
bare aluminium. The static contact angle of water on this coating of
nearly 120◦ is in the hydrophobic regime. The use of Fluorotelomer-
V or the combination of Fluorolink®S10and Fluorotelomer-V within
the silica network does not reduce the shear stress any further. By
incorporating fumed silica particles (Aerosil R805) to the coatings
containing Fluorolink®S10, even more hydrophobic surfaces are
obtained due to the structured and low energy surface. How-
ever, these coatings “sol–gel fluorinated aerosil 1d + e” with static
contact angles of 134◦ and 169◦ respectively show an enormous
increase in adhesive strength to ice, especially the superhydropho-
bic “sol–gel fluorinated Aerosil 1e” (static water contact angle:
169◦). The shear stress exceeds the ice adhesion of aluminium by
more than 50%. Although this aspect was only analyzed for one
single type of coating, it indicates the use of superhydrophobic
coatings as potentially icephobic surfaces is disputable.

The second group of coatings is based on a siloxane modified
polysilazane (Siliclad® Glide 10, coatings 2a + b) that forms covalent
bonds to substrates like metal or glass. This product gives a coating
with a static water contact angle in the hydrophobic regime (104◦).
The ice adhesion was measured for two concentrations (2 and 5 wt%
in butyl acetate; denoted “siliclad glide 10 2a” and “siliclad glide 10
2b” respectively). The results show that the adhesive strengths to
ice are very high, above 1000 kPa and giving ARF values close to
one.

“Viscoelastic rubber 3a–d” are coatings prepared from poly-
dimethylsiloxanes. The combination of their low surface energy
and their outstanding elasticity qualifies these elastomers for appli-
cation as icephobic materials. Due to their anti-adhesive properties,
an adhesion promoter has to be used to create a permanent bond
between coating and substrate [20]. The shear stresses of the poly-
dimethylsiloxane coatings are very low and give accordingly high
ARF values. However, significant drawbacks of these coatings are
certainly their poor mechanical properties. Due to their high elas-
ticity, polydimethylsiloxane elastomers are soft and not resistant
against erosion. This is in contrast to the coatings based on silica
networks and Fluorolink®S-10 that show good mechanical proper-
ties alongside their acceptable icephobic properties [28–30].

Besides these hydrophobic coatings, hydrophilic sol–gel
coatings were investigated. Dynasylan 4144® was used to intro-

duce PEG chains into the silica matrix (“Sol–Gel PEG”) (coating
4a). As an example for a sol–gel coating containing ionic func-
tionalities, a quaternary ammonium salt with alkoxy silane groups
was  used in combination with TEOS and GPTMS (coating 4b). Both

http://www.nusil.com/
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oatings show shear stresses around 1000 kPa indicating no ice-
hobic behaviour. This can be traced to their hydrophilic properties
hat enhance the adhesion of water molecules to the surface.

When aluminium pins are used as substrate material, the
oatings described are either bonded directly to the aluminium or a
rimer has to be used. Hence, these coatings are permanent. In con-
rast, lithium grease as an non-permanent coating was analyzed.
his grease acts as a lubricant and the ARF value is far in excess of
00. However, it cannot be said that ice is released from the coating

n an adhesive way, as most of the grease remains on the ice surface.
uch non-permanent coatings or films can also be analyzed by our
ustom-made adhesion test.

To summarize, by analysing the adhesive strengths of differ-
nt coatings to ice, the measured shear stress varies significantly
epending on the nature of the surface. Very low shear stresses
ere determined in the case of coatings based on sol–gel chem-

stry with a perfluorinated polyether like Fluorolink®-S10. Further
oatings of the same kind that differ only in the composition of the
uorinated additives also show low ice adhesion, but they cannot
arkedly decrease the ice adhesion. A drastic increase of the shear

tress is obtained as soon as silica particles like Aerosil® are added
o the coatings, resulting in superhydrophobic surfaces. Very high
hear stresses are measured in the case of hydrophilic coatings,
nd they do not show any potential in reducing ice adhesion.
lso, only low ARF-values are obtained for the fairly hydrophobic
oatings made from Siliclad® Glide 10. The investigated imperma-
ent coatings show a different behaviour, films made of lithium
rease release ice easily and shear stresses below 10 kPa were mea-
ured.

Six different state of the art wind turbine coatings from two
ompanies were also analyzed in our study. The lowest measured
hear stress was about 500 kPa resulting in an ARF value of 3. The
ther coatings showed significant higher adhesive strengths to ice
omparable to bare aluminium, indicating no icephobic character
t all for these kinds of coatings.

Viscoelastic coatings based on polydimethylsiloxane showed
he best icephobic behaviour. These silicone coatings provide ARF-
alues up to 100 indicating an enormous potential for further
mprovements.

After the determination of the shear stresses and respective ARF
alues, it seems obvious to look for a correlation between the adhe-
ive strength and another parameter, e.g., the wettability of the
urface, to be able to explain and possibly predict the icephobic
haracter of the respective coating. Different kinds of water contact
ngle measurements allow statements about the surface chemistry
nd give therefore the opportunity to characterize the interface of
he coating that is in contact with water or ice. Besides the static (or
quilibrium) contact angle, also the advancing and receding contact
ngles are of certain interest as the so called contact angle hys-
eresis can be determined from them giving additional information
bout the roughness of surfaces.

In Fig. 5 the ARF values are plotted versus the static contact
ngle of water. This diagram shows two types of data. The filled
quares are data points taken from the Anti-icing Materials Inter-
ational Institute (AMIL, Chicoutimi, University of Quebec, Canada),
he open circles belong to the coatings measured in this study [31].
t the AMIL, the adhesive strength to ice is analyzed by a centrifuge

ce adhesion reduction test, hence the strain rates are smaller than
n our study. However, normalizing the values for shear stress with
luminium provides ARF-values that can be compared to other
RF-values determined by different test methods.

Regarding the static contact angle of water, one can distinguish

oughly three different regions: coatings that cover the hydrophilic
ange (� = 0–90◦), coatings that are situated in the hydrophobic
egime (� = 90–140◦) and superhydrophobic coatings (� > 140). On
he ordinate, the ARFs are plotted on a logarithmic scale. Following
Fig. 5. Adhesion-reduction-factors (ARF) dependence on water contact angle.©:
data determined in this study, �: data taken from AMIL [31].

a rough estimation of AMIL, an ARF value of 100 is needed to reach
the self-deicing minimum. An ARF value of one corresponds in our
case to bare aluminium as the reference material.

The hydrophilic coatings with contact angles between 10◦ and
60◦ show only little reduction of ice adhesion. Probably, the water
molecules experience an increased attraction because of the polar
character of the hydrophilic coating leading to stronger adhesive
bonding.

The hydrophobic regime covering contact angles between 90◦

and 120◦ shows the largest variation of measured ARF values. Most
of these hydrophobic coatings possess ARF values between 1 and
20, comparable to the hydrophilic group. Besides this regime, other
hydrophobic coatings show ARF values close to and above 100.
These coatings have only weak adhesion to ice and can be char-
acterized as very icephobic coatings. Unfortunately, most of them
are non-permanent coatings. This means that they have a limited
lifetime after which the coating has to be renewed, e.g., powder
coats or greases that are sacrificial coatings. However, one perma-
nent coating included in our study showed a very high ARF value.
Although the data of AMIL and ZHAW coincide in most cases, this
hydrophobic and permanent coating possesses exceptionally low
adhesion to ice. This coating is made of polydimethylsiloxane and it
is possible that even higher ARF-values can be found by optimizing
the coating composition and application process.

Contact angles higher than 120◦ can only be realized by a surface
with low surface energy in combination with a certain struc-
tured topography [6]. The region covering contact angles higher
than 140◦ is the superhydrophobic regime. In literature there is
still much discussion concerning the correlation between super-
hydrophobicity and icephobic character. Regarding the ARF values
of ZHAW and AMIL in this regime, one ARF value is above ARF = 1,
and two  others show ARF < 1 meaning that they have a stronger
adhesion to ice than bare aluminium. This can be due to the struc-
tured surface that can act as an anchor for ice, so that the adhesive
strength increases enormously.

Meuler et al. stated that the ice adhesion strength correlates
more strongly with either the roll-off angle for water drops or the
practical work of adhesion of water than it does with the static
contact angle [6]. They investigated the ice adhesion strengths
on 21 different materials showing smooth surfaces and focused
on the relationship between ice adhesion and water wettabil-
ity. Meuler et al. found a strong correlation between the average

strength of ice adhesion and the practical work of adhesion scaling
parameter (1 + cos �rec) with �rec representing the receding con-
tact angle. Increasing the receding angle should result in decreased
ice adhesion strength. From their conclusion, the icephobicity of
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Table 1
Roughness (Sa) due to different processing methods.

Method of processing Roughness (nm) ± (nm)

Untreated 246 20
Abrasive paper on a lathe (roughness

with preferred orientation)
580 81

Sand blasted 794 74
Etching with HCl (1:3 diluted), 5 min 291 38
ig. 6. Ice adhesion strength in dependence of (1 + cos(CArec)) for six coatings with
enotations taken from Fig. 5. CArec: receding contact angle.

urfaces can be simply predicted by measuring the receding contact
ngle. Smooth surfaces show a maximum receding contact angle of
round 120◦. For a further decrease of the ice adhesion, �rec has to
e increased. As stated by Meuler, this is only possible if micro-
r nano-structured surfaces are used. Those structured surfaces
ay  show enhanced hydrophobic properties. Since in our paper

 superhydrophobic coating did not show an improved icephobic
ehaviour, we wanted to proof the applicability of Meuler’s results
o the coatings tested in our study. Therefore six coatings were ana-
yzed in regard of their receding contact angles. Fig. 6 shows the
ce adhesion strength of these materials versus the practical work
f adhesion scaling parameter (1 + cos �rec) in analogy to Meuler’s
lot. A linear correlation of the adhesive strength on the scaling
arameter is notable in the case of the smooth surfaces, however

n our case the linear fit does not pass the origin as stated by Meuler.
he superhydrophobic coating “Sol–Gel fluorinated + Aerosil 1d”
eviates significantly from this linear correlation. Due to the tex-
ured surface, the contact angle hysteresis (�adv − �rec) is more
ronounced resulting in a relatively small receding contact angle
y showing a high static contact angle at the same time.

In sum, the linear correlation of the ice adhesion on (1 + cos �rec)
n the case of non-textured surfaces was generally confirmed and
o, the ice adhesion of those coatings seems to be predictable by
nowing the receding contact angle. However, there is still a lack of
nderstanding ice adhesion strengths in regard of superhydropho-
ic surfaces.

.3. Influence of roughness on ice adhesion

The question concerning the correlation of surface characteris-
ics and ice adhesion is still not yet fully answered. Depending on
he measuring method and icing condition one obtains different
esults. A superhydrophobic surface does not ice if a supercooled
roplet falls on it from a relatively large distance because the
roplet will drip off instantly if the surface is tilted [32]. If, however,
uch a superhydrophobically coated plate is iced by immerging in

 vessel filled with water, as in our study, the force required to pull
he plate out of the ice is a multiple larger than the one required
or an uncoated plate. This depends very much on the structuring
f the surface, that is, on the roughness of the coating. In order to
btain a systematic correlation between surface roughness and ice
dhesion, the influence of surface roughness has been examined
n various ways. In this study aluminium pins were roughened

y different methods and their ice adhesion was determined.
hese pins were further modified with a fluorine-containing
oating in order to study the influence of minimized surface
nergies.
Etching with HCl (1:3 diluted),
10–15 min

1300–4300 –

Characterization of surface topography is important in many
areas, because roughness influences friction and sliding of surfaces
considerably. As with other parameters, the measurement of sur-
face roughness depends very much on the method employed and
on the size of the sample area because it is a statistical measure.
If one considers the structure of a surface to follow a sinusoidal
behaviour, then the amplitude can be taken as roughness and the
wavelength as structural feature. In our investigations we focused
on mean roughness, which describes the distance of a point to an
imaginary middle line. This middle line intersects the profile at the
location investigated. Average roughness therefore corresponds to
the arithmetic mean of the deviation to the middle line. A popular
method to determine roughness parameters is the profile method,
where a diamond tip slides over a surface and depicts roughness.
A disadvantage of this method is that the needle can deform the
surface and therefore alter the roughness. In our study the contact-
less method of confocal microcopy was used. One obtains a surface
related roughness parameter, Sa.

Roughness on the aluminium pins was generated chemically
by etching in hydrochloric acid or mechanically by sand blasting
or using abrasive paper. Table 1 shows the roughness of samples
according to the chosen surface treatments.

It is seen that the untreated pins have quite low roughness.
By sand blasting the surface is roughened considerably and this
roughness can be reproducibly adjusted. Pins that are treated with
abrasive paper on a lathe show a roughness between those that
are sand blasted and untreated. With chemical etching, rough-
ness depends on treatment time. Two  times were chosen; 5 min
or 10–15 min, where most of the time the pins were withdrawn
from the acid after 13 min, because thereafter the reaction became
uncontrollable. Roughness increases only slightly after 5 min  etch-
ing time, however, after more than 10 min, one obtains a roughness
in the lower micrometre range. Because many pins were etched,
those with comparative roughness could be taken together for fur-
ther experiments. Finally, the condition of each individual pin and
the temperature of the acid solution play an important role in the
resulting roughness.

The objective is to obtain a relationship between roughness and
ice adhesion. First, ice adhesion of the uncoated pins having differ-
ent roughness was determined. Table 2 shows the corresponding
results.

The mechanically treated pins display a clear trend: the rougher
the surface, the higher the shear stress at which the ice–aluminium
bond is broken (Fig. 7). A higher roughness leads to a larger contact
area and the ice can actually anchor itself to the surface. Fig. 7
shows also the maximal shear force that can be achieved with an
ice adhesion test totally filled with water (� = 2900 kPa). This value
corresponds to the maximal traction of the tensile test machine of
10 kN. In order to determine higher shear stresses, measurements
with half-filled moulds were performed to reduce the contact area
between ice and pin and therefore the force required to extract

the pin.

Pins which have been treated with acid for 5 min  do not display a
great increase in roughness. However, their increase in shear stress
is considerable. This means that the chemically altered surface
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Table 2
Shear stress � and roughness Sa of different samples without coating.

Sample Roughness (nm) � (kPa) ± (kPa) ARF

Mechanically treated Untreated 246 1594 72 1
Abrasive paper on a lathe (roughness with preferred orientation) 580 2562 430 0.62
Sand blasted* 794 3901 262 0.41

Chemically treated Etching with HCl (1:3 diluted), 5 min 291 2681 194 0.6
Etching with HCl (1:3 diluted), 10–15 min  >1300 >2900 – �0.54

* Ice adhesion test totally filled with water exceeded the maximal traction of the tensile test machine. In order to determine shear stresses, measurements with half-filled
moulds were performed.

Fig. 7. Dependence of shear stress on roughness of surface treated aluminium pins
(
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only mechanically treated samples); the horizontal line denotes the maximum
alue of shear stress that can be measured by a completly filled mould.

isplays a strong ice adhesion. Pins that have been etched longer
nd therefore possess a roughness in the lower micrometre range
ould not be drawn out of the ice. The enormous roughness and the
orresponding increase in surface area leads to a very strong bond
o the ice; hence these samples could not be analyzed in this study.

After the determination of ice adhesion to the differently
oughened aluminium pins, they were coated with the thin,
uorine containing sol–gel coating “sol–gel fluorinated 1a”. This
oating displays a certain icephobic character (ARF ≈ 15) on

mooth pins, which is attributed to the perfluorinated polyether
Fluorolink®S10) which significantly lowers adhesion. Coating
hickness is below 1 �m and therefore not all of the surface

ig. 8. (a) Dependence of roughness of aluminium platelets on etching time before and aft
b)  course of the corresponding water contact angles.
Fig. 9. Dependence of roughness before and after application of the coating (“sol–gel
fluorinated 1”). Thickness of coating is below 1 �m.

structure is covered. By using this coating, the roughness of the
surface is preserved in large parts, although the surface energy is
strongly lowered. Additionally, surfaces coated with the fluorine
containing sol–gel system become hydrophobic, hence, a rough
and low-energy surface is generated. This modification was exam-
ined on aluminium platelets. Roughness was  determined before
and after coating. In Fig. 8 the roughness after coating and the
corresponding static contact angles are displayed. It is obvious that
the roughness of the surface is slightly reduced by the coating. In
case of large roughness there is little change by the coating. The
static water contact angles on this coating for smooth surfaces

are in the range of 120◦. Contact angles higher than 150◦ and
therefore superhydrophobic coatings are obtained if the surface
roughness increases to approx. 5 �m.  This change of topography in

er application of coating “sol–gel fluorinated 1”; pickling solution: HCl, 1:4 diluted;
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ig. 10. Dependence of shear stress on roughness before and after application of
uorine containing coating “sol–gel fluorinated 1”.

ombination with a low energy coating reveals superhydrophobic
roperties of the surface.

Fig. 9 shows the reduction in roughness caused by coating of
he pins. Roughness is only slightly influenced but surface energy
s substantially reduced. Therefore, ice adhesion should be lower
ompared to the uncoated, rough pins. In Fig. 10 ice adhesion is
isplayed as a function of roughness for coated and uncoated pins.
t a first glance it can be seen that the values of the uncoated pins

ie above those of the coated pins. With increasing roughness the
hear stress necessary to overcome the adhesion of ice to coating
ncreases, and because the coated pins show some roughness, the
ougher ones display higher ice adhesion than the smoother ones. A
pecial case is presented by the etched (5 min) pin. Although rough-
ess is relatively small, this sample shows a shear stress of about
500 kPa.

The coating has clearly a significant influence on ice adhesion.
ext to reducing surface energy, roughness is a bit reduced, as seen

n Fig. 10, and both factors reduce shear stress.
The coated pins that have been etched for 10–15 min  could not

e measured. At a roughness above 1 �m a reduction of rough-
ess by about 200 nm carries no weight. Because roughness is
reserved on a micrometre scale, the reduction in surface energy
arely influences ice adhesion, and the ice can anchor itself well on
he surface. For the coated but rough pins 10 kN (maximum load
f tensile testing machine) was not sufficient to pull them out of
he ice. It is interesting to note that those pins display superhy-
rophobicity, but although being superhydrophobic, they are not

cephobic.
Our results are in good agreement with the study of Zuo et al.

hey studied aluminium specimens which have been roughened
y sand blasting [22]. These specimens were coated with silicon-
nd fluorine containing coatings, in order to lower surface energy.
ce adhesion was measured with a custom made test whereby a

ater droplet was frozen onto the surface and ice adhesion was
easured using a tip that moves horizontally to detach the ice.

he roughness of the untreated aluminium was comparable to that
etermined in the present study (∼291 nm). However, sand blast-

ng in that study showed a stronger effect and a roughness of about
.5 �m was obtained. The respective shear stresses showed that
n increase in roughness led to higher ice adhesion, in accordance
ith the results of our study. The applied coatings used by Zuo et al.
ossessed layer thicknesses of 20–200 nm and therefore the respec-

ive roughness is depicted. Their main result was the decrease of
hear stresses of coated surfaces due to reduced surface energy. As
lso shown in our study, lowering the surface energy has a strong
nfluence on shear stress.

[

[

cience 282 (2013) 870– 879

4. Conclusion

In this study, various coatings were investigated to analyze their
icephobic properties, e.g., hydrophilic and hydrophobic coatings,
sol–gel based coatings containing fluorinated compounds and vis-
coelastic rubbers. Ice adhesion measurements were performed on
a custom made 0◦ cone test that showed good reproducibility. It
was  shown that sol–gel coatings containing fluorinated polyether
compounds were able to decrease the adhesion to ice correspond-
ing to an ARF value of about 20. Teflon as a potentially icephobic
material possesses an ARF only of seven, standard coatings for wind
turbines revealed an ice adhesion character comparable to bare
aluminium with very strong adhesion to ice. Quite low adhesion
results were obtained in the case of viscoelastic elastomers. A cor-
relation between the static contact angle and the shear stress was
not found, but data taken from this study and from AMIL institute
showed an excellent agreement. However, a linear correlation of
the ice adhesion on (1 + cos �rec) of coatings with smooth surfaces
was  generally confirmed as proposed by Meuler et al. [6]. This rela-
tion does not hold for superhydrophobic surfaces and there is a
need of further investigations to gain a better understanding of ice
adhesion of structured surfaces.

Significantly, a coating of a viscoelastic elastomer (poly-
dimethylsiloxane) showed an outstanding ARF value of about 100,
whereas this coating is a permanent one and therefore not time
limited like viscoelastic greases or other sacrificial coatings show-
ing equally high ARF values.

In addition to the chemical composition of the surface, the
topography of the coatings, namely roughness, has an influence
on the adhesive strength to ice. In order to obtain a systematic
correlation between surface roughness and ice adhesion the influ-
ence of surface roughness has been examined. Different degrees
of roughness were created by mechanical and chemical treat-
ment of the aluminium pins. It was  shown that the adhesive
strength was  enhanced by increasing surface roughness. Cover-
ing these pins with a fluorinated coating led to a decrease of the
surface energy but preserved surface topography. These rough but
low energy surfaces showed lower shear stresses, however, rough
surfaces still adhered stronger to ice than smoother ones. Those
coated pins that showed superhydrophobicity displayed very high
adhesive strengths; hence they cannot be considered as icephobic
surfaces.
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