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Abstract— The development of materials where ice is not 

formed at all (anti-icing) or materials having very low adhesion 

to ice (icephobic or ice-release) has received much attention in 

the last decades. Wind turbine blades are an area where ice 

release coatings could have high potential as atmospheric icing 

on these structures can significantly reduce the annual energy 

production of a wind turbine along with the safety risks 

associated with ice throw. However, coatings for wind turbine 

blades should possess good resistance towards rain erosion, and 

most efforts directed into the research of coatings with low 

adhesion to ice employ materials not suitable for these 

challenging conditions. In this work, materials having both low 

adhesion to ice and good mechanical toughness are explored.  

Keywords— Ice release, Ice adhesion, Leading edge erosion, 

Graft-copolymers, Coatings 

I. INTRODUCTION 

Protective coatings are coating materials having a specific 

property that can protect the substrate. For instance, epoxy 

coatings protect steel from corroding by passivation via 

stabilization of the oxide layer/oxide layer adhesion [1], 

antifoulings protect ship hulls under the waterline against 

fouling, and erosion resistant coatings protects wind turbine 

blades towards erosion from water and sand. The protective 

property of the coating is the primary function, but usually, a 

coating has several secondary functions such as color and 

gloss, abrasion- or chemical- resistance. Secondary 

properties may be added (or formulated) into the coating 

already possessing the desirable primary protective property, 

and the primary function needs to perform regardless of 

added secondary functions. 

The ice adhesion properties of protective coatings are not 

a frequently discussed subject. Low ice adhesion can in 

many cases be considered a secondary coating property i.e., 

an added property to a coating already having a primary 

function. In this view, it makes sense to add low ice adhesion 

properties to the coating already possessing a set of 

properties important for its primary function. The challenge 

is to maintain the properties while introducing a new set of 

secondary properties (e.g. ice release).  

In this work, the ice release properties of different 

commercially available coatings will be evaluated. The 

commercial coatings are based on generic technologies 

covering a range of protective coating areas including epoxy 

type coatings, silicone type coatings, and polyurethane (PU) 

coatings. One of the emerging areas with a real need for ice 

release coatings is the wind turbine blade coatings market. A 

special focus will thus be made on wind turbine blade 

coatings and how the ice adhesion of these coatings can be 

reduced using graft-copolymers. 

The primary property for a wind turbine blade coating 

(BC), and in particular, a leading-edge protection coating 

(LEP), is the resistance towards rain erosion. An erosion-

resistant material is characterized as a material capable of 

absorbing the energy from the high-speed impacting water 

droplets and withstanding repeated deformations under drop 

impingement [2-4]. For rubbers and elastomers, these 

properties are linked to the elastic properties of the material 

[5]. Typically, a moderately erosion resistant coating (BC) is 

employed on the less erosive areas of the blade whereas the 

leading edge, i.e., the outer part of the blade, is exposed to a 

highly erosive environment and is coated with a very erosion 

resistant coating. Fig 1 illustrates the coated parts of a wind 

turbine blade. 

 

 

 

Fig. 1 Cross-section of the outer part of a wind turbine blade 

where the red coating area is an erosion resistant leading 

edge protection coating (LEP) and the grey area is a blade 

coating. 

II. EXPERIMENTAL 

A. Materials 

2,2 ’ -azodi(2-methylbutyronitrile) (AMBN) ( ≥ 98%, 

tradename Iniper AIVN SG-2000) was purchased from Vesta 

chemicals and used as received. 2-hydroxy ethyl acrylate 

(HEA) (96%, 200-650 ppm monomethyl ether hydroquinone 

(MEQH) as inhibitor), n-butyl acrylate (BA) ((≥99%, 10-60 

ppm MEHQ as inhibitor), n-butyl methacrylate (BMA) (99%, 

MEHQ as inhibitor) were purchased from Sigma-Aldrich. 

Dioctyltin dilaurate (DOTDL, 95%) was purchased from TIB 

chemical AG. MMA (99%, Sigma-Aldrich) was purified by 

passing through a column of activated neutral alumina and 

stored in a freezer under N2-atmosphere and 4 Å molecular 

sieve. Monoterminated methacryloyl PDMS macromonomer 
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(PDMSMA) with 60 (tradename KF-2012) repeating 

siloxane units, was kindly provided by Shin-Etsu silicone. 

Sylgard 184 (Dow Corning) base component and hardener 

were purchased from Lindberg & Lund AS. Isophorone 

diisocyanate trimer (IPDI trimer in 30 wt% butyl acetate, 

Desmodur Z 4470 BA) was purchased from Covestro AG. 

Jotacote universal N10 (epoxy coating), SeaLion Repulse, 

SeaLion Resilient, Jotatop BC800 (BC) and a leading-edge 

protection coating (LEP) were kindly provided by Jotun AS. 

All materials were used as received unless otherwise stated. 

Aluminum panels (grade 5754, 1.5x75x75 mm) and cold 

rolled carbon steel panels (1.5x75x75 mm) were rinsed with 

xylene to remove any surface contaminants. 

B. Polymer synthesis 

Graft-copolymer (Poly(MMA-co-PDMSMA)): To a round 

bottom Schlenk flask were added toluene (24 mL), MMA 

(9.6 g, 96 mmol) and PDMSMA (23.5 g, 5.11 mmol) and the 

mixture was degassed by purging with N2 over 20 min. 

AMBN (0.686 g, 3.57 mmol), I2 (0.3 g, 1.2 mmol) were 

dissolved in degassed toluene (10 mL) and transferred to the 

monomer feed. The reaction was allowed to react for t= 8 

hours under N2-flow at 85 oC in the dark. The initially dark 

red solution became colorless after approximately 1 hour at 

85 oC (inhibition period) and remained clear throughout the 

polymerization period. The polymerization was stopped by 

opening the flask and exposing to air. The reaction product 

was purified by precipitation from methanol (MeOH) and the 

filtrate was dissolved in THF. Residual PDMSMA monomer 

was removed by an additional precipitation in a mixture of 

THF : MeOH 1 : 2. GPC-data: Mn = 14100 g mol-1 Mw/Mn 

(ÐM) = 1.43. 1H NMR (CDCl3) δ (ppm): 3.81-4.03 (broad 

peak, 2H, -CH2-O-CO), 3.60 (s, 34.4H, CH3O) 1.74-2.09 

(broad peak, -CH2CCH3 atactic) 1.62 (broad peak, -

CH2CH2-O-CO), 1.25-1.35 (m, 4H, -CH2-CH2-Si), 0.81-1.1 

(t, -CH3 in butyl and CH3C atactic), 0.54 (m, 4H, -CH2-Si), 

0.07 (m, 66H, -CH3 in siloxane). 

Acrylic polyol: To a 4-necked round bottom glass reactor 

fitted with a mechanical stirrer, a condenser and nitrogen 

inlet were added xylene (60 g) and heated to 85 oC. A 

mixture containing BA (50 g, 390.1 mmol), HEA (20 g, 

172.2 mmol), BMA (30.0 g, 211 mmol), AMBN (2.0 g, 10.4 

mmol), and xylene (40 g) was added dropwise to the glass 

reactor over a period of t= 2.5 hours. The mixture was 

allowed to stir for an additional t= 30 min and then removed 

from the heating source. The resulting viscous solution was 

characterized by GPC and the crude mixture was used as-is. 

GPC data: Mn= 9.7 kg mol-1, ÐM = 2.59. The resulting 

polymer solution was diluted with xylene to 30 weight% 

solids and mixed with stochiometric amounts of an IPDI 

trimer to form a polyurethane clear coat (PU clear coat).  

C. Coating preparations 

The coatings were all supplied as two component kits 

except SeaLion Repulse where the catalyst was added as a 

third component. Coating films of Jotatop BC800 was 

prepared as follows: The pigmented component (component 

A) was thoroughly mixed to remove any syneresis or soft 

settling. To a container containing 10 parts per weight of 

component A was then added three parts by weight of 

component B. The mixture was mixed using a speedmixer 

(SpeedmixerTM DAC 600.1 FVZ) for 1 min at 1800 rpm. The 

coating was then applied onto aluminum panels (75x75x1.5 

mm) that were precoated with an epoxy primer (Jotacote 

universal N10), using a doctor blade to achieve thin coating 

films with an approximate dry film thickness of 100 µm. The 

coating was allowed to cure at 23 oC/50% RH for two weeks 

prior to testing. The same procedure was followed for all 

other coatings following the instructions in the product 

technical data sheet (available on www.jotun.com). For the 

samples containing poly(MMA-co-PDMSMA) graft-

copolymer: 10 weight% of copolymer (on total weight solids 

A+B component) was added to 10 parts by weight 

component A by gentle mixing and the copolymer was 

allowed to dissolve overnight. The resulting mixture was 

then added three parts by weight of component B following 

the same procedure as described above. 

D. Characterizations and methods 

Gel permeation chromatography (GPC) was carried out at 

30 oC on a Malvern Omnisec GPC system (Malvern 

Panalytical Ltd., United Kingdom) with a guard column 

(10x4.6 mm, Viscotek, Malvern Panalytical Ltd., United 

Kingdom), 2 PL-gel 5 µm Mixed – D column (Agilent, 

United States) in series and a refractive index detector. THF 

was used as mobile phase and with a flow of 1 mL min-1. 

Calibration was established with 12 different narrow 

polystyrene standards having a peak molecular weight (Mp) 

ranging from 162- 364,000 g mol-1 (Agilent, United States).
 

1H-NMR spectra were recorded at 298 K using a 400 MHz 

Bruker Avance III HD NMR spectrometer (Bruker, Germany) 

in deuterated chloroform (CDCl3). Chemical shifts were 

reported in parts per million (ppm) and determined according 

to the solvent peak used as internal reference and relative to 

the tetramethylsilane-peak (TMS) (0 ppm). Water contact 

angles (WCA were carried out on a Krüss DSA100 drop 

shape analyzer (Krüss, Germany) at 23 oC and 50% relative 

humidity (RH). Advancing (θadv), receding (θrec) and contact 

angle hysteresis (CAH) were measured using the tilted plane 

method with 20 µL drop size of distilled water and a tilting 

speed of 1 o sec-1. Measurements were carried out on 

unexposed flat coating-surfaces and the advancing and 

receding contact angles were measured just prior to drop 

sliding. 

The coating samples for uniaxial tensile testing was 

prepared as follows: The wet paint was prepared as described 

in section C followed applying the coating onto Mylar® 

films using a doctor blade to achieve thin coating films with 

approximate dry film thickness of 200 µm. The samples were 

cured at 23 oC/50% RH for 14 days. After the curing period, 

“dogbone” samples were punched out using a special 

instrument with dimensions conforming to specimen 5 in 

ISO 527-3 [6]. The exact thickness of each sample was 

measured with a digital calliper (average of five 

measurements). 

The uniaxial tensile measurements were carried out on a 

universal testing machine (UTM) from Testometrics Co. Ltd. 

fitted with two grips to support the sample, an extensometer, 

and a 50 kg load cell. The measurements were made with a 

preload of 0.1 N, a gauge length of 26 mm and at a strain rate 

of 50 mm min-1. Each coating was tested minimum three 

times. 

http://www.jotun.com/
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Ice shear adhesion was measured at – 10 oC using an 

universal testing machine and a custom made sample rig, as 

described elsewhere [7]. Briefly, a hollow mold was placed 

onto the flat aluminum panel coated with the coating sample, 

filled with distilled water, and kept at -18 oC for 24 hours. 

The coating sample was then transferred to the ice shear 

adhesion test-instrumentation which was kept at – 10 oC. The 

attached ice/mold was then pulled at a rate of 5 mm min-1 

until reaching a force capable of removing the ice/mold from 

the coating sample. The peak force was then used to 

calculate the ice shear adhesion from the average of at least 

five measurements of each sample specimen. 

III. RESULTS 

The ice adhesion of typical generic coating technologies 

employed in the marine and protective coating segment were 

measured and are given in Fig 2. Most coatings have high ice 

shear adhesion values ranging from 250-450 kPa. Untreated 

aluminum has the highest ice adhesion value, which agrees 

with previously reported values [8]. However, a typical foul 

release coating based on PDMS does have very low ice 

adhesion. The low ice adhesion of SeaLion Repulse is likely 

to originate from an interfacial cavitation mode of ice release 

and serves as a low ice shear adhesion reference coating in 

this work. 

 

Fig. 2 Typical ice adhesion values of generic coating technologies 

where PU clear coat, BC and LEP are based on PU-

technology, Epoxy coating and SeaLion Resilient are epoxy, 

and siloxane-modified epoxy, respectively, Sylgard 184 and 

SeaLion Repulse are PDMS-type coatings and aluminium, 

and cold rolled steel are two types of untreated surfaces. 

 

The ice shear adhesion of the above coatings are plotted as 

a function of the receding CA and CAH in Fig 3 and Fig 4, 

respectively. As can be seen from the figures, there is an 

apparent linear relationship between the water wetting 

properties of the coatings and the ice shear adhesion. This 

linear relationship is in alignment with previous reports [9]. 

  

Fig. 3 Ice shear adhesion as a function of receding CA of water for 

commercial coatings, including LP and BC type coating 

modified with graft-copolymer. 

 

  

Fig. 4 Ice shear adhesion as a function of CAH of water for 

commercial coatings, including LP and BC type coating 

modified with graft-copolymer. 

 

The ice shear adhesion of both pristine coatings (BC, LEP 

and PU clear coat) and with the addition of 10 weight% 

copolymers are given in Fig 5. For the PU clear coat, an ice 

adhesion of about 10 kPa is obtained. For the pigmented BC 

and LEP coatings, the ice adhesion strength is in the range 

50-100 kPa, which were about 17% of the value obtained for 

the pristine coatings. 
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Fig. 5 Ice shear adhesion comparison of LEP, BC and PU clear 

coating with and without 10 weight% of graft-copolymer. 

The black bars are pristine coatings, and the grey bar are 

coatings containing 10 weight% graft-copolymer. 

 

The surface wetting properties of the above coatings are 

summarized in Table I. As can be seen directly from the 

table, copolymer addition increases both the advancing and 

receding CA of the wind turbine blade coatings. It is also 

interesting to notice that the CAH remains relatively 

unchanged for the LEP coating whereas a reduction is 

observed for the BC and PU clear coating. 

 

TABLE I. ADVANCING, RECEDING AND CAH OF WIND TURBINE 

BLADE COATINGS WITH 10 WEIGHT% COPOLYMER. 

Coating θadv [o] θrec [o] CAH [o] 

LEP 92.7 71.0 21.2 

LEP 

(copolymer) 100.2 76.4 23.8 

BC 86.3 58.3 23.8 

BC (copolymer) 101.9 86.4 15.5 

PU clear coat 84.3 66.0 18.3 

PU clear coat 

(copolymer) 105.9 99.5 6.4 

 

The difference in the mechanical properties such as the 

tensile strength of the coating with and without copolymer 

was evaluated for the LEP formulation. The elasticity and the 

ultimate tensile strength of the coating is a measure of 

toughness, meaning the ability of the material to absorb 

energy. The toughness and ductile nature of polymers is a 

measure of how well they will withstand erosion [4, 10]. The 

uniaxial tensile measurements of the pristine LEP and the 

sample containing 10 weight% graft-copolymer are shown in 

Fig 6. The strain at break is similar for both coatings (444 ± 

21 % for pristine and 446 ± 28 % for copolymer sample), but 

the ultimate tensile strength is reduced from 30.6 ± 8 MPa to 

19.8 ± 5 MPa. 

 

Fig. 6 Uniaxial tensile measurements of LEP coating with 10 

weight% copolymer and without copolymer. The solid lines 

are the pristine LEP and the dotted lines are LEP containing 

10 weight% poly(MMA-co-PDMSMA) copolymer. 

IV. DISCUSSION 

The ice adhesion of a set of representative commercially 

available protective coatings with different usage areas was 

evaluated and it was shown that all but one coating have high 

ice adhesion. The ice shear adhesion of these coatings 

revealed a linear relationship to the receding CA. This was 

also expected as it is generally accepted that ice adhesion of 

organic coatings is directly related to the practical work of 

adhesion [9]. However, SeaLion Repulse deviates from this 

trend and this can be explained by the low modulus of this 

coating, where ice is detached via an interfacial cavitation 

mechanism. The low ice adhesion of low modulus coatings 

has been demonstrated previously [11-13]. Two wind turbine 

blade coatings (BC and LEP) were also shown to have 

relatively high ice adhesion. When the poly(MMA-co-

PDMSMA) graft-copolymer was incorporated into the PU 

clear coat and the two wind turbine blade coatings, ice shear 

adhesion was significantly reduced. The lowest ice adhesion 

value was obtained for the PU clear coating containing 10 

weight% graft-copolymer. This coating also gave the highest 

receding CA and the lowest CAH. A low CAH is an 

indication of a more chemically homogeneous surface, which 

in this case is attributed to the ability of the PDMS-grafts of 

the copolymer to migrate into the coating-air interphase.  

The ice adhesion values of the BC and LEP type coatings 

were in the range 50-100 kPa indicating lower efficiency of 

the graft-copolymer in these coatings. The advancing and 

receding CA were also increased significantly for these two 

coatings when adding graft-copolymer, whereas the CAH 

remained relatively high compared to the PU clear coat.  A 

comparison of the wetting properties of the three coatings 

suggests that the modest increase in receding CA relative to 

the advancing CA (CAH remains similar) might be important 

for the ice adhesion. For coating formulations modified with 

poly(MMA-co-PDMSMA) copolymer, it is important to 

have low CAH as this indicates how well the PDMS-

moieties “mask” the surface. The relatively high CAH 

observed for the BC and LEP formulation may be related to 

the chemistry of the bulk polymer, the type of pigments and 

fillers, and the presence of additives in these coatings. 
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The mechanical properties of the modified LEP 

formulation were also compared to the pristine formulation 

and a decrease in ultimate tensile strength was observed for 

the copolymer-containing formulation. This is probably 

caused by a plasticizing effect by the copolymer. A similar 

effect was observed by Tian et. al. [14] in thermoplastic PUs 

which was explained by increased steric hindrance from the 

PDMS-pendant chains that could partly disrupt the 

hydrogen-bonding and thus decreased polymer chain 

entanglements in the thermoplastic PU. The subsequent 

reduction in toughness will likely affect the rain erosion 

resistance of the coating, which can only be determined 

through real-life exposure or accelerated erosion testing via 

e.g. a whirling arm rain erosion test rig [2]. The copolymer 

was incorporated into the LEP formulation without any form 

of optimization of other components and adjusting other 

components to the formulation could likely counter the 

observed changes in mechanical properties. 

V. CONCLUSIONS 

The ice shear adhesion of typical generic coatings used as 

protective industrial coatings was evaluated, and the surface 

chemistry characteristics of these coatings were shown to 

correlate with the measured ice shear adhesion. The wind 

turbine blade coatings tested here did have a very high initial 

ice shear adhesion, but an 85% reduction was possible using 

a poly(MMA-co-PDMSMA) graft-copolymer. However, by 

examining the mechanical properties of the leading-edge 

type coating, a loss of ultimate tensile strength was observed. 

Nevertheless, the modified LEP coating showed high 

elasticity and a relatively high ultimate tensile strength, with 

ice shear adhesion below 100 kPa. 

The demonstrated ice adhesion reduction of commercially 

available coatings via incorporation of poly(MMA-co-

PDMSMA) thus offers a promising approach for the 

incorporation of ice release properties to mechanically tough 

organic coatings for use in high erosion environments such 

as for the leading edge protection for wind turbine blades. 
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