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Abstract: Possibilities of the development of new anti-erosion coatings for wind turbine blade surface
protection on the basis of nanoengineered polymers are explored. Coatings with graphene and hybrid
nanoreinforcements are tested for their anti-erosion performance, using the single point impact
fatigue testing (SPIFT) methodology. It is demonstrated that graphene and hybrid (graphene/silica)
reinforced polymer coatings can provide better erosion protection with lifetimes up to 13 times longer
than non-reinforced polyurethanes. Thermal effects and energy dissipation during the repeated soft
impacts on the blade surface are discussed.

Keywords: wind energy; coatings; leading edge erosion; wind turbine; wind turbine blade

1. Introduction

Global wind energy generation has expanded greatly in the last few years. An even
larger expansion in wind energy production, particularly offshore, is expected in the next
ten years.

Offshore wind turbines are subject to higher wind and environmental loads than
onshore turbines; this includes exposure to salt-water aerosols. According to Dao et al. [1],
the failure rate per wind turbine per year is four times higher for blades and hubs of offshore
wind turbines than for the onshore equivalents. In addition, the costs of the maintenance
and repair of offshore wind turbines are much higher than for onshore turbines.

Leading Edge Erosion (LEE) in wind turbine blades primarily is caused by rain, hail,
and air born particles causing major performance deterioration such as loss of power gen-
eration and additional maintenance costs [2]. According to Mishnaevsky and Thomsen [3],
the overall cost of repairing minor failures (largely due to LEE) is greater than that for major
defects such as structure failure. LEE is a major problem for large and extra-large wind
turbines with tip speeds of over 80 m/s. To protect wind turbine blades from erosion, new
highly protective coatings are required. A promising area in the development of protective
coatings is the creation of internal structures within the coating material, which can reflect
or scatter the stress waves arising from raindrop impact.

In this paper, the potential of developing new anti-erosion coatings with nanoparticle
reinforcement for wind turbine blade surface protection is demonstrated. The new types
of coatings are based on polyurethanes reinforced with graphene or hybrid nanoscale
particles. The results of erosion testing of the new coatings using a single point impact
fatigue testing (SPIFT) approach [4] are presented. Thermal effects during blade erosion
are discussed.
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2. Possibilities of Structural Modifications of Anti-Erosion Coatings: State of the
Art Review

The erosion of coatings is caused by multiple random impacts (by rain droplet, hail,
or other particles), which cause deformation and stress wave propagation in the coatings,
which in turn leads to damage [2,5]. To prevent or delay the erosion of wind turbine
blades, the development of highly erosion resistant coatings is desirable. As suggested by
Mishnaevsky [5], there are several approaches to the design and development of coatings,
such as: increasing the damping properties of the coating materials, using multilayered
coatings and developing reinforced coatings with internal structures.

Different physical mechanisms can be used to prevent degradation of blade protective
coatings, for example, by waves dissipation, and by scattering on inclusions, especially at
high frequencies. The multiple scattering of waves on particles embedded in the coatings
can lead to the attenuation of coherent waves. The energy of the coherent waves is con-
verted into divergent waves through reflection and refraction on the inclusions. Several
computational models have been developed to simulate the wave scattering on the parti-
cles. These have used scattered field expressions, quasi-crystalline approximation, causal
differentiation, and Kramers-Kronig expressions [5–8]. It is shown that nanoscale particles
in polymers (like carbon nanotubes or graphene) form percolating networks [9–11], which
affect their interaction with stress waves.

Nanoscale Reinforcements in Anti-Erosion Coatings: State of the Art

Particle (microscale and nanoscale) reinforcements in polymer coatings have been
studied widely. Valaker et al. [12] developed sprayed coatings with FunzioNano® (com-
mercially developed) and SiC particle reinforcement. SiC-reinforced coatings exhibited
six to ten times less material loss than industrial coatings. Erosion resistance clearly in-
creases with increasing nanoparticle content for both FunzioNano and SiC reinforcements.
Armada et al. [13] studied epoxy coatings modified with commercial silica nanoparticles
functionalized with a polysiloxane, and with FunzioNano particles. The latter showed the
better erosion resistance. Gou et al. [14] developed carbon nanofiber paper-based coatings
with embedded nickel nanostrands, which showed a 40–100% increase in erosion resistance.
Fei et al. [15] developed multifunctional carbon nanofiber (CNF) paper-based nanocompos-
ite coatings with grafted Polyhedral Oligomeric Silsesquioxanes (POSS). The damping ratio
of the nanocomposite increased by 300% compared to the baseline composite, highlighting
a significant improvement in the vibration damping properties. Diblíková, et al. [16] de-
veloped epoxy coatings with Multi-Walled Carbon NanoTube (MWCNT) particles, and
observed that the abrasion resistance of coatings increased with increasing carbon nanotube
content. Grundwürmer et al. [17] synthesized organic-inorganic hybrid coatings using
sol-gel technology with the addition of ZrO2 nanoparticles. They observed that sol-gel
coatings ensured the same protection as commercial protective coatings with films that
were 23 times thinner. Hintze-Bruening and Leroux [18] developed textured composite
coatings with platelets (LDH—layered double hydroxides) aligned parallel to the substrate
surface. These demonstrated both high toughness and high strength. Peng et al. [19], based
on the Ph.D. work of Limmack [20], tested coatings made from nanodiamond-reinforced
polyurethane with a sand blaster which showed less material loss, particularly with oblique
impacts. Their work showed the nanodiamond-modified PU has potential for protect-
ing against hard-particle erosion. Malaki et al. [21] observed a 29% improvement in the
erosion resistance of polyurethane coatings with the addition of nano-silica. It has been
demonstrated [22] that disc-shaped and snake fiber-shaped reinforcements in anti-erosion
coatings improve the damping properties of coatings. In summary, it can be seen that
particle or platelet reinforced polymers exhibit greater resistance to erosion.

As with other applications of nanoengineering, the effect of nanomodification strongly
depends on: the manufacture and distribution of the nanoparticles as well as their function-
alization or surface modification [23–26]. Gohardani et al. [27] noted no improvement in
erosion resistance of resins reinforced with CNT when tested with multiple liquid impacts.
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Wojdyla et al. [28] discussed in their review the potential of new nanostructured coatings,
with anti-fouling properties, and noted that functionalized banostructured silica based
coatings have a great potential. According to Barkoula and Karger-Kocsis [29], pure ther-
moplastic matrices show better erosion resistance compared to those reinforced with brittle
fibers, especially at higher impingement angles. They also found that brittle inclusions re-
duce the erosion resistance of ductile thermoplastic polymers. The use of sol-gel technology
for manufacturing organic-inorganic hybrid coatings with nanoparticle reinforcements has
been reported [25]. These sol-gel coatings are very thin (up to 10µm) and exhibit the same
protection as coatings 20 times thicker [17,26]. The potential of graphene reinforcement of
polymer coatings for improving resistance to erosion has been reported [30].

An interesting aspect of nanoengineering of materials is the potential of hybrid nano-
reinforcements for improving material properties [31,32]. In several studies, it was observed
that hybrid nano-reinforcements ensured a more homogeneous spatial distribution of par-
ticles by preventing nanoparticle clustering. Prasad et al. [33] studied a combination of
nanodiamond particles with Carbon NanoTubes (CNT) and graphene. Enhancement in
hardness and elastic modulus of up to 25% were observed. Li et al. [34] studied polymers
with Graphene NanoParticles (GNP) + CNTs, and observed an increase in the tensile mod-
ulus, which was attributed to better dispersion. Yue et al. [35] studied epoxy composites
with various proportions of CNT/GNP reinforcements. They reported increases in the
flexural modulus and strength. This was attributed to better dispersion of the fillers and
particles forming networks. Chatterjee et al. [36] observed an interconnected 3D network
of nanofiller in CNT/GNP hybrid composites.

In summary, microscale and nanoscale particle reinforcements have the potential to
improve the erosion resistance of polymer coatings. Combining several types of nano-
reinforcements can lead to better dispersion of particles, and in some cases to the formation
of nanoparticle networks.

Therefore, the hypothesis of this work is that nanoparticles (graphene) distributed
in anti-erosion polymer coatings may increase erosion resistance. Further, it is proposed
that hybrid nanoparticle reinforcement of polymer coatings will give additional erosion
resistance. Figure 1 shows a schema of stress wave reflection and scattering in the coating
reinforced by graphene and hybrid particles.

Figure 1. Schema of stress waves reflection and scattering in the coating reinforced by graphene
particles (left) and hybrid particles (right) (with anticipated better dispersion and particle network).

3. Desktop Erosion Testing Technology: Single Point Impact Fatigue Tester (SPIFT)
3.1. Erosion Testing by Single Point Impact Fatigue Tester (SPIFT)

Mechanisms of erosion of wind turbine blades have been investigated in several
studies [37,38], see also reviews in [5,39]. It was demonstrated in these studies, that the
erosion of wind turbine blades is caused by fatigue, and is initiated near voids or other
small defects.



Coatings 2021, 11, 1104 4 of 18

There are several approaches of testing wind turbine blade erosion, including impact-
ing continuous water jets, water jet provoked impacting droplets, impacting water jet slugs,
and moving samples impacting falling water droplets (see detailed review in [40]).

The performance of anti-erosion coatings is commonly tested using a whirling arm
Rain Erosion Tester (RET), among whirling arm testers is the R&D A/S styled tester, which
is covered in [41,42]. Depending on coating performance, relative impacts speed can be
increased up to 173 m/s. Typical tip speeds for testing is about 125 m/s, but accelerated
testing at 150 m/s is also not uncommon for current generation coatings [38], and better
coatings might require the full 173 m/s in order to provoke failure in a reasonable testing
time frame.

Although whirling arm RET probably is the best practical analogue to actual rain, it
does pose a number of challenges in regards to coating development, and understanding
fatigue failure. In order to better understand the mechanisms of coating erosion, the Single
Point Impact Fatigue Testing (SPIFT) approach has been proposed [4].

The inspiration for the initial design of the SPIFT came from the work of Prayogo [43],
who cited the paper by Adler [44] on hyper-sonic rain erosion. Adler noted that nylon
polymer pellets provided better results compared to systems using water jets [45]. In the
SPIFT, the hard nylon ball was substituted with nitrile rubber balls: diameter: 6 mm, shore
A hardness: 60, mass: 1.43 × 10−4 kg SD: 7.59 × 10−7 kg, density: 1263 kg/m3, as the
rubber provides a more compliant impact. The goal is to provide a loading closer to that of
a water droplet, when compared to a hard nylon ball.

The aim of the SPIFT is to investigate high strain rate and high strain fatigue properties.
It is the prevailing assumption that fatigue resulting from droplet impacts is the driving
mechanism behind erosion [46–48].

Conducting this type of fatigue testing on conventional cyclical fatigue setup is
not feasible for soft viscoelastic materials like PU, as discussed by William D. Weigel’s
report [49] where an aperture similar to the SPIFT was proposed, in order to be able to test
the fatigue properties of viscoelastic materials under loadings similar to droplet impacts.
The controlled impacts rate of discreet impacts can be used to account for the viscoelastic
heating effect, which was shown to dramatically reduce fatigue life.

The SPIFT also differs from most conventional RET’s in that the impacts are not
distributed over the surface, but repeated on a single point. This means that damage
growth can be evaluated, as the loading history is known [50].

Figure 2a shows a diagram of a SPIFT testing setup. In the SPIFT test, the rubber
balls enter the chamber and are then loaded into the barrel. The release of compressed air
accelerates the rubber ball through the barrel. The rubber ball’s exit velocity is recorded
by an optical speed trap placed 200 mm in front of the testing sample before it hits the
target. The applied air pressure controls the ball velocity. The SPIFT device can shoot up
to five rubber balls per second with velocities up to 170 m/s. The time interval between
shots and the number of shots in a series are controlled by a programmable microprocessor.
The output from the microprocessor triggers the VALKEN V12 built-in control electronics,
which in turn controls the electro-pneumatic valves. This approach retains the built-in
safety features, which are released once the lid of the test chamber is closed.

As the primary means of damage detection, high-resolution digital video images
were captured at a 3.1 Megapixel (2048 × 1534 @10 Hz) with an AM7915MZTL long
working distance USB microscope from Dino-lite (Fino-Lite, Vodskov, Denmark). Using
a working distance of 120 mm, a 18 × 13 mm2 field of view is obtained, resulting in
13.5 pixels mm−2 [51].

High speed imaging was performed using a Phantom v2512 fast (AMETEK Inc.,
Berwyn, PA, USA)., operating at 380,000 fps, and a tele macro lens resulting in a resolution
of 0.1 mm/pixel.
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3.2. Investigation of Thermal Effects in Erosion

The protective properties of coatings depend on the damping properties of the
polymer [5,52], and the degree of energy dissipation in the polymer coating after the
impact of rain droplets. The dissipated energy is distributed as thermal energy and defor-
mation of the polymer chains. To investigate these effects, thermographic analysis was
carried out during SPIFT testing. Figure 3 shows the arrangement of the IR thermogra-
phy camera in the test setup. The horizontal dimension of the image is calibrated and
adjusted for parallax error. The camera (Optris Pi 640) records at 120 Hz with a 0.1 ◦C
temperature resolution.

IR thermography imaging allows the measurement of the time taken for the sample to
cool down between impacts as a function of impact speed. It also allows the measurement
of changes in temperature as a function of the impact speed. This can help identify
differences in dampening between the coatings.

Further, the thermograph is used to analyze how the absorbed mechanical energy is
distributed in the coating.

A central feature of SPIFT is the ability to control the impact heating phenomenon [50],
enabling the determination of a minimum cool downtime to help continuous operation
without heat buildup.

Figure 2. (a) The Single Point Impacts Fatigue Tester (SPIFT) erosion testing setup. (b) High speed camera (Phantom
v2512 fast) for filming the ball impacts at 380,000 fps.
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Figure 3. The arrangement of the IR camera in test setup.

The time–temperature plot in Figure 4a shows the average temperature of the mea-
surement area as a function of time for an unmodified polyurethane (PU) coating. This
was used to measure the time needed for the sample to be within 0.2–0.5 ◦C of the initial,
before impact, temperature, as this represents dissipation of more than 90% of the thermal
energy. There will be some temperature increase in the impacts zone during testing, but
with this approach, it is kept bellow 1 ◦C.

Based on these data, a control curve was constructed by fitting a power function to
the cool-down times as seen in Figure 4b.

t(v) = 0.09234 e0.0302v (1)

where t is the cool-down time and v is the impact velocity. Using this, the testing time can
be minimized, while avoiding the problem of heat accumulation in the sample.

Coatings 2021, 11, x FOR PEER REVIEW 7 of 20 
 

 

 
(a) 

 
(b) 

Figure 4. (a) Time-temperature variation of the PU coating, the temperature is the average temper-
ature within the impact area shown in blue, and on the second y axis, the corresponding impact 
speed shown in red dots can be seen. (b) The measured time to thermal equilibrium as a function of 
the impact speed data fitted with an exponential curve to construct an empirical function for cool-
down time as a function of impact speed. 

Based on these data, a control curve was constructed by fitting a power function to 
the cool-down times as seen in Figure 4b. 

0 25 50 75 100 125 150 175
24

25

26

27

28

29

30

31

32

33

34
 Mean surface temprature
 Impact speed

time (s)

M
ea

n 
su

rfa
ce

 te
m

pr
at

ur
e 

(C
)

100

110

120

130

140

150

160

170

180

 Im
pa

ct
 s

pe
ed

 (m
/s

)

100 110 120 130 140 150 160 170 180 190 200
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

 Time to near initial temp
 Fitted Time to near initial temp

Ti
m

e 
to

 n
ea

r i
ni

tia
l t

em
p 

(s
)

Impact speed (m/s)

y = a*exp(b*x)
Time to near initial temp

Reduced Chi-Sqr 3,03165
Adj. R-Square 0,88852
a 0,09234 ± 0,0054
b 0,0302 ± 0

Figure 4. Cont.



Coatings 2021, 11, 1104 7 of 18

Coatings 2021, 11, x FOR PEER REVIEW 7 of 20 
 

 

 
(a) 

 
(b) 

Figure 4. (a) Time-temperature variation of the PU coating, the temperature is the average temper-
ature within the impact area shown in blue, and on the second y axis, the corresponding impact 
speed shown in red dots can be seen. (b) The measured time to thermal equilibrium as a function of 
the impact speed data fitted with an exponential curve to construct an empirical function for cool-
down time as a function of impact speed. 

Based on these data, a control curve was constructed by fitting a power function to 
the cool-down times as seen in Figure 4b. 

0 25 50 75 100 125 150 175
24

25

26

27

28

29

30

31

32

33

34
 Mean surface temprature
 Impact speed

time (s)

M
ea

n 
su

rfa
ce

 te
m

pr
at

ur
e 

(C
)

100

110

120

130

140

150

160

170

180

 Im
pa

ct
 s

pe
ed

 (m
/s

)

100 110 120 130 140 150 160 170 180 190 200
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28
30

 Time to near initial temp
 Fitted Time to near initial temp

Ti
m

e 
to

 n
ea

r i
ni

tia
l t

em
p 

(s
)

Impact speed (m/s)

y = a*exp(b*x)
Time to near initial temp

Reduced Chi-Sqr 3,03165
Adj. R-Square 0,88852
a 0,09234 ± 0,0054
b 0,0302 ± 0

Figure 4. (a) Time-temperature variation of the PU coating, the temperature is the average
temperature within the impact area shown in blue, and on the second y axis, the corre-
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equilibrium as a function of the impact speed data fitted with an exponential curve to
construct an empirical function for cool-down time as a function of impact speed.

4. Performance of Nanoengineered Coatings: SPIFT Testing

In order to explore the effect of graphene and hybrid nanoparticles on erosion resis-
tance of coatings, a series of SPIFT tests were carried out.

4.1. Preparation of Nanoengineered Polyurethane Coatings for Blades

Three polyurethane-based coatings were investigated as Leading Edge (LE) protective
coatings: pure polyurethane (PU), graphene modified polyurethane (PU + GNP), and
Graphene + Sol gel-modified polyurethane (PU + GNP + SG). A square glass fiber reinforced
laminate with dimensions 40 mm × 40 mm × 5 mm was used as a substrate. An aluminum
mold was machined for casting with a 1 mm thick layer of the above coatings (see Figure 5).
The film was bonded to the GFRP substrate with 1 mm thick Epoxy DP 110 sublayer. The
thickness of the adhesive sublayer is controlled by placing 1 mm diameter wires under the
top coating. During curing, a 5 kg weight was placed on the top of an aluminum plate
on the samples, to make sure that the adhesive is distributed homogeneously all over the
GFRP substrate.

The two-component polyurethane system BAYTEC® 9005 60A MF Polyol with vis-
cosity of 800–1600 mPa.s and specific gravity of 1.01–1.04 and the DESMODUR® B9 M10
polyisocyanate crosslinkers with viscosity of 120–200 mPa s and specific gravity of 1.21–1.23
were supplied by Covestro. The mixing ratio by weight of polyol to polyisocyanates was
100:37. Curing was done at room temperature.

The as-received functionalized graphene nanoplatelets HDPlas™ f-GNP having car-
boxyl groups at their surfaces created by a “split plasma” treatment in oxygen were supplied
by Haydale Ltd., Wales, UK. The plasma functionalization is a low temperature, low energy,
dry process, with no effluent disposal, and is benign to the structure of the raw material.
The functional groups are only attached to the edges, dislocation sites, and defects. The
lateral dimension of GNP is between 0.3–5 µm, with typical individual f-GNP (hereafter it
is called GNP for brevity) thickness of about 0.34–0.5 nm, bulk density of 215 kg/m3 and
specific surface area of ~25 m2/g. The graphene sheets have an aspect ratio of ~85.
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Figure 5. (a) Aluminum mold for casting thin coating film; (b) A finished rain erosion specimen with PU + GNP top coat.

Hydrophobic silica-based sol-gel P029™ was supplied by Sol-Gel Materials & Appli-
cations Ltd. (SGAM, Gillingham, UK), it contains 15 wt % silicon.

Polyurethane/graphene composites were prepared via in-situ polymerization meth-
ods. The in-situ polymerization of PU/GNPs was carried out by directly mixing f-GNP
(0.5 wt %) with polyol (100 g) at room temperature (25 ◦C) using a homogenizer at 8000 rpm
for 18 min. Subsequently, DESMODUR® B9 M10 polyisocyanates (37 g) were added to
the mixture and stirred for 1 min to give a mixture ready for molding into a top coat-
ing. The functionalized graphenes act as chemical crosslinkers in the synthesis of the
polyurethane composite.

The in-situ polymerization of PU/GNP + SG was carried out by directly mixing
hydrophobic silica-based solution SG (1 wt %) with DESMODUR® B9 M10 polyisocyanates
(44 g). This mixture was then added to a mixture of polyol + GNP (same preparation
method as above) and stirred for 1 min using a homogenizer at 8000 rpm.

Further details about the mechanical properties of the nanoengineered polymer coat-
ings have been published elsewhere [53].

4.2. Erosion Testing of Nanoengineered Coatings

The SPIFT testing was done at two different speeds 150 and 173 m/s. The specimens
were impacted to failure. Three parameters were determined from a study of videos of the
testing: (i) the number of impacts to initiate the crack, (ii) the number of impacts to start
delamination, and (iii) the number of impacts before loss of the coating material starts.

Nitrile rubber balls projectiles used had the following properties: diameter of 6 mm,
Shore A hardness of 60, mass of 1.43 × 10−4 kg with SD of 7.59 × 10−7 kg, and density of
1263 kg/m3. Nitrile rubber is known to have a good impact resistance and in our testing,
this was found to be true with no discernible damage after repeated use.

By using a high-speed camera (Phantom v2512 fast, Vision Research, Ltd., Thurmaston,
Leicester, UK), the deformation, incoming and rebound speeds were measured. Assuming
the steel target to be perfectly rigid, a significant amount of the impact energy is dissi-
pated in viscous losses in the ball. A phantom V2512 high-speed camera with a speed of
380,000 fps was used to measure the incoming and rebound speeds of the nitrile rubber
balls, Figure 2a.

Figure 6 summarizes the SPIFT results for the testing of three specimens, one of each
coating variant, with an impact velocity of 173 m/s. The results show that PU + GNP + SG
has the best erosion performance. In terms of the number of hits to initiate a crack, the
PU + GNP + SG coating is 159% better than neat PU and 70% better than PU + GNP. In
terms of number of ball impacts before the start of delamination, the PU + GNP + SG
coating is 100% better than neat PU and PU + GNP. Finally in terms of number of ball
impacts before the loss of coating material, the PU + GNP + SG coating is 54% better than
neat PU and 39% better than the PU + GNP coating.
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Figure 6. SPIFT tests results for PU, PU + GNP, and PU + GNP + SG at 173 m/s, each color represents
a single test.

Figure 7 shows images of the extent of damage to the three coatings at various stages
of the impact testing. It is clear that the number of impacts to material loss to occur is much
longer for the PU + GNP + SG coating than the others.

The SPIFT test results at 150 m/s are shown in Figure 8. Again, the results show that
at this ball impact velocity, PU + GNP + SG has the best erosion performance. In terms
of the number of hits to initiate a crack, the PU + GNP + SG coating is 1248% better than
neat PU and 306% better than PU + GNP. In terms of number of ball impacts before the
start of delamination the PU + GNP + SG coating is 1682% better than neat PU and 244%
better than PU + GNP. Finally, in terms of number of ball impacts before the loss of coating
material, the PU + GNP + SG coating is 1063% better than neat PU and 178% better than
the PU + GNP coating.

Figure 9 shows the impact velocity versus number of impacts before material loss
(VN) curves for the speeds of 173 and 150 m/s.

As it is generally accepted that most materials under a fatigue tend to follow a power
law [49], the choice was made to fit a power law curve to data points. This is intended to
roughly illustrate the relation between impact speed and coating lifetime. Many more tests
would be needed in order to construct a true VN curve.

When fitting a power curve of the form n(v) = c × vm to the three coating materials,
the following functions were obtained:

nPU+GNP+SG(v) = 7.35 × 1037 v−15.9

nPU+GNP(v) = 6 × 1026 v−11.0

nPU(v) = 7.85 × 105 v−1.7

(2)

It can be seen that PU + GNP + SG has a large negative m coefficient, which is a strong
indication of good fatigue performance. It is of interest that the angle of the curves is
highest for hybrid nanoreinforced coatings, thus, their performance is more sensitive to
impact velocity.
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The experimental studies presented in this section confirm the hypothesis that nanopar-
ticle reinforcement (in particular, graphene) of polyurethane coatings improves the coating
anti-erosion performance. Hybrid reinforcement with graphene silica results in a 13 times
longer lifetime. This has important implications for the development of future anti-erosion
coatings.

Combining the Equations (1) and (2), we can make a rough estimate for the testing
time at 95 m/s (the rated speed for a 15 MW turbine [54]). The testing time could be in
the order of 3 × 106 impacts; hence about 1500 h of continuous testing is required. This
illustrates the need for accelerated testing at much higher speeds.

Figure 7. The extent of damage to the three coatings at various stages of the ball impact testing, from
the 3 different coatings PU, PU + GNP, and PU + GNP + SG. Images are extracted stills during testing,
from the DinoLite microscope.
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Figure 8. Impacts to failure at 150 m/s for PU, PU + GNP, PU + GNP + SG. Each color represents a
single test.

Figure 9. VN curves of PU, PU + GNP, and PU + GNP + SG tested at 173 and 150 m/s and fitted
by a power curve. Damage was evaluated at the point of material loss. The lines correspond to the
following cases: green line (left): PU, red line (middle): PU + GNP; blue line (right): PU + GNP + SG.

5. Energy Dissipation Mechanisms and Thermal Heating: Effect of the
Coating Properties
5.1. Distribution of the Temperature and Relation to Impact Models

In order to analyze the thermal component of energy dissipation during impact
testing of the new materials, thermography analysis was carried out. Figure 10 shows
thermographs of PU (a), PU + GNP (b) and PU + GNP + SG (c) impacted at similar speeds
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of approximately 170 m/s, right after impact. As can be seen on the peak, temperatures are
distributed in a doughnut shape around the impact center. Thus, the hottest and also the
most deformed regions are within the contour line of the contact area of the impacting ball.
This is in line with many models and observations reported elsewhere [4,50,55,56].

It should be noted that there might be changes in thermal emissivity between the
different materials due to the different filler material. Therefore, comparisons of absolute
values between the samples might be totally accurate.

For lower impact speeds and therefore temperatures, the general doughnut shape
is preserved, but with a lower temperature, and the peak temperatures can be found in
Figure 4a. As was also seen in the time–temperature plot in Figure 4a, the registered
heat increase is near instantaneous to within the temporal resolution of the IR camera, as
such the heating process is assumed to be adiabatic and thermal conductivity/diffusion is
not considered.

5.2. Effect of Nanoreinforcement on the Change in Kinetic Energy

Using the recorded high speed video, the impact velocity vi and rebound velocity vr
of the balls were measured. This allowed estimation of the changes in the kinetic energy of
the ball as follows

∆E(v) =
1
2

m
(

v2
i − v2

r

)
(3)

Variation of conserved kinetic energy of the ball ∆E(v) versus impact velocity for each
coating material is plotted in Figure 11. The change in ∆E(v) for all three coatings can be
fit with a single power curve,

∆E(v) = 5 × 10−5v2.0421 (4)

Figure 10. Thermographs of (a) PU impacted at 170.9 m/s, (b) PU + GNP impacted at 169.2 m/s, (c) PU + GNP + SG
impacted at 170.5 m/s. These data where chosen as they closely match the same impact speed, and the high impact speed
gives good thermal contrast.
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Figure 11. Change in kinetic energy resulting from the impact with the stationary target.

No differences in ∆E values between the coatings were observed, as seen in the fit
in Figure 12. In general, it was observed that all three coatings result in a lower ∆E value
compared to impacting a steel target. This is due to the soft PU coating deforming on
impact, which in turn results in less deformation of the nitrile rubber projectile. As nitrile
rubber has a very high dampening factor, there is less deformation of the projectile and
more ∆E is conserved during impact. Thus, the nanoreinforcement of soft polyurethane
coatings does not lead to drastic changes in damping properties. One can assume that the
positive effect of nanoreinforcement is in its influence on the fatigue properties of polymers.

5.3. Microscopic Analysis of the Influence of Coating Modifications on the Damage Mechanisms

Three samples were selected after SPIFT testing to the stage of material loss for
scanning electron microscopy (SEM). The samples were sectioned through the center
of the impact position using a Struers Secotom-50 (Struers Inc., Cleveland, OH, USA)
and embedded in epoxy. The cross sections were polished using a Struers RotoPol-22
(Struers Inc., Cleveland, OH, USA) and a RotoForce-4 (Struers Inc., Cleveland, OH, USA)
with a 5 N force on each sample and using diamond paste down to 1µm. The polished
samples were covered with an approximately 10 nm thick carbon layer using a Bal-Tec SCD
005 sputter coater and afterwards investigated in a Tescan Vega 3 SEM (TESCAN, Brno,
Czech Republic))microscope, where an image of the central crack, with a magnification of
21 times were acquired with a secondary electron detector, see Figure 12.

The thin white lines in image Figure 12a,b are cracks in the carbon surface coating that
were sputtered on the surface to make the SEM sample electrical conductive. In image (c),
there are no thin carbon cracks. The softer material, the more likely it is that the carbon
layer will form cracks. The number of thin cracks in the carbon layer indicates that the PU
is softer than PU + GNP, which again is softer than PU + GNP + SG.

Figure 12a shows material loss due to the ball impact and formation of a large crack
from the root of the formed cavity to the glue, bonding the PU coating to the GFRP substrate
is visible. The crack bent softly to the right.

In Figure 12b, similar material loss was observed except it happened in two places
instead of one. Two large cracks were formed at the sharp ends of the cavities that go
into the coating material with abrupt changes of direction, see Figure 12b. Approximately
the same amount of material loss can be seen on both images; however, the number of
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balls impact on these two specimens as explained before are different and for PU + GNP is
higher. At the end of SPIFT tests, the damage resistance of the PU and PU + GNP coatings
is more or less the same, but the abrupt changes of crack direction indicate PU + GNP
coating is more brittle than the PU coating.

In Figure 12c, no cavity is formed by material loss and a crack propagates in the same
manner as the crack in Figure 12a. The number of ball impacts on the PU + GNP + SG
specimen is substantially higher than the PU specimen and this indicates that adding SG
makes the material more damage tolerant. The failure mechanism is by propagation of
a macroscopic crack from top surface to the adhesive bond with GFRP substrate and it
follows the same path as the crack in PU coating shown in Figure 12a.

Figure 12. SEM micrographs of (a) PU, (b) PU + GNP, and (c) PU + GNP + SG.

5.4. Impact Heating

Figure 13 shows the peak temperature change as a function of impact speed for
PU, PU + GNP, and PU + GNP + SG. The samples were impacted at speeds between
100–175 m/s and the peak change in temperature ∆T was recorded.
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Figure 13. Peak ∆T Impact heating as a function of impact speed for the three different coatings.

As seen from Figure 13, the PU coating exhibits the largest ∆T values across most of
the impact speed range. Therefore, PU control curve is assumed safe to use on PU + GNP
and PU + GNP + SG coatings.

In Figure 13, a linear relationship between the peak impact heating and the im-
pact speed can be seen. Comparing Figure 13 with Figures 8 and 9, one can see that
the coatings with a higher number of impacts before failure correspond to lower peak
temperature changes.

In this section, the energy dissipation mechanisms during erosion were investigated.
Comparing kinetic energy of the impacted balls before and after the impact, it was observed
that the change in the kinetic energy was approximately the same for all three coatings.
This is as expected, since the coatings are developed for millions of impact cycles, not for
single impact projectile protection, and these damping effects should be small. At the same
time, the dependence of temperature change on impact velocity is very different for the
three coatings. This suggests that nanoparticle reinforcement can influence not only local
stress wave scattering, but also mechanisms of thermal relaxation of polymers.

6. Conclusions

An evaluation of novel nanoreinforced polyurethane based coatings for improved lead-
ing edge protection of wind turbine blades is presented in this paper. Using nanoparticles
embedded in the coating to scatter and reflect stress waves arising from rain droplet impacts
is proposed. Polyurethane coating samples with graphene and hybrid (graphene/silica)
reinforcement have been tested using a Single Point Impact Fatigue Tester (SPIFT) to eval-
uate their potential erosion resistance. Scanning electron microscopy has been used for
analysis of damage after SPIFT testing. The SEM images revealed the PU + GNP + SG is
less prone to damage caused by repeated ball impact. It has been demonstrated that the
nanoreinforced coatings have significantly greater resistance to erosion. Polyurethane with
hybrid GNP + SG nanoparticle reinforced coatings exhibited lifetimes up to 13 time greater
than pure polyurethane coatings.
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