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Abstract

Surface engineering shows an increasing potential to provide a sustainable approach to icing problems.
Currently, several passive anti-ice properties adoptable to coatings are known, but further research is
required to proceed for practical applications. This is due to the fact that icing reduces safety,
operational tempo, productivity and reliability of logistics, industry and infrastructure. An icing wind
tunnel and a centrifugal ice adhesion test equipment can be used to evaluate and develop anti-icing
and icephobic coatings for a potential use in various arctic environments, e.g. in wind power generation,
oil drilling, mining and in logistic industries. The present study deals with evaluation of icing properties
of flame-sprayed polyethylene (PE) -based polymer coatings. In the laboratory-scale icing tests,
thermally sprayed polymer coatings showed low ice adhesion compared with metals such as aluminum
and stainless steel. The ice adhesion strength of the flame-sprayed PE coating was found to have
approximately seven times lower ice adhesion values compared with metallic aluminum, indicating a

very promising anti-icing behavior.

1. Introduction

On-going climate change, opening of new logistic routes, energy and mineral resources as well as
increasing tourism feed the growing activity in cold climate regions. One of the major challenges for
operations in these areas is ice and snow accretion. Icing reduces safety, operational tempo,
productivity and reliability of logistics, industry and infrastructure. Atmospheric icing on the surfaces is
a very complex phenomenon and multiple factors affect the accretion process and behavior of ice on
the surface. (Ref. 1) From a climatic point of view, several basic processes influence greatly the severity

of icing, accretion rate and ice type. These are water cycle, wind speed, the formation of clouds,



precipitation and presence of different phases (vapor, liquid, and solid) of atmospheric water. (Refs. 2-
4) Several factors affect the ice accretion and ice adhesion. For instance, surface topography, surface
chemistry and wetting behavior, as well as ice characteristics (type, temperature and liquid water
content) have been reported having an influence on ice adhesion, indicating the complexity of icing on

surfaces. (Refs. 5-8)

Surface engineering has high potential as a sustainable approach in solving icing problems. Passive
anti-ice coatings can hinder ice formation and icephobic surfaces can reduce the adhesion of ice to
surfaces. At this moment, current commercial coatings with icephobic characteristics rely often on
hydrophobicity, releasing of lubricants or melting point depressants and ablation. Research is
additionally carried out on icephobic potential of superhydrophobic surfaces (Ref. 9), phase change
materials (Ref. 10), slippery liquid infused surfaces (Ref. 11) and surface morphology (Refs. 9,12). All
these anti-ice mechanisms show promising results in reducing ice accretion and adhesion.
Nevertheless, so far they are functional only in specific icing conditions for a very limited length of time.
Moreover, the wear resistance of these coatings is known to be poor and therefore, the current coatings

are practical only in limited applications or the icephobic effect is significantly insufficient (Ref. 13).

Generally, coatings have been presented to offer an environmentally friendly option because no
external energy is needed to remove ice and coatings can be tailored to be free of harmful chemicals.
Different coating strategies have been presented which can be roughly divided into polymeric coatings
containing fluorine or silicone compounds and superhydrophobic polymer composite coatings. Their
performance as icephobic coatings is based on the hydrophobicity, which is achieved by proper surface
chemistry and roughness. In addition to the low-ice-adhesion surfaces, the future aim is to be able to

prevent ice formation on the structures. (Ref. 1)

At this moment, studies related to the icing behavior of thermally sprayed polymer coatings are not
available in literature. However, flame spraying is one of the common thermal spray methods for
spraying polymer coatings (Refs. 14,15) and therefore, it is interesting to study the icing behavior of
these polymer coatings. In flame spraying of polymers, the material is fed in the form of powder to the

flame formed by e.g., the mixture of oxygen-acetylene. The powder melts in the flame and molten



droplets are spread on the sprayed surface. Advantages of thermally sprayed polymer coatings are

related to the low cost and high performance of the coatings (Refs. 15,16).

Flame-sprayed polyethylene (PE) coatings have previously been studied by Vuoristo et al. (Ref. 17).
The research focused on the use of flame-sprayed PE coatings as natural gas pipe-line coatings. On
the other hand, ultra-high molecular weight polyethylene (UHMWPE) is known to have good protective
properties and flame-sprayed UHMWPE coatings have also been studied elsewhere (Ref. 18). Flame-
sprayed PE coatings have primary applications in corrosion protection of components and metal
structures instead of paints and metallic coatings. Moreover, they can be used in other applications
such as friction lowering, non-stick surfaces, decoration, etc. One benefit is also their applicability in
difficult processing conditions. (Ref. 14) Additionally, thermally sprayed fluoropolymer coatings have

shown good corrosion properties (Ref. 19).

This research focuses on the icing behavior of flame-sprayed PE-based coatings. Icephobic coatings
have high potential to protect metal surfaces e.g., aluminum which is not an ideal icephobic material
because it has a high surface energy value (Ref. 20). The aim of this study is to evaluate ice adhesion,
wetting behavior, surface roughness, erosion and impact behavior of flame-sprayed PE-based coatings

and reference materials such as aluminum, stainless steel and polyurethane paint.

2. Experimental Procedure

Polymer coatings were sprayed using an oxygen-acetylene flame spray gun (Castodyn DS 8000,
Castolin Eutectic, Switzerland). Gas pressures were 400 kPa (oxygen) and 70 kPa (acetylene). Powder
was fed by a powder feeder (Sulzer Metco 4MP, Switzerland) using air as a carrier gas. Gas flows were
set relatively low in order to prevent overheating and burning of the powder by the flame. Prior to
spraying the samples were cleaned with alcohol. After spraying, a few re-melting passes were done
without feeding powder in order to densify the structure. Commercially available and thermally
sprayable polyethylene (PE, particle size 230 um and melting point 128°C) and ultra-high molecular
weight polyethylene (UHMWPE, particle size 30 um and melting point 136°C) powders were used in
the experiments. In addition, fine fluoropolymer perfluoroethylene-propylene (FEP, particle size 22 um

and melting point 260 - 290°C) powder was mixed with PE powder (10, 25 and 50 wt.%). Substrate



material was stainless steel. Reference surfaces were polished stainless steel, polished aluminum and
commercial two-component polyurethane (PU) paint (BladeRep LEP 9). The as-received stainless steel
was mirror-polished (Sa=0.230 pm) whereas the aluminum reference surface was fine-grinded till 4000

grit SiC-paper and mirror-polished with 1 um diamond polishing (Sa=0.255 pm).

For the icing research, a novel icing wind tunnel was used in order to create artificial ice, which
correspond outdoor icing conditions. The wind tunnel is placed in a cold climate room where the
temperature can be varied from room temperature to —40°C. After ice accretion, the ice adhesion was
measured with a centrifugal ice adhesion test, placed also in cold climate room (Refs. 1,21). Figure 1

presents the ice testing rig located in Tampere University of Technology (TUT).

Cold climate conditions
temperature max. -40°C

! Icing wind tunnel
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Figure 1. Icing wind tunnel and centrifugal ice adhesion test at TUT. Modified from (Refs. 1,21).

In a centrifugal ice adhesion test, the ice-accreted samples are rotated with the constant acceleration
until the ice block detaches. The detachment is observed with acceleration sensor, which is attached
into the protective dome around blade. The samples are attached into the blades with screws and the
blades are balanced to minimize vibration and stress for the servo motor and its axis. The equipment is
based on the equipment described by Laforte and Beisswenger (Ref. 22). When adhesion area is
measured and the speed of rotation at the moment of detachment are known, the maximum adhesive
shear strength can be calculated. The centrifugal force F [N] can be written as shown in Equation 1:

F = mrw? (Eq. 1)



Where m [kg] is the mass, r [m] is the radius of rotation and w [rad/s] is angular velocity. By measuring
rpm value at the moment of ice release, angular velocity can be calculated. The mass of ice block is
measured by weighing the sample before and after the ice detachment. The radius of the rotation is 17

cm, which is kept constant. The shear stress 7 [Pa] can calculated with the Equation 2:
=f
T=~ (Eqg. 2)
Where F [N] is centrifugal force and A [m?] is the contact area of the detached ice. After the ice

detachment, the contact area of the accreted ice block can be measured. By dividing the centrifugal

force with the contact area, the ice adhesion shear strength can be calculated.

The temperature was chosen as —10 °C and the air flow velocity was set to the maximum 25 m/s. The
mixed ice was accreted from supercooled water droplets, which volume median diameter is 31 um. The
droplet sizes are given based on nozzle manufacturer data. Different ice types e.g., rime, glaze and the
mixture of those can be created in the icing wind tunnel, Fig. 2. More details of ice adhesion
measurements can be found in the previous studies (Refs. 1,21). Ice adhesion was measured as an
average of four measurements. An effect of surface quality on the ice adhesion was studied by

measuring the ice adhesions of the coatings in as-sprayed and polished states.

Glaze Mixed Rime

Figure 2. Different ice types formed in the icing wind tunnel. Glaze ice, rime ice and mixture of them

(mixed ice) on steel plates and aerodynamic profiles. Modified from (Ref. 1).



Contact angle (CA) measurements were carried out by using distilled water and KSV CAM200
equipment (KSV Instruments Oy, Finland). The measurements were performed in a controlled
environment, where relative humidity was 50 % and temperature 23°C. A droplet volume of 5 pl was
used for static contact angle measurements. At least five droplets were used for determining the static

contact angle.

Surface properties (surface profile and Sa-values) were analyzed by an optical profilometer (Alicona
Infinite Focus G5, Alicona Imaging GmbH, Germany). Sa-values were measured from areas as large
as possible in order to properly assess the surface roughness. In addition, volume losses and impact
areas are determined after high velocity impact test by the optical profilometer. Surface roughness (Ra-
values) was measured before and after erosion tests with a surface roughness tester (Mitutoyo SJ-301,

Japan).

Dry particle erosion wear behavior of the coatings was studied with a centrifugal erosion tester (Erosion
test 1). This test was performed for the polished samples. Samples were attached in 90°-angle in the
sample holders. Rotation speed was set to 6000 rpm, which corresponds to an impact velocity of 80
m/s for the abrasives. Samples were exposed to a total of 5 kg of dry quartz sand (SiOz2) with a grain

size of 0.1-0.6 mm. In order to calculate mass loss, samples were weighed before and after tests.

The micro-sandblasting test (Erosion test 2) was conducted to assess the wear behavior of the flame-
sprayed coatings. The distance between the abrasive gun and the sample was set to 30 mm. The
exposed area of the sample was 25 mm in diameter. Sample surfaces were sand-blasted with Al2Os
abrasive (-340 +170 pm) at 2.5 bar pressure for 120 s. Mass losses and roughness changes were

measured.

High velocity impact tests were conducted with the high velocity particle impactor at Tampere Wear
Center (Tampere University of Technology, Department of Materials Science). The device used inthese
impact tests is presented in (Ref. 23). In the high velocity particle impactor, a single particle is fired with
a smooth-bore compressed-air gun towards the sample. In order to determine the initial kinetic energy

prior to the impact, the incident velocity was measured with a commercial chronometer (ProChrono



digital, Competition Electronics, USA) placed in front of the target assembly. The impact event was
recorded with a high speed camera (NAC, Memrecam fx K5, NAC Image Technology, USA), in order
to calculate residual kinetic energy with image analysis. (Refs. 23-27) Based on high-speed images
from the impact event, the dissipated energy Ea [J] of the projectile can be calculated by comparing the
initial and post-impact kinetic energies of the projectile. The dissipated energy of the projectile is

described with Equation 3.

E; = %mp (vi - %)2 (Eq. 3)
where m, [kg], vi [m/s], As [m], At [s] are the projectile’s mass and initial velocity, displacement of a
sample point between two images and the time consumed for this displacement of the projectile. With
the custom image-analysis suite, the velocity of the rebounded projectiles after the impacts was
assessed by overlaying two post-impact images where the rebounded projectile is no longer in contact

with the sample. (Refs. 24,25,28)

High velocity impact tests were performed in room temperature (22 °C) and at -10 °C. Samples were
attached to the sample holder at a 60 degree angle with respect to the impact angle of the projectile. 5
mm carbon steel balls (Spherotech, CHR-005, 0.51 g) were used as projectiles whose velocities were
50+1 m/s. Initial kinetic energy of the impact was 0.64+0.03 J. Cooling of the impact-test samples at -
10 °C was performed with a specific cooling system, where liquid nitrogen was carried with nitrogen
gas to the target assembly. K-type thermocouples were attached on the sample surfaces in order to
monitor and control the temperature of the samples. To guarantee sufficient cooling of the coating and
the substrate, samples were kept at -12 °C for 10 min. After the cooling of the samples, cooling box
was removed and projectile was shot, when the temperature of the sample was -10+0.5°C. Cross-
sections of impact craters were examined with a scanning electron microscope (SEM, Philips XL30,
The Netherlands) in order to characterize possible subsurface cracks and to assess deformation of the

surface. Coating structures were also studied with SEM.

3. Results and Discussion
3.1 Structure of Flame-Sprayed Polymer Coatings
Flame-sprayed PE and PE+FEP coatings possess dense structures, Fig. 3. Similarly, dense thermally

sprayed fluoropolymer coatings were reported by Leivo et al. (Ref. 19). In Fig. 3a, the homogeneous



structure of flame-sprayed PE coating is presented. Some pores or gas-pockets were detected close
to the coating surface, Fig. 3b. Flame-sprayed PE+25%FEP coatings are presented in Fig. 3c and 3d.
FEP distribution in flame-sprayed PE+25FEP coatings seem to be relatively randomly distributed in PE-
matrix as showed in Fig. 3c and Fig. 3d. More even distribution of FEP particles might have been
achieved if the particle size distributions of the PE and FEP powders would have been closer to each
other. The FEP powder used in this study was very fine. Defect-free and poreless polymer coatings can
be produced by thermal spraying with optimized process parameters and powders tailored for thermal

spraying (Ref. 19).

P 200um J

200 pm

Figure 3. Cross sectional structures of flame-sprayed a) PE (SEM/SE image) and b) PE (SEM/BSE

image), c) PE+FEP (SEM/SE image) and d) PE+FEP (SEM/BSE image) coatings.

3.1 Ice Adhesion of Flame-Sprayed Polymer Coatings

Ice adhesion values of the flame-sprayed PE-based coatings are presented in Fig. 4. Ice adhesion of
flame-sprayed UHMWPE, PE and PE+25FEP coatings was measured in the as-sprayed state. Surface
roughness plays a role in ice adhesion and therefore, surfaces were also polished in order to avoid
/diminish the effect of surface roughness and focus on the effect of coating material itself. Flame-

sprayed UHMWPE coating had higher ice adhesion with higher standard deviation compared with



flame-sprayed PE and PE+FEP coatings although it was smoother in the as-sprayed state (Table 1).
The general finding is that ice adhesion increases as the surface roughness increases (Refs. 20,29,30)
which is also seen here in the comparison between the as-sprayed and polished coating surfaces.
Polished flame-sprayed PE-based coatings had similar ice adhesion values, around 54 kPa, indicating
good icing behavior. In this study, FEP increment in the powder did not affect the ice adhesion much

due to the low amount of FEP in the coating structure in all cases.
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Figure 4. Ice adhesion strengths (and standard deviations) of as-sprayed and polished flame-sprayed

PE-based coatings.

Table 1. Contact angle (CA), surface roughness (Sa) and ice adhesion of flame-sprayed PE-based

coatings (as-sprayed and polished), reference metals and PU-paint.

Sample Contact angle, Surface roughness, Ice adhesion

CA () Sa (um) (kPa)

FS UHMWPE (As-sprayed) 91 1.65 130
FS PE (As-sprayed) 79 2.05 69
FS PE+25 (As-sprayed) 85 5.44 79
FS PE (Polished) 97 0.64 54
FS PE+10 (Polished) 92 0.75 57
FS PE+25 (Polished) 91 1.13 52
FS PE+50 (Polished) 88 0.96 53
Sta'”:fcfﬁsﬁgg)' (SS, 61 0.23 269
Aluminum (Al, Polished) 66 0.26 380

PU-paint 79 2.24 82




Anti-icing behavior of polished flame-sprayed PE-coatings was compared with the behavior of metal
sheets, such as stainless steel and aluminum plates, and reference PU-paint. Ice adhesions of these
surfaces are presented in Fig. 5. Ice adhesion of flame-sprayed PE-coating was the lowest in this
comparison. It was five times lower than the ice adhesion of stainless steel plate, seven times lower
than the ice adhesion of aluminum plate and 1.5 times lower than the ice adhesion of PU-paint. PU-
paint had the second lowest ice adhesion in this study (3.3 times lower than stainless steel and 4.6

times lower than aluminum).
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Figure 5. Ice adhesion strengths (and standard deviations) of flame-sprayed PE (FS PE) coating,

stainless steel (SS) bulk material, aluminum (Al) bulk material and PU-paint.

3.2 Surface Properties of Flame-Sprayed Polymer Coatings

In addition to the surface roughness, wetting behavior has been reported to have a relation with the
icing behavior of surfaces (Ref. 1). However, surface roughness has also a great impact on the wetting
characteristics (Refs. 30,31), thereby these factors are connected to each other as well. Table 1
presents the contact angle, surface roughness and ice adhesion values of studied surfaces. Water
contact angle values indicate the wetting behavior. Hydrophilic surfaces possess contact angles below
90°. This means that the water will wet the surface and penetrate the surface texture. When the water
contact angle is over 90°, the surface is called hydrophobic. The wettability of the reference metal

surfaces, stainless steel and aluminum, is hydrophilic. These surfaces are widely used in outdoor



applications so improving icephobicity is beneficial for these surfaces. Also the icing behavior of
aluminum is widely studied in literature (Refs. 20,31-34). The polished flame-sprayed PE-based
coatings were hydrophobic whereas the as-sprayed coatings were slightly hydrophilic due to the surface

roughness.

It has been reported that different factors, such as surface roughness, wettability and surface energy,
can have an influence on the ice adhesion strength (ice adhesion). For example, it has been proposed
that increasing the water contact angle should decrease ice adhesion strength. The superhydrophobic
surfaces have shown low ice adhesion values (Ref. 35), but their performance cannot be guaranteed
due to the frost formation on the surfaces and a mechanical interlocking effect (Refs. 31,33,34).

Therefore, durability of the anti-icing surfaces is also a very important issue.

3.3 Wear Behavior

3.3.1 Dry Particle Erosion

Flame-sprayed PE-based coatings have shown good anti-icing properties i.e. low ice adhesion values.
In addition to that, the erosion behavior of the coatings was evaluated. Two erosion tests were used:
dry particle erosion (traditional test for thermally sprayed coatings, Erosion test 1) and a micro-
sandblasting test (modified for this study, Erosion test 2) in order to evaluate the coating performance
and durability. Table 2 presents the erosion test results. PU-paints have low erosion resistance and
they wore out during both erosion tests. In Erosion test 1, PU-paint wore out after 1 kg test (total 5 kg)
and therefore, the second erosion test (micro-sandblasting) was used. In Erosion test 2, the erosive is

smaller than in Erosion test 1 but still PU-paint surface eroded totally.



Table 2. Dry particle erosion and micro-sandblasting erosion behavior of flame-sprayed PE and

PE+25FEP coatings, stainless steel (SS) and PU-paint references.

Erosion test 1: Dry particle erosion

Sample Rai (before) Mass loss (mg) | Raz (after) Ra>/Ra1
FS PE 0.34 -0.011 6.65 19
FS PE+25FEP 0.67 -0.010 7.29 11
SS 0.04 0.031 3.36 88
PU-paint 1.00 -* -
Erosion test 2: Micro-sandblasting
Sample Rai (before) Mass loss (mg) | Raz (after) Raz/Ra1
FS PE 0.34 -0.105 3.27 10
FS PE+25FEP 0.67 -0.085 3.55 5
SS 0.04 0.160 1.23 32
PU-paint 1.00 -* -

*Worn out during the test

Stainless steel surfaces eroded with a slight mass loss whereas flame-sprayed PE and PE+25FEP
coatings slightly increased their mass in both erosion tests. Flame-sprayed polymer coatings are softer
and therefore, erosive particles impinged into the surfaces. Impingement of the erosive particles is

illustrated in Fig. 6.
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Figure 6. lllustrations of the impingement of erosive particles on flame-sprayed PE coatings a) after
Erosion test 1 and b) Erosion test 2. Light grey color on the asperities indicates particle impingement

on the PE coating surfaces. Optical microscope images.

The coatings showed durability without erosion. However, the surfaces need to be optimized in order
to avoid sand particle impingement in the future. Lima et al. (Ref. 16) have reported good corrosion
behavior and wear properties against abrasive wear for flame-sprayed engineering polymer (PEI,
PEEK, PA) coatings. The mass loss of stainless steel and the mass gain of flame-sprayed polymer
coatings were higher in Erosion test 2 due to the test setup (distance and pressure). Common for both
erosion tests was that surface roughness (Ra-values) increased during the test. Roughness changes
were higher in Erosion test 1 due to the larger erosive size. However, the roughness ratio (Raz/Raz1) of
stainless steel was higher than that of flame-sprayed polymer coatings due to the different type of wear

behavior of the surfaces (softer vs. harder and/or elasticity vs. plasticity).

3.3.2 High Velocity Impact Behavior

Besides the anti-icing behavior and wear resistance, impact resistance is expected from polymeric
coatings as well. Impacts can be classified into three different categories based on their projectile
velocities; low velocity impacts (<11 m/s), high velocity impacts (>11 m/s) and ballistic impacts (>500

m/s) (Ref. 36). Coatings encounter different types of impacts that originate from different sources during



their operating lifetime. Low velocity impacts are caused e.g., in maintenance and high velocity impacts
can be associated to impacts that occur in an operating environment. (Ref. 24) Therefore, also high
velocity impact behavior was evaluated. This high velocity impact test setup has been successfully used
for studying the impact behavior of different materials such as steels (Ref. 25), hybrids (Refs. 24,28),
thermally sprayed metal-matrix composite coatings (Ref. 37), thermally sprayed ceramic coatings (Ref.
27) and rubbers (Ref. 38). In the present research, it was used to study the behavior of flame-sprayed

polymer coatings. The test results are shown in Table 3.

Table 3. High velocity impact test results. Impact energies, dissipated energies and impact crater

dimensions are averages of three parallel samples. FS stands for flame spray and RT for room

temperature.
Sample Temperature Impact Dissipated Impact crater
energy (J) energy (J) length (mm) depth (um)
FS PE RT 0.64 0.36 3.32 649
FS PE -10 °C 0.64 0.26 2.97 384
FS PE+25FEP RT 0.64 0.39 3.29 728
FS PE+25FEP -10 °C 0.64 0.28 2.93 482
PU-paint RT 0.64 Coating failure
PU-paint -10 °C 0.64 Coating failure
Stainless Steel RT 0.64 0.29 1.76 157
Stainless Steel -10 °C 0.64 0.27 1.75 129

High velocity impact results presented in Table 3 show the good impact energy absorption capabilities
for flame-sprayed PE and PE+25FEP coatings. When the impact results conducted in the room
temperature are compared, it can be concluded that flame-sprayed PE and PE+25FEP have
significantly higher dissipated energy values compared to stainless steel. However, the impact behavior
of flame-sprayed polymer coatings greatly changed at -10 °C. Crater depth for flame-sprayed PE and
FS+25FEP coatings at -10 °C is almost half lower in comparison to crater depths at room temperature.
This difference in crater depths is presented in Fig. 7, where 3D-optical profiles of impact craters for

flame-sprayed PE coatings at room temperature (Fig. 7a) and -10°C (Fig. 7b) are illustrated.
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Figure 7. 3D-optical profiles of impact craters of flame-sprayed PE coatings after high velocity impact
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test at a) room temperature (RT) and b) -10 °C.

Surprisingly, the dissipated energy values of flame-sprayed PE and PE+25FEP coatings at -10 °C are
on the same level with the stainless steel (SS). Sayer et al. (Ref. 39) have obtained similar results for
carbon-glass composites. They concluded that absorption capability of these composites decreased
when the temperature decreased. On the contrary, energy absorption capability increased when
temperature increased. (Ref. 39) Sarlin et al. (Ref. 28) have also found that increasing temperature

increased the absorbed energy of steel/rubber/composite hybrids.

From a deformation point of view, flame-sprayed PE and PE+25FEP coatings behave structurally
similar. Both of these coatings have good resistance against high velocity impacts. This is illustrated in
Fig. 8a which shows an impact crater of the flame-sprayed PE coating. However, high velocity impacts
produced small subsurface cracks located both near the impact crater and also close to the substrate-
coating interface. Figures 8b and 8c illustrate these subsurface cracks formed to flame-sprayed

PE+FEP coatings.
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Figure 8. Cross-sections of impact craters after high velocity impact test a) impact crater of flame-
sprayed PE coating, b) subsurface crack close to the impact crater of flame-sprayed PE+25FEP
coating and c) subsurface crack close to coating-substrate interface of PE+25FEP coating. SEM/SE

images.

Regardless of the subsurface cracks, flame-sprayed PE and PE+25FEP coatings can withstand the
high velocity impacts with only small structural damage whereas the PU-paint surfaces suffered
catastrophic damage. PU-paint surfaces were destroyed and the PU-paint layer delaminated during the
test. Difference in elastic properties is causing the different behavior between PU-paint and flame-

sprayed PE-based coatings.

4. Conclusions

This study focused on the anti-icing behavior of flame-sprayed PE-based polymer coatings. Icing can
cause substantial problems for different industrial fields by decreasing the efficiency, safety and usability
of operations. Therefore, new methods of preventing ice accretion on the surfaces or to diminish ice
adhesion are welcome. Flame-sprayed PE and PE+25FEP coatings have shown low ice adhesion

values compared with stainless steel and aluminum metal surfaces indicating their potential to act as



anti-icing surfaces. Low ice adhesion strengths reflect good anti-icing behavior. Polished flame-sprayed
PE and PE+FEP coatings had lower ice adhesion values compared with corresponding as-sprayed
coatings which indicate the effect of surface roughness together with wetting behavior (polished
surfaces had hydrophobic and as-sprayed surfaces hydrophilic wetting behavior) on icing behavior.
Flame-sprayed PE and PE+FEP coatings outperformed PU-paints in the high-velocity impact test.
Energy absorption capabilities of flame-sprayed PE and PE+FEP coatings were observed to be
temperature dependent; absorbed energy decreased with decreasing temperature in the high-velocity
impact tests. Future research will be focused on improving the coating performance in erosive

conditions by avoiding erosive impingement without losing anti-icing properties.
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