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Abstract

Erosion of the leading edge is one of the most severe forms of damage in wind turbine
blades, particularly in offshore wind farms. This degradation, mainly caused by rain, sand,
and airborne particles through droplet impingement wear, significantly decreases blade
aerodynamic efficiency and power output. Since blades, typically made of fiber-reinforced
polymer composites, are the most expensive components of a turbine, developing protective
coatings is essential. In this study, polyurethane (PU) composite coatings reinforced with
titanium dioxide (TiO,) particles were added on glass fiber substrates by spray coating.
The incorporation of TiO, improved the mechanical and electrochemical performance of
the PU coatings. FTIR and XRD confirmed that low TiO, loadings (1 and 3 wt%) were
well dispersed within the PU matrix due to hydrogen bonding between TiO, -OH groups
and PU -NH groups. The PU/TiO, 3% coating exhibited ~61% lower corrosion current
density (I_corr) compared to neat PU, indicating superior corrosion resistance. Furthermore,
uniform TiO, dispersion resulted in statistically significant improvements (p < 0.05) in
hardness, yield strength, elastic modulus, and adhesion strength. Overall, the PU/TiO,
coatings, particularly at 3 wt% loading, show strong potential as protective materials for
wind turbine blades, given their enhanced mechanical integrity and corrosion resistance.

Keywords: erosion; corrosion; hydrogen bonding; adhesion

1. Introduction

The generation of wind energy has become one of the essential strategies to mitigate
the rise in global atmospheric temperatures. In 2024, the sector achieved a record milestone,
with 117 GW of new wind power capacity added worldwide, giving the total established
capacity to 1136 GW—an 11% increase compared to the earlier year. To reach this level of
deployment, wind turbines have significantly increased in size, with blades extending to
hundreds of meters in length [1]. Likewise, wind farms are increasingly being installed in
locations with severe weather conditions, such as offshore sites, monsoon regions, and the
North Sea. These trends have a common consequence: they make turbine maintenance both
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more difficult and more costly, while simultaneously increasing the frequency of required
interventions due to the combined effects of mechanical and environmental stresses [2,3].

Leading edge erosion (LEE) of wind turbine blades is one of the most frequently ob-
served and costly damage mechanisms. Leading edge erosion (LEE) is caused by multiple
factors. One of the most critical occurs when the wind carries rain droplets, sand, hail,
insects, or dust; these particles strike the blade surface at very high relative velocities
(>80-100 m/s). The repeated impacts gradually remove small amounts of material, result-
ing in progressive erosion. Another important factor is environmental exposure. Offshore
turbines, for example, are affected by saline environments and high moisture levels, while
UV radiation and temperature cycles further degrade the coating, making the leading edge
more vulnerable to damage [4-6]. On the word of Mishnaevsky Jr. et al., surface erosion is
the only damage mechanism typically detected through the first year after installation and
remains the most critical within the first five years of service. LEE not only compromises
the structural integrity of the blade but also leads to significant annual energy production
(AEP) losses. When erosion occurs, the blade surface topography is altered, increasing
surface roughness and inducing turbulence at the leading edge. This turbulence promotes
premature flow separation, which reduces the pressure distribution over the blade surface
and causes detachment of the airflow. As a consequence, aerodynamic lift decreases, drag
increases, and the overall efficiency of the wind turbine deteriorates [7-11].

Composite coatings are an interactive mixture of inorganic and organic constituents.
The easiest method to create these coatings is by incorporating inorganic particles into an
organic amorphous matrix. The organic phase imparts elasticity to the coating, whereas
the inorganic phase provides hardness and durability. Such composite coatings can absorb,
and diffuse impact energy generated by continual strikes of particulate matter, producing
strong erosion resistance [12-15].

Polyurethane (PU) exhibits excellent elasticity, strong adhesion, toughness, chemical
resistance, and abrasion resistance. However, the addition of particles such as carbides,
nitrides, and oxides can act as support for materials to further improve its mechanical
properties. Johansen et al. studied PU coatings reinforced with graphene-silica hybrids and
graphene, analyzed for anti-erosion performance utilizing the single point impact fatigue
testing (SPIFT). Their results showed that PU coatings protected with hybrid graphene and
sol-gel nanoparticles provided superior erosion protection, extending service life up to
13 times longer compared with neat PU [16,17].

Similarly, unsaturated polyester resin was handled as the matrix, with methyl ethyl
ketone peroxide (MEKP) as the hardener. The functionalized CNF coatings exhibited
great potential for wind turbine blade applications due to their excellent impact-friction
resistance, damping properties, and super hydrophobicity [18]. Recently, Pathak developed
using a straightforward spray coating technique ceramic oxide-reinforced water-based PU
coatings protecting wind turbine blades from solid particles. Three distinct concentrations
(2, 5, and 10 wt%) of Al,O3, ZrO,, and CeO, nanoparticles produced using a solution
combustion synthesis method were employed. When compared to the neat PU coating, the
typical erosion rates of PU-ceramic oxide coatings were 20-40% lower [19].

TiO, particles have been widely employed in polymeric matrices for optical, photo-catalytic,
and UV-protection applications, as well as in wastewater treatment, owing to their chemical
stability, optical properties, UV absorption capacity, and low cost. Che and Wu concluded that
increasing TiO, content in PU enhances the wear resistance of the composite material [20-24].

This paper focuses on studying the effect of TiO, particle concentration on the mechanical
and anticorrosion properties of a PU matrix. Protective performance was further investigated
through complementary tests, including Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), corrosion tests, hardness tests, tensile tests, and pull-off adhesion tests.
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2. Materials and Techniques
2.1. Substrate

Fiberglass substrates measuring 3 x 3 x 1 cm were prepared. To achieve a uniform
surface roughness, one face was polished using a 50-grit sandpaper. To remove residual
particles, the trials were placed in an ultrasonic bath (CS Scientific) operating at a frequency
of 40 Khz for 30 min, and subsequently, the liquid residue was eliminated by evaporation in
an oven for 30 min at 30 °C. To increase the surface energy, plasma treatment was applied
for 15 s, as determined from previous experiments [25].

2.2. Titanium Oxide

The TiO; particles powder consisted of irregular particles with predominantly sizes
ranging from 0.2 to 4.1 pm, as confirmed by SEM imaging and the particle-size histogram
(see Figure 1a,b). A small fraction of larger particles (8 um) was also observed, although
these were not representative of main contribution. The particles exhibited high-purity
(~99) and anatase crystalline structure and were supplied by LJQMETAL Element Store.
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Figure 1. SEM morphology (a) and particle size histogram (b) of TiO, particles.

2.3. Coating Application

The TiO, particles (Ps) were incorporated into a water-based polyurethane (PU) resin
(Polyform® 3000, Pinturas Comex, Valle de Santiago, Mexico). Gravimetric drying con-
firmed that the polyurethane (PU) resin contains approximately 40 wt% non-volatile solids,
with typical viscosity of 80-120 KU and a density of 1.00-1.05 g/mL, consistent with
aliphatic PU dispersions. TiO; particles was added at nominal concentrations of 1, 3, and
5 wt% relative to the as-received polyurethane (PU) resin, corresponding to the formula-
tions PU/TiO; 1%, PU/TiO; 3%, and PU/TiO, 5%, respectively. The mixture was placed in
a beaker, and the particles were dispersed by magnetic stirring for 5 h. The PU/TiO; coat-
ings were used onto the previously prepared substrates utilizing an airbrush gun at 30 psi
(see Figure 2). The application time was 60 s, which allowed for an approximate thickness
of 300 pm with a standard deviation of 34 um (11%), which is typical for films applied
by airbrush and indicates acceptable thickness homogeneity (see Figure 1). Additionally,
PU/TiO; coatings were sprayed onto glass Petri dishes to produce free-standing films
for mechanical analyses. These films were prepared using the same spraying conditions
described for the fiber-based substrates.
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Figure 2. Methodology for the preparation of PU/TiO, coating films.

The diffraction patterns of the distinct concentrations of PU/TiO, coatings were
obtained on an X-ray diffractometer (XRD, Rigaku Miniflex DMAX 2200, Rigaku Analytical
Devices, Wilmington, MA, USA). The coating layer was irradiated using Cu—Ka radiation
(A =1.54 A) and a graphite monochromator with 20 range of 5-60°. A grazing incidence
angle of 1° was used (see Figure 3).

PU/TiO, Coating

GF substrate

Det BSED-COMP HV 15kV ' Beyond Nano /US...
+
- MAGx50 WD 19.39mm F~200pm -

Figure 3. Cross-sectional SEM image showing the representative thickness of the PU/TiO, coating.

FTIR spectra were obtained employing a Bruker IFS 125hr spectrometer to confirm the
dispersion of TiO, particles within the PU matrix.

Electrochemical impedance spectroscopy (EIS) measurements were performed to
evaluate the corrosion resistance of PU/TiO; using an ACM Instruments potentio-
stat/galvanostat in a 3.5 wt% NaCl solution. A three-electrode configuration was employed,
with PU/TiO; as the working electrode, platinum as the counter electrode, and a saturated
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calomel electrode (SCE) as the reference. The EIS tests were conducted over a frequency
range of 10° to 102 Hz with an AC perturbation amplitude of 10 mV. All measurements
were carried out in 3.5 wt% NaCl solution at room temperature. The data was subsequently
evaluated with ZView 4 software, version 4.0.h.

Pull-off tests were used to estimate the adhesion of the different coatings applied
onto the fiberglass substrates. The tests were performed according to ASTM D4541 stan-
dards [26], using a PosiTest AT-M, ABQ Industrial, The woodland, TX, USA.

The hardness of the different PU/TiO; coatings was determined using a Matsuzawa
microhardness tester. Measurements were performed using a load of 10 g with a penetration
time of 20 s. Five indentations were made on each coating to obtain an average value.

Stress—strain curves were recorded using a Linkam TST350 testing system, Linkan
Scientific Instruments, Salfords, UK, with a crosshead speed of 100 mm/s and an applied
load of 20 N. The experiments were conducted in accordance with ASTM D882-10.

3. Results and Discussion
3.1. XRD Analysis

As shown in Figure 4, polyurethane (PU) shows an amorphous behavior, evidenced
by the manifestation of a broad hump (10° <20 < 25°), which confirms its low degree of
crystallinity [27]. However, when TiO, particles were incorporated into the formulation,
several intense peaks appeared at 20 = 28° (101) and 38° (004), corresponding to the anatase
phase of TiO;. The peak at 20 = 33° (211) is also attributed to TiO, diffraction [27].

(211)

—— PUITIO, 1%
—— PU/TIO,3%
—— PUITIO 5%
——PU
——TiO,

Intensity (a.u.)

20 (Degree)

Figure 4. XRD patterns of TiO,, PU, and distinct concentrations of PU/TiO, coatings.

In contrast, when comparing the XRD patterns of PU/TiO, coatings, the effect of low
TiO; concentrations can be observed. The PU/TiO; 1% coating exhibits weaker TiO, peaks
superimposed on the amorphous PU background yet still displays sharp reflections that
indicate an increase in crystallinity [27,28]. This may reflect a better dispersion of TiO,
particles within the polymer matrix and stronger interactions among the interfaces. This
behavior can be attributed to the formation of hydrogen bonds between the -NH groups of
the PU and the oxygen atoms of the TiO, surface [29].
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3.2. FTIR Spectroscopy for PU/TiO,

The structural modifications of polyurethane (PU) induced by the incorporation of
titanium dioxide (TiO;) were analyzed using Fourier transform infrared spectroscopy
(FTIR). Figure 5 displays the infrared spectra in the range of 550-3600 cm ! for the different
coatings. The characteristic peaks of PU appear at 3300, 2978, 2364, and 1049 cm™!,
corresponding to v(N-H), v(C-H), v(C-H), and v(C-O), respectively [30-32].

PU

PUITIO, 1%

Transmitancia (au)

T T T T
1000 1500 2000 2500 3000 3500

Numero de onda (cm™)
Figure 5. FTIR spectra for distinct concentrations of PU/TiO,.

Hydrogen bonding is the main type of interaction between PU and TiO,: (1) in
polyurethane, the N-H groups (proton donors) and the oxygen atoms in the C=0 and ester
groups (proton acceptors) form hydrogen bonds; (2) TiO, particles play an important role
in hydrogen bond formation due to hydroxyl groups on their surface interacting with the
N-H groups of the polyurethane (see Figure 6) [29].

Hidrogen bonding

~__ n

olnIr—z=

—H

OH OH
TiO,

Figure 6. Schematic representation of hydrogen bonding interactions between PU and TiO, particles.

The N-H stretching band is deconvoluted into two peaks at 3325 cm ™! and 3198 cm ™!,
attributed to free N-H and hydrogen-bonded N-H groups, respectively (Figure 7). Table 1
presents the ratio between hydrogen-bonded and free N-H groups.
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Figure 7. FTIR spectra for distinct concentrations of PU/TiO, coatings. The zoom views of -NH
stretching region. (a) for PU, (b) for PU/TiO, 1%, (c) for PU/TiO, 3%, and for (d) PU/TiO;, 5%.

Table 1. Relationship between hydrogen-bonded -NH and free -NH groups.

Sample Hydrogen-Bonded NH Fraction
(%)
PU ~58.8
PU/TiO; 1% ~40.0
PU/TiO; 3% ~64.7
PU/TiO; 5% ~53.6

The neat PU exhibits a high fraction of hydrogen-bonded N-H (~58.8%) due to intrinsic
interactions between N-H and C=0 groups within the polymer chains (see Figure 7a).
When 1 wt% TiO; is incorporated, the fraction of hydrogen-bonded N-H decreases to
~40.0% (see Figure 7b). At this loading, the TiO, particles provide only a limited number
of surfaces —OH sites available to form hydrogen bonds, and they may partially disrupt
existing N-H---C=0 hydrogen bonds in the PU matrix.

A markedly different behavior is observed at 3% wt% TiO,, where the hydrogen-
bonded N-H fraction increases to ~64.7% (see Figure 7c). This enhancement is attributed
to improved particle dispersion and a large effective TiO, surface area. Which introduces
a greater density of -OH groups capable of forming hydrogen bonds with N-H groups
in the PU. However, at 5 wt%, the bonded N-H fraction decreases again to ~53.6% (see
Figure 7d). This reduction is consistent with the onset of TiO, agglomeration, which lowers
the accessible surface area and limits the number of active -OH sites available to interact
with N-H groups. Consequently, the hydrogen-bonding equilibrium shifts back toward
lower interfacial interactions [33].

In conclusion, the PU/TiO, 3% coating exhibits the highest hydrogen-bonded N-H
fraction (~64.7%), attributed to enhanced interactions between the -OH groups on the
TiO, surface and the N-H groups in the PU. These results highlight the central role of
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hydrogen bonding in dictating dispersion quality, polymer chain mobility, and ultimately
the microstructural cohesion of the PU/TiO; coatings [34,35].

3.3. Electrochemical Impedance Spectroscopy (EIS) of PU/TiO;, Coatings

EIS was performed on magnesium substrates coated with polyurethane (PU) contain-
ing TiO, particles at 0 wt%, 1 wt%, 3 wt%, and 5 wt% and evaluated in a 3.5 wt% NaCl
solution for comparative analysis. A 3.5 wt% NaCl solution was used to simulate seawater,
as this concentration represents peak corrosiveness for many materials and provides a stan-
dardized, reproducible testing environment. Furthermore, 3.5 wt% NaCl is widely adopted
because it approximates the most aggressive conditions, making it ideal for simulating
offshore turbine environments [30]. The Nyquist plots obtained from EIS are presented
in Figure 8a. The composite coating with 3 wt% TiO, exhibited higher coating resistance
values than those with 0, 1, and 5 wt% TiO,, suggesting superior barrier performance due
to its higher impedance and, consequently, lower corrosion rate. In contrast, the PU/TiO,
5% coating displayed a smaller semicircle diameter, indicating lower corrosion resistance,
likely caused by microdefects from particle agglomeration, which facilitate electrolyte pene-
tration. The bode phase (see Figure 8b) provides a clear interpretation of the electrochemical
response of the coating. All PU/TiO, coatings present a single, well-defined phase peak,
indicating the presence of only one dominant time constant. This behavior is characteristic
of a moderately degraded barrier-type polymer coating, where corrosion processes are
controlled by dielectric properties rather than diffusion or interfacial reactions [36,37].
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Figure 8. (a) Nyquist impedance spectra and (b) Bode phase plots of PU and PU/TiO, coatings
immersed in 3.5 wt % NaCl.

The potentiodynamic polarization curves are given in Figure 9, and the corresponding
electrochemical parameters are listed in Table 2. The PU/TiO, 3% coating showed the
lowest corrosion current density (Icorr = 8.5 X 10~* mA/cm?), indicating higher corro-
sion resistance compared to the other coatings. This improvement is attributed to the
uniform dispersion of TiO, particles within the PU matrix, which results in the formation
of a passive and more stable surface that effectively acts as a barrier against corrosive
agents [38]. Conversely, in the PU/TiO; 5% coating, the higher particle concentration
led to agglomerate formation, creating localized zones of increased corrosive activity
(Ieorr = 1.7 x 1072 mA/cm?). As a result, both PU and PU/TiO, 1% coatings exhibited
unchanged Icorr values, ranging from 2.2 x 1073 t0 2.0 x 1073 mA/cm?.



Coatings 2025, 15, 1476

9o0f 16

600
800 —PU
| —PurTio, 1%
— 1 0,
1000 PUITIO, 3%
—— PUITIO, 5%
12004
S
£
0 -1400 -
1600 -
-1800 -
-2000 LA R | LA | LR | LA R | LA | LR |

10* 10° 10* 10" 10° 10’
log | (mA/cm?)
Figure 9. Potentiodynamic polarization test of TiO; coatings.

Table 2. Electrochemical parameter rate of polyurethane coatings containing 0-5 wt% TiO5.

ICOI‘I‘ Ecorr

Sample [mA/cm?] [mV]
PU 22 %1073 —1451
PU/TiO; 1% 2.0 x 1073 —1433
PU/TiO, 3% 8.5 x 1074 —1497
PU/TiO; 5% 1.7 x 1072 —1327

To further explore the corrosion protection mechanism of the PU/TiO; coatings, the
EIS data were fitted utilizing the R(QR) equivalent circuit, as shown in Figure 10. This
model es commonly used for intact or moderately degraded barrier-type polymeric coat-
ings that display a single depressed semicircle in the Nyquist plot and a single peak in the
bode-phase plot. In our measurements, all coatings exhibited one dominant time constant
during the initial immersion period, indicating that the coating film acts primarily as a
dielectric barrier. The constant phase element (Q) accounts for the non-linear capacitive
behavior caused by coating heterogeneity and particle-polymer interfaces, while Rc cor-
responds to the ionic resistance of the coating. This circuit consists of Rs, CPE1, and R,
which correspond to the solution resistance, the constant phase element of the PU/TiO,
coating, and the coating resistance, respectively [39,40]. The fitted parameters are sum-
marized in Table 3. Among the samples, PU/TiO, 3% exhibits the highest Rc, confirming
that the incorporation of TiO, particles significantly improves the corrosion resistance.
This improvement can be attributed to a more compact coating structure resulting from a
better dispersion of TiO, nanoparticles. In general, electrolyte penetration into the coating
leads to a decrease in Rc and an increase in CPE1. For the PU/TiO, 5% sample, electrolyte
diffusion is facilitated, resulting in a very low Rc (4.5 x 10! Q-cm?) and a high CPE1
(3.23 x 107° F-em™2) [41,42]. In contrast, the PU/TiO, 3% coating exhibits a Rc of
8.8 x 10* O-cm?, approximately 240% higher than that of neat PU. Similarly, the PU/TiO,
1% coating shows an increase of ~40% in Rc and ~280% in CPEc compared with neat PU.
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These results demonstrate that the PU/TiO; 3% coating offers the most effective barrier

properties, as electrolyte diffusion into the coating is hindered.

Electrolyte

Mg Substrate

Figure 10. Equivalent circuit for TiO; coatings.

Table 3. The fitting electrochemical values of PU/TiO, coatings.

Sample Rc CPE1
[Oem?] [F/em?]

PU 26 x 103 2.05 x 10~

PU/TiO; 1% 37 x 103 7.78 x 107°

PU/TiO; 3% 88 x 10° 2.06 x 107

PU/TiO; 5% 45 x 101 3.23 x 107°

3.4. Hardness Test

The microhardness values of the different coatings are presented in Figure 11.
PU/TiO; 1%, PU/TiO; 3%, and PU/TiO, 5% coatings exhibited significantly higher
hardness values (2.65, 2.06, and 2.97 HV) 91, respectively) compared to the PU coating,
which was notably softer (0.64 HV( 1) [43]. The PU/TiO; 1% coating showed good
dispersion of TiO, particles within the PU matrix, which promoted efficient load transfer

and enhanced the mechanical performance of the coating [43]. However, PU/TiO; 3%
showed a slight decrease in hardness despite the strong polymer-particle interfacial
bonding indicated by FTIR analysis. This behavior can be explained by the formation of
isolated micro-scale TiO, agglomerates, which serve as local stress concentrators and
decrease resistance to indentation. The increase in hardness of PU/TiO; 5% coatings is
mainly attributed to the rigid TiO, particle reinforcement, which forms stiff aggregates.
Nonetheless, excessive particle loading, as in the PU/TiO, 5% coating, may introduce

microdefects and increase the likelihood of crack initiation [44,45].
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Figure 11. Microhardness testing of the PU/TiO, coatings.

3.5. Tension Test
Figure 12 presents the values of the elastic modulus and yield strength for the different
PU/TiO; coatings. Tensile tests revealed that the incorporation of TiO; particles increased
the yield strength by 310%, 335%, and 210% for PU/TiO; 1%, PU/TiO; 3%, and PU/TiO,
5% films, respectively, compared to the neat PU film [46-48]. However, the difference
between the PU/TiO, 1% and PU/TiO, 3% coatings was only 8%.

E (N/mm?)

T T T T
100 —A—E T 25
N ( \_ .0
A
60 - T L 1.5 <
. €
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—
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40 - l 1.0 p
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20 .41&"3"-"-’/}"0 0.5
- XNy — V.
ST
a2, L
0 : : 0.0

T
PUI/TIO 1%

T
PUI/TIO 3% PUITIO 5%

Figure 12. Tensile tests of the different PU/TiO; coatings.

The elastic modulus provides an estimate of the stiffness of the PU/TiO, films. In
polymers, crystallinity is associated with higher stiffness; thus, semicrystalline polymers
typically exhibit elevated elastic modulus values. The measured values were 16.1, 62.9,
92.4, and 73.8 MPa for PU, PU/TiO; 1%, PU/TiO; 3%, and PU/TiO; 5%, respectively.
High TiO, concentrations (5%) exhibited poor compatibility with the PU matrix, restricting
polymer chain mobility. In contrast, at lower concentrations (1% and 3%), TiO, particles
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demonstrated good molecular compatibility with the PU, as reflected by the increased
elastic modulus and yield strength values [49].

3.6. Adhesion Test

Figure 13 presents the adhesion test findings of polyurethane (PU) coatings with
distinct TiO, concentrations applied on fiberglass substrates. An increase in adhesion
strength was observed for all TiO, containing coatings compared to neat PU. In particular,
the PU/TiO, 1% sample exhibited the highest adhesion strength (15.3 MPa), corresponding
to a 20.3% improvement relative to neat PU.

16

— — —
=) N '
N I
—
b
—
H

Adhesion strenght (Mpa)
(=]
1

0 T T T T
PU PU/TIO, 1% PUITIO, 3% PU/TIO, 5%

Figure 13. Adhesion tests of PU/TiO, coatings.

This behavior cannot be attributed solely to better particle dispersion. At low con-
centrations (1 wt%), the TiO, particles contribute to moderate surface roughening and
enhanced mechanical interlocking, while still maintaining the interaction between the func-
tional groups of the polymer matrix (-NH) and the oxygenated groups on the TiO, surface,
promoting hydrogen bonding and improved mechanical anchoring [29,35]. In contrast,
at higher concentrations (3% and 5%), the slight reduction in adhesion strength may be
associated with several microstructural effects acting simultaneously: the coating surface
becomes less uniform and develops roughness variations that generate localized stress
points; the TiO, particles tend to form small agglomerate, reducing the effective contact
between the polyurethane matrix and substrate; the presence of large inclusions introduces
rigid defects that act as stress concentrators, facilitating partial debonding [50,51].

In conclusion, the adhesion strength and electrochemical test results revealed a com-
plementary protection mechanism. While the incorporation of TiO; nanoparticles enhanced
adhesion compared to neat PU (from ~12.5 MPa to 14-15 MPa), the optimum corrosion
resistance was achieved at 3 wt% TiO,, as supported by the highest impedance values in the
Nyquist plots. These findings suggest that adhesion primarily reinforces coating—substrate
interfacial stability; however, the barrier performance against electrolyte ingress strongly
depends on nanoparticle dispersion and the resulting coating microstructure. At 5 wt%,
the IES results indicate that electrolyte transport is still controlled by a single dominant
barrier process, as no additional time constant was detected. This demonstrates that the
defects present at higher loadings are insufficient to generate a separate electrochemical
relaxation mechanism.
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PU/TiO; coatings show significant improvements in mechanical and anticorrosive
performance, and this study provides a solid foundation for evaluating their protective
behavior. However, long-term environmental durability involves additional degradation
mechanisms. Recent studies have demonstrated that different polymeric and hybrid
coatings experience different forms of degradation under accelerated UV exposure, salt-
spray cycling, and combined UV-saline aging, which more realistically simulate the harsh
condition experienced by wind turbine blades [52-54]. Other complementary techniques,
such as dye ingress crack propagation analysis or periodic EIS monitoring, can also reveal
damage that is not captured by short-term test [55]. To extend the present insights toward
long-term performance, these accelerated aging protocols may be incorporated in future
work. Importantly, they do not replace the present evaluation but rather complement it by
simulating extreme service conditions relevant to offshore environments.

4. Conclusions

The polyurethane (PU) coatings modified with TiO; particles exhibited significant im-
provements in mechanical and enhanced physicochemical properties, including corrosion
resistance, hardness, yield strength, elastic modulus, and adhesion strength. The PU/TiO,
1% and PU/TiO; 3% coatings show an increase of 221% and 165% in hardness, 208% and
234% in yield strength, 291% and 474% in elastic modulus, and 18% and 12% in adhesion
strength, respectively, compared with neat PU.

FTIR and XRD analyses evidenced that PU/TiO; 1% and PU/TiO, 3% exhibited better
dispersion of TiO; particles within the PU matrix, which resulted in stronger hydrogen-
bonding interactions between TiO, surface hydroxyl groups and the -NH groups of PU.
Furthermore, the PU/TiO;, 3% coating significantly reduced the corrosion current density
(Icorr) from 2.2 x 1073 to 8.5 x 10™* mA /cm? compared to neat PU, corresponding to
an improvement of ~61% in corrosion resistance. The improved impedance values are
consistent with a more compact and adherent coating structure, these results indicate that
PU/TiO; 1% and PU/TiO, 3% coatings possess enhanced mechanical integrity and barrier
performance, making them promising candidates for protective applications in demanding
operational environments, including those experienced by wind turbine blades. However,
their potential for erosion mitigation must be confirmed through dedicated erosion testing
in future work.
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