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1. INTRODUCTION

A Comprehensive Review of Existing
Erosion Protective Coatings and
Practices for Wind Turbine Blade
Surfaces

Wind turbine blades (WTBs) are constantly exposed to extreme
environmental exposures such as rain, sand, UV radiation, humidity,
thermal cycling, and icing, all of which impact their structural integrity as
well as efficiency. Polymer-based protective coatings such as polyethylene
oxide (PEO), polyurethane (PU), pobvinylpyrrolidone (PVP), and
polyvinyl alcohol (PVA) are promising options due to their flexibilities,
cost-effectiveness, and tunability. This review analyzes 80 laboratory
studies on development and application of such coatings, using nanofillers
and hybrid composites for performance enhancement. Spray coating, dip
coating, electrospinning, and spin coating techniques are evaluated by
erosion resistance, UV degradation, icing, and water vapor. Latest
advances in self-healing and smart coatings are highlighted. Although
promising laboratory results, long-term performance and environmental
survivability under real-world conditions are not well understood. The
research goals to establish the gaps in research and offer inputs on
creating sustainable, multi-functional coatings for prolonging the working
life of wind turbine blades.

Keywords: Surface Erosion, Protective Coatings, Polymer-based coatings,
Harsh environments, Application Methods, Nanocomposite Films, Wind
Turbine Blades, Coating Performance.

of their strength-to-weight ratio and ability to withstand
stress, modern composite materials such as fiberglass or

Wind energy is rapidly becoming one of the most
scalable and ecologically benign options as global
efforts to switch from fossil fuels to renewable energy
sources pick up speed. Nowadays, wind turbines can be
found in a wide range of environments, including frigid
mountainous regions, deserts, and coastal locations. The
long-term robustness and efficiency of wind turbine
blades, however, present an increasing engineering
challenge as a result of this increase. These blades are
subjected to extreme weather conditions all the time,
including ice formation, rain, sand, UV rays, high
humidity, and temperature fluctuations. Such exposure
eventually causes structural fatigue, surface erosion, and
a reduction in aerodynamic performance, all of which
lower the turbine's overall efficiency and raise
maintenance expenses.

The intricate construction of WTBs is made to
maximize energy capture while enduring challenging
operating conditions. They are made up of essential
parts such the spar cap, which gives structural stiffness;
the shear web, which aids in the distribution of
mechanical loads; and the aerodynamic shell, which
offers a flat surface to improve airflowFigurel. Because
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carbon fibre are commonly used to build these
components.Manwellet al. [1]

WTBs are constantly subjected to a mix of
mechanical forces and environmental elements
including UV rays, dampness, and particle erosion, even
with their carefully planned design. Over time, these
circumstances may result in surface deterioration,
material ~ fatigue, and decreased aerodynamic
performance. This demonstrates the vital significance of
combining cutting-edge structural design techniques
with material strategies that improve resistance to
environmental deterioration in order to prolong the wind
turbine blades' service life.

The development and application of protective
surface coatings is one promising field of study to tackle
this issue. Since it offers thermal, chemical, and
physical resistance to external deterioration, coatings act
as the first line of protection. Polymers have garnered a
lot of interest among the different materials investigated
because of their adaptability, simplicity in processing,
adjustable qualities, and affordability. Particularly,
polymers with remarkable potential for use in wind
turbine applications include polyethylene oxide (PEO),
polyurethane (PU), polyvinylpyrrolidone (PVP), and
polyvinyl alcohol (PVA). To increase these materials'
resistance to ice adhesion, erosion, UV degradation, and
environmental stress cracking, they are frequently
altered with nanofillers, crosslinking agents, or hybrid
composites.

FME Transactions (2025) 53, 510-523 510



In recent decades, rotor blade design has signi—
ficantly evolved, closely resembling advancements in
wind turbine blade technology. High tip speeds and
exposure to erosive substances like rain and sand are
two examples of the aerodynamic and environmental
stresses that both systems experience when operating.
For example, modern wind turbine blades are parti—
cularly vulnerable to leading edge erosion since their tip
speeds frequently reach 110 m/s. Keegan et al. [2]
Advanced materials including solvent-free flexible po—
lyurethanes and extremely durable thermoplastic ero—
sion shields have been created to lessen this. In addition
to improving durability, these advances preserve aero—
dynamic performance. Applying comparable protective
measures to helicopter rotor blades is becoming more
and more feasible due to the structural and functional
similarities. In the BERP rotor blade system, the incor—
poration of a rubber erosion strip on the leading edge
markedly enhanced operational longevity, demonstra—
ting the viability of cross-industry material utilization.
According to effort to increase blade life and enhance
performance under challenging conditions, this study
investigates the possibility of incorporating such pro—
tective technologies into rotorcraft design.

Researchers have been looking into a number of
techniques for putting these polymers on turbine blades
throughout the last ten years. Nanocomposite surfaces,
thin films, and smart coatings have been created using
methods like spray coating, dip coating, electrospinning,
spin coating, and layer-by-layer assembly. Regarding
consistency, adherence, scalability, and compatibility
with nanomaterials, each technique has unique benefits.
For instance, PU-based nanocomposites supplemented
with metal oxides or carbon-based fillers have been
demonstrated to greatly increase erosion and UV
resistance, while electrospun PEO fibres have been
investigated for their capacity to create thick, flexible
coatings.

The vast range of performance measurements
evaluated under various environmental circumstances is
what makes this field of study so rich. Many of the 40
studies that were reviewed in this review looked at the
stability of the coating under high humidity, fluctuating
temperatures, and mechanical fatigue in addition to its
initial performance. Several coatings, for example, reta—
ined their surface adherence and structural integrity up
to 70-85°C, but others started to deteriorate after exten—
ded exposure to high humidity (>80% RH). Certain
coatings were created specially to minimize ice deve—
lopment on blades that operate in cold areas by com—
bining hydrophobic and low-surface-energy elements.
Cost-effectiveness is still a key consideration in in—
dustrial adoption, and some research is looking into bio-
based polymers and inexpensive fillers to lower overall
production costs.

The investigation of intelligent or self-healing coa—
tings is another noteworthy advancement. These tech—
nologies, which include responsive polymer networks or
microcapsules, are designed to automatically fix small
surface damage brought on by erosion or cracking. This
contributes to increased turbine uptime and energy
output by lowering maintenance intervals and extending
the blade surface's lifespan.
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The majority of research concur on one key finding,
despite the variety of methods and materials used:
polymer-based coatings greatly increase the wind
turbine blades' operational reliability, weather resis—
tance, and surface durability. To balance performance
with environmental effect, scalability, and long-term
field testing, there is still opportunity for improvement.
Many laboratory-based research still lack real-world va—
lidation under various climatic and geographic set—
tings. The purpose of this study is to systematically
indicate and examine the results of 80 appropriate
studies that used PEO, PU, PVP, or PVA in wind
turbine blade protective coatings. Economic viability,
environmental resistance, application methods, and
coating materials will all be compared. By doing this,
this work not only summarises the state of knowledge at
the moment but also identifies interesting avenues for
further study and advancement in the field of
sustainable wind energy infrastructure.
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Figure 1. Common parts of the blade of a wind turbine [3].

2. THE CRITICAL ROLE OF POLYMER COATING IN
ENHANCING WIND TURBINE BLADE
DURABIIITY

Despite significant progress in the development of
protective coatings for wind turbine blades WTBs,
several crucial research gaps remain unresolved,
particularly regarding long-term performance under
real-world operating conditions. Most existing studies
evaluate coatings under isolated environmental stress or
ssuch as ultraviolet (UV) radiation, rainfall, sandstorms,
or hail impact. However, in actual field environments,
these conditions often occur simultaneously, creating
complex, synergistic degradation mechanisms that are
not easily replicated in controlled laboratory settings.
Furthermore, current research provides limited insight
into the durability of coatings under continuous high-
speed aerodynamic loading and the vibrational stresses
experienced by rotating blades. The lack of comp—
rehensive field validation further complicates our un—
derstanding of real-time coating performance, especially
in harsh marine and desert climates where the envi—
ronmental stressors are more aggressive and unp-—
redictable. Another overlooked aspect in the literature is
the interaction between coating materials and the
complex geometry of turbine blades. Such interactions
influence coating adhesion, uniformity, and overall
protective performancefactors that are essential for
long-term functionality and resistance to erosion.
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To address these challenges, future work should
prioritize the development of multifunctional hybrid
coatings capable of withstanding multiple environ—
mental stressors simultaneously. Additionally, standar—
dized testing protocols that closely replicate actual

operating environments are urgently needed. The

integration of intelligent systems, such as Al-driven
predictive maintenance, can further support erosion
mitigation and performance optimization. To provide a
structured overview of the current progress, Tables 1
and 2 presents a comparative summary of various
coating types, highlighting their effectiveness under
specific environmental conditions, development appro—

aches, efficiency metrics, and application methods.
These tablescomplement the discussion by linking coa—
ting characteristics with operational requirements, ai—
ding in the identification of promising directions for
future research.

Table 1 offers a systematic comparison of the vari—

ous polymer-based coatings assessed in this study. It
draws attention to important elements including appli—
cation technique, resilience to the environment, eco—
nomy, and stability in terms of temperature and humi—
dity. By explicitly connecting coating types to certain
performance indicators under varied operating situa—
tions, this table bolsters the discussion.

Table 1. Table showing coating types based on environmental factors, development, efficiency, and application criteria.

Type of Application Development | Benefit Efficiency % | Temperature | Humidity Estimated
Coating Methods Technique Achieved Effect Effect Cost
PEO- Spray Coating | Si O, Greater anti- 92% Stable up to Minor swelling | Moderate
nanocomposite nanoparticle icing and 60°C above 80% RH | ($15/ m?)
addition erosion control
PEO hybrid Dip Coating Polymer Enhanced anti- |88% Good up to Increased Moderate
blending icing 50°C hydrophilicity
PEO Spin Coating Nanoparticle Surface 90% Stable Minor effect Low
ccompound uunderpinning | durability
PEO-silica Spray Coating | Hybridization | Bettered 91% Stable up to Minor effect Moderate
mongrel erosion resistant 70°C
PEO-GO Spray Coating | Graphene oxide | Anti-icing and | 93% Slight drop Negligible Moderate-
compound incorporation | bruiseresistance above 70°C High
Electrospun Electrospinning | Fiber network | High flexibility 89% | Stable up to |Slight swelling |High
PEO creation 55°C at high RH
PEO-blend Subcaste- by- Cross-linking | Mechanical 87% Stable Minor moisture | Low
subcaste agents durability effect
PEO nonclay Spray Coating | Nanoclay Water 90% Degrades at Moderate effect | Low
coating addition resistance >70°C
PEO Casting Membrane Surface 85% Slight Medium Low
membrane uunderpinning | strengthening temperature
preceptivity
PEO- Spray Coating | Graphene Enhanced 91% Stable up to Slightly redu— | Moderate
compound nanoparticle mechanical 65°C ced with high
addition properties RH
PU ccompound | Spray Coating | ZnO Bettered UV 94% Stable up to Minimum effect | Moderate
nanoparticles and rain erosion 80°C
resistance
PU Coating Spray Coating | Mechanical Increased 89% Good up to Low Moderate
crosslinking rrainfall 75°C pperceptivity
continuity
PU advanced Blade brushing | Nano paddings | High erosion 90% Low Medium-
objectification | resistance Stable moistureimpact | High
PU-ZnO Spray Coating | Nano ZnO UV resistance | 92% Good up to minimum Medium
mongrel dissipation boost 85°C moisture effect
Flexible PU Dip Coating | Nanoparticle Flexibility 91% Slight Slight swelling | High
coating doping improvement deterioration
above 90°C
Bio-based PU | Spray Coating |Renewable Polymerization |88% Stable to 70°C | Moderate High
resource Eco-friendly mmoistureeffect
and durable
PU Brushing Ceramic Erosion delay | 90% Degrades Small changes | Medium
nanocomposite particle addition above 85°C
Nano-alumina |Spray Coating | Al,O3 addition |Hardness 93% Stable Slightly sensi— | Moderate
PU increase tive to moisture
PU topcoat Spraying UV absorbers | Increased 88% Good No significant | Moderate
objectification | lifetime resistance humidity effect
Smart PU Smart spraying | Damage- Self-repair 95% Sensitive Slight swelling | High
coating responsive capability above 80°C at 90% RH
features
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PVP-based Spray Coating | Curing agents | Enhanced water | 87% Stable to 55°C | Minor water Low
coating resistance absorption
PVP-graphene |Dip Coating GO Ice repellent 90% Slight Minor swelling | Moderate
composite incorporation | and Erosion decrease
resistance above 70°C
PVP-silica Spin Coating Nano silica Mechanical 88% Stable up to Small effect Moderate
hybrid dispersion strengthening 60°C
Crosslinked Dip coating Improved Surface 85% stable Increased water | low
PVP performance by | durability uptake at high
cross-linking RH
PVP-polymer |Spray Coating |Polymer matrix | Wear 86% Sensitive Slight swelling | Low
blend mixing resistance above 65°C
PVP composite | Blade Brushing | Silver nano- Anti-bacterial | 89% Good up to Negligible Medium
fillers and high 70°C effect
enhancement durability
PVA-based Spray Coating | Incorporation | Flexible surface | 88% Stable up to Small swelling | Low
coating nanofiber performance 60°C at high RH
PVA-blend Dip Coating Mixed with Enhanced 87% Good to 55°C | Moderate Low
coating PEO flexibility and humidity effect
adhesion
PVA-nanoclay |Spray Coating |Clay Erosion 90% Stable to 65°C | Minor Moderate
hybrid nanoparticle resistance
reinforcement
Crosslinked Layer-by-Layer |Chemical Surface 86% Sensitive Increased Low
PVA crosslinking strengthening above 70°C swelling
PVA-hydrogel |Casting Hydrogel Anti-icing 85% Stable at low | Absorbs Medium
layer matrix improvement temperatures | moisture
development
Nano PVA Electrospinning | Incorporation |Flexibility and |89% Degrades at Moderate Medium
composite nanofiber toughness >75°C humidity
sensitivity
Reinforced Spray Coating | Carbon Enhanced 91% Good up to Minimal effect | Moderate
PVA coating nanotube mechanical 80°C
reinforcement | performance
PVA hybrid Blade Brushing | Silica nanopar— | Durable surface | 88% Stable Low humidity | Moderate
ticle hybrid layer effect
Smart PVA Smart spraying | Microcapsule’s | Self-repair 92% Sensitive to Slight swelling | High
coating healing agents | ability >70°C at high RH
PEO-PVA Dip Coating Composite Combined 90% Stable up to Minor effect Moderate
composite formation durability and 65°C
flexibility
PU-PVA blend |Spray Coating |Dual polymer | Greater 88% Good up to Minor humidity | Sensitivity
networks resistance 70°C Medium
PEO- Blade Coating | Polymer blend |Improved anti- |89% Degrades Small effect Moderate
PVPcomposite formulation icing above 75°C
PU-PVP Spray Coating | Nano-fillers Abrasion 91% Stable up to Very low Moderate
nanocomposite enhancement tolerance and 85°C sensitivity
UV shielding
Bio-based PEO | Spray Coating | Bio- based Eco-friendly 87% Stable Moderate High
coating polymer coating humidity effect
integration
PEO- Spray Coating | SiO, Greater anti- 92% Stable up to Minor swelling | Moderate
nanocomposite nanoparticle icing and 60°C above 80% RH
addition erosion control
PEO hybrid Dip Coating Polymer Enhanced anti- |88% Good up to Increased Moderate
blending icing 50°C hydrophilicity
PEO Spin Coating Nanoparticle Surface 90% Stable Minor effect Low
compound underpinning durability
PEQ-silica Spray Coating | Hybridization | Bettered 91% Stable up to Minor effect Moderate
mongrel erosion resistant 70°C
PEO-GO Spray Coating | Graphene oxide | Anti-icing and | 93% Slight drop Negligible Moderate-
compound incorporation | bruise above 70°C High
resistance
Electrospun Electrospinning | Fiber network | High flexibility |89% Stable up to Slight swelling | High
PEO creation 55°C at high RH
PEO-blend Cross-linking Mechanical 87% Stable Minor Low
Subcaste-by- agents durability moisture effect
subcaste
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PEO nonclay Spray Coating | Nano-clay Water 90% Degrades at Moderate effect | Low
coating addition resistance >70°C
PEO Casting Membrane Surface 85% Slight Medium Low
membrane underpinning strengthening temperature
perceptivity
PEO- Spray Coating | Graphene Enhanced 91% Stable up to Slightly Moderate
compound nanoparticle mechanical 65°C reduced with
addition properties high RH
PU compound | Spray Coating |ZnO Bettered UV 94% Stable up to Minimum effect | Moderate
nanoparticles and rain erosion 80°C
resistance
PU Coating Spray Coating | Mechanical Increased 89% Good up to Low Moderate
crosslinking rainfall 75°C perceptivity
continuity
PU advanced |Blade brushing |Nano paddings |High erosion 90% Stable Low moisture | Medium-
objectification | resistance impact High
PU-ZnO Spray Coating | Nano ZnO UV resistance | 92% Good up to Minimum Medium
mongrel dissipation boost 85°C moisture effect
Flexible PU Dip Coating Nanoparticle Flexibility 91% Slight Slight swelling | High
coating doping improvement deterioration
above 90°C
Bio-based PU | Spray Coating |Renewable Eco-friendly 88% Stable to 70°C | Moderate High
resource and durable moisture effect
Polymerization
PU Brushing Ceramic Erosion delay | 90% Degrades Small changes | Medium
nanocomposite particle addition above 85°C
Nano-alumina |Spray Coating | Al,O3 addition |Hardness 93% Stable Slightly Moderate
PU increase sensitive to
moisture
PU topcoat Spraying UV absorbers | Increased 88% Good No significant | Moderate
objectification | lifetime resistance humidity effect
Smart PU Smart spraying | Damage- Self-repair 95% Sensitive Slight swelling | High
coating responsive capability above 80°C at 90% RH
features
PVP-based Spray Coating | Curing agents | Enhanced water | 87% Stable to 55°C | Minor water Low
coating resistance absorption
PVP-graphene |Dip Coating GO Ice repellent 90% Slight Minor swelling | Moderate
composite incorporation | and Erosion decrease
resistance above 70°C
PVP-silica Spin Coating Nano silica Mechanical 88% Stable up to Small effect Moderate
hybrid dispersion strengthening 60°C
Crosslinked Dip coating Improved Surface 85% Stable Increased water | Low
PVP performance by | durability uptake at high
cross-linking RH
PVP-polymer |Spray Coating | Polymer matrix | Wear resistance | 86% Sensitive Slight swelling | Low
blend mixing above 65°C
PVP composite |Blade Brushing | Silver nano- Anti-bacterial | 89% Good up to Negligible Medium
fillers and high 70°C effect
enhancement durability
PVA-based Spray Coating | Incorporation | Flexible surface | 88% Stable up to Small swelling | Low
coating nanofiber performance 60°C at high RH
PVA-blend Dip Coating Mixed with Enhanced 87% Good to 55°C | Moderate Low
coating PEO flexibility and humidity effect
adhesion
PVA-nanoclay |Spray Coating |Clay Erosion 90% Stable to 65°C | Minor Moderate
hybrid nanoparticle resistance
reinforcement
Crosslinked Layer-by-Layer |Chemical Surface 86% Sensitive Increased Low
PVA crosslinking strengthening above 70°C swelling
PVA-hydrogel |Casting Hydrogel Anti-icing 85% Stable at low | Absorbs Medium
layer matrix improvement temperatures | moisture
development
Nano PVA Electrospinning | Incorporation |Flexibility and |89% Degrades at Moderate Medium
composite nanofiber toughness >75°C humidity
sensitivity
Reinforced Spray Coating | Carbon Enhanced 91% Good up to Minimal effect | Moderate
PVA coating nanotube mechanical 80°C
reinforcement | performance
PVA hybrid Blade Brushing | Silica Durable surface | 88% Stable Low humidity | Moderate
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nanoparticle layer effect
hybrid
Smart PVA Smart spraying | Microcapsule’s | Self-repair 92% Sensitive to Slight swelling | High
coating healing agents | ability >70°C at high RH
PEO-PVA Dip Coating Composite Combined 90% Stable up to Minor effect Moderate
composite formation durability and 65°C
flexibility
PU-PVA blend |Spray Coating |Dual polymer | Greater 88% Good up to Minor humidity | Medium
networks resistance 70°C Sensitivity
PEO-PVP Blade Coating | Polymer blend |Improved anti- |89% Degrades Small effect Moderate
composite formulation icing above 75°C
PU-PVP Spray Coating | Nano-fillers Abrasion 91% Stable up to Very low Moderate
nanocomposite enhancement tolerance and 85°C sensitivity
UV shielding
Bio-based PEO | Spray Coating | Bio-based Eco-friendly 87% Stable Moderate High
coating polymer coating humidity effect
integration

3. THE CONDITIONS FACING WIND TURBINE
BLADES

Leading edge erosion, which is brought on by the
impact of airborne particles like rain, dust, hail, and
sand, is one of the most common types of blade deg—
radation show in Figure 2.These particles cause surface
roughness and a decrease in aerodynamic efficiency
over time by eroding the blade's surface, particularly the
leading edge. In addition to lowering the turbine's
energy output by up to 5% a year, this deterioration also
raises maintenance requirements andoperating expenses,
Estavromenoset al. [4]. Erosion is a particularly serious
problem in desert and coastal areas where airborne
particles are prevalent.

Figure 2. Leading edge erosion examples [5].

Further circumstance that faces WTBs is Long-term
exposure to UV radiation from the sun can seriously
deteriorate the polymer-based materials that are
frequently utilized in turbine blades. Surface chalking,
embrittlement, microcracking, and discolouration result
from the breakdown of chemical bonds in the resin
matrix caused by UV light. This eventually impairs the
blade's mechanical efficiency and hastens other types of
surface deterioration. UV-resistant coatings are a top
concern in contemporary blade design since UV
exposure is a significant contributor to the aging process
of composite materials. Tanget al. [6]

A prevalent difficulty, especially with wind turbines
situated in or close to the ocean, is humidity and wetness show
in Figure 3. This is particularly problematic in tropical or
marine settings. Water molecules can enter the blade's compo-
site structure through high humidity, especially at joints,
interfaces, and microcracks. This water intrusion can lower the
polymer's glass transition temperature, weaken the fibre-resin
matrix interface, and increase internal stresses that cause
delamination or material swelling, Estavromenos et al. [4].
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HUMIDITY CAUSES ISSUES INSIDE
WIND TURBINES - ONSHORE,
OFFSHORE AND NEARSHORE

CORROSION o b
AND
RUST GONDENSATION

Figure 3. Leading Challenges regarding humidity inside
wind turbines [7].

Thus, prolonged exposure to high moisture condi—
tions might considerably lower a blade's structural
dependability. Wind turbines must withstand extremes of
temperature, including scorching summers, bitterly cold
winters, and considerable day-night fluctuations. The
materials used to make blades continuously expand and
contract due to these variations. Bonding adhesives and
fibre-matrix interfaces may experience fatigue damage,
cracking, and deterioration as a result of frequent heat
cycling. Such cyclic thermal stress is especially
problematic for blades working in areas with significant
temperature changes or intense sun radiation.

Additionally, areas with harsh climates may be
highly susceptible to daily thermal cycles that can acce—
lerate the deterioration of protective coatings, poten—
tially causing microcracks and weakening of adhesive
interfaces. In this context, thermal loading, although it is
overlooked, has a valid operational factor in the long-
term durability of a blade.

The structural integrity of WTBs is essential for
reliable and efficient energy generation. In consequence
of their great strength and low weight, composite
materials like carbon fiber and fiberglass are frequently
employed in the production of blades. But with time,
fatigue loading, environmental exposure, and opera—
tional stress may all damage these materials in different
ways. Advanced non-destructive evaluation (NDE)
techniques were used in a study [8] published in FME
Transactions to detect damage in composite wind tur—
bine blades. Internal flaws and surface delamination
were found using techniques like infrared thermography
and ultrasonic testing, which provided important infor—
mation about maintenance requirements and failure
prevention.
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4. APPLICATION TECHNIQUES FOR POLYMER-
BASED COATINGS

One of the key factors determining the quality and
performance of protective coating placed on WTBs is
coating application methods. The type of material
coating used is important, but the application method
itself greatly influences the distribution, thickness,
uniformity, and adhesion of the coating to the surface.
All these aspects influence the protective effectiveness
against corrosion, snow, moisture, and ultraviolet light.
New research has developed various advanced polymer
coating techniques tailored to the environmental con—
ditions of turbine blades, as the requirements are
different for offshore and onshore turbines, and in desert
or cold environments. In the same regard, spray coating
show in Figure 4 is one of the most crucial methods that
are widely applied particularly in large industrial
processes. It is subject to use of an air compressor or
electric spray system for uniform spraying of the
coating on the surface at fast and uniform coverage
suitable for flat, wide surfaces, and offers good control
over film thickness. It may cause material loss by
dispersion of the spray and requires a controlled envi—
ronment in order to avoid defects. This process has been
utilized to coat materials such as PU-ZnO and PEO-GO,
demonstrating great corrosion and UV resistance as

reported in [9].
Spray JEOC @

Surface Coating
preparation Movement
_ =
L L ]
Step 1 Step 2 Step 3

Figure 4. Schematic of the spray coating process [10].

Dip coating is also a beneficial process and it entails
immersing the blade in a coating solution, then drawing
and drying it to form an even layer making it suitable
for complexly shaped materials and does not require
advanced equipment Figure 5. However, thickness
would be varied with drawing velocity and solution
viscosity, and it would be more time-consuming to dry
compared to spraying. Its use has been documented in
systems such as PVP-graphene and PEO-PVA that have
exhibited high flexibility and toughness in the presence
of water. Morales et al.[11]Electrospinning on the other
hand, is a better techniqueFigure 6. It is used to generate
nanofiber coatings by high electric separation of fine
threads of polymer for deposition on the target surface
show in Figure 7. The technique produces high-
resolution coating and three-dimensional structure with
improved flexibility and water repellency. But it is
costly and time-consuming and requires special
equipment. Therefore, it is often used in advanced
applications, such as electrospun PEO coatings, which
have proved to perform better under conditions in ice.
Thomas et al [12].

In addition, brush coating or layer coating is applied
in applications requiring localized or repetitive materials
coatings of varied thicknesses. The technique supports

516 = VOL. 53, No 3, 2025

tight control over layer distribution, but not on large
surfaces and is too hand-dexterity-dependent. It has also
been successfully applied on nano-PU and PVA hybrid
coatings to improve abrasion and weather resistance of
blades. Spin coating is also utilized as a method, where
a limited amount of coating liquid is placed on the blade
surface and subsequently spun at high speeds to
distribute the coating evenly through the action of
centrifugal forces. This is used widely for precision and
thin film use and is famous for its ability to deposit a
uniform, smooth layer with controlled thickness through
rotation rate and fluid viscosity Figure 7. Among the
advantages of this process is that it gives fine
distribution of the coating, easily applied to plane
surfaces, and is economically used in laboratory work
involving uniform coating of high precision. Among the
disadvantages, is that it functions poorly on big or
geometrically complex objects, and much of the
solution is wasted during coating due to ejection. Others
include PEO-silica and PVP-silica hybrid coatings,
which have been used in the production of corrosion-
resistant and mechanically reinforced films on turbine
blade surfaces with acceptable performance in terms of
homogeneity and stability under different environmental
conditions[15-16].

Dipping Wet layer formation Solvent evaporation

Figure 5. Schematic of the dip coating process [13].

I Syringe ] [ Polymeric Solution | | Needle ” Liquid Jet |

[' : (
C] -Gtound
High DC Voltage

Figure 6. Schematic of the electro spinning coating
process [14].

From the above, application method must be chosen
with extreme caution based on the nature of the coating,
surface features, operating environment, and costs.
Effective optimization of application techniques is an
important step in the direction of optimizing blade life
and improving efficiency in wind power systems.

s

Deposition

Spin-up Spin-off + Evaporation

Figure 7. lllustration of the spin coating process [13].
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Although some of the mentioned techniques are
similar in principle, significant differences emerge in
their practical performance. Each technique has advan—
tages and limitations that influence the choice of
method. Therefore, it is necessary to conduct a technical
comparison between these methods to determine the
optimal choice based on the specific conditions of each
application. This is where Table 3 comes in, providing a
clearer understanding of the application techniques used
to protect WTBs. It provides a comparative summary to
illustrate the differences between coating application
techniques, highlighting the advantages and disadvan—
tages of each technique, its costs, its suitability for
various blade shapes and sizes, and its potential for
future development. This analysis is essential for selec—
ting the appropriate technology based on the operating
environment and installation conditions.

5. THE ROLE OF SURFACE COATINGS IN WIND
TURBINE LIFE

To mitigate such environmental risks, surface coatings
contribute to the life and endurance of turbine blades.
Surface coatings act as the first line of defense, reducing
surface erosion and guarding polymer matrices against
UV, water, and mechanical abrasion in modern blade
design [17-18]. PU, PEO, PVP, and PVA-based coa—
tings have widespread uses owing to their versatility and
adjustable characteristics. Anderson et al. [19] found PU
coatings to be very promising for UV damage when
they were reinforced with nanoparticles.Smart coatings
were also explored, such as those having self-healing
capability [20-21]. Demonstrated that smart PU and
PVP-based systems containing microcapsules or rever—
sible bond networks possessed the capability to self-
healthermal or mechanical-induced microcracks by
restoring surface integrity by over 80%.

Figure 8. Wind Turbine Blade Coating Process [25].

Weather- and erosion-resistant hybrid organic poly—
mers and nanofillers (GO, CNTs, and SiO;) coatings
have been used to enhance blade performance [11].
Zhang et al. [22] used hybrid PEO coatings with carbon
nanofibers and exhibited improved abrasion resistance
and flexibility. Ali et al. [23] showed mechanical
enhancement for PVP composites reinforced with grap—
hene. Martin et al. [24] and Jurak et al. [19] introduced
self-cleaning and hydrophobic coatings to reduce ice
adhesion and soiling to improve operational efficiency.
These directly result in longer maintenance intervals
and higher energy production. The practical application
of these advanced coatings in industrial practice is
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illustrated in Figure 8, in which a technician applies
controlled blade coating-indicating the real-world
application and relevance of these coatings in wind
turbine maintenance.

6. FUNCTIONAL ROLE AND OPTIMIZATION OF
POLYMER COATINGS

Role of coating in turbine longevity

Polymer coatings such as polyethylene oxide (PEO),
polyurethane (PU), polyvinylpyrrolidone (PVP), and
polyvinyl alcohol (PVA) are also found to be highly
versatile for wind turbine blades. These polymers are
also found to have advantages such as tunable
mechanical strength, low weight, easy processing, and
chemical stability [17-26]. PU coatings, for instance,
have been extensively studied in flexibility and
weatherability, particularly when ZnO and Al,O;
nanoparticles are incorporated into them to adjust their
behavior [27-28].

A The robotic use of polymer coatings process is
illustrated in Figure 9, where an apparatus is used to
coat the protective coating on a wind turbine blade. This
is an indication of the modern trend towards automation
towards safer, more uniform, and scalable coating
solutions.

Figure 9. Polymer Coating Application on Wind Turbine
Blade [29].

Crosslinking techniques are also used extensively to
provide thermal stability and mechanical strength. Chen
et al. [30] illustrated that crosslinked PEO/PVA coatings
were more resistant towards higher mechanical stresses,
while El-Sayed et al. [31] modified PVP films using the
application of silane-based curing agents to achieve
enhanced durability.Their versatility allows the poly—
mers to be formulated against specific environmental
problems such as UV, erosion, and icing, and they
become the main line of modern coating technology.
Graphical representation for the application of perfor—
mance testing of such coatings that serves directly to
substantiate these results by graphically depicting the
testing systems utilized in assessing durability and
performance.

6.2 Versatility of polymer coating
For enhanced coating performance, various approaches

such as nanocomposite addition, polymer blending, and
hybrid systems have been developed(see Figure 10). Li
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et al. [32] and Patel et al. [33] reinforced nanoclay and
GO in polymer matrices,resulting in nhanced tensile
strength and erosion resistance. Mahmood et al. [34]
blended flexible PU with nano-additives,achieving
improved durability against sandblasting.

Performance is typically evaluated through thermal
cycling, humidity exposure, UV aging, and mechanical
abrasion testing. Shen et al. [35] developed vascular
systems that, upon mechanical stress, demonstrated self-
healing behavior. Johnson et al. [36] subjected PU
topcoats to 1000 hours of UV exposure and repeated
chalking and discoloration resistance.Tang et al. [37]
conducted extensive environmental simulations of
temperature and humidity to test real-world applica—
bility. Farooq et al. [38] and Hernandez et al. [39]
conducted adhesion and moisture permeability tests to
examine water resistance of PVA/PVP blends.The
integration of testing and optimization ensures that these
coatings reliably under harsh environmental conditions.
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Figure 10. Mechanism of Wear and Corrosion Resistance in
Epoxy and Epoxy/Graphene Nanocomposite Coatings [40].

Strategies for preformance enhancement

Recent advancements in surface coating technologies
for wind turbine blades WTBs have increasingly focu—
sed on incorporating multifunctional capabilities that go
beyond basic protection. These include anti-icing, self-
healing, environmental sustainability, and intelligent
monitoring features that are essential for next-
generation wind energy systems operating under diverse
and extreme conditions.

Icing on turbine blades significantly hampers aero—
dynamic performance, reduces energy output, and can
pose serious safety risks. To combat this, novel anti-
icing strategies have emerged. Among them, slippery
liquid-infused porous surfaces (SLIPS) have demon—
strated remarkable effectiveness by promoting liquid
mobility and reducing ice adhesion. These systems
mimic natural surfaces like lotus leaves, using infused
lubricants within textured matrices to create a non-stick,
ice-repellent interface. A step-by-step graphical repre—
sentation of SLIPS is shown in Figure 11, illustrating
their design and ice-shedding mechanism.

In addition to SLIPS, chemical additives and surface
texturing have proven successful. For example, Mangini
et al. [42] reported that superhydrophobic PEO/PVA
composites could effectively repel ice, while main—
taining surface integrity under repeated freeze—thaw
cycles. These approaches not only reduce maintenance
frequency but also contribute to uninterrupted energy
generation in cold climates.
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Figure 11. Mechanism of Action of a Smart Coating [41].

Intelligent polymer systems based on PU and PVA
matrices have shown promise in extending coating
lifespan through self-healing capabilities. These systems
are typically embedded with microcapsules that release
healing agents upon mechanical damage. Novak et al.
[20] and Shen et al. [35] reported healing efficiencies
exceeding 70% after fatigue stress, significantly
reducing the need for manual repairs and downtime.
The integration of such materials into wind turbine
coatings enhances reliability in remote and hard-to-
maintain environments.

Sustainability is gaining prominence in materials
selection and formulation. Low-VOC and biodegradable
polymers are increasingly used to minimize
environmental impact. Renewable polymer sources,
such as vegetable-based polyurethanes, are being
explored for their biodegradability and performance.
Van Kuik et al. [18] and Twidell[17] advocated for a
shift toward green chemistry in coating development,
while Adeleye et al. [28] emphasized that sustainability
must be economically viable—particularly in cost-
sensitive regions like Sub-Saharan Africa, where
ecological degradation is closely tied to infrastructure
challenges.

Furthermore, the integration of digital technologies
such as artificial intelligence (Al), sensors, and thermal
mapping offers a powerful toolset for predictive
maintenance. Al-powered systems can continuously
monitor surface conditions, detect early signs of wear or
icing, and trigger localized interventions. This selective
reinforcement approach helps optimize coating usage,
extend blade life, and reduce total lifecycle costs.

To meet the operational challenges of next-
generation wind energy systems, future research must
aim to integrate multiple functionalities into a single
coating layer.

Additionally, these advanced coatings must undergo
rigorous field validation across various climatic zones
including marine, desert, and arctic environments to
ensure real world applicability. Research should also
prioritize scalable manufacturing techniques that
balance performance with cost-effectiveness.

Ensuring the enduring efficiency and safety of wind
turbine blades necessitates the synchronization of all
associated activities throughout the blade's lifecycle—
from initial design and manufacturing to field operation,
monitoring, repair, and regulatory compliance.
Performance disparities, elevated failure risks, and
inefficient maintenance might result from fragmentation
across various stages. Higher structural reliability and
system-wide sustainability are ensured by including
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regulatory standards and quality control procedures at
every stage of blade development, as noted by Rasuo et
al. [43] Furthermore, for early failure identification and
preventative maintenance, damage detection techniques
during operation—like those examined by Kumar and
Anand [8] are crucial, particularly for composite mate—
rials that are susceptible to internal delamination and
fatigue. In contemporary wind energy systems, a unified
and regulation-driven approach supports long-term cost-

effectiveness, safety, and environmental performance in
addition to improving blade durability.

Table 2 delineates the principal constraints, obstac—
les, and new trajectories in the study concerning the
development of erosion-resistant coatings for wind
turbine blades. It enumerates recommended solutions
and potential innovations, offering a strategic perspec—
tive for forthcoming research endeavors in the domain.

Table 2. Key Findings and Developments in Wind Turbine Blade Protective Coatings: Difficulties, Restrictions, and Prospects.

Critical Analysis,
Difficulties, and
Suggestions for the Future

Limitations and Suggested
Remedies

Research Gap

Recent Innovations to
Prevent Erosion and
Increase Blade Surface
Life

Most of research focuses on

coatings' ability to withstand
erosion, but it ignores the
intricate relationships
between environmental
influences and material
behaviour.

Some coatings have limited
long-term durability.2. Too
much focus is placed on the
effects of individual

environmental elements rather

than their combined

consequences.3. In contrast to
lab-based testing, there is a lack
of real-world (field) validation.

The relationship between coating
performance and blade geometry
has not been thoroughly
investigated.The behaviour of
coatings under high-speed
aerodynamic stress and vibration
has not been thoroughly
studied.Inadequate information
regarding coating deterioration in
marine and sandy environments.

Self-healing
coatings:Coatings that cure
themselves: Use reversible
polymers or microcapsules
to repair damaged
structures.
Superhydrophobic surfaces:
Reduce ice and water
adherence to lessen erosion
from freeze-thaw cycles
and precipitation.

Challenges include erratic
weather patterns, the
inability to determine long-
term durability, and the
absence of established
evaluation procedures

Suggested Remedies:1. Create -

hybrid coatings with many
uses.2. For more accurate
evaluations, use multi-

environmental simulations.3.

Carry out extended field
research in the outdoors

Utilize nanomaterials (such
as graphene oxide, silica,
and nanoclay) to improve
mechanical strength and
resilience to environmental
conditions in nano-
structured composites

To increase flexibility and
lifespan, create standardized
testing procedures,
implement nanotechnology-
based solutions, and
incorporate intelligent
responsive materials.

Predictive maintenance
systems powered by Al:
Track patterns of
deterioration and
recommend prompt fixes to
prolong coating and blade
life.

Table 3. Comparison of Polymer-Based Coatings Application Methods for Wind Turbine Blades.

Technique Advantages Disadvantages Cost Suitable for Scalability | Future
Potential
Spray Coating Fast, uniform Poor adhesion on Low- Large blades, flat High Improved
coverage complex shapes, Medium surfaces automation,
overspray waste eco-friendly
sprays
Dip Coating Effective for Less uniform Low Small to medium Medium Formulation
complex shapes | thickness blades control,
viscosity
tuning
Electrospining | Nanostructured Costly, slow High Experimental/criti | Low Scalability,
coatings process cal zones smart
coatings
Brush/ Layer Easy to apply Low uniformity, Very Low | Maintenance/ re- Low Smart resins,
Coating labor intensive coating field repair
systems

7. CONCLUSION

operating costs as the world's reliance on wind energy

Srows.

This reviewoffers a thorough evaluation of polymer-
based protective coatings for wind turbine blades
(WTBs), focusing on their contribution to durability
under challenging climatic circumstances. The structural
durability and surface dependability of turbine blades
are essential for preserving performance and lowering
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This work highlighted the features, limitations, and
potential for hybridization with nanomaterials of im—
portant coating materials, including polyethylene oxide
(PEO), polyurethane (PU), polyvinylpyrrolidone (PVP),
and polyvinyl alcohol (PVA), by looking at more than
80 recent publications. When combined with nanofillers
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or transformed into intelligent, self-healing systems,
these polymers have shown encouraging resistance to
ice, moisture, erosion, and UV degradation.

This paper's comparative analysis of coating
application methods, such as spray coating, dip coating,
electrospinning, and spin coating, is one of its main
contributions. The paper demonstrates how different
techniques affect coating adherence, homogeneity,
environmental compatibility, and scalability through
thorough tables and analysis. The study also clarifies the
benefits and difficulties of each approach, providing
recommendations for real-world use.

Importantly, the analysis identifies a number of
unresolved research gaps, including difficulties applying
coatings to intricate blade geometries, a lack of stan—
dardized multi-stressor testing, and a lack of long-term
field validation. It also urges a stronger focus on sca—lable
production techniques and ecologically friendly materials.

The analysis also highlights the increasing demand for
coating systems that can satisfy operational requi—rements
in harsh environments, including freezing tem—peratures,
offshore marine environments, and arid de-serts. For the
upcoming generation of wind energy infrastructure, anti-
icing features, hydrophobic surfaces, and eco-friendly
materials are now required rather than optional.

The significance of interdisciplinary approaches in
upcoming coating development is another significant
issue brought up by this work. Designing smart coatings
that not only withstand harm but also continuously
monitor and react to environmental changes will require
cooperation between materials scientists, mechanical
engineers, and data analysts.

In conclusion, this article functions as a strategic
roadmap for upcoming breakthroughs as well as a recap
of current advancements. The study helps to create more
robust and effective wind energy systems by addressing
material performance, application techniques, and more
general sustainability and innovation aims.
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NOMENCLATURE
uv Ultraviolet
PU Polyurethane

GO Graphene Oxide

PVA Polyvinyl Alcohol

PEO Polyethylene Oxide

PVP Polyvinylpyrrolidone

WTBs  Wind Turbine Blades

BERP  British Experimental Rotor Programme
FEM Finite Element Methods

PSO Particle Swarm Optimization

VOC Volatile Organic Compounds

VAWT Vertical Axis Wind Turbine

SLIPS  Slippery liquid-infused porous surfaces

CBEOBYXBATHHU NPEIJIEJ] TIOCTOJERHUX
ITPEMA3A U ITIPAKCH 3AIITUTE O EPO3UJE
3A TIOBPIIUHE JIOITATULA BETPOTYPBUHA

A. Annacup, ®@. Andunanu, ®@. Anpapyau,
H. Ancaaum, C. Pexman

Jlonatune Berporypbuua (BTB) cy cramHo u3moxeHe
eKCTPEMHHM YTHIAjUMa OKOJHMHE Kao LITO Cy KHIIa,
necak, ¥YB 3padewme, BIaXKXHOCT, TEPMUUKH LUKIYCH U
3anehuBame, ITO CBE YTHYE HA HUXOB CTPYKTYPHH
WHTETPUTET, Ka0 M Ha ePUKACHOCT. 3aIITUTHU MPEMasH
Ha Oa3u mosmMepa, Kao IMITO Cy MOJIMETHICH OKCHUJ
(ITEO), mnomuypetan (I1Y), NOTUBUHWINUPOIUAOH
(T1BIT) u momueunama ankoxou (ITBA), cy obehasajyhe
omuuje 300r cBoje (PICKCHOMIHOCTH, MCIUTATUBOCTH U
nongecuBoctd. OBaj mperyien ananusupa 80 mabGopa—

FME Transactions



TOPHjCKUX CTY/Wja O Pa3BOjy M MPUMEHH TaKBHUX Ipe—
Maza, kopuctehn HaHOMyHMIA W XUOPUAHE KOMIIO3HUTE
3a moOosblIarbe mepPopMaHCH. TeXHUKE MPCKamba,
yMaKama, eJeKTpOompencwa U HeHTpudyrupama mnpo—
HeHhYjy Ce IpeMa OTIOPHOCTH Ha epo3ujy, YB
Jerpajanujy, 3anehuBamy 1 BoJeHO] napu. VcrakHyTH
Cy HajHOBHUjH HaIpeJaK y caMO3aJCYHBUM U MTaMETHUM

FME Transactions

npemasuma. Mako obehasajyhu nabopatopujcku pe3yn—
TaTH, LyrOpodYHe MepHpOopPMaHCe U SKOJIOLIKA OTIIOPHOCT
y peaJHuM yciaoBuMa HHCY a00po cxBahenu. I{usb
HCTPaXHBatkha je Ja Ce YTBpAC Mpa3HHHE Yy HCTpa—
JXHUBamknMa H nonyae JAOINpPHUMHOCH 3a CTBapame
OJIP>KUBHX, MyNTU(QYHKIHOHATHUX MpeMasa 3a Mpoxy—
KEHE PATHOT BeKa JIONATHIA BETPOTYypOHHA.
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