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l. INTRODUCTION result in significant maintenance costs and downtimes [11,
12]. Material selection plays a pivotal role in determining
the durability and overall performance of wind turbine
blades, directly influencing factors such as weight,
stiffness, resistance to fatigue, and susceptibility to
environmental degradation [13-21]. Traditional materials
like fiberglass and wood have been widely used, but their
limitations often necessitate the exploration of advanced
materials, including carbon fiber composites and bio-based
alternatives [22, 23]. Each material presents unique
advantages and challenges, making the decision process
complex and multifaceted. Combining one or more fiber
materials in a single composite creates a hybrid composite
material with additional advanced properties compared to

The global shift toward renewable energy sources has
underscored the importance of wind power as a sustainable
solution for reducing greenhouse gas emissions and
combating climate change [1, 2]. As wind energy becomes
an increasingly significant contributor to the energy mix,
the performance and longevity of wind turbine
components, particularly the blades, have gained critical
attention. Wind turbine blades are subjected to a wide
range of mechanical and environmental stresses, leading to
issues such as cyclic deformation, erosion, and material
degradation over time [3-10]. These challenges not only
impact the operational efficiency of wind turbines but also
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single-material fiber composites. The bonding parameters
of these different fibers and resins significantly influence
the properties of the hybrid composite [24, 25].
Incorporating nanomaterials into composites can further
enhance their properties, resulting in lightweight, high-
strength, and smart materials that are ideal for wind turbine
blades [26-31].

This paper aims to provide a comprehensive overview of
material selection strategies aimed at extending the
lifespan of wind turbine blades. By analyzing the
mechanical properties, failure mechanisms, and innovative
materials available in the current landscape, this study will
highlight best practices in material selection that can
enhance blade durability and performance. Additionally, it
will discuss the implications of these choices for
maintenance practices and the economic viability of wind
energy projects. Ultimately, this research seeks to
contribute to the ongoing efforts to optimize wind turbine
design and operation, ensuring that wind power remains a
reliable and sustainable energy source for the future.

1. MATERIALS

The selection of materials for wind turbine blades is
critical to ensuring optimal performance, durability, and
cost-effectiveness throughout their lifecycle. This section
outlines the properties of commonly used materials, such
as fiberglass, carbon fiber, wood, and advanced
composites. Due to its favorable balance of mechanical
properties and cost, fiberglass is one of the most widely
used materials for wind turbine blades. With tensile
strengths of approximately 350-500 MPa and a modulus
of elasticity between 30 and 40 GPa, fiberglass provides
adequate strength and stiffness for many applications. Its
shear strength typically ranges from 40 to 60 MPa, and it
exhibits good fatigue resistance, making it suitable for
dynamic loading conditions encountered in wind
applications. However, fiberglass can experience
performance degradation under high-stress cycles over
extended periods. Its relatively low weight helps reduce
the overall mass of turbine structures, enhancing
efficiency. E-glass fibers, commonly used as
reinforcement in fiberglass composites, provide high
electrical resistance and adequate stiffness, while S-glass
fibers offer superior tensile strength and durability,
suitable for high-stress applications, albeit at a higher cost
[32]. In composites with high fiber volume content (above
65%), dry areas without resin can form, reducing the
composite’s fatigue strength. Typically, glass/epoxy
composites used in wind blades contain up to 75% glass by
weight [33].
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Carbon fiber offers a high-performance alternative to
fiberglass, with significantly higher tensile strength (600—
900 MPa) and modulus of elasticity (70-150 GPa),
allowing for thinner, more efficient blade designs [34]. Its
shear strength, generally around 70-100 MPa, and
excellent fatigue resistance make it ideal for withstanding
fluctuating wind conditions. Although, carbon fiber's high
production costs limit its use. It is primarily used in
specialized components or high-performance turbines [35,
36]. While carbon fiber has advantages in strength-to-
weight ratio, it also has limitations in compressive strength
and damage tolerance, making fiber alignment critical for
optimal performance. Companies like Vestas and Siemens
Gamesa incorporate carbon fiber in the spar caps of large
blades, leveraging its strength despite the cost constraints
[35].

Wood, once a traditional engineering material, has limited
applications in modern turbine blades. Its tensile strength
depends on species, typically ranging from 50 to 100 MPa,
with a modulus of elasticity between 10 and 20 GPa.
Though wood can be a cost-effective choice, particularly
when sustainably sourced, its properties are generally
inferior to synthetic materials. While relatively
lightweight, wood is sometimes heavier than fiberglass or
carbon fiber, which can affect efficiency in turbine
applications.

Aramid and basalt fibers provide alternative
reinforcements to glass fibers. Aramid fibers, such as
Kevlar, are known for high mechanical strength,
toughness, and damage tolerance. However, they exhibit
low compressive strength, poor adhesion to polymer
resins, and are susceptible to moisture absorption and UV
degradation [37]. Basalt fibers, approximately 30%
stronger and 15-20% stiffer than E-glass fibers while
being 8-10% lighter, offer a cost-effective, lightweight
solution for small turbine applications [35, 38, 39].

Advanced composites, often combining multiple materials
for enhanced performance, emerge for wind turbine blades.
These composites typically have tensile strengths between
400 and 800 MPa and moduli of elasticity from 40 to 120
GPa. The enhanced fatigue resistance and strength of
advanced composites make them a promising, though
costly, choice for high-performance applications.

Hybrid composites that combine materials like E-glass
with carbon or aramid fibers offer a balanced option.
Replacing all glass fibers with carbon fiber can reduce
weight by up to 80%, though this approach increases costs
by about 150%. Partial replacement can achieve a 50%
weight reduction with a 90% cost increase, making it
practical for smaller turbines [40]. The 88.4-meter blade
by LM Wind Power, the longest blade globally, utilizes
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carbon/glass hybrid composites, demonstrating this
approach’s effectiveness in large-scale applications [41].

Growing awareness of synthetic materials’ environmental
impact has spurred research into biodegradable
alternatives. Natural fiber composites, including sisal, flax,
hemp, and jute, offer renewable, low-cost options with
partial biodegradability. These materials show potential,
with bamboo-poplar epoxy laminates emerging as
particularly promising due to bamboo’s rapid growth and
availability [42, 43]. However, moisture absorption in
natural fibers can lead to composite weakening, especially
in offshore environments where exposure to humidity is
high. Quality control also remains challenging due to
variability in natural fibers’ properties, which can impact
performance predictability. Despite limitations in tensile
strength and durability compared to synthetic fibers,
natural fibers are promising for applications where eco-
friendliness is prioritized [44].

In selecting matrix materials, thermosetting polymers, such
as epoxy, polyester, and vinyl ester, are common due to
their strength, rigidity, and thermal stability, which are
critical for withstanding the high loads on turbine blades.
However, these matrices are non-recyclable, posing
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environmental challenges at the end of life [45].
Thermoplastic ~ matrices, like  polypropylene and
polyamide, offer recyclability and better impact resistance,
which enhances durability. They can be remelted and
reformed, facilitating high-throughput production and
repairs, though they generally exhibit lower fatigue
resistance compared to thermosets [46].

Optimizing natural fiber composites for wind turbines
often involves thermosetting matrices to provide structural
durability. Thermoplastic matrices, while recyclable and
offering some flexibility in manufacturing, may perform
better in smaller turbines, where high loads are less
demanding. Although thermosetting matrices are more
durable, thermoplastics contribute significantly to
sustainability efforts in wind energy applications,
particularly when paired with natural fibers. The
mechanical properties of reinforcement and matrix
materials as well as the advantages and applications of
material properties for wind turbine blades are summarized
in Table 1 and 2.

Table. 1: Material Properties of Reinforcements and Matrices Used in Wind Turbine Blades.

Composites Tensile Strength (MPa) Young's Modulus (GPa) Density (g/cm3)
Fiberglass 700-1500 35-80 25
Carbon Fiber 3000-6000 230-600 1.6
Aramid (Kevlar) 2500-3000 70-120 1.44
Basalt Fiber 2000-4000 80-110 2.7
Advancedl\z ?]TEESS (Carbon 6000-20000 500-1000 13-18
Hybrid Varies Varies Varies
Sisal/Epoxy 200-500 5-10 1.2-15
Flax/Epoxy 100-300 6-13 1.4
Nanomaterials (e.g., Graphene) Up to 130,000 1000 1.3
Thermoset Matrices (e.g., Epoxy) 40-100 3-5 1.1-1.2
g |
www.ijaers.com Page | 37



http://www.ijaers.com/

Panagiotis

International Journal of Advanced Engineering Research and Science, 11(11)-2024

Table. 2: Advantages and Applications of Material Properties of Reinforcements and Matrices Used in Wind Turbine Blades.

Composites

Advantages

Applications

Fiberglass

Cost-effective, corrosion-resistant,
moderate strength

Widely used in wind turbine blades

Carbon Fiber

High strength-to-weight ratio, excellent
stiffness

High-stress areas, premium blade designs

Aramid (Kevlar)

Lightweight, high toughness, good impact
resistance

Parts needing impact resistance

Basalt Fiber

Sustainable, cost-effective, good thermal
and chemical stability

Sustainable wind turbine projects

Advanced Composites (Carbon

Extremely high strength and stiffness (e.g.,

Primarily in research; future reinforcement

Nanotubes) carbon nanotubes) applications
Hvbrid Tailored performance, balance of cost and Optimized performance areas in blade
y strength regions
Sisal/Epoxy Renewable, eco-friendly Non-load-bearing parts, eco-friendly
projects
Flax/Epoxy Renewable, eco-friendly, moderate Non-load-bearing parts, eco-friendly

mechanical properties

projects

Nanomaterials (e.g., Graphene)

Increases matrix properties, high
thermal/electrical conductivity

Reinforcement to improve fatigue life and
stiffness

Thermoset Matrices (e.g.,
Epoxy)

High strength, thermal stability, excellent
adhesion, resistance to deformation under
heat

Matrix for most fiberglass and carbon fiber
composites

Thermoplastic Matrices (e.g.,
Polyethylene, PEEK)

Tough, recyclable, lower processing time,
adaptable for lightweight applications

Matrix for recyclable composites, flexible
wind turbine parts

1. FAILURE MECHANISMS

begins. For unidirectional carbon fiber-reinforced epoxy

Wind turbine blades are subjected to various mechanical
and environmental stresses throughout their operational
lifespan, making them wvulnerable to a range of failure
mechanisms. Understanding these failure modes is
essential for improving blade design, selecting appropriate
materials, and enhancing the overall reliability of wind
energy systems. This section examines common failure
modes such as delamination, cracking, and erosion,
highlighting how material choices influence these
mechanisms and providing insights into the response of
different materials to environmental conditions (figure 1).

3.1 Delamination and Cracking

Delamination in wind turbine blades, particularly in fiber-
reinforced composites, represents a critical failure mode.
Key factors influencing delamination include energy
release rates (ERR), which quantify the force driving crack
growth. Mode-l (G)) characterizes crack opening under
tensile stress, while Mode-Il (Gy) describes shear-driven
delamination. The critical fracture toughness values (Gic
and Gyc) mark the thresholds at which delamination
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composites, Gic and Gyc were found to be 273 J/m? and
1177 J/m2, respectively [47, 48].
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Fig. 1: Frequency of wind turbine blade failure
mechanisms depending on the age of wind turbines [7].

In  composite laminates, mixed-mode delamination,
involving both tensile and shear forces, is common. The
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mode ratio (Gu/G) expresses the contribution of these
forces, with a range of 65% to 75%, indicating a dominant
role of shear forces [49]. Delamination testing, particularly
the End Notched Flexure with Roller (ENFR) method,
assesses both modes simultaneously, allowing for mixed-
mode delamination analysis by adjusting roller placement
and initial crack length. The fracture behavior is analyzed
through a fracture envelope relating G, and Gy, which
predicts crack propagation, described by the linear failure
criterion:

G

a4

G

The total ERR exceeds a critical threshold (Geq), initiating
delamination. ~ Aerodynamic  forces also  impact
delamination, as cyclic loads from varying wind speeds
and turbulence lead to repeated stresses, heightening
fatigue and delamination risk. High dynamic pressures
near the leading edge and loads at the spar caps, which
bear the blade’s primary load, further contribute to
delamination due to constant bending [50, 51]. Stress
concentrations at the blade root (figure 2) from torque and
aerodynamic forces, especially in tapered regions and ply-
drop transitions, exacerbate delamination under fatigue
loading [52].

Trailing Edge: Debonding of Adhesive
Joint or Buckling of Sandwich

Collapse and Buckling, often Triggered
J by Spar/Shell Adhesive Debonding

Root Region: Fatigue Delamination

|

Ply-drop

T

Leading-Edge: Rain Droplet Impacts
Leading to Erosion

Transition Region:
High Stress Concentration

Delamination Resin Pocket

Delamination at Ply-droj
Y P Picture Reprinted from Gurit

Fig. 2: The blade root, where high-stress concentrations
exist due to torque and aerodynamic loads, also
experiences delamination under these conditions.

(a) ()

Fig. 3: Preventive measures against delamination using
(a) staggered ply drops and (b) chamfered edges.

Areas prone to delamination, like ply drop-off regions,
experience interlaminar stresses due to ply termination.
Staggering ply drops, chamfering edges, and
reinforcement techniques such as Z-spiking reduce
delamination risks, especially in carbon fiber laminates,
which are more prone to delamination due to higher
modulus and lower compression strength than glass fiber
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laminates [53, 54, 55] (figure 3). Carbon fiber laminates
with ply-drop terminations, resin pockets, and stress
concentrators benefit from these preventive measures,
which improve blade integrity by optimizing the laminate
structure.

In Glass Fiber Reinforced Polymer (GFRP),
manufacturing defects like out-of-plane wrinkles critically
reduce fatigue life, with specimens showing a 66%
reduction compared to pristine laminates [56]. Due to
higher stiffness, crack initiation driven by fiber
misalignment and matrix or fiber interface propagation,
advances more quickly in Carbon Fiber Reinforced
Polymer (CFRP) (figure 4). This effect leads to earlier
delamination and faster crack growth, significantly
impacting blade fatigue life. In tension-compression
fatigue tests, CFRP laminates with wrinkles showed a
tenfold reduction in fatigue life compared to wrinkle-free
specimens [56-59].

The root region, where blade load transfers to the hub,
is particularly susceptible to delamination and adhesive
debonding. Stress concentrations due to abrupt laminate
transitions are amplified in areas near T-bolt connections,
posing risks of blade detachment if debonding occurs [60].

Effective distribution around these connections helps
alleviate stress concentrations, extending blade life (figure
5).

Fiber Misalignment  Bubbles in Matrix Debonding on Interface

Fiber Waviness

Defects in Adhesive

Fig. 4. Types of defects that cause cracking, and
delamination.

Qut-of-plane Wrinkle

_ Sandwich Foam Core
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Skin Cracks il
Core Failure

Skin-Core Debonding Skin-Core Debonding

Adhesive Debonding —,
Erosion

Gelcoat

"

Adhesive Debonding

Cohesive Debonding —
Spar Delamination ,
—— < Spar Cap Debonding  (a)

Fig. 5: Adhesive debonding and delamination zones on a
wind turbine blade.

Unsteady aerodynamic effects from turbulence and
gusts worsen delamination at mid-span and trailing edges,
where shear flow shifts quickly. Larger, more flexible
modern blades are especially prone to these effects, as
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increased flexing generates interlaminar shear forces.
Addressing these factors through design and material
selection is essential to enhance the durability of wind
turbine blades

3.2 Erosion

A mix of meteorological, material, and aerodynamic
factors significantly affect the erosion of wind turbine
blades. Rainfall intensity and drop size distribution (DSD)
are critical. Larger raindrops, characteristic of convective
rain, exert a greater force on blades, leading to surface
degradation [61-67]. Erosion severity escalates with higher
wind speeds during rain, as raindrop impact velocity raises
contact pressure on the blade surface, causing wave
propagation through protective layers that can result in
cracks and delamination [68]. For instance, increasing
impact speeds from 120 to 160 m/s can amplify peak stress
thrice or more [69]. Over time, surface erosion leads to
cracks in laminate layers and water ingress into bond lines,
reducing structural integrity and enabling more severe
damage if unaddressed [70, 71]. This erosion process also
diminishes the blade's fatigue resistance, compounding the
risk of structural failures (figure 6).

Material resistance to erosion depends on durability and
the capacity to withstand prolonged raindrop impact
without delamination. Thermoplastic polyurethane (TPU),
with its high mechanical resilience, shows promise for
leading-edge protection, providing superior durability
compared to other materials [72]. Environmental factors
like hail and airborne particles such as sand or dust worsen
erosion, especially in coastal and offshore environments
where solid particles combined with rain hasten surface
wear. The leading edge, being most exposed to
environmental impacts, is particularly vulnerable to these
effects. Besides erosion, lightning strikes are a significant
threat, especially near the blade tip, where they can cause
the debonding of skins from shear webs, leading to
structural weaknesses that, without timely repairs, risk
catastrophic failure. Additionally, rain erosion is a primary
cause of degradation, potentially lowering energy
production by 5% or more if left unrepaired [7].

Leading-Edge: Rain Droplet Impacts
Leading to Erosion

Erosion i é’ é,

Gelcoat *l \

et

Adhesive —T/

Debonding

Fig: 6: Leading edge: rain droplet impacts leading to
erosion.
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Surface roughness also affects erosion rates. Rougher
surfaces experience higher concentrations of stress |,
accelerating wear relative to smoother ones. Multilayered
protective coatings, particularly those with flexible
materials like TPU, help absorb impact stresses and resist
delamination when adhered effectively. Computational
models simulate droplet impacts and track stress
progression within laminate and coating layers, allowing
for optimized protective solutions [73, 74].

Aerodynamic performance further impacts erosion,
especially on the leading edge, which faces high
aerodynamic forces and pressure shifts. High-speed
airflow over the blade generates lift, but combined with
raindrops and particle impacts, it accelerates surface wear
[8]. Leading-edge roughness from erosion not only lowers
aerodynamic efficiency by increasing drag but also
amplifies erosion by introducing turbulence and stress on
the surface, potentially reducing annual energy production
(AEP) by 2-25% and increasing maintenance demands
[75]. Solutions like in-mold TPU coatings and enhanced
bonding aim to counter erosion and extend blade service
life, although these coatings may add aerodynamic drag.

Rain erosion testing, including rain erosion testers and
impact tests, evaluates material resistance to erosive
damage by simulating real-world impacts. These tests
provide essential data on long-term material durability for
the leading edge. Preventive strategies, such as advanced
coatings, leading-edge shields, and protective tapes, are
employed to minimize erosion damage and enhance blade
durability [8]. Implementing these measures supports
blade longevity and operational efficiency.

3.3 Environmental Effects

Wind turbine blades are continually exposed to varying
environmental  conditions,  including  temperature
fluctuations and moisture. Different materials respond
uniquely to these changes, influencing their long-term
performance and reliability. Thermal fluctuations create
stresses within the blade material. These stresses
potentially lead to delamination or cracking. For example,
carbon fiber composites typically have a lower coefficient
of thermal expansion compared to fiberglass, making them
less susceptible to dimensional changes with temperature
fluctuations. Even so, if not properly engineered, the
rigidity of carbon fiber can lead to issues when bonded
with materials that expand differently, resulting in stress
concentrations. Fiberglass, while more flexible, may
absorb moisture, which can also lead to thermal issues
when combined with temperature changes. In cases of
extreme temperature will increase the internal blade stress
and reduce the stability of stress concentration positions
[76].
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Moisture exposure can lead to swelling, reduced
mechanical properties, and increased susceptibility to
delamination in composite materials [77]. Swelling can
cause microcracking in resin weakened by hydrolysis,
which contributes to interfacial debonding at the
hydrolyzed interface and may accelerate physio-
mechanical degradation. [78-80]. For instance, fiberglass
can absorb water, which may degrade its mechanical
properties over time [81]. Carbon fiber, on the other hand,
is less hygroscopic but may still experience interfacial
degradation if the matrix material is not moisture-resistant
[82]. Advanced composites can be engineered with
hydrophobic properties or protective barriers to mitigate
moisture ingress, enhancing durability and lifespan [83].

Icing significantly impacts wind turbine performance and
safety. The formation of ice on the blade alters its
aerodynamic profile, reducing power output and
potentially compromising structural integrity [84-87]. The
severity of icing varies with temperature. Typically, it
occurs between -6°C and -14°C, with streamlined icing
prevalent at -20°C. The most vulnerable area is the blade
tip and the region extending 70% towards the root [88].
Key parameters influencing icing severity include icing
area, stationary thickness, and icing volume [89]. The
shape of the ice accretion tends to be more pronounced
near the blade tip. Between -16°C and -18°C, a hybrid ice
shape, combining characteristics of both horn and
streamlined icing, is often observed.

V. INNOVATIVE MATERIALS AND
TECHNOLOGIES

The ongoing quest for improved performance and
sustainability in wind turbine blades has led to the
exploration of innovative materials and technologies.
Among these, bio-based composites and nanomaterials are
gaining significant attention for their potential to enhance
longevity and performance. This section explores these
new materials and discusses recent advancements in
material science that could further improve wind turbine
blade design.

4.1 Exploration of New Materials
4.1.1 Bio-based Composites

Bio-based composites emerge as sustainable alternatives
for wind turbine blades. They are made from renewable
natural fibers like flax, jute, and hemp, combined with bio-
resins. These materials offer reduced environmental
impact, lower weight, and competitive mechanical
properties compared to traditional synthetic materials.
Studies have demonstrated that natural fibers provide
adequate tensile and flexural strength while remaining
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lightweight, essential for minimizing gravitational loads
and reducing tip deflection. For instance, flax blades have
shown to be 10% lighter than glass fiber blades while
maintaining durability under operational loads [90]. Hemp
and graphene-coated jute fibers have also displayed
mechanical properties comparable to or better than
synthetic materials, with the added environmental benefit
of carbon absorption [91].

However, challenges such as moisture absorption and
variability in fiber properties pose obstacles to fully
replacing synthetic composites. Hydrophilic natural fibers
can weaken the fiber-matrix interface. Their mechanical
properties may vary depending on environmental
conditions and fiber extraction methods [92].

Chemical  surface treatments and  nanomaterial
enhancements have been explored to improve adhesion
between fibers and matrices, thereby enhancing the
performance of bio-based composites [91, 93-96].
Research into bio-resins like Greenpoxy and EcoPoxy has
also shown promise in improving the mechanical strength
and sustainability of turbine blades, though these resins are
not yet fully biodegradable [97].

Moreover, bio-inspired adhesive solutions combining
mechanical interlocking and chemical bonding have been
developed, mimicking natural structures like nacre [98].
These engineered adhesives not only enhance the strength
and durability of the blade during operation but also allow
for disassembly and reuse at the end of its lifecycle. By
increasing shear modulus and damage tolerance through
mechanisms like fiber bridging, these adhesives improve
both the performance and sustainability of wind turbine
blades, supporting longer lifespans and recyclability.

Future advancements will focus on improving fiber
treatment, resin formulation, and optimizing fiber
orientation to maximize strength and stiffness. Leveraging
the mechanical advantages of bio-based composites, while
drawing inspiration from natural materials with tough and
resilient structures, could lead to more durable, efficient,
and environmentally friendly wind turbine blades. These
innovations aim to ensure the long-term reliability and
sustainability of wind energy systems.

4.1.2 Nanomaterials

Nanomaterials, characterized by their unique properties at
the nanoscale, are being explored for wind turbine blade
applications. Incorporating nanomaterials, such as carbon
nanotubes (CNTSs) or graphene, into traditional composite
matrices can significantly enhance mechanical properties,
fatigue resistance, and thermal stability [45]. For instance,
carbon nanotubes improve tensile strength and stiffness
while reducing weight [99, 100], leading to more efficient
and resilient blade designs [101, 102]. However, it should
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be noted that CNTs have a significant impact on
interlaminar fracture toughness and flexural strength,
while their effects on tensile strength and stiffness are
comparatively lower [103].

Additionally, nanomaterials provide enhanced resistance to
moisture and environmental degradation, which helps
extend the lifespan of blades [104]. Nanoparticles are
commonly used as fillers or additives in surface coatings,

International Journal of Advanced Engineering Research and Science, 11(11)-2024

incorporating materials like clay, carbon (such as SWCNT,
MWCNT, and CNF), and glass fibers [105, 106].
Furthermore, specific nanomaterials such as Al:Os, SiOa,
and ZrO: are used to increase mechanical and scratch
resistance, while CuO, TiO;, and ZnO are employed to
create antimicrobial surfaces. Nanoclay and graphene are
also used to improve gas barrier properties [105], offering
further protective benefits for the turbine blades.

Table 3: Material Properties of Bio-Based Composites and Nanomaterial Reinforcements for Wind Turbine Blades.

Material Tensile Strength (MPa) Young's Modulus (GPa) Density (g/cm3)
Bio-based Composites (e.g., _
Flax/Jute/Hemp with Bio-Resin) 50-500 530 12-15
Carbon Nanotubes (CNTSs) —
Single-Walled (SWCNT) Up to 130,000 1,000 13
Carbon Nanotubes (CNTSs) —
Multi-Walled (MWCNT) 3,000-7,000 600 18
Graphene Up to 130,000 ~1,000 ~1.3
Carbon Nanofibers (CNF) ~1,200 200-500 ~1.3
Aluminum Oxide (Al205) 300-500 70-400 ~3.9
Silicon Dioxide (SiO:) 70-130 50-75 ~2.2
Zirconium Dioxide (ZrO-) 300-700 ~200 ~5.6
Copper Oxide (CuO) 70-100 50-70 ~6.3
Titanium Dioxide (TiO-) 30-60 ~50 ~4.2
Zinc Oxide (ZnO) 40-70 ~60 ~5.6
Nanoclay 30-90 1-10 ~2.3

Recent studies have demonstrated that the addition of
nanomaterials can improve interfacial bonding between
fibers and matrices in composite materials. This enhanced
bonding is critical in reducing delamination and
strengthening the overall structural integrity of blades
under the cyclic loading conditions typical in wind turbine
operations. Even small amounts of CNTs (e.g., 0.2 wt%)
have shown remarkable improvements, increasing fatigue
life by over 1500% compared to traditional epoxy systems
[107]. Moreover, CNTs improve fracture toughness by up
to 60%, making the blades more resistant to crack
propagation and mechanical failure under stress [108]. The
large surface area and high aspect ratio of CNTs enable
superior stress transfer, thereby enhancing overall
durability. SiO. and Al:Os nanocomposites with varying
percentages of nanoparticles have also been fabricated and
tested to assess their feasibility in wind turbine blade
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construction.  According to the results [109],
nanocomposites with 1% Al:Os have demonstrated the
highest tensile strength, fatigue resistance, and optimum
hardness, marking them as a promising option for
reinforcing wind turbine blade materials. Although
manufacturing processes for nanocomposites can be
complex and costly, ongoing advancements aim to
optimize these processes, making them more viable for
large-scale applications. As larger wind turbines are
developed, the lightweight yet robust properties of CNT-
based nanocomposites offer a promising solution for
creating longer-lasting, high-performance blades that can
withstand demanding environmental and mechanical loads
over extended periods. The mechanical properties of bio-
based composites and nanomaterials as well as the
advantages and disadvantages of material properties for
wind turbine blades are summarized in Table 3 and 4
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Table., 4: Advantages and Disadvantages of Bio-Based and Nanomaterial-Reinforced Composites in Wind Turbine Blades.

Material

Advantages

Disadvantages

Bio-based Composites (e.g.,

Flax/Jute/Hemp with Bio-Resin)

Renewable, low-cost, lower
environmental impact,
biodegradability

Lower strength and durability than synthetic
composites, potential for moisture absorption

Carbon Nanotubes (CNTs) —
Single-Walled (SWCNT)

Extremely high strength, excellent
electrical and thermal conductivity

Expensive, challenging to disperse in resins,
inconsistent availability

Carbon Nanotubes (CNTs) —
Multi-Walled (MWCNT)

High strength and flexibility, good
electrical and thermal properties

Higher cost, more difficult to uniformly
distribute

Graphene

Exceptional mechanical and thermal
properties, increases resin strength and
conductivity

Costly, difficult to disperse evenly, requires
precise processing

Carbon Nanofibers (CNF)

Lightweight, high tensile strength,
enhances durability and stiffness

Relatively expensive, agglomeration in resins

Aluminum Oxide (Al2O5)

High hardness, improves scratch
resistance and thermal stability

Adds weight, cost may increase with higher
loading

Silicon Dioxide (Si0O-)

Increases scratch resistance, chemical
durability, and UV resistance

Adds density, performance highly dependent
on resin dispersion

Zirconium Dioxide (ZrQO-)

Excellent mechanical reinforcement,
high hardness, thermal resistance

Heavy, maybe costly, adds weight to the
composite

Copper Oxide (CuO)

Antimicrobial properties, thermal
stability

High density, potential health/environmental
concerns

Titanium Dioxide (TiO-)

Provides UV protection, antimicrobial
properties, increases hardness

Increases composite density, requires careful
handling

Zinc Oxide (ZnO)

UV-blocking and antimicrobial
properties, improves weather
resistance

Potential environmental concerns, limited
strength contribution

Nanoclay

Increases stiffness, improves barrier
properties, low cost

Can affect processing, relatively low
mechanical strength

4.1.3 Recent Advancements in Material Science

Recent advancements in material science have also
contributed significantly to enhancing wind turbine blade
performance. One notable development is the application
of advanced manufacturing techniques, such as additive
manufacturing (3D printing), which allows for greater
design flexibility and the creation of complex geometries
that optimize aerodynamic performance [101]. These
techniques enable the production of lightweight and
structurally efficient components. This can reduce the
overall weight of the blades and improve energy capture
[110].

Another significant advancement is the development of
smart materials that can respond to environmental stimuli.
These materials can change properties in response to
changes in temperature, moisture, or mechanical stress
[91]. For example, incorporating self-healing polymers
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into blade materials can enable the repair of micro-cracks
that may form during operation, extending the lifespan of
the blades and reducing maintenance costs [111].

Furthermore, ongoing research into hybrid materials that
combine the benefits of different material classes is
showing promise. For instance, integrating bio-based
fibers with advanced synthetic resins can create a
composite that leverages the sustainability of natural
materials while maintaining the superior performance
characteristics of traditional composites [112]. These
hybrid materials can lead to more sustainable wind turbine
blades without compromising performance [113].

In conclusion, the exploration of innovative materials and
technologies is pivotal for advancing the performance and
sustainability of wind turbine blades. Bio-based
composites and nanomaterials offer exciting possibilities
for enhancing blade longevity, while recent advancements

Page | 43



http://www.ijaers.com/

Panagiotis

in material science are paving the way for improved
manufacturing processes and the development of smart
materials [101]. As research continues to evolve, these
innovations will play a crucial role in optimizing wind
turbine design, ultimately contributing to the growth and
reliability of renewable energy sources [114].

V. RISK ASSESSMENT

The risk assessment of wind turbine blades depends
heavily on the choice of materials, as each material type
presents  distinct mechanical, environmental, and
manufacturing-related risks. This section evaluates the
risks associated with glass fiber reinforced polymer
(GFRP), carbon nanotube (CNT) composites, natural fiber
composites, carbon fiber reinforced polymer (CFRP), and
hybrid composites, with attention to their implications for
blade  performance, environmental impact, and
recyclability.

5.1 Mechanical Performance Risk

Each material used in wind turbine blades carries risks
related to its mechanical behavior under operational
stresses. Widely used due to its affordability and
satisfactory strength (tensile strength ~1,100 MPa), GFRP
still faces risks of fatigue and material degradation. These
risks include potential blade failure due to dynamic
loading or environmental exposure, such as UV radiation
and saltwater, which can weaken the material over time.
For example, GFRP blades installed offshore often
degrade from moisture and saltwater, leading to crack
propagation and delamination [115]. Inadequate risk
assessments that fail to account for these environmental
factors may result in premature blade failures, increasing
repair costs and reducing turbine efficiency. CNT
composites offer exceptional mechanical properties,
including tensile strengths up to 7,000 MPa and superior
fatigue resistance, potentially extending the operational
lifespan of blades. However, long-term performance data
for CNT composites is limited. There are concerns about
their behavior under cyclic loads in harsh environments,
introducing uncertainties regarding durability [116].
Premature failure due to unforeseen material degradation
or fatigue poses a significant risk for CNT-based blades
[101].

Natural fiber composites, such as flax fiber reinforced
polymers, have tensile strengths ranging from 500-900
MPa, which limits their use to smaller, onshore turbines.
The primary risk associated with these materials is their
lower mechanical performance compared to synthetic
fibers, increasing the likelihood of mechanical failure
under high loads or fatigue over time. Moisture absorption
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is also a concern, as it can degrade the material’s structural
integrity [117].

CFRP, known for its high strength-to-weight ratio (tensile
strength >3,500 MPa), is suitable for large offshore
turbines. However, CFRP blades are prone to brittle failure
without significant deformation, making any undetected
flaws or stress concentrations critical risks that could lead
to catastrophic failure. Additionally, despite its excellent
fatigue resistance, the sudden and unpredictable nature of
CFRP failures poses a significant safety risk in high-
demand applications [118].

Hybrid composites, combining GFRP and CFRP, offer a
balance of cost and mechanical performance (~2,500 MPa
tensile strength). However, material incompatibility
between fiberglass and carbon fibers can lead to internal
stresses and delamination, particularly under cyclic loads.
This presents a potential failure risk over time, especially
in offshore applications where exposure to varying
environmental conditions could exacerbate such issues
[119].

5.2 Environmental Risk

The environmental impact of wind turbine blades,
particularly concerning the materials used, is another
critical factor in risk assessment. While cost-effective,
GFRP blades produce significant CO2 emissions during
production (5-7 kg CO2/kg) and are difficult to recycle at
the end of their life. Most GFRP blades are disposed of in
landfills, contributing to long-term environmental
degradation [120]. Regulatory risks are also a concern, as
future legislation may impose restrictions on landfill use or
introduce stricter recycling mandates, which would
increase the lifecycle cost and environmental burden of
GFRP blades. CNT composites, despite their excellent
performance characteristics, present significant
environmental risks due to their high production energy
demands (200+ MJ/kg) and the unresolved issue of
nanomaterial toxicity in the environment [121]. The risks
associated with their disposal or potential degradation in
the environment are not fully understood, and their
recyclability remains underdeveloped. This uncertainty
creates a significant environmental risk in adopting CNT
composites for large-scale turbine use [122].

Natural fiber composites, on the other hand, offer a more
sustainable alternative with lower CO2 emissions during
production (1-2 kg CO2/kg) and biodegradability at the
end of their life [123]. The main environmental risks with
natural fiber composites are related to resource
sustainability, as large-scale production could pressure
agricultural systems [124]. However, from a lifecycle
perspective, these materials present the lowest
environmental risks among the options considered.
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CFRP is associated with high CO2 emissions during
production (29 kg CO2/kg), largely due to the energy-
intensive manufacturing process, which consumes up to
180 MJ/kg [125]. End-of-life disposal presents a
significant risk, as the recyclability of CFRP is limited,
and most blades are either incinerated or sent to landfills
[126]. The long-term environmental risks of CFRP
disposal, combined with potential regulatory shifts toward
stricter environmental policies, present substantial
challenges for the use of CFRP in wind turbine blades
[127].

Hybrid composites mitigate some environmental risks by
combining materials with lower production energy
requirements, but they still face challenges in terms of
recycling [128]. As hybrid blades reach the end of their
operational life, the combination of different materials
makes recycling difficult, and most blades will likely be
landfilled or incinerated, contributing to environmental
harm [129].

5.3 Manufacturing Risk

Manufacturing processes for wind turbine blade materials
are complex and energy-intensive, introducing additional
risks [130]. GFRP, produced through resin transfer
molding (RTM) at energy levels of around 30 MJ/Kg, is
relatively straightforward to manufacture. Quality control
during production is critical, as any defects could result in
premature blade failure, increasing maintenance costs and
reducing operational efficiency.

CNT composites present significant manufacturing risks
due to the complexity and high energy demands of their
production processes. Techniques such as high shear
mixing and the incorporation of nanomaterials require
precise control and specialized equipment [131]. The high
cost and risk of manufacturing defects, such as
inconsistent CNT dispersion, make these materials less
appealing for large-scale production at present.

Natural fiber composites are less energy-intensive to
produce (10-20 MJ/kg), but their production risks include
inconsistent fiber quality and performance variability.
Natural fibers are subject to environmental factors during
growth, leading to batch-to-batch variations in mechanical
properties [132]. Ensuring uniformity in the final
composite is challenging, and poor-quality control during
production could lead to blades with suboptimal
performance or premature failure.

CFRP production is highly energy-intensive (150-180
MJ/kg) and involves complex processes such as high-
temperature curing. Risks during manufacturing include
fiber misalignment, incomplete resin curing, and the
formation of voids, all of which can weaken the blade and
reduce its lifespan [133]. The high costs and energy
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demand of CFRP production also introduce financial risks,
particularly for large-scale offshore turbines, where cost
efficiency is paramount [134].

Hybrid composites reduce some of the manufacturing
complexities of CFRP but still require careful control of
fiber alignment and resin curing. One risk is the potential
for material incompatibility between the fiberglass and
carbon fiber components, which can lead to internal
stresses and delamination during operation. This
necessitates stringent quality control measures to avoid
defects that could compromise blade performance [135].

Each material used in wind turbine blades carries risks
related to its mechanical behavior under operational
stresses. GFRP, widely used due to its affordability and
satisfactory strength (tensile strength ~1,100 MPa), still
faces risks of fatigue and material degradation, especially
under offshore conditions. These risks include potential
blade failure due to dynamic loading or environmental
exposure, such as UV radiation and saltwater, which can
weaken the material over time. For example, GFRP blades
installed offshore often degrade from moisture and
saltwater, leading to crack propagation and delamination
[115]. Inadequate risk assessments that fail to account for
these environmental factors may result in premature blade
failures, increasing repair costs and reducing turbine
efficiency. CNT composites offer exceptional mechanical
properties, including tensile strengths up to 7,000 MPa and
superior fatigue resistance, potentially extending the
operational lifespan of blades. However, long-term
performance data for CNT composites is limited, and there
are concerns about their behavior under cyclic loads in
harsh environments, introducing uncertainties regarding
durability [116]. Premature failure due to unforeseen
material degradation or fatigue poses a significant risk for
CNT-based blades [101].

Natural fiber composites, such as flax fiber reinforced
polymers, have tensile strengths ranging from 500-900
MPa, which limits their use to smaller, onshore turbines.
The primary risk associated with these materials is their
lower mechanical performance compared to synthetic
fibers, increasing the likelihood of mechanical failure
under high loads or fatigue over time. Moisture absorption
is also a concern, as it can degrade the material’s structural
integrity [117].

CFRP, known for its high strength-to-weight ratio (tensile
strength >3,500 MPa), is suitable for large offshore
turbines. However, CFRP blades are prone to brittle failure
without significant deformation, making any undetected
flaws or stress concentrations critical risks that could lead
to catastrophic failure. Additionally, despite its excellent
fatigue resistance, the sudden and unpredictable nature of
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CFRP failures poses a significant safety risk in high-
demand applications [118].

Hybrid composites, combining GFRP and CFRP, offer a
balance of cost and mechanical performance (~2,500 MPa
tensile strength). However, material incompatibility
between fiberglass and carbon fibers can lead to internal
stresses and delamination, particularly under cyclic loads.
This presents a potential failure risk over time, especially
in offshore applications where exposure to varying
environmental conditions could exacerbate such issues
[117].

VI. CONCLUSION

In summary, this study highlights the importance of
material selection and design optimization in extending the
lifespan of wind turbine blades. Traditional composites
like glass fiber reinforced polymers (GFRP) and carbon
fiber reinforced polymers (CFRP) continue to offer high
strength-to-weight ratios and fatigue resistance. However,
their environmental impact, particularly in terms of energy
consumption during production and challenges in
recyclability, remains a concern. Nanomaterials, such as
carbon nanotubes (CNTSs), present a promising pathway to
enhance blade performance. These materials significantly
improve mechanical properties, especially in terms of
fatigue resistance and durability under cyclic loads.
Despite these advancements, the high cost and complex
manufacturing processes of nanomaterials pose barriers to
large-scale adoption.

Bio-based composites, on the other hand, present a more
sustainable alternative, with lower carbon footprints and
potential for biodegradability. These materials offer
comparable performance to GFRP in specific applications,
particularly for small- to medium-sized turbines. The
ongoing research into bio-based resins and improved fiber
treatments further positions natural fiber composites as
viable options for the future, although their mechanical
limitations restrict their use in large, offshore turbines.
From an environmental perspective, hybrid composites
offer a middle ground by balancing the performance
benefits of both fiberglass and carbon fiber while
somewhat reducing the environmental burden of their
production. However, recyclability challenges remain an
issue for all synthetic composites. Moving forward,
continued research and development in material science,
particularly in enhancing the mechanical properties of bio-
based materials and optimizing the production processes
for nanocomposites, will be critical in achieving both high-
performance wind turbine blades and sustainability goals.
These advancements will greatly enhance the long-term
viability of wind energy systems by boosting blade
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durability, lowering maintenance costs, and reducing the
environmental impact of wind turbine components.
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