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Abstract Nanocomposites reinforced with carbon nanotubes (CNTs) or graphene-based
materials have garnered increasing attention for improving the structural performance of engi-
neering systems, owing to their exceptional mechanical properties. Accordingly, the mechanical
behaviors and applicability of both nanocomposites have been intensively investigated, but the
studies on both composites have been mostly investigated separately. In this context, this study
intends to investigate which is better for wind turbine blade applications, where both lightweight
and high-strength and high-durability are critical. The comparisons are made in terms of static
bending and torsion, free vibration and fatigue life which are analyzed by finite element analyses.
Finite element wind turbine models are generated based on the 61.5 m SNL reference design
by Sandia National Laboratories, incorporated with the appropriate theories for deriving the ef-
fective material properties and evaluating the fatigue lives. The comparative numerical experi-
ments are carried out for CNT- and graphene-reinforced wind turbine blades as well as the con-
ventional glass fiber reinforced (GFRP) one. The numerical results reveal that the performance
of conventional GFRP wind blade has been remarkably improved when GFRP was replaced
with carbon-based nanocomposites. Between two nanocomposites, the graphene-reinforced
composite is found to be better suited for wind turbine applications.

1. Introduction

The recent escalation in global energy demand, combined with the urgent need to mitigate
climate change caused by greenhouse gas emissions, has led to growing interest in renewable
energy technologies. Among available options, wind energy stands out as one of the most prom-
ising forms of future energy, alongside solar power, due to its minimal geographical constraints
and potential for large scale power generation. As the wind energy sector continues to expand,
efforts to increase their size for improved energy output have accelerated, introducing a series
of engineering challenges such as higher structural loads, increased mass, and the demand for
enhanced fatigue resistance. Notably, the blade has a direct impact on both the system’s energy
generation efficiency and structural reliability. To address these issues, various advanced mate-
rials have been investigated for their potential to improve strength and reduce weight, including
basalt fiber composites [1, 2], carbon fiber composites [3], and bamboo-based natural fiber com-
posites [4, 5].

Nanocomposites incorporating advanced nanomaterials have attracted substantial interest,
particularly with the rapid progress in nanotechnology since the early 21st century. Compared to
conventional composites, nanocomposites exhibit much shorter surface-to-surface interparticle
distances and significantly larger interfacial areas of nandfillers at the same volume fraction,
which contribute to their superior strength to weight performance [6]. Among various candidates,
carbon nanotubes (CNTs) and graphene-based materials have emerged as the most prominent
nanofillers due to their exceptional mechanical and physical properties. These materials have
found widespread applications across diverse sectors, including aerospace, automotive, elec-
tronics and smart sensors, construction, and biomedical engineering. Fig. 1 illustrates the
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Fig. 1. Number of publications retrieved using the topic search terms “carbon
nanotube composites” and “graphene composites” from 2004 to 2024 within
the Clarivate Analytics database.

publication trends over the past two decades based on a topic
search for “carbon nanotube composites” and “graphene com-
posites” using the Clarivate Analytics database, confirming the
continued research activity in this field.

The integration of nanomaterials into the wind turbine blades
has been the focus of numerous studies. Ma and Zhang [7], for
instance, evaluated the potential of CNT/polymer nanocompo-
sites by examining both structural integrity and multifunctional
capabilities, highlighting their superior mechanical strength, fa-
tigue resistance, and thermal and electrical properties, while
also pointing out challenges such as poor dispersion and high
costs. Similarly, Buyuknalcari et al. [8] emphasized that the per-
formance of CNT composites is strongly influenced by factors
including nanotube diameter, alignment, interfacial interactions,
and dispersion quality. Boncel et al. [9] presented a comprehen-
sive review of the experimental and theoretical studies pub-
lished to date, offering a systematic overview of the potential for
CNT composites in wind blade applications. In contrast, despite
the high potential of graphene-based materials as nandfillers,
studies applying them to wind turbine blades have remained lim-
ited. Therefore, the authors of this study previously investigated
the application of graphene platelets (GPLs) to a full scale wind
blade model, analyzing key mechanical performances such as
bending and vibration responses, deflection and stress concen-
tration due to fatigue cracking, weight reduction, and cost effec-
tiveness [10-13].

Despite the excellent mechanical performance of both CNTs
and graphene-based fillers, their characteristics differ signifi-
cantly in terms of mechanical properties, dispersion, fabrication,
and cost-effectiveness, as demonstrated by Su et al. [6], who
conducted a comprehensive analysis of multi-walled carbon
nanotubes (MWCNTSs)- and GPLs-reinforced nanocomposites.
Punetha et al. [14] reviewed various covalent and non-covalent
functionalization techniques applied to CNTs and graphene, and
compared their effects on the mechanical, electrical, and ther-
mal properties of the resulting composites, along with improve-
ments in dispersion. They pointed out that, compared to CNTs,
graphene presents greater challenges in dispersion or alignment

using techniques such as mechanical stretching, electrical fields,
magnetic fields, and spinning processes. Additional compara-
tive studies have also been reported, including structural perfor-
mance evaluations using finite element analysis (FEA) [15], and
assessments of sensor applicability [16]. Given that material-
level differences can significantly influence the structural behav-
ior of large-scale composite systems such as wind turbine
blades, the choice of nanofillers must be guided by a careful bal-
ance between structural reliability and economic viability, high-
lighting the importance of quantitative evaluation during the de-
sign process.

To address these issues, this study compares the structural
performance of wind turbine blades reinforced with CNT- and
graphene-based materials, focusing on bending and torsional
stiffness, vibration behavior, and fatigue life. Furthermore, an
economic analysis is performed to comprehensively assess the
practical feasibility of CNT and graphene reinforcements. Sec-
tion 2 details the material modeling techniques for the nanocom-
posites and the development of a full-scale finite element model
of the wind turbine blade. Section 3 presents the results of the
structural simulations and economic evaluation based on the
developed model. Finally, Section 4 summarizes the main find-
ings and significance of this study.

2. Finite element modeling
2.1 Material modeling

Nanocomposites reinforced with CNTs or graphene-based
materials have attracted sustained interest in advanced materi-
als engineering due to their exceptional combination of low
weight and high strength. However, these materials are prone
to aggregation within the composite matrix as a result of inter-
molecular interactions such as van der Waals forces and di-
pole—dipole interactions. This aggregation often leads to a dete-
rioration of material properties, which remains a major unre-
solved issue highlighted in numerous studies. While the disper-
sion of CNTs can be improved to some extent through external
forces, including mechanical stretching, electrical fields, and
spinning processes, graphene-based reinforcements continue
to pose significant challenges in terms of effective dispersion
control [14]. In addition, the Halpin—Tsai model, which is widely
used to estimate the properties of fiber-reinforced composites,
has been reported to yield significantly reduced accuracy at
higher weight fractions of reinforcement [17, 18]. To address
these limitations, the present study restricts the weight fraction
of nanofillers to a maximum of 0.3 wt%, based on the results
shown in Fig. 2, in order to improve the accuracy of material
modeling and minimize the influence of aggregation-related
property degradation in nanocomposites.

It should also be noted that the use of single-walled carbon
nanotubes (SWCNTs) and monolayer graphene sheets in in-
dustrial applications remains limited due to their substantially
high production costs. In this study, therefore, the analysis fo-
cused on more cost-effective alternatives: MWCNTs and GPLs.




Journal of Mechanical Science and Technology 39 (0) 2025

DOI 10.1007/s12206-025-0000-0

80

+— 0.3 wt%

-©- Shokrieh et al. [17]

-8B~ Zhang et al. [19]

3¢ Wei et al. [20]

4| & Shenet al. [21]

A Alexopoulos et al. [22] (M-15)

=&~ Alexopoulos et al. [22] (C-750)

20 T T T T T T T I T
0.0 0.2 0.4 0.6 0.8 1.0

Weight fraction of GPLs (wt%)

Ultimate tensile strength (MPa)

Fig. 2. Variation in ultimate tensile strength of GPL-reinforced nanocompo-
sites due to GPL content and aggregation.

The Poisson’s ratio v and the density p of the resulting nano-
composites, namely carbon nanotube reinforced composites
(CNTRCs) and graphene platelet reinforced composites
(GPLRCs), were calculated using the rule of mixtures given by

Meﬁ - Mnano Vnano * Mm Vm M

Here, M and V denote the material property and volume fraction,
while the subscripts eff, nano, and m refer to the effective prop-
erty of the nanocomposite, the nandfiller, and the matrix, respec-
tively.

In contrast, the elastic modulus E was estimated with higher
accuracy using the Halpin—Tsai model [23,24], which considers
the size and shape of the nandfillers, which is given by

_3 l+a(4-1), /(A+a)x
T 1-(4a-1p, /(d+a) "
1+2(4-1), /(4+2)

—(A-1p,(4+2)

(2)

3.
8

with @=2ley /deyy A=4t0,Ecyy [ (dey,E,) , Vi =Venr for
CNTRC. Here, fovr, dewr, and fovr denote the length, di-
ameter, and wall thickness of the CNT, respectively. The values
used in this study are ¢ cvr =20um - deyy =20nm - £y, =1.50m
For GPLRC, @=W +L)/t, A=Eq, /E,V,=Ve  Here, L, W,
and ¢ represent the length, width, and thickness of the GPLs,
respectively. In this study, the values were set to L=2.5um
W=15um and t=1.5nm [24).

This study assumed that the MWCNTs and GPLs were uni-
formly dispersed and exhibited isotropic behavior within the ma-
trix. Table 1 presents the material properties of the matrix and
nanofillers used in the study, along with the calculated properties
of the nanocomposites based on Egs. (1) and (2).

As highlighted by Kim and Cho [25], a full replacement of
glass fiber reinforced composites in wind turbine blades with

Table 1. Material properties of Epoxy (matrix), nanofillers, and nanocomposites.

Material E (GPa) Vi2 0 (kgim?)
Epoxy 3 0.340 1200
MWCNT 450 0.305 624
GPL 1010 0.186 1060
0.1 wt% MWCNT 3.10 0.340 1199
0.2 wt% MWCNT 3.21 0.340 1198
0.3 wt% MWCNT 3.31 0.340 1197
0.1 wt% GPL 3.39 0.340 1200
0.2 wt% GPL 3.77 0.340 1200
0.3 wt% GPL 4.16 0.339 1200

Table 2. Material properties of SNL(Triax): experimentally characterized by
Resor [26] and theoretically evaluated in the present study.

SNL (Triax)  |E1 (GPa)| Ex(GPa) |Gz (GPa)| vio | p (kgim?)

Neat GFRP[26] | 27.70 | 1365 720 | 039 | 1850
Neat GFR (Present)| 27.74 | 1248 823 | 038 | 1850
0.1wt% MWCONT | 27.94 | 1281 831 | 038 | 1849
02wt% MWCNT | 2814 | 13.15 840 | 038 | 1849
0.3wt% MWCNT | 28.33 | 1347 848 | 038 | 1849
0.1wt% GPL | 2847 | 1372 854 | 038 | 1850
02wt% GPL | 2018 | 14.90 884 | 038 | 1850
03w%GPL | 2986 | 16.04 913 | 038 | 1850

nanocomposites such as CNTRCs or GPLRCs may lead to a
significant reduction in fatigue life due to the relatively poor fa-
tigue performance of nanocomposite materials. To address this
issue with a more practical and realistic approach, this study
considers a limited application in which only the matrix of the
conventional glass fiber composite is substituted with a nano-
composite. Accordingly, it should be clearly noted that the
weight fractions of nandfillers specified in this study are defined
with respect to the matrix material, not the entire glass fiber re-
inforced composite (GFRP).

The wind turbine blade model used in this study is based on
the SNL (Triax) composite, a material fabricated by combining
unidirectional and bidirectional glass fiber laminates—specifi-
cally, E-LT-5500 (UD) and Saertex (DB). To accurately deter-
mine the material properties of SNL (Triax), the properties of E-
LT-5500 (UD) and Saertex (DB) were theoretically derived. The
Halpin—-Tsai model was employed for E-LT-5500 (UD), while
classical laminate theory was applied to Saertex (DB). The reli-
ability of the derived theoretical values was validated by com-
paring them with experimental data reported by Resor [26]. Ta-
bles A1 and A2 in Appendix present a comparison between the
theoretical and experimental properties of E-LT-5500 (UD) and
Saertex (DB), while Table 2 summarizes the resulting properties
of the combined SNL (Triax) composite, which is hereafter re-
ferred to as GFRP, along with those of the nanocomposite-rein-
forced GFRP.
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Fig. 4. Developed 5MW SNL 61.5 m wind turbine blade model: finite element
model (left) and stress distribution under the rated wind speed (right).

2.2 Blade modeling

Wind turbine blades are typically composed of laminated
composites in which various materials are functionally distrib-
uted to meet structural requirements. To ensure high accuracy
in computational analysis, it is essential to precisely model not
only the blade geometry but also the detailed configuration of
the composite layups. In this study, a SMW-class wind turbine
blade was selected as the reference model for finite element
analysis. The geometry and material modeling of the blade was
developed based on the design data of the SNL 61.5 m blade
model reported by Resor [26]. The blade geometry accounts for
spanwise variations in airfoil profiles, chord length, twist angle,
and aerodynamic center. The composite layups were modeled
to vary according to the spanwise location and across seven key
structural sections: the leading edge (LE), LE panel, spar cap,
trailing edge (TE), TE reinforcement, TE panel, and shear web.
Fig. 3illustrates the variation in thickness of each composite ma-
terial along the blade span. Additional details on the blade model
can be found in the report by Resor [26].

In aerodynamic load analysis of wind turbine blades, compu-
tational fluid dynamics (CFD) and blade element momentum
theory (BEMT) are commonly employed. In this study, aerody-
namic loads were computed using BEMT, which offers a bal-
ance between computational efficiency and accuracy. The de-
tailed methodology for aerodynamic load calculations based on

BEMT can be found in the authors’ previous publications [10,12].

Fig. 4 presents the stress distribution at the rated wind speed of
11.4 m/s, as obtained from the finite element model developed

Table 3. Material mass distribution in the SNL 61.5 m wind turbine blade.

Mass (kg)
Model Gelcoat| ELT-9500 (Saertex| SNL | |Carbon| .
(UD) (DB) | (Triax) (UD)
Present 29 338 921 8726 |4160| 2655 (16829
Chelgo‘“ita" 29 376 916 | 8784 |3953| 2638 |16696
Table 4. Natural frequency of the SNL 61.5 m wind turbine blade.
Natural frequency (Hz)

Model 1st 1st 2nd 2nd 3rd 1st
Flap- | Edge- | Flap- | Edge- | Flap- | Tors-
wise | wise | wise | wise | wise ion

Present 0.842 | 0.993 | 2.727 | 3.592 | 5.726 | 6.728

Resor [26] 0.870 | 1.060 | 2.680 | 3.910 | 5.570 | 6.450

Shakyaetal. [31] | 0.900 - 2.850 - 6.410 | 6.650
Johnson & Hsu [32] | 0.919 | 1.055 | 2.811 | 3.887 | 5690 | 6.715
Thapa & Missoum [33]| 0.840 | 0.969 | 2.410 - - -
in this study.
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To ensure the validity of the various analyses and results pre-
sented in Section 3, it is essential to verify the reliability of the
wind turbine blade model developed in this study. For numerical
simulation, the commercial finite element analysis software
midas-NFX was used. The analysis model was created using
four-node quad elements, with an element size of 0.08 meters
by 0.08 meters, consistent with the mesh size reported in Resor
[26]. To accurately capture the laminated composite structure of
the blade and its load transfer behavior, ‘composite shell prop-
erties’ within midas-NFX were assigned to the elements. Tables
3 and 4 compare the mass and natural frequencies of the pre-
sent model with those from previous studies, while Fig. 5 pre-
sents a comparison of deflection and torsional deformation be-
havior. The results indicate a good agreement in mechanical
characteristics between the present and reference models, con-
firming the reliability of the simulation results of this study.

3. Numerical results

In the design of engineering structures, a thorough evaluation
of both mechanical performance and cost-effectiveness is es-
sential to ensure structural safety and long-term sustainability.
This becomes particularly important when advanced materials
such as nanocomposites are introduced, as uncertainties in their
behavior may lead to unexpected outcomes. In this context, the
present study aims to assess the structural performance and
cost-effectiveness of wind turbine blades reinforced with either
MWCNTs or GPLs, and to evaluate the applicability of these
nanocomposites in wind blades. This section presents a sys-
tematic analysis in which the MWCNT- and GPL-reinforced
glass fiber composites, developed using the Halpin-Tsai model
and classical laminate theory as described in Section 2, are ap-
plied to the validated wind turbine blade model. The resulting
bending and torsional behavior, vibration characteristics, fatigue
performance, and cost analysis are comprehensively examined.

3.1 Static bending and torsional deformation

As shown in Fig. 6, the deflection behavior of wind turbine
blades is generally categorized into flapwise and edgewise di-
rections. Among these, flapwise deflection tends to be greater
than edgewise deflection due to the influence of aerodynamic
loads. In evaluating the global structural response of engineer-
ing systems, it is important to consider not only bending defor-
mation but also torsional deformation. For wind turbine blades
in particular, torsional behavior about the spanwise axis is a crit-
ical factor in structural reliability. Table 5 presents the relative
reductions in maximum flapwise and edgewise deflections, as
well as torsional deformation, with respect to the weight fraction
of nanofillers when MWCNT- and GPL-reinforced glass fiber
composites are applied to the blade. The results indicate that
increasing the weight fraction of nandfillers leads to an overall
reduction in deformation, which is attributed to the improved stiff-
ness of the glass fiber composites. Among the different

Table 5. Relative reductions (%) in maximum flapwise, edgewise, and tor-
sional deformations with respect to Neat GFRP.

MWCNTs GPLs
0.1wt% [0.2wt%| 0.3wt% |0.1wt%| 0.2 wt% |0.3 wt%
Flapwise -0.22 -0.37 -0.53 065 | -1.12 | -1.66
Edgewise -0.85 -1.71 -2.58 -333 | -553 | -8.89
Torsional 966 |-1049 | -11.32 | -11.34 | -13.72 | -15.99

Deflection
mode

Edgewise

Fig. 6. Deflection directions of a wind turbine blade.

deformation modes, torsional deformation showed the greatest
reduction, followed by edgewise and then flapwise deflection.
Notably, even at a low reinforcement level of 0.3 wt%, the max-
imum torsional deformation was reduced by approximately 11
percent with MWCNTSs and 16 percent with GPLs. These find-
ings suggest that reinforcing glass fiber composites with nano-
materials can provide meaningful structural enhancement with-
out a significant increase in blade weight, and that GPLs may
offer greater reinforcement effectiveness than MWCNTSs. While
presenting higher nanofiller weight fractions could make the ob-
served trend more evident, contents beyond 0.3 wt% were in-
tentionally excluded to prevent modeling uncertainties, as out-
lined in Section 2.1.

3.2 Free vibration

Vibration characteristics are considered a critical factor in
evaluating the safety of rotating structures., In the case of wind
turbine blades, the potential for resonance must be carefully ex-
amined during the design and verification stages. In this study,
the natural frequencies of wind turbine blades reinforced with
MWCNTSs and GPLs were analyzed, and the results are sum-
marized in Table 6. The analysis showed that, in all reinforced
cases, the natural frequencies increased compared to those of
the neat GFRP blade. This trend was more pronounced when
GPLs were used as reinforcement, indicating a greater impact
on stiffness than MWCNTs.

When evaluating the vibration characteristics of rotating struc-
tures such as wind turbine blades, Campbell diagrams are
widely used to visualize the interaction between natural frequen-
cies and estimated excitation frequencies, thereby enabling the
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Table 6. Natural frequencies of wind turbine blades with and without nano-
fillers.

Natural frequency (Hz)
MWCNTs GPLs
0.1 wWt% [ 0.2 wt% [ 0.3 wt% | 0.1 wt% | 0.2 wt% | 0.3 wt%
0.8435 | 0.8449 | 0.8463 | 0.8475 | 0.8520 | 0.8563
0.9944 | 0.9966 | 0.9988 | 1.0009 | 1.0087 | 1.0166
2.7406 | 2.7434 | 2.7462 | 2.7483 | 2.7573 | 2.7662
3.5905 | 3.6022 | 3.6141 | 3.6240 | 3.6637 | 3.7028
5.7817 | 5.7918 | 5.8026 | 5.8079 | 5.8400 | 5.8699
7.0442 | 7.0785 | 7.1158 | 7.1214 | 7.2296 | 7.3344

Mode Neat
GFRP

0.8415
0.9930
2.7269
3.5918
5.7255
6.7280
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Fig. 7. Campbell diagram of the wind turbine blade composed of neat GFRP.

assessment of potential resonance conditions. Fig. 7 presents
the Campbell diagram for a wind turbine blade made of neat
GFRP. In this diagram, 1P refers to the rotor's rotational fre-
quency, while 3P corresponds to the blade shadowing fre-
quency, which occurs as the blade passes in front of the tower.
These are critical harmonic excitations that must be considered
in blade design. As shown in Fig. 7, the natural frequencies of
the neat GFRP blade do not intersect with either 1P or 3P within
the typical operating speed range of the rotor, indicating a low
likelihood of resonance. Furthermore, when nanofillers are intro-
duced, the first and second mode natural frequencies increase
(see Table 6), which widens the separation from harmonic exci-
tations and enhances resonance safety. In particular, the blade
reinforced with GPLs exhibits higher natural frequencies than
the one reinforced with MWCNTS, suggesting that GPLs offer
better structural safety against potential resonance.

3.3 Fatigue life estimation

Wind turbine blades are continuously subjected to cyclic wind
loads and unpredictable environmental conditions throughout
their service life. These factors can adversely affect the long-
term structural integrity of the blade. Among them, fatigue
caused by repeated loading is one of the primary mechanisms

Frequency (cycle/min)
0 0.1 0.2 0.3 0.4 0.5
120 L 1 I 1 12

—— Time-domain stress spectrum
=-=- Fast Fourier transform

100 !
1
80—
i

60 |

Stress (MPa)
Amplitude spectrum

40+

T
0 10 20 30 40 50 60
Time (min)

Fig. 8. llustration of stress time history and its corresponding transformation
into the frequency domain.

that compromise structural health, as micro-defects can accu-
mulate over time, develop into cracks, and eventually lead to
failure. Therefore, quantitative evaluation of fatigue life, along-
side yielding and buckling, is a critical design consideration in
the structural analysis of wind turbine blades. Based on this con-
text, this section presents a comparative analysis of the fatigue
life of wind turbine blades reinforced with MWCNTs and GPLs,
respectively.

The ideal approach for evaluating the fatigue life of wind tur-
bine blades is to apply a long-term fatigue load spectrum that
reflects the entire design life of the structure. However, directly
acquiring long-duration time histories of wind speed and using it
for experimental or numerical fatigue life assessment is often
impractical due to the significant cost and time required. There-
fore, in engineering practice, alternative methods that rely on
short-term data combined with probabilistic modeling are com-
monly adopted to estimate long-term structural responses. In
this study, to simulate realistic wind conditions, short-term wind
speed data over a 60-minute period was generated based on
long-term observations at European offshore wind farms, which
follow a Weibull distribution with shape parameter a = 2.0 and
scale parameter 8 = 15.0 as given by Zhang et al. [34]:

=53] = 3]

Wind turbine blades operate under highly irregular and varia-
ble environmental conditions, which result in complex load cy-
cles that include various frequencies. To evaluate the accumu-
lated fatigue damage in the blade, these complex stress cycles
must be decomposed into their frequency components to define
the corresponding stress amplitudes. In this study, aerodynamic
loads corresponding to each wind speed were calculated using
BEMT, and these loads were applied to a finite element model
to extract time-domain stress data. A fast Fourier transform
(FFT) was then used to convert the time-domain stress re-
sponses into the frequency domain. Fig. 8 illustrates an example
of the stress response obtained in the time domain and the cor-
responding fatigue load spectrum after frequency-domain trans-
formation.
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Table 7. Material properties of the neat GFRP and GFRP composites rein-
forced with MWCNTs and GPLs for fatigue life assessment.

Material properties | Neat GFRP | MWCNTSs (0.2 wt%) | GPLs (0.2 wt%)
%« (MPa) 700 820 926
b 10.00 10.46 10.36

The S-N curves commonly used for fatigue life evaluation are
typically derived under zero mean stress conditions. As a result,
they do not adequately represent the complex stress environ-
ments experienced by real structures, where alternating and
mean stresses coexist. To address this limitation, the concept of
equivalent stress was introduced to account for the effect of
mean stress. In this study, equivalent stress was calculated us-
ing the Goodman diagram, as follows

(o3 (O' — O )
a eqm u
o, = 2\ T~ %) @)
O, —0,

m u

where, %« is the equivalent stress corresponding to the equiv-
alent mean stress e, which is 0 in this study, ©. is the am-
plitude stress, and °» is the mean stress, o. is the ultimate
stress of the material . By applying the resulting equivalent
stress to the material's S—N curve, the number of cycles to fa-

tigue failure N can be estimated according to

p -b
N(_] 5
Uu
where, N is the number of cycles to failure, o.is the ultimate
strength of material, %« is the equivalent stress, and b is in-
verse of the slope of the S-N curve.

Table 7 summarizes the material properties of the glass fiber
composites used in this study for calculating the number of cy-
cles to fatigue failure N based on Eq. (5). The table includes the
properties of neat GFRP as well as those of the composites re-
inforced with 0.2 wt% of MWCNTs and GPLs. The properties of
neat GFRP were adopted from Resor [26], while the values for
the MWCNT- and GPL-reinforced composites were estimated
by incorporating the stress increase ratio corresponding to the
number of cycles to failure, as reported in the fatigue test results
of Yavari [35]. While nanocomposites showed the best perfor-
mance at 0.3 wt%, material properties for fatigue life assess-
ment (e.g., S-N curves) are limitedly reported in the literature. To
obtain reliable outcomes, 0.2 wt% of nanofillers was selected in
this study, as the required material data is documented in the
literature [35]. Fig. 9 presents the S—N curves developed using
these material properties.

Subsequently, the accumulated fatigue damage can be eval-
uated based on the number of fatigue cycles and the number of
corresponding cycles from each stress amplitude to failure. In
this study, the accumulated fatigue damage was calculated us-
ing Miner’s rule, which is defined by

1.0
---- Neat GFRP
i —.— 0.2 wt% MWCNTs

= 0.8 \ — 0.2 wi% GPLs
d_‘ | d
<
2 0.6 -
L
-
=2 i
g
S (0.4
E
Fe -
<
= 024

(],() l'llq |l||” llllq lillﬂ llllq ||||H llllq l'll” Trm

10° 10" 10" 10> 10" 10° 10° 10" 10° 10°
Number of cycles to failure (N)

Fig. 9. S-N curves of neat GFRP and GFRP composites reinforced with
MWCNTSs and GPLs.
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Fig. 10. Spanwise location for fatigue life analysis.

n n.
D=) — 6
ZIN (6)

where D is the cumulative fatigue damage, n; and N; are the
numbers of the load cycles and cycles to failure, respectively.
The fatigue life of the blade was then determined using the ac-
cumulated damage, as given by

1

Fatigue life (years) = —=——
gue e ears) = S a365 (7)

The fatigue life was evaluated by dividing the blade region into
twenty sub-regions, as shown in Fig. 10, and the fatigue lives of
critical eight sub-regions from the blade root are presented in
this paper.

Fig. 11 and Table 8 present the predicted fatigue life of wind
turbine blades along the spanwise direction, comparing blades
made of neat GFRP with those reinforced with MWCNTSs and
GPLs. Where, “Location” refers to the spanwise position along
the blade, as shown in Fig. 10. The results indicate that nano-
material reinforcement leads to a substantial improvement in fa-
tigue life relative to the neat GFRP case. Between the two rein-
forced cases, the blade incorporating GPLs demonstrated su-
perior fatigue resistance. Notably, at Location 5—where the
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Table 8. Fatigue life of wind turbine blades made of neat GFRP and GFRP
composites reinforced with MWCNTSs and GPLs.

Table 9. Material costs of wind turbine blades (Bortolotti et al. [36], Su et al. [6]).

Cost Mass (kg)
Fatigue life (years i
Location o Years) - Material | (UsDikg) | Neat | O03wt% | 03wth
Neat GFRP | 0.2 wt% MWCNTs | 0.2 wt% GPLs GFRP MWCNTs GPLs
1 1.86x10° 3.22x10° 8.27x10° Gelcoat 723 29 29 29
2 9.05x107 1.46x10° 3.81x10° E-LT-5500 (UD) 1.87 338 338 338
3 4.80%x107 8.42x10° 1.96x10° Saertex (DB) 3.00 921 921 921
4 2.00%10° 2.76x10° 6.71x10° SNL (Triax) 2.86 8726 8726 8726
5 6.81x10' 6.15%10? 1.78x10° Foam 723 4160 4160 4160
6 1.06x10° 1.01x10* 2.86%10* Carbon (UD) 30.00 2655 2655 2655
7 2.16x10° 2.09x10* 5.96x10* MWCNT 30.00 - 12
8 9.71x10° 9.56x10* 2.64x10° GPL 20.00 - - 12
Total weight (kg) 16829 16841 16841
o Total cost (USD) 138,288 138,648 138,528
10
. ---- Necat GFRP
10 —-— 0.2 wt% MWCNTs incurred by incorporating MWCNTSs and GPLs is approximately
105 o ==~ —— 0.2 wi% GPLs 360 USD and 240 USD, respectively. These values account for
o = less than 0.3 percent of the total material cost. Considering the
= . . . . . .
i:ﬂ 10 associated improvements in structural stiffness and fatigue life,
= 10° the use of these nanofillers appears to be economically feasible.
= . However, since this analysis does not account for production
% 10 costs, labor, or other associated expenses, a more comprehen-
= 10° sive economic analysis would be required for practical imple-
= mentation.
10
10° .
4. Conclusion
1
10 T T T T 1 |

1 2 3 4 5 6 7 8
Location

Fig. 11. Fatigue life of wind turbine blades made of neat GFRP and GFRP
composites reinforced with MWCNTSs and GPLs.

shortest fatigue life was predicted—the neat GFRP blade had
an estimated life of approximately 68 years, while the blades re-
inforced with MWCNTs and GPLs showed substantial increases,
reaching around 615 years and 1,780 years, respectively.
These results suggest that even a small addition of 0.2 wt% nan-
ofillers to the matrix of glass fiber composites can lead to re-
markable improvements in fatigue durability. Moreover, the en-
hancement appears to be more pronounced with GPL reinforce-
ment than with MWCNTSs.

3.4 Cost-benefit analysis

This section analyzes the economic feasibility of applying the
two types of nanofillers to wind turbine blades, with a focus on
comparing the total material cost required for blade fabrication.
The unit prices of the primary materials used in this study are
summarized in Table 9. Based on these values, the total mate-
rial cost for a single blade is estimated to be approximately
138,288 USD. Given that 0.3 wt% of neat GFRP matrix corre-
sponds to about 12 kilograms, the additional material cost

This study investigated the structural performance, dynamic
response, fatigue resistance, and cost-effectiveness of wind tur-
bine blades enhanced with CNT and graphene-based nano-
fillers, using the 61.5-meter SNL blade as a 5 MW-class refer-
ence model for the simulations. The developed numerical model
was validated by comparing key results such as deflection, tor-
sion, material mass, and natural frequencies with values re-
ported in the literature. As nanofillers, MWCNTs and GPLs were
selected based on their cost-effectiveness and practical applica-
bility. These nanofillers were incorporated into the matrix of the
SNL(Triax) composite, which was used as the primary material
for the blade model.

Structural performance and fatigue life were evaluated for
wind turbine blades incorporating small amounts (0.1 to
0.3 wt%) of MWCNT- and GPL-reinforced nanocomposites.
Compared to neat GFRP, both nanofillers improved bending,
torsion, and vibration characteristics. Notably, GPL reinforce-
ment yielded more pronounced enhancements in structural per-
formance compared to MWCNTSs. Fatigue life analysis was then
carried out for blades reinforced with 0.2 wt% of each nancfiller.
In the midspan region, where the most critical loading conditions
are observed, the fatigue life increased substantially, rising from
about 68 years for the neat GFRP blade to approximately 615
years with MWCNT reinforcement and 1,780 years with GPL re-
inforcement. From a cost perspective, the incorporation of
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nanofillers increased the overall material cost of the blade by
less than 0.3%, indicating that such reinforcement can be imple-
mented without compromising economic feasibility. Nanocom-
posites reinforced with MWCNTs and GPLs appear to be prom-
ising solutions for improving both the structural performance and
service life of wind turbine blades. Between the two, GPL rein-
forcement demonstrates greater potential in terms of both struc-
tural efficiency and cost-effectiveness.

While the present study demonstrates the advantages of CNT
and graphene-based nanofillers for wind turbine blade applica-
tions, further studies are needed to refine their optimal content
and distribution within the composite. Follow-up investigations
are underway to address these aspects in more depth.
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Appendix
A. Material properties of E-LT-5500 (UD) and Saertex (DB)

Table A1. Material properties of E-LT-5500 (UD): experimentally character-
ized by Resor [26] and theoretically evaluated in the present study.

E-LT5500 (UD) Vf Eﬁ (GPa) Ezz (GPa) G12 (GPa) Va2 P (kg/m3)
Resor[26] | 0.54 | 41.80 14.00 2.63 0.28 1920
Present 0.54 | 41.83 11.31 3.35 0.28 1800

* Vi volume fraction of glass fibers, G: shear modulus.

Table A2. Material properties of Saertex(DB): experimentally characterized
by Resor [26] and theoretically evaluated in the present study.

Saertex (DB) | Vi |Ei (GPa)|Ex (GPa)| Gy (GPa)| vio | P (kg/m?)
Resor[26] |044| 1360 | 1330 | 11.80 | 049 | 1780
Present |0.63| 1358 | 1358 | 13.07 | 049 | 1900

* V42 volume fraction of glass fibers.
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