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Abstract

Thermoplastic composites can be a solution for the circular economy of the wind industry. Some studies have focused on
addressing the challenges of reusing raw materials and reducing both the economic costs and environmental damage. Ther-
moset composites have been crucial in increasing the size of wind turbines (WT), achieving longer and structurally more
resistant blades, but they are difficult to recycle at the end of life and sometimes end up in landfills. Thermoplastic composites
are being tested as an alternative to thermoset composites because of their similar structural properties and substantial advan-
tages, such as ease of recycling. This article presents the results of the structural properties of a 2-m-long thermoplastic WT
blade manufactured with a new thermoplastic resin called Akelite to obtain progress in the implementation of thermoplastic
composites in this type of product. The new blade has been compared to an epoxy WT blade built with the same procedure.
Property, static, and fatigue tests were performed on these blades to characterize them. The results of this comparison were
quite similar, with less than 5% displacement in the static tests and a sensitivity change of less than 2% after the fatigue tests.

Future studies should be conducted to extend this study to larger-scale blades.

Keywords Thermoplastic composite - Thermoplastic resin - Wind turbine blade - Testing - Structural properties

1 Introduction

Over the past few decades, wind turbine blades have pre-
dominantly been manufactured using thermoset composites
based on epoxy or vinyl ester resins combined with E-glass
fibers. While these materials have enabled substantial
advancements in blade size and performance, at the end of
their life (EOL), these materials present significant chal-
lenges due to their poor recyclability. Recycling methods for
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thermoset blades often involve high-energy processes, such
as pyrolysis or mechanical shredding, which compromise
fiber integrity and are economically and environmentally
unsustainable. Consequently, many blades are not recycled
and end up in landfills. While most WT components can be
efficiently recycled [1-3], blades remain the most problem-
atic due to their complex composite architecture based on
thermoset matrices.

To overcome these limitations, this study explores using
thermoplastic resin as an alternative to conventional ther-
mosets in wind turbine (WT) blade manufacturing. Ther-
moplastic composites offer several advantages: they can be
reheated and reshaped, and most importantly, they can be
recycled by solvent dissolution, which supports a closed-
loop lifecycle. In addition to being recyclable, thermoplastic
resins offer manufacturing benefits such as reduced cycle
time, enabling higher production throughput, and the poten-
tial for blade components to be fusion bonded without the
use of adhesives. These features make thermoplastics prom-
ising candidates for next-generation WT blades. This study
demonstrates the feasibility of using a novel thermoplastic
resin to fabricate small-scale wind turbine blades, as tested
according to the IEC 61400-23 standard [4].
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Despite the limited research in this area, promising
results have been reported. For example, the ZEBRA pro-
ject used Elium® thermoplastic resin to produce a 62-m
blade [5]. On a smaller scale, a 1-m blade was manufac-
tured using another thermoplastic resin (Akelite) [6],
yielding comparable or improved flexural modulus and
interlaminar shear strength compared to thermoset blades
[7]. However, the flexural strength was found to be slightly
lower. Other developments include designing segmented
thermoplastic blades for large-scale applications [8],
which facilitate factory manufacturing, field transport, and
on-site assembly via heat welding. Several studies have
investigated the fatigue behavior [9], impact resistance
[10], and overall structural performance [11, 12] of ther-
moplastics at the component and coupon scale, confirming
their viability for wind energy applications. Murray et al.
[13] also validated the mechanical suitability of thermo-
plastics in WT blade components, emphasizing their recy-
clability and energy-saving potential over thermosets.

This study aims to validate the use of thermoplastic
composites further by replacing the thermoset resin with
Akelite [14], a novel acrylic thermoplastic developed
by Institute of Polymer Science and Technology of the
Spanish National Research Council (ICTP-CSIC) [15],
in 2-m-long wind turbine (WT) blades. Both the thermo-
plastic and the reference thermoset blades were manu-
factured using the same fiber layout via vacuum-assisted
resin (VARI) to ensure comparability. The experimental
campaign includes static and fatigue testing in accordance
with IEC 61400-23, to evaluate the structural integrity,
service life, and performance of the blades.

Van Rijswijk et al. [16] at the Technical University of
Delft pioneered in thermoplastic blade research, demon-
strating that anionic polyamide-6 (PA6) could be infused
via vacuum, reheated, and reshaped. Forcier and Joncas
[17] developed a structural optimization framework for
thermoplastic blades, demonstrating competitive fatigue
and buckling performance under realistic conditions.
Cousins et al. [18] performed a detailed Life Cycle Assess-
ment (LCA) which highlighted the energy savings and
GreenHouse Gas (GHG) reductions associated with the
use of thermoplastics. More recently, Cheng et al. [19]
presented a comprehensive review of thermoplastic mate-
rials for wind energy, encompassing processability via
VARI, Automated Fiber Placement (AFP), and filament
winding, in addition to thermomechanical performance
and recycling strategies. Hao et al. ([20]) proposed a mild
chemical recycling route to recover fiber and matrix from
decommissioned blades, yielding recycled composites
with enhanced interfacial adhesion and strength. Zivkovic
[21] demonstrated the viability of small-scale thermoplas-
tic blades for distributed energy systems using low-cost
vacuum-assisted manufacturing techniques.
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A comparative study of a 13 mm Elium®) thermoplas-
tic resin blade and a similar thermoset blade was con-
ducted by Murray et al. [22]. The results indicated that
thermoplastic resin is a viable alternative to replace ther-
moset resin during blade fabrication. The thermoplastic
blade exhibited higher structural properties in such cases,
assisting designs with reduced loads. On the other hand,
using thermoplastic resin provides an additional advantage
in that these composites can be restored through fusion
bonding and thermoforming, as evidenced by Leon et al.
[23, 24]. The final point herein proposed would simplify
the maintenance of WT blades, thereby reducing costs and
enhancing safety. It can thus be concluded that the utili-
zation of thermoplastic resin in the manufacture of WT
blades has the potential to engender several advantages,
including reducing production costs, facilitating mainte-
nance, and enhancing the sustainability of the recycling
process. The present paper presents the findings of struc-
tural tests conducted on two diminutive wind blades. One
of these has been fabricated using a novel thermoplastic
resin, Akelite [14], which was developed and patented by
ICTP-CSIC. The other is composed of a commercial ther-
moset resin. The objective of the present article is twofold:
first, to provide a comparison between the two materi-
als, and second, to achieve a significant advancement in
utilizing thermoplastic resins in manufacturing small WT
blades. Fatigue tests were carried out to validate the resist-
ance of the thermoplastic blade over its anticipated 20-25
years of service life.

The collective findings from the existing literature sug-
gest that thermoplastic composites could match or surpass
the mechanical performance of thermosets in different
loading and environmental conditions. It is important to
note that they offer the following:

e Higher fracture toughness and damage tolerance due to
ductile matrix behavior.

e Comparable fatigue life when optimized fiber architec-
tures are employed.

e Stable performance under thermal cycling, critical for
offshore and alpine environments.

Additionally, thermoplastics allow for fusion bonding,
making them ideal for modular, segmented blade designs
and enabling the transportation and assembly of long
blades. From a sustainability standpoint, thermoplastics
offer a transformative advantage. Unlike thermosets, which
require destructive, energy-intensive recycling methods,
thermoplastics can be melted or dissolved for reuse.
Recent studies [19, 20] have confirmed the feasibility of
solvent-based recycling, thereby aligning with the princi-
ples of the circular economy.
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Thermoplastic composites have some advantages com-
pared with thermoset composites such as higher production
rate due to its reduced cycle time; also, small superficial
delamination are reparable by thermal application. In addi-
tion, thermoplastic composites are easily recyclable by
chemical process such as dissolution into a solvent. Actu-
ally, Akelite resin costs are a bit higher comparing with the
commercial epoxy resin, but extrapolating for large-scale
production would obtain similar costs. Nowadays, a life
cycle assessment (LCA) and a life cost costing (LCC) are
being developing to evaluate the influence of the Akelite
thermoplastic resin for large-scale production.

Life cycle assessments indicate that the production of
thermoplastic blades can have the following consequences:

e Up to 40% reduction in GHG emissions.

e Approximately 20% lower energy consumption over the
blade’s life cycle.

e The reuse of fibers and matrices has led to a 50% reduc-
tion in waste generation at EOL.

Nevertheless, key challenges must be addressed:

1. Scaling up from small-scale prototypes to full-size blade
demonstrations.

2. Processing constraints involving high temperature and
pressure requirements.

3. Lack of standardization for design, testing, and certi-
fication procedures.

4. Integration of structural and functional systems (e.g.,
sensors, lightning protection).

2 Materials and Methods
2.1 Blade Design

A 2-m-long wind turbine blade was designed using the open-
source QBlade software [25]. The blade’s mechanical prop-
erties and static behavior were simulated using SolidWorks
[26] and BladeFS [27], the latter of which was developed by
the National Renewable Energy Laboratory (NREL).
QBlade was also employed to define the blade’s exter-
nal geometry and simulate its aerodynamic performance.
The blade profile was based on the SG6043 airfoil devel-
oped by Selig and Giguere (SG) [28]. This airfoil features a
maximum thickness of 5.1%, located at 49.7% of the chord,
and a relative thickness of 10.0%, positioned at 32.1% of
the chord. Two additional transitional profiles derived from
the SG6043 were employed to facilitate a smooth transition
from the cylindrical root to the aerodynamic region. The
twist angle was set to 15° at the location of the maximum
chord, decreasing linearly to 0° at the blade tip. Figure 1

Fig. 1 Model of 2-m blade

shows the QBlade-generated model of the 2-m blade, seg-
mented into 80-mm sections.

The thermoset blade was fabricated using unidirectional
fiberglass from Gavazzi Tessuti Tecnici [29] and Sicomin
[30] epoxy resin. The same fiber architecture was applied
to the thermoplastic blade, which used Akelite thermo-
plastic resin instead. All blades followed a symmetrical
laminate configuration. In the root section (up to 0.67 ms
from the root), the stacking sequence included 13 lay-
ers in the order [+45 G/0 G/+45 G/0 G/90 G/0 G/90 G],
yielding a total thickness of 5 mms. In the middle section
(from 0.67 m to 1.33 m span), nine layers were applied in
the sequence [+45 G/0 G/+45 G/0 G/90 G], resulting in a
thickness of 3.76 mm. Finally, the tip section (from 1.33
m to the blade tip) incorporated five layers in the sequence
[+45 G/0 G/90 G], yielding a thickness of 2 mm.

2.2 Mold Manufacturing

The mold design process began in SolidWorks, using the
blade geometry previously defined in QBlade. Each half-
mold was divided into two sections, yielding a total of four
parts. This segmentation was necessary to accommodate
the print volume limitations of the available 3D printer [31]
and to optimize the build orientation, reducing warping and
improving dimensional stability during the printing process.
Figure 2 illustrates one of these half-molds, already split into
two parts and prepared for printing. For the manufacturing of
the mold parts, a hybrid process combining Fused Filament
Fabrication (FFF) and CNC machining was employed. The
initial geometry was 3D printed using LNP™ THERMO-
COMP™ AC004XXAR1 [32], an ABS-based thermoplas-
tic resin reinforced with 20% carbon fiber. This composite
material was selected for its excellent mechanical stiffness,
thermal resistance, and low thermal expansion, all of which
are critical for maintaining dimensional stability during resin
infusion and curing.
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Fig.2 Design of half-mold cut
into two parts for 3D printing

heated bed, 902C

Fig.3 3D printing of a part of the mold

The 3D printing process was performed in layers of
approximately 0.4 mm, with a high infill density to ensure
the mechanical rigidity of the mold under vacuum pressure
during the VARI process. The total print time for each part
ranged from 20 to 35 h, depending on geometry and build
height. Figure 3 shows the 3D printing process in progress
for one of the mold sections. In this figure, the layered struc-
ture of the printed material is clearly visible, and the infill
pattern used to reinforce the structure can also be observed.
The part is being printed vertically on a heated bed to mini-
mize warping. Once all four parts were printed, they were
mechanically joined using precision alignment features
designed into the CAD model. The 3D printing process was
oversized 2 mm bigger, to have a rough finish. Later, it was
corrected with a milling of the mold using a CNC machine,
obtaining a fine finish within tolerances.

After assembly, CNC machining was performed on the
key surfaces of the complete mold to improve dimensional
accuracy, particularly in the contact zones between the mold
halves and at the blade surface interface. This step ensured
tight tolerances and perfect alignment during blade layup.

@ Springer

Finally, the mold was polished manually using fine-grit
abrasives and polishing compounds. This surface finishing
step was critical to obtain a smooth internal surface, which
directly affects the quality of the composite blade skin and
ensures easy demolding after curing. Proper surface fin-
ish also helps reduce resin pooling and eliminates surface
defects in the blade.

2.3 Blade Manufacturing

The manufacturing of both epoxy and thermoplastic blades
was carried out using the same mold, previously described
in Sect. 2.2, and employed a VARI process. Akelite ther-
moplastic resin has been developed to be used in the same
way as commercial thermosetting resins in the infusion of
large composite parts such as wind turbine blades. Param-
eters such as resin density or viscosity have been adjusted to
obtain a thermoplastic resin capable of being used in VARI
processes. Reference [14] is the patent for the Akelite resin,
which has been used in this research to show the feasibility
of replacing current thermosetting resins with thermoplastic
resin in the manufacture of large and complex parts using
composite materials. The use of the same production process
ensured consistent manufacturing conditions, allowing direct
comparison between the blades. The process began with
the placement of dry fiber reinforcements in the mold. Both
blades used identical laminate stacking sequences, as out-
lined in Sect. 2.1, and employed unidirectional and biaxial
glass fiber fabrics from Gavazzi Tessuti Tecnici [29]. These
were arranged over the internal mold surface according to
the defined blade geometry, with particular attention to fiber
orientation and alignment to preserve structural symmetry
and reproducibility.

A peel ply layer was applied over the reinforcement to
facilitate demolding and ensure a clean surface for subse-
quent bonding. A flow media was then placed to enhance
resin distribution, followed by resin inlet channels and
vacuum outlet lines. The resin inlet was positioned cen-
trally on the blade mold to promote symmetric infusion,
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while two vacuum ports were located at the extremes to
draw the resin longitudinally through the laminate. Fig-
ure 4 illustrates the setup during the infusion of a thermo-
plastic blade half.

The infusion process was carried out under ambient tem-
perature (23°C). A vacuum of —0.8 x 10° Pa was applied
using a vacuum pump connected to both ends of the mold,
while a positive pressure of 0.95 X 10°> Pa was maintained
in the resin inlet line. This pressure differential enabled
uniform resin flow throughout the fiber preform. Both the
epoxy and thermoplastic resins had a similar viscosity of
approximately 1100 mPa- s, allowing comparable flow char-
acteristics. The epoxy system used was Sicomin SR-1280
resin with SD-4772 hardener, mixed at a weight ratio of
100:27. In contrast, the thermoplastic blade was infused with
Akelite resin, an acrylic-based system consisting of Part A
(base resin) and Part B (benzoyl peroxide initiator) mixed
at a weight ratio of 97:3. Table 1 summarizes the properties
of both resin systems.

After complete infusion, the curing conditions differed
between the two blade types:

¢ Epoxy blade: Cured at room temperature (23°C) for
24 h, followed by a post-curing stage at 60°C for 16 h to
enhance mechanical properties and dimensional stability.
¢ Thermoplastic blade: Polymerized at 70°C for 2 h, dur-
ing which a notable exothermic reaction was observed,

Fig.4 Infusion process of a
thermoplastic blade half using
the VARI technique

indicating rapid thermoplastic chain formation and solid-
ification.

Once both halves of each blade had been cured and
demoulded, the two halves were bonded together using a
two-component epoxy adhesive (Sicomin Isobond 735 [33]),
which was mixed at a weight ratio of 100:50. Moderate pres-
sure was applied during the bonding process to ensure tight
contact and adhesive spread throughout the joint interface.
To ensure experimental consistency, the entire manufactur-
ing process was replicated twice—once for the epoxy blade
and once for the thermoplastic blade—under identical envi-
ronmental and process conditions. Each blade underwent
visual inspection to assess surface finish, uniformity, and
potential defects such as dry spots or resin-rich zones. This
rigorous control over materials, process parameters, and
layup configuration ensured that the only variable between
the two manufactured blades was the resin system.

2.4 Blade Testing

This section describes the tests that were conducted to deter-
mine the structural properties of the blades. Property, and
static and fatigue tests were conducted to characterize the
blades structurally. The total sequence of these tests were:
(1) Property test, (2) Static test, (3) Fatigue test, (4) Post-
fatigue static test, and (5) Final property test. Table 2 lists

vacuum output ports

Table 1 Properties of materials
used in the epoxy and

thermoplastic blades

Trade name Description Density Mix ratio Blade
Gavazzi Tessuti - 8092 Unidirectional fiberglass 625 g/m? N/A Both
Gavazzi Tessuti - BXE600 Biaxial fiberglass 600 g/m? N/A Both
Sicomin SR-1280 Epoxy resin 1153 kg/m? 100 Epoxy
Sicomin SD-4772 Hardener 944 kg/m3 27 Epoxy
Akelite (Part A) Acrylic thermoplastic resin 1180 kg/m? 0.97 Thermoplas
Akelite (Part B) Benzoyl peroxide initiator 1150 kg/m? 0.03 Thermoplas
Sicomin Isobond 735 Bonding adhesive 1240 kg/m? 100:50 Both
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Table 2 Equipment used for

testing Instrument Manufacturer Model Uncertainty Testing

Accelerometer PCB Piezotronics 352C33 3.0% Property
Calibrator of accel Briiel & Jaer 4294 0.1% Property
Weight scale Kern FCB 24k2 0.1% Property

Tape measure Hultafors TKSM 0.3% Property
Temperature Comet T0210 1.0°C Static
Humidity Comet T0210 3.0% Static

Load Cell Bongshin DBBP-0.5t 0.3% Static

String Pot ASM WS17KT-1500 0.2% Static / Fatigue
Strain Gage HBM K-LY41-350 - Static / Fatigue

the equipment used for the different tests, along with the
uncertainty estimates for the recorded measurements at a
95% confidence level (k=2). The loads applied in the static
and fatigue tests were estimated using the equations of the
simplified load model (SLM) described in the IEC 61400-2
standard [34] and the book [35]. The small WT design for
this study was a 3.5 kW turbine operating at 250 rpm in WT
class III conditions (average wind speed of 7.5 m/s). In addi-
tion, the blade length was defined as 2 m.

2.4.1 Property Testing

A series of characterization tests were conducted on the
blades to determine their basic physical and dynamic proper-
ties before they were subjected to mechanical loading. This
included measuring the blades’ mass and center of gravity
(CQG), as well as their natural frequencies in flapwise and
edgewise directions. These procedures ensured baseline
comparability between the epoxy and thermoplastic blades
prior to static and fatigue testing. The mass of each blade
was measured using a precision digital scale (Kern FCB
24k2) with an expanded uncertainty of 0.1% (coverage fac-
tor k = 2). To determine the center of gravity, each blade
was suspended from multiple positions by a rope until static
equilibrium was achieved. The intersection of vertical lines
projected from these suspension points identified the center
of gravity location along the blade’s longitudinal axis. Meas-
urements were taken using a calibrated tape measure (Hul-
tafors TK8M) with an accuracy of 0.3%.

The dynamic characterization focused on identifying the
first natural frequencies in both the flapwise and edgewise
directions. Each blade was mounted horizontally in a canti-
lever configuration with the root section fixed rigidly to a test
bench. An accelerometer (PCB Piezotronics 352C33, with
an expanded uncertainty of 3.0%) was positioned 90% of the
way along the blade from the root. A calibrated impact ham-
mer was then used to excite vibrations at 70% of the span
in the desired direction. The response signal was processed
using a fast Fourier transform (FFT) to extract the domi-
nant frequency peaks. Each test was repeated three times to

@ Springer

Accelerometer

Fig.5 Property test: measurement of natural frequencies

Table 3 Summary of property testing results for both blades

Characteristic Epoxy Blade Thermo-  Difference (%)
plastic
Blade
Mass (g) 6798 6302 -7.3
CG from root (mm) 795 783 -1.5
Ist Flapwise Frequency ~ 9.22 10.45 +13.3
(Hz)
Ist Lead-Lag Frequency  18.84 18.75 —0.5
(Hz)

verify repeatability and mitigate experimental noise. Fig-
ure 5 shows the test configuration during the modal analysis.

The results of these tests are summarized in Table 3. Note
that the thermoplastic blade was 7.3% lighter than the epoxy
blade. Additionally, its center of gravity was 1.5% closer to
the root, potentially due to localized resin mass distribution.
In terms of modal behavior, both blades displayed similar
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initial edgewise frequencies. However, the thermoplastic
blade exhibited a 13.3% increase in the first flapwise fre-
quency, indicating slightly higher stiffness in that direction.

2.4.2 Static Testing

The objective of the static test was to evaluate the structural
response of the blades under maximum design loads, thereby
simulating extreme wind conditions in accordance with the
IEC 61400-23 standard [34]. The test focused on measuring
tip displacement and distributed strain responses to assess
stiffness and deformation behavior. The blade under test
was installed in a cantilever configuration, fixed at the root
with loading applied at two specific stations: 640 mm and
1440 mm from the root. These positions were selected based
on the load distribution obtained through the Simplified
Load Model (SLM). The loads were applied using a pair of
winches connected to saddles that clamped the blade in place
at these spanwise positions. Load cells (Bongshin DBBP-
0.5t, expanded uncertainty 0.3%) were installed alongside
the winch cables to monitor the applied forces in real time.

Three strain gauges (HBM K-LY41-350) were bonded to
the blade surface at 80 mm, 480 mm, and 1000 mm posi-
tions relative to the root, on the sparcap of blade pressure
side aligned at Z-axis (Fig. 6, Top). These sensors recorded
localized strains during loading, enabling the computa-
tion of internal bending moments and stress distributions.
Additionally, a string potentiometer (ASM WS17KT-1500,
uncertainty 0.2%) was attached to the blade tip to measure
vertical deflection in the flapwise direction. Ambient labora-
tory conditions were monitored throughout the test using a
temperature and humidity sensor (Comet T0210) to ensure
values remained stable within +1.0 °C and +3.0% relative
humidity, respectively, thereby reducing environmental
variability. The blade was subjected to four loading steps,
each applying a force of 125 N, with the steps being applied
simultaneously at loading stations 640 mm and 1440 mm
apart. Each step was held for 20 s before moving on to the
next. Once the maximum load of 500 N had been reached
at each saddle, the load was unloaded in reverse steps to
simulate the unloading phase and detect any residual defor-
mation. During the test, the blade was loaded in four 125 N

Fig.6 Scheme of Clamp’s zone
influence and strain gauge posi-
tions (top). Static test configura-
tion showing load application ~

points and displacement meas-
urement at blade tip (down)

= Clamp
mmm  Clamp's zone influence
Section with gauges

=
Potenciometer

iy
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steps, held for 20 s and then released proportionately. Fig-
ure 6 shows the setup of the static thermoplastic blade test.

The total bending moment at the root was approximately
1140 Nm under full loading. The blade deflection and strain
responses were monitored at each load increment. Tables 4

load amplitude was used while maintaining an equivalent
damage profile. The applied moment for fatigue was cal-
culated using the simplified load model (SLM), and the
damage equivalent load (DEL) was computed as follows:

and 5 show the summary of both initial static test performed d = (% > : . Na (1)

to the epoxy and thermoplastic blades, respectively. M, N,

2.4.3 Fatigue Testing D= Zdi 2

Fatigue testing was performed to simulate the long-term

operational loads expected to be experienced by wind tur- DEL =M, - DY/m 3)

bine blades over their 20- to 25-year service life. The test

aimed to validate the structural durability of thermoplastic ~ Where

and epoxy blades under repeated cyclic loading. The proce- ) )

dure adhered to the guidelines set out in IEC 61400-23 and ~ — Ma s the applied moment,

employed the Damage Equivalent Load (DEL) methodology ~ — Mu 18 the target moment,

to design the fatigue loading profile. - mis the inverse fatigue slope (taken as 10),

The fatigue test was designed to reach a target of 10  — N, is the number of cycles at load M,,,

cycles. To reduce the time taken for the test, an increased Neq is the reference number of cycles (1,000,000).

Table 4 Initial static test of epoxy blade

Saddle 1 [N] Saddle 2 [N] Root Moment 1 Moment 2 Moment 3 Strain 1 [y Strain2 [ Strain3 [¢  Tip dis-
moment [Nm] [Nm] [Nm] m/m] m/m] m/m] placement
[Nm] [mm]

30.00 25.00 98.50 89.77 48.87 17.45 —0.53 1.12 1.50 0.39

167.20 142.10 354.68 325.86 183.24 68.98 373.20 93.41 102.50 31.55

300.80 276.30 633.17 583.19 333.45 128.03 810.10 205.10 215.40 69.84

432.10 391.70 883.13 813.66 465.24 178.80 1174.00 310.20 311.10 106.50

546.90 536.40 1164.71 1074.74 622.52 242.47 1629.00 446.40 426.90 152.70

390.20 395.40 861.68 795.23 462.09 180.43 1145.00 313.10 317.00 115.90

298.50 261.90 610.97 562.32 319.26 121.69 750.20 196.80 206.30 82.96

165.20 149.00 363.33 334.12 189.55 72.01 333.60 99.85 110.00 47.43

34.22 25.96 102.58 93.44 50.47 17.88 —54.49 3.35 4.27 9.39

Table 5 Initial static test of thermoplastic blade

Saddle 1 [N] Saddle 2 [N] Root Moment 1 Moment 2 Moment 3 Strain 1 [u Strain 2 [u Strain 3 [u Tip dis-
moment  [Nm] [Nm] [Nm] clm/m] m/m] m/m] placement
[Nm] [mm]

30.00 25.00 98.50 89.77 48.87 17.45 —3.12 —0.21 —0.02 0.47

154.50 149.00 356.50 328.13 187.83 72.01 443.40 92.56 128.80 34.74

273.80 245.70 571.88 526.45 299.75 114.56 810.00 169.00 225.90 65.98

405.40 376.10 843.62 777.49 445.99 171.94 1065.00 238.30 352.20 169.40

474.60 442.40 983.24 906.41 520.71 201.11 1467.00 325.90 412.40 234.30

406.40 368.90 833.90 768.26 439.24 168.77 1042.00 293.50 345.30 220.10

285.60 265.10 607.34 559.44 320.27 123.10 624.20 218.10 243.50 195.40

162.90 156.50 372.66 343.04 196.38 75.31 198.30 145.30 135.30 165.60

26.14 22.94 93.07 84.81 46.28 16.55 —133.60 —8.24 —1.36 22.76

@ Springer
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Fig.7 Fatigue test setup for thermoplastic blade with horizontal
crank and saddle load application at 1.44 m

Table 6 Strain vs load calibration results for both blades

Epoxy blade

Station Moment [Nm] Range strain ~ Sensitiv-
[pm/m] ity [Nm/(u

m/m)]

Section 1 (0.08m) 243 285.4 0.85

Section 2 (0.48m) 164 109.9 1.49

Section 3 (1.00m) 72 130.6 0.55

Thermoplastic blade

Section 1 (0.08m) 243 369.5 0.66

Section 2 (0.48m) 164 97.8 1.68
Section 3 (1.00m) 72 143.2 0.50

The calculated target moments at three blade sections
were: 440 Nm (0.08 m), 270 Nm (0.48 m), and 120 Nm
(1.0 m). These values were used to control the fatigue
load profile throughout the test. The blade was mounted
horizontally on a custom fatigue test bench and clamped
at the root. A horizontal, crank-driven actuator applied
cyclic, sinusoidal loads in the flapwise direction via a sad-
dle positioned 1.44 m from the root. The crank amplitude
was adjusted to match the maximum target displacement.
The test frequency was selected, so that heat generation
and inertial effects would remain negligible (Fig. 7). Three
strain gauges, which had previously been used in the static
test at 0.08 m, 0.48 m, and 1.0 m, were used to monitor
strain and moment during the fatigue test. No load cell
was used during the test; instead, moment estimation
was derived from the strain—-moment calibration curves
obtained from pre-test static loading.

Table 6 shows the summary of the sensitivity values
obtained to measure indirectly the applied moment during
fatigue test using the strain gauges, during the calibration
static test.

Once the calibration static test was performed, the blade
was cycling during 10° cycles. This static calibration test was
repeated at three intervals: 0%, 50%, and 100% of the fatigue
life. During each test, a static load of 150 N was applied, and
the strain at 0.08 m, 0.48 m, and 1.0 m, and displacement of
the blade tip were measured.

The damage equivalent load (DEL) was calculated using
Eqgs. 1, 2, 3. The applied moment M, was obtained multiply-
ing the strain range (Max.strain—min.strain) by the sensitiv-
ity calculated at the calibration static test. Then, damage di
for each cycle was calculated. At the end of fatigue test, total
damage D and damage equivalent load DEL were calculated.
Figure 8 shows the first cycles of fatigue tests for epoxy and
thermoplastic blades. Using the sensitivity obtained at the
calibration static test, the applied moment was calculated for
the three sections 0.08 m, 0.48 m, and 1.0 m.

The total cycles applied to epoxy blade was 1,036,842
cycles and that to thermoplastic blade was 1,140,795 cycles.
Figure 9 shows the total cycles of fatigue tests for epoxy and
thermoplastic blades.

2.4.4 Post-fatigue Static Testing

After fatigue tests, the static test was repeated to compare
strains and displacements. Table 7 and Table 8 show the
summary of both post-fatigue static test performed to the
epoxy and thermoplastic blades, respectively.

2.4.5 Final Property Testing

The final test conducted was a property test to compare natu-
ral frequencies, center of gravity, and mass. Table 9 shows
the summary of property tests performed to the epoxy and
thermoplastic blades respectively.

3 Results

This section compares the results of the different tests per-
formed on the two blades (epoxy and thermoplastic) to ana-
lyze their behavior.

3.1 Property Response Results

This section presents the results of the property tests con-
ducted prior and after to mechanical loading. These tests
provided a baseline for the physical and dynamic charac-
teristics of the two blades, which are essential for assess-
ing structural comparability. The thermoplastic blade had a
total mass of 6302 g, while the epoxy blade weighed 6798 g.
This represents a weight reduction of approximately 7.3% for
the thermoplastic blade, which is attributed to the slightly
lower density of the Akelite matrix and possible differences
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Fig.8 Strains and corresponding bending moments at 0.08 m (G.1), 0.48 m (G.2), and 1.0 m (G.3) stations during initial fatigue cycles. Top:
epoxy blade. Down: thermoplastic blade

@ Springer



Fibers and Polymers (2026) 27:379-396 389
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in resin absorption during infusion. Also, the manual process
of bonding two shells with structural adhesive could influ-
ence to this lower weight of the thermoplastic blade.

The center of gravity (CG), measured from the blade root,
was found to be 795 mm for the epoxy blade and 783 mm
for the thermoplastic blade. This 1.5% difference suggests
a slight redistribution of mass toward the root of the ther-
moplastic blade, possibly due to localized resin pooling or
minor variations in fiber placement during layup. Dynamic
modal testing revealed very similar behavior in the edge-
wise (lead-lag) direction, with the first natural frequencies
being 18.84 Hz and 18.75 Hz for the epoxy and thermoplas-
tic blades, respectively—an insignificant deviation of 0.5%.

However, a more significant difference was observed in
the flapwise direction. The thermoplastic blade had a first
natural frequency of 10.45 Hz, compared to 9.22 Hz for the
epoxy blade, a 13.3% increase. This suggests slightly higher
flexural stiffness in the flapwise direction, which could be
due to improved resin—fiber interaction or reduced damping
associated with the thermoplastic matrix. Figure 10 shows
how the vibration of both blades decayed following manual
excitation in the flapwise direction. The vibration amplitude
of both blades decreased to negligible levels within approxi-
mately 5 s. The damping behavior was qualitatively similar,
with no significant evidence of increased energy dissipation
in either system. This confirms that using a thermoplastic
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Table 7 Post-fatigue static test of epoxy blade

Saddle 1 [N] Saddle 2 [N] Root Moment 1 Moment 2 Moment 3 Strain 1 [u Strain 2 [u Strain 3 [u Tip dis-
moment [Nm] [Nm] [Nm] m/m] m/m] m/m] placement
[Nm] [mm]
30.00 25.00 98.50 89.77 48.87 17.45 4.66 1.36 1.43 0.53
170.40 149.20 366.94 337.31 190.57 72.10 378.90 107.00 110.60 35.18
272.40 278.40 618.04 570.14 330.92 128.95 775.30 213.70 223.10 78.78
394.10 399.40 869.93 802.85 466.55 182.19 1251.00 318.90 325.90 130.80
534.00 528.70 1145.38 1057.04 613.07 239.08 1767.00 442.60 432.10 187.10
397.70 402.50 876.69 809.08 470.11 183.55 1323.00 316.00 329.10 153.80
287.30 273.20 620.08 571.41 328.31 126.66 863.10 197.60 220.10 119.20
155.60 149.10 357.34 328.88 188.11 72.06 407.10 83.42 109.80 80.20
32.64 25.93 101.52 92.51 50.19 17.86 53.77 —21.04 143 41.71
Table 8 Post-fatigue static test of thermoplastic blade
Saddle 1 [N] Saddle 2 [N] Root Moment 1 Moment 2 Moment 3 Strain 1 [u Strain 2 [u Strain 3 [u Tip dis-
moment [Nm] [Nm] [Nm] clm/m] m/m] m/m] placement
[Nm] [mm]
30.00 25.00 98.50 89.77 48.87 17.45 —=0.10 —=0.01 —0.33 0.00
156.50 153.90 364.82 335.92 192.86 74.17 437.10 95.73 125.70 32.30
276.80 284.00 628.91 580.22 337.00 131.41 877.20 192.10 249.80 78.36
407.20 397.60 875.71 807.74 466.92 181.40 1293.00 284.50 355.00 121.30
530.70 527.50 1141.55 1053.56 611.39 238.55 1862.00 394.00 471.20 178.60
406.10 400.50 879.18 811.07 469.53 182.67 1442.00 288.20 357.40 153.60
280.30 269.40 610.14 562.32 323.55 124.99 1006.00 180.00 234.10 124.90
154.30 151.10 359.39 330.88 189.82 72.94 592.10 83.55 121.30 96.09
29.61 25.36 98.77 90.04 49.15 17.61 99.35 —12.61 =0.75 47.02

Table 9 Summary of final property testing results for both blades

Characteristic Epoxy blade Thermo- Difference (%)
plastic
blade
Mass (g) 6,794 6,314 -7.1
CG from root (mm) 796 783 -1.6
1st Flapwise Frequency 8.92 10.31 +15.6
(Hz)
1st Lead-Lag Frequency 18.60 20.16 +8.4
(Hz)

resin does not affect the dynamic response of the blade dur-
ing small-amplitude oscillations.

After all static, fatigue, and post-fatigue static tests, a final
property test was carried out to compare compare the initial
and final results regarding property values. The main initial
property test results are summarized in Table 3. These values
confirm that the two blades are dynamically and physically
comparable, thus validating their suitability for subsequent
structural testing. The results of the final property tests are

@ Springer

summarized in Table 9. Mass and center of gravity were
almost the same. While flapwise frequency variation was
3.3% and 1.3% for edgewise frequency of the epoxy blade;
the thermoplastic blade results were a variation of 1.3% at
flapwise frequency and 7.5% for edgewise frequency.

3.2 Static Response Results

This section presents the structural response of both blades
under quasi-static loading conditions. The objective was to
evaluate their stiffness and deformation characteristics under
severe loading conditions using the Simplified Load Model
(SLM) methodology outlined in IEC 61400-2. The test setup
and procedure are detailed in Sect. 2.4.2. Each blade was
subjected to four load increments of 125 N, applied at two
stations (640 mm and 1440 mm from the root) using pull-
ing saddles connected to winches. The total applied load
resulting from this was 500 N per station, producing a com-
bined moment at the blade root of approximately 1,140 Nm.
This value corresponds to the maximum static design load
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Fig. 10 Damping response. 61
Top: epoxy blade. Down: ther-
moplastic blade
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expected during extreme wind events in a 3.5 kW Class III
small wind turbine operating at 250 rpm.
Figures 11 and 12 show the summary of the initial and 200+
post-fatigue static tests carried out on the epoxy blade. Fig- 180|| = Postratigue st tot - Epy blade
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blade. In that case, a residual strength less than 5% for the
three strain gauges was obtained for the thermoplastic blade
at the end of post-fatigue static test. In addition, a variation
of 55 mm at maximum applied moment was obtained; it
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Fig. 11 Tip displacement of epoxy blade for initial and final static
tests

@ Springer



392 Fibers and Polymers (2026) 27:379-396
2000 200 -
® Section 1 - initial ® Post-fatigue - Epoxy blade C,/’ R
Section 1 - final 175} @ Postfatigue - Thermoplastic blade ,/:/’
17501 o section 2 - initial / /,/’
® Section 2 - final .o it
) — 1501 -
1500} : :ectwon 3- |rvma| < .// _
ection 3 - final £ Plotas
£ 1251 PRaptadl
€ 1250 = /:’,/’
B A £ 100 e
= 1000} g g
£ 5 75F S oCas
e & e
=] ° a e
n 750 501 /’,/,
%%
500 25} /{,’/ °
2501 % 200 400 600 800 1000 1200
. Root Moment [Nm]
0 600 800 1000 1200

Moment [Nm]

Fig. 12 Strain at different sections of epoxy blade for initial and final
static tests

2501 P
® Static test - Thermoplastic blade ° ,,’
® Post-fatigue static test - Thermoplastic blade e
/’/
2001 e
"
—_ 4 ° -
£ o’ //
£ 7 -
— -
2 150+ o7 247
7] . PR
g " e
9] e e
o 4 -
o e prad
g 1001 S T
— /’ i
fa} S
2 o
[ P PR
il
50 pigicas
e
/’/’ ..
/’,’/
0 el i i j i .
0 200 400 600 800 1000 1200

Moment [Nm]

Fig. 13 Tip displacement of thermoplastic blade for initial and final
static tests

2000
® Section 1 - initial
Section 1 - final
17501 o section 2 - initial
® Section 2 - final @
1500} ® Section 3 - initial -
® Section 3 - final
'g 1250 .
g -
= 1000
c
E
& 750 ¢
400 600 800 1000 1200

Moment [Nm]

Fig. 14 Strain at different sections of thermoplastic blade for initial
and final static tests

means a 23.7%. This deviation of tip displacement at both
blades should be reduced increasing the number of a few
fiberglass fabrics at the root section during the manufactur-
ing of the blade, to reduce that deviations.
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Fig. 15 Measured post-fatigue tip displacement for epoxy and ther-
moplastic blades under increasing static load
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Fig. 16 Measured post-fatigue strain at three blade sections under
maximum static load for both blade types

Figure 15 shows the measured blade tip displacement in
the flapwise direction as a function of the applied load of
the post-fatigue static tests, comparing the epoxy and ther-
moplastic blade. This was recorded using a string poten-
tiometer positioned at the blade tip. At maximum load,
the thermoplastic blade exhibited a tip deflection that was
approximately 4.5% lower than that of the epoxy blade.
This suggests marginally higher stiffness, possibly due to
improved fiber—matrix interaction or more uniform lami-
nate consolidation in the thermoplastic blade. The strain
response at three key points along the blade span (0.08
m, 0.48 m, and 1.0 m from the root) was measured using
bonded strain gauges. Figure 16 presents the strain values
at maximum load of the post-fatigue static test, compar-
ing the epoxy and thermoplastic blade. As expected for
a cantilevered beam subjected to distributed bending,
both blades exhibited a linear strain gradient along the
span. The deviations between the epoxy and thermoplastic
blades remained within 10%, confirming that they exhib-
ited similar structural behavior under bending loads.
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Following unloading, both blades fully regained their
original shape with no visible permanent deformation or
delamination. Visual inspection confirmed the absence of
matrix cracking, debonding, or fiber wrinkling. This demon-
strates that both designs remained within the elastic regime
throughout the test and that structural integrity was not
compromised. The static test results show that the stiffness
and deformation profiles of both the epoxy and thermoplas-
tic blades were comparable under maximum design loads.
The thermoplastic blade’s slightly lower tip displacement,
combined with its consistent strain distribution, confirms its
suitability for structural applications in small wind turbine
blades.

3.3 Fatigue Response Results

This section presents the results of the fatigue tests con-
ducted on epoxy and thermoplastic blades. These tests aimed
to simulate the cumulative damage experienced over a small
wind turbine’s typical 20-25-year service life by applying
10° load cycles under accelerated conditions. As direct load
measurement using load cells was not implemented during
the test, the applied bending moments were estimated using
three strain gauges bonded 0.08 m, 0.48 m, and 1.0 m from
the blade root. These strain gauges had been calibrated via
static tests prior to the fatigue campaign to ensure accu-
rate strain-to-moment conversion based on known loading
conditions.

The fatigue test was designed using the Damage Equiva-
lent Load (DEL) methodology to replicate lifetime damage
over a shortened number of cycles. Figure 17 compares the
target and applied DEL values for both blades. The close
match between target and applied loads verifies the fidelity
of the fatigue test protocol and confirms that both blades
were subjected to equivalent fatigue demands. Figure 8
shows the initial cyclic response of the epoxy and thermo-
plastic blade at the three instrumented locations. Both the
measured strain and the corresponding bending moments
remained stable and within expected ranges. This confirms
that the applied loading was evenly distributed and consist-
ent with the designed fatigue profile.

The final test conducted was a property test to compare
natural frequencies, center of gravity, and mass. Tables 10
and 11 list the summary of fatigue tests performed to the
epoxy and thermoplastic blades respectively. Damage D

Table 10 Summary of fatigue testing results for epoxy blade

Item Section 1 Section 2 Section 3
Target moment 440 270 120
damage D [-] 1.31 1.05 1.55
DEL [Nm] 452.10 271.21 125.34

Table 11 Summary of fatigue testing results for thermoplastic blade

Item Section 1 Section 2 Section 3
Target moment 440 270 120
damage D [-] 2.90 4.86 5.12
DEL [Nm] 489.39 316.22 141.30

must be equal or higher than 1 at each section of the blade.
Total moment DEL was higher to the target moment at each
section for both the epoxy and thermoplastic blades.

Figure 17 shows a comparison of the target and applied
DELs. This confirms that both blades were subjected to the
intended fatigue conditions.

To ensure consistent load application, static calibration
tests were performed every 500,000 cycles. In each case, a
static load of 150 N was applied 1.44 m from the root, and
tip deflection was measured using a string potentiometer.
These periodic calibrations helped to track any changes
in blade flexibility. Figure 18 shows how blade flexibility,
defined as the ratio of tip deflection to applied load, changed
throughout the fatigue test. Both the epoxy and thermoplas-
tic blades exhibited less than 2.0% variation in flexibility
over 1 million cycles. This indicates negligible structural
degradation and confirms that both materials behave elasti-
cally under cyclic loading.

After completing 1 million cycles, a detailed inspection
was carried out on both blades. No visible damage, delami-
nation, cracking, or loss of stiffness was found on either
blade. Minor sensitivity variations of under 2% confirm that
the structural integrity of both blade types was maintained
throughout the fatigue campaign. The fatigue testing con-
firmed the durability of the Akelite-based thermoplastic
blade, showing performance equivalent to that of the con-
ventional epoxy blade. The structural response remained
stable, and no degradation or failure modes were observed,
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Fig. 17 Target vs. applied damage equivalent loads (DEL) for both
blades over 1 million cycles
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plastic blades measured at three calibration points during fatigue test-
ing

Table 12 Mechanical properties of laminates with thermoplastic and
epoxy resin [6]

Characteristic Thermoplastic Epoxy Standard

Flexural strength (MPa) 713.4+11.4
Flexural modulus (GPa) 20.6+1.5
ILSS (MPa) 41.8+1.7

724.0+7.4 ASTM D-790
19.9+0.8 ASTM D-790
40.1+2.2 ASTM D-2344

validating the long-term viability of thermoplastic compos-
ites in small wind turbine blade applications.

4 Discussion

The certification of new materials, as thermoplastic resin,
for wind turbine blades requires its validation on different
scales. Table 12 presents the mechanical properties, tensile,
bending, and interlaminar strength to the coupon-scale lami-
nates, obtained from previous works and published at [6].
No significant differences were found between both compos-
ites, indicating that the thermoplastic resin can be used as
polymeric matrix for the manufacturing of fiber reinforced
polymer composites.

From blade test results it is possible to estimate the
Young’s Modulus (E). In our case, using the tip displace-
ment (d) and the applied load during static test, and assum-
ing a value of Inertia moment 1=2.25%10~7 m* at the middle
span of the blade, the value of E has been calculated using
the following equation:

2 2
i Flal(SL—al)>+ F,d*(3L - a))

GEI : @)

B 6EI

where
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— d is the tip displacement obtained from static test [m],
— F=F,=500 N is the applied loads,

— a,=0.64 m and a,=1.44 m are the load sections,

— Lis the blade length L=2 m,

— Eis the Young’s Modulus [GPa],

— I1is the Inertia moment [m*].

For the epoxy blade, the tip displacement during static test
was d=15.3 cm, so the modulus of elasticity obtained using
the previous equation was E=28.22 GPa. In the case of the
thermoplastic blade, and with a tip displacement of d=23.4
cm obtained during static blade, the value of the modulus
of elasticity was E=18.45 GPa. These values obtained from
the elasticity modulus for the two blades (with epoxy resin
and with thermoplastic resin) are reasonable for a GFRP
composite material, considering that the fibers are not 100%
oriented in the longitudinal direction, having also included
fibers at 45° and 90°. Epoxy blade is more rigid than the
thermoplastic one.

An experimental comparison was conducted between two
wind turbine blades, each 2 ms long, with identical geometry
and fiber architecture. One blade was manufactured using a
thermoset epoxy resin, while the other used the novel Ake-
lite thermoplastic resin. The evaluation included characteriz-
ing the properties, conducting static mechanical testing and
assessing fatigue performance. Finally, a post-fatigue static
test and a final property test were performed to evaluate the
behavior of the blades. Using a single mold and the same
VARI process ensured consistent conditions for both blade
types. Substituting the resin matrix was the only variable,
enabling a direct comparison of structural performance.
The thermoplastic blade had a mass that was 7.3% lower
and a center of gravity that was closer to the root. These
differences are favorable, particularly in distributed wind
systems, where lighter components simplify transport and
installation.

Post-fatigue static testing revealed minimal differ-
ences between the blades. The thermoplastic blade exhib-
ited a 4.5% lower tip deflection under peak design load
(1,140 Nm), and the strain profiles showed deviations of less
than 10%. These results suggest that Akelite-based laminates
have flexural stiffness and load response properties that are
at least equivalent to those of conventional epoxy systems.
The absence of permanent deformation confirms that both
blades remained within the elastic regime, thus validating
their design under extreme static conditions. The fatigue
campaign consisted of 10° load cycles and simulated long-
term operational stress. Monitoring strain and flexibility dur-
ing the test showed variations of less than 2%, demonstrat-
ing negligible degradation in structural stiffness. Post-test
inspections revealed no visible damage, such as cracking,
delamination, or matrix failure. These results confirm that
the thermoplastic resin offers excellent fatigue resistance,
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in line with recent studies on acrylic-based thermoplastics
[9, 12].

The use of thermoplastic composites in wind turbine
blades presents several advantages. Beyond structural par-
ity, they offer:

e improved recyclability through remelting or solvent dis-
solution;

e shorter curing cycles and reduced energy consumption
during manufacturing;

e fusion bonding capability for repair and modular blade
design.

The recycling process developed for this thermoplastic blade
was similar to described at [7], with a dissolution of the
blade in a solvent. In that case, acetone was used as a solvent
and the study of recyclability of a small thermoplastic blade
was carried out with percentages of resin and fibers recov-
ered more than 80%. These quantities of recovered resin and
fibers were reused to manufacture a new blade shells with
the recovered materials during the recycling process.

The current cost of Akelite resin is slightly higher than
that of commercial epoxy resins, extrapolations for indus-
trial-scale manufacturing suggest that the difference would
be negligible due to economies of scale and reduced energy
requirements in the production process. In view of these
benefits, Akelite resin seems to be a promising candidate for
small wind blade applications that prioritize sustainability
and reducing lifecycle costs.

5 Conclusions

This study compared the structural performance of two wind
turbine blades with identical geometry and fiber architecture,
the only difference being the matrix material: standard epoxy
resin or the novel thermoplastic resin Akelite.

e The thermoplastic blade exhibited a 7.3% lower mass and
a 13.3% higher flapwise natural frequency compared to
the epoxy blade.

e Under static loading, both blades showed similar strain
profiles and stiffness. The thermoplastic blade deflected
4.5% less than the epoxy blade.

e Fatigue testing over 1 million cycles revealed less than
2% variation in flexibility and no observable structural
degradation.

Both blades passed all structural tests without sustaining any
damage. These results demonstrate that thermoplastic resins,
specifically Akelite, can effectively replace epoxy resin in
the manufacture of small-scale wind turbine blades, offer-
ing environmental and economic advantages. A deviation

of tip displacement at both blades close to 20% should be
reduced increasing the number of fiberglass fabrics at the
root section during the manufacturing of the blades. In addi-
tion, manual manufacturing (bonding of two valves) could
be affect to this deviation. Future work will focus on scaling
up the process for larger blade lengths (e.g., 11 ms), incor-
porating accelerated aging tests, and validating recyclability
through post-use thermomechanical reprocessing. The aim
of these efforts is to establish thermoplastic composites as a
sustainable alternative in distributed wind energy systems.
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