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Abstract: As wind turbine blade length increases, reconciling lightweight design with strength
necessitates continuous advancements in process technology. The impact of three different process
technologies–vacuum-assisted resin transfer moulding (VARTM), prepreg, and pultrusion–on the
properties of wind turbine blade composite spar caps was investigated using scanning electron
microscopy, dynamic mechanical analysis, differential scanning calorimetry, thermogravimetric
analysis, and static and fatigue testing. The results demonstrated that the fibre weight content and
0◦ tensile modulus of the VARTM and pultrusion composites increased as compared to those of
the prepreg samples. Subsequently, the properties of a 94-m blade were analysed using the Ansys
Composite PrepPost (ACP) and static structure modules in Ansys simulations, and the weights of
the spar cap were compared with test data of materials under different process technologies. The
results showed that the masses of the spar cap of a 94-m blade in the pultrusion, VARTM, and prepreg
processes were 7965, 9170, and 9942 kg, respectively. The quantitative influence rules on the weight
of the wind turbine blade spar cap prepared through different process technologies were formulated.
The findings of this study are promising and are expected to aid the development of wind turbine
blade process technologies.
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1. Introduction

Wind energy, a mature and highly commercial renewable energy source, is widely used
in diverse applications across the world [1–3]. According to the Wind Energy 2023 report,
the global installed capacity reached 906 GW by the end of 2022, whereas 77.6 GW of new
capacity was added in 2022. The global market of wind energy is expected to rise at a
compound annual growth rate of 15% from 2023 to 2027, indicating the massive potential
of wind energy in the energy transition [4].

Among the components of a wind turbine, the blade is not only the most expensive
but also a vital part of the unit. The wind turbine blade, a carrier of wind turbine energy,
is the main source of the unit load. With an increase in the length of wind turbine blades,
the blade weight increases exponentially [5]. This increase further causes a gradual in-
crease in the structural load. Thus, it is necessary to reduce the weight of wind turbine
blades at the minimum production cost [6]. Compared to traditional materials such as
aluminium, titanium alloy, and steel, reinforced polymer matrix composites are widely
used in wind turbine blades owing to their favourable properties such as high specific
strength (strength/density), high specific modulus (elastic modulus/density), and excellent
fatigue life characteristics after 107 load cycles [7].

Large-scale wind turbine blades are manufactured using primarily composite materials
and include multiple components, as shown in Figure 1. Among them, the most critical
structural component is the blade spar cap, which performs the vital task of supporting the
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blade and transmitting the wind force on the blade. In the design of wind turbine blade
spar caps, material selection is crucial because the spar cap is the key bearing structure of
the wind turbine blade.
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Figure 1. Blade structure.

Wind turbine blade production technologies have continuously advanced over the
past five decades. Over this period, four different process technologies have primarily been
used: hand lay-up (HLU), prepreg, vacuum-assisted resin transfer moulding (VARTM),
and pultrusion. The composites of wind turbine blades and their process technologies have
been extensively studied. Mahavir et al. [8] studied the mechanical and thermo-mechanical
behaviour of glass fibre epoxy composites manufactured by two process technologies, i.e.,
VARTM and HLU. Their results demonstrated that the composite fabricated via the VARTM
technique possessed robust mechanical and thermo-mechanical properties compared to
those obtained by using the HLU technique. Li et al. [9] reviewed the statement that
wind turbine blades are confronted with the conflicting demands of large scale, low cost,
and lightweight. Both new materials and innovative processing technology are crucial
in promoting wind power in the parity era. For example, prepreg and pultrusion play
increasingly important roles in future large-scale blade manufacturing. Ennis et al. [10]
reported that pultruded fibre-reinforced polymers exhibit the highest mechanical properties
among unidirectional composites, characterised by a high degree of fibre orientation and
consistent properties. As compared to VARTM, this method exhibits superior fibre align-
ment and more consistent properties. Pultrusion composites possess improved mechanical
properties, with a 17% increase in design strength at a constant fibre volume fraction and a
higher fibre volume fraction.

The traditional HLU process technology is no longer used in spar caps, mainly because
of environmental issues. Therefore, prepreg [11–14], VARTM [15,16], and pultrusion [17–19]
are the most common approaches utilised in the processing technology of spar caps. How-
ever, the current literature lacks a systematic evaluation and comparative analysis of the
aforementioned three composite process technologies. The selection of materials is closely
related to the process technology. Hence, this study aimed to comparatively analyse the per-
formances of different process technology and their impact on the weight and performance
of composite spar caps of wind turbine blades for the first time. To this end, three process
technologies, namely, VARTM, prepreg, and pultrusion were systematically analysed. In
addition, finite element simulations of a 94-m blade were performed using Ansys, and the
weight of the spar cap corresponding to different process technologies was compared.

2. Experimental Section
2.1. Sample Preparation

The reinforcement of three types of samples, based on S-glass with the same yarn
grades (TMII468GS and E8-390), was used in this study. These yarns exhibit similar
performance, with a tensile modulus of impregnated yarn of approximately 95 GPa. The
difference in tensile modulus was within 2%. They were obtained from mainstream
suppliers in the wind power industry.

Three composite materials, manufactured from VARTM, prepreg, and pultrusion
process technologies, were presented in Figure 2a–c. In addition, the direction of the main
fibre is shown by the red arrow in the figure.
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For prepreg process technology, the glass fibre TMII468GS was purchased from
Chongqing International Composite Material Co., Ltd. (Chongqing, China), while the
epoxy prepreg resin system, ZENPREG 2554, was procured from Swancor Co., Ltd. (Shang-
hai, China). The curing process involved the following steps. First, the material was heated
at a rate of 1–2 ◦C·min−1 to 120 ◦C and cured for 2 h. Subsequently, it was cooled at a rate
of 1–3 ◦C·min−1 below 60 ◦C, and the mould was released. Specimens Size: 500 mm (along
the length of the fibre) × 500 mm (along the vertical direction of the fibre) × 2 to 4 mm
(along the thickness direction of the fibre).

For VARTM process technology, the glass fibre E8-390 yarn unidirectional fabric UD-1250
(fabric areal density = 1249 g·m−2) was purchased from Zhejiang Zhenshi New Materials Co.,
Ltd. (Tongxiang, China) and the epoxy infusion resin system TECHSTORM 180/185, purchased
from Techstorm Advanced Material Corporation Limited Co., Ltd. (Shanghai, China), were
used. The curing process was as follows. The material was heated at a rate of 0.5 ◦C·min−1 to
50 ◦C and then cured at a constant temperature for 5 h. It was then heated to 80 ◦C and cured
for 8 h; when the natural cooling was below 40 ◦C, the mould was released. Specimens Size:
500 mm (along the length of the fibre) × 500 mm (along the vertical direction of the fibre) × 2 to
4 mm (along the thickness direction of the fibre).

For pultrusion process technology, the glass fibre E8-390 yarn was purchased from
Zhejiang Zhenshi New Materials Co., Ltd. (Tongxiang, China), and the epoxy pultrusion
resin system ER6136X/EH6136X, purchased from Anhui Zhongbo New Materials Co.,
Ltd. (Chuzhou, China), were used. Reciprocating pultrusion traction equipment was used
for the experiment. The pultrusion speed was 40–60 cm/min, and the thickness of the
pultrusion plank was 5 mm. Three-stage curing at a temperature of 130–190 ◦C (gradual
heating) was performed. The composite material was cured after releasing the mould, and
the post-curing temperature was 160–120 ◦C (gradual cooling). Specimens Size: 1000 mm
(along the length of the fibre) × 120 mm (along the vertical direction of the fibre) × 5 mm
(along the thickness direction of the fibre).

Although the resin brands and manufacturers of the three process technologies are
different, they are all essentially epoxy resin systems. However, the resin system has a
relatively small impact on the strength and modulus of the composite material, and the
main properties of the composite material are provided by the fibre.

2.2. Analysis of the Cross-Section

The composites were characterised via scanning electron microscopy (SEM) ZEISS-
EVO15 purchased from Carl Zeiss Microscopy Ltd. (Berlin, Germany). Prior to observation,
charge accumulation during the analysis was reduced by sputtering Au particles. The
test parameters used include acceleration voltage = 15 kV and beam current = 4.52 A for
capturing the SEM images.

2.3. Thermoanalysis

Dynamic Mechanical Analysis (DMA) was conducted to evaluate the thermo-mechanical
properties of the three composite materials produced using different process technologies.
Rectangular cut specimens measuring 55 mm (along the length of the fibre) × 10 mm (along the



Energies 2024, 17, 1149 4 of 15

vertical direction of the fibre) × 2 mm (along the thickness direction) were tested in the double-
cantilever mode on a dynamic mechanical analyser DMA 850 purchased from TA Instruments
(New Castle, DE, USA). The test temperature range was −50 to 200 ◦C, the heating rate was
5 ◦C·min−1, the test frequency was 1 Hz, the preload was 0.01 N, and the amplitude was 20 µm.

Simultaneously, thermal performance tests were conducted using a differential scan-
ning calorimeter DSC2500 procured from TA Instruments (New Castle, DE, USA). In this
experiment, a 30-mg sample was placed in an aluminium crucible and heated at a rate
of 10 ◦C·min−1. The experiment was performed in a nitrogen atmosphere at a scanning
temperature range of 30–280 ◦C.

2.4. Mechanical Property Analysis

Static mechanical properties were assessed using a universal material tester LE5105
procured from LSI SYSTEMS CORPORATION (Shanghai, China). The samples were
prepared by cutting with a computer numerical control (CNC) machine with a tolerance of
0.02 mm. Tensile, compressive, and shear mechanical properties were tested according to
ISO 527-5 [20], ISO 14126 [21], and ASTM D7078 [22], respectively.

A universal fatigue testing machine Instron 8801 purchased from Instron (Shanghai)
Testing Equipment Trading Co., Ltd. (Shanghai, China) was employed to evaluate the
fatigue’s mechanical properties. Specimens were cut using a CNC machine with a tolerance
of 0.02 mm. The tension-tensile fatigue test involved cyclic stress between the maximum
stress (Smax) and the minimum stress (Smin). The fatigue test was performed in accordance
with ISO 13003 [23]. The loading frequency was 5 Hz, the stress ratio was 0.1, and the stress
waveform was sinusoidal.

3. Results
3.1. Micromorphology Analysis

The metallographic morphology of the fibre microstructure of composite materials for
the three process technologies was examined. The results are illustrated in Figure 3, which
displays the SEM microstructural images of composites prepared by different processes.
Among them, Figures 3a–c and 3d–f show the 100× and 1000× magnified images, respec-
tively. Figure 3a depicts the micromorphology of the VARTM process composite material,
capturing an image of the glass fibre fabric layer and the area between layers. It can clearly
identify the position of the stitching thread in the fabric (as shown in the red frame) and
the glass fibre (circular area) and can also clearly distinguish the gap between the glass
fibre stitching thread, which is evidently different from those in the composite materials
in the other two types of process technology. The size of the gap is mainly determined
by the stitching process of the fabric, which directly affects the flow and flow direction of
the resin during the VARTM process. Figure 3b shows the composite material associated
with the prepreg process; although the fibres are relatively evenly distributed, the space
between the fibres is large. Figure 3c displays the composite material in the pultrusion
process. Owing to the high glass fibre weight content of the composite materials, the fibres
are uniformly arranged and distributed in one direction. Thus, the fibres on the end face
are densely distributed, and the resin enrichment area is smaller. The ordered arrangement
of fibre helps improve the mechanical properties of the composite materials. As evident
in Figure 3d–f, owing to the fibre content, there are evident differences in the distribution
of single fibres on the end faces of composite materials with different moulding processes.
Simultaneously, cracks between glass fibre and resins are not evident in the three processes,
and the glass fibres are tightly wrapped by resins. The interface between fibre and resins
is well combined, and there is no gap between a single fibre and matrix. In summary, the
different processing technologies lead to different fibre microstructures and, ultimately,
disparate mechanical properties. For a single process technology, the effects of the changes
in the process conditions during the process technology can be effectively evaluated on
the basis of the distribution of the microstructure of the fibre. For example, the change in
pressure during the process would change the thickness between the fabric layers.
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3.2. Research on Thermal Properties

The DMA test results of the three types of composite materials produced using dif-
ferent processes, as shown in Figure 4a–c, show the correlations among energy storage
and loss modulus, phase angle and temperature. The elastic and plastic properties of the
composites fabricated using different process technologies exhibited similar behaviour.

Er = Erub +

(
Eglass + EglassT × T − Erub

)
1 + exp

(
Cm

(
T − Tg − σm

)) , (1)

Eglass is the modulus of the resin in the glass state, and EglassT represents the dependence
on temperature in the glass state. The modulus in the rubber state is represented by Erub.
Cm denotes the width of the transition, and σm represents the change in temperature [24].

The difference in the initial values of the modulus of the three samples may be at-
tributed to the difference in the material processes. The energy storage modulus E′ of
the three process composites of VARTM, prepreg, and pultrusion were 33.8, 26.6, and
40.5 GPa, respectively (Figure 4a). The higher the fibre weight content, the higher the
energy storage modulus E′ and the correlation between fibre mass content and energy
storage modulus. In addition, the initial temperatures of the decay of the storage modulus
(E′) of the three processed composites were 75.02, 100.21, and 104.73 ◦C, respectively. As
the temperature further increased, movement of the cross-linked polymer chain of the
composite would begin; consequently, the material softened, and the mechanical properties
began to gradually decline. The storage modulus then decreased significantly in a linear
manner to E′ ≈ 8.1 GPa at T ≈ 100 ◦C for the VARTM process composites. For the prepreg
composites, it was significantly reduced to E′ ≈ 3.5 GPa at T ≈ 130 ◦C. Furthermore, the
pultrusion composite was reduced to E′ ≈ 19.1 GPa at T ≈ 171 ◦C. Therefore, among the
high-temperature performances of the three composites, the prepreg composite possessed
the lowest modulus.
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Figure 4. Comparison of energy storage modulus (E′), loss modulus (E′′) and phase angle (tanð) of
(a) VARTM, (b) prepreg, and (c) pultrusion process composites.

Figure 4b displays the curve of the change in the loss modulus (E′′) of the three
composite processes according to temperature, which first increases gradually to a peak
value and then decreases, reaching a peak value at Tg. Via the DMA test, Tg was measured
based on the loss modulus (E′′). The peak loss modulus (E′′) curve shows the Tg values
of the three composite processes. The Tg values for VARTM, prepreg, and pultrusion
composites are 83.0, 112.85, and 120.30 ◦C, respectively. It can be observed that the Tg value
of the pultrusion composite was the highest.

The peak tanð of the phase angle of three process composites—VARTM, prepreg, and
pultrusion—was 83.03, 125.64, and 126.69 ◦C, respectively (Figure 4c).

The differential scanning calorimetry (DSC) results of the composites in the tempera-
ture range of 30–280 ◦C are shown in Figure 5. The midpoint glass transition temperature
values of the process composites for VARTM, prepreg, and pultrusion are 82.12, 118.42, and
105.11 ◦C, respectively. In addition, the reaction enthalpies of the composite materials of the
three processes (VARTM, prepreg, and pultrusion) are 0.78759, 4.5822, and 0.17174 J·g−1,
respectively. The enthalpy of the prepreg composite exhibited a slight increase compared to
the other two processes. Based on the total enthalpy test data of 400 J·g−1 (derived from test
experience), it is expected that the prepreg composite contained roughly 1% of unreacted
residue and 99% of cured materials, whereas the VARTM and pultrusion composites were
fully cured.
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Figure 5. Differential scanning calorimetry (DSC) analysis of three process composites: VARTM,
prepreg, and pultrusion.

3.3. Study of Mechanical Properties

An ideal blade material must achieve a high strength-to-weight ratio, fatigue life,
and stiffness at a low cost and with the desired blade profile while fully considering the
structural characteristics of the blade. The structural properties of the blade materials are
listed in Figure 6a. The mechanical properties of the three process composites depend on
the properties of the component materials, bonding quality at the interface between fibre
and resin, fibre arrangement, interface shape of pultruded cross-section, and manufactur-
ing process [25]. The results of the static tensile tests of the three processed technology
composites, VARTM, prepreg, and pultrusion, are listed in Figure 6b. The aforementioned
test data are average values.
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Figure 6. Static strength (a) modulus (b) test results of composites of different process technologies.

Table 1 summarises the characteristics and main mechanical properties of the three
composite materials employed in this study. The fibre weight content and density were
tested in accordance with ISO 1172 [26] and ISO 845 [27], respectively.

Table 1. Characteristics and main mechanical property of three-process composites.

Process
Technology

Fibre Mass Weight Content % 0◦ Tensile Modulus Density

Test Value
%

Growth Ratio
(Equivalent to Prepreg)

Test Value
GPa

Growth Ratio
(Equivalent to Prepreg)

Test Value
g·cm−3

Growth Ratio
(Equivalent to Prepreg)

Prepreg 69.72 100% 43.61 100% 1.9178 100%
VARTM 75.14 107.8% 52.4 120% 1.998 104%

Pultrusion 84.98 121.9% 66.2 152% 2.193 114%
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The fibre weight contents of the VARTM, prepreg, and pultrusion composites were
75.14%, 69.72%, and 84.98%, respectively. Specifically, the VARTM composite had a
7.8% higher fibre weight content, while the pultrusion composite exhibited a 21.9% increase
compared to the prepreg samples. Furthermore, the 0◦ tensile modulus of the VARTM com-
posite exceeded the prepreg samples by 20%, while the pultrusion composite demonstrated
a remarkable 52% improvement.

This indicates that the composite process technology and fibre quality content are
related [28]. The mechanical properties of the composite and their contributions can be
explained based on the micromechanical relationship between the fibre and resin. Evidently,
less resin is required for the complete impregnation of glass fibre in the pultrusion process.
Because of the continuous and high moulding pressure, fibres are compacted, resulting in
a thinner cross-section compared to that in the VARTM and prepreg process and higher
strength per unit volume. The increase in strength may be attributed to an increased fibre
volume fraction and excellent interfacial bonding between fibre and matrix.

The fatigue fracture of composite materials refers to the fracture phenomenon of the
material under cyclic loading or repeated loading. The fatigue failure mode of the three
types of composite materials is generally a brittle failure. Cracks appeared between the
fractured panels of the specimen, and a large number of glass fibres were dispersed, as
shown in Figure 7a–c.
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Figure 7. VARTM (a), prepreg (b), and pultrusion (c) tensile fatigue failure modes of process
composite specimens.

Under high-stress levels, the specimen began to break after several cycles, and most of
the fibres detached from the matrix. As the number of cycles increased, the fatigue damage
of the composite specimen gradually expanded to the middle of the entire section of the
specimen until complete failure. Under a low-stress level, the fatigue failure mode of the
specimen was essentially the same as that under a high-stress level, and the only difference
was with regard to the fatigue cycle.

The Stress–Number of Cycles (S–N) curve is a classical approach that describes the
fatigue behaviour of fibre-reinforced plastic (FRP). Currently, the exponential form of the
S–N curve is the most widely used approach to describe the fatigue properties of FRP and
the S–N curve power function is the most commonly used form to describe the material’s
S–N curve.

N·emS = C (2)

After taking logarithms on both sides of Equation (2) [29], we obtain the following:

S = A + Blg(N) (3)

where A, B and C are material parameters. Here, where S is the stress level, N is the number
of stress cycles.

The S–N curves were fitted according to the fatigue life of the pultrusion composite
specimens under different stress levels, as shown in Figure 8 and Table 2.
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Fatigue Properties Prepreg
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Process Composites

m values 9.69 10.20 8.87
107 Limit maximum stress value/MPa 525.29 407.57 282.36

R2 value 0.983 0.982 0.990

The essential data on the tension-tensile fatigue performance of the three process
composites, including the test results form, the 107 limit, and R2 values, are shown in
Table 2. As shown in Figure 8, the m value of the VARTM process composites was the
highest, whereas that of the pultrusion process was the lowest. The m value of the prepreg
process was intermediate. The low fibre content of the prepreg process does not enhance
fatigue performance.

For the composite material as a whole, the interface was the most vulnerable phase of
the composite material. Therefore, SEM analysis of the samples after tensile testing of three
types of composite materials, especially the analysis of the interface combination between
the reinforced fibre and the resin of the composite material, aims at exploring the fracture
microscopic mechanism of the three types of composite materials [30].

Figure 9, depicting the tensile samples of the three types of composite materials, shows
that the composite materials of the VARTM process composites exhibit a transparent state
after curing, and the stitch yarn is evident. The prepreg-process composites exhibited a
translucent state after curing. The pultrusion samples were opaque after curing because
the pultruded resin itself was not a transparent system. The images of the three sections
before and after failure show that the glass fibre was explosively dispersed after tensile
failure; the degree of dispersion of the three processes was pultrusion > VARTM > prepreg,
and the damage at the fracture point of the composite materials of the three processes was
mainly fibre fracture, as shown in Figure 9.

SEM analysis was performed on the fracture sections of the tensile failure of the
composites of the three process technologies; the results are shown in Figure 10a–c. Based
on the damage state of the resin on the fibre surface, the toughness failure between the
resins indicated that the cohesion between the resins was strong. In addition, it was found
that the fractured fibres of the VARTM, prepreg, and pultrusion composites were fully
coated with resin, indicating that the resin possessed good wettability to the glass fibres
and strong bonding between the fibre and resin. This further indicates that the interface
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between the fibre and resin has sufficient adhesion. When the load is transferred to the fibre
layer, the resin protects not only the reinforcement material from being fixed in the proper
position but also the fibre and prevents crack transmission between the fibres. Under an
external force, the resin still covers the surface of the glass fibre, ensuring that the pultrusion
process composite material possesses good mechanical properties.
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3.4. Wind Turbine Blade Design for Three Processes

The geometric shape of a 94-m blade is shown in Figure 11a (the green part shows
the position of the spar cap on the pressure surface of the blade). In order to improve
the bearing capacity and stiffness of the blade and reduce its weight, the 94-m blade
adopts a three-web structure, and the cross-section structure is shown in Figure 1. Stiffness
is a measure of the ability of an object to resist bending and deformation. Because the
spar cap is the main bearing part in the flap direction of the blade, it must satisfy the
design requirements of anti-bending and anti-deformation. In this study, the principle of
equal-rigidity substitution was followed for spar caps under different process technologies.

The stiffness of the spar cap of a 94-m blade profile was calculated as follows:

k =
EA
L

(4)

where E, A, and L are the elastic modulus, cross-sectional area of the spar cap, and the spar
cap length, respectively.
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the blade root.

In this study, the finite element software Ansys (2021 R2) was used to simulate a 94-m
blade. The local meshes of the blade are shown in Figure 11b, and the mesh size of the
blade model was approximately 50 mm. The number of meshes and nodes was 395,114
and 399,920. All shell meshes were assigned SHELL181. In Ansys, the aerodynamic load
on the blade was simplified to a concentrated force load, which was applied to the spar cap.
The bending moment load is the algebraic sum of the product of the concentrated force and
the distance between the blade roots. As shown in Figure 11c, the “Fix support” boundary
condition was applied to the blade root.

The properties of the materials used in the blade model are listed in Table 3.

Table 3. The properties of the materials used in the blade model.

Fabric
0◦ Tensile Modulus 90◦ Tensile Modulus Shear Modulus Poisson’s Ratio Density

MPa MPa MPa - g·cm−3

UD 48,000 13,000 3600 0.24 1.960
BIAX 13,500 13,500 13,800 0.575 1.960
Balsa 100 100 30 0.3 0.325

Polyvinyl chloride 80 80 20 0.3 0.227
Polyethylene glycol terephthalate 120 120 15 0.3 0.222

The weights of the spar cap under different process technologies were compared.
The ANSYS Composite PrepPost (ACP) module in the Ansys Workbench may be used
for the structural lay-up of composite materials. The output data can be used for various
calculations such as modal, static, fatigue, and stability analyses. Based on the principle
that the stiffness of the blade spar cap is equal, the blade spar cap structures of the three
different process technologies were programmed in the ACP module. The mass of the spar
cap of the pultrusion technology in a certain 94-m blade shape was 7965 kg. According
to the principle of equal-rigidity substitution, from Equation (4) and Figure 6, it can be
inferred that the pultrusion spar cap can be replaced by a VARTM (or prepreg) spar cap
of equal length and a mass of 9170 (or 9942) kg, indicating a corresponding increase of
15.1 (or 24.8) %, equivalent to the result of the finite element lay-up simulation. Figure 12
shows the thickness and mass distribution of a 94-m blade spar cap. The damping stiffness
distribution of each section of the blade, calculated using the finite element method, is
shown in the figure. This value satisfies the principle of equal stiffness.

The spar caps of VARTM, prepreg, and pultrusion process technologies were simulated using
the finite element method. The strain cloud image is depicted in Figure 13, and a comparison of
the strain distribution at different positions on the spar cap is presented in Figure 14.
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Figure 14. Maximum tensile strain of the spar caps of three processes.

As shown in Figure 14, the maximum tensile strains of the spar caps from the VARTM,
prepreg, and pultrusion process technologies on the pressure surface were 0.005079,
0.005169, and 0.004947, respectively, and the positions for all three process technologies
were at 54352 mm in the axial direction (blade root point to blade tip). The maximum
compressive strains on the suction surface for the VARTM, prepreg, and pulsation processes
were −0.00518, −0.00526, and −0.004673, respectively, and the positions were at 38550 mm
in the axial direction (blade root point to blade tip). The comparison of the strain of the
spar cap in the three process technologies indicates that the higher the elastic modulus of
the composite material, the smaller the thickness of the spar cap required by the blade and,
consequently, the lower the corresponding strain value under equal-rigidity substitution.

4. Conclusions

The composite materials prepared via VARTM, prepreg, and pultrusion were systematically
tested and compared. In addition, finite element simulation analysis of the spar cap under
different processes was performed using Ansys. The following main conclusions were drawn:

(1) Compared with VARTM and prepreg, the fibres of pultrusion were uniformly dis-
tributed and dense, as indicated by the SEM results. Through DSC and DMA analysis,
the pultrusion process exhibits a higher Tg value and a higher energy storage modulus
at high temperatures compared with those of VARTM and prepreg processes.

(2) The fibre weight contents of the VARTM, prepreg, and pultrusion composites were
75.14%, 69.72%, and 84.98%, respectively. The fibre weight content of the VARTM and
pultrusion composites was higher by 7.8% and 21.9%, respectively, compared with
that of the prepreg samples.

(3) Under the same yarn-grade S-glass conditions, the 0◦ tensile modulus of the VARTM,
prepreg, and pultrusion composites were 52.4, 46.39, and 66.2 GPa, respectively. The
0◦ tensile modulus of the VARTM and pultrusion composites were higher by 13.0%
and 42.7%, respectively, compared to those of the prepreg samples.

(4) Under equal stiffness, the spar cap weight of a 94-m blade under the pultrusion
process was 7965 kg, while those of the VARTM and prepreg processes were 9170 and
9942 kg, respectively, indicating an increase of 15.1% and 24.8%, respectively.

5. Research Limitations and Future Work

Although the three process composites were compared and the pultrusion process
composites were shown to have good applicability in terms of lightweight and large-scale
manufacturability, they all employed S-glass fibre of the same level. E-glass and H-glass
fibres were not compared. Additionally, there was also no comparison involving carbon
fibre used in larger blades. Subsequent comparisons can include carbon fibre to obtain
more comprehensive data.
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Nomenclature

Symbol Description
VARTM Vacuum-assisted resin transfer moulding
HLU Hand lay-up
SEM Scanning electron microscopy
DMA Dynamic mechanical analysis
DSC Differential scanning calorimetry
TGA Thermogravimetric analysis
HLU Hand lay-up
Smax The maximum stress
Smin The minimum stress
CNC Computer numerical control
ACP Ansys Composite PrepPost
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