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Dispersion of nanoparticles into fiber reinforced polymers (FRPs) has a pivotal role in
strengthening their structures for critical applications such as wind turbines’ blades via
enhancing their mechanical properties. The current study focuses on reinforcing the FRPs
used in construction of turbine blade through adding alumina nanoparticles (Al,05) and
graphene nanoplatelets (GNPs) to enhance the rigidity of the weak part of blades and
improve their fracture toughness. Different analyses have been conducted to investigate
the effect of the dispersion of nanoparticles on the microstructure of the reinforced and
unreinforced samples, including optical microscope (OM), scanning electron microscope
(SEM), and energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). The
mechanical behavior of the reinforced and unreinforced samples was investigated in terms
of tensile strength, hardness, and bending strength. Microstructural observations eluci-
dated the achievements of excellent scattering between the matrix of FRPs and the rein-
forcement nanoparticles of Al,0; and GNPs. The superior dispersion pattern of the
nanoparticles of GNPs and Al,0; inside the matrix of FRPs leads to obtain free-defects
samples with extraordinary mechanical characteristics in terms of strength performance
and fracture toughness.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the current era, generating clean energy from renewable
resources has been considered as one of the most critical
research subjects [1]. One of the recent vital sectors used in
the new and renewable energy field is wind energy, in which
wind turbine is used to generate energy [2]. The functionality
of the wind turbine is based on the blades' criteria, composi-
tion, and manufacturing. Fiber reinforced polymers (FRPs) are
the most widespread material used in manufacturing the
blades of wind turbines [3]. Owing to many advantages such
as mechanical characteristics and stability of thermal, elec-
trical, and chemical properties, FRPs have been extensively
used in several industries such as aerospace, automotive, and
wind turbine [4—8]. Nevertheless, the usage of FRPs has some
limitations due to the possible failure and damage of the weak
parts of the blades caused by the exposure of different loads
during the operating process [9,10]. Therefore, the properties
of FRPs need to be improved by adding nanoparticles with
extraordinary properties as reinforcements inside the matrix
to increase the safety and durability of their usage in the wind
turbine and several other applications.

Many nanoparticles such as alumina (Al,03) [11-14], gra-
phene nanoplatelets (GNPs) [15—18], and carbon nanotubes
(CNTs) [18-21], as well as other nanoparticles of ceramic
materials [22,23], are used as reinforcements inside the matrix
of FRPs. Al,0; is an entirely known nanoparticle used in
several industries such as electronic insulators, substrates,
and wear resistance components [24]. This is due to its high
strength, stiffness, hardness, excellent resistance to wear and
acid, and good thermal conductivity [25]. On the other hand,
GNPs are one of the most popular nanoceramic particles,
characterized by different advantages such as extraordinary
mechanical and tribological properties and lower density than
other nanoparticles [15].

Accordingly, the addition of Al,03, GNPs, and CNTs to FRPs
can improve the tensile strength, flexural strength, tribolog-
ical properties, and fracture toughness [26—28]. The quality
level of achievements depends on many factors such as the
number of fillers, characteristics of nanoparticles (type, size,
and shape, properties) and synthesis preparation, and tech-
nique type [29—31]. The combination between Al,0; and GNPs
as reinforcement nanoparticles inside the FRPs has a superior
advantage in improving the mechanical, electrical, and ther-
mal properties in various industries. Therefore, in the current
literature, various articles have focused on the effect of
nanoparticles such as Al,03, GNPs, SiO,, and CNTs on FRPs
characteristics [23,32,33]. For instance, Abu Talib et al. [34]
studied the effect of the addition of Al,03 nanoparticles on the
toughness properties of hybrid FRPs. They used different raw
materials such as woven aramid fiber Kevlar-29 as reinforce-
ment, epoxy as a matrix, and nanoparticles of Al,O5 as filler
materials. They have been focused on three variables, namely
elastic work, plastic work, and work done in the radial and
tangential stretching to improve the impact characteristics of
reinforced samples. They concluded that the reinforced
samples were elucidated with higher energy absorption and
velocity impact than unreinforced samples. A similar study

was performed by Kaybal et al. [35]. They studied the influence
of the addition of Al,0; nanoparticles on the low-velocity
impact tests of carbon fiber reinforced polymer. They used
several raw materials as woven carbon fiber (CF) as rein-
forcement, MGS LR160 epoxy resin as matrix, while Al,03
nanoparticles was used as filler materials inside the matrix.
They added different weights of Al,0; nanoparticles from
1 wt. % to 5 wt. % inside the resin epoxy to reinforce the
strength of the matrix. They used a new route called vacuum
assisted resin infusion method (VARIM) to fabricate carbon
fiber reinforced polymer (CFRP) with Al,O; nanoparticles
without any defects such as bubbles, voids, and air spaces.
They noted that the highest resistance of damage was detec-
ted at 2 wt. % Al,O3. Furthermore, they concluded that when
adding the nanoparticles of Al,0; with a weight fraction of 2%
inside the resin, the energy absorption was minimized.
Furthermore, Mohanty et al. [36] studied the effect of adding
Al,0O3 nanoparticles on the impact and flexural characteristics
of hybrid short glass and carbon fibers. They used some raw
materials such as chopped glass and carbon fibers with a
length of 1-7 mm as reinforcement; epoxy Bondtite PL-411 as
the matrix, and Al,0; as nanofiller material. They used
different weights percentage of Al,O5; from 1 wt.% to 5 wt.%
inside the matrix. They used the open casting technique by a
mechanical stirrer to produce the samples with a homoge-
nous dispersion of Al,0; nanoparticles inside the matrix. They
elaborated that the nanoscale of Al,0; with 2% achieved the
optimum impact and flexural characteristics (strength and
modulus) and thermal stability. On the other hand, when the
amount of Al,0; nanoparticles increased to 5 wt.%, the
dispersion of Al,0; nanoparticles was aggregated, causing
poor characteristics of the fabricated samples.

Another study was carried out by Li et al. [37]. They studied
the influence of the addition a hybrid CNTs + Al,O; on the
mechanical characteristics such as flexural modulus and
shear strength as well as microstructural properties as inter-
facial interactions of glass fiber reinforced polymer (GFRP).
They used different raw materials such as woven GF as rein-
forcement, epoxy resin as matrix, and a hybrid of CNTs + Al,.
O3 as filler nanoparticles inside the resin. They mixed these
materials by the chemical vapor deposition method. They
observed that the dispersion of hybrid of CNTs + Al,0; was
homogenous inside the whole matrix, assisting on the hin-
drance of the crack occurrence. They concluded that the
reinforced samples with a hybrid of CNTs + Al,0; showed the
highest flexural modulus and shear strength properties.
Moreover, Mudra et al. [38] synthesized and characterized
fiber-reinforced ceramic composites. They selected some
materials as monolithic Al,O3 as reference material and Al,O3
as the matrix. They synthesized two cases; the first case is
GNPs coated Al,Os fibers, while the second case is GNPs coated
Al,03 powders. The first and second cases were at the micro
and nanoscale. They used different combination techniques
such as electro-spinning, calcination, chemical-vapor-
deposition (CVD), and spark-plasma-sintering (SPS) to pre-
pare these compositions. They noted that the addition of
GNPs assists in improving the lubrication characteristics,
fracture toughness, and electrical conductivity of ceramic
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nanocomposites. They also interpreted that the GNPs coated
Al,O5 fibers and GNPs coated Al,O; powders were presented
the highest hardness, fracture toughness, and electrical con-
ductivity. This is due to the better dispersion of GNPs coated
polycrystalline Al,O5 fibers inside the matrix of Al,Os.

Generally, in the wind energy industry, there are several
manufacturing techniques for fabricating the blade. Accord-
ing to literature, the most commonly used techniques are:
hand lay-up, prepreg technology, resin transfer molding
(RTM) and vacuum infusion (VI).

Hand lay-up and compression-molding techniques were
selected in the current study due to their availability and
reasonable costs under Egyptian conditions.

Based on the previous studies, the experimental work
carried out on the addition of more than one sturdy rein-
forcement nanoceramic particle into the matrix of FRPs is
limited. Furthermore, the syncretization, characterizations,
and optimizations of the filler amount in more than one
sturdy reinforcement powders to the matrix of FRPs are
rarely studied. Therefore, the main aim of the current
contribution is to synthesize, characterize and optimize the
addition of more than one sturdy reinforcement nano-
ceramic particles such as Al,O; and GNPs to the matrix of
hybrid FRPs. Accordingly, the specific objective of this study
is to investigate the effect of adding nanoparticles of Al,03
and GNPs and their dispersion on hybrid carbon and GFRP in
terms of microstructural and mechanical properties for wind
turbine applications. The experimental work, followed by the
results and discussion, will be briefly discussed in Sections 2
and 3. To end up with the conclusion that will be summa-
rized in Section 4.

2. Materials and experiments

This section briefly explains the experimental work proced-
ures, including the material chosen, its specifications, the
technique, and the tools used.

In this work, two kinds of fibers, including E-glass fiber
with a density of 2.56 g/cm? and carbon fibers with a density of
1.6 g/cm®, were used to produce different composite struc-
tures. Carbon fiber and glass fiber were supplied from Arab
World for Financial Investments Company, Cairo, Egypt. Each
type of fabric consisted of two sets of perpendicularly inter-
laced fiber yarns, the warp or longitudinal direction, and the
fill or transverse direction, as shown in Fig. 1 (a,b). Sikadur
resin (Sikadur 330) is an epoxy supplied by Sika Corporation
used as a matrix between the different kinds of used fibers,
which is also suitable for vacuum infusion. On the other hand,
two types of nanoparticles: aluminum oxide (Al,03) and gra-
phene nanoplatelets (GNPs), were used as nano re-
inforcements inside the resin matrix. GNPs and Al,O; were
supplied from Nano Gate Company for nanomaterials and
Chemicals, Cairo, Egypt. The nanopowders of Al,O; were a
white color, spherical-like shape, <25 nm, density 3.78 g/cm?,
purity~ 95%, tensile strength 665 MPa, as shown in Fig. 1(c). On
the other hand, the nanopowders of GNPs were gray in color
and fine flake in shape with an average size of 100 nm, as
shown in Fig. 1(d). The physical and mechanical properties of
epoxy resin, E-glass fiber, carbon fiber, Al,03, and GNPs are
listed in Table 1. Fiber volume fraction (v§ was measured
experimentally by removing the matrix of epoxy by burning
and chemical techniques according to ASTM D-3171-99 [19].

Fig. 1 — (a) woven glass fiber, (b) woven carbon fiber, (c) Al,03, and (d) GNPs.
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Table 1 — Physical and mechanical properties of epoxy

resin, E-glass fiber, carbon fiber and Al,0; as well as
GNPs.

Properties Epoxy E-glass Carbon Al,O; GNPs
fiber fiber

Density (g/cm?) 1.16 2.56 1.6 3.78 2.267

Tensile strength 30 1400 2400 665 167
(MPa)

Tensile modulus 4.1 72.3 228 210 2.4 *10°
(GPa)

Poisson's ratio 0.35 0.22 0.30 0.24 0.012

The average volume fraction was kept at 64%. The specifica-
tions of the constituents proposed for the current work are
listed in Table 2. Different types of composite structures were
selected and carried out, as shown in Table 2. It can be noted
that the hybrid structure consists of a combination between
two woven layers of glass fiber and two woven layers of car-
bon fiber mixed with the polymer resin.

The nanoparticles of Al,0; and GNPs were mixed inside the
epoxy resin matrix using the ultrasonication process shown in
Fig. 2. The mixing process was executed at mixing time of
30 min at 500 RPM by Henan Lanphan mechanical stirrer to
obtain uniform and homogenous dispersion. Hielscher ultra-
sonic processor UP200S with 200 W and frequency 24 kHz
performed the sonication process. Beni-Suef University sup-
plied the ultrasonic processor. The sonication process was
performed at 0.5 cycles per second with 70% amplitude for 3 h.
To prevent the agglomeration of nanoparticles, the sonication
time should be long enough. An important point must be
mentioned. To prevent resin degradation, it must be long
waiting until cooling the epoxy mixture and nanoparticles by
putting on an ice water bath before preparing sonication.
Then the hardener and epoxy resin were mixed with recom-
mended ratio. The ratio of hardener to epoxy was kept 1:2 by
weight. The curing cycle of all produced samples was at 55 °C
for 30 min.

Graphene is used as a reinforcement nanomaterial due to
its superior characteristics such as higher young modulus
(>1 TPa), lower density (1.06 g/cm3) and higher fracture
strength (130 GPa). Furthermore, graphene nano-platelets
possess thrilling attributes such as lightweight, wide aspect
ratio, electric and thermal conductance, mechanical strength,
and reasonable cost. These characteristics make the graphene
one of the most important nano-reinforcement materials

nano-composite field, especially in the modern industrial
applications [39]. Moreover, the addition of GNPs composite
material helps to improve the dimensional stability and
operating temperature tolerance. On the other hand, Al,O;
has enhanced optoelectronic and physiochemical properties.
There are numerous applications of GNPs and Al,0O3; nano-
particles that it would be too long for this brief introduction.
The advantages of these nanoparticles are immense but they
are not without their drawbacks. So, The combination of
graphene and alumina (GNPs— Al,0; nanocomposites) inside
the matrix of hybrid glass and carbon fibers reinforced poly-
mer matrix composites has a significant benefit towards its
mechanical, electrical, and thermal properties. On the other
hand, Al,O; powders have fine spherical particle shape with
particle size 50 nm, while, the GNPs powders have a fine flake
shape with an average size of 100 nm. Specifically, graphene
nanoplatelets are unique nanoparticles consisting of short
stacks of graphene sheets having a platelet shape. So, the
adding different shapes as Al,O5 (fine spherical particle shape)
and GNPs (fine platelet shape) inside hybrid glass and carbon
fibers reinforced polymer matrix composites are assisting to
merge the matrix materials and reinforcement constituents,
which is refilling any bubbles, voids and porosities inside the
microstructure.

To fabricate different types of composite structures, two
manufacturing methods were used hand lay-up and
compression-molding techniques. In the technique of hand
lay-up, the layers of woven fabrics were placed on a flat and
smooth surface with an insulator in between plastic sheets as a
release agent. Nanoparticles were prepared by surface treat-
ment of nanoparticles using stearic acid as a non-reactive
modifier. This is to increase the adhesion between the nano-
particles and the epoxy. However, stearic acid was added to
ethyl-acetate solution with stirring for 4 hour by an electric
mixer at a speed of 900 rpm. Then the nanoparticles are added
to the mixture with stirring for another % hour, followed by the
process of washing the nanoparticles using ethyl-acetate so-
lution and filtrate until the excess stearic acid is removed. It
was followed by carefully adding epoxy with nanoparticles
with intermittent stirring for 30 min at 500 rpm. Next, add the
mixture to the first layer of woven fabrics. While making sure
that the firstlayer of woven fabrics is saturated with epoxy, the
second layer of woven fabrics is added sequentially. Then the
process continued until the completion of the number of layers
required. On the other hand, the compression mold technique
was used through preparing the mold with a flat and good

Table 2 — Different kinds of composite structures used in present experimental procedures.

No. ID specimens Name specimens Reinforcement type Matrix type Nano kind and weight
percentage
1 S1 Glass fibers Glass fibers Sikadur 330 epoxy =~ Without
S, Carbon fibers Carbon fibers Without
3 S3 Hybrid glass and carbon Carbon fibers + Glass fibers Without
fibers
4 Sa Hybrid glass and carbon Carbon fibers + Glass fibers 1.5% wt. GNPs+ 1.5 % wt.
fibers at1.5% wt. GNPs+ 1.5 Al,03
% wt. Al,04
5 Ss Hybrid glass and carbon Carbon fibers + Glass fibers 3%wt. Al,03

fibers at 3% wt. Al,O3
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surface finishing, and internal dimensions 300 x 200 mm were
covered with a transparent plastic sheet as a release agent, as
shown in Fig. 2. After curing, samples are machined according
to the standard specifications for each test.

After the manufacturing stage, samples were examined by
microstructural and mechanical tests. Optical microscope
(OM), scanning electron microscope (SEM), and energy
dispersive X-ray spectroscopy (EDS), and X-Ray diffraction
(XRD) were used to evaluate the macro and microstructural
characterization of the reinforced and unreinforced samples.
Hardness test was carried out by Shimadzu Vickers micro-
hardness testing device for the reinforced and unreinforced
samples at 200 g load and 10 s. Tensile tests were carried out
on a universal testing machine at room temperature following
the ASTM standard recommendations. The bending test was
performed by the universal testing machine using three
points method at standard temperature. The diameter of the
rollers was 30 mm while the distance between the rollers was

37 mm. The speed of the crosshead during the bending test
was kept at 2 mm/min for all tests. After presenting the details
of experimental work, we can be introduced the results and
discussions.

3. Results and discussion

3.1. Microstructural characteristics of produced hybrid
FRPs with additional nanoparticles

This section illustrates the influence of nanoparticle addition
on the microstructural characteristics of hybrid FRPs through
the observations of the OM, SEM, EDS and XRD.

Fig. 3 shows the optical microscope of the prepared sam-
ples at different conditions. As we can see in the first case of
glass fibers in (a), different bubbles can be noted at the pre-
pared surface's macroscale. This is due to different items such

Vacuum outlet

Under mold

Compression of laminatesin hot press

Sealant tape

Fig. 2 — Schematic and actual fabrication sequences of prepared hybrid carbon and glass fibers with and without adding

nano particles of Al,0; and GNPs.
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Agglomerations of nanoparticles
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Fig. 3 — Optical Microscope of prepared samples at: (a) S4, (b) Sa, (c) S, (d) S; and (e) Ss.

as (i) the distance between woven glass fibers is large, (ii) the
high amount of resin compared to the fibers contents, and (iii)
the insufficient compression pressure of laminate at the hot
press. All these elements are caused by the appearance of the
bubbles and voids between these fibers. In the second case of
carbon fiber in (b), it can be observed that the woven carbon
fibers have appeared without any bubbles in the macroscale,
this is due to the distance between woven fibers is suitable,
and the interaction between the resin and carbon fibers is
sufficient. On the other hand, the third case of hybrid glass
and carbon fibers without nanoparticles in (c) illustrated
different bubbles and voids between the hybrid glass and
carbon fibers. This is due to the differences between di-
mensions, interactions, and volume fractions of the glass and
carbon fibers. Based on the above observations, it is essential
to add the nanoparticles embedded inside these bubbles and
voids to fill the gaps between hybrid glass and carbon fibers. In

the fourth case of hybrid glass and carbon fibers with nano-
particles at weight fraction of 1.5% of GNPs and weight frac-
tion of 1.5% of Al,O; in (d), it can be observed that some
nanoparticles of GNPs and Al,O5 are scattered between hybrid
glass and carbon fibers, which fill the gaps and eliminate the
appearance of any bubbles and voids inside the prepared
sample. Finally, in the fifth case, hybrid glass and carbon fibers
with nanoparticles at weight fraction of 3% of Al,05 in (e), it
can be observed that the agglomerations of Al,0; nano-
particles were formed between the hybrid glass and carbon
fibers, which help in preventing the occurrence of any voids
and bubbles.

Fig. 4 reveals the scanning electron microscope of the
prepared samples at different conditions. In the sample of
glass fiber, it can be observed that the nanopores exist be-
tween the glass fibers. While in the carbon fiber sample, the
nanovoids are indicated but lower than in the sample of glass
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Fig. 4 — Scanning Electron Microscope of prepared samples at: (a) S,, (b) S, (c) S3, (d) Sa4, (¢) Ss and (f) high magnification

scale at S,.

fibers. On the other hand, nanobubbles are observed in the
sample of hybrid glass and carbon fibers without nano-
particles. This is due to the differences between density,
dimension, and distance between woven fibers. However,
uniform scattering of nanoparticles was observed in the
samples of hybrid glass and carbon fibers at weight fraction of
fraction of 1.5% for both of GNPs and Al,0O;. This endued to
different benefits such as: (i) reduce the concentration ratio,
which assisted in preventing the agglomeration, (ii) improve
the strengthening mechanism of the resin matrix, (iii) in-
crease the inter-laminar adhesion between the matrix and
fiber through incorporating mixed nanoparticles of Al,0; and
GNPs, (iv) convert the stress concentration from matrix to the
fiber as well as, and (v) enhance the mechanical properties of
the prepared samples. Furthermore, the thin layer of GNPs
cannot act as a reinforcing element. Still, the mixed

compositions between Al,0; and GNPs were assisted in rein-
forcing the process through the adhesion of the GNPs with the
carbon fiber and glass fiber, and then Al,05; nanoparticles are
bonded by them via the connections of GNPs with the carbon
fiber and glass fiber. On the other hand, in the sample of
hybrid glass and carbon fibers at weight fraction of 3% of
Al,03, agglomerations of Al,0; nanoparticles is observed that
weakened the bonding between the matrix and fiber. This is
due to the unbalance of the corporation of nanoparticles in
this sample. Fig. 5 presents the field emission scanning elec-
tron microscopes (FE-SEM) image and mapped analysis of C,
O, and Al for a prepared sample at hybrid glass and carbon
fibers at weight fraction of 1.5% of GNPs and weight fraction of
1.5% of Al,05. The FE-SEM observation of the prepared sample
at hybrid glass and carbon fibers at weight fraction of 1.5% of
GNPs and weight fraction of 1.5% of Al,0; was showed
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Fig. 5 — FE-SEM image and map analysis of G, O and Al for prepared sample at hybrid glass and carbon fibers at weight

fraction of 1.5% of GNPs and weight fraction of 1.5% of Al,Os.

homogenously scattering of mixed nanoparticles of Al,03 and
GNPs in the whole surface. This is due to the efficient soni-
cation process. According to map analysis, it can be noted that
the elements of C, O, and Al are embedded between the matrix
and fiber. The EDS analysis of the mixed nanoparticles at
weight fraction of 1.5% of GNPs and weight fraction of 1.5% of
Al,03 are showed the intensity of C, O, and Al elements. It can
be illustrated that the C intensity is the highest while the Al is
the lowest. The C is expressed as the GNPs and carbon fiber,
and glass fiber as well as Al is expressed as the Al,05. On the
other hand, the element of O is expressed as the nanobubbles.

Fig. 6 shows XRD patterns of the prepared samples.
Generally, it can be elucidated that the intensity of the
element of C and Al,O3 were showed a reduction in all peaks.
This is due to the similarity and addition of nanoparticles as

GNPs and Al,03 with carbon fiber and glass fiber in the pre-
pared samples. Specifically, the intensity of the C element in
all conditions was observed as the highest intensity. This is
also due to the resemblance of additive nanoparticles as GNPs
and glass and carbon fiber.

On the other hand, the element intensity of Al,03 exhibited
the lowest. The XRD spectra of Sy, S,, and S, as well as S, and
Ss show the element of C in 18, 25 and 38, and 42 and 44°,
respectively, of 26 at x-axes. This proved the appearance of
glass and carbon fiber in all prepared samples, and also that
was proven the appearance of GNPs in the S, On the other
hand, in S; and Ss, the element of Al,0; was observed at 23
and 43 degrees of 26 at x-axes. This proved the appearance of
Al,O5 in the hybrid glass and carbon fiber with different ad-
ditions in S, and Ss, which helps in improving the mechanical
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Fig. 6 — XRD patterns of prepared samples at: (a) Sy, (b) Sy, (c) Ss, (d) S; and (e) Ss.

properties. Investigation of the mechanical characterizations
will be explained briefly in Section 3.2.

3.2. Mechanical properties of produced hybrid FRPs with
nanoparticles

This section illustrates the effect of nanoceramic particles on
the mechanical properties of hybrid FRPs by hardness, tensile
and bending tests.

Fig. 7 shows the Vickers microhardness maps of the cross-
section of prepared samples at different conditions. Generally,
the microhardness maps explain the hardness distribution
based on adding nanoparticles in two axes, x, and y, in all
prepared samples. According to Fig. 7, it can be noted that the
lowest hardness was observed at hybrid glass and carbon fi-
bers without nanoparticles in (c). This is because the nano-
particles are not added, which is caused by nanobubbles in
this sample. On the other hand, the highest hardness was
shown at hybrid glass and carbon fibers at weight fraction of
1.5% of GNPs and weight fraction of 1.5% of Al,03 in (d). This is
due to the sufficient dense concentration of nanoparticles and
uniform scattering of nanoparticles. Specifically, in the glass
fiber sample, the hardness map shows different values begin
from minimum value 4 VHN until maximum value 8 VHN
scattering in the whole of the cross-section of the prepared
sample. Furthermore, in the carbon fiber sample, the hardness
map illustrates different values beginning from a minimum
value of 7 VHN until a maximum of 12 VHN. Moreover, in the
sample of hybrid glass and carbon fibers without nano-
particles, the hardness map elucidates different values from a
minimum value of 0.6 VHN to a maximum of 1.8 VHN. On the
other hand, in the sample of hybrid glass and carbon fibers at
weight fraction of 1.5% of GNPs and weight fraction of 1.5% of
Al,03, the hardness map observes different values begin from
minimum value 9 VHN until maximum value 14 VHN. Finally,
in the sample of hybrid glass and carbon fibers at weight
fraction of 3% of Al,03, the hardness map shows different
values begin from minimum value 0.5 VHN until maximum
value 3 VHN. According to the hardness measurements, it can
be proven that the sample of hybrid glass and carbon fibers at

weight fraction of 1.5% of GNPs and weight fraction of 1.5% of
Al,05 was optimum. This is due to better distribution and an
excellent scatter and dense of nanoparticles inside the matrix.

Fig. 8 shows the tensile strength of prepared samples at
different conditions. According to Fig. 8, it can be elucidated
that the first sample (S;) showed ultimate tensile strength and
elongation at 52 MPa and 0.048, respectively. However, the
behavior of the S; sample was brittle. The second sample (S,)
showed ultimate tensile strength and elongation at 142 MPa
and 0.042, respectively. An important point that can be
mentioned here is the ultimate tensile strength and elonga-
tion of both glass fiber and carbon fiber samples in S; and S,
were seem uncharacteristically low. This is due to the bubbles
that formed on the surface of the prepared samples in macro
and nano-scale. While, the third sample (S;) was observed
ultimate tensile strength and elongation at 133 MPa and 0.073,
respectively. On the other hand, the fourth sample (S4)
showed ultimate tensile strength and elongation at 162 MPa
and 0.049, respectively. Moreover, the fifth sample (Ss) showed
ultimate tensile strength and elongation at 230 MPa and 0.057,
respectively. It can be noted that the additive of nanoparticles
improved the strength from 52 MPa at glass fiber without
nanoparticles to 230 MPa at the hybrid glass and carbon fiber
with weight fraction of 3% of Al,05;. Moreover, it can also be
noted that the additive nanoparticles improved the strength
from 133 MPa at the hybrid glass and carbon fiber without
nanoparticles to 230 MPa at the hybrid glass and carbon fiber
with weight fraction of 3% of Al,Os. This is due to better uni-
form scattering of nanoparticles and sufficient dense con-
centration of nanoparticles. This is assisted in improving the
mechanical properties of wind turbine structures. Due to the
direct relation between bending and other mechanical prop-
erties such as strength and ductility, further discussions about
them will be explored in the next section.

The effect of adding nanoceramic particles on the me-
chanical properties of hybrid FRPs by the bending test was
investigated. The bending test was carried out based on three-
points flexural tests at room temperature to deeply under-
stand how far the composite could resist against the flexural
loading over different ranges of particles and fiber loading in


https://doi.org/10.1016/j.jmrt.2021.07.158
https://doi.org/10.1016/j.jmrt.2021.07.158

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;14:2624-2637

2633

Harness value at Y-axis

1 2 3

Harness value at Y-axis

1 2 3

Harness value at Y-axis
N

1 2

Harness value at Y-axis

Harness value at Y-axis

1 2 3 4

1 2 3 4

Harness value at X-axis

Fig. 7 — Hardness measurements of prepared samples at: (a) S,, (b) S, (c) S, (d) Ss4, and (e) Ss at x and y-axes.

the epoxy matrix. Fig. 9 shows the effect of nanoparticles on
the flexural strength of hybrid carbon and glass fiber. As
shown in Fig. 9, the highest flexural load was obtained in the
hybrid glass and carbon fiber at weight fraction of 3% of GNPs.
While, the lowest flexural load was observed in hybrid glass
and carbon fiber at weight fraction of 1.5% of GNPs and weight
fraction of 1.5% of Al,0;. On the other hand, the glass and

carbon fiber and hybrid glass and carbon fiber were obtained
medium flexural load. The highest weight composition of
GNPs nanoparticles in the epoxy matrix (weight 3%), the
highest concentration of the flexural strength, decreases after
that in weight fraction of 1.5% of GNPs and weight fraction of
1.5% of Al,O3 nanoparticles in the epoxy matrix. Specifically, it
was observed that the flexural strength of specimens with
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Al,O3; nanoparticles attained their optimum value at a weight
fraction of 3% and gradually decreased after the high con-
centration of weight fraction of 1.5% of GNPs and weight
fraction of 1.5% of Al,03. The highest concentration of flexural
strength was due to the nanoparticle's enhanced dispersion in
the epoxy matrix. At the same time, the aggregation of
nanoparticles reduces the concentration of flexural strength
of the nanocomposites. The flexural modulus of hybrid glass
and carbon fiber nanocomposites also increases with the
addition of Al,0; and GNPs nanoparticles.

On the other hand, the flexural strain of carbon fiber was at
its lowest value, while the flexural strain of hybrid glass and
carbon fiber without nanoparticles was the highest. This is
due to the appearance of the bubbles and voids, which are
increasing the distance between the grain boundaries that
assisted in absorbing any deformations. While, the flexural

strain of glass fiber, hybrid glass, and carbon fiber at weight
fraction of 1.5% of GNPs and weight fraction of 1.5% of Al,05
and hybrid glass and carbon fiber at weight fraction of 3% of
Al,O; were medium.

Fig. 10 shows the fracture surfaces of prepared samples at
different conditions under tension test. However, according to
Fig. 10, it can be elucidated that the tension failure of fibers
was observed at the first case of glass fiber in (a). This is due to
the appearance of voids and bubbles. On the other hand, the
pull out cavity was elucidated at the second case of the carbon
fiber in (b). In the third case of hybrid glass and carbon fibers
without nanoparticles the brittle fracture was observed in (c).
This is due to the nanoparticles are not added. The mixed
modes of failure as tension failure of fibers and pull out cavity
were observed at hybrid glass and carbon fibers with nano-
particles at 1.5 wt. % Al,05; and 1.5 wt. % GNPs in (d). This is due
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Fig. 10 — Fracture surfaces of prepared samples at: (a) S,, (b) S, (c) S, (d) S4, and (e) Ss.

to uniform scattering of the nanoparticles. The failure mode of
pull out cavity was observed in the hybrid glass and carbon
fibers at 3 wt. % Al,Os in (e). This is due to some nanoparticles
were agglomerated in some portions and in another portions
were emptied. After presenting the whole results and dis-
cussions them in a detailed and clear manner, we can present
conclusion and summary of this study in the next section.

4, Conclusion

This paper presents a successful method to synthesize glass,
carbon, and hybrid FRPs with mixing nanocomposites by
high-frequency sonication technique for wind turbine pur-
poses. Different parameters have been investigated to obtain a
new composite material with enhanced properties. The pa-
rameters include different nanoparticles' contents of Al,0O3
and GNPs on woven glass fiber, carbon fiber and hybrid glass,
and carbon fiber; concerning nanoparticles' dispersion
through morphological, microstructural, and mechanical
characteristics.

According to the reported observations from this study, the
main conclusions can be summarized as follows:

1. The high-frequency sonication technique is found to be an
efficient technique to disperse the different contents of
nanoparticles (Al,O03; and GNPs) on woven hybrid glass and
carbon fiber,

2. The highest hardness was obtained by hybrid glass and car-
bon fibers at weight fraction of 1.5% for both of GNPs and
Al,O3 while the hybrid glass and carbon fiber obtained the
ultimate tensile strength with weight fraction of 3% for Al,Os,

3. The microstructure refers to a perfect scattering and a
better distribution of the GNPs and the Al,O3 in the hybrid
glass and carbon fiber at weight fraction of 1.5% for both of
GNPs and Al,Os,

4. The hardness values increase with increasing the disper-
sion of the GNPs and Al,O3 contents,

5. The mechanical properties fell with the absence of GNPs
and Al,O5. This was due to the progressive influence on the
grain growth mechanism and the agglomeration of GNPs
and Al,O3,
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6. The flexural strength of the Al,O; reinforced nano-
composites with weight fraction of 3% attained its opti-
mum value and gradually decreased after that for the high
concentration of weight fraction of 1.5% of GNPs and
weight fraction of 1.5% of Al,05, and

7. The experimental results reveal that the best weight frac-
tion of GNPs and Al,0s, is 1.5% which improves the
microstructural characterization and mechanical proper-
ties of the hybrid glass and carbon fibers.

These conclusions can be attributed to the improvement of
both the microstructural characterization and mechanical
properties of the hybrid glass and carbon fibers with weight
fraction of 1.5% for both of GNPs and Al,Os.
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