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Abstract

Wind turbines are subjected to extreme weather and load conditions; hence,

high strength and impact resistance are required. Furthermore, wind turbine

blades can be subjected to impact loads such as bird strikes, resulting in the

formation of microcracks. Self-healing capsules can be used to mend turbine

blades for microscale damage. The incorporation of self-healing capsules may

cause a decrease in the mechanical characteristics of the composites prior to

impact resistance, which can be compensated for with efficient fillers such as

silicon carbide whiskers (SiCw). Thus, a novel hybrid composite structure is

examined with the advantage of using a self-healing mechanism and SiCw

reinforcement. Tensile, tribological, and Charpy impact tests were performed

to characterize the mechanical and tribological properties, which were sup-

ported with microscopic observations. Multiple experimental characterizations

were performed to investigate the impact, and the ultimate tensile strength

(UTS) and energy absorption capacity of the structure were shown to increase

by 32% and 45%, respectively, with the addition of SiCw. The presence of

self-healing agents provides a 5% rise in UTS after enough time for healing

following the collision. The structure's tribological performance is improved by

10% in wear resistance and 20% in friction coefficient.

Highlights

• Hybrid laminated composite structure with silicon carbide whisker and self-

healing capsules.

• Tensile and Charpy impact tests conducted with microscopic observations

• Increased ultimate tensile strength and energy absorption capacity by 32%

and 45%.

• Tribological improvement by 10% in wear resistance and 20% in friction

coefficient.
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1 | INTRODUCTION

Over the past few decades, wind power has emerged as a
prominent source of renewable energy, mostly due to the
establishment of onshore and offshore wind farms. Numer-
ous studies are currently being conducted to enhance the
efficiency and reduce the cost of wind turbines. Hybrid
materials, namely hybrid laminate composites, are now
under investigation for their potential application in wind
turbine blades. In comparison to conventional blades, the
utilization of hybrid composite material blades presents
advantages in terms of improved strength, stiffness, effi-
ciency, and cost-effectiveness.1–4 Moreover, considering the
increasing costs related to the maintenance of wind tur-
bines, there is a growing trend to design turbine blades that
exhibit resistance against wind erosion and bird strikes.5,6

For this purpose, several developments have been realized
in the composite structures.7,8

Bird strikes are an important consideration when ana-
lyzing wind turbine blade damage.9–12 An estimated 20,000
incidents of bird strikes occur annually on wind turbines in
the United States. These incidents culminate in an average
of 4.27 bird fatalities per turbine.13–16 As a result, bird
strikes must be considered a significant criterion in the
design process for wind turbines. Several studies have been
conducted to design, model, and test the bird strike event
for laminate composites with various failure modes that are
simulated through material damage, stiffness reduction,
and element removal, and these models were utilized to
optimize the stacking sequence, which resulted in improved
impact resistance capability.17–19 Different composite mate-
rials exhibit different deformation behavior against projec-
tile impact like bird impacts. The variability in this behavior
is contingent upon the parameters related to strength and
fracture energy.20–22 Thus, the differentiation in the mate-
rial properties can represent varying damage mechanisms.
Four distinct types of damage may result from impact load-
ing: delamination, matrix cracking, fiber breaking, and
complete perforation. During low-velocity impacts,23–27 the
composite laminate undergoes a sequential pattern of
damage as the amount of impact energy rises.

Materials, particularly composites, have incorporated
self-healing mechanisms to repair microcracks and other
forms of damage resulting from dynamic loading and
impact during service. Cutting-edge aircraft components,
such as engines, fuselages, and coatings, exhibit a diverse
array of self-healing materials, methods, and applica-
tions. The healing mechanism may exhibit variability
across various polymer matrices. Thermosets include the
encapsulation of uncured resins, such as epoxy, within
microcapsules. Subsequently, the capsules are incorpo-
rated into the resin and uniformly dispersed throughout
the manufacturing procedure of the composite material.

When this composite is used in a component and
subjected to impacts, the capsules tear, causing the resin
to fill the resulting cracks. The uncured resin undergoes
solidification in the presence of inherent hardening
agents inside the composite. By healing the cracks, the
composite material can be effectively repaired and main-
tained for further usage.28–34 In the research conducted
by Hayes et al., a novel self-healing technology based on
a solid-state thermoset repair system was employed in
the structural composite. The findings of the study dem-
onstrated that the composites exhibited a restoration of
50% to 70% of their initial failure strength following the
healing process.35 Furthermore, it was determined that a
capsule content of 7.5 wt% exhibited the highest efficiency
in terms of Charpy impact testing.29 The fracture character-
istics of a carbon fiber-reinforced polymer matrix composite
that incorporated a microencapsulated healing agent were
investigated in a separate study. Recently fractured speci-
mens were bonded together using light pressure and
allowed to heal at room temperature after 48 hours.36 Fol-
lowing subsequent tests, the healing efficiency, as measured
by the restoration of interlaminar fracture toughness, was
found to be around 38% on average, with a maximum value
of over 45%. An increase in healing temperature to
80 degrees Celsius resulted in an average improvement in
healing efficiency of 66%, with a peak of 80%.36

Under typical circumstances, the wind turbine structure
is resilient enough to endure impact damage caused by bird
collisions. Nevertheless, in order to endure severe wind and
rotor stop conditions, it is imperative that the material
enhance its strength, wear resistance, friction coefficient,
and fracture toughness. In addition to that, the wind turbine
structure can be optimized as a hybrid structure, and the
layup of each material can be determined in order to reduce
the cost of the structure.37,38 Various techniques, including
fiber orientation alignment, matrix modification, heat treat-
ment, and the use of fillers, can enhance the mechanical,
damage, and tribological performance parameters.39–43 The
composite laminates are improved in terms of strength,
wear resistance, friction coefficient, and fracture toughness
by including efficient fillers. There are a variety of efficient
fillers available in the market used by the researchers. Sili-
con carbide (SiC) and silicon nitride (Si3N4) are the most
common ceramic whiskers with commercial significance.
Other ceramic whiskers include: AlO whiskers, K4TiO4

whiskers, and aluminum borate (H3AlBO2) whiskers. SiCw

are often used in aluminum alloy matrix composites
because of their favorable mechanical properties, density,
and cost. They can be synthesized using carbothermal
reduction or chemical vapor deposition (CVD). Whiskered
ceramic inserts are used in the aerospace, automotive, and
general machining industries to cut hard materials. They
are reinforced with whiskers to increase their toughness,
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hardness, and high-temperature resistance. However, SiCw

exhibits remarkable mechanical properties as a filler, such
as a low bulk density, high strength, and resistance to defor-
mation at high temperatures due to its covalent bonding.44

Moreover, SiCw has exceptional thermal, electrical, chemi-
cal, and nuclear characteristics, including elevated thermal
conductivity, exceptional resistance to wear.45–47 Further-
more, it has a notable level of resistance to oxidation and
chemical substances.48,49 Hence, the utilization of silicon
carbide whiskers (SiCw) holds promise in enhancing the
mechanical and tribological characteristics of laminate com-
posites to a considerable extent. Numerous studies have
been undertaken to explore the application of SiCw in com-
posite materials using diverse methodologies. A study was
conducted to examine the evolution of interlaminar fracture
toughness by developing carbon fiber-epoxy composites that
incorporated SiCw into the epoxy matrix at different weight
ratios ranging from 0 to 1.5 wt%. The fracture toughness of
the composite material with 0.5 wt% SiCw was found to
be the highest, indicating that a whisker weight ratio of
0.5 wt% is the most favorable among the specimens that were
examined.50 The mechanical properties of high-performance
polymer (PA6) composites were enhanced through the
incorporation of one-dimensional SiCw, as demonstrated in a
separate investigation. By including 2 wt% SiCw, the tensile
strength of composites was increased by 37.6%, resulting in
a value of 58.2 MPa. Moreover, the incorporation of 30%
SCWS results in a decrease in the friction coefficient of the
composite material from 0.31 to 0.15, hence demonstrating
enhanced resistance to abrasion.51 Therefore, it has been
decided to consider a whisker weight ratio of 0.5 wt% in the
laminated composite structure as detailed in Section 4.1.

Hence, the objective of this study is to contribute to
the development of self-healing hybrid composites rein-
forced with SiCw. Through this contribution, it is aimed
to enhance the mechanical and tribological performance
of the developed composites, resulting in reduced mainte-
nance and operational costs.

The present study entails the fabrication of hybrid
laminate composites, followed by the application of
impact loading to induce damage to specific composite
groups, and subsequently observing the resulting healing
process. Furthermore, the impact of incorporating SiCw

on mechanical characteristics was assessed by the utiliza-
tion of tensile and Charpy impact tests. Ultimately, the
researchers conducted microscopic examinations utiliz-
ing optical microscopy techniques in order to ascertain
the processes of damage and the spatial arrangement of
the fillers.

Subsequently, tribological evaluations were carried
out on the developed composites to investigate the influ-
ence of SiCw on both the wear resistance and friction
coefficient of the laminate composites.

2 | MATERIALS AND METHODS

This study involved the production of epoxy matrix com-
posites reinforced with unidirectional (UD) glass fiber
fabrics, UD carbon fiber fabrics, and twill woven carbon
fabrics. L300 UD E-glass fiber fabrics (Metyx®), 200 GSM
Twill Woven Carbon (Metyx), and DW 300 UD Carbon
(DowAksa®) were used for the manufacture of laminated
composites (see Figure S4). The laminate composites con-
sist of five layers (45/0/90/0/45) (see Figure 1). To
increase impact resistance, 45� twill carbon is employed
as woven fabric composites demonstrate increased stiff-
ness and strength when subjected to shear loading com-
pared to UD composites, as long as the fiber-matrix
combination and fiber volume ratio are consistent52,53;
two layers of 0�GFRP and 1 layer of 90�CFRP are selected
to have high strength in the 0� direction. The properties
of laminates are given in Table 1.

Based on the results of stiffness calculations, it can
be observed that the values of E1 (elastic modulus
in the X direction) and E2 (elastic modulus in the
Y direction) closely correspond to orthotropic struc-
tures. Here, the rule of mixtures and classical laminate
theory is used to estimate the effective in-plane elastic
modulus E1 and E2 for the given hybrid laminate com-
posite. A simplified approach is assumed to calculate
the average properties weighted by the thickness of
each layer.54

E1Hybrid ¼
Pn

i¼1 E1i:tið Þ
h

: ð1Þ

E2Hybrid ¼
Pn

i¼1 E2i:tið Þ
h

: ð2Þ

According to the calculation above, E1Hybrid ¼
68:2GPa and E2Hybrid ¼ 26:94GPa. The significant differ-
ence between E1Hybrid and E2Hybrid indicates directional
dependence of mechanical properties, which is a charac-
teristic of orthotropic materials in which the fibers can
be oriented in directions that maximize strength and
stiffness where needed, improving overall structural
performance.

FIGURE 1 Stacking sequence of hybrid laminate composite.
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During the manufacturing process of the composites,
a weight ratio of 1:1 was maintained between the fibers
and the matrix. The Hexion LR285 epoxy resin and
Hexion LH287 hardener used had a weight ratio of 5:2,
as shown in Table 2.

Prior to the composites' manufacturing, self-healing
capsules were produced according to steps given in
Figure S2. The procedure to produce self-healing capsules
involves the deposition of urea-formaldehyde using in-
situ polymerization. The present study involved the syn-
thesis of microcapsules using bisphenol A (DGEBA)
epoxy and chlorobenzene (PhCl) solvent as inducers. Due
to its elevated viscosity (ηDGEBA=1.3 Pas), epoxy cannot
be alone covered with a solid shell. To reduce the viscos-
ity of the epoxy, a non-polar solvent such as PhCl, with a
viscosity of 0.75 � 103 Pas, is utilized. This solvent is
carefully mixed with the epoxy (see Figure S1). PhCl has
the dual effect of reducing viscosity and promoting the
activation of the self-healing mechanism. Upon rupture
of the microcapsule shell, the migration of PhCl toward
the crack zone induces the activation of the amine groups
(NH2) present in that region, therefore commencing the
epoxy curing reaction. Following the completion of the
reaction, the solution containing microcapsules undergoes
filtering and several washing with deionized water. After
the completion of the cleaning procedure, the product
is thereafter subjected to a drying period of roughly
48 hours under a fume hood. In order to achieve a thor-
ough removal of any residual moisture from the microcap-
sules, an additional drying procedure can be performed for
a period of 24 hours at a temperature of 30�C within a
vacuum oven. The optical microscope is utilized to analyze
the self-healing capsules that have been made by the
aforementioned techniques. The capsules are submerged
in silicon oil to facilitate the observation.

After the fabrication of self-healing capsules (see
Figure S3), the composites outlined in Table 3 were manu-
factured. Concurrent with the manufacturing planning

process, test cases are established to examine the distinct
effects of the self-healing agent and SiCw. The properties
of the SiCw (Hongwu®) used in this study is given in
Table 3.

Test cases defined for hybrid laminated composites are
conducted with four samples, and the details of each test
case regarding self-healing agent, SiCw, damage status,
and curing are given in Table 4. In Case 1, no self-healing
chemicals or SiCw are introduced to hybrid composite
specimens, and no damage generation to the specimens is
anticipated. In Cases 2.1 and 2.2, 0.5 wt% SiCw was
included in hybrid composite specimens without a self-
healing agent. In Case 3.2, 0.5 wt% SiCw was added to the
hybrid composite specimen with 5 wt% self-healing agents.
Different from Case 1 and 2.1, in Case 2.2 and 3.2, speci-
mens are subjected to 1 joule of impact energy to generate
cracks. Additionally, in Case 3.2, specimens are cured for
16 hours at room temperature and 8 hours at 100�C.30

Case 1 and Case 2.1 are established to examine the influ-
ence of SiCw on the UTS in the undamaged composite.
Cases 2.1 and 2.2 are formulated to assess the effect of
damage on the UTS of the composite. Furthermore, Cases
2.2 and 3.2 are employed to ascertain the presence of the
self-healing phenomenon in the composite material. Case
3.1 is employed primarily to examine the potential impact
of post-curing by exclusively raising the temperature of
composites that have previously been cured. The reason
for this is that, during the initial cycle of composite
polymerization in the vacuum-assisted resin transfer
molding (VARTM) technology, certain epoxy groups
may not fully polymerize. By raising the temperature,
these unpolymerized groups are able to complete their
cross-linking process.

Following the completion of manufacturing and test
planning, composites were produced using the VARTM
technique (see Figure S5). Glass/carbon fiber plies were
manually laid at the specified angles illustrated in
Figure 1. Afterwards, a mixture of epoxy resin and SiCw

was impregnated into the glass/carbon fibers with the
application of vacuum pressure. Additionally, healing
capsules were evenly distributed using a sieve with a
mesh size of 300 μm between each layer in compositions
containing healing agents. According to Figure 2A, the
capsules that were produced have a spherical morphol-
ogy, characterized by a diameter of around 100 μm.55 As
seen in Figure 2A, one of the self-healing capsules has a

TABLE 1 Mechanical properties of

materials.
E1 (GPa) E2 (GPa) v12 G12 (GPa) Thickness (mm)

Twill carbon 61.9 59.1 0.61 2.43 0.2

Glass UD 55 3.5 0.36 2.19 0.25

Carbon UD 107 7.6 0.33 3.02 0.25

TABLE 2 Density and viscosity values for epoxy and hardener.

Material
Density
(gr/cm3)

Viscosity
(mPas)

Hexion LR285 epoxy 1.18–1.23 600–900

Hexion LH287 hardener 0.94–0.97 80–120

4 HASIRCI ET AL.
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TABLE 3 The properties of SiCw

material.
Product code Color Crystal form Diameter (μm) Length (μm)

D500B Laurel-green Cubic crystalloid 0.1–1 5–30

Density
(g/cm3)

Modulus
(GPa)

Tensile
strength (GPa)

Hardness
(Mohs)

Temperature
tolerance (�C)

3.21 480 20.8 9.5 2960

TABLE 4 Test cases for hybrid

laminated composites.
Test case Self-healing agent SiCw Damage status Curing

Case 1 No capsules No SiCw Undamaged No curing

Case 2.1 No capsules 0.5 wt% Undamaged No curing

Case 2.2 No capsules 0.5 wt% 1 J No curing

Case 3.1 No capsules 0.5 wt% 1 J Cured

Case 3.2 5 wt% 0.5 wt% 1 J Cured

FIGURE 2 (A) Produced self-

healing capsules; (B) microstructure

of manufactured hybrid composite

laminate.
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diameter of 101.08 μm, a perimeter of 317.57 μm and an
area of 8025.26 μm2. The measured diameters of the
highlighted capsules indicate a high degree of size consis-
tency among the self-healing capsules. This consistency
is beneficial for ensuring predictable performance in the
composite material. Figure 2A reveals a relatively uni-
form distribution of the capsules throughout the observed
area, is crucial for applications where homogenous self-
healing properties are desired. Also, an area in Figure 2A
is marked with red lines and represented separately to
magnify specific parts of the figure. The magnified
section of Figure 2A emphasizes the detailed structure of
individual capsules, allowing for a closer examination
of the capsule walls and any potential defects. This mag-
nification highlights the structural integrity of the cap-
sules, essential for their self-healing function. Once the
curing process is finished, composites were obtained in
plates (see Figure S6), from which specimens were
extracted using abrasive water jet cutting. Following the
manufacture of the composite, one of the tensile test
specimens was sectioned, mounted, and polished in order
to conduct a microstructural study. The use of an optical
microscope allows for the observation of the different plies
seen in Figure 2B. Figure 2B clearly shows the distinct
layers of the hybrid composite which is crucial for the
mechanical properties of the structure. Upon microscopic
examination, no voids, fractures, or interface issues are
identified. The absence of voids, fractures, or delamina-
tions between the different layers indicates a strong inter-
facial bonding within the composite. This suggests that the
manufacturing process was well-controlled, resulting in an
optimized matrix-fiber adhesion that enhances the struc-
tural performance of the composite.

The quasi-spherical black structures, identified as self-
healing capsules, are uniformly distributed within the
matrix without disrupting the fiber alignment. This uni-
form distribution is essential for the effective activation of
the self-healing mechanism, ensuring the composite main-
tains its integrity after damage. The consistent morphology
of the capsules across different layers suggests a homoge-
neous dispersion process. This homogeneity is critical for
reliable self-healing action throughout the entire compos-
ite, ensuring that damage can be addressed uniformly
regardless of its location.

After the specimens were extracted from the compos-
ite plates, they were subjected to end-tabbing in order to
prepare them for the tensile testing. The tabs are manu-
factured based on the specified measurements outlined
in the standard, which include a thickness of 2 mm, a
length of 56 mm, and a width equal to that of the speci-
men. Then, sample surfaces were prepared, and a strain
gauge was attached to measure strain during tensile tests
(see Figure S7). The ASTM D3039 standard has been

employed for conducting tensile tests to ascertain the
fundamental mechanical characteristics. Six rectangular
specimens were prepared, and tensile tests were con-
ducted with a Shimadzu AG-x 50 kN testing apparatus,
employing a loading rate of 5 mm/min subsequent to the
impact application. The elastic modulus, ultimate tensile
strength (UTS), and strain at break were measured using
tensile tests following the guidelines of ASTM D3039.56

Aside from mechanical testing, an evaluation of the tri-
bological properties of the developed composites is con-
ducted. Tribological tests were conducted on the Turkyus
podwt wear test device using 320 grit sandpaper as given in
Figure 3A. In addition, demonstrations of the sample holder
and test sample were presented in Figure 3B. Lastly, views
of the sample holder and test sample during the wear test
were shared in Figure 3C. As can be seen from Figure 3B,C,
the samples were replaced to the wear test machine via
sample holder to ensure accurate testing. The wear test
setup used for the tribological evaluation materials consists
of several key components designed to simulate abrasive
wear conditions. The test sample, prepared from the devel-
oped composite material, is subjected to controlled wear
against abrasive sandpaper. The abrasive medium is
securely mounted, ensuring consistent surface contact with
the test sample throughout the experiment. Different test
loads are applied using a manual control unit, which allows
precise adjustment and monitoring of the load during the
test. This setup replicates real-world conditions by ensuring
constant pressure and surface interaction between the sam-
ple and the abrasive medium. The system is equipped with
data recording software that continuously monitors and logs
essential parameters such as friction force, wear rate, and
displacement during the test. This comprehensive setup
enables the accurate and repeatable assessment of the wear
resistance and tribological behavior of the composite mate-
rials under study.

Test forces of 10, 20, and 40 N were selected for a
duration of 2 minutes, with a test speed of 2 m/s. Friction
force data generated during the tests were recorded using
Esit Data Logger 1.1.8 software.

The specimens for the tribological assessment are
prepared as given in Figure 4. The weights of each
sample were measured before and after the abrasion
test using a Radwag AS/220/C/2 precision balance, and
weight losses were calculated. Weight losses were also
determined by dividing them by the density values of
the samples to ascertain volume losses. Furthermore,
the surface roughness values of the samples were deter-
mined before and after wear at varying loads using a
surface profilometer (Mahr MarSurf PS1). Additionally,
the worn sample surfaces were examined with an
optical microscope (Nikon SMZ800 [Tokyo, Japan])
cooperates with Dpx View software.

6 HASIRCI ET AL.
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3 | THEORETICAL BACKGROUND
FOR BIRD STRIKE
INTERPRETATION

The current study focuses on the impact characteristics of
a hybrid laminate composite and its capacity for self-

healing through microcapsules, particularly in the con-
text of bird strike-induced damage. The objective of this
section is to provide a theoretical framework that seeks
to clarify the process of damage resulting from bird
attacks and determine the amount of energy required for
conducting impact tests.

3.1 | Evolution of stress by bird strike
damage

Bird strikes pose a significant risk to composite structures
such as wind turbine blades. The transfer of kinetic
energy that occurs upon impact initiates various forms of
damage, such as crack initiation and propagation, fiber
damage, and delamination. These incidents weaken the
structure, leading to matrix cracking, fiber fracture, and
potential structural failure. Understanding these causes
of damage is essential for creating resilient composite
structures that can endure bird hits. This knowledge may
guide the choice of materials, structural design, and
maintenance methods to improve the safety of aircraft
and wind turbines.

When a bird collides with a composite structure, it
transfers its kinetic energy to the structure. This sudden
energy transfer can cause localized deformation and
stress concentrations at the point of impact. Then, dam-
age initiation observed with several local issues, includ-
ing matrix and fiber fracture, manifested themselves in
composite laminates prior to their ultimate failure.

When a damage initiation criterion is met, continued
loading leads to the degradation of the material's stiffness
coefficients. The material exhibits linear elasticity up to a

FIGURE 3 Wear test setup, (A) equipment of the wear test machine, (B) demonstration of the test sample and sample holder, and

(C) view of the test sample and sample holder during the wear test.

FIGURE 4 Specimens for tribological assessment.
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peak stress value, followed by linear softening in the
post-peak phase, as shown in Figure 5.

The material's response following the damage initia-
tion is distinguished by a progressive decrease in its stiff-
ness. The reduction in material's stiffness is governed by

damage variables, which can range from zero (represent-
ing an undamaged state) to one (indicating a fully dam-
aged state for the associated mode). To account for the
decreasing impact of element size as the material softens,
a characteristic length for an element (Le) is introduced
in the equations for equivalent strain (εeq) and stress
(σeq). Equivalent strain and stress are defined for different
failure modes as given in Table 5.

εfeq and εmeq indicates the equivalent strain at which
complete fiber and matrix failure of the material take

place, respectively (dI = 1). In order to preserve the corre-
lation between equivalent stress and equivalent strain,
the selection of the involved damage variable through the
progression of damage evolution may exhibit variability.
Once damage initiation occurs (i.e., when εeq ≥ ε0eq),
Equation 357 yields the specific damage variable denoted
as “dI” for a given mode.57

dI ¼
εfeq εeq� ε0eq

� �

εeq εfeq� ε0eq

� � : ð3Þ

The variable “dI” denotes the equivalent strain at
which damage initiation occurs. The determination of
the specific value ε0eq for each damage mode is contingent
upon the elastic characteristics and strength of the mate-
rial, and it aligns with the stress levels established by the
initiation criterion. There exists a relationship between
equivalent strain and stress where the effective stress ten-
sor emerges from the nominal stress tensor, and it is
accompanied by a damage operator tensor that includes
three internal damage variables (df, dm, ds) representing
fiber, matrix, and shear damage, respectively. The dam-
aged material's response is determined using Equation 4,
and this calculation is employed to examine the gradual
reduction in the stiffness of the composite layer, allowing
for continuous tracking of damage progression.57

σij ¼Cijklεkl, ð4Þ

where Cijkl is the stiffness tensor upon damage and
defined as follows:

D¼ 1� 1�df
� �

1�dmð Þv12v21: ð6Þ

In Equations 5 and 6, E1 corresponds to the Young's
modulus along the fiber direction, E2 represents the
Young's modulus in the direction perpendicular to
the fiber orientation, G denotes the shear modulus, and
ν12 and ν21 refer to the Poisson's ratios. The progression
of the damage variable after initiation is determined by
the fracture energy (Gf ) released during the damage
process.

FIGURE 5 Stress–strain diagram for softening material.

TABLE 5 Equivalent strain and stress for different failure

modes.57

Failure mode εeq σeq

Fiber tension
Le

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε11ð Þ2þα ε12ð Þ2

q
Le σ11ε11þασ12ε12½ �

εfeq

Fiber compression Le �ε11ð Þ Le �σ11ð Þ �ε11ð Þ½ �
εfeq

Matrix tension
Le

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε22ð Þ2þ ε12ð Þ2

q
Le σ22ε22þασ12ε12½ �

εmeq

Matrix compression
Le

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ε22ð Þ2þ ε12ð Þ2

q
Le �σ22ð Þ �ε22ð Þþασ12ε12½ �

εmeq

Cijkl
� �¼ 1

D

1�df
� �

E1 1�df
� �

1�dmð Þv21E1 0

1�df
� �

1�dmð Þv12E2 1�dmð ÞE2 0

0 0 1�dsð ÞGD

2
64

3
75: ð5Þ
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εfeq ¼
2Gf

σ0eq
: ð7Þ

3.2 | Translation of energy for bird strike
interpretation

The provided formulation (see Equation 5) relies on a
representative unit volume and considers energy dissipa-
tion within this volume. However, it is necessary to char-
acterize cracks and their propagation by quantifying the
energy needed to expand the fractured area or cracked
surface. Hence, it is essential to develop a correlation
between fracture mechanics and damage mechanics. The
dissipation of specific fracture energy (Ef ) can alterna-
tively be mathematically represented as follows58,59:

Ef ¼
Z ∞

0
σijdIεij: ð8Þ

This corresponds to the region under the stress–strain
curve. The specific energy dissipated can be divided into
two components: the elastic energy, denoted as Ee, and
the propagation energy, referred to as Ep. This relation-
ship gives rise to the subsequent equation:

Ef ¼EeþEp: ð9Þ

By merging damage and fracture mechanics tech-
niques, the energy dissipated can be directly linked to the
energy required for failure, which should be inherent to
the material and specific to each failure mode. The term
“intralaminar fracture energy” refers to the amount of
energy dissipated per unit area. Here, the energy dissi-
pated per unit area is often termed the intralaminar frac-
ture energy (Gf ): Here it is assumed that damage related
to delamination primarily happens exclusively at the
interface.

Gf ¼
Z ∞

0
σijdIδij: ð10Þ

The energy spent within a volume element Ve and the
fractured area Ae is characterized as follows:

EeþEp
� �

Ve ¼GfAe: ð11Þ

For a characteristic length for an element, which is
defined as:

Le ¼A
l
: ð12Þ

In this context, “l” represents the greatest dimension
of the area element A. Therefore,

EeþEp
� �

AeLe ¼GfAe: ð13Þ

Rearranging the equation above, yields,

Ep ¼Gf

Le
�Ee: ð14Þ

The dissipation of energy should exhibit indepen-
dence from the size of the element. By maintaining a
constant specific internal energy, it is possible to calcu-
late the corrected value of Ep for various element sizes.
The specific energy of a bilinear stress–strain-damage
curve can be simply described as:

Ef ¼ 1
2
σ0εmax : ð15Þ

Ep ¼ 1
2
σ0 εmax � ε0ð Þ: ð16Þ

Ee ¼ 1
2
σ0 ε0ð Þ: ð17Þ

The intralaminar fracture energy associated with ten-
sile or compression failure can be quantified using com-
pact tension and compact compression specimens. The
intralaminar fracture energy, a term derived from frac-
ture mechanics, can be utilized to determine the energy
released within the finite element volume due to associ-
ated damage and fracture mechanics. The energy dissi-
pated for a particular damage mode, and the relationship
between damage and fracture mechanics is defined
as58,59;

Π¼ EeþEp
� �

ALe: ð18Þ

Numerous studies have been conducted to investigate
the effects of bird strikes on composite plates and the subse-
quent structural damage. Table 6 outlines the experiments
undertaken with various levels of kinetic energy, bird mass,
and specimen size. The energy dissipation is correlated
with the dimensions of the specimen, specifically the
longest length, specimen area, or fracture area, as seen by
Equation 18. Hence, relevant information has been
reported in Table 6 according to research findings.60,61

Analyzing the experimental applications suggests a
relationship between kinetic energy, characteristic length,
and specimen area, as shown in Figure 6. This relationship
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is analogous to the energy dissipation formula given
in Equation 18.

The York approach was employed to conduct linear
regression analysis with X error on five separate exam-
ples as presented in Table 6. The findings of this analysis
are illustrated in Figure 6. The linear regression results
given in Table 7 demonstrate that the slope of 8.0004E-4
establishes a statistically significant correlation between
kinetic energy, characteristic length, and specimen area.
The standard error associated with this relationship is
calculated to be 3.06569E-8.

According to Figure 7, the kinetic energy and standard
residuals for five different scenarios have been determined.
The differences between the predicted and actual values of
the dependent variable, as calculated by the statistical
model, are illustrated in Figure 7 through the use of stan-
dard residuals. In addition, the percentiles depicted in
Figure 7 allow for visualizing the distribution of the data
and identify the specific positions of individual data points
within the dataset that includes the five distinct scenarios.

The impact energy required for the test specimens,
measuring 15 mm � 250 mm, has been calculated to be

1 J, taking into account the characteristics of the speci-
mens. Yet, previous studies have demonstrated that
including twill textiles into the outer layers of the com-
posite lay-up significantly improves the impact resistance
of the composite material.62–64

Bird strikes are an important aspect of wind turbine
design since it allows us to understand how the structure
responds to impact damage. Thus, this article used the
Charpy impact test to mimic the wind turbine's response
against bird impacts. Charpy impact tests were performed
using the Zwick Roell HIT5P Universal Charpy tester.
Furthermore, bird strikes should be simulated in an ex-situ
scenario using factors such as the bird's speed and weight.
The EASA Standard65 proposes a bird weight of 1.8 kg
(4 lbs). A striking bird, on the other hand, is estimated to fly
at 11.4 m/s based on wind assumptions.

4 | RESULTS AND DISCUSSIONS

4.1 | Effect of SiC whiskers and
self-healing capsules on mechanical
performance

Initially, the study focused on investigating the impact of
SiCw whiskers on mechanical characteristics by conduct-
ing experiments using two cases, Case 1 and Case 2.1, as
shown in Table 8. Furthermore, the effectiveness of the
self-healing capsules was investigated in the other cases.
The tests yield data for the UTS, as shown in Table 8 (and
also in Table S1, Figures S8 and S9 for each specimen).

According to Table 8, the incorporation of 0.5 wt%
SiCw leads to a significant enhancement of 32% in the UTS
of the composite material. The observed phenomenon can
be ascribed to the presence of whiskers, which can provide
supplementary mechanisms for enhancing the strength of
the composite material.66 These mechanisms include
fiber/whiskers/matrix bridging and whisker pull-out.
Additionally, it has been suggested that the presence of
rough textured whiskers might enhance the adhesion
between the matrix and the whiskers, hence preventing
premature displacement of the matrix phase. This, in turn,

TABLE 6 Examples for impact analysis applications with high and low velocity.

Case Kinetic energy Mass (kg) Velocity (m/s)
A, Fracture
area (mm2)

Ae Specimen
area (mm2)

L, longest
length (mm)

Case 160 30,000 J 1 245 75,000 375,000 750

Case 260 10,800 J 1 147.5 27,000 375,000 750

Case 361 9.7 J 2.82 2.61 190 7853.98 100

Case 461 5 J 2.8 1.89 108 7853.98 100

Case 5 1 J 0.167 3.46 97 3750 250

FIGURE 6 Relationship between kinetic energy, characteristic

length, and specimen area.
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leads to a significant increase in the UTS, stiffness, flexural
strength, and modulus of the material.50,67–69

After conducting an analysis of the effect of reinforce-
ments, particularly through a comparison of cases 2.1 and
2.2, it becomes apparent that 1 J impact damage in the
composite material leads to a reduction of around 30 MPa
in the UTS. The observed decline in UTS indicates a 10%
decrease in comparison to the undamaged condition. On
the other hand, the comparison of Cases 2.2 and 3.2 is
used to determine the effect of self-healing capsules on the
composite structure. After describing the process of impact
damage formation and the subsequent healing cycle in the
methods section, the efficiency of self-healing was exam-
ined. The data shown in the third and fifth rows of Table 8
indicates a significant rise of 15 MPa in the UTS. This out-
come is directly related to the self-healing agents' recovery.
When impact-damaged capsules are torn, the unpolymer-
ized thermoset resin is released and diffuses throughout
the thermoset matrix, filling the cracks that may have
formed as a result of the impact. The resin subsequently

performs a curing reaction with the unused amine groups
that were present within the cracks. The curing process is
completed gradually by applying heat, effectively repairing
the microcracks.

As given in Section 3, composite structures can
experience low or high velocity impacts like bird strikes
which are interpreted as significant damage to the
structure's behavior. Here, the energy required to
propagate a crack is a key measure of the material's
toughness and therefore, the effectiveness of self-healing
capsules becomes more significant in this process. These
healing agents fill the cracks and initiate polymeriza-
tion, bonding the damaged area and restoring mechani-
cal properties (which is explained with reduction in
specific damage variables) even if the full recovery of
the tensile strength is not possible, as seen in Table 8.
However, the integration of self-healing capsules
improves the tensile strength of the structure,29 which
enhances their ability to recover from damage, thereby
improving the durability of the structure.

TABLE 7 Statistics summary for linear fitting of kinetic energy—characteristic length � specimen area.

Intercept Slope
Statistics

Value Standard error Value Standard error Adj. R-square

Kinetic energy �1.24555 0.54643 8.0004E-4 3.06569E-8 1

FIGURE 7 Fitted curves plot.

TABLE 8 Tensile test results of

hybrid laminated composite.
Case # wt% self-healing wt% SiCw Damage condition UTS (MPa)

Case 1 0 0 Undamaged 237.90 ± 3.12

Case 2.1 0 0.5 wt% SiCw Undamaged 313.21 ± 5.28

Case 2.2 0 0.5 wt% SiCw 1 J (damaged) 283.37 ± 4.49

Case 3.1 0 0.5 wt% SiCw 1 J (damaged) 285.87 ± 1.12

Case 3.2 5 wt% 0.5 wt% SiCw 1 J (damaged) 298.87 ± 3.17

HASIRCI ET AL. 11
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4.2 | Damage observation on a
macroscopic scale

The laminate composites display diverse damage mecha-
nisms, offering insights into their damage behavior rela-
tive to the structural mechanical properties. As depicted
in Figure 8, various damage mechanisms can be observed
in the developed composite specimens.

Figure 8A depicts the fundamental damage mechanism
as delamination. Delamination is a phenomenon character-
ized by the separation of layers inside laminated composite
materials, resulting from the persistent application of stress
on the material as well as the low interfacial strength. This
delamination issue could result in poor performance. Insuf-
ficient curing procedures produce unequal pressure on vari-
ous areas, leading to the formation of delamination zones.
The formation of delamination zones in composite materials
can significantly reduce the strength of the composite when
subjected to external stresses. Delamination can arise from
manufacturing faults or external factors that affect com-
posite laminates over time, such as the presence of for-
eign objects.70–72 A fracture in the fiber can be observed
in Figure 8B, which extends in a direction parallel to the
force that was applied. The glass fibers are depicted in
Figure 1 at an angle of 0�, indicating that they are antici-
pated to support the primary tensile load throughout
the tensile test. When the tensile strength of the glass
fibers is surpassed in certain regions during the tensile
tests, failure happens, and the residual load is attempted

to be sustained by the remaining fibers. However,
the inadequate transverse strength of glass fibers
prevents them from effectively supporting burdens. Sub-
sequently, the composite undergoes a gradual deteriora-
tion, culminating in the total failure of the specimen.
The discernible discrepancy in the ultimate lengths of
the various plies, as illustrated in Figure 8B, provides
visual confirmation of this mode of failure. As shown in
Figure 8C, the absence of delamination provides conclu-
sive evidence that the fracture zone is sufficiently pro-
tected. It is hypothesized that simultaneous matrix and
fiber degradation occurred subsequent to achieving a
particular stress threshold. The failure of the matrix
potentially led to a reduction in the effective stress transfer.
As a consequence, the dominant fiber plies experienced an
inadequate transfer of tension, which ultimately caused
fiber breakage in the succeeding layers. Consequently, a
significant amount of load was attempted to be borne by
a single ply. However, the inadequate ply strength
resulted in a sudden and complete collapse of the test
specimen.73–77

4.3 | Impact behavior of composite with
self-healing capsules and SiCW

After assessing the effectiveness of the self-healing mech-
anism, the impact resistance of the composite is exam-
ined using Charpy impact experiments. The specific test
cases are defined with four samples and the results are
given in Table 9 (see Figure S10 for the result of each
sample).

The Charpy impact test results indicate that Case
1, which pertains to the specimen without self-healing
capsules, has a value of 75.30 kJ/m2 (see Figure 9).
According to Figure 9, the addition of 0.5 wt% SiCw to
the hybrid composite material results in a 45% increase
in its energy absorption capacity, reaching 109.75 kJ/m2.
As mentioned earlier, the inclusion of SiCw whiskers
inside the structure adds an extra phase to the matrix,
hence improving the interaction between the fiber,
matrix, and whiskers. In addition, whiskers can serve as
ropes, thereby holding both ends of a crack. As a result,
in order to fully propagate the pre-existing notch, the sys-
tem requires additional energy.50

FIGURE 8 Post-mortem images of tensile test specimens.

TABLE 9 Charpy impact test cases.

Cases Self-healing agent wt% SiCw

Case 1 No capsules No SiCw

Case 2 No capsules 0.5 wt% SiCw

Case 3 5 wt% self-healing capsules 0.5 wt% SiCw

12 HASIRCI ET AL.
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On the other hand, the inclusion of 5 wt% self-healing
agents reduces the energy absorption capacity of the mate-
rial. These capsules in the microstructure constitute the
weak points of the matrix, like quasi-voids. Due to these
weak points, stress concentration occurs upon impact, and
total failure is observed well before the composite without
self-healing capsules. Last but not least, the reduction in
absorbed energy in Case 3 can also be attributed to increased
interlaminar thickness due to the size and concentration of
microcapsules and catalyst dispersion.36

4.4 | Tribological assessment of the
developed composites

4.4.1 | The impact of SiCw on the wear
resistance of laminated composites

An analysis of the wear characteristics of the composite
specimens was performed in accordance with the guide-
lines described in the ASTM G99 standard.78 To analyze
wear behavior, abrasive paper with a mesh size of
320 was used. The specimens were subjected to abrasion
testing at varying forces of 10 N, 20 N, 30 N, and 40 N,
with a speed of 2 m/s and a two-minute timeframe.

The principal key contributing to increased wear in
fibrous composites is the act of fiber detachment and
debonding. As the composite surface slides dry, the
majority of the applied load is borne by the fibers; conse-
quently, fiber-rich regions experience interfacial fatigue
and eventual debonding. In addition, dry sliding induces
substantial friction and microplowing in the matrix,
which intensify progressively following the peeling of the
fibers. Ultimately, this causes matrix fracture and addi-
tional debonding between the reinforcement and matrix.

The main factors that determine wear characteristics in
composite materials are matrix fracture, fiber breaking, and
fiber debonding. In the direction of dry sliding, the compos-
ite surface develops cracks and a small degree of matrix
fracture. The marginal deformation observed on the surface
of the composite emphasizes the substantial influence that
particle size has on the wear characteristics of the compos-
ite. The presence of damaged or detached fibers increases
fiber detachment from the matrix, reducing wear resistance.
During sliding, the matrix region appears to rapidly deform
and soften, which further reduces the resistance to wear
and initiates debonding between the reinforcement and
matrix. Drawing from the aforementioned observations, it
is possible to deduce that the SiCw-reinforced composite
exhibits an enhanced resistance to wear in comparison to
the neat composite.79,80

The SiCw hybrid composite exhibited superior wear
resistance under varying loads. A higher rate of wear is
observed in the early stage, mainly due to the interaction
between the less resilient epoxy resin and the abrasive
sandpaper. Figure 10 demonstrates that at a load level of
20 N, the hybrid composites containing SiCw experience a
volume loss of 63.27 mm3, whereas the neat hybrid com-
posites demonstrate a volume loss of 74.64 mm3. Further-
more, as an example, when subjected to a load of 40 N, the
hybrid composites, including SiCw experience a volume loss
of 80.42 mm3, whereas the neat hybrid composites undergo
a volume loss of 88.28 mm3. The enhanced performance
can be attributed to the presence of SiCw particles on the
opposite surface, which successfully withstands plastic
deformation and serves as a robust barrier against extensive
fragmentation. As a result, the amount of wear in the neat
hybrid composite is significantly more than in the hybrid
composites, including SiCw. The enhanced wear resistance
of the hybrid composite containing SiCw can be attributed

FIGURE 9 Absorbed energy results of different test cases.
FIGURE 10 Measurement of volume loss and friction

coefficient under varying load.
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to the unique properties of SiCw, which consist of tetrahe-
dral carbon and silicon atoms that are tightly bonded in a
resilient lattice structure. This particular arrangement
results in a material that exhibits exceptional resilience and
robustness, hence enhancing the strength of the composite.
The hybrid composite incorporating SiCw exhibits excep-
tional wear resistance and improved mechanical properties,
highlighting the positive impact of SiC as a filler.

On the other hand, the neat hybrid composite exhibits
greater wear loss in every scenario. The wear loss of the
hybrid composite containing SiCw exhibits an upward
trend when the applied loads are increased. This is due to
the energy barrier created on the specimen's surface,
which is more substantial thanks to the incorporation of
SiCw particles into the matrix. Consequently, even at
higher loads, the energy generated by third-party particles
on the opposing surface is insufficient, resulting in limited
penetration into the matrix material. Instead, a microfrac-
ture of the matrix material occurs, creating a transfer
layer. The wear data for these composites clearly indicates
that wear loss is heavily influenced by the applied load.
Compared to the neat hybrid composites with SiCw, the
hybrid composites with SiCw exhibit a lower specific wear
rate under all conditions. This reduction in specific wear
rate is attributed to the use of a thermoset matrix and the
incorporation of SiCw, which serves as a very efficient rein-
forcement for preventing wear.81

4.4.2 | The influence of SiCw on the friction
coefficient of the developed composites

The primary mechanism for dissipating frictional energy
involves the shearing of an ultrathin zone, measuring only
a few nanometers in thickness, at the composite interface.
In cases where this sheared composite layer is deposited
onto the smooth counter surface, it functions as a transfer
layer, and subsequently, most of the frictional energy dissi-
pation occurs within this transfer film or an extremely thin
layer. The thin layer that detaches from the matrix comes
into direct contact with the counter surface.41,81

The hybrid composite containing SiCw exhibits a lower
coefficient of friction compared to the neat hybrid compos-
ite. Furthermore, this coefficient of friction rises as larger
loads are applied. According to the data presented in
Figure 10, when subjected to a stress level of 20 N, the fric-
tion coefficients for the hybrid composite containing SiCw

and the neat hybrid composite are 0.32 and 0.39, respec-
tively. In addition to that, as an example, at a load level of
40 N, the friction coefficients are 0.34 and 0.42 for hybrid
composite with SiCw and neat hybrid composite, respec-
tively. This finding suggests that the hybrid composite con-
taining SiCw has a frictional advantage of around 20%

compared to the neat hybrid composite. The study82 demon-
strates that the inclusion of silicon in the composite matrix
has a substantial effect on the shape of the third body, result-
ing in adhesive friction and therefore reducing wear.

Figure 11 presents the surface roughness values of the
samples under different conditions. As illustrated in
Figure 11, the surface roughness values of the samples
with SiC were found to be higher than those of the neat
samples across all conditions. This observation may be
attributed to the presence of fillers. Moreover, the surface
roughness values of 2.26 μm (SD: 0.28) and 2.94 μm (SD:
0.34) were reduced to 1.11 μm (SD: 0.086) and 1.26 μm
(SD: 0.098) when the wear test performed under 10 N,
respectively, for the neat and SiC-containing samples. As
the abrasion test load increased from 10 to 40 N, it was
determined that the surface roughness values exhibited a
corresponding increase, contingent on the presence and
extent of wear marks.

Figure 12 shows the optical images of the worn sur-
faces of neat samples and sample with SiC. Upon exami-
nation of Figure 12, it becomes evident that the number
of wear lines increases in conjunction with the rise in test
force, from 10 to 40 N. Additionally, it can be observed
that the presence of wear lines is more pronounced in the
neat sample than in the sample containing SiC.

4.5 | The industrial aspect of the
developed composites

After completion of the tribological assessment of the
developed composites, it is significant to assess the appli-
cability of these materials to industrial structures, which

FIGURE 11 Surface roughness of the samples under different

conditions.
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leads to an estimation for the comparison with the com-
posite design currently employed by the industry and the
developed composite as part of this study. When overall
self-healing addition process to composite is considered, it
is not challenging to procure raw materials to prepare self-
healing capsules. Moreover, the self-healing manufactur-
ing process does not impact composite production since

self-healing capsules are prepared separately before adding
to composite layers. Here, the significant point is to evenly
distribute capsules on the layers with a sieve, as explained
in the materials and methods section. The addition of the
capsules to composite layers was conducted manually in
the laboratory by sieve which may have caused to be
unevenly distributed on the layer and may have led to

FIGURE 12 Optical images of the worn surfaces under different loads, (A) neat sample under 10 N, (B) sample with SiC under 10 N,

(C) neat sample under 20 N, (D) sample with SiC under 20 N, (E) neat sample under 40 N, and (F) sample with SiC under 40 N.
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different capsule ratios in different portions of the layers.
Therefore, autonomous manufacturing systems can be
developed in the wind industry for self-healing capsules,
and even these autonomous systems can be used for the dis-
tribution of capsules on each layer during the manufactur-
ing of wind turbine blades. Another significant aspect for
the wind turbine industry is the cost of such a developed
composite structure. Table 10 shows the cost comparison of
composite plates with and without self-healing.

As given in Table 10, the cost assessment includes
the manufacturing, engineering, and material costs of
the developed composites. When the cost is compared
for composite plates, the main difference is obtained
from the production of self-healing capsules. Even if
there is no big impact in terms of material cost for
self-healing capsules, the production of 60 g self-
healing capsules is adding $309.27 as labor cost which
means 8.85% extra cost for composite structures. When
the weight ratio of self-healing is considered as 5 wt%,
it leads to that the self-healing cost is $257.72 per kg of
a composite structure. Although the cost of self-
healing during manufacturing may seem high, but
self-healing capsules may reduce the maintenance
costs by healing the microcracks damage throughout
the life cycle of wind turbine blades. As part of the
industrial aspect of the developed composites, it is also
significant to consider the industrial evaluations. The
American Clean Power Association (ACP) states that self-
healing is one of the proactive methods for more durable
wind turbine blades, which prevents degradation and
increases the service life of the blades.83 Also, one of the
strategic consulting companies for renewable energy men-
tioned in their report that operation and maintenance
costs are 25% of the life cycle cost of an offshore wind tur-
bine and as an example, the average cost of hiring a crane
vessel to repair an offshore blade is £100,000 per day.
Therefore, they suggest reducing the risk of blade failure
by improving the structure, such as using self-healing
composites.84 When the industrial assessments are

considered, it becomes more clear that self-healing
composites are the key developments for the improved
structures, and they also help reduce maintenance costs.

5 | CONCLUSION

The effects of self-healing agents and SiCw on the
mechanical and tribological characteristics of a hybrid
composite material were investigated through various
test scenarios. A Charpy pendulum was used to simulate
bird strikes by inducing damage to the composites.

Incorporating 0.5 wt% of SiCw into the hybrid laminate
composite increased the UTS and energy absorption capac-
ity of the structure by 32% and 45%, respectively. Further-
more, adding 5 wt% of self-healing agents to the structure
and curing it under specific conditions increased the UTS
by 4%. However, this addition also reduced the structure's
energy absorption capability by 48%.

The aim of the study was to explore the effects of self-
healing agents and SiCw whiskers in hybrid composites.
The results suggest that SiCw whiskers improved the bond
between the fiber and matrix, leading to enhanced UTS and
energy absorption capacity. Additionally, the findings on tri-
bological performance were promising, with the introduc-
tion of SiCw leading to a 10% increase in wear resistance
and a 20% improvement in the friction coefficient.

Overall, the research indicates that hybrid laminated
composites containing both self-healing agents and SiCw

could be used in wind turbine blades to enhance their
strength and energy absorption capability. The weight
ratios of self-healing agents and SiCw could be optimized
in future studies based on their effects on UTS and
energy absorption capacity.
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TABLE 10 Cost comparison for neat composite and composite

with self-healing.

Item No self-healing Self-healing

Production of the
plate

$1427.4 $1427.4

Production of
60 g self-healing
capsules

– $309.27

Engineering cost $1427.4 $1427.4

Material cost $637.27 639.07

Total cost $3492.07 3803.14
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