
R E S E A R CH AR T I C L E

Tensile and flexural behavior of synthetic and hybrid
natural fiber composites for lightweight applications

Karthikeyan Ramachandran | Mohammed Khan | R. A. Tharuja Perera |

Doni Daniel Jayaseelan

Department of Aerospace and Aircraft
Engineering, Kingston University,
London, UK

Correspondence
Karthikeyan Ramachandran and Doni
Daniel Jayaseelan, Department of
Aerospace and Aircraft Engineering,
Kingston University, Roehampton
Vale Campus, London SW15 3DW,
United Kingdom.
Email: k1825123@kingston.ac.uk
and d.daniel@kingston.ac.uk

Abstract

The growing demand for lightweight and sustainable materials has driven

research into hybrid composites that combine synthetic and natural fibers.

This study aims to investigate the tensile and flexural behavior of carbon fiber

(CF) and glass fiber (GF) composites, alongside hybrid composites incorporat-

ing flax and hemp fibers. The composites were fabricated using the vacuum

bagging technique, ensuring uniform fiber distribution and optimized mechan-

ical properties. Experimental results revealed that CF composites exhibited the

highest ultimate tensile strength (�550 MPa), with failure dominated by

matrix cracking and fiber breakage due to their inherent brittleness. GF com-

posites, while having a lower tensile strength (�450 MPa), demonstrated

greater ductility, attributed to fiber pull-out and matrix cracking. Hybrid com-

posites (H1), combining CF and GF, showed intermediate tensile strength

(�500 MPa), reflecting mixed failure modes. In contrast, natural fiber compos-

ites (FH and H2) displayed significantly lower strengths (�150–200 MPa) due

to weaker fiber-matrix interactions and moisture sensitivity. Despite their lower

strength, hybrid composites provided a balance between mechanical perfor-

mance and sustainability, making them a promising alternative for lightweight

structural applications in automotive, aerospace, and eco-friendly engineering.

These findings highlight the potential of hybrid composites in reducing environ-

mental impact while maintaining structural integrity, offering a viable solution

for next-generation sustainable materials.

Highlights

• CF, GF, H1, FH, and H2 composites were prepared through vacuum

bagging.

• CF showed strength (�550 MPa) with brittle failure; GF was ductile and

moderate.

• H1 hybrids combined CF and GF for balanced performance at �500 MPa.

• Natural fiber composites prioritize sustainability with lower strength.

• H2 hybrids offer a mix of eco-friendliness and improved durability.
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1 | INTRODUCTION

The use of composite materials has been rapidly expand-
ing in industries such as aerospace, space exploration,
and transportation due to their superior specific strength
and stiffness compared to conventional materials.1–4

Carbon fiber reinforced polymer (CFRP) composites, in
particular, now account for over 50% of the structural
components in aircraft, owing to their cost-effectiveness
and lower manufacturing expenses compared to metals
and alloys.1 For example, Boeing 787 Dreamliner con-
tains approximately 23 tons of carbon fiber composites in
its structure.5 However, the increased use of carbon fiber-
reinforced composites has contributed to a 30% rise in
greenhouse gas emissions from manufacturing processes
and 44% of CO2 emissions from industrial sources.6

Hybrid composites have emerged as a promising alterna-
tives7,8 to address these sustainability challenges. Their
applications have expanded significantly due to their
advantages, including flexibility, cost-effectiveness, and
recyclability.9,10 Beyond having properties similar to car-
bon fiber composites, biocomposites exhibit notable
mechanical properties.11 For instance, Yan et al. demon-
strated that flax-based hybrid composites showed supe-
rior specific absorbed energy and compressive force
efficiency compared to conventional metals in damping
applications, making them a viable option for crashwor-
thy structures.12 Extensive research continues to explore
the potential of hybrid composites in aerospace and auto-
motive industries.13–15

Furthermore, global commitment to achieving net-zero
emissions has been steadily growing, with numerous
countries implementing declarations and governance mea-
sures. However, despite these efforts to mitigate global
warming, carbon-based emissions from industries and
transportation have increased by approximately 60%, mak-
ing it challenging to limit the rise in global temperatures
to 1.5�C.16,17 Such policies and restrictions aimed at reduc-
ing carbon-based material waste have led to intensified
research on naturally available materials that are both
low-cost and renewable, contributing to the development
of hybrid composites.18,19 These composites are engineered
to exploit the advantages of different fibers, allowing for
tailored properties.20 The combination of fibers enables
the optimization of properties such as tensile strength,
impact resistance, stiffness, and thermal stability.21 For
example, natural fibers like flax, jute, hemp, and sisal
offer the advantages of biodegradability, low density, and

cost-effectiveness. However, their relatively low
mechanical properties compared to synthetic fibers limit
their applications.7,22 To overcome these limitations,
natural fibers are often combined with synthetic fibers
such as glass or carbon fibers, which provide higher
strength and stiffness.

The use of natural fibers in hybrid composites also
helps reduce the overall environmental footprint, as
synthetic fibers are energy-intensive to produce and
non-biodegradable.17,23,24 Additionally, hybrid compos-
ites have been shown to exhibit improved fatigue resis-
tance and damping behavior compared to conventional
composites, making them ideal for dynamic applica-
tions.25 However, research on hybrid composites
remains limited in terms of their failure behavior and
water absorption index, with only a few studies explor-
ing their full potential.15,25 This work aims to evaluate
the mechanical properties of synthetic, natural, and
hybrid composites fabricated using the vacuum bagging
process and understand their failure mechanisms for
future applications.

2 | MATERIALS AND METHODS

2.1 | Materials

A non-woven hemp mat with an areal weight of 100 g/
m2 and a thickness of 0.3 mm, along with a twill-woven
flax cloth with an areal weight of 200 g/m2 and a thick-
ness of 0.3 mm, was sourced from Easy Composites,
UK. Additionally, a carbon fiber twill fabric with an areal
weight of 210 g/m2 and a thickness of 0.3 mm, as well as
a non-woven glass fiber mat with an areal weight of
280 g/m2 and a thickness of 0.3 mm, were obtained from
the same supplier. LB2 Epoxy laminating bio-resin was
chosen due to its reduced environmental impact.

2.2 | Preparation of composites

The composites were fabricated using the vacuum bag-
ging technique with a hand lay-up method. The mats/
cloths were manually laid, followed by the resin impreg-
nation. Hand rollers were used to ensure optimal interac-
tion between the fibers and the matrix, promoting
uniform resin distribution and achieving the desired
thickness (3 mm). A compression load of 5 MPa was
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applied for 20 minutes before the heat treatment. The
prepared mold was covered using a breathable resin and
placed in a flexible airtight envelope and the vacuumed.
The mold was then sealed inside a flexible breathing bag
and vacuumed. The composites were subsequently cured
at 150�C for 3 hours. The woven layers were oriented at
0� to maintain consistency with the twill weave pattern,
ensuring that the material properties remained unaf-
fected. After curing, the composites were cut into desired
shapes for mechanical studies using water jet cutting.
Table 1 provides the nomenclature and number of layers
for the manufactured composites.

2.3 | Mechanical properties and
characterization

The water absorption test of composites was carried out
as per ASTM D570 by measuring the weight gain of the
specimen after immersion in water for 24 hrs. The sam-
ples were dried in an oven (Carbolite) at 60�C for 24 hrs
to remove any existing moisture. After cooling in a con-
trolled desiccator, the initial weight (W0) is recorded.
Then the specimens are then fully submerged in distilled
water at room temperature for 24 hrs. After 24 hrs, the
specimens are removed, wiped with a dry cloth to remove
surface moisture, and immediately weighed (W1) using a
precision balance. The percentage of water absorption is
calculated using Equation (1) where W0 and W1 are dry
and wet sample weights respectively.

Water Absorption %ð Þ¼W 1�W 0

W 0
�100 ð1Þ

Tensile tests were performed at room temperature
using a Zwick/Roell Z050 Universal Testing Machine at
Kingston University, operating at a crosshead speed of
2 mm/min. The machine was equipped with a 10 kN load
cell and an integrated extensometer for accurate strain
measurement. Tensile test specimens were prepared by
water jet cutting from the composite sheets, following
ASTM D3039 standards, with dimensions of 250 mm in

length, 25 mm in width, and 3 mm in thickness. Simi-
larly, the flexural properties of the composites were eval-
uated using a three-point bending test in accordance with
ASTM D7264. Rectangular specimens measuring 150 mm
in length, 13 mm in width, and 3 mm in thickness were
also prepared via water jet cutting. The same Zwick/Roell
Z050 Universal Testing Machine, operating at a cross-
head speed of 2 mm/min, was used for the three-point
bending tests. The failure regions of the composites were
examined using a microscopic approach through scan-
ning electron microscopy (SEM) with a Zeiss EVO50 at
Kingston University, London. To prepare the fractured
areas for SEM analysis, the failed regions were carefully
resized via water jet cutting to ensure they fit within the
microscope chamber. Additionally, the resized samples
were coated with a �20 nm layer of Au/Pd nanoparticles
using sputter coating to enhance their electrical conduc-
tivity, preventing charge build up, resulting in improved
imaging quality.

Finite element analysis (FEA) was conducted using
Ansys 19.2 to validate the experimental results. The compos-
ites were modeled utilizing the Composite Modeler, and a
static structural analysis was performed with a fine quadratic
mesh size of 0.01 mm to ensure accurate stress and deforma-
tion predictions. For the tensile test simulation, boundary
conditions were applied by fixing one end of the specimen
while a displacement of 2 mm/min was imposed on the
opposite end. In the three-point bending simulation, two
mid-span supports were fixed, and a displacement of 2 mm/
min was applied at the midpoint of the specimen. Key out-
puts, including total deformation and equivalent stress distri-
bution, were analyzed and compared with the experimental
results to assess the model's accuracy and reliability.

3 | RESULTS AND DISCUSSION

3.1 | Water absorption

Figure 1 presents the water absorption rates of various
composite materials, including CF, GF, FH, and hybrid
composites (H1, and H2). From Figure 1, it is evident that
CF exhibits the lowest water absorption at 4%, followed by
H1 (4.8%) and GF (5.4%). The natural fiber-based compos-
ites FH and H2 show higher water absorption levels, with
FH recording the highest value at 8.5% and H2 at 6.2%.
The lower water absorption of the CF might have been
due to the hydrophobic nature of carbon fibers and their
resistance to moisture penetration.26 Likewise, GF com-
posites, which showcase higher absorption than CF which
might have been attributed to the moisture absorption
nature of glass fibers due to their hydrophilicity.27 This
might be a similar case for hybrid synthetic composites,

TABLE 1 Nomenclature and number of layers on composites.

Nomenclature Number of Layers

CF 10

GF 10

H1 (CF + GF) 10 (5 CF + 5 GF)

FH (Flax + Hemp) 10 (5 Flax +5 Hemp)

H2 (Flax + Hemp +

CF + GF)
10 (3 Flax +3 Hemp +2
CF + 2 GF)

RAMACHANDRAN ET AL. 3
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which should increase water absorption due to the mois-
ture absorption behavior of glass fibers. On the other
hand, natural composites (FH) indicate the highest water
absorption rate due to their inherent hydrophilicity. Like-
wise, hybrid composites, which combine natural and syn-
thetic materials, also had higher water uptake, which
might have depended on the composition of natural fibers,
which were hydrophilic. Furthermore, hybrid composites,
due to their weaker interfacing bonding in woven compos-
ites, caused a reduced water absorption rate compared to
the fiber-based structures, which is similar to findings
reported in previous studies.28,29

Furthermore, the presence of moisture on the compos-
ites significantly affects the mechanical integrity of the com-
posites by degrading their mechanical properties by
weakening the polymer matrix due to hydrolysis, which
reduces its ability to transfer stress to the reinforcing fibers.
Additionally, moisture disrupts the fiber-matrix interface,
diminishing the bond strength and leading to reduced load-
bearing capacity and premature failure.30 This effect is par-
ticularly pronounced in composites using natural fibers like
flax and hemp, which are inherently hydrophilic and absorb
moisture readily. As a result, tensile and flexural strengths
decrease, compromising the material's overall performance.
Also, moisture-induced swelling and microcracking in
the matrix can create pathways for further water ingress,
accelerating degradation.31 In synthetic composites, such as
carbon fiber (CF) and glass fiber (GF), the impact is less
severe but still notable, particularly with prolonged exposure
to humid environments.32

3.2 | Tensile strength

The stress-displacement graph plotted in Figure 2 reports
the tensile stress of different fabricated composites. Both

GF and H1 display similar trends, with a nearly linear
increase in the stress. GF reaches a maximum stress of
�450 MPa, whereas H1 attains a higher peak stress of
�500 MPa, suggesting higher tensile strength. CF dem-
onstrates the highest tensile stress, peaking at 550 MPa,
indicating that the composite can endure high stress. In
contrast, FH and H2 show significantly lower stresses of
around 150 MPa and 200 MPa, respectively. By observing
the tensile stress exhibited by the composites, it can be
said that GF and H1 are in line with existing research on
fiber-reinforced composites.29 Both GF and H1 show-
cased moderate stress and stiffness, which aligns with
various releases and highlights the strength-to-weight
ratio of glass composites.33 CF, on the other hand, dis-
played superior tensile stress consistent with the extensive
literature documenting the high strength, toughness, and
resilience of carbon fiber composites, making them suit-
able for demanding applications in aerospace and automo-
tive sectors.34,35 The CF stress curve demonstrates high
stress and substantial deformation before failure, under-
scoring carbon fiber's reputation for excellent load-bearing
capacity and fracture toughness. However, the natural
fiber-reinforced composites FH and H2 indicated a lower
stress, which might have been attributed to inadequate
fiber-matrix interaction or suboptimal fiber hybridization.
This inadequate fiber matrix bonding could limit load
transfer, leading to reduced mechanical performance.36

On the other hand, H2 composite strength was influ-
enced by the volume fraction of synthetic fibers incorpo-
rated. The hybridization of H2 with synthetic fibers
enhanced its tensile strength and stiffness as the inherent
weaknesses of natural fibers were improved. This sand-
wiching of synthetic fibers into natural fibers through
ply-blocking improves the composite's moduli.37 In this
configuration, natural fibers provide initial compliance
under tensile loads, while synthetic fibers resist deforma-
tion, leading to enhanced stiffness. Reducing the inter-
face between natural and synthetic fibers further benefits
stiffness, as it minimizes the potential for weak bonding.
Also, fibers oriented to the load direction introduce an
in-plane shear condition, where fibers tend to pull out
under stress, reducing the maximum achievable strength
for a fiber volume fraction.

The SEM images of the fracture surface of the post
tensile study are illustrated in Figure 3. Figure 3A pro-
vides a cross-sectional view of CF composites that exhibit
distinct signs of fiber pullout and debonding. The clean
and elongated fiber surfaces illustrated in Figure 3A sug-
gest a weak fiber-matrix adhesion, which may lead to
fiber pull-out and debonding along the orientation of the
fibers, which also limits the stress transfer from the
matrix to the fibers, resulting in failure. Furthermore,
delamination between fiber layers can intensify these

FIGURE 1 Water absorption properties of vacuum-bagged

fabricated composites.
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issues, leading to reduced composite strength.35,38,39 Simi-
larly, GF composites reported in Figure 3B indicate signs
of brittle fracture due to the breakage of the fibers rather
than fiber pull-out. This might have been due to the brittle
nature of GF composites compared to the CF. The GF
composites showcased fiber fractures into shorter lengths,

indicating a lack of plastic deformation prior to failure,
which might have been attributed to maximum energy
absorption by fibers rather than the matrix.40,41

From Figure 3C,D, it can be observed that hybrid
composite (H1) made from CF/GF composites displayed
a mixed failure mode, which might be attributed to the

FIGURE 2 Stress

vs. displacement curve for vacuum-

bagged composites.

FIGURE 3 SE microscopic images of fractured areas (A) CF composite, (B) GF composite, and (C & D) H1 composite post tensile study.
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distribution and arrangement of CF/GF layers in the fab-
rication. The failure modes and mechanical properties of
H1 composites were highly influenced by the interfacial
bonding between the fibers and the matrix, as well as the
inherent characteristics of the fibers. In this case, H1
composites demonstrated fiber pull-out due to a weak
fiber-matrix interface, as illustrated in Figure 3C, and
fiber fracture owing to the brittle nature of glass fibers, as
reported in Figure 3D. This combined fracture behavior
reduces its mechanical properties, resulting in lower
tensile stress compared to CF but higher than GF. The
combination of these fiber behaviors contributes to a
unique failure mechanism that results in reducing the
performance of the H1 composite. Such a failure mode is
uncommon in hybrid composites, where delamination or
matrix cracking typically dominates due to the mismatch
in stiffness or thermal expansion between layers.42 The
predominance of fiber-driven failures in this hybrid sys-
tem can be attributed to the specific arrangement of CF
and GF layers, as well as their woven structures.43 The
fiber architecture may have facilitated stress redistribu-
tion in a way that exposed the limitations of the individ-
ual fibers rather than causing interfacial delamination or
matrix failure.43

Figure 4 illustrates the failures of the natural fiber
(FH) composites and hybrid (H2) composites post-tensile

study. Figure 4A,B reveals that the FH composites under-
went significant fiber pull-out and matrix cracking, which
is attributed to the weaker fiber-matrix interfacial bonding
on the natural fibers.44 The weaker interfacial bonding in
the FH composites may lead to the detachment of fibers
from the matrix, as observed in Figure 4B along with
fracturing.14 The rough and fibrous texture of the pulled-
out fibers indicates their ductile behavior, which allows
for more energy absorption before final failure.45,46

This behavior aligns with various research where
flax and hemp fibers are noted for their high strain-to-
failure, making them effective in delaying crack propa-
gation during tensile stress.5,8,14 On the contrary,
Figure 4C,D reports the failures in H2 composites,
which displayed a mixed failure mechanism. The brit-
tle fracture behavior of glass and carbon fibers is evi-
dent, marked by clean breaks and matrix splitting,
while the natural fibers exhibit more pronounced fiber
pull-out, i.e., ductile behavior.47 The presence of both
ductile and brittle failures reflects the synergistic
nature of the hybrid composites. The inclusion of
natural fibers such as flax and hemp helps improve
toughness and impact resistance, while the glass and
carbon fibers contribute stiffness and strength. The
hybridization of the composite leads to a more bal-
anced mechanical response based on the composition

FIGURE 4 SE microscopic images of fractured areas (A, B) FH composite and (C, D) H2 composites post tensile study.
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of natural and synthetic composites.48 In the case of
H2 composites, the flax and hemp material was about
60%, which influenced the tensile strength and
resulted in a drop in strength compared to other
composites.

3.3 | Flexural strength

The flexural strength curve of vacuum bagged compos-
ites is illustrated in Figure 5. The synthetic fibers of
carbon (CF) and glass (GF) composites exhibited the
highest flexural strength, peaking at �1620 MPa and
�1380 MPa, respectively. However, the combination of
carbon and glass fiber (H1) composites indicated a
stress of �982 MPa, which was a drop of �39% and
�28% compared to true synthetic fiber composites.
This reduction in strength, relative to pure CFRP and
GFRP, suggests that hybridization introduces trade-
offs, as the load-sharing between the two fiber types
might not be fully optimized. This steep higher stress
for all three synthetic fiber composites indicates their
superior stiffness and load-bearing capacity due to
their high modulus of elasticity and excellent load
transfer between fibers and matrix.49 On the contrary,
FH composites showcased lower flexural strength
around �780 MPa, reflecting the impact of natural
fibers which generally have lower mechanical proper-
ties than synthetic fibers and likely contribute to
reduced performance.50 Likewise, H2 composites also
showcased lower flexural strength (�870 MPa) which
was about 10% higher than FH composites and might

have been influenced by the composition of flax and
hemp layers despite the presence of CF and GF layers.

The SEM images reported in Figure 6 illustrate the
fractured surfaces of CF and GF composites following a
three-point bending test. Figure 6A reveals that the
failure of CF composites was characterized by a brittle
fracture with a clean, flat breakage of fibers with mini-
mal matrix cracking, indicating that the carbon fibers
withstood most of the load before failure. The sharp
fiber fracture surfaces suggest high flexural strength
but low strain tolerance, typical of CF composites in
flexural tests. Brittle fracture is common in CF compos-
ites under bending due to their high stiffness and low
elongation at break.51 Figure 6B illustrates matrix
cracking on the surface of a CF composite. The image
reveals the initiation and propagation of matrix cracks
along the surface of the composite, which typically
occurs due to stress concentration at weak points in
the resin matrix, leading to brittle fracture of the
matrix before significant fiber failure. This brittle
nature reduces the load-carrying capacity of the com-
posite as the cracks propagate through the matrix and
eventually result in fiber-matrix debonding.52

Figure 6C,D displays the fracture behavior of GF
composites, characterized by a combination of fiber pull-
out and matrix cracking. In Figure 6C, the fractured
matrix surface exhibits roughness, indicating significant
fiber-matrix debonding. This rough matrix surface is a
result of the ductile nature of glass fibers, which possess
a high strain-to-failure property.53 The stress from the
bending test induced separation at the fiber-matrix inter-
face, forming distinct shear planes, which ultimately led

FIGURE 5 Flexural strength of

the composites prepared via the

vacuum bagging method.
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FIGURE 6 SE Images of fractured area post three-point bending test of (A) cross section of the CF, (B) fracture in the matrix of CF,

(C) matrix fracture on GF, and (D) fiber pull-out in the GF composites.

FIGURE 7 Optical microscopy of surfaces post three-point bending test of (A, B) H1 and (C, D) FH composites.
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to interlaminar delamination between the GF layers.
Additionally, Figure 6D shows minor fiber pull-out,
which is a common failure in GF composites under bend-
ing stress that occurs due to poor bonding between the
matrix and fibers. The presence of fiber pull-out on
the composites suggests that the fibers absorbed energy
released from matrix deformation, resulting in failure at
the fiber-matrix interface, initiating multiple crack propa-
gations within the composite.54

The optical images presented in Figure 7 illustrate the
fracture behavior of both hybrid synthetic (H1) and natu-
ral fiber (FH) composites post flexural study. The H1
composites showcased matrix cracking and significant
delamination along the fiber-matrix interface, result-
ing in interlaminar shear failure. Furthermore,
Figure 7B indicated ply delamination and localized
buckling, resulting in fiber pull-out, suggesting weak
interfacial bonding and the brittle nature of the
H1 synthetic composites.55 In contrast, the FH com-
posite (Figure 7C,D) displays a more ductile fracture
mechanism. The surface image (Figure 7C) reveals
fiber pull-out, indicating slippage between fibers and
matrix, a typical energy dissipation feature in natural
fiber composites. The cross-section of the FH compos-
ites (Figure 7D) shows core material compression and
delamination of the layers, suggesting the core was
crushed under bending load. This highlights the material's
plastic behavior before failure.

The hybrid (H2) composites made from synthetic
and natural composites showcased a combination of
brittle and ductile failures, as illustrated in Figure 8. It
can be observed from Figure 8 that both matrix cracking
and fiber pull-outs are visible in the H2 composites.
Figure 8A reveals a relatively smooth fracture surface
with few signs of matrix cracking, indicating a brittle
failure mechanism dominated by the breakage of fibers
rather than significant matrix deformation. In contrast,
the partial cross-section reported in Figure 8B shows a

much rougher fracture surface characterized by exten-
sive fiber pull-out, matrix cracking, and delamination.
The presence of these features indicates a more complex
failure mode under higher stress conditions, involving
fiber-matrix debonding, crack propagation along fiber
interfaces, and eventual fiber breakage. The combina-
tion of brittle fiber fracture and ductile matrix deforma-
tion suggests that the hybrid composite experiences
mixed-mode failure, where the natural, carbon, and
glass fibers each contribute differently to the overall
fracture mechanics.

3.4 | Finite element approach

A finite element analysis (FEA) model was implemented
using Ansys 19.2 to validate the experimental and theo-
retical results. The model was constructed in the static
structural workbench, featuring a laminated composite
structure with layers oriented at 0�. Boundary conditions
for the tensile study were set to match experimental data,
with one side fixed and a displacement rate of 2 mm/min
applied to the opposite side. For the flexural study, based
on a three-point bending method, two fixed supports
were positioned with the same span length, and a load of
2 mm/min was applied to the top center of the specimen.
The mesh was optimized in Ansys, resulting in an ideal
element size of 0.05 mm. A tetragonal mesh with an aver-
age orthogonal quality of �0.98 was utilized.

The theoretical values for the tensile and flexural
strength were calculated using Equations (2), (3), and (4)
along with the help of the rule of mixtures to evaluate
the required volume and mass fractions of fibers and
matrices as reported in Equations (5) and (6) where σ is
the stress, ε is the strain, F is the force, L is the length,
W is the width, D is the depth, ρc and Ec are the density
and Young's modulus of composite, ρm and Em are the
density and Young's modulus of the matrix, ρf and Ef are

FIGURE 8 (A) Fiber pull-out and (B) Delamination on the H2 composites.
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the density and Young's modulus of fibers, and Vf and Vm

are the volume fractions of fibers and matrix.

Stress σð Þ¼Force
Area

ð2Þ

E¼ σ

ε
ð3Þ

σ¼ 3FL
2WD2 ð4Þ

ρc ¼ ρfV f þρmVm ð5Þ

Ec ¼EfV f þEm 1�V fð Þ ð6Þ

Figure 9 provides a comprehensive comparison of
theoretical, experimental, and computational data of ten-
sile stress and Young's modulus across the composites
prepared via vacuum bagging approach. From the
Figure 9, it could be concluded that all the values were in
closer agreement affirming the robustness of the models.
These closer values also suggest that these approaches
can be substituted whenever possible. In terms of tensile
stress comparison reported in Figure 9A, CF demon-
strates the highest strength, with theoretical predictions
(�540 MPa) slightly less the experimental (�560 MPa).
Likewise, similar trend was also observed on Young's
modulus as reported in Figure 9B. The results demon-
strate strong consistency across theoretical, experimental,
and computational approaches, though minor deviations
are observed in GF and H1 for Young's modulus. Overall,
synthetic composites outperform hybrid and natural fiber
composites in terms of stress and stiffness, while hybrid

composites achieve a compromise between strength, stiff-
ness, and sustainability.

The discrepancies observed among computational,
experimental, and theoretical values can be attributed to
the inherent limitations of computational and theoretical
models. Computational models often fail to capture micro-
scale effects, including localized fiber-matrix interactions,
and are limited by assumptions regarding boundary and
loading conditions.56 These models are also highly sensi-
tive to the quality of input parameters, such as accurate
material properties. For example, in hybrid composites,
FEA tends to oversimplify critical interfacial phenomena,
such as fiber debonding and pull-out, which play a vital
role in load transfer. Additionally, anisotropic and non-
linear behavior further challenge the accuracy of computa-
tional simulations, necessitating robust experimental vali-
dation and advanced modeling techniques. Similarly,
theoretical models rely on assumptions such as material
homogeneity, idealized fiber-matrix interactions, and the
absence of voids or defects. These assumptions often lead
to overestimations of mechanical properties, as they
assume perfect fiber alignment and bonding—conditions
rarely achieved in practical fabrication. The comparative
results emphasize the superior mechanical performance of
CF and GF composites, while hybrid systems represent a
compromise, offering reduced mechanical properties but
providing other design benefits such as cost-effectiveness,
lightweight structures, and sustainability.

4 | CONCLUSION

This study examines the tensile and flexural behavior of
synthetic composites, including glass fiber (GF) and

FIGURE 9 Comparison of theoretical, experimental, and computational (A) stress and (B) Young's modulus.
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carbon fiber (CF), along with hybrid composites incorpo-
rating natural fibers like flax and hemp fabricated using a
vacuum bagging process. CF composites exhibited the high-
est tensile (�550 MPa) and flexural strength (�1620 MPa),
with failure modes dominated by matrix cracking and fiber
breakage, due to the high stiffness and brittle nature of car-
bon fibers. In contrast, GF composites showed lower
strength (�450 MPa) but greater ductility, attributed to fiber
pull-out and matrix cracking, likely influenced by the
higher strain-to-failure of glass fibers. The synthetic hybrid
composites (H1) demonstrated intermediate tensile strength
(�500 MPa), with a combination of CF and GF failure
mechanisms. In contrast, natural fiber composites made
from flax and hemp displayed lower mechanical perfor-
mance (tensile strength (�150 MPa) & flexural strength
(�780 MPa)) primarily due to weaker fiber-matrix interac-
tion. The hybrid H2 composites, a mix of synthetic and nat-
ural fibers, also showed reduced strength but higher than
FH composites, with failure influenced by fiber pull-out
and interfacial bonding. Despite their reduced strength,
hybrid composites provide a balanced mechanical perfor-
mance and offer a sustainable alternative for lightweight
engineering applications. This makes them particularly
promising for eco-conscious designs where weight, cost,
and environmental impact are critical considerations.
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