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1. Introduction

Effect of halloysite nanotube addition on
mechanical and thermal performance of
banana/cotton hybrid natural fiber-reinforced
polymer nanocomposites

© A. Karthik, ¢ M. S. Senthilkumar, (2 ¢
*f and M. Sathishkumar @ *9

G. Umachitra,® P. S. Sampath,
K. Ramachandran, (2 ¢ L. Rajeshkumar

Natural fibre composite materials can replace conventional and synthetic materials in real-world
applications where energy and weight conservation are necessary. This research investigates the effects
of halloysite nanotubes (HNTs) and alkali treatment on banana/cotton hybrid woven fabric reinforced
with epoxy composites. The mechanical and thermal properties and morphological aspects of cotton/
banana fabric-reinforced epoxy composites-filled with HNTs and also the unfilled composites were
evaluated. The cotton/banana hybrid epoxy composites were enhanced with halloysite nanotubes in 1,
2, 3, and 5 wt%. The chemical structure, and surface morphology of composite materials were analysed
by using SEM and FTIR. The mechanical properties such as tensile, flexural, compression, and impact
strengths were assessed according to ASTM standards. The results demonstrate that composites with
2 wt% HNTs possess optimal tensile (62 MPa) and flexural strength (102 MPa), whereas greater filler
loadings caused agglomeration, and decreasing characteristics. Furthermore, thermal studies revealed
that the composites with 2 wt% HNTs exhibited higher thermal stability, with degradation occurring
between 357 °C and 452 °C. Morphology portrayed that the superior bonding and surface homogeneity
in the 2 wt% HNT nanocomposite. This study highlights the importance of nanofillers and surface
treatment in addressing the constraints of natural fibre composites, permitting their application across
several industries, including automotive, aerospace, and construction.

environmental concerns is a growing trend. Natural fibres, with
their technological advantages and ecological benefits, can be

Composite materials represent a handy category of resources
with diverse applications and superior properties. Synthetic
fibres are commonly used in polymer composites as reinforce-
ment, but the incorporation of renewable resources to address
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used as biodegradable reinforcing agents, and thus, they are a
perfect substitute for synthetic fibres in the composite
industry.® The mechanical properties and chemical makeup
of several natural fibres have been well described, emphasising
their potential in an extensive collection of applications, includ-
ing the automotive, structural, architectural, and aerospace
industries.>> Numerous factors contribute to the increasing
preference for natural fibre reinforced polymer composites
(NFRPCs). These include their cost-effectiveness, lightweight
nature, reduced carbon dioxide emissions, non-abrasiveness,
minimal skin irritation, and limited health risks. NFRPCs not
only enhance durability but they also offer significant environ-
mental benefits, reinforcing their status as a sustainable choice
in composite materials.®®

While natural fibres offer numerous advantages, they also
present certain drawbacks. These include issues such as unsuit-
ability among fibres and matrix, poor moisture resistance,
dimensional variability, and a tendency to clump during
handling."® Subpar interfacial bonding between hydrophilic
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natural fibres and hydrophobic polymer matrices negatively
affects the properties of the composite, posing challenges for
manufacturing and structural uses."' However, these problems
can be solved by changing the chemicals in the reinforcing
fibres, mixing different materials, or adding fillers.">"* The
most common and fundamental technique to improve the
bonding properties between natural fibres and the polymer
matrix is alkali treatment, also known as mercerisation. This
approach uses NaOH (sodium hydroxide) to modify the cellu-
lose construction of natural fibers, facilitating the breakdown
and separation of fiber strands. The alkali treatment effectively
removes unwanted substances such as lignin, wax, and oil,
resulting in a clean and unvarying surface that improves the
overall efficiency of the composite.***4*#

Hybridisation serves as an active strategy for augmenting the
mechanical properties of composite materials. Hybridisation of
various types of fibres can occur, concomitant with the integra-
tion of different nanofillers (NFs) or nanomaterials within a
single matrix. This process results in hybrid nanocomposite
materials that exhibit unique properties due to the synergistic
effects of their combined components.'®' Because hybrid
nanocomposites typically demonstrate improved strength, stiff-
ness, and thermal constancy, they are appropriate for a wide
array of applications in the automotive, aerospace, and con-
struction industries, among others.*>">*

Adding NFs using advanced manufacturing techniques has
resulted in an improved interface between the fibre and matrix
in fiber-reinforced composite materials.>>’ These NFs can
considerably boost the mechanical properties of composites,
thereby broadening the choices that are available for potential
applications. Effective mixing of NFs within the matrix leads to
improved mechanical, thermal, and tribological properties due
to their homogeneous dispersion.”*”>° Common inorganic NFs
include materials such as alumina, titanium dioxide, magnesia,
calcium carbonate silica, and zinc oxide. Naturally occurring
organic NFs encompass synthetic clays, carbon black, and
cellulose fibres.>'** While NFs are primarily inorganic, they
can also comprise organic substances, reflecting the diverse
options available for enhancing composite materials. The opti-
mal quantity of NFs to use depends on a variety of factors,
including the type of filler, fiber, and matrix used.>>*°

Halloysite nanotubes (HNTs) are aluminosilicate nanotubes
with the chemical formula Al,Si,O5(OH),-2H,0, and these
nanotubes are inexpensive when compared with other nano-
tubes such as carbon nanotubes. The homogenous dispersion
of HNTs in polymer composites enhances the mechanical and
thermal properties of the composite, but their inherent dis-
advantage is their agglomeration.*'™** HNTs possess a tubular
structure, with the size of the particles ranging from 0.2 to
2 microns, while the inner and outer diameters range from
10-40 to 40-70 nm, respectively. These dimensions of the HNTs
facilitate increased load transfer to the polymer matrix, and
hence, enhancement of the mechanical properties of polymer
matrix composites is possible.**™*®

It was stated in a few research works that HNTs facilitate the
bond formation between the polymer matrix and the
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reinforcements, which requires additional mechanical force
to break, thereby enhancing the mechanical properties of the
HNT-based polymer composites.”’*° Experiments have been
performed that used carbon nanotubes (CNTs), HNTs, and
graphene oxide (GO) as reinforcements in glass fiber-based
polyester composites. The mechanical properties of the com-
posites were more optimal with 2 wt% HNTs, while a sharp
decline in mechanical properties was witnessed beyond this
proportion because of the agglomeration of the HNTs.>® When
HNTs were reinforced with natural fiber composites and when
the proportions were maintained within 4 wt%, the mechan-
ical, thermal, and viscoelastic properties of the composites
were significantly enhanced. Beyond 4 wt%, various research
works have reported agglomeration of the HNTs in the polymer
matrix.>*>?

Despite the ongoing interest in natural fibre composites,
there remains a significant gap in the research regarding their
enhancement, particularly in NFRPCs. The current study
focusses on fabricating polymer composites reinforced with
HNTs and hybridized with alkali-treated banana/cotton woven
fabric. The composites were produced using a compression
moulding process. The influences of surface treatment of the
fibers and addition of HNTs to natural fiber hybrid composites
were evaluated through mechanical tests such as tensile, flex-
ural, and impact tests. To further understand the material
behaviour, morphological properties were evaluated using
scanning electron microscopy (SEM). The composites were also
characterized through thermogravimetric analysis (TGA) and
Fourier transform infrared (FTIR) spectroscopy.

2. Materials and methods

2.1. Materials

Banana/cotton plain woven fabric, with a weight of 164 g m >

and a density of 1.48 g cm °, was purchased from Ganesh
Traders in Kanuvakarai, Coimbatore, Tamil Nadu. Epoxy
(LY 556), with a density range of 1.5-1.2 g cm >, and epoxy
hardener HY951, with a density of 0.98 g cm™?, were procured
from Covai Seenu & Co. in Coimbatore, Tamil Nadu, India. The
halloysite nanotubes were obtained from Otto Chemine Pvt.
Ltd. in Mumbai, Maharashtra, India. The density of these tubes
is 2.53 g cm . The chemical composition of HNTSs is alumina-
silicate, as indicated in Table 1, and was determined using
X-ray fluorescence.

2.2. Preparation of nanocomposites

The banana/cotton fabric was initially treated with 5% NaOH to
increase its wettability with the epoxy matrix. The fabric was cut

Table 1 Constituents of HNTs

Constituents Weight percentage (%)
Sio, 50.4
ALO; 35.5
Fe,O, 0.25
TiO, 0.05

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation of composite: (a) banana/cotton plain woven fabric, (b)
required size of the woven fabric, (c) compression molding machine, and
(d) nanocomposite material.

according to mould dimensions, and then soaked in NaOH
solution for 2 hours. Then, the fibers were sun-dried for
16 hours, and hot air oven-dried for 2 hours at 60 °C. A
rectangular mould composed of steel plates sized 270 x
270 x 3 mm was used in a compression moulding machine,
which is shown in Fig. 1c. The HNTs were initially mixed with
epoxy resin as per the chosen weight ratio, and were then mixed
using an ultrasonic stirrer at a frequency of 20 Hz for
30 minutes for uniform dispersion of the HNTs in the epoxy
matrix. The HNT epoxy resin was initially coated on each fabric
layer, and the laminates were then placed in the mould, after
which the mould was filled with the remaining quantity of the
resin as per the proportion. Eight layers of the banana/cotton
fabric were alternatively placed, which were subsequently
placed inside the mould of the compression moulding
machine. The machine carried out the moulding process for
3 hours, maintaining a pressure of 30 MPa and a temperature
of 130 °C. To facilitate the removal of composite materials from
the mould, a layer of wax was placed on the mould during the
composite material fabrication process. Post-curing of the
composites was carried out at 70 °C for 1 hour in an electric
oven, and the final thickness of the composite plates varied
from 3.6 to 4.1 mm. Five different combinations of nanocom-
posites were produced, as illustrated in Table 2.

Table 2 Composition of the nanocomposites

Composition
Banana/cotton
Specimen Epoxy (wt%) HNTs (wt%) fabric (wWt%)
C, 55 0 45
C, 54 1 45
G, 53 2 45
C, 52 3 45
Cs 50 5 45

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3. Mechanical testing

The manufactured nanocomposite materials were cut accord-
ing to the standards of ASTM D3039 for tensile testing, ASTM
D790 for flexural testing, ASTM D256 for impact testing, and
ASTM D3410 for compression testing. The tensile, flexural, and
compression tests were performed via a computerized universal
testing machine (UTM) in line with ASTM recommendations.
Five specimens were taken from each laminate for a specific
experiment, and the average test result of these five samples
was recorded as the final result. The impact test was conducted
using an Izod impact test apparatus.

3. Results and discussion

3.1. Tensile strength of the composites

Fig. 2a illustrates the correlation between nanoparticles and
tensile strength across various composite compositions.

The 0 wt% HNTS resulted in the lowest measurement, which
was 51 MPa. From the C1 to C3 composites (0 wt% to 2 wt%
HNTs), the values increased. The tensile strength increased to
62 MPa when the HNT loading reached 2 wt%. Shutava et al.
observed the same trend in their study of HNT-loaded
nanocomposites.>® They discovered that when polymer nano-
composites with 5% HNTs were doped, the tensile strength
increased by 30 to 50%. Further, the same result was found in
various studies when adding nanofillers to polymers at a
concentration of less than 5%, which improved the tensile
characteristics of the polymers.”>>’” As the quantity of HNTs
increased, the tensile strength diminished due to agglomera-
tion, hence further reducing the tensile properties. This is the
result of insufficient diffusion within the matrix. According to
Yasmin et al, increasing the amount of HNT particles
negatively affected the modulus. This occurred because the
production of exfoliated aggregates decreased the strength.>®

3.2. Flexural strength of the composites

The three-point flexural test, commonly employed in this study,
was used to assess the bending strength of composite materi-
als. The evaluation procedure entailed placing the specimen in
a UTM and spreading the force over it until it fractured. Fig. 2b
provides a graphical representation of the collected results
from the flexural testing. The flexural property of the nanocom-
posites is extreme at a nanotube loading of 2 wt%, with a value
of 102 MPa. The curve exhibits a pattern similar to that of the
tensile property. At a concentration of 0 wt% HNTSs, the mini-
mum value reached 68 MPa. As a result, the parabolic curve
decreased with higher nanofiller loadings. When filler loading
increased, the degree of contact between the matrix and fillers
weakened, resulting in a decrease in mechanical properties.”®

3.3. Compression strength of the nanocomposites

Fig. 2c displays the compression properties of the nanofiller
loadings in various proportions. The graphical analysis
indicates that the values for the tensile and flexural properties
are likely to be nearly comparable, with minimal deviations.

Mater. Adv.
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The curve exhibited a very uniform trajectory with no increase
in the characteristics until the addition of 2 wt% HNTSs. The
variation in values is not significant in terms of compression
characteristics. This indicates that the effect of HNTs on the
compressive features of the nanocomposites is very low. The
extreme value of 72 MPa was attained with a 2 wt% concen-
tration of HNTSs, while the minimum value was obtained with
no filler loading.

3.4. Impact strength of the nanocomposites

Fig. 2d illustrates the impact property values of the composites.
The impact characteristic of the composites exhibits a similar
pattern. At a concentration of 2 wt%, the nanoloading yields the
maximum value, while a concentration of 4 wt% yields the
minimum value. This demonstrates that the inclusion of
microparticles enhances the impact property. Once the optimal
value was reached, the impact property continued to be unaf-
fected by the accumulation of additional nanoparticles. This is
because the presence of a greater fraction of agglomerated
particles hindered the efficient transmission of impact energy.
Using nano-filled composites increased the impact property of
unfilled polymer composites by approximately 44%.

The strengthening processes generated by the nanomater-
ials are responsible for the enhanced impact strength of the
HNT-filled nanocomposites. The filler materials in composites
limit the flexibility of the polymer sequence. This restriction
hinders the capacity of composites to freely deform, thereby
reducing their ductility. As a result, the HNT particles serve as
shock absorbers during impact testing. There was a similar
pattern in previous research on glass fibre-reinforced epoxy
composites. The nanocomposites were infused with 1-5 wt%
HNT particles. In this study, the concentration of nanoparticles
was increased to 3 wt% before reducing it to 5 wt%. This work
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bears similarities to the current study, as it achieves the highest
point at a concentration of 2 wt%, followed by a decline in the
curve. This is due to the uneven spread of HNT particles in
polymers, which causes cracks to spread in the material, and
leads to the early breakdown of composites and results in
subpar impact capabilities.®*°"

3.5. Thermal analysis

The results shown in Fig. 1 reveal that the banana/cotton fabric
reinforced with 1%, 2%, 3%, and 4% HNTs in each epoxy
nanocomposite composition is much more stable at high
temperatures as compared to regular composites. Heat causes
moisture to evaporate in the specimen, initiating the degrada-
tion of hemicellulose and cellulose. Moreover, each laminate
exhibited a weight reduction of 10 to 15% between 338 and
360 °C. The fundamental constituents of cellulose, hemicellu-
loses, and lignin are responsible for the significant weight
reduction of 60 to 70% that typically occurs between 360 and
499 °C. In each specimen, between 585 and 595 °C, total
decomposition of all combustible components and the genera-
tion of inorganic waste occurred. Table 3 demonstrates that the
hybrid composite containing 2% HNTs exhibited the lowest
residual weight at 600 °C (7.83%) in comparison to the other
composites. This indicates that, relative to other hybrid poly-
mer composites, superior experimental heat stability existed for
cotton fibre.?%8

Fig. 3 displays the main thermograms for various fibre epoxy
resin mixtures. These include the banana/cotton fabric rein-
forced with 1%, 2%, 3%, and 5% HNT composites. Thermo-
gravimetric analysis was employed to evaluate the thermal
degradation and stability of these composites at varying pro-
portions. The stability temperature range was recorded between
30 °C to 600 °C. A 3.5% weight reduction indicated the onset of
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Fig. 2 Mechanical properties of HNT nanocomposites: (a) tensile strength,
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(b) flexural strength, (c) compressive strength, and (d) impact strength.
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Table 3 TGA values for the hybrid nanocomposites
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Thermal parameter 0 wt% HNTs 1 wt% HNTs 2 wt% HNTs 3 wt% HNTs 5 wt% HNTs
Initial degradation temperature °C 338.08 342.32 357.32 348.64 338.76

Final degradation temperature °C 420.84 429.03 452.64 432.38 427.52
Inflection point °C 388.63 395.47 416.38 392.13 383.38
Residue (%) 20.36 19.53 17.83 18.43 19.05
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Fig. 3 TG and DTG curves of the nanocomposite materials.

variable discharge. An analysis of weight loss at various tem-
peratures was conducted to identify the initial degradation
temperature, maximum degradation temperature, and inflec-
tion point. Table 3 presents the associated values. The vapor-
isation of moisture in the specimen resulted in an initial weight
loss, estimated at approximately 3.5%, prior to the beginning of
degradation. The hydrogen bonds present in the fibers allow
thermal energy to be distributed to adjacent bonds. The second
stage of natural fibres breaking down and losing weight
occurred when the hemicellulose and other glycosidic bonds
in the fibres were heated and subsequently broken.®*%

The initial and final temperatures for the 2% HNT samples
exceeded those of the others. The maximum weight loss
occurred at the maximum degradation temperature of the
specimen, and coincided with the degradation rate at the
highest inflection point. In comparison to others, the 2%
HNT-reinforced composite demonstrated superior inflection
ranges. The composite containing 0% HNTs exhibited degrada-
tion starting at 338.08 °C and ending at 420.84 °C, with an
inflection point at 388.63 °C, which is lower than that of the
banana/cotton composites with HNTs. The 2% HNT nanocom-
posite exhibited the highest inflection point at 357.32 °C and a
final degradation temperature of 452.64 °C. Cellulose decom-
position begins at the maximum degradation and inflection
temperatures. The residual weight of the various 2% HNT-
reinforced banana/cotton hybrid composites was found to be
17.83%, which shows the complete degradation of the compo-
site constituents. The composite containing 2% HNTs exhib-
ited the highest thermal stability and degradation resistance.
This enhancement is due to the increased interfacial adhesion
between the fibres and the epoxy resin, which improves the

© 2026 The Author(s). Published by the Royal Society of Chemistry

performance of the composite materials. The TGA results
provided evidence that the addition of HNTs (up to 2%)
determines the thermal stabilization effect on the banana/
cotton fabric, while a further addition of HNTs generates
decreases in the degradation temperature.®®

3.6. Chemical analysis

Fig. 4 shows the FTIR spectra of the hybrid composites with and
without HNT fillers. The figure shows that the HNT fillers were
successfully incorporated into the hybrid composites. The
peaks present between 3400 and 3300 cm ™" indicate a broader
spectrum depicting the strong presence of hydroxyl groups,
thereby confirming the presence of cellulose and absorbed
water molecules in the form of hydroxyls. C-H stretching was
noted from the peaks present between 2900 and 2800 cm ™,
indicating the presence of lignocellulosic compounds. The
peaks between 1740 and 1730 cm™ " correspond to the normal
peak observed in the banana fibers and portray the interaction
between the banana fibers and HNTs through carbonyl bonds.
H-O-H bending and C=C bonds were noted between 1650 and
1640 cm~', which changed for every composite with the
increase in HNT content. The bonds between 1000 and
1460 cm ™' indicate ~CH, stretching, and Si-O-Si and C-O-C
bonds portraying the incorporation of HNTs into the hybrid
composites. Peaks corresponding to 950-900 cm ™ indicate the
HNT signature characteristic band. It was also noted from the
peaks that no major chemical changes occurred due to the
incorporation of the HNTs, but only physical changes leading
to the increase in the mechanical and thermal properties of the
hybrid composites.

HNTs 5% N
HNTs 3%

HNTs 2%

Transmittance

HNTs 0%

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Fig. 4 FTIR spectroscopy of the nanocomposite materials.
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3.7. Scanning electron microscopic analysis

Scanning electron micrographs provided evidence for the bind-
ing of resin and fabric. The SEM images clearly show the
deposition of HNTs at various proportions. The images were
captured at the broken end of the failed specimens under
testing. A study was performed on the broken surfaces to
determine how the fabric and polymer behaved in the unfilled
composite and the HNT-filled composites with 1, 2, 3, and
4 weight percent of HNTs. Fig. 5 correspondingly displays the
images (a, b, ¢, d, and e).

Examination of the images reveals that the failure of speci-
mens is attributed to the complete deterioration of the fibre, as
several instances of broken fibres are shown in all the images.
This observation reveals the distinct visibility of the separation
and detachment of the banana/cotton fibres from the epoxy
resin. The surface of the unfilled HNT specimens exposed in
Fig. 5a seems to be quite uneven, and is mostly characterised by
fibre failures. This suggests that there is a deficiency of resin
layers and a lack of a fibre matrix interface due to the uneven
distribution of fibre aggregation inside the matrix. The failure
occurs due to the initiation of debonding at the interface
between the fibre and matrix, which is followed by the brittle
fracture of the fibres and their pulling out, ultimately leading to
the delamination of the composite. Deep pockets were
observed, and were attributed to the full extraction of fibre
bundles, indicating the ineffective bonding between the poly-
mer and fibre interface, which consequently leads to distortion
of the weave structure. This ultimately causes a complete

2128 SEI

Fig. 5 SEM images of (a) O wt% HNT-unfilled, (b) 1 wt% HNT-filled,
(c) 2 wt% HNT-filled, (d) 3 wt% HNT-filled, and (e) 4 wt% HNT-filled
nanocomposites.
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separation of the contact, resulting in decreased mechanical
properties.

The SEM image in Fig. 5b of the 1 wt% HNT-filled nano-
composite reveals a relatively small, smooth area amongst the
rough fibre bundles, in contrast to the surface of the unfilled
composite. The interlocking of HNT-infused resin with the
woven cloth creates a mild interface. The nanotubes play a
crucial function in enhancing the adhesion between the resin
and reinforcements. Various researchers have discovered that
achieving satisfactory filler scattering with the matrix leads to
higher performance as compared to pure matrix.®*®> When
fibres pull out, they leave holes in the material. These holes
cause cracks to spread at stress concentration points in the
specimen, but it is more structurally sound than the composite.

Fig. 5c shows the interlacing of 2 wt% HNT mixed matrix
and plain fabric layers in the 4 wt% nanocomposite. The image
analysis revealed a very clean surface, exhibiting an even
distribution of the components. There are minimal fibre pull-
outs, and the occurrence of brittle failures in the fibres is
observed. The matrix and fabric interfaces exhibit excellent
surface morphology, facilitating strong bonding with few flaws.
The failure structure exhibits fibre damage mostly at the top,
while minimising pull-outs and preventing the formation of
voids by the efficient incorporation of nanoparticles. These
particles enhance elasticity and hinder further damage.®*®”

As shown in Fig. 5d, the matrix containing HNTs completely
coated the surface over the fabric layers. Agglomerations are
more prominent at this stage due to the poor dispersion of the
HNTs. This indicates that a larger percentage (3 wt%) of HNTSs
is present rather than the optimal amount. The image also
indicates the presence of tiny fissures, which serve as the
starting point for failure by delamination. The higher the
concentration of nanoparticles, the higher the viscosity of the
matrix, and the lower the wettability due to the formation of
agglomerations. Homogeneous distribution of HNTs in the
polymer matrix increases the thermal stability (due to barrier
effects on the volatile products of degradation), while the
formation of HNT aggregates and/or separation phases can
reduce the polymer degradation temperature.®*®®

It is possible to see the shape of the fracture structure in
Fig. 5¢ by adding additional HNTs to the 3 wt% nanocomposite
matrix. An extensive layer of matrix completely covers the
reinforcement. The interaction of overloaded HNTs with the
matrix triggers the phenomenon. The figure clearly displays
the occurrence of voids and micro-delamination, indicating the
presence of stress concentration areas where fibers pull out. It
signifies that the nanoparticles were separated from the surface
of the matrix as an outcome of tension and strain caused by their
poor interactions with the matrix. This diminishes the mechan-
ical characteristics of the composite specimen.

4. Conclusions

This study emphasizes the significance of halloysite nanotubes
(HNTs) reinforced in alkali-treated banana/cotton hybrid

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nanocomposites. The incorporation of 2 wt% HNTs signifi-
cantly improved the mechanical characteristics of the compo-
site materials, thereby increasing their suitability for structural
applications. HNTs filled the interfaces, facilitated efficient
load absorption and transmission. This also constrained pre-
mature fracture formation, enabling the material to withstand
stress. Nonetheless, higher HNT concentrations resulted in
particle agglomeration, compromising the mechanical and
thermal properties of the material. The thermal stability of
the 2 wt% HNT-reinforced composite exhibited enhanced
resistance to any decrease, which is crucial for high-
temperature applications. Morphological characteristics of the
2 wt% HNT samples exhibited satisfactory bonding between the
hybrid fibres and the epoxy matrix. The improved interfacial
bonding facilitated the mechanical enhancements. Neverthe-
less, the agglomeration of HNTs at elevated concentrations
created voids and microdelamination, compromising the struc-
tural stability. This study presents a viable approach for creat-
ing high-performance, eco-friendly composites with extensive
industrial applications, promoting the use of sustainable mate-
rials in the composite industry.
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