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Abstract: Natural fibre–polymer composites are widely used because they are economical and
ecologically beneficial in a variety of applications. In order to improve its performance, this study
focuses on examining the mechanical characteristics of an epoxy composite material that has been
reinforced with banana fibre mats that have undergone NaOH treatment. Additionally, using various
configurations both with and without eggshell powder (ESP), the compression moulding method was
used to fabricate and investigate the impact of ESP on these mechanical qualities. The results showed
that the composite with 25 weight percent banana fibre and 2.5 weight percent ESP had the maximum
tensile strength (31.21 MPa), bending strength (33.69 MPa), and impact strength (2.84 kJ/m2). Strong
interfacial adhesion between the banana and eggshell components was discovered via the microscopic
examination of shattered surfaces. Notably, compared to untreated banana composites, the alkaline-
treated banana materials showed fewer occurrences of pull-outs and fractures, leading to noticeably
better mechanical performance.

Keywords: interfacial adhesion; mechanical properties; alkaline treatment; banana fibre; eggshell
powder

1. Introduction

Fibres are used to create materials with significantly varied biochemical, physiological,
and mechanical behavior for a variety of purposes, with desirable attributes such as
high durability and low weight. Polymer-based composites are employed as lightweight,
resilient, and durable materials in a variety of industries. Polymers are often classified into
two types: thermoplastics and thermosets. Thermoplastics are actively taking over like the
biofibre matrix; the most frequently employed thermoplastic materials are polyethylene,
polypropylene, and polytrichloroethylene, while thermosetting matrix elements are phenol,
urethane, and polyesters [1,2]. Several of the latest and most advanced nano- and micro-
reinforcement elements are employed in polymeric technologies. Natural fibres may be
used as reinforcement in composite materials in a variety of ways to produce a wide range
of composite materials. When contrasted to a clean composite, which consists of a pure
textile mat with such a matrix mixture, the production of polymer-based hybrids using
natural fibre and fillers can eliminate voids and improve physical properties [3]. Fibres
are now widely employed in a variety of industrial industries, including the automobile,
maritime, and geotechnical fields. It has several advantages, including strong recyclability,
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complete recyclability, compostability, cheap production costs, low density, low emissions,
large specific mechanical behavior, and excellent thermal and acoustical qualities [4].

On the other extreme, natural fibre combinations have a few negative characteristics,
like incompatibilities between hydrophobic natural fabrics and hydrophobic polymeric sub-
strates. Banana fibre is mostly composed of cellulose, lignocellulose, and phenol. Inside the
crop, the banana fibre acts as hyphae to transport the plant’s sap. It can be found between
the hypothalamus and the epidermis [5]. Banana fibre has some significant advantages over
the other fibres, such as recyclability, good stiffness, and reasonably high flexural strength,
and it is an excellent alternative to traditional fibres in many circumstances; however, it
also comes with a few significant drawbacks, such as high crudeness and rigidity, low
expandability, and openness to pathogen infection. The fibres’ treatment might enhance
the interfacial bonding among biomaterials [6,7]. Chemical treatment is among the most
common, convenient, and cost-effective methods of treatment for fibre surfaces. The elimi-
nation of lignin by NaOH processing of fibres alters the tensile properties of a fibre. The
elimination of lignocellulosic materials by NaOH enhances the exterior purity of the fibre.
As cellulose fibres are eliminated, the interstitial area becomes less thick and far less stiff,
allowing the fibres to reorganise themselves along a plane of distortion. With the help of
NaOH and 5% fresh water at a good temperature, the hydrophilicity of fibres was brought
back with a commercially available resin called polyester [8]. The tensile properties of the
fibres were enhanced by 15% by adopting these settings. Also, the delamination strain
of polyester network fibres treated with NaOH was 90% higher than that of polyester
matrix fibres that were been treated. Unsaturated polyester resin is used as a substrate due
to its strong toughness; nevertheless, when combined with nano clay (NC), it increases
break steadfastness. Several additives have indeed been employed to alter the polymeric
matrix, increasing the interface toughness and, as a result, the dynamic characteristics of
the hybrids [9]. The use of NC as a filler in polymeric materials is aimed at enhancing the
materials’ tensile, thermodynamic, and barrier properties. The introduction of NC alters
the composite’s composition. The diffusion of NC in polymers, for instance, exhibits better
characteristics compared to unmodified polymeric materials. As fillers are added to the
polymer, the characteristics of the base material alter; such fillers enhance the efficiency of
the composite materials. For cost-effective considerations, mineral fillers are employed with
industrial polymers to modify physical, electric, and thermophysical properties. Eggshell
powder (ESP) is an artificial infill with a molecular structure similar to limestone. ESP offers
strong strength features such as tensile and compressive durability, as well as minimal
water retention [10,11].

The innovative use of banana fibre and eggshell powder as hybrid reinforcements in
epoxy composites is the foundation of the current research’s originality. By reusing a waste
material, this creative technique not only investigates the improvements in mechanical
properties made possible by this special combination but also supports sustainability ob-
jectives. This investigation presents an integrated and ecologically conscious approach to
material development by fusing materials science, sustainability, and mechanical engineer-
ing. It seeks to reveal the opportunity for more resilient and sustainable hybrid materials
with a variety of potential uses across industries. The present investigation seeks to enhance
the mechanical characteristics (tensile, impact, and flexural) of a NaOH-treated banana
fibre mat, ESP, and epoxy matrix nanocomposite. The above-mentioned nanomaterials
were created using a compression moulding approach with a motorised swirling procedure
for blending the filler ingredients.

2. Experimental Work
2.1. Materials

As a matrix, epoxy resin was employed for the present research. Butha Industries,
Bangalore, Karnataka, India, supplied the matrix materials. Due to its low cost and ease
of production, ESP is an essential, sustainable filler. Eggshells include calcium as well as
potassium, arsenic, silver, iron, manganese, sulphur, and tin. Ball milling was used to create
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the ESP of white shells. The banana fibre mat with 300 GSM was used as a reinforcement
material. The same material was purchased from the local area of Salam, Tamil Nadu, India.
The hybrids were created by combining various weight percentages of banana fibre (20, 25,
and 30 wt.%) with fixed ESP (2.5 wt.%).

2.2. NaOH Treatment of Banana Fibres

The banana fabric mats were cleaned with refined water before the production process
to remove contaminants from the textile mats. Then, it was immersed in a 5% water–salt
solution (NaOH). The fibre mat was completely scrubbed, dried, and then submerged
in liquid for 45 min. The materials were then gently scrubbed again before being dried
at 40 ◦C.

2.3. Composite Fabrication

As indicated in Table 1, all hybrid configurations were created using a compression
moulding process. A banana mat was chopped into 300 × 300 mm2 dimensions. The
fibre-to-resin proportion was 1:3. The banana was obtained in the amount of 40 g, and
the plates were produced using 110 g of epoxy. These matrix material/ESP solutions
were dynamically mixed in a hydrodynamic shear blender at 500 RPM for 10 min at room
temperature to improve dispersal but then kept in a pressure furnace to eliminate the
bubbling. When the bubbles were removed, the mixture was combined with a hardener
and sprayed onto the banana mats that were placed within the mould. The mould was then
sealed and maintained at 170 ◦C and 15 bar pressure in a compressed moulding machine,
and the composites were dried at ambient temperature for twenty-four hours.

Table 1. Fibre and filler composition of fabricated composites.

Sl.No Sample Description Symbol Fibre Weight % Filler Weight % Matrix
Weight %

1 Banana/Resin A 30 - 70

2 Banana/ESP/Resin B 25 2.5 72.5

3 Banana/ESP/Resin C 30 2.5 67.5

4 Banana/ESP//Resin D 20 2.5 77.5

2.4. Material Characterization

Tensile samples were created in accordance with ASTM D3039 [12]. The cross-section
of the sample is 250 × 25 × 3 mm3. Tension examinations were carried out using a
universal testing machine with a load capability of 50 kN. During the research, a consistent
gauge length of 40 mm and measurement velocity of 5 mm/min were followed. The
Charpy instrument was used to assess the fracture toughness in accordance with the ASTM
D256 [13] specification. The cross-section of the sample was 65 × 13 × 3 mm3. The impact
test was carried out using impact test equipment with a capacity of 20 J. The results of this
experiment showed that the samples consumed a median amount of energy. The flexural
test of nanomaterials was performed using an ASTM D790 [14] bending testing machine,
with a sample size of 125 × 12.7 × 3 mm3. The microstructural analysis of the fractured
specimen was carried out using the scanning electron microscope (SEM).

3. Result and Discussion
3.1. Tensile Strength

Figure 1 shows the specimen images of before and after the fractures from tensile
and flexural testing. The tensile properties of untreated and NaOH-treated banana fibre-
reinforced polymers are shown in Figure 2. The mechanical stability of the composite
increased marginally with the inclusion of fillers in the banana fibres, both with and without
processing. The tensile strength increased more rapidly in NaOH-treated composites.
Banana fibres’ surface roughness can be increased by NaOH treatment. The process
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causes the microstructure of the fibre to inflate, which might result in a rise in the area of
the surface and roughness. More opportunities for mechanical and chemical interaction
between the fibres and the matrix are provided by this improved surface roughness [15].
This demonstrates the poor surface binding of the material and substrate, which would be
due to the inclusion of pectin and phenol in the untreated samples compared to the treated
ones. The 20 and 30 weight percent inclusions of banana fibre offer less strength than the
25 weight percent. More fibre exceeding the 25 weight percent will result in more moisture
absorption. The energy from the applied load may be easily transmitted if the content is less
than 25 percent weight. It decreased the tensile strength of the substance [16]. At 25 weight
percent banana fibre and 2.5 weight percent eggshell powder, the treated composites’
tensile characteristics were determined to be adequate. This is so that the 25 percent
of banana fibre can convey the imposed stress without breaking because it takes more
energy for this type of fibre to separate the fibrous bundle. The alkaline-processed hybrid
banana/ESP filler composites were characterised as exhibiting homogenous distribution
and minimal aggregation in the epoxy matrix. As a result, it is suggested that the filler’s
homogeneous dispersion and less aggregation must have a much more efficient mechanism
in the enhancement of tensile strength properties [17].
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3.2. Flexural Strength

The variance in the flexural strength of both raw and processed banana fibre-based
hybrids is shown in Figure 3. With processed banana fibre materials, the flexural strength
of a composite increases. Compared to untreated composites, the NaOH-treated hybrid
banana/ESP composites increased by 21%. This occurrence could be explained by the
fact that the addition of filler either improves the composite’s flexural strength (sodium
hydroxide improves the interfacial bonding among the nanocomposites with filler in the
mixing board) or the fluff structure shields strain transmission during the flexing loading
of the specimens. According to the results, the clean combination of treated and untreated
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samples displayed less strength than the additive mixture. Lignin, hemicellulose, and
pectin are impurities found in natural fibres like bananas. Through a process known as
saponification, NaOH treatment aids in the removal of these impurities. These contami-
nants are broken down into soluble components by sodium hydroxide, making them simple
to wash away [18]. Natural fibres that have undergone this washing process are cleaner
and purer. The polymer matrix used in the process also makes the natural fibres more
wettable. The NaOH treatment increases the fibre surface’s hydrophilicity or its attraction
to polar substances like water. During the production of composites, this greater wettability
enables the polymer matrix to enter and attach to the fibre surface more efficiently. The
hydroxyl molecules on the fibre interface and the functional molecules in the structure of
the polymer may react chemically more quickly as a result of the alkaline treatment. As
a result, covalent connections among the fibre and matrix may develop, improving the
interfacial bonding of both substances. This helped improve the flexural properties of the
hybrid composites [19].
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3.3. Impact Strength

Endurance is a crucial criterion for freshly formed materials in engineering fields. The
Charpy technique is used to estimate the composite’s strength properties. The quantity of
force needed to break the object is used to calculate its strength properties. The mixture
of fracture initiation and crack growth is referred to as energies. The phenomena are
determined by factors such as fibre-to-matrix adherence, polymer, and fibre tenacity inde-
pendently, flaws in fibre and matrix packaging, crystallisation structure, and others. The
influence of impact resistance on the hybrid’s filler loading of both treated and untreated
banana fibre-based composites was studied.

Figure 4 shows that the NaOH-treated hybrid padding materials have a somewhat
higher impact on durability than untreated materials. Due to a number of reasons, the hy-
brid composite’s NaOH-treated banana fibre with 2.5 weight percent eggshell powder (ESP)
probably has the maximum impact strength. The NaOH treatment improves the interfacial
adhesion between the epoxy matrix and banana fibre, which enables more efficient stress
transmission during impact. The composite’s exceptional impact resistance is achieved
by proper dispersion of these components within the epoxy matrix and ideal processing
conditions, making it the clear option for applications requiring robustness against impact
pressures [20]. Due to its optimal loading proportion, which strikes an equilibrium between
excellent dispersion and keeping an adequate fraction of reinforcement, 25 weight percent
of banana fibre is preferred in composite materials for achieving higher mechanical strength.
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This results in better stress distribution and load-bearing capacity. This loading percentage
is in line with the particular manufacturing and processing techniques employed in the
study and ensures better impregnation and wetting of the banana fibres by the matrix,
lowering the danger of fibre clustering and stress concentration spots. Furthermore, it is
possible that the choice of 25 wt.% as the best option for maximising durability in these
hybrids was impacted by the diversity in mechanical tests and sample sizes [21].
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3.4. Microstructural Examination

In the course of our analysis, we carefully examined SEM images obtained from several
composite specimens made up of diverse mixtures of NaOH-processed and unprocessed
materials. The interfacial relationships between the fibres and matrix were clearly seen in
these SEM micrographs, especially when it came to treated and untreated fabric categories,
as shown in Figure 5a,b. The investigations showed that, compared to the hybrid compos-
ites, the banana fibre/epoxy-based (Figure 5a) composites had instances of fibre pullouts
and debonding events, which are signs of insufficient binding among the filler and the base
material and present as voids on the damaged surfaces [22]. Notably, it was determined
that the existence of air gaps could be seen as a factor in lowering the composite strength.
Additionally, the comparison shown in Figure 5b highlights the spatial arrangement of
eggshell powder (ESP) in the structure of the matrix. The polymer epoxy matrix seemed
to have a good distribution of the hybrid filler comprising banana fibre. These findings
highlight the importance of filler dispersion and pullout phenomena, fabric-matrix attach-
ment, and the existence of air voids as major causes of the strength loss seen in this hybrid
laminate structure [23].
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4. Conclusions

In conclusion, this study’s experimental research on the mechanical characteristics
of a hybrid epoxy material reinforced with banana fibre and eggshell powder has shed
important light on the possibilities of using discarded eggshells and natural fibres as fillers
in epoxy composites. The results imply that adding these environmentally friendly fillers
can greatly improve the mechanical qualities of materials made of epoxy.

• By combining banana fibre with ESP (2.5 wt%), the resulting hybrid composites
exhibit remarkable improvements in both flexural and tensile properties. The synergy
between banana fibre (25 wt%) and ESP (2.5 wt%) plays a pivotal role in enhancing the
impact resistance of the composites. In comparison to the empty resin, the mentioned
combinations effectively enhanced the tensile strength by 11%, the flexural strength
by 8.9%, and the impact strength by 12%.

• The existence of voids on the fracture surface is frequently used as evidence that there
has been an occurrence of fibre extractions and separating events, which can lead to
inadequate interaction between the filler and the substrate.

• The microstructure’s apparent air holes cause the composites’ overall strength to
decline. It is notable that the hybrid filler in the epoxy matrix reinforced with banana
fibres appeared to be evenly distributed in this investigation.

The experimental examination’s findings still provide a solid basis for prospective
research and development projects aiming at developing eco-friendly material combina-
tions with improved mechanical characteristics, thereby advancing the development of
environmentally friendly engineering solutions.
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