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ABSTRACT: The growing demand for sustainable materials in the automotive industry has prompted research into natural fiber-
reinforced composites. To reduce carbon footprints and enhance product sustainability, the sectors increasingly focus on renewable
and biodegradable materials. Composites made from natural fibers, such as coir and hemp, offer a promising solution for creating
lightweight, high-performance components with a reduced environmental impact.In this study, an experimental investigation was
conducted to examine the impact of single and hybrid and treated and untreated fibers, on the properties of epoxy-based composites.
Untreated hemp fiber with treated Coir fiber was used for the research. The composites were fabricated through the open mould
hand lay-up technique. Samples were prepared by randomly dispersing the fibers in the epoxy matrix before pouring them into the
respective moulds prepared according to ASTM standards. Tensile, impact, and hardness tests were conducted on the cured samples
to determine their mechanical properties, while a scanning electron microscope was used to evaluate the fractured surface. Water
absorption tendencies were also determined. The results showed that the sample denoted as SCF wt.% had the best property
combination with tensile strength (32.4 MPa), tensile modulus (11.9 GPa), flexural strength (167.0 MPa), and impact strength (46.8
kJ/mm?). It was discovered that hemp fiber-based composites were not enhanced properly due to lack of fiber surface modifications.
Though optimum results were obtained from treated coir fiber-based single/distinct composite, untreated hemp fiber was discovered
to aid some flexural modulus and hardness properties in the hybrid composite based on the best results obtained in its distinct-based
composite. Therefore, untreated hemp fiber can be used in hybrid form with treated coir fiber where one of the fibers is scarce or
when fiber surface medication is difficult to achieve. Thus, the results showed that SCH-based composites are the most suitable
composition for automotive components development where high-mechanical properties are essential.
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1. Introduction

An initiative to encourage the adoption of ecologically friendly techniques in manufacturing is one of the
sustainable development goals [1]. This initiative has prompted the use of green materials as an alternative to synthetic
materials because they are biodegradable and cost-effective [2,3]. The automobile sector corroborated this initiative in
its manufacturing process by using natural fiber-reinforced composite materials for automobile parts [4,5].

https://doi.org/10.70322/amsm.2024.10010
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Natural fibers are commonly categorized into five groups according to their botanical forms: bast fibers (such as
abaca, sisal, and pineapple), leaf fibers (such as ramie, flax, and kenaf), seed fibers (such as coir, cotton, and kapok),
grass and reeds (such as wheat, maize, and rice), wood and roots. Numerous plants yield more than one kind of fiber.
For instance, hulk and stem fibers can be found in cereal grains [6-8].

Among various natural fibers, coir and hemp are remarkable renewable materials. Coir fibers are extracted from
coconut husks and are extensively produced worldwide, especially in Southeast Asian and West African countries [8—
11]. Similarly, hemp fibers are part of the dominant classes of bast natural fibers produced from cannabis [12]. Coir and
hemp fibers contain cellulose, hemicellulose, pectin, and lignin [9,13,14]. Coir fibers have a tensile strength of about
105-593 MPa [15], while hemp fibers have a tensile strength of 690 MPa (depending on length) [16]. Coir fibers are
extensively used in aerospace, automobile, and sporting goods manufacturing industries [17].

In the automotive industry, epoxy is a high-performance material with applications in structural, fuel, and
suspension systems [ 18]. Epoxy resins are thermosetting polymers characterized by a methyl group attached to an epoxy
group that reacts with a curing agent to form a three-dimensional network [19,20]. Its usage for structural applications
has been limited due to its cross-linking structure and brittle failure characteristic. This limitation is being overcome by
incorporating surface-treated fibers in epoxy for various structural and industrial applications [21-23]. Notable
researchers such as Oladele et al. and Ru et al. [24,25] showed the importance of surface treatments in manufacturing
natural-fiber-reinforced composite. Surface treatments improve the interfacial adherence between the fiber and matrix,
increasing tensile strength, modulus, and elongation. The surface treatment types include radiation, alkali, anhydride,
and silane treatment. Radiation treatment enhances interfacial bonding by reducing the polarity of fiber surfaces, while
anhydride treatment enhances interfacial adhesion by reducing the hydroxyl groups, and silane treatment improves
adhesion by creating a diffusive chemical bond at the interphase [26-28].

Considering all known treatment techniques, alkali treatment is the most utilized based on its cost-effectiveness
and effective increases in surface roughness of the fibers. The process usually eliminates some non-cellulosic materials
to enhance the interfacial bonding energy, thereby increasing the tensile strength [29]. Although many researchers have
worked individually on coir [15,30,31] and hemp [32-34] fibers and their synergistic effect in the polyester matrix
[35,36], there is still a shortage of experimental data on the synergistic effect of hybrid hemp and coir fibers in an epoxy
matrix. Since these fibers can be applied in both treated and untreated conditions, this work considers the possibility of
using fibers with both conditions on the ensuing properties. Treating one fiber will reduce production cost effectively
if well developed. Hence, in this study, the individual and synergistic properties of surface-treated coir and untreated
hemp fibers reinforced epoxy-based composite were evaluated to determine their effect on the mechanical and water
absorption properties for automobile applications.

2. Materials and Methods
2.1. Materials

The coir fiber was sourced from the waste products of commercial fruit sellers at the Federal University of
Technology, Akure, Ondo State, Nigeria, while hemp fiber was sourced from a commercial provider in Lagos State,
Nigeria. The epoxy resin matrix LY556 (bisphenol A) mixed with epoxy hardener/curing agent/catalyst (HY951)
manufactured by East Coast Resin, Unipol Inc, 316 Brighton Beach Ave, Brooklyn, NY, USA, and purchased from
IRIS Epoxy Resins and Hardner Nationwide Distributor in Lagos State, Nigeria.

2.2. Coir and Hemp Fiber Preparation

The coir fibers were softened through water retting of the external shells of coconut fruit for about 48 h and
extracted manually through a mechanical pounding process that separates the fibers from the peat. The extracted fibers
were washed under running water to remove impurities and sundried within 5 days. Alkali surface treatment was
performed by immersion in 0.5 M NaOH solution with distilled water for 24 h at ambient temperature. The treatment
condition was from prior research by Oladele et al. [24]. The treated fibers were washed with tap water, rinsed with
distilled water, and oven-dried at 105 °C for 6 h to remove organic impurities and moisture content. The coir fibers
were cut to 10 mm long and stored in a cool, dry, airtight container for composite production.
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2.3. Development of Composite

The composite was developed through an open mold hand layup technique with random dispersion of the fibers as
reinforcements in the matrix. The treated coir and untreated hemp fiber were mixed with epoxy resin and the hardener
in predetermined proportions, as shown in Table 1 and compounded before pouring into their respective molds. The
mixture was allowed to cure at ambient temperature before removal. The cure samples were further allowed to cure for
15 days at ambient temperature before testing. Three samples were developed for testing in accordance with ASTM
standards, from where the average values were used as the representative values. Figure 1 shows the composite
production, characterization, and properties evaluation procedure flow chart.
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Figure 1. Flow chart for the production and evaluation.
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Table 1. Composition of the samples.

Fiber Composition (wt.%) Epoxy (g) Hardener (g) Coir (g) Hemp (g)
Control 106.67 53.33 - -
Coir
95 (5CF) * 101.34 50.67 8.00 -
80 (20CF) * 85.33 42.67 2.00 -
Hemp
95 (SHF) * 101.34 50.67 - 8.00
80 (20HF) * 85.33 42.67 - 32.00
Hybrid
95 (5CFHF) * 101.34 50.67 533 2.67
90 (10CFHF) * 96.00 48.00 10.67 5.33
85 (15CFHF) * 90.67 45.33 16.00 8.00
80 (20CFHF) * 85.33 42.67 21.33 10.67

* CF means Coir Fibre; HF means Hemp Fibre; 95 (5CF) means 5 wt.% Coir Fibre; 80 (20CF) means 20 wt.% Coir Fibre; 95 (SHF)
means 5 wt.% Hemp Fibre; 80 (20HF) means 20 wt.% Hemp Fibre; 95 (SCFHF) means 5 wt.% Coir and Hemp Fibre; 90 (10CFHF)
means 10 wt.% Coir and Hemp Fibre; 85 (15CFHF) means 15 wt.% Coir and Hemp Fibre; 80 (20CFHF) means 20 wt.% Coir and
Hemp Fibre.

2.4. Properties Evaluations and Characterization
2.4.1. Tensile Test

A tensile test was carried out to estimate the strength of the composite under tensile stress. The test was conducted
using an INSTRON Universal Testing Machine (UTM Model Series 3369). The tensile sample used was molded
following the approprpiate ASTM standards. ASTM D3039/D3039M-17 standard, with a dumbbell-shaped sample with
a gauge length of 115 x 30 x 3 mm and remaining length fixed within the jaws on the UTM and subjected to tensile stress.
The UTM had a 100 kN load cell and a crosshead speed of 5 mm/min. Three tensile samples were fractured to ensure the
precision and reliability of the test results. The tensile strength and modulus were recorded against the applied stress.

2.4.2. Flexural Test

Using a three-point bend test, the flexural test was also conducted on the UTM to estimate the material’s
mechanical response to flexural stress. The samples were prepared according to the ASTM D790-03 standard [37]. The
flexural specimen was placed between two supports under a three-point bend fixture and placed at a constant load at
the center with a displacement control rate of 10 mm/min. The average value of three flexural test samples was estimated
and used.

2.4.3. Impact Test

The impact test was conducted to estimate the energy absorption of the composite and control samples under shock
loads. This experiment was carried out using Charpy V-Notch impact testing equipment (Instron CEAST 9050,
manufactured by Instron, Norwood, MA, USA). in compliance with ISO 179. The impact sample dimensions utilized
were 64 x 11 x 3 mm with a notch at the center. The sample was positioned on the apparatus in a horizontal orientation,
with a gap of 60 mm between each support. The gauge’s initial reading was recorded; the sample was fractured by releasing
a hanging handle (pendulum). The final reading was at the point of fracture.

2.4.4. Hardness Test

The hardness test was performed on the Shore D hardness tester following ASTM D2240-00 [38]. Five hardness
measurements were obtained for the hardness test, and the hardness value was determined as the average.

2.4.5. Water Absorption Test

Water absorption tests were conducted to make qualitative decisions regarding material selection or performance
under exposure to various forms of moisture in the environment. In this examination, the water absorption was carried
out following the ASTM D5229M-12 [39]. About 250 cm® of water was added to clean plastic containers for the test.
A chemical weighing balance was used to measure each sample’s initial weight within £0.0001 g of accuracy. The
samples were removed from the water bath and dried with tissue paper applied to the surfaces every 24 h. Then, the sample
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was weighed to measure the mass of water absorbed. This process continued until the water absorption percentage reached
saturation. The water absorption test was done for 4 days, and the weight gained was calculated using Equation (1).

W —Wo
W(%) = ———— x 100 ()
Wo
where: Wy is the dry weight of the sample; ¥, is the wet weight of the sample after t days; W (%) is the percentage of
water absorption.

2.4.6. SEM-EDS

The SEM-EDS technique was used to characterize the morphologies and chemical composition of the hybrid
composite fiber using the EVO MA 15 microscope by Carl Zeiss SMT. The SEM technique uses an electron beam of
20 kV and a working distance of about 10 mm to scan the sample surface and produce a detailed high-resolution image.
The morphology of the fractured surface of the composites was studied after coating with a 3 nm thin gold coating
applied by sputtering. The elements of the composites were analyzed by an energy dispersive spectrometer (EDS)
attached to the SEM.

3. Results and Discussion

Our approach for characterizing the coir/hemp/epoxy composite followed the ASTM standard test requirements.
The findings of the tests performed on these materials, which followed established protocols, were tallied, examined,
and described as follows.

3.1. Tensile and Flexural

Figure 2 illustrates the effects of reinforcements on the tensile and flexural properties of the developed
coir’hemp/epoxy for distinct/single and hybrid-based composites and the control samples. Figure 2a,b showed the
tensile stress-strain and flexural stress-strain curves, respectively. For the tensile results (Figure 2a,c,e), 5 CF of the
distinct sample showed the highest tensile strength and modulus values compared to the unreinforced sample, from 22.7
MPa and 6.7 GPa to 32.4 MPa and 11.9 GPa, which is about 40% increase in tensile strength and over 70% increase in
tensile modulus, respectively. However, the tensile strength dropped significantly at 20CF. This observation was
contrary for distinct hemp samples, which tend to increase but are still lower than the unreinforced epoxy. The hybrid
samples also tend to increase up to 1 SCFHF before dropping at 20CFHF, but, similar to what was obtained in the distinct
HF-based composites, the observed increase was lower in value compared to the control sample. While tensile strengths
(Figure 2c) were not enhanced for these sets of composites (distinct HF and hybrid samples), their Young’s moduli
were enhanced at higher fiber contents (20HF—59.7% increase and 15CFHF—49.3% increase), as shown in Figure 2e.
Therefore, these composites have improved toughness and can be enhanced in subsequent work. Compared to others,
the observed improved tensile properties for treated coir fiber-based composite were due to the alkaline treatment that
modified the fiber surface. This led to improved interfacial adhesion between the coir and the epoxy compared to the
hemp fiber. This improved adhesion enhances tensile strength and modulus in the single/distinct CF-based composite.
The reduction in the tensile properties of the coir/hemp hybrid composites may be due to untreated hemp in the mixture.
A similar trend was noticed in the research of Kumar et al. [35]. The possible causes for the reduction in tensile strength
with increasing fiber content for the hybrid composites may also be due to poor fiber-matrix adhesion, fiber aggregation
and clumping.

Similar trends to responses to tensile properties were observed in the flexural results for the distinct coir/epoxy
composites, as shown in Figure 2d—f, while contrary behaviors were observed for others. From the results, the 5CF
sample showed the highest flexural strength and modulus values compared to unreinforced epoxy, from 80.5 MPa and
6.3 GPa to 167.0 MPa and 18.0 GPa, respectively, which is over 100% increase in flexural strength and about 180%
increase in tensile modulus, respectively. This is attributed to the strong fiber/matrix interfacial adhesion, as discussed,
for its tensile properties. This adhesion ensures an even and effective load distribution among the composite constituents.
These results are consistent with prior studies [40—42]. However, as shown in Figure 2d, the flexural strengths follow
similar trends in all the various sets of samples (distinct and hybrid), where the strengths were seen to reduce as the
fiber content increased. In the results, most of the samples have enhanced flexural strengths, unlike the results of the
tensile strengths. Also, most of the flexural moduli of the developed composites were enhanced but without any definite
similar trends. It was discovered that the hemp fiber enhanced the flexural properties of the distinct samples and was
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responsible for the improved flexural properties of the hybrid composites compared to tensile properties. Though similar
to tensile properties, the flexural properties reduce as the fiber content increases for the hybrid composites but were
more enhanced than the control sample in most of the reinforcement contents compared to tensile properties. This may
generally be due to poor interaction between the hydrophilic hemp/coir fibers and the hydrophobic epoxy. However,
coir composites exhibit superior mechanical properties compared to other combinations, which may be due to the
surface modification of the fiber. The implication of these results was that, where one of these fibers is not readily
available, they can be hybridized to achieve improved properties, as discovered in this research.
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Figure 2. Tensile and flexural properties of the composites (a) tensile stress-strain curve (b) flexural stress-strain curve (c¢) tensile
strength plot (d) flexural strength plot (e) tensile modulus plot (f) flexural modulus plot. 0OF—0 wt.% fiber, SCF—5 wt.% Coir Fibre,
20CF—20 wt.% Coir Fibre, SHF—5 wt.% Hemp Fibre, 20HF—20 wt.% Hemp Fibre, SCFHF—5 wt.% Coir and Hemp Fibre,
10CFHF—10 wt.% Coir and Hemp Fibre, ISCFHF—15 wt.% Coir and Hemp Fibre, 20CFHF—20 wt.% Coir and Hemp Fibre.
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3.2. Impact, Hardness, and Water Absorption

Figure 3 illustrate the effect of reinforcement on the impact, hardness, and water absorption properties of the
coir’hemp/epoxy-based composites for single/distinct and hybrid composites. It was discovered in Figure 3a that the
impact strengths of the composites decrease with an increase in the fiber content for all the sets of reinforcement designs
used for distinct and hybrid-based composites. It was noticed that 5 wt% of the reinforcements were the ones with the
optimum values in all the series, with SCF, SHF, and SCFHF having the highest values in that order, respectively. It
was the only reinforcement content that improved impact strength, apart from the hybrid.Beyond this value, the impact
strength reduces. Hence, SCF (Figure 3a) showed the maximum increase in impact strength with about 50% increase
from 31 kJ/mm? for unreinforced epoxy (control) to 46 kJ/mm? for CF-based composite. This enhancement was due to
the reasons stated above, which include the surface modification of the coir fiber. The results showed that the impact
strength of the coir/hemp/epoxy-based composites for distinct/hybrid composites depends on the fiber content, uniform
distribution within the matrix, and proper or strong interfacial adhesion. The results showed that low fiber content
support improved impact strengths for the various series due to proper wetting and distribution of the fiber within the
matrix, contrary to when high fiber content was added. Fiber touching and agglomerations are easily encountered at
higher fiber content, causing weak interfacial adhesion and inadequate load transfer. The impact response of the
composites at higher fiber contents reflects a failure process that includes the initiation of cracks, their propagation and
development within the resin, fiber fracture and pullout, delamination, and debonding. Kumar et al. [35] reported that
poor interaction between the hydrophilic hemp/coir fibers and the hydrophobic polyester results in lower impact strength.

Figure 3b shows the response of the developed composites to hardness, where similar trends to those in Figure 3a
were noticed with slight differences. The hardness tends to reduce as the fiber content increases but with a slight margin
contrary to the gradual margins observed for impact strengths behaviors shown in Figure 3a. Also, the optimum hardness
value for hybrid-based composites was 10CFHF, contrary to SCFHF for impact strength. Thus, it was discovered that SHF
gave the optimum increase in hardness, which is about 12%, from 63 HS to 71 HS when compared to unreinforced epoxy.
It was also noticed that the hybrid composites were highly influenced, with most compositions having enhanced hardness
compared to the control sample, just like the flexural properties. This showed that hemp fiber in enhancing hybrid
composites compared to coir fiber. This was obvious because where coir fiber-based composites were the best, most of
the hybrids were of low value compared to the control sample. Thus, the enhancement in the hardness property is attributed
to the presence of hemp fiber and the proper distribution of load across the composite surface since hardness is a function
of resistance to surface indentation. This enhancement might have been achieved due to the excellent dispersion of the
fibers near the surface of the matrix, thereby contributing to the epoxy composites’ increased hardness [43].

In Figure 3c, the 20CF has the highest water absorption rate, while the SCFHF has the lowest in all the compositions.
The absorption rate depends on many factors, such as OH™ molecules that are present, the amount of plant fiber used,
the polarity between the fiber and the polymer, and the amounts of voids in the bio-composites [44,45]. Hence, higher
water absorption rates are observed as the immersion time increases and the mobility of water molecules increases.
Considering the hardness results, hemp fiber showed more hardness than coir fiber. Hence, their composites absorb less
water than coir fiber/epoxy-based composites. Thus, SCFHF epoxy-based composites absorbed less water due to the
synergetic effect of the low amount of treated coir fiber and untreated hemp fiber in the composition. High fiber content
potentially results in void formation that gets filled with water due to the capillary effect. Hence, 20CF and 20CFHF
showed high water absorption capabilities. Higher water absorption from CF-based composites may be due to the
chemical treatment that has removed the lignin that covered the cellulose, thereby exposing the fiber to water percolation
compared to the untreated hemp fiber. As stated in prior works, the layering order has minimal impact, but samples
with higher fiber content have the highest tendency to absorb more water with time [46—48]. Table 2 gives a summary
of the mechanical and water absorption properties.
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Figure 3. Composite (a) Impact Strength (b) Hardness (¢) Absorption Rate. 0F—0 wt.% fiber, 5SCF—5 wt.% Coir Fibre, 20CF—20
wt.% Coir Fibre, SHF—5 wt.% Hemp Fibre, 20HF—20 wt.% Hemp Fibre, SCFHF—5 wt.% Coir and Hemp Fibre, |0OCFHF—10 wt.%
Coir and Hemp Fibre, 15CFHF—15 wt.% Coir and Hemp Fibre, 20CFHF—20 wt.% Coir and Hemp Fibre.

Table 2. The mechanical and water absorption properties of the composites and control sample.

Tensile Tensile Flexural Flexural Hardness Impact Water Absorption (%) Rate
Composite Modulus Strength Modulus Strength (HS) Strength Davl Dav2 Dav3 Dav4
(GPa) (MPa) (GPa)  (MPa) (kJ/mm?) y y y y
OF 6.7 22.7 6.3 80.5 63.4 31.1 0.048  0.095 0.103 0.069
5CF 11.9 324 18.0 167.0 64.8 46.8 0.305 0387 0.383 0.504
20CF 2.0 6.6 11.0 63.0 61.8 20.7 1.531 2303  2.817 2.656
SHF 4.7 18.7 14.1 136.5 71.2 394 0.052  0.081 0.102 0.060
20HF 10.7 22.0 21.8 131.5 67.4 19.3 0.074  0.148  0.182 0.154
5CFHF 4.9 18.0 83 96.5 64.2 30.8 0.047  0.086  0.028 0.025
10CFHF 6.2 19.2 14.6 89.5 67.2 18.2 0.363  0.508  0.566 0.552
15CFHF 10.0 20.2 9.9 58.0 64.0 14.1 0.486 00918 1.117 1.239
20CFHF 2.1 9.0 2.5 26.5 62.2 12.6 1.114  1.625 1.984  2.198

0F—0 wt.% fiber, SCF—5 wt.% Coir Fibre, 20CF—20 wt.% Coir Fibre, SHF—5 wt.% Hemp Fibre, 20HF—20 wt.% Hemp Fibre,
S5CFHF—S5 wt.% Coir and Hemp Fibre, 10CFHF—10 wt.% Coir and Hemp Fibre, 15CFHF—15 wt.% Coir and Hemp Fibre,
20CFHF—20 wt.% Coir and Hemp Fibre.

3.3. Scanning Electron Microscope and Electron Dispersive Spectroscopy (SEM-EDS)

Microstructural analysis was done to evaluate the interface between the fiber and the matrix material and to find
microstructural flaws. Figure 4a,b shows the fiber and matrix interfaces where good interfacial adhesion was noticed.
Figure 4a shows that good bonding was responsible for improved tensile and flexural properties in the SCF sample.
This implies that the surface treatment of the coir fiber significantly improved the adhesion between the fiber and the
matrix. Figure 4b shows the surface morphology of the coir/hemp/epoxy hybrid composite (SCFHF) sample with similar
features. As seen in Figure 4b, the failure mechanism is the localized mechanism failure, indicating good interfacial
bonding between the fibers and the matrix. This was further proven in Figure 4c, which shows that the fiber had a strong
interfacial bonding with the epoxy matrix because we observed fiber breakage, not fiber pullouts. A similar trend was
observed by prior researchers [35,49].

The SEM images showed that the fibers were randomly arranged to ensure anisotropy, ensuring good bonding
enhances mechanical properties. Defects, including porosity, fiber pullout, matrix fractures, and air spaces, were found
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in the composites. The main reason for trapped air and bubbles was resin mixing, although the high viscosity of the
resin also played a role in void creation. While most bubbles dissipated throughout the wetting and curing process,
others persisted and left gaps in the finished composite, as seen by previous researchers [44].

Figure 4. SEM images (a) 5CF composite sample—1000x (b) SCFHF composite sample—8000x (¢) 5C composite sample—
8000x. 5CF—S5 wt.% Coir Fibre, SCFHF—5 wt.% Coir and Hemp Fibre.

4. Conclusions

This research investigates the influence of treated coir fiber and untreated hemp fiber on the characteristics of
distinct/single and hybrid-based hemp/coir fibers in an epoxy matrix fabricated using open mold hand lay-up. The
findings showed that treated coir fiber-based epoxy composite at 5 wt%, denoted as SCF, gave the best combination of
optimum mechanical properties due to good interfacial adhesion between the fiber and the epoxy. The sample showed
the best mechanical properties for tensile strength and modulus, flexural strength, and impact strength, with 32.4 MPa,
11.9 GPa, 167.0 MPa, and 46.8 kJ/mm?, respectively. Hemp fiber, on the other hand, gave the best performance in
flexural modulus and hardness with 20 and 5 wt.% having 21.8 GPa and 71.0 HS, respectively. Hemp fiber was
discovered to aid the enhancement of these properties (flexural and hardness) in their hybrid-based composites despite
their presence in untreated form. On the contrary, treated coir fiber did not enhance their hybrid-based composites. This
was the case because the hybrid composite values were low compared to the control samples in most properties where
treated coir fiber-based composites are optimum.

Low fiber content is preferable for proper distribution and wetting within the epoxy inorder to achieve adequate
load distribution and properties. Hence, coir/hemp-based bio-composites exhibited excellent properties, making them
suitable as reinforcements in interior panels, dashboards, door panels, seat backs, lightweight biosensor chips, flexible
electronics, microfluidics, and other bio-composite applications.
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