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ABSTRACT 
 

The use of Synthetic Fibres (SF) as reinforcement for development of Epoxy-based Composites 
(EC) is well reported. Aside the fact that SF reinforced EC suffer failure under low stress, SF are 
harmful and sparse, thus limiting local synthesis of the composite for fabrication of structural 
components. The foregoing necessitates the search for sustainable agro-based alternatives such 
as Banana Pseudo Stem Fibre (BPSF). Therefore, attempt was made to study the use of BPSF as 
partial or wholly alternative to SF in EC. The synergistic influence of BPSF and SF on mechanical, 
thermal stability and tribological characteristics of EC was examined. The SF used in this study 
were Kevlar (KK), glass (GG) and carbon (CC). Hand lay-up lamination method was used to 
develop unhybridised and hybridised epoxy composites. The unhybridised epoxy composite 
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reinforced with BPSF was denoted as BBBB (control). The hybrid of BPSF with KK, GG and CC 
were designated as BBKK, BBGG, and BBCC, respectively. Mechanical, thermal stability and wear 
tests were carried out according to ASTM standards. Microstructure evolution was examined with 
SEM NIXRN (Model 541). The BBCC exhibited higher tensile strength and compressive strength 
(159.11, 65.21 MPa) when compared to BBGG (141.11, 58.21 MPa), BBKK (144.27, 55.51 MPa), 
and BBBB (109.38, 52.77 MPa), respectively. The improved hardness in the hybridised samples, 
BBCC (109.25 BHN), BBKK (89.77 BHN), and BBGG (82.23 BHN), were attributed to the filling of 
BPSF pores with synthetic reinforcements, when compared to the unhybridised BBBB (78.12 BHN). 
The BBCC demonstrated highest thermal stability, with a mass residue of 18.00 %. The sample 
also demonstrated the lowest wear under the tested loads. The microstructures revealed a finely 
dispersed fibres and better adherence in the matrix as compared to others. The hybridised samples 
demonstrated better properties compared to the unhybridised. The BBCC, a combination of 2-layer 
configuration of BPSF and CC exhibited the best mechanical, thermal stability and tribological 
characteristics. In future research endeavours, an investigation on the synergistic impact of other 
agro-based natural fibres and synthetic fibres at different configuration of layers on the properties of 
epoxy-based composites is proposed. 

 

 
Keywords: Epoxy-based composites; reinforcements; thermal stability; tribological characteristics; 

microstructure evolution. 
 

1. INTRODUCTION  
 
The growing researchers’ interest in composite 
materials development and characterisations            
for structural applications cannot be 
overemphasised. Based on the matrix, 
composites are classified as Metal Matrix 
Composites (MMCs), Polymer Matrix 
Composites (PMCs) and Ceramic Matrix 
Composites (CMCs). The PMCs have attracted 
considerable attention as engineering materials 
due to their low cost, lightness and corrosion 
resistance properties. However, PMCs suffer 
failure under low stress thus, limiting their 
applications in machine components requiring 
high strength, thermal resistance and low wear 
rate [1,2]. To overcome these limitations and 
enhance their suitability, synthetic fibres can be 
incorporated into the composite. Among the 
available methods for fabrication of PMCs, hand 
lay-up is commonly used due to its simplicity and 
cost-effectiveness [3,4,5]. The researchers opted 
for epoxy as the base resin due to its versatility, 
strength, corrosion resistance, cost-
effectiveness, and durability, surpassing other 
polymers and solid metals. It is also relatively 
cheaper than metal alloys. By incorporating 
materials with superior strength and utilising 
high-strength primary and secondary 
reinforcements in the polymer, a composite is 
created that lies between the strength of alloys 
and ceramic reinforcing materials [6,7,8]. 
 
Combining two or more natural fibres in 
hybridisation offers several advantages, including 
improved mechanical properties, renewability, 

cost-effectiveness, and recyclability. The 
performance of the resulting composite depends 
on the characteristics of each hybrid fibre. For 
example, low density of Banana Pseudo stem 
(BPSF) benefits lightweight hockey equipment, 
but its brittleness restricts applications requiring 
ductility [9]. Enhancing ductility can be achieved 
by combining natural fibres such as coir and flax 
with BPSF. Successful hybridisation with natural 
fibres requires adequate knowledge of the 
individual fibre constituents, its volume, 
interaction with the matrix, orientation, and 
treatment with chemical. Research on 
mechanical properties has demonstrated that a 
randomly oriented composite of snake grass, 
banana, and coir fibres exhibits superior tensile 
and flexural strength compared to individual fibre 
composites [10]. Similarly, investigating the 
tribological, thermal, and mechanical effects of 
banana and jute fibre epoxy composites reveals 
that the hybrid composites outperform the 
individual composites [11]. 
 
While natural fibres offer advantages such as 
cost-effectiveness, renewability, and 
biodegradability, hybridisation with synthetic 
fibres addresses the limitations of natural fibres 
in engineering applications, including low density, 
hydrophilicity, and inadequate mechanical and 
thermal properties in polymer composites [12]. 
Combining synthetic fibres like carbon, glass, 
aramid, and Kepler fibres with natural fibres such 
as sisal, jute, pineapple, cotton, and banana 
fibres in PMCs yielded polymer composites with 
well-balanced and enhanced strength, thermal 
properties, and wider applications. Due to the 
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hydrophilic nature of natural fibres, they tend to 
absorb moisture and expand in both thickness 
and length. Therefore, improving the fibre 
structure through chemical treatment before 
hybridisation with synthetic fibres is 
recommended as it proves more effective than 
using untreated natural fibres. The inclusion of 
synthetic fibres mitigates the hydrophilic effect of 
natural fibres by occupying space that would 
contribute to hydrophilicity [13,14,15]. 
 

Choosing the appropriate processing technique 
enhances the compatibility between the fibre and 
matrix, leading to improved mechanical strength 
that can partially or wholly replace synthetic 
fibres in applications requiring higher strength. In 
contrast to fully synthetic fibre composites, the 
utilisation of natural-synthetic fibre hybrid 
composites offers a solution to mitigate 
environmental pollution arising from the use of 
non-renewable synthetic fibres [16]. It has been 
consistently observed that combining high-
strength synthetic fibres with natural fibres leads 
to enhanced impact strength, even when 
employing low-strength resins [17]. However, it is 
important to note that the presence of more than 
two fibres does not necessarily result in 
increased strength for hybrid composites, 
contrary to the findings reported by Bhoopathi et 
al. [18]. The individual properties of the fibres 
and their compatibilities with the matrix material 
are critical factors influencing the overall 
strength. For marine applications, Dinesh et al. 
[19] conducted a comparative study on the 
strength of epoxy composites incorporating 
banana bract/Kevlar, palm/Kevlar, and banana 
bract/palm/Kevlar fibres. The composite 
containing banana bract/Kevlar demonstrated the 
lowest weight, water absorption, and highest 
mechanical properties. However, the banana 
bract/palm/Kevlar fibre epoxy composite 
exhibited reduced tensile properties due to its 
high water absorption, rendering it unsuitable for 
marine applications.  
 

Despite the abundant literature on polymer 
hybrid composites, there is dearth of information 
on research reports that explored the integration 
of Kevlar, glass, and carbon fibres with banana 
pseudo fibre hybrid composites. Therefore, the 
aim of this research was to develop and 
investigate BPSF-synthetic fibre reinforced 
epoxy-based composites. The BPSF layers were 
consistently maintained at two, while the layers 
of synthetic fibres (carbon, Kevlar, and glass) 

were also kept constant at two. Mechanical, 
thermal stability and tribological characteristics of 
epoxy-based composites derived from                   
BPSF and the three selected SF were 
characterised.  
 

2. MATERIALS AND METHODOLOGY  
 

2.1 Materials  
 
In the experiment, a composition of epoxy 
(234ERI) and hardener was prepared in a 2:1 
ratio to fulfill the roles of resin and binder, 
respectively. The woven carbon fibres (616G12), 
glass fibres (G001) and Kevlar fibres with 
densities 2.0 , 2.6 and 2.67 g/cm

3
, respectively, 

were obtained from Chatex Suppliers, a supplier 
located in Lagos, Nigeria.  The specific banana 
variety utilised was the Giant Cavendish, 
acquired from NIHORT in Nigeria. The fibres 
were manually extracted from BPS ribbons. To 
achieve a fine particle size, Coconut Shell Ash 
(CSA) was obtained and pulverized. The fibres 
underwent a chemical treatment using sodium 
hydroxide, while the curing temperature was 
carefully controlled and adjusted using an oven. 
The materials required for this composite 
preparation is presented in Fig. 1. 
 
2.1.1 Fabrication 
 
The composites were produced using the hand 
layup method, where a combination of resin and 
reinforcement fibre was shaped and solidified 
using a mould. To ensure a crack-free and 
smooth surface upon mould removal, a 
polyethylene sheet coated with releasing wax 
was utilised. The flat metallic mould was evenly 
coated with epoxy resin using a brush, and a 
BPSF sheet was placed inside the mould. Rolling 
was employed to thoroughly saturate the fibre 
with resin. This process was repeated, adding 
layers of carbon fibre until reaching four layers. 
The same procedure was applied to Kevlar and 
glass fibres. Two layers of BPSF were 
consistently integrated throughout the 
manufacturing process. To remove excess resin 
and air bubbles, a dead load was applied to the 
specimen, which was then cured within a 
temperature range of 30 °C.  The unhybridised 
epoxy composite reinforced with BPSF was 
denoted as BBBB. The hybrid of BPSF with KK, 
GG and CC were designated as BBKK, BBGG, 
and BBCC, respectively.  
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Fig. 1. Materials for composite samples: (a) Kevlar fibre (b) Coconut Ash Shell (c) Glass fibre 
(d) Carbon fibre (e) BPSF 

 

2.2 Methodology 
 
2.2.1 Tensile and compressive test 
 
The samples were placed in the grips of a 
universal testing machine, with a specific grip 
separation which was pulled until failure. 
According to D638, dumbbell shape specimen is 
needed for polymer reinforced composite testing. 
On the other hand, a compression test was 
performed by placing the sample into two plates 
in which force was applied to the samples. 
Deformation against load was monitored as a 
result of the samples being compressed.  
 
2.2.2 Hardness test 
 

Material hardness refers to the resistance of a 
material against penetration. The measurement 
of shore D hardness relies on assessing the 
strength required for a needle to penetrate the 
test material under specific spring loads. These 
test results enable the comparison of composite 
material hardness. The samples passed the 
Brinell hardness test and were produced in 
compliance with ASTM E10 standard.  
 

2.2.3 Thermogravimetric analysis 
 

To characterise thermal stability of fibre samples 
derived from the pseudo stem of bananas, 
Thermogravimetric Analysis (TGA) was carried 
with the aid of a TGA/MSS 773 Nester Tolder 

apparatus. Thermal analysis was conducted on 
the unhybridised and unhybridised composite 
samples within a temperature range of 30 to 
550°C, employing a heating rate of 150°C per 
minute. The sample weights varied between 5 
and 10 milligrams. A total of four samples were 
examined, and their final mass residue was 
recorded.  
 

2.2.4 Wear Properties 
 

In order to evaluate the durability characteristics 
of the developed composites, wear tests were 
conducted based on ASTM D1242 using the NH-
56KJ apparatus. The apparatus consisted of a 
setup involving a pin on a disc. The cylindrical 
disc was exposed to standard operating 
conditions, covering a distance of 12 meters and 
possessing a diameter of 10 millimeters. The 
track radius and velocity were adjusted to 1 
meter per second, resulting in an overall sliding 
distance of approximately 1000 meters. Various 
forces, including 10, 20, and 30 Newtons, were 
applied at speeds of 1.5 and 3.0 meters per 
second. Throughout the application of force, 
careful monitoring of the wear rate, percentage 
weight loss, and coefficient of friction was 
conducted. 
 
2.2.5 Scanning electron microscopy 
 

The SEM NIXRN (Model 541) microscope was 
employed to examine evolved microstructures of 
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the developed composites. This particular 
microscope operated at a voltage of 12 kV and 
had a working distance of 3 mm. To ensure the 
fibre's conductivity and suitability for analysis, a 
layer of gold with a thickness of approximately 20 
nm was applied.  
  

3. RESULTS AND DISCUSSION 
 
The results of characterisations carried out in 
respect of epoxy-based composites are 
presented and discussed in this section.  
 

3.1 Mechanical Properties  
 
Here, the results of tensile strength, compressive 
strength and hardness of the composite are 
presented and discussed. 
 

3.2 Tensile strength 
 
Fig. 2 illustrates the comparison between the 
impact of synthetic reinforcements and non-
hybridised banana fibres composites on the 
tensile and yield strength of epoxy composites. 
The hybrid composites demonstrated superior 
tensile strength, exhibiting an increase of 
22.41%, 24.45% and 29.58 %, for BBGG, BBKK 
and BBCC, respectively, compared to BBBB 
sample (109.44 MPa).. This enhancement in 
tensile strength can be attributed to the robust 
bonding between the polymer resins and 
reinforcing materials. Additionally, factors like 
defects, type and quantity of reinforcement, and 
the processing method contribute to the overall 

increase in tensile strength. In a study by Oyewo 
et al. [20], it was found that the incorporation of 
synthetic reinforcements in natural fibre 
composites led to  40% increase in tensile 
strength. Similarly, Gupta et al. [21] reported a 
33% increase in the kenaf/carbon fibre 
composite compared to non-hybridised samples. 
It was also reported that incorporating up to 10% 
carbon fibre content in a hybrid composite 
resulted in improved tensile strength and 
elongation. Thus, the addition of hybrid synthetic 
fibers proportionally enhances the tensile 
strength of the composite. Among the epoxy-
based composites tested, BBCC exhibited the 
highest strength, followed by BBKK and BBGG, 
while BBBB had the lowest tensile strength due 
to the lower density of banana fibre. The 
utilisation of synthetic fibres in composites offers 
advantages due to their hydrophobic nature, 
addressing one of the major challenges in             
purely natural fibre reinforced epoxy-based 
composites. 
 
Previous studies have demonstrated similar 
increases in tensile strength when glass, carbon, 
or kenaf fibre were incorporated into composites 
[1,22,23]. Notably, the highest tensile strength 
displayed by BBCC, 155.42 MPa, as compared 
to the other samples can be attributed to the 
absence of pore agglomeration and voids in the 
reinforcing carbon fibers. Venkatasudhahar et al. 
[24] observed a correlation between the increase 
in carbon fibre content and the improvement in 
tensile strength of hybrid composites 
(kenaf/carbon epoxy composite). 

 

 
 

Fig. 2. Tensile properties of BPSF-SF hybrid EC  
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3.3 Compressive Strength  
 
The compressive test was conducted on four 
samples following ASTM guidelines at room 
temperature. Fig. 3 illustrates the impact of 
hybridising carbon, glass, and Kevlar fibres. 
Similar to the tensile strength, the compressive 
strength showed a proportional increase with the 
addition of synthetic fibres. Hybridisation effect of 
synthetic fibres was more pronounced in BBCC 
as compared to other samples. This could be 
attributed to carbon fibre being less susceptible 
to delamination compared to other fibres. In 
summary, all the hybridised composites exhibited 
higher compression strength compared to the 
unhybridised composite. 
 

3.4 Hardness Test 
 
Fig. 4 presents the hardness for both hybrid and 
unhybridised composite samples. The inclusion 
of different synthetic fibres resulted in increase of 
the composite's hardness. The improved 
hardness observed in the hybridised samples, 
specifically BBCC (109.25 BHN), BBKK (89.77 
BHN), and BBGG (82.23 BHN), can be attributed 
to the filling of BPSF pores with synthetic 
reinforcements, contrary to the unhybridised 
BBBB (78.12 BHN). Previous research studies, 
such as those conducted by Sutradhar et al. [25], 
Khare et al. [13] and Nayim et al. [26], have also 
reported similar hardness enhancements through 
the incorporation of rigid particles like carbon, 
glass fiber, and silica carbide. The hardness of 

natural fibre reinforced composites was notably 
lower than that of composites reinforced with 
synthetic fibres, as well as monolithic metals and 
alloys. However, by hybridising synthetic 
reinforcements with natural fibres, the resulting 
product demonstrates an increase in hardness, 
enabling it to compete with metallic alloys. Other 
researchers have documented the hardness 
improvement resulting from the incorporation of 
harder reinforcements [27,28]. Conversely, a 
decrease in hardness has been observed when 
employing soft reinforcements, as reported by 
Anbupalani et al. [29]. Similarly, other studies 
have indicated that the addition of soft 
reinforcements, such as rice husk ash, can 
reduce the hardness of a composite [26,25,30]. 
While it is advisable to consider cost reduction 
and utilise renewable and biodegradable 
reinforcements, careful selection of agro wastes 
is essential to avoid compromising the intended 
hardness of the resulting composites. 
 

3.5 Thermogravimetric Analysis  
 
The TGA curve is depicted in Fig. 5, providing 
valuable insights into the thermal stability of the 
composite samples. Throughout all stages up to 
550 °C, the composite exhibited significant 
weight reduction. Table 1 displays the mass 
residue of the samples as well as various 
degradation temperature from the TGA curve. 
This table summarises the degradation stages 
observed in the TGA curve, namely initial, 
halfway, and complete degradation. 

 

 
 

Fig. 3. Compressive strength of BPSF-SF hybrid EC 
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Fig. 4. Hardness of BPSF-SF hybrid EC 
 

During the initial stage, moisture loss was 
observed consistently across all samples. The 
composite experienced a notable weight 
reduction of approximately 5% during the initial 
decomposition stage. As the temperature 
increased, the decomposition rate accelerated, 
with the halfway decomposition temperature 
recorded at 325°C. On average, the final 
decomposition temperature for all samples fell 
within the range of 394°C. At this stage, the 
cementious lignin was broken down, and all the 
BPSF was decomposed. However, the carbon, 
Kevlar, and glass fibre hybrid composite samples 
did not fully degrade at this temperature. This 
can be attributed to the saturation of the 
hydrophobic site, inherent in natural fibres, with 
synthetic fibres.  
 

On the other hand, Fig. 6 depicts the mass 
residual of the samples after total degradation 
process, representing the percentage of mass 
remaining after reaching the final degradation 
temperature of 550°C. The results indicate that 
the hybridised composites exhibited higher 
thermal stability compared to the non-hybridised 
BBBB composite. Among the hybridised 
samples, BBCC demonstrated the highest 
thermal stability, with a mass residue of 18.00%, 
closely followed by BBKK (13.23%) and BBGG 
(11.11%). BBCC was 17.63% higher than 
unhybridised BBBB sample. In addition to 
improved thermal stability, higher mass residue 
offers advantages such as reduced production 
and lower conductivity of burning materials. In 
line with these observations, Vijaya -Kumar et al. 
[31], Kenned et al. [27] and Vigneshwaran et al. 
[32] reported that different materials 
compositions contribute to an increase in 
residual weight. 

3.6 Wear Test 
 
The results of the composite’s tests for 
tribological properties are presented and 
discussed. The considered tribological properties 
are specific wear rate, loss of weight and 
coefficient of friction. 
 
3.6.1 Specific wear rate 
 
The specific wear rates for velocities of 1.5 m/s 
and 3.0 m/s can be observed in Fig. 7 and Fig. 8, 
respectively. The amount of wear experienced by 
a material depends on factors such as applied 
load, sliding velocity, and distance. The samples 
were prepared in accordance with ASTM D1242 
guidelines. Various conditions, including load 
(10, 20, 30 N), sliding speed (15 and 3.0 m/s), 
and a fixed distance of 1000 m, were tested [33]. 
The unhybridised sample exhibited the highest 
wear rates, measuring 0.215, 0.32, and 0.341 g 
for 10, 20, and 30 N, respectively. However, the 
wear rates decreased with the inclusion of 
synthetic reinforcements in the hybridised 
samples. Consequently, BBCC demonstrated the 
lowest wear among all load applications, followed 
by BBGG and BBKK. These findings clearly 
indicate that hybridisation significantly reduced 
the wear rates. Additionally, an increase in 
sliding speed led to an increase in the rate of 
wear. Biradar et al. [34]'s report confirmed that 
both load and sliding speed played a substantial 
role in the wear rates. The addition of 2 wt. % 
CSA particles resulted in a harder sample. Vijaya 
Kumar et al. [31] reported that as a composite 
material becomes harder, its wear rate 
decreases. 
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Table 1. The thermal degradation temperature of composite samples 
 

Samples SDT (
0
C) MDT (

0
C) TDT (

0
C) % Mass residue 

BBBB 204 325 373 6.67 
BBCC 206 312 379 18.00 
BBKK 218 328 382 13.23 
BBGG 216 320 388 11.11 
Where SDT, MDT and TDT are the Starting Decomposition Temperature, Middle Decomposition Temperature 

and Total Decomposition Temperature, respectively 

 

 
 

Fig. 5. TGA curve of BPSF-SF hybrid EC 

 
 

Fig. 6. Percentage mass residual of BPSF-SF hybrid EC 
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Fig. 7. Specific wear resistance of the EC samples at 1.5 m/s for 10, 20, 30 N 
 

 
 

Fig. 8. Specific wear resistance of the EC samples at 3.0 m/s for 10, 20, and 30 N 
 
3.6.2 Loss of weight  
 
The impact of reinforcement and hybridisation on 
weight reduction, attributed to the introduction of 
synthetic reinforcements, is depicted in Fig. 9. 
Similarly, Fig. 10 presents the loss of weight for 
3.0 m/s sliding speed at 10, 20 and 30N for all 
samples. The weight loss varied between hybrid 
and non-hybrid composite materials. The findings 
indicate that as the applied loads increased by 
10, 20, and 30 N, the weight loss in the 
composites gradually decreased. Both speed 

and load have a significant influence on the 
extent of wear loss. When higher combinations of 
load and speed are applied, the wear rate and 
weight loss increase accordingly [33,34]. In 
general, the results demonstrate that BBCC, 
particularly when carbon fibre is utilised as a 
synthetic reinforcement, exhibited the lowest 
weight loss among the developed composites in 
this study.  However, incorporating hard 
reinforcement particles such as CSA enhanced 
hardness and reduced weight loss in polymer 
composites [35]. 
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Fig. 9. Loss of weight of the EC samples at 1.5 m/s for 10, 20, and 30 N 
 

 
 

Fig. 10.  Loss of weight of the EC samples at 3.0 m/s for 10, 20, and 30 N 
 
3.6.3 Coefficient of friction  
 
The Coefficient of Friction (COF) data for 
composites comprising BPSF, Kevlar, carbon, 
and glass fibres for 1.5 and 3.0 m/s were 
presented in Fig. 11 and Fig. 12, respectively. 
The results demonstrate that the addition of 
synthetic reinforcements leads to a reduction in 
COF. The unhybridised composite (BBBB) 
exhibited the highest COF, followed by BBGG 
and BBKK, while the lowest COF was observed 
in BBCC. Interestingly, unlike the analysis of 
wear rate, the COF reached its minimum point 
under a 10N load. As the load increased to 20N 
and 30N, the COF also increased accordingly. 
Similarly, an increase in speed resulted in a 

proportional increase in the COF. It was 
observed that the incorporation of synthetic fibres 
through hybridisation had a diminishing effect on 
the COF of the composite samples.  
 

3.7 Microstructural Analysis 
 
The SEM analysis of the fractures from tensile 
strength tests for BBBB, BBCC, BBKK and 
BBGG are presented in Fig. 13, Fig. 14, Fig. 15 
and Fig. 16, respectively. The microstructural 
micrograph captured the magnification for 400x, 
1000x and 2000x for all composite samples. The 
BBCC, containing the hybrid of BPSF and carbon 
fibre, revealed a smooth surface and evidence of 
excellent bonding and homogenous fibre/matrix
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Fig. 11. Coefficient of friction of the EC samples at 1.5 m/s for 10, 20, 30 N 
 

 
 

Fig. 12. Coefficient of friction of the EC samples at 3.0 m/s for 10, 20, and 30 N 
 
interaction as a result of little voids but noticeable 
dimples in its structure (Fig. 14). Like the Fig. 13, 
BBKK (Fig. 15) displayed a better fibre/matrix 
dispersion. With BBGG, defects of void and fibre 
pullout were noticed (Fig. 16). However, the 
unhybridised BBBB (Fig. 13) samples revealed 
the presence of pores on its surface, thereby 
diminishing the tensile strength and ductility. 
There were evidence of agglomeration 
noticeable in mixture as well as debonding due to 
presence of hydrophilic sites in the cellulose 
sites. Also, the impregnable lignin cementing 
action and lack of chemical reaction to remove 
the hemicellulose might have contributed to the 
visible debonding and fibre pull out. 
Consequently, this makes the composite to be 
brittle and induces cracking since moving form 
elastic realm to plastic region is an indication of 

fracture. The cracks, void and other defects that 
protruded along composite surface are also 
visible and can be interpreted to be the presence 
of ductility and brittleness. Surface and tightening 
pressure may be responsible for the protruding 
defects along the sample surface. It can also be 
recalled from the earlier sections in this study 
that the mechanical and thermal stability of 
BBCC and other hybrid samples (BBGG and 
BBKK) are well above the unhybridised BBBB. 
Similarly, wear rate was also minimal with BBCC. 
This above assertion clearly justified the 
homogeneity and well dispersed fibre in the 
epoxy matrix as observed in BBCC. Other 
studies elsewhere also reported improved 
bonding with addition of synthetic reinforcement 
with a natural fibre composites [36,37,38]. 
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Fig. 13. SEM of BBBB sample (a) 400x (b) 1000x (c) 2000x magnifications 
 

 
 

Fig. 14. SEM of BBCC sample (a) 400x (b) 1000x (c) 2000x magnifications 
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Fig. 15. SEM of BBKK sample (a) 400x (b) 1000x (c) 2000x magnifications 
 

 
 

Fig. 16. SEM of BBGG sample (a) 400x (b) 1000x (c) 2000x magnifications  
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4. CONCLUSION    
 
In this work, attempt was made to examine the 
synergistic influence of incorporating banana 
pseudo stem fibre and synthetic fibre as 
reinforcements into epoxy-based hybrid 
composites.  Banana pseudo stem fibre was 
reinforced with epoxy resin, and then hybridised 
with synthetic fibres (Carbon, Kevlar, and Glass) 
to develop four epoxy-based composites. One 
unhybridised composite (BBBB) containing only 
banana pseudo stem fibre as reinforcement.  The 
remaining three are hybridised epoxy-based 
composites reinforced with banana pseudo stem 
fibre and synthetic fibre to produce BBKK, 
BBGG, and BBCC. The 2 wt. % of coconut shell 
ash in the composites served as aiding agent for 
enhanced hardness. The synthetic fibres 
successfully prevented the inherent hydrophilicity 
and occupied the cellulosic sites present in the 
composites. Therefore, the addition of synthetic 
fibres led to improvements in thermal resistance, 
compressive strength, tensile strength, and 
hardness properties of the hybridised epoxy-
based composites. The SEM analysis of the 
resin and reinforcement interactions in the 
samples demonstrated that the hybridised 
samples exhibited a homogeneous structure. 
Compared to the unhybridised BBBB sample, the 
synergistic use of banana pseudo stem fibre and 
synthetic fibre enhanced the tensile and 
compressive strengths of the hybridised 
composite samples. In contrast to the 
unhybridised BBBB sample, the hybrid samples 
exhibited higher mass residue at elevated 
temperatures, with the BBCC sample 
demonstrating superior thermal stability at 18%. 
Furthermore, the hybridised samples exhibited 
lower wear rates and weight loss compared to 
the BBBB sample. Additionally, increasing the 
load and sliding speed resulted in substantial 
increase in wear rate, coefficient of friction 
(COF), and weight loss. Hybridised composites 
showed notable improvements in friction 
coefficients, wear rates, and weight loss 
compared to the unhybridised samples. The 
epoxy-based hybrid composites reinforced with 
banana pseudo stem fibre and synthetic fibre 
(Carbon, Kevlar, and Glass) exhibited better 
properties when compared to the unhybridised 
composite sample. Sample BBCC, epoxy-based 
hybrid composite reinforced with banana pseudo 
stem fibre and carbon fibre exhibited the best 
mechanical, thermal stability, tribological and 
microstructural characteristics. In future work, 
investigation on the synergistic impact of agro-
based natural fibres and synthetic fibres at 

different configuration of layers on the properties 
of epoxy-based composites is proposed.    
  

COMPETING INTERESTS 
 
Author has declared that no competing interests 
exist. 
  

REFERENCES 
 
1. Gangil B, Ranakoti L, Verma S, Singh T, 

Kumar S. Natural and Synthetic Fibers for 
Hybrid Composites. In Hybrid Fiber 
Composites. 2020;1-15.  
Available:https://doi.org/https://doi.org/10.1
002/9783527824571.ch1  

2. Khatkar SK. Hybrid magnesium matrix 
composites: A review of reinforcement 
philosophies, mechanical and tribological 
characteristics. Reviews on Advanced 
Materials Science. 2023;62(1):20220294.  

3. Devaganesh S, Kumar PD, Venkatesh N, 
Balaji R. Study on the mechanical and 
tribological performances of hybrid SiC-
Al7075 metal matrix composites. Journal of 
Materials Research and Technology. 
2020;9(3):3759-3766.  

4. Jayendra B, Sumanth D, Dinesh G, Rao 
MV. Mechanical characterization of stir 
cast Al-7075/B4C/graphite reinforced 
hybrid metal matrix composites. Materials 
Today: Proceedings. 2020;21:1104-1110.  

5. Zuo P, Srinivasan DV, Vassilopoulos AP. 
Review of hybrid composites fatigue. 
Composite Structures. 2021;274:114358.  
Available:https://doi.org/https://doi.org/10.1
016/j.compstruct.2021.114358  

6. Badyankal PV, Manjunatha TS, Vaggar 
GB, Praveen KC. Compression and water 
absorption behaviour of banana and sisal 
hybrid fiber polymer composites. Materials 
Today: Proceedings. 2021;35:383-386.  
Available:https://doi.org/10.1016/j.matpr.20
20.02.695  

7. Balda S, Sharma A, Capalash N, Sharma 
P. Banana fibre: A natural and sustainable 
bioresource for eco-friendly applications. 
Clean Technologies and Environmental 
Policy. 2021;23(5):1389-1401.  
Available:https://doi.org/10.1007/s10098-
021-02041-y  

8. Hamidon MH, Sultan MTH, Ariffin AH, 
Shah AUM. Effects of fibre treatment on 
mechanical properties of kenaf fibre 
reinforced composites: A review. Journal of 
Materials Research and Technology. 2019; 
8(3):3327-3337.  



 
 
 
 

Ajide; Curr. J. Appl. Sci. Technol., vol. 42, no. 18, pp. 25-41, 2023; Article no.CJAST.102311 
 

 

 
39 

 

Available:https://doi.org/https://doi.org/10.1
016/j.jmrt.2019.04.012  

9. Kumar N, Irfan G. Mechanical, 
microstructural properties and wear 
characteristics of hybrid aluminium matrix 
nano composites (HAMNCs)–review. 
Materials Today: Proceedings. 2021;45: 
619-625.  

10. Balaji D, Ramesh M, Kannan T, Deepan S, 
Bhuvaneswari V, Rajeshkumar L. 
Experimental investigation on mechanical 
properties of banana/snake grass fiber 
reinforced hybrid composites. Materials 
Today: Proceedings. 2021;42:350-355.  
Available:https://doi.org/10.1016/j.matpr.20
20.09.548  

11. Rajesh M, Jayakrishna K, Sultan MTH, 
Manikandan M, Mugeshkannan V, Shah 
AUM, Safri SNA. The hydroscopic effect 
on dynamic and thermal properties of 
woven jute, banana, and intra-ply hybrid 
natural fiber composites. Journal of 
Materials Research and Technology. 
2020;9(5):10305-10315.  
Available:https://doi.org/https://doi.org/10.1
016/j.jmrt.2020.07.033  

12. Soraisham LD, Gogoi N, Mishra L, Basu G. 
Extraction and Evaluation of Properties of 
Indian Banana Fibre (Musa Domestica 
Var. Balbisiana, BB Group) and Its 
Processing with Ramie. Journal of Natural 
Fibers. 2021;1-12.  
Available:https://doi.org/10.1080/15440478
.2021.1897728  

13. Khare JM, Dahiya S, Gangil B, Ranakoti L. 
Influence of different resins on Physico-
Mechanical properties of hybrid fiber 
reinforced polymer composites used in 
human prosthetics. Materials Today: 
Proceedings. 2021;38:345-349.  
Available:https://doi.org/https://doi.org/10.1
016/j.matpr.2020.07.420  

14. Tay CH, Mazlan N, Hameed Sultan MT, 
Abdan K, Lee CH. Mechanical 
performance of hybrid glass/kenaf epoxy 
composite filled with organomodified 
nanoclay. Journal of Materials Research 
and Technology. 2021;15:4415-4426.  
Available:https://doi.org/https://doi.org/10.1
016/j.jmrt.2021.10.062  

15. Paz R, Monzón M, Vega G, Díaz N, 
Pestana D. Use of Banana Crop Wastes to 
Develop Products in the Aquaculture and 
Plastic Sectors. In P. A. Chong, D. J. 
Newman, & D. A. Steinmacher (Eds.), 
Agricultural, Forestry and Bioindustry 
Biotechnology and Biodiscovery (pp. 259-

270). Springer International Publishing; 
2020.  
Available:https://doi.org/10.1007/978-3-
030-51358-0_14  

16. Safri SNA, Sultan MTH, Jawaid M, 
Jayakrishna K. Impact behaviour of hybrid 
composites for structural applications: A 
review. Composites Part B: Engineering. 
2018;133:112-121.  
Available:https://doi.org/10.1016/j.composit
esb.2017.09.008 

17. Alavudeen A, Rajini N, Karthikeyan S, 
Thiruchitrambalam M, Venkateshwaren N. 
Mechanical properties of banana/kenaf 
fiber-reinforced hybrid polyester 
composites: Effect of woven fabric and 
random orientation. Materials & Design  
(1980-2015). 2015;66:246-257.  
Available:https://doi.org/10.1016/j.matdes.
2014.10.067  

18. Bhoopathi R, Deepa C, Sasikala G, 
Ramesh M. Experimental Investigation on 
Mechanical Properties of Hemp-Banana-
Glass Fiber Reinforced Composites. 
Applied Mechanics and Materials. 
2015;766-767:167-172.  
Available:https://doi.org/10.4028/www.scie
ntific.net/AMM.766-767.167  

19. Dinesh S, Elanchezhian C, Vijayaramnath 
B, Sathiyanarayanan K, Adinarayanan A. 
Experimental investigation of banana bract 
fiber and palm fiber reinforced with epoxy 
hybrid composites. Materials Today: 
Proceedings. 2020;22:335-341.  
Available:https://doi.org/10.1016/j.matpr.20
19.06.633  

20. Oyewo AT, Oluwole OO, Ajide OO, 
Omoniyi TE, Hamayun MH, Hussain M. 
Experimental and theoretical studies to 
investigate the water absorption behavior 
of carbon/banana fibre hybrid epoxy 
composite. Materials Chemistry and 
Physics. 2022;285:126084.  

21. Gupta US, Dharkar A, Dhamarikar M, 
Kumrawat A, Giri N, Chauhan ARS, Giri A, 
Tiwari S,  Namdeo R. Investigation on 
effects of fiber loading of mechanical 
properties of banana/sisal hybrid 
composite. Materials Today: Proceedings. 
2021;45:7829-7837.  
Available:https://doi.org/https://doi.org/10.1
016/j.matpr.2020.12.213  

22. Gideon R, Atalie D. Mechanical and Water 
Absorption Properties of Jute/Palm Leaf 
Fiber-Reinforced Recycled Polypropylene 
Hybrid Composites. International Journal 
of Polymer Science; 2022.  



 
 
 
 

Ajide; Curr. J. Appl. Sci. Technol., vol. 42, no. 18, pp. 25-41, 2023; Article no.CJAST.102311 
 

 

 
40 

 

23. Ramesh M, Logesh R, Manikandan M, 
Kumar NS, Pratap DV. Mechanical and 
Water Intake Properties of Banana-Carbon 
Hybrid Fiber Reinforced Polymer 
Composites. Materials Research. 2017; 
20(2):365-376.  
Available:https://doi.org/10.1590/1980-
5373-mr-2016-0760  

24. Venkatasudhahar M, Kishorekumar P, Dilip 
Raja N. Influence of stacking sequence 
and fiber treatment on mechanical 
properties of carbon-jute-banana 
reinforced epoxy hybrid composites. 
International Journal of Polymer Analysis 
and Characterization. 2020;25(4):238-251.  
Available:https://doi.org/10.1080/1023666x
.2020.1781481  

25. Sutradhar B, Mesbah MB, Hasan M. Effect 
of fiber ratio and chemical treatment on 
properties of banana and betel nut fiber 
reinforced hybrid polypropylene 
composites. IOP Conference Series: 
Materials Science and Engineering. 
2018/438:012006.  
Available:https://doi.org/10.1088/1757-
899x/438/1/012006  

26. Nayim SMTI, Hasan MZ, Seth PP, Gupta 
P, Thakur S, Kumar D, Jamwal A. Effect of 
CNT and TiC hybrid reinforcement on the 
micro-mechano-tribo behaviour of 
aluminium matrix composites. Materials 
Today: Proceedings. 2020;21:1421-1424.  
Available:https://doi.org/https://doi.org/10.1
016/j.matpr.2019.08.203  

27. Kenned JJ, Sankaranarayanasamy K, 
Binoj JS, Chelliah SK. Thermo-mechanical 
and morphological characterization of 
needle punched non-woven banana fiber 
reinforced polymer composites. 
Composites Science and Technology. 
2020;185:107890.  
Available:https://doi.org/https://doi.org/10.1
016/j.compscitech.2019.107890  

28. Vimalanathan P, Suresh G, Rajesh M, 
Manikandan R, Rajesh Kanna SK, 
Santhanam V. A Study on Mechanical and 
Morphological Analysis of Banana/Sisal 
Fiber Reinforced IPN Composites. Fibers 
and Polymers. 2021;22(8):2261-2268.  
Available:https://doi.org/10.1007/s12221-
021-0917-x  

29. Anbupalani MS, Venkatachalam CD, 
Rathanasamy R. Influence of coupling 
agent on altering the reinforcing efficiency 
of natural fibre-incorporated polymers – A 
review. Journal of Reinforced Plastics and 
Composites. 2020;39(13-14):520-544.  

Available:https://doi.org/10.1177/07316844
20918937  

30. Vishnu Vardhini K, Murugan R, Surjit R. 
Effect of alkali and enzymatic treatments of 
banana fibre on properties of 
banana/polypropylene composites. Journal 
of Industrial Textiles. 2018;47(7):1849-
1864.  
Available:https://doi.org/10.1177/15280837
17714479  

31. Vijaya-Kumar N, Sai Krishna B, Sai 
Chandrika N. Evaluation of properties of 
glass-banana-fiber reinforced hybrid fiber 
polymer composite. Materials Today: 
Proceedings. 2019;18:2137-2141.  
Available:https://doi.org/https://doi.org/10.1
016/j.matpr.2019.06.648  

32. Vigneshwaran S, Sundarakannan R, John 
KM, Joel Johnson RD, Prasath KA, Ajith S, 
Arumugaprabu V, Uthayakumar M. Recent 
advancement in the natural fiber polymer 
composites: A comprehensive review. 
Journal of Cleaner Production. 2020;277: 
124109.  
Available:https://doi.org/https://doi.org/10.1
016/j.jclepro.2020.124109  

33. Bachchan AA, Das PP, Chaudhary V. 
Effect of moisture absorption on the 
properties of natural fiber reinforced 
polymer composites: A review. Materials 
Today: Proceedings; 2021.  
Available:https://doi.org/https://doi.org/10.1
016/j.matpr.2021.02.812  

34. Biradar S, Joladarashi S, Kulkarni SM. 
Investigation on mechanical behaviour of 
filament wound glass/epoxy composites 
subjected to water absorption and also 
tribological studies using Taguchi method. 
Materials Today: Proceedings. 2020;33: 
5007-5013.  
Available:https://doi.org/https://doi.org/10.1
016/j.matpr.2020.02.834  

35. Zhen-Yu W, Jie W, Feng-Hong C, Yun-Hai 
M, Singh T, Fekete G. Influence of banana 
fiber on physicomechanical and tribological 
properties of phenolic based friction 
composites. Materials Research Express. 
2019;6(7):075103.  
Available:https://doi.org/10.1088/2053-
1591/ab160a  

36. Hossain S, Rahman MM, Chawla D, 
Kumar A, Seth PP, Gupta P, et al. 
Fabrication, microstructural and 
mechanical behavior of Al-Al2O3-SiC   
hybrid metal matrix composites. Materials 
Today: Proceedings. 2020;21:1458-            
1461.  



 
 
 
 

Ajide; Curr. J. Appl. Sci. Technol., vol. 42, no. 18, pp. 25-41, 2023; Article no.CJAST.102311 
 

 

 
41 

 

37. Kumar A, Mohamed N. A comparative 
analysis on tensile strength of dry and 
moisture absorbed hybrid kenaf/glass 
polymer composites. Journal of Industrial 
Textiles. 2018;47(8):2050-2073.  
Available:https://doi.org/10.1177/15280837
17720203  

38. Sharma S, Singh J, Gupta MK, Mia M, 
Dwivedi SP, Saxena A, Chattopadhyaya S, 

Singh R, Pimenov DY, Korkmaz ME. 
Investigation on mechanical, tribological 
and microstructural properties of                   
Al–Mg–Si–T6/SiC/muscovite-hybrid metal-
matrix composites for high                         
strength applications. Journal of Materials 
Research and Technology. 2021;12:1564-
1581.  

_________________________________________________________________________________ 
© 2023 Ajide; This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

 
 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle5.com/review-history/102311 

http://creativecommons.org/licenses/by/4.0

