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Abstract: Banyan aerial root (BAR) powder was prepared from the aerial roots of a Banyan tree to
modify epoxy resin using a magnetic stirrer. The modification was performed at different proportions
of BAR powder, namely, 2%, 4%, 6%, and 8%, by weight. Composites were fabricated with modified
and unmodified resins using a combination of hand lay-up and compression molding processes to
evaluate the influence of BAR powders on their mechanical properties. The test results showed that
BAR powder incorporation had a positive influence on the mechanical properties of the composites,
as an increase in tensile, flexural, and impact strengths was observed, with the highest tensile and
flexural properties of 407.81 MPa and 339 MPa, respectively, seen in composites with 4% BAR and
the highest impact strength 194.02 kJ/m2 observed in the specimen with 6% BAR powder. Though
the properties saw a dipping trend at higher weight proportions of the particulate, they were still
significantly higher than the properties of laminates prepared with unmodified resin. Gravimetric
analysis and Fourier transform infrared spectroscopy (FTIR) on BAR powders confirmed cellulose to
be the major constituent, followed by lignin and hemicellulose. A scanning electron microscope was
used for studying the failure mechanisms of the laminates.

Keywords: Banyan tree aerial root powder; basalt fiber; epoxy composites; mechanical properties;
resin modification

1. Introduction

Over the years, there has been a significant surge in the demand and use of compos-
ite materials, specifically fiber-reinforced polymer (FRP) composites, which have found
applications in practically all types of advanced engineering structures. Composites are
made from two or more constituent materials with significantly different properties that
remain separate and distinct within the finished structure. Fiber-reinforced polymer (FRP)
composites belong to a category of composite materials that comprise a high-performing
fiber and a polymer matrix such as epoxy. Polymer composites possess a high strength-
to-weight ratio; are resistant against chemicals, weather, wear, and corrosion; and allow
flexibility in their design [1]. Therefore, the demand for polymer composites is widely felt
in various industries, such as airframes for aerospace vehicles [2], sports equipment [3],
personal protective armor [4], marine applications [5], and civil infrastructure [6].

Presently, FRP composites are made using synthetic fibers like glass, carbon, and
aramid. Synthetic fibers, a potential reinforcement material in composites, have been used
for a long period and have proven their superiority. However, their detrimental effects,
such as increased production cost, health hazards, and difficulty in recycling after their
useful life, make them a problem in the long run [7]. Thus, there is an increasing demand for
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natural alternatives. Natural fibers possess properties like low cost, lightweight, minimal
health hazards during processing, and biodegradable characteristics, which make them
attractive alternatives to synthetic fibers [8]. Natural fibers can be classified into three
categories based on their origin; they may be plant-, animal-, or mineral-based [9].

Mineral-based natural fibers, such as basalt, have attracted a lot of attention not only
because of their ecofriendly, nontoxic, and green characteristics, but also owing to their
low cost and better mechanical properties and the presence of abundant basalt reserves
on Earth [10]. Basalt fiber, commonly also known as a green industrial material, is a high-
performing inorganic fiber that is 100% natural and inert. Furthermore, it has also been
tested, and it has been proven that it is noncarcinogenic and nontoxic [11]. Apart from being
ecofriendly and inexpensive, basalt fibers are easy to process and have high strength, good
modulus, improved strain to failure, high temperature resistance, good chemical resistance,
high resistance to corrosion, very low thermal conductivity, and excellent stability [12,13].
Furthermore, it has also been found that these properties of basalt fibers are superior to those
of carbon fibers and E-glass fibers [14]. Thus, basalt fibers have a wide range of applications
and are already being used in industries such as the automotive [15], construction [16],
chemical and petrochemical [17], windmill blade [18], and sporting gear [19] industries.
These characteristics make basalt fibers an important reinforcement material in polymer
composites compared to other natural fibers.

The addition of fillers at an optimum proportion have shown significant improvements
in the mechanical, thermal, and tribological properties of composites [20]. Fillers can
be either synthetic or natural, based on their origin. Regarding the ecological aspect,
researchers are constantly exploring the field of natural fillers. Natural fillers are derived
from nature and thus have the additional benefits of being biodegradable, easily available,
and inexpensive [21]. Natural fillers, such as rice husk ash [22], sawdust [23], tamarind
seed powder [24], eggshell powder [25], coconut coir powder, coconut shell powder [26],
seashell powder [27], etc., have been explored. Research involving tamarind seed powder
indicated an improvement in the mechanical properties of natural-fiber-reinforced epoxy
composites at 7.5 wt.% addition of tamarind seed powder [28]. Asparagus racemosus root
powder as a filler in a polyvinyl alcohol (PVA) matrix has been reported as a promising
material that can be used in wearable electronics that require proper electromagnetic
shielding [29]. Efforts are also being made to incorporate natural fillers that pose threats to
ecology, such as the root system of a water hyacinth plant. A published report incorporated
the ash of the root of water hyacinth along with eggshell powder as fillers in polymer
resin [30]. The findings indicated that the developed composites could be successfully
used as medium-density particle boards. Natural fillers are also found to be effective
flame retardants that can easily replace synthetic flame-retardant fillers. Published research
has reported that through the incorporation of the Sirisha tree’s bark powder as a filler
in a coir fiber/polypropylene composite, the flammability properties of the composite
increase [31]. Rice husk, which is an agricultural waste, has been successfully valorized as
a filler in various polymer composites. Through additional treatments, rice husk filler use
has improved the electrical insulating properties of epoxy-based composites [32]. Natural
fillers have also been successfully incorporated not only in thermoset matrices but also
in thermoplastic matrices. One such study highlighted that a 20 wt.% coconut-coir-filled
high-density polyethylene (HDPE) composite could be successfully injection-molded to
produce cloth clips [33].

Such research findings make polymer composites filled with natural fillers a very
promising and ever-broadening field of study. Though researchers around the globe have
come up with different natural fillers that can enhance the performance of the composite,
there are many areas still left unexplored as far as natural fillers are concerned. The Banyan
tree, referred to as “Ficus bengalensis”, is the national tree of India and is widely available
in the regions of India and Bangladesh. BARs are a common observation in Banyan trees.
These aerial roots are synthesized as fibers and have been studied for their unique properties.
It has been reported that the fibers extracted from the aerial roots of the Banyan tree have
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an inherent antimicrobial property, which is rarely found in cellulosic fibers [34]. The fibers
extracted from the aerial roots of the Banyan tree have been found to have good adhesion
with polymer resin, making them good candidate fibers for producing high-performance
polymer composites [35,36]. Another research finding indicated that the addition of 4 wt.%
graphene powder in 40 wt.% Banyan-fiber-reinforced polymer composites improved the
tensile and flexural strength of the hybrid polymer composite [37]. Published research
has reported the beneficial effect of graphene powder/Banyan tree aerial root fiber/flax
fiber/epoxy in 2%, 19%, 19%, and 60 wt.% proportions, respectively, on the mechanical
properties of hybrid composites [38]. However, not much progress has been made until
now in studying the effect of aerial roots of the Banyan tree as a natural filler in powder
form in polymer resins. The present work focuses on using this novel BAR powder as a
microfiller in basalt/epoxy composites. This paper aims to study the effect of BAR powder
on the mechanical properties of the composites. Also, an optimum proportion of BAR
powder in epoxy resin that shows the highest mechanical properties was identified.

2. Experimental Section
2.1. Materials

Plain woven basalt fiber with an areal density of 380 gsm was procured from Com-
posites Tomorrow, Vadodara, Gujarat, India. The BAR was procured from Banyan trees
that were locally available in Manipal, India. Multifunctional epoxy (Lapox A53) and
a compatible hardener (K6) (room-temperature-cure system) were procured from Atul
Industries, Ahmedabad, Gujarat, India, and were used as a matrix material.

2.2. Preparation of BAR Powder

The BAR powder was prepared from a big individual BAR. The big individual roots
were cut into smaller pieces and dried using a hot-air oven at 90 ◦C for 24 h until no
significant change in the weight was observed. The dried samples were then hand-crushed
into smaller fibers using a stone crusher and were further powdered in the ball mill. BAR
powder was then sieved using a 180 µm diameter opening sieve followed by a 45 µm
diameter opening sieve.

2.3. Characterization of BAR

The final composite property depends upon the chemical composition of fibers and
fillers and their compatibility with the matrix material. The chemical composition of basalt
fiber is well established through various published studies [39]. However, no published
study has explored the chemical composition of the novel BAR powder filler. Hence, ana-
lyzing the chemical composition of the BAR powder is important to understand the effect
of the filler on the mechanical properties of the composite. The chemical constituents of the
BAR powder were determined by performing a gravimetric analysis [40]. Constituents like
cellulose, hemicellulose, and lignin were quantitatively determined by performing neutral
detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) proce-
dures. The value obtained from NDF informs us about the hemicellulose, cellulose, lignin,
and trace minerals of the powder. NDF provides details about the content of hemicellulose,
cellulose, lignin, and minerals, while ADF provides information about the contents of
cellulose, lignin, and minerals present in the BAR powder. The total hemicellulose content
in the BAR powder was estimated by subtracting the value obtained using ADF from
the value obtained using NDF. Similarly, the total cellulose content in the BAR powder
was obtained by subtracting the ADF value from the ADL value. The lignin content was
obtained through the ADL method. A Fourier transform infrared spectroscopy (FTIR) study
was also performed on the BAR powder to understand the presence of specific functional
groups in it.
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2.4. Fabrication of Composites

A single panel was made using 12 piles of basalt fiber, each of dimensions
290 mm × 260 mm. The epoxy resin was modified by dispersing BAR powder into it
using a magnetic stirrer for 40 min at 300 rpm and 70 ◦C. The BAR powder proportions
were chosen to be 2%, 4%, 6%, and 8 wt.% of the resin based on the study from the published
literature where researchers observed a decrease in mechanical properties with higher filler
proportions [41]. The hardener was then added to the resin just before the hand lay-up
was performed (where the ratio of epoxy to hardener was fixed as 10:1). Composite panels
were fabricated using hand lay-up and press-molding techniques. The hand lay-up process
was performed on an open mold, after which the panel was compressed under a hydraulic
press where it was left for 24 h. The required laminates were prepared by keeping the
wt.% of the BF constant, whereas the resin content was varied concerning the varying BAR
filler wt.% [42–44]. The panel was compressed to a thickness of 2.5 mm using precisely
machined shims at a compression factor of 1.4 [45]. After removing the panel from the
press mold, it was kept aside for seven days at room temperature as a post-curing step.
Using a similar technique, an additional panel without using any fillers was also prepared
to evaluate the effect of the BAR powder as a filler on the mechanical properties of the
composites. Figure 1 illustrates the fabrication process employed to prepare the required
laminates. After fabrication, the panel surface was wiped/cleaned and named as presented
in Table 1.
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Figure 1. Preparation of the laminates.

Table 1. Designation and compositional details of composites.

Composite Designation
Proportions of Constituents (wt.%)

BAR Powder Epoxy Resin Basalt Fiber

BEC0 0 50 50

BEC2 2 48 50

BEC4 4 46 50

BEC6 6 44 50

BEC8 8 42 50
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2.5. Mechanical Testing of Composites

The composites that were fabricated were tested for a series of mechanical tests
which included tensile, flexural, and impact strength tests. The specimens were cut from
the composite panels according to the respective standards using an Abrasive Water Jet
Machine (AWJM). The tensile test as per ASTM D3039 standard was performed on a
Universal Testing Machine (UTM) (Make—MTS; Model—E43) with a constant loading
rate of 2 mm/min. The specimen size was 250 mm × 25 mm. The flexural strength test as
per the ASTM D7264 standard was performed on a UTM (Make—Zwick Roell, Kennesaw,
GA, USA; Model—Z020). The specimen length for the flexural test was 96 mm, with a
span length of 80 mm and width of 13 mm. The rate of loading for the flexural tests was
1 mm/min. Impact testing (Charpy) as per the ISO179/1fU standards was performed on
an un-notched specimen using a pendulum-type impact testing machine (Make—Zwick
Roell, Kennesaw, GA, USA; Model—HIT 50P), and the dimensions of the specimen were
80 mm × 10 mm. A total of fifteen specimens were cut from a composite panel, with five
specimens per mechanical test.

2.6. Fracture Analysis through SEM

A scanning electron microscope (SEM) was used to determine the various modes
of failure in a composite specimen. Failed samples of the flexural test were coated with
gold–palladium via ion sputtering before they were analyzed with the SEM. This coating
makes the specimen conductive and avoids its charging due to prolonged exposure to
the electron beam. An accelerating voltage of 10 kV under low pressure was used for
the analysis.

3. Results and Discussion
3.1. Characterization of BAR

Gravimetric analysis indicated that the BAR powder was composed of approximately
52% cellulose and around 10% hemicellulose, and the lignin content was found to be
around 23%. Figure 2 shows the FTIR transmission spectrum of the BAR powder. Table 2
summarizes the observed bond types and the possible compounds present in the BAR
powder corresponding to the peaks observed in the FTIR spectrum.
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Figure 2. FTIR spectrum of BAR powder.

Table 2. Bond types and possible compounds in BAR powder based on FTIR spectrum.

Wavelength (cm−1) Bond and Vibration Type Possible Compounds

712 C–Cl stretch, C–H “oop”, N–H wag, =C–H bend Aromatic hydrogen of lignin [46,47]

773 C–Cl stretch, C–H “oop”, N–H wag, =C–H bend Aromatic hydrogen of lignin [46,47]

1028 C–N stretch, C–O stretch Alcohol groups of cellulose;
aliphatic alcohols and ethers of lignin; pectin [48]
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Table 2. Cont.

Wavelength (cm−1) Bond and Vibration Type Possible Compounds

1242 C–N stretch, C–H wag, C–O stretch, Alcohol groups of cellulose; aliphatic alcohols and ethers of
lignin; pectin

1606 C=O stretch Lignin

1735 C=O stretch

Carbonyl ester and carboxyl of carboxylic acid of
hemicellulose; carbonyl aldehyde or ketone and carboxyl of

carboxylic acid of lignin; carboxyl ester of pectin and
carbonyl ester of waxes

19 C–H stretch
Aliphatic and alkyl compounds of cellulose; methyl groups
of hemicellulose; methoxyl groups of lignin and methylene

groups of waxes [48]

3347 N–H stretch, O–H stretch, H-bonded Hydroxyl group of cellulose, hemicellulose, and waxes;
phenolic and aliphatic hydroxyl groups of lignin [49]

Judging from the SEM images of the BAR powder shown in Figure 3, the powder is
characterized by an irregular particle shape and varied particle size. All particles exhibited
sufficient surface roughness and enhanced crystallinity.
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3.2. FTIR Analysis of BEC Laminates

Figure 4 shows the FTIR spectra for the BAR-powder-filled as well as the unfilled BEC
laminates. The addition of BAR powder resulted in the generation of additional functional
groups, denoted by the presence of absorbance peaks for the BEC2, BEC4, BEC6, and BEC8
laminates in the wavelength range of 800–1800 cm−1, which are absent in the spectrum of
the BEC0 laminate. The band at 1000–1100 cm−1 for the BEC2, BEC4, and BEC8 laminates
indicates vibrations due to the C–N stretch, which in turn indicates a strong crosslinking
reaction [50].
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Figure 4. FTIR spectra of BEC laminates.

The presence of absorbance peaks in the wavelength of 2700–2900 cm−1 for the BEC2,
BEC4, BEC6, and BEC8 laminates, which are more prominent than in the BEC0 laminate,
may be due to the C–H stretch in the aliphatic and alkyl compounds of cellulose, methyl
groups of hemicellulose, and methoxyl groups of lignin present in the BAR powder. Broad
absorbance peaks in the wavelength range of 3000–3500 cm−1 can be seen for the BEC4 and
BEC8 laminates, which are due to the stretching of the hydrogen bonds.

3.3. Mechanical Properties of the Composites
3.3.1. Tensile Strength

The tensile strength of the BEC laminates is shown in Figure 5. The analysis of the
results indicates that the tensile strength of the BEC laminates that are fabricated with the
inclusion of the BAR powder as filler is high in comparison to that of the BEC0 laminate,
which was fabricated without the inclusion of the BAR filler. The maximum tensile strength
was found in the BEC4 composite, about 407.81 MPa. When compared with the BEC0
composite, which had a tensile strength of nearly 251.13 MPa, the increase in tensile strength
was about 62%. The composites with 2 wt.% BAR, 6 wt.% BAR, and 8 wt.% BAR showed
tensile strengths of 307.71 MPa, 328.61 MPa, and 302.48 MPa, respectively, which are about
23%, 31%, and 20% stronger than that of composite BEC0. This indicates that the inclusion
of BAR powder as a filler is beneficial for the improvement in the tensile strength of BEC
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laminates. This can be attributed to the fact that BAR powder is composed of lignin, which
is known to contain several functional groups such as hydroxyls, carboxyl, carbonyl, and
methyl [51]. Thus, the BAR powder consists of several active functional reaction sites that
can react with the epoxides of the resin and metal ions of the basalt fibers and result in the
formation of healthy interfaces between the matrix, filler, and fiber.
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Figure 6 shows the stress–strain curve of the BEC laminates. The analysis of this plot
indicates the brittle fracture of all BEC laminates, with fracture occurring between a strain of
5% and 7%. This means that the incorporation of the BAR filler rendered the BEC laminate
stiff, thus improving the laminate’s resistance to deformation under the applied loads.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 5 of 5 
 

 

 
Figure 6. Tensile strength of BEC laminates. 

The generation of strong interfaces results in the effective transfer of tensile loads 
between the various components of the composite and thus results in the improvement of 
the overall tensile strength of the BEC laminate. The tensile strength increases in the BEC2 
laminate and reaches a maximum value in the BEC4 laminate. However, the tensile 
strength starts to decrease in the BEC6 and BEC8 laminates, indicating that the optimum 
wt.% of BAR powder is around 4 wt.%, beyond which the addition of the BAR powder 
does not positively improve the tensile strength of the BEC laminate. At a higher wt.% 
addition of BAR powder, the resin content is reduced, making the resin solution highly 
viscous. Thus, the resin’s flowability is greatly hampered at a higher wt.% loading of the 
BAR powder filler. Under such circumstances, the basalt fibers are sparsely coated with 
the BAR-powder-filled resin. At such reduced wettability, there is a lack of generation of 
stronger interfaces between the resin and the fibers. Due to this, the applied tensile loads 
cannot be transferred effectively and efficiently from the weaker resin matrix to the stiffer 
fibers. Thus, at a higher wt.% addition of BAR powder, the tensile strength of the BEC 
laminates is reduced. 

3.3.2. Flexural strength  
The flexural strength and modulus of the BEC laminates are presented in Figure 7. In 

Figure 7, an increasing trend in the flexural strength and moduli is observed for all of the 
BEC laminates which were fabricated with the inclusion of BAR powder, in comparison 
with the BEC0 laminate, which did not have BAR powder in it. The maximum flexural 
strength was observed in the BEC4 composite, which was about 339 MPa. When com-
pared with the BEC0 composite, which had a flexural strength of nearly 99.54 MPa, the 
increase in flexural strength was about 241%. The composites with 2 wt.%, 6 wt.%, and 8 
wt.% BAR powder showed flexural strengths of 251 MPa, 293.67 MPa, and 268.33 MPa, 
respectively, which are about 152%, 195%, and 170% stronger than the BEC0 composite. 
Similarly, the highest flexural modulus was observed in the BEC4 composite, which was 
about 22.73 GPa. When compared with the BEC0 composite, which had a flexural modu-
lus of nearly 13.77 GPa, the increase in flexural modulus was about 65%. This improve-
ment in the flexural strength and moduli of the BAR-filled BEC laminates can be under-
stood through the FTIR spectrum of the BAR powder, as shown in Figure 2. The presence 
of the FTIR spectrum band at 1735 cm−1 indicates the presence of an ester C=O bond, which 
is a strong and stable bond [52]. Such bonds lead to the creation of stronger interfaces with 

Figure 6. Stress–strain curve of the BEC laminates.



J. Compos. Sci. 2023, 7, 493 9 of 15

The generation of strong interfaces results in the effective transfer of tensile loads
between the various components of the composite and thus results in the improvement
of the overall tensile strength of the BEC laminate. The tensile strength increases in the
BEC2 laminate and reaches a maximum value in the BEC4 laminate. However, the tensile
strength starts to decrease in the BEC6 and BEC8 laminates, indicating that the optimum
wt.% of BAR powder is around 4 wt.%, beyond which the addition of the BAR powder
does not positively improve the tensile strength of the BEC laminate. At a higher wt.%
addition of BAR powder, the resin content is reduced, making the resin solution highly
viscous. Thus, the resin’s flowability is greatly hampered at a higher wt.% loading of the
BAR powder filler. Under such circumstances, the basalt fibers are sparsely coated with
the BAR-powder-filled resin. At such reduced wettability, there is a lack of generation of
stronger interfaces between the resin and the fibers. Due to this, the applied tensile loads
cannot be transferred effectively and efficiently from the weaker resin matrix to the stiffer
fibers. Thus, at a higher wt.% addition of BAR powder, the tensile strength of the BEC
laminates is reduced.

3.3.2. Flexural Strength

The flexural strength and modulus of the BEC laminates are presented in Figure 7. In
Figure 7, an increasing trend in the flexural strength and moduli is observed for all of the
BEC laminates which were fabricated with the inclusion of BAR powder, in comparison
with the BEC0 laminate, which did not have BAR powder in it. The maximum flexural
strength was observed in the BEC4 composite, which was about 339 MPa. When compared
with the BEC0 composite, which had a flexural strength of nearly 99.54 MPa, the increase
in flexural strength was about 241%. The composites with 2 wt.%, 6 wt.%, and 8 wt.% BAR
powder showed flexural strengths of 251 MPa, 293.67 MPa, and 268.33 MPa, respectively,
which are about 152%, 195%, and 170% stronger than the BEC0 composite. Similarly,
the highest flexural modulus was observed in the BEC4 composite, which was about
22.73 GPa. When compared with the BEC0 composite, which had a flexural modulus of
nearly 13.77 GPa, the increase in flexural modulus was about 65%. This improvement in the
flexural strength and moduli of the BAR-filled BEC laminates can be understood through
the FTIR spectrum of the BAR powder, as shown in Figure 2. The presence of the FTIR
spectrum band at 1735 cm−1 indicates the presence of an ester C=O bond, which is a strong
and stable bond [52]. Such bonds lead to the creation of stronger interfaces with the resin
and result in improved flexural properties. Also, the lignin in the BAR powder constitutes
various reactive elements such as hydroxyl and methoxy groups, which were confirmed by
peaks at 2919 cm−1 and 3347 cm−1 in the FTIR spectrum. Such reactive functional groups
tend to bond to the epoxides of the epoxy resin, resulting in the generation of stronger
interfaces. This is the reason there are published reports suggesting the use of lignin-based
curing agents for epoxy resins [53]. However, the improvement in flexural strength and
moduli of the BAR-filled BEC laminates follows the typical trend; the improvement is
observed for the BEC2 and BEC4 laminates, and the trend reverses for the BEC6 and BEC8
laminates. This may be due to the increased viscosity of the resin at a higher wt.% addition
of BAR powder. Also, due to depleting resin content at a higher wt.% loading of the BAR
powder, the active functional groups of the BAR powder do not receive enough epoxide
rings to react with and generate stronger interfaces. This may be the reason the flexural
properties tend to decrease when BAR powder inclusion is greater than 4 wt.% in the
epoxy resin.
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3.3.3. Impact Strength

The results of the impact strength test are shown graphically in Figure 8. The analysis
of the impact strength values indicates that the BEC laminate’s ability to absorb energy
before fracture increases with the addition of BAR powder. The impact strength of all
BEC laminates fabricated through the inclusion of BAR powder shows an increment
in comparison to the impact strength value of the unfilled BEC0 laminate. The impact
strength of the BEC laminates showed an increasing trend from the BEC0 laminate to
the BEC6 laminate, after which a decreasing trend was observed from the BEC6 to the
BEC8 laminate. The highest impact strength was observed for the BEC6 laminate, which
could absorb approximately 194.02 kJ/m2 of energy before fracture. In comparison with
the BEC0 laminate, an improvement of 44% in energy absorption was observed for the
BEC6 laminate. The laminates with 2, 4, and 8 wt.% BAR powder filler absorbed nearly
177.41 kJ/m2, 180.62 kJ/m2, and 191.49 kJ/m2, respectively, which was about 32%, 34%,
and 42% more than the BEC0 laminate. The improvement in the impact strength of the
BEC laminates included BAR powder can be attributed to enhanced wettability of the
basalt fibers with BAR-powder-infused resin, which resists fiber pull-out and the eventual
delamination failing under impact loads [54]. The impact strength of a polymer composite
laminate, by and large, depends upon the toughness of the matrix resin. Also, the variations
in features present in different layers of the laminate due to the incorporation of fibers and
fillers may give rise to different failure conditions in the intra-ply regions, which help the
laminate resist delamination under impact loads [55]. Thus, for higher impact strength,
it becomes more important to have better adhesion of plies through the generation of
stronger interfaces. The inclusion of BAR powder in the epoxy resin resulted in enhancing
the matrix toughness, which allowed the matrix to absorb more energy under impact
loads. The presence of the BAR powder in the matrix increased the friction between the
microfiller and the fibers, so it resisted the pull-out of the fibers. Also, the basalt fibers,
which are more brittle compared to the cellulosic BAR powder [56], were coated with the
BAR-powder-infused resin, which protected the fibers against impact damage.
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4. Morphology of BEC Laminates through SEM

A SEM analysis was carried out to further understand the failure mechanisms involved
and influencing the strength of the BEC laminates. Figure 9 shows the SEM images of
the fractured BEC laminates subjected to the flexural strength test. As discussed in the
aforementioned paragraphs, the BEC2 and BEC4 laminates possess better mechanical
properties than the BEC0, BEC6, and BEC8 laminates due to the thorough wetting of the
BAR-powder-reinforced epoxy resin with the basalt fibers. The morphology of the BEC2
and BEC4 laminates shown in Figure 9a,b indicates a fractured fiber surface that was
thoroughly coated with resin. Also, the fibers were held together and the fractured surface
did not show any fiber pull-out. The laminate pictured in Figure 9b is characterized by
the presence of fractured fibers with uneven surfaces, indicating crack deflection during
fracture [57]. The indication of the presence of crack deflection also reinforces the presence
of stronger and stiffer interfaces between the various components of the composite laminate.
This indicates that using BAR powder as a filler strengthened the resin–fiber interface. The
drop in mechanical properties of the BEC6 laminate can be understood through Figure 9c.
The fractured surface of the BEC6 laminate as shown in Figure 9c indicates a widespread
delamination of the plies under the applied loads. This is due to the poor adhesion of
the plies with each other, indicating the lack of resin between the plies. Also, the fracture
surface in Figure 9c is characterized by the presence of loose, pulled out fibers, which
again can be attributed to the lack of the adhesive agent, which is the resin filled with BAR
powder. As the wt.% inclusion of BAR powder increases, simultaneously, the resin content
decreases. This was attributed to the decrease in the mechanical properties of the BEC8
laminate. Figure 9d shows the SEM image of the fractured surface of the BEC8 laminate,
which is characterized by the presence of a huge void generated due to the deficiency of
the resin.
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5. Conclusions

BAR powder was prepared from the aerial roots of the Ficus benghalensis tree, popularly
known as the Banyan tree. Epoxy resin was modified using the BAR powder by mixing
it in different weight proportions, namely, 2%, 4%, 6%, and 8%. Basalt-fiber-reinforced
composite laminates were prepared using modified resin to evaluate their mechanical
properties like their tensile, flexural, and impact strengths. The results were compared
with those obtained from laminates prepared with unmodified resin, i.e., with no BAR
powder. The results showed significant improvement in mechanical properties with an
increase in powder content, up to a certain weight proportion, beyond which the properties
decreased. Though there was a decrease in the mechanical properties beyond a certain
weight proportion, they were still higher than the mechanical properties of the composite
prepared with unmodified resin. The highest tensile strength was obtained in the BEC4
composite, with 4% wt. BAR powder, which was 407.81 MPa, while the lowest strength
among the BAR composites was obtained in the BEC8 composite, with 8% wt., which was
302.48 MPa. The tensile strength of the composite without BAR powder was found to be
251.15 MPa. Flexural strength test results followed the same trend as that of tensile strength,
where the highest strength was found to be 339 MPa for the BEC4 composite, while that for
the BEC0 composite was as low as 99.54 MPa. For the BEC8 composite, the strength was
observed to drop to 268.33 MPa. The highest impact strength was obtained for the BEC6
composite, which showed a strength of 194.02 kJ/m2, while that of the BEC0 composite
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was 134.83 kJ/m2. BAR powder has a high proportion of cellulose, which was found to be
52%. SEM micrographs of the flexural samples reasonably confirmed, due to the adequate
wetting in BEC2 and BEC4, that these samples had relatively higher flexural strength than
the others. Appreciable crack deflection was observed, indicating an improvement in
stiffness due to the introduction of the BAR powder. At higher weight proportions, SEM
micrographs confirmed poor resin availability between the laminates, resulting in relatively
increased delamination, which was seen as one of the reasons for their poor performance
when subjected to various mechanical loading stresses.
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