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Abstract

The development of innovative reinforcement and the expansion of their potential applications will be aided by research on
unique natural fibers in polymer-based composites. In this work, new cellulosic fibers were mechanically separated from the
stem of Ficus benjamina L. and reinforced in polyester matrix. The effect of varying fiber parameters (weight percentage and
length) on the tensile, flexural, hardness, impact, water absorption, and thermal characteristics was investigated in this study.
It was revealed that the composite sample with a length of 40 mm and a weight percentage of 30 wt% had the maximum
mechanical properties. The impact, tensile, hardness, and flexural strength of composite found to be 9.31 KJ/m?2, 77.71 MPa,
88 HRRW, and 87.4 MPa respectively, which are comparative to many natural fibers investigated. However, increased fiber
content will increase the composite water absorption which leads to failure of the composite system. As compared to the
pure polyester resin, the heat stability temperatures of composites raised by 62.49%. The surface characteristics and fractured
surface of the composites were examined using scanning electron microscopy and the fibers had better interfacial bonding
with the polyester matrix with reduced failure mechanisms.

Keywords Ficus benjamina L. stem fiber - Polymer composite - Natural fiber - Fractography - Mechanical characterization -
Water absorption

1 Introduction concerns. Their biodegradability appeals to modern
environmental requirements. Polymers and natural

Renewable, sustainable, and eco-friendly materials fibers from renewable resources are used in sustainable

are gaining popularity. Nature has provided several
renewable, eco-friendly sources. Identifying new raw
material sources is crucial for industry sustainability
[1, 2]. Natural fibers may experience better market
circumstances in the future due to global environmental
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composites for lightweight structural purposes. Natural
fiber may bring up fresh scientific perspectives for cutting-
edge uses. They have low density, resilience to corrosion,
less tool wear, specific strength, and modulus, as well
as being ecologically benign [3-7]. The glass, carbon,
kevlar, nylon, etc. are frequently employed in structural
applications [8]. But now they are replaced with natural
fiber, since synthetic material’s life cycle, disposal causes
the most immediate economic and societal impacts [9].
Although employing natural fibers has numerous benefits,
they nevertheless fall short in terms of temperature
resistance, robustness, and mechanical properties.
Recent studies have concentrated on enhancing these
characteristics to lessen drawbacks. Plant fiber strength
depends on plant components, topography, and extraction
method. Size, type, orientation, reinforcement quantity,
bonding nature, physical/chemical reinforcement property,
and manufacturing method influence polymer composite
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Fig. 1 Photographs of (a) F.
benjamina L. plant; (b, c)
Extracted stem fiber; (d) FBSF
reinforced composite at differ-
ent weight percentage

attributes [10]. When polymer composites are reinforced
with high-strength fibers, stress is transferred to the matrix
before failure, whereas low-strength fibers cause failure,
restricting composite performance.

Table 2 Properties of liquid and cured polyester resin utilized to pre-
pare composite

Liquid resin

Appearance Yellow viscous liquid
Density 1.25+0.10 gm/cc
Viscosity at 25 °C 200 — 300 cP
Volatile content (wt.%) 41+ 1

Specific gravity at 25 °C 1.12+0.01

Acid value (mg KOH/g) 25+4
Cured resin

Tensile strength
Tensile modulus
Shear strength
Impact strength
Flexural strength
Flexural modulus
Elongation at break
Melting point
Rockwell hardness

34.0 MPa + 1.5 MPa
1.0 GPa + 0.3 GPa
4.10 MPa + 1.01 MPa
0.55 J/em? + 0.06 J/cm?
44.67 MPa + 1.15 MPa
1.63 GPa + 0.17 GPa
1.20% + 0.24%

280%

62 HRRW + 3HRRW

Polyester is a suitable material to use for making
composites for multi-engineering applications. It is all
because of the polyester matrix easy availability and
manufacturing capability [11]. Polyester matrices are very
sticky, stiff, dimensionally stable, and heat and fire resistant
because of their strongly cross-linked aromatic structure [11].
Polyester resins are less brittle and exhibit less cure shrinkage
when fibers, particle fillers, or elastomeric components are
added. Strong fiber-resin connections are created when
polyester resin chemically binds with lignocellulosic
reinforcement. Bio-fibers and polymers offer excellent system
compatibility as a result. Natural fiber-reinforced polymer
composites have grown in popularity due to their advantages
in production, low cost, and great strength [12—14].

Natural fibers may be harvested from different plant
sections. This work extracts fiber from Ficus benjamina
L. plant stem for potential reinforcement in composite
materials. Ficus benjamina L., a member of the moraceae
family in the angiosperm division, is one of several fibrous
plants that are common in tropical regions. This plant is a
perennial, terrestrial shrub or tree that may reach a height
of 30 m. It is extensively found in India, Taiwan, Malaysia,
China, Indonesia, and the Philippines. This plant is native to
Asia and Australia [15, 16]. The monoecious plant produces
spherical inflorescences that are 1.5 cm in diameter and
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Table 3 Listing the chemical properties of some investigated natural fiber

Fiber Cellulose (Wt.%) Hemi celluloses (Wt.%) Lignin (Wt.%) Wax (Wt.%) Moisture Ash (Wt.%) Reference
content (Wt.
%)
FBSF 68.71 10.15 11.31 0.91 9.83 3.97 This work
Phoenix dactylifera L.0 35 15.40 20.13 - 15.6 12.6 [46]
(trunk)
Borassus fruit 68.94 14.03 5.37 0.64 6.83 - [47]
Root of Ficus religiosa tree  55.58 13.86 10.13 0.72 9.33 4.86 [48]
Althaea officinalis L. 44.6 13.5 2.7 - - 2.3 [49]
Arundo donax 432 20.5 17.2 - - 1.9 [50]
Aerial roots of banyan tree ~ 67.32 13.46 15.62 0.81 10.21 3.96 [51]
Phoenix dactylifera L. 44 26 11.45 - 9.6 1.85 [46]
(stalk)
Phoenix dactylifera L. (leaf  43.50 24 18 - 6.8 7.73 [46]
sheath)
Dracaena reflexa 70.32 11.02 11.35 0.23 5.19 6.23 [52]
Pergularia daemi 5342 26+1 15+0.8 4 10 1.2 [53]
Coccinia grandis 62.35 13.42 15.61 0.79 5.6 4.388 [54]
Pergularia tomentosa L. 43.8 16 8.6 1.88 8.5 2.74 [55]
seed fiber
Coccinia grandis stem 63.22 - 24.42 0.32 9.14 - [42]
Areca palm leaf stalk 57.49 + 0.66 18.34 + 0.24 7.26 +0.12 0.71 £ 0.024 9.35 + 1.43 +£0.01 [56]
0.15
Tridax procumbens 32 6.8 3 0.71 11.2 - [57]

have leaves that are 6-13 cm long. The plant contains latex,
certain allergic reactions have been associated and eating
any plant parts may cause nausea, vomiting, and diarrhea
[17, 18]. Therefore to increases the value of this plant, fibers
from this plant can be used in manufacturing composite for
industries. They have no defined fiber harvesting season
and have always access to this fiber source. Using F.
benjamina L. stem fiber (FBSF) composite manufacturing
will produce economic value to agriculturist. In order to
explore the F. benjamina L. stem fiber’s potential for
composite reinforcement, it was reinforced in polyester

composite specifically the impact of varying fiber length
and weight percentage. Stem fiber from F. benjamina L.
plant has not been studied yet in composites. The composite
was created using hand lay-up techniques. According to
ASTM standards, measurements of tensile, flexural, impact,
hardness, and water absorption were made. Measurements of
composite’s heat stability were made using a TGA analyzer.
SEM was used to examine the processes of failure occur in
the composites under tensile testing [19].

Various investigations carried out on new natural fibers
in polymer composites, in order to determine the optimal
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Fig.3 a, b, c Different fracture pattern observation in pure polyester
matrix at 500X magnification

weight and critical length of the fibers, were presented in
Table 1.

2 Materials and methods
The water retting process was used to separate the fibers

from the plant’s bark stem (Fig. la—c). After extraction
of fiber, it is sundried for two days and kept in oven in
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Fig.4 (a, b, ¢) Tensile property tested 30 wt.% reinforcement of
FBSF sample SEM fractography at various magnification

60 °C to remove the moisture for composite preparation.
The unsaturated polyester, methyl ethyl ketone peroxide
[MEKP], and cobalt naphthenate were used as a resin,
curing catalyst and accelerator. Resin, catalyst, and the
hardener used for the composite were provided by M/s.
Covai Seenu and Co., Tamil Nadu, India. The matrix
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resin was examined at Saint-Gobain Vetrotex India Ltd.
in Thimmapur, Andhra Pradesh, India. Tests on the hard-
ened resin were carried out by the Composites Technol-
ogy Center at the Indian Institute of Technology-Madras
in Chennai, Tamil Nadu, India. The experiments were
conducted under ambient conditions of 21 °C and 65%
relative humidity. The matrix resin test results are shown
in Table 2.

In the beginning, the F. benjamina L. stem fibers were
sliced in lengths of 10, 20, 30, 40, and 50 mm. At each
gauge, length fibers were evenly dispersed, and prepressed
from 10 to 50% weight percentage. The 2% MEKP (cat-
alyst), 0.5% cobalt naphthenate, and 97.5% unsaturated
polyester resin were mixed (accelerator) in a container.
A mild steel mold (300 mm by 125 mm by 3 mm) sur-
face was completely cleaned, and wax coating was formed
inside the mold’s interior to serve as a releasing agent.
This makes it possible to remove the molded components
from the cavity quickly. Fibers and matrix material were
then added one layer at a time. To provide a superior sur-
face finish and prevent the layers from sticking to the mold
surface, polyethylene sheets were positioned beneath the
bottom layer and on top of the top layer. Matrix solution
was degassed prior to pouring. With degassed matrix solu-
tion, the compressed sheet was created, and air bubbles
were eliminated with a grooved roller. The composite
laminates were then compressed for three hours at a hold-
ing pressure of 35 MPa and a temperature of 60 °C. The
closed mold was pressurized for the full 24 h. Total of 20
flat plates (Fig. 1d) were made by altering fiber length and
fiber weight percentage [32].

2.1 Chemical testing
The chopped fibers were aged in 95% ethanol and oven-

dried at 700 °C. Then, Kurshner and Hoffer’s approach
used to measure cellulose [33]. The fibers were heated

@ Springer

with hydrobromic acid, as per NFT 12-008 standard to
determine hemicellulose [34, 35]. Klason’s approach
used to assess lignin content [36]. The dichloromethane-
extracted fibers were crushed and hydrolyzed in sulfuric
acid. Soxhlet extraction using the Conrad technique was
used to assess fiber wax content [37].

2.2 Mechanical testing

A universal testing machine (S-Series H25K-S; Instron,
UK) of 400 kN capacity was used to conduct tensile and
three-point flexural testing. For tensile testing, 100 mm
gauge length, and 1 mm/min cross head speed in accord-
ance with ASTM Standards D 3039M-95 were used [5,
38]. With a 5 metric tonne capacity, gauge length of 50
mm, and a cross head speed of 1 mm/min, flexural test
comprising three points (two supports and one load) was
carried out accordance to ASTM Standards D 790-10 [39].
A Zwick R5SLBO041 digital Shore hardness tester (Zwick
Roell, Ulm, Germany) was used to evaluate the compos-
ite’s Rockwell hardness in accordance with ASTM D
785-98 [40]. According to ASTM D256, the Unnotched
composite impact energy were assessed using a Coesfeld-
Material impact tester (Dortmund, Germany) [41]. The
results represent an average with standard deviations
across the samples. At least six samples from each event
were evaluated, and the average was given. The conditions
for all experiments were 21 °C and 65% humidity. With
the use of a pycnometer and toluene solution, the density
of the composite material was determined [42].

2.3 Fractography analysis

Using a JEOL 6390 scanning electron microscope with a
142-eV acceleration voltage, composite failure surfaces was
investigated. Using a vacuum sputter coater, the samples
were coated with platinum at ten nano meter thickness to
make the surface conductive and the samples were then
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Fig.6 a, b, ¢ Flexural property tested 30 wt.% reinforcement of
FBSF sample SEM fractography at various magnification

examined under a microscope [43]. Tensile broken speci-
mens were examined at various magnifications.

2.4 Thermal behavior

For diverse applications, the composites reinforced with
varying weight percentage of fibers are very important to

examine the thermal decomposition behavior [44]. Ther-
mogravimetric analysis was performed in EXSTAR TG/
DTA6300 RT (RT Instruments Inc. Woodland, CA, USA).
TGA tests were conducted from room temperature to 600 °C
with a heating rate of 10 °C min™! in a nitrogen environment
at a constant flow rate of 200 ml/min.

2.5 Water uptake behavior analysis

Based on ASTM-D 570, the water absorption test was car-
ried out [30]. In this, 60-mm square specimens were sub-
merged in saltwater and distilled water for around 48 h. They
were routinely taken out, cleaned with tissue paper, weighed,
and then returned to the water. Samples were weighed using
an electronic mass balancer of accuracy 0.0001 g (AUX220;
Shimadzu, Japan), and the percentage of water absorption
was calculated with equation 1 as follows:
Final weight — Initial weight

Water adsorption% = — - x 100
Initial weight
()

3 Results and discussion
3.1 Chemical and physical analysis

The FBSF density was determined to be 886 kg/m? which
are comparable to other natural fibers [45]. Low weight com-
posites can be produced with lower density fiber. Cellulose
is the strongest element that gives mechanical strength in
fiber. The FBSF had a higher cellulose content of 68.71%
which is comparable to widely used fiber listed in the
Table 3. Additionally, the hemicelluloses, lignin content, and
wax content were assessed as 10.15, 11.31, and 0.91%. The
minor amount of this component observed helps the FBSF
bind better with the polymer matrix.

3.2 Analysis of FBSF reinforced composite
properties

Addition of fibers in the polyester matrix makes the com-
posite ductile and exhibits higher elongation at break.
Properties of the composite are maximized or reduced
by varying fiber length and weight ratio for a particular
matrix system. Low length fiber reinforced composites
fracture easily because load transfer becomes difficult [58].
So, the optimization fiber length and fiber content in wt.%
reinforcement is need. A larger fiber length consequence
in curling and obtaining straightness in them becomes a
challenging. The fiber length must be at least equal to the
critical fiber length in order to reach the fiber’s fracture

@ Springer
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stress [25]. The optimal fiber weight % also influences the
composite. When the optimal fiber weight percentage was
used, the composites showed strong mechanical characteris-
tics. The fiber aspect ratio, matrix, fiber type, and interfacial
bonding between the fiber and matrix all affect the optimal
fiber weight percentage [59].

3.3 Tensile behavior

Tensile strength and Young’s modulus of the composite rise
for FBSF length 40 mm and weight percent up to 30%, then
decrease for any given strain level (Fig. 2a, b). The inclu-
sion of fiber decreased the brittleness of polyester resin and
increased the elongation value. Longer-length fiber entan-
glements lessen stress levels [25]. In comparison to other
combinations, the tensile strength and Young’s modulus
of the composite were greater for FBSF 30 weight percent
(optimum weight) and 40 mm fiber length (critical length)
[11]. At this combination, the load transmittance from the
fiber to matrix was higher. The maximum tensile strength
and modulus were determined to be 77.71 MPa and 1.26
GPa at 30 mm and 40% FBSF.

The results of the fractography examination of the pure
sample as well as the sample that represented 30 weight
percent were given in Figs. 3 and 4, respectively. The pure
polyester matrix fracture can be seen with more fracture
debris (Fig. 3a, b), as well as a failure in the river flow pat-
tern (Fig. 3c). Figure 4 depicts the tensile property tested
using 30 weight percent reinforcement of FBSF sample SEM
fractography at various magnifications. In the ideal rein-
forcement of FBSF, the fiber pull out and a reduced amount
of matrix failure are seen. The fiber matrix bonding was
observed through this analysis.

3.4 Flexural behavior

The polyester matrix is plasticized by fibers [60]. Due to their
excellent extensibility, they can withstand stress and prevent

@ Springer

catastrophic composite failure. The results for flexural strength
and modulus of FBSF composites with various fiber lengths
and weight percentages are shown in Fig. 5a and b. In compari-
son to plain resin, increasing FBSF (40 mm long with a weight
percentage of 30%) enhanced flexural strength from 44.67 to
87.40 MPa and modulus from 1.63 to 1.85 GPa, respectively.
The modulus is increased when a transcrystalline layer devel-
ops at the fiber/matrix contact. Maximum flexural performance
was seen in composites with 30 mm (critical fiber length) fiber
and 40% (optimum fiber weight percent) fiber weight. Flexural
strength and modulus were reduced when FBSF length and
weight were increased above 50 mm and 40%. At this point,
the uniform distribution of fiber in composites becomes chal-
lenging, which decreases the interaction of the fiber matrix
under compressive bending stress. Flexural testing revealed a
1.85-GPa flexural modulus and an 87.40-MPa flexural strength
for this FBSF 40 mm with 30 wt.% reinforcement.

The results of a fractography test on the flexural property
of an FBSF sample with 30 weight percent reinforcement
were taken using a scanning electron microscope (SEM) and
displayed in Fig. 6a—c. The flexural property was investi-
gated using 30 weight percent reinforcement of FBSF sam-
ple SEM fractography at various magnifications, and the
results showed clearly that fiber pull and more fiber cracks
were detected in the ideal reinforcement of FBSF. After con-
ducting the tests, an observable fiber/matrix interfacial gap
was found. It is recommended that the surface be treated in
order to get the best possible flexural result from the FBSF
reinforced polyester composites.

3.5 Hardness

The composite’s resistance to abrasion and scratching was
evaluated using hardness testing [61]. Figure 7a illustrates
how hardness value varies with respect to FBSF fiber
weight and length. The results show a maximum hardness
of 88 HRRW at 30% and 40 mm length. The dispersion
of fibers in the matrix evenly prevents matrix deformation
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during indentation and raises the hardness. Sharp decrease
in hardness on increase of length and weight percentage
above critical length and weight percentage is due to the
local phase inversion brought on by fiber aggregation.

3.6 Impact behavior

The impact characteristics of the composites are shown in
Fig. 7b. The strongest impact resistance was found in FBSF
composites with a 30% fiber weight at a 40 mm length found
to be around 9.31 J/cm?. Longer fibers disperse impact energy
more rapidly and absorb more energy [62, 63]. The number of
fiber ends diminishes as fiber length grows, and the number
of defects caused by fiber ends in the composite similarly goes
down. As a result, as the fiber length in the composite grows,
the quantity of pull-out during failure reduces [21]. As a result,
the impact strength of composites grows with fiber length.
However, compared to shorter lengths where fiber pull-out is
the active fracture process, a high percentage of fiber will be
pulled out of the matrix owing to fiber entanglements after an
optimal length of fiber, which will cause a little loss in impact
strength as a result. When compared to other fiber loading and
length combinations, fiber loading of 30 weight percent with
a fiber length of 50 mm has the highest impact strength. But
since it is extremely close to 30 weight percent of fiber loading
with 40 mm of fiber length, the impact strength of 30 weight
percent of fiber loading with 40 mm of fiber length is selected
as the ideal level. The impact strength of the FBSF composite
with 30%, 40-mm long fiber is 16 times greater than that of
hardened polyester resin. Frictional losses have a role in the
impact strength of FBSF composites when fiber is pulled out.
A slight fall of impact strength fell seen when the percentage
of fiber weight in FBSF composites was raised beyond 40%.
This is because the matrix’s fibers provide a site for fractures
to begin and grow. Additionally, linked composites stiffen the
polymer chains due to the tight connection between the fiber
and the polymer, which results in a rapid rupture and a reduc-
tion in impact strength.

Figure 8a—c depicts the fractography analysis of impact
strength analysis with 30% reinforcement of FBSF sample
SEM fractography at different magnifications. The 30 percent
reinforcement of FBSF sample SEM fractography at various
magnifications revealed fiber pull out, fracture debris, and
higher matrix failure when impact characteristics were evalu-
ated. The composite’s porous matrix was observed follow-
ing testing. For FBSF-reinforced polymer matrix compos-
ites to achieve maximum impact strength, surface treatment
is recommended. The explanation for the improvement in
mechanical characteristics was identified by the fractography
of an impact-tested sample. Matrix was packed into the fiber
lumens. These events may boost the correct adhesion between
fiber and matrix, as well as the overall property improvement.

3.7 Thermogravimetric analysis

The thermogravimetric analysis (TGA) observations of
FBSF composites with different weight percentages are
shown in Fig. 9a. Three phases of heat degradation were
visible in the TG curves of all composite samples. At
temperatures between 50 and 245 °C, moisture loss from
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the composite caused the first stage of degradation [32].
The breakdown of cellulose and hemicellulose was linked
to the second stage of degradation, which was observed to
occur between 245 and 470 °C [33]. The third stage (470
to 660 °C) saw the degradation of the composites' soft
segments and volatilization [34]. The increase in fiber
weight % as shown by the TGA curves had improved
the degradation temperatures. The maximum degrada-
tion temperature of FBSF 40wt.% reinforced composite
is around 483 °C. Additionally, compared to a 10% fiber
composite, a 30% fiber composite has less residual mass
(11.3%). These findings proved that FBSF composites
are a suitable material for applications requiring high-
temperature composites.

3.8 Water absorption analysis

For outdoor water resistance applications, it is essential to
characterize the water absorption of the composite [64].
Composite water absorption leads to dimensional instabil-
ity as a result of fiber swelling. The 48-h water absorption
behavior of the composite in distilled water and saltwater
was tested and shown in Fig. 9b. The hydrophilic charac-
teristic of FBSF enhances the composite’s water absorp-
tion behavior. Fiber content enhances the behavior of water
absorption. Thirty weight percentages of the FBSF rein-
forced composite exhibit less aggressive uptake behavior
as compared to the 40 weight %. Due to greater adhesion
between the polymer matrix and lignocellulosic, there are
less microvoids in the composite at this specific weight per-
centage. The water absorption percentages in seawater and
distilled water were 5.827 and 6.403, respectively. The 30
weight % FBSF composite roughly fits the unfilled polyester
matrix water uptake graph. The permissible limit for the
total weight percentage of FBSF reinforced composite water
absorption is 5%-6% in two solutions.

@ Springer

3.9 Fractography of 50 wt.% FBSF reinforced
composite

The tensile fractography of FBSF composites with maximal
weight percent (50 percent) and fiber lengths of 30 millim-
eters is depicted in Fig. 10a—c. The fractography reveals that,
when subjected to tensile stress, composites had a greater
degree of fiber pull-out and debonding. Matrix wetting is
caused by the presence of wax, hemicellulose, and pec-
tin on the surfaces of FBSF. Hence FBSF deboned from
matrix under tensile strain. Both the fibers and the matrix
are broken as a result of the tensile force that was applied.
Fragmentation of the fibers and fiber pull-out were the pri-
mary mechanisms of failure in this composite material. Fiber
pull-out generated cavities on composite failure surfaces.
There is seen to be less gap in the composite fiber to fiber
surface, which results in poor bonding with the matrix. In
addition to this, they demonstrated the maximal void, which
results in a fiber-to-matrix stress transmission that is less
effective. Entanglements of the composite fibers occurred
if their length was greater than 30 mm, which led to flaws.
Therefore, composites with a fiber length of 40 mm or 50
mm have a greater number of voids with maximum fiber
pull-out. It was found that a fiber length of 30 mm was the
key fiber length for FBSF composites, and it is suitable for
both structural and semi-structural applications. Proper-
ties comparison of Ficus benjamina L. stem fiber/polyester
composite in comparison with other natural fiber reinforced
composite is listed in Table 4.

3.10 Composite EDS spectroscopy analysis

The use of EDX allowed for the determination of the
elemental composition of the FBSF-reinforced composite.
The confirmation that carbon and oxygen are present in the
composite binding energies can be shown in Fig. 11(b).
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composite material that is FBSF reinforced, while carbon is

the other major component (70.76 wt.%). In the EDX spectra
potassium, salt, sulfur, and chlorine have been found in a
number of different investigations. This suggests that the

Oxygen accounts for 29.24 weight percent of the total
of cellulose isolated from plants that are not trees, traces of
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Fig. 11 a, b Energy-dispersive
X-ray Spectroscopy analysis of
FBSF composite
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elements that led to the production of an exceptionally pure
biofiber reinforced composite did not change when natural
cellulosic fiber was used as reinforcement for the composite.

4 Conclusion

Ficus benjamina L. are typically found along roadsides and in
forests. Planned production, extraction, processing, and use
of these fibers create opportunities for farmers and enterprises
to generate income. A unique natural lignocellulosic stem
fiber of Ficus benjamina L. is extracted by water retting.
Comparable cellulose contents of this fiber (68.71%) enhance
its mechanical strength. The critical length and optimum
weight percentage of the fibers were discovered to be 30 mm
and 40%, respectively. The maximum tensile strength and
modulus were determined to be 77.71 MPa and 1.26 GPa
at 30 mm and 40% FBSF. Flexural testing revealed a 1.85
GPa flexural modulus and an 87.40 MPa flexural strength.
At this specific proportion, the impact strength was found
to be around 9.31 J/cm?. Even after 48 h of immersion in
water, the maximum water absorbency of Ficus benjamina
L. stem fiber reinforced composites was determined to be
5.54 percent. TGA reveals the degradation temperature (430
°C) and char production (13.8%) are highest for 40 wt.%
Ficus benjamina L. composite. Ficus benjamina L. enhances
the heat resistance of the composite. These characteristics
demonstrated that the fibers had a high potential for usage
as reinforcement in external structural composites. Due
to the fiber’s high tensile strength and low extensibility, it
has the potential to be a unique option for the creation of
high-performance lightweight composite applications and
other technical textile goods such as ropes, sacks, packaging
materials, cords, yarns, and industrial textiles.

Acknowledgements First author acknowledges the Rohini College of

Engineering and Technology for providing research lab facilities to
carry out his research work.

@ Springer

Author contributions All authors are equally contributed to
conceptualization, methodology, writing - original draft, writing - review
& editing.

Data availability The data that support the findings of this study are
available on request from the corresponding author. The data are not
publicly available due to privacy or ethical restrictions.

Declarations
Ethical approval Not applicable.

Competing interests The authors declare no competing interests.

References

1. Gillela S, Yadav SM, Sihag K et al (2022) A review on Lan-
tana camara lignocellulose fiber-reinforced polymer compos-
ites. Biomass Conv Bioref 1:1-19. https://doi.org/10.1007/
S$13399-022-02402-7

2. Akatwijuka O, Gepreel MAH, Abdel-Mawgood A et al (2022)
Overview of banana cellulosic fibers: agro-biomass potential, fiber
extraction, properties, and sustainable applications. Biomass Con-
vers Biorefin 1:1-17. https://doi.org/10.1007/S13399-022-02819-
0/TABLES/12

3. Samal K S, Smita M, Nayak k S (2009) Polypropylene—bamboo/
glass fiber hybrid composites: fabrication and analysis of mechan-
ical, morphological, thermal, and dynamic mechanical behavior.
Reinf Plast Compos 28:2729-2747. https://doi.org/10.1177/07316
84408093451

4. Narayanasamy P, Balasundar P, Senthil S et al (2020) Characterization
of a novel natural cellulosic fiber from Calotropis gigantea fruit bunch
for ecofriendly polymer composites. Int J Biol Macromol 150:793—
801. https://doi.org/10.1016/j.ijbiomac.2020.02.134

5. Keskin OY, Koktas S, Seki Y et al (2022) (2022) Natural cel-
lulosic fiber from Carex panicea stem for polymer composites:
extraction and characterization. Biomass Conv Bioref 1:1-12.
https://doi.org/10.1007/S13399-022-03458-1

6. Balaji N, Natrayan L, Kaliappan S et al (2022) Annealed peanut
shell biochar as potential reinforcement for aloe vera fiber-epoxy
biocomposite: mechanical, thermal conductivity, and dielectric
properties. Biomass Convers Biorefin 1:1-9. https://doi.org/10.
1007/S13399-022-02650-7/FIGURES/8


https://doi.org/10.1007/S13399-022-02402-7
https://doi.org/10.1007/S13399-022-02402-7
https://doi.org/10.1007/S13399-022-02819-0/TABLES/12
https://doi.org/10.1007/S13399-022-02819-0/TABLES/12
https://doi.org/10.1177/0731684408093451
https://doi.org/10.1177/0731684408093451
https://doi.org/10.1016/j.ijbiomac.2020.02.134
https://doi.org/10.1007/S13399-022-03458-1
https://doi.org/10.1007/S13399-022-02650-7/FIGURES/8
https://doi.org/10.1007/S13399-022-02650-7/FIGURES/8

Biomass Conversion and Biorefinery (2023) 13:14267-14280

14279

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Jayabalakrishnan D, Jayaseelan V, Patil PP et al (2022) Mechanical,
wear, and dielectric properties of opuntia cladode fiber and pearl
millet biochar-reinforced epoxy composite. Biomass Convers Biorefin
1:1-11. https://doi.org/10.1007/S13399-022-03555-1/FIGURES/9
De Fazio D, Boccarusso L, Durante M (2020) Tribological behav-
iour of hemp, glass and carbon fibre composites. Biotribology
21:100113. https://doi.org/10.1016/j.biotri.2019.100113

Sanjay MR, Siengchin S, Parameswaranpillai J et al (2019) A
comprehensive review of techniques for natural fibers as reinforce-
ment in composites: preparation, processing and characterization.
Carbohydr Polym 207:108—121. https://doi.org/10.1016/j.carbpol.
2018.11.083

Jawaid M, Abdul Khalil HPS (2011) Cellulosic/synthetic fibre
reinforced polymer hybrid composites: A review. Carbohydr
Polym 86:1-18. https://doi.org/10.1016/j.carbpol.2011.04.043
Divya D, Jenish I, Raja S (2022) Comprehensive characterization
of Furcraea selloa K. Koch peduncle fiber-reinforced polyester
composites—effect of fiber length and weight ratio. Adv Mater
Sci Eng 2022:1-10. https://doi.org/10.1155/2022/8099500
Venkateshwaran N, Santhanam V, Alavudeen A (2019) Feasi-
bility study of fly ash as filler in banana fiber-reinforced hybrid
composites. In: Rakesh PK, Singh I (eds) Processing of Green
Composites. Springer Singapore, pp 31-47

Stalin N, Shobhanadevi N (2021) Studies on thermal, structural,
and compositional properties of agro-waste jute fiber composite
reinforced with cardanol resin. Biomass Convers Biorefin 1:1-8.
https://doi.org/10.1007/S13399-021-01958-0/FIGURES/7
Elseify LA, Midani M, El-Badawy AA et al (2023) Benchmark-
ing automotive nonwoven composites from date palm midrib and
spadix fibers in comparison to commercial leaf fibers. Biomass
Convers Biorefin 1:1-15. https://doi.org/10.1007/S13399-023-
03910-W/TABLES/4

Ogunwande IA, Jimoh R, Ajetunmobi AA et al (2012) Essential
oil composition of ficus benjamina (moraceae) and irvingia barteri
(irvingiaceae). Nat Prod Commun 7:1673-1675. https://doi.org/
10.1177/1934578x1200701233

Pereira RCS, Felipe VTA, Avelino F et al (2022) From biomass to
eco-friendly composites: polyurethanes based on cashew nutshell
liquid reinforced with coconut husk fiber. Biomass Convers Biorefin
1:1-11. https://doi.org/10.1007/S13399-022-03693-6/FIGURES/8
Sukmana ABA, Widyaningrum I, Lani RK, Kasmiyati S (2020)
Characterization of Ficus benjamina and Artocarpus heterophyllus
proteases as potential rennet alternatives. Biosaintifika: Journal
of Biology & Biology. Education 12:213-219. https://doi.org/10.
15294/biosaintifika.v12i2.23516

Dube AM (2022) Isolation and characterization of cellulose
nanocrystals from Ensete ventricosum pseudo-stem fiber using
acid hydrolysis. Biomass Convers Biorefin 1:1-16. https://doi.org/
10.1007/S13399-022-02987-Z/FIGURES/2

Rathinavelu R, Paramathma BS (2022) Examination of character-
istic features of raw and alkali-treated cellulosic plant fibers from
Ventilago maderaspatana for composite reinforcement. Biomass
Convers Biorefin 1:1-13. https://doi.org/10.1007/S13399-022-
03461-6/FIGURES/8

Arul M, Sasikumar KSK, Sambathkumar M et al (2020) Mechani-
cal and fracture study of hybrid natural fiber reinforced composite
— Coir and sugarcane leaf sheath. Mater Today: Proc 33:2795—
2797. https://doi.org/10.1016/j.matpr.2020.02.677
Sathishkumar TP, Navaneethakrishnan P, Shankar S (2012) Ten-
sile and flexural properties of snake grass natural fiber reinforced
isophthallic polyester composites. Compos Sci Technol 72:1183—
1190. https://doi.org/10.1016/j.compscitech.2012.04.001
Vimalanathan P, Venkateshwaran N, Santhanam V (2016)
Mechanical, Dynamic mechanical and thermal analysis of Shorea
Robusta dispersed polyester composite. Polym Anal Characterization
21:314-326. https://doi.org/10.1080/1023666X.2016.1155818

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Balakrishna A, Indra Reddy M, Seshank ASP et al (2018) Char-
acterization of process parameters on mechanical properties of
short and randomly oriented Agrostis (Bentgrass) fiber reinforced
composite. In: Materials Today: Proceedings. Elsevier Ltd, pp
25766-25772

Venkatram B, Kailasanathan C, Seenikannan P, Paramasamy S
(2016) Study on the evaluation of mechanical and thermal prop-
erties of natural sisal fiber / GP composites reinforced with nano
clay. Polym Anal Characterization 21:647-656. https://doi.org/
10.1080/1023666X.2016.1194616

Sreenivasan VS, Ravindran D, Manikandan V, Narayanasamy R
(2011) Mechanical properties of randomly oriented short Sanse-
vieria cylindrica fibre/polyester composites. Mater Des 32:2444—
2455. https://doi.org/10.1016/j.matdes.2010.11.042

Maheswari CU, Reddy KO, Muzenda E et al (2013) Mechani-
cal Properties and chemical resistance of short tamarind fiber /
unsaturated polyester composites : influence of fiber modifica-
tion and fiber content. Polym AnalCharacterization 18:520-533.
https://doi.org/10.1080/1023666X.2013.816073

Elanchezhian C, Ramnath BV, Ramakrishnan G et al (2018)
Review on mechanical properties of natural fiber composites.
Mater Today Proc 5:1785-1790. https://doi.org/10.1016/j.matpr.
2017.11.276

Jagadeesh P, Puttegowda M, Mavinkere Rangappa S, Siengchin S
(2021) A review on extraction, chemical treatment, characteriza-
tion of natural fibers and its composites for potential applications.
Polym Compos 42:6239-6264. https://doi.org/10.1002/pc.26312
Viisédnen T, Haapala A, Lappalainen R, Tomppo L (2016) Utiliza-
tion of agricultural and forest industry waste and residues in natu-
ral fiber-polymer composites: a review. Waste Manag 54:62-73.
https://doi.org/10.1016/j.wasman.2016.04.037

Prakash VRA, Viswanthan R (2019) Fabrication and char-
acterization of echinoidea spike particles and kenaf natural fi
bre-reinforced Azadirachta-Indica blended epoxy multi-hybrid
bio composite. Compos Part A 118:317-326. https://doi.org/10.
1016/j.compositesa.2019.01.008

Dharmalingam S, Meenakshisundaram O, Elumalai V, Boopathy
RS (2020) An investigation on the interfacial adhesion between
amine functionalized luffa fiber and epoxy resin and its effect on
thermal and mechanical properties of their composites. J Nat Fib-
ers 18(12):2254-2269. https://doi.org/10.1080/15440478.2020.
1726238

Joe MS, Sudherson DPS, Suyambulingam I, Siengchin S (2023)
Extraction and characterization of novel biomass—based cellulosic
plant fiber from Ficus benjamina L. stem for a potential polymeric
composite reinforcement. Biomass Conv Bioref 1:1-15. https://
doi.org/10.1007/S13399-023-03759-Z

Ray R, Das SN, Mohapatra A, Das HC (2020) Comprehen-
sive characterization of a novel natural Bauhinia Vahlii stem
fiber. Polym Compos 41:3807-3816. https://doi.org/10.1002/
pc.25678

Balaji A, Kannan S, Purushothaman R et al (2022) Banana fiber
and particle-reinforced epoxy biocomposites: mechanical, water
absorption, and thermal properties investigation. Biomass Convers
Biorefin 1:1-11. https://doi.org/10.1007/S13399-022-02829-Y/
FIGURES/15

Poomathi S, Roji SSS (2022) Experimental investigations on Pal-
myra sprout fiber and biosilica-toughened epoxy bio composite.
Biomass Convers Biorefin 1:1-9. https://doi.org/10.1007/S13399-
022-02867-6/FIGURES/8

César NR, Pereira-da-Silva MA, Botaro VR, de Menezes AJ
(2015) Cellulose nanocrystals from natural fiber of the macro-
phyte Typha domingensis: extraction and characterization. Cel-
lulose 22:449—460. https://doi.org/10.1007/s10570-014-0533-7
Conrad CM (1944) Determination of wax in cotton fiber: a new
alcohol extraction method. Ind Eng Chem 16:745-748

@ Springer


https://doi.org/10.1007/S13399-022-03555-1/FIGURES/9
https://doi.org/10.1016/j.biotri.2019.100113
https://doi.org/10.1016/j.carbpol.2018.11.083
https://doi.org/10.1016/j.carbpol.2018.11.083
https://doi.org/10.1016/j.carbpol.2011.04.043
https://doi.org/10.1155/2022/8099500
https://doi.org/10.1007/S13399-021-01958-0/FIGURES/7
https://doi.org/10.1007/S13399-023-03910-W/TABLES/4
https://doi.org/10.1007/S13399-023-03910-W/TABLES/4
https://doi.org/10.1177/1934578x1200701233
https://doi.org/10.1177/1934578x1200701233
https://doi.org/10.1007/S13399-022-03693-6/FIGURES/8
https://doi.org/10.15294/biosaintifika.v12i2.23516
https://doi.org/10.15294/biosaintifika.v12i2.23516
https://doi.org/10.1007/S13399-022-02987-Z/FIGURES/2
https://doi.org/10.1007/S13399-022-02987-Z/FIGURES/2
https://doi.org/10.1007/S13399-022-03461-6/FIGURES/8
https://doi.org/10.1007/S13399-022-03461-6/FIGURES/8
https://doi.org/10.1016/j.matpr.2020.02.677
https://doi.org/10.1016/j.compscitech.2012.04.001
https://doi.org/10.1080/1023666X.2016.1155818
https://doi.org/10.1080/1023666X.2016.1194616
https://doi.org/10.1080/1023666X.2016.1194616
https://doi.org/10.1016/j.matdes.2010.11.042
https://doi.org/10.1080/1023666X.2013.816073
https://doi.org/10.1016/j.matpr.2017.11.276
https://doi.org/10.1016/j.matpr.2017.11.276
https://doi.org/10.1002/pc.26312
https://doi.org/10.1016/j.wasman.2016.04.037
https://doi.org/10.1016/j.compositesa.2019.01.008
https://doi.org/10.1016/j.compositesa.2019.01.008
https://doi.org/10.1080/15440478.2020.1726238
https://doi.org/10.1080/15440478.2020.1726238
https://doi.org/10.1007/S13399-023-03759-Z
https://doi.org/10.1007/S13399-023-03759-Z
https://doi.org/10.1002/pc.25678
https://doi.org/10.1002/pc.25678
https://doi.org/10.1007/S13399-022-02829-Y/FIGURES/15
https://doi.org/10.1007/S13399-022-02829-Y/FIGURES/15
https://doi.org/10.1007/S13399-022-02867-6/FIGURES/8
https://doi.org/10.1007/S13399-022-02867-6/FIGURES/8
https://doi.org/10.1007/s10570-014-0533-7

14280

Biomass Conversion and Biorefinery (2023) 13:14267-14280

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Jaiganesh V, Manikandan G, Gurusamy P, Kaliappan S (2022)
Tensile fatigue, fracture toughness, and thermo-mechanical
behavior of silane-modified Morinda citrifolia fiber and chitosan-
reinforced epoxy composites. Biomass Convers Biorefin 1:1-8.
https://doi.org/10.1007/S13399-022-03679-4/FIGURES/8
Hariharan GRYV, Sanjay SIMR, Siengchin S, Maran JP (2021)
Influence of sodium hydroxide (NaOH) treatment on mechani-
cal properties and morphological behaviour of Phoenix sp. fiber/
epoxy composites. J] Polym Environ 29:765-774. https://doi.org/
10.1007/s10924-020-01921-6

Jenish I, Veeramalai Chinnasamy SG, Basavarajappa S et al
(2020) Tribo-mechanical characterization of carbonized coconut
shell micro particle reinforced with Cissus quadrangularis stem
fiber/epoxy novel composite for structural application. J Nat Fib-
ers 19:1-17. https://doi.org/10.1080/15440478.2020.1838988
Chevali VS, Nerenz BA, Ulven CA, Kandare E (2015) Mechani-
cal properties of hybrid lignocellulosic fiber-filled acrylonitrile
butadiene styrene ( ABS ) biocomposites. Polym-Plast Technol
Eng 54:375-382. https://doi.org/10.1080/03602559.2014.961078
Jebadurai SG, Raj RE, Sreenivasan VS, Binoj JS (2019) Compre-
hensive characterization of natural cellulosic fiber from Coccinia
grandis stem. Carbohydr Polym 207:675—-683. https://doi.org/10.
1016/j.carbpol.2018.12.027

Tomczak F, Satyanarayana KG, Sydenstricker THD (2007) Stud-
ies on lignocellulosic fibers of Brazil: Part III - Morphology and
properties of Brazilian curaud fibers. Compos Part A: Appl Sci
Manuf 38:2227-2236. https://doi.org/10.1016/j.compositesa.
2007.06.005

Saravanakumar SS, Kumaravel A, Nagarajan T et al (2013)
Characterization of a novel natural cellulosic fiber from Pros-
opis juliflora bark. Carbohydr Polym 92:1928-1933. https://doi.
org/10.1016/j.carbpol.2012.11.064

Reddy KH, Reddy RM, Ramesh M et al (2019) Impact of alkali
treatment on characterization of Tapsi (Sterculia Urens) natural
bark fiber reinforced polymer composites. J Nat Fibers 0:1-12.
https://doi.org/10.1080/15440478.2019.1623747

Alotaibi MD, Alshammari BA, Saba N et al (2019) Characteriza-
tion of natural fiber obtained from different parts of date palm tree
(Phoenix dactylifera L.). Int J Biol Macromol 135:69-76. https://
doi.org/10.1016/j.ijbiomac.2019.05.102

Ramanaiah K, Prasad AVR, Chandra KH (2012) Effect of fiber
loading on mechanical properties of borassus seed shoot fiber
reinforced polyester composites. JMaterEnvironSci 3:374-378
Moshi AAM, Ravindran D, Bharathi SRS et al (2020) Charac-
terization of a new cellulosic natural fiber extracted from the root
of Ficus religiosa tree. Int J Biol Macromol 142:212-221. https://
doi.org/10.1016/j.ijbiomac.2019.09.094

Sarikanat M, Seki Y, Sever K, Durmugkahya C (2013) Determina-
tion of properties of Althaea officinalis L. (marshmallow) fibres as
a potential plant fibre in polymeric composite materials. Compos
Part B 57:180-186. https://doi.org/10.1016/j.compositesb.2013.
09.041

Fiore V, Scalici T, Valenza A (2014) Characterization of a new
natural fiber from Arundo Donax L. as potential reinforcement of
polymer composites. Carbohydr Polym 106:77—-83. https://doi.org/
10.1016/j.carbpol.2014.02.016

Ganapathy T, Sathiskumar R, Senthamaraikannan P et al (2019)
Characterization of raw and alkali treated new natural cellulosic
fibres extracted from the aerial roots of banyan tree. Int J Biol
Macromol 138:573-581. https://doi.org/10.1016/j.ijbiomac.2019.
07.136

@ Springer

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Manimaran P, Saravanan SP, Sanjay MR et al (2019) Characteriza-
tion of new cellulosic fiber: Dracaena reflexa as a reinforcement
for polymer composite structures. J] Mater Res Technol 8:1952—
1963. https://doi.org/10.1016/j.jmrt.2018.12.015

Karthik T, Murugan R (2013) Characterization and analysis of
ligno-cellulosic seed fiber from Pergularia Daemia plant for textile
applications. Fibers Polym 14:465-472. https://doi.org/10.1007/
$12221-013-0465-0

Senthamaraikannan P, Kathiresan M (2018) Characterization of
raw and alkali treated new natural cellulosic fiber from Coccinia
grandis.L. Carbohydr Polym 186:332-343. https://doi.org/10.
1016/j.carbpol.2018.01.072

Sakji N, Jabli M, Khoffi F et al (2016) Physico-chemical charac-
teristics of a seed fiber arised from Pergularia Tomentosa L. Fibers
Polym 17:2095-2104. https://doi.org/10.1007/s12221-016-6461-4
Shanmugasundaram N, Rajendran I, Ramkumar T (2018) Charac-
terization of untreated and alkali treated new cellulosic fiber from
an Areca palm leaf stalk as potential reinforcement in polymer
composites. Carbohydr Polym 195:566-575. https://doi.org/10.
1016/j.carbpol.2018.04.127

Vijay R, Lenin Singaravelu D, Vinod A et al (2019) Characteriza-
tion of raw and alkali treated new natural cellulosic fibers from
Tridax procumbens. Int J Biol Macromol 125:99-108. https://doi.
org/10.1016/j.ijbiomac.2018.12.056

Prabhakar MN, Shah AUR, Rao KC, Song JI (2015) Mechanical
and thermal properties of epoxy composites reinforced with waste
peanut shell powder as a bio-filler. Fibers Polym 16:1119-1124.
https://doi.org/10.1007/s12221-015-1119-1

Summerscales J (2021) A review of bast fibres and their com-
posites: Part 4 ~ organisms and enzyme processes. Compos Part
A: Appl Sci Manuf 140:106149. https://doi.org/10.1016/j.compo
sitesa.2020.106149

Gandhi VCS, Jenish I, Indran S, Rajan DY (2022) Mechanical and
thermal analysis of cissus quadrangularis stem fiber/epoxy com-
posite with micro-red mud filler composite for structural applica-
tion. Trans Indian Inst Met 75:737-747. https://doi.org/10.1007/
$12666-021-02478-1

Omah AD, Omah EC, Offor PO et al (2018) Feasibility study on
the use of carbonized cassava cortex as reinforcement in polymer-
matrix composites. Cogent Eng 5:1-20. https://doi.org/10.1080/
23311916.2018.1545557

Nijandhan K, Muralikannan R, Venkatachalam S (2018) Ricinus
communis fi ber as potential reinforcement for lightweight poly-
mer composites. Mater Res Express 5:1-10

Bledzki AK, Gassan J (1999) Composites reinforced with cel-
lulose based fibres. Prog Polym Sci 24:221-274

Ramesh G, Uvaraja VC, Jayaraja BG, Patil PP (2022) Develop-
ment of epoxy-based fiber metal laminate using nanosilica and
Abelmoschus esculentus fiber for steam turbine applications.
Biomass Convers Biorefin 1:1-8. https://doi.org/10.1007/S13399-
022-03529-3/FIGURES/6

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1007/S13399-022-03679-4/FIGURES/8
https://doi.org/10.1007/s10924-020-01921-6
https://doi.org/10.1007/s10924-020-01921-6
https://doi.org/10.1080/15440478.2020.1838988
https://doi.org/10.1080/03602559.2014.961078
https://doi.org/10.1016/j.carbpol.2018.12.027
https://doi.org/10.1016/j.carbpol.2018.12.027
https://doi.org/10.1016/j.compositesa.2007.06.005
https://doi.org/10.1016/j.compositesa.2007.06.005
https://doi.org/10.1016/j.carbpol.2012.11.064
https://doi.org/10.1016/j.carbpol.2012.11.064
https://doi.org/10.1080/15440478.2019.1623747
https://doi.org/10.1016/j.ijbiomac.2019.05.102
https://doi.org/10.1016/j.ijbiomac.2019.05.102
https://doi.org/10.1016/j.ijbiomac.2019.09.094
https://doi.org/10.1016/j.ijbiomac.2019.09.094
https://doi.org/10.1016/j.compositesb.2013.09.041
https://doi.org/10.1016/j.compositesb.2013.09.041
https://doi.org/10.1016/j.carbpol.2014.02.016
https://doi.org/10.1016/j.carbpol.2014.02.016
https://doi.org/10.1016/j.ijbiomac.2019.07.136
https://doi.org/10.1016/j.ijbiomac.2019.07.136
https://doi.org/10.1016/j.jmrt.2018.12.015
https://doi.org/10.1007/s12221-013-0465-0
https://doi.org/10.1007/s12221-013-0465-0
https://doi.org/10.1016/j.carbpol.2018.01.072
https://doi.org/10.1016/j.carbpol.2018.01.072
https://doi.org/10.1007/s12221-016-6461-4
https://doi.org/10.1016/j.carbpol.2018.04.127
https://doi.org/10.1016/j.carbpol.2018.04.127
https://doi.org/10.1016/j.ijbiomac.2018.12.056
https://doi.org/10.1016/j.ijbiomac.2018.12.056
https://doi.org/10.1007/s12221-015-1119-1
https://doi.org/10.1016/j.compositesa.2020.106149
https://doi.org/10.1016/j.compositesa.2020.106149
https://doi.org/10.1007/s12666-021-02478-1
https://doi.org/10.1007/s12666-021-02478-1
https://doi.org/10.1080/23311916.2018.1545557
https://doi.org/10.1080/23311916.2018.1545557
https://doi.org/10.1007/S13399-022-03529-3/FIGURES/6
https://doi.org/10.1007/S13399-022-03529-3/FIGURES/6

	Characterization of novel cellulosic plant fiber reinforced polymeric composite from Ficus benjamina L. stem for lightweight applications
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Chemical testing
	2.2 Mechanical testing
	2.3 Fractography analysis
	2.4 Thermal behavior
	2.5 Water uptake behavior analysis

	3 Results and discussion
	3.1 Chemical and physical analysis
	3.2 Analysis of FBSF reinforced composite properties
	3.3 Tensile behavior
	3.4 Flexural behavior
	3.5 Hardness
	3.6 Impact behavior
	3.7 Thermogravimetric analysis
	3.8 Water absorption analysis
	3.9 Fractography of 50 wt.% FBSF reinforced composite
	3.10 Composite EDS spectroscopy analysis

	4 Conclusion
	Acknowledgements 
	References


