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Abstract
Banana �ber is a natural byproduct of the pseudostem processing of the "banana plant"
(Musasepientum). Agave sisalana is a rosette-forming succulent plant used for its �bers, despite
di�culties like hydrophilicity and performance swings, sisal �bers were cheap in compactness, generally
accessible, and environmentally benign. In this investigation, the effects of different plasma powers (80W
and 120W) for 30 minutes on mechanical and surface characteristics of unidirectional banana and sisal
�bers surface treated with cold glow discharge oxygen plasma were investigated. The banana-sisal �ber
reinforced epoxy composite (BSFREC) had nearly 90.44 percent higher interlaminar shear strength,
132.27 percent greater �exural strength, 50.0 percent higher larger elongation break, and 115.155 percent
higher tensile strength as evaluated towards an untreated banana-sisal �ber-reinforced epoxy laminate.
The morphological characteristics of cold glow discharge oxygen plasma-treated banana and sisal �bers
were compared to pretreatment banana and sisal �bers using FT-IR spectroscopy and (XRD), revealing an
improvement in �ber surface structure. Physical treatment of �bers boosts their adherence to the matrix.
Banana and Sisal �bers may be employed in industrial applications after being surface-treated, making
them an e�cient and promising material that contributes to the world's goal of supporting natural
resources that are sustainable and recyclable.

1. Introduction
Environmental issues such as soil and water contamination, garbage disposal, and environmental
e�ciency gains are driving the creation of greener materials [1]. Innovators focusing on �ber-reinforced
polymeric composites are appealing to bio-renewable bio-based �bers to create and being used in this
context[2] Researchers are looking into cellulosic �bers as a continuous or intermittent substitute for
petro synthetic �bers, that were neither recyclable nor biodegradable, as a consequence of rising concern
and awareness about the environment [3]. The emerging need for greener environments had prompted
the development of environmentally friendly materials and the e�cient use of natural resources. As a
result, there is a burgeoning need for high-performance manufactured items made from natural
renewable resources. Laminates are �exible, high-performance materials with mechanical and thermal
capabilities hard to attain in a single material. Fiber-reinforced laminate is a ground-breaking material
with a plethora of applications. Biopolymer �ber composites were stated to be used in several industries,
including building, furniture, and maritime applications [4–6]. The development of innovative �ber-based
materials has already demonstrated their enormous potential for increasing human life quality in recent
decades. These �brous materials contain both natural and man-made ingredients. Natural �bers provide
numerous advantages over carbon-reinforced �bers. They are environmentally sustainable, abundant,
inexhaustible, durable, resource, biocompatible, small and simple, toxicological, and easily intervened, all
while consuming low energy [7–9]. Lignocellulosic �bers are among the most researched because they
offer tremendous strength at modest weight loads that are inevitably the foremost common in the
environment. The hydrophilic characteristic of natural �bers, on the other hand, is a major hindrance to
their use as reinforced composites. Low moisture friction in natural �bers induces incompatibilities and
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poor permeability with hydrophobic polymers, causing contact interactions at the �ber/matrix interfaces
to be disrupted [9–10]. Many surface engineering approaches, such as chemicals and plasma processes,
have been examined for natural �bers to enhance the �ber-matrix outcomes for polymer laminates. The
most extensively employed chemical modi�cations with plant �bers utilized to strengthen thermoplastics
as well as thermosetting polymers are alkaline treatment [11–12], silane treatment [12–13], and
acetylation treatment [11, 14]. While chemically treated �ber surfaces have increased interfacial adhesion
to some extent, environmental concerns such as chemical recycling after treatment, as well as the high
cost of chemical treatment, remain unsolved. Different treatments would be used to remove lignin,
hemicellulose, lubricants, hydrocarbons, and other low molecular weight substances [15]. Owing to
increasing concerns about environmental pollution, different chemical treatments have not been widely
employed in the industry in recent years [16]. Alternative technologies have included the low-temperature
plasma approach. This method has also been employed to improve the texture of �bers in a modest but
effective way [17]. Besides introducing positively charged or energized clusters or even a new polymer
surface capable of forming a stable complex among the �ber along with the matrix, as well as exfoliation
surface of the �bers to boost structural interlocks of both the �ber and the matrix, plasma treatment
signi�cantly increased �ber-matrix adhesion. Plasma treatment allows impurities and weakly attached
�lms to be removed, wettability to be improved by integrating polar present on the surface, and
absorption bands to be formed, allowing for bond formation [18,19]. Plasma treatment frequently
involves the use of chemically inert, reactive, and non-polymerizable gases, as well as reactive and
polymerizable gases [20]. Plasma treatment had been utilized to strengthen the surface of sisal �bers to
boost cohesiveness between the reinforcing material, sisal �bers, and PP, a �ber composite matrix. Fiber
extraction from plasma-treated �bers necessitates a signi�cantly higher level of stress than �ber
extraction from untreated �bers. Several adjustments were performed for the same specimen size based
on the single �ber tensile test results[21].To investigate changes in water removal induced by an oxygen
plasma alteration, woven-type basalt �bers with a cold oxygen plasma atmosphere were used [22]. The
elastic modulus of Ramie �ber increased during plasma treatment, culminating in a stiffer �ber[23].
Argon plasma was created using a revolutionary technique known as "pad dry plasma cure."According to
the investigation, treating the "bridging agent as well as cellulose molecules with Argon plasma might
assist improve its bridging action."Argon plasma treatment improved tensile characteristics and
elongation % considerably[24]. Kamlangkla et al. treated cotton fabrics with sulphur hexa�uoride (SF6),
an easily available and inexpensive �uoro-containing gas. Plasma treatment considerably enhanced the
water-resistance and wettability of nonpolar polymers in cotton fabrics, allowing for easier cohesive
bonding. [25]. For plasma treatment of cotton and wool, the "polymerizable plasma gas
hexa�uoroethane" and the "non-polymerizable reactive plasma gas oxygen" were used. The structure and
chemical composition of the �ber surface in cotton and wool textiles were both enhanced as a
consequence of the research [26]. The effects of chitosan treatment and low-pressure pseudo-discharge
oxygen plasma on wool coloring characteristics were investigated by Gawish et al.When compared to
untreated wool materials, oxygenated plasma-enhanced wettability, hydrophilicity, and dyeability[27].
Ebru Bozaci et al. employed atmospheric glow discharge plasma to treat jute. Following the alkali
treatment, the jute �bers were treated with plasma, which resulted in several morphological features.
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Surface quality and wickability improved as plasma power and process parameters were enhanced [28].
The application of cold glow discharge oxygen treatment on banana as well as sisal �bers was
investigated in this study. Throughout this investigation, unidirectional banana and sisal �bers were
surfaces treated with cold glow discharge plasma oxygen, as well as the in�uence on mechanical
characteristics was consistently evaluated. To enhance the combination of banana and sisal �ber with
epoxy resin, oxygen plasma treatments were utilized to change the surface of the banana along with sisal
�bers at different plasma energies of 80 W and 120 W for 30 minutes. The mechanical performance of
pre-treated and cold glow discharge oxygen plasma modi�ed banana, as well as sisal �bers, was
evaluated, and ILSS was utilized to assess interfacial bonding of composites (interlaminar shear
strength. The ultimate tensile strength, % elongation, force-displacement, single �ber tensile test, �ber
diameter, and �exure tests were also evaluated. X-ray Diffraction had been acquainted to explore the
macromolecular morphology of untreated and treated banana and sisal �bers, as well as the change in
crystallinity during cold glow discharge oxygen plasma treatment (XRD). Fourier transforms infrared
spectroscopy (FT-IR) had been employed to examine "surface microstructural and �ber surface
chemistry."

2. Materials And Methodology

2.1 Fiber and Matrix Materials
During this investigation, banana and sisal �bers have been employed as reinforcement, employing
epoxy Lapox Metalam- B as the matrix. The banana, as well as sisal �ber, were furnished with Go Green
product Alwarthirunagar Chennai. Lapox Metalam - B epoxy was utilized as the matrix, with Lapox
Metalam - B also serving as the hardener and resin binder.Atul Industries Gujrat in India provided Lapox
Metalam B (Viscosity at 25°C: 800–1,200 MPa, Density 1.00–1.20 g/cm3) and Lapox Metalam B
Hardener (Viscosity at 25°C: 300–600 MPa, Density 0.95–1.00 g/cm3).

2.2 Cold Glow Discharge Oxygen Plasma Treatment of
Banana and Sisal Fibre
Shri Vaishnav Vidyapeeth Vishwavidyalaya, Indore's Centre of Excellence for Plasma Research, has
developed, built, and deployed a system for creating Glow Discharge plasma employing RF and DC
electricity. In the plasma system, a cylindrical stainless steel vacuum chamber (stainless steel material
(SS304)) is employed. A typical plasma treatment system is depicted in Fig. 1, which includes a "vacuum
chamber" with a capacity of 30 liters, a height of 300 mm, and a diameter of 360 mm, as well as a
cathode-electrode unit (02 round electrodes, one of which has a movable displacement, referred to as the
"anode," and a �xed electrode, referred to as the "cathode"). A high voltage DC-power supply (2 KV, 1 amp)
for the DC electric discharge of gas and an RF power supply (SEREN RF Generator) with 13.56MHz, 600
Watt, and an automated matching network for RF electric discharge of gas. Gas is used to create
incandescent discharge plasma. To empty the container, the gadget combines a rotary pump (CG
COMMERCIAL MOTORS) and a turbo molecular pump (Pfeiffer Vacuum, Germany)."To support the
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TurboMolecular Pump, a rotating pump (RP) was incorporated, with a pumping speed of 60 L/s."The
reactor provides an ultimate vacuum of 1x10− 6 mbar when all outputs are bleeped. A rotating pump is
used to pump gas supplying connections across locations. Independent gas valves separate all cross-
functional and cross lines to the gas cylinders, �ow controllers, and vacuum chamber. A digital Pirani
gauge is routinely used to monitor vacuum from the ambient pressure, and an Ion gauge (PFEIFFER
VACUUM) is used to measure vacuum within the chamber from 10− 3 mbar to 10− 9 mbar. A mass �ow
controller (EVN 116 metering valve, Dosing Valve) is a device that accurately regulates the gas �ow.

As shown in Fig. 2, banana and sisal �bers were modi�ed employing Cold Glow Discharge Oxygen
Plasma treatment using RF-plasma systems at 80W (30 min) and 120W (30 min).To begin, compressed
air was used to clean the inside of the chamber glass tube and the sample container. For both the
"positive and ground electrodes," the substrates (40 grams of �bers) are being weighed accurately in the
vacuum chamber. The oxygen gas was then fed into the chamber through a "Dosing valve" at a �ow rate
of 100 mbar lit/s until the vacuum reached almost "1x10− 1 millibars" and then RF power was provided to
the electrodes after an automated matching network, resulting in an oxygen plasma with zero watt
re�ection. Before obtaining optimal, we experiment with all of the factors, such as power, time, and �ow
rate. We acquired satisfactory results utilizing banana and sisal �bers after "30 minutes at 80 Watt and
30 minutes at 120 Watt."After the treatment had �nished removing any undesirable reactive compounds,
the gas �ow was continued for another 10 minutes. The treated �bers were maintained in a vacuum-
sealed envelope after being taken from the holder for various investigations.

2.3. Composite preparation
Banana and sisal �bers are being trimmed to a 170-mm length. A hand lay-up approach was employed
for reinforced hybrid composites. The matrix material was Lapox Metalam B (Viscosity at 25°C: 800–
1,200 MPa, Density 1.00–1.20 g/cm3), with the resin binder being Lapox Metalam B Hardener (Viscosity
at 25°C: 300–600 Mpa, density 0.95–1.00 g/cm3).To create the composite, epoxy resin was mixed with a
2:1 ratio of hardener. The matrix was created using this solution. A metal frame was being used to cover
the mold, as well as the plastic sheet, which was coated with silicone spray, allowing for quick removal
and a high surface �nish in the laminates. By brushing and pressing with the roller, the resin was equally
dispersed throughout the entire area of each surface, and any air gaps were �lled. Hybrid laminates with
a volume fraction of 50% banana �ber and 50% sisal �ber were produced at different �ber loadings (10–
40% volume fraction) while maintaining the volume fraction of banana and sisal at 1: 1. EBESEBESEBES
had been used to stack the epoxy and �ber layers (E-Epoxy, B-Banana, and S-Sisal). The �ber orientation
was kept at 0 °. The laminates have been extracted from the mold and were cured at ambient
temperature. Under a 60 kg load, the castings of each composite were cured for 24 hours. The
dimensions of the composites were cut with a diamond cutter in compliance with ASTM standards. The
composites were �rm and dry enough to cut after the curing step.

2.4 Mechanical Characterisation of composite
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The tensile specimen is made with an "ASTM D3039-00 computerized universal testing machine (UTM
TUE-C-200/200 kN)" with a cross-head speed of 5 mm/min and dimensions for 165 mm x 19 mm x 3 mm
and a notch circle radius of 76 mm. The �exural evaluation was performed in accordance with ASTM-
D790 utilizing a Digital Tensile Testing Machine (KMI-1.3 D)/2.5 kN with a sample size of 125 mm x 12.7
mm x 3 mm and a cross-head speed of 5 mm/min. To assess ILSS results according to ASTM D-2344, a
Digital Tensile Testing Machine (KMI-1.3 D)/2.5 kN with a cross-head speed of 5 mm/min as well as a
nominal 5:1 span-to-depth ratio was employed. Each specimen measured 6.4 mm in breadth and 26.3
mm in length. Three samples were taken for each measured reading, and the average �ndings of the
analyses were recorded.

2.5 Morphological Analysis of Fibers

2.5.1 Single �ber pull out test of Banana and Sisal �ber
The tensile test sample preparation and testing procedures were performed in compliance with the
ASTMC1557-03 standards [29]. During the tensile test, the �bers were clamped inside the testing
machine's jaws, which was performed on a "Digital Tensile Testing Machine (KMI-1.3D/2.5kN) template"
[30]. The cross-sectional area of cold glow discharge plasma oxygen treated and untreated banana and
sisal �ber was assessed using a Polarising projection microscope (Innolab RPL-4,17204 with 10 X
Magni�cation), which would have been required for measuring sample mean diameter. At least ten
measurements were taken. More than 30 �bers were examined for each cold glow to ensure that more
than 10 exact readings were collected.

2.5.2 Surface characterization of untreated and cold glow discharge oxygen treated banana and sisal
�ber by using FTIR

The impact of various physical treatments on the surface properties of �ber as support for interfacial
bonding was investigated using FTIR analysis. To examine the materials, an attenuated total re�ectance
device in a twin beam "FTIR spectrophotometer (SHIMADZU FTIR-8900 spectrophotometer) with a
resolution of 2 cm− 1 in the wavenumber range of 4000 − 400 cm" was utilized. On average, 25 scans were
acquired.

2.5.3 Surface characterization of untreated and cold glow discharge oxygen treated banana and sisal
�ber by using XRD

The X-ray diffractograms for cold glow discharge plasma oxygen treated banana and sisal �ber and
pretreated banana and sisal �ber were obtained on the "image plate (Mar 345 dtb) area detector of Indus-
2 Angle-Dispersive X-ray Diffraction (ADXRD) Beamline (BL-12)" utilizing calibrated photon energies
(17.42111 keV).

3. Results And Discussion
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3.1 Ultimate Tensile Strength and % Elongation
Characterisation
Figures 3 and 4 reveal that an untreated banana sisal �ber-reinforced epoxy laminate's maximum tensile
strength and % Elongation break have been 56.35 MPa and 4.6 mm, respectively. A pretreatment banana-
sisal �ber-reinforced epoxy laminate with a volume percent of �ber of 40% produced the best mechanical
properties, including tensile strength 56.35 MPa and 4.6 mm, and percent Elongation break attributes.
"Improved matrix-�ber cohesion improves the mechanical characteristics of the natural �ber-reinforced
laminate signi�cantly." [31,32]. Figures 3 and 4 exhibits the cold glow discharge plasma-treated banana-
sisal �ber-reinforced epoxy laminate's maximum tensile strength and % Elongation break. Cold glow
discharge plasma oxygen is being used to treat the surface of banana and sisal �bers at power levels of
80 W (30 min) as well as 120 W (30 min), and the treated �bers have been used to create composites.
Percentage of tensile strength after cold glow discharge plasma oxygen treatment of banana and sisal
�ber with plasma powers of 80 W (30 min) and 120 W (30 min), the elongation break of banana- sisal
�ber-reinforced epoxy laminate rose to 121.24 Mpa,6.9 mm and 113.47 Mpa,6.8 mm, respectively.This
corresponds to gains of around 115.155%, 50.0%, and 101.366%, 47.82%, respectively. Up to 10% volume
of �ber, tensile strength, and % Elongation Break grew consistently, with the trend continuing at 40%
volume of �ber. Mechanical attributes are strengthened to some extent when the volume percent is
enhanced. The topography of the surface becomes rough as hemicellulose, lignin, waxes, and pectin are
removed. The �ber bundles were also separated into smaller �bers, the �ber diameter was reduced, and
the aspect ratio was enhanced. The O-H and C-OOH groups on the �ber surface are exposed when waxy
substances dissolve, resulting in increased polarity and decreased acidity of the �ber's surface
topography. Surface functional groups are linked by interactions between energized plasma species and
the substrate surface, whereas surface bridges are typically created by reactions between excited surface
species.[33,34].

3.2 Flexural Test
Figure 5 depicts the �exural strength of pretreated and cold glow discharge plasma oxygen treated
banana-sisal reinforced epoxy composites with various �ber percentages. The highest �exural strength
(32.25 MPa) was reached with a 40% volume of untreated banana-sisal reinforced epoxy composite,
while the lowest was achieved with a 10% volume of untreated banana-sisal reinforced epoxy composite
(16.63 MPa). Flexural strength normally increases as �ber loading increases. The enhanced cohesiveness
between matrix and �ber enhanced the mechanical properties of the natural �ber-reinforced laminate
substantially.[35] At different power levels of 80 W (30 min) and 120 W (30 min), 40 percent volume of
banana-sisal �ber loading, the �exural strength for the �ber-reinforced cold glow oxygen laminate
increased by nearly 132.27% and 124.34%, respectively, when compared to the untreated banana-sisal
reinforced epoxy laminate. Plasma treatments may have a signi�cant in�uence by eliminating organic
contaminants from the surface, removing the poor boundary layer and extending contact area, reinforcing
the surface layer, and modifying the chemical structure.[36,37]
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3.3 Interlaminar Shear Strength (ILSS)
The interlaminar shear strength of banana-sisal reinforced epoxy composites treated with cold glow
discharge plasma oxygen is shown in Fig. 4. According to the ILSS investigations, the ILSS of cold glow
discharge plasma oxygen treated banana-sisal reinforced epoxy laminates enhances to 80 W (30 min) at
40% vol. �ber.When compared to untreated banana-sisal reinforced epoxy composites, the ILSS values
for cold plasma oxygen treated banana-sisal reinforced epoxy composites with plasma powers of 80 W
and 120 W rise by 90.44% and 73.98%, respectively. Plasma treatments chip away at cellulose and
hemicellulose more readily as they become more susceptible to plasma, enhancing cohesive adhesion
[38].

3.4 Force- Displacement Curve
As shown in Fig. 7(a-c), tensile tests have been used to plot force vs. displacement graphs for untreated
banana-sisal reinforced epoxy composites and cold glow discharge plasma oxygen treated banana-sisal
reinforced epoxy composites with 20%, 30%, and 40% vol. of �ber, demonstrating that maximum force
carrying capacity increases as �ber content in epoxy matrix increases. The in�uence of plasma power on
banana-sisal �ber force-displacement graphs was examined using composite force-displacement data.
When banana-sisal �ber is treated with cold glow discharge plasma oxygen at 80 W for 30 minutes, the
load increases gradually until it approaches the material's maximum load-carrying capability at 40% �ber
volume, at which point it gradually drops. Figure 7(a) shows how to follow the linear path of force-
displacement graphs up to a load of 6911.8 N. The ultimate point on the force-displacement curve
(ultimate load 14870.87 N) shows the total full rupture of the polymer composite throughout the
composite when the banana-sisal �ber is treated with cold glow discharge plasma oxygen at 80 W. (30
min). When the banana and sisal �ber is exposed to cold glow discharge plasma oxygen for 30 minutes
at 80W and 120W, the force-displacement graph is followed linearly up to loads of 14870.87N and
13917.0 N, respectively. Employing plasma powers of 80 W and 120 W, cold glow discharge plasma
oxygen treated banana-sisal reinforced epoxy composites exhibited rising force (N) values of 115.15%
and 101.36%, respectively. The load is spread equally over the �ber and matrix in the linear curve. The
�bers of the material begin to emerge as the bends decrease. The cohesive bonding among the �ber as
well as the matrix has been identi�ed as the most critical variable in predicting the tensile strength of
banana-sisal and epoxy composites.

3.5 Single Fibre Pull Out Test
Table 1 illustrates the average �ber diameter, breaking load, ultimate tensile strength, and % elongation
characteristics of untreated and cold glow discharge oxygen treated banana and sisal single �bers. To
ascertain whether the cold glow discharge oxygen plasma modi�cation of banana and sisal �ber affects
the strength of the treated �bers. After cold glow discharge plasma oxygen treatment of banana �ber with
plasma intensities of 80W(30 min) and 120 W(30 min), the breaking load, tensile strength, and percent
elongation break are 3.52N,53.31 Mpa,11.6 mm, and 3.18N,31.25 Mpa,9.1 mm, respectively. After cold
glow discharge plasma oxygen treatment with plasma intensities of 80 W (30 min) and 120 W (30 min),
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the breaking load, tensile strength, and % elongation break of sisal �ber are 4.14 N,72.344 Mpa,12.1 mm,
and 3.76 N,46.775 Mpa,11.2 mm, respectively. The accessibility of the �ber has enhanced as a result of
the formation of cracks and grooves during the plasma treatment [39]. Plasma treatment improves textile
structures by altering yarn and textile physical characteristics and creating micro pits on �ber surfaces
[40-42].

Table 1
In�uence of cold glow discharge plasma oxygen modi�cation on �ber diameter, breaking load, tensile

strength and % elongation of pretreated as well as cold glow discharge plasma oxygen treated banana
and sisal �bers

Samples Fiber
diameter
(µm)

Breaking
Load(N)

Tensile
Stregth in
(MPa)

%
Elongation
(mm)

(50mm
Gauge
length)

Untreated Banana �ber 420 2.54 18.34 8

Cold glow discharge plasma oxygen
treated banana �ber 80 W (30 min)

290 3.52 53.31 11.6

Cold glow discharge plasma oxygen
treated banana �ber 120 W (30 min)

360 3.18 31.25 9.3

Untreated Sisal �ber 450 3.14 19.753 9

Cold glow discharge plasma oxygen
treated Sisal �ber 80 W(30 min)

270 4.14 72.344 12.1

Cold glow discharge plasma oxygen
treated Sisal �ber 120 W (30 min)

320 3.76 46.775 11.2

3.6 Fourier Transform Infrared (FTIR) spectroscopy
Chemical characteristics, as revealed via Fourier Transform Infrared (FTIR) spectroscopy, establish the
ability for most materials to execute a speci�c function, allowing for the examination of surface
composition and/or interactions at composite material interfaces.[43,44].The FTIR spectrum of pretreated
banana �ber is depicted in Fig. 8(a). This graphic illustrates the peak positions of peaks in the spectra
from 4500 to 400 cm− 1. The valence vibrations of hydrogen-containing C–H along with O–H functional
groups linked in carbohydrate and alcohol compounds found in untreated banana �bers, i.e. cellulose,
hemicelluloses, and lignin, are related to the broad intensive peaks along with the zone of 4000–3500
cm− 1 as well as 2900–2350 cm− 1, as well as the medium at 3350–2900 cm− 1 [45–47]. Strong bands
extending from 2350 to 1750 cm− 1, 1750 to 1650 cm− 1, and 1650 to 1450 cm− 1 are linked with
stretching vibrations in aromatic hydrocarbons' C = O and C = C groups, as well as ketone and aldehyde
molecules. Although cellulose is liable for aldehyde compound vibrations [43], these peaks have been
attributed to ketone components found in hemicelluloses and aromatics found in lignin, which have
higher re�ectance intensities in these wave number areas than cellulose-related compounds [45,46].
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Untreated banana �ber has a greater intensity peak with regions of 2300–1650 cm− 1 as well as 1750–
1650 cm− 1, which can be attributed to the presence of more hemicelluloses, lignin components, and other
components. The sequence of peaks registered with the �ngerprint region between 1450 and 400 cm− 1 is
caused by the C–C and C–O identi�ed in phenol, alcohol, and aromatic compounds, with lignin having
the highest intensities between 1400 and 1200 cm− 1 and cellulose and hemicellulose having the highest
intensities among 1200 and 900 cm− 1[45,46]. Figure 8(d) illustrates the FTIR spectrum of pretreated sisal
�ber. The various peaks with absorbance bands ranging from 4500 to 400 cm− 1 were displayed within
this image. Its broad, intense peaks in the 4000–3500 cm− 1 and 2900–2350 cm− 1 regions, as well as the
medium at 3350–2900 cm− 1, were linked to "valence vibrations for hydrogen-containing C–H and O–H
functional groups" found in carbohydrate and alcohol compounds found in untreated sisal �bers,
particularly cellulose, hemicelluloses, and lignin.[48,49].Strong bands extending from 2350 to 1750 cm− 1,
1750 to 1650 cm− 1, as well as 1650 to 1450 cm− 1 have been ascribed to stretching vibrations inside the
C = O and C = C groups of aromatic hydrocarbons, as well as ketone and aldehyde molecules. Although
aldehyde compound vibrations are induced via cellulose [50], all such peaks have been correlated to
ketone and aromatic compounds found in hemicelluloses and lignin, which have higher re�ectance
intensities in these wave number zones than cellulose-related compounds [50,51]. The presence of more
hemicelluloses, lignin components, and other components in untreated sisal �ber seems to have a higher
intensity peak in sections of 2300–1650 cm− 1 as well as 1750–1650 cm− 1. Identical peaks have been
linked to ketone and aromatic compounds found in hemicelluloses and lignin, which have higher
re�ectance intensities in these waves number domains than cellulose-related compounds [50,51], despite
the fact that cellulose has aldehyde compound vibrations. Due to the inclusion of extra hemicelluloses,
lignin components, and other components, pretreated sisal �ber seems to have a higher intensity peak
including regions of 2300–1650 cm− 1 and 1750–1650 cm− 1. The C–C and C–O in phenol, alcohol, and
aromatic compounds produce a sequence of maxima in the �ngerprint zone between 1450 and 400 cm− 

1, with lignin having the highest intensities in the range 1400–1200 cm− 1 and cellulose and hemicellulose
having the highest intensities in the range 1200–900 cm− 1[48–51].The FTIR spectra of banana �ber were
altered after plasma treatment, as shown in Fig. 8(b),8 (c). Cold plasma oxygen treatment of banana
�bers at 80 watts for 30 minutes and 120 watts for 30 minutes produced similar results.The decrease in
intensities in the ranges of 2300–2200 cm− 1 and 1900–1800 cm− 1 as the values of plasma treatment
parameters increase is primarily due to the reduction of aromatic and ketone compounds associated with
bulk cellulose absorption from �bers[47], as well as the decrease in spectra intensity at 1550 cm− 1 [47].
The most prominent alterations were detected when banana �ber was treated with cold plasma oxygen
treated 120 W (30 min), demonstrating that the higher the treatment parameter values, the more
substantial the changes. Figure 8(e),8(f) shows the FTIR spectra of sisal �ber after plasma treatment.
Cold plasma oxygen at 80 W for 30 minutes and 120 W for 30 minutes had a signi�cant effect on sisal
�bers. The spectra at 3050 and 2840 cm− 1 exhibit the "C-H bending vibration for hydrocarbon clusters,"
which is a distinguishing feature of both lactic and glycolic acids. Between 3050 and 2840 cm− 1, there is
a considerable decrease in intensity and peak heights, "matching to CH2 and CH3 in lactic as well as
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glycolic acids."The amplitude is approximately 1675 − 1600 cm− 1 due to absorption bands of the
carbonyl (C = O) group, which is an attribute of cellulose and hemicellulose. The amplitude along with
apex height around the "carbonyl group C = O" decreased during cold glow discharge plasma oxygen
treatment, indicating that plasma treatment increased cellulose crystallinity. The absorption peaks at
1605 and 1600 cm− 1, 1515 − 1505 cm− 1, and 1515 − 1505 cm− 1 in all spectra were entirely attributable to
aromatic ring vibration. The absorption peak at 1430 − 1425 cm− 1 was responsible for CH2 deformation

in lignin in all absorption spectra. The peaks at 1330 and 1325 cm− 1 might be ampli�ed by lignin syringyl
ring breathing. The C-O, C-C asymmetric vibration is responsible for the peak of around 1230 − 1220 cm− 1

in celluloses and hemicelluloses. Apart from a maximum adherence to C-O, C-C of around 1235 cm− 1,
was most visible in cold glow discharge plasma oxygen treatment of sisal �ber owing to cellulose
oxidation. The reduction in aromatic and ketone compounds associated with bulk lignocellulosic
absorption from �bers was primarily attributed to better plasma treatment parameters [49,50]."Two
separate bands for C-C, C-O stretch as well as C-H, C-O deformations vibration at 1230 − 1220 cm− 1 and
1085 − 1030 cm− 1, which appear to be characteristic of cellulose and lignin."The lack of a discernible
peak at 1050 cm− 1 shows that cellulose has been absorbed on the treated �ber's surface"[50]. The
crystalline structure and morphology of cellulose have been related to the band at 1420–1430 cm− 1,
whereas the amorphous area has been associated with the spectrum at 898 cm− 1 [49,51]. It is possible to
identify changes in this �ngerprint region, showing that the �ber composition has improved.

This appears to be strong evidence that plasma exposure changes �ber shape. The Total Crystallinity
Index, as well as Lateral Order Index values for banana �ber cold plasma oxygen at 80 W (30 min) and
sisal �ber cold plasma oxygen at 80 W (30 min) treated with cold plasma oxygen, were the highest
(1.281,0.891),(1.05,0.956), respectively, as shown in Table (2). Untreated banana �ber and sisal �ber
exhibited the lowest Total Crystallinity Index and Lateral Order Index (1.130,0.9539) values (1.008,0.983),
implying that their cellulose is made up of more amorphous domains
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Table 2
IR crystallinity ratio of untreated banana and sisal �ber, Cold glow discharge plasma oxygen treated

banana and sisal �ber 80 W (30 Min), and cold glow discharge plasma oxygen treated banana and sisal
�ber 120 W (30 Min)

Sample IR Crystallinity Ratio

Total Crystallinity Index
[52–54]

Lateral order
Index[52]

Untreated Banana Fiber 1.130 0.9539

Cold glow discharge plasma oxygen treated banana
�ber 80 W (30 Min)

1.281 0.891

Cold glow discharge plasma oxygen treated banana
�ber 120 W (30 Min)

1.19 0.926

Untreated Sisal Fiber 1.008 0.983

Cold glow discharge plasma oxygen treated Sisal �ber
80 W (30 Min)

1.05 0.956

Cold glow discharge plasma oxygen treated Sisal �ber
120 W (30 Min)

1.031 0.966

3.7 X-ray diffractograms (XRD)
The X-ray powder diffraction patterns for untreated banana �bers and cold glow discharge plasma
oxygen-treated banana and sisal �bers at 80 W (30 min) as well as 120 W(30 min), are shown in Fig. 9(a),
(b).rescpectively. Untreated banana and sisal �ber spectra show a substantial peak at 2θ values at
18.57°, 18.87° and a very strong peak at 22.14°, 22.63°, which correspond to 101 and 002 planes [55].
After exposing banana and sisal �bers to cold glow discharge plasma oxygen at plasma intensities of 80
W (30 min), 120 W (60 min) (30 min), there was a strong peak at 18.16°,18.14°,18.710°,18.725°, and a
very strong peak at 22.69°,22.3°,22.609°,22.614°, which correspond to 101 and 002 planes, respectively.
The greatest percentage crystallinity, crystallinity index, and amorphicity index values were obtained in
banana �ber 80 W (30 min) treated with cold plasma oxygen (0.543, 54.37%, and 0.456), respectively).
Table [3] depicts that the greatest values of % crystallinity, crystallinity index, and amorphicity index were
reported in sisal �ber 80 W (30 min) treated with cold plasma oxygen (0.651,46.52% and 0.534). Since the
surface of crystallites corresponding to amorphous cellulose section shrinkage reduced as crystallite size
grew, the percent crystallinity, Crystallinity Index, and amorphicity index increased [55].
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Table 3
XRD analysis of untreated banana and sisal �ber, Cold glow discharge plasma oxygen treated Banana

and Sisal �ber 80 W (30 Min), and cold glow discharge plasma oxygen treated banana and sisal �ber 120
W (30 Min)

Fibers Crystallinity Index (%) Proposed by Segal et.al.
[56–58]

%
Crystallinity

Crystallinity
Index Cr.I.(%)

Amorphicity
Index

Untreated Banana Fiber 0.62 38.73% 0.612

Cold glow discharge plasma oxygen treated
banana �ber 80 W (30 Min)

0.543 54.37% 0.456

Cold glow discharge plasma oxygen treated
banana �ber 120 W (30 Min)

0.494 49.49% 0.505

Untreated Sisal Fiber 0.6105 36.221% 0.6377

Cold glow discharge plasma oxygen treated sisal
�ber 80 W (30 Min)

0.651 46.52% 0.534

Cold glow discharge plasma oxygen treated sisal
�ber 120 W (30 Min)

0.643 44.56% 0.554

4. Conclusion
Tensile, % elongation, ILSS, �exural, force-extension curve, single �ber tensile test, FTIR, and XRD
diffractogram characteristics of banana-sisal �ber-reinforced epoxy laminates signi�cantly improved,
denoting that cold glow discharge oxygen plasma treatment with banana, sisal �bers had been fully
accountable. After cold glow discharge plasma oxygen treatment with plasma intensities of 80 W (30
min) and 120 W, the ultimate tensile strength as well as % Elongation break for banana- sisal �ber-
reinforced epoxy laminate rose to 121.24 MPa,6.9 mm and 113.47 MPa,6.8 mm, respectively.This leads
in improvements of 121.24%, 50.0%, and 101.366%, 47.82%, respectively. The �exural strength of the
banana-sisal �ber-reinforced epoxy laminate improved to 74.91 MPa at 40% �ber volume after 30
minutes of treatment with a cold glow discharge plasma intensity of 80 W.Cold glow discharge plasma
oxygen treated banana-sisal �ber-reinforced epoxy laminates with plasma intensities of 80 W(30 min)
and 120 W(30 min) improve �exural strength properties by 132.27% and 124.34%, respectively, when
compared to untreated banana-sisal �ber-reinforced epoxy laminates. As compared to pretreated banana-
sisal �ber reinforced epoxy composites, interlaminar shear strength values for cold glow discharge
plasma oxygen modi�ed banana-sisal �ber reinforced epoxy composites employing plasma intensities of
80 W(30 min) and 120 W(30 min) increase signi�cantly by 90.44% and 73.98%, respectively. The force-
extension behavior of the banana-sisal �ber-reinforced epoxy laminate was considerably improved after
being treated with cold glow discharge plasma oxygen.
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Cold plasma oxygen treated banana-sisal �ber-reinforced epoxy laminates demonstrated increased
force(N) values of 115.15% and 101.36%, respectively, were compared to untreated banana sisal �ber-
reinforced epoxy laminates at plasma intensities of 80 W (30 min.) and 120 W (30 min.). The breaking
load, tensile strength, along with % elongation break of the banana �ber after cold glow discharge plasma
oxygen treatment with plasma intensities of 80 W (30 min) and 120 W (60 min) are 3.52N,53.31 Mpa,11.6
mm, and 3.18N,31.25 Mpa,9.3 mm respectively. After cold glow discharge plasma oxygen treatment with
plasma intensities of 80 W (30 min) and 120 W (30 min), the breaking load, tensile strength, and %
elongation break for sisal �ber is 4.14 N,72.344 Mpa,12.1 mm, and 3.76 N,46.775 Mpa,11.2 mm,
respectively, after treatment with plasma intensities of 80 W (30 min) and 120 W (30 min). The greatest
values for the “Total Crystallinity Index as well as Lateral Order Index” for banana �ber 80 W (30 min)
treated with cold plasma oxygen were 0.936 and 1.285, respectively. The greatest values for the "Total
Crystallinity Index" as well as "Lateral Order Index" for sisal �ber 80 W (30 min) treated with cold plasma
oxygen were 0.956 and 1.05, respectively. The highest percent Crystallinity, Crystallinity Index, and
Amorphicity Index values were 0.543, 54.37%, and 0.456 for banana �ber 80 W (30 min) treated with cold
plasma oxygen, Sisal �ber 80 W (30 min) treated with cold plasma oxygen had percent Crystallinity,
Crystallinity Index, and Amorphicity Index values of 0.651, 46.52 percent, and 0.534, respectively.
indicating that hemicellulose and lignin were greatly reduced after cold glow discharge plasma oxygen
treatment on banana �ber. Plasma treatment signi�cantly increased the cohesive forces between �ber
and matrix and boosted mechanical behavior.
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Figure 1

Experimental set up for Producing Glow Discharge Plasma 

Figure 2

Flowchart for Producing Cold Glow Discharge Plasma 
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Figure 3

Impact of cold glow discharge plasma oxygen modi�cation on the tensile strengths banana - sisal �ber-
reinforced epoxy laminates

Figure 4
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Impact of cold glow discharge plasma oxygen modi�cation on the % elongation  banana -sisal �ber-
reinforced epoxy laminates

Figure 5

Impact of cold glow discharge plasma oxygen treatment on the �exural strengths of untreated as well as
 cold glow discharge of  plasma-treated banana- sisal  �ber-reinforced epoxy laminates

Figure 6
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Impact of cold glow discharge plasma oxygen treatment on the ILSS strengths of pretreated as well as
cold glow discharge of plasma-treated banana  sisal  �ber -reinforced epoxy composites

Figure 7

(a).The force-displacement curve for banana-sisal  �ber-reinforced epoxy laminates

(b). Impact of cold glow discharge plasma oxygen modi�cation on the Force- displacement curve for cold
glow discharge of plasma oxygen modi�cation banana- sisal �ber-reinforced epoxy laminates.

(c). Impact of  cold glow discharge plasma oxygen modi�cation  on the force-displacement curve for
 cold glow discharge of plasma  oxygen  modi�cation  banana- sisal  �ber-reinforced epoxy laminates
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Figure 8

(a). IR spectrum of untreated banana �ber

(b). IR spectrum of cold glow discharge plasma oxygen treated banana �ber 80 W (30 min)

(c). IR spectrum of cold glow discharge plasma oxygen  treated banana �ber 120 W (30 min)

(d). FTIR spectra of  untreated sisal  �ber
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(e). FTIR spectra of cold glow discharge plasma oxygen treated sisal �ber 80 W (30 min)

(f). FTIR spectra of cold glow discharge plasma oxygen treated sisal �ber 120 W (30 min)

Figure 9
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(a) XRD diffractogram for untreated banana �ber, Cold glow discharge plasma oxygen treated banana
�ber 80 W (30 Min), and cold glow discharge plasma oxygen treated banana �ber 120 W (30 Min)

(b) XRD diffractogram of untreated sisal �ber, Cold glow discharge plasma oxygen treated sisal �ber 80
W (30 Min), and cold glow discharge plasma oxygen  treated sisal �ber 120 W (30 Min)


