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Abstract

Natural fibre reinforced polymer composites (N-FRP) have gained popularity in recent years as an
alternative to regular polymer composites, owing to growing environmental concerns. Natural fibers
are becoming increasingly popular due to their outstanding properties such as flexibility, strength,
compatibility with living creatures, and impact resistance. A notable application of natural fibers is in
the medical industry, with the goal of producing cost-effective, sustainable, and long-lasting products.
Combining different fibers in the matrix can improve a material's mechanical characteristics in a hybrid
method where one type of fibre can compensate for the deficiencies of another. Since the volume of
fibers greatly affect the mechanical characteristics of hybrid composite materials, our present study is
to investigate the effect of volume fraction of jute and sisal fibers on tensile strength of hybrid composite
followed by machining using rotary electrochemical discharge-based machining (R-ECDM) process.
The holes are fabricated at different electrolyte concentration and rotation of the tool. The hole overcut
(HOC), Circularity error (CE) and surface roughness (SR) of the machined hole is analyzed to study
the impact of input process parameter. ECDM applies the principle of thermal heating and chemical
etching to remove the material and effectively applied for non-conductive brittle materials. The article’s
originality lies in the combined characterization study of hybridized N-FRP and its machining using R-
ECDM. The tensile strength of composites improves as the volume of fibers increases due to the
influence of individual fibre strengths. The proposed machining method is analyzed for machinability
study of the N-FRP hybrid composites. The rotational effect improves the HOC, CE and surface
roughness of the machined hole due to enhanced circulation of the electrolyte. The input parameters
significantly affect the input parameters since all response parameters increases with the increase of
electrolyte concentration and at higher level of tool rotation.
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industries such as aerospace, automotive, construction and biomedical [2]. They outperform
conventional materials in terms of stiffness, strength, and weight [3]. However, the manufacturing of
these synthetic polymer matrix composites requires a large amount of energy and raises environmental
issues after their lifecycle. Synthetic polymers contribute to global environmental challenges such as
non-biodegradable trash and the depletion of petroleum resources [4].

To address these concerns and promote sustainability, there is a rising emphasis on developing
polymers based natural fibers. Plant-derived biopolymers such as starch, rubber, and poly-lactic acid
are blended with natural fibers such as hemp, ramie, sisal, bagasse, banana, jute, flax, aloe vera, and
bamboo. According to literature studies, the composition of pectin, lignin, hemicellulose, and cellulose
in these natural fibers varies depending on the plant part. This shift to N-FRP composites helps to a
more sustainable and environmentally responsible future.

Natural fibre composites derived from plants, such as bamboo, jute, cotton, coir, hemp, and bagasse,
are eco-friendly, lightweight, durable, renewable, and biodegradable. They are commonly used in
situations needing better performance to strengthen both thermosetting and thermoplastic matrices [5].
Natural fibre advancements, like as genetic engineering, provide sustainable materials, opening up
potential for global sustainability. Because of their low cost and environmental benefits, these
composites are used in building, packaging, vehicle and railway coach interiors, and storage devices.
While their low density and inexpensive cost are advantages, resolving their greater moisture absorption
requires chemical treatments [6]. The classification of the fibers is given in Figure 1. Jute, a bast fibre
derived from the plants Corchorus capsularis is grown largely for its affordability and value as a natural
fibre, ranking second only to cotton [7]. Sisal produces strong fibers with full biodegradability, high
tenacity, outstanding tensile strength, toughness, abrasion resistance, resistance to acids and alkalis,
corrosion resistance, and seawater resilience [8]. As a result, sisal is an excellent material for the
manufacture of green composites [9]. Despite this, natural fibre composites are being evaluated as
viable replacements for high-cost glass fibre in several applications. NFRP composites are finding
widespread use in a variety of engineering sectors. Many automotive businesses, including Opel,
Mercedes, Proton, Daimler Chrysler, BMW, Ford, Cambridge industry (an auto industry in the United
States), Volkswagen, and Audi Group, have placed a high value on natural fibre reinforced polymer
composites in various automotive applications. Aside from the automotive business, natural fibre
composites have found applications in sports, the building and construction industry, aerospace, and
others, including as panels, window frames, decking, and bicycle frames [10].

Several studies [11,12]. have been conducted to investigate the appropriateness and competitiveness
of natural fibers in polymeric matrices. Others concentrated on improving fiber/polymer compatibility
by modifying surface properties and production techniques [13,14]. Several studies compared the
application stability of various natural fibre composites. Lopez et al. [15]. observed that reinforcing flax
fibre in flax/PLA composites using biodegradable polymers such as Polylactic acid (PLA) resulted in
better mechanical characteristics than carbon/epoxy composites. This shows that natural fibre
composites have the potential to replace synthetic fibers in terms of mechanical performance.

Keck et al [16]. investigated flax fiber-reinforced composites and discovered distinct crack pathways
under static and fatigue loading. Extensive numerical simulations were used to examine stress intensity
factor evolution and provide a technique for calculating geometry correction factors, revealing that
higher fibre volume fractions result in higher young's moduli and tensile strengths. Okubo et al [17].
focused on the development of a new composite material by combining bamboo fibre and
polypropylene. Their study sought to comprehensively investigate and comprehend the mechanical
behaviour of these composite materials, providing light on their potential uses and attributes. Jiang et
al [18]. investigated the mechanical properties of composites made of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) and bamboo fibre. Nino Serah Baby et al. [19]. used agricultural waste to create a
polymer matrix supplemented with sisal fibre for commercial composite manufacture. The study found
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that lignocellulosic fibers have greater impact strength despite having conventional flexural and tensile
properties. The mechanical properties of natural hybrid composites made from vinyl ester, sisal, glass,
steel fibre, and Prosopis Juli flora were investigated. Fibre kinds, cultivation, growing duration, retting
or extracting procedure, isolation, and processing processes all have an impact on natural fibre qualities
[20]. Numerous research has been conducted to evaluate the effect of fibre types and processing
methods on natural fibre composite tensile strength, Young's modulus, density, and elongation at break
[10]. Finally, the research and implementation of hybrid N-FRP have opened new novel possibilities
for improving the durability and longevity of diverse structures, particularly in industries that require
robust and resilient materials. The use of natural fibers like sisal and jute demonstrates the
transdisciplinary nature of materials science and engineering. As research advances, the potential for
analyzing N-FRP composites and machining them with R-ECDM remains an intriguing prospect.

In the meanwhile, ECDM method has shown useful for cutting non-conductive materials such as
glass and quartz [21]. To remove or drill materials, this technique employs heat melting and chemical
dissolving principles. Figure 2 depicts the ECDM process, in which two electrodes - a tool electrode
and an auxiliary electrode - are immersed in an electrolyte, which is typically an alkali substance such
as aqueous NaOH or KOH. A potential difference across the electrodes is created by applying a pulsed
or continuous direct current source, which initiates electrolysis and the formation of hydrogen and
oxygen gas bubbles at the cathode and anode, respectively. These bubbles coalesce due to ohmic heating
and electrochemical processes, generating an insulating layer or hydrogen film near the tool electrode.
This film, known as tool blanketing, temporarily stops current flow while establishing a strong electric
field that surround it.

The breakup of the gas film at a critical voltage (\VVc) enhances the emergence of electrical sparks
across the tool and electrolyte. Notably, the electrolyte content influences viscosity, with larger
concentrations resulting in smoother machined surfaces due to increased chemical activity [22].

Kurafuji & Suda [23]. gave introduction of ECDM for micro-drilling holes in glass laid the
groundwork for following advances in precision machining. They emphasized the highest attainable
drilling depths for glass machining. Basak and Ghosh expanded upon this by presenting on a theoretical
model to determine critical voltage and current values required for sparking in ECDM [24,25]. This
model was useful in understanding and forecasting the efficient and accurate machining features of
glass materials. Zheng et al. [26] extended the use of ECDM to milling operations, demonstrating its
potential to generate complex three-dimensional microstructures on glass. Malik & Manna [27].
investigated the machinability of a non-conductive E-glass fibre composite with a NaOH electrolyte
and discovered a proportionate rise in MRR with applied voltage. The significance of surfactant-
enhanced electrolyte was emphasized by Rajput et al. [28], who noted that a higher concentration
promoted chemical activity as well as electrical conductivity, improving the geometrical aspects of the
machined surfaces. In comparison to ECDM without tool rotation, tool rotation also improves the MRR,
geometric properties, and dimensional accuracy of the micro-holes [29]. The uniform distribution of
sparks is achieved by preventing the occurrence of sparks at a single place through tool electrode
rotation. Tool electrode rotation serves in preventing the sparks just at a single spot and generates
uniform sparks dispersion [30]. It stops stray corrosion from happening, which could lead to improved
hole circularity. Nonetheless, an extensive amount of experimental research has been done to enhance
the ECDM process's machining performance [31-34]. An investigation on how tool rotation affects hole
characteristics during the ECDM micro-hole production process is critically presented [35]. The
findings demonstrate that while tool rotation results in micro-holes with improved circularity, it also
results in a degraded hole shape. Bhargav et al. [36] utilized a rotary aided ECDM methodology to
examine the machining properties of carbon fiber-reinforced polymer (CFRP) composites. The research
addressed constraints such inadequate electrolyte availability, demonstrating the capability of R-ECDM
to surmount obstacles related to conventional CFRP machining using ECDM. Rajput et al [37,38]. also
fabricated and investigated the machining of polymer composites using ECDM process.
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Figure 1. Classification of the natural fibers (Mohammed et al., 2015).

In addition, researchers have explored the complex interplay in the ECDM process between discrete
response variables and input process parameters [39,40]. Their combined knowledge lays the
groundwork for comprehending how modifications of these variables can best utilize ECDM's multi-
response characteristics, thus improving the system's overall effectiveness. Essentially, the development
of ECDM is a result of an ongoing process of improving and investigating its precision machining
capabilities, with an emphasis on enhancing productivity and output quality.

Problem Formulation

Literature reveals that many experimental studies have been performed to investigate the polymers
composites as well as its machining potential using non-conventional machining methods. So far, the
machining of the hybrid N-FRP composite made of Sisal and Jute using R-ECDM process has never
been reported. The present study analyses the effect of jute and sisal fiber’s volume fraction on tensile
strength followed by its machining using R-ECDM. The surface roughness of the machined hole on a
hybrid composite is also studied for various electrolyte concentration as well as for various tool
rotations.
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Figure 2. Principle schematic diagram of ECDM Process [22].

RESEARCH METHOD AND EXPERIMENTAL SETUP

The experimentation of the present work is carried out in two phases i.e., (i) Fabrication and tensile
strength analysis of the hybrid N-FRP and (ii) Machinability study through hole fabrication using R-
ECDM (Figure 3). Phase I: The hand-layup technique was utilized to create a hybrid N-FRP composites
consisting of uni-directional Sisal and Jute fibers. Using the hand-layup method, four layers of fibers
were integrated with epoxy resin (matrix) throughout the fabrication process. The composite was put
under 150 kg of weight at room temperature for 36 hours. The sample was then taken out of the die and
weighed to get the final composite weight. Using a micrometer, the final sample's thickness was
determined. To assess the tensile strength, five N-FRP composite specimens (named as P1, P2, P3, P4,
and P5) are constructed. The specimens have been chosen based on ASTM specifications for size and
shape. Table 1 lists the specifics, designation, fibre type, and fiber volume fraction of the hybrid N-FRP
composite specimens. Figure 4 shows the microscopy images of the fabricated N-FRP hybrid
composite. The Jute and Sisal fibers are clearly visible in the top view of the composite as seen in Figure
4. The Phase II: the experiments are carried out on an established gravity feed experimental setup
integrated to a vertical milling machine in order to investigate the impact of tool rotation on machining
parameters by comparing them with those obtained in the absence of tool rotation. The tool electrode is
cylindrical in shape and composed of stainless steel with a diameter of 1 mm. The input variables and
additional machining conditions used in this investigation are shown in Table 2. The hole fabrication
time of 2 minutes is utilized in all the cases. A stereo microscope is used to analyze the machined holes
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from the top view side. Tool rotation (rpm) and electrolyte concentration (wt%) are the input factors
taken into account in this study, and surface roughness is chosen as a response characteristic. The High
to Low Temperature Tribometer is an advanced roughness measuring device used to assess the surface
roughness (SR) of the holes created on N-FRP during the R-ECDM process. This instrument makes it
feasible to precisely measure and investigate the surface characteristics of the holes made using various
tool rotation and electrolyte concentration.

RESULTS AND DISCUSSIONS
Tensile Strength Assessment

An experimental investigation of the tensile strength is performed to assess the effect of volume
fraction of the fibers in hybrid N-FRP composites. Figure 5 shows the tensile strength obtained after
tensile test of the hybrid and single fibers reinforced composites. In polymer composites, fibers serve
as a reinforcing component that greatly increases the material's tensile strength. The enhanced resistance
against cracking and fracture under tension is ascribed to the fibers' ability to more efficiently distribute
and withstand tensile loads inside the composite structure, hence averting stress concentration.

Table 1. Includes information on the fibre’s volume fraction, and their types in the fabricated composite

specimens.
SN. | Titled Fiber type Volume fraction (%0) Objective
1. P1 Jute Fibers 20 To study the effect of fiber volume fraction
2. P, | Sisal Fibers 20 on Tensile strength
3. Ps Hybrid (Jute + Sisal) 20
4, P4 Hybrid (Jute + Sisal) 30
5. Ps Hybrid (Jute + Sisal) 40

Table 2. Includes information on the machining conditions during hole fabrication using R-ECDM.

Input variable Range Input variable Range

Tool material SS (@ = 1000 um) Applied Voltage 40V

Electrolyte NaOH Electrolyte level 1 mm

Tool rotation 355, 560 & 900 rpm Electrolyte concentration 15-30 wt.%
=

Connector
attached to
machine
spindle

Electrolytic cell
and work material
holding device

DC power supply

Guide way's for positioning work
material underneath tool electrode

Figure 3. Designed gravity feed assisted R-ECDM configuration (Rajput et al., (2021).
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Figure 4. Pref)éred N-FRP hybrid éomosite. _

It is observed that at the same fibre loading, Jute fiber reinforced composites outperform Sisal fiber
reinforced composites in terms of tensile strength (P1 & P2). The results are supported by the previous
reported in the comparative study of Jute/Epoxy and Sisal/Epoxy composites [41].

Further it is observed that with the hybridization of the N-FRP composites, the tensile strength is
increased further at similar volume fraction of fibers due to the synergistic effect of both the fibers in
composites as shown in Figure 5. An increase of 44.9% is noticed with the hybridization of the
composites with a Jute/Sisal fiber (P3) when compared to sisal fiber reinforced composites (P2). It is
concluded that when sisal and jute fibers hybridize, the distinct properties of each fibre are combined
to create a composite material that has a synergistic reinforcement of tensile strength. This leads to
better mechanical qualities, increased resistance to fracture and cracking under tension, which further
makes the hybrid composite more resilient.

Figure 6 shows the microscopy cross-sectional images of the hybrid damaged composite after tensile

test at 20 % volume fraction. With the increase in fiber volume fraction of the fibers, the tensile strength
is increased further due to increase in resistance given by the fibers during loading (P4 & P5).

50

40

30

20

Tensile strength (N/mm~?2

10

P1 P2 P3 P4 P5
Specimen
Figure 5. Tensile strength comparison of different specimens.
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Figure 6. Damaged hybrid composite after tensile test at 20% volume fraction of jute & sial fibers.

Effect of Volume Fraction on Tensile Strength

Figure 5 presents that with the increase in fiber volume fraction, there is an increase in tensile strength
due to enhancement in the individual fiber percentage that increase the load bearing capacity of the
hybrid N-FRP composites. The increase in volume fraction increases the load bearing capacity of each
of the fiber which further enhances the tensile strength when hybridized. Figure 7 shows the micro-
scopy cross-sectional images of the damaged composite after tensile test at two different volume
fractions of Jute & Sisal fibers. The torn out of the fibers are clearly visible in the images after being
pulled out during the tensile test. The volume fraction of fibers in a composite material has a synergistic
effect on its tensile strength because it is a crucial parameter in defining its mechanical performance.
Because the fibers in the composite are reinforcing, any increase in the fibre volume percentage also
results in the improvement of tensile strength (Figure 5 & 7). A notable increase of 28.42% is computed
with the increase of 20% in Jute/Sisal fiber volume fraction. An increase in fiber volume fraction leads
to better load-bearing capacity results from the fibers' ability to more evenly distribute and share applied
tensile stresses, which lessens the chance of early failure and stress concentrations.

Damaged
fibers

Figure 7. Damaged hybrld composue after tensile test at two different volume fraction of Jute & Sial
fibers (a) 30% (b) 40 wt.%.
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Micro-Hole Fabrication Using R-ECDM

The holes are successfully machined on hybrid N-FRP composites using R-ECDM process at various
level of electrolyte concentration and tool rotation as visible in Figure 8. The condition of the holes in
the N-FRP is analyzed to study the surface roughness and its geometrical characteristics in terms of
hole overcut (HOC) and circularity error (CE).

The HOC and CE are computed using below expressions given in Equations 1 & 2. HOC is described
as the difference of the tool electrode's (D:) diameter and the calculated diameter of the hole entry of
the drilled holes on N-FRP (Dent) (Figure 9 (a)). The CE is described as the out of roundness error and
illustrate hole geometrical accuracies. It is calculated as the difference of the hole’s highest value of
diameter and smallest value of the diameter as displayed in Figure 9 (b).

HOC=D_t-D_ent Eq. (1)
CE =R_high-R_small Eq. (2)

It is observed that the hole geometry is greatly improved by tool rotation as it prevents sparks from
originating at one location. When tool rotation is used, the hole geometry improves significantly as
compared to holes that are produced without rotation (Figure 8). Figure 10 shows the plot of HOC and
CE at different electrolyte concentration. It is observed that both HOC and CE both improves with the
application of the tool rotation. An improvement of 36.3 % and 29.8 % in HOC and CE is computed
with the application of tool rotational effect in ECDM compared to conventional ECDM process. The
primary cause of this improved geometry is the rotating effect's improved electrolyte replenishment
below the tool electrode or in the drilling zone. As a result, the spark dispersion becomes more uniform,
which enhances the thermal heating impact in the drilling zone. Additionally, the tool's rotating action
helps to better remove sludge from the machining zone, which helps to keep fresh electrolyte in this
area.

Itis noticed that fibers or material remain unmachined and debris is entrapped at the hole edges when
drilled using ECDM process (Figure 8(a) while compared to hole geometry when drilled using R-
ECDM process (Figure 8 (b). A better circularity of hole is observed with R-ECDM process with
increased electrolyte concentration, but the quality of the drilled hole deteriorates, resulting in an
increase in HOC. When the concentration is increased from 20 wt.% to 25 wt.%, the HOC increases
13.6 %. (Figure 10 (a). The reason for this is that thermal energy provided by the sparks in the ECDM
process is proportional to the concentration of OH ions, which increases with the electrolyte
concentration. Thus, with the increasing levels of electrolyte concentration, sparks occur more often
from the sides of the tool electrode. It leads to the increase in HOC. The HOC improves initially as the
tool rotational speed increases up to the first level from 355 rpm to 560 rpm. However, it gradually
decreases as the tool rotation increases from 560 to 990 rpm. Rotation has a positive influence on HOC
because it improves electrolyte availability and distributes heat energy evenly over the drilling area.
HOC improves by 19.2 % with the first level increase in tool rotation and then increases further by 17
% with the next level increase of tool rotation. At higher level, the gas film becomes more unstable
owing to centrifugal forces, resulting in electrolyte splashing. Consequently, the rate of improvement
in HOC decreases. A similar trend is observed in the results of CE (Figure 10).

When tool rotation is used, the surface roughness of the hole is significantly reduced compared to
surface roughness obtained without the application of tool rotation. Figure 11 shows the graphs of the
surface roughness obtained using tribometer. An improvement of 39.8 % is noticed in surface roughness
with the application of rotational effect to ECDM when compared to ECDM (Figure 11(a) & (b). This
reduction is due to the tool's ability to prevent side and stray sparking. It demonstrates the constant
material removal at the hole edges, resulting in better circularity or geometry and surface roughness
The entrapment of debris or unmachined material at the hole edge also leads to poor surface roughness.
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Figure 8. Microscopy images of the drilled holes on hybrid N-FRP using (a) conventional ECDM

process (b) rotary ECDM process.
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Figure 10. Schematic diagram of (a) HOC (b) CE.

Furthermore, it is noted that surface roughness values increase with the increase in both the tool
rotation and electrolyte concentration (Figure 12). An increase of 15.8 % and 33% in surface roughness
is noticed with the increase in electrolyte concentration from 15 wt.% to 20 wt.% (Figure 11 (b) & (c)
and increase in tool rotation 355 rpm to 900 rpm (Figure 11 (b) & (d)) respectively. This rise is due to
increased spark intensity and consistencies with increased frequency from the sides of the tools, which
contributes to an increase in surface roughness.

Additionally, an increase in the electrolyte concentration leads to an improvement in the rate of
bubble production, which in turn facilitates the rapid formation of the gas film. As a result, high spark
frequencies are therefore obtained, strengthening the thermal energy transmission. An increase in
electrolyte conductivity with a rise in electrolyte concentration accelerates the sparking rate [24,25].
Hence, at greater levels of input variables, a large number of thermal cracks and debris production are
seen which further deteriorate the surface finish and leads to high roughness at the edges.

i
\/ Ra=1.351um

Ra=0.812 pm =~ " Ra=1.080 um
w18 &

Figure 11. Surface roughness graphs at different input parameters (a) ECDM at 15 wt.% (b) R-ECDM,
15 wt.% & 355 rpm (c) R-ECDM at 20 wt.% & 355 rpm (d) R-ECDM at 15 wt.% & 900 rpm.
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Figure 12. Surface roughness comparison of hybrid specimens at different electrolyte concentration
and tool rotation.

CONCLUSIONS
The present study investigates the effect of volume fraction of hybrid natural fibers (Jute/Sisal) on
tensile strength of the composites followed by the machining investigation of the fabricated composites
using R-ECDM. The effect of electrolyte concentration and tool rotational speed on surface roughness
is also studied. The main conclusions of the study are:
o By effectively dispersing and restraining loads, natural fibers in polymer composites greatly
increase tensile strength and avoid stress concentration.
o For the same fibre volume fraction, composites reinforced with jute fibers have a greater tensile
strength than composites reinforced with sisal fibers.
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Tensile strength of N-FRP composites hybridized with Jute and Sisal fibers is 44.9% higher than
that of Sisal fibre reinforced composites.

The unique characteristics of each fibre are combined by the hybridization process to create a
composite material with improved mechanical properties and a higher resistance to fracture and
cracking under tension.

Holes are successfully machined on hybrid N-FRP using the R-ECDM technique with different
tool rotation and electrolyte concentrations.

Increases in electrolyte concentration from 15 wt.% to 20 wt.% and in tool rotation from 355 rpm
to 900 rpm are observed to cause increases in surface roughness of 15.8% and 33%, respectively.
By preventing sparks from originating at a single point, tool rotation greatly improves hole
geometry and produces more uniform spark dispersion.

An improvement of 36.3 % and 29.8 % in HOC and CE is computed with the application of tool
rotational effect in ECDM compared to conventional ECDM process.

When tool rotation is used, the surface roughness of holes is greatly reduced when compared to
conventional ECDM process owing to prevention of side and stray sparking.
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