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Abstract: Composites materials like jute/epoxy exhibit high hardness and are considered as difficult-
to-machine materials. As a result, alternatives to conventional machining become essential to
post-process the composites. Accordingly, due to its non-thermal nature, abrasive water jet machining
has recently come to be seen as one of the most promising machining methods for composite
materials. In the current study, the impact of machining parameters such as traverse speed (TS),
standoff distance (SOD) and abrasive mass flow rate (MFR) on machined surface roughness (Ra)
has been investigated. In addition, the optimum combination of process parameters to machine a
jute fiber-reinforced polymer composite with minimum Ra is predicted. The experimental results
are analyzed using Taguchi and Response Surface Methodology (RSM) approaches to determine the
optimum set of process parameters to achieve the lowest roughness values. Without making any
changes in the machining conditions, the optimum set of values is determined for two conditions by
reinforcing the fiber with 45◦ inclination and 90◦ inclination. The results reflect the different optimum
combinations for each fiber inclination. For 45◦ fiber inclination, to achieve the minimum Ra value,
the predicted combination is TS = 30 mm/min, SOD = 2 mm and MFR = 0.35 kg/min. When the
fiber inclination is 90◦, the predicted optimum combination is TS = 25 mm/min, SOD = 2 mm, and
MFR = 0.35 kg/min. It is evident from the results that the optimum combination will be changed
according to the machining conditions as well as material properties. The results confirm the effect of
fiber orientation on surface roughness. The specimen with 45◦ fiber inclination produces a lower Ra
with an average of 4.116 µm, and the specimen with 90◦ fiber inclination generates a higher Ra with
an average of 4.961 µm.

Keywords: response surface methodology; Taguchi; ANOVA

1. Introduction

In the wake of growing mass production, the manufacturing sector is constantly look-
ing for technologies that can turn raw materials into useful merchandise with minimal
wastage. The requirement has propelled innovations not only in the field of materials and
manufacturing but also in machining. The unprecedented use of hard-to-machine materials,
such as polymers and their composites, in various advanced engineering applications has
necessitated the application of compatible machining methods. Machining fiber-reinforced
polymers (FRP) is a challenging task due to the heterogeneous structure of the material [1].
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The heterogeneity arises from distinct fiber reinforcements and the polymer matrix material,
which widely differ in their mechanical, physical, and thermal properties. Adopting con-
ventional machining processes to machine FRP leads to machining damage such as matrix
cracking, fiber pull-out, fiber fracture, burrs, delamination, and debonding [2,3]. Thus,
different non-conventional machining processes, such as laser machining [4], electrical
discharge machining [5], electro-chemical machining [6], and abrasive water jet machining
(AWJM) [7], are used to machine FRP. Amongst numerous non-conventional machining
methods, AWJM is considered the ideal method for machining FRP [8].

AWJM is a non-traditional machining technique suitable for machining materials that
are susceptible to heat and temperature [9]. Here, an abrasive-laden water jet is sent at
very high pressures through an orifice and is made to impinge on the material surface [10].
Material removal occurs due to the erosion of the material caused by the impingement of
the jet. AWJM is advantageous, considering its capability to machine intricate geometries
with minimal stresses, distortion, and heat-affected zones. Additionally, the absence of
chemicals prevents any chemical changes in the work material and makes the process
environment friendly.

The quality of AWJM is assessed through the kerf width and the surface roughness
at the machined area, which are, in turn, dependent on the process parameters of AWJM.
Process parameters that significantly affect performance include water pressure, feed and
flow rate of abrasives, nature and type of abrasives used, and cutting parameters such as
standoff distance, impingement angle, and traverse speed [11]. It is reported that AWJM-
machined surfaces are characterized by two wear zones [12]. First is the cutting wear
zone generated through the cutting action of the abrasives impinging on the material
surface at acute angles [13,14]. The second deformation wear zone is produced when the
abrasives strike the material surface at obtuse impact angles [15]. Smaller impact angles
produce smooth cutting surfaces, while large impact angles produce a distorted and rough
machined surface [16].

To reduce the production lead time and ensure damage-free machining, optimizing the
AWJM process parameters is mandatory. Optimization of the process parameter not only
helps the production process but also reduces the associated production cost. Researchers
widely use the Taguchi optimization technique to optimize the process parameters of
AWJM while processing FRP with a minimum number of experiments. Madival et al. [17]
reported that the traverse speed is the highest contributing factor to the material removal
rate, top kerf width, and bottom kerf width, respectively. Thakur et al. [18] used the Taguchi
design along with grey relational analysis to optimize the AWJM process parameters to
machine carbon nanotube-filled epoxy/carbon composites and found that an increase in
water jet pressure contributes to a reduction in surface roughness, delamination factor, kerf
width, and at the same time, promotes improvement in the material removal rate. They
also highlighted that the standoff distance is the least significant parameter influencing the
machining quality. Kavimani et al. [19] used the Taguchi design along with grey relation
analysis to study the influence of AWJM process (input) parameters such as transverse
speed, standoff distance, and jet pressure on the quality of the machined surface (output
response) of SiC-filled polymer composite. They concluded that standoff distance and
transverse speed are significant contributors. Gopal et al. [20] employed a multi-objective
optimization technique for optimizing the AWJM process parameters for machining an
epoxy/glass fiber/grinding wheel particle composite. They inferred that the surface
roughness and the kerf angle are affected by the quantity of filler content within the
composite, while the standoff distance is the factor that decides the machining outcome.
Karataş et al. [21] optimized AWJ drilling process parameters using the Taguchi design
and multi-objective optimization for carbon fiber-reinforced composites with different
fiber orientation angles. They inferred that the most influential parameters influencing the
kerf angle and roundness error were the jet pressure and standoff distance. Chenrayan
et al. [22] used hybrid gray relational analysis and principal component analysis to minimize
delamination and kerf taper while using the AWJM process to machine glass–carbon FRP.
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They found that the most significant factor that can minimize the kerf angle is water
jet pressure, while the abrasive mass flow rate, followed by standoff distance, was the
controlling factor in reducing delamination. Jute fiber composites are finding applications
in in many areas. One of the important applications is their use in the aerospace industry
to produce nonstructural components such as seat backs, luggage compartments, etc.

2. Research Motivation

In view of the growing concern for environmental degradation, there is an urgent need
to imbibe sustainability in almost all engineering fields. The extensive application of FRP in
various areas has led to the generation of large quantities of waste that is not biodegradable.
Though some thermoplastic matrices can be recycled, it is hard to recycle thermosets.
Thermoset FRP consists of a thermoset resin as the matrix and is generally reinforced with
synthetic fibers. To make thermoset FRP nature friendly, there is a growing thrust towards
the incorporation of biodegradable natural fibers in place of synthetic fibers. Plant-based
natural fibers are gaining traction and are seen as a worthy replacement for their synthetic
counterparts [23]. Jute fiber is one such natural fiber that can prepare lightweight FRP,
making it sustainable and biodegradable [24]. Also, it is essential to mention that the
final property of FRP depends not only on the type of fibers used as reinforcements but
also on the fiber orientation within the laminates [25]. Though the mechanical properties
of jute-reinforced FRP are comparable to the mechanical properties of synthetic fiber-
reinforced FRP, jute-reinforced FRP pose a greater challenge in machining, as jute fibers
are flammable [26]. Thus, optimization of machining parameters is very important for
jute/epoxy FRP. Though some of the literature available discusses the optimization of FRP,
there is, to the best of the author’s knowledge, very little that optimizes the machining
parameters for jute-reinforced FRP with different fiber orientations. To fill the research gap
and add to the current literature knowledge base, the present work focuses on preparing
jute fiber-reinforced epoxy composites with 45◦ and 90◦ fiber orientation. The prepared
FRP are machined with the help of AWJM. The AWJM process parameters are optimized
using the Taguchi method and Response Surface Methodology.

3. Methods and Methodology
3.1. Material Preparation

The fiber-reinforced composites were fabricated using the hand layup technique. The
matrix material used was general-purpose polyester resin. K6 hardener was used as the
hardener material. The ratio of hardener to resin used was 1:10. Woven jute fiber mats
were used as the reinforcement material. In this work, for 100 g mixture of resin and jute
fibers, the weight of the reinforcement material taken was 35 g, and the remaining 65 g
was the resin (35:65 weight ratio). To maintain this desired fiber and resin ratio, the fiber
mats were trimmed to the required size before starting the layup process. The downside
supporting iron plate (mold) was thoroughly cleaned to get rid of dust and stuck materials,
and a wax-based mold-releasing agent was sprayed. Wax-based releasing agents are a
mixture of wax, solvents, and other additives. They are easy to apply and provide a good
release barrier between the composite material and the mold. Once all these arrangements
were made, the first fiber mat was placed with a fiber orientation of 90◦, and the resin was
added evenly over the mat using a brush. After sufficient resin was added, the roller was
passed over to press against the mat and remove air bubbles. This stacking procedure was
continued until the composite’s required thickness was obtained. Once the stacking process
was over, the releasing agent-coated top iron plate was placed at the top, and the entire
mold was wrapped in a polythene sheet. This wrapped composite was placed under the
load for a period of 48 for curing purposes. The curing temperature used was 60 ◦C, and
the load applied was 100 kg/cm2. The composite was unwrapped once the curing was over,
and excess material from all four sides was trimmed off. The same method was repeated
for the preparation of 45◦ fiber orientation composite. Figure 1a shows actual images of
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the composite preparation process, and Figure 1b represents a schematic diagram of the
specimen preparation process.

Figure 1. (a) Hand layup specimen preparation process. (b) Schematic representation of hand layup
specimen preparation process.

3.2. Materials Used

The resin used was the general purpose epoxy resin which is commercially known as
BISPHENOL-A (BPA) manufactured by Huntsman Polymers, Mumbai, India. This resin is
a thermoset resin that will convert from liquid to solid through a polymerization process or
cross linking.

Jute fibers are natural fibers extracted from the Corchorus plant, which will grow
nearly 3 m height. The main plant ingredients that make up jute fibers are cellulose (a
key component of plant fibre) and lignin (a major component of wood fibre). Thus, it is a
ligno-cellulosic fibre that has some wood and some textile content. The density of the jute
fiber varied from 1.48–1.50 gm/cm3. Jute fiber has good strength, its tenacity will vary from
3.5–7 gm/denier. Jute fibers appear in different colors such as yellow to brown depending
on growing conditions. The fiber breaking elongation is 1–1.2% under normal atmospheric
conditions. Jute fiber is a very good insulator of heat and electricity and its elasticity is low.

The viscosity of the K6 hardener is low. This hardener is available in liquid form and
it cures at room temperature. It is frequently used in manual layup applications. Due to
its high reactivity, it cures quickly at room temperature. This hardener acts as catalyst,
develops the cross links in resin and cures the resin at room temperature. The laminates
that are produced using this hardener can be subjected to an operating temperature range
of 20 ◦C to 100 ◦C.

3.3. Abrasive Water Jet Machining

The process parameters, standoff distance (SOD), traverse speed (TS) and abrasive
mass flow rate (MFR), were chosen as variable input parameters. Each process parameter
was varied at three levels. Considered input parameters and their levels are presented in
Table 1. The levels were selected based on the previous literature on AWJM of compos-
ites [27].
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Table 1. Process input parameters.

Sl. No.
Traverse Speed

(TS)
mm/min

Standoff Distance
(SOD)

mm

Mass Flow Rate
(MFR)
kg/min

1 20 2 0.25

2 25 3 0.30

3 30 4 0.35

Machining was conducted using the CNC-controlled 5-axis abrasive water jet cutting
system (Omax Corp., Kent, WA, USA: model no. MAXIEM1515) by securely mounting the
specimens on a cardboard sheet with double-sided glue tape. Before starting the cutting
process, the machine was checked to confirm the use of a fresh nozzle. Also, the MFR was
adjusted precisely to the considered values. The TS of various levels was set to accurate
values. Standoff values were set accurately. The mixing ratio of abrasive and water was
checked and fixed to the accurate value. The pressure of the water jet was fixed to 200 MPa,
and the jet inclination was maintained at 900 to the workpiece. The complete machining
set-up is illustrated in Figure 2.
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3.4. Abrasive Material Used

Garnet was used as the abrasive material for machining. Almandine, a kind of garnet
that is well known for its toughness and sharp edges, was chosen because of its widespread
use and affordable price. Almandine can cut through a variety of materials, including
composites, metals and ceramics. Almandine garnet rates between 7.5 and 8.0 on the
Mohs scale for hardness. Various mesh sizes are available, ranging from coarse 50 mesh to
extremely fine 230 mesh. Since it is a very popular and efficient abrasive size for waterjet
machining, garnet with a mesh size of 80 was used in this work. The most popular and
efficient abrasive for waterjet machining is mesh 80 garnet. When compared to several
other abrasives, garnet is non-toxic and non-hazardous. Thus, it does not immediately
affect human health or the environment.

3.5. Measurement of Surface Roughness

Surface roughness after machining was measured with Taylor Hobson Surtronic 3+

surface roughness measuring instrument. The roughness was measured for both 45◦ and
90◦ fiber inclination composites. The average values of three readings measured at various
places were considered as final Ra values. The set-up used for the measurement of Ra is
presented in Figure 3.
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4. Results and Analysis
4.1. Conduction of Experiment and Data Acquisition

A total of 27 experiments were conducted with various combinations of input pa-
rameters that were determined using the Design of Experiments method. The L27 full
factorial array was utilized to obtain the combination for each experiment. Table 2 dis-
plays the combination of the L27 array and the average values of Ra for both 45◦ and 90◦

fiber inclinations.

4.2. Normal Probability Plots

Figure 4 represents the normal probability chart of the experiment. In statistics, a
normal probability chart is a graphical tool used to assess whether a dataset follows a
normal distribution (Gaussian distribution). It is well known that the obtained dataset
closely follows a normal distribution. The points on the plot will approximately form a
straight line. The deviations from that straight line specify departures from normality. If the
points lie roughly along a straight line, it suggests that the obtained data follow a normal
distribution. Since many statistical tests and procedures are based on the assumption of
normally distributed data, these normal probability charts are handy for assessing the
assumption of normality in statistical analyses. By referring to the plots, it is observed that
the collected data form a line without much deviation. This indicates that the data collected
for 45◦ fiber inclination as well as for 90◦ inclination follow the normal distribution.
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Table 2. L27 array combination and estimated Ra for 45◦ and 90◦ fiber inclination.

Run Order Traverse Speed
(mm/min)

Standoff
Distance

(mm)

Mass Flow
Rate

(kg/min)

Ra for 45◦

(µm)
Ra for 90◦

(µm)

1 20 2 0.30 4.930 4.186

2 25 4 0.35 4.399 5.512

3 25 2 0.35 4.345 3.506

4 25 4 0.30 4.892 5.609

5 25 3 0.30 5.079 4.832

6 30 3 0.30 4.379 4.260

7 25 4 0.25 5.369 5.592

8 25 3 0.35 4.652 4.372

9 25 2 0.30 4.125 3.972

10 20 3 0.25 5.154 5.486

11 25 3 0.25 5.339 5.259

12 20 2 0.25 5.115 4.195

13 20 3 0.30 4.879 5.269

14 30 3 0.35 4.167 3.892

15 30 2 0.30 4.105 4.292

16 20 3 0.35 4.812 5.139

17 30 3 0.25 4.971 4.521

18 30 4 0.25 5.012 5.752

19 20 4 0.25 5.571 5.186

20 20 2 0.35 4.184 3.434

21 20 4 0.30 5.312 5.801

22 25 2 0.25 4.545 3.732

23 30 4 0.35 4.259 5.772

24 30 4 0.30 4.910 5.286

25 30 2 0.25 4.072 4.692

26 30 2 0.35 3.372 4.219

27 20 4 0.35 4.836 4.772

4.3. Regression Equations

The regression equation for surface roughness considering the TS, SOD and MFR
is presented in Equations (1) and (2) for 45◦ and 90◦ fiber inclinations, respectively. A
Linearity Assumption has been made while generating this equation. Regression equations
help us to calculate surface roughness values mathematically for any values of input
parameters. From the 45◦ fiber orientation, it is proven that even though all the parameters
have a prominent influence over surface roughness, the parameter MFR is dominating
other parameters. From the equation predicted for 90◦ fiber inclination, it is clear that the
parameter SOD is the leading influencing one. Tables 3 and 4 are the regression tables for
45◦ and 90◦ fiber inclinations.

Ra 45 = 7.32 − 0.0616 TS + 0.320 SOD − 6.800 MFR (1)

Ra 90 = 3.83 + 0.0007 TS + 0.724 SOD − 0.0422 MFR (2)
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Table 3. Regression table for 45◦ fiber inclination.

Predictor Coef SE Coef T p

Constant 7.3158 0.4475 16.35 0.000

TS −0.06162 0.01065 −5.79 0.000

SOD 0.32039 0.05323 6.02 0.000

MFR −6.802 1.065 −6.39 0.000

Table 4. Regression table for 90◦ fiber inclination.

Predictor Coef SE Coef T p

Constant 3.8308 0.7545 5.08 0.000

TS 0.00067 0.01795 0.04 0.971

SOD 0.72411 0.08976 8.07 0.000

MFR −0.04219 0.01795 −2.35 0.028

4.4. Main Effect Plots

A gradient line in the main effect plots shows how the selected parameters affect
performance. The steeper the line, the higher the influence. Accordingly, Figure 5 displays
the influence of process variables on the mean Ra value when machining composites have
fibers with 45◦ inclinations. Abrasive MFR displays a steeper slope in comparison to the
other two input parameters, indicating a greater impact on surface roughness. A slight
variation in the MFR causes surface roughness to change drastically. Hence, while varying
the levels of this parameter, one should take the utmost care. It is not recommended to
change the level of this parameter from the optimum value. The parameter SOD exhibits
a moderate slope, indicating a moderate impact on surface roughness. Hence, a small
amount of variation in the level of this parameter can be implemented according to our
requirement. By displaying the smaller slope, the parameter TS suggests the least impact. It
means that the level of this parameter can be fixed at any value between the chosen ranges.
In the case of composites with a 90◦ fiber orientation, the maximum slope was denoted by
SOD, indicating a greater influence. The MFR was moderately influential followed by TS.
Therefore, changes in the level of the parameter SOD are not recommended. The parameter
MFR can be moderately varied and the parameter TS can be fixed at any level between the
selected ranges.

4.5. ANOVA Analysis

Tables 5 and 6 show the ANOVA for surface roughness. It is carried out at 95% of α
value. The results show that as the fiber orientation changes, the predominant parameters
affecting the surface roughness also change. From the analysis table obtained for 45◦ fiber
inclination, it is clear that all the variables have a significant effect on surface roughness,
but the MFR dominates the other two variables. In the case of composites with a 90◦ fiber
inclination, SOD is highly influential variable, while TS is the least significant one.

Table 5. Analysis of variance for Ra 45, using adjusted SS for tests.

Source DF Seq SS Adj SS Adj MS F p

TS 2 1.74772 1.74772 0.87386 18.14 0.001
SOD 2 2.07596 2.07596 1.03798 21.54 0.001
MFR 2 2.10250 2.10250 1.05125 21.82 0.001

TS × SOD 4 0.33536 0.33536 0.08384 1.74 0.234
TS × MFR 4 0.07148 0.07148 0.01787 0.37 0.823

SOD × MFR 4 0.09324 0.09324 0.02331 0.48 0.748
Error 8 0.38546 0.38546 0.04818
Total 26 6.81173
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Table 6. Analysis of variance for Ra 90, using adjusted SS for tests.

Source DF Seq SS Adj SS Adj MS F p

TS 2 0.06565 0.06565 0.03283 0.36 0.706
SOD 2 9.49434 9.49434 4.74717 52.58 0.000
MFR 2 0.93051 0.93051 0.46526 5.15 0.036

TS × SOD 4 2.24641 2.24641 0.56160 6.22 0.014
TS × MFR 4 0.23655 0.23655 0.05914 0.66 0.640

SOD × MFR 4 0.17525 0.17525 0.04381 0.49 0.747
Error 8 0.72225 0.72225 0.09028
Total 26 13.87097

Figure 6 depicts the contribution of each parameter in the generation of surface
roughness during the machining process of the 45◦ fiber inclination specimen. Even though
all three considered variables contribute almost at an equal level, MFR is the dominant
one. Similarly, Figure 7 represents the percentage contribution of each parameter and the
interaction effect on the generation of roughness when the fiber inclination is 90◦. It is clear
from the figure that SOD has a higher contribution in comparison with other variables.
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4.6. Effect of Control Factors on Surface Roughness
4.6.1. Effect of Standoff Distance on Surface Roughness

Surface roughness in both the cases increased as the SOD increased. Higher SOD
allows the water jet to expand prior to impingement which may increase vulnerability to
external drag from the surrounding environment. Therefore, an increase in the SOD results
in an increased jet diameter as cutting is initiated which in turn, reduces the kinetic energy
density of the jet at impingement [28]. Hence it is desirable to have a lower SOD which
produces a smoother surface due to increased kinetic energy.

4.6.2. Effect of Abrasive Mass Flow Rate on Surface Roughness

In the case of abrasive flow rate, the higher the abrasive flow rate, the larger the
amount of cutting particles involved in the cutting processes. When the abrasive flow rate
is increased, the jet can cut through the laminate easily, and as a result, the cut surface
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becomes smoother. However, roughness increases with an increase in abrasive MFR up to
a certain limit, and beyond that limit, it was found to decrease. This is due to the fact that
an increase in the mass of abrasive particles results in an inter-collision of particles among
themselves and hence, causes a loss of kinetic energy [29,30].

4.6.3. Effect of Traverse Speed on Surface Roughness

An increase in TS increased the surface roughness magnitude. When the TS is less, a
large number of cutting particles are involved in the cutting action and cutting particles are
impinged on the same area. Due to this, the initial impinging particles cut the material and
the later impinging cutting particles smoothen cut surfaces which leads to a better surface
finish. Hence, always it is better to go with the lower TS [31,32].

4.6.4. Effect of Fiber Inclination on Surface Roughness

In addition to the process variables, surface roughness is also dependent on fiber
orientation. For fixed process variables, when the machining was carried out on the
specimens whose fiber orientation was 45◦ and 90◦, the different values of surface roughness
were obtained, which proves the effect of fiber inclination on surface roughness. A similar
trend was noted by Azmir et al. [29,33], when the cutting was performed on composites
with different fiber inclinations such as 0◦, 22.5◦ and 90◦. The minimum surface roughness
was noted when cutting composites with a 22.5◦ orientation. However, in the present
study, no clear trend was noted. It is believed that both constituents of fibers and the
interstitial matrix experienced independent shear fracture during the material removal
process. However, the real effect of cutting orientation is a very important subject for
discussion, and it may well depend on the nature of fibers, mechanic fracture of fibers and
cohesiveness of the matrix.

4.7. Taguchi Response Tables

The Taguchi response for data means is shown in Tables 7 and 8. When the fiber
inclination is 45◦, the abrasive MFR has the highest rating, indicating a higher influence
on surface roughness. The next best influential variable denoted was SOD followed by TS.
For 90◦ fiber orientation as per the ranking allotted, SOD has a dominating influence on
surface roughness followed by MFR and TS. Taguchi response tables not only identify the
parameters’ ranking, but they also provide the output values for each level of parameter.
Hence, by selecting the level of each parameter that yields the lowest roughness values
and combining them, an optimum combination of parameters can be obtained. In the
present work, for a 45◦ fiber inclination level 3 of TS, level 1 of SOD and level 3 of MFR
produce minimum roughness. By selecting and combining these parameters, the optimum
combination obtained was: TS = 30 mm/min, SOD = 2 mm and MFR = 0.35 kg/min.
Similarly, for 90◦ fiber inclination, the optimum combination was TS = 25 mm/mim,
SOD = 2 mm and MFR = 0.35 mm/min.

Table 7. Taguchi response table for Ra 45 versus TS, SOD, MFR (smaller is better).

Level TS SOD MFR

1 4.977 4.310 5.016

2 4.749 4.826 4.735

3 4.316 4.951 4.336

Delta 0.616 0.641 0.640

Rank 3 2 1

4.8. RSM Optimization Plots

The optimization plots provide an optimum set of levels that should be set for the
AWJM process parameters in order to obtain the required output. For this particular work,
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the Response Surface Methodology (RSM) optimum plot is obtained which provides the
optimum level of each AWJM variable in order to obtain the minimum surface roughness.
The RSM optimum plots are plotted for both 45◦ and 90◦ fiber orientation cases and are
shown in Figure 8. According to the plot, for the present experimentation condition, to
attain minimum roughness on 45◦ fiber inclination composites, the optimum combination
should be TS = 30 mm/mim, SOD = 2 mm and MFR = 0.35 kg/min. In a similar way, to
obtain the minimum roughness on the 90◦ fiber inclination specimen, the combination
should be TS = 25 mm/mim, SOD = 2 mm and MFR = 0.35 mm/min, which is similar to
Taguchi optimum combinations.
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Table 8. Taguchi response table for Ra 90 versus TS, SOD, MFR (smaller is better).

Level TS SOD MFR

1 4.830 4.025 4.935

2 4.710 4.781 4.834

3 4.743 5.476 4.513

Delta 0.120 1.450 0.422

Rank 3 1 2
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4.9. Surface Plots

Figures 9–11 represent the surface plots for the composite when the fiber inclination
is 45◦ with various combinations of input parameters and levels. From the figures, it is
clear that changes in TS, SOD and MFR have a significant influence on surface roughness.
A change in TS does not have much influence on surface roughness, unlike the abrasive
MFR which has a huge influence. The lowest value of delamination was obtained for the
combination TS = 30 mm/min, SOD = 2 mm and MFR = 0.35 kg/min.
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Figures 12–14 illustrate the surface plot for the specimen with 90◦ fiber inclina-
tion. It appears that variations in TS do not have a significant impact on surface rough-
ness. However, changes in the parameter SOD result in a significant deviation in the
graph, indicating a high level of influence. The best combination for this specimen is
TS = 25 mm/mim, SOD = 2 mm and MFR = 0.35 mm/min.
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5. Conclusions

The main conclusions drawn from this experimental work are:
Due to their superior properties and low cost, jute fiber-reinforced polymer composites

are finding wide applications in various fields such as the automotive industry, construction
industry, aerospace industry, sports, and recreation industry, etc.

During the fabrication process in all these industries, cutting of the above composite
to the required size is very essential.

The result of this work will be very helpful in carrying out the quality cutting process.
The parameter abrasive MFR has the greatest influence on the surface roughness of the

specimen with 45◦ fiber inclination and the parameter SOD dominates other parameters
when the fiber orientation is 90◦. TS has the least influence on both specimens. The
optimum combination of process parameters predicted to achieve the minimum surface
roughness is restricted to only for the present experiment conditions.

Minimum surface roughness is achieved in 45◦ fiber inclination when the TS is
30 mm/min, SOD is 2 mm and MFR is 0.35 kg/min. Under the selected conditions,
Ra of 3.552 µm is obtained. Similarly, to achieve minimum surface roughness on 90◦ fiber
inclination specimens, TS of 25 mm/min, SOD of 2 mm and MFR of 0.35 kg/min should be
utilized. Under the selected conditions, the obtained value of Ra is 3.664 µm.

The optimum combination of parameters obtained from the Taguchi and Response
Surface Methodology techniques are similar.

The average values of Ra obtained for 45◦ and 90◦ fiber inclinations are 4.11 µm and
4.96 µm, respectively. This difference in Ra values signifies the effect of reinforced fiber
inclination on surface roughness.

Further research work can be carried out to find out an in-depth analysis of the
relationship between surface roughness and fiber orientation. Also, the work can be
extended to study and predict the influence of process variables on delamination.
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