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Abstract

Composites have gained acceptance in an extensive range of applications owing to their unique characteristics. But, machin-
ing of these materials is often challenging due to improved bonding between matrix and fibre when fillers are added. Since
the machinability is an important aspect for any material for its successful utilization, it is essential to analyse the effect of
secondary phase on machinability. However, investigations on the effect of fillers on machinability of polymer composites
are minimal. In this research, hybrid fillers, namely boron nitride (BN) and montmorillonite (MMT) nanoclay, were added
to epoxy/glass fibre composite through compression moulding, in which quantity of MMT is fixed and BN is varied from
2 to 6 wt%. Abrasive water jet machining (AWJM) is a leading method for machining polymer composites in which trans-
verse speed, stand-off distance, pump pressure and filler percentage are key factors and are considered as input variables. To
assess the machinability, material removal rate (MRR), surface roughness (Ra) and kerf taper (Kt) are chosen as response
variables. Experimental planning is done through Taguchi method, and Criteria Importance Through Intercriteria Correla-
tion (CRITIC)-weighted Complex Proportional Assessment (COPRAS) technique is utilized for optimization. The results
revealed that addition of BN reduces the MRR while it improves the surface finish and reduces the Kt. Transverse speed has
the most influence over all the considered output responses, stand-off distance and water pressure mainly affect the MRR
and Ra while filler addition mainly affects the Kt. The hybrid CRITIC-COPRAS approach-recommended optimal control
factors resulted in 16.20 mm>/min MRR with 0.29° Kt and 3.86 um Ra. The recommended optical condition can be utilized
for effective machining of polymer composite with MMT/BN fillers.
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1 Introduction

Owing to their unique qualities, viz. light weight, high
strength-to-weight ratio, high modulus and rigidity with
excellent chemical stability [1-3], fibre-reinforced poly-
mer (FRP) composites are now being utilized in vari-
ous industrial applications including marine, spacecraft,
transportation and building industries. Nowadays, research
has been conducted on FRP composites that have been
changed with filler additions. It has been discovered that
adding filler materials over base polymer matrix improves
their dimensional stability and modulus [4, 5]. Minerals,
carbon and nitride-based materials such as montmorillon-
ite, carbon nanotube, graphene and boron nitride improve
the flame retardancy and mechanical behaviour of base
matrix while used as filler materials in FRP. These filler
materials initiate stress transfer from the matrix to fibre.
Addition of fillers in FRP showcases more effectiveness in
increasing stiffness, strength and fracture toughness [6-8].
On the other hand, improved bonding of fibre and matrix
with the presence of fillers leads to poor machinability.

Even after developing near-net form FRP composites,
machining activities are the other parts of finishing pro-
cess that are still necessary and are controlled by a few
key requirements, such as fulfilling the complex shape and
precise dimensional and functional specifications. Prior
to assembly, the key activity in the production process
that gives the FRP composites their final, intended shape
frequently involves machining [9, 10]. Traditional pro-
cessing methods such as band saw cutting result in not
only low-cut quality but also low productivity, while the
non-traditional laser cutting technology has been found to
yield large burr formation, dimensional inaccuracy due to
thermal distortion, heat-affected zone (or burnt) and even
fire hazard for these heat-sensitive materials [11, 12]. The
unique ‘cold’ abrasive water jet (AWJ) cutting technology,
due to its distinct advantages of no thermal distortion, high
machining versatility, high flexibility and small cutting
forces, offers great potential for the processing of polymer
matrix composites. During abrasive water jet machining
(AWJM) process, water jet removes eroded material from
workpiece and decreases possibility of environmental pol-
lution caused by fibrous materials [13, 14]. The formation
of kerf taper, delamination, surface roughness, abrasive
embedment, fibre pull-out and other limitations related
to AWJ cutting reduce the quality of the fabricated com-
ponents [15, 16]. Proper selection and optimization of
machining control factors will definitely make the AWJM
process more efficient.

Occurrence of delamination, taper in the cut edges and
rough surface finishes during AWJM weakens the com-
posite structures and affects dimensional accuracy that
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requires post-machining finishing operations for achiev-
ing the desired surface quality. Hence, there is a need to
improve the machinability of polymer composite. Opti-
mization of machining parameter is one of the ways to
improve the machining performance of polymer composite
[17, 18]. Parameter optimization in AWJM plays a piv-
otal role in achieving high-quality cuts, efficient material
removal and overall process optimization. There are few
reported studies related to machining and optimization of
AWIM of FRP composite. Chenrayan et al. [19] adopted
hybrid grey relational-based principal component analy-
sis to attain optimal parameter for achieving minimal
kerf width and delamination damages. The control fac-
tors such as stand-off distance (SOD), abrasive mass flow
rate (MF), water pressure (WP) and transverse speed (TS)
are selected. Results depicted that WP and MF act as key
parameters for influencing kerf width, and that minimal
levels of SOD and MR decrease the delamination dam-
ages in developed composite. Iyer and Arunkumar [20]
developed FRP composite and investigated the AWIM
parameters by using response surface analysis. Herein,
water pressure, TS, SOD and MF are selected as machin-
ing parameters and surface roughness and kerf taper are
as output responses [20]. Results showed that TS has fore-
most influence on output response, an increase in MF and
TS leads to fibre delamination while minimal values of TS,
water pressure and MF increase the quality of machined
surface. Juvvala et al. [21] fabricated nano montmorillon-
ite (MMT) filler—reinforced FRP composite and adopted
AWIM process to investigate the machinability of the
developed FRP. Herein, varying percentages of MMT, TS,
MF and SOD are selected as machining parameters and
delamination factor as an output response [21]. Results
revealed that an increase in MMT addition decreases
the delamination factor, and it was suggested that mod-
erate MF and SOD minimize the delamination. Thakur
and Singh [22] utilized graphene as the filler material to
develop FRP composite and investigated the machinabil-
ity behaviour using AWIM. Wt% of filler, transverse rate
and jet pressure are used as machining factors, and surface
roughness and kerf angle are selected as output responses.
Results demonstrated that addition of filler material has
a major influence on output response [22]. But, the opti-
mal input parameters for achieving better outcome vary,
depending on the response considered. Hence, it is essen-
tial to identify the common optimal parameter combina-
tion for all the responses considered.

Multi-objective optimization is a powerful tool for tack-
ling a complex problem and prioritizes the problem at hand.
Different materials and thicknesses require varying param-
eter settings. By optimizing parameters, the AWIM pro-
cess can be adapted to cut a wide range of materials effec-
tively, expanding its versatility and applications. Various
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multi-objective optimization techniques, such as grey rela-
tional analysis (GRA), Technique for Order of Preference
by Similarity to Ideal Solution (TOPSIS), principal com-
ponent analysis (PCA), weighted aggregated sum product
assessment (WASPAS) and Complex Proportional Assess-
ment (COPRAS), are used by researchers to optimize the
materials and process parameters to attain combined output
responses [23, 24]. However, these techniques have some
drawbacks such as assigning weights to criteria, sensitivity
to the normalization, linearity in assumptions and interpret-
ability challenges. Among the available methods, COPRAS
has some unique advantages in terms of relative compari-
son of alternatives, and versatility across different types of
data, making it a promising choice for optimizing machining
parameters. Another problem in multi-objective optimiza-
tion technique is assessment of weightage to output parame-
ters [25]. This issue can be sorted by combining two optimi-
zation techniques in which weightage of output parameters
can be calculated in one technique and the assigned weight-
age can be used in another technique to attain combined
parameter setting for the output values. Criterion Importance
Through Intercriteria Correlation (CRITIC) method has
several advantages in the context of multi-criteria decision
analysis. One of the primary advantages of CRITIC is its
ability to consider the intercriteria correlation. By analys-
ing how each criterion is related to every other criterion,
CRITIC provides a more comprehensive understanding on
the relationships and dependencies between different deci-
sion criteria. It calculates dynamic weights for each criterion
based on their importance [26, 27].

Based on literature, it can be depicted that addition of
filler materials increases the functional and mechanical
properties of composites while affecting machinability.
Implementation of optimization techniques is beneficial in
advanced manufacturing processes where it is crucial to con-
trol material removal rate (MRR), surface roughness (Ra)
and kerf taper (Kt). Increased machining capabilities could
be beneficial for industries like automotive, aerospace and
electronics. The optimized parameters could contribute to
the manufacturing of high-strength and lightweight parts for
various applications. To apply the composite in the manu-
facturing of electronic enclosures and components, both
structural integrity and machining precision are essential.
The filler addition’s impact on reducing cracks, and craters
could be particularly advantageous in electronic device man-
ufacturing. Usage of mineral clays and nitride-based hybrid
nanofillers for polymer composite development and its effect
on machinability through AWJM have been rarely reported.
Hence, an attempt has been made to study the machining
characteristics of FRP composite developed with hybrid
fillers consisting of MMT and boron nitride (BN). Herein,
constant percentage of MMT and varying percentages of
BN were selected as filler material. Taguchi method is used

for planning the experimental trails owing to its simplicity.
A novel hybrid optimization approach, namely integrated
Taguchi-COPRAS-CRITIC method, is used to perform
multi-objective optimization of AWJM process to attain an
optimal set of output response. CRITIC is used to calculate
the weightage for each output, and the assigned weights are
used in COPRAS to optimize the machining parameters.

2 Materials and methods

Herein, HY951 grade hardener and LY 556 grade epoxy are
selected as base matrix materials while keeping a 1:10 ratio.
The chosen epoxy grade has an acceptable dimension stabil-
ity that makes it a popular base matrix. The fundamental and
practical qualities of the epoxy may be enhanced by adding
a right amount of filler and reinforcing material. Glass fibres
with 200 g per square meter (GSM) are chosen as the rein-
forcing fibre at 30 weight percentage (wt%) in epoxy matrix.
Based on reviews of the literature, it was found that 30 wt%
of glass fibre is the ideal amount to improve the mechani-
cal properties of base matrix, and the addition of BN fillers
up to 6 wt% displays improved mechanical and flame retar-
dancy capabilities [27]. To improve the thermal behaviour
and effectiveness in binding between base matrix materials
with reinforcement, MMT nanoclay with 50-100 nm range
in size and BN were utilized as filler materials. The weight
percentage of MMT in this study was set at 1.5 wt%, while
the weight percentage of boron nitride was changed at a
constant range of 2 to 6 wt% (Fig. 1b).

3 Composite fabrication

The development of planned epoxy/glass fibre composite
combinations is done through the compression moulding
method. Firstly, the calculated weight percentage of filler
material is ultrasonically treated individually with ethanol
for 1 h. Later achieving the desired dispersion, the solution
of filler is ultrasonically combined up to 2 h. After being
introduced to the epoxy matrix, the dispersed hybrid filler
is agitated mechanically for 2 h at a speed of 1200 rpm. The
matrix filler mixture is then supplemented with HY951 hard-
ener at a determined ratio of 1:10. The matrix filler mixture
is first coated on glass fibre using the hand layup process.
Coated glass fibre is stacked as plates for 30 mm thick-
ness and degassed thereafter. A hot press is used to provide
15 MPa of pressure to the stacked polymer matrix, which is
then subjected to a curing procedure [4]. The remaining set
of composites are created using the same process but with
varying filler additions as given in Section 2.

@ Springer
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Fig. 1 a Abrasive water jet
machine setup. b Fabricated
composite. ¢ Composite speci-
men after machining ! 4 R
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4 Machining parameters

Using an abrasive water jet machine, the produced com-
posite’s machinability is studied. Here, a DIPS6-2230
high-pressure pump and a DWJ1313-FB water jet cut-
ter having an impact angle of 90° and 0.70-mm-diameter
aperture are the main components of AWJM. Figure 1
shows the garnet sand abrasive particle in AWIM (80
mesh). SOD, TS and WP are chosen as the input param-
eters based on the literature review and expert console.
For planning experiments and to comprehend the effects
of selected parameters, the conventional Taguchi approach
is used. In this study, the experimental strategy includes
three components, each at three levels (Table 1). A Leica
microscope and an image analyser are used to calculate the
distance between machined slots as the output parameter,
which is the kerf taper. For the sake of accuracy, three
readings have been made from various locations of slots
between machined surfaces, and the mean values have
been calculated (Fig. 1c).

el

The L16 orthogonal array designed through Minitab
16 software is given in Table 2 along with the measured
experimental outcome values. The obtained results, namely
kerf taper, surface roughness and removal of material, are
converted into signal-to-noise (SN) ratio by selecting suit-
able criteria with larger the better or smaller the better. The
obtained SN ratio values are also provided in Table 2, which
is used to build the main effect plots showing the effect of
each parameter on response.

5 Results and discussion

5.1 Effect of machining parameters on material
removal rate

Influence of control factors over MRR is depicted in Fig. 2.
It can be seen that increases in filler addition decreases
MRR of developed composite. Herein, an increase in addi-
tion of filler material improves the bonding among the

Table 1 Levels and parameters

Unit Notation Level 1 Level 2 Level 3 Level 4
Filler % wt% Filler % 0 2 4 6
Water pressure MPa WP 200 230 260 290
Transverse speed mm/min TS 30 40 50 60
Stand-off distance mm SOD 1 2 3 4
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Table 2 Experimental results

Exp. no Filler % WP TS SOD MRR Ra Kt SN ratio for MRR SN ratio for Ra SN ratio for Kt
1 0 200 30 1 2.03 3.57 0.5336 6.1499 —11.0534 5.45568
2 0 230 40 2 4.05 3.59 0.5667 12.1491 —11.1019 4.93294
3 0 260 50 3 6.07 3.87 0.6959 15.6638 —11.7542 3.14906
4 0 290 60 4 6.75 3.99 0.7409 16.5861 —12.0195 2.60481
5 2 200 40 3 3.72 3.71 0.6144 11.4109 —11.3875 4.23098
6 2 230 30 4 2.25 3.55 0.6016 7.0437 —11.0046 441384
7 2 260 60 1 5.51 3.66 0.5519 14.8230 —11.2696 5.16279
8 2 290 50 2 5.64 3.63 0.5061 15.0256 —11.1981 5.91527
9 4 200 50 4 4.53 3.84 0.7244 13.1220 —11.6866 2.80043
10 4 230 60 3 5.31 3.86 0.6616 14.5019 —-11.7317 3.58809
11 4 260 30 2 2.01 33 0.3919 6.0639 —10.3703 8.13649
12 4 290 40 1 3.27 3.24 0.4061 10.2910 —10.2109 7.82734
13 6 200 60 2 4.16 3.89 0.6016 12.3819 —11.7990 4.41384
14 6 230 50 1 3.65 3.57 0.4399 11.2459 —11.0534 7.13292
15 6 260 40 4 3.44 3.52 0.5072 10.7312 —10.9309 5.89642
16 6 290 30 3 2.72 3.23 0.3492 8.6914 —10.1841 9.13852
Fig.2 Main effects plot for
material removal rate Main Effects Plot for SN ratios
Material Removal rate
Filler % WP
14
1] ——— e
————, —
= 10
-]
5
2 0 2 4 6 200 230 260 290
o TS SOD
c
g ] /
12 e ——
10 | *-__'__,_;H_
6 T T T T T T T T
30 40 50 60 1 2 3 4
Signal-to-noise: Larger is better

fibre and base resin matrix with better interfacial adhe-
sion. This fact makes the erosion or material removal rate
of composite a difficult task. Increases in WP increase
the MRR, and this might owe to the influence of kinetic
energy. During machining condition upsurge in water jet
pressure increases the kinetic energy of abrasive particles
that strike over the work sample and erodes the materials
in machining zone. It can also be observed that increases
in transverse speed increases the MRR, these abrasive
water jet particles erode the composite surface at a faster
rate with respect to increment in transverse speed, thus
increasing the MRR. Due to this fact, more deeper cracks
are developed on work sample in chip formation which

leads to greater MRR. Likewise, intermolecular forces
and energy generated in abrasive water jet particle have a
major impact at higher transverse speed. Stand-off distance
increment results in higher MRR due to the divergence in
abrasive water jet [18]. Increases in SOD result in scat-
tering of jet to cover more area in work sample, which
leading to higher MRR. Table 3 summarizes the response
for MRR, and it indicates that transverse speed acts as the
most significant parameter in governing MRR, followed by
stand-off distance, while filler wt% has a minimal effect
on MRR.

The significance of control factors for MRR is sum-
marized in Table 4, which shows results from analysis of

@ Springer
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Table 3 Response for MRR

Levels Filler % WP TS SOD

1 12.637 10.766 6.987 10.627
2 12.076 11.235 11.146 11.405
3 10.995 11.82 13.764 12.567
4 10.763 12.648 14.573 11.871
Delta 1.875 1.882 7.586 1.94
Rank 4 3 1 2

variance (ANOVA) with a P value less than 0.05. It can be
seen that all the control factors have significance over the
MRR. Furthermore, for each control factor, its individual
contribution to output response can be calculated by dividing
the total sequential sums of squares values with the indi-
vidual sequential sums of squares values of each control
factor. Herein, transverse speed has the major contribution
of ~76.36% and filler weight percentage has the second
major contribution (~11.01%) in governing the MRR val-
ues, followed by water pressure and stand-off distance. Both
ANOVA and SN ratio analysis show that transverse speed is
the most significant parameter. It should be noted that based
on ANOVA, there is a slight variation in contribution on
influencing parameters as it is concerned with explaining a
variation in a dependent variable, while SN ratio analysis is
focused on optimizing a process by maximizing the signal
and minimizing noise.

Combined influence of input parameters on MRR is
depicted in Fig. 3. Figure 3a shows the combinational effect
of filler wt% and water pressure on MRR of the developed
composite. It can be seen that MRR values are lower at min-
imal filler wt% and water pressure when WP <240 MPa.
At minimal WP, the kinetic energy of the abrasive particle
is lower, resulting in poor MRR. Herein, MRR values are
higher at minimal level of filler material and maximum level
of water pressure. At 0 wt% filler condition, the strength of
the base material is low and higher level of WP surges the
kinetic energy of garnet particles that results in high MRR
values. Effect of stand-off distance and transverse speed
on MRR is depicted in Fig. 3b. Herein, MRR is at maxi-
mum at maximum level of control factor, higher stand-off

distance results in divergence in abrasive water jet flow
and high transverse speed increases the constant hitting of
water jet over work samples. At maximum transverse speed,
the movement of water jet over composite surface will be
higher, which results in continuous hitting of abrasive water
jet over the machine zone, thus improving the MRR val-
ues. Influence of filler wt% and transverse speed on MRR is
depicted in Fig. 3c. It can be seen that minimal transverse
speed and filler wt% decrease the MRR, since a decrease
in transverse speed reduces the chance of abrasive water
jet particle hitting. Effect of stand-off distance and water
pressure is depicted in Fig. 3d. It can be notified that MRR
values are minimal at minimal levels of control factor, since
lower stand-off distance results in formation of unstable jet
[28]. This divergence decreases the concentration of abra-
sive particles that causes fluctuations in pressure and flow,
thus decreases the MRR.

5.2 Effect of machining parameters on surface
roughness

Influence of machining parameters on Ra is depicted in
Fig. 4. It can be observed that Ra decreases with an increase
of filler addition. This might be due to the increase of the
interfacial bonding strength. The addition of filler mate-
rial reduces the microvoids and results in smooth surface
at the time of erosion caused by water jet particles. An
increase in filler percentage decreases surface roughness
since the filler materials will get eroded by abrasive water
jet particles through brittle mechanism, thus forming smooth
machined surface. However, the base matrix materials are
abraded by tearing or ductile cutting mechanism which
increases the roughness of the developed composites. Sur-
face roughness of composite decreases with an increase in
WP; herein, as WP increases, the kinetic energy of abrasive
jet particles increases, thus improving the surface rough-
ness. Lower WP results in jet deflection that causes greater
waviness in machined surface. An increase in transverse
speed decreases the quality of the machined surface due to
the contribution of insufficient quantity of abrasive parti-
cles at machining condition. At lower transverse speed, the
contribution of abrasive particle is higher, which results in

Table4 ANOVA for MRR

Source df Seq SS Adj SS Adj MS F P Contribution (%)
Filler % 3 3.5629 3.5629 1.1876 23.6 0.014 11.01

WP 3 2.3496 2.3496 0.7832 15.56 0.025 7.26

TS 3 24.7069 24.7069 8.2356 163.66 0.001 76.36

SOD 3 1.5841 1.5841 0.528 10.49 0.042 4.90

Error 3 0.151 0.151 0.0503

Total 15 32.3545

R*=99.53%
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a Contour Plot of MRR vs Filler %, WP
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Fig.3 Contour plots showing the combined effect of input parameters on MRR. a Filler % and WP. b TS and SOD. ¢ Filler % and TS. d WP and
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Fig.4 Main effects plot for
surface roughness
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suitable machining time for abrasive jet particle interaction
over composites, leading to lower surface roughness. How-
ever, higher transverse speed causes flaws and permits less
overlap action over machined surface, and also it reduces
hitting of garnet particles on composite surface, resulting
in an increase in the surface roughness value. Higher SOD
values increase the surface roughness, and this might be due
to the decreases in kinetic energy of garnet particles caused
by the longer distance between the work sample and nozzle.
This fact results in divergence of abrasive jet that forms jet
in wider jet diameter and increases the interaction volume,
thus decreasing the density of kinetic energy of the jet par-
ticles. As a result, the penetration capability of jet particles
decreases, thus decreasing the quality of surface finish [29].

Table 5 summarizes the response for Ra, it can be seen
that the transverse speed acts as the major significant fac-
tor on surface roughness, followed by water jet pressure,
and filler wt% has the least effect on Ra. Significance and
contribution of individual parameters on surface roughness
can be obtained from ANOVA (Table 6). As depicted in
Table 6, transverse speed has the major influence on gov-
erning the surface roughness of composite with a contribu-
tion percentage of 58.66%. Water jet pressure has 14.11% of
contribution, and filler wt% has the contribution percentage
of 13.15%.

Collective effect of control factor on Ra is depicted in
Fig. 5. Figure 5a reveals that surface roughness values are
lower at higher level of water pressure and filler wt%. Dur-
ing machining condition, higher water pressure increases
the pressure of abrasive particles that erode the composite
surface without any damages; likewise, an increase in fillers

Table 5 Response for Ra

increases the brittleness of the developed composite which
results in smoother surface finish. Effect of transverse speed
and stand-off distance on surface roughness is depicted in
Fig. 5b. It can be notified that surface roughness was lower
at minimal level of transverse speed and stand-off distance.
During the above set condition, the distance between nozzle
and composite was minimal which increases the penetration
action of abrasive jet particle and results in improvement
of the surface quality. Likewise, minimal transverse speed
increases the chance of interaction between the work sample
and jet particles, which allows constant hitting of jet at a par-
ticular surface of composite sample without any divergence,
thus decreasing the surface roughness. Figure Sc depicts
the influence of filler wt% and transverse speed on surface
roughness values. Herein, maximum level of filler wt% and
minimal level of transverse speed improve the smoothness
of machined surface. This might be due to the improvement
of bonding property among fibre and base matrix material,
and this confirms the protection of machined surface from
extreme erosion at the time of cutting process. Combined
influence of water pressure and stand-off distance is depicted
in Fig. 5d. Herein, higher level of water pressure and lower
level in SOD deliver lower surface roughness. When the
abrasive jet particles are transported with higher WP, the
kinetic energy of abrasive jet particles increases which
improves the proficiency of smother surface finish [30].

5.3 Effect of machining parameters on kerf taper

Figure 6 depicts the effect of machining parameters on kerf
taper. It can be seen that higher filler % and water pressure
decrease the kerf taper. For lower WP, the kinetic energy of
garnet jet particles decreases which results in smaller depth
of penetration. This increases the kerf angle that showcases

Level Filler % WP TS SOD negative influence in machining behaviour. Higher water
pressure delivers consecutive momentum to abrasive water
1 —11.48 —11.48 —10.65 -10.9 . . .
jet particle that forms a wider kerf taper at bottom, thus
2 —-11.21 —-11.22 -10.91 —11.12 . .
lowering the kerf taper. Another reason is that a decrease
3 —11 —11.08 —-11.42 —-11.26 . A .
in water pressure creates pressure drops in jet particle that
4 —10.99 -109 —17 -4 decrease its sharpness. Kerf taper is directly related with the
Delta 0.49 0.58 1.05 0.51 . . . P
time of interaction between work sample and abrasive jet
Rank 4 2 1 3 . . .
particles. Herein, a decrease in transverse speed decreases
Table6 ANOVA for Ra Source  df  SeqSS Adj SS Adj MS F P Contribution (%)
Filler % 3 0.106125 0.106125 0.035375 9.21 0.049 13.15
WP 3 0.113875 0.113875 0.037958 9.88 0.046 14.11
TS 3 0.473525 0.473525 0.157842 41.09 0.006 58.66
SOD 3 0.102125 0.102125 0.034042 8.86 0.053 12.65
Error 3 0.011525 0.011525 0.003842
Total 15 0.807175
R*=98.57%
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Fig.5 Contour plot showing the combined effect of input parameters on Ra. a Filler % and WP. b TS and SOD. ¢ Filler % and TS. d WP and
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Fig.6 Main effects plot for kerf
taper
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the Kt, and this might be owing to the participation of mini-
mal quantity of water jet particles, which reduces its penetra-
tion per unit area at higher transverse speed. An increase in
filler wt% decreases the kerf angle, and this might be due to
the better bonding strength that resists against the material
erosion and thus decreases kerf taper. An increase in SOD
increases the kerf taper, and it might be due to the higher
energy disbursement over the composite specimen, which
leads to non-uniform surface and difficulties in measuring
the kerf taper. Table 7 depicts that transverse speed acts as
the major significant parameter on governing the kerf taper,
followed by filler wt%, and water pressure has the lowest
inference on kerf taper of the developed composite. From
ANOVA results (Table 8), it can be seen that all the param-
eters have effects on kerf taper since the values of P are less
than 0.05. Herein, transverse speed has higher contribution
of 31.63% followed by stand-off distance with 28.59% of
contribution. Wt% of filler has the third contribution per-
centage of 24.59%, and water pressure has lower contribu-
tion of 14.12%.

Influence of control factors in a combined form is
depicted in Fig. 7. Effect of filler wt% and water pres-
sure is illustrated in Fig. 7a, and it can be seen that kerf
taper values are lower at higher levels of filler addition and
water pressure. This may be due to the dynamic perfor-
mance of abrasive jet particles that concentrate more on
the marked surface, which increases the energy fluctuation
and decreases the chance of narrow kerf. From Fig. 7b,
it can be observed that lower kerf taper was obtained
at lower level of transverse speed and medium level of

Table 7 Response for Kt

stand-off distance. At the mentioned position, minimal
transverse speed increases the interaction between the jets
and machined surface, resulting in proper penetration of
jet which decreases the kerf taper. The mechanism happens
in the combined effect of filler wt% and transverse speed.
Higher filler wt% improves the brittleness of composite
which minimizes the chance of tearing of fibres and base
matrix. Likewise, at higher water pressure and minimal
strand-off distance, the kerf taper was minimal since lower
stand-off distance decreases the divergence of jet and high
water pressure increases the fine cutting of surface, thus
decreasing kerf taper.

5.4 Multi-objective optimization by CRITIC-coupled
COPRAS approach

5.4.1 Development of CRITIC modelling

The purpose of multi-objective optimization is to find the
parameter combinations that produce mutually optimum out-
put for two or more variables. The main challenge in multi-
ple response optimization is choosing an accurate weight for
the output response. Based on experience with the use of the
trial-and-error approach in relation to the relevance of the
control factors, researchers have assessed the weightage for
the response [25]. Therefore, a novel method of determining
the weightage for the output response has to be developed.
In this study, CRITIC is used to assign individual weights
to output responses. In order to assign weights to their fea-
tures and parallelize comparisons with real-world situations,
decision makers frequently communicate their views by tak-
ing into consideration choice factors [31]. Since CRITIC
weight measures a criterion’s importance based on how it

Level Filler % WP s SOD ranks relative to others, this decision is not necessary when
1 4.036 4.225 6.786 6.395 using the CRITIC technique. CRITIC provides a systematic
2 4.931 5.017 5.722 5.85 and structured approach to decision-making, considering the
3 5.588 5.586 4.749 5.027  interdependencies between criteria. It helps decision-makers
4 6.645 6.371 3.942 3.929 avoid subjective biases and make more informed choices.
Delta 2.61 2.146 2.844 2466  The following stages were used to illustrate the CRITIC
Rank 2 4 1 3 approach [26].
Table§ ANOVA for Kt Source  df  SeqSS Adj SS Adj MS F P Contribution (%)

Filler % 3 0.052118 0.052118 0.017373 22.65 0.015 24.59

WP 3 0.029923 0.029923 0.009974 13 0.032 14.12

TS 3 0.067041 0.067041 0.022347 29.13 0.01 31.63

SOD 3 0.060605 0.060605 0.020202 26.34 0.012 28.59

Error 3 0.002301 0.002301 0.000767

Total 15 0.211987

R*=98.91%
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Fig.7 Contour plot showing the combined effect of input parameters on Kt. a Filler % and WP. b TS and SOD. ¢ Filler % and TS. d WP and

SOD

Step 1: Construction of decision matrix based on output
values shown in Eq. (1)

D, Dy, ...D,,
D21D22 .Dzm

D = [DU]nXm = . (1)
D,D,..D,,

where D; is the performance data of the jth response of ith
design.

Step 2: Normalization of attained decision matrix using
Eq. (2)where min(D;) denotes the minimal function and
max(D;) represents the maximum function. The normal-
ized values are showcased in Table 9. Herein, for MRR,
the higher value is selected as maximum function, while
lower values are selected as maximum function for sur-
face roughness and kerf angle.
N D; — min(Dy)

Dt =
! max(D;) — min(Dy) 2)

Table 9 Normalized decision matrix obtained in the CRITIC method

Run Normalization Normalization Ra Normalization Kt
MRR
1 0.0042 0.5526 0.5292
2 0.4304 0.5263 0.4447
3 0.8565 0.1579 0.1149
4 1.0000 0.0000 0.0000
5 0.3608 0.3684 0.3230
6 0.0506 0.5789 0.3556
7 0.7384 0.4342 0.4825
8 0.7658 0.4737 0.5994
9 0.5316 0.1974 0.0421
10 0.6962 0.1711 0.2025
11 0.0000 0.9079 0.8910
12 0.2658 0.9868 0.8547
13 0.4536 0.1316 0.3556
14 0.3460 0.5526 0.7684
15 0.3017 0.6184 0.5966
16 0.1498 1.0000 1.0000
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Step 3: Formulating the correlation coefficient by Eq. (3)
where o, represents the standard deviation of jth response
and r; represents the correlation coefficient among the
output factors.

Co; = 0; X Z}:l(l = ;) 3)

Step 4: Weight determination for each output response
by using Eq. (4)

R —
= 3o )
I ijl Co;

The calculated IW; value from Eq. (4) is used in weight-

age calculation in COPRAS approach. Herein, the correla-
tion coefficient and weightages are depicted in Table 10.

5.4.2 CRITIC-coupled COPRAS approach

The COPRAS technique includes direct confidence and pro-
portion in importance and efficacy in substitutes that are
possible when there are equally conflicting parameters [32].
COPRAS associates the weights based on the ranking and

Table 10 Correlation and individual weightage

MRR Ra Kt Co, W

i J
MRR 1 —0.7358 —0.6347 1.0443 0.4930
Ra —0.7358 1 0.9214 0.5538 0.2615
Kt —0.6347 0.9214 1 0.5200  0.2455

Table 11 Computed attribute

recommends better ideal control factors, using success of
alternatives in connection to numerous control aspects. The
following steps are involved in the COPRAS approach [33].

Step I: The initial step the choice matrix is created, then
the output parameter is normalized by

Q;
NO. —

v \/W (5)
i=1 2ij

where NOj; is the normalized matrix, Qj; is the value in the
choice matrix and m is the number of alternatives.

Step 2: Calculated individual weight is multiplied to a
normalized decision matrix in this process as shown in
Eq. (6). Here, the normalized matrix (Eq. (5)) will be
multiplied by the weightage computed from the CRITIC
approach (Eq. (4)) to create the weighted matrix displayed
in Table 11 where NW; is the weighted normalized value.

NW,-j = IWj X NO,-j 6)

Step 3: P, calculationwhere P; denotes the maximization
of function calculated using Eq. (7) and » is the number
of maximum response. In this research, MRR 1is consid-
ered as the maximization since higher MRR improves the
machining performance.

P=Y" 0 ™)

Step 4: Calculation of R;where R; implies the minimiza-
tion of the function calculated based on Eq. (8). Herein,

values Normalized matrix Weighted normalized matrix P; R;
MRR Ra Kt MRR Ra Kt MRR Ra
0.03110 0.06150 0.06000 0.02172 0.00138 0.01685 0.02172 0.01877
0.06220 0.06180 0.06372 0.04334 0.00139 0.01789 0.04334 0.01982
0.09320 0.06670 0.07825 0.06496 0.00149 0.02197 0.06496 0.02405
0.10360 0.06870 0.08331 0.07224 0.00154 0.02340 0.07224 0.02554
0.05710 0.06390 0.06909 0.03981 0.00143 0.01940 0.03981 0.02139
0.03450 0.06110 0.06765 0.02408 0.00137 0.01900 0.02408 0.02090
0.08460 0.06300 0.06206 0.05897 0.00141 0.01743 0.05897 0.01939
0.08660 0.06250 0.05691 0.06036 0.00140 0.01598 0.06036 0.01793
0.06950 0.06610 0.08146 0.04848 0.00148 0.02287 0.04848 0.02494
0.08150 0.06650 0.07440 0.05683 0.00149 0.02089 0.05683 0.02296
0.03080 0.05680 0.04407 0.02151 0.00127 0.01238 0.02151 0.01415
0.05020 0.05580 0.04567 0.03499 0.00125 0.01282 0.03499 0.01456
0.06380 0.06700 0.06765 0.04452 0.00150 0.01900 0.04452 0.02109
0.05600 0.06150 0.04947 0.03906 0.00138 0.01389 0.03906 0.01581
0.05280 0.06060 0.05703 0.03681 0.00136 0.01602 0.03681 0.01791
0.04170 0.05560 0.03927 0.02911 0.00125 0.01103 0.02911 0.01276
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Ra and Kt are considered as the minimization function
since lower Ra and Kt deliver better surface quality.

Ri=2 Qi ®)

Finally, the summarized calculated data are shown in
Table 11.

Step 5: Perceiving the diminutive value of R

R, = minR,; )

Step 6: Weight determination on individual response Q;

The Q; values are calculated by using Eq. (10), and the
highest value in Q, is denoted as Q...

0,= p, 4 _min &= i 2o (10)
l LR Zjn; Roin/ g,
Step 7: Utility degree N; % determination
N; =100 X (Q1/ Qrax) (11)

Based on the maximum value of utility degree, optimal
parameters are ranked and respective values are depicted in
Table 12.

It is possible to obtain better MRR using the CRITIC-
coupled COPRAS method as well as minimal Ra and kerf
taper by using the optimal control factors. To achieve bet-
ter production rate with high quality in machined surface,

Table 12 Optimality criterion and ranking

Rin/R; 0, N; (%) Ranking
0.67995 0.02226 30.50782 15
0.64373 0.04391 60.17605 8
0.53051 0.06565 89.96846

0.49966 0.07297 100.00000 1
0.59646 0.04042 55.39746 9
0.61045 0.02468 33.81810 14
0.65799 0.05952 81.57275

0.71166 0.06087 83.42221 3
0.51171 0.04919 67.41619

0.55566 0.05748 78.77912 5
0.90197 0.02191 30.03374 16
0.87620 0.03541 48.53018 12
0.60516 0.04512 61.83881 7
0.80722 0.03951 54.15225 10
0.71262 0.03732 51.15432 11
0.99994 0.02947 40.39294 13

lower pulse off time and filler combined with higher values
of pulse on time and wire feed rate are optimal control fac-
tors for machining the developed composite. In the hybrid
approach, the optimal cutting parameters obtained (high-
lighted in italicized font in Table 12) are 290 MPa water
pressure, 60 mm/min transverse speed and 4 mm SOD which
yield 16.20 mm*/min of MRR with 0.29° kerf taper angle
and 3.86 pm minimal surface roughness.

5.5 Surface morphology of machined surface

The optimal machining parameters suggested by CRITIC-
coupled COPRAS are adopted to machine the developed
composite with various filler percentages. Machined surface
at optimal setting on the developed composite is depicted in
Fig. 8a—d. Formation of cracks and larger craters were iden-
tified for composite made without filler addition (Fig. 8a),
and this might be due to poor bonding among the fibres and
base resin matrix. We can also observe some pull-out of
fibres which might be due to the relatively high water pres-
sure, which improves the impact energy of water jet particles
[17]. This poorly bonded composite has minimal strength
to withstand the impacted pressure, which results in tearing
or debonding of fibres from the base matrix. Occurrence of
ductile mechanism has been identified for composite with
addition of fillers (Fig. 8b—d). The reason might be due to
lower interaction, and the filler materials will have the capac-
ity to withstand the pressure, after which the fibre starts to
be cut down and form a smoother surface. Likewise, cavities
are formed due to the matrix fall-out and missing fibre seg-
ment. Abrasive particles were observed over the machined
surface with interlaminar delamination. Herein, for the ten-
sile failure, adiabatic shear zones are the major mechanisms
in material failure. The interaction of the water jet at high
speed with the surface frequently results in delamination
[34]. A significant component that can alter the mechanical
behaviour of composite systems during processing such as
water jet cutting is delamination. The findings of the experi-
ment suggest that the lack of abrasive grains during water jet
cutting might potentially contribute to delamination. At the
optimal cutting condition of WP =290 MPa, TS =60 mm/
min and SOD =4 mm, for composite with a higher filler
addition voids, the creation of gaps between the fibre and
matrix was observed, and this might be due to high cutting
energy which initiates the fibre breakdown and causes the
fibre withdrawal.

6 Conclusions
A novel glass fibre—reinforced epoxy composite filled with

BN and MMT hybrid nanofillers is developed through
compression moulding. Machinability of the developed
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Fig.8 Machined sur-

face of a 0 wt% filler with
WP =290 MPa, TS =60 mm/
min and SOD=4 mm; b 2
wt% filler with WP =290 MPa,
TS =60 mm/min and

SOD =4 mm; ¢ 4 wt% filler
with WP =290 MPa,

TS =60 mm/min and
SOD=4 mm; and d 6 wt%
filler with WP =290 MPa,
TS =60 mm/min and

SOD =4 mm

WD: 10.29 mm
Scan speed: 4

3
SEM HV: 10.0 KV
SEM MAG: 1.94 kx

SEM HV: 10.0 KV mm

SEM MAG: 1.42 kx

WD: 1
Scan speed: 4

material is evaluated through AWJM. Implementing the
optimization techniques is valuable in advanced manu-
facturing processes where precise control of MRR, Ra,
and Kt is crucial. Industries such as aerospace, automotive
and electronics could benefit from improved machining
capabilities. The optimized parameters could contribute to
the production of lightweight and high-strength parts for
various applications. But, the research work on optimiza-
tion of polymer composite machining is minimal and that
too only few researchers considered filler quantity as input
parameters. Hence, the current research aims to optimize
the machining parameters along with filler quality for the
developed novel composite. Taguchi method is used for
experimental design, and CRITIC-weighted COPRAS
method is adopted for attaining the optimal solution on
higher MRR with minimal Ra and Kt. The following major
conclusions can be drawn:

Among all the input parameters, BN addition mainly
affects the kerf taper, while stand-off distance and water
pressure mainly affect the material removal rate and sur-
face roughness. Increasing the addition of BN reduces the
kerf taper and improves the surface finishing, although it
also slightly reduces the material removal rate.

ANOVA results depict that transverse speed is the most
influencing parameter over all the considered responses
with the highest average contribution of 55.55%, while
water pressure has the lowest average contribution of
11.83%. Contour plot analysis reveals that combination
of higher water pressure with minimal filler percent-
age delivers better MRR; however, the same condition

@ Springer
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showcases higher values of surface roughness and kerf
taper angle.

CRITIC-COPRAS approach is able to identify the
optimal cutting parameters (290 MPa water pressure,
60 mm/min transverse speed and 4 mm stand-off dis-
tance) for better production rate and high machined
surface quality, leading to 6.20 mm>/min of MRR with
0.29° kerf taper angle and 3.86 pm minimal surface
roughness.

Formation of larger cracks and craters are identified
on the machined surface through SEM analysis for the
composite without filler addition, whereas a smooth
machined surface is visualized for filler-added compos-
ites.

In the future, machine learning approaches such as arti-
ficial neural network (ANN) and support vector machine
(SVM) can be utilized to predict the MRR, Ra, and Kt
for the developed novel composite by training the neural
network with more experimental data.
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