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The advanced class of Al/(RHA+Mg+Cu) hybrid metal matrix nanocomposites (MMNCs) has exhibited superior physical, and
mechanical properties with superior wettability and chemical compatibility. This work has also been reported on the
machining and multiobjective optimization of process variables for the machining of Al/(RHA+Mg+Cu) hybrid MMNCs on
EDM using L27 Taguchi’s orthogonal array integrated with Grey rational analysis (GRA). The primarily target goal of this
study is to produce nanocomposite having better properties with minimal production cost, with the use of reinforcement rice
husk ash (RHA). RHA is utilized in the base matrix of Al 6061 at wt.% of 6, 8, and 10. On the other hand, the elements such
as Cu and Mg are placed fixed, i.e., 3 wt.% and 1wt.%, respectively. The hardness, tensile strength, and impact strength of the
nanocomposites increased with the maximum increment of 35.11%, 15.76%, and 16.67%, respectively, as compared to neat
composite. Further, the purpose of this investigation was to determine the effect of various factors such as the percentage of
RHA in the workpiece electrode (W), the discharge current (I), the voltage (V), the duty factor (τ), the pulse-on time (Ton),
and the flushing pressure (P) on the material removal rate (MRR), the surface roughness (SR), and the tool wear rate (TWR)
during the machining of hybrid nanocomposites using Taguchi’s approach. The results revealed that MRR decreased with
increasing the RHA content in the workpiece which can be reasoned to isolating nature of the RHA. It clearly shows that SR
has decreased with an addition of RHA content from 6wt.% to 8wt.% in workpiece, but it slightly increased by further
addition of RHA from 8wt.% to 10wt.%. SR has decreased with an increase in duty factor while performing EDM trials with
the copper electrode, but it slightly increases with a further increase in duty factor. By the increase in pulse-on time, spark
energy also increases also leading to the formation of craters. Therefore, SR has increased with an increase in pulse-on time.
The TWR has increased with an increase in RHA content in the workpiece, because of the existence of hard reinforcements on
the matrix which causes larger wear in the tool. Analysis of SEM micrographs showed the presence of voids, shallow and deep
craters, and black voids on the machined surface of the fabricated hybrid nanocomposites. As calculated using the response
graph for GRG, confirmation tests for optimal parametric setting show improvement over initial parametric setting of
machining parameters. The mean of optimal MRR, SR, and TWR is estimated at the significant level of machining factors at
A1B3C3D2E3F1, A2B1C1D2E1F3, and A1B1C1D1E1F3, respectively.
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1. Introduction

The metal composite matrix (MMCs) can be processed by
various methods, such as water jet drilling, turning, cutting,
abrasive water jet machining, and laser cutting. However,
such methods have some limitations in cutting complex pro-
files [1, 2]. EDM is more able to cut complex forms with
high accuracy and control for such composites. But many
problems and difficulties have been faced by the
manufacturing engineers during processing of the composite
materials which include rapid tool wear, irregular MRR, and
poor surface finish. Till date, very little research work is done
to test the machinability of RHA-reinforced MMCs to rec-
ommend the optimum range of the machining parameters
for the practical use in the industry. The choice of suitable
machining parameters is generally difficult and depends
largely on the operator knowledge and tables of input pro-
cess variables given by the machine tool manufacturer.
Therefore, optimization of process variables is quite essential
when the economy and performance of a machined compo-
nent contribute [3, 4]. Bhoi et al. reviewed the fabrication of
Al matrix composites reinforced by micro-/nanoparticles
[4]. Alaneme and Olubambi observed that the coefficient
of friction and the wear rate of the composites were
increased with increase in RHA wt.% [5]. Shaikh et al. inves-
tigated the characteristics of newly developed aluminium
matrix composites reinforced with 0, 5, 10, and 15wt.%
RHA and 10wt.% of SiC. Dry sliding wear, density, hard-
ness, and porosity were evaluated for the produced compos-
ites. Except for 15wt.% of the RHA composite where
clustering of RHA particles is found, SEM micrographs
showed a uniform dispersion of SiC and RHA particles in
the developed composite. The mechanical and tribological
analysis showed that the hardness and wear characteristics
of composites were first increased and then decreased up
to 10 percentages by increasing the RHA percentage [6].
Mishra P. et al. developed the new MMC using aluminium
alloy (LM6) matrix reinforced with 6wt.% RHA using stir
casting technique and examined the properties such as hard-
ness and wear properties [7]. Zakaria investigated the micro-
structure and corrosion behaviour of Al/SiC metal matrix
composites [8]. Hossain et al. fabricated aluminium matrix
hybrid composites reinforced with 1wt.% Al2O3 and 0, 2,
4, 6, and 8wt.% SiC by stir casting technique and examined
mechanical, wear, and microstructural characteristics [9].
Sharma et al. examined the different fabrication techniques
along with the different reinforcements used in the newly
fabricated MMCs [10]. Sharma et al. also investigated the
mechanical, tribological, and microstructural properties of
Al-Mg-Si-T6/SiC/muscovite hybrid metal matrix compos-
ites for high strength applications [11]. Dinaharan et al. fab-
ricated the 18 vol% RHA-reinforced AA6061 matrix
composite using friction-stir processing. The developed
composite offered a fine and equiaxed grain structure with
an increase in tensile strength [12]. Srivastava focused on
the construction of an aluminium 6063 matrix composite
reinforced with 5% SiC (30mm in size). The result showed
that the produced MMC improved toughness and strength.
Further studied effectiveness of MMC produced using

EDM. The results showed that all the factors significantly
were affecting the results of MRR [13]. A review of literature
found that while there has been work on machining single
particle reinforced MMC on EDM, there has been very little
work on machining the Al matrix hybrid composites rein-
forced with RHA, magnesium, and copper. In the present
investigation, Taguchi method-based design of experiments
and Grey relational analysis identify the optimal combina-
tions using single response and multiresponse optimization,
respectively, during EDM of newly fabricated RHA-
reinforced Al matrix nanocomposites.

2. Experimental Procedure

2.1. Material Selection.Matrix and reinforcement selection is
the backbone of every composite for enhancement in the
properties. In this nanocomposites, Al 6061 alloy is
employed as the matrix, whereas RHA, Cu, and Mg are used
as reinforcements. Al 6061 contains Mg and Si as its primary
alloying elements. It is one of the most widely utilized alu-
minium alloys in series 6000 and has desired mechanical
and tribological properties, thermal and electrical conductiv-
ity, and high degree of stiffness [14, 15]. In the present work,
commercial grade Al 6061 with chemical composition
shown in Table 1 is obtained from Bagri Alloy and Steel,
Chandigarh.

Compressibility behaviour of Al matrix MMNCs can be
enhanced with reinforcing the Cu particles. The improved
compressibility is due to the high hardness, high resistance
to deformation, and the spherical shape of copper nanopar-
ticles, which are capable of significantly reducing the area of
contact between adjacent particles. The addition of copper is
based upon its high solubility in aluminium. Copper is also
mechanically tougher than pure aluminium. The addition
of Cu linearly increases the microhardness. The primary
requirement during the fabrication of MMNCs is wetting
between the reinforcements and the matrix alloy, particu-
larly fabrication using liquid processing method. The mag-
nesium decreases the surface tension of liquid metal, which
thereby overcomes weak bonding in metal matrix and rein-
forced particles by an increment in wettability.

2.2. Fabrication of Nanocomposites. In this work, 6, 8, and
10wt.% RHA, 3wt.% copper, and 1wt.% magnesium are
used as reinforcements, and Al 6061 is selected as matrix
material for the nanocomposite’s fabrication. Table 2 shows
designated samples and their compositions. The composites
are prepared using two step stir casting method. The RHA
and copper particles were initially preheated separately at a
temperature of 250°C to remove moisture and to improve
wettability with molten Al alloy in a preheating furnace
[18, 19]. The Al alloy was charged in graphite crucible and
is melted to a temperature of about 750°C using an electrical
furnace [20, 21]. The liquid alloy was cooled in the furnace
to a semisolid state at a temperature of about 630°C. The
preheated RHA and copper particles were charged into the
semisolid melt at this temperature and stirred manually for
20 minutes, and 1wt.% of magnesium was added to improve
the wettability between the matrix and reinforcements [22,
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23]. The addition of magnesium enhances the wettability;
however, increasing the content above 1wt.% causes the
increase in viscosity of the slurry, and hence, uniform parti-
cle distribution might be difficult. For uniform distribution
of reinforcement in the matrix, the flow pattern should be
from outward to inward [24]. The argon gas was supplied
into the crucible during the stirring in order to avoid the for-
mation of an oxide layer on the surface of the matrix melt
[25, 26]. The semisolid hybrid composite mixture was
heated to a temperature of about 900°C and stirred using
an automated mechanical stirrer at 300-400 rpm for 10
minutes [27, 28]. In the end, mixed liquid nanocomposites
are poured inside the cavity to produce the casting [29].

2.3. Specimen Preparation. The specimens of aluminium
matrix hybrid nanocomposites are prepared as per Table 2
composition as exhibited above. The hardness of the nano-
composites increases with an increase in reinforcements
content with the maximum increment of 35.11% for the
10wt.% RHA and 3wt.% of Cu in comparison with an incre-
ment of 17.20% for -6wt.% RHA [30, 31]. The specimens are
prepared in a cylindrical shape with a base diameter of
34mm and a length of 10mm. The workpieces are machined
using copper electrodes made with a diameter of 10mm. The
one set prepared specimen of workpiece and tool is shown in
Figure 1. The mechanical properties of aluminium matrix
hybrid nanocomposites are presented in Table 3.

2.4. Machining Parameters. The experiments are carried out
on a numerically controlled die-sinking EDM machine
(5535-ElectraPlus PS-35), as shown in Figure 2. The z-axis
motor is controlled by the control panel and can be config-
ured to follow the programme fed to the controller [30,
31]. The control system uses the voltage difference between
the tool and the workpiece electrodes to control the tool’s
position. The tool is fed to keep a constant separation with
the workpiece.

Based on the pilot study and extensive literature review,
there are 6 factors at 3 levels identified as wt.% of RHA in the
workpiece electrode (A), the discharge current (B), gap volt-
age (C), duty factor (D), pulse-on time (E), and the flushing
pressure (F). Table 4 shows the ranges and levels of process
parameters selected based on pilot experiments and the
availability of the machine.

The performance characteristics include MRR, TWR,
and SR. MRR is defined as the ratio of the weight difference
of the workpiece prior to machining (Wb) and postmachin-
ing (Wa) to the machining time (t):

MRR g
min:

� �
=
Wb −Wa

t
ð1Þ

Similarly, TWR is determined as the ratio of the tool’s
weight difference before (Tb) and after (Ta) machining to
the time of machining:

TWR
g

min:

� �
=
Tb − Ta

t
ð2Þ

SR is the measure of the fine irregularities observed in
the texture of the surface. These are the results of the EDM
process employed to create the surface. Generally, the sur-
face roughness is denoted by Ra and expressed in microme-
ters (μm).

3. Results and Discussions

The SN ratio diagrams are then shown using Minitab 17
software against the resulting response for analysis [32,
33]. In general, there are three categories for evaluating the
SN ratio: lower is better (LB), nominal is better (NB), and
higher is better (HB), and their selection is determined by
the type of response recorded. The HB category is applied
for MRR, whereas the LB category is applied for the TWR
and SR.

S/Nð ÞHB = −10 log10
1
n
〠
n

i=1

1
y2i

$ %

S/Nð ÞLB = −10 log10
1
n
〠
n

i=1
y2i

$ % ð3Þ

where yi denotes the observed results of the ith experi-
ment of n repetitions.

The experimental results of the MRR, SR, and TWR of
sample W1, W2, and W3 of hybrid nanocomposites
machined by copper electrodes are presented in Table 5.

3.1. Effect of EDM Parameters on MRR, SR, and TWR. As
Table 5 has showed the experiment results with reference
to MRR, SR, and TWR and their corresponding SN ratios,
the response table of means and S/N ratio for MRR is shown
in Table 6, respectively. The variations of MRR, SR, and
TWR with respect to different factors while machining the
given nanocomposites with the copper electrode are pre-
sented in Figures 3, 4, and 5, respectively. It is captured that
MRR decreased with increasing the RHA content in

Table 2: Samples with their wt.% composition.

Sample designation Composition (wt.%) of hybrid MMNCs

W1 90%Al6061-6%RHA-3%Cu-1%Mg

W2 88%Al6061-8%RHA-3%Cu-1%Mg

W3 86%Al6061-10%RHA-3%Cu-1%Mg

Table 1: Chemical composition of Al 6061 [16, 17].

Manganese Iron Copper Magnesium Silicon Zinc Chromium Others Aluminium

0.15% 0.7% 0.23% 0.15% 0.6% 0.25% 0.37% 0.12% Balance

3Journal of Nanomaterials



workpiece which can be reasoned to isolating nature of the
RHA. Rengasamy et al. also claimed that the value of MRR
is maximum at 0wt.% of reinforcement and it reduces grad-
ually with the increase wt.% of reinforcement with matrix
alloys [34]. The SN ratio response graphs further show that
MRR increases with an increase in discharge current. Dis-
charge energy becomes high at the high level of discharge
current as a result of which a large heat transfer occurs to
the workpiece which causes high MRR. This has been also
claimed by Kandpal et al. (2018) [35]. With an increase in
gap voltage, MRR is found to be increased. It is clear that
with the increase of discharge current and pulse-on time,
the applied pulse energy increases for each discharge.
Because of that, high thermal energy is released which is
enough to remove the large amounts of material from the
workpiece specimen and hence increase the MRR. The anal-
ysis also satisfies the claim of Dhar et al. [36]. MRR is max-
imum at a low level of flushing pressure which could be
subjected to the levels of the flushing pressure chosen for
machining. From Figure 3, it can be clearly shown that
MRR improves with increasing the duty cycle from low level
to moderate level; however, MMR is dropped down when
the duty cycle is kept at a high level.

The S/N ratio response graphs show the significant effect
of reinforcements on SR. It clearly shows that SR decreases
with an addition of RHA content from 6wt.% to 8wt.% in
workpiece, but it slightly increased by further addition of
RHA from 8wt.% to 10wt.%. Thus, SR value is found min-
imum at moderate level, i.e., at 8wt.% of RHA content.

The reinforcement particles dislodged from the machine
surface are one of the reasons to enhance roughness. The
SN ratio response graphs further show that SR leads to an
increase with an increase in current. Since discharge energy
is high at a higher discharge current, as a result, a large
amount of heat is transferred to the workpiece which causes
the formation of more craters on the machined surface and
leads to poor surface finish. This analysis is also satisfied
the claim by Bodukuri et al. [37]. SR is found to increase ini-
tially with an increase in gap voltage and then decreases. SR
decreases with an increase in duty factor while performing
EDM trials with the copper electrode, but it slightly increases
with further increase in duty factor.

By the increase in pulse-on time, spark energy also
increases that also leads to the formation of craters. There-
fore, SR increases with an increase in pulse-on time. It is also
identified during machining that the large size craters and
further overlapping of craters are done because of the
extremely large amount of energy delivered to the workpiece
with an increase in pulse-on time and discharge current. SR
is noticed to be marginally varying with different level of
flushing pressure.

The TWR increases with an increase in RHA content
in the workpiece, because of the existence of hard rein-
forcements on the matrix which causes larger wear in
the tool. The SN ratio response graph further shows that
TWR increases by increasing the discharge current. The
amount of material removed from the tool electrode
increases proportionally with an increase in the discharge
current. Discharge energy is high at a higher discharge
current as a result large amount of heat is produced near
the gap, which causes high TWR. TWR also increases with
increasing the level of gap voltage for a copper electrode as
spark energy is high at high level of gap voltage. TWR also
increases with an increase in the duty factor. In this case,
TWR is the minimum at a low level of duty factor. By
increasing the pulse-on time, spark energy also increases
that also leads to higher TWR. TWR initially increases
and then decreases for the copper electrode. When the
pulse time is higher, the plasma channel continues to
expand and can reduce the energy density of the dis-
charge. Hence, TWR declines. TWR is minimum at a high
level of flushing pressure.

Figure 1: Prepared specimen of the workpiece (diameter 34mm and thickness 10mm) and tool electrode (diameter 10mm).

Table 3: Mechanical characteristics of prepared
nanocomposites [30].

Samples
Tensile
strength
(MPa)

Rockwell-
hardness
(HRB)

Impact
toughness

(J)

Elongation-
at-break (%)

W0 (neat
Al6061)

85 43 3 9.7

W1 95.2 54.1 3.5 7.7

W2 97.1 57 3 6.3

W3 98.4 58.1 2.5 5.3
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From the SN ratios graphs, the optimized value for better
MRR, SR, and TWR are obtained at A1B3C3D2E3F1,
A2B1C1D2E1F3, and A1B1C1D1E1F3, respectively.

3.2. Selection of Significant Parameters. To discover the
parameters that are statistically significant for high MRR,
low SR, and low TWR, an ANOVA tables have been con-
structed using the Minitab software. The ANOVA table
generated for MRR, SR, and TWR are shown in
Tables 7, 8 and 9, respectively. It is utilized to evaluate
the significant parameters and indicates its importance
towards the MRR, SR, and TWR. The probability (P)
value in the ANOVA table should be less than 0.05 for
the significant factor [38–42]. The complete outcome was
validated at a 95% level of confidence; it was revealed that
RHA content, discharge current, gap voltage, and duty fac-
tor have the significant influence on MRR. RHA content,
discharge current, gap voltage, duty factor, and pulse-on
time have the most significant effect on SR of machined
specimens. RHA content and discharge current have most
significance towards TWR. The coefficient of determina-
tion (R2) for MRR, SR, and TWR are 96.36%, 94.65%,
and 93.86%, respectively.

3.3. Prediction. The mean of optimal MRR, SR, and TWR is
estimated at the significant level of machining factors at
A1B3C3D2E3F1, A2B1C1D2E1F3, and A1B1C1D1E1F3, respec-
tively. The predicted mean of the response parameters
MRR, SR, and TWR is calculated [43, 44] using

μMRR =Workpiece − electrode1 + Discharge − current3
+ Gap − voltage3 + Duty − factor2 + Pulse
− on time3 + Flushing − pressure1 – 5Tavg

= 51:82 + 59:39 + 44:85 + 45:40 + 41:33 + 47:89
− 5 × 39:930 = 91:03mg/min

μSR =Workpiece − electrode2 + Discharge − current1
+ Gap − voltage1 + Duty − factor2 + Pulse
− on time1 + Flushing − pressure3 – 5Tavg

= 3:700 + 3:258 + 3:794 + 3:937 + 3:873 + 4:189
− 5 × 4:200 = 1:751 μm

μTWR =Workpiece − electrode1 + Discharge − current1
+ Gap − voltage1 + Duty − factor1 + Pulse
− on time1 + Flushing − pressure3 – 5Tav

= 9:083 + 8:889 + 10:014 + 10:931 + 10:292 + 10:208
− 5 × 11:055 = 4:142mg/min

ð4Þ

3.4. Confirmatory Experiments. Finally, the confirmatory
experiments are conducted to validate the optimal paramet-
ric combination. Three confirmatory tests for MRR, SR, and
TWR are carried out at their optimal set process parameters,
and their average value is compared with their correspond-
ing estimated mean optimal value. Table 10 shows the
results of confirmatory experiment for MRR, SR, and TWR
produced by copper electrode. Confirmation experiments
shows that results of trial at optimal conditions have shown
improvement when compared with the results of trials at
chosen initial setting of control parameters.

3.5. Micrographs of Machined Surfaces. The microstructure
of the workpieces is studied by applying the SEM for evalu-
ating the quality of surfaces produced by EDM process. The
specimens were etched properly in a mixture of distilled
water, HCl, and CuSO4 for 60 seconds before SEM observa-
tions [41, 42].

Analysis of micrographs has been performed of all the
workpiece for low and high levels of discharge current. The
two specimens from each workpiece are chosen for study

Figure 2: Elektra pulsPS35 die-sinking EDM.

Table 4: Process parameters with ranges and levels.

Factors Unit Ranges
Levels

1 (low) 2 (medium) 3 (high)

A wt.% of RHA 6–10 W1 W2 W3

B A 5–15 5 10 15

C V 50–80 50 65 80

D % 8–24 8 16 24

E μs 10–50 10 20 50

F Psi 3–10 3 5 10
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of microstructure. Figures 6–8 show the microstructure of
the sample machined at experimental run-3, run-9, run-12,
run-18, run-21, and run-27. This can be observed from the
SEM micrographs that there is a formation of residual cav-
ity, globules, and large deep craters on the surface of some
specimens after machining. The possible cause of this may
be high value of discharge current. Higher discharge energy
creates higher temperatures at the spark point during EDM,
which causes material to melt and evaporate. Figures 6, 7,
and 8 confirmed that craters are shallow and surface imper-
fections are smooth, shallow, and less widespread at low dis-
charge current. The melted material which is not properly
flushed out from the surface is solidified again and formed
a rougher surface which can be visualised in Figure 6. Higher
discharge energy is available at higher discharge current and
pulse-on time levels, which results in formation of large cra-
ters, microcracks, and debris. Riaz et al. also confirmed the
deep craters and large surface irregularities surfaces at high
discharge energy [43]. Further, it is clearly understood that
material has undergone melting followed by washing out
of the molten material. Suresh Kumar et al. claimed that a
large proportion of the heat produced is dissipated in the
machining area at a lower level of discharge current [44].

Hence, lesser pulse energy is dispensed for the melting and
vaporization workpiece. The increase in pulse-on-time
reduces machining efficiency. The machined surface is
therefore present with the waviness surface and bubbles pro-
duced during pulse-off time, which might be due to collapse
in plasma [45, 46].

4. Multiresponse Optimization Using GRA

4.1. Generating Grey Relational Grade. GRA analysis is
employed here to optimize multiple responses, namely,
MRR, SR, and TWR using single response value of EDM
process of nanocomposites material. The various steps
involved in calculating GRG are as follows.

Step 1. Calculate the mean for each individual corresponding
response.

Step 2. Normalize the data in range between 0 and 1 using
the following formulae.

Table 5: Experimental results of EDM produced by copper electrode.

Exp. no. A B C D E F
Response values (average) S/N ratio
MRR SR TWR MRR SR TWR

1 6 5 50 8 10 3 32.125 3.26 3.625 11.1863 -10.2646 -9.8855

2 6 5 50 8 20 5 25.625 3.65 4.750 13.5340 -11.2461 -11.9412

3 6 5 50 8 30 10 23.125 4.16 2.875 9.1729 -12.3821 -12.7913

4 6 10 65 16 10 3 55.625 4.46 10.375 20.3199 -12.9869 -15.8278

5 6 10 65 16 20 5 48.375 4.75 7.625 17.6449 -13.5341 -18.1254

6 6 10 65 16 30 10 49.375 4.69 5.375 14.6077 -13.4238 -18.0140

7 6 15 80 24 10 3 82.125 5.19 12.750 22.1104 -14.3034 -20.9735

8 6 15 80 24 20 5 76.875 5.16 18.500 25.3438 -14.2531 -24.0249

9 6 15 80 24 30 10 73.125 6.46 15.875 24.0145 -16.2049 -25.1178

10 8 5 65 24 10 5 21.875 2.85 7.250 17.2069 -9.0969 -10.5178

11 8 5 65 24 20 10 20.625 3.30 7.375 17.3554 -10.3705 -9.6737

12 8 5 65 24 30 3 26.875 2.92 9.750 19.7801 -9.3078 -11.9661

13 8 10 80 8 10 5 30.625 3.77 9.500 19.5548 -11.5269 -12.5768

14 8 10 80 8 20 10 29.375 3.90 10.250 20.2149 -11.8215 -14.5288

15 8 10 80 8 30 3 46.875 4.21 10.750 20.6287 -12.4858 -16.5947

16 8 15 50 16 10 5 63.125 4.06 13.500 22.6069 -12.1707 -18.0246

17 8 15 50 16 20 10 46.875 3.92 14.500 23.22765 -11.8659 -19.6945

18 8 15 50 16 30 3 80.625 4.37 16.125 24.1500 -12.8099 -21.8441

19 10 5 80 16 10 10 23.000 2.56 7.875 17.9250 -8.1649 -9.4416

20 10 5 80 16 20 3 26.875 3.60 11.375 21.1190 -11.1263 -7.2067

21 10 5 80 16 30 5 14.750 3.02 7.125 17.0558 -9.6003 -12.5403

22 10 10 50 24 10 10 16.500 3.25 9.125 19.2049 -10.2379 -16.0219

23 10 10 50 24 20 3 31.750 3.65 12.875 22.1952 -11.2461 -14.3791

24 10 10 50 24 30 5 21.375 3.83 12.750 22.1104 -11.6642 -12.9796

25 10 15 65 8 10 10 26.625 5.46 18.625 25.4018 -14.7442 -16.7335

26 10 15 65 8 20 3 48.125 6.51 19.125 25.6323 -16.2719 -17.2923

27 10 15 65 8 30 5 35.875 6.46 18.875 25.5179 -16.2049 -17.5755
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Figure 3: Main effect plots for SN ratios of MRR.
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For higher the better,

xi ∗ kð Þ = xi kð Þ −min xi kð Þ
max xi kð Þ −min xi kð Þ : ð5Þ

For smaller the better, the formula to transform xiðkÞ to

xi ∗ ðkÞ is given as

xi ∗ kð Þ = max xi kð Þ − xi kð Þ
max xi kð Þ −min xi kð Þ ð6Þ

(For i = 1, 2, 3,⋯m and k = 1, 2, 3,⋯n:)

Table 7: ANOVA for MRR.

Source DOF Adj. SS Adj. MS F value P value % Contribution

A: Workpiece electrode 2 2735.1 1367.53 48.32 ≤0.001 25.158

B: Discharge current 2 5780.7 2890.36 102.13 ≤0.001 53.172

C: Gap voltage 2 329.7 164.84 5.82 0.014 3.033

D: Duty factor 2 698.3 349.51 12.34 0.001 6.423

E: Pulse-on time 2 27.0 13.51 0.48 0.630 0.248

E: Flushing pressure 2 904.6 452.30 15.98 ≤0.001 8.321

Error 14 394.2 28.30

Total 26 10871.6

S = 5:31993, R − sq: = 96:36%, R − sq:ðadj:Þ = 93:235%, and R − sq:ðpred:Þ = 86:442%.

Table 8: ANOVA for SR.

Source DOF Adj. SS Adj. MS F value P value % Contribution

A: Workpiece electrode 2 4.0424 2.02121 16.89 ≤0.001 12.916%

B: Discharge current 2 18.8243 9.41214 78.67 ≤0.001 60.150%

C: Gap voltage 2 2.9208 1.46040 12.21 0.001 9.333%

D: Duty factor 2 2.2055 1.10274 9.22 0.003 7.047%

E: Pulse-on time 2 1.6039 0.80197 6.70 0.009 5.125%

E: Flushing pressure 2 0.0233 0.01163 0.10 0.908 0.074%

Error 14 1.6750 0.11964

Total 26 31.2952

S = 0:345895, R − sq: = 94:65%, R − sq:ðadj:Þ = 90:0612%, and R − sq:ðpred:Þ = 80:098%.

Table 9: ANOVA for TWR.

Source DOF Adj. SS Adj. MS F value P value % Contribution

A: Workpiece electrode 2 72.042 36.021 14.07 ≤0.001 12.347

B: Discharge current 2 429.406 214.703 83.88 ≤0.001 73.594

C: Gap voltage 2 14.656 7.328 2.86 0.091 2.512

D: Duty factor 2 8.719 4.359 1.70 0.218 1.494

E: Pulse-on time 2 10.503 5.252 2.05 0.165 1.800

F: Flushing pressure 2 12.316 6.158 2.41 0.126 2.111

Error 14 35.837 2.560

Total 26 583.479

S = 1:59993, R2 = 93:861%, R2 ðadj:Þ = 88:592%, R2 ðpred:Þ = 77:161%.

Table 10: Results of confirmatory experiment for MRR, SR, and TWR.

Machining
characteristics

Predicted optimum
value

Predicted confidence interval at 95%
confidence level

Optimal set of machining
parameters

Experimental value
(mg/min)

MRR 91.031mg/min 80:721 < μMRR−Cu < 101:339 A1B3C3D2E3F1 87.151

SR 1.753μm 1:065 < μSR−cu < 2:403 A2B1C1D2E1F3 1.912

TWR 4.141mg/min 1:044 < μTWR−Cu < 7:24 A1B1C1D1E1F3 4.892
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where xi
∗ðkÞ is the string after the calculations, i = 1, 2,

3⋯ :m, m = 27, and max xi and min xi are the functions
for finding the maximum and minimum value of xi

0,
respectively.

Step 3. Calculate the divergence values from the normalized
values, which is calculated using the formulae.

The deviation series Δx∘iðkÞ is the difference of reference
series x0 ∗ ðkÞ and the comparability series xi ∗ ðkÞ at kth point.

It is computed using the following:

Δ∘i kð Þ = x0 kð Þ − xi kð Þj j ð7Þ

Step 4. Determinate Grey relational coefficients (GRC).

Re-solidification

(a)

Residual Cavity

(b)

Figure 6: SEM of workpiece W1 at (a) current 5 Amp, gap voltage 50V, duty factor 8%, pulse-on time 30μs, and flushing pressure 10 psi
and (b) run 9, current 15Amp, gap voltage 80V, duty factor 24%, pulse-on time 30μs, and flushing pressure 10 psi.

Brittle rupture

(a)

Crater 

Globules 

(b)

Figure 7: SEM of workpiece W2 at (a) current 5 Amp, gap voltage 65V, duty factor 24%, pulse-on time 30μs, and flushing pressure 3 psi
and (b) current 15Amp, gap voltage 50V, duty factor 16%, pulse-on time 30μs, and flushing pressure 3 psi.

Melting and re-
solidification

(a)

Deep
craters 

(b)

Figure 8: SEM of workpiece W3 at (a) current 5 Amp, gap voltage 80V, duty factor 16%, pulse-on time 30μs, and flushing pressure 5 psi
and (b) current 15Amp, gap voltage 65V, duty factor 8%, pulse-on time 30μs, and flushing pressure 5 psi.
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The GRC (ξ) is used to compute the relationship
between mean and best values as follows:

ξ0i kð Þ = Δ min + pΔ max
Δ∘i kð Þ + pΔ max

ð8Þ

Step 5. Generate the GRG.
Once the GRC is derived, the GRG is taken as the mean

of GRC and is determined using following equations:

ri =
1
n
〠
n

k=1
w kð Þξ kð Þ½ � ð9Þ

〠
n

k=1
w kð Þ = 1 ð10Þ

In Equation (9), w ðkÞ is the ratio of the number k
influencing parameter to the overall influencing indicators,
and its overall sum is equal to 1.

4.2. Selection of Optimal Levels. It can be observed from the
Table 11 that the highest GRG is found at experimental trial
no. 1 and optimum parametric combinations are as work-
piece electrode W1 (6%RHA), discharge current 5A, gap
voltage 65V, duty factor 8%, pulse-on time 10μs, and flush-
ing pressure 3 psi. GRG is treated as an output variable on
which subsequent optimisation is performed. Table 12 pre-
sents the mean GRG obtained for three different levels of
EDM process variables. The overall mean value obtained of
the GRG for 27 experiments is 0.454. Figures 9 and 10 pres-
ent the main effects for mean and SN ratios of GRG for
MRR, SR, and TWR produced by copper electrode. The

Table 11: Grey relational grade.

Sr. no.
Normalized value Divergence Grey relational coefficient

GRG
MRR SR TWR MRR SR TWR MRR SR TWR

1 0.258 0.823 0.954 0.742 0.177 0.046 0.3501 0.6292 0.8672 0.615

2 0.161 0.724 0.885 0.839 0.276 0.115 0.3234 0.5211 0.7223 0.522

3 0.124 0.595 1.000 0.876 0.405 0.000 0.3146 0.4252 1.0001 0.580

4 0.607 0.519 0.538 0.393 0.481 0.462 0.504 0.384 0.394 0.427

5 0.499 0.446 0.708 0.501 0.554 0.292 0.444 0.351 0.506 0.434

6 0.514 0.461 0.846 0.486 0.539 0.154 0.451 0.357 0.661 0.490

7 1.000 0.334 0.392 0.000 0.666 0.608 1.000 0.311 0.331 0.547

8 0.922 0.342 0.038 0.078 0.658 0.962 0.837 0.313 0.238 0.463

9 0.866 0.013 0.200 0.134 0.987 0.800 0.750 0.233 0.273 0.418

10 0.106 0.927 0.731 0.894 0.073 0.269 0.309 0.803 0.527 0.546

11 0.087 0.813 0.723 0.913 0.187 0.277 0.305 0.616 0.520 0.480

12 0.180 0.909 0.577 0.820 0.091 0.423 0.328 0.767 0.415 0.503

13 0.236 0.694 0.592 0.764 0.306 0.408 0.344 0.495 0.424 0.421

14 0.217 0.661 0.546 0.783 0.339 0.454 0.338 0.469 0.398 0.402

15 0.477 0.582 0.515 0.523 0.418 0.485 0.433 0.418 0.382 0.411

16 0.718 0.620 0.346 0.282 0.380 0.654 0.587 0.441 0.315 0.447

17 0.477 0.656 0.285 0.523 0.344 0.715 0.433 0.466 0.295 0.398

18 0.978 0.542 0.185 0.022 0.458 0.815 0.947 0.396 0.269 0.537

19 0.122 1.000 0.692 0.878 0.000 0.308 0.313 1.000 0.494 0.602

20 0.180 0.737 0.477 0.820 0.263 0.523 0.328 0.533 0.364 0.408

21 0.000 0.884 0.738 1.000 0.116 0.262 0.286 0.720 0.534 0.513

22 0.026 0.825 0.615 0.974 0.175 0.385 0.291 0.632 0.438 0.454

23 0.252 0.724 0.385 0.748 0.276 0.615 0.349 0.521 0.328 0.399

24 0.098 0.678 0.392 0.902 0.322 0.608 0.307 0.483 0.331 0.373

25 0.176 0.266 0.031 0.824 0.734 0.969 0.3277 0.2902 0.2361 0.284

26 0.495 0.000 0.000 0.505 1.000 1.000 0.4425 0.2313 0.2312 0.301

27 0.314 0.013 0.015 0.686 0.987 0.985 0.3683 0.2334 0.2341 0.278

Table 12: Response table for means of GRG.

Level A B C D E F

1 0.4996 0.5301 0.4807 0.4238 0.4828 0.4611

2 0.4607 0.4235 0.4161 0.4731 0.4230 0.4443

3 0.4016 0.4083 0.4651 0.4649 0.4561 0.4565

Delta 0.0980 0.1218 0.0646 0.0493 0.0597 0.0168

Rank 2 1 3 5 4 6
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optimal machining performance for multiple responses of
EDM is A1B1C1D2E1F1 machined using copper electrode
(i.e., workpiece electrode (level 1, GRG = 0:4996), discharge
current (level 1, GRG = 0:5301), gap voltage (level 1, GRG
= 0:4807), duty factor (level 2, GRG = 0:4731), pulse-on
time (level 1, GRG = 0:4828), and flushing pressure (level

1, GRG = 0:4611)]. Table 13 shows the ANOVA results for
multiresponse characteristics GRG for 27 different experi-
ments. ANOVA results establish that workpiece electrode
(RHA content), discharge current, and gap voltage are most
significant parameters with contribution of 21.248%,
38.415%, and 9.904%, respectively.

Data means
Main effects plot for means
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Figure 9: Main effects plot of Mean of GRG.
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Figure 10: Main effects plot of SN ratios of GRG.

Table 13: ANOVA table for multiresponse characteristics GRG.

Source DOF Adj. SS Adj. MS F value P value % Contribution

A: Workpiece electrode 2 0.043836 0.021918 9.37 0.003 21.2482

B: Discharge current 2 0.079253 0.039626 16.94 ≤0.001 38.4155

C: Gap voltage 2 0.020432 0.010216 4.37 0.034 9.9046

D: Duty factor 2 0.012553 0.006276 2.68 0.103 6.0852

E: Pulse-on time 2 0.016125 0.008063 3.45 0.061 7.8161

E: Flushing pressure 2 0.001365 0.000682 0.29 0.751 0.6621

Error 14 0.032744 0.002339

Total 26 0.206307

S = 0:04836142, R2 = 84:131%, R2 ðadj:Þ = 70:521%, and R2 ðpred:Þ = 40:977%.
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5. Conclusions

The present study reveals the possibility of RHA; an agro-
waste is reinforcement for fabrication of aluminium matrix
hybrid nanocomposites to improve the mechanical proper-
ties of Al 6061 alloy and optimization of the EDM process
using the copper electrode. Based on the fabrication and
experimental investigations of hybrid Al/(RHA+Mg+Cu)-
MMNCs, the following conclusions have been drawn:

(i) The hybrid 90wt.% Al6061+6wt.%RHA+3wt.% Cu
+1 wt.% Mg, 88wt.% Al6061+8wt.% RHA+3wt.%
Cu+1wt.% Mg, and 86wt.% Al6061+10wt.% RHA
+3wt.% Cu+1wt.%Mg MMC can be fabricated
using liquid stir casting

(ii) The optimal parametric combinations for response
characteristics, i.e., MRR, SR, and TWR, for the
hybrid 90wt.% Al6061+6wt.%RHA+3wt.% Cu
+1wt.% Mg, 88wt.% Al6061+8wt.% RHA+3wt.%
Cu+1wt.% Mg, and 86wt.% Al6061+10wt.% RHA
+3wt.% Cu+1wt.%Mg MMC are A1B3C3D2E3F1,
A2B1C1D2E1F2, and A1B1C1D1E1F3, respectively,
when machining experiments were performed using
copper as tool electrode

(iii) The predicted interval of response characteristics,
i.e., MRR, SR, and TWR, using optimum levels of
EDM parameters parameter when machining oper-
ations are carried out with copper electrode is
80:721 < μMRR < 101:339, 1:065 < μSR < 2:403, and
1:044 < μTWR < 7:24, respectively

(iv) The validity experiments confirmed that the average
values of response characteristics, i.e., MRR, SR, and
TWR, obtained at optimal level of EDM parameters
fall within the predicted confidence interval at 95%
confidence level

(v) The GRA is used for simultaneous optimization of
the MRR, SR, and TWR. The confirmation experi-
ments for optimal parametric setting as determined
using response graph for GRG show improvement
over initial parametric setting of machining param-
eters for all material combination selected for exper-
imental investigation
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