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Abstract: This research focuses on a comprehensive exploration of the experimental and mechanical
aspects of the electrical discharge machining (EDM) process, specifically targeting the machining
characteristics of AA2014/Si3N4/Mg/cenosphere hybrid composites. The aim is to optimize the
process parameters for enhanced machining performance through a combination of testing, optimiza-
tion, and modelling methodologies. The study examines the effects of key EDM variables—peak
current, pulse on time, and pulse off time—on critical output responses: surface roughness (Ra),
electrode wear rate (EWR), and material removal rate (MRR). Leveraging an L9 Taguchi orthogonal
array experimental design, the impact of controllable factors on these responses is analysed. An
integrated approach utilizing MATLAB’s logic toolbox and Mamdani’s technique is employed to
model the EDM process, and a multiple-response performance index is calculated using fuzzy logic
theory, enabling multiobjective optimizations. Furthermore, a mechanical behaviour evaluation of
AA2014/Si3N4/Mg/cenosphere hybrid composites is performed through mechanical testing, with
a comparison between experimental machining results and predicted values. Scanning electron
microscopy (SEM) images reveal the presence of filler reinforcements within the base alloy, displaying
an improved microstructure and uniform reinforcement dispersion. An X-ray diffraction (XRD) anal-
ysis confirms the major elemental constituents—aluminium, silicon, and magnesium—in the hybrid
composites. A microstructural analysis of the hybrid metal matrix composites (MMCs) prepared
for EDM showcases closely packed reinforcement structures, circular ash-coloured spots indicating
silicon and nitrates, and a fine dispersion of cenosphere reinforcement particles. The study’s outcomes
demonstrate a promising application potential for these hybrid composites in various fields.
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1. Introduction

Electric discharge machining (EDM) is a nonconventional process used to machine
high-strength and hard electrically conductive materials. EDM is an improved process
that eliminates the limitations of the conventional machining techniques such as “Tool
Wear and Downtime” and challenges with complex shapes and materials. Conventional
machining suffers from rapid tool wear, decreasing tool life and causing frequent downtime
for replacements and maintenance. Conventional techniques struggle to produce intricate
shapes, and working with dissimilar materials poses difficulties due to varying properties,
resulting in reduced efficiency and tool wear. The aluminium (Al) metal is the most ver-
satile among all the materials used in industrial applications, with specific highlights of
properties such as a light weight, high strength, low coefficient of thermal expansion (CTE),
and good wear rate characteristics. The Al MMC (metal matrix composite) mixed with
many reinforcing particles, namely, silicon carbide (SiC), boron carbide (B4C), aluminium
oxide (Al2O3), etc., shows a better bonding in most cases [1]. The stress–strain behaviour of
aluminium and aluminium–magnesium laminated composites was investigated to simulate
a tensile test. The work examined the corrosion property and strength of the composites,
and fatigue failure was also addressed [2]. An Al alloy having silicon oxide (SiO2) sand was
investigated for its dry-sliding tribological behaviour using a three-pin-on-disc wear tester
and an SAE steel counterface. The authors observed that due to the SiO2 in the aluminium,
the coefficient of friction (COF) of the cast composite decreased. The applied pressure in-
creased the wear rate of the composites, provided that the temperature near the counterface
surface increases due to the low thermal conductivity of the reinforced particles [3]. A
powder mixture of aluminium and magnesium has been best suited for lightweight metal
matrix composites in recent years. The intermetallic formation in powder-based Al and
Mg was investigated due to the effects of the combined reaction between the two base
powders. The yield and compressive strength were examined [4]. An ultrasonic-assisted
semisolid stirring method used to fabricate the Al 2024 nanocomposite reinforced with
Al2O3 nanoparticles improved the mechanical properties due to natural ageing. The defor-
mation study indicated the flow of liquid incorporated with different flows [5]. Using a
thermoelectric cutting of Al-SiC composites, the effectiveness of the optimization of the
parameters involved in a study was investigated. The responses such as MRR, HV, Ra and
recast layer formation were explored. The findings revealed a reduction in microhardness
and thickness of the recast layer, followed by a noteworthy impact on MRR and Ra values
during machining [6]. Die-sinking EDM was used to machine the Al6061 alloy, to identify
the predominant factor affecting the quality responses among the material removal rate,
the electrode radius wear rate, and the surface roughness to address the futuristic research
scope and to generate accurate predictive models. The outcomes were evaluated, and
the authors compared the relation between the energy input and surface modification of
the material investigated [7]. Aluminium hybrid composites synthesized using FSP were
used to evaluate the sliding wear behaviour, which an operative interface bond formation
among the constituents along with a grain refinement. The wear fragments of Al com-
posites were reduced by the iron content in the boron nitride particle, which a further
reduction in counterface wear [8]. A PCD 1600 grade insert was used to turn Al-SiC MMCs
as per Taguchi’s design, and an ANOVA was employed to investigate the highly significant
parameters which impact the worthy characteristics during machining [9]. The authors
highlighted the properties of aluminium, considered to be today’s most important class
of engineering materials. The reinforcement particle incorporated in the study were mica
and SiC ceramic through a stir-casting route, and the authors investigated the wear loss
during the machining of hybrid metal matrix composites [10]. The Al-SiC-WC composite
was routed through a stir-casting process with various composition of reinforcements
and used for the mechanical behaviour study with a uniform dispersion without clus-
ters. The reinforcement particulates, viz., silicon carbide and tungsten carbide, improved
properties such as the “compressive, tensile and wear resistance” properties of aluminium
composites [11]. Al-Cu-Mg alloy-based composites reinforced with 5%SiC + Al2O3 have
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very rarely been researched in the field of MMCs; an attempt was taken to explore the
mechanical properties of such hybrid composites. The research results emphasised that
the composites containing silicon carbide possessed better properties than the composites
containing Al2O3. However, the Al-Al2O3 composites possessed a better elongation [12].
An aluminium alloy (AA6082) containing manganese in a large proportion to control the
grain structure and withstand even elevated temperatures was investigated to explore
the mechanical behaviour of Al-WC composites, during the fracture of the composites;
that study also reported the physical and mechanical properties [13]. The challenging
hard-particle reinforcement was carried out in another study, and the authors reported the
influence of the quality responses in three different MMC compositions. An increase in
speed and feed caused an increase wear rate [14]. A reinforced die-cast magnesium alloy
having particles size of 45 µm, a mass of 20%, and a stirring speed of 600 rev/min showed
a significant impact on the mechanical behaviour of the “syntactic foam”, especially on
porosity. The work extended and highlighted that the reduction in density of this material
increased the mass fraction of “hollow glass microspheres” [15].

The investigation on various sliding velocities, loads, and sliding distances on the CoF
and wear rate of AMMC and grey CI revealed a higher wear exhibited in the Al MMC in
identical conditions and that the CoF reduced linearly with respect to an increase in the
applied load [16]. The investigation was conducted on the fabrication and characterization
of a “hollow glass microspheres”-reinforced Mg alloy. Results yielded a degradable com-
posite with a low density and high compressive strength [17]. The machining performance
of super alloys was discussed using optimization techniques and interpreted with the grey
relational analysis data analysis method. The study analysed the Ra, MRR, and forces, and
the best fit among the parameter combinations were discussed [18]. Aluminium-reinforced
nanomaterials with incomplete dispersion indicated that without pretreatment on nanoce-
ramics, they dispersed in the base alloy to form a “semi-solid shear stress” increasing
the matrix strength. The “ball milling process” with aluminium powders was efficient to
enhance “isolated nano-powders” during the process [19]. Research has been reported in
which gadolinium-reinforced Mg-9Al alloy-based MMCs were formulated with the help of
a casting technique with an aim to investigate the reinforcement, using the grain refinement
through a microstructure analysis, and furthermore, the mechanical properties were found
to be promising. The corrosion increased when the gadolinium content increased and was
proved optimal at 2% in weight [20]. An ANN model was introduced for investigating
the optimum parameters for a super alloy such as titanium-grade Ti-6Al-4V; the authors
reported that the mathematical model derived from the ANN analysis provided a better
performance during the machining of super alloys [21]. A titanium aluminide intermetallic
compound was found to be an absolute combination of various properties and hence, with
its unique mechanical properties, was adopted for a machining test; the PMEDM of γ-TiAl
composed of various powders such as Al, SiC, Gr, chrome, and Fe was reported to explore
surface characteristics such as surface roughness, material cutting rate, and the corrosion
behaviour of the machined surface [22]. A squeeze-casting method was adopted for an Al
matrix reinforced with SiCp; the authors reported that the SiCp caused a homogeneous
distribution due to the extrusion process. The tensile strength improved due to the in-
crease in the SiCp ratio, and the impact strength also decreased. The research highlighted
the improvement in the mechanical behaviour of Al composites [23]. To investigate the
properties and degradable characteristics of a magnesium alloy with Al and Zn contents
in higher proportion with the addition of Si, a study revealed that the addition of silicon
could refine the α-Mg alloy and modify Mg2Si particles [24]. Cast Mg-Zn-Gd-Zr alloys with
the addition of Gd were investigated under the ground of the microstructure, mechanical
behaviour, and biodegradable nature of the prepared materials. The consequences of the
study were that an increment in Gd particulates increased the strength of the base alloy [25].
The aluminium (Al) metal is the most versatile among all the materials used in industrial
applications, with specific properties such as a light weight, high strength, a low coefficient
of thermal expansion (CTE), and good wear-rate characteristics.
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Electrically conductive materials can be intricately shaped using EDM, a nontraditional
machining technique [26–28]. EDM, at its core, takes benefit of the phenomenon of electrical
discharges amongst a tool electrode (cathode) and a workpiece electrode (anode), both
of which are submerged in a dielectric fluid [29–31]. High-frequency electrical energy
pulses are employed amid the electrodes during this procedure, resulting in a succession of
controlled sparks that erode the material from the workpiece [32,33]. This primary concept
of EDM revolves around the higher voltage applied across the electrode gap, which causes
a controlled breakdown of the dielectric strength. The material vaporizes, melts, and spalls
as a result of the intense localized heat produced by the consequent plasma channel, taking
the desirable shape [34–36].

The effectiveness and accuracy of the EDM process are influenced by a number of
significant factors:

i. Pulse Duration: The amount of energy transmitted to the workpiece depends on how
long each electrical pulse lasts. The lesser the material removed, the finer the surface
finish with short pulses [37–39].

ii. Pulse voltage and current: The amount of energy delivered per pulse and the spark
intensity are determined by the pulse current and voltage parameters. More significant
values result in a faster removal of material [39–41].

iii. Gap distance: The gap amid the tool and the workpiece electrodes has an impact
on how effectively sparks are generated and materials are removed. More accurate
machining is facilitated by smaller gaps [40–42].

iv. Pulse Frequency: The frequency of the pulses has an impact on the overall rate of
material removal. Low frequencies are preferable for performing fine finishes, while
high frequencies are conducive to efficient machining [43–45].

Thus, the interaction of these variables controls the mechanisms for spark genera-
tion, heat distribution, and material removal. For instance, higher discharge energies
are produced by shorter pulses at higher voltages, which accelerates the rate of material
removal [46,47]. In contrast, longer pulses at lower voltages are used to produce fine details
with minor thermal damage [48,49].

As far as discharge energy is concerned, the effectiveness of material removal, the
quality of the surface, and electrode wear are all substantially influenced by discharge
energy [42–44]. It can be characterized as the energy that is transmitted during each spark
discharge. It can be mathematically defined as the product of the pulse voltage and pulse
current [42–44].

Thus, the amount of material that is vaporized or eroded during each spark is di-
rectly influenced by the discharge energy, which in turn controls the rate of material
removal [42,43,49]. Higher erosion and faster machining are caused by a higher discharge
energy. Nevertheless, extremely higher discharge energies can lead to thermal damage,
deteriorated surface finish, and excessive electrode wear [42,43,49].

Although WEDM originated to fulfil accurate detachment needs in plate-type work-
pieces, it has evolved to handle complex ruled surfaces with high quality and productivity
demands. Researchers have extensively investigated equipment enhancement, electrode
improvement, and process conditions for optimal outcomes. This involved aspects such as
productivity, accuracy, surface quality, electrode wear, and material changes. Numerous
scientific papers have contributed to understanding WEDM’s characteristics, phenomena,
performance, and trends over the last two decades [26,27].

In [28], the electrical discharge machining (EDM) of ceramic composites was discussed.
First, an introduction to the machining methods and the ceramic materials used was given.
Then, a detailed study of the electrical discharge behaviour of three ceramic systems was
given: ZrO2, Si3N4, and boride-based composites. It was shown that material properties
such as secondary phase type, composition, and grain size had a substantial influence on
the material removal mechanisms, surface roughness, material removal rate and flexural
strength. Finally, the application of EDM on high-end ceramics was demonstrated by two
case studies, namely a Si3N4-TiN turbine impeller and a B4C spray nozzle.
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In the current study, the aluminium grade “AA2014” was chosen as a base metal
with Si3N4 as a reinforcing agent in addition to cenosphere and Mg to fabricate a hybrid
metal matrix through stir casting. The Al-Cu alloy was employed in the study due to
its better machinability properties for the production of complex machined components.
The properties of the hybrid MMCs were explored and a modern tool, “grey based fuzzy
logic approach”, was used to explore the machining characteristics of the AA2014 hybrid
composites.

2. Materials and Methods
2.1. Material

AA2014 (an aluminium–copper alloy) has been used extensively to manufacture
various components in automotive and airline industries. Hence, this study considered
AA2014 as the base material. The chemical ranges of this alloy are listed in Table 1.

Table 1. Chemical ranges of Al-Cu alloy.

Component Al Cr Cu Fe Mg Mn Si Ti Zn Other

% wt. 90.4 Max 0.1 3.9 Max 0.7 0.8 1.2 1.2 Max 0.15 Max 0.25 Max 0.15

Silicon nitride (Si3N4) is a dense material and extensively used to make turbine and
engine components. Table 2 shows the chemical range of Si3N4. During fabrication, the
weight percentage of sintered Si3N4 was varied from 2.5 to 7.5% with steps of 2.5.

Table 2. Chemical ranges of Si3N4.

Purity α Phase N O Si Impurities

99.9% 90 >38.5 1.5 0.2 0.1

Cenospheres are “hollow microscopic ball” of silica-aluminium ceramics. They have a
high flowability, which causes a regular dispersion of filling elements over the surface as
exhibited in the Figure 1a–c. Table 3 shows the chemical composition of cenospheres. The
number of cenospheres was varied from 3 to 7 with steps of 2.
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Table 3. Chemical composition of the cenosphere.

Components SiO2 Al2O3 FeO Titania

% of Wt. 55–65 25–35 1–5 0.5–1

Table 4 illustrates the ingredients of the newly developed composites.

Table 4. Ingredients of the newly developed composites.

Samples AA2014 (%) Si3N4 (%) Cenosphere (%) Mg (%)

Sample 1 93.5 2.5 3 1

Sample 2 91.5 2.5 5 1

Sample 3 89.5 2.5 7 1

Sample 4 91 5 3 1

Sample 5 89 5 5 1

Sample 6 87 5 7 1

Sample 7 88.5 7.5 3 1

Sample 8 86.5 7.5 5 1

Sample 9 84.5 7.5 7 1

2.2. Methods

Various methods were investigated for the fulfilment of the study, namely, assessing
the mechanical behaviour, which included tensile, compression, and hardness properties.
Regarding the machining characteristics, responses such as “surface roughness, material
removal rate and electrode wear rate” were also investigated, along with the optimization
technique utilized to optimize and depict the feasibility of the current investigation. Apart
from that, to understand the influence of particulates on the matrix, microstudies were also
carried out on the fabricated specimens.

A tensile testing machine measures a material’s response to stretching forces [29,30]. It
subjects a specimen to axial tension until failure, recording the stress–strain behaviour. Key
components include a load cell, grips, and a displacement measurement system. Results
help determine material properties such as yield strength, ultimate tensile strength, and
elasticity [31,32].

A compression testing universal testing machine (UTM) assesses a material’s be-
haviour under compressive forces [33,34]. It applies an axial load to a specimen, evaluating
its strength and deformation properties. Components include load cell, platens, and
displacement measurement. This testing aids in understanding parameters such as the
compressive strength and elastic modulus of materials.

A hardness testing equipment assesses a material’s resistance to indentation or scratch-
ing, indicating its strength and durability [35,36]. Common methods include Rockwell,
Brinell, and Vickers tests. A standardized indenter is pressed into the material’s surface,
and the indentation’s depth or size determines the hardness value, aiding the material
selection and quality control.

3. Results and Discussion
3.1. Evaluations of Mechanical Behaviour of Representative Samples
3.1.1. Tensile Test

A metal matrix composite can be explained as a combination of at least two distinct
materials having different properties. The combination of the materials is up to the macro-
scopic level and can be separated when required. The two constituents, namely, the metal
matrix arrangement and reinforcement, determine the property of the material. Tests
were performed on the representative samples of MMCs, and results were tabulated and
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analysed. The weight percentage of reinforcement are categorized in Table 5. Figure 2a,b
represent the measurement and actual specimens for the tensile test.

Table 5. Weight percentage of reinforcement.

Samples Al (2014) in gms Si3N4 (%) Cenosphere Mg (%)

R1 100 0 0 0

R2 93.5 2.5 3 1

R3 89 5 5 1

R4 84.5 7.5 7 1
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Tensile tests were performed on representative samples by employing an extensometer-
integrated UTM that recorded force and deformation. This machine was also used to con-
duct a compressive test on the composite samples (200 tons). A tensile test was conducted
as per the ASTM E8 standard and “true stress-true strain curves” were drawn. Table 6
records the tensile values at various loading conditions and the corresponding tensile
strength. The maximum elongation occurred at sample 3.

Table 6. Test report of the tensile strength of representative hybrid composite samples.

Identification Dia. (mm)

Cross-
Sectional

Area
(mm2)

Tensile
Load
(kN)

Tensile
Strength
(N/mm2)

Initial
Gauge
Length
(mm)

Final
Gauge
Length
(mm)

Percentage
Elongation

1. 16 201.06 21.37 106.34 73.2 73.2 0.0

2. 16 201.06 22.50 111.96 73.2 74.0 1.09

3. 16 201.06 24.74 123.11 73.2 74.0 1.11

4. 16 201.06 21.39 106.44 73.2 73.5 0.41

3.1.2. Compression Test

A UTM was used to conduct the compression test on the representative hybrid com-
posite samples by employing the ASTM E09-09 standard. The test specimen, which was
cylindrical in shape, was mounted on the base plate of the UTM. The specimen utilized
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had an equivalent distance across as the height of the specimen. The specimen gradually
underwent a load distribution until it was compressed by 50% in height. The application of
loads caused the displacement to reach specific increments; afterwards, the displacement
decreased all of sudden until a certain height, after which it could not be compressed
anymore. Figure 3a,b represent the measurement and actual specimen for the compression
test. Table 7 reports the corresponding load and strength ratios for various samples. The
maximum strength occurred for sample 4 with a value of 372.5 N/mm2.
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Table 7. Test report on the compression strength of representative hybrid composite samples.

Identification Dia.
(mm)

Cross-Sectional
Area (mm2)

Compressive
Load (kN)

Compressive
Strength
(N/mm2)

Sample 1 16 201.06 61.7 306.9

Sample 2 16 201.06 70.2 349.2

Sample 3 16 201.06 71.5 355.6

Sample 4 16 201.06 74.9 372.5

3.1.3. Hardness Test

The hardness of a material signifies its resistance to scratch, penetration, or indentation.
The hardness of the representative hybrid composite samples was measured in the form
of the BHN (Brinell hardness number). For accuracy purposes, a minimum of three
indentations were made on the sample at distances of 5 mm, and their average was taken
for analysis. A Brinell hardness test was performed by employing the ASTM E8/E8M-011
standard to explore the impact of the reinforcement addition hardness of the base alloy. For
this, a 250 N normal load was applied on a 5 mm diameter steel ball. The specimen for
the hardness test is shown in Figure 4. Table 8 denotes the hardness values. From the test
report, sample 3 showed the maximum hardness value of 48 HRB.
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Table 8. Test reports of hardness for representative hybrid composite samples.

Identification Hardness (HRB)

Specimen 1 34

Specimen 2 37

Specimen 3 48

Specimen 4 42

3.1.4. Microstructure Analysis of the Representative Hybrid Composite Samples

To investigate the structure of the material, a common method is a microstructural
analysis, which presents a clear picture of the material undergoing testing at various stages.
The scanning electron microscopy images of the representative Al-based hybrid composite
samples are shown in Figures 5–7. An aluminium-rich matrix was seen inside the structure,
in which the particle distribution was homogenous without clustering [37,38]. The addition
of silicon nitride was identified in the microstructure and followed a homogenous distri-
bution. Figure 5 shows that a compact, packed, homogenous composite was uncovered
in the SEM image. Figure 6 represents the pores formed around the silicon nitride due to
the thermal coefficient with other particles, which can cause a weakening of the interface
bonding formed around the silicon nitride to strengthen the main matrix. A hot-rolling
process can reduce pores within the composites and increases the mechanical property.
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Figure 7 highlights that the particle entities in the composite model also represented
the porosity and seemed to be quite high for a high percentage of reinforcing agents’
ratios. The SEM image clearly indicated the occurrence of pores and a weaker bond in the
maximum addition of 7.5 and 7% of each silicon nitride and cenosphere in the composite
structure. Finally, very small size Mg particles were not seen in any of the microstructure
images of SEM analysis.

3.2. Experimentation and Machining Studies on the Representative Hybrid Composite Samples

The machining of the newly developed composites was performed using a ram-type
powder-mixed EDM. A sample size of 700 × 500 × 350 mm was chosen to perform the
machining operation. A dielectric tank of 7 L capacity was selected, which was mounted on
the machine itself. Figure 1 illustrates the EDM used in this study. Accurate measurements
of the Al powder were taken for the powder mixing in the dielectric solution. Positive
polarity in EDM offers several advantages. It reduces electrode wear and minimizes tooling
costs due to improved electrode material removal [37–39]. Additionally, it enhances surface
finish quality and lowers the chances of a workpiece cracking. This polarity choice can lead
to more efficient and cost-effective machining processes [39].
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Composites were developed through stir casting as per the prescribed ingredients
ratios. The machining specifications are listed in Table 9. The concentration of Al powder in
kerosene oil was varied from 0 to 2 g/L with steps of 1 g/L, and machining was performed
as per L9 OA. The corresponding factors and levels for the experimentations are listed
in Table 10.

Table 9. Experimental parameter specifications of EDM machining.

S. No. Factors Specifications

1 Work material AA2014-Si3N4-cenosphere + Mg

2 Electrode 6 mm diameter copper (Cu)

3 Polarity Normal (Positive)

4 Cutting time 10 min

5 Dielectric fluid Kerosene mixed with Al powder

6 Al powder size 27 microns

7 Duty factor 75%

8 Pon 65 µs

Table 10. Input factors and their levels.

Level TON (µs) TOFF (µs) Gap Current (Amps)

1 10 20 6

2 20 30 7

3 30 40 8

3.2.1. Machining Study on the Representative Samples of Al-Based Hybrid Composites

The quality measures, namely, Ra, EWR, and MRR, were investigated for the prepared
samples of AA2014 composites. The machining parameters involved in the current study
were TON, TOFF, and gap current. The tests were conducted according to Taguchi’s L9
OA, and responses were recorded and are tabulated in Table 11. The S/N ratio values for
Ra, EWR, and MRR were recorded from simulation software MINITAB16 on the basis of
the “smaller the better” for Ra and EWR and the “higher the better” for MRR. An ANOVA
was adopted to identify the most dominating factors to predict the appropriate quality
measures’ indicators. Table 11 shows all the values of the responses. Similarly, Table 12
shows the corresponding S/N ratios of each response.

Table 11. Experimental results for various responses.

TON
(µs)

TOFF
(µs)

Gap Current
(A)

Surface
Roughness (µm)

Electrode Wear
(gms)

MRR
(gms/min)

10 20 6 0.333 0.262 1.744

10 30 7 0.427 0.293 3.899

10 40 8 0.685 0.461 6.888

20 20 7 0.345 0.275 4.243

20 30 8 0.492 0.738 6.272

20 40 6 0.563 0.311 3.583

30 20 8 0.442 0.899 5.243

30 30 6 0.466 0.266 3.311

30 40 7 0.501 0.403 6.669
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Table 12. Calculated S/N values for the surface roughness, electrode wear, and MRR.

Surface Roughness
(µs)

Electrode Wear
(gms)

MRR
(gms/min)

S/N Values of
Surface Roughness

S/N Values of
Electrode Wear

S/N Values of
MRR

0.333 0.262 1.744 9.551 11.634 4.831

0.427 0.293 3.899 7.391 10.663 11.819

0.685 0.461 6.888 3.286 6.726 16.762

0.345 0.275 4.243 9.244 11.213 12.554

0.492 0.738 6.272 6.161 2.639 15.948

0.563 0.311 3.583 4.990 10.145 11.085

0.442 0.899 5.243 7.092 0.925 14.392

0.466 0.266 3.311 6.632 11.502 10.399

0.501 0.403 6.669 6.003 7.894 16.481

Effects of Input Parameters on Ra

The texture of a surface defines its roughness. On a real surface, a vertical deviation
from its ideal form quantifies the roughness. A large deviation shows a rough surface, and a
smaller deviation indicates the surface is smooth. Surface roughness is an essential property
that impacts product quality since it greatly influences the performance of mechanical
components. The graphical plot represents the influence of input factors over Ra. The
inference from the graphical plot is that with a 20 µs TON, a 20 µs TOFF, and a 7 A gap
current, the surface roughness values were found to be in the optimal conditions among
the trials investigated. Figure 8 denotes the main effect plots for the surface roughness.
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Effects of Input Variables on Electrode Wear

The wear behaviour was assessed from a tribological study during the machining of
the composites. “Wear is the progressive loss of material from the operating surface as a
result of relative motion. The heat produced during the dry machining process is critical
in terms of tool life and work-piece surface quality”. The graphical plot represents the
influence of input parameters over the electrode wear. The inference from the graphical
plot is that with a 10 µs T ON, 40 µs T OFF and a 6 A gap current, the electrode wear values
were found to be in the optimal conditions among the trials investigated. Figure 9 shows
the main effect plots for electrode wear.
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Effects of Input Variables on MRR

The material removal rate (MRR) describes the rate at which the quantity of material
is removed from the work surface in a unit of time. It can be calculated utilising Equation
(1), as follows:

MRR =
Initial work weight − Final work weight

Time taken × Density
(1)

The inference from the graphical plot denotes that with a 30 µs TON, 40 µs TOFF, and
an 8 A gap current, the MRR values were optimal. Figure 10 represents the main effect
plots for the MRR.
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Figure 10. Main effect plots for MRR (gms/min).

Interaction Plot

The relationship between one input parameter and a response relies on the value of
the second input parameter. These plots describe the relation between the input parameters
and responses. Figure 11 shows the interaction plots for various performance measures.
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3.3. Grey Relational Analysis

A grey relational analysis (GRA) is applied for multiple objective optimization prob-
lems to find the optimum conditions for controllable variables.

For a larger-is-better scenario, the normalization is performed using Equation (2):

x∗i (k) =
xi(k)− ximin(k)

ximax(k)− ximin(k)
(2)

If the criterion is of the-smaller-the-better type, the normalization is accomplished
according to Equation (3):

x∗i (k) =
ximax(k)− xi(k)

ximax(k)− ximin(k)
(3)

The grey relational coefficient (GRC) can be expressed as per Equation (4):

ζi(k) =
∆min + ζ∆max
∆i(k) + ζ∆max

(4)

The grey relational grade (GRG) is calculated using Equation (5):

γi =
1
m∑n

k=1 w × ζi(k) (5)

The GRG also shows the degree of impact that the comparability sequence could
employ over the reference sequence. Table 13 indicates the grey relation analyses of the
nine fair trials.

Table 13. Grey relational analyses grades and rankings.

Trials
Normalized Sequence GRC

GRG Rank
Surface Roughness Electrode Wear MRR Ra EWR MRR

1 0.000 0.000 0.000 1.000 1.000 1.000 1.000 1

2 0.345 0.091 0.586 0.592 0.846 0.461 0.633 4

3 1.000 0.458 1.000 0.333 0.522 0.333 0.396 9

4 0.049 0.039 0.647 0.911 0.927 0.436 0.758 2

5 0.541 0.840 0.932 0.480 0.373 0.349 0.401 8

6 0.728 0.139 0.524 0.407 0.782 0.488 0.559 5

7 0.393 1.000 0.801 0.560 0.333 0.384 0.426 7

8 0.466 0.012 0.467 0.518 0.976 0.517 0.670 3

9 0.566 0.349 0.976 0.469 0.589 0.339 0.465 6
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4. Fuzzy Interference System

Fuzzy logic or fuzzy inference is a strategy of reasoning like a human; the logic
behind the system is to make decisions with all the possibilities. The fuzzy system consists
of a “fuzzification interface, rule base and database of decision making and finally a
defuzzification interface”, which constitutes four different models closely associated with
each other to monitor the performance. Membership functions characterize the fuzziness
derived from a database constrained between zero and one, which reflects the degree of
similarity and is used in fuzzy rules to perform decision-making. The fuzzy rule base
works with if–then control rules with three inputs and one output. Figure 12 represents
fuzzy inference systems.
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Figure 12. Fuzzy inference systems.

“Fuzzy systems base their decisions on inputs and outputs in the form of linguistic
variables. The database defines the membership function of the fuzzy sets, fuzzy rules,
inference operation on the pre-defined rules is performed by the decision-making unit.”
The fuzzification interface decides the transformation of the controllable variables into
a degree of match with linguistic variables. The fine-tuned output delivered from the
defuzzification interface is converted into fuzzy results. Triangular membership functions
use three variable memberships, “low, medium and high”. Figure 13 shows fuzzy inferences
for input and output variables.
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The fuzzification consists in the transformation of controllable variables data into
membership function such as “large, medium, high”, etc., and its value varies from zero to
one, which illustrates graphically the fuzziness in the fuzzy set. Figure 14 represents the
triangular membership function. Figure 15 represents the rule editor of fuzzy systems.
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Table 14. Ranges of subsets for FRG.

Sl. No Range of Values Condition Membership Function

1 (−0.2500.25) Very low

Triangular function

2 (00.250.50) Low

3 (0.250.50.75) Medium

4 (0.50.751) High

5 (0.7511.25) Very high

Table 15. Comparison of GRG and GFRG.

Sl. No. GRG GFRG Order

1 1.000 0.926 1

2 0.633 0.678 4

3 0.396 0.422 9

4 0.758 0.782 2

5 0.401 0.459 8

6 0.559 0.515 5

7 0.426 0.482 7

8 0.670 0.692 3

9 0.465 0.502 6

The impact of Ra, EWR, and MRR was based on the if–then rules framed for three
membership functions of the input functions and five membership functions of the output
functions, and a surface plot was drawn between the inputs and the responses as shown in
Figure 17.
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From Table 15, observations were made, and we inferred that the first trial run was the
optimal condition among the nine trials. The highest value of GFRG was found to be 0.926
for the optimal input conditions with a 10 µs T ON, a 20 µs T OFF and a 6 A gap current,
where the surface roughness was 0.333 µm, the electrode wear was 0.262 mm, and the MRR
was 1.744 gms/min.

An SEM micrograph captured at 100 µm showed the grain boundaries indicating
a more equal reinforcement distribution in the matrix with an improved microstructure,
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as shown in Figure 18. The images of the EDS analysis are shown in Figure 18. The
aluminium peak, copper peak, silicon peak, carbon peak, iron peak, nitrogen peak, and
manganese peak in the image confirmed the addition of the respective constituents in
the A-2014 matrix melt. The highest aluminium peak in the spectrum means aluminium
was the main constituent with the highest composition, and other gradients were also
accordingly present [40–42].
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In this XRD analysis of the fabricated composites, aluminium was a major constituent 
within this composite, following by silicon and magnesium elements, which were also 
present in higher quantities for the low-level weight percentage of these composites, as 

Figure 18. (a). SEM of the AA2014-Si3N4 composites, and (b). EDAX elemental analysis of reinforce-
ments in the AA2014-Si3N4-cenosphere hybrid composites.

SEM images taken with an “EVOLS15, Carl Zeises at 9.0 kx and 15.0 kV” were used
in the analysis of the fracture morphology with a higher magnification of tested samples
of Al + Si3N4 + Mg + cenosphere hybrid reinforced MMCs, as illustrated in Figure 19a.
The SEM images indicate the presence of filler-reinforcing material within the base alloy.
Figure 19b–g depicts the grain boundaries, indicating a more equal reinforcement disper-
sion in the base alloy with an improved microstructure. The distributions of Si3N4 and Mg
particles are clearly indicated with the white spots at various regions of the SEM shown
in Figure 19c,f. Very fine black spots are also identified as cenospheres nearby the same
spots on the figures. These particles were found with the AA2014-R1 to be consistently
dispersed [43,44].
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Figure 19. (a) Scanning electron microscope arrangement; (b,e) pure Al2014-R1 alloy SEM images
of particle spreading of Si3N4 and cenosphere; (c) 450× magnification with 280 µm; (d,f) 290×
magnification with 490 µm; (g) 1000× magnification with 100 µm.
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In this XRD analysis of the fabricated composites, aluminium was a major constituent
within this composite, following by silicon and magnesium elements, which were also
present in higher quantities for the low-level weight percentage of these composites, as
exhibited in Figure 20. SEM images were used to explore the fracture morphology with
increased magnification views of the tensile tested specimens of AA2014-100% and various
reinforced composites, as illustrated in Figure 21.
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Figure 21. (a) Ratio 1. The SEM micrographs show the incorporation of filler reinforcements inside
the metal matrix. (b) Ratio 2. Grain boundaries indicate a more even distribution of reinforcements in
the matrix with an enhanced microstructure. (c) Ratio 3. Sample 3 shows the distributions of AA2014
that were analysed and the Si3 N4 particles found to be uniformly distributed.

The hybrid MMCs prepared for this EDM process were involved in the SEM identifica-
tion for finding their mechanical characteristics and microstructural details and the bonding
of the specimens which had been prepared earlier. Figure 22a,b indicate that closely packed
reinforcement structures for the 50× and 100× magnification levels were identified. The
larger percentage of AA2014 with a warm-coloured region occupied the whole space of the
composite structure boundaries. The circular ash-coloured spots indicated in Figure 22c,d
represent the silicon and nitrates of the cast composites [45,46]. A very fine dispersion
of cenosphere reinforcement particles were seen at the 500× magnification level of the
microstructural characterization image.
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Figure 22. SEM microstructures of the best 2 composite samples of AA2014-Si3N4-cenosphere.

The pure alloy form of AA2014 can be seen in Figure 23a and it indicates that there
were no more additives or reinforcements added to it. This was captured before casting; it
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can be mingled with the Si3N4-cenosphere reinforcements and formed as a hybrid MMC,
as shown in Figure 23b [47,48]. Fine grains are recognized from Figure 23b after the casting
and machining was done on the MMC specimen. It is exactly suitable for perfect machining
outcomes and better roughness properties [48,49].
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5. Novelty Statement of this Research

This research offers a comprehensive investigation into both experimental and mechan-
ical facets of electrical discharge machining (EDM), targeting the machining characteristics
of AA2014/Si3N4/Mg/cenosphere hybrid composites. The study optimized the process
parameters via testing, modelling, and optimization techniques. Key EDM variables—peak
current, pulse on time, and pulse off time—were explored for assessing their effects on criti-
cal outputs: surface roughness, electrode wear rate (EWR) and material removal rate (MRR).
An integrated MATLAB–Mamdani approach modelled the EDM process, incorporating
fuzzy logic for the multiobjective optimization. The mechanical behaviour evaluation of
AA2014/Si3N4/Mg/cenosphere composites, along with SEM and XRD analyses, under-
scored promising application prospects. Notably, a grey-fuzzy analysis was introduced to
assess machining parameters, enhancing precision.

6. Conclusions

An investigation was conducted on the mechanical behaviour and machining charac-
teristics of AA2014-Si3N4-cenosphere composites prepared with various compositions by
a stir-casting process. The prepared samples were investigated to check their mechanical
behaviour and machining characteristics, and the following results were obtained:

i. The uniform distribution of Si3N4, cenosphere, and Mg in the AA2014 was accom-
plished with a stir-casting process, which was employed for the developed AA2014
composites, and the impact of the machining parameters on the PMEDM characteris-
tics was investigated using a grey-fuzzy approach.

ii. The tensile strength of the fabricated AA 2014 composites was found to increase with
increased reinforcements of Si3N4 and cenosphere, with the maximum elongation oc-
curring at 1.11%, a maximum compression strength of 372.5 N/mm2, and a maximum
hardness value of 48HRB.

iii. The Taguchi analysis depicted the optimal conditions for the surface roughness at a
20 µs Ton, a 20 µs Toff, and a 7 A gap current, for the electrode wear, a 10 µs Ton, a
40 µs Toff, and a 6 A gap current, and finally, for material removal rate, a 30 µs Ton, a
40 µs Toff, and an 8 A gap current.
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iv. The Taguchi based grey analysis summarized the multiple responses into a single
grey relational grade, which optimized the machining process. We evaluated the
multiple responses using the grey-fuzzy approach with nine available trial readings
and reported an improvement when reducing the fuzziness.

v. SEM images revealed the existence of filler reinforcements within the metal matrix.
The SEM micrographs demonstrated that the grain boundaries had a more uniform
distribution of reinforcements, leading to an improved microstructure. The SEM
images showed that the distribution of Si3N4 and Mg particles were clearly visible as
white spots in various regions.

vi. The XRD analysis of the fabricated composites showed that aluminium was the major
component, followed by silicon and magnesium. The SEM analysis was performed
on the hybrid metal matrix composites (MMCs) fabricated for this EDM process in
order to evaluate the mechanical properties and microstructural details, including
bonding. The SEM images showed that the reinforcement structures were tightly
packed, and circular ash-coloured spots indicated the presence of silicon and nitrates
in the composites. A microstructural analysis showed a fine dispersion of cenosphere
reinforcement particles.
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