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Abstract: Since the inception of electric discharge machining (EDM), it has facilitated the production
industries, for instance, die & mold, automotive, aerospace, etc., by providing an effective solution
for machining hard-to-cut materials and intricate geometries. However, achieving high machining
rates and a fine surface finish is an inherent issue with the traditional EDM process. The emergence
of the powder mixed electric discharge machining (PMEDM) process has not only provided the
opportunity for enhancing productivity and surface finish but also opened a window for its potential
application in surface modification/coating of biomaterials. The process incorporates simultaneous
machining and coating of bioimplants, i.e., lacking in the already available chemical and physical
coating methods while requiring costly post-treatment procedures. This study comprehends the
influence of powder characteristics and EDM process parameters on the performance parameters.
The impact of tool electrodes and additive powders on the machined and coated surface of commonly
used biomaterials. Furthermore, the study depicts the most frequently used methods for optimizing
the PMEDM process, future research directions, challenges, and research trends over the past decade.

Keywords: EDM; PMEDM,; surface modification; powders; coating

1. Introduction

Electric Discharge Machining (EDM) technology has been applied efficiently in the
die and mold-making industries, focusing on component precision rather than increased
production [1-3]. EDM is an electrothermal material erosion process that primarily uses
electrical energy and converts it into thermal energy through a cycle of discontinuous
electrical discharges ongoing among the tool and workpiece submerged in a dielectric
medium. The thermal energy produces a plasma channel between the anode and cathode
at extremely high temperatures (8000 °C to 12,000 °C) and pressure (20 MPa). During the
machine work, the materials melt and evaporate in the presence of a dielectric which fulfils
the requirement of coolant, insulation and flushing of microscopic debris [4,5]. EDM can
efficiently machine hard, ductile, and brittle materials and create geometrically complicated
shapes since there is no direct connection between the electrode and the workpiece [6].
Nevertheless, the significant constraints, for instance, low material removal rate, inadequate
surface quality, time-taking, and restriction to machine-only conductive materials, mitigate
the employment of EDM [7-10].

The innovation of powder-mixed electric discharge machining (PMEDM) occurred
in the late 1970s, and the initial publication was attained in the 1980s [11]. Mitsubishi
originated the revolutionary dual tanks for EDM in the additive process marketplace [12].
The tank containing a dielectric only initiates the rough machining process, while the other
tank comprising a powder-mixed dielectric provides the finish machining process. PMEDM
is an innovative surface modification technique that can simultaneously machine and coat
the workpiece and addresses the limitations to significant extent that exist in EDM. In
PMEDM, thermally and electrically conductive powders are mixed with a dielectric fluid
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to strengthen the machining performance measures and altered surface characteristics by
lowering the shielding strength of the dielectric fluid and augmenting the sparks among
the tool and the workpiece. The gap between the electrode and workpiece was reported
to be increased by 200%, enlarging the plasma channel and producing a shallow crater on
the machined surface [13]. This technological advancement draws researchers’ attention to
significantly considering machined surfaces with alloy modification. A standard PMEDM
arrangement, as shown in Figure 1, is a slightly re-designed and upgraded version of the
EDM setup.
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Figure 1. Typical arrangement of PMEDM system.

In the PMEDM process, powder particles are suspended in a dielectric fluid with
a powder circulation system via a stirrer and a set of permanent magnets to filter the
remnants. Usually, a submersible pump is equipped to prevent the settlement of powder
bits at the base of the working container. It also assists in avoiding the resting of powder
particles on the component surface. A pair of permanent magnets enable the detachment
of residues from the powder particles, which only applies when the workpiece is magnetic,
and the powder material is non-magnetic. The add-on of appropriate powder particles to
the dielectric contributes to a superior surface texture and improved production capability
compared to the EDM that excludes powder-mixed dielectrics. The industrialization of
PMEDM still requires a breakthrough. It can be accomplished by having a complete
insight into its process mechanism, correlation, and influence of process factors on the
performance responses.

The prime objective of this literature review study is to elucidate the PMEDM mech-
anism, the impact of powder characteristics and machining parameters on the PMEDM
outcome and its potentiality in biomedical applications. Secondly, exploring the trend of
additives employed in the PMEDM process, future research directions in the published
literature and probing the opportunities for its commercialization.

2. Mechanism of PMEDM Process

The mechanism of PMEDM is yet to be explored, which involves the suspension
of fine powder particles in the dielectric medium. An electrical field of 10°~107 V/m is
produced in the inter-electrode gap (IEG) of around 25-50 um when adequate voltage
(nearly 80-320 V) is used among the tool electrode and substrate. The powder particles
get activated and build up in a random pattern, as illustrated in Figure 2b. Under the
sparking region, particles form chain-like formations between the electrode and substrate.
The interlinking of the powder particles occurs in the current flow path. The chain-like
arrangement of the molecules assists in bridging the spark gap between the electrode and
the substrate and eventually reduces the insulating strength of the dielectric. The short-
circuiting phenomenon causes a premature explosion in the IEG area, resulting in a series
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of discharges with rapid sparking and enhanced material removal rate [14]. Concurrently,
the added powder particles augment and broaden the discharge gap and passage with
uniformly distributed sparking between the particles. It reduces spark current density,
resulting in constant erosion with a finer finish on the machined surface [15].
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Figure 2. (a) Sparking mechanism in electric discharge machining process; (b) Sparking mechanism
in powder-mixed electric discharge machining process.

Mixing powder particles in the dielectric medium enables the enlargement and expan-
sion of the machining gap, even the dispersal of sparks and alloying surface layer. The effect
of Al powder particles in the kerosene dielectric medium during the machining operation is
displayed in Figure 3. From the representation, it can be observed that Figure 3a depicts the
sparking procedure of conventional EDM. In contrast, the steps in Figure 3b—g represent the
PMEDM process with an enlarged and widened discharge gap resulting in the formation of
tiny craters due to the multiple discharges and bridging arrangement between the added
Al particles. Figure 3h shows the voltage waveform using the kerosene with Al powder
particles during the single pulse duration [13].

The electrical and physical characteristics of the powder particles portray a significant
impact on the increase of the discharge gap. The available electrons lying in electrically
conductive powders lessen the insulating strength of the dielectric. The enhanced conduc-
tivity results in the development of a spark from an enlarged distance and thus augments
the discharge gap [16]. Following the initial discharge, powder particles in IEG become
excited and proceed promptly in conjunction with ions and electrons. These energetic
powder particles impact dielectric molecules and trigger further ions and electrons [17].
Therefore, a higher number of electrical charges are generated in PMEDM compared to
traditional EDM.

Additionally, hydrostatic pressure operating on the plasma channel is lessened due
to the discharge gap augmentation. The occurrences of these two incidents endorse the
broadening of the discharge path. The severity of discharge strength lowered due to the
increased and broadened discharge column, leading to substantial shallow cavities on the
machined surface.

In a single pulse-on duration, a series of discharge pathways are examined in PMEDM
caused by the abrupt zigzag displacement of the added powder particles, securing consis-
tent energy dispersion and creating several minor craters. Unlike EDM, several fluctuating
signals report various discharges in the PMEDM process during an individual pulse-on
time [18,19]. When the dielectric fluid disintegrates, the carbon and oxygen molecules sep-
arate from it and blend with the partly melted powder particles and the residues of molten
metal to shape carbides and oxides. Due to the exceptional amount of powder particles,
the enervated debris could not flush out properly and suppresses in between the discharge
gaps resulting in the relocation towards the substrate surface and infiltrating the molten
pool until the curing occurs [20]. Succeeded by additional discharges, the carbides and
oxides speed up, generate negative pressure by electrophoresis, and migrate towards the
machined surface. The coupled layer of carbides and oxides in the shape of micro-droplets
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develops a consolidated region on the upper surface of the machined substrate. Favorably,
in parallel, an immense quantity of absorbed gas is expelled, which results in the making
of pores and a smoother shape on the upper surface of the machined component, as stated
by Peng et al. [21].

i+ Electrode
Electrode =
s So@g @O
1T /)Ji hﬂfge 2 : :Do i li:'n-
column et o L
Gapk D Eai| o a ® :g B
colu B e o, " 0,
Crater Al powder) Crater
Workpiece Waorkpiece
-} ]
(a) Kerosene (b) Step 1 (c) Step 2

*)
Electrode

raker
Workpiece
(=} .

(d) Step 3 (e) Step 4
Step 1 {g-r)
Step 2 (r-s)
tep 3 (5-t)
8 = Step 4 (t-u)
) - tep 5 (u-v)
Electrode Step 6 (v-w)
a L :
s ® %6 @ iy
Al powder 5 u':a & DOGGEM
a® 2 "°u: o,
Crater
Workpiece r i
. p v W@
one Pulse duration
(g) Step 6 |

(h) Voltage Waveform using kerosene with Al powder

Figure 3. Influence of Al powder additive in kerosene dielectric medium during the machining

process [22].

The migrated coupled layer of oxides and carbides decreases micro-cracks generation
on the modified coated surface and enhances the mechanical characteristics [23]. The fun-
damental structure of material migration throughout the PMEDM process is demonstrated
in Figure 4. The schematic description of material migration during the PMEDM process
is demonstrated in the subsequent steps: Step 1 indicates that the sparking develops the
plasma channel of thermal flux among the powder particles and substrate surface; Step
2 demonstrates the assemblage of hydrocarbon (C) and oxygen bubbles (O) among the
partly dissolved powder particles and molten metal micro-droplets (M); Step 3 shows
the arrangement of carbides (MC, XC) and oxides (MO2, XO2) due to the existence of
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hydrocarbon (C), oxygen molecule (O), and powder particles (X) and Step 4 exhibits the
infiltration of oxides and carbides in the molten pool area of the coated layer before curing
on the substrate surface in PMEDM method. Janmanee et al. [23] examined the deposition
of a tough layer of tungsten carbide by EDM technique using titanium as a powder additive.
The migrated, coupled layer diminishes the micro-cracks on the machined surface of the
workpiece and enhances the mechanical features.
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Figure 4. Schematic demonstration of material migration during the PMEDM process [24].

High heat generation and rapid quenching during the PMEDM process result in
electrode materials melting, evaporation and re-solidifying. Due to this, surface modifi-
cation naturally occurs in the PMEDM process with the stochastic behavioral response of
process parameters.

3. Powder Characteristics and Its Utilization in the PMEDM Process

In the PMEDM process, the powder features play a crucial role in impacting several
performance actions of the process. Therefore, it is imperative to assess powder character-
istics and their interconnectivity with the EDM performance measures. Powder material,
size and concentration are mainly essential features of the powder particles that influence
the PMEDM process.

3.1. Powder Material

The essential thermophysical properties of the powder, i.e., particle density and
electrical and thermal conductivity, significantly impact the performance measures of the
PMEDM process. Wong et al. [25] investigated the outcome of Graphite (Gr), Silicon (Si),
Aluminum (Al), Silicon carbide (5iC), Molybdenum disulphide (M0S2) and crushed glass
on PMEDM performance measures. They discovered that, except for crushed glass, all
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powders increased the discharge gap by at least two times and provided the near-mirror
surface finish in machining SKH-51. The superior electrical and thermal conductivity
of Al powder provided the major machining gap expansion by nearly 12 times and the
best surface quality. The gap expansion attributes for Al powder are in harmony with
the research by Chow et al. [22] that assures the widening of the discharge gap and
superior surface finish by adding Al powder particles to the dielectric medium. However,
the influence of SiC additive is not in agreement because of its high electrical resistivity.
Tzeng et al. [26] pointed out that within Al, SiC and Cr powder particles, Cr provided the
maximum material removal rate, followed by Al and SiC. In comparison, the tool wear
rate was noticed with SiC, Al and Cr, respectively. Yih-Fong and Fu-Chen [27] examined
the Al, Cr, SiC and Cu powder particles and indicated that Al powder established the best
surface finish and thinner white layers on the machined surface of SKD-11. Copper does
not participate in the process due to its high particle density, which causes the powder
to settle into the tank’s bottom. Adding Graphite (Gr) powder particles to the dielectric
increases its electrical conductivity and offers exceptional lubricity. The suspended Gr
powder particles deliver enhanced material erosion rate and lowered tool erosion rate,
and its auspicious application lies in the micro-PMEDM [16,28,29]. The utilization of
Titanium (Ti) as an additive powder in the dielectric enhances the material erosion rate [30],
micro-hardness [23], and surface quality. In contrast, it lowers the surface roughness and
micro-cracks on the machined product. Likewise, Tungsten (W) powder-mixed dielectric
boosts the micro-hardness of the machined surface by 100% [31].

3.2. Powder Size

The size of the powder particle is considered a vital powder parameter to get desirable
outcomes during the PMEDM process. Utilizing smaller powder particles in the dielectric
fluid improves the metal erosion rate and surface condition of the modified surface com-
pared to the larger powder particles [26,32-34]. According to the research by Tzeng and
Lee [26], smaller particles (70-80 nm) develop a minimal machining gap between the tool
and the substrate, resulting in a more significant material removal rate and lower tool wear
rate. Research by Yih-Fong et al. [27] reported that the size or dimension of the powder
particle is the decisive factor in the machined surface quality. Smaller particles result in a
superior surface finish while augmenting the white layer thickness.

3.3. Powder Concentration

A suitable quantity of powder drives effective machining operations and stability. A
higher amount of powder is useful in adding the number of discharges that increases the
material removal rate [35]. Increasing the powder concentration over the optimum value
results in arching, short-circuiting, and unsteady machining due to unnecessary powder
and residue particles [26]. Moreover, the existence of excessive powder particles in the
machining gap results in surface degradation and settlement issues [36]. The estimation
of powder concentration is crucial as its low value will not significantly influence the
process dynamics and hence the outcome responses. Contrarily, the higher quantity of
powder can induce particle settling, unrestrained bridging effects, and unsteady machining
(short-circuiting and arcing), resulting in the degradation of the altered surfaces.

3.4. Powder Additives Utilization and Trend

Powder additives are added to the PMEDM process mainly for (i) to enhance the
process efficiency and (ii) to upgrade the EDM process to surface coating technology. In
the case of process efficiency, the prime process characteristics are material removal rate
(MMR), tool wear rate (TWR), and inter-electrode gap (IEG). Subsequently, the surface
modification process can improve microhardness, adhesion strength, coated layer thickness,
surface roughness (SR), biocompatibility, wettability, corrosion and wear resistance. Table 1
lists the powder additives used in the PMEDM process over the last decade and their
purpose of utilization.
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Table 1. Powders utilized in the PMEDM process over the last decade.

Powders Nomenclature Impact on the Process Efficiency and Effectiveness
Graphite Gr Increases electrical conductivity that results in high MRR and low TWR
Aluminium Al High surface quality, enhances fatigue endurance and corrosion resistance
Silicon Si Develops a mirror-like surface finish on the machined surface
Silicon carbide SiC High MRR and surface integrity with the formation of hard layers
Titanium Ti Increases the altered surface hardness and reduces the surface cracks
Manganese Mn Defect-free surface with high surface microhardness and low SR
Hydroxyapatite HA Develops bioactive surfaces with enhanced wettability and high SR
Carbon nanotube CNT Low surface microcracks, process instability, SR and coated layer thickness
Zirconium Zr Improves the machined surface with low SR and TWR
Aluminium oxide AlL,O3 Nano-sized particles improve the surface finish and topography
Titanium dioxide TiO, MRR reduces up to the optimum quantity of powder and then increases
Tungsten carbide WC High surface microhardness and wear resistance
Nickel Ni High abrasion resistance of the coated layer, MRR and TWR with low SR
Silver Ag Coated layer thickness increases with powder quantity
Copper Cu Surface quality and MRR increase with the optimal quantity of powder
Chromium Cr High microhardness and corrosion resistance with a low tool wear ratio
Molybdenum Mo Improves the machining efficiency and surface microhardness
Tungsten W Enhances surface integrity, MRR and the coated layer microhardness
Boron carbide B4C Increases MRR and IEG and reduces TWR with good discharge distribution
Zinc Zn Enhances corrosion resistance and incorporates high MRR
Graphene Graphene Effectively augments the MRR and reduces SR and coated layer thickness
Titanium carbide TiC Forms a hard coated surface and assists in dispersion hardening with low SR
Boron nitride BN Increases MRR and develops a hard coated surface on the machined part
Niobium Nb Increases the adhesion strength of the coated layer and wear resistance
Boron oxide B,O3 Increases MRR and surface microhardness of the coated layer
Tungsten disulphide WS, Enhances the lubricity and wear resistance of the coated layer
Titanium nitride TiN Elevates microhardness, good corrosion, and wear resistance
Tantalum carbide TaC Strengthens surface microhardness and enhances process stability
Cobalt Co Improves adhesion strength, corrosion, and wear resistance

The PMEDM process trend is maximum in 2018, 2021 and 2022, with Gr, Al, Si and SiC
powders being used most frequently during the last decade, as the bar chart representation
is illustrated in Figure 5. The frequency on the y-axis represents the number of articles in a
given year describing the particular powder usage in the EDM process.
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Figure 5. The trend of powder materials utilized for the PMEDM process (Extracted from the
databases: Scopus and Web of Science).
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4. Influential Process Parameters in the PMEDM

The process factors (electrical and non-electrical) significantly affect PMEDM perfor-
mance. Some of the significant process parameters can be classified in the following way:

4.1. Dielectric Type

Kerosene, mineral oil, and pure distilled water are generally used as dielectrics in
the PMEDM process, and their significant properties are tabulated in Table 2. Pure water
possesses higher thermal conductivity and specific heat to withdraw heat from the ma-
chining area and ensure effective cooling [37]. During the machining process, kerosene
builds carbides, and pure water creates oxides on the altered surface of the workpiece [38].
Carbides need higher thermal energy to dissolve than oxides, resulting in a better material
removal rate, minimum tool wear rate for deionized water, and superior surface finish for
kerosene as the dielectric.

Table 2. Significant properties of dielectrics used in the PMEDM process [39].

Dielectric Therm.al' Specific Breakdown Flashpoint
Medium Conductivity Heat Strength (kV/mm) “Q)
(W/m-K) (J/kg-K)
Kerosene 0.14 2100 24 37-65
Deionised water 0.62 4200 65-70 N/A
Mineral oil 0.13 1860 10-15 160
Silicon oil 0.15 1510 10-15 300

4.2. Peak Current

Peak current is one of the most significant process parameters that must be optimally
allocated as it directly impacts PMEDM performance. The increase in the peak current
produces more electrons and ions in the machining area, which develops higher pressure in
the plasma channel and increases the material removal rate due to the boost up of discharge
energy [40-42]. The peak current’s rise may result from increased tool wear, surface quality
degradation, recast layer thickness, deep craters, etc. [43,44]. However, the instant heating
and quenching at a high-level pulse current results in the improved micro-hardness of the
altered surface [45].

4.3. Pulse Duration

High pulse duration may lead to an unstable process and deteriorated surface quality
by short-circuiting and insufficient debris exclusion from the machining region [43,46].
When the pulse duration exceeds the productive machining time, additional residues
are formed and stick to the machined surface, causing an increase in the coated layer
thickness [38,47]. The microhardness of the altered surface gradually improves with the
increasing pulse duration due to the material transfer process [45].

4.4. Voltage Gap

An upper increase in the voltage gap during the machining process takes more time to
bridge the ions and electrons within the discharge gap, augments the spark gap and lessens
the energy density resulting in a lowering of surface irregularity and material removal rate
of the altered surface [48-50]. A rise in gap voltage increases deposited layer thickness
because of augmentation of the spark gap and reduction in coated layer thickness due to
lowering the discharge column [51].

4.5. Polarity

The polarity designates the allocation of a cathode (—) and anode (+) onto the tool and
workpiece. For achieving a better material erosion rate and lower tool wear rate, positive
polarity on the workpiece with a shorter pulse duration and negative polarity with a longer
pulse duration is preferable. The positive and negative polarities results were observed,
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as shown in Figure 6, using Scanning Electron Microscopy (SEM) after performing the
EDM of a Ti alloy in which SiC was used as an additive in the dielectric [52]. The bulging
response at the crater’s center is examined with positive polarity causing the buildup of
powder material on the machined surface [53]. In contrast, deep cavities were observed
with negative polarity, resulting in a better erosion rate and a coarser surface finish [52,54].

Positive polarity Negative polarity

Figure 6. The outcome of polarity variation on the machined surface [52].

4.6. Duty Cycle

An optimum selection of the duty cycle percentage leads to reasonably low surface
irregularity and an improved material erosion rate. The extended duty cycle causes process
instability, insufficient flushing of accumulated debris, and electrode wear [48,50].

4.7. Electrode Classification

The electrode tool is an essential parameter of the PMEDM process which demands a
low tool wear rate during the machining phase and a moderate tool wear rate during the
coating phase of the PMEDM process. The PMEDM electrode mainly relies on its material,
shape and size. The machining process develops a mirror shape of the electrode on the
workpiece. The finished size of the workpiece is achieved by setting an undersized amount
during the machining process to compensate for the electrode wear. The formula for the
undersize amount can be given as follows:

Undersize amount (one side) = (Finished size — Electrode size)/2

The undersized amount is incorporated in the electrode design, keeping the machining
accuracy and projection area in view. The criteria for selecting the suitable electrode material
for a specific output requirement depends on the properties tabulated in Table 3.

Table 3. Electrode classification and its properties [39,55].

Properties That Impact the Selection Criteria of EDM Electrode

Electrode . . Thermal Electrical
Material 1()en51gl PM.eltt 1(101% Conductivity ~ Resistivity =~ MRR ! TWR 2 Cost Fabrication
g/em om (W/mK) (1O cm)
Metals
Copper 8.93 1083 385 1.7 High Low High Easy
Tungsten 19.3 3370 163 5.65 Low Low High Difficult
Brass 8.03 920 159 15.6 High High Low Easy
Titanium 45 1668 17 178 High Low High Difficult
Silver 10.49 961 419 1.55 High Low High Medium
Aluminum 2.69 660 210 2.7 High High Low Easy
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Table 3. Cont.

Properties That Impact the Selection Criteria of EDM Electrode

Electrolde Densit Meltin Thermal Electrical
Material (g(;a;g Poi:l ¢ (O(g:) Conductivity = Resistivity = MRR! TWR 2 Cost  Fabrication
(W/mK) (uQ cm)
Non-Metals
Graphite 2.25 3650 25 6000 High Low High Easy
Composites
Cu-W 14.84 2250 220 3.83 Medium Low High Medium
Cu-Gr 6.8 2550 250 4.36 High Low High Easy
Ag-W 15.28 >980 160 3.45 Medium Low High Difficult
W-C 15.7 2870 84.02 66.5 High Low High Difficult
Te-Cu 2.69 660 210 2.7 Low High High Difficult

1 Material Removal Rate, 2 Tool Wear Rate.

4.8. Discharge Energy

Discharge energy is an essential factor that impacts surface topography, which refers
to the profile shape and roughness of the altered surface. The energy of electric discharge is
linked with other parameters of EDM and is a product of peak current, voltage, polarity and
pulse duration [56]. Discharge energy determines the crater size and shape in micro-EDM
applications [57]. This energy affects the coating thickness-to-roughness ratio, critically
important when analyzing the coated layer on metallic biomaterials developed using the
PMEDM process.

4.9. Surface Free Energy

The melting, vaporization and re-solidification of electrode material occur during
the single discharge phase of the EDM process. During this process, energized debris
gets deposited on the treated surface, a capacitive force is developed in the machining
gap, and surface-free energy is acquired on the modified surface. A hydrophilic surface is
formed due to the surface energy, shallow craters, and nanopores formation, improving
biocompatibility and osseointegration at the bone-implant interface. The wettability of
a coated surface is assessed based on the contact angle between the liquid and the solid
surface. A surface is hydrophilic if the contact angle measurement is less than 90° and is
desirable for bioimplant-coated surfaces [58].

5. Common Metallic Biomaterials Investigated Using the PMEDM Process

Metallic biomaterials account for 70% of bioimplant base material manufacturing
mainly due to the advantages of mechanical strength, ductility, corrosion and wear resis-
tance [59]. The surface modification of the biomaterials with biocompatible elements can
develop a micron-level coating resulting in an effective bone-implant interface. Numerous
physical and chemical coating methods are already established for surface modification
of biomaterials, e.g., thermal spraying, laser cladding, sol-gel dip coating, electrochemical
deposition, etc. [60]. Most prior techniques incorporate weak bonding between the coat-
ing film and substrate, lack process controllability, and contain a special apparatus with
high-temperature devices. All require the fabrication of bioimplants before the coating pro-
cess [61]. PMEDM is an emerging and ongoing research technique that can simultaneously
perform the machining and coating process and possesses a high potential to serve as a
cost-effective surface modification method to fulfil surface functional requirements, i.e.,
surface roughness, microhardness, corrosion resistance, biocompatibility, cracks-free and
nano-porous surface for better osseointegration. Numerous studies have been commenced
to explore the impact of multiple process factors indulged in powder-mixed EDM by in-
vestigating various combinations of work materials and powder additives. The research is
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still ongoing and requires a breakthrough in introducing the PMEDM process for the mass
production of bio-implants in the marketplace.

5.1. Machined Surface of Biomaterial

The most frequently used biomaterials, for instance, Ti alloys, Mg alloys and 316L SS,
possess exceptional mechanical properties but not satisfactory bio-function capabilities.
During the PMEDM process, selecting appropriate electrodes, additive powder, and dis-
charge energy significantly influence the substrate’s altered surface to enhance the material
erosion rate and minimize electrode wear rate and surface topography [13].

Bains et al. [62] analyzed the machined surface of Ti-6Al-4V by employing Copper
(Cu) as an electrode and Hydroxyapatite (HA) as an additive to the dielectric medium. It
was noticed that the peak current and powder concentration are the significant process
factors for enhancing the material removal rate. The highest erosion rate of 7.648 mg/min
was estimated for the current of 12 A. Bui et al. [63] assessed the machined surface of Ti
alloy by utilizing Tungsten Carbide (WC) as an electrode tool and nano silver (Ag) particles
as an additive to the dielectric medium. The high electrical and thermal conductivity of
Ag powder particles results in a 185% increase in the material erosion rate and an 8.7%
reduction in the electrode wear rate due to the WC’s elevated melting point and hardness.
Prakash et al. [64] assessed the machined surface of Ti-6Al-4V by using Cu as an electrode
tool and Silicon (Si) powder as an additive to the dielectric medium. It was discovered
that the peak current, pulse duration and powder concentration are the most influential
process factors for the optimum machining performance measures. The maximum material
erosion rate of 1.1872 mm?/min and minimum electrode wear rate of 0.0750 mm?3/min were
achieved with the optimum values of current intensity (9.55 A), pulse duration (255.95 s)
and powder amount of (4 g/L). Moreover, Prakash et al. [64] stated further reduction in the
electrode wear rate by using pure Ti as an electrode, as the addition of Si powder tends to
form TiC on the surface of the electrode. Shabgard and Khosrozadeh [65] performed on
the machined surface of Ti-6Al-4V by employing Cu as an electrode and carbon nanotube
(CNT) as an additive to the dielectric medium. It was reported that initially, the material
erosion rate was improved mainly due to the enlargement of the discharge gap as the
CNT absorbed the machining heat due to its high electrical and thermal conductivity and
afterwards both material removal rate and electrode wear rate were decreased.

Hourmand et al. [66] quantified the machined surface of the Al-Mg2Si composite
matrix by employing Cu as an electrode and nano Al particles as an additive to the
dielectric medium. It was observed that potential voltage, current intensity, and pulse
duration are the most impactful factors affecting the material erosion rate. The highest
value of material erosion rate of 0.0736 g/min was accomplished at the current intensity
of 15 A, pulse duration of 200 s, a potential voltage of 80 V and duty cycle of 0.55%.
Santosh et al. [67] examined the machined surface of ZM21 Mg alloy by engaging Cu as
an electrode and nano Gr particles as an additive to the dielectric medium. A valuable
increase in the material erosion rate was noticed by adding the Gr particles with the current
intensity of 11 A, pulse-on duration of 75 ps and pulse-off duration of 6 ps.

Santosh et al. [67] investigated the influence of CNT addition to the dielectric fluid
on stainless steel machining outcomes via the PMEDM process. It was revealed that the
pulse duration and powder concentration significantly influence the material erosion rate.
Most importantly, the machining rate of 0.2503 g/min was measured with the add-on of
0.3 g/L CNT, pulse-on time of 10 ps and a constant current of 6 A. Lamichhane et al. [68]
investigated the machined surface of 316L SS by adding the hydroxyapatite powder to
the dielectric fluid. The study discovered an improved material erosion rate and electrode
wear rate due to influential process factors such as current intensity, pulse duration and the
powder amount. A 65.45% increase in material erosion rate was measured with a value
of 19.01 g/min corresponding to the current intensity of 28 A, pulse-on duration of 60 us
and pulse-off duration of 120 us. Moreover, a 53.07% growth in electrode wear rate was
observed due to the higher value of powder quantity and pulse-off time. Banh et al. [69]
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examined the performance measures of the Ti powder mixed EDM process for steel alloys
utilizing two separate electrodes, namely Gr and Cu. This study ensured that the most
impactful process factor is powder amount followed by current intensity, pulse-on time,
polarity, workpiece material and pulse-off time, resulting in maximum material erosion
and minimum electrode wear rates.

5.2. Coated Surface of Biomaterial

During the PMEDM process, the preference of the suitable tool and additive powder
has a substantial effect on the modified or treated surface of the substrate to optimize the
coating thickness, micro-hardness, surface roughness, adhesion strength, biocompatibility
and resistance to wear and corrosion [13].

Bains et al. [62] studied the modified surface of Ti-6Al-4V by using Copper (Cu) as
an electrode tool and Hydroxyapatite (HAp) as an additive to the dielectric medium. It
was discovered that adding HAp resulted in a surface roughness reduction and a surge
in wear resistance by 82%. The enhanced, modified surface of the Ti-alloy may result
due to the placement of hard carbide and bio-ceramic layer. Prakash and Uddin [70]
explored the influence of MWCNT on HAp-mixed dielectric fluid on -type Ti with the
Gr as electrode via the PMEDM process. The research outcome claims that the mixture
of MWCNT/HAp produces enhanced biocompatibility and surface integrity due to the
uniform spark propagation during the machining process. Abdul-Rani et al. [71] analyzed
the treated surface of Ti-alloy in terms of surface roughness and morphology by employing
tungsten and copper as a tool and nano-Al particles as an additive to the dielectric fluid.
The addition of nano-Al powder by 3 g/L provided an exceptional increase in surface
roughness by about 38.46% due to its high conductivity.

From the morphological point of view, micro-cracks and voids were improved on the
modified surface. Prakash et al. [72] evaluated the modified surface of Ti-alloy by using
pure Ti as an electrode and Si powder as an additive to the dielectric fluid. In this research,
a biocompatible and durable modified surface of 1080 HV was obtained by developing a
15 um white layer thickness containing carbides and oxides at the peak current value of
15 A, pulse duration of 50 us and Si powder amount of 8 g/L. Furthermore, the friction
coefficient of the modified surface improved by 60% due to the development of TiC and
SiC on the treated surface. Similarly, Farooq et al. [73] assessed the modified surface of
Ti-alloy by employing Cu as an electrode tool and Silicon (Si) powder as an additive to the
dielectric medium. Due to the superior thermal conductivity of Si powder particles, the
rapid sparking in the machining gap occurs, and the amount of additive contributed to
the surface roughness and recast layer thickness of the modified surface. Moreover, the
nano-porous surface of 50-200 nm was examined with the Si powder quantity of 5 g/L.
Devgan and Sidhu [74] investigated the altered surface of the Ti-alloy by utilizing the
HAp-added dielectric. The add-on of HAp developed a bio-ceramic layer with exceptional
micro-hardness, crack-free surface, corrosion resistance and biocompatibility.

Hourmand et al. [66] estimated the modified surface of Mg-alloy by employing Mg-Ca
as an electrode and HAp particles as an additive to the dielectric medium. It was perceived
that the increased concentration of HAp enhances the micro-hardness and wear resistance,
whereas it reduces the surface roughness. The biocompatibility of the treated surface was
achieved due to the formation of oxides, and the deposition layer thickness increased as the
amount of HAp was enhanced. Razak et al. [75] assessed the modified surface of Mg-alloy
by engaging Cu as an electrode tool and Zinc (Zn) powder particles as an additive to the
dielectric medium. The high conductivity of Zn powder maintains the spark functioning
and machining stability. Its optimum addition to the dielectric efficiently reduces surface
roughness and wear resistance. Rout et al. [76] analyzed the treated surface of the Mg-alloy
by using three electrodes of brass, copper and stainless steel and Al powder particles as an
additive to the dielectric medium. It was revealed that the brass and copper electrodes and
suspended Al powder enhance surface roughness. The performance of brass and copper
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electrodes was better than stainless steel electrodes because of their higher conductivity
and stability in the machining process.

Lamichhane et al. [68] explored the impact of HAp addition to the dielectric medium
to alter the surface of stainless steel using the PMEDM process. It was discovered that
mixing HAp with the dielectric improves the surface roughness due to the scouring effect.
A biocompatible surface was formed onto the modified surface because of the development
of an oxide layer. Mohan et al. [77] investigated the modified surface of 316L SS by using
tungsten as an electrode and the TiO, powder particles as an additive to the dielectric fluid.
The study revealed that forming hard oxide and carbide layers onto the treated surface pro-
vides hardness and wear resistance, respectively. G. Singh et al. [78] evaluated the modified
surface of 316L SS by utilizing Cu as an electrode and HAp powder particles as an additive
to the dielectric fluid. In this research, the optimum add-on of HAp powder produces
a hard and biocompatible oxide layer on the machine surface resulting in the enhanced
micro-hardness and bioactivity of the developed bioimplants. Bhaumik and Maity [79]
assessed the modified surface of 316L SS by engaging W-C as an electrode tool and SiC
powder particles as an additive to the dielectric medium. The research revealed that
adding SiC forms a hard carbide layer that enhances surface hardness, wear resistance and
surface roughness.

6. Methodologies for Optimization of PMEDM Process

The main objective of employing optimization methods in the PMEDM process is to
find the values of the influential process parameters for optimising performance responses.
The accomplishment of optimum settings for the machining parameters of the PMEDM
process is unlike the EDM process due to the involvement of powder additives. Numerous
researchers have employed tools like the design of experiment (DOE) methods, analysis
of variance (ANOVA) and numerical techniques to discover the optimal values for the
PMEDM process and performance parameters. Single and multiple objective optimization
techniques estimate the best solution for a specific criterion.

6.1. Taguchi Method

Taguchi is a robust statistical tool to plan the experimentation for the best values
of process factors. Assarzadeh and Ghoreishi [48] used the Taguchi method to obtain
the optimum process parameters by employing boron carbide-mixed electric discharge
machining on the surface of titanium alloy. It was revealed via ANOVA that current
intensity, pulse duration and powder quantity are the most influential factors contributing
to the machining performance measures, i.e., material erosion rate and surface roughness.
Kansal et al. [80] applied the Taguchi method to attain the optimum process factors by
engaging graphite powder particles in the kerosene oil dielectric for performing the rough
machining process on the surface of die steel (AISI D2). The experimental investigative
results reveal that the suitable addition of graphite particles to the dielectric enhances the
material erosion rate and reduces electrode wear and surface irregularity. Ishfaq et al. [81]
employed graphene nanoparticles in the dielectric medium for sustainable EDM of Ti-alloy
by using three different electrodes Al, Cu and Br. The study carried out the planning for the
design of experimentation using Taguchi’s method and analyzed the experimental results
using statistical tools. Bains et al. [62] engaged Hydroxyapatite (HAp) powder particles
in the dielectric medium to machinate Ti-6Al-4V. Experiments were executed based on
Taguchi design with an orthogonal array of L16 to consider process parameters, i.e., current
intensity, pulse-on and off time, electrode inner diameter and dielectric type concerning
outcome responses in the form of surface irregularity and material erosion rate. The
machining rate was statistically significant (p < 0.05) by the factors of hole diameter, peak
current, dielectric fluid, and the combination of current and dielectric. SR was statistically
significant by current intensity, pulse duration and dielectric medium.
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6.2. Response Surface Methodology (RSM)

RSM is a mathematical and statistical method used for modelling and analysing a pro-
cess for an optimized response measure controlled by variable factors. Garg and Ojha [82]
studied the machined surface of EN-8 steel by adding chromium powder particles as
an additive to the dielectric. The RSM method has been used to plan and analyse the
experimentation for process variables and consider PMEDM performance in improved
material removal rate and surface finish. Aliyu et al. [83] investigated the Hydroxyapatite
Deposition Rate (HDR) and Surface Roughness (SR) during the electro-discharge coating
of Bulk Metallic Glass (BMG). Using a D-optimum customizable design approach, RSM
was employed to generate the models and optimize the input factors. Optimum process
parameters setting is essential in enhancing product performance and contributing to the
commercial industries by lowering the component’s production time and expense.

6.3. Analytic Hierarchy Process (AHP)

AHP is a technique used to organise and indicate process variables” importance on
output performance with an analytical approach. Bhattacharya et al. [84] executed a multi-
objective optimization of material erosion rate, electrode wear rate and surface roughness
during PMEDM of High Carbon High Chromium (HCHC), Hot Die Steel (HDS) and EN31
using the AHP approach.

6.4. Gray Relational Analysis (GRA)

GRA is an approach used to obtain optimum conditions of input variables to find the
best-suited outcome with insufficient information. S. Singh and Yeh [33] and Talla et al. [85]
employed the GRA technique to assess the efficacy of optimizing the variable performance
measures of PMEDM for aluminum matrix composites with inadequate data.

6.5. Non-Sorted Genetic Algorithm (NSGA-II)

NSGA-II is an advanced evolutionary algorithm used for multi-objective optimization.
Al-Amin et al. [86,87] investigated the effects of process variables (current intensity, pulse
duration, powder amount, and duty cycle) on machining performance (material erosion
rate) and surface features (surface irregularity and recast layer thickness) using multi-
objective algorithms for optimal processing of MWCNT and HAp added ED machined
surface of 316L SS. NSGA-II was used as a multi-objective optimisation tool and Pareto fron-
tiers for optimal solution sets using MATLAB software. The LINMAP method selected the
finest solution set outcomes based on defined objective functions. Padhee et al. [88] carried
out concurrent optimization of several targets using NSGA and provided multiple outcomes
to the manufacturer for sorting the optimal combination from the approachable resources.

6.6. Hybrid Methods

The multi-objective optimization technique is used to optimize two or more opposing
objectives. The concurrent employment of the single and multiple optimisation approaches
leads to the hybrid response.

Tripathy and Tripathy [89] performed the PMEDM process on the machined surface
of H-11 die steel using chromium-mixed dielectric and copper electrodes. The Taguchi
method, combined with TOPSIS and GRA, has been implemented to estimate the usefulness
of enhancing numerous performance characteristics.

Prakash et al. [90] estimated the optimal settings of PMEDM process factors to pro-
duce the biocompatible surface on (3-phase Ti alloy by employing NSGA-II coupled with
Taguchi-based RSM for the first time. The optimal condition was achieved with the desired
requirement of high surface microhardness and low surface roughness.

6.7. Numerical Modeling

An emerging trend among researchers is heading towards the numerical modelling of
the PMEDM process to simulate the temperature distribution and surface features onto the
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machined surface. Kansal et al. [91] established an axisymmetric 2D thermal model for the
PMEDM process using the Finite Element Method (FEM) technique. The study estimated
the temperature distribution on the substrate and measured the material erosion rate from
the temperature profiles. Bhattacharya et al. [92] achieved a 3D FEM model to estimate
the residual thermal stresses incorporated during the PMEDM process. Additionally, a
mathematical model was developed by Bhattacharya and Batish [93] for predicting the
crater dimensions and volume removed during the PMEDM process. Tan and Yeo [94]
simulated a 3D FEM model for surface integrity features for obtaining enhanced surface
roughness and reduced recast layer thickness using crater theories.

Wandra [95] numerically simulated the material removal mechanism using the finite
element analysis of the PMEDM process on the Ti-alloy. The simulation results found that
the surface finish and crater geometry on the machined surface during powder-mixed
EDM improved much compared to the EDM process. Tumer et al. [96] investigated the
mechanical properties of the graphene/CNT-coated Ti-6Al-4V and 316L SS using the finite
element analysis approach.The loading impact on the femur, first screw and the plate
with coated and uncoated conditions. Jampana [97] examined the thermal analysis on
powder-mixed EDM of stainless steel 630 using finite element and artificial neural network
techniques for obtaining optimum performance parameters regarding material erosion rate
and surface irregularity.

7. Applicability of the PMEDM Process

EDM can precisely manufacture critical components (i.e., impeller, fuel system, engine
blocks, piston heads, etc.) for the aerospace and automobile industries. Still, on the contrary,
it lacks the surface integrity features that can be potentially achieved using the PMEDM
process. With enhanced dimensional accuracy, PMEDM introduces exceptional surface
quality, biocompatibility and bioactivity, emerging to be an innovative advanced machining
option for the manufacturing industries of bio-implants and surgical instruments. The
potential application areas of PMEDM can be classified in the following way:

7.1. Rough Machining

The process parameter values of high current intensity and pulse duration mainly
cause the rough machined surface [98]. In this case, the problem arises with the rough
machined surface in the form of inadequate flushing of debris and a high tool wear rate [17].
These issues can be addressed efficiently by considering the optimal values of process
factors. Mai et al. [10] employed CNTs in the dielectric medium using PMEDM of NAK-
80 die steel for evaluating the rough machining factors. It was revealed that long pulse
duration and high peak current significantly increase the machining rate.

7.2. Fine Machining

Finish machining is one of the significant fields of application in the PMEDM process.
The ability to produce a finely finished surface makes PMEDM a distinguished machining
option that avoids finishing operations costs. A near-mirror surface finish can be achieved
using the PMEDM process by increasing tool size and low discharge energy settings.
Mohri et al. [99] and Pecas and Henriques [100] observed a high-quality surface finish
during the electric discharge machining of H13 steel using Si-powder-mixed dielectric, as
shown in Figure 7, and the finish quality is further improved by increasing the machining
time. A further study examined a mirror-like finish on the machined surface of SKH-54 by
adding Al powder particles as an additive to the dielectric medium.
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Figure 7. Mold cavity (a) without Si powder (b) with Si powder [100].

7.3. Micromachining

Technological advancements in micro-electro-mechanical systems (MEMS) initiate
the demand for micromachining processes. The micro-mechanical accessories (e.g., mini
pumps, engines, and robots) and application areas (e.g., drilling of micro-holes for cooling
purposes on turbine blades) require precise micromachining procedures. Kibria and Bhat-
tacharyya [38,101,102] employed the p-PMEDM approach for drilling holes on the Ti-alloy
surface using boron carbide mixed with kerosene and pure water as a dielectric medium.
Chow et al. [18] revealed a potential application of the PMEDM process to fabricate a micro-
heat scatter fin on the surface of Ti-6Al-4V, as displayed in Figure 8. The optimum discharge
conditions can be classified as peak current = 0.1 A, pulse-on time = 10 ps, workpiece
size = 0.8 x 0.8 x 0.6 mm, copper as tool electrode and kerosene as dielectric fluid.

Figure 8. SEM view of micro-slits fabricated on the surface of Ti-alloy using SiC-mixed EDM process [20].

7.4. Surface Modification

Inaccuracies arising from high tool wear avoid the utilization of electro-discharge
coating (EDC) as a powder deposition approach for surface coating and modification.
PMEDM is an arising technique for simultaneously machining and alloy coating onto the
modified surface with enhanced precision. Chen et al. [103] enhanced biocompatibility
by forming TiO on the modified surface of pure Ti using PMEDM with Ti-added pure
water. Zain et al. [40] accomplished exceptional microhardness on the modified surface
of SUS 304 stainless steel using tantalum carbide powder as an additive to the dielectric.
Bhattacharya et al. [104] evaluated the influence of different tool and powder combinations
on the micro-hardness of the modified surface. The study found that the merger of the
W-Cu tool and W powder particles to the dielectric develops the hardest modified surface
compared to the surfaces achieved using Gr and Si powder-mixed dielectrics.

7.5. Machining of Non-Conductive Materials

The machining of non-conductive materials in the PMEDM process is yet to be ex-
plored. Kucukturk & Cogun [105] performed non-conductive ceramics via PMEDM by
mixing Gr powder in the dielectric medium. The machined surface was coated with a
conductive layer to ensure the sparking.
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8. Future Research Directions of the PMEDM Process

In the past ten years, several researchers have published review articles on the poten-
tiality of the electric discharge machining and coating process for surface modification and
highlighted research directions yet to be explored. The ISI-indexed review articles based

on journal citation reports (JCR) have been tabulated chronologically in Table 4.

Table 4. Review articles on the PMEDM process over the past decade.

Review Article

(Year/JIF 1/Quartile) Journal/Publisher Future Research Directions
1. PMEDM process associated with composite
coated electrodes.
[106] d electrod

An insight on Powder-Mixed
Electric Discharge Machining:
A state-of-the-art review
(2022/2.75/Q2)

Journal of Engineering
Manufacture/SAGE

2. PMEDM process coupled with laser and
ultrasonic machining.

3. Employment of shape memory alloys in the
PMEDM process.

4. Deep learning algorithms for the PMEDM process.

[107]

Investigation of Coatings, Corrosion and
Wear Characteristics of Machined
Biomaterials through Hydroxyapatite
Mixed-EDM Process: A Review
(2021/3.62/Q2)

Materials/MDPI

1. Uniform thin coating formation with
homogeneous alloying.

2. Uniform distribution of HAp-based oxide and
carbide on the deposited coat and its phase analysis.
3. HAp doped with reinforced additives for proper
distribution and enhancing mechanical properties
of biomaterials.

4. Measuring residual stress and wettability of

the coating.

[108]

Transition from EDM to PMEDM—Impact of
suspended particulates in the dielectric on
Ti6Al4V and other distinct material surfaces:
A review
(2021/5.01/Q2)

Journal of
Manufacturing Processes/
ELSEVIER

1. Evaluating the Recast Layer (RL) metallurgical
behavior (phase distribution and grain
size/refinement), bond strength (coherence with the
substrate), and homogeneity of the various surface
compounds over a specific area.

2. The optimum powder concentration range by
reducing the particles’ size from the micro to

the nanoscale.

3. Enhancing uniform spread of coated layer and
dispersion of the powder particles to

avoid agglomeration.

4. The effect of the shape and size of the powder
particles and tool electrode on the outcome responses.
5. Factors affecting material melting/vaporization /
re-solidification and alteration in the craters’
morphology (size and shape).

6. Multiple powders in the dielectric medium to
improve the tribological and bio-adaptive
characteristics using PMEDM.

7. Develop realistic practical models for improving the
PMEDM process considering its stochastic nature.

[109]
Bio-ceramic coatings adhesion and

Materials and Manufacturing Processes/

1. Assuring uniform bio-ceramic coating for
improving biocompatibility.

2. Suitable distribution of nano-porosities on the
modified surface.

roughness of blomatena!s throggh PM-EDM: TAYLOR & 3. Improvement by effectively adding surfactant with
a comprehensive review FRANCIS INC HAp f if 3% ion in dielectric fluid
(2020/4.61/Q2) p for uniform dispersion in dielectric fluid.
4. Optimal discharge energy for enhanced adhesion
and surface roughness.
1. Quantification of nano-porous surface and its
[13] porosity distribution on the machined surface.
Assessment of PM-EDM cycle factors 2. Uniform dispersion of additives during the
influence on machining responses and Precision machining process.
surface properties of biomaterials: A Engineering/ELSEVIER 3. Formulation for selection of suitable additives

comprehensive review.
(2020/3.31/Q2)

for biomaterials.
4. Controlling the presence of amorphous elements
during the coating process.
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Table 4. Cont.

Review Article

(Year/JIF /Quartile) Journal/Publisher Future Research Directions
1. Developing uniform thickness of the coating.
[58] 2. Formulating optimum process factors for enhancing

Powder mixed-EDM for potential

Materials and Manufacturing Processes/

surface characteristics and mechanical properties.

bi . C 1 . TAYLOR & 3. Development of the anti-bacterial coating as
iomedical applications: A critical review. FRANCIS INC tandardizati
(2020/4.61/Q2) per standardization. . .
4. Minimizing toxic and corrosive active elements and
compounds during the coating process.
1. Exploration of PMEDM mechanism to find an
optimum relationship among the machining
[110] parameters, powder properties, machined and
Recent Advances and Perceptive Mi . modified surface characteristics.
. . icromachines/ . ) .
Insights into MDPI 2. Environmental health issues related to using a
Powder-Mixed Dielectric Fluid of EDM dielectric fluid with additives.
(2020/2.89/Q2) 3. Machining of non-conductive materials.
4. Reduction of machining time in case of precisely
accurate parts.
1. Proper pumping mechanism and dielectric selection
for smooth powder particle flow.
[39] 2. Optimum concentration of powder particles for
A systematic review on powder mixed Heliyon/ surface modification.
electrical discharge machining. ELSEVIER 3. Agglomeration and settlement of powder particles at
(2019/0.46/Q2) the bottom of the tank.
4. Separation of powder particles and debris
for reusability.
1. An efficient mechanism and appropriate dielectric
for flushing powder particles.
[14] 2. Collection of dense powder particles at the tank base.

State of the art in powder-mixed electric
discharge machining: A review
(2017/2.61/Q2)

Journal of Engineering
Manufacture/SAGE

3. The required amount of powder particles for
surface modification.

4. Eco-friendly process.

5. System for separation of debris from the
powder particles.

[111]
A Review of Additive Mixed-Electric
Discharge Machining: Current Status and
Future Perspectives for Surface Modification

Advances in
Materials Science
and Engineering/

1. Controlling and measuring the actual thickness of
the coated layer.

2. Optimum relationship between powder
concentration and layer thickness size for

surface coating.

3. Material deposition monitoring during the
machining process.

of B;;é?‘;‘jllcilzl/%%l)ants Hindawi 4. Uniformity of coated layer to provide
’ implant-bone bonding.
5. Formulation of optimum process parameters for
all powders.
1. Effect of particle shape on performance parameters.
2. Comparison between various powder materials,
[112] ) : U b
. . . . .. sizes, and concentrations for finding the
State of the art in powder mixed dielectric Precision 4 ifi licati (P
for EDM licati Enei ing /ELSEVIER powder-specific application of PMEDM.
or applications ngineering 3. Relationship bet d d trati
(2016/3.31/Q2) . Relationship between powder and concentration
) with the influence of vibration frequency and
amplitude on PMEDM performance.
[113] 1. Effect of particle shape on the performance

Current trends in electric discharge
machining using micro and nano
powder materials—A Review
(2015/26.94/Q1)

Materials Today /ELSEVIER

parameters, for instance, machining efficiency, surface
finish and tribological properties, are yet to be explored
in the PMEDM process.

2. Impact of particle shape while considering
micro/nano levelled powder particles.

1 Journal Impact Factor.
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9. Challenges to Commercialize PMEDM Process

The PMEDM process is still open-ended and requires a technological breakthrough to
enter the production market. Numerous researchers have claimed that superior surface
quality and enhanced productivity can be achieved with the PMEDM process, but still,
several challenges impede the embarkation of PMEDM industrialization.

9.1. Cost Effectiveness

The accumulation of powder particles at the tank’s base adds cost and alters the
powder concentration during the machining process [112]. The homogeneity of the powder
particles in the dielectric medium can be explored by adding an effective surfactant to the
powder-mixed dielectric, and ultrasonic vibration may prevent the settlement of powder
particles. An effective PMEDM circulation system is desired that launches a commercially
cost-efficient solution to restrain the powder agglomeration and deposition at the base of
the machining tank [112]. Figure 9 represents the illustration of the PMEDM circulation
setup. The mixing of debris with the powder material may primarily affect the outcome.
Magnetic filters can be introduced to separate the debris in the filter system to avoid mixing
with the dielectric and powders.

peauduIuoRY

Electrode O Power supply

Workpiece

Nozzle — |

=1
Dielectric oil + powders — | Filter system

X-Y table

Figure 9. Representation of PMEDM Circulation Setup [112].

9.2. Longevity of the Deposited Layer

The researchers do not claim the life span of the coated layer deposited by the PMEDM
process. However, multiple research studies have evaluated the adhesion strength, micro-
hardness, and degradability of the coated layer onto the machined surface [112].

9.3. Reusability of the Powders

During the PMEDM process, the chemical transformation of the powders (micro and
nano size) can occur, which restricts their re-use and may require procuring the powders
in large quantities for experimentation. During the coating process, a minimal amount of
powder is utilized on the substrate, and a significant amount is flushed out. Due to the
stochasticity of the process, the justification for powder consumption and determination of
powder concentration for a specific application is a challenge for the commercialization of
the PMEDM process.
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9.4. Machining Time

Industrial manufacturing processes are generally for lengthy durations. The experi-
mental studies of the PMEDM process usually require a short machining time. For indus-
trial applications, it would be a real challenge to introduce this process for the long period
of machining and coating work.

9.5. In Situ Monitoring of the PMEEDM Process

The addition of powders in the submerged machining process may obstruct the
visibility of the ongoing process. With the technological advancements in manufacturing
processes, advanced industries are pursuing on-stage monitoring to ensure the dimensional
accuracy of manufactured parts. In the PMEDM process, adding the powder to the dielectric
fluid makes it challenging to monitor and visualize the outcome during the machining and
coating process.

9.6. Health, Safety and Environmental Considerations

The social responsibility of PMEDM users demands deliberation on health and envi-
ronmental safety measures. The operator’s exposure to the fumes generated from powder
mixed dielectric, the explosibility of powder materials, and discarding dielectric are critical
factors that require specific working procedures. International standards can be developed
and implemented after certification from the regulatory authorities.

10. Limitation

This review study has a potential limitation that covers only the general understanding
of the PMEDM process and its effectiveness. The transition from EDM to PMEDM discov-
ered an emerging technological approach to simultaneously machine and coat materials,
i.e., still at the early research stage. This technology got the attention of researchers to func-
tionalize it on biomaterials for easy, inexpensive and standard compliance manufacturing
of bioimplants. Therefore, this article also demonstrates the utilization of the PMEDM
process for the machining and coating metallic biomaterials.

11. Summary

From the deliberations, the PMEDM method is recommended as an efficient emerging
manufacturing process that can perform concurrent coating and machining of biomaterials.
The performance parameters of the PMEDM process, such as MRR, TWR, surface roughness,
recast layer thickness, bonding/adhesion strength, microhardness, biocompatibility, and
resistance to wear and corrosion depend significantly on the correlated process factors
due to its stochastic behavioral mechanism. Consequently, appropriate formulation of the
process factors and the additive powders are required to achieve the significant performance
measures of this process before its industrialization.

This article reviews the PMEDM process, applicability, trend, and futuristic perspective
based on the current research study. It highlights the mechanism of the PMEDM process, the
impact of powder attributes and EDM process parameters on the performance parameters.
It also reviews the influence of tool electrodes and additive powders on the machined
and modified surface of commonly used biomaterials. Furthermore, the study represents
the most used methods for optimising the PMEDM process, futuristic research directions,
challenges, and research trends over the past decade.
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