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Abstract: Powder mixed electric discharge machining has become a critical process for machining
biomaterials used in medical implants, offering notable improvements in surface quality and machining
performance. This review explores the mechanisms by which PMEDM enhances the removal rate of
material and the wear rate of the electrode (tool) by adding nano- and micro-powder particles, such as
aluminum (Al) and copper (Cu), to biodegradable/non-edible oils as a dielectric. This paper discusses the
successful application of PMEDM in machining biomaterials such as titanium alloys, magnesium alloys,
and stainless steel, emphasizing its ability to achieve superior surface finishes and enhance properties such
as hardness and biocompatibility. Despite its advantages, PMEDM faces challenges, including controlling
the complex interactions between process parameters and managing the environmental impact of the
process. The review concludes with a discussion of the need for technological advancements, including
improved process control systems and the development of environmentally friendly dielectric fluids, to
further enhance PMEDM's capabilities in the biomedical field. In order to further strengthen PMEDM's
capabilities in the biomedical field, the paper ends with a discussion of the necessity for technological
developments, such as better machining techniques like NPMEDM with tool rotation and the creation of
environmentally friendly dielectric fluids such as biodegradable/non-edible oils (castor oil, neem oil,
Jatropha curcus oil, coconut oil, waste vegetable oil, bio diesels).
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1. Introduction

Electric discharge machining is a non-traditional machining process commonly used in the
aerospace industry, mold and die manufacturing, and biomedical device fabrication. Developed in
the mid-20th century, EDM operates by generating electrical discharges between submerged
electrodes (workpiece and tool) in a dielectric medium, typically kerosene or Deionized water.
These discharges generate localized heat, melting and evaporating the material, enabling its
removal without contact between electrodes [1, 2]. EDM is well-known for its ability to machine
hard materials and complex geometries [3]. Despite its advantages, EDM has limitations such as
low material removal rates (MRR), high tool wear rates (TWR), and the formation of microcracks
on the machined surface. These issues can affect the surface morphology and performance of the
machined components [4, 5]. To address these limitations, PMEDM was introduced in the 1980s.
PMEDM enhances the EDM technique by suspending electrically conductive powder particles in
a dielectric medium, thereby improving machining performance and surface morphology [6, 7].
The involvement of powder particles in the dielectric medium provides several benefits. The
powder particles increase the gap between electrodes, enhancing debris flushing and reducing
short-circuiting, resulting in more uniform and stable discharges. This significantly improves the
MRR and reduces the TWR [8, 9]. Additionally, the particles facilitate the development of a
composite layer on the machined surface, enhancing properties such as biocompatibility, wear
resistance, and hardness. PMEDM focuses on both surface modification and material removal,
making it advantageous for applications requiring high surface integrity [10, 11].

1.1. Importance of PMEDM in biomaterials.

Biomaterials such as stainless steel (SS), titanium alloys (Ti), magnesium alloys (Mg), and
cobalt-chromium alloys are commonly used in the manufacturing of medical implants, including
dental, orthopedic, and cardiovascular devices, due to their biocompatibility and mechanical
properties [12]. However, machining these biomaterials with conventional methods poses
significant challenges. Their hardness, brittleness, and heat resistance often result in poor surface
quality, microcracks, and the release of toxic elements, compromising the implants'
biocompatibility and performance [13, 14]. PMEDM addresses these challenges with superior
machining capabilities and surface modification. Conductive powder particles in the dielectric
medium enhance machining efficiency and surface characteristics. The process produces a
modified surface layer with improved hardness, reduced residual stresses, and enhanced corrosion
and wear resistance, which are crucial for the longevity and performance of biomedical implants
[15-17].

Additionally, PMEDM can create bioactive coatings on implant surfaces, thereby
promoting better integration with biological tissues and reducing the risk of implant rejection [18,
19]. The high precision and superior surface quality of PMEDM make it invaluable in biomedical
engineering. It overcomes the limitations of conventional machining methods and opens new
possibilities for fabricating advanced medical implants with enhanced performance and
biocompatibility. For example, Ti (titanium) alloys, which are notable for their corrosion resistance
and strength-to-weight ratio, are therefore ideal for load-bearing implants and have been
successfully machined with PMEDM. Additionally, by decreasing surface roughness and
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increasing hardness, it improves the surface quality of the SS material used to make orthopedic
implants and surgical tools [20-22].

1.2. Obijectives of the review.

The main objective of this article is to provide a broad analysis of the advancements and
applications of PMEDM in the fabrication of biomaterials. This review aims to elucidate the
fundamental principles of EDM and PMEDM, including a detailed explanation of the working
mechanisms of both processes and highlighting the key differences and advantages of PMEDM
over traditional EDM. Understanding these principles is crucial to appreciating the improvements
in machining performance and surface characteristics enabled by PMEDM [23]. The review also
seeks to analyze the influence of various non-electrical and electrical parameters on the PMEDM
technique. This involves discussing how parameters such as voltage (V), current (lp), polarity,
pulse duration (Ton and Tofr), powder concentration (Pc), and dielectric medium affect the outcomes
of the PMEDM technique [24, 25].

Furthermore, this review will evaluate the impact of different powder additives on the
PMEDM technique. It will critically review the roles of various powder additives in enhancing
machining performance and modifying the surface properties of commonly used biomaterials,
such as cobalt-chromium alloys, titanium (Ti) alloys, stainless steel (SS), and magnesium (Mg)
alloys. The effects of different types of powders and their concentrations on the performance of
machining and surface integrity of these biomaterials will be considered [26, 27]. In addition, the
review will discuss the applications of PMEDM in the biomedical field, focusing on its practical
use in fabricating medical implants, including dental, orthopedic, and cardiovascular implants. The
improvements in biocompatibility and performance achieved through PMEDM will be
highlighted, supported by case studies and real-world examples [28, 29]. Moreover, the review
aims to identify the current limitations and challenges of PMEDM, including the uniformity of
powder distribution in the dielectric medium, control of powder concentration, and stability of the
machining process. It will propose potential research directions and technological advancements
to overcome these obstacles and further enhance PMEDM's capabilities [30]. Finally, the review
will provide a critical overview of recent literature on PMEDM, synthesizing findings from various
studies to offer a brief understanding of the modernity of PMEDM. It will identify trends, gaps,
and future opportunities in the field, providing a valuable reference for researchers, engineers, and
practitioners interested in PMEDM and its applications in biomaterials fabrication [31, 32]. By
achieving these objectives, this review aims to contribute to the growing body of knowledge on
PMEDM and its applications in biomaterials fabrication. The insights provided will be valuable
for advancing development and research efforts in this area, ultimately leading to the creation of
advanced medical implants with superior performance and biocompatibility [33-35].

1.3. Fundamentals of PMEDM.

Electric discharge machining (EDM) is an unconventional machining technique that
removes material from a workpiece by utilizing electrical discharges. The basic EDM technique
involves submerging the workpiece and tool in a dielectric medium. The electrode, which serves
as the tool, is connected to a power supply that generates a series of electrical pulses. When a
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voltage is applied, it creates a spark gap between the electrodes. This field ionizes the dielectric
fluid, creating a plasma channel through which a spark discharge occurs [36].

The heat generated by the electrical discharge is extremely localized, reaching
temperatures of approximately 10,000°C. This intense heat melts and evaporates the material from
the workpiece, as well as some amount of the electrode. Dielectric medium helps to cool the molten
material rapidly, forming (RLT) recast layer thickness with micro holes, microcracks, and residual
stresses on the machined surface. The dielectric medium also helps flush away eroded particles,
maintaining a clean machining environment and preventing short circuits [37].

The EDM is a well-defined technique for machining hard and electrically conductive
materials, making it ideal for applications where conventional machining methods are ineffective.
It can produce complex geometries and fine details with high precision, which is particularly
valuable in industries such as aerospace, automotive, and biomedical engineering. However, the
EDM technique has some limitations, including high tool wear rate (TWR) and low material
removal rate (MRR), which can impact efficiency and cost-effectiveness [38].

1.4. Enhanced PMEDM technique.

To reduce the limitations of traditional EDM, the PMEDM process was developed.
PMEDM enhances the conventional EDM technique by introducing fine (micro and nano) powder
particles into the dielectric fluid. These particles, typically made of materials like aluminum,
copper, or silicon, play a crucial role in improving the machining performance and surface
morphology of the workpiece [39, 40]. The presence of powder particles in the dielectric medium
alters the discharge mechanism. The powder particles reduce the dielectric's insulating strength,
facilitating the formation of multiple discharge channels. This results in more stable and uniform
discharges, which significantly improve MRR and TWR. The powder particles also increase the
spark gap between the electrodes, improving debris flushing and reducing the likelihood of short
circuits [41, 42].

2 AN TN v Dielectric flow

Plasma channel \‘\rfp_,

Crater

Liquid metal
Recast layer 1 ;

Heat-affected zone

Figure 1. PMEDM technique diagram. Reproduced from[44], under the terms of the CC BY 4.0 license.

The main advantage of PMEDM is its ability to produce a modified surface layer with
enhanced properties. During machining, the powder particles formed a composite layer on the
workpiece surface, thereby improving surface characteristics such as wear resistance, hardness,
and biocompatibility. For example, PMEDM can be used to machine titanium alloys for medical
implants, resulting in surfaces with improved hardness and reduced residual stresses [43].
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Figure 1 provides a schematic diagram of the proposed PMEDM technique [44]. This
diagram illustrates the setup of the PMEDM system, including the tool electrode, the workpiece,
and a dielectric medium containing conductive powder particles. The figure highlights the
interaction between electrical discharges and powder particles, demonstrating how the particles
improve machining performance and the workpiece's surface morphology.

Figure 2 presents a diagram of the EDM setup [45]. This figure shows the basic components

of the EDM system, including the power supply, electrode, workpiece, and dielectric fluid.
The addition of powder particles in the PMEDM technique introduces significant enhancements
over the traditional EDM technique. The particles not only improve the stability and uniformity of
the discharges but also contribute to the formation of a superior surface layer on the workpiece,
making PMEDM a highly effective technique for machining advanced materials and producing
high-quality surfaces [46].

Servo Control

Current Control

Tool Electrode I *

Power Supply
Work-piece

Tank
Dielectic

Figure 2. EDM setup diagram. Reproduced from [45], under the terms of the CC BY 4.0 license.
2. Influence of Electrical and Non-Electrical Parameters on PMEDM

2.1. Electrical factors.

The performance of PMEDM is significantly influenced by various electrical factors.
These factors play an important role in determining the efficiency of material removal, tool wear
rate, surface finish, and overall machining performance. Understanding and optimizing these
electrical parameters are essential for achieving the desired machining outcomes.

2.1.1. Current.

Peak Current is the most critical electrical parameter in PMEDM. It influences the intensity
of the electric discharges between the electrodes. Higher current levels produce more intense
discharges, thereby increasing the material removal rate (MRR). However, excessively high
current can also increase the tool wear rate (TWR) and surface roughness [47].

In PMEDM, the presence of powder particles in the dielectric medium can moderate the
effects of current. These particles help stabilize the discharge process by creating multiple
conductive paths that distribute electrical energy more evenly. This stabilization can enhance the
MRR while reducing the adverse effects of high current, such as excessive tool wear and surface
damage. Additionally, the particles can act as micro-electrodes, facilitating more efficient energy
transfer and improving the overall machining performance [48]
https://nanobioletters.com/ 5 of 32
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Optimizing the current level is essential for balancing MRR and TWR. Lower current
settings typically result in finer surface finishes and reduced tool wear, but at the cost of slower
material removal. Conversely, higher current settings can significantly increase the MRR but may
compromise surface quality and tool longevity. The optimal current setting in PMEDM depends
on the material being machined and the required surface characteristics [4, 49].

2.1.2. Pulse duration.

Pulse duration or ON time (Ton) of the electrical discharge is another crucial factor in
PMEDM. It determines the duration of the spark gap between the electrodes, directly affecting the
thermal impact on the workpiece. Shorter pulse durations tend to produce less heat, resulting in
finer surface finishes and reduced thermal damage to the workpiece. However, shorter pulses also
reduced the material removed per discharge, potentially reducing the MRR [50].

In contrast, longer pulse durations allow for more energy to be transferred to the workpiece,
increasing the material removal per discharge. This can improve MRR but also increases the risk
of thermal damage, such as microcrack formation and recast layers. The presence of powder
particles in PMEDM can help mitigate these effects by promoting a more uniform energy
distribution and reducing localized overheating [51].

Optimizing pulse duration involves balancing the trade-offs between MRR and surface
integrity. For applications requiring high precision and excellent surface quality, shorter pulse
durations are preferable. For applications prioritizing higher MRR, longer pulse durations may be
more appropriate. The ideal pulse duration settings will depend on the particulars of the machining
application as well as the characteristics of the material being machined [52].

2.1.3. Voltage.

Voltage is a fundamental parameter in PMEDM that influences the formation and stability
of the electrical discharge. Higher voltage levels can increase the energy per discharge, thereby
enhancing the material removal rate. However, excessively high voltage can also lead to unstable
discharges, increased tool wear rate, and degraded surface quality due to excessive thermal energy
[53]. In PMEDM, the dielectric medium mixed with conductive powder particles helps stabilize
the discharge at higher voltages. The powder particles reduce the dielectric strength, enabling more
consistent and controlled discharges. This stabilization can improve machining performance and
surface quality while mitigating the negative effects of high voltage [54]. Optimal voltage settings
in PMEDM depend on the material being machined and the desired machining outcomes. Lower
voltage settings are typically used for precision machining applications where surface quality is
critical. Higher voltage settings can be used to enhance MRR but require careful management to
prevent excessive tool wear and surface damage. The dielectric medium can provide greater
flexibility, optimizing voltage settings by enhancing discharge stability and efficiency when
powder particles are present [55].

2.1.4. Polarity.

Polarity refers to the configuration of the electrical connections between the electrodes. In
PMEDM, the polarity can play a significant role in the machining performance, influencing factors
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such as TWR, MRR, and surface quality. There are two primary polarity configurations: positive
polarity (electrode positive) and negative polarity (electrode negative) [4]. In positive polarity, the
positive terminal of the power supply is connected to the tool, and the negative terminal is
connected to the workpiece, resulting in improved MRR because the positive electrode tends to
erode more material from the workpiece. But also lead to higher tool wear rates and poorer surface
finish due to the increased thermal load on the electrode [56]. Negative polarity, in which the
negative and positive terminals of the power supply are connected to the tool and workpiece,
respectively, results in better surface quality and lower tool wear rate. This is because the negative
electrode experiences less thermal loading, thereby reducing electrode wear and improving surface
integrity. But MRR may be lower in this configuration compared to positive polarity [57].

2.2. Non-electrical factors.

2.2.1. Dielectric fluids.

Dielectric fluids are crucial non-electrical factors in the PMEDM technique, significantly
influencing machining performance and surface quality. The primary purpose of dielectric fluids
in the PMEDM technique is to act as an insulating medium, to prevent eroded particles, and to
cool the machining zone. The choice of dielectric medium affects the stability of electrical
discharges, MRR, TWR, surface roughness (SR), RLT, and microhardness of the machined surface
[58].

The various types of dielectric medium used in the PMEDM technique are shown in Figure
3. The effectiveness of different types of dielectric fluids can be assessed based on their physical
characteristics and their impact on EDM performance.

Table 1 presents the physical characteristics of common dielectric fluids in the PMEDM
technique. The table includes vital parameters, such as breakdown strength, flash point, specific
heat, and thermal conductivity, for three types of dielectric fluids: mineral oil, kerosene, and
Deionized water [59-61].

Table 1. Thermo-physical properties of the applied dielectric medium in the PMEDM technique.

Dielectric fluid Thermg}vtjﬂlc(i;mtlwty Sp&C/IIII;IQ)eat strei;et?lk(dlg\\;\//rr:lm) Flash point (°C) | Reference
Kerosene oil 0.140 2100.0 24.0 37.0t0 65.0 [62, 63]

Denoised water 0.623 4200.0 65.0 to 70.0 Not Applicable [64, 65]
Mineral oil 0.130 1860.0 10.0to 15.0 160.0 [66]

Table 2 presents the physical properties of edible/non-edible (biodegradable) oil in the
PMEDM technique. The table includes various properties, such as viscosity, thermal conductivity,
flash point, density, and specific heat.

Table 2. Thermo-physical properties of bio-degradable dielectric fluid.

Tvoe Viscosity Thermal conductivity | Flash point Density Specific heat Reference
yp (cm?/S) (W/m.K) C) (mg/em?) | (kd/kg K)
Waste (\/Sesgc%;ble oil 0.402 0.22 225 0.924 1.67 [67]
Sunflower oil 0.085 0.159 250 0.92 2.24 [68, 69]
Peanut oil 0.11 0.144 283 0.914 2.05 [70]
Neem oil 43 0.15 214 0.868 1.962 [71,72]
Kusum oil (40°C) 40 0.168 204 0.862 1.96 [73, 74]
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Viscosity Thermal conductivity | Flash point Density Specific heat

Type (cm?/S) (W/m.K) °C) (mglem?®) | (kg K) | Reference
Jatmp?jof‘g)cas oil 35.8 0.174 290 0.904 2.76 [75, 76]
Canola il (40°C) 5.8 0.157 330 0.92 1.910 [77,78]

Coconut oil 55 0.321 295 0.01 16 [69, 78]
Palm oil (27°C) 457 0.147 148 0.875 2.03 [69]
Pongamia pinnata

(35°0) 40.2 0.22 225 0.924 NA [79]

B'e”dgéfé‘;d Vo 317 0.11 234 0.790 NA [63]

2.2.2. Breakdown strength.

This parameter indicates the maximum voltage the dielectric medium can withstand before
breaking down and allowing a discharge. Mineral oil has a breakdown strength of 15-10 kV/mm,
kerosene has a breakdown strength of 24 k\VV/mm, and Deionized water has the highest breakdown
strength of 65-70 kV/mm. Higher breakdown strength can lead to more stable and controlled
discharges [80].

2.2.3. Flash point.

It is the temperature at which an ignitable combination in air can be formed by the dielectric
medium vaporizing. Mineral oil has a flash point of 160°C, making it safer to handle compared to
kerosene, which has a flash point range of 37-65°C. De-ionized water, being non-flammable, does
not have a flash point, which is an advantage in terms of safety [81].

2.2.4. Specific heat.

This is the amount of heat needed to increase the fluid's temperature by one Kelvin. Mineral
oil has a specific heat of 1860.0 J/kgK, kerosene has 2100.0 J/kgK, and De-ionized water has the
highest specific heat of 4200.0 J/kgK. Higher specific heat means the fluid can absorb more heat,
which is beneficial for cooling the machining zone and reducing thermal damage [82].

2.2.1.4 Thermal conductivity.

This parameter measures the ability of the dielectric medium to conduct heat. Mineral oil
has a thermal conductivity of 0.130 W/mK, kerosene has 0.140 W/mK, and De-ionized water has
a significantly higher thermal conductivity of 0.623 W/mK. Fluids with higher thermal
conductivity can dissipate heat more efficiently, contributing to better cooling and reduced thermal
stresses [83].

The selection of the dielectric medium is essential for optimizing the PMEDM technique.
Mineral oil, with its moderate breakdown strength and high flash point, is often preferred for
applications requiring stability and safety. Kerosene, with its higher breakdown strength and
specific heat, is suitable for applications demanding efficient heat absorption and moderate
stability. De-ionized water, with its superior breakdown strength, specific heat, and thermal
conductivity, is ideal for applications requiring excellent cooling and minimal thermal damage.
However, it requires careful handling due to its conductive nature [84].
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Figure 3. Various types of dielectric fluids are used in the EDM technique.
2.2.5. Powder concentration.

Powder concentration is a critical non-electrical factor in the PMEDM technique. It refers
to the amount of conductive particles in the powder mixed with the dielectric medium, which can
significantly influence the machining performance and surface characteristics of the workpiece.
Powder particle concentration affects various aspects of the PMEDM technique, including the
stability of electrical discharges, MRR, TWR, SR, and the formation of the RLT [58, 85].

In PMEDM, an optimal particle concentration is essential for efficient machining. When
the concentration is too low, the particles may not adequately enhance the electrical discharge
characteristics, resulting in limited improvements in MRR and TWR. Conversely, if the
concentration is too high, it can lead to excessive particle agglomeration, resulting in short-
circuiting and unstable discharges and negatively impacting machining performance [86]. The
presence of powder particles in the dielectric medium helps to stabilize the discharge gap by
creating multiple conductive paths. This stabilization results in more uniform, controlled
discharges, enhancing MRR and reducing TWR. Additionally, the particles facilitate better
flushing of debris from the machining surface, preventing the accumulation of eroded material and
maintaining a cleaner machining environment [87].

Experimental studies have shown that various types of powder particles, such as aluminum,
copper, and silicon, can have different effects on the PMEDM technique depending on their
concentration. For instance, aluminum particles are known to improve surface roughness and MRR
at moderate concentrations, while copper particles can enhance thermal conductivity and reduce
TWR. The choice of powder type and its optimal concentration depend on the requirements of the
machining application and the material being processed [11, 85, 88].

Figure 4 highlights the complex interplay among these factors and their combined impact
on the PMEDM technique, and provides a detailed summary of the combined effects of
electrical/non-electrical parameters on PMEDM, illustrating their impact on machining and
surface properties.
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Figure 4. Expected outcomes of the PMEDM technique with various input factors.

For instance, it shows that electrical parameters like current and pulse duration directly
influence the energy delivered to the workpiece, thereby affecting MRR and TWR. Similarly, non-
electrical parameters, such as the type of dielectric medium and powder concentration, play a major
role in stabilizing the discharge process and improving surface properties. The figure underscores
the importance of optimizing both sets of factors to achieve the desired machining outcomes and
surface characteristics.

3. Effect of Additional Powders on PMEDM Operation

The addition of powder particles into the dielectric medium in the PMEDM technique
significantly improves the machining performance and surface quality of the work material. These
powders, which can include materials such as aluminum, copper, graphite, and silicon, enhance
various aspects of the machining process, including MRR, TWR, SR, and microhardness. The type
and concentration of the mixed powder particles play an important role in determining the
effectiveness of PMEDM, thereby improving surface quality, corrosion resistance, and wear
resistance [89].

3.1. Material removal rate (MRR).

MRR is one of the most critical performance metrics in PMEDM. The addition of
conductive powders to the dielectric medium can significantly enhance the MRR by improving the
stability and intensity of the electrical discharges. The particles create multiple discharge channels,
enabling more uniform and consistent energy transfer to the workpiece and resulting in higher
MRR [90]. A thorough analysis of the effects of various materials and additive powders on MRR
and TWR is given in Table 3. The table highlights how various powders impact these key
performance metrics, demonstrating that certain powders, such as aluminum and copper, are
particularly effective in increasing MRR due to their high thermal and electrical conductivity.
These powders facilitate more efficient energy transfer during discharge, leading to higher material
removal rates than in traditional EDM without powder additives [91].
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Table 3. A thorough analysis of the effects of various materials and added powder particles on MRR and TWR.

Biomaterials

Additive
powders

Tool (electrode)

material

Outcomes

References

316L SS

Ti

Copper/
Graphite

The authors found that a long pulse-off length in conjunction
with a low powder concentration reduces the quantity of sparks
and, as a result, the gap's discharge energy with the tool's
polarity set to negative. Moreover, Ti and SiC exhibit greater
heat resistance and electrical resistivity, requiring a higher
current and application for chain production. This led to a
decline in MRR and TWR. The formation of TiC on the
electrode and workpiece surfaces reduced the MRR and TWR.
Conversely, a lower additive concentration was observed with
higher TWR when using positive tool polarity settings.

[93]

SiC

Copper

The tool's negative polarity setting lessens sparks, which lowers
the gap's discharge energy. Furthermore, Ti and SiC have higher
electrical resistivity and heat resistance, which means that in
order to produce chains, greater current and application are
required. MRR and TWR decreased as a result.

[94]

CNT/HAp

Copper

Researchers discovered that longer pulse-on times and higher
discharge currents lead to increased spark formation in the
discharge gap. This accelerates the machining-induced
degradation of the electrode material, raising the MRR and
TWR.

[95-97]

Mg Alloy

Al

Copper

Gr

Al

Both additives have a high conductivity. Both TWR and MRR
increased suddenly as a result of an increase in the quantity of
these particles and the discharge current.

[98]

[99]

Ti Alloy

https://nanobioletters.com/

Ag

wC

Given that WC is a harder and higher melting point material, the
tool's TWR decreased as a result of the enhanced electrical and
thermal conductivity brought on by the addition of Ag.

[100]

HAp

Copper (Cu)

HAp is often considered to be a non-conductive material, but
when it was used in an EDM process, the spark gap grew,
improving the stability of the machining process. Applying HAp
powder also necessitates higher applied voltage and discharge
current in order to aid the process. A rise in the current led to an
increase in MRR.

[101]

CNT

Cu

Although MRR originally increased, TWR and MRR both
declined. This might be because of the CNT's increased
electrical and thermal conductivity, which causes it to produce
heat and enlarge the discharge gap.

[102]

Si

Cu

Si

Pure Ti

Copper Si increased sparks in the gap due to a long pulse-on
duration produced a high MRR and a few microcracks.
However, because of the production of TiC on the electrode
surface, the addition of Si powder decreased TWR.

103

[104]

HAP

Pure Ti

As pulse duration increased, MRR and TWR first climbed
before declining. This can be the result of machining that is
unstable due to inadequate flushing and non-conductive
material.

[105]

HAp

Pure Ti

When HAp was applied, MRR initially decreased because of its
lower conductivity, which forced the electrode to approach the
workpiece in order to reduce the breakdown strength. As a
result, both MRR and TWR were decreased by the unstable
machining caused by microscopic gaps. Following the
aforementioned conditions' resolution, additional HAp addition
raised MRR and TWR.

[106]

CNT

Graphite (Gr)

B4C

Cu

The inclusion of BAC and CNT both increased MRR, despite
B4C's poorer conductivity. This could be linked to a highly
conductive copper electrode.

107
[108]

Gr

Cu

MRR increased as discharge current increased, but decreased as
powder was added in greater amounts. Increased Gr addition led
to erratic machining and a decrease in MRR.

[109]
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3.2. Tool wear rate (TWR).

TWR is another essential factor in PMEDM, as it directly impacts the longevity and cost-
effectiveness of the machining process. Adding powders to the dielectric medium can reduce TWR
by stabilizing the discharge and minimizing thermal loading on the electrode. The powders act as
a buffer, reducing the direct impact of discharges on the electrode and thereby decreasing the wear
rate [92].

Figure 5 (a) shows the zigzag movement, and Figure 5 (b) shows powder particle bridging
in the PMEM process [74]. This figure shows how the conductive powder particles interact with
the electrical discharges, creating a more stable discharge environment that protects the electrode
from excessive wear. The chain-like particle formations help distribute electrical energy more
evenly across the machining zone, reducing localized overheating and minimizing TWR [74].

a b
(a) ®) + |Nano powder
S | mixed dielectric
Bridging =
= i = Discharge
=]  Tool (+ — o0 Joho Yo
= (+) s Column—=." I,‘:‘.".°.-cD|scharge gap

LY s
- e — e, ==\ o' € olmig o0 0 ‘

:'___ :___o_l‘;\:f_;:i:.ig :.3"_: Crater B

Workpiece (-)

Figure 5. showing the (a) zigzag movement; (b) bridging of particles of powder in the PMEM technique.
Reproduced with permission from [74], published by Springer Nature, 2020. DOI: https://doi.org/10.1007/s40430-
020-02597-8.

3.3. Surface roughness (SR).

SR is a critical indicator of the surface quality achieved during PMEDM. Adding powders
to the dielectric medium can significantly improve SR by facilitating smoother, more consistent
discharges. The powder particles help fill micro-gaps in the spark area, facilitate uniform material
removal, and produce a super surface finish [110].

A thorough analysis of the effects of different materials and mixed powder particles on
surface responses is given in Table 4. The table shows that powders such as silicon and graphite
are particularly effective at reducing SR, as they help smooth the discharge process and minimize
the formation of microcraters on the workpiece surface.

Table 4. A thorough analysis of the effects of different materials and mixed powder particles on surface responses.
Additive Tool

Biomaterials .
powders | material

Key outcomes References

Ag was deposited during PMEDM, which produced a coating with a
Ag wC 2.49 um thickness. While the SR decreased, the microhardness [100]
improved by 528.390 HV.

Lower SR and an 82% increase in wear resistance were the outcomes
HAp Cu of adding HAp. This could be connected to the surface deposition of [101]
bioceramic layer and hard carbide on Ti-Alloy.

Ti Alloy
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Additive

Biomaterials
powders

Tool
material

Key outcomes

References

CNT

Cu

Rich in carbon, CNT is a highly conductive material. It stabilizes the
process and reduces the possibility of cracks emerging when added to
the EDM fluid.

[102]

Si

Cu

SR decreased as a result of the increased conductivity of the
additional Si and the reduced discharge energy levels utilized to
stabilize the machining processes.

[103]

Si

Pure Ti

In contrast, increasing the amount of powder created a 200-500 nm
nanoporous surface, a 15-20 pm RLT, increased corrosion
resistance, and microhardness. Reduction of the powder addition
resulted in cracks and residual stresses. Therefore, in order to create a
surface devoid of cracks, it can be recommended to employ a high
concentration of Si powder.

[104]

HAp

Pure Ti

Compared to other conductive powders, HAp is unable to
considerably expand the machining gap. Deeper craters indicate
increased material loss. When a large concentration of HAp was

applied, this produced a high SR. A 9 um-thick covering with several
microcracks was created by the powder that was deposited. Three
times as much surface hardness was increased by the carbide, and the
carbide formed.

[106]

Al

W-Cu

The SR improved by 38.46%, stabilizing the EDM process by
increasing the conductivity of the Al powder.

[111]

HAP/CNT

Cu

The removal of HAp/CNT on the substrate surface results in the
production of bio-compatible oxide and improves surface
morphology.

[112]

Si

Cu

The machining gap's spark rate is increased by the Si powder's strong
conductivity. The heated surface was subsequently quenched by the
running dielectric fluid, which caused high gas escapes, in the form
of bubbles. This results in a large number of 50-200 nm nanopores

on the machined surface.

[113]

Si

Pure Ti

Due to its high conductivity, Si powder stabilizes processes when
added to dielectric fluids. Moreover, it increases the machining gap
for appropriate flushing. As a result, RLT, microhardness, and wear

rate were all improved.

[114]

SiC

Al

Microhardness and material migration increased with lower current
and greater powder application; RLT reduced as powder
concentration increased. This could have to do with using Al
electrodes.

[115]

HAp

Pure Ti

A bio-ceramic covering with exceptional microhardness, resistance
to corrosion, and biocompatibility is produced by adding HAp. The
coating thickness was increased to approximately 7 um by adding
more powder.

[116]

SiC

Cu

Greater material removal is made possible by high discharge energy,
which results in larger craters. However, as the current grew, the SR
decreased, the RLT increased, and 630 HV microhardness was
produced. Low RLT was made easier to acquire by the scouring
action.

[117]

Ti

Gr

Titanium is a very hard substance. When applied to a machined
surface, it significantly increases surface microhardness and lowers
surface roughness.

[93]

HAp

Cu

The scouring effect of HAp addition lowers roughness, and its
biocompatibility led to an increased production of biocompatible
oxide on the machined surface.

[96]

316L SS
HAp

Cu

On the machined surface, HAp addition led to the formation of a
hard, biocompatible oxide layer. The implant that was created as a
result has improved microhardness and bioactivity.

[97]

TiO2

The machined surface's resistance to wear and surface hardness are
improved by the formation of hard oxides and carbides.

[118]

W-C

Si

Cu

The addition of SiC powder led to the formation of a strong carbide
layer, increasing surface roughness and SR.

[119]
[94]

Mg Alloy HAp

https://nanobioletters.com/

Mg-Ca

HAp removal improved the wear resistance and microhardness.
Furthermore, SR increased with powder concentration and decreased
with lowering current.

[120]
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Biomaterials Additive TOOI. Key outcomes References
powders | material

At first, adding powder decreased SR; however, adding more mixture
increased SR. Surprisingly, as additional powder was added, the
HAp Mg-Ca | deposition rate rose; initially, RLT fell, but as more HAp was added, [121]
it increased. This is because the HAp powder has extremely low
conductivity, leading to an unstable machining process.
With the addition of powder, SR and corrosion rate decreased, and
Zn Cu cracks were observed. This could be related to the zinc powder's high [122]
conductivity, which enhances spark and machining stability.
Particle addition increased SR, while carbide production increased
TiC Cu wear resistance. This is because a remarkably robust carbide layer [123]
has formed on the machined surface.

SR was reduced greatly with the high conductivity of the Zn powder

Zn Cu by stabilizing the EDM process. [124]
Cu and Brass electrodes yielded more SR and MRR than SS
Al Brass, electrodes, while the addition of powder particles contributed to an [125]
Cu, SS increase in SR and MRR. This is as a result of the Cu and brass

electrodes having higher conductivities than the SS electrode.
3.4. Microhardness.

Microhardness is a measure of the workpiece surface’s hardness after machining. In
PMEDM, the addition of powders can enhance microhardness by forming a composite surface
layer that combines the workpiece material with the powder particles. This composite layer is
typically more wear-resistant and harder than the base material alone, making it ideal for
applications where surface durability is critical [126].

The increase in microhardness is particularly pronounced when using powders with high
hardness and thermal stability, such as silicon carbide or tungsten. These powders contribute to
the formation of a dense, hard surface layer, thereby improving the overall mechanical properties
of the machined material. The improved microhardness also contributes to better wear resistance
and longer component life, which are crucial for high-performance applications [127].

3.5. Corrosion resistance.

Corrosion resistance is an important mechanical property in many PMEDM applications,
particularly in the fabrication of components exposed to harsh environments. Adding powders to
the dielectric medium can enhance corrosion resistance by altering the surface chemistry of the
workpiece. Powders such as aluminum and titanium can form protective oxide layers on their
surfaces, which act as barriers against corrosive agents [128].

The formation of these protective layers is facilitated by chemical and thermal interactions
between the powders and the workpiece during discharge. The result is a surface that is not only
harder but also more resistant to corrosion, making it suitable for aerospace, marine, and
biomedical applications. The enhanced corrosion resistance extends the service life of the
components and reduces maintenance costs [82].

3.6. Wear resistance.

Wear resistance is another key performance metric influenced by the addition of powders
in PMEDM. Powders that promote the formation of a hard, wear-resistant surface layer, such as
tungsten carbide or chromium, can significantly improve the surface machined's wear resistance.
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The composite surface layer formed during PMEDM s typically more resistant to abrasion and
mechanical wear than the base material [17]. The improved wear resistance is particularly
beneficial in applications where components are subjected to high mechanical stress or abrasive
environments. The use of PMEDM with appropriate powders can produce components with
superior wear properties, reducing the need for frequent replacements and improving the overall
reliability of the machinery [85].

4. Applications of PMEDM in Biomaterials

The application of PMEDM in biomaterials has attracted significant attention due to its
ability to enhance the surface quality and mechanical properties of biomedical implants. The
process is particularly valuable for machining complex shapes and hard-to-cut machine materials
commonly used in the medical field, such as SS, Ti alloys, Mg alloys, and cobalt-chromium alloys.
The PMEDM process improves machining efficiency while enhancing the biocompatibility and
longevity of medical implants [17]. Recent studies have shown that integrating nanomaterials, such
as carbon nanotubes, graphene oxide, and cellulose nanofibers, into EDM and membrane-based
separations can greatly improve adsorption performance and enable sustainable applications
[129,130]. The use of biodegradable dielectrics in PMEDM has been gaining recognition because
they generate less environmental pollution while maintaining acceptable machining performance
[129].

4.1. Commonly used biomaterials.

4.1.1 Titanium alloys.

Ti alloys are commonly used in the medical industry due to their excellent
biocompatibility, high strength-to-weight ratio, and superior corrosion resistance. However, the
low thermal conductivity and high hardness of Ti alloys make them challenging to machine using
conventional methods. PMEDM offers a solution by enabling precise machining with minimal
thermal damage and improved surface characteristics. The mixing of conductive powders, such as
graphite or aluminum, in PMEDM can reduce residual stresses, improve surface roughness, and
increase the hardness of machined titanium implants, making them more suitable for load-
absorbing applications in orthopedic and dental implants [43].

4.1.2. Magnesium alloys.

Magnesium alloys are highly used in biomedical applications due to their biodegradability
and favorable mechanical characteristics. Mn alloys are particularly promising for temporary
implants, such as those used in bone fixation devices, where gradual degradation is desired. Due
to low melting and high reactivity, it isn't easy to machine Mn alloys. PMEDM allows for precise
control of the machining process, minimizing thermal damage and improving the surface integrity
of magnesium implants. The use of powder additives, such as calcium phosphate, in PMEDM can
further enhance the biocompatibility and osteointegration of magnesium-based implants [15].
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4.1.3. Stainless steel.

Stainless steel's mechanical strength, corrosion resistance, and affordability make it a
preferred choice for a wide range of biomedical applications. It is frequently utilized in surgical
equipment, cardiovascular devices, and orthopaedic implants. PMEDM is very good at machining
stainless steel because it can produce intricate shapes with extreme accuracy while preserving the
material’'s mechanical properties. Stainless steel implants can be made more wear-resistant by
adding particles such as silicon carbide to the dielectric medium during PMEDM. These additions
can increase hardness, improve surface polish, and decrease the production of recast layers [16].

4.1.4. Cobalt-chromium alloys.

Cobalt-chromium alloys are widely used in applications requiring high wear resistance,
such as dental prosthetics and orthopedic implants. These alloys are known for their excellent
biocompatibility, strength, and corrosion resistance. However, their high hardness and strength
make them difficult to machine. PMEDM provides a viable solution by enabling the machining of
cobalt-chromium alloys with reduced TWR and enhanced surface finishing. The use of appropriate
powder additives, such as tungsten or chromium, can further enhance the wear resistance and
biocompatibility of machined surfaces, thereby extending implant lifespan [43].

Table 5 compares the mechanical and physical properties of these commonly used
biomaterials, highlighting differences in tensile strength, hardness, and corrosion resistance. The
table highlights the challenges associated with machining these materials and the advantages of
using PMEDM to overcome them, particularly in achieving superior surface finishes and
enhancing the overall performance of implants [61, 101, 115, 117, 125, 131].

Table 5. Physical and mechanical properties of commonly used biomaterials.

Biomaterials Thermal conductivity F_using ' Elgctrical Young’s Density | Tensile strength
(W/mK) point (°C) | resistivity (uQ-cm) | modulus (GPa) | (mg/cm?) (MPa)
Ti-6Al-4V 7.3 1933 170 113.8 4.43 950
316L SS 67 1648 81 200 7.9 490
Zr Alloy 4 644 42 95 6 1791
WEA43 Alloy 51.3 540-640 4 44.2 1.8 220
NiTi Alloy 10 1300 100 75 6.45 755-960
Pure Ti 22 1940 55 105 4.72 240-360
Pure Mg 155 923 5 45 1.74 90-190
AZ31 Alloy 96 630 3 45 1.78 263
AZ91 Alloy 72 500 5 45 1.81 150

4.2. Application in orthopedic implants.

Orthopedic implants, such as knee and hip replacements, require materials that offer wear
resistance, high strength, and biocompatibility. Ti alloys, SS, and cobalt-chromium alloys are
commonly used for these applications. PMEDM has been effectively utilized in the machining of
these materials, enabling the production of implants with complex geometries and enhanced
surface characteristics. For instance, the use of PMEDM in machining titanium hip implants has
been shown to improve surface roughness and hardness, thereby enhancing wear resistance and
prolonging implant life. Additionally, the process allows incorporation of bioactive coatings, such
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as calcium phosphate, which can enhance osteointegration and reduce the risk of implant loosening
[132].

4.3. Application in cardiovascular devices.

Cardiovascular devices, including heart valves and stents, require materials that are not
only biocompatible but also capable of withstanding the dynamic environment of the human
circulatory system. Stainless steel and cobalt-chromium alloys are frequently used in these devices
due to their strength and corrosion resistance. The process also improves the material properties
of the machined surfaces, such as hardness and smoothness, which are critical for reducing the risk
of strokes and improving device performance. Studies have demonstrated that stents and heart
valves manufactured using PMEDM exhibit superior durability and biocompatibility, contributing
to better patient outcomes [133].

5. Surface Modification and Coating in PMEDM Process

Surface modification and coating are critical aspects of the PMEDM process, especially
when applied to biomaterials. The ability of PMEDM to alter machined surface properties, such
as biocompatibility, hardness, and wear resistance, makes it an invaluable technique for fabricating
high-performance components and medical implants. This section delves into the mechanisms of
surface modification, the types of coatings that can be achieved through PMEDM, and their impact
on biocompatibility [134].

5.1. Mechanisms of surface modification.

Surface modification in PMEDM primarily occurs through the migration and alloying of
materials during machining. When conductive powder particles are mixed with a dielectric fluid,
they become energized by electrical discharges, leading to the development of a plasma channel
that facilitates material migration from the electrode and the powder onto the work surface. This
results in the production of the composite layer on the workpiece, which can significantly enhance
its surface properties [135].
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Figure 6. PMEDM technique's material scattering and alloying mechanism. Reproduced from [136], under the
terms of the CC BY 4.0 license5.2. Types of coatings achieved.

Figure 6 illustrates the PMEDM technique's material-scattering and alloying mechanisms
[136]. In this figure, the material from the electrode and the added powder particles are shown to
be transferred to the work surface through the plasma channel created during the discharge. This
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migration results in a modified surface layer that incorporates elements from both the tool and the
added powders. This process can enhance properties such as corrosion resistance, wear resistance,
and hardness, depending on the types of powders used [11].

The types of coatings achieved through PMEDM depend on the choice of powder materials
and the specific process parameters. Coatings can range from simple surface modifications to the
deposition of complex, multi-layered structures with enhanced mechanical and chemical
properties. The choice of powder additives, such as aluminum, magnesium, or silver, can
significantly influence the nature of the coatings formed.

This coating can improve the hardness and wear resistance, making the material more
suitable for applications where durability is critical. The uniform distribution of powder across the
material surface also improves the overall surface finish, reducing roughness and enhancing the
material's aesthetic and functional qualities [137].

Figure 7 presents the surface morphology analysis of a magnesium-treated surface coated
with nano-hydroxyapatite (nano-HAp) [120]. This figure shows the microstructural changes at the
surface after PMEDM, with the magnesium substrate coated with a bioactive nano-HAp layer.
This coating is particularly beneficial for biomedical applications, as it promotes bone integration
and enhances the biocompatibility of the implant. The nano-HAp coating not only improves the
surface roughness but also provides a suitable environment for cell attachment and growth, which
is essential for successful implantation [120].

_ _ Spechum §
Elements = Weight % = Atomic %

Ca | 418 | 619 |
P 2117 16.19
[ 3694 | 218 |

100 100

LTS
Figure 7. Mg synthetic surface (a) analysis surface morphology; (b) hano-Hap element analysis. Reproduced from
[120], under the terms of the CC BY 4.0 license

Figure 8 illustrates the surface topography after 25 g/l of silver powder was used for
machine work [138]. The figure shows the formation of a silver-rich surface layer, which
significantly enhances the material's antibacterial properties. This type of coating is especially
useful in medical implants, where preventing bacterial infections is critical. The silver particles are
evenly distributed across the surface, providing a uniform and durable coating that offers long-
term protection against microbial colonization [138].
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Figure 8. Surface topography was machined while using 25 mg/l of silver powder. Reproduced from [138], under

the terms of the CC BY 4.0 license

5.3. Impact on biocompatibility.

The surface modifications and coatings achieved through PMEDM have a profound impact
on the biocompatibility of medical implants. By carefully selecting powder types and optimizing
process parameters, it is possible to create surfaces that meet the mechanical requirements of the
implant, reduce the risk of adverse reactions, and promote biological integration [109].

Table 6 provides a detailed review of the influence of adding powder particles to the
dielectric medium on different process outcomes, including surface finish (SF), hardness (H), and
wear resistance (WR). The table highlights how different combinations of additive powders,
dielectric fluids, and tool materials can be used to tailor the workpiece's surface properties to
improve biocompatibility. For example, adding bioactive powders such as hydroxyapatite can
improve cell adhesion and promote osteointegration, while using antibacterial powders, such as
silver, can reduce the risk of infection. The ability to control these surface properties is crucial for
the successful application of implants in the human body [140].

Table 6. impact of powder particles added in the dielectric medium for PMEDM techniques on various process

responses.

Input parameters Output responses Ref

AP WIP ™ DF PC(g) | TWR [ MRR | H [ WR | SF '

Sic Ti64 WC EDMS3 Oil 5 D [ - - - [139]

B.C | SS304plates | CuFoils | De-ionized 3 - | - - - | e
water

Al Inconel 706 Cu EDM Oil 10 | [ - - | [140]

WS2 Ti64 W De-ionized 10 - [ | | | [141]
water

Cu Tie4 Brass | Deonized 4 | | - . L | 421
water

Ni Ti64 Brass | Delonized 4 | | - - | [142]
water

Co Ti64 Brass | De-lonized 4 | | - - | [142]
water

Gr Ti W Kerosene 15 - | - - [ [143]

MoS: Inconel 718 W Kerosene 5 - | - - | [144]
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6. Challenges and Future Directions

6.1. Limitations in PMEDM.

Despite the numerous advantages of Powder Mixed Electric Discharge Machining
(PMEDM), several limitations continue to pose challenges to its widespread adoption in industrial
applications, particularly in the field of biomaterials. One of the primary limitations is the
complexity of controlling the process factors. The conductive powders mixed into the dielectric
medium introduce variables, such as powder concentration, particle size, and type, which can
significantly affect machining performance. Achieving optimal conditions requires precise control
and a deep understanding of the interactions between these variables and the electrical parameters,
which is often challenging in a production environment [145].

Another significant limitation is electrode wear during PMEDM. Although the use of
powders can reduce tool wear to some extent, excessive wear still occurs, particularly when
machining hard materials. This affects the accuracy of the machined components and increases
operational costs due to frequent electrode replacement or redressing. Moreover, the generation of
RLT, which often contains microcracks and residual stresses, remains a concern, especially in
applications where high surface integrity is critical, such as in biomedical implants [137]. The
environmental impact of PMEDM is another area of concern. The use of dielectric fluids mixed
with conductive powders can generate hazardous waste, requiring careful disposal and treatment
to prevent environmental contamination. Additionally, the process is energy-intensive, requiring
significant power to maintain the necessary discharge conditions, which can contribute to higher
operational costs and a larger carbon footprint [11].

6.2. Use of biodegradable oils as dielectric.

Biodegradable/non-edible oils are a good alternative to EDM oil as dielectric fluids,
improving operator health, energy efficiency, and environmental impact. Table 7 related to
research in the EDM process using biodegradable/ non-edible oils.

Table 7. Research work in the field of EDM/PMEDM using non-edible/biodegradable oil as a dielectric medium.

Dielectric used Process Finding References
Canola bio-dielectric (BD), EDM Canola and Sunflower BD improve the MRR by 137% and [146]
sunflower (SF) BD 114% respectively, as compared to Kerosene.
Jatropha curcas oil (JCO) EDM Increased the MRR, reduced the SR, and improved the micro- [147]
based BD hardness as compared to Kerosene.

- : - - -

Vegetable oil-based BD EDM MRR |ncreasgd by _165A) and there is an improvement in [148]
sustainability as compared to Kerosene.

1 i ili i 0,

Palm oil-based BD EDM Improvement in the sustainability index and MRR by 38% as [149]
compared to Kerosene.
Waste vegetable oil-based EDM Shown better MRR and Sustainability Index as compared to [150]
BD Kerosene.
Pongamlgagler:jnzggseed oil- EDM Significant improvement in MRR as compared to Kerosene. [151]
Neem oil, canola oil, JCO- EDM Shows better MRR and lower SR as compared to Kerosene, [152]
based BD JCO BD provides the best results.
SF, peanut seed, and EDM Significant improvement in machining performance and [153]
rapeseed (RS) oil sustainability compared to Kerosene.

RS provides better machining performance due to good

SF. RS, andosi?ybean (SB) EDM thermophysical characteristics as compared to Kerosene oil, [154]
SF, and SB oil.
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Dielectric used Process Finding References
jCO PMEDM- | Improvement in MRR, SR, and a better sustainability Index as [38]
TR compared to EDM oil.
. PMEDM- - .
Kusum oil R Improvement in MRR and SR as compared to EDM oil. [74]
WVO PMEDM- Significant improvement in the sustainability index MRR and [76]
TR SR as compared to EDM oil.
Neem oil EDM Shows better improvement in MRR, SR, gnd machining time [155, 156]
as compared to EDM oil.
. Observed the better machining rate, EWR, MRR, and SR with
Coconut oil EDM less debris produced as compared to EDM oil. [157]

Very few studies have reported on pure biodegradable/non-edible oils due to the fluids'
high viscosity. Machining with EDM/PMEDM techniques using pure biodegradable/non-edible
oils is a scope for the future to improve MRR, SR, and the sustainability index. Divya et al. [158]
found that MRR increases with increasing pulse current.

6.3. Technological advancements needed.

To address these limitations, several technological advancements are needed in PMEDM.
One area that requires improvement is the development of advanced control systems capable of
real-time monitoring and adjustment of process parameters. Implementing artificial intelligence
(Al) and machine learning (ML) algorithms could significantly improve the ability to predict and
optimize machining conditions, resulting in more consistent, high-quality results. Such
advancements would also reduce the reliance on trial-and-error approaches, making the process
more efficient and cost-effective [11].

Another critical advancement is the development of more wear-resistant electrode
materials. Research into new electrode materials, such as composite or coated electrodes, could
help to reduce tool wear and extend electrode life, thereby improving the overall efficiency of the
PMEDM technique. Additionally, advancements in environmentally friendly dielectric fluids that
enhance machining performance are essential. The development of biodegradable or recyclable
dielectric fluids could mitigate the environmental impact of PMEDM while maintaining, or even
improving, machining capabilities [82].

Enhancing the understanding of interactions between work materials and powders at the
micro- and nanoscales is also crucial. This could lead to the development of new powder
formulations specifically designed to improve surface properties, reduce recast layer formation,
and enhance biocompatibility for medical applications. Advances in nanotechnology could also
enable the use of nanosized powders, further improving the mechanical properties and SF of the
machined components [43].

7. Conclusion

This review has explored the significant advancements and applications of Powder Mixed
Electric Discharge Machining (PMEDM), particularly in the context of machining biomaterials
for medical implants and other high-performance components. PMEDM has the potential to
overcome the limitations of traditional EDM by incorporating conductive powder particles into
the dielectric medium, thereby improving machining performance and surface characteristics and
enabling surface tailoring for specific applications, particularly in the biomedical field.
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One key finding is that PMEDM provides substantial improvements in material removal
rate (MRR) and tool wear rate (TWR), which are critical to the economic viability and efficiency
of the machining process. The addition of powders such as aluminum, copper, and graphite has
been shown to significantly improve these parameters, resulting in faster machining times and
reduced electrode wear. Additionally, PMEDM's ability to produce superior surface finishes with
reduced surface roughness (SR) and increased Microhardness is of paramount importance in
applications requiring high surface integrity, such as the fabrication of medical implants. The
formation of a composite surface layer through the migration and alloying of powder materials
with the workpiece contributes to these enhanced properties.

However, the paper also identifies several limitations of PMEDM, including the
complexity of controlling process parameters, the persistence of tool wear, and the environmental
impact associated with the use of dielectric fluids and conductive powders. Addressing these
challenges will require technological advancements in control systems, electrode materials, and
environmentally friendly dielectric fluids. Moreover, integrating PMEDM with other machining
technologies, such as laser or ultrasonic machining, represents a promising area for future research,
potentially leading to hybrid processes that offer even greater precision and efficiency.

The potential research areas identified in this review underscore the need for continued
innovation in PMEDM. The exploration of new powder materials, such as graphene and carbon
nanotubes, could open up opportunities to enhance surface properties and develop novel coatings
with unique characteristics. Additionally, the review emphasizes the importance of sustainable
practices in PMEDM, particularly in reducing the environmental impact of the process through the
development of biodegradable or recyclable dielectric media.
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