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Abstract: Electrical discharge coating (EDC) process is used to deposit material on workpiece surface
from sacrificial or green compact tool electrode in an electrical discharge machine. The paper presents
the mechanism of EDC using green compact electrode and powder mixed dielectric methods. The
tool electrode material, electrode size, process parameters, and type of dielectrics can directly affect
the surface integrity of workpiece. Here, a process map of EDC as a function of process parameters,
its classification, advantages, and applications for a wide range of engineering materials offers a
proper template for the evaluation of coating phenomena. This study shows that EDC is an economic
process as compared to other costlier techniques. Additionally, the effect of various EDM and EDC
parameters on surface integrity and tribological behavior of deposited coatings is studied with their
pros and cons. Finally, the current research trends of EDC and its challenges are elaborated.

Keywords: surface modification; coating; EDM; EDC; green compact; powder mixed dielectric;
morphology; current; hardness; wear

1. Introduction

Surface modification is the most flexible and effective technique to resolve the tribo-
logical issues found in any machinery [1]. It improves the tribological performance by
increasing the hardness, alternating the surface characteristics, and decreasing the coeffi-
cient of friction. Tribological properties of machine components, such as sliding bearings,
valves, seals, metal cutting, and forming tools, can be enhanced by surface modification [2].
In this regard, electrical discharge coating (EDC) is an advanced and simple coating process
that is applied for conductive materials due to the certain advantages, i.e., good adhesion
among the parent material and coating, high efficiency to achieve thick coating, and ability
to balance the composition of coated layer by using proper tool electrode material and
dielectric fluid [3,4]. EDC is a potential process for the coating of different workpiece mate-
rials according to the demand, such as wear- and corrosion-resistant coating on the surface
of aluminum, molds, and dies [5];solid lubricant coating on steel surface [6]; TiC/Fe cermet
coating on stainless steel [7]; and wear-resistant TiC coating on roll surface [8]. EDC works
on the principle of electro-discharge machining (EDM), which is a material erosion process,
applied to generate complex parts of machine, tools, dies, and molds [9–12]. In EDC pro-
cess, electrical energy converts into thermal energy by producing electric sparks between
the parent material and compact electrode (tool) submerged in the hydrocarbon oil [13–15].
The material for coating is given by a sintered green compact electrode, which permits
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easy transfer of material for coating deposition on electrically conductive workpieces. At a
high temperature, the occurrence of a chemical reaction between electrode materials and
hydrocarbon causes the formation of a coating layer over the parent material [15–17]. Addi-
tionally, owning to melting and ejection of electrode materials, the material transfer occurs,
and compacted materials deposit on the substrate. This process was recently employed by
researchers to obtain desirable coating through continuous electrical sparks in EDM [18].

The process is classified under thick and thin EDC. Thin EDC process can be used
on workpiece to attain the thickness of recast layer in microns [19,20]. Removal of the
material along with addition takes place together in this type of coating [21]. By using
a TiC electrode, a layer of 8 µm thickness was formed [15]. Thick EDC, also referred as
“MSCoating”, can be deposited over the components to repair them [22,23]. In contrast to
thin coating, coating layer thickness in thick EDC is not restricted to the recast layer and
allows for large deposition, similar to the laser cladding method. In this process, a sequence
of materials layering is a chain process. In this regard, satellite coatings were generated in
EDC [21]. A cobalt coating of 1 mm thickness was applied by Goto et al. (2004) [23] and a
Ni coating of 3.5 mm thickness by Araki et al. (2008) [24].

With ongoing researches on surface coating, various other surface modification pro-
cesses such as ion implantation [25,26], electroless plating [27], electrodeposition [28], thermal
spraying [29,30], chemical and physical vapor deposition [31,32], and laser cladding [33,34],
have been proposed for emphasizing the characteristics of workpiece surface. However,
these processes demand a dedicated setup with a complex arrangement that leads to more
production cost [35–37]. In a comparison of chemical vapor deposition and physical vapor
deposition, electrical discharge coating can be preferred due to its ability to control the coating
thickness, no requirement of a special vacuum apparatus with high-temperature devices [38],
and creation of a hard layer of different materials using the EDM tool electrode [39]. The EDC
process has the capability of machining and coating the substrate using the same tool electrode
simultaneously. Hence, it is possible to use different shapes of an electrode for making com-
plex components. At the same time, high-temperature plasma forms an electrical discharge
process that can be effectively applied to prepare the coating of metals with a high melting
point (hard-to-process ceramics materials) on a base material. Therefore, the wear-resistant
ceramic coating layer on complex-shaped parts used in various machine components can
easily be to fabricated to enhance the lifespan [7].

This paper presents the various past research works on electrical discharge coating
formation by green compact tools and powder mixed dielectric conditions. The mechanism
of EDC is discussed, and the effect of coating and machine parameters on the improvement
in surface characteristics is explained. Afterwards, different changes in mechanical and
metallurgical properties associated with the EDC coating using a different combination
of material are reported. Analysis of surface integrity, microhardness, and tribological
issues of the EDC coating deposited using a different combination of material is addressed.
Finally, the recent developments of electrical discharge coating and the impending scope of
its future work are discussed.

1.1. Need for Coatings on Engineered Surfaces

The annual cost of frictional energy losses in the industry is found to be 5–7% of
the gross domestic product in industrialized countries, and it contributes approximately
one-third of world’s energy resources [40]. Additionally, excessive wear results in a scrap
of hundreds of thousands of parts every year and 10% of oil consumption is utilized to
compensate for friction in the United States [41]. The friction reduction in the engine parts
of the vehicle could reduce about 5% global consumption of fuel annually accompanied by
decreasing the CO2 emissions by around 250 million tons annually [40]. Therefore, from
both environmental protection and energy losses, it is a major issue to solve the friction
and wear loss by coating layer formation process [42]. By the application of the coatings,
the wear and friction losses can be efficiently improved. Therefore, the obvious goal of
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using tribological coatings is to increase lifetime. These coatings can be utilized in various
effective ways, such as:

(1) An improvement in wear resistance properties of cutting tool to enhance productivity [2].
(2) Fabrication of hard and wear-resistant coating on a component made of low weight

and strength for a higher power to weight ratio [2].
(3) Fabrication of solid lubricant coatings to reduce frictional force, which allows for

lower consumption of fuel and is also beneficial for applications in brakes, bolted
joints, and safety connectors [2].

(4) Application of coatings in many sliding components to reduce the tendency of sticking [2].

1.2. Methods of Coating, Advantages, and Limitations

At present, there are many coating methods available for surface modification to
improve the tribological properties. These coating methods can be classified according to
the state of the deposited material during the process (Figure 1a) and the obtained coating
thickness (Figure 1b). Electro spark deposition, laser cladding, and thermal spraying are
classified as thick coating process in which material is deposited in the molten state. Vapor
deposition (PVD and CVD) and plating (electro/electroless plating) are used for thin layer
deposition. In the vapor deposition technique, the gaseous state of a material is maintained,
and in the plating process, the material solution is used.
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1.2.1. Electroless Plating

Electroless plating is defined as a process for deposition of uniform metallic coating
layer over the bulk surface by chemical reduction of metal ions in the presence of aqueous
solution without applying electrical energy. In this process, the chemistry of deposition
bath is to be maintained in such a way that kinetic motion of the electrons’ transfer towards
metal ion is established. A catalyst is applied for accelerating the rate of reduction in
metal ion. In this way, the reduction of the ions takes place over the substrate surface,
and the coating is obtained [43]. Electroless plating exhibits advantages for coating non-
electrochemically conductive material. However, the process is time consuming and it
can only be applied to certain materials. Additionally, adhesion coating strength is not
satisfactory for many applications [44].

1.2.2. Electrochemical Deposition

Electrochemical deposition (ECD) is an old process to form the layers of metal on
the conducting parent material. In ECD, a thin coating layer is achieved when dispersed
particles in a liquid between the parent material and the second electrode are subjected to
an electrical field [45]. Further, electrodeposition involves the adjustment in some factors
(pH, current density, bath composition, and temperature), which is required to obtain the
proper grain size [46,47]. The strategies involved in electrochemical offers include some
important benefits and unique probability in the synthesis of both nanostructures and
nanomaterials. An electrically conductive coating of nano thickness from 10 nm to greater
than 100 µm can be fabricated [48]. The deposition method needs direct electrical contact
with the parent material when it is immersed in a liquid bath, and the process tends to
non-conformal growth on non-planar surfaces.

1.2.3. Chemical Vapor Deposition (CVD)

The CVD process is used to generate coating of high-performance, high-quality, solid
materials, normally under vacuum. Its applications are found in the semiconductor indus-
try to fabricate thin coatings. In these processes, gases flow into a chamber, pass over the
heated substrate, and decompose into a solid phase that deposits them, forming thin films
onto the base material [49]. Recently, the CVD technique has been used for the production
of 0.25 mm thick molybdenum tubes for nuclear fuel cladding applications in which a slow
deposition rate is employed for a long duration (<50 h) [50]. So, this process is very slow,
and sometimes reactions are incomplete.

1.2.4. Physical Vapor Deposition (PVD)

PVD is applied to generate a thin film of metals and its alloys with a thickness range
from 1 to 10 µm. The process involves physically transfer of ions, atoms, or molecules of
coating materials onto a parent material. This coating method involves vacuum evaporation
of coating at high temperatures with subsequent condensation in vacuum [51]. PVD
coatings are commonly promoted owning to higher chemical affinity, but they enhance
abrasive resistance to wear. One of the major applications of PVD is a deposition of
the coating on cutting tool when the coating material is removed physically by a source
through sputtering or evaporation. In spite of various advantageous of PVD, there is a
requirement of a special vacuum apparatus, and technologies typically operate at very high
temperatures. Additionally, the deposition rate of this coating method is very slow [52].

1.2.5. Plasma Arc Coating

In this coating method, an arc is generated to develop a plasma between two electrodes.
The heated plasma starts moving through the nozzle and has impact over the substrate.
In recent research, a Ti-Zr coating was obtained by arc-plasma deposition in a vacuum
in which the nano hardness of coating was increased with a higher percentage of Zr.
Additionally, the nanoindentation test showed a significant enhancement of the failure
elastic strain and resistance to plastic deformation of coating along with the higher Zr
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content (11 wt% to 22 wt%) [53]. A variety of substrate materials that include metals,
composite, glass, plastics, and ceramics were deposited using plasma spray. Additionally, a
plasma jet of plasma can be used for the coating of refractory metals, ceramics, ZrO2, B4C,
and W. This process can also be applied to coat the internal surface of cylindrical parts and
the external surface of any geometry. The equipment of the plasma arc coating cannot be
operated manually, and it requires automated gun manipulators [54].

1.2.6. Laser Cladding

Laser cladding is a progressive technology for adding one or more materials over
the surface in a controlled manner by scanning the laser beam onto the powder bed for
improving the various surface properties. Cladding is an advantageous technique to coat
the whole workpiece with certain materials that have excellent characteristics. A thin
surface layer of desirable material is melted with a parent material using laser irradiation
that generates a functional coating having an excellent metallurgical bond with the parent
material [55–58]. A thin surface layer is formed due to the melting of preplaced or fed
powder through a laser beam that exhibits a strong bong with the base material. Previously,
a brittle crack-free coating of amorphous Fe was also obtained by laser cladding. They
suggested that the crack generation can be avoided when a triple laser scanning technique
is performed [59]. In laser, the cost of the laser is high, and the interaction time is short,
which restrict its application for alloys that require heat treatment and a long soaking time.
Further, considering the issue of high speed and advance heating in laser cladding, little
deformation leads to residual stress generation over the surface.

1.2.7. Electrical Discharge Coating (EDC)

EDC is extensively used as an economically viable coating technique that uses electrical
discharge processes to deposit coating material on the substrate surface. This process improves
the wear resistance and hardness properties with the use of the negative polarity of EDM to
retain a coated layer on top of the workpiece [60]. In this process, coating thickness can be
controlled significantly without any need for special equipment [6]. Additionally, EDC does
not require a complicated set-up and arrangement for its operation. This process can also be
defined as a non-conventional coating technique in which hard layers of coating are achieved
by depositing the carbides of Ti, Cr, W, etc. [61] through transferring the tool electrode material
by the application of a compact tool electrode. This method of modifying the surface attracted
the researchers directly towards the surface modification especially for electrical discharge
texturing with tools made of WC/Co and TiC/WC/Co, etc. [62–68].

1.3. Comparison between EDC and Other Processes

Different techniques have been propped for the preparation of coating, e.g., ion plat-
ing [69], laser cladding [70], magnetron sputtering process [71], and vapor deposition
methods [72]. The set-ups used in these processes need skilled labor, high investment, and
a vacuum atmosphere. EDC has many benefits over these techniques: (1) no need of extra
set-up, (2) metal matrix composite coating preparation is possible over any conductive
surface, (3) coating of hard to process ceramics [73], (4) coating of complex shapes [74],
(5) no requirement of toxic chemicals [75,76], and (6) ability to prepare thin and thick
coating [77]. Many other advantages of EDC are given in Section 2.2.1 [78]. Researchers
summarize the comparison of various types of coatings [79]. Table 1 summarizes the
comparison between EDC and other processes. Electroless plating is defined as a pro-
cess for deposition of a uniform metallic coating layer over the bulk surface (sample) by
chemical reduction of metal ions in the presence of aqueous solution without applying
electrical energy. Electroless plating exhibits advantages for coating non-electrochemically
conductive material. However, the process is time consuming and it can only be applied
to certain materials. Additionally, adhesion coating strength is not satisfactory for many
applications [44]. Similarly, electrochemical deposition (ECD) is also an old process to
form the layers of metal on the conducting parent material. In ECD, a thin coating layer is
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achieved when dispersed particles in a liquid between the parent material (working elec-
trode) and the second electrode (reference electrode) are subjected to an electrical field [45].
Further, electrodeposition process involves the adjustment in some factors (pH, current
density, bath composition, and temperature), which is required to obtain the proper grain
size [46,47]. The deposition method needs direct electrical contact with the parent material
when it is immersed in a liquid bath, and the process tends to non-conformal growth on
non-planar surfaces.

Further, the CVD process is used to generate coating of high-performance, high-quality,
solid materials, normally under vacuum. Its applications are found in the semiconductor
industry to fabricate a thin coating. In these processes, gases flow into a chamber pass over
the heated substrate and decompose into a solid phase that deposits them, forming thin
films onto the base material [49]. Still, the CVD process has its own limitations, namely
that the process is very slow and sometimes reactions are incomplete. Similarly, PVD is
applied to generate a thin film of metals and its alloys with a thickness range from 1 µm to
10 µm. The process involves the physical transfer of ions, atoms, or molecules of coating
materials onto a parent material. This coating method involves vacuum evaporation of
coating at a high temperature with subsequent condensation in the vacuum [51]. One of the
major applications of PVD is a deposition of the coating on a cutting tool when the coating
material is removed physically by a source through sputtering or evaporation. In spite of
various advantageous of PVD, there is a requirement of a special vacuum apparatus, and
technologies typically operate at very high temperatures. Additionally, the deposition rate
of this coating method is very slow [52].

Further, a variety of substrate materials that include metals, composite, glass, plastics,
and ceramics were deposited using plasma spray. In plasma spraying, an arc is generated
to develop a plasma between two electrodes. The heated plasma starts moving through
the nozzle and has an impact over the substrate. This process can also be applied to
coat the internal surface of cylindrical parts and the external surface of any geometry.
The equipment of the plasma arc coating cannot be operated manually, and it requires
automated gun manipulators [54]. Out of these thechinques, one of the processes is
laser cladding, which is a progressive technology for adding one or more materials over
the surface in a controlled manner by scanning the laser beam onto the powder bed for
improving the various surface properties. A thin surface layer of desirable material is
melted with a parent material using laser irradiation that generates a functional coating
having an excellent metallurgical bond with parent material [55,57,80,81]. In laser, the cost
of the laser is high, and the interaction time is short, which restricts its application for alloys
that require heat treatment and a long soaking time. Further, considering the issue of high
speed and advanced heating in laser cladding, little deformation leads to residual stress
generation over the surface.

Recent developments in the field of surface coating have led to a renewed interest
in electrical discharge coating (EDC), which uses electrical discharge processes to deposit
a coating material on the substrate surface. EDC is performed by adapting the electrical
discharge machining (EDM) process with a green compact tool electrode (prepared by
powder compaction in hot mounting press) and workpiece [82]. With the help of a green
compact electrode and high-temperature generation during the event of sparking, a broad
range of materials can be used to melt and deposit on the metal surfaces. The metal particles
stripped from the W-Cu-sintered electrode get combined with the disintegrated carbon
released from the kerosene oil to form cemented WC. Accordingly, the compounded of the
cemented WC can be deposited over the workpiece surface, resulting in a modified effect
during EDM [83]. Researchers summarize the comparison of various types of coatings [79].
Table 1 summarizes the comparison between EDC and other processes.
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Table 1. Summary of comparison between EDC and other coating techniques [35–37,79].

EDC Laser Cladding Thermal
Spraying PVD CVD Electroplating

Working
condition

Room
temperature

Room
temperature,
sometimes need
oxidation
environment

Room
temperature

High vacuum
and High
temperature

High
temperature

Room
temperature

Parent Material Conductive
metals All materials All materials All materials All materials Conductive

metals

Material
of Coating

Any materials
including metal
matrix
composite and
hard to process
ceramics

Any material
except reflective
materials

Metals, alloys,
carbides,
ceramics
and polymers

Metals
or ceramics

Metals
or ceramics Metal ions

Post
coating process

Cleaning the
sample to
remove loose
particles
and dielectric

Cleaning the
samples
in acetone

Cleaning the oil
and dirt then
roughening the
prepared
samples to
enhanced
bond strength

Cleaning
the surface

Cleaning the
toxic exhaust
gases by
scrubber and
need 6–8 h for
cool down
to room
temperature

Cleaning and
let the sample
dry to prevent
oxidation

Efficiency High High High Low Low Intermediate

Function

Improves the
properties
(roughness,
microhardness,
corrosion, and
wear resistance)
of original
surface or
surface with
complicated
shape

Improves the
microhardness,
oxidation,
corrosion, and
wear resistance
of original
surface and to
repair
components

Improves the
wear and
corrosion
resistant

Enhance the
microhardness,
resistance to
wear and
oxidation

Ability to form
uniform coating
with less pores,
even on
workpiece of
complex shape

Resistance to
wear and
corrosion, high
electrical
conductivity
and reflectivity

Applications

Roll surface
texturing,
repair turbine
blades,
Bio-compatible
implantation

Aerospace and
automobile
applications,
repair
applications for
gas turbine
engines

Automobile
and Aircraft
engine
components,
storage tank,
rocket motor

Aerospace,
automotive, sur-
gical/medical,
dies, and mold

Cutting tool

Electronic
industry (semi
conductor and
printed circuit
board)

2. Background and Description of EDC
2.1. Origin of Electrical Discharge Coating (EDC)

Going back to 1770s, Joseph Priestly, an English scientist, investigated the erosion action
of spark/electrical discharges. Many attempts were done in 1930s to machine hard metals
like diamonds by applying electrical discharges. These intermittent spark discharges lead
to erosion, which occurs in the presence of air in between the workpiece and tool electrode
connected to a DC power supply. These processes were not very precise due to overheating of
the machining area and may be defined as “arc machining” rather than “spark machining” (Ho
and Newman, 2003) [84]. During World War II, pioneer experiments on EDM were performed
in 1943 at the Moscow University by two Russian scientists, N.I. and B.R. Lazarenko, and a
controlled method to machine material was developed when the destructive effect of these
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spark discharge was channelized. In 1950s, a resistance–capacitance (RC) relaxation circuit
was presented as a successful model in EDM, providing a consistent reliable controller of
pulse times along with an easy servo control circuit to automatically adjust the spark gap
between the tool and the workpiece [85].

In 1975, it was suggested that, during the EDM process, both the tool electrode and
workpiece are subjected to intense heating at the local vicinity in the plasma channel. As
a result of this high-power density, some material gets eroded from both the tool and
workpiece by local heating and melting. Further, they established that, for the need of high
erosion rate along with good quality surface, erosion from a tool electrode was not desirable.
Hence, they reported that a proper selection of tool material and machining process parame-
ters (peak current, pulse width, and polarity) was extremely essential [86]. Moving forward
to 1980s, the idea of incorporating the computer numerical control (CNC) in EDM was
brought about, which led to incredible developments in enhancing the machining efficiency.
CNC facilitates total EDM, which implies an automatic and unattended machining from
inserting the electrodes in the tool changer to a finished, polished cavity or cavities. These
growing benefits of EDM were later intensely required by the manufacturing industries
to achieve enormous economic profits and generate keen research interests [87]. Figure 2
illustrates the line diagram for the component of the EDM process that includes major
components like the CNC input, pulse controller, and servo system. The gap controller
is attached in modern EDM machines that control the inter-electrode distance, which is
needed for stable sparking. The various input machine parameters are loaded manually
in the machine through a CNC EDM control panel. The high voltage (gap voltage) across
the spark gap is established, and the breakdown of the current (gap current) occurs. The
spark generation across the electrodes results in the erosion process. An intelligent routine
is required to sense an arc or short circuit and temporarily switch off the circuitry, which is
known as the “pulse controller”. The pulse controller helps in sending a command to a
power module, which produces a high voltage pulse that results in the erosion process. A
higher efficiency of the process will be possible using an efficient pulse controller due to
a higher percentage of normal pulses. The precise detection of normal pulses causes the
production of a large number of eroding pulses in a single operation. By precise detection
of normal pulses, the extension of the pulse off-time causes a lower frequency of short
circuits and more frequent pulses. Therefore, a larger amount of pulses occurs, and more
erosion takes place in the same period. Inside the pulse controller, there is a pulse discrimi-
nation routine to detect the harmful pulse and then accordingly switch off the gap current.
The pulse discrimination technique is especially important for EDM with a non-rotating
electrode design where the machining occurs by controlling the motion of tool electrode
placed near to the work surface [88].
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Jeswani (1981) carried out various experiments with the addition of fine graphite
powder (4 g/L) in the dielectric, which resulted in an improved material removal rate (MRR)
of a 60% and 15% reduction in the electrode wear ratio [89]. Dry and near-dry electrical
discharge machining EDM processes use gas and liquid–gas mixtures, respectively, as a
dielectric medium to substitute the liquid dielectrics in conventional EDM. The dry EDM
was first reported in a short NASA technical note 1 in 1985 for hole drilling using argon or
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helium gas as a dielectric medium [90]. On the other hand, it has been revealed that the
machined surface produced by EDM with a silicon electrode has remarkable corrosion and
wear resistance [91].

Gangadhar, et al. (1991) studied the modified surface topology of mild steel when
bronze compacts with 90% Cu and 10% Sn were used for reverse polarity in EDM. The X-ray
diffraction plot revealed the formation of Cu3Sn, Cu6Sn5, Cu, and Sn. They reported the
possibility of change in metallurgical and chemical behavior of the mild steel due to easier
transportation of the tool material by the plasma. The physicochemical and metallurgical
nature of the mild steel surface can be changed by appropriately changing the configuration
of the powder compact. Those surfaces showed numerous craters, and comparatively big
craters were observed over the bronze-coated surface. Using compact tools of bronze, the
energy associated with an individual discharge was high as the spark took place through
large asperities. Additionally, the lower melting temperature and the higher fluidity of
melted bronze than those of the melted low-carbon steel layer resulted in the large size of
the crater [67]. In 1992, EDC was also employed with a TiC-sintered tool to analyze the
microhardness, coating thickness, surface roughness, and wear performance of the coated
layer deposited on the roll surface. It was desirable for the better service life of the roll for
industrial applications for consistent control in surface texture. The method of skin-pass
rolling was used for the evaluation of steel sheet surface texture by maintaining the roll
surface topography. The effect on the clarity of coating and formability of sheet press was
studied. A hard layer was formed by EDC with TiC electrode, which showed a Vickers
hardness of greater than HV1500 and controllable surface roughness. The wear of coated
rolls generated was greater than the chrome-plated rolls [92]. Mohri, et al. (1996) provide
a new thought to the EDM mechanism by employing a secondary electrode, which can
facilitate the sparking phenomenon in insulating ceramics. Both wire EDM and EDM were
successfully tested for diffusing conductive particles from assisting electrodes over the
surface of Sialon ceramics or silicon nitride (Si3N4) [93].

Kunieda and Yoshida (1997) conducted a study on dry EDM using a copper tool and
steel workpiece, which revealed that, in the case of EDM in air, the wear ratio of the tool was
lower and material removal was greater when the tool was at negative polarity. However,
in the case of EDM in liquid, there was more tool wear and lower material removal when
the polarity of the tool electrode was negative. Therefore, a negative polarity of tool was
found to be desirable to enhance the material transfer from the tool [94]. Wang, et al.
(2002) found the EDC application in surface repairing and strengthening molds and cutting
tools when they carried out experiments over the steel with titanium powder compact
electrodes at negative polarity. The deposited coating thickness of up to 20 µm showed
that the microhardness of the workpiece was increased from 332 HV to 2200 HV at the
optimal setting of the discharge current (4A and discharge duration; 8 µs). The reason for
enhancement in this hardness is due to carbide formation after the reaction of titanium
with a carbon of the dielectric. In this regard, the presence of 51% TiC and 48% Fe in the
coated surface was observed through X-ray diffraction analysis [74]. Further work on EDC
reported the use of multi-layer electrode when titanium carbide (TiC) could be used to coat
the graphite layer on the nickel workpiece with the help of a multi-layer electrode. The
experimental results give the formation of TiC due to a large amount of carbon from the
graphite layer, which enhances the carbon concentration with an increase in the hardness of
coating [95]. Moreover, the TiN ceramic coating was prepared using dry EDC in which high
discharge energy resulted in a coarser layer along with the presence of a weak phase of Ti2N
and a slight AlN phase. Additionally, the presence of a few voids was also observed owing
to uneven coverage and cracks formed as a result of the mismatch of thermal expansion
between the Al and TiN matrix. Additionally, TiN grains adhered over the Al alloy as
a result of insufficient energy. Considering EDC, the optimum selection of discharge
parameters could allow Ti particles to react with N2, and at that time, a TiN film can
homogeneously be deposited over the Al alloy [96]. Figure 3 summarizes the chronology of
the events in the development of EDM/EDC technology. Hence, recent developments in the
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field of surface coating have led to a renewed interest in electrical discharge coating (EDC),
which is emerging as an economically viable coating technique that uses the electrical
discharges process to deposit coating material on the substrate surface. EDC is performed
by adapting the EDM process with a tool electrode and workpiece, held at negative and
positive potentials, respectively [82]. The working principle, advantages, and applications
of EDC are elaborated in next section.
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2.2. Working Principle of EDC

To understand the EDC principle, a brief introduction about the EDM working principle
is needed. Basically, EDM is a technique of material removal from the surface of a conductive
material. According to the working principle, the process starts with a large number of
discrete spark discharges of high frequency between electrodes maintaining an open voltage,
submerged in a dielectric medium, and with a small gap distance of 0.025–0.102 mm [82].
For the dielectric breakdown to occur, an ignition delay time takes place that depends upon
the gap conditions; the statistical time-lag is needed to generate the electrons and the time
required for ionization of the dielectric fluid [97]. This breakdown causes the electrons to
move towards the anode. The impact of these electrons with the particles in the dielectric
fluid results in the formation of positive ions and a greater number of electrons, which move
in the direction of cathode and anode, respectively (Figure 4a). Localized plasma is generated
at a high temperature and localized pressure [98]. This process results in spark generation;
hence, the heat generation takes place as the electrons with high velocity impact upon both
the electrodes. The outcome of the impact follows the vaporization and melting of material
from the electrodes. Some portion of melted material left over from the component’s surface
re-solidifies and deposits over the workpiece. This is termed as the recast layer, which has high
microhardness, good adhesion, and is corrosion resistant. Here, the dielectric type also plays
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an important role, as it is observed that the recast layer thickness is affected by the dielectric
type because the volume of molten metal flushed is different for different dielectrics. For
example, the recast layer thickness in water is higher as compared to those forms in kerosene
with the same pulse duration due to the fact that water emulsion exhibits higher viscosity as
compared to kerosene; therefore, it is not possible to remove the molten material, and at the
end it builds up over the sample surface. Additionally, recast layer deviation increases with
an increase in pulse duration and peak current because the material removal rate is greater at
a higher pulse duration. However, certain detrimental effects are also generated with recast
layer formation [99].

Processes 2022, 10, x FOR PEER REVIEW 12 of 47 
 

 

the sample surface. Additionally, recast layer deviation increases with an increase in pulse 
duration and peak current because the material removal rate is greater at a higher pulse 
duration. However, certain detrimental effects are also generated with recast layer for-
mation [99]. 

 
Figure 4. (a) EDM mechanism and (b) EDC mechanism. 

EDC is a process of depositing the coating layer over the workpiece material from 
the green compact electrode and powder mixed technique through a large number of 
spark discharges between the powder compact electrode and workpiece. Prior to the prep-
aration of EDC process, the binding material with a coating material of the required 
amount is used in the powder mixture to easily make the compact with high strength. 
Then, after mixing the powder mixture for a sufficient amount of time, the powder is com-
pressed in a mounting press. For the coating formation in die-sinking EDM, the powder 
compact electrode is negative and a workpiece is positive. This reverse polarity with an 
optimal combination of process parameters assists in the maximum blending of the com-
pact electrode material with the parent material. Hence, as compared to EDM, a recast 
layer (coating layer) of higher thickness is obtained during EDC when the reverse polarity 
is used. Goto, et al. (2003) found that the formation mechanism of thin EDC comprises an 
electrical discharge due to the heat generation and forms a melt pool and crater over the 
substrate due to the removal and vaporization of the material. The spark discharges cause 
the wear of the electrode materialremoved due to the impact of spark and by the heating 
effects of the local melting, which is then attached to the substrate. 

Figure 4a,b shows the coating formation over the workpiece surface associated with 
EDM and EDC, respectively. From Figure 4b, it can be said that the series of multiple 
sparking events allows for a continuum to be formed as a multi carbide (MC) layer across 
the workpiece. Hence, the process of workpiece surface modification by transferring the 
metal from the electrode towards the workpiece in the EDM machine is simply referred 
to as an electrical discharge coating (EDC). A thick and hard material carbide layer is 
formed over the substrate (Figure 4b) [100]. In EDC, it is noticed that the removal of ma-
terial in each pulse is restricted due to carbon deposition over the tool. The effect of carbon 
layer leads to the use of a tool at a positive polarity in EDM. Therefore, in the case of EDC, 
the compact tool is used at a negative polarity as the removal of material from the tool is 
required to be higher and not restricted by the carbon formation. The recast layer thick-
ness obtained in EDC is higher than EDM as a result of reverse polarity and loosely 
bonded particles in the green compact tool electrode. Hence, EDC is adapted as an appli-
cation of EDM by using the powder compact tool electrode and powder mixed EDM of 
the desired powder material. The surface integrity of the coating and tribological charac-
teristics can be well controlled by the proper selection of process parameters [101,102]. In 
short, Liu, et al. [79] also summarize the difference between the EDM and EDC processes, 
as shown in Table 2. 

Figure 4. (a) EDM mechanism and (b) EDC mechanism.

EDC is a process of depositing the coating layer over the workpiece material from the
green compact electrode and powder mixed technique through a large number of spark
discharges between the powder compact electrode and workpiece. Prior to the preparation
of EDC process, the binding material with a coating material of the required amount is used
in the powder mixture to easily make the compact with high strength. Then, after mixing the
powder mixture for a sufficient amount of time, the powder is compressed in a mounting
press. For the coating formation in die-sinking EDM, the powder compact electrode is
negative and a workpiece is positive. This reverse polarity with an optimal combination of
process parameters assists in the maximum blending of the compact electrode material with
the parent material. Hence, as compared to EDM, a recast layer (coating layer) of higher
thickness is obtained during EDC when the reverse polarity is used. Goto, et al. (2003)
found that the formation mechanism of thin EDC comprises an electrical discharge due to
the heat generation and forms a melt pool and crater over the substrate due to the removal
and vaporization of the material. The spark discharges cause the wear of the electrode
materialremoved due to the impact of spark and by the heating effects of the local melting,
which is then attached to the substrate.

Figure 4a,b shows the coating formation over the workpiece surface associated with
EDM and EDC, respectively. From Figure 4b, it can be said that the series of multiple
sparking events allows for a continuum to be formed as a multi carbide (MC) layer across
the workpiece. Hence, the process of workpiece surface modification by transferring the
metal from the electrode towards the workpiece in the EDM machine is simply referred to
as an electrical discharge coating (EDC). A thick and hard material carbide layer is formed
over the substrate (Figure 4b) [100]. In EDC, it is noticed that the removal of material in each
pulse is restricted due to carbon deposition over the tool. The effect of carbon layer leads to
the use of a tool at a positive polarity in EDM. Therefore, in the case of EDC, the compact
tool is used at a negative polarity as the removal of material from the tool is required to
be higher and not restricted by the carbon formation. The recast layer thickness obtained
in EDC is higher than EDM as a result of reverse polarity and loosely bonded particles
in the green compact tool electrode. Hence, EDC is adapted as an application of EDM by
using the powder compact tool electrode and powder mixed EDM of the desired powder
material. The surface integrity of the coating and tribological characteristics can be well



Processes 2022, 10, 1971 12 of 46

controlled by the proper selection of process parameters [101,102]. In short, Liu, et al. [79]
also summarize the difference between the EDM and EDC processes, as shown in Table 2.

Table 2. Difference between machining and coating.

EDM EDC

Process Material removal from the workpiece takes
place to acquire a desired shape

A material deposition process that is used to
prepare a coating on the parent
material surface.

Tool electrode Conventional solid tool Sacrificial/green compact

Thickness of recast layer Low High

Polarity used Tool can be connected to either a positive or
negative terminal.

Tool is connected to negative terminal and
workpiece is connected to positive terminal.

Roughness Low High

Quality of surface after process Low (high cracks and pores) High (reduces cracks and pores)

Workpiece weight Decreases due to removal of the material Increases due to the deposition of the material

Application Machining of conductive materials Coating of conductive materials, even
complex-shaped materials can be coated.

There are many theories illustrated for material transfer in EDC [97,103]. According
to the present theory of the phenomenon of electrical spark, the sparking in EDM leads
to the localized melt pools’ (partially or fully melted) formation over the workpiece. In
EDC, this melt pool further combines with dissociated material particles of the compact
electrode and then they rapidly cool down to form a deposited layer. As shown in Figure 5,
general descriptions of electrical spark discharge suggest that materials are released from
the melt pools onto both the parent material and tool electrode at the end of an electrical
discharge. The ejection of material particles results in lowering the break down voltage,
which promotes a spark in that location, where these particles merge with the melt pools
associated to the next spark. The intermixing and solidification of individual deposits
helps in building a continuum coating layer, as shown in Figure 5 [15]. In this way, series
of sparking events can lead several overlapping layers to form a hard and wear-resistant
continuum coating layer over the workpiece surface.
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2.2.1. Advantages of EDC

(1) The hard recast layer in EDM generally contains cracks, caused by the presence of
residual stresses, which diminish the corrosion and wear resistance of components
manufactured through EDM [104]. To remove and to restore the surface properties in
the damaged layer, the EDC process is needed.

(2) The recast layer thickness obtained in EDC is higher than EDM as a result of reverse
polarity and loosely bonded particles in the green compact tool electrode. This reverse
polarity with an optimal combination of process parameters assists in the maximum
blending of the compact electrode material with parent material. Hence, EDC is
adapted as an application of EDM by using the powder compact tool electrode and
powder mixed EDM of the desired powder material.

(3) The surface integrity of the coating and tribological characteristics can be well con-
trolled by the proper selection of process parameters [101,102].

(4) The process has the capability of machining and coating the substrate using the same
tool electrode simultaneously. Hence, it is possible to use different shapes of an
electrode for making complex components.

(5) High-temperature plasma forms an electrical discharge process that can be effectively
applied to prepare the coating of metals with a high melting point (hard-to-process
ceramics materials) on a base material. Therefore, the wear-resistant ceramic coating
layer on complex-shaped parts used in various machine components can easily be
fabricated to enhance the lifespan [7].

(6) EDC is an advanced and simple coating process that is applied for conductive mate-
rials due to certain advantages, i.e., good adhesion among the parent material and
coating, high efficiency to achieve thick coating, and ability to balance the composition
of coated layer by using the proper tool electrode material and dielectric fluid.

(7) EDC can be preferred due to its ability to control the coating thickness, no requirement
of a special vacuum apparatus with high-temperature devices [38], and the creation
of a hard layer of different materials using the EDM tool electrode [39].

(8) As we know that EDC has the advantage of not needing a complicated set-up and
high temperature and vacuum surrounding, it is thus classified as an economically
viable coating process. This method of modifying the surface attracted researchers
directly towards surface modification, especially for electrical discharge texturing
with tools made of WC/Co and TiC/WC/Co, etc. [62–68].

2.3. Process Parameters and Their Influences

Surface modification through EDC involves various process parameters that influence
the coating process. EDM-based process parameters are presented in Figure 6. All these
process parameters have a meaningful effect on the coating achieved over the workpiece.
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2.3.1. Gap Voltage and Discharge Voltage

Gap voltage is defined as the voltage in the gap between both electrodes. The voltage
at which electrical sparks occur between the electrode tool and workpiece is termed as
the discharge voltage, and its value relies upon the spark gap as well as the dielectric
breakdown strength [105]. When the electrodes are subjected to an open gap voltage,
an ionization path is established throughout the dielectric, and it increases the flow of
current [106]. As the current flows, the voltage drops and then get stabilized at the level
of the working gap. This voltage gives the spark gap width between the workpiece and
the tool electrode. An increase in this voltage results in an improved flushing and stable
discharge process. Gill and Kumar [12] discovered that increasing the discharge voltage
leads to increasing the surface roughness, TWR, MRR, and microhardness, as an increasing
voltage triggers the spark growth or discharge energy. Therefore, the higher strength of
the electric field, achieved by raising the open-circuit voltage, results in a better material
removal rate (MRR), tool wear rate (TWR), and roughness [107]. On the other hand, when
the voltage is set at a low level, the discharge energy conducted in the coating region
is small. Further, the application of sintered electrodes leads to an improvement in the
electrode material transfer towards the base material, and an increase in the weight of the
workpiece is attained with the proper selection of the voltage [39,83]. Table 3 shows the
summary of past literature work on the effect of the voltage during EDC.

Table 3. The summary of past literature work on the effect of the voltage.

Author Workpiece Tool/Powder Mixed Voltage (V) Findings

Prakash, et al. [108] Ti6Al4 Nickel tool 20, 30, 40, 50, 60 Voltage affects the recast
layer thickness.

Liew, et al. [109] SiC Tungsten 60–110

W particles were deposited in a
high amount at 60 V (low voltage).
However, this amount decreases as
the voltage increases up to 110 V.

Liew, et al. [5] Aluminum Tungsten
powder suspension 20, 25, 30, 35, 40 V

When V increased to 40 V, the
amount of tungsten and carbon
increased because V influences the
spark gap.

Mansor, et al. [110] Nitinol Nickel–titanium shape
memory alloy 70–160

A low gap voltage was preferred
in the EDC process in order to
provide good surface roughness
and a higher uniformity of the
material deposition.

2.3.2. Peak Current and Average Current

The maximum current available per pulse from the power generator is known as the
peak current. The average current is the average of the amperage in the spark gap measured
over the pulse on time in a cycle [111]. During the EDC coating, the peak current assists in
initiating the electrical spark to reach up to the spark temperature that is required to deposit
the tool material on the parent material [112]. Thus, optimum value of current is needed to
transfer the maximum material to achieve a denser and more uniform coating [113].

Gill and Kumar [12] discovered that a large value of peak current leads to poor surface
roughness. When the peak current increases, the discharge energy increases, thereby
increasing the surface roughness. At higher peak currents, as the spark intensity increases,
more molten materials come out from the crater, resulting in a high surface roughness.
Table 4 shows the summary of past literature work on the effect of peak current.
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Table 4. The summary of past literature work on the effect of peak current.

Author Workpiece Green Compact/
Powder Mixed Current (A) Findings

Janmanee and
Muttamara [114] WC Ti 10, 15, 20, and 25 A

A low current faciliates the Ti
powder to fill the microcracks over
the WC surface. Although, the
bonding strength drops as the
current exceeds 20 A.

Kumar, et al. [115] WC-Co SiC/Cu 4, 7, 10

Higher settings of currents lead to
a thick coating layer but highly
rough surface. A lower current
leads to a smooth surface with less
coating thickness.

Prakash and
Uddin [116] Titanium HA powder 15

High peak current (15 A) and low
pulse duration in deionised water
resulted into uniform HA layer
without any crack on the β-phase
Ti implant surface.

Algodi, et al. [82] SS 304 TiC-Fe 2, 6, 10, 14, 19

A current of 2–10 A promotes a
good value of hardness and
surface finish with less presence of
cracks and voids.

Tyagi, et al. [102] Mild steel MoS2 + Cu 4, 7, 10

A low thickness 0.446 mm was
observed at a low peak current
4 A, and a maximum thickness of
0.647 mm was observed at 10 A.

2.3.3. Pulse on and Pulse off Time

The on and off times per pulse for every cycle are stated in µs [107]. The rate of
material removal is directly proportional to total energy enforced during the pulse on-time,
which is governed by the on-time duration and peak amperage [107,111]. The pulse on-time
and pulse off-time are called the pulse duration and pulse interval, respectively. The time
duration for which the peak current flows through the tool electrodes is known as the pulse
on-time. It is denoted by Ton. The erosion process mainly depends upon the Ton value.
Toff is the duration when there is no current flowing through the electrode, and unwanted
debris particles between the electrodes are flushed away. It should be mentioned that there
are two important parameters in the pulse current method: the pulse frequency and duty
cycle. Pulse frequency is obtained from the formula 1/(Ton + Toff), while the duty factor is
calculated by the following formula [107]:

Duty Factor (%) = Ton/(Ton + Toff) × 100

As time increases, the current flow across the electrode increases [113]. At a high value
of Ton, the development of a microcrack and voids bounding the craters is observed, which
is generally due to the effect of the rise in energy into the substrate surface. Additionally, the
rapid cooling along with differential thermal contraction tends to disrupt the coating and
crack generation [82]. During the pulse off-time, the dielectric is deionized and becomes an
electrical insulator from a conductor. In EDC, both the dielectric deionization and cooling
of the electrodes take place, which are required for the dispersion of spark discharges
along the electrode surfaces to avoid erratic cycling. If the pulse off-time is too small,
some portion of the material does not properly flush away by the dielectric, and the debris
particles remain in discharge gap that causes a high probability of arcing [6]. The duty
factor is designed as a thermodynamic and kinetic parameter because frequency affects
the plasma density, which influences the processing rate. Therefore, when the duty factor
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is high, the coating becomes a thick layer. Hence, an increase in the duty factor is related
to a thick coating layer [117]. Gill and Kumar [12] showed the effect of pulse on-time on
roughness and claimed that the roughness improves with a low pulse on-time because a
small spark area is produced at a low pulse on-time. Thereby, a small crater is generated on
the workpiece and better roughness value is achieved. Table 5 shows the summary of the
past literature work on the effect of the pulse on-time.

Table 5. The summary of the past literature work on the effect of the pulse on-time.

Author Workpiece Tool/Powder Mix Pulse on Time Findings

Yap, et al. [118] WC-Co Quarry dust 100–300 µs

Results showed that, with an
increase in Ton, the hardness
and layer thickness increased
with a decreased surface finish.
Ton = 341 µs is the optimum
value for achieving a hard
surface, thick coating layer,
and low surface roughness.

Algodi, et al. [82] SS 304 TiC-Fe 2, 4, 8, 16, 32, 64

Presence of craters and
surrounding microcracks with
increasing pulse on-time was
observed. With a 2 µs pulse
duration, the surfaces showed
less void and crack formation.

Taylor, et al. [119] Mild steel W-Cu 25, 106, 463, 1010

Vigorous sparking was
observed at larhe on-time,
which leads to
thicker deposition.

Balanou, et al. [14] 60CrMoV18-5 Steel Cu-Zr2 12.8, 25. 50

Higher MTR of 46.5 mgr/min
is achieved at Ton = 25 µs, and
the Ra varies from 3.72 µm to
7.12 µm

Mussada, et al. [120] Aluminum 6351 W-Cu 25, 106, 463, 1010

With increasing pulse duration,
the microhardness decreases
gradually as there are less
carbon particles on the
workpiece because particles
flush away from the work
surface at a longer
pulse duration.

2.4. Analysis of Sparking, Arcing, and Short Circuit

In the EDM, the surface finish quality of base material is defined by the energy in
each spark. Figure 7 represents the voltage and current waveforms showing different
characteristics observed in the EDM process. In this process (with a static electrode),
arc pulses are caused by an imperfect flushing of debris and result in the occurrence of
continuous sparking on the same location, which could create a large and uneven crater
size and significantly affect the surface quality. Additionally, in EDM, the high discharge
temperature cracks the dielectric, causing the accumulation of carbon in the spark gap. The
carbon formed will thus stick to the tool surface. The accumulated carbon and debris in
the spark gap will lead to arcing and short circuits that degenerate the stable machining
process. The formation of carbon elements during machining affects the normal discharge.
It is essential to consider that debris accumulation leads to the enlargement in gap distance,
which might result in a short circuit. Then, the short circuit pulse becomes more harmful as
compared to the arc pulse. Hence, as soon as the arc pulse is detected, the pulse off-time is
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required to be extended to provide more time for flushing debris collected inside the spark
gap and preventing debris accumulation [88].
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The phenomenon of arcing during the EDC process has unfavorable effects on the
quality of the coating. As it is obvious that there is no/light flushing used during the
deposition process, debris particles therefore accumulate inside the working gap. At a
high duty factor (short pulse off-time), the arcing becomes prominent, and this arcing
phenomenon (continuous sparking) leads to the generation of a poor coating quality [6].
Thus, the imperfect flushing in electrical discharge coating needs further discussion and
investigation in the EDC process.

3. Classification of the EDC Process

In the EDC process, the decomposed dielectric carbon particles react with tool elec-
trode, and hard carbide is formed at a high temperature. This results in the formation of a
thick hard layer over the workpiece [68]. From the principle of the EDC process, it can be
inferred that the solid electrodes used in EDM are not suitable for coating because coating
requires a compact mass of loose particles from which the material can be transferred over
the workpiece. Many pioneer types of research in EDC report about the necessity of powder
compact electrodes to perform the coating process in EDM. Additionally, the literature
on coating through the electro discharge process suggests the use of suspended powders
in the dielectric to fabricate a coating layer with hard as well as enhanced tribological
properties. Therefore, this process can be classified into two categories, as discussed in the
following subsections.

3.1. Green Compact Electrode Coating

The compact electrode is obtained by pressing of powders that are loosely bound with
each other, and it is termed as a “green compact” electrode (Figure 8a). Before compaction,
the mixing of powders is performed in a mortar for sufficient time to achieve uniform
mixing. The prepared mixture of powders is placed in a hot mounting press, and the
compressed mixture is kept for a certain heating and cooling time at the required pressure
and temperature. It is stated that the green electrode is obtained by mixing one or more
different metal powders with a soft metal powder as a bonding agent. The obtained green
compact is fixed with a conductive metal rod, and it is used as a tool (Figure 8b) [6].
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The green compact electrode used in EDC melts using electrical discharge process
and deposits over the parent material. This necessary deposition is obtained due to weak
bonding between the powder particles. The property of powders used for making the
green compact tool electrode affects the coating characteristics. The powder size shows
a significant effect on the quality of the coating, and the ranges of the used powders in
the past literature are from approximately 1 to 175 µm. The surface roughness of the
coating directly depends upon the size of the powder as it increases with coarser powder
particles. Moreover, preparation of the compact tool is difficult with large-sized powders,
whereas particles that are too small also exhibit a low sintering rate. The performance of
tool electrodes made by powder metallurgy (P/M) is compared with conventional tool
electrodes in EDM with straight polarity. It is found that the green compact electrode is
more responsive to the pulse duration and current in comparison to a conventional solid
electrode. The compact electrodes can result in the addition of material as compared to the
removal of material, and the properties of the compact electrode can be controlled easily by
changing the sintering and compaction parameters [74].

3.1.1. Parameters for the Preparation of Green Compact Electrode
Powder Composition

The composition of the powder is an important criterion for preparation of the tool
electrode since it determines the coating properties, such as wear resistance, microhardness,
surface roughness, etc. [121]. Besides, the mixture of two or more powders has a significant
effect on the rate of material deposition and tool wear [117]. A binding powder is added
in the green compact to improve the efficiency of the EDC process [122]. This binding
powder material provides strength to the green compact and also helps in enhancing its
conductivity when the other powder is less conductive [123]. Copper is used generally in
the green compact electrode as it has a low melting temperature that assists in the rise of
green compact tool wear rate and also allows for the incorporation of other high melting
point materials [117]. In the past literature, the powder mixing ratio was varied at different
levels according to the type of powder mixture, such as for lubricant, hBN, or WS2 with Cu
in the ratio of 40:60 to 60:40, and similarly for hard coating W or WC with Cu at 30:70 to
70:30 [6,124]. However, the optimum proportion of copper is required while depositing the
coating layer [117].

Compaction Pressure

The erosion of the electrode used in EDC is dependent upon the compaction pressure.
It is the force applied per unit area upon the powdered particles during the preparation
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of a green compact electrode [4]. In this process, the appropriate compaction pressure is
needed to obtain the required strength of the electrode [61]. For example, for easy material
removal from the compact electrode, the particles are needed to be loosely compacted, so
that they can be transferred onto the workpiece. On the other hand, if compact strength is
increased substantially more than the certainty, the tool wear reduces, which also causes
the deposition rate to decrease [39,125]. Therefore, an optimum level of pressure is to be
maintained, such that the tool gets enough strength and the material is removed perfectly
from a tool electrode in the process of electrical discharge coating [102].

Sintering Temperature

Sintering is another essential part in the preparation of a green compact electrode [126].
Due to certain conditions, the bonding shared between the green compact material particles
of powder is not good, and the binding is not perfect. Thus, after compaction, sintering
is carried out to improve the compact strength, and a certain sintering temperature is
maintained. If this temperature goes beyond the powder melting point temperature, the
powder properties change abruptly [127]. Thus, the heating temperature is maintained
below the melting point. The compact becomes stronger at high sintering temperatures,
whereas the sintered fully densified electrode might offer high electrical conductivity and
hence result in continuous sparking. The material released will be limited, leading to low
surface alloying [17,128]. Thus, the optimum sintering temperature is to be maintained such
that the powders should not undergo melting, but the bonding of powder particles must
be strong. The sintering temperature normally fluctuates between 130 ◦C and 13,000 ◦C for
various materials.

3.1.2. Surface Coating Using Green Compact Electrodes

Surface modification using the powder metallurgy tool electrode is faster and less
expensive. This method uses the green compact as a tool electrode to transfer loosely
compact materials onto the substrate surface [89,106,124,129]. The powder green compact
electrode is made under low-temperature and low-pressure conditions, and it exhibits some
characteristics that are worthy for deposition, such as poor heat conduction, good resistance,
high wearing speed, etc. The use of a green compact electrode to decrease the intensity
of molecules along with low moldings pressure results in improved properties of EDC.
Additionally, the sintered materials are easy to fabricate into all types of shaped electrodes.
The smaller the powder diameter, the better the roughness of the hard layer. The materials
used in electrodes comprise copper, tungsten, steel, brass, copper-ZrB2, chromium, copper-
tungsten, and alloys [130–133]. Additionally, the existence of hard materials, such as W,
WC, Ti, Cr, etc., in the electrode results in higher microhardness and better wear behavior
of the coated surface [17,124,134,135]. When the surface of carbon steel and aluminum is
engineered through EDC, remarkable changes are observed in the characteristics of the
coated surface, exhibiting higher corrosion and wear resistance properties along with fewer
cracks [63]. In this regard, the classified past research works on EDC using green compact
electrode are discussed below.

Using Copper and Its Alloys in a Powder Compact Tool Electrode

Copper has a second highest electrical conductivity after silver, which makes it suitable
in EDC in the form of a green compact electrode as silver is very costly. Copper is generally
used as a binding material when the semiconducting or non-conductive powder coating
is to be deposited. The conductivity of the whole green compact can be increased with
the help of copper powder. Additionally, the increase in the composition of the main
powder in the mixing ratio leads to a decrease in compactness of the tool electrode; hence,
more material can be effectively deposited over the workpiece. Additionally, copper has
a low melting point as compared to other powder, so its melting is faster and facilitates
deposition of the green compact material efficiently [117]. The high corrosion resistance
and low coefficient of friction of coppers and its alloys make it suitable to be used as
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a coating material. Similarly, a low coefficient of friction of bronze makes it desirable
for coating over the surfaces. Hence, the use of a bronze compact electrode in EDC as
a tool enhances the tool wear owing to its low binding energy. Gangadhar et al. (1991)
studied the modified surface topology of mild steel when bronze compacts with 90% Cu
and 10% Sn were used at reverse polarity in EDM. The X-ray diffraction plot revealed
the formation of Cu3Sn, Cu6Sn5, Cu, and Sn. They reported the possibility of a change
in metallurgical and chemical behavior of the mild steel due to the easier transportation
of the tool material by the plasma. The physicochemical and metallurgical nature of the
mild steel surface can be changed by appropriately changing the configuration of the
powder compact. Those surfaces showed numerous craters, and comparatively big craters
were observed over the bronze-coated surface. Using compact tools of bronze, the energy
associated with an individual discharge was high as the spark took place through large
asperities. Additionally, the low melting temperature and the high fluidity of melted bronze
compared to those of the melted low carbon steel layer resulted in the large size of the
crater [67]. Further, tools of high-speed steel processed with bronze compact were applied
in cutting tests, and the tribological characteristics of the surface generated using a bronze
compact tool in the electrical discharge process were studied. The bronze-deposited surface
of mild steel resulted in a 15–30% drop of the friction coefficient. Drop-in cutting forces
(10–25%) were observed during the cutting tests with bronze-coated high-speed steel (HSS)
tools. However, the distribution of microhardness across the bronze-coated surface showed
that the presence of a bronze layer led to low hardness [136]. Further, the chromium and
copper particles also get transported from the chromium–copper-sintered tool electrodes
connected at negative polarity. Subsequently, powders of Cu and Cr in the weakly bonded
electrodes resulted in particle accumulation over the workpiece surface that increased its
roughness [129]. Ho, et al. (2007) modified a Ti6-Al4-V surface with both compact and
solid Cu electrodes using EDM in a water-based dielectric. The hardness of the recast layer
improved from 3650.0025HK to 11000.0025HK. The glow discharge optical emission method
was used to compare the tool material transfer to the workpiece surface for use of the
solid electrode and compacted powder electrode. The results showed that 29% of Cu were
transported from solid electrodes to the workpiece, whereas a transfer of Cu up to 78% was
observed in the case of powder compact electrodes with 32 MPa pressed pellets [137].

Although copper and its alloys have a high melting point and excellent thermal and
electrical conductivity, these studies show that the presence of copper and its alloys leads
to a reduction in the overall hardness of the coating along with the surface roughness;
therefore, other beneficial materials can be used for achieving various other desirable
coating properties. Hence, researchers have used other combination of both hard and soft
powder to impart desirable properties.

Using Copper/Silicon Carbide Powder Compact Tool Electrode

Being a hard material, SiC is widely employed in ceramic coating. The hardness,
wear resistance, and abrasion resistance properties of SiC make it a popular choice in the
application of coatings subjected to rigorous working conditions. The EDC process using
straight polarity was performed with the help of a Cu-SiC green compact electrode. In this
process, microhardness values 1.5–3 times higher than an Al-6351 alloy substrate and a
coating layer thickness of maximum 83.644 µm were achieved successfully. In this study,
the increment in the proportion of Cu compact pellets increased the bonding strength,
which resulted in a lower rate of tool erosion and crater generation onto the surface of the
Al-6351 alloy [138].

In this process, SiC gets decomposed into Si and C. As a result, a very small proportion
of SiC gets deposited; hence, the improvement in surface hardness is comparatively less.
Besides the lower surface roughness, the coating layer also showed a large amount of crater
formations when the straight polarity was used. However, the negatively polarized green
compact tool electrode could give better results. In this regard, the characterization of
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wear-resistant properties of the coated surface through reversed polarity for the Cu-SiC
green compact is getting attention.

Using Tungsten/Tungsten Carbide Powder Compact Tool Electrode

The layer thickness and composition of the coating depend upon the electrical spark
energy and the configuration of the parent material, green compact tool, and EDM oil.
Hence, a deposition process of hard and wear-resistant coating over the parent material
was attempted with the proper selection of material. To achieve this purpose, researchers
attempted to transfer the coating of high hardness and enhanced surface roughness. Being
a very hard material, tungsten carbide (WC) is extensively applied in the coating of cutting
tools and industrial machinery applications. Further, the wear behavior of tungsten carbide
is superior to tool steels. Researchers employed a compact electrode of 60% Fe and 40%
WC to enhance the mild steel wear resistance. The EDS study of the coating ensured the
formation of WC in the deposited coating layer along with other phases of WC and W2C
as well as FeC, Fe3C, and Fe3C. As a result, enhancement in the abrasive wear resistance
property was observed. A comparative analysis was reported between positively and
negatively polarized electrodes with 70% Fe and 30% WC for machining 0.4% carbon steel.
The white layer existence was also shown on machined work surfaces irrespective of the
polarity being used. Apart from areas of tungsten-rich formation inside the alloyed white
layer for the negative polarity, cracking and other surface defects were also present at high
pulse energies during machining. For the given pulse energy, the negative polarity led to
the formation of large single craters, while the positive polarity produced a more uniform
and smoother surface [139]. Simao, et.al (2003) experimented to modify the surface of
AISI H13 steel by using an electrode made of WC/Co powder, where Co was used as a
bonding material. The parameters for the experiment were the peak current (1A to 3 A),
machining time of 60 min, pulse on-time (20–40 µs), pulse off-time of 20 µs, and voltage
(125–270 V). In this work, the electrode was sintered partially at a temperature of 1000 ◦C,
which resulted in the formation of uniform coating. The average coating thickness obtained
was 30 µm along with an enhancement in hardness from 640 HV to 1319 HV. It was seen
that there was little effect of open gap voltage on the microhardness of the workpiece [66].
A similar experiment was carried out for the machining of steel (C-40 grade) using compact
tool electrodes of WC/Cu. They captured the existence of both copper and WC over the
workpiece surface, which was deposited for three minutes. They highlighted the major
factors in the deposition process. A microstructure study showed comparatively fewer
microcracks with microhardness increments (200–220 HV to 1200–1632 HV) [124]. The EDM
alloying process on the aluminum surface using a W-Cu-Cr powder metallurgy electrode
showed that the net mass transfer rate increased for a combination of W 65%, Cu 25%,
and Cr 10%. The maximum value achieved for the mass transfer was 80.92 mg/min [140].
Chen, et al. (2008) showed the outcome of surface modifications by using a Cu-W powder
semi-sintered electrode for the high peak current and no-load voltage. The material from
the workpiece was removed for the low peak current and no-load voltage, and a deposit
was also formed over the machined workpiece, which improved its performance [83].

Surface modification was performed using powder metallurgy 75% W–25% Cu-
sintered EDM tools in which it was seen that the thin deposited layer on C40 plain carbon
steel was finely distributed at a lower value of T Ton settings and was comparatively thick
at a higher setting for peak current 10A and 8A, which resulted in consistent sparking and
easy transportation of the tool material. A very thin layer was obtained by maintaining
the sintering temperature at 700 ◦C, compaction pressure at 240 MPa, peak current at 8A,
and pulse on-time at 38 µs; a very thick layer was obtained with the following process
parameter settings: sintering temperature at 700 ◦C, compaction pressure at 120 MPa, peak
current at 10A, and pulse on-time at 256 µs. The microhardness at the hardest region of a
coated layer of a thickness 3–785 µm was 9.81–12.75 GPa, which was enriched with W and
Cu particles along with tungsten carbide formation. Their study showed that the compact
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tool can be used for both machining and deposition by appropriately selecting the process
parameters [126].

Although all the research work performed using W and WC powder in EDC illustrated
the improvement in the overall hardness of the deposited coating layer, the WC formation
resulted in a larger number of cracks forming owing to the high hardness along with the
presence of hard reinforcing phases, such as carbides, which induced brittleness in the
coating; thus, crack generation took place. The cracking reduced the mechanical properties
and especially the fatigue limit of the component, which led to the adaption of different
other hard powders. Hence, high pulse energies during coating must be avoided since they
lead to extensive cracking and surface defects.

Using Titanium/Titanium Carbide Powder Compact Tool Electrode

Titanium is a ductile and soft metal that has a melting point of 1675 ◦C. Ti forms
a chemically inert oxide film, which makes it corrosion resistant, even though TiC is an
extremely hard ceramic metal similar to WC. Researchers reported on EDC coating over the
surface of cutting tools, molds, and die in the presence of EDM oil through a green compact
of TiC. The layer made by the semi-sintered TiC electrode has less defects. Additionally,
the outcome of these experiments showed that its surface hardness is extremely high [141].
Similar research also showed the mold’s adherence was improved three times, and it
became two times stronger than that of molds without coating. Life increased three to seven
times. Additionally, the adhesive strength and tribological characteristics of these surfaces
were enhanced [142]. Another study on aluminum surface modification was reported
using titanium powder (64%) and aluminum powder (36%) compact electrodes. In this
work, the titanium inside the electrode and carbon decomposed from the hydrocarbon
resulted in the formation of TiC and TiA1 composite layers, and TiC with fine dendritic
precipitates was obtained over the workpiece surface. In this regard, the hardness was
achieved in the range of 3.5–10.5 GPa by changing the working time and pulse width. The
morphology showed the formation of the pore was due to a combined effect of decomposed
hydrogen from dielectric and rapid solidification. However, the generation of thermal
stresses was reported, which were due to a change in a constituent of elemental distribution
at a cross-section in the composite layers [143]. Kruth (1995) also proposed the process of the
deposition of TiC over aluminum and aluminum over steel using Ti-Al and Al compact tool
electrodes, respectively. During this experimentation concerning the formation of a white
surface layer phenomenon in the presence of oil dielectric, the carbon content increased
in the white layer and appeared in the form of Fe3C. In contrary to this, machining in
the presence of water causing decarbonization was observed. It was also observed that
negatively polarized porous electrodes favored the maximum tool wear rate [144]. EDC on
carbon steel enhanced the microhardness and wear performance of carbon steel through
the Ti green compact tool at negative polarity. The deposited coating thickness of up to
20 µm showed that the microhardness of the workpiece was increased from 332 HV to
2200 HV at the optimal setting of discharge current 4A and the discharge duration 8 µs. The
reason for enhancement in this hardness is due to the carbide formation after the reaction of
titanium with a carbon of the dielectric. In this regard, the presence of 51% TiC and 48% Fe
in the coated surface was observed through X-ray diffraction analysis [74]. The TiC/Cu
green compact tool was employed for the material transfer on the Al workpiece by this tool
electrode, which resulted in an increase in microhardness from 155 HV to 1800 HV with a
roughness of 8.12 µm and 51.24 mm layer thickness. The higher deposition and current
value lead to a poor surface finish, whilst the lower value of the current provides smooth
surface [145]. In EDC, titanium carbide (TiC) could be used to coat the graphite layer on the
nickel workpiece with the help of a multi-layer electrode. The experimental results result
in the formation of TiC due to a large amount of carbon from the graphite layer, which
enhances the carbon concentration with an increase in the hardness of the coating [95].

EDC coating of titanium carbonitride (TiCN) on carbon steel was carried out, and a
TiCN coating of 15 µm thickness with the presence of a TiC0.3N0.7 phase was obtained.
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The coefficient of friction and wear resistance to abrasion of the coated surface was found
to be superior to the PVD TiN coating sample, as shown in Figure 9a,b. However, the TiCN
surface was composed of a great number of stacked craters. The abrasive wear appeared in
the PVD TiN coating as the applied load exceeded 30 N, whilst the TiCN coating showed
better wear resistance. The maximum microhardness of PVD TiN coating (HV0.2 1980) was
slightly higher as compared to the TiCN coating (HV0.2 1780) [146].
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A tribological study of ED coating deposited through a semi-sintered electrode over
the SS304 and HSS substrate was conducted. The coating that was achieved on HSS was
more wear resistant (two to four times) than SS304, but it also depended on the loading
conditions and substrate type (Figure 10). The variation of the wear rate was also due to
many factors, such as the morphology of the cermet coatings combined with the mechanical
properties of the substrate. Additionally, laser processing of the TiC/Fe electrical discharge
coating deposited onto the SS304 and HSS substrate at 240 W and 280 W power completely
homogenized the coating by eliminating the microcracks and pores of the as-polished
surface formed during EDC, as shown in Figure 11. Still, laser processing resulted in a rise
in the wear rate except for with HSS under high loads [7].
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Here, when the Ti percentage was high in the mixture of Ti/Cu, the electrode compact-
ness decreased, such that the material of the tool electrode material was easily deposited
over the workpiece. It was found that surface roughness was high with a larger amount of
TiC in the electrode material because more overlap craters form for large pulsed discharge
values, making a fluctuant-coated surface that needs to be interrogated. On the other
hand, the multi-layer electrode reduced the surface roughness of the coating; however, the
coated layer inhomogeneity was due to different electrode wear for each material. The
micropore and crack formations can be removed through the EDC process using a sacrificial
electrode of TiC along with Si. Hence, apart from improvement in microhardness and wear
resistance, it is necessary to further reduce the frictional coefficient of the coating for lower
friction losses in the matting parts of a machine component. However, the use of solid
lubricant particles in EDC can exceptionally improve the frictional and wear behavior of
the coated surface.

Using a Solid Lubricant Powder Compact Tool Electrode

Solid lubrication is an effective way to enhance the tribological behavior in a de-
manding service situation because the machinery parts work in a vacuum/at the high-
temperature environment when the normal grease and lubricating oil could not work
effectively. Strong adhesion is required among the workpiece and coating to enhance
the service life of any part that can be achieved by good mixing of a solid lubricant with
the workpiece. In this regard, EDC can be an acceptable process for coating a variety
of materials using solid lubricants, which are used in many industrial applications or to
enhance the wear and friction. Various solid lubricant materials can work in EDC to achieve
this purpose, i.e., tungsten disulfide, molybdenum disulfide, graphite, hexagonal boron
nitride, etc. [147]. A solid lubricant WS2 coating was obtained to fabricate the lubricant
surfaces on the parent material (mild steel) through ED coating in the presence of dielectric
hydrocarbon oil. The green compact of Cu and WS2 powder with a different mixing ratio
of powder (WS2: Cu/40:60, 50:50, 60:40) was prepared. ED coating was deposited using
die sink EDM at various peak current values (4A, 7A, and 10A) and duty factor values
(30%, 50%, 70%, and 90%) at a constant pulse on-time (29 µs) and voltage (40 V) for 4 min
of machining time. The morphology of the coating prepared at the 7A peak current showed
least pores for WS2: Cu/60:40 as shown in Figure 12. The friction and wear behavior of the
coating were analyzed at each duty cycle and current values in which the best value of the
wear and friction coefficient was obtained at 60:40 and 7A peak current, due to maximum
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amount of WS2 in the mixing ratio with the best microstructure at the 7A peak current.
Solid lubricant surfaces showed the minimum value of wear was 6.71 micro with 44.11 HV
of microhardness at a 2 kg load (Figure 13) [6].
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In recent research work, the lubricating coating was also fabricated over mild steel
substrate by using powders of hBN and Cu for making compact electrodes and used as
an EDM tool. The effect on morphology, tribological performance, and hardness of the
hBN−Cu coating layer were discussed. FESEM images ensured fewer pores in the coating
prepared at hBN: Cu/50:50, 10 A current, and 70% duty factor. Due to soft lubricant
nature of hBN, the microhardness drastically reduced up to 75.76 HV. Moreover, the
tribological behavior outcome showed the lubrication nature of hBN, indicating a large
drop in the friction coefficient along with wear resistance [117]. Similarly, the MoS2 + Cu
coating was fabricated onto the mild steel, which also showed enhancement in tribological
properties [102]. Hence, solid lubricant deposition through EDC was found to be the
simplest emerging process of coating.

The tribological behavior of the coating showed excellent behavior in both wear and
friction terms, although some drawbacks include pore formation and quite a low hardness
that needs to be improved in the solid lubricant coating. Table 6 shows the summary of the
past literature work on EDC with green compact electrodes.

Table 6. The summary of past literature work.

Author (Year) Green Compact Tool Findings Deficiency in Research

Wang, Z.L.; Fang, Y.; Wu,
P.N.; et al. (2002) [74] Ti/Cu

Hardness of the w/p was
increased due to formation of TiC
layer over it whose hardness was
3 times that of w/p.

Tribological behavior of
coating was not explored.
Coating layer showed a large
amount of pore formation.

Aspinwall, D.K.; Dewes, R.C.;
Lee, H.G.; Simao, J. (2003) [68] 60% Fe and 40% WC Enhancement in abrasive wear

resistance property was observed.

WC formation resulted in a
larger number of cracks. The
hard reinforcing phases such
as carbides induced
brittleness in the coating.

Zeng, Z.Y.; Xiao, H.Q.; Jie,
X.H.; Zhang, Y.M. (2015) [146] TiC

The coefficient of friction and
wear resistance to abrasion of the
coated surface was found
superior to the PVD TiN coating.

The maximum microhardness
of PVD TiN coating
(HV0.2 1980) was slightly
higher as compared to TiCN
EDC (HV0.2 1780).

Chakraborty, S.; Kar, S.; Dey,
V.; Ghosh, S.K. (2017) [138] SiC/Cu

Microhardness value of
1.5–3 times higher than Al-6351
alloy substrate and coating layer
thickness of maximum 83.644 µm
were achieved successfully.

SiC gets decomposed into Si
and C, so improvement in
hardness is less.
Coating layer also showed a
large amount of crater
formation with an increment
in the proportion of Cu
compact pellets.

Ahmed, N.; Murray, J.W.;
Yuzawa, T.; Nakagawa, T.;
Sarugaku, S.; Saito, D.; Brown,
P.D.; Clare, A.T. (2020) [112]

Stellite

Thick electrical discharge
coatings, also known by the
commercial name “MSCoating”,
can be applied on complex shapes
and cavities to repair components
or act as protective coatings.

Wear and friction behavior of
coating was not explored.

Tyagi, R.; Das, A.K.;
Mandal, A. [123] MoS2 + SiC

Hard and solid lubricant coating
was deposited on the steel, which
showed hydrophobic properties.

Hardness was distrubuted
non uniformly over the
substrate, which led to less
improvement in hardness.
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Table 6. Cont.

Author (Year) Green Compact Tool Findings Deficiency in Research

Tyagi, R.; Patel, V.S.; Das, A.K.;
Mandal, A. [122] Brass + Cu

Low friction coeffcient and
corrosion was reported along
with defect reduction.

Hardness is not elaborated.
Reason of using brass with
copper still need to
be identified.

Tyagi, R.; Swaraj, S.; Mandal,
A.; Das, A.K. [114] MoS2 + hBN

Reduction in pores was observed
by using hBN powder in
MoS2 tool.

The resaon of using two solid
lubricants together is not
explained well. Additionally,
the effect of process
parameters on hardness is
not explained.

Using Multi-Layer Electrode

Researchers have tried to use multi-layer green compact electrodes where different
materials can be used in different layers, as shown in Figure 14 [95], as per the requirement.
In this regard, Hwang, et al. (2010) proposed EDC with a multi-layer electrode to coat
the titanium carbide layer on the surface of a nickel workpiece. The multi-layer electrode
(MLE) is composed of titanium (Ti) and graphite (Gr) layers. The results obtained using
both MLE and mixed powder green compact were compared. It was reported that the MLE
for this powder combination produced better results in terms of microhardness, surface
roughness, microcracks, and wear abrasion resistance [95]. These outcomes were consistent
with reported results of Murray, et al. (2016). Further studies claimed that the coating
layers can be produced on the complex surfaces [148,149].

Processes 2022, 10, x FOR PEER REVIEW 28 of 47 
 

 

 
Figure 14. Schematic of TiC layer over the Ni workpiece by multi-layer electrode [95]. 

With the help of EDC, a TiC coating was developed to eliminate the defects by incor-
poration of silicon debris. EDX maps in Figure 15a shows the Ti was present throughout 
the coating, as shown in SEM, though its distribution was not completely consistent. These 
different bulk structures were due to variation in the corrosion regime during the etching 
process. The wear resistance of both single and multi-layer coatings of TiC over stainless 
steel was evaluated with the assistance of ball-on-flat wear testing, which showed the best 
results of wear regardless of cracking left in the TiC single layer coating. The surface 
cracks were eliminated and worse friction was produced in a double coating of TiC + Si 
in comparison to TiC. The coating of TiC + Si resulted in zero porosity and negligible sur-
face cracks, as illustrated in Figure 15b. The cross-sectional images of the TiC + Si double-
layer show that cracking was completely removed as the lower melting point of Si than 
TiC, which resulted in the removal of the majority of the Si as it reaches the workpiece 
surface, owing to the explosive effect of discharge that prevents penetration inside the 
coating layer [148]. Recently, the mechanism of TiC coating that eliminates the defects by 
incorporation of Si debris was explained. Figure 16 shows the mechanism involved in im-
proving the coating layer defect when Si as an electrode was used at the end of the coating. 
These low-density Si particles served in enhancing the gap width, as Si enhances the uni-
formity and density distribution of its particles between the spark gaps. Due to this, bub-
ble expansion became slower when there was a smaller gap. The process of resolidification 
and expulsion of the material becomes less intense; therefore, the composite coating layer 
has fewer cracks and pores with low surface roughness. Hence, the attenuation process of 
spark discharge through gap widening by Si debris resulted in excellent layer properties. 
They concluded that these coatings can be generated on components with complex sur-
faces [149]. Table 7 shows the summary of the past literature work on EDC with a multi-
layer electrode. 

 
Figure 15. Images of coating cross-sectional showing BSE and EDX maps of (a) TiC layer and (b) 
TiC + Si coating layer [148]. 

Figure 14. Schematic of TiC layer over the Ni workpiece by multi-layer electrode [95].

With the help of EDC, a TiC coating was developed to eliminate the defects by incor-
poration of silicon debris. EDX maps in Figure 15a shows the Ti was present throughout
the coating, as shown in SEM, though its distribution was not completely consistent. These
different bulk structures were due to variation in the corrosion regime during the etching
process. The wear resistance of both single and multi-layer coatings of TiC over stainless
steel was evaluated with the assistance of ball-on-flat wear testing, which showed the best
results of wear regardless of cracking left in the TiC single layer coating. The surface cracks
were eliminated and worse friction was produced in a double coating of TiC + Si in compar-
ison to TiC. The coating of TiC + Si resulted in zero porosity and negligible surface cracks,
as illustrated in Figure 15b. The cross-sectional images of the TiC + Si double-layer show
that cracking was completely removed as the lower melting point of Si than TiC, which
resulted in the removal of the majority of the Si as it reaches the workpiece surface, owing
to the explosive effect of discharge that prevents penetration inside the coating layer [148].
Recently, the mechanism of TiC coating that eliminates the defects by incorporation of Si
debris was explained. Figure 16 shows the mechanism involved in improving the coating
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layer defect when Si as an electrode was used at the end of the coating. These low-density
Si particles served in enhancing the gap width, as Si enhances the uniformity and density
distribution of its particles between the spark gaps. Due to this, bubble expansion became
slower when there was a smaller gap. The process of resolidification and expulsion of
the material becomes less intense; therefore, the composite coating layer has fewer cracks
and pores with low surface roughness. Hence, the attenuation process of spark discharge
through gap widening by Si debris resulted in excellent layer properties. They concluded
that these coatings can be generated on components with complex surfaces [149]. Table 7
shows the summary of the past literature work on EDC with a multi-layer electrode.
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Table 7. Summary of the past literature work on EDC with a multi-layer electrode.

Author (Year) Workpiece Green Compact Tool Findings Deficiency in Research

Murray, J.W.; Cook, R.B.;
Senin, N.; Algodi, S.J.;
Clare, A.T. 2020 [149]

304 stainless steel TiC, Si, Cu, WC, and Zr

A composite coating
layer was formed.
showing fewer cracks
and pores with low
surface roughness.

A small level of Si (~5–6%
at maximum) present in
the TiC coating served to
reduce the mean
hardness of the coating.

Priadi, D.;
Siradj 2013 [150] KD 61 steel Graphite and copper

This study shows that
jatropha curcas
dielectric fluid has
potential to be used in
the EDM process since
it produces a smoother
surface and higher
white layer
hardness value.

This coating cannot be
applied as an MS coating
to repair components due
to low recast
layer thickness.

Hwang, Y.L.; Kuo, C.L.;
Hwang, S.F. (2010) [95]. Nickel Ti and Gr

TiC due to a large
amount of carbon from
the graphite layer
enhances the carbon
concentration, which
increases in the
hardness of the coating.

Coated layer
inhomogeneity was due
to different electrode
wear for each material.
A few micron thickness
was obtained; therefore,
the coating cannot be
used for complex shapes.

3.2. Powder Mixed Dielectric Coating

The coating action was also examined when the metal powder was added inside
the dielectric fluid by the addition of various metal powders, including graphite, nickel,
chromium, and silicon, into the dielectric to enhance the workpiece surface characteristics,
such as resistance to wear, microhardness, and corrosion. By using conductive powders,
the spark gap distance can be enlarged along with improvement in the surface due to
reduction in spark energy and the more random dispersion of discharges all over the
surface [151]. The solid electrode is also used to deposit different combinations of materials
for the deposition process.

3.2.1. Surface Coating Using a Suspension of Powder/Gas in Dielectric

By mixing the powder in the working dielectric, the green compact electrode prepara-
tion process can be excluded in EDC, and the desired surface coating is obtained over the
workpiece [152]. The spark generation between the workpiece and the electrode causes
some reaction between the mixed powder and carbon particles, due to which a layer of
necessary material is obtained over the workpiece [153]. Figure 17 shows the schematic of
powder mixed EDC, which is sometimes also termed as electrical discharge alloying [78].
The particles of powder suspended in hydrocarbon oil assist in the ignition by enhancing
the probability of higher discharge and reducing the insulating hydrocarbon oil breakdown
strength, and hence, the sparking efficiency is enhanced. Additionally, the increase in mi-
crohardness of the coated layer is observed as the powder concentration changes [154,155].

The Suspension of Solid Lubricant

The solid lubricant layer over the stainless steel and carbon steel is obtained by
suspending molybdenum disulfide powder in dielectric fluid when short pulse duration,
high open-circuit voltage, low discharge current, and moderate pulse interval are used
to fabricate components required for ultrahigh vacuum applications. Some drawbacks
were found with the process, including the difficulty in confirming that the powder is
maintained in suspension process [156]. The powder settling issue in EDM was solved
by surfactant addition along with powder particles inside the dielectric fluid. It was seen
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that surface roughness was improved to 0.2 µm owing to an improvement in discharge
distribution [157]. Further, the EDC process also adopted the process of the powder mixed
dielectric to deposit the coating material. Previously, the EDC process was employed to
apply titanium carbide (TiC) on the 45-carbon steel surface by using a titanium powder-
sintered electrode as the tool along with EDM oil with both graphite-mixed (GM) powder
as well as a powder without graphite (WG). The machined surface had a higher value
of hardness (1360–1420 HV0.05) with the GM TiC coating due to the additional carbon.
Similarly, the friction coefficient in GM coating reduced from 0.13 to 0.1 under the 20 N and
50 N load, respectively, due to formation of the lubricated surface at the contact area with
the deposition of amorphous carbon from graphite [78]. The powder mixed EDM coating
was performed on AISI H13 tool steel substrate by varying the discharge current and
processing time along with MoS2 particle size from 2 µm to 15 µm, which was suspended
within the dielectric. Molybdenum particles with particle size < 15 µm at 10A current
showed a uniform coated layer free from pores and microcracks with a thickness of 5 µm
and 14 GPa hardness. Microhardness of the resolidified layer improved four times due to
the presence of Mo in the solid solution along with various phases of Mo, such as Fe-Mo
and MoxC, which were investigated from EDX and XRD analyses [158].
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Hence, the solid lubricant powder suspension along with powder-sintered electrode
is found to be helpful in achieving better hardness and tribological properties as compared
to other different materials [159]. MoS2 can be decomposed into other compounds due
to spark heat, and MoS2 gets deposited over the metals with a lower melting point than
MoS2. The irregular concentration of MoS2 causes the dispersion of lubricant duration.
The extension of gap length causes better roughness. However, few surface defect forma-
tions were observed, and further investigation should be performed using other different
powder combinations.

The Suspension of Titanium Powder

The use of conductive powders (aluminum, graphite and semiconductive silicon
powders) is suggested to obtain a mirror-like finish over the SKH-54 substrate. Although
aluminum powder was unsuccessful in achieving a target, silicon powder and graphite
powder provided a mirror-like finish. It was concluded that the negative polarity of the
electrode was essential to attain the mirror finish [160]. Many experiments were carried out
with chromium, aluminum, silicon carbide, and copper powders in which it was observed
that aluminum provided the finest surface finish on the SKD-11 work surface followed by
chromium [104]. The worst surface features were produced by the copper.

After seeing the flow of the dielectric inside the EDM, the application of a rotating
disk and thin electrode were expected to maintain a high powder concentration between
the spark gap and accrete of powder over the workpiece. Accretion machining was used at
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different electrical conditions. The Ti powder was suspended in kerosene to prepare the
TiC layer of a thickness of 150 mm with high hardness (1600 HV) on carbon steel by using
a 1 mm diameter electrode. When a disk was kept closed to a plate that rotates inside a
viscous liquid, the disk started dragging the liquid in the gap in between the plate and
disk. In this way, the powder concentration in the discharge gap was kept high, and a
broader region of accretion was achieved with the help of gear shape rotary electrode [161].
The tungsten carbide surface was modified in the presence of dielectric oil mixed with
titanium powder. By using this tungsten carbide in the presence of dielectric oil mixed
with titanium powder, the variation in duty cycles and current resulted in a variation in the
coated layer thickness. The sparking procedure inside a dielectric allowed for workpiece
wear through the heat of the reaction, which led to workpiece melting (Figure 18a). As
the spark stopped, the workpiece surface returned into a cooling state and formed a layer
(Figure 18b). This comprised a splattered layer and another layer that was removed during
the spark process. The second layer was formed due to melting of material that was not
removed and therefore named as a recast layer, and some heat-affected area was observed
due to the melting and solidification process. This caused metal contamination onto the
workpiece as a coating layer (Figure 18c). The prepared coating of TiC exhibited high
hardness (1750 HV) without generating microcracks [114].
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The SEM images of the machined surface, as shown in Figure 19, prepared by EDC
and conventional EDM illustrate that the density of the microcrack obtained by EDM
was greater and longer as compared to those achieved through EDC. Furthermore, recast
layers over the machined workpiece showed a complete removal of cracks in EDC. In this
work, the surface obtained by EDC was better and smoother than the surface achieved
through EDM. Figure 18a represents the experimental set-up for the experimentation. It
can be seen in Figure 18b that there are three layers, which consist of a base metal, heat-
affected region, and a recast layer. This contained contaminated metallic particles due to
the dielectric environment and the existence of carbon disintegrated from the hydrocarbon
oil. Additionally, the formation of TiC increases the microhardness of the coated layer
without the formation of microcracks, as shown in Figure 18c [114].
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Using Hydroxy-Apatite (HA) Mixed Dielectric

Ou, et al. (2016) described a method to modify the surface of titanium alloy by electrical
discharge coating (EDC). In this work, a hydroxy-apatite (HA) coating was prepared over
a 70Ti–30Ta alloy by using EDC followed by hydrothermal treatment. They used HA
powder with distilled water as a dielectric medium. They showed that the coated surface
was comprised of Ti and Ta oxides and contained P and Ca, and the coating thickness of
approximately 7 µm was deposited with a roughness of Ra 2 µm. They reported that, after
hydrothermal treatment at 150 ◦C, the incorporated P and Ca got precipitated to form petal-
like HA crystals over the coating, and the coating showed hydrophilic tendencies. In this
way, the surface treatment highly enhanced the wettability of the Ti–Ta alloy surfaces [162].
However, no significant change in roughness was obtained before hydrothermal treatment.

Quarry Dust Suspension

To improve the surface finish by EDC, quarry dust is utilized, which is an environ-
mental waste formed by crushing the stones to acquire concrete aggregates. Recently,
Ching, et al. (2020) modified the tungsten carbide cobalt (WC-Co) surface by using the
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different concentrations of waste quarry dust as a material of coating in EDC process.
Figure 20 shows the EDC set-up for quarry dust suspension. The improvement in hardness
and surface finish with negligible microcracks and micropores was observed at a dust
concentration of 10 g/L [121]. It is clearly seen that the coating layer thickness increased
with the increment of the current and pulse interval (Figure 21) [163]. However, a few
micrometer thicknesses were obtained, and this process can be only used for thin coating
preparation. These results proved the ability of reusing quarry dust as an eco-friendly
coating material in the surface modification process. Table 8 shows the summary of past
literature work on EDC with powder mixed additive.
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Table 8. Summary of past literature work on EDC with powder mixed additive.

Author (Year) Workpiece Powder Additive Findings Deficiency in Research

Ou, S.-F.; Wang,
C.-Y. (2016) [162] 70Ti–30Ta alloy hydroxyapatite (HA)

with distilled water

A composite coating
layer was formed
showing fewer cracks
and pores with low
surface roughness.

A small level of Si
(~5–6% at maximum)
present in the TiC coating
served to reduce the
mean hardness of the
coating notably.

Priadi, D.; Siradj 2013 [150] Aluminium alloy TiN powder additive

This study shows that
jatropha curcas
dielectric fluid has
potential to be used in
the EDM process since
it produces a smoother
surface and higher
white layer
hardness value.

Cannot be applied as MS
coating to repair
components due to low
recast layer thickness.

Li, S.L.; Mai, Y.J., Huang,
M.Y.; Jie, X.H. [164] H13 steel EDM oil with

graphene oxide

Hierarchical TiC
phase-enhanced cermet
coatings with superior
tribological
performance have been
successfully prepared
by EDC process using a
RGONS
mixed dielectric.

Coated layer
inhomogeneity was due
to different electrode
wear for each material.
A few micron thickness
was obtained and cannot
be used for
complex shapes.

Chen, H.J.; Wu, K.L.;
Yan, B.H. [96] Aluminium TiN powder

(0.5 µm) additive

TiN powder additive in
kerosene not only can
enhance the EDC
surface quality, but also
decrease COF and
enhance the wear
resistance of the
Al alloy.

Only few micrometers
recast layer thickness can
be formed.

Mohanty, S.; Das, A.K.;
Dixit, A.R. [165] Titanium alloy WS2, MoS2

Residual stress has
been reduced by using
solid lubricant as a
powder
mixed additive.

Powder mixed EDC
results in few
micrometres recast
layer thickness.

Mohanty, S.; Kumar, V.;
Das, A.K.; Dixit, A.R. [159] Titanium alloy hBN powder

mixed additive

This study shows that
WS2 powder mixed
coating results in in
high wear resistance.

Cannot be applied as MS
coating to repair
components due to low
recast layer thickness.

The powder suspension method using TiN led to better results as compared to the
compact electrode technique; hence, further research was then performed using other
different suspended powders in a dielectric.

Using Dry EDC Process

Dry EDC is a newly developed technology that needs either gas or a combination of
fluid (water or oil) and gas in the dielectric liquid. This process helps to reduce the cost
of oil- or liquid-based dielectric fluid. In addition, the environmental pollution can be
overcome through the dry EDC process by preventing this process from forming any type
of byproduct, which assists in avoiding human health hazards. In this direction, Chen, et al.
(2013) deposited a TiN ceramic coating by using dry EDC in which high discharge energy
resulted in a coarser layer along with presence of a weak phase of Ti2N and slight AlN



Processes 2022, 10, 1971 35 of 46

phase (Figure 22). Additionally, the presence of a few voids was also observed owing to
uneven coverage and cracks formed as a result of a mismatch of thermal expansion between
the Al and TiN matrix. Additionally, TiN grains adhered over the Al alloy as a result of
insufficient energy. Considering EDC, the optimum selection of discharge parameters could
allow for Ti particles to react with N2, and at that time, a TiN film can homogeneously be
deposited over the Al alloy [166]. In this work on dry EDC, the tribological behavior of the
coating was missing. Meanwhile, it also contained a few voids in the film due to incomplete
coverage, and microcracks resulted from the thermal expansion mismatch between TiN
and the Al matrix.
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4. Applications of Surface Modified by EDC

There are various surface-coating technologies used currently, including electroplating,
laser cladding, physical vapor deposition, and plasma spraying [9]. However, EDC is
yet not widely employed by industries, even though many studies have highlighted its
functions in different sectors and applications, as shown in Figure 23. EDC has a large range
of applications in both the automotive and manufacturing industry. In the manufacturing
field, surface modification through EDC is employed in electrical discharge texturing or
roll texturing. In addition, it is extensively used in automotive industries in reducing the
wear of aluminum and its alloys used in the aerospace and automobile industries [96].
Surface alteration is also applied successfully in a tool, die, and mold manufacturing
industry; turbine blades making; automotive industry; and in other many industrial
applications [167]. On the other hand, it can be applied in a coating on cutting tools to
enhance its cutting performance and life, aa well as the surface alloying of dies, molds, and
machining parts [168]. These applications are discussed in detailed below.
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4.1. In Roll Surface Texturing

Roll texturing is also named as the electric discharge texturing (EDT) process, which is
one of the EDC applications. Roll texturing was used to deposit a hard particle of compact
tool (Ti/W/Cr) onto the roll surface due to the electrical spark formed between a compact
tool and roll. The industrial temper mill work rolls are one of the examples of roll texturing
where the concept of EDC is employed. EDT is carried out by shot blasting and cross-
grinding. It was observed that higher concentrations of W and Ti get deposited at the roll
surface. The microhardness was due to the presence of hard carbides of W and FeC. The
process of texturing of Sendzimir rolls through electrical discharge is also applied for the
production of steel sheets. The hardness of the workpiece increases with improvement in
its performance and the life cycle of the roll in roll texturing [8]. The electrical discharge
coating was also employed with TiC-sintered tool to analyze the microhardness, coating
thickness, surface roughness, and wear performance of the coated layer deposited on the
roll surface. It was desirable for the better service life of the roll for industrial applications
for consistent control of the surface texture. The method of skin-pass rolling was used for
the evaluation of steel sheet surface texture by maintaining the roll surface topography. The
effect on the clarity of coating and formability of the sheet press was studied. A hard layer
was formed by EDC with a TiC electrode, which showed a Vickers hardness of greater than
HV1500 and controllable surface roughness. The wear of coated rolls generated was greater
than chrome-plated rolls [92]. Further, EDC was applied on A2 steel and over the temper
mill roll by using the cemented tungsten carbide electrode as shown in Figure 24 [169].
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4.2. To Repair the Turbine Blade

Thick EDC, which is known as “MS coating”, is applied to repair components. Con-
ventionally, in the repair process of airplane engines, surface modification or cladding
methods, such as plating, welding, or metal spray, are used. As an example of application
of microspark coating, the sample is used in the low pressure turbine (LPT) blade interlock
of the airplane engine [21,23].
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4.3. Pattern Generation and Stamping

By using reverse EDM and by changing the process parameters, it is possible to
produce the complex-shaped pattern [170,171]. Recently, a green compact tool was used
to generate a predefined pattern by depositing its constituent materials [172]. EDC is also
known as “MS coating” by which marks of two companies are stamped. It can be observed
that even the edges of marks can be stamped clearly without masking [21,23].

4.4. In Guide Bars, Seat Supports/Bearing Plates

The metal weight and its quality have an important role in aerospace industries.
Aluminum and its alloys have attracted attention in the automotive industry owing to the
high specific strength and lightweight properties such that it can replaced steel. There is a
variety of applications of aluminum alloys that have been used in the automotive industry
to improve the tribological performance of [173]. Aluminum and its alloys suffer erosion
due to the effect of airborne particles; hence, a coating is an effective way to overcome
its erosion. To provide these qualities, EDC becomes an effective technique in terms of
the coating.

4.5. In Die and Mould Coating

Other various vital industrial applications include manufacturing of mold, die, and
turbine blades to prevent the defects as shown in Figure 25 [174,175]. EDC provides a
hard and corrosion-resistant layer without changing the properties of the original material,
which has broadened its application in die, tools, molds, turbine blades, etc. as they erode
due to corrosion. Researchers reported that the life of molds and cutting tools can be
enhanced by applying EDC coating using a Ti or TiC electrode [141,142,176].

Processes 2022, 10, x FOR PEER REVIEW 38 of 47 
 

 

of microspark coating, the sample is used in the low pressure turbine (LPT) blade interlock 
of the airplane engine [21,23]. 

4.3. Pattern Generation and Stamping 
By using reverse EDM and by changing the process parameters, it is possible to pro-

duce the complex-shaped pattern [170,171]. Recently, a green compact tool was used to 
generate a predefined pattern by depositing its constituent materials [172]. EDC is also 
known as “MS coating” by which marks of two companies are stamped. It can be observed 
that even the edges of marks can be stamped clearly without masking [21,23]. 

4.4. In Guide Bars, Seat Supports/Bearing Plates 
The metal weight and its quality have an important role in aerospace industries. Alu-

minum and its alloys have attracted attention in the automotive industry owing to the 
high specific strength and lightweight properties such that it can replaced steel. There is 
a variety of applications of aluminum alloys that have been used in the automotive indus-
try to improve the tribological performance of [173]. Aluminum and its alloys suffer ero-
sion due to the effect of airborne particles; hence, a coating is an effective way to overcome 
its erosion. To provide these qualities, EDC becomes an effective technique in terms of the 
coating. 

4.5. In Die and Mould Coating 
Other various vital industrial applications include manufacturing of mold, die, and 

turbine blades to prevent the defects as shown in Figure 25 [174,175]. EDC provides a hard 
and corrosion-resistant layer without changing the properties of the original material, 
which has broadened its application in die, tools, molds, turbine blades, etc. as they erode 
due to corrosion. Researchers reported that the life of molds and cutting tools can be en-
hanced by applying EDC coating using a Ti or TiC electrode [141,142,176]. 

 
Figure 25. Defects in die and molds [174,175]. 

4.6. In the Biomedical Field 
The application of EDM has also been extended up to orthopedic implants due to 

involvement of a new technology in which dielectric fluids are mixed with certain addi-
tives i.e., powders of metal, surfactant, and different types of gases. It comprises mixing 
the liquid dielectric with some additives, for example, surfactant, metal powders, oxygen, 
and nitrogen gasses, which have extended the applications of EDM. Apart from enhanc-
ing the resistance to wear and corrosion, the mixing of additives has immensely helped in 

Figure 25. Defects in die and molds [174,175].

4.6. In the Biomedical Field

The application of EDM has also been extended up to orthopedic implants due to
involvement of a new technology in which dielectric fluids are mixed with certain additives
i.e., powders of metal, surfactant, and different types of gases. It comprises mixing the
liquid dielectric with some additives, for example, surfactant, metal powders, oxygen, and
nitrogen gasses, which have extended the applications of EDM. Apart from enhancing
the resistance to wear and corrosion, the mixing of additives has immensely helped in
enhancing the mechanical properties and fatigue life of orthopedic implants [177,178].
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Further, the applications of additive mixed process help to prepare the biocompatible and
nanoporous coating film over the machined implant surface [115,179]. Figure 26 shows
the artificial hip joint and corrosion occurred after implantation [180,181]. In summary, the
EDC has an excellent contribution to modify the material surface and functionalization for
biomedical applications [178,182–184]. With the help of EDC process, the biocompatibility
of artificial implants can be upgraded by the cells’ attachment and proliferation [185,186].
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5. Challenges in the EDC and Future Scope

As the components with superior tribological properties are in high demand for
industrial applications, EDC has emerged as a promising coating technology. Its tool
electrode material, electrode size, process parameters, and type of dielectrics can directly
affect the surface integrity of the workpiece. However, the pasdt literature of EDC is
limited to certain materials and effects of this process on other materials like aluminum,
and its alloys are unexplored. Additionally, investigations of the solid lubricant coating
through EDC is a major research gap. Further, the following issues need to be focused on
for achieving a desired electrical discharge coating:

• A major drawback in EDC process is that the position of tool electrode and workpiece
should be parallel, which influences the uniformity in the coating.

• The phenomenon results in accretion in which a new layer formation and material
removal occur together, which needs to be identifiable. Hence, the tool wear should
be increased as compared to the cutting speed of the base material.

• Despite the minimization of defects in EDC as compared to EDM, the surface rough-
ness of the coating gets compromised, which needs to be improved.

• The circulation of liquid dielectric and debris removal are general problems in coating,
which restrict the efficiency of the coating process.

• There is no/light flushing used in ED process; hence, arcing is the major issue in EDC
that deteriorates the surface finish and restricts the proper deposition, which leads to
an unstable coating process.

• Degradation of surface roughness in EDC is observed for an improper composite
powder mixing duration in mortar and for using dielectric oil with a random selection
of process parameters.

6. Conclusions

Past literature on research of EDC has manifested its feasibility and necessary improve-
ments in the surface characteristics. However, this technique is still in the experimental
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stage, and many more problems need to be resolved before the method can be adopted by
any industry. In this regard, the following general conclusions can be drawn:

1. The process of surface coating by means of green compact electrodes and the powder
suspension EDC method proposed is a good option in place of other costlier tech-
niques of surface coating like laser cladding, thermal spraying, electroless plating,
etc. In EDC, the current and pulse on-time in EDC is identified as a major effective
parameter in the EDC process.

2. The green compact tool prepared with hard powders (TiC and WC) showed high
hardness and more defects, and the coating with soft powders (WS2, MoS2 and hbn)
showed low hardness with less defects. Therefore, researchers have suggested both
hard and soft powder in the green compact tool to impart desirable properties.

3. By mixing the powder in the working dielectric, the green compact electrode prepara-
tion process can be excluded in EDC. By preparing a hydroxy-apatite (HA) coating
by powder mixed EDC, hydrophilic properties can be achieved. Further, the TiC
powder mixed coating also showed high hardness, but the presence of defects needs
to be reduced.

4. The multi-layer electrode was also used in EDC, and researchers have tried to use
multi-layer green compact electrodes to reduce the defects in TiC coatings. However,
a low recast layer thickness was obtained by using this type of electrode, which cannot
be used for complex-shaped parts.

5. Among all these processes, the dry EDC process proved to be the best alternative to
reduce the environmental pollution. In this study, the tribological behavior of the
coating was missing, and the coating also contained a few voids in the film due to
incomplete coverage and microcracks.

6. From an application point of view, EDC has a large range of applications in both
the automotive and manufacturing industries. The application has also been ex-
tended to orthopedic implants for enhancement of wear and corrosion resistance,
mechanical properties, and fatigue life. Further, the process can also be applied in
biomedical applications.
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