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Electrical discharge machining (EDM) is a highly precise technology that not only facilitates the machining of

components into desired shapes but also enables the alteration of the physical and chemical properties of

workpieces. The complexity of the process is due to a number of regulating factors such as the material of the

workpiece and tools, dielectric medium, and other process parameters. Based on the material type, electrode

shape, and process configuration, various shapes and degrees of accuracy can be generated. 

EDM  workpiece  electrode tool (ET)  dielectric  technology

1. Introduction

At the outset of his scientific career in the 1760s, the English chemist Joseph Priestley embarked on a journey both

in England and America supported by fellow scientists John Canton, William Watson, Timothy Lane, and Benjamin

Franklin to study the history of the emergence and development of electricity . Their study of existing

experimental results and the influence of Benjamin Franklin catalyzed their own innovative and original research .

One of the most interesting results of the experiments of J. Priestly was an observation of the metal erosion effect

under the action of an electric charge . With further research, the scientist abandoned the topic of electricity

and became more famous for his scientific research in pneumatic chemistry. However, the effect of material

erosion with electric discharge formed the basis of non-traditional technological methods. Electric arc welding,

proposed in the 1800s by Vasily Petrov, remained the main method of shaping using electric discharges for quite a

long time . As stated in 1938 by L.A. Yutkin, the electrohydraulic effect  became the motivation for the

development of the method of electro-spark processing of metals, founded by Boris and Natalia Lazarenko . On 3

April 1943, the priority in the discovery of a fundamentally new method of metal processing was confirmed by these

USSR authors. In 1946, the electro-erosion method for processing conductive materials was patented in five more

countries, namely France, USA, Switzerland, Great Britain, and Sweden . The scientific foundations of

electroerosive machining and the main stages of development are reflected in a monograph . However, the

technology was widely developed after the introduction of a numerical control (NC) system to increase the

accuracy of the process . The studies of electro-erosive piercing were initially aimed at optimization, control, and

planning of the process, as well as theoretical description and modeling of thermophysical analysis . In 1989

and 1993, the first attempts were made to mathematically describe the material removal process in terms of the

cathode, anode, and plasma . Even later, the models of Dibitonto et al., based on the electrothermal
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concept of process description, contend with several modern studies regarding the description of the material

removal rate (MRR) ratio . According to B. Lazarenko, the reign of mechanical metal processing is over and

electrical forces will take its place as a more highly organized process and the future belongs to a new material

processing. Now electrical discharge machining (EDM) can be safely called one of the greatest breakthroughs of

the 20th century. There are many studies aimed at reviewing the technological process and the trajectories of its

development, classifying the main areas of research on EDM and existing machines, as well as the current state of

the problem from various points of view . At the same time, most studies consider new

developments from the components of the process such as experimentation, optimization, processing of individual

materials, surface morphology, modeling, application in science and technology, micro-electro erosive machining,

surface modification, ecology, etc. .

2. EDM Processing

Pulsed electrophysical action involves the application of highly concentrated electrical energy to alter the shape,

size, roughness, and surface properties in EDM. Figure 1 illustrates the general schematic of this process.

Figure 1. Schematic represents the basic principle and working of the EDM technology.

Initially, this technology found its application in shaping the surfaces of conductive hard-to-machine materials with

complex physical and mechanical properties . Over time, the scope of this technology expanded to include

materials with low electrical conductivity, such as ceramics and composites . The fundamental principle of this

technology relies on non-contact material removal from both the cathode and anode in a dielectric medium,

achieved through the creation of a plasma channel generated by a highly concentrated electric discharge within a

specific gap . The energy from the discharge transforms into thermal energy, reaching temperatures between

6000 and 12,000 °C. In this superheated state, the material melts and evaporates, and the resulting molten
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material is washed away by the dielectric liquid, forming craters in a phenomenon known as electrical erosion 

.

The final outcome is influenced by various factors, including the operational modes and types of the technological

process, the processing mechanism, the experimental setup, the choice of dielectric, the electrode tool (ET), the

workpiece material, and the condition of both the cathode and anode surfaces . Depending on machining

efficiency and surface layer requirements, the process is categorized into four types: roughing , semi-finishing

, finishing , and super-finishing . Roughing, or pre-treatment, prioritizes high productivity but may sacrifice

surface quality. Semi-finishing aims for a smooth surface free from defects like peaks and valleys, scratches, and

chips. Finishing results in a surface without technological allowances, often with the desired shape, dimensions,

and required roughness. Superfinishing is employed to create specific micro-level surface structures or relief

patterns. Achieving a particular type of surface treatment is directly tied to productivity and necessitates specialized

equipment and expertise.

From the very beginning, EDM technology has continuously evolved. In the current landscape, EDM is no longer

limited to shaping/machining alone. As part of this research, the researchers have identified five primary and two

nonstandard areas of practical electro-erosion application (Figure 2).
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Figure 2. Classification of the applications of EDM technology (the list is still evolving).

Wire-electrical discharge machining (WEDM) serves a dual purpose, involving both cutting and contouring

processes . In this method, a wire acts as the ET. WEDM is characterized by a complex iterative process

that involves an unpredictable cratering mechanism . The processing conditions and the physical, mechanical,

and thermomechanical properties of the materials can result in wire breakage and even damage to the material

itself . Notably, WEDM offers certain advantages, such as effectively providing a constantly renewed tool in

the processing zone, and relatively low tool costs . However, due to the heat-affected zone, WEDM finds its

primary application in roughing processes, especially in small-batch production .
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Die-sinking EDM employs electrical erosion piercing technology . The concept of material removal

through electrical erosion was pioneered by Boris and Natalia Lazarenko . In the die-sinking EDM process, the

tool electrodes, which come in various geometric configurations ranging from canonical to complex shapes, are

used to shape and machine the surface. Electroerosive piercing is a widely adopted technique, particularly for

crafting molds, stamps, and other intricate systems . In the EDM milling method , a tool is rotated

and moved along a specific trajectory, somewhat resembling standard milling techniques. However, EDM milling

achieves the desired part shape through non-contact electrical erosion . One notable advantage of this process

is the standardization of electrodes . The electrode’s profile intricately depends upon various factors such as

wear, tool path, gap distance, and material redistribution . There is also an electro erosive analog of the drilling

process . EDM drilling is associated with the rotation of the electrode during surface treatment . The

main problem of this process is to create deep holes using electro-erosion . In this process , low

productivity of processing is noted, and poor-quality removal of material debris that arose after erosion. Surface

quality and machining accuracy are also reduced due to the inaccessibility of gaps for cleaning and debris removal.

The main advantage of the technology is obtaining surfaces with better accuracy and quality than with mechanical

drilling . Modern research considers modification of EDM drilling technology to improve surface quality and

increase the depth of material removal .

The development of micro and nano systems, driven by technological progress , has a notable impact on

EDM. Specifically, micro electrical discharge machining (MEDM) plays a crucial role in creating microstructures 

. MEDM technology incorporates various processing methods, including wire , sinking , drilling ,

and milling .

The active development of electrical erosion technologies is utilized with EDM’s inherent tool wear or erosions.

One such technology is electrical discharge coating (EDC), which utilizes tool wear/erosion to create functional

coatings . The quality of the coating and the percentage of the desired material depends largely on

factors such as tool material and processing conditions (including dielectric flushing, electric arc, and reverse

charges) . Surface modification represents a new dimension of EDM , involving the controlled transfer

of material from the tool to the workpiece as an evolving area within EDM.

Electro-erosion edge honing (EEEH) is another emerging technology aimed at altering tool geometry . It

involves rapidly rounding the sharp edges of tool electrodes to achieve the desired geometry and it can also be

considered a novel aspect of EDM.

The widespread adoption and advancement of EDM is primarily driven by its diverse applications, ranging from

micromachines to biomedicine and spanning various industries such as aviation and shipbuilding .

In aviation, EDM is instrumental in creating components like disks, recesses for turbofan engine blades, sealing

grooves, and diffusion holes . The automotive industry also benefits from EDM, particularly in the

production of fuel injection and cooling nozzles . In microelectronics, EDM is used for creating micro-holes and

micro-parts .
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Gears can be cut using WEDM or created from molds made through die-sinking EDM . Over recent decades,

EDM has become an integral part of industrial production processes. Beyond precision machining, EDM has found

extensive applications in biomedicine. In this context, the technology is primarily used to create unique functional

surfaces with desired tribological properties . These materials play a crucial role in modern implantology,

with surface morphology contributing to the efficient integration of materials into natural organic structures .

Despite its prevalence, EDM is a very complex process with a large number of factors and problems that affect the

final result . When comparing the processing of titanium alloys, Pramanik et al.  noted that the formation of a

remelted layer, heat-affected zones, and tool wear are typically associated with EDM process parameters. Most of

the studies are dedicated to the factors influencing the process, as well as the physical-mechanical,

thermomechanical, electrical, and other effects associated with the process.

2.1. EDM Process Physics

EDM is a thermoelectric process characterized by its complexity and unpredictability, influenced by numerous

factors that can vary randomly . Describing the material removal process solely based on empirical observations

is impossible (Figure 3). Electro-erosion encompasses various intricate domains within applied mechanics,

including thermo-mechanics , thermodynamics , crystal mechanics , mechanics of porous media ,

fracture mechanics , hardening mechanics , mechanics of liquids and hydrodynamics , tribology 

, etc. In addition to its connections with the physics and mechanics of materials and systems, EDM has ties to

chemistry, electrical engineering, and materials science .

Figure 3. Schematic diagram of material removal in EDM.

The EDM process involves a wide range of phenomena, such as phase transitions , melt behavior 

, oxidation , residual stresses , energy transfer, absorption and dissipation ,

chemical reactions , microstructural changes , etc.

The EDM process is generally based on the melting and evaporation of material under the influence of highly

concentrated electrical energy, which is converted into thermal energy. When the molten material comes into

contact with the dielectric, it either becomes washed away as debris or solidifies, forming a crater. However, the
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removal processes of both the workpiece and the electrode depend on the specific materials and its work function.

Furthermore, external factors like hardening or cryogenic treatment play a significant role .

The material removal mechanism can significantly differ from the standard electro-erosion process depending on

the electrical resistivity and melting temperature of the material . For instance, materials with high electrical

resistance tend to generate additional heat, promoting melting, evaporation, and thermal exfoliation. Thermal

spalling may also occur as a removal mechanism, especially in semiconductor materials.

When processing ceramics, aside from the typical removal mechanism, dissociation or spalling associated with

material destruction can be observed . The melting point, thermal conductivity, fracture toughness, and other

thermomechanical properties of materials and composites can influence the material removal mechanisms in EDM.

For example, ceramics, which are less resistant to tensile stresses, often exhibit characteristics like micro-cracking

and spalling. In ceramic composites, material removal mechanisms can include oxidation and matrix dissolution

.

Moreover, the parameters and factors of the technological process can impact not only the final result but also the

material removal mechanism. In high-speed WEDM, for instance, anodic dissolution may be observed as a

material removal mechanism . In ceramic composites, depending on the strength of the discharge, it is possible

to observe the breakage or fracture of reinforcing fibers and brittle fracture of the matrix .

3. EDM for Surface Engineering of Biomaterials

Cobalt-chromium, titanium, magnesium, and stainless-steel alloys are examples of metallic materials that are often

chosen as candidate materials for a range of biomedical applications, such as orthopedic implants that must

withstand loads and cardiovascular medical equipment. Their exceptional biomechanical, corrosion-resistant, and

biocompatibility qualities, which qualify them for application in the production of biomedical devices, are the primary

causes of this feature. But since these biomaterials are biomedical devices, their surfaces play a critical role in the

ongoing interactions between the surface of an implanted metallic substance and the surrounding physiological

environment. Therefore, in order to guarantee these metallic material’s dependability and effectiveness as

biomedical devices in the body’s physiological environment, further surface treatments are essential and EDM is

emerging as a potential candidate for surface alteration. Without altering the metallic material’s bulk characteristics,

surface changes on these biomaterials with metallic qualities control the biological response . The

attenuated surfaces of these biomaterials are known to emit hazardous chemicals including V, Cr, Ni, Co, Al, and

Fe, despite their excellent mechanical strength and resilience to wear and corrosion . The solution to these

adverse effects can be alleviated with applications of powder mixed EDM.

Electro-discharge treatment (also known as electro-discharge coating or EDC) is among the most recent and

efficient route to alter the bio-metallic surface characteristics by mixing the bioactive powder (known as PM-EDM)

in dielectric amid other developed processes such as sol-gel, electroplating, laser coating, PVD, CVD. In order to

modify the surface using EDT, the fundamental principle is to choose an ideal combination of process parameters
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that alters the spark energy produced within the electrodes. In Pm-EDM, the most significant control variables

influencing the bio-favorable surface were dielectric, pulse duration, and current for the surface treated .

Using nano-HAp in the PM-EDM cycle, Prakash et al.  examined the properties of the modified surface of the

magnesium alloy. According to their research, adding HAp during machining increased the treated surface’s

microhardness and corrosion resistance by 1.5 times and 90.85%, respectively. Moreover, the development of

intermetallic oxides was shown to enhance the machined surface’s biocompatibility. According to S. Santosh et al.

, adding graphite powder shortened the breakdown voltage and increased the electrical conductivity of EDM oil,

which improved MRR. It was found that ZM21 magnesium alloy increased biocompatibility. The machined surface

qualities of 316L stainless steel and the machining capabilities of PM-EDM with additional hydroxyapatite powder

(HAp) were examined by Yubraj et al. . In the case of the machined 316L stainless steel with copper electrode,

the addition of additive powder, current, and pulse-on time had the greatest effects on surface roughness. The

formation of oxides and intermetallic compounds, such as calcium-phosphate-zinc, iron-molybdenum, zincite,

calcium carbonate (CaCO ), iron-silicate-carbide, phosphorus (P), and calcium (Ca), confirmed the presence of a

biocompatible layer; however, the impact of powder concentration and other related factors were not examined.

With a continuous reverse polarity of the copper electrode, Singh et al.  examined the impact of the HAp mixed

PM-EDM process on the surface characteristics of machined 316L stainless steel. An increase in MRR of 19.01

g/min was seen in this investigation at a current of 28A, a pulse-on time of 120 μs, and a powder quantity of 15 g/L.

The most influential factors for surface coating were found to be the current, followed by the pulse-off and pulse-on

durations. Using the PM-EDM approach, Singh et al.  altered the surface of 316L stainless steel by adding TiO

powder and tungsten (W) electrode. Due to the creation of carbides, silicides, and intermetallic alloys, the addition

of TiO  particles and subsequent current had a huge impact on improving the treated surface’s microhardness and

wear resistance. The wear rate was reduced by 80% at a current of 28A with additional TiO  particles, exhibiting an

ideal hardness of 942.90 HV with an increase of 223% compared to the untreated sample. However, the quantity of

added powder was not made clear. The use of a greater discharge current resulted in microcracks even with the

inclusion of TiO  powder to the process. Moreover, XRD analysis was used to assess the existence of bioactive

components such as Ca, P, and CaCO .

Using HAp in the PM-EDM process, Bains et al.  assessed the MRR and coarseness of the treated surface of

Ti–6Al–4V. It was shown that pulse-on and pulse-off length were relatively less significant determinants for MRR,

while both current and the addition of HAp were significant factors. While the addition of nano-HAp to a current of

12 A increased MRR by about two times, the response induced by rising surface hardness owing to carbide and

oxide formation was partially mitigated when the current amount was shortened by 6 A. The effect of PM-EDM

process parameters on Ti6Al4V alloy machining using suspended silicon powder was investigated by Nipun and

Anand . The three strongest arguments in favor of MRR were concentration of Si powder, pulse-on time, and

current. With increases in current, pulse-on time, and Si powder concentration, MRR was shown to spike; however,

beyond a certain point, MRR decreased as a result of inadequate debris flushing. The impact of carbon nanotube

(CNT) powder-mixed EDM on MRR and TWR for Ti-6Al-4V alloy was investigated by Mohammadreza et al. .

While prior research has shown that adding CNT to the dielectric liquid may increase the machining time by 66%

when it comes to steel alloy machining, this study found that adding CNT to the dielectric liquid reduced both MRR
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and TWR. The process parameters for machining Ti-based alloys using reverse-polarity graphite electrodes and

MWCNT suspended in a dielectric liquid were optimized by Bhui et al. . MRR increased by 37% in this

investigation when the WMCNT suspended dielectric was used. A rise in MRR was seen at 4 A current, 60 μs

pulse-on time, and MWCNT addition; however, the quantity of CNT powder added was not specified. With an

increase in current, TWR rose. In the PM-EDM technique, Devgan and Sidhu  examined the treated surface of

β-type titanium by adding MWCNT to HAp-mixed dielectric medium. While the surfaces treated with HAp and

MWCNT demonstrated twice as much cell survival as the untreated surface, adding MWCNT to the HAp-mixed

dielectric was preferable for improving biocompatibility. Using nano-aluminum particles in a dielectric liquid during

an EDM cycle, A.M. Abdul-Rani et al.  investigated the surface morphology and roughness of the machined

titanium alloy. Comparing this investigation to the conventional EDM technique, a little improvement in surface

morphology—that is, in terms of cracks and voids—was seen. In comparison to the traditional EDM, the addition of

3 g/L of nano aluminum particles lowered SR by about 38.46%. Higher SR was caused by non-uniform distribution

and agglomerated additive particles.

A unique method for changing the titanium alloy’s surface using silicon additions was used in the work by Chander

et al. . In this work, a 15 μm thick recast layer consisting of carbides and oxides at 15 A current, 50 μs pulse-on

time, and 8 g/L Si powder quantity was formed, resulting in the fabrication of a biocompatible and hard surface of

1080 HV. Furthermore, the treated surface’s wear rate increased by about 29 times and its coefficient of friction

decreased by 60% as a result of the TiC, NbC, and SiC production. By combining Si powder in the PM-EDM

process, Farooq et al.  examined the surface morphology, SR, and RLT of the titanium alloy. By 61.82% and

37.03%, respectively, the Si additive concentration helped to regulate SR and RLT. Applying 5 g/L Si powder

reduced the SR by 3–3.5 μm as compared to 0 g/L; however, increasing the quantity of powder from 10 g/L to 20

g/L resulted in an increase in SR above the 5 g/L concentration. Using HAp as a dielectric, Chander and Uddin 

investigated the surface properties of the modified Ti alloy. At 5 g/L HAp concentration, a modified surface with

microcracks, voids, and ridges was detected, but at 10 g/L HAp concentration, the surface was smooth and devoid

of fractures. Elevating the concentration of HAp led to a three-fold improvement in microhardness, corrosion

resistance, and biocompatibility due to the faster deposition of oxides and carbides on the machined surface.

It is clear that there are still certain problems with the PM-EDM cycle that need to be addressed before bio-implants

are produced in large quantities for the industries. More thorough research should be conducted on these areas. 
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