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Abstract

:

In electrical discharge machining (EDM), the tool electrode is one of the substantial components of the system, and it ensures the success or failure of the EDM process. The electrode’s role is to conduct electrical charges and erode the workpiece to the desired shape. Different electrode materials have different impacts on machining. Certain electrode materials remove metal quickly but wear out rapidly, while others degrade slowly but the material removal is too slow. The choice of the electrode has an influence on both the mechanical properties, such as metal removal rate (MRR), wear rate, surface finish, surface modification and machinability, and the electrical properties, such as sparking initiation, time lag, gap contamination and process stability. There are factors to consider when fabricating an electrode, which include the type of workpiece materials, the metallurgical alloying of the materials, the choice of fabrication techniques, the intended use of the electrode, and material cost. Considerable challenges in EDM electrode fabrication have been reported, which include excessive tool wear for green compact electrodes, high toughness for sintered electrodes, and poor rigidity for additively manufactured electrodes. To address these issues, researchers have explored different manufacturing methods, such as casting, conventional machining, electrodeposition, powder metallurgy and additive manufacturing. In this paper, the various techniques attempted and adopted in EDM electrode manufacturing are analyzed and discussed. This paper also sought to give insight into EDM, its various forms, the dielectric fluid’s properties, EDM electrode’s size and shape, the effects of the electrode on the EDM process, material removal, electrode wear, present technologies for electrode fabrication, and the limitations of these technologies. Finally, directions for future research are highlighted.
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1. Introduction


Electrical discharge machining (EDM) is an electro-thermal material erosion process that primarily converts electrical energy into thermal energy through an ongoing cycle of discontinuous electrical discharges between the tool and the workpiece, which are submerged in a dielectric medium. The thermal energy develops a plasma channel between the anode and the cathode at an exceedingly elevated temperature ranging from 8000 °C to up to 20,000 °C and at a pressure of 20 MPa [1]. During the machining process, the materials melt and evaporate in the presence of the dielectric, which fulfills the requirement for cooling, insulation and the flushing of microscopic debris [2,3]. The EDM method possesses dominance over the subtractive machining approach because of its ability to develop geometrically complex shapes and for the efficient machining of ductile, hard and brittle materials because it does not establish a direct contact between the workpiece and the tool, resulting in the omission of chips formation and interactive and vibrational stresses during machining [4,5]. A schematic illustration of EDM is shown in Figure 1.



Notable drawbacks, such as the low material removal rate, inadequate surface quality, long processing time, high cost and restriction to the machining of conductive materials only, have mitigated the employment of EDM [6]. However, EDM has been effectively used in manufacturing mold, dies and components for the automotive, nuclear, aerospace and biomedical industries due to component precision rather than factors of enhanced productivity and surface finish [7,8]. Electrical discharge machines have a variety of applications, such as die-sinker EDM, electrical discharge grinding (EDG), multi-lead and multi-electrode EDM, wire cut EDM (multi-electrode and multi-workpiece), micro-hole EDM drilling and electrical discharge texturing (EDT). Electrical discharge grinding differs from the typical die-sinker EDM since the electrode is stationary as the workpiece travels beneath the revolving electrode [9]. In multi-electrode machining, numerous electrodes are employed instead of using just one electrode. In the multi-electrode approach, only one spark occurs at a time, which can lengthen the spark off time and enhance debris removal. The effectiveness of sparking will rise since the subsequent spark will take place in a space free of debris [10]. The performance of all types of EDM techniques depends on process parameters. Figure 2 depicts the relationship between EDM input parameters and output parameters.



A dielectric, typically kerosene or mineral oil, is typically used to protect both the electrode and the workpiece from damage during machining. The sparking gap is the minimum distance between the tool electrode and the workpiece, which must always be maintained. The potential difference between the electrode and the workpiece can reach around 170 volts when the electrode is brought to within a few millimeters of the closest location between them. The open-circuit voltage refers to this level of potential difference. The dielectric fluid undergoes an ionization transition from the insulator to the conductor when subjected to this waveform voltage at a distance equal to 0.025 mm (about 0.00098 in) [12].



Wire cut EDM is used for contour cutting by discharging sparks from a moving wire against an electrically conducting workpiece as it moves along a path. During its sole use, a tensioned wire is guided from a take-off spool to a take-up spool to create a precise narrow slit. The cutting path is calculated by numerically controlling the horizontal motion of the worktable. To prevent wire breakage from insufficient dielectric flushing, flushing nozzles are placed as near together as possible. Because of its low viscosity, deionized water is the dielectric that is usually used, but wire cut EDM occasionally employs dielectric fluids based on ethylene glycol-based chemicals and lubricants [13]. A tiny hole can be drilled via electrical discharge micro-drilling. The high wear resistance of the pure tungsten wire makes it a popular electrode material, but tungsten carbide is also a viable option for creating holes ranging between 40–200 μm in size. To better flush away residues, the electrode is frequently rotated during cutting [14].



This study presents an overview of EDM methods and their applications, as researched in a myriad of studies. EDM has been used for mold and die production, surface alloying, surface modification, and the development of micro-products, biomedical implants and components for the aerospace, automotive and nuclear industries [15]. However, recent research has laid more emphasis on the application of EDM in developing biomedical implants for better corrosion resistance, osseointegration and biocompatibility. It is worth noting that from the extensive review so far, there is no evidence of studies on the application of EDM for the oil and gas industry, particularly for corrosion control. This could be achieved through powder-mixed electrical discharge machining (PMEDM) or through electrode erosion, such as electrode discharge coating (EDC). This study’s objective is to provide insight into the EDM electrode for surface alloying and surface coating. The remaining parts of the paper are structured as follows: the methodology of the review process is presented in Section 2, while a review of the evolution of EDM based on its applications as well as a review of gap-active EDM, EDM dielectric fluid, additive-mixed EDM, EDM electrodes, electrode materials and the effects of powder metallurgy electrodes on the EDM process are elaborated in Section 3. Section 4 presents the primary outcomes of EDM electrode manufacturing methods. The conclusion and the direction for future studies are discussed in Section 5.




2. Methodology


This research focused on previously published research works that provide knowledge on prospective applications of the EDM electrode and demonstrate academic interest in the most significant trends, influential works, and directions for future research. Thus, the authors of the present review paper attempted to create a centralized resource for improving the body of research on this contemporary topic. This project’s scope spans the years 1996 to 2023. The sources for research materials were Google Scholar, Web of Science, Science Direct, Scopus and ResearchGate. Because there is an increasing need for research on the EDM electrode, this research review was basically based on the evaluation of approaches in a variety of high-quality journal articles and conference papers that are all closely related to the concepts and applications of the EDM electrode to achieve the study’s objectives. The articles reviewed were sourced from various journals, such as Materials Today (Elsevier) [16], Precision Engineering (Elsevier) [17], the Journal of Engineering Manufacture (SAGE) [18], Heliyon (Elsevier) [19], Micromachines (MDPI) [20], Materials and Manufacturing Processes (Taylor & Francis Inc.) [21] and Materials (MDPI) [22]. Due to the breadth and diversity of these approaches, it was determined that the papers were dispersed across a variety of sources. The findings of the literature review in this study are presented in Section 3.




3. Evolution of EDM Applications


EDM has been generally employed for the fabrication of cutting tools, molds and dies for decades [23]. Studies have shown that material migration occurs between the workpiece, the electrode and the dielectric fluid additive during the process [24,25], and therefore, the EDM method is also regarded as a surface modification/alloying technique. EDM has risen to prominence as one of the most often-utilized unconventional machining methods, and hence, the idea of employing EDM to modify workpieces has been explored in recent years. There are two key reasons why EDM is a viable candidate for this type of surface modification: the first is the unavoidable electrode wear, and the other is the recast layer or white layer deposition [25,26].



Dry (air) EDM has been advanced as an alternative to the oil dielectric fluid and is widely employed in the production of cutting tools, molds and dies [7,27]. Dry EDM was developed to lessen the expenses associated with the oil dielectric fluid and the negative effects on the environment. For 3D machining, Kunieda et al. [28] demonstrated that EDM is conceivable in a gas medium. Reduced or eliminated wear on the tool electrode and enhanced surface quality are both possible with dry EDM [29]. The presence of material transfer between the electrode and the dielectric fluid additive during EDM suggests that the process can be used for surface modification/alloying as well as material removal [30]. As the market for miniaturized goods grows, many industries are increasingly using electrical discharge machining to produce microcavities with high appearance ratios [31], as well as micro-molds, micro-dies [32] and rotating micro-components [33]. When a magnetic field is added to dry EDM, the quality of the machined surface has been reported to improve, and production increases significantly [34,35]. Since EDM can produce a polished surface finish with no additional procedure, it has found widespread use in the production of components for the automotive, aerospace and nuclear industries [36,37]. Because of its capacity to create a nano-porous surface that is both biocompatible and exceptionally durable, EDM has recently gained traction in the biomedical sector [38]. Peng et al. [39] offered data demonstrating the formation of a nano-porous biocompatible layer on the surface of an electrical discharge machine. Ti. Sales et al. [40] and Shabgard and Khosrozadeh [41] used calcium and carbon nanotubes, respectively, in a dielectric fluid to modify the surface of Ti-6Al-4V. They also employed PMEDM using zinc powder to improve the surface of a biodegradable magnesium alloy. Abdul-Rani et al. [42,43] employed nano-aluminum in PMEDM to modify a high-grade Ti alloy for biomedical applications. Abdu Aliyu et al. [24,27,44] coated the surface of Zr with hydroxyapatite for biomedical applications. Al-Amin et al. [45] alloyed the surface of 316L steel using a novel hybrid of Hydroxyapatite/carbon nanotubes (HA/CNT) for biomedical applications. Figure 3 provides a summary of how the EDM process has evolved according to its various applications. The concept of using the additive mix will be discussed in the coming subsections.



Gap-active electrical discharge machining (GA-EDM) is a new technique that uses an electrode-retraction system, which is sensitive to the gap between the electrode and the workpiece and adjusts automatically. This system is based on the fundamentals of a parallel-plate photoelectric cell with two dielectric fluids, where the surfaces between the electrodes function as the plates. Kerosene has been employed as the primary dielectric material, while a more viscous layer of bio-oil has been used to serve as the secondary dielectric material [46,47]. The tool arrangement is servo-controlled and synchronized using the flushing mechanism, which enhances the equivalent capacitance of the plasma column and allows for the dissipation of copious amounts of energy during the discharging cycle. This process melts most of the solidification defects and improves the entire texture of the surface compared with normal EDM. Figure 4b depicts the schematic diagram of GA-EDM. Additionally, the study in [42] suggested that the viscous layer of the secondary fluid provided an adhesive grip and a gradual heat rejection process, which helped to prevent the formation of micro-cracks on the workpiece. The electrode retraction system ensures an adequate passage for flushing, which helps to expel debris and control heat dissipation. Das et al. [54] suggested in their study that the gap-active mechanism produced a surface with a better texture and fewer indentations, solidified agglomerates and cracks compared with normal EDM. The use of the secondary dielectric also increased the carbon content in the dielectric and resulted in a surface that was 10–14% harder than that produced using normal EDM. Kerosene and bio-oil were used as the primary and secondary dielectric fluids, respectively, and the result of the study suggested an increase in the MRR, as shown in Figure 5. It has been suggested by researchers that bio-oils are good candidates as the secondary dielectric fluid [55,56]. The properties of the primary and secondary dielectric fluids used are shown in Table 1.



3.1. EDM’s Dielectric Fluid


The dielectric fluid is vital in EDM because it insulates the electrode, provides high pressure to clear the collapsed plasma channel or debris, cools the molten metal, and washes away the solidified particles that have been previously flushed away. Specific types of working fluids are designed for use in some EDM devices [57]. A suitable dielectric fluid must be chosen; however, in certain cases, sinking EDM commonly utilizes mineral lubricants, whereas deionized water is typically used in micro-EDM and wire cut EDM [58,59]. It is important to keep in mind that these fluids’ potential uses are not without their drawbacks. Studies have suggested that deionized water, when used as the dielectric in EDM, increases the corrosion rate of the surface of the implanted material, while carbons released during the combustion of oil-based dielectric fluids react with the alloying elements of the workpiece and the tool electrode to form an extremely hard carbide layer on the substrate [55,60]. Water-based dielectric fluids are predicted to replace oil-based fluids soon, as described by [55,61]. Dry and semi-dry EDM have been developed to mitigate the negative impacts of dielectric fluids on human health and the environment [25,62]. The method involves the use of gases, such as oxygen and nitrogen, as the EDM working fluid [63]. Das et al. used neem oil as the dielectric fluid in their comparative study and suggested that neem oil was 22% better than kerosene oil in terms of MRR and 17% better in terms of surface roughness (SR) [64,65]. It was also concluded in another comparative study on canola oil, neem oil and Jatropha oil as dielectric fluids that the bio-based oils outperformed kerosene in terms of MRR and SR [66,67]. It is suggested by [1] that the laws of energy distribution, field-assisted machining, dry EDM machining and the use of vegetable dielectric reduces the environmental and health concerns posed by the conventional EDM dielectric fluids [68]. A dielectric fluid’s electrical conductivity increases due to debris that have not been drained out of the gap [69,70]. As a result, the process is hard to regulate, leading to unsatisfactory machining results. That is why it is so important to flush the machining gap, even if it is a point of contention [71,72]. Different flushing methods are shown in Figure 6. Several factors have to be considered when selecting a dielectric fluid for a particular purpose, as presented in Table 2. Also, dielectric fluids have several requirements, which are presented in Table 3. Although deionized water seems to meet several requirements, it has been suggested that water accelerates corrosion and hence is not desirable for biomedical applications [73,74].




3.2. Additive-Mixed EDM


Additive-mixed EDM (AM-EDM) refers to EDM with the addition of a substance in the dielectric medium. In industries where an important level of surface tolerance is required, such as the automotive, aerospace and medical industries, conventional EDM using deionized water, oil-based or mineral oil as the dielectric fluid for EDM is inadequate to achieve the desired surface texture [59,76]. There are three categories of substances that are introduced in AM-EDM. Solid additives, such as metal particles, can be used in EDM, while liquid surfactants, urea solutions and calcium aqueous solutions are examples of liquid and gaseous additives [23]. The EDM process can be stabilized, and EDM efficacy and the quality of the machined surface can be improved by adding additives to the dielectric fluid [77,78]. The type, size, concentration and quality of a particular additive influence the performance of the EDM process, the tool life and the surface quality of the machined component [22,45,79,80,81].



3.2.1. Solid Additive-Mixed PMED


This refers to the addition of solid metallic or ceramic powders in the dielectric fluid of PMEDM. The addition of powder particles stabilizes the general EDM process and improves machining efficiency by increasing the discharge gap and decreasing the insulating strength of the dielectric fluid [22,24]. Figure 7 shows the diagram of solid-additive-mixed PMEDM of different powders as indicated in different colours depicted in the figure. The addition of metallic powders of distinct types have been reported in multiple studies. To increase fatigue life and recast layer thickness, Al-Khazraji et al. [82] suggested the incorporation of SiC micro-size powder in the dielectric. The surface roughness and morphology of AISI D2 steel were significantly improved by the inclusion of Ti nano powder in the dielectric fluid, according to a study by [83]. Additionally, Ref. [84] found that adding chromium powder to PMEDM significantly improved the surface quality and hardness of the machined tool steel. Singh et al. [85] investigated the effects of EDM parameters by comparing the results obtained with and without the incorporation of tungsten powder in the dielectric fluid. After undergoing PMEDM, the recast layer thickness of SiC was reduced, and the surface quality was improved. In another commendable assessment of micro- and nano-size powder particles, Bajaj et al. [16] suggested that nanoparticles provided better surface quality and improved MRR than did microparticles. Carbon nanotubes have been also found to be a solid additive that significantly enhances surface quality, MRR and tool wear ratio (TWR) in the PMEDM of various materials [86,87].




3.2.2. Gaseous Additive-Mixed PMEDM


Dry EDM employs a gaseous substance, such as nitrogen, argon or oxygen, instead of a liquid dielectric fluid to mitigate environmental and health hazards as well as the cost of the oil-based fluids [38]. The choice of gas has a significant impact on both the material removal rate and the surface quality. EDM with an oxygen-containing dielectric fluid leads to wider and deeper craters, and high-velocity air is usually blown into the discharge gap to clear debris and ensure uninterrupted cutting. Discontinuous recast layers and a small heat-affected zone have been shown to improve surface quality the most. Oxygen was employed as the working fluid by Yu et al. [24] when milling cemented carbide. The research suggested that the technique was superior to wet machining in terms of time and money spent. Dhakar and Dvivedi [55] discovered that in the machining of high-speed steel, the use of gas in near-dry EDM (a combination of air and liquid) resulted in a smoother surface finish, less tool wear and a thinner deposited layer. With dry EDM, the debris in the machining gap is easily cleared, preventing them from reattaching to the electrode. The surface characteristics of electrical discharge-machined samples using various gases are illustrated in Figure 8 below.



In a similar research work by Saha [88], nitrogen gas was used as the dielectric fluid to modify the surfaces of Ti50Ni50 and Ti50Ni49.5Cr0.5, and the study suggested that TiN and CrN nanostructures were discovered, providing an extremely hard and adhering surface. The diagram of oxygen-mixed EDM is depicted in Figure 9.



It is worth noting that despite the numerous advantages presented by PMEDM, it has some drawbacks, such as the high disposal cost of the EDM dielectric oil after use, the complicated requirements for set-up modification, powder agglomeration, etc.




3.2.3. Liquid Additive-Mixed PMEDM


To improve the efficacy of EDM and enhance the surface characteristics of the machined surface, either pure liquid or liquids combined with powder particles can be used as the dielectric fluid [29]. The addition of a surfactant in the dielectric improves EDM performance by reducing agglomeration and increasing the conductivity of the powder particles, resulting in decreased surface roughness and the deposited layer’s thickness [19,89]. Yan et al. [64] investigated the effects of adding a urea solution to the dielectric (deionized water) in the EDM of titanium and found that, as the urea-based dielectric fluid deteriorated, nitrogen was released and deposited on the surfaces of the electrode and the workpiece. Another study suggested that the addition of a surfactant not only reduced surface roughness and improved the material removal rate, but it also reduced the abnormal discharge conditions, thereby improving the efficiency of the machining process [90]. This is evident in the results showing material removal rate against surfactant concentration, and surface roughness against surfactant concentration shown in Figure 10 and Figure 11 respectively. In the next subsection, the electrode, which is a critical component of EDM, is discussed.





3.3. EDM Electrode


The material used as the electrode in EDM can either be machined from conductive metals or manufactured through various methods. Without a doubt, the qualities of the electrode material will have an impact on surface tolerance, the machining process and surface roughness [50]. With excessive wear on the electrode, a square hole, for instance, may end up looking more like an elliptical hole. Since high-energy ions from the plasma will impinge on the electrode, the first limitation in material choice is that the electrode should not have excessive wear. There is no single electrode material that meets all the requirements [91]. However, the performance of the electrode depends on many factors, as depicted in Figure 12.



However, in general, an electrode material should have the following characteristics, with the caveat that these requirements may change depending on the electrode’s intended use [92,93]:




	
Despite being pummeled by the plasma’s high-energy ions, the electrode should not wear out too quickly, and a rise in temperature should not cause any melting or evaporation.



	
Higher electrical conductivity (lower resistance) is needed to improve cutting efficiency. Otherwise, cold-emission electrons will not easily leave the electrode’s surface, causing bulk heating.



	
When choosing tool properties, the electrode’s melting point should be considered. A higher melting point means an improved electrode wear ratio (electrode wear/workpiece erosion). As EDM uses a lot of tools, the electrode should be cheap.



	
The electrode should exhibit excellent thermal conductivity so that heat may be removed from the heat-affected zone. A high conductivity reduces the rise in local temperature, which benefits the electrode material’s mechanical properties.



	
It is important that the electrode material can be easily machined too. Electrodes can be more challenging to produce because of issues with machinability, stability, burr creation and burr removal. Die-sinker EDM uses a rotary tool to create a negative of the tool geometry. Since the desired form must be established on the tool, it is imperative that the latter be amenable to normal machining methods.



	
Density is also important for the electrode material, as a lower dimensional loss is achieved with higher density. The density of a material is crucial for surface tolerance since higher density results in less dimensional loss for a given amount of weight loss. Hence, it is preferable if the dimensional loss deviation is as small as possible.








EDM Electrode Materials


The features that characterize the appropriateness and suitability of electrode materials are as follows: the electrode should be able to accomplish the maximum material erosion rate, have a low tool wear rate, and be made inexpensively into the required shape and dimension [88]. Brass, copper, copper alloys, copper tungsten, graphite, molybdenum, silver tungsten, tellurium copper and others are some of the various materials used as electrodes [94,95]. Various materials are compared based on economic and technological factors in Table 4.



EDM performance is determined by the geometrical arrangement because the machining creates a mirror of the tool electrode on the workpiece. There is always a minimum clearance between the work cavity to be formed and the electrode because the magnitude of clearance and the material removal rate changes depending on the materials of the tool and the workpiece. Different tools are usually applied for roughing and finishing operations [96]. Table 5 shows how the side clearance, the cutting rate and the finishing type are related.






4. Findings


There are quite a few methods that researchers have used to fabricate EDM electrodes; these are the conventional machining of a metallic material, casting, additive manufacturing, powder metallurgy and electrodeposition. In this section, the methods used for the fabrication of EDM electrodes are discussed in detail. The research works employing each of the methods are categorized in Table 6 based on materials and applications.



4.1. Additive Manufacturing of EDM Electrodes


Additive manufacturing (AM) can be utilized to manufacture EDM electrodes from materials that are either conductive or non-conductive [106,123]. In this subsection, a detailed description of relevant studies concerning conductive materials is provided. Dürr et al. [124] were the first to investigate the application of direct metal laser solidification (DMLS) in EDM electrode manufacturing. Their study suggested that the rate of machining was adequate, while tool wear and surface roughness were unacceptable. Tay and Haider [117] also employed DMLS to produce EDM electrodes. The electrodes were deemed unfit for industrial use due to the variation in copper coating thickness across the entire part. Amorim et al. [106] investigated the selective laser sintering (SLS) method for manufacturing tool electrodes. The materials used in the process were pure copper powder, DS20 steel alloy powder, bronze–nickel (Br–Ni) alloy powder and a mixture consisting of 50% pure copper and 50% standard bronze–nickel alloy powder. In the comparative evaluation, electrodes made of bronze–nickel alloy powder and steel alloy powder exhibited the lowest porosity and the best densification compared with solid copper electrodes. Czelusniak et al. [98] examined how the densification behavior and porosity are affected by material content and SLS variables during the rapid fabrication of electrodes using Cu powder, Cu–Ni and ZrB2. They found that electrodes made of CuNi-ZrB2 outperformed those made of Cu powder, although they were still not as effective as solid copper electrodes.



To make non-conductive parts conductive, the surface of the additively manufactured component is cleaned first, followed by primary metallization [125]. Additional metallization is then applied on the metalized layer in order to increase the coating thickness to enable its application in EDM. Arthur and Dickens [102] employed stereolithography (SLA) to manufacture EDM electrodes. Although the study suggested that the results were satisfactory, the produced electrodes were discovered to be inadequate for the roughing phase. Research has also been conducted on the dissipation of heat in SLA electrodes [126]. The findings showed that shear stress occurred at the interfaces due to the different linear expansion rates of the inner plastic core and the outer metalized layer. The accuracy of copper-electroplated (CE) electrodes was studied by Gillot et al. [127]. The research indicated that the electrodes’ lack of dimensional precision could be problematic. Therefore, CE electrodes are unsuited for industrial use. Equbal et al. [10] investigated spray metal deposition on components produced through SLA. Their research revealed that for metallization, electroforming and electroplating were proven to be better than spraying. Equbal et al. [128] also investigated the application of spray metal deposition for metallization. They concluded that the electrode’s properties were inadequate for EDM. Yin et al. [122] electroformed SLA components using a low-melting-point alloy, and their research suggested that the homogeneity of metallization was unsatisfactory. Arthur et al. [129] used electroforming and backfilling using a negative model to manufacture electrodes. Hsu et al. [101] used copper powders (ZP100) in a Zcorp Z402 3DP rapid prototyping machine. Copper electroforming was used after nickel electroless plating (ELP). When Akula and Karunakaran [130] examined the hybrid adaptive AM approach, they discovered that although precise tools could be produced, their composition and tool life were subpar. Research on additive manufacturing has indicated that using fused deposition modeling (FDM) can effectively produce electrodes that meet the requirements of EDM while also surpassing the constraints of conventional AM methods [129,131]. Singaravel et al. [45] investigated the conductivity of FDM-produced PLA-based EDM electrodes and acrylonitrile butadiene styrene (ABS) electrodes. The conductivity of the materials increased when the deposition time increased, reaching its highest conductivity after 48 h. However, the findings were not validated through real-time machining and therefore need to be further verified.



The first real-time EDM was performed by Fefar and Karajagikar [99] using an electrode made via FDM. They contrasted how well the EN-19 alloy steel electrode could machine pure copper compared with the metalized FDM electrode. The research showed that, under the same machining conditions, the metalized FDM electrode’s performance was like that of a solid copper electrode. In this context, experimental research conducted by Equbal et al. [132] employed an FDM electrode and a solid copper electrode to machine mild steel. Their experiment revealed that the FDM-produced electrode performed better than the solid copper electrode. However, both electrodes had a drawback in terms of dimensional accuracy, as huge holes were produced during machining.



Ilani and Khoshnevisan [133] investigated FDM electrodes’ practicability for the EDM of Ti-6Al-4V alloy. The machining was conducted in two distinct ways: with and without powder addition. The researchers concluded that FDM electrodes utilized in powder-mixed EDM exhibited significant potential for cutting intricate structures when compared with cutting without adding powder to the dielectric [133]. Padhi et al. [98] evaluated the efficiency of an FDM tool electrode produced through copper electroplating. Danade et al. [97] investigated the machining capability of an ABS part fabricated through FDM, which was subsequently electroplated with copper to serve as the EDM electrode. Based on their findings, copper-electroplated electrodes have the advantage of being much lighter than solid electrodes.



FDM is a common manufacturing method that employs a 3D printer to create a part layer by layer using a thermoplastic material that is melted and extruded through a nozzle. The efficacy and quality of FDM manufacturing depend on several variables, including material properties, diameter and height of the nozzle, temperature, bed leveling, support structure, printing speed, flow acceleration and environmental conditions. The thermoplastic material’s properties can impact the quality of the ultimate product. Solidifying temperature, viscosity and tensile strength can all influence the success of the FDM procedure. In addition, the diameter and height of the nozzle used in FDM can impact the accuracy and resolution of the final product. A smaller nozzle diameter can enable more intricate details and a higher resolution, whereas a larger nozzle diameter can accelerate the manufacturing process. The thickness of each layer deposited can also influence the quality of the ultimate product. A thinner layer can result in a smoother surface finish, but it can also lengthen the time required for production. Additionally, temperature control and bed leveling control are crucial to the success of FDM manufacturing. If the temperature is inconsistent or the bed is not level, the layers may not adhere properly, resulting in a botched print.



The FDM process’ printing speed and flow acceleration parameters can affect the quality of the final product. A higher printing speed can reduce production time but may result in printing of inferior quality. Depending on the intricacy of the component being printed, a support structure may be necessary to prevent the component from collapsing during printing. The design and positioning of the support structure can affect the quality of the final product and necessitate additional post-processing. Environmental conditions, such as temperature and humidity, can also influence the efficacy of the FDM process. Elevated temperature or humidity can cause the thermoplastic material to distort or deform, resulting in a ruined part. The process diagram for the FDM method of EDM electrode manufacturing is depicted in Figure 13 below. The specifics may vary depending on the type of FDM printer and software being used, as well as the specific material and electrode design.



Even though selective laser sintering (SLS-EDM) electrodes work well for the removal of a light material, they have higher wear and lower surface quality [124]. Researchers who fabricated and machined FDM-EDM electrodes claimed that the performance of the electrodes is equivalent to or superior to that of solid copper electrodes [101,132].



The study trend discussed above demonstrates that, despite its many benefits, AM has downsides in terms of part quality. The fabricated electrode needs to be extremely accurate in terms of its dimensions and surface quality and be strong enough to withstand the demanding conditions during machining. FDM is the most widely used method among the AM methods, and hence, it is crucial to understand the method’s shortcomings before employing it for industrial use. Some of the challenges of the additive manufacturing methods used for electrode manufacturing are highlighted in Table 7, while Table 8 presents the pros and cons of the FDM method.



Surface Quality Achieved through Additively Manufactured Electrode


The surface quality achievable with additively manufactured EDM electrodes depends on several factors, including the printing technology used, the quality of the printed electrode, and the post-processing steps employed. AM electrodes can achieve a wide range of surface finishes, but the achievable quality may be influenced by factors like layering effects and surface roughness inherent in the printing process. Electrode manufacture through this method gradually wears away due to its lake of rigidity, and its wear affects the surface finish. Table 9 presents a review of additively manufactured electrodes.





4.2. Powder Metallurgy EDM Electrode


The powder metallurgy (P/M) technology for electrode fabrication is a simple and controllable method, offering advantages over other techniques, according to the research in [136]. P/M electrodes can influence both the macro- and micro-variables in EDM, and their properties can be adjusted significantly by modifying the sintering and compacting conditions [137]. The production of electrodes through powder metallurgy is divided into two sub-divisions: green compact and sintered electrodes. A tool made through P/M, either green compact or sintered, can deposit a suitable number of materials into the workpiece [137]. The following steps are used for the powder metallurgy method of producing EDM electrodes:




	
Material selection: Selecting appropriate materials for the EDM electrode is the initial step. The ideal materials for EDM electrodes possess high electrical conductivity, a high melting point and excellent thermal conductivity. Typical materials used include copper, tungsten, and graphite.



	
Powder preparation: The chosen materials are then ground into powder. Milling and atomization techniques are commonly used to create the powders.



	
Blending: The powders are mixed to have the desired composition and properties. This step is critical because the final product’s properties are dependent on the homogeneity of the blend.



	
Pressing: The blended powder is pressed into the required shape and size using a hydraulic press. To ensure that the powder particles are tightly packed, the pressing process is performed under high pressure.



	
Sintering: This occurs when the pressed components are sintered in a high-temperature furnace. The powder particles bond together during sintering, resulting in a solid and dense material. The sintering temperature and sintering time are determined by the material type and the desired properties.



	
Machining: Computer numerical control (CNC) machining is used to machine the sintered part into its final shape and size. The EDM electrode’s surface finish and dimensional accuracy are critical for optimal EDM performance.



	
Polish and coat: The last step is to polish and coat the electrode to improve its surface finish and prevent oxidation.








Powder metallurgy has many advantages over traditional manufacturing methods, including better control over the electrode’s properties, improved performance, and lower costs. The mechanism of material transfer through electrode erosion is shown in Figure 14i,ii below. An electrode is said to be made through green compaction when the process involves only compaction, while the one called sintered is said to involve heating the composition to a sintering state. In this section, the research works conducted using both green compact and sintered electrodes are discussed.



A significant number of research works have been conducted using green compact electrodes for EDM and surface modification. Mathan Kumar et al. [138] attempted to modify the surface of OHNS steel utilizing the Cu-CrB2 composite for the green compact electrode. The electrode was discovered to be responsive to both high levels of discharge current and prolonged pulse duration. A thick layer was also observed, and the presence of foreign materials was discovered using microscopic images. A study by Simao et al. [136] explored surface alloying through the electrical discharge texturing of hardened AISI D2 Sendzimir rolls using a TiC/WC/Co green compact electrode. They discovered that the electrode had similar efficiency to that of a solid copper electrode and suggested that material migration and the carbon transfer from the dielectric to the workpiece were successful. Mazarbhuiya and Rahang [139] used a green compact tool in reverse EDM to generate complex patterns on 6061 aluminum, where the minimum surface roughness of 1.7 μm and the minimum deviation of 13.07 μm were achieved.



Patowari et al. [140] used a P/M green compact tool in EDM to alter the surface of a C-40 steel workpiece. They formed a thick coating of WC and Cu material and increased the surface microhardness of the C-40 steel. Wang et al. [114] used a Ti-powder green compact tool as well as kerosene as the dielectric fluid for surface modification, and the results suggested that a hard ceramic layer with a thickness of 20 μm was formed using the noble process of electrical discharge coating (EDC). Sarmah et al. [141] tried to change the surface properties of Al-7075 alloy by applying a P/M green compact tool in EDM. The study suggested that the deposited layer’s microhardness was 1.5–2.5 times greater than that of the original material, verifying the efficiency of the deposition of Inconel on the surface of the Al workpiece. Gangadhar et al. [142] employed the electrical discharge method and a Cu-Cr P/M green compact tool to deposit bronze onto the surface of a steel workpiece. Ho et al. [30] studied the alloying of Ti-6Al-4V using Cu as a solid electrode and as a P/M green compact tool. The P/M green compact tool transferred 78% more material to the surface of the workpiece than did the solid electrode (29%). Eswara Krishna and Patowari [143] used a W-Cu P/M green compact tool to deposit W and Cu on mild steel.



A study conducted by Misra and Das [144] was able to improve the surface of an aluminum workpiece by using a TiC/Cu green compact tool and by leveraging the EDC technique. They obtained a microhardness value of 1800 HV on the deposited surface, which was significantly higher than the original surface’s microhardness of 155 HV. Additionally, Chakraborty et al. [112] successfully carried out EDC on Al-6351 using a SiC-Cu P/M green compact tool, increasing the hardness of the recast layer by 1.5 to 3 times compared with the hardness of the original metal. Using the EDC technique and a MoS2-Cu P/M green compact tool electrode, Tyagi et al. [69] conducted a study in which they created a self-lubricating surface on mild steel, resulting in a decrease in the microhardness of the deposited layer to 45.49–114 HV from the base metal’s 180 HV and a reduction in average wear to a minimum value of 4.56 μm as opposed to 95.61 μm on the deposited layer. In another study by Tyagi et al. [105], the use of a hBN-Cu P/M tool reduced tool wear from 95.75 µm to 1.52 µm and reduced the coefficient of friction from 0.9 (workpiece) to 0.1 (coating). Nair et al. [145] developed a copper–tungsten P/M electrode to apply a coat on a workpiece’s selected surface. The results demonstrated that the tool material was deposited on the machined surface, thereby increasing the hardness of the workpiece. Siddique et al. [146] produced a P/M electrode by combining varying weight percentages of brass and tungsten disulfide powders. The study suggested that coating was achieved through material migration from the tool to the workpiece.



Sintered electrodes, on the other hand, have been used for both EDM and surface alloying. The process involves the surface tension-driven extension of the powder particles’ contact area under optimum pressure, temperature, and operating condition [147,148]. Green-compact sintering results in a coherent body with regulated microstructure, grain size and porosity. It consolidates green compacts or loose metal powders into the desired composition in a closed environment at a temperature slightly lower than its melting point. This results in corrosion resistance and improved mechanical properties and dimensional tolerance.



It is possible to assess the electrical properties of an EDM electrode by analyzing either its electrical resistivity or electrical conductivity. The attributes are contingent on the quantity and dimensions of the tiny welds that occur between particles that underwent the sintering process. Teng et al. [113] explored the machining properties of a polycrystalline diamond in the EDM employing a Cu-Ni P/M electrode. The study showed an enhancement in the metal removal rate and a decrease in the tool wear rate. Tsai et al. [107] achieved the successful deposition of a hard, corrosion-resistant coating on a workpiece’s surface using a sintered Cu-Cr electrode. Patowari et al. [109] used the artificial neural network to modify the surface of C-40 steel using W-Cu sintered P/M tools to examine layer deposition thickness and material transfer rate. Their study concluded that the wear rates of sintered or partially sintered electrodes were lower than those of green compacts. Beri et al. [100] deposited tungsten and copper on an Inconel 718 workpiece using an 80%W-20%Cu P/M tool electrode. Singh and Banwait [149] employed the EDC method to alter the surface of die steel using a Cu-Cr P/M electrode. The hardness of the recast layer was twice that of the base metal, and it exhibited a substantial increase in wear resistance and corrosion resistance. EDM was also employed to successfully deposit hard intermetallic phases of B4C, FeB and Fe3C onto a steel substrate using a Cu-B4C P/M tool [103]. Compared with the baseline values of the workpiece, the machined surface showed a 4–4.3-fold increase in microhardness and a 65–78% reduction in abrasive wear. Gill and Kumar [150] employed a Cu-Mn P/M electrode on hot die steel. The electrode was said to have improved the microhardness of the workpiece’s surface by 93.7%. In a separate study, Gill and Kumar [151] reported an increase of 96.3% in the microhardness of a machined surface using a Cu-Cr-Ni P/M tool from that of the base material. Murray et al. [152] successfully altered the surface of a 304 stainless steel workpiece by depositing a composite coating through the EDC method and successive coating with a TiC P/M sintered tool and a Si tool. The created coating had a microhardness value of 11.4 GPa, which was significantly higher than the base metal’s 1.9 GPa. The coating was also devoid of any pores or cracks.



Mandal and Mondal [87] leveraged on a 6061Al sintered tool coated with a composite of copper and multiwalled carbon nanotubes, and they concluded that the microhardness of the machined surface increased by 139.48% and that micro-crack development was reduced. Mathan Kumar et al. [12] discovered that the use of a Cu-TiB2 P/M tool in the EDM of a Monel 400TM workpiece led to a reduction in TWR and a slim proliferation in MRR, likely owing to the addition of TiB2 particles in the Cu electrode. M. Kumar et al. [153] used phase diagrams to calculate the percentage of composition for Cu-W, Cu-Mg and Cu-Si to produce a composite electrode. The study suggested that better results were obtained using 0–12% W, while the rise in the percentage of Mg decreased the melting temperature of the electrode.



Surface alloying through material migration from the electrode to the workpiece was achieved by Gangadhar et al. [142] using a powder-compact sintered tool electrode. Their study concluded that reverse polarity enhanced material transfer. Eswara Krishna and Patowari [143] employed the Taguchi analysis to modify the surface of C-40 grade carbon steel using a 75%W-25%Cu sintered P/M tool. The study indicated the influence of the tool material on the workpiece, and it was observed that the surface finish was below the acceptable limit, with values exceeding 10 microns. Sridhar et al. [154] attempted the electrical discharge modification process using a Cu-10Ni-Cr sintered P/M electrode for the surface modification of Strenx 900 steel. Their study suggested that chromium, copper and nickel were deposited on the workpiece. The material transfer rate (MTR) was obtained at 9A, 350A at 6% chromium. The wear loss for the electrode increased linearly with the increase in the sliding speed from 2 m/s to 4 m/s. Mathan Kumar et al. [153] developed a TiB2-Cu sintered P/M electrode to machine Inconel 718 using EDM. Their study confirmed the presence of 0.13% Ti on the workpiece at the optimal run. A critical review of studies on powder metallurgy electrode manufacturing is presented in Table 10 below.



4.2.1. Effects of Powder Metallurgy Electrodes in EDM Applications


The outcomes obtained using electrodes manufactured via powder metallurgy differ from those obtained using traditional electrodes. The reactions of certain P/M electrodes vary based on manufacturing factors. In EDM, P/M electrodes can affect both slight changes (such as how long it takes for the breakdown process to start, etc.) and substantial changes (such as how much metal is removed, how fast the electrode wears out, etc.). There is a substantial mutual influence between these processes, although they are physically distinct and may be easily distinguished. The impacts of P/M processing variables on several crucial process parameters are as follows:



Breakdown process: The way a pure dielectric breaks down is different than that of a contaminated dielectric in many ways. When dealing with EDM, it is not reasonable to expect the dielectric to be completely free of impurities [155]. Field non-uniformity and erosion products are the two variables that induce breakdown. Even a small protrusion on the surface of the electrode has the potential to elevate the field stress [156]. Consequently, an upsurge in the field stress can result from the roughness of P/M electrodes’ surface. When the stress surpasses a specific boundary, particles with superior permittivity tend to migrate towards the area of extreme stress and create a bridge. Large particles preferentially cut out the creation of such a bridge, which lowers the breakdown voltage and can even cause a short circuit. All models of dielectric breakdown accept the role of impurities. This is a crucial aspect to consider when using P/M electrodes in EDM [157,158].



Spark initiation: The provision of electrons for the initiation, sustenance and cessation of electrical discharge is a vital function of electrodes. Certain conduction electrons situated near the surface of metals can obtain adequate energy to surpass their work function and discharge electrons. Research has indicated that the work function of a rough-surfaced electrode decreases when it is subjected to high electric fields, such as those encountered in EDM [159]. Sharp tips, tiny irregularities and even dust particles can be highly efficient in producing localized areas of high field emission. P/M electrodes’ greater surface roughness enhances their propensity for initiating electric sparks and therefore are a good fit for EDM [160].



Time delay: The time gap between the use of a breakdown voltage and the occurrence of the breakdown event is referred to as the time lag, which comprises two factors: statistical time lag and formative time lag. The former is determined by the pre-ionization of the gap, whereas the latter is influenced by the spark generation process. The products of erosion can be utilized to express the time lag (tb) as a mathematical function [37,161], as indicated in the following:


tb = C1 In{C2/mi}



(1)







In the given equation, mi refers to the concentration of the particles in the working fluid (dielectric), while C1 and C2 represent the coefficients of the material. The value of C1 varies depending on the size of the particles, and C2 is determined uniquely by the makeup of the degraded material. The erosion rate and particle size can be regulated by adjusting the parameters of the P/M process. Hence, the manufacturing parameters of the electrode have a significant impact on the time lag [153,162].



Gap contamination: Contamination of the EDM spark gap can occur due to the erosion of particles or the breakdown of the dielectric liquid. As there is a direct correlation between gap contamination and the erosion rate, it is apparent that the production variables of P/M electrodes have a substantial impact on gap contamination. Reduced compacting pressure and sintering temperature result in higher electrode tool wear, resulting in increased gap contamination. The cause of this can be ascribed to the weak cohesion between the individual particles that constitute the electrode [163]. The transverse rupture strength, as per Metal Powder Industries Federation (MPIF) standards, is a widely recognized measure used to compare and assess the bonding strength among the particles in P/M electrodes [164].



Stability of process: Consistent results from EDM operations are strongly correlated to the servo’s response characteristics. Even though it is the job of the electro-mechanical servo to keep the spark gap constant, excessive contamination of the gap can occasionally disrupt the process. To enhance the process stability when faced with such circumstances, it is necessary to carry out effective flushing [165]. The phenomenon of excessive contamination of the gap is specific to P/M electrodes produced using low compacting pressure and sintering temperature. The decreased stability of the process observed in electrodes produced at lower pressure and temperature is not unconnected to their low mechanical strength. When the surface of the tool contains holes or cracks, particles become detached and fall into the gap between the electrodes. The low mechanical strength of P/M electrodes manufactured at low compacting pressure and sintering temperature can lead to reduced process stability. Holes or cracks on the electrode surface can cause particles to separate and fall into the gap between electrodes, resulting in short circuits and instability. Moreover, the particle size of P/M electrodes plays a crucial role in process stability. If the particle size surpasses the spark gap dimension, the probability of short circuits increases, leading to decreased stability [18].



Removal rate: Evaluating the efficacy of EDM is contingent on the metal removal rate for a given workpiece arrangement, and the rate of machining is manipulated by the production parameters of the electrode [166]. Lower current and higher frequency settings have been found to result in lower metal removal rates in EDM. The surface structure of P/M electrodes is a contributing factor to this phenomenon. P/M electrodes are more porous than conventional solid electrodes, which results in a greater number of asperities on their working surface. As a result, the input energy is dispersed across multiple asperities, preventing any asperity from generating a breakdown in the dielectric or developing a discharge successfully [167]. Simple metallization techniques have been used, such as electroless plating and electroplating. Conversely, at extreme frequencies, the pulse on-time is inadequate to produce a meaningful discharge [54]. The study in [53] suggested that the pulse on-time was insufficient at higher frequencies to trigger a successful discharge. However, the combination of a high frequency and high current resulted in an increased metal removal rate. An additional noteworthy observation is the occurrence of cathode material deposition on the workpiece in specific circumstances. Research has demonstrated that by appropriately altering the processing variables of the P/M electrode, EDM can be utilized for material deposition.



Electrode wear: The best electrode as an EDM tool should be able to resist self-erosion and be able to remove maximum material from the substrate. It is evident that the resistance of EDM tools to electrical erosion is regulated by a blend of mechanical and thermophysical characteristics. While these features may have some connection, certain factors tend to have a greater impact and therefore overshadow the effects of others [149]. When electrodes are produced at lower pressure and temperature, they tend to exhibit a lower rate of metal removal and a higher level of tool wear [16].



The material removed during EDM from an electrode is denoted by (∂er), while (∂v) denotes the material removed from the vapor, (∂l) denotes the material removed from the liquid, and (∂s) denotes the solid particles resulting from the brittle rupture of the electrode:


(∂er) = ∂v + ∂l + ∂s



(2)







The values of ∂v and ∂l are influenced by boiling temperature and melting point, whereas the value of ∂s is determined by mechanical strength. As the cohesion among powder particles intensifies, Top of Form ∂s decreases, and the combination of ∂v and ∂l becomes the primary component of ∂er. It is conjectured that the difference in tool wear is caused by the variation in ∂s, given that the same base material is used for all electrodes. Compacts with insufficient mechanical strength are produced when using a low sintering temperature and compacting pressure [168]. When compared with solid electrodes, the tool wear of P/M electrodes remains constant at various levels of machining current and frequency. Tool wear tends to increase with an increase in pulse current, but it is determined by the combined values of pulse current and pulse length rather than their individual magnitudes. Certain combinations may render the machining process impractical due to wear characteristics [169,170,171]. It has been noted in the scholarly literature that the wear rate of P/M green compact tools is higher than that of solid tools. In addition to surface modification, previous researchers have used P/M green compact tools to deposit material to form various patterns on the workpiece’s surface.




4.2.2. Surface Quality Achieved through Powder Metallurgy


The achievable surface quality through powder metallurgy electrodes can be relatively good. The surface finish is typically influenced by factors such as the size and quality of the powder, compaction process, sintering conditions, and post-processing techniques. Most importantly, surface quality is influenced by process parameters such as the discharge current, gap voltage, pulse duration, pulse frequency, and flushing conditions. Optimal parameter selection can help achieve better surface quality. Powder metallurgy electrodes can provide a range of surface finishes, typically in the range of a few micrometers (µm) Ra. Table 11 presents a review of some selected articles.





4.3. Electrodeposition EDM Electrodes


Electrodeposition is a well-known technique for producing metallic coatings in situ by passing an electric current through a conductive material submerged in a solution containing a salt of the metal to be deposited. This method has a limited number of studies in the literature [172,173]. Mandal and Mondal [87] fabricated an EDM electrode using copper and multiwalled carbon nanotubes (MWCNTs) via electrodeposition. Their study suggested that MWCNTs were induced on the surface of the workpiece. Microhardness increased by 163% from that of the original steel, and the micro-crack formation on the workpiece’s surface diminished. Teng et al. [113], in a similar research work, fabricated a Cu-Ni composite electrode using electrodeposition for machining PCD. Their research suggested that the MRR of PCD was 252% higher than that of the conventional copper electrode, and the SR was 18% lower.



The steps involved in the electrodeposition method of EDM electrode manufacturing are itemized below:




	
Designing the electrode: The first step in electrodeposition is designing the electrode. The design will depend on the shape and size of the workpiece to be machined.



	
Preparation of the substrate: The substrate is the base material on which the electrode will be deposited. It is important to prepare the substrate properly to ensure good adhesion of the deposited material. The substrate is cleaned and pre-treated by degreasing, etching and rinsing.



	
Electroplating: Electroplating is the process of depositing a layer of metal onto the workpiece material using electric current. The metal to be deposited is chosen based on its electrical and mechanical properties, such as conductivity, hardness and resistance to wear. The electrode is usually made of copper or graphite.



	
Post-treatment: Once the electrode has been deposited, it is removed from the plating bath and rinsed thoroughly. The electrode is then treated to improve its surface finish and to remove any surface defects or impurities.



	
Quality control: The finished electrode is inspected for quality to ensure that it meets the required specifications for EDM. This may involve measurement of surface roughness, dimensional accuracy and electrical conductivity.



	
Packaging and storage: The finished electrodes are then packaged and stored in a suitable environment to prevent damage or contamination prior to EDM.



	
Final use: Once the electrode has been prepared, it can be used to machine the workpiece using EDM. The electrode is clamped on the EDM machine and used to erode the workpiece. After machining, the electrode may need to be cleaned and reconditioned for further use.








Surface Quality Achieved through Electrodeposition


The achievable surface quality with electrode deposition-manufactured electrodes can be relatively high. The deposition process and the choice of deposition material can impact the resulting surface finish. With proper control and optimization of the deposition process, electrode deposition-manufactured electrodes can achieve surface finishes in the range of a few micrometers (µm) Ra. Table 12 presents a review of electrodeposition studies.





4.4. Conventional Machining of EDM Electrodes


Conventional machining is a precision manufacturing process that involves the use of an electrically conductive material, typically a metal or alloy, to create EDM electrodes of desired shapes and features. The EDM electrode manufacturing process typically involves several steps, which are design, material selection, machining and finishing [96]. Here is an overview of each step:




	
Design: The first step in EDM electrode manufacturing is to design the electrode based on the desired shape or feature to be produced. This design is typically carried out using computer-aided design (CAD) software, which allows for the precise and accurate control of the electrode’s geometry.



	
Material selection: Once the design is complete, the next step is to select the appropriate material for the electrode. The material must be highly conductive and capable of withstanding the elevated temperature and stress generated during the EDM process. Common materials used for electrodes include copper, graphite, tungsten and titanium.



	
Machining: The electrode is then machined using specialized equipment, such as the conventional lathe, CNC milling machine or wire EDM machine. This step involves removing the material from the raw product to create the required shape and size of the electrode.



	
Finishing: After machining, the electrode is typically finished to improve its surface finish and dimensional accuracy. This may involve polishing or coating the electrode with a thin layer of material, such as nickel or diamond, to improve its durability and conductivity.








Surface Quality Achieved with Conventional Method


Conventionally manufactured electrodes, typically made from materials such as copper, graphite, or tungsten, can achieve good surface finishes. The achievable surface quality depends on factors like the electrode material, machining techniques, tooling conditions, and surface treatment processes. Surface finishes in the range of a few micrometers (µm) Ra or better are often attainable with conventionally manufactured electrodes. Table 13 presents a review of the conventional method studies.






5. Direction for Future Research


Although EDM has many promising applications, there are still a few challenges that must be addressed before the technique can be safely implemented in biomedical applications, such as the clinical stage, or in industrial applications. The challenges and directions of the EDM approach are as follows:




	
During EDM, materials are melted and then quenched. As a result, there is a high possibility that the material structure will undergo a change into distinct phases. Consequently, the substrate materials’ initial functionality and mechanical qualities could be compromised. Therefore, comprehensive research is needed in this field.



	
Controlling and determining the precise thickness of the layer formed by electrode erosion is highly challenging. A thorough investigation in this direction will be beneficial.



	
Electrode erosion as a means of material deposition is complex enough that its mechanism is not well understood. The monitoring of material deposition during machining is an area that needs to be explored further in future studies.



	
Efforts using the additive manufacturing method without the metallization process would be a breakthrough in electrode production.



	
The parameters used in EDM’s electrode-to-workpiece material transfer are material-specific. As a result, it is difficult to determine the best settings for all material permutations.



	
Experiments using both green compact and sintered electrodes should be explored to ascertain the efficiency of the material transfer of both production processes.



	
From the literature reviewed, there is extremely limited research on surface modification using electrodes for biomedical applications, and hence, future research should consider using biocompatible materials, such as Co-Cr-HA, for electrode production. This will be an alternative to the expensive PMEDM, which requires setting modifications.



	
From the literature reviewed, there is limited research on EDM or PMEDM for oil and gas applications, and hence, there is a need for research in this direction.









6. Conclusions


Based on the extensive literature review on the various production methods of EDM electrodes, it was discovered that the additive manufacturing method involves two stages of production, which are the printing of the electrode itself and the metallization of the electrode to provide conductivity. These methods are viable and can shorten the production time, but they are expensive. The challenge of the two stages of production, which results in a lack of homogeneity and sufficient strength in real EDM applications, remains a drawback for this method. It would be a breakthrough if conductive materials could be printed directly, bypassing the metallization stage.



Several researchers focused on the powder metallurgy approach due to its many advantages over other methods. However, it has some drawbacks that need to be studied further, such as the high tool wear and porosity in green compact electrodes. Low tool wear is evident in the case of sintered electrodes, and hence, there is a need for further studies to establish the most appropriate P/M production balance between the two. Most importantly, some research works suggested surface modification through electrode erosion for material migration, and hence, in-depth research will be needed to establish the best composition for powder metallurgy.



Additionally, there is limited literature on the electrodeposition method. Therefore, this method is not well understood in terms of its viability.



The conventional machining method has been employed for so many years. However, it has some drawbacks, such as the lack of control over the properties of the electrodes. Nevertheless, this method is the most promising method used because it is the easiest and most cost-effective.
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Figure 1. Schematic diagram of EDM. 
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Figure 2. EDM input and output parameters [11]. 
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Figure 3. Evolution of EDM process based on application [15,23,24,25,27,30,31,32,33,34,35,36,39,40,46,47,48,49,50,51,52,53]. 
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Figure 4. Schematic diagrams of (a) parallel capacitor and (b) gap-active EDM [54]. 
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Figure 5. (a,b) Comparison of MRR for normal EDM and GA EDM [54]. 
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Figure 6. Types of EDM gap flushing. 
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Figure 7. Solid-additive-mixed PMEDM of different powders as indicated in different colours. 
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Figure 8. Comparison of dry EDM of carbon steel using various gases in terms of MRR [38]. 
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Figure 9. Schematic diagram of dry EDM. 
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Figure 10. Effect of surfactant additive on (a) MRR and (b) SR [23]. 
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Figure 11. SEM images of electrical discharge-machined samples using additives at (a) 14 g/L graphite powder and (b) 16 g/L graphite powder [90]. 
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Figure 12. Factors affecting electrode performance. 
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Figure 13. Stages for FDM method of EDM electrode manufacturing. 
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Figure 14. (i,ii): Material migration through electrode erosion [23]. 
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Table 1. Properties of primary and secondary dielectric fluids used [54].
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	S/N
	Property
	Primary Dielectric
	Secondary Dielectric





	1
	Density (g/cm3)
	0.84
	0.92



	2
	Viscosity (ŋ)
	1.3
	4.2



	3
	Flash point (°C)
	54
	135



	4
	Sp. heat (J·kg−1K−1)
	2.1
	1.8










 





Table 2. Properties of dielectric materials used in EDM [19].
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	Type
	Specific Heat

(J·kg−1 K−1)
	Thermal Conductivity

(W·m−1 K−1)
	Breakdown Strength

(kV/mm)
	Flashpoint (°C)





	Deionized water
	4200
	0.623
	65–70
	Not Applicable



	Kerosine
	2100
	0.14
	24
	37–65



	Mineral oil
	1860
	0.13
	10–15
	160



	Silicon oil
	1510
	0.15
	10–15
	300










 





Table 3. Requirements of dielectric fluids [75].
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	Dielectric Property
	Desired
	Hydrocarbon Mineral Oil
	Oil/Kerosene
	Water
	Bio-Dielectric





	Specific gravity
	Low
	High
	Moderate
	Low
	Low



	Flash point
	High
	Low
	Low
	Low
	High



	Oxygen content
	High
	Low
	Low
	High
	High



	Toxicity
	Low
	High
	High
	Low
	Low



	Breakdown voltage
	High
	Low
	Low
	Moderate
	High



	Viscosity
	Low
	High
	Low
	Low
	Low



	Volatility
	High
	High
	High
	Moderate
	High



	Carbon content
	Low
	High
	High
	Negligible
	Negligible



	Biodegradability
	Moderate
	Low
	Low
	Moderate
	Moderate










 





Table 4. Comparative analysis of electrode materials [19].
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	Material
	Melting Temperature (°C)
	Thermal Conductivity (Wm−1·K−1)
	Density

(g/cm3)
	MRR
	TWR
	Manufacturing Difficulty
	Cost





	Copper
	1084
	401
	8.96
	High for roughing
	Low
	Easy
	High



	Graphite
	3350
	24–470
	1.811
	High
	Low
	Difficult
	High



	Brass
	930
	159
	8.73
	High for finishing
	High
	Easy
	Low



	Tungsten
	3695
	173
	19.25
	Low
	Low
	Difficult
	High



	Tungsten copper alloy
	3500
	27.21
	15.2
	Low
	Low
	Difficult
	High



	Cast iron
	1204
	20–70
	7.13
	Low
	Low
	Easy
	Low



	Carbon steel
	1460
	51.9
	7.85
	Low
	High
	Easy
	Low



	Zinc-based alloy
	693
	116
	7.14
	High for roughing
	High
	Easy
	High



	Cu-W
	2250
	220
	14.84
	Medium
	Low
	Medium
	High



	Cu-Gr
	2550
	250
	6.8
	High
	Low
	Easy
	High



	Ag-W
	980
	160
	15.28
	Medium
	Low
	Difficult
	High



	W-C
	2870
	84.02
	15.7
	High
	Low
	Difficult
	High



	Te-Cu
	660
	210
	2.69
	Low
	High
	Difficult
	High










 





Table 5. Influence of operational conditions on side clearance.
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	Rate of Cutting
	Surface Finishing
	Side Clearance (mm)





	Slow
	Fine
	0.03–0.06



	Medium
	Medium
	0.2–0.3



	Rapid
	Course
	0.5–0.6










 





Table 6. General methods used for electrode production.
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	Method
	Material Used
	Application
	Merit
	Demerit
	Remarks
	Refs.





	Additive manufacturing
	ABS (for printing) and copper (for metallization)
	EDM
	Intricate shapes can be made;

shorter production time
	Expensive; limited number of materials; two stages of production
	Achieving high quality surface is challenging due to inherent layer effect
	[10,97,98,99,100,101,102,103,104,105]



	Powder metallurgy
	All materials
	EDM/surface modification
	Simplicity and ability to control other properties of electrode
	High porosity; high tool wear for green compact tool and low tool wear for sintered tool
	Enables the production of electrodes with tailored properties
	[106,107,108,109,110,111,112,113,114]



	Electrodeposition
	Conductive materials
	EDM
	Control over electrode’s properties
	High tool wear
	Enhanced electrical and thermal properties
	[115,116,117,118]



	Conventional machining
	Conductive material
	EDM
	Simple, fast, and cheap
	No control over properties of electrode; surface defects
	Provides high level of process control
	[23,119,120,121,122]










 





Table 7. Comparison of additive manufacturing methods used for electrode manufacturing.
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	Method Used
	Advantages
	Limitations
	Remarks
	Ref.





	SLA
	Variety of materials can be printed
	Requires curing after printing; cannot print large parts
	Not suitable for EDM electrode production
	[9]



	FDM
	Material flexibility and cost-effectiveness
	Only suitable for small sizes; unstable quality of parts
	Requires more than one stage of production
	[10]



	DMLS
	Freedom of design, smoothness, and material reusability
	Porous parts; require post-processing
	Could be an alternative method of EDM electrode production
	[126]



	SLM
	Overly complex geometry can be produced. Strong and tough parts can be made
	Prohibitive cost of machines and materials; elevated temperature gradient (may compromise structural integrity)
	Good for EDM electrode production
	[134]










 





Table 8. Fused deposition modelling method of electrode manufacturing.
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	Electrode Application
	Advantages
	Limitations
	Conclusion
	Ref.





	Machinability of FDM electrode electroplated with copper
	The researchers’ conclusion was that copper-electroplated electrodes were lighter, with weight that was less than one-third of solid electrodes. This made the plated electrodes more convenient to use.
	The process of plating a complex electrode profile can be complex, and the accuracy of the resulting plated electrode may be inconsistent.
	The electrical conductivity of the copper-electroplated electrode was found to be the same as that of the solid electrode for each performance measure studied.
	[97]



	Assess effectiveness of tool electrodes made from FDM samples using copper electroplating
	The electrode can be reused by selectively metalizing it again after the previous layer wears out. The demonstrated process reduced metallization time and material while also reducing tool cost and cycle time.
	Despite its many benefits, the process still lacked dimensional accuracy in machined holes.
	The results showed that the MRR and TWR achieved with the copper electroplated FDM electrode were higher than those obtained with the

solid copper electrode.
	[98]



	Machining of EN-19 alloy steel using metalized FDM electrodes
	Using a simple electroless process, a metalized thickness of 70 mm (about 2.76 in) was achieved; metalized FDM electrodes outperformed metal copper electrodes in terms of performance
	Surface machining lasted about 35 min and rough machining was absent; requires more than one stage of fabrication
	For finished machining operations, FDM-fabricated EDM electrodes were better suited, and they can be used to replace complex metal electrodes that have become worn out.
	[99]



	Capability of FDM electrodes during machining process
	The electroless method is an inexpensive and straightforward approach. When complex profiled electrodes became worn out, they were required to be promptly reproduced with FDM electrodes.
	There was no reference in the literature, and machining dimensions were missing. There were no complete investigations.

It requires more than one stage of fabrication.
	In every way, the performance of the FDM electrode did not match that of the conventional copper electrode. FDM electrode manufacturing process can rapidly produce replicas of worn-out electrodes with complex profiles.
	[100]



	EDM using metalized FDM electrodes to check for MRR, TWR, Ra and dimensional accuracy
	Basic methods of metallization, such as electroplating and electroless plating, were employed. A mathematical equation was suggested for regulating the thickness of the coating during electroplating. The FDM-manufactured electrode coated with metal wore out at a quicker rate than did the solid copper electrode.
	Various metalized electrodes were used to machine various holes. A single electrode’s full machining capability was not investigated.

It requires more than one stage of fabrication.
	During roughing, semi-finishing and finishing operations, FDM electrodes coated with metal were less effective than the solid copper electrodes. An optimal set of machining parameters were suggested to enhance machining efficiency.
	[132]



	Possibility of using FDM electrodes to machine Ti-6Al-4V alloy
	FDM electrodes demonstrated a high potential in PMEDM application to machine intricate shapes.

There was a marked improvement in the average surface quality.
	The researchers did not provide information on the coating method used, and there were no dimensions provided for the machining process.
	Powder-mixed EDM with both CNC (computer numerical control) and FDM electrodes demonstrated an improvement in TWR, MRR and SR. However, this method has the limitation of the range of materials.
	[133]



	Evaluate effectiveness of electrode produced through electroless plating on ABS material
	Using a simple electroless process, a thickness of 1.5 mm (about 0.06 in) was achieved on FDM fabricated parts after metalized. The result was also deemed satisfactory.
	The machining was limited to the L9 array and a maximum current of 6 A. Further testing is necessary to determine the effectiveness of the electrode.
	Compared with voltage and pulse on-time, current had a greater impact. The main effect plot was used to identify the optimal parameter settings for the fabricated electrode.
	[135]










 





Table 9. Review on surface quality achieved through additively manufactured electrode.
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	Materials Used
	Printing Method Used
	Surface Quality Achieved (µm)
	Ref.





	ABS
	FDM
	11.0–75.33
	[97]



	ABS
	FDM
	10
	[98]



	ABS
	FDM
	3.22–6.9
	[99]



	ABS
	FDM
	1–2
	[100]



	Cu
	STL
	10
	[102]



	Gypsum (ZP100)
	STL
	4.49–10.5
	[105]



	Tungsten carbide (WC)
	SLM
	3.15–23.42
	[134]



	ABS
	FDM
	2.62–8.07
	[135]










 





Table 10. Powder metallurgy electrode production.
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	Electrode Application
	Advantage
	Limitations
	Conclusion
	Ref.





	Surface modification via EDM using Ti-powder green compact electrode
	This study was able to achieve surface modification using a Ti P/M tool.
	The thickness of the modified layer was uneven, and there was excessive tool wear.
	A proper assessment should be conducted to improve the process. The study did not give details on the methodology.
	[114]



	Surface alloying using P/M composite electrode through electrical discharge texturing of hardened AISI D2
	Both green compact and sintered electrodes exhibited comparable results. These methods can be used for both machining and improved roll life and performance through EDT. Excellent sparking was achieved.
	Due to high porosity in green compact tool, the electrical conductivity was low.

Electrodes produced with low compaction pressure could not withstand mechanical forces during spark discharge.
	This study suggested that compaction pressure and sintering temperature are critical, and an equilibrium should be maintained.
	[136]



	Surface modification on OHNS steel using Cu-CrB2 green compact electrode
	Green compact electrode modified the surface through material transfer migration (MTR) with composite layers.
	The composite electrode was found to be sensitive at high pulse discharge current and pulse on-time, which resulted in thicker layers.
	Electrode wear needs to be controlled.
	[138]



	Reverse EDM process for pattern generation using P/M green compact tool on aluminum 6061’s surface
	This method has the ability to combine composite material.

Reverse EDM improves MRR.
	The geometric deviation of the size is unavoidable due to the process errors.
	This method is good for EDM and can be employed for potential surface modification.
	[139]










 





Table 11. Review of surface quality achieved through powder metallurgy electrode.
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	Electrode Materials
	Workpiece Material
	Green/Sintered
	Surface Quality Achieved (µm)
	Ref.





	W-Cu
	C-40-Carbon steel
	Sintered
	3–15
	[26]



	Cu
	Ti-6Al4V (α-β)
	Green/Sintered
	1–9
	[30]



	CuW/Cu
	Inconel 718
	Green compacted
	0.05–0.826
	[108]



	W-Cu
	Nill
	Sintered
	3–15
	[109]



	Cu-B4C/Cu
	SAE 1040 Steel
	Sintered
	2.5–15
	[111]



	Si-Cu Mixed
	Al 6351
	Green compacted
	2.92
	[112]



	Ti
	Carbon steel
	Green Compacted
	20
	[114]



	CuW
	Al 6061
	Green compacted
	1.7
	[139]



	W-Cu
	C-40 Steel
	Green Compacted
	3.2–12.9
	[140]



	Inconel-718-Al
	Al-7075
	Green Compacted
	1–5
	[141]



	W-Cu
	Mild Steel
	Green Compacted
	2.6
	[143]



	Al 7075
	Inconel 718
	Green Compacted
	1.5–2.5
	[148]



	Cu-Mn
	Die steel-H11
	Sintered
	3.11
	[150]



	Cu-10Ni-Cr
	Strenx 900 Steel
	Sintered
	1–9
	[153]



	Cu-W
	En31 Steel
	Sintered
	8.12
	[160]



	TiB2-Cu
	Inconel 718
	Sintered
	2.71–4.7
	[161]










 





Table 12. Review of studies on surface quality achieved through electrodeposition electrode.






Table 12. Review of studies on surface quality achieved through electrodeposition electrode.





	Deposited Materials
	Deposition Process Used
	Surface Quality Achieved (µm)
	Ref.





	Cu-Al
	Electroless
	10–15
	[103]



	Cu
	Electroless
	Nill
	[104]



	Ni
	Electroless
	1.3–2.2
	[105]



	HA
	Anodization
	Nill
	[115]



	HA
	Pulsed Electrodeposition
	2–3
	[116]



	HA
	Effective Electrochemically assisted deposition
	Nill
	[117]










 





Table 13. Review of studies on surface quality achieved through conventional electrode.






Table 13. Review of studies on surface quality achieved through conventional electrode.





	Electrode Materials
	Application
	Surface Quality Achieved (µm)
	Ref.





	Cu-TiB2
	Monel 400TM
	6–9
	[12]



	Cu-MWCNT-Al6061
	Mild Steel
	20–37
	[87]



	Cu-Ni
	PCD
	2.399–2.857
	[113]



	Al
	SKD Steel
	5–8
	[120]



	TiC
	Al
	5.35–9.07
	[144]



	Cu3Zn2
	Ti6Al4V
	2.38–7.39
	[152]



	Cu
	SiSiC
	1.7
	[172]



	Cu
	SiSiC
	1.573–1.701
	[173]



	Cu
	D2 die Steel
	0.006
	[174]



	Graphite
	1.2363 tool steel
	0.70–2.23
	[175]
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