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Abstract

:

This paper provides an overall view of the current research in micro-electrical discharge machining (micro-EDM or µEDM) and looks into the present understanding of the material removing mechanism and the common approach for electrode material selection and its limitations. Based on experimental data, the authors present an analysis of different materials’ properties which have an influence on the electrodes’ wear ratio and energy distribution during the spark. The experiments performed in micro-EDM conditions reveal that properties such as electron work function and electrical resistivity strongly correlate with the discharge energy ratio. The electrode wear ratio, on the other hand, is strongly influenced by the atomic bonding energy and was found to be related to the tensile modulus. The proposed correlation functions characterized the data with a high determination coefficient exceeding 99%.
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1. Introduction


Non-conventional processes such as electrochemical machining, electrical discharge machining, and laser machining are nowadays widely present in research as well as in industrial applications [1,2]. They are used in the production of home appliances, personal well-being products [3], aviation components [4], medical instruments, and automotive parts [5,6]. Despite the presence of these technologies, the rapid development of the consumer market and the competition for achieving better product quality forces the search for new concepts and solutions, even in well-established manufacturing processes. Limitations concerning in-depth knowledge of non-conventional micro-machining and especially the lack of detailed theoretical understanding of the physical phenomena describing the material-removal process are major obstacles in achieving better control on micro and nano scales.



Recent efforts in the research and industrial applications of micro-EDM are of great interest as they promise to satisfy, to a great extent, the constant desire for miniaturization [7,8]. Other areas of interest are hybrid processes, deploying at least two different techniques [9], and even nano-scale machining [10,11]. Unfortunately, the majority of the research community devotes its attention to specific commercial applications and, in this way, misses the global scientific approach and scientific exploration of the processes’ behavior. However, the micro-processes still need to be investigated and developed to face new challenges, as they are not fully understood, and with newly acquired knowledge to bring novel possibilities. This paper will attempt to present the scientific side and offer trends in the further research of the micro-EDM process.




2. Micro-EDM


In general, micro-fabrication or micro-manufacturing can be defined as the fabrication of products or components where the dimensions of at least one feature are in the micrometer range. This is a common definition of micro-manufacturing as proposed in [12], which has also been adopted by others to classify the manufacturing processes [13,14,15]. This, however, cannot be the only criterion for the classification of the machining process, especially in terms of micro-EDM.



Micro-electrical discharge machining is one of the non-conventional manufacturing technologies that are increasingly present in the production of micro molds and dies [16,17] and many other commercial products [3]. In micro-EDM, both tool and workpiece are scaled down to enable manufacturing of microfeatures, ranging from a few mm to several µm [18] or even several nm [10,11], so, in conventional terms, the difference between EDM and micro-EDM processes is mostly connected with downscaling the process. However, it is important to notice that even though the discharge energy of a single pulse is typically in the range of µJ [19,20] or even nJ [21], the energy density usually goes up, and as shown in [22], the main difference between macro- and micro-EDM is the energy density acting on the surface. Therefore, the big question here is: by scaling all dimensions down, do the processing parameters stay in the normal boundaries for EDM, or do they change drastically, which in turn brings changes in the mechanism of material removal?



Such a “scale down” approach can only be justified if it takes into account the duration of the discharge pulses in macro- and micro-EDM and their effects on the workpiece surface. Hence, a better distinction between these two processes can be clarified if the energy densities are compared.



In this paper, it is assumed that the crucial difference between macro- and micro-EDM is the plasma channel formed during the discharge. In macro-EDM, the size of the tool electrode is much bigger than the radius of the plasma channel, and pulses are of much longer duration. The situation in micro-EDM is different. In general, the radius of the plasma channel is determined by the pulse duration. The longer the pulse, the more the plasma channel expands, and the larger the affected surface area becomes. In micro-EDM, the discharge pulses are much shorter, and that does not allow the plasma channel to expand. However, the size of the tool is also much smaller. This leads to a greater energy density affecting the workpiece surface, and the assumption is that different phenomena of material removal in micro-EDM appear, which leads directly to material ablation rather than melting vaporization [23]. Changes in the mechanism of material removal in EDM when very short pulses are used have been reported by manufacturers of micro-EDM machines such as SARIX. They reported that when machining with very short pulses, the recast layer was largely reduced or not present at all.



This assumption is consistent with the size and shape of produced microcraters due to the absence of material melting during the process. The “erosion efficiency” of the micro-EDM process is proportional to the ratio of actual erosion energy vs. supply energy, which is much higher for lower energies applied using RC-pulse discharges compared to when higher energies are applied. It was also noticed that lower-energy discharges produced a more consistent size of microcraters at higher efficiency, which was reported in [19].



Therefore, the EDM process on the micro-scale can be described not as the miniature version of the macro-EDM process but as a process in which the physical phenomena are different. That difference is due to shorter discharge pulses which affect the surfaces with much higher energy density. Such an approach contradicts the classical definition of the micro process presented in [12], which perceives the processes in terms of dimensions of tools and manufactured products. This also means that with very short pulses, larger tool electrodes can also effectively perform the micro-EDM process that authors in [24] demonstrated using larger electrodes (1.5 mm) in micro-EDM. Therefore, the main question now is: what is the scientific basis for these phenomena, and what are the boundaries? It seems logical that for different electrode materials, these new phenomena may have different boundaries.




3. Typical Electrode Material Selection Approach


One major challenge for micro-EDM is the fabrication of tool electrodes. Manufacturing them and monitoring the results to achieve dimensions in the expected range tends to be a separate research topic [25,26,27].



A key issue in micro-EDM as well as in conventional EDM is the selection of a suitable material for the tool electrodes. This selection is crucial because of the need for high electric conductivity of the material used, which is essential, and good machinability to allow for easy forming of the appropriate electrode shapes, especially for micro-EDM. Recent experiments with non-conductive electrodes are being performed [28,29,30], but in general, the typical tool materials observed in EDM are graphite, copper—due to good machinability and thermal and electric conductivity—and tungsten, due to high melting temperature. Similarly, these are being applied in micro-EDM [31], together with tungsten carbide and brass [32] or other materials based on those—for example, alloys such as cupronickel [33]. There are also other, less popular, materials used as electrodes to verify their possible application in the micro-EDM process, such as cermet [34], composites [35], materials based on polycrystalline diamond and boron-doped CVD-diamond [36], materials with additional coatings [37], and even carbon fibers [24,38].



The workpiece materials are determined mainly by the application and functionality of the end product. One of the typical materials, machined by EDM and used for many applications, is stainless steel (304, 316) [39,40,41]. Other materials worth mentioning are titanium and its alloys [42,43,44], composite materials [15,45], and difficult-to-machine alloys such as Inconel [46,47,48].



In most cases, the selection of the electrode materials is to optimize machining parameters and to achieve certain values of process efficiency, measured by attaining the design parameters of the product, material removal rate (MRR), and tool wear rate (TWR), which is the ratio of the loss of material from the two electrodes [46,48,49]. The other approach to material selection is the analysis of process performance and identification of key factors influencing the results [25,33,36]. Such an approach establishes the processing window in which the manufacturing should be performed, the crucial input factors that will affect the process significantly, and the relationships linking them with outputs such as MRR, TWR, surface roughness, etc.




4. New Electrode Material Selection Approach


Many materials are selected for electrodes based on optimization procedures or laboriously planned experiments [25,49]. Such an approach is common because it gives detailed characteristics of the process with newly tested materials [33,36,41,46,48,49]. However, it is usually limited to a certain selected material(s) of the tool/workpiece pair chosen for the experiments. Selecting materials for electrodes in this way can be regarded mainly as a case study that gathers data for specific materials and process behaviors. Although this approach is good for rapid testing of newly developed applications and for finding optimal parameters of the machining process [46,47,48], the findings from such tests may not be transferable to other materials. Thus, it is difficult to generalize about the workpiece or tool material under erosive conditions because specific types of materials, even those sharing some similarities, have a large variety of different physicochemical properties, chemical compositions, and metallographic structures that can affect the process results. At present, there is a lack of a scientific approach able to predict material behavior in the EDM process.



The change in physicochemical properties of designed material can lead to different process results, as researchers showed in [50]. When analyzing different materials for tool electrodes, their thermal properties—such as boiling and melting point and thermal conductivity—should be carefully considered because EDM is mainly a thermal process. However, should all these material properties be considered? As assumed above, if the pulse discharge is very short, ablation of material takes place without heat transfer.



In order to go in-depth on a purely theoretical basis and not be linked to any practical application, one paper’s experiments investigated the behavior of pure materials with a purity greater than 99.95% [20]. The experiment results showed that electrode materials have a significant effect on the process’s electrical parameters, such as energy distribution and current. Therefore, the selection of the tool electrode material is dependent on the workpiece material, and it is possible to design material(s) with specific properties depending on the properties of the workpiece material.




5. Energy Distribution Analysis


Taking into account the above-mentioned consideration about the micro-EDM process, the following analysis can be performed. The energy during the discharge is distributed between cathode, anode, and the dielectric medium as presented in Figure 1 and denoted in Equation (1).


    E  d i s   =  E  d i s   a n o d e   +  E  d i s   c a t h o d e   +  E  d i s   d i e l e c t r i c     



(1)







For the sake of this analysis, it is assumed that in micro-EDM, the volume of the material removed (    V  d i s     ) from the workpiece and from the tool electrode is proportional to the discharge energy (2). At this point, it is not known if K is a constant or a function of the discharge potential and material.


    V  d i s   = K  E  d i s     



(2)







Typically, and well-accepted is that the energy in the EDM process can be described according to Figure 2, where: t0—time off, ti—time on, te—time of the discharge, imax—max current, idis—discharge current, V0—supply voltage, Ve—discharge voltage.



Analyzing Figure 2, Equations (3) and (4) for the energy can be written as:


    E  d i s   =   ∫  0   t e     W t  d t   



(3)




where the power W (time-dependent) is:


    W   ( t )    =  I  d i s    ( t )   V e   ( t )    



(4)




hence the energy can be expressed as:


    E  d i s   =   ∫  0   t e     I  d i s    ( t )     V e   ¯   ( t )  d t   



(5)







The initial assumption was that in micro-EDM, the material is directly vaporized, and the following modeling does not include the thermal conductivity of the material. The suggested modeling does not pretend to be absolute truth, but at the same time, it becomes valuable for further investigation and direction of the research. It is considered that the enthalpy of the system (H) can be used to describe the internal energy (E) of the system and EDM process according to Equation (6), where P and V are pressure and volume, respectively:


   H = E + P V   



(6)







As the EDM process is complex, the two main contributions to energy can be identified. One is connected with the melting process and the other with the vaporization process, (7) and (8), respectively:


    E m  = m  H m    



(7)






    E v  = m  H v    



(8)




where m is the mass, V is the volume, and ρ is the density expressed in Formula (9)


   m = V ρ   



(9)







Thus, the energy to vaporize material from both cathode and anode can be described by Expressions (10) and (11)


    H  v a p   a n o d e   =   ∫    T 0     T m     c p  a n o d e   d T +  L m  a n o d e   +   ∫    T m     T v     c p  a n o d e   d T +  L v  a n o d e     



(10)






    H  v a p   c a t h o d e   =   ∫    T 0     T m     c p  c a t h o d e   d T +  L m  c a t h o d e   +   ∫    T m     T v     c p  c a t h o d e   d T +  L v  c a t h o d e       



(11)




where cp, Lm, Lv, T0, Tm, and Tv are, respectively, the specific heat capacity, latent heat of melting, latent heat of vaporization, ambient temperature, melting temperature, and vaporization temperature.



Considering the micro-EDM process with component form vaporization, as it was mentioned above (in Section 2, paragraph 4), the following distribution of energy can be obtained. For Equation (8), the energy for both electrodes is expressed in formulae (12) and (13).


    E  v a p   a n o d e   =  V  v a p   a n o d e    ρ  a n o d e    H  v a p   a n o d e     



(12)






    E  v a p   c a t h o d e   =  V  v a p   c a t h o d e    ρ  a n o d e    H  v a p   c a t h o d e     



(13)







Further, considering the electrode wear ratio, which is the ratio of the lost volumes of both electrodes and taking into account (12) and (13) to represent the vaporized volumes     V  v a p   a n o d e      and     V  v a p   c a t h o d e     , the following equation is obtained:


   ν =    V  a n o d e      V  c a t h o d e     =    E  a n o d e    ρ  c a t h o d e    H  v a p   c a t h o d e      E  c a t h o d e    ρ  a n o d e    H  v a p   a n o d e       



(14)







This equation brought the idea to use the same material for anode and cathode. If the materials for both electrodes are the same, then the wear ratio will only depend on the energy distribution between the anode and cathode (15). Now comes the big question: is this ratio constant, or is it somehow material-dependent?


   ν =    E  a n o d e      E  c a t h o d e       



(15)







The above-mentioned analysis reduced the wear ratio only for the energy provided to both electrodes. The detailed experiment planning and results of eroding pure metals against each other are given in [20]. The authors found that depending on the material, the discharge energy and other electrical parameters are different, providing the same sparking parameters in each test, and the results can be observed in Figure 3.



This leads to the conclusion that some material properties, when both electrodes are of the same material and experiencing the same sparking conditions (parameters), influence the energy distribution and hence the electrode wear ratio.




6. Analysis of Possible Material Properties Influencing the Energy Distribution during the Micro-EDM Process


The aim of the experiments was to find the properties that affect the energy distribution during the micro-EDM process. In the tests, the electrodes were of pure metals, presenting a wide range of physicochemical properties. The list included Ti, W, Ag, and Ni but also the metal typically used for tool electrode material—Cu. All electrodes in the experiments were wire (rod) with a 1 mm diameter. The parameters used in the experiments were the same for all the tests and are summarized in Table 1. More than 2600 randomized tests were completed in order to avoid the effect of any systematic factors on the results.



The methodology of the analysis first assumed the calculation of the correlation coefficient between the properties of each examined material, single discharge energy, and wear ratio, respectively. Then, properties showing high correlation values were chosen to obtain the fitting formula.




7. Estimation of the Energy Distribution Functions Based on Material Properties


To estimate the dependency between the results of the experiments and material properties, the correlation coefficient between measured impulse energy and various material properties has been calculated. Table 2 presents selected properties for all analyzed materials with their correlation coefficients regarding energy distribution. A strong correlation with the energy is observed in the case of electron work function and electrical resistivity.



The electron work function exhibits a much higher correlation coefficient than the key factor for the material to be considered suitable for electrodes both in EDM and micro-EDM—electrical resistivity [44]. The value is close to the total positive linear correlation (equal to 100%). As the electron work function represents the energy that must be supplied to an electron to cross over the surface barrier of a metal, it indicates that it can be expected that materials with a high value of this property will lead to higher measured energy in the same process conditions.



Table 3 below shows the data and the units for the plot on Figure 4 which is the linear relation between the electron work function and the share of the energy depending on the material.



The determination coefficients for the electron work function were 99.345% and 99.348% for linear and second-degree polynomial fittings, respectively. For the electrical resistivity, they were 62.11% and 71.51%, respectively.



By combining both the most important factors for the energy distribution during sparking, R2 = 99.9993808 can be achieved. It has to be mentioned that the electron function for one material can vary depending on the structure of the material. This will allow, when knowing the workpiece material, to design the electrode material and predict the energy distribution between the two electrodes. This will make the micro-EDM process more predictable.




8. Estimation of the Wear Ratio Distribution Functions Based on the Properties of Materials


To estimate the dependency between the results of the experiments and selected material properties, the correlation coefficient between the wear ratio and various material properties was calculated. Table 4 presents these material properties with their correlation coefficient in regard to the wear ratio. The wear ratio exhibits a strong correlation with the atomic bonding energy (represented here as tensile modulus), thermal conductivity, and coefficient of thermal expansion.



Table 5 gives the data of the four material properties most closely correlated to the wear ratio of the electrode. Most important is the atomic bonding energy (for convenience, it is represented here by tensile modulus).



The determination coefficients for the tensile modulus were 72.37% and 93.84 % for linear and second-degree polynomial fittings, respectively, and the plot is given in Figure 5. For thermal conductivity, the coefficients were 54.48% and 72.71%, respectively, and for thermal expansion, – 53.00% and 55.34%, respectively.



Although the melting point from Table 4 has a similarly high correlation coefficient, it was not considered in this study. The melting point is important in terms of the evaluation of wear ratio [44]; however, as the analyses were made for micro-EDM, in which evaporating of the materials due to high energy density rather than melting is dominant, the melting point was not included in this study.




9. Conclusions


The present work aims to bring new theoretical insights into existing research on the micro-EDM process and to try and open new horizons for future research and discussions. Based on the analysis, it appears that there is a linear relationship between the work function of the material and measured energy. Additionally, a parabolic relation between the electrode wear ratio during micro-EDM and the tensile modulus of the electrode material is observed. These relationships indicate that one can approach ED micromachining of the materials from a theoretical perspective and apply relevant and optimum energy for successful EDM.




10. Future Prospects


Future research must be conducted in order to establish the boundaries of each of the mechanisms of material removal, which would allow reliable prediction of process behavior:




	
Build up a theoretical model, which is then proven experimentally, to be used for establishing the energy density needed to directly vaporized material during the EDM process. Obviously, this will be an important parameter to mark the change of the material-removal mechanism and the disappearance of the recast layer.



	
The suggested model using enthalpy must be improved to not follow the melting–vaporization stages but go directly through ablation (sublimation), as shown in Figure 6.



	
More accurate models of the energy distribution during sparking must be developed, which will allow knowing the specific material properties of the workpiece in order to select or even to design electrode materials, and in this way to control the energy distribution during sparking. This, in turn, will dramatically reduce the electrode wear and improve process predictability.



	
Based on the presented research, a new model for electrode wear must be developed, keeping in mind the material-removal mechanism and material-bonding energy.



	
Electrode material(s) can be selected (designed) to have much less electrode wear with high predictability of the outcome.



	
The micro-EDM process has to undergo a high-level scientific investigation to make it more predictable and reliable. It is very likely, as well, that new parameters will be defined, and new micro-EDM machines will be designed and manufactured.












Author Contributions


Conceptualization, A.I. and A.T.-W.; methodology, A.I.; validation, A.L., A.T.-W. and V.B.; formal analysis, A.T.-W.; investigation, A.I.; data curation, A.T.-W.; writing—original draft preparation, A.I. and A.T.-W.; writing—review and editing, A.L. and V.B.; supervision, A.I. and A.L.; project administration, A.I.; All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mohri, N.; Fukuzawa, Y.; Tani, T.; Sata, T. Some considerations to machining characteristics of insulating ceramics-towards practical use in industry. CIRP Ann. 2002, 51, 161–164. [Google Scholar] [CrossRef]

	



D’Urso, G.; Maccarini, G.; Ravasio, C. Process performance of micro-EDM drilling of stainless steel. Int. J. Adv. Manuf. Technol. 2014, 72, 1287–1298. [Google Scholar] [CrossRef]

	



Altena, H. EDM and ECM for mass production Philips DAP. J. Mater. Process. Technol. 2004, 149, 18–21. [Google Scholar] [CrossRef]

	



Klocke, F.; Zeis, M.; Harst, S.; Klink, A.; Veselovac, D.; Baumgärtner, M. Modeling and simulation of the electrochemical machining (ECM) material removal process for the manufacture of aero engine components. Procedia CIRP 2013, 8, 265–270. [Google Scholar] [CrossRef]

	



Romoli, L.; Lovicu, G.; Rashed, C.; Dini, G.; De Sanctis, M.; Fiaschi, M. Microstructural Changes induced by ultrashort pulsed lasers in microdrilling of fuel nozzles. Procedia CIRP 2015, 33, 508–513. [Google Scholar] [CrossRef]

	



Li, L.; Diver, C.; Atkinson, J.; Giedl-Wagner, R.; Helml, H. Sequential laser and EDM micro-drilling for next generation fuel injection nozzle manufacture. CIRP Ann. 2006, 55, 179–182. [Google Scholar] [CrossRef]

	



Ho, K.; Newman, S. State of the art electrical discharge machining (EDM). Int. J. Mach. Tools Manuf. 2003, 43, 1287–1300. [Google Scholar] [CrossRef]

	



Chung, D.K.; Shin, H.S.; Park, M.S.; Kim, B.H.; Chu, C.N. Recent researches in micro electrical machining. Int. J. Precis. Eng. Manuf. 2011, 12, 371–380. [Google Scholar] [CrossRef]

	



Nguyen, M.D.; Rahman, M.; Wong, Y.S. Simultaneous micro-EDM and micro-ECM in low-resistivity deionized water. Int. J. Mach. Tools Manuf. 2012, 54, 55–65. [Google Scholar] [CrossRef]

	



Benilov, A.; Skryshevsky, V.; Robach, Y.; Cabrera, M. Micro and nano electrical discharge machining in microfluidics and micro nanotechnology. Int. J. Mater. Form. 2008, 1, 1315–1318. [Google Scholar] [CrossRef]

	



Rajurkar, K.; Levy, G.; Malshe, A.; Sundaram, M.; McGeough, J.; Hu, X.; Resnick, R.; DeSilva, A. Micro and nano machining by electro-physical and chemical processes. CIRP Ann. 2006, 55, 643–666. [Google Scholar] [CrossRef]

	



Madou, M. Fundamentals of Microfabrication: The Science of Miniaturization; CRC Press: Boca Raton, FL, USA, 2002. [Google Scholar]

	



Brousseau, E.B.; Dimov, S.S.; Pham, D. Some recent advances in multi-material micro- and nano-manufacturing. Int. J. Adv. Manuf. Technol. 2009, 47, 161–180. [Google Scholar] [CrossRef]

	



Pham, D.; Dimov, S.; Bigot, S.; Ivanov, A.; Popov, K. Micro-EDM—recent developments and research issues. J. Mater. Process. Technol. 2004, 149, 50–57. [Google Scholar] [CrossRef]

	



Liu, K.; Lauwers, B.; Reynaerts, D. Process capabilities of Micro-EDM and its applications. Int. J. Adv. Manuf. Technol. 2010, 47, 11–19. [Google Scholar] [CrossRef]

	



Fleischer, J.; Kotschenreuther, J. The manufacturing of micro molds by conventional and energy-assisted processes. Int. J. Adv. Manuf. Technol. 2007, 33, 75–85. [Google Scholar] [CrossRef]

	



Uhlmann, E.; Piltz, S.; Doll, U. Machining of micro/miniature dies and moulds by electrical discharge machining—Recent development. J. Mater. Process. Technol. 2005, 167, 488–493. [Google Scholar] [CrossRef]

	



Kawakami, T.; Kunieda, M. Study on factors determining limits of minimum machinable size in micro EDM. CIRP Ann. 2005, 54, 167–170. [Google Scholar] [CrossRef]

	



Wong, Y.; Rahman, M.; Lim, H.; Han, H.; Ravi, N. Investigation of micro-EDM material removal characteristics using single RC-pulse discharges. J. Mater. Process. Technol. 2003, 140, 303–307. [Google Scholar] [CrossRef]

	



Ferri, C.; Ivanov, A.; Petrelli, A. Electrical measurements in µ-EDM. J. Micromech. Microeng. 2008, 18, 085007. [Google Scholar] [CrossRef]

	



Egashira, K.; Matsugasako, A.; Tsuchiya, H.; Miyazaki, M. Electrical discharge machining with ultralow discharge energy. Precis. Eng. 2006, 30, 414–420. [Google Scholar] [CrossRef]

	



Zahiruddin, M.; Kunieda, M. Comparison of energy and removal efficiencies between micro and macro EDM. CIRP Ann. 2012, 61, 187–190. [Google Scholar] [CrossRef]

	



Katz, Z.; Tibbles, C. Analysis of micro-scale EDM process. Int. J. Adv. Manuf. Technol. 2005, 25, 923–928. [Google Scholar] [CrossRef]

	



Trych-Wildner, A.; Wildner, K. Multifilament carbon fibre tool electrodes in micro EDM—evaluation of process performance based on influence of input parameters. Int. J. Adv. Manuf. Technol. 2017, 91, 3737–3747. [Google Scholar] [CrossRef]

	



Hösel, T.; Müller, C.; Reinecke, H. Spark erosive structuring of electrically nonconductive zirconia with an assisting electrode. CIRP J. Manuf. Sci. Technol. 2011, 4, 357–361. [Google Scholar] [CrossRef]

	



Weng, F.-T.; Shyu, R.; Hsu, C.-S. Fabrication of micro-electrodes by multi-EDM grinding process. J. Mater. Process. Technol. 2003, 140, 332–334. [Google Scholar] [CrossRef]

	



Yamazaki, M.; Suzuki, T.; Mori, N.; Kunieda, M. EDM of micro-rods by self-drilled holes. J. Mater. Process. Technol. 2004, 149, 134–138. [Google Scholar] [CrossRef]

	



Banu, A.; Ali, M.Y.; Rahman, M.A. Micro-electro discharge machining of non-conductive zirconia ceramic: Investigation of MRR and recast layer hardness. Int. J. Adv. Manuf. Technol. 2014, 75, 257–267. [Google Scholar] [CrossRef]

	



Zeller, F.; Hösel, T.; Müller, C.; Reinecke, H. Microstructuring of non-conductive silicon carbide by electrical discharge machining. Microsyst. Technol. 2014, 20, 1875–1880. [Google Scholar] [CrossRef]

	



Hourmand, M.; Sarhan, A.A.D.; Noordin, M.Y. Development of new fabrication and measurement techniques of micro-electrodes with high aspect ratio for micro EDM using typical EDM machine. Measurement 2017, 97, 64–78. [Google Scholar] [CrossRef]

	



Plaza, S.; Sanchez, J.A.; Perez, E.; Gil, R.; Izquierdo, B.; Ortega, N.; Pombo, I. Experimental study on micro EDM-drilling of Ti6Al4V using helical electrode. Precis. Eng. 2014, 38, 821–827. [Google Scholar] [CrossRef]

	



D’Urso, G.; Maccarini, G.; Ravasio, C. Influence of electrode material in micro-EDM drilling of stainless steel and tungsten carbide. Int. J. Adv. Manuf. Technol. 2015, 85, 2013–2025. [Google Scholar] [CrossRef]

	



Yan, J.; Watanabe, K.; Aoyama, T. Micro-electrical discharge machining of polycrystalline diamond using rotary cupronickel electrode. CIRP Ann. 2014, 63, 209–212. [Google Scholar] [CrossRef]

	



Yoo, H.K.; Kwon, W.T.; Kang, S. Development of a new electrode for micro-electrical discharge machining (EDM) using Ti (C.;N)-based cermet. Int. J. Precis. Eng. Manuf. 2014, 15, 609–616. [Google Scholar] [CrossRef]

	



Tsai, H.; Yan, B.; Huang, F. EDM performance of Cr/Cu-based composite electrodes. Int. J. Mach. Tools Manuf. 2003, 43, 245–252. [Google Scholar] [CrossRef]

	



Uhlmann, E.; Roehner, M. Investigations on reduction of tool electrode wear in micro-EDM using novel electrode materials. CIRP J. Manuf. Sci. Technol. 2008, 1, 92–96. [Google Scholar] [CrossRef]

	



Mullya, S.A.; Karthikeyan, G.; Ganachari, V.S. Electric discharge milling: A state-of-the-art review. J. Braz. Soc. Mech. Sci. Eng. 2021, 43, 1–22. [Google Scholar] [CrossRef]

	



Trych-Wildner, A.; Kudla, L. Can carbon fibres work as tool electrodes in micro electrical discharge machining? J. Micromech. Microeng. 2016, 26, 075007. [Google Scholar] [CrossRef]

	



Jahan, M.P.; Wong, Y.S.; Rahman, M. A comparative experimental investigation of deep-hole micro-EDM drilling capability for cemented carbide (WC-Co) against austenitic stainless steel (SUS 304). Int. J. Adv. Manuf. Technol. 2010, 46, 1145–1160. [Google Scholar] [CrossRef]

	



Habib, M.A.; Rahman, M. Performance analysis of EDM electrode fabricated by localized electrochemical deposition for micro-machining of stainless steel. Int. J. Adv. Manuf. Technol. 2009, 49, 975–986. [Google Scholar] [CrossRef]

	



Heinz, K.G.; Kapoor, S.G.; Devor, R.E.; Surla, V. An Investigation of magnetic-field-assisted material removal in Micro-EDM for nonmagnetic materials. J. Manuf. Sci. Eng. 2011, 133, 021002. [Google Scholar] [CrossRef]

	



Pradhan, B.B.; Masanta, M.; Sarkar, B.R.; Bhattacharyya, B. Investigation of electro-discharge micro-machining of titanium super alloy. Int. J. Adv. Manuf. Technol. 2009, 41, 1094–1106. [Google Scholar] [CrossRef]

	



Meena, V.K.; Azad, M.S. Grey Relational Analysis of Micro-EDM Machining of Ti-6Al-4V Alloy. Mater. Manuf. Process. 2012, 27, 973–977. [Google Scholar] [CrossRef]

	



Garg, R.K.; Singh, K.K.; Sachdeva, A.; Sharma, V.S.; Ojha, K.; Singh, S. Review of research work in sinking EDM and WEDM on metal matrix composite materials. Int. J. Adv. Manuf. Technol. 2010, 50, 611–624. [Google Scholar] [CrossRef]

	



Ay, M.; Çaydaş, U.; Hasçalık, A. Optimization of micro-EDM drilling of inconel 718 superalloy. Int. J. Adv. Manuf. Technol. 2013, 66, 1015–1023. [Google Scholar] [CrossRef]

	



Prihandana, G.S.; Sriani, T.; Mahardika, M.; Hamdi, M.; Miki, N.; Wong, Y.S.; Mitsui, K. Application of powder suspended in dielectric fluid for fine finish micro-EDM of Inconel. Int. J. Adv. Manuf. Technol. 2014, 75, 599–613. [Google Scholar] [CrossRef]

	



Lin, M.-Y.; Tsao, C.-C.; Hsu, C.-Y.; Chiou, A.-H.; Huang, P.-C.; Lin, Y.-C. Optimization of micro milling electrical discharge machining of Inconel 718 by Grey-Taguchi method. Trans. Nonferrous Met. Soc. China 2013, 23, 661–666. [Google Scholar] [CrossRef]

	



Somashekhar, K.P.; Ramachandran, N.; Mathew, J. Optimization of material removal rate in micro-EDM using artificial neural network and genetic algorithms. Mater. Manuf. Process. 2010, 25, 467–475. [Google Scholar] [CrossRef]

	



Tsai, Y.; Masuzawa, T. An index to evaluate the wear resistance of the electrode in micro-EDM. J. Mater. Process. Technol. 2004, 149, 304–309. [Google Scholar] [CrossRef]

	



Chiou, A.-H.; Tsao, C.-C.; Hsu, C.-Y. A study of the machining characteristics of micro EDM milling and its improvement by electrode coating. Int. J. Adv. Manuf. Technol. 2015, 78, 1857–1864. [Google Scholar] [CrossRef]








[image: Micromachines 12 01184 g001 550] 





Figure 1. Energy distribution during sparking. 
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Figure 2. Typical waveforms during the discharges. 
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Figure 3. Discharge energy for different materials [20]. 
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Figure 4. Energy against electron work function. 
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Figure 5. Wear ratio against tensile modulus. 






Figure 5. Wear ratio against tensile modulus.



[image: Micromachines 12 01184 g005]







[image: Micromachines 12 01184 g006 550] 





Figure 6. Routes for material vaporization by increasing the enthalpy of the system. 
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Table 1. Parameters in experiment.






Table 1. Parameters in experiment.





	Parameter, Symbol
	Unit, Symbol
	Value





	Open circuit voltage, V0
	Volt, V
	80



	Average current from the generator, I
	Ampere, A
	0.5



	Duration of the pulse of voltage at V0, T-on
	Microsecond, μs
	1



	Programmed time interval between adjacent pulses of voltage, T-off
	Microsecond, μs
	1



	Reference voltage of the servo systema
	Volts, V
	50
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Table 2. Correlation coefficients of energy distribution for different material properties.
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	Material Property
	Energy





	Atomic number
	0.28



	Atomic radius
	−0.46



	Atomic weight
	0.24



	Electron work function
	0.98



	Thermal neutron absorption cross-section
	0.44



	Temperature coefficient
	0.67



	Electrical resistivity
	−0.78



	Boiling point
	−0.21



	Density
	0.35



	Melting point
	−0.13



	Coefficient of thermal expansion
	0.40



	Latent heat of evaporation
	−0.62



	Latent heat of fusion
	−0.55



	Specific heat
	−0.40



	Thermal conductivity
	0.32



	Bulk modulus
	0.17



	Tensile modulus
	0.10



	Enthalpy
	−0.62



	Enthalpy/thermal conductivity
	−0.75
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Table 3. Data used in calculations and plotting of Figure 4.
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	Materials
	Measured Energy

(µJ)
	Electron Work Function (eV)





	Ti
	1.717
	4.1



	Cu
	1.861
	4.5



	W
	1.916
	4.55



	Ag
	2.022
	4.7



	Ni
	2.06
	4.9
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Table 4. Correlation coefficients of wear ratio for different properties.
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	Material Property
	Wear Ratio





	Atomic number
	−0.12



	Atomic radius
	−0.45



	Atomic weight
	−0.11



	Electron work function
	0.18



	Thermal neutron absorption cross-section
	−0.57



	Temperature coefficient
	0.71



	Electrical resistivity
	0.06



	Boiling point
	0.60



	Density
	0.04



	Melting point
	0.73



	Coefficient of thermal expansion
	−0.73



	Latent heat of evaporation
	0.49



	Latent heat of fusion
	0.57



	Specific heat
	0.22



	Thermal conductivity
	−0.74



	Bulk modulus
	0.72



	Atomic bonding energy (tensile modulus)
	0.85



	Enthalpy
	0.48



	Enthalpy/thermal conductivity
	0.09
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Table 5. Calculated or derived data relevant for the wear ratio.
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	Materials
	Measured Wear Ratio
	Tensile Modulus

(N/m2)
	Thermal Conductivity

(Wm−1K−1)
	Thermal Expansion

(K−1)





	Ag
	0.215
	82.7
	429
	19.1



	Au
	0.254
	78.5
	318
	14.1



	Cu
	0.3135
	129.8
	401
	17



	Ti
	0.4
	120.2
	21.9
	8.9



	Co
	0.544
	211
	100
	12.5



	Ni
	0.585
	199.5
	90.9
	13.3



	W
	0.63
	411
	173
	4.5
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