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Abstract

:

Micromachining in the micro-electric discharge machining (μ-EDM) process requires high material-removal rate with good surface quality. Power-mixed μ-EDM, a modified machining process by introducing specific powder into the dielectric fluid, is among the key inventions to achieving these requirements. This article presents a review of the implementation of powder-mixed micro-EDM processes for microfabrication. Special attention was given to the influence of the powder characteristics, such as the concentration, electrical conductivity, shape and size of the powder. Subsequently, when describing the use of powder for obtaining a high material-removal rate and surface quality, other major applications in μ-EDM for surface modification and geometrical accuracy were also discussed. Finally, some of the varied methods that are used in powder-mixed μ-EDM and industrialization challenges are extensively elaborated.
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1. Introduction


Electrical discharge machining (EDM) is a process where spark erosion is used to fabricate a complex shape through an electrically conductive workpiece by using a tool electrode. The workpiece material is removed by thermal erosion process with repetitive spark discharges produced by pulsating DC power supply [1]. The main cause for material removal from the workpiece is the temperature above the melting points, which is generated in the discharge channel [2]. In the field of material science and engineering, compared to other machining processes, EDM has been widely used to fabricate difficult to machine materials [3,4,5,6]. This is due to the fact that EDM has good control in providing high surface quality and machining accuracy without sacrificing machining efficiency [7,8,9,10]. There are challenges for developing the device in the field of biomedical and automotive industries, which is the miniaturization of the system [11,12,13]. In order to answer these challenges, where a precise and an accurate fabricating process is necessary, a smaller scale of EDM, known as micro-electrical discharge machining (μ-EDM) becomes the solution [14,15,16]. Other non-conventional fabricating processes, such as wet etching and electropolishing, are incapable of providing high-accuracy machining geometry, due to the difficulty in controlling chemical machining processes [17,18].



Having a machining process without any direct contact between the tool and the workpiece, μ-EDM is able to fabricate miniature parts without distorting the workpiece from any mechanical stress and machining vibrations [19,20,21]. Another capability of μ-EDM is its ability to process any electrically conductive materials regardless of their hardness by using melting and vaporization as a material removal mechanism [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27]. The detail of material removal mechanism is illustrated in Figure 1 [28]. Therefore, μ-EDM is considered as an effective method to machine high aspect ratio microholes and 3D cavities [29].



In recent years, researchers have been developing a method to improve the performance and machining efficiency of μ-EDM [30,31]. Some of these methods are utilizing high electric resistance electrodes, vibration-assisted μ-EDM and the utilization of powder-mixed dielectric in μ-EDM.



The utilization of powder-mixed dielectric in EDM started in 1980 [26]. Semi-conductive powder was introduced into the dielectric fluid to improve the material-removal rate and surface quality of the workpiece machining [32,33]. Figure 2 explains the mechanism of powder-mixed EDM. The same method was applied to μ-EDM processes, which has similar characteristics to that of EDM [28,34]. However, there are some differences between the two in terms of the size of tool electrodes and discharge energy [35]. The differences yield different effects, where a certain powder size which gave optimum results in EDM may not provide the same result in μ-EDM. In addition, the introduction of powder in μ-EDM requires a full understanding of the mechanism and the machining performance of the powder based on their mechanical properties.



This paper presents a comprehensive and critical review of micromachining carried out by powder-mixed μ-EDM. The focus was given on the mechanism of powder-mixed μ-EDM and the impact of powder properties to the machining removal rate, surface quality and surface modification. The variation of the powder-mixed μ-EDM process, current status, future perspectives and the potential of powder-mixed μ-EDM are also discussed.




2. Micro-EDM (μ-EDM)


The machining mechanism of that in μ-EDM is similar to the EDM process. During the machining process, unwanted material is removed by rapid sparking between the tool and the workpiece, which are separated by dielectric fluid to provide insulation. As the tool electrode is approaching the workpiece, the intensity of the electric field is increasing, and at some point it becomes higher than the dielectric strength, resulting in the generation of sparks between the electrodes [36]. To achieve small material removal, in μ-EDM, discharge energy per single pulse is reduced. Since there is no physical contact between the tool and the workpiece, followed by the characteristic of low-discharge energy, the machining force of μ-EDM can be ignored [37]. The resistor-capacitor (RC)-type pulse generator is preferred in μ-EDM because it is easy to have a pulse with a short discharge duration to produce high-quality microholes and better dimensional accuracy, which becomes an important factor in micromachining [38,39,40]. However, due to arcing caused by normal pulse discharge and insufficient pure dielectric deionization [41], a modified machining process by introducing specific powder to the dielectric fluid, which is known as powder-mixed μ-EDM, was conducted.



Unlike the conventional EDM processes, power-mixed μ-EDM utilizes a semi-conductive material in the form of powder which is mixed into the dielectric liquid. The added powder can organize themselves into series of bridges between the tool electrode and workpiece [42]. The conductivity of the powder decreases the insulating strength of the dielectric fluid, which gives an early breakdown in the gap [43]. Figure 3 shows the difference between conventional EDM and power-mixed μ-EDM. The dispersion of powder in the machining gap contributes in a series of discharges to improve the material-removal rate without degrading the surface quality.



This paper divides the research and development of power-mixed μ-EDM into four sections: powder characteristics, applications of power-mixed micro-electric discharge machining (PM μ-EDM), the variations of PM μ-EDM and the challenges of PM μ-EDM, as shown in Figure 4.




3. Influence of Powder Characteristics


It has been reported that powder concentration, powder shape, powder size and electrical conductivity all highly contribute in defining the finished surface and material-removal rate of power-mixed μ-EDM process.



3.1. Powder Concentration


Wang and Qiang [36] found that material-removal rate increases with the increase in powder concentration. In this experiment, copper was used as the tool electrode and Inconel 706 was selected as a workpiece material. Al powder was used as an additive in EDM oil in a concentration range of 0–40 g/L. They found that the material-removal rate increases with the increase of powder concentration, in this case at a concentration of 15 g/L. However, at a higher concentration—more than 15 g/L—the removal rate will decrease. This is due to the excessive powder deposited near the machining area. Instead of assisting electrical sparks to spread, excessive powder creates difficulty in removing the debris, and hence interrupts the machining cycle. Sivaprkasam et al. [44] and Yılmaz et al. [45] investigated that the material-removal rate and the quality of the surface machined was significantly increased with the introduction of graphite nanopowder. The suspended nano graphite powder breaks single sparks into many, small, uniform sparks to produce craters on the surface of the workpiece machine, resulting in the reduction of surface roughness.



Liew et al. [46] studied the effect of added carbon nanofibre into dielectric fluid in the material migration between tool electrode (tungsten) and workpiece (reaction-bonded silicon carbide). The result showed that it is necessary to introduce nanofibre at a concentration of 0.06 g/L in order to improve the surface quality and to prevent the deposition of tungsten material onto the workpiece surface. This can be explained by the fact that the nanofibre in the dielectric fluid initiated smaller discharge to form smaller craters, and that the smaller craters were an obstacle for tungsten debris to deposit on the crater surface. In terms of the effect of powder concentration on the tool wear rate, Cyril et al. [47] added graphite powder into dielectric fluid at concentrations of 0 g/L, 2 g/L and 4 g/L. They found that as the concentration of graphite powder increased, the sparking gap between the tool electrode and the workpiece increased. This phenomenon enhances flushing the debris out of the working area and enables a stable machining process, which further leads to the decrease in tool wear rate. The lowest tool wear rate was obtained at a concentration of 4 g/L.




3.2. Electrical Conductivity


Tiwary et al. [48] compared three different types of powder in studying the effect of electrical conductivity on improving material-removal rate. They found that between Cu and Ni, Cu powder obtained the highest material-removal rate due to its superior electrical conductivity in improving the electrical energy distribution in the machining area.



Jahan et al. [49] studied how to improve the surface quality of tungsten carbide by introducing graphite, aluminum and alumina nanopowder-mixed dielectric. Based on the experiment results, semi-conductive graphite powder obtained a smooth and the lowest Ra and Rmax. On the other hand, conductive aluminum powder was proven to contribute to higher spark gap and material-removal rate. It was also revealed that non-conductive alumina has no significant contribution to improving the surface quality of tungsten carbide.



Chow et al. [50] presented that either Al or SiC powder-mixed dielectric fluid increased the material-removal depth and surface quality. The result shows that Al powder provides the largest sparking gap due to its optimal conductivity.




3.3. Powder Shape


While most of the studies used nanopowder in their experiments, Liew et al. [51] utilized carbon nanofibres with 150 nm in diameter and 6-8 μm lengths. They used a tungsten rod as the tool electrode and reaction-bonded silicon carbide (RB-SiC) for the workpiece material. The machining process was carried out at 110 V of voltage and 330 pF of condenser capacitance. The advantage of using carbon nanofibres instead of powders is that they have a better form of micro-chains interlock due to the nano size of fiber diameters and micron size in lengths, which assist to form better bridging networks between the tool electrode and the workpiece. The experiment results show that in pure dielectric condition, the material-removal rate is very low, around 0.0001 mm3/min. However, when the carbon nanofibers were introduced at a concentration of 0.17 g/L into the dielectric fluid, the maximum material-removal rate reached 0.0035 mm3/min. This achievement demonstrates that the frequency of discharge is increased with the introduction of carbon nanofibers into dielectric fluid. Moreover, the presence of carbon nanofibers in the dielectric fluid will also initiate the uniform dispersion of discharge energy, hence generating smaller crater sizes, resulting in the improvement of surface roughness (about 0.2 µm) compared to the one in pure dielectric fluid (about 0.4 µm), as shown in Figure 5.




3.4. Powder Size


Prihandana et al. [52] observed the introduction of molybdenum disulfide (MoS2) powder at sizes 2 μm, 50 nm and 10 nm in the dielectric fluid, respectively. They found that at a powder concentration of 5 g/L, MoS2 with 50 nm size produced a better surface quality of microholes in Inconel 718, without leaving any black traces or cones in the center of the hole. Furthermore, compared to the other powder sizes (10 nm and 2 μm), 50 nm MoS2 powder was the best size to achieve the highest material-removal rate. An insignificant impact in material-removal rate was provided by the 10 nm MoS2 powder, whilst the 2 μm MoS2 powder was not suitable for μ-EDM due to the discharge gap distance in the conventional μ-EDM being only in the range of a few microns [53]. Figure 6 and Figure 7 summarize the influence of powder properties on enhancing material-removal rate and the surface quality of the machined workpiece.





4. Application of Power-mixed μ-EDM (PM μ-EDM)


4.1. Application of PM μ-EDM in Rough Machining


Rough machining is identical to high material-removal rate. In this case, powder was used to obtain a high material-removal rate and the surface quality of the machined workpiece was sometimes neglected. Chow et al. [54] observed the suspension of SiC powder in pure water for a titanium (Ti) alloy in micro-slit EDM. The results show that the SiC powder in pure water could disperse the discharging energy that effectively improved the surface quality, whilst at the same time achieved a high material-removal rate. Kuriachen et al. [55] conducted an experiment by adding SiC powder into dielectric on Ti-6Al-4V. The results show that in order to achieve the maximum material-removal rate, a low-powder concentration, which is 5 g/L, capacitance of 0.1 µF and voltage of 115 V, needs to be used as the machining parameters.



Pillai et al. [56] reported an improvement of material-removal rate of up to 13 times by using graphene nanopowder. The addition of graphene nanopowder increases the quantity of charges accumulated in the shallow entrapment zone around the nanopowder. However, higher material-removal rates tend to generate higher tool wear rates, therefore upon the machining process they cryogenically treated the tool to improve the tool life.




4.2. Application of PMμ-EDM in Finish Machining


In μ-EDM, the surface of the machined workpiece requires further treatment to obtain the desired surface quality. However, it is arduous to have good surface quality on a complex microstructure, therefore micromachining in μ-EDM utilizes suspended powder to attain higher surface quality.



Wang et al. [36] was able to improve the surface quality of Inconel 706 up to 25.9% by adding Al powder into dielectric fluid at a concentration of 10 g/L. The introduction of Al powder into dielectric fluid generates the extension of the machining gap during the process, resulting in a less irregular deposition of debris, microholes and crater marks.



Finish machining at a higher material-removal rate can also be achieved by mixing boron carbide into de-ionized water [57]. The presence of carbide powder aids in building uniform and intense discharge in the machining gap, which significantly augments the unit-removal rate with less amount of recast layer on the surface machined.



Tan et al. [53] added SiC and Al nanopowders into dielectric fluid and had an average of 14%–24% reduction of the surface roughness. The additional advantage of introducing the powder is keeping the geometrical accuracy shape produced. Yeo et al. [58] utilized SiC nanopowder in order to have a better surface quality. The presence of nanopowder in dielectric fluid promotes a reduction of thermal energy generation; hence smaller diameter of craters and a larger amount of re-solidified materials are produced.



Wu et al. [59] fabricated a 3D microstructure by using deionized water containing B4C powder. Reciprocating powder-mixed μ-EDM with a laminated 3D microelectrode method was suitable for the fabrication of a 3D microstructure with high accuracy. The polishing properties of B4C on the microelectrode and microstructure provides smooth material removal and guarantees an efficient and stable machining process. Jahan et al. [60] investigated the feasibility of improving the surface properties of carbide in fine-finish and milling μ-EDM graphite-nanopowder-mixed dielectric fluid. The introduction of semi-conductive graphite nanopowder within dielectric fluid leads to a uniform distribution of sparking among powder particles to produce shallower craters for better distribution, resulting in a smooth and glossy surface finish.




4.3. Application of PMμ-EDM in Surface Modification


Applications of powder-mixed dielectric fluid μ-EDM are not only limited to obtaining high surface quality and material-removal rates. Powder material such as silver has anti-bacterial property, as well as high electrical conductivity [61,62], which is compatible as surfactant in the dielectric fluid. Viet et al. [63] utilized silver nanopowder to machine and to modify the surface of Ti-6Al-4V for improving its antibacterial property in medical applications. The results show that the deposited silver content increases with the increase in the powder concentration, however, at similar concentrations of powder, it decreases with the increase in pulse energy. Therefore, it is recommended to have a pulse energy lower than 17.5 μJ to achieve the surface requirement of having a antibacterial properties.



In order to improve the hard and wear resistance properties of an engine part, solid lubricating powders such as MoS2 have received more special attention than other materials [64]. Mohanty et al. [65] utilized MoS2 powder-mixed deionized water to generate a hard, wear-resistant and lubricating layer on titanium surface. The experiment results showed that the microhardness of titanium surface increased significantly up to two times more than the microhardness of base metal. This is due to the formation of an intermediate phase of titanium with molybdenum disulfide and oxides. In addition, the coefficient of friction of the modified surface decreased from 0.47 to 0.13. It can be concluded that a hard, self-lubricating and wear-resistant coated layer of MoS2 was deposited over the titanium surface through a powder-mixed dielectric μ-EDM process.



In biomedical application, powder-mixed dielectric μ-EDM was used to improve the hydrophilicity of the titanium surface, since a high-hydrophilicity surface is essential for dental implants as well as other biomedical applications [66,67,68,69]. Chen et al. [70] added pure Ti powders (35–45 μm in diameter) into the deionized water at concentrations of 3 g/L and 6 g/L. Pure Ti grade 4 was used as a tool electrode and the workpiece material. Hydrophilicity examination was performed by using the sessile drop method and a contact angle goniometer. The results showed that under conventional μ-EDM process, the water contact angle of the surface was found around 87°. When the powder was introduced into the fluid, the surface exhibited an improvement of hydrophilicity surface, which was around 65°. This can be explained that the introduction of titanium powder into dielectric fluid provides a thicker recast layer with a high content of TiO on the surface, resulting in the improvement of surface hydrophilicity.



Mohanty et al. [71] investigated the effect of using tungsten disulphide (WS2) powder-mixed dielectric fluid μ-EDM for the surface modification of Ti-6Al-4V. The material from the tool and the suspended powder from dielectric fluid migrated to the workpiece due to the generated high thermal energy from electrical sparks. Among other parameters, such as voltage and duty factor, the concentration of suspended WS2 was the most significant parameter affecting the deposition rate, surface roughness and the microhardness. The average microhardness value was improved up to three times from the original hardness value. Sharma et al. [72] obtained a coated surface with solid lubrication, hard and corrosion resistance on Ti6Al4V by mixing BN powder into a dielectric fluid of μ-EDM. Due to the presence of the BN, TiN dan TiAlN on the coated surface, the average microhardness improved from 280 HV (parent material) to in the range of 390.1 ± 6.2–1393.5 ± 7 HV. The wear test showed that the wear rate was significantly improved from 0.22 mg/min to 0.05 mg/min. The friction test also showed a great improvement of the coefficient of friction (CoF) from 0.4 to 0.26.




4.4. Application of PMμ-EDM in Geometrical Accuracy


Another objective of powder-mixed dielectric fluid in μ-EDM is to acquire a higher dimensional accuracy of the produced microparts, which plays an important role in microfabrication. Kibria et al. [73] performed microhole machining on a Ti-6Al-4V plate by utilizing different types of dielectric fluids, i.e., hydrocarbon oil, kerosene and non-hydrocarbon oil, de-ionized water mixed with B4C powder. The cylindrical tungsten of 300 µm in diameter was used as the tool electrode. Peak current and pulse-on-time, which are the most significant process parameters in micro-EDM processes, were varied from 0.5 A to 2.0 A and from 1 to 20 µs, respectively. This study concentrated on the accuracy of the microholes taper and circularity produced under different types of dielectric fluid. The result revealed that at low-discharge energies, it was found that the taper of microholes was lower under pure kerosene compared to the result under B4C powder-mixed kerosene. This is due to the stronger adhesion of carbon on the workpiece created by the presence of B4C in dielectric fluid, resulting in lower material removed from the exit of microholes. Thus, there is a significant difference of diameter at the entry and exit holes. In terms of circularity, machining under B4C powder-mixed dielectric fluid provided non-uniform microholes compared to pure dielectric fluid. This was due to the presence of debris from the workpiece and B4C powders. The debris created secondary discharges to produce a non-uniformly circular microholes.



Tiwary et al. [74] investigated μ-EDM machining of Ti-6Al-4V for microhole fabrication by using three different types of dielectric fluids, such as DEF-92 (EDM oil), deionized water and Cu powder-mixed deionized water at a concentration of 2 g/L. A cylindrical brass of diameter 300 μm was used as the tool electrode. The machining parameters considered in this EDM process were peak current at the range of 0.5–2 A and a pulse time of 8 µs. The works focused on the influence of Cu powder-mixed dielectric fluid to the circularity, over cut and taper, on microholes produced during the machining process of Ti6Al-4V. It was found that at the peak current range from 0.5 to 1.5 A, the taper under deionized water was less than the taper produced with Cu powder-mixed deionized water. However, when the peak current increased from 1.5 to 2 A, the machining in the Cu powder-mixed deionized water showed an improvement in the microholes taper. In the case of circularity, in the range of the peak current from 1.5–2 A, pure deionized water gave a better circularity than the Cu powder-mixed deionized water. At this peak current range, the pure deionized water dissipates heat better from the melted workpiece surface, which further reduces the adhesion of debris onto the machined surface.



Prihandana et al. [75] investigated the effect of suspended powder on the inaccuracy of the depth of microholes produced. In a μ-EDM process, the occurrence of first discharge, which becomes the starting point for the machining processes, is considered as the surface of the workpiece. Due to the presence of powder in the machining gap, the first discharge commences far above the surface of the workpiece. Therefore, the depth of the microholes produced was not accurate. In order to improve the accuracy of the microhole depth, the powder-mixed dielectric in the μ-EDM process was assisted by the discharge pulse-counting method. Instead of setting the hole’s depth in the numerical control (NC) code display, micromachining was performed by entering the number of discharges required in fabricating the blind microholes. The result showed that the combination of these two techniques significantly improved the accuracy of the microholes produced regardless of the concentration of the suspended powder. Figure 8 describes a simple graph to give a better understanding of the application of powder-mixed μ-EDM.





5. Variation of Power-mixed μ-EDM


5.1. Power-Mixed μ-EDM Combined with Dielectric Fluid Vibration


Among the problems of having powder in the dielectric fluid are the sedimentation and agglomeration of powder during the machining process. A stirrer is used to prevent powder deposition in the bottom of the dielectric fluid tank. However, this method was not efficient enough to prevent the agglomeration of the powder and to remove the debris from the machining area. Prihandana et al. [76] introduced micro-MoS2 powder and applied ultrasonic vibration in the dielectric fluid to improve the material-removal rate without sacrificing the surface quality, as illustrated in Figure 9. The Taguchi statistical method was employed to determine the optimal process parameters in having a high material-removal rate. Based on a Taguchi analysis, the ultrasonic vibration of dielectric fluid is essential in improving material-removal rate and the quality of the surface machined. The vibration in dielectric fluid at the ultrasonic level reduced the adhesion of the workpiece and prevented the agglomeration and deposition of MoS2 powder in the bottom of the tank.




5.2. Power-Mixed μ-EDM Combined with Tool and Workpiece Vibration


The introduction of powder into the dielectric fluid has indeed improved the machining time [77] and surface quality. However, due to the presence of powder in the dielectric fluid which may induce short circuits, Liew et al. [78] used a probe-type vibrator to assist the fabrication of deep microholes of ceramic material during the μ-EDM machining process. The results showed that utilizing ultrasonic vibration only is insignificant to improve the depth of microholes. Thus, carbon nanofibers were added into the dielectric fluid to enhance the performance of μ-EDM in terms of material-removal rate, maximum machining depth, surface topography, hole geometry and process stability. Ultrasonic vibration enhances the stirring effect to uniformly distribute the carbon nanofibers and flush out the debris from the machining gap. Prihandana et al. [79] aided the workpiece vibration on nano graphite powder-mixed dielectric fluid of μ-EDM processes, as illustrated in Figure 10. Several powder concentrations (0 g/L, 5 g/L, 10 g/L, 15 g/L, 20 g/L) were used to investigate the effect of workpiece vibration in improving the performance of powder-mixed μ-EDM processes. The addition of powder at high concentrations may lead to unstable discharge and increase the occurrence of short-circuits during the machining process. The results showed that the highest machining time was achieved by combining workpiece vibration and nano graphite-powder-mixed dielectric fluid at concentration of 20 g/L. The improvement was due to workpiece vibration which reduced the arcing and short-circuiting caused by the excessive powder concentration.



Finally, Figure 11 shows a simple illustration to improve the understanding of the variation of powder-mixed μ –EDM in machining processes.





6. Challenges in Power-Mixed μ-EDM


The superiority of power-mixed μ-EDM in micromachining has been discussed in many researches, however, there is a number of problems that need to be solved for the industrialization of this modified process. These are summarized below:




	
The difficulty in determining the optimum powder concentration for achieving high surface quality and material-removal rate. This is because the desired result does not only depend on powder type and concentrations but is also related to the machining parameters, such as capacitance, voltage, and pulse duration. Extensive studies in this area will be valuable to better understand the effect of a specific powder concentration to μ-EDM process;



	
The lifetime prediction of the suspended powder. It is very difficult to measure the lifetime of the powder due to complex variables that affect each other in a unique way. Future studies need to focus on how long the powder will last for a specific machining process and materials;



	
For the application of power-mixed μ-EDM in surface modification, due to the complexity of this process, the mechanism of the material deposition is not well understood, particularly in the context of powder melted and deposited onto the target. Therefore, comprehensive studies are required in this field;



	
Micro and nanopowder is somehow costly and may have some bad effects on the operator’s health and safety. Thus, a thorough safety preparation is required to actualize this process into operation.









7. Conclusions


Micro-EDM is one of manufacturing processes to produce microparts with exceptional accuracy and precision. This article presented an extensive review of power-mixed μ-EDM to the machining efficiency, the application and its accuracy. The following conclusions are drawn based on the presented literature:




	
There is an optimum powder concentration in power-mixed μ-EDM to achieve the best combination of the material-removal rate, the surface quality, and the tool wear rate. High powder concentration may lead to powder deposition around machining area, whilst low concentration may be insignificant to break single sparks into many small, uniform sparks to achieve a fine surface finish. Powder material with high electrical conductivity will contribute to a higher material-removal rate, whilst semi-conductive powder material provides a fine surface finish. The selection of powder material to be used depends highly on the machining stage (roughing, semi-finish or finishing).



	
The machining gap in μ-EDM is only in the range of few microns, hence the selection of powder size should be in the range of 1/100–1/150 of the machining gap width to get the optimum machining result. Whilst circular nanopowder is mostly used in power-mixed μ-EDM, a cylindrical shape material with an aspect ratio of 40–50 yields will have a higher removal rate and improved surface roughness. Cylindrical shape material surpasses circular shape at the same concentration due to the bridge-forming of micro-length materials; thus, it promotes better bridging networks between the two electrodes.



	
Rough machining requires high energy and often sacrifices the tool to have a high tool wear rate. Semi-conductive materials such as SiC are often used at low concentrations to achieve maximum material removal. Finish machining requires small energy to generate smaller craters, thus yielding a fine surface finish. The presence of nanopowder, either semi-conductive or in combination with other material, is able to break initial discharge into many, small discharges with less energy, hence allowing a fine surface finish by forming tiny craters.



	
Surface modification in microparts can also be done in PM μ-EDM by utilizing specific powders for different usage, according to their biomedical, antibacterial, microhardness and wear-resistant properties. Exotic powder materials such as tungsten alloys, molybdenum and titanium alloys are often used for surface modification. The powder melts during spark-time and adheres to the workpiece, creating a thin layer on the top surface with different property than that in parent material.



	
The μ-EDM machine detects the first spark as its starting point, which is incorrect since the added powder promotes a spark far above the workpiece surface. To overcome this problem, the depth of machining should not be set as depth but as counted discharge pulse. The combination of these techniques improved both the accuracy and the machining results.



	
Powder sedimentation is another issue in power-mixed μ-EDM. Vibrating the dielectric fluid at the ultrasonic level is able to reduce adhesion, prevent powder agglomeration, and leads to improve material-removal rate and surface quality. The presence of powder makes short-circuiting and arcing prone to occur since the powder may connect the two electrodes before the discharge time. The introduction of tool vibration or workpiece vibration helps to better distribute the added powder in the tiny machining gap, and promotes the advanced flushing out of the debris, thus reducing arcing and short-circuiting.
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Figure 1. Mechanism of the material-removal rate in electrical discharge machining (EDM): (a) the pre-ignition phase; (b) the ignition phase; (c) the plasma formation; (d) the discharge phase; and (e) the ejection phase. 
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Figure 2. Mechanism of powder-mixed EDM: (a) the bridge formation; (b) the spark initiation of because of the breakage of chain; (c) the explosion leading to zigzag particle motion and (d) the re-bridging. 
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Figure 3. Illustration of conventional EDM and power-mixed micro-electric discharge machining (μ-EDM). 
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Figure 4. Research and development of power-mixed μ-EDM. 
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Figure 5. Schematic model for carbon nanofiber assisted μ-EDM. 
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Figure 6. Summary of the effect of powder property on material-removal rate. 
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Figure 7. Summary of the effect of powder properties on surface roughness. 
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Figure 8. Summary of the application of powder-mixed μ-EDM. 
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Figure 9. Ultrasonic vibration of the dielectric assisted powder-mixed μ-EDM. 
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Figure 10. Workpiece vibration-assisted-powder-mixed μ-EDM. 
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Figure 11. Summary of the machining process variation of powder-mixed μ-EDM. 
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" Powder: Graphite, Conc.: 2 g/l, Capacitance: 3300
pF, Voltage: 110 V Electrode: Tungsten, Workpiece:

kSilver tungsten [61].
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