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Abstract

:

Micro-EDM is an unconventional technology used to machine every type of electrically conductive material regardless of its mechanical properties. Material removal occurs through electrical discharges between the workpiece and the electrode immersed in a dielectric fluid. In drilling operations, the technology is able to realise microholes with excellent quality in terms of precision, quality surface, roundness, and taper to the detriment of the machining time, which is less than other technologies. Several efforts are being made to improve different features related to the process performance that are severely affected by both the operative conditions, such as the electrode material or the type of dielectric, and process parameters. The typical indexes used to characterise the performance are the machining time, the material removal rate, and the geometric indexes. These indexes are very effective and are easily measurable, but they do not give information about the evolution of the drilling process, which could be irregular due to the different phenomena occurring during machining. The aim of this paper is the development of a method able to elaborate the motion law of the electrode during the micro-EDM drilling operation. In order to do this, a single hole was manufactured in several steps, recording both the machining time and electrode wear for each step. In this way, the actual position of the electrode during the drilling can be measured without the use of a predictive model for electrode wear. It was tested to confirm that the multistep procedure did not introduce new phenomena, in contrast to the traditional drilling operation. This method was used to study the effects of the electrode diameter, the type of electrode, the length of the electrode out of the spindle, and the entity of the run-out on the process performance. The tests were executed on titanium alloy sheets using a tungsten carbide electrode and hydrocarbon oil as the dielectric. It was found that the descent of the electrode into the workpiece was not regular, but it depended on the level of debris concentration in the machining zone. The debris concentration was influenced by the type and diameter of the electrode, its length out of the spindle, and, to a lesser extent, the run-out. This method was found to be a useful method for an in-depth analysis of the micro-EDM drilling process, contributing to a better understanding of the physical aspects of the process.
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1. Introduction


In electrical discharge machining (EDM), material removal is achieved through a plasma channel (a spark) between the workpiece and an electrode. Because of its non-mechanical nature, such a process is insensitive to material strength and can successfully operate on materials considered difficult to cut with conventional technologies. Generally, a dielectric medium is used to perform three main tasks. Firstly, it increases the insulation strength, allowing for shorter distances before a spark is activated; secondly, it helps remove the heat generated by the spark; lastly, it flushes the spark area, moving away any kind of polluted material (mainly debris) from both tools and the workpiece [1]. As a result, the dielectric fluid is locally (although temporarily) contaminated by the debris; in some cases, the amount of contamination plays a main role in controlling the removal process [2].



In recent years, the need to manufacture components of very small dimensions has resulted in remarkable growth in microtechnologies, i.e., technologies able to carry out the processing of particulars with dimensions ranging from hundredths to a few millimetres [3]. By controlling the process parameters, EDM may be also used to manufacture small-sized features (less than 1 mm) provided that the spark length is limited enough to achieve suitable process accuracy. In this case, the term micro-EDM is often used [4].



A relevant application of EDM technology in the micro-field is micro-EDM drilling (sometimes named microelectrical discharge drilling (EDD)), involving the machining of small diameter holes, less than 1 mm, sometimes with a very high aspect ratio (the ratio between the hole depth and the hole diameter) [5,6]. Several applications in the automotive, aerospace, biomedical, and electronic industries can be found [7]. During the process, the material is removed from both the workpiece and the electrode. The level of electrode wear can be a critical factor [5]; in fact, it represents the consumption of the tool to machine the micro-hole and, of course, its value affects the sustainability of the machining method.



The quality of a micro-EDM drilling operation is assessed by several indexes. The total machining time is easily measured and provides information about the efficiency of the process. Tool wear, evaluated by measuring the change in the length of the electrode (so, to be precise, axial wear is considered), also yields useful information. The material removal rate (MRR) (the volume of the removed material in the unit length of time) and the tool wear ratio (TWR) (estimated by the ratio between the volume of the material removed from the tool and that removed from the workpiece) are very common performance indexes. Geometrical features of the hole are also used to assess the quality of the part; in particular, the entry and exit diameters of the holes are measured. From this information, radial overcut and taper can be evaluated. In some cases, hole roughness has also been measured [8].



Both EDM and micro-EDM processes are affected by several process parameters, including electrical parameters, non-electrical parameters, and material properties [9]. Electrical process parameters are widely investigated. The type of electrode used [10], the type of dielectric [11], and the workpiece material are some of the most important non-electrical parameters. Different electrodes can be used [12], which are classified as a function of the material and the diameter. In general, microelectrodes are composed of tungsten carbide, brass, or copper. Tungsten carbide electrodes allow for more accurate machining, but this is at the expense of higher machining time. Copper and brass electrodes perform better but are subjected to a higher level of wear; moreover, the electrodes can be cylindrical and tubular. In cylindrical electrodes, the flow of the dielectric occurs through an external nozzle directed at the machining zone, while in tubular types, the dielectric flow occurs through the internal cavity of the electrode. In general, tubular electrodes are used for generating high hole depth. The properties of the workpiece material can influence its machining, especially its density, thermal conductivity, and electrical resistivity [13].



Many researchers have studied the optimisation of the electrical process parameters in the cases of die-sinking EDM and wire EDM. Using algorithms to find the best conditions is a common strategy. For example, in [14], an ACO (ant colony optimisation) algorithm (a probabilistic technique) was used to optimise MRR and SR (surface roughness); the solution converged after 50 iterations. Another approach was used in [15], where a GA (genetic algorithm) was applied to optimise the process. An ABC (artificial bee colony) algorithm was found to perform better than the above-mentioned methods [16]. An evolutionary strategy (ES) algorithm was also used in [17]. Different types of strategy optimisation were compared in [18] in the case of PMEDM (powder-mixed EDM) assisted by a magnetic field.



By contrast, there are far fewer papers related to micro-EDM [19]. In the case of micromachining, there are more difficulties in terms of power control, electrode wear, real-time processing monitoring, debris management, and other aspects [20]. In [21], the authors studied the effects of pulse on time, discharge voltage, capacitance, and electrode rotation speed on the material removal rate, the side gap width, and the taper ratio. The cooling holes of turbine blades were taken into account in [22], which involved a multiobjective optimisation of process parameters on Inconel 718. Micro-EDM drilling of a titanium superalloy was investigated in [23], and it was found that machining performance is mostly affected by the peak current and pulse on time.



As in most drilling operations, the effectiveness of the process is linked to the ability to evacuate the removed material (in this case, in the form of debris) from the hole bottom. It has been reported that dielectric contamination increases with the hole depth, affecting the MRR [24]. A strategy used to improve the flow of the dielectric, and consequently debris removal, is using a D-shaped solid electrode in the machining process [25]. Single-and dual-notch cross-sectional microtools were tested in micro-EDM drilling, and it was found that the single-notch type improves the debris removal rate [26]. Another approach used in [27] consists of the planetary movement of the electrode through ultrasonic vibrations. It was possible to realise microholes with a very high aspect ratio. The ultrasonic-vibration-assisted EDM was also used in [28,29], which led to an increase of two to four times in the MRR. The TWR and the taper of microholes were reduced by about 50% and 24%, respectively. In [30], the electrode was subjected to ultrasonic longitudinal and torsional vibrations using a transducer. In this way, the MRR increased by nearly two times, and electrode wear and the taper of the hole were reduced owing to better debris removal efficiency.



A performance evaluation using the final values of these indexes does not give information about the evolution of the drilling operation. In fact, these indexes can be considered SMART (Specific, Measurable, Achievable, Realistic, and Timely), but they do not allow for an in-depth understanding of what occurs during the process. The evolution of the drilling operation is not regular due to the occurrence of many phenomena during the machining process, for example, changes in the amount of debris present in the machining zone. In the beginning, the dielectric in the machining zone is very clean, while during the penetration of the electrode into the workpiece, this amount increases due to an increase in the difficulty of removing debris from the machining zone, considering the very short gap between the electrode and the workpiece (several microns or tens of microns). Another aspect that changes during the drilling operation is related to the electrode. It is subjected not only to frontal wear but also to radial wear, causing changes in the shape of the electrode tip.



To monitor the evolution of the drilling operation, a method for measuring the law motion of the electrode is necessary. Some authors investigated the electrode movement along the machine’s Z axis. In all cases, a direct measurement of the spindle Z position was performed [26]. The authors of [31] used a laser device. In this technique, however, the actual position of the electrode tip is unknown because it depends on tool wear as well. The actual position can be estimated by using a predictive model of electrode wear [26].



The aim of this work is to develop a method able to monitor the evolution of the drilling operation. A single hole was manufactured in several steps while recording the machining time and electrode wear for each step. By measuring the extent of electrode wear at the end of each drilling step, the evolution of the current depth of the hole can be easily analysed. This method was used to study the effects of some aspects related to the electrode (diameter, type, length of the electrode out of the spindle, and run-out) on the process performance. This technique was found to be a useful method for an in-depth analysis of the micro-EDM drilling process, contributing to a better understanding of the phenomena occurring during the machining process.




2. Experimental Method


Drilling was performed in multiple steps in order to obtain the motion law of the electrode (Figure 1). The process involved multiple descent strokes of the electrode with the same step length until reaching the planned hole depth in the Z axis of the machine. At the end of each step, the electrode was taken out of the machining hole, and electrode wear was measured at a reference point. After this, the electrode was fitted into the hole and descended up to the previous Z value, and a new step was carried out. The drilling process continued by alternately repeating steps 3 and 4 of Figure 1 until the electrode reached its final value of the programmed stroke. Machining time and frontal electrode wear of each step were recorded. This machining procedure was completely automatised. Electrode wear for step i was measured by the difference between the starting length of the electrode before step i and the final length of the electrode after the machining of step i.



It is worth noting that the recorded time for each step was the actual time of erosion, that is, the amounts of time necessary to position the tool into the hole and measure the wear were excluded.



The depth of the hole at the end of the i step (ZR,i) can be easily calculated using Equation (1):


   Z  R , i   =  Z  P , i   +   ∑   n = 1  i   w n   



(1)




where ZP,i is the planned Z stroke for step i, and wn is the frontal electrode wear of a single step. Z assumes negative values, while wn is positive (Figure 2).



This procedure can change some aspects compared with the traditional drilling operation. The effects of the multistep procedure were investigated on a titanium sheet (Ti6Al4V) of thickness 1 mm using a Sarix SX-200 machine. For the tests, tungsten carbide electrodes and hydrocarbon oil as dielectric were used. The finishing process parameters were selected as reported in Table 1. Current, gap, gain, energy, and regulation do not have a unit of measurement, and thus they are indexes proportional to the actual value. Gain is a parameter that controls the gain of the reaction block. The gap parameter is a value proportional to the distance between the electrode and the workpiece during the erosion, and its real value can be estimated by measuring the overcut. The energy parameter establishes the shape of the pulse. Finally, regulation indicates a certain regulation management algorithm defined by the machine manufacturer.



The method was tested using different lengths of the drilling step, 0.4–0.2–0.1 mm; the traditional drilling was denoted as “no step”. Each condition was tested three times.



After the definition and validation of the procedure to measure the motion law of the electrode during the drilling operation, some tests were conducted to study the effects of some operative conditions, namely the type of electrode (cylinder or tubular), the diameter, the length of the electrode out of the spindle (Figure 3), and the amplitude of the run-out of the electrode.



Table 2 outlines the fixed parameters and conditions, while Table 3 provides the variable parameters. Each experimental condition was tested thrice in order to evaluate the reproducibility.




3. Analysis of the Results


3.1. Validation of the Multistep Procedure


Before studying the effects of some operative conditions on the process performance, it was necessary to verify the effects of the multistep procedure on some aspects compared with the traditional drilling operation. Figure 4, Figure 5 and Figure 6 show comparisons of the machining time, electrode wear, and the diameters of the holes obtained using different step lengths during the drilling operation. It can be seen that, with an increase in the number of steps, in other words, a decrease in the length of each step, the machining time also increased (with the maximum number of steps, the machining time increased by around 10% compared with traditional drilling). The multistep drilling procedure did not have any effect on electrode wear or the diameter of the hole.



In conclusion, slight changes were observed in all output parameters. In the less favourable parameter, i.e., the machining time, the differences consistently increased with the step numbers, supporting the hypothesis that no new phenomenon occurred. From these results, it is possible to assert that this procedure does not affect the significance of the results.



Nevertheless, the modest effect of the multistep drilling procedure on the performance does not hold true in every condition. In fact, in the case of PMEDM (powder-mixed EDM), the process performance is severely influenced by the drilling operation method, such as traditional drilling or multistep drilling. The process in this case is affected by the characteristics of the dielectric in the machining zone (the concentration of the powder and the dimension of the particles).



An example of the law motion curves obtained after data analysis is shown in Figure 7, where the three tested step lengths are reported. The trend is typical for cylinder electrodes (without the internal dielectric flushing). It is possible to subdivide the curves into the following four regions:




	
Initial phase: The electrode undergoes the first stages of erosion of the material, with an almost regular trend of the law of motion.



	
Acceleration phase: The process accelerates, probably due to both an increase in the amount of debris in the machining zone and the shape of the tool’s tip, which stabilises after the initial wear.



	
Deceleration phase: The machining process decelerates, and the concavity of the curve changes. This deceleration can be attributed to the worsening of the washing conditions using the dielectric with an increase in the depth and an excessive amount of debris in the machining zone.



	
Perforation phase: When the electrode erodes, the entire thickness of the plate and the machining time of the steps rapidly decrease because the electrode only performs a finishing action on the sides of the hole. The velocity rapidly increases.








These regions, in particular the second and the third ones, are very interesting and allow for an in-depth understanding of the process. In fact, if considering only the final machining time, the different regions cannot be revealed.



Debris control in the micro-EDM drilling process plays a critical role. It is reasonable to assume that the flushing effect is worsened with an increase in hole depth, thus affecting the amount of debris. A machining area with an excessive amount of debris can impair the machining process in terms of the MRR due to the occurrence of many short circuits negatively affecting the process. On the other hand, a very clean dielectric causes a delay in the generation of the electric discharge, also impairing the process. It is therefore possible to assume that there is an optimal amount of debris, corresponding to the maximum Z velocity of the electrode. Before reaching this amount, the debris amount increases in the dielectric, and the machining accelerates. After reaching the optimal amount, the dielectric has excess debris, which destabilises the machine, and the process decelerates. The time to reach the optimal debris amount depends on the operative conditions such as the type or the length of the electrode. Nevertheless, the optimal amount of debris cannot be obtained in all conditions; in this case, the curves do not show the deceleration phase.



The reproducibility in general was very good. In Figure 8, the three curves obtained through the repetition of the same experimental conditions are reported. The trend is always the same with a good overlapping.




3.2. Analysis of the Case Studies


3.2.1. Effects of the Type, Diameter, and Length of the Electrode


The type of electrode severely affects the law motion of the electrode along the Z axis (Figure 9). The behaviour of cylinder and tubular electrodes is very different. Tubular electrode curves have an almost constant slope, while the cylinder ones show different phases: In the first part, the drilling process is very fast, and then the descent is slowed down. This different behaviour is due to the different levels of debris contamination of the dielectric in the machining zone. By using the tubular electrode, internal washing guarantees almost the same level of dielectric cleaning, thus allowing for a regular feed rate of the electrode. Nevertheless, tubular electrodes also display slight nonlinearity since their slopes increase with depth. This behaviour can be explained by the assumption that the amount of debris is less than the optimal amount when using tubular electrodes; therefore, a small increase in the amount of debris improves the feed rate.



The cylinder electrode performs very well in the first step of hole drilling, but in later steps, the external flushing of the dielectric is not effective enough, and the optimal amount of debris is exceeded; therefore, the electrode descent is slowed down.



It is worth noting that, in some cases (e.g., grey curves in Figure 9), the total machining times of cylindrical and tubular electrodes are similar to each other. In such conditions, machining times would not highlight any different behaviour. In fact, if some experimental conditions were changed, machining times would significantly differ; in this case, larger differences in the total machining time could be obtained by changing either the final depth or the electrode diameter.



Two levels of electrode lengths were compared (4 and 6 mm). The length of the electrode seems to have different effects in the two electrode types, but when analysing the curves considering the optimal amount of debris, the same results can be obtained. In general, when a high length of the electrode is used, more time is necessary to reach the optimal amount of debris because washing works better than the case in which a low length of the electrode is used. Therefore, in the case of cylinder electrodes, the acceleration phase has a higher time length when the electrode length is high. The same effect is present for the tubular electrodes, i.e., using a high electrode length causes the descent of the electrode to move slowly due to the very effective washing of the machining zone.



In Figure 10, wear curves are reported. The curves are very regular. Tubular electrodes have more wear than cylinder ones, with around 20% wear, probably due to the higher machining time. The effect of the electrode length on the electrode wear is modest.



Information about wear is required for evaluating the real depth ZR, but wear progression over time itself does not add significant information. The wear trends display little shift from linear behaviour (if any at all); therefore, wear can be fully described by its final value.



The effect of the electrode diameter on the feed rate of the electrode is reported in Figure 11. The behaviour of the tubular electrode is analysed. The feed rate worsens as the electrode diameter increases due to the higher amount of material volume to remove. When taking into account the material removal rate (MRR), however, the larger diameter performs better.



It is interesting to note that the electrode length has an effect only when the electrode diameter is 0.15 mm. Electrodes with larger diameters are less sensitive to small variations in the electrode length, which influences the local run-out. This is possibly due to the machining time, which severely affects the shape of the electrode tip. However, further investigations are necessary to explain this behaviour.



The length of the electrode out of the spindle also affects the feed rate of the electrode. Figure 12 shows the three typical curves obtained using a cylinder electrode with three different electrode lengths. A low value of electrode length results in better performance in the initial depth but the optimal amount of debris is reached earlier. As the electrode length increases, the debris amount increases more gradually, and more time is needed for the start of the deceleration phase.



The electrode length has the same effect when a smaller electrode is used (Figure 13). The transition point between the acceleration and deceleration phases is reached later when larger electrode lengths are used. It can be noted, that in this case, the extent of the acceleration phase is longer than with a larger electrode (see Figure 12). This can be justified by considering the area effect [32]. The amount of debris generated is a square function of the electrode diameter, whereas debris removal is only linearly dependent on the diameter. Therefore, larger electrodes contaminate the dielectric fluid more, thus reaching the optimal concentration of debris earlier, which represents the transition point.




3.2.2. Effect of the Run-Out


The effects of the run-out electrodes are reported in Figure 14 and Figure 15. In general, the electrode is rotated during the machining process. It is attached to a spindle subjected to a tool setting error that is the cause of run-out. In microdrilling applications, run-out can decrease the accuracy of the machined hole, causing a larger diameter. To compensate for this effect in deep drilling, a guide is used to keep the electrode during its descent. The law motion of the electrode can be affected by the run-out parameter.



The trends observed in the curves with high and low run-out do not show appreciable differences between each other. It can be noted that, when taking into account only the final time, some degree of difference can be observed. In fact, in both cases, a high run-out rate apparently leads to better performance than a low run-out rate.



Nevertheless, it is interesting to note that the first step of the descent of the electrode is not affected by run-out. The run-out parameter only affects the process after a certain depth is reached, where a low run-out rate causes debris removal from the machining zone to become more difficult, thus causing a slowdown of the drilling process. This is especially evident in Figure 15, which indicates that, with low run-out, the machining time of the last step before perforation is very high.




3.2.3. Effect of the Drilling Depth


Keeping the experimental conditions fixed, the effect of the hole depth was also investigated. The curves perfectly overlap for both electrode diameters (Figure 16 and Figure 17). This observation might be obvious: The descent of the electrode is not affected by the amount of material that has to be removed before perforation. Nevertheless, the study of the law of motion is confirmed to be a valid method to study the evolution of the process. The multistep drilling procedure does not affect the evolution of the drilling process.






4. Conclusions


In micro-EDM drilling, the optimisation of process parameters does not resolve all the critical aspects of the machining process. Understanding the material removal process may support this task. In fact, the final data obtained regarding the overall performance of the process could lead to overlooking the occurrence of some phenomena during the machining process. Only through the study of the evolution of the process can some critical issues be highlighted and, consequently, some solutions be proposed.



In this paper, a method to study the evolution of the micro-EDM drilling process was proposed, namely multistep drilling. First, the method was found to be an effective tool for the elaboration of the motion law of the electrode inside the workpiece. In fact, using the experimental data, it was possible to confirm that this method does not significantly affect the drilling operation in terms of the machining time, electrode wear, and geometrical characteristics of the hole.



This method proved to be a very effective approach for highlighting the influence of some operative conditions on the drilling process. Debris control and therefore the amount of debris in the machining zone play a very important role. In general, both parameters depend on the operative conditions in terms of the type and diameter of the electrode, and the electrode length; run-out is less important. The presence of debris facilitates the machining process until the optimal amount of debris is reached; then, the machining process decelerates due to a large number of short circuits. Within the limitations of the tested experimental conditions, run-out does not affect the process. The multistep drilling method was found to be an effective tool to increase our understanding of this process. This method allows for a better understanding of what occurs during the drilling of a microhole and could be used in the optimisation phase to select the best operative conditions to use in some industrial applications. Moreover, through the analysis of the law motion, critical aspects can be identified, and some improvements can be made to achieve better performance and therefore a greater level of sustainability.
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Figure 1. The multiple steps of the drilling procedure. 
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Figure 2. Evaluation of the actual depth of the hole during the multistep drilling procedure. 
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Figure 3. Micro-EDM spindle and electrode. 
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Figure 4. Machining time using different step lengths; the electrode diameter is 0.1 mm. 






Figure 4. Machining time using different step lengths; the electrode diameter is 0.1 mm.



[image: Jmmp 07 00165 g004]







[image: Jmmp 07 00165 g005] 





Figure 5. Electrode wear using different step lengths; the electrode diameter is 0.1 mm. 
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Figure 6. The top and bottom diameters of the hole obtained using different step lengths; the electrode diameter is 0.1 mm. 
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Figure 7. Motion law of the cylinder electrode with varying the length of the step. 
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Figure 8. Example of the reproducibility of the tests. 
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Figure 9. The law motion with varying the type of electrode (cylinder and tubular) and electrode length (Sb), with an electrode diameter of 0.15 mm and a hole depth of 1.5 mm. 
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Figure 10. Electrode wear, varying the type of electrode (cylinder and tubular) and the electrode length (Sb), with an electrode diameter of 0.15 mm and a hole depth of 1.5 mm. 
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Figure 11. The law motion with varying the diameter of the tubular electrode and the electrode length (Sb); hole depth is 1.5 mm. 
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Figure 12. The law motion with varying the electrode length (Sb); hole depth is 1 mm, and the cylinder electrode’s diameter is 0.15 mm. 
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Figure 13. The law motion with varying the electrode length (Sb) for two hole depths, using a cylinder electrode with a diameter of 0.1 mm. 
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Figure 14. The law motion with varying the run-out value of the electrode, with a hole depth of 1 mm, using a cylinder electrode with a diameter of 0.1 mm and an electrode length of 3 mm. 
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Figure 15. The law motion with varying the run-out value of the electrode, with a hole depth of 0.5 mm, using a cylinder electrode with a diameter of 0.3 mm and an electrode length of 6 mm. 






Figure 15. The law motion with varying the run-out value of the electrode, with a hole depth of 0.5 mm, using a cylinder electrode with a diameter of 0.3 mm and an electrode length of 6 mm.



[image: Jmmp 07 00165 g015]







[image: Jmmp 07 00165 g016] 





Figure 16. The law motion with varying the hole depth (Sp), using a cylinder electrode with an electrode diameter of 0.15 mm and electrode length of 4 mm. 
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Figure 17. The law motion with varying the hole depth (Sp), using a cylinder electrode with a diameter of 0.1 mm and an electrode length of 4 mm. 
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Table 1. Process parameters used during the experimental tests.
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	Process Parameter
	Value





	Polarity
	-



	Width (µs)
	1



	Frequency (kHz)
	165



	Current
	100



	Voltage (V)
	170



	Gain
	50



	Gap (%)
	70



	Energy
	105



	Regulation
	01-01










 





Table 2. Fixed conditions.
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	Parameter
	





	Electrode material
	Tungsten carbide



	Workpiece material
	Ti-6Al-4V



	Dielectric
	Hydrocarbon oil



	Internal washing pressure
	30 bar



	EDM process parameters
	Finishing (see Table 1)










 





Table 3. Variable conditions.
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	Parameter
	Value





	Length of the electrode (Sb) (mm)
	2–3–4–5–6



	Run-out (µm)
	5–25



	Workpiece thickness (Sp) (mm_
	0.5–1–1.5



	Descent stroke of the electrode (mm)
	1.2–2.4–3.6



	Diameter (µm) and

type of the electrode
	100 cylinder

150 cylinder and tubular

300 cylinder and tubular
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