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ABSTRACT

Micro-wire electrodischarge machining (μWEDM) has been developed since few years. μWEDM is now being used to machine a wide variety of miniature and micro parts from metals, alloys, sintered materials, cemented carbides, ceramics and silicon. Efforts are always running to improve the micro-machining removal rates, without loss of accuracy and to improve the excellent surface finish and dimensional control already associated with normal WEDM.

μWEDM allowed success in the production of newer materials, especially for the aerospace and medical industries. μWEDM is being used for the machining of micro-electrodes, micro-pipes, micro-shafts which are being assembled in miniature devices. μWEDM is also used for the manufacture of precise blanking, drawing and injection dies. The development of miniature electromagnetic motors has led to a demand for miniature gearboxes with micro-gears. Micro-orifices for paint spray nozzles and inkjet printers could be made by μWEDM. Micro-forceps and micro-scissors for miniature neurosurgical instruments are recently fabricated by μWEDM.

The objective of the present paper is to highlight the state-of-the-art of μWEDM. Emphasis is localized on the newer beneficial techniques encountered with such a process in the industrial and medical fields. The paper also discusses the user-faced problems of such a new technique. Moreover, the paper explores the recent hybridization technologies with the goal of achieving increased performance efficiency and surface roughness improvement in an era of component miniaturization.
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1. INTRODUCTION

Material removal by WEDM is the result of spark erosion as the wire electrode is fed through the workpiece. With wire EDM technology, complicated cuts can be made through difficult to machine electrically conductive components. The high degree of accuracy obtainable and the fine surface finishes make wire EDM valuable [1-3].

WEDM differs from conventional EDM in that, a thin 0.05-0.3 mm in diameter wire is used as the electrode (Fig. 1). The mechanism of metal removal in WEDM involves the complex erosion effect from electric sparks generated by a pulsating direct current power supply. The gap between the wire and workpiece is flooded with deionized water, which acts as the dielectric. The process stability and machining rates are usually controlled by servo settings and discharge power [4-7].

The most pronounced differences between the power supplies used for WEDM and conventional EDM are the frequency of the pulses used and the current. Pulse frequencies as high as 1 MHz maybe used with WEDM to produce the smoothest possible surface finishes. Most wire electrical discharge machines use very pure deionized water for its low viscosity, high cooling rate, high material removal rate and no fire hazard [8]. 

While EDM has been used as a production tool for over 50 years, true μEDM only commenced in 1967 [1]. Holes of 6 μm diameter were drilled in cemented carbide 50 μm thick [2]. Since that time, there has been a concerted effort to improve the micromachining rates of various materials, without loss of accuracy. μEDM is one of the application fields of EDM where, the size of a product, is smaller than about 500 µm.  Electrode diameters down to 5 μm are possible which are used for producing micro holes. μWEDM uses a tungsten wire electrode with a diameter as small as 10µm. μWEDM may also be used to produce molds and dies that can themselves be utilized to manufacture other microparts from both conductive and nonconductive materials such as plastics.

As literature lacks much about the technicalities of μWEDM, the need has been felt towards highlighting the state-of-the-art of this process with the goal of achieving increased performance and surface roughness improvement in an era of component miniaturization.
2. WEDM PROCESS PARAMETERS
2.1. Electrode materials

The major properties which are responsible for the wire performance are the electrical and geometrical properties [2, 3, 8, 9, 10]. The electrical properties of the wire material is expressed in terms of its conductivity which, must be of a high value. The geometrical properties are mainly the wire shape, wire size and wire coating. There are various wire shapes as depicted in Fig. 2. In μEDM there are two kinds of electrodes, namely straight electrodes and electrodes with thick shanks. Masuzawa et al [11] in producing microcar models found that electrode wear ratio in μEDM is so large that a complex shaped electrode cannot be used because the electrode shape quickly changes. Rajagobal and Noble [8] have reported that metal removal rates increase with decreasing wire diameter.

Regarding wire coatings [12], there are basically two different types [3]. The conventional wire type is a single component metal such as copper, brass, or molybdenum. Copper wire was replaced by brass to improve machining speed. Brass has proven to be a very reliable wire type for WEDM because its good compromise between strength/toughness, conductivity, and flushability. 

Multi-component composite wires have also been used to address various requirements. Zinc coated wire has considerably better flushability than uncoated brass. Graphite also produces a hotter spark which allows more energy to be pulsed across the gap. Graphite coated molybdenum has been approved to be a very effective way to machine with small diameter wires. The effectiveness of the coated wires is limited by the coating thickness which is about 5 to 10 μm.

The most important mechanical properties of the wire are its tensile strength, its modulus of elasticity and its elongation. The desirable wire materials should have adequate tensile strength with high fracture toughness, high electrical conductivity, good flushability, low melting point and low energy requirement to melt and vaporize.
2.2 Wire tension and Frequency
The need for constant wire tension is important to avoid problems as conicity, machining streaks, wire breaks and vibration marks. The higher tension decreases the wire vibration amplitude and hence decreases the cut width. Increase in wire tension results in an increase in metal removal rate and feed rate with a decrease in overcut [8].

3. Mathematical modeling of the cutting process
Generally, the material removal rate (MRR) in mm3/min can be expressed by [13]:

                                               MRR = (d + 2sb) V H                                                         (1)

where (Fig. 3):

d  = diameter of wire, mm.

sb  = gap between wire and workpiece, mm.

V  = average feed rate of machining, mm/min.

H  = height of workpiece, mm.

The volume of material removed per single pulse depends on the energy per discharge and the properties of workpiece and wire material. The energy of a single discharge (E), is determined by the peak voltage (U) and the capacitance (C) in the RC circuit of the pulse generator,

                                                       E = C U2/2                                                                    (2)

An RC circuit was used to generate pulses with capacitances ranging from 2 pF to 5 μF and with energy of discharges less than 10-8 J [14]. It was shown that the linear electrode wear ratio decreased to less than 10% if C was smaller than 100 to 1000 pF. If the polarity was reversed such that the tool-electrode formed the anode, then the wear ratio was as large as 250 to 1700% [15].

The objective of the mathematical models is to achieve higher machining productivity with a desired accuracy and surface finish. Scott et al [3] presented a formulation and solution of a multi objective optimization problem for the selection of the best control settings on a wire electrical discharge machine. It was found that discharge current, pulse duration and pulse frequency were significant control factors for both MRR and surface finish. While wire speed, wire tension and dielectric flow rate were relatively significant. 

Two models were designed by Spedding and Wang [16] with input parameters of the pulse-width, the time between two pulses and the wire mechanical tension, whilst cutting speed, surface roughness and surface waviness were the responses. It was concluded that both models provide accurate results for the process. Hsue et al [17] developed a model to estimate the MRR in corner cutting. They showed a very good agreement between the computed MRR and the measured sparking frequency of the process.

Liao et al [18] proposed a methodology to determine the optimal WEDM parameters. The significant factors affecting the machining performance such as MRR, gap width, surface roughness, sparking frequency, average gap voltage and ratio of normal sparks to total sparks were determined. They concluded that the machining models are appropriate and the derived machining parameters satisfy the real requirements in practice. Moreover, Liao and Woo [19] developed a pulse discrimination system to study the effects of various machining conditions on the behavior of pulse trains in the WEDM process. An approximation method for estimating the variation of the average gap width was introduced. 

4. Main WEDM problems

4.1 Wire rupture

The occurrence of wire rupture would result in a great increase of the machining time, a decrease of machining accuracy and a quality reduction of the machined surface. μWEDM is a thermal process where the high power density results in the erosion of a part of the material from both of the electrodes. Whilst high erosion rate of the workpiece is a requirement, removal of the wire material leads to its rupture.

Prediction of the erosion of the wire electrode has been made by Banerjee et al [20]. They studied the three-dimensional transient temperature distributions of the moving wire during the period of a single discharge. They concluded that the crater volume and the width of the heat affected zone increase with the increase in the average input power. A theoretical model was made by Spur and Schonbeck [21] to predict the wire erosion. This model describes the impact of discharge on the anode as a heat source on a semi infinite solid whose size and intensity are time-dependent.

Tanimura and Heuvelman [22] observed that the number of short sparks rose abruptly before wire rupture and this change of short circuit pulses lasted for more than 30 msec before the wire broke. Kinoshita et al [23] studied how to control and prevent the wire from breaking. Thus, they developed a monitoring and control system to avoid wire rupture, once a sudden rise of pulse frequency was detected. 

Watanabe et al [24] described a statistical pulse-classification method, where the distribution of measured pulse data, such as electric discharge current and voltage, were analyzed. The classified pulse is applied to find the optimal current for improving the machining stability and efficiency. In addition, the pulse data is used to prevent wire from rupturing. Rajurkar and Wang [25] developed a sparking frequency monitoring system for WEDM and proposed a control strategy to prevent wire rupture. Also, a WEDM software system with multiple input models for workpiece height identification was proposed by Rajurkar et al [26].

A WEDM adaptive control system was developed [27] to monitor and control the sparking frequency according to the on-line identified workpiece height. This system controls the spark frequency at optimal levels to avoid wire rupture and to maintain maximum productivity. Liao et al [28] developed a computer-aided pulse discrimination system based on the characteristics of voltage waveform during machining to study the wire breakage phenomenon. Two causes of wire rupture were identified, namely: the excess of arc sparks and a sudden rise of the total sparking frequency. Yan and Liao [29] developed a WEDM sparking frequency monitoring and control system based on the characteristics of the voltage waveform. They proposed a self-learning fuzzy controller to control the sparking frequency for avoiding wire rupture.

The problems happening during the WEDM process are very critical when dealing with intricate and accurate workpieces. Consequently, problems must be solved soon in order to minimize wire rupture. The knowledge based system program designed by Ebeid et al [30] suggests these problems and recommend possible actions that must be taken. 
4.2 Inaccurate cutting
There is a great demand to improve machining accuracy in μWEDM. A number of studies have been done concerning wire vibration as the reason of machining inaccuracy. Rajagopal et al [8] deduced that stability of the wire is perhaps the most important factor controlling WEDM performance. Dauw and Beltrami [31] and Dauw et al [32] showed that the wire behaves like a vibrating metal string, straightened by two axial pulling forces. The deformation which is caused by hydraulic forces in the gap, electro static forces acting on the wire and electro dynamic forces inherent to the spark generation, make the wire to lose its perfect straight position.

Wire bending and deflection are the major causes of imprecision at high cutting speeds. Beltrami et al [33] showed that the wire deflection can be described by a parabolic function. A technical realization to improve the wire EDM accuracy while cutting at full speed on virtually any contour was discussed. Mohri et al [34] derived a mathematical model for investigating the wire vibration mechanism. They concluded that the results of simulation on wire vibration with the modeled system showed good agreement with experimental results.

4.3 Control of Surface finish

The surface finish obtained by WEDM is quite different from conventional finishes. The geometry is considerably different as peaks and craters replace the lines and valleys of conventionally machined profiles. WEDM results in a multidirectional or no lay finish on the surfaces. Crater volume or metal removal per discharge, is directly related to the surface roughness produced. 

Gökler and Ozanozgu [35] investigated the effects of cutting parameters on surface roughness. They aimed to select the most suitable cutting and offset parameters combination for the WEDM process in order to get the desired surface roughness value for the machined workpieces.

5. New trends in WEDM processes

5.1 Cutting of new materials

The demand for materials having high mechanical performance has led to the development of a new generation of materials. Ceramics is a new class of hard engineering materials which have a high potential for many industrial applications. They are already being used for applications as cutting tool tips, wear parts, water pump seals etc... The traditional methods of machining these materials using diamond grinding or lapping are very slow and expensive, and can also cause strength degradation due to the formation of surface and subsurface cracks. WEDM is one of the promising methods for processing ceramics [36, 37]. 

Mohri et al [38] developed a new method of WEDM for the machining of insulating ceramics. In this method, a metal mesh was arranged on the surface of the ceramic insulator as an assisting electrode. They found that the ceramics can be machined easily with brass wire electrode using kerosene as working fluid. Gatto and Iuliano [39] studied the wire electrical discharge cutting mechanisms of metal matrix composites such as SiC/2009Al alloy offering high hardness, strength and stiffness.

Polycrystalline diamond (PCD) tools are being now widely used in machining a large variety of advanced materials. PCD have properties of high strength and high toughness. Kozak et al [13] found that the machining feed rate is approximately directly proportional to discharge frequency and increases as the capacitance is increased for PCD blanks.

5.2 Hybridization of WEDM with ultrasonic cutting

Guo et al [40] investigated the combination technology of ultrasonic and WEDM by causing the wire to oscillate. They concluded that with ultrasonic aid, the cutting efficiency of WEDM can be increased by 30 %, and the roughness of the machined surface reduced. In addition, high-frequency vibration of wire in this combination is advantageous, therefore improving the discharge concentration and reducing the probability of rupture of the wire [41].

6. MICRO WEDM Applications

One of the essentials for production of precise microparts is a microdischarge generator. Agie (Switzerland) has developed the Agiepuls HSS generator for μWEDM. This pulse generator draws only 4.5 kW and has a metal removal rate of over 300 mm3/min for steel.

Hole drilling: Charmilles [42] has machined a 20 μm hole through a stainless steel hypodermic needle, and 200 μm diameter holes and slits made by WEDM have been machined successfully trough nickel-titanium shape memory alloy tube walls 340 μm thick [43].

Dies: μ-WEDM is used for the manufacture of precision blanking, drawing and injection dies. Details of an injection die for precision gears are given in Table 1 [15].

Table 1 μWEDM details.

	Item
	Agiecut 250SF

	Wire material
	Tungsten

	Wire diameter, μm
	30

	Component 
	Injection die

	Component material
	Inox

	Surface finish Ra, μm
	0.15

	Max. dimensional variation, μm
	+/- 1.0

	Machining time, min
	47


Microgear wheels: The development of miniature electromagnetic motors has led to a demand for miniature gearboxes less than 2 mm in diameter with microgear wheels. μWEDM using 20 to 30 μm wire has been employed to cut the complex tooth profiles required in the gearwheels. Ehrfeld [44] shows a ring gearwheel for a planetary gearbox with an outer diameter of 1.9 mm.

Micro pipes: Two flat copper-water axially grooved miniature heat pipes were fabricated employing μWEDM [45, 46].

Piezoelectric actuators: Xu and King [47] used WEDM to manufacture piezoelectric actuators. Piezoelectric actuators are becoming increasingly popular in industrial applications.

Miniature Neurosurgical Instruments: Microforceps have been fabricated from 0.63- and 0.39-mm diameter nickel-titanium shape memory wires by bisecting the wire in a saw tooth pattern using μWEDM with a 30 μm diameter tungsten wire as the cathode. Microscissors were also made from the 0.63 mm diameter wire by a similar technique [48].

CONCLUSIONS

The present work highlights the powerfulness of the μWEDM process in nowadays fields of industry and medicine. μWEDM can be used successfully for cutting of micro and precise components as it has solved many problems for the medical, aerospace, electronics and automotive industries. A survey on the present status of μWEDM is fully clarified. μWEDM proves to be promising in the micro machining field as well as in biomedical applications and it looks to be a beneficial tool in the coming era with the goal of achieving increased performance and improved surface roughness in an era of component miniaturization.
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Fig. 1. Schematic diagram for WEDM
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Fig. 2. Examples of modified wire shapes
                                                                                       Fig. 3. WEDM operation
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