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Micro Electrical Discharge Machining (micro-EDM) is a thermo-electric and contactless
process most suited for micro-manufacturing and high-precision machining, especially
when difficult-to-cut materials, such as super alloys, composites, and electro conductive
ceramics, are processed. Many industrial domains exploit this technology to fabricate
highly demanding components, such as high-aspect-ratio micro holes for fuel injectors,
high-precision molds, and biomedical parts.

Moreover, the continuous trend towards miniaturization and high precision functional
components boosted the development of control strategies and optimization methodologies
specifically suited to address the challenges in micro- and nano-scale fabrication.

This Special Issue showcases 12 research papers and a review article focusing on novel
methodological developments on several aspects of Micro Electrical Discharge Machining:
machinability studies of hard materials (TiNi Shape Memory Alloys, Si3N4–TiN ceramic
composite, ZrB2-Based Ceramics Reinforced with SiC Fibers and Whiskers, Tungsten-
cemented carbide, Ti-6Al-4V alloy, Duplex Stainless Steel and Cubic boron nitride), process
optimization adopting different dielectrics or electrodes, characterization of mechanical per-
formance of processed surface, process analysis and optimization via discharge pulse-type
discrimination, hybrid processes, fabrication of molds for inflatable soft microactuators,
and implementation of low-cost desktop micro-EDM system.

In further detail, Zhao et al. [1] have investigated Laser-Assisted Electrochemical Dis-
charge Machining for micro-processing of insulating and hard-brittle materials typified by
glass. This study compared morphological features obtained by means of single processing
and hybrid processing methods concerning the fabrication of microgrooves on quartz
workpiece. The combination of these two methods allows to transform gradually V-shaped
microgrooves into U-shaped microgrooves. Micro Electrical Discharge Machining has been
characterized by Zhu et al. [2] for Surface Modification of TiNi Shape Memory Alloys using
a TiC Powder Dielectric. The study reveals that TiC powder addition with a concentration
of 5 g/L had a positive effect on increasing the electro-discharge frequency and MRR,
reducing the surface roughness. The machined surface presents a recast layer with good
adhesion and high hardness, due to metallurgical bonding, and contains CuO2, TiO2, and
TiC phases, contributing to an increase in the surface microhardness from 258.5 to 438.7 HV,
which could be beneficial for wear resistance in biomedical orthodontic applications. In
accordance with potential effects on mechanical properties and oxidation performance, a
study on ZrB2-Based Ceramics reinforced with SiC Fibers and whiskers has been performed
by Quarto et al. [3] By means of the pulse-type characterization, results indicated how rein-
forcement shapes affect the energy efficiency of the process and change the surface aspect.
The microEDM milling machinability of the Si3N4–TiN ceramic composite was investigated
through the discharge pulse-type discrimination algorithm evaluating the material removal
rate, tool wear ratio and surface quality in [4] by Marrocco et al. The analysis shows
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that MRR was sensitive only to normal pulses, while the occurrence of arcs and delayed
pulses induced unexpected improvements in tool wear. Additionally, the inspection of
the surface, performed by SEM and EDS analyses, showed the presence of re-solidified
droplets and micro-cracks, which modified the chemical composition and the consequent
surface quality of the machined micro-features. Ablyaz et al. [5] have developed a Surface
Characterization and a Tribological Performance Analysis of Electric Discharge Machined
Duplex Stainless Steel considering the main process parameters and three variants of
electrode material (Graphite, Copper–Tungsten and Tungsten). The results revealed that
the machined surface at high spark energy in EDM oil portrayed porosity, oxide formation,
and intermetallic compounds, and then exhibited 70% superior wear resistance compared
to the un-machined sample and contextually improving surface wettability.

The machinability via Electrodischarge Drilling of microholes with 410 µm in diam-
eter and 1 mm deep in difficult-to-cut cubic boron nitride (c-BN) material was studied
by Wyszynski et al. [6]. Tests were executed using tungsten electrode tool in Exxol80
(hydrocarbon oil) and varying pulse on and off times, pulse frequency and working current.
Results show that relatively high working current and short pulses improve machining
quality. Wire electrical discharge grinding (WEDG) is adopted by Milana et al. [7] for shap-
ing several molds to cast rubber and create complex void for inflatable soft microactuators.
All microactuators that have a cylindrical shape with a length of 8 mm and a diameter of
0.8 mm have been characterized and tested showing that complex deformation patterns,
such as curling, differential bending or multi-points bending, can be achieved.

In order to deal with the high wear ratio bottleneck of micro-electrode tool, Huang
et al. [8] have investigated the use of a liquid droplet suspended at the end of a capillary
nozzle as an electrode. The liquid supply, the geometry and shape control of the tip were
analyzed both via simulation and experimentation showing the feasibility of the method.
The feasibility of a novel filling method to fabricate a composite 3D microelectrode for
processing 3D microstructures via micro-EDM without steps is analyzed theoretically
and experimentally by Lei et al. [9]. Wear and corrosion resistance of the Ti-6Al-4V alloy
processed by EDM using multi-walled carbon nanotubes (MWCNTs) mixed with dielectric
were experimentally investigated by Singh et al. [10]. The study reveals that the formation
of intermetallic compounds, oxides, and carbides allows a dramatic enhancement of the
wear-resistant and the corrosion protection efficiency up to 95%, and 96.63%, respectively,
in comparison to using plan dielectric. Xu et al. [11] have proposed foil queue microelec-
trodes with tapered structures in order to solve the typical step effect issue when these
microelectrodes are used for eroding 3D microstructure. The influence of the taper angle
and the number of microelectrodes on the step effect were investigated and tested, report-
ing that the step effect on the 3D microstructure’s surface became less evident when the
taper angle and the number of foils–microelectrodes increase.

Wu et al. [12] have presented a low-cost desktop micro-EDM system for fabricat-
ing micro-holes in tungsten-cemented carbide materials reporting experimental test of
micro-holes with a diameter of 0.07 mm and thickness of 1.0 mm drilled with a cut-side
shaped micro-tool.

Finally, with the aim of helping researchers for selecting suitable powders and identify-
ing different aspects of powder-mixed dielectric fluid of EDM, a paper review is presented
by Abdudeen et al. [13]. The paper discusses and compares studies about various powders
used for the process focusing on achieving a more efficient metal removal rate, reduction
in tool wear, and improved surface quality of the powder-mixed EDM process.

We thank all the authors who submitted their papers to this Special Issue “Micro-
Electro Discharge Machining: Principles, Recent Advancements and Applications”. We
would also like to acknowledge the reviewers who carefully reviewed all the submitted
papers dedicating their time and helping to improve the quality of this Special Issue.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Electrochemical discharge machining (ECDM) and laser machining are emerging nontradi-
tional machining technologies suitable for micro-processing of insulating and hard-brittle materials
typified by glass. However, poor machinability of glass is a major constraint, which remains to
be solved. For the micro-grooves processed by ECDM, the bottom surface is usually uneven and
associated with protrusion structures, while the edges are not straight with obvious wave-shaped
heat-affected zones (HAZs) and over-cutting. Besides, the cross section of the micro-grooves pro-
cessed by the laser is V-shape with a large taper. To solve these problems, this study proposed
the laser-assisted ECDM for glass micro-grooving, which combines ECDM and laser machining.
This study compared morphological features of the single processing method and the hybrid pro-
cessing method. The results show that ECDM caused cylindrical protrusions at the bottom of the
microgrooves. After processing these micro-grooves by laser, the cylindrical protrusions were re-
moved. However, the edge quality of the microgrooves was still poor. Therefore, we used the laser
to get microgrooves first, so we got micro-grooves with better edge quality. Then we use ECDM to
improve the taper of microgrooves and the cross-sectional shape of the microgrooves transformed
from a V-shape to a U-shape.

Keywords: electrochemical discharge machining; laser machining; glass; micro-groove

1. Introduction

Insulating and hard-brittle materials typified by glass are used widely in many fields
such as chemical engineering, electronics, communications, instrumentation, and nuclear
engineering. Especially in some complex, harsh, or extreme working environments, the
parts made of glass materials show excellent corrosion resistance and high temperature
stability. Although glass possesses many excellent characteristics, these materials are
typically hard and brittle, and are therefore difficult to machine by conventional approaches,
which affects the machining quality and limits its further application [1].

Traditional methods that have been reported for glass machining, including diamond
grooving, mechanical grinding, micro-abrasive air jet [2] and water jet [3], in which material
removed because of brittle crack formation caused by the cutting tool squeeze or jet
impingement. Defects such as cracks and chipping easily produced during processing,
leading to poor processing accuracy and surface quality.

For higher machining efficiency, better processing accuracy and surface morphology,
nontraditional technologies have proposed for glass in recent years [4], and the typical meth-
ods are laser machining [5–7] and electrochemical discharge machining (ECDM) [8–12],
both of which are noncontact methods and removing materials in a stress-less manner.
Therefore, noncontact methods can avoid the stress damage, and reduce the chipping and
cracks [13] significantly improving the processing accuracy and surface quality.

Specifically, the two nontraditional methods have their own characteristics. For laser
machining, the light beam focuses on a small area and the pulse energy emits within a short
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or ultrashort pulse duration, and therefore achieves extremely high energy intensity up to
GW/cm2 even PW/cm2, leading to unique nonlinear light, heat, and force effects [14,15].
In the process of ultrashort laser processing, such as picosecond laser, the laser energy first
absorbed by electrons in material, and the amount determined by the absorption rate of the
material itself. The electrons in the material absorb photons and then migrate, and, then,
the electrons excited to the conduction band further improve the energy absorption of the
workpiece. When the electron density of the conduction band exceeds the critical value, a
Coulomb explosion may occur, and helps increase material removal.

The ECDM shown in Figure 1, where the tool electrode and auxiliary electrode im-
mersed in the solution. After the DC power turned on, a current loop formed. As the
reaction continues, the bubbles would fuse into a gas film, insulating the tool electrode
from the working fluid. When the potential difference between the tool electrode and the
working fluid increased up to the discharge voltage that could cause breakdown in the gas
film, a spark discharge occurred, releasing a huge amount of energy. The emitted discharge
energy led to high temperature and high pressure within the tiny distance between the tool
electrode and material, and therefore the material may melt or even vaporize, and is then
thrown away by high-pressure impact. Meanwhile, the rise of temperature also promoted
the chemical corrosion of the alkaline solution on the workpiece. The two work together to
increase material removal [16–18].

 

 

Figure 1. Schematic of the electrochemical discharge machining (ECDM).

In the existing literature, scholars from various countries have carried out research
on the micro-machining technologies of insulating and hard-brittle materials, and a wide
range of hybrid processing methods have been proposed.

A hybrid method of ECDM and micro grinding using polycrystalline diamond (PCD)
tools explored by Xuan et al. [19], which had experimentally shown the grinding under
PCD tools reduced the surface roughness of ECDM structures. The fundamental material
removal mechanisms of hard-brittle materials under indentation and material removal
mechanisms in the gap between the tool side and the hole wall have been studied by
Nath et al. [20]. Ho et al. [21] explored the feasibility of ECDM with an aiding flow jet on
nonconductive quartz glass materials. This research found that an aid nozzle improved
the drilling depth by ensuring that an enough flow of electrolyte was available for spark
generation and debris removal. Chen et al. [22] added a magnetic field to ECDM. The
mechanism of the magnetohydrodynamic effect in ECDM was researched. By using this
hybrid method, the ECDM micro-hole drilling performance was significantly improved.

However, much work is still in early exploration and the experimental research stage.
The hybrid processing technology for insulating and hard-brittle materials is still based
on one of laser or spark discharge, and then introduces rotation, vibration, inflation, or
grinding for aid. However, there is still little research on etching glass by combining the two
main energies of laser and spark discharge to improve the processing quality. Therefore,
there are many theoretical and technical issues that need to be studied for the optoelectronic
composite stepwise processing of glass.

This study focused on the step-by-step composite processing of glass using different
sequences of laser and ECDM. According to the thermal effect of laser shock wave and the
principle of ECDM effect, this study compared and analyzed the morphology characteristics
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of different machining methods. It also analyzed the influence of laser pre-processing on
forming an ECDM gas film and the ablation of materials.

2. Experimental Design

2.1. Experimental Setup

As shown in Figure 2, an ECDM system has developed for this study, including pulse
power supply (GKPT series, Shenzhen Shicheng Electronic Technology Co., Ltd. Shenzhen,
China), current probe (CP8030B, Shenzhen Zhiyong Electronics Co., Ltd. Shenzhen, China),
motion controller, four-axis linkage processing platform, microscope camera, tool elec-
trode, auxiliary electrode, reaction tank, oscilloscope (TDS2012C, American Tek company,
Beaverton, OR, USA), etc.

 

 

Figure 2. Schematic diagram of the experimental apparatus of ECDM.

The solution tank (size—160 × 120 × 80 mm3) made of acrylic sheet fixed on the
processing platform, which can precisely move along X–Y axes via a computer-controlled
motion controller unit. The tool electrode clamped onto a vertical chuck rotated by a motor,
and was moved up and down by the main spin. The negative pole of the DC pulse power
supply connected to the tool electrode, and the positive pole connected to the auxiliary
electrode. The high frequency current probe employed to monitor the current during
ECDM, and the oscilloscope connected to it was used to display and store the collected
current signal.

Tool electrodes and auxiliary electrodes are important in ECDM [23–25], and the
material choice for them should be carefully considered. The tool electrode should not
only have good electrical conductivity, but also needs to withstand the high temperature
of electric spark discharge and strong alkali corrosion. Therefore, tungsten carbide (WC)
was selected to make the tool electrode for this study. In addition, since the spiral thread
electrode is more effective in expelling machining waste and renewing the electrolyte near
the machining position compared to the smooth electrode, this experiment used a cylindrical
tool electrode with a thread on the sidewall. The auxiliary electrode was made of block
graphite with strong alkali resistance and good conductivity (size—80 × 20 × 15 mm3).

Figure 3 shows the schematic of picosecond laser machining system, which was
mainly composed of a picosecond laser, computer control system, optical path system,
four-axes precision motion system, optical measurement system (charge coupled device
camera, (CCD camera)), and other auxiliary equipment. A Nd: YVO4 laser (Edgewave
PX100-1-GM) was employed in this study, which was operating in Gaussian mode at
1064 nm wavelength with a 12 ps pulse duration and the beam quality is M2 < 1.3. The
maximum output power was about 70 W, while the pulse repetition frequency can change
from 0.2 to 1 MHz, resulting in a maximum pulse energy of up to 260 µJ at the frequency
of 0.2 MHz. The output power was adjusted by changing the high voltage (HV) level
working on the HV modulator, which is superior to controlling the pump current as the
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laser spot size not affected by the varied HV level in this laser machine. In addition,
higher HV level results in more energy emission and therefore the increased laser intensity.
The laser beam emitting from the generator first expanded by a beam expander (Eoptics
VE-532–1064, JENOPTIK, Jena, Germany), then directed to a galvanometer (IntelliSCAN
14–1064, SCANLAB, Munchen, Germany) with a focal length of 100 mm and a typical
marking speed of 2 m/s, and finally arrived at the target specimen surface. A mechanical
beam blocker also included in the light path for a protection purpose. To keep the laser
system in a stable operating stage, deionized and filtered water was looping inside the
laser machine to remove the generated heat and hence maintain a constant temperature.
By using this optical setup, a focusing laser spot of ∼20 µm in diameter achieved in the
focal plane.

 

μ

∼ μ

 

μ

μ μ
μ

μ

Figure 3. Schematic of picosecond laser machining system.

2.2. Machining Procedures

In this experimental study, the laser machining and ECDM was first carried out sepa-
rately. In the ECDM experiment, the workpiece was a square piece of quartz with a size
of 20 × 20 × 1 mm3, which was fixed to the bottom of the solution tank by a bracket. The
electrolyte was a 30 wt.% NaOH solution, and the electrolyte level was adjusted to 2 mm
above the workpiece. The ECDM parameters selected in this experiment are shown in
Table 1. In the experiment, the layer was fed 3 times, and each feeding amount was 0.2 mm.

In this ultrashort pulsed laser micromachining process, the laser used to heat the
material may cause melting, vaporization, plasma formation, or direct phase explosion as
in the femtosecond laser. The workpiece with a size of 20 × 20 × 1 mm3 was fixed to the
worktable of the laser system, and the CCD camera that comes with the laser, which is used
for accurate focusing, such that the laser focused on the upper surface of the workpiece
to process microgrooves. In the experiment, the scanning path designed by the computer
in the laser processing system was a parallel line, the scanning distance between two
adjacent parallel lines was 10 µm, the number of scanning lines was 20, and the scanning
length was 2 mm. After each time the laser scanned a layer, the laser focus fed down
by 20 µm to scan again, for 10 feeds. Because the laser focus diameter was 20 µm, the
scanning distance between two adjacent parallel lines was 10 µm, and the scanning lines
were 20, microgrooves with a width of around 200 µm were processed by this method.
The laser machining parameters selected in this experiment are shown in Table 2. The
scanning velocity and repetition times can be set by controlling the galvanometer. After
the laser machining was completed, the workpiece was immersed in an alcohol solution
for ultrasonic cleaning for 10 min and dried to remove the attached processing products.
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Table 1. Parameters for ECDM.

Factors Parameters

Tool electrode diameter (µm) 200
Voltage (V) 25

Peak current (A) 0.3
Duty factors (%) 50
Frequency (Hz) 1000

Rotating speed (RPM) 3600
Feed speed (µm/s) 10

Table 2. Parameters for laser machining.

Factors Parameters

Layer 10
Number of elements 20

Scanning speed (mm/s) 300
Power (W) 12

Frequency (Hz) 3 × 105

Figure 4 was taken by a microscopic camera, showing the cross-sectional morphology
of the microgrooves, respectively processed by laser and ECDM. The results show that
although the edge profile of microgrooves processed by laser is relatively flat and neat,
the cross-sectional taper is relatively large, showing a clear V-shape. On the contrary,
the microgrooves processed by ECDM have almost no taper, but the edges have obvious
wave-shaped heat-affected zones.

 

μ

μ

 

Figure 4. Cross-sectional morphology of the microgrooves respectively processed by laser and ECDM.

In order to obtain microgrooves with a small taper and good surface quality, the laser
machining and ECDM carried out in a certain sequence on the same position to form a
hybrid machining method, which combined the advantages of the two methods.

Figure 5 illustrates the processing sequence. Figure 5a shows ECDM pre-groove
processing. The first step is to process the microgrooves on the workpiece by ECDM. Then
the workpiece immersed in alcohol for ultrasonic cleaning for 10 min and dried to remove
the attached processing products. The second step is to fix the workpiece to the laser
processing platform. Then, use the CCD camera to observe the position of the microgroove,
and use the software in the computer to focus on the center of a microgroove. In this
way, the microgrooves processed by laser can completely overlap with the microgrooves
processed by ECDM in the first step. The parameters used in these two steps were the
same as described above. Except that the number of layer feeds in this ECDM experiment
was one and the rotating speed is 0 RPM. Figure 5b shows laser pre-groove processing.
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The order of this processing method was reverse to that in Figure 5a. In the first step, a
laser used to process microgrooves on the workpiece. Then the workpiece is immersed
in alcohol for ultrasonic cleaning for 10 min and dried to remove the attached processing
products. The second step is to fix it on the ECDM platform. Then observe the position
of the microgroove with a microscopic camera, align the tool electrode at the center of a
microgroove, and perform the ECDM. The parameters used in these two steps were the
same as described above. Except that the rotating speed is 0 RPM.

 

 

 

μ

μ

Figure 5. Processing diagram: (a) laser pre-groove processing and (b) ECDM pre-groove processing.

After processing, the glass was cleaned and dried. The scanning electron microscope
(SEM, Hitachi S-3400N) was used to observe the surface morphology of the processed
microgrooves. Because the glass itself is an insulator, it is necessary to spray a metal film or
carbon film on the material to form a conductive layer before observation.

3. Results and Discussion

3.1. ECDM Preprocess

Figure 6 is the SEM image of a microgroove processed by ECDM. Taking the dotted
line as the boundary in the figure, the left side shows the morphology of a microgroove
produced by ECDM only, while the right side matches the result of post-processed by laser
machining after ECDM. The ECDM parameters of Figure 6a were 1000 Hz and 0 RPM.
Protrusions appear regularly at the bottom of the microgroove, and these protrusions are
cylindrical with steep sidewalls. Further, the distance between the peaks of two adjacent
protrusions is about 70 µm, while the bottoms not connected. Figure 6b shows the micro-
grooves processed with different ECDM parameters (800 Hz and 0 RPM). Compared with
Figure 6a, the regularity of the protrusions’ distribution decreases. The protrusions are
nearly cone-shaped with a gentle sidewall. The distance between the tops of the adjacent
two protrusions is about 30–80 µm, and the bottoms are connected.

The formation of this protrusion structure may be explained by two aspects. On the
one hand, the discharge is more difficult to generate at the center of the tool electrode that
is flat-bottomed. Specifically, Jiang et al. [26,27] conducted a finite element analysis on the
current density of the tool electrode with this shape, as shown in Figure 7. Compared to
the center of the cylindrical tool electrode, the current density near the edge of the contour
is stronger. Therefore, if geometric defects are not considered, sparks tend to generate
along the edge of the tool electrode, and it is more difficult to generate near the geometric
center of the bottom, so the material in this part is more difficult to remove. Figure 8 is
the picture of a crater created by the ECDM process using a cylindrical tool of 0.5-mm
diameter with the discharging duration of 2 s, which illustrates that material near the rim
of the cylindrical tool was removed, indicating release of sparks distributed around the
rim, or the “fringing effect”. On the other hand, during the ECDM, bubbles will produce at
the bottom of the tool electrode. Because the solution has a high viscosity and the bubbles
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mainly stressed in the vertical direction, the bubbles will accumulate at the bottom of the
electrode and are difficult to discharge, which hinders the electrolyte into the gap between
the tool electrode and the workpiece, making this part difficult to produce electrochemical
discharge [28], and the material is difficult to remove. As a result, the morphology with
protrusions at the bottom is created.

 

 

 

1000Hz  

800Hz   

Figure 6. Morphology comparison of micro-grooves machined by ECDM only (left part) and hybrid
method with laser processing. (a) 1000 Hz and (b) 800 Hz.

 

𝑊 μℎ μ 𝑑𝑑 𝑊 2ℎ

Figure 7. Finite element simulation of current density in electrochemical reaction on cylindrical
electrode [26].
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Figure 8. Crater created by a cylindrical tool electrode. Machined with 35-V electrode voltage and
2-s machining time [26].

It can be clearly seen from the topography on the right side of the dotted line in
Figure 6 that the protrusions in the microgrooves were removed after laser machining,
resulting in a smoother surface. Because ECDM preprocessing can promote the nonlinear
absorption of the high-energy pulsed laser in the processing area and induce plasma
generation. It can selectively remove the protrusion structures of different shapes formed
in the ECDM. Besides, when the picosecond pulsed laser acts on a transparent medium, the
high peak power can produce a strong nonlinear effect inside the transparent medium, and
reduce the heat-affected zone effectively, which greatly improves the morphology quality.

But the drawbacks of this processing method are obvious. Although laser scanning
can effectively remove the protrusion structures, the removed debris still existed at the
bottom, and the surface roughness was not good. To further improve the morphology
quality and composite effect, and to explore the influence of laser preprocessing on the
gas film formation and material ablation in ECDM, the sequence of laser machining and
ECDM was adjusted to form a laser-assisted ECDM microgroove machining method, as
given in the details of the next section.

3.2. Laser Preprocess

In the laser preprocess experiments, the microgroove was processed by laser first, and
then post-processed by ECDM. Specifically, the tool electrode with a suitable diameter
was selected according to the width of the microgroove processed by laser pre-machining.
In this experiment, the width W of the micro-groove was 200–240 µm, and the gas film
thickness h was about 20 µm. The tool electrode diameter dt is:

dt = W − 2h (1)

therefore, a tool electrode with a diameter of 200 µm was selected.
During the machining process, the relative position of the tool electrode tip and the

pre-groove was monitored by connecting the micro camera to the computer to make the
traces of ECDM and laser machining overlap accurately and completely. Figure 9 illustrates
the change in the relative position of the tool electrode in the laser preprocessed groove
during ECDM. First, the tool electrode descended to position A, where the tip of the tool
electrode was slightly lower than the microgroove inlet level, but it was not in contact
with the sidewall. ECDM was performed to remove burrs without forming a heat-affected
zone on the edge of the microgroove. As the tool electrode continued to dive, it arrived at
position B. At this time, there should be contact between the tool electrode and the sidewall
of the microgroove. However, due to the discharge, this part formed a melting zone, which
is further melted and eroded under the action of the electrolyte. As the tool electrode
continued to dive, it finally reached position C, the bottom of the microgroove. As the
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ECDM proceeded, the cross-section is changing gradually from V-shaped to U-shaped, and
the taper decreased significantly.

 

μ

 

μ

Figure 9. Schematic diagram of tool electrode position.

Figure 10 is a comparison diagram of the microgrooves with a width of 200 µm
processed by combination method and ECDM only. Taking the dotted line in the figure as
the boundary, the left side of the dotted line is combination, and the right side represents
ECDM only.

 

μ

μ

 

Figure 10. Comparison of microgrooves processed by combination method and ECDM only.

It can be clearly seen that the edges of the microgroove processed by ECDM only are
tortuous. In addition, the processing quality is relatively poor, and there is a wave-shaped
heat-affected zone on the upper surface of the microgroove edge. This is because the molten
material overflowed under the action of gas film agitation and thermal impact during the
processing, and then cooled and solidified and accumulated on the edge of the microgroove,
eventually forming a wave shape slightly higher than the surface of the material.

The edge of the microgroove processed by the combination method is flat, and the side-
wall profile is more regular and smoother, and there is no visible wave-shaped heat-affected
zone on the upper surface of the edge, showing the morphology of laser processing only.

Gas film is an important parameter which formed around the tool electrode and
leads to discharge activities. The size and stability of the gas film significantly affected
the material removal and accuracy of the microgrooves. A more stable gas film prepares
a suitable condition for uniform discharges. The edge of the microgrooves presents the
morphology of laser machining instead of ECDM, showing the microgrooves formed by
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laser preprocessing can reduce the thickness of the gas film, shorten the distance of electrical
discharge erosion, and achieve better quality and less overcutting. This was because of
the lack of material produced by laser processing increased the thickness of the liquid
layer between the edge of the microgroove and the discharge area of the tool electrode,
which increased the stability of the gas film. At the same time, the processed microgrooves
squeezed the gas film on the tip of the tool electrode, which had a restrictive and standard
effect on the ECDM energy. The dual action improved the localization of ECDM, reduced
the amount of overcutting, and greatly improved the machining accuracy. Therefore, the
edge of the laser preprocessed microgroove was not affected by the discharge, and still
presents a neat edge of the preprocessed laser.

While the bottom surface presents the morphological characteristics of ECDM instead
of laser machining. Since the microgrooves processed by the laser show a certain taper, the
width of the microgrooves become narrower as the depth of the microgrooves increases.
When the distance between the material and the tool electrode is less than the critical
distance of electric discharge erosion (Figure 9, positions B and C), the material at that place
will be eroded by ECDM. And since the final position of the tool electrode in the bottom
of the groove reaches the effective processing range, the depth of ECDM is deeper than
laser, so the bottom surface presents the morphological characteristics of ECDM instead
of laser machining. As shown in the enlarged detail of Figure 9, laser-assisted ECDM can
keep the laser processing morphology on the upper edge of the microgroove, and ECDM
only affects the middle and lower regions. Therefore, the experiment can obtain high-
quality microgrooves, which can have flat edges and small tapers. As shown in Figure 11,
the width of the microgrooves of the combined machining is generally smaller than that
of the ECDM. This study used different voltage parameters to verify that the combined
method can improve the overcut phenomenon caused by ECDM, thereby improving the
processing quality.

 

 

 

 

 

Figure 11. Comparison of width processed by combination method and ECDM only.

In summary, the microgroove first processed by laser, and then a tool electrode with
an appropriate diameter was selected for ECDM according to the width of the groove.
The combination of the two methods can effectively improve the edge quality of the
microgrooves to obtain a more straight and neat edge morphology with less overcutting.
At the same time, the taper of the microgroove can be effectively reduced, and the cross
section is closer to a U-shape.

4. Conclusions

This study explored ECDM and laser processing of quartz, and compared the morpho-
logical differences between single processing methods and combined processing methods.
The experimental results are summarized:
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1. As a post-processing after ECDM, laser processing can effectively and selectively
remove the protrusions at the bottom of the microgrooves. Because of the “cold
processing” feature of the picosecond laser, there is no obvious heat-affected zone.
Thus, the experiment obtained a more regular bottom structure of the microgrooves.

2. In the laser preprocessing, the pre-etched microgrooves can reduce the thickness
of the gas film, shorten the distance of the electrical discharge erosion, and achieve
better quality. The results show the bottom of the microgroove presented an ECDM
morphology, while the upper surface of the edge presented a laser morphology and
there is no visible wave-shaped heat-affected zone. The combined processing method
can improve the overcut phenomenon caused by ECDM.

3. After the post-processing by ECDM, the V-shaped microgrooves gradually transform
to the U-shape, and the taper of the microgrooves is reduced.
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Abstract: Titanium-nickel shape memory alloy (SMA) has good biomedical application value as
an implant. Alloy corrosion will promote the release of toxic nickel ions and cause allergies and
poisoning of cells and tissues. With this background, surface modification of TiNi SMAs using
TiC-powder-assisted micro-electrical discharge machining (EDM) was proposed. This aims to explore
the effect of the electrical discharge machining (EDM) parameters and TiC powder concentration on
the machining properties and surface characteristics of the TiNi SMA. It was found that the material
removal rate (MRR), surface roughness, and thickness of the recast layer increased with an increase in
the discharge energy. TiC powder’s addition had a positive effect on increasing the electro-discharge
frequency and MRR, reducing the surface roughness, and the maximum MRR and the minimum
surface roughness occurred at a mixed powder concentration of 5 g/L. Moreover, the recast layer
had good adhesion and high hardness due to metallurgical bonding. XRD analysis found that the
machined surface contains CuO2, TiO2, and TiC phases, contributing to an increase in the surface
microhardness from 258.5 to 438.7 HV, which could be beneficial for wear resistance in biomedical
orthodontic applications.

Keywords: micro-EDM; TiNi shape memory alloy; TiC powder; surface modification; microhardness

1. Introduction

TiNi SMAs have broad application prospects in the aerospace, biomedical, and automobile fields
due to their excellent biocompatibility, superelasticity, shape memory effect, and wear resistance [1].
Because the Young’s modulus of titanium-nickel alloys is lower than that of other biomedical implant
materials, they are widely used for medical implants [2]. In clinical medical applications, product
safety and reliability are the primary requirements for long-term implants. However, amino acids and
proteins in bodily fluids will accelerate metal corrosion, promoting the release of toxic nickel ions [3].
The release of metallic ions is detrimental to osseointegration and ultimately causes clinical failure [4].
Therefore, the surface modification of titanium-nickel alloys plays an important role in improving
corrosion resistance and surface biocompatibility.

Previous studies have shown that a thin surface layer of titanium oxide (2–20 nm) will naturally
form on the surface of TiNi alloys, and this layer can act as a barrier to human body corrosion and
chemical reactions to limit the diffusion of nickel ions [5]. However, this film is unstable in the human
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body’s complicated and volatile environment and can easily corrode and fall off the alloy material.
Therefore, surface treatment techniques have been developed to treat TiNi alloys. Titanium oxide
film has good blood compatibility [6] and is biologically inert [7], and it can effectively prevent the
precipitation of nickel ions. Several surface treatment methods have been used commercially, such as
anodic oxidation [8], plasma immersion ion implantation (PIII) [9], coating [10], and electrochemical
polishing [11]. Qin et al. [12] used a glycerol electrolyte to obtain TiO2 nanotubes on the surface of the
TiNi alloy through anodic oxidation, which effectively improved the biocompatibility of the alloy.

Electrical discharge machining (EDM) is an unconventional machining technology that uses a
series of pulse discharges between the tool and workpiece to process the workpiece [13]. It is mainly
used for high-precision processing of difficult-to-cut materials. Wyszynski et al. [14] realized the
high-precision micro-hole machining of cubic boron nitride and determined the optimal parameters.
Wu et al. [15] developed a cut-side micro-tool suitable for the micro-EDM system and successfully
realized the deep and high aspect ratio micro-holes machining on tungsten cemented carbide. In order
to study the machining mechanism of micro-EDM, Liu et al. [16] analyzed the polarity effect of
micro-EDM based on the movement characteristics of electrons and positive ions in the discharge
plasma channel. Almacinha et al. [17] established an electro-thermal model for a single discharge of an
electric discharge machining process based on the Joule heating effect theory. Roy et al. [18] analyzed
the physical phenomenon behind occurrences of unusually high discharging points in reverse micro
EDM by establishing a numerical model of ions and electrons’ movement in the dielectric during
machining. To realize the micro-EDM machining of the three-dimensional structure, Roy et al. [19] used
reverse micro EDM to generate different shapes of protruded micro features, such as 3D hemispherical
and 3D coni-spherical shapes. To study EDM’s surface characteristics, Hsieh et al. [2] showed that the
EDM process could successfully machine the ternary TiNiZr SMAs while ensuring its shape recovery
ability. The recast layer generated on the machined surface can adhere to the substrate effectively
by surface alloying, enhancing wear resistance [5]. Peng et al. [3] have reported that EDM can form
a nanoporous biocompatible layer on the surface of Ti-6Al-4V, which is conducive to cell growth
and proliferation.

To develop improved surface modification technologies, a new method of TiC-powder-assisted
micro-EDM is proposed for the formation of a titanium oxide surface, and experiments were performed
on a TiNi SMA. The effects of PMEDM parameters on the machining characteristics of TiNi SMA were
investigated experimentally, and then, the surface roughness, surface morphology, and microhardness
were characterized by relevant characterization techniques. Finally, the thickness and composition of
the recast layer were studied deeply.

2. Principle and Mechanisms

Figure 1 illustrates the principle of the EDM process with TiC powder. By adding TiC-mixed
powder particles with a particle size of 2 µm in deionized water, the tool electrode utilizes reciprocating
movement to complete the powder-mixed EDM (PMEDM). To study the mechanism of the PMEDM,
the following two assumptions were made: (1) the TiC-mixed powder particles are spherical, and (2) the
electric field is an electrostatic field, shown as yellow circles and black lines in Figure 2a, respectively.

According to the principle of electronics [20], the conductive particles are polarized into bound
charges under an electric field’s action. When high voltage is applied between the electrode and
workpiece, the TiC particles are polarized under the action of the electric field and become a bound
charge. According to the electrostatic field theory [21], no matter how strong the electric field is applied
to the conductor, the electrostatic balance of the conductor will make the internal field strength of
the conductor zero. In order to achieve electrostatic equilibrium, the inside of the TiC particle will
generate an electric field opposite to the uniform electric field, E0, as shown in Figure 2b. Therefore,
the superposition of the electric field generated by the bound charge and the external electric field
distorts the uniform electric field between the electrode and workpiece, as shown in Figure 2c. When the
electric field’s direction generated by the bound charge overlaps with the direction of the uniform
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electric field, the actual electric field intensity will reach the maximum value, i.e., points A and B
in Figure 2c, and discharge breakdown takes priority here. The maximum value is given by the
following [22]:

Emax =

[

1 + 2
(

ε2 − ε1

ε2 + 2ε1

)]

E0, (1)

where ε1 is the dielectric coefficient of the dielectric fluid, ε2 is the powder’s dielectric coefficient,
and E0 is the electric field strength of the uniform electric field.

Figure 1. Principle of powder mixed EDM.

Figure 2. Illustration of electric fields: (a) uniform electric field, (b) electric field of the bound charge,
(c) superimposed electric field.

The electrostatic field theory shows that the electric field intensity inside an ideal conductor is
zero, and its relative dielectric constant is infinite [21]. Therefore the dielectric coefficient, ε2, of the
conductor tends toward infinity, and takes the limit based on Equation (1) to reach the maximum value,
Emax, as follows:

Emax ≈ 3E0. (2)

Therefore, the addition of the mixed powder increases the electric field strength between the
electrode and the workpiece by a factor of three and expands the discharge gap by a factor of three,
which promotes the removal of processing debris.

3. Experimental Methods

3.1. Experimental Procedure

Figure 3 illustrates a schematic diagram of the PMEDM equipment. During the experiment,
the power supply unit included a high-voltage amplifier (Aigtek ATA-2021H, Aigtek, Xi’an, China)
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and a transistor-type pulse generator (Tektronix AFG3000C, Tektronix, Inc., Beaverton, OR, USA).
The pulse waveform is generated by the waveform generator and amplified by a high-voltage amplifier
to display the signal on the oscilloscope. The microelectrode movement in micro-EDM was realized by
the three-axis micro-nano-motion platform (PI, Germany; M511.DD). A digital oscilloscope (Tektronix
MDO 3000) was used to monitor the pulse signal in real-time during the machining process.

Figure 3. Experimental setup of powder-mixed EDM (PMEDM).

As demonstrated by Lin et al. [23], negative polarity processing can provide a larger MRR, while
positive polarity processing can provide a thicker recast layer on the processed surface. Therefore,
we chose to employ positive polarity processing in this study. A micropump was used to circulate
and mix the dielectric fluid to ensure that the TiC powder was uniformly dispersed. The detailed
experimental processing parameters are shown in Table 1.

Table 1. Experimental parameters.

Work Conditions Description

Workpiece material TiNi SMA
Electrode material Brass (C2680)

Polarity Positive
Dielectric fluid Deionized water

Additive TiC (2 µm)
Concentrations (g/L) 0, 3, 5, 7, 10

Duty (%) 50
Pulse durations (ms) 1, 4, 7, 10

Machining voltages (V) 60, 80, 100, 120
Cavity depth (mm) 100

3.2. Experimental Materials and Measurements

In the EDM process, the workpiece material used in the experiments was TiNi SMA (China
Tai’zhou Cinoo Mental material Co., Ltd.). The as-received samples were a rectangular parallelepiped
with a length of 100 mm, a width of 300 mm, and a thickness of 0.5 mm. Its elemental composition and
main thermophysical properties are presented in Tables 2 and 3, respectively. Brass sheets of 1 mm
thick were used as raw material for fabricating the microelectrodes. At present, deionized water is
widely used as the dielectric fluid due to its weak electrical conductivity, which can also avoid carbon
deposition in the spark oil. TiC powder was added to deionized water at different concentrations.
Its physical properties are listed in Table 4. The fabrication of microelectrode and microcavity was
shown in Figure 4, and the detailed process was as follows. First, according to the microcavity to be
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machined, a corresponding microelectrode model was designed (Figure 4a). Secondly, import model
parameters into the low-speed wire EDM machine (LS-WEDM, Sodick, Japan; AQ250Ls) CNC System
(Figure 4b) and start cutting (Figure 4c) to fabricate a single microelectrode with a size of 0.8 mm ×
1 mm (Figure 4d). The microelectrode was then employed in the micro-EDM to process a microcavity
with a depth of 100 µm (Figure 4e). Finally, a microcavity with a high-quality surface was obtained
successfully (Figure 4f).

Table 2. Elemental composition of the workpiece material.

Element Ni Ti Nb C O Other

Wt.% 50.9 48.9 0.025 0.036 0.043 <0.025

Table 3. Physical and mechanical properties of the TiNi shape memory alloy (SMA).

Workpiece Material TiNi SMA

Density (kg/m3) 6450
Melting point (◦C) 1310

Electrical resistivity (µΩ·m) 820
Modulus of elasticity (MPa) 42.3 × 103

Coefficient of thermal expansion (/◦C) 11 × 10−6
Ultimate tensile strength (MPa) 880

Total elongation (%) 16

Table 4. Physical properties of TiC.

Property Value

Density (kg/m3) 4930
Melting point (◦C) 3140

Thermal conductivity (W/m·K) 21

Figure 4. Fabrication process of microelectrode and microcavity.

A scanning electron microscope (SEM) manufactured by TESCAN, Czech Republic (model:
LYRA3 XMH) was used to observe the surface morphology. A laser scanning confocal microscope
(LSCM, Keyence, Japan; VK-X260K) was used to measure the surface roughness. Analyses of the
EDM-treated surfaces were performed at room temperature using X-ray diffraction (XRD, MiniFlex600,
Rigaku Corporation, Tokyo, Japan) at a 2θ scanning rate of 3◦ min −1. A microVickers hardness tester
(MHV-1000A, HuaXing, Lai’zhou, China) was used to measure the surface hardness under a load of
100 g for 10 s. The average hardness value was taken from at least four test readings for each specimen.
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4. Results and Discussion

4.1. Discharge Waveforms Comparison of EDM and PMEDM

A digital oscilloscope acquired the discharge voltage waveforms to study the effect of the addition
of TiC powder on the electro-discharge behavior of the material. Processing parameters, including
a pulse width of 4 µs, a duty of 50%, and a machining voltage of 80 V, were determined before
micro-EDM processing. The voltage waveforms for the micro-EDM were acquired by an oscilloscope
for both without TiC powder addition and with the addition of 5 g/L TiC powder, as shown in
Figure 5. Taking the same time (8 µs) for comparison, the number of pulses for the discharge voltage
in Figure 5b was significantly higher than in Figure 5a. This result indicates that the addition of TiC
powder significantly improved the discharge characteristics of the TiNi SMA in micro-EDM. Moreover,
a multiple discharging effect was observed within a single period in Figure 5b, which indicates that the
TiC powder refined the discharging energy.

Figure 5. Discharge voltage waveform comparison: (a) without and (b) with the addition of TiC
powder (5 g/L).

4.2. Influence of Machining Process Parameters on the Material Removal Rate

The MRR was calculated as the ratio of the volume of material removed from the workpiece to
the processing time (mm 3/min). The volume of material removed was obtained by analyzing the
three-dimensional surface topography scanned by LSCM.

Figure 6 shows the effect of the concentration of TiC powder on the MRR under different machining
voltages and pulse widths. It is clear that the MRR increases with increasing concentration of TiC
powder; regardless of the machining voltages and pulse widths, the maximum MRR is obtained at a
concentration of 5 g/L. This result confirms that the discharge frequency is increased, and the discharge
energy is improved by the addition of TiC powder to the dielectric fluid. In addition, when the
concentration of TiC powder is greater than 5 g/L, the MRR tends to decrease. This trend agrees with
that reported by Jahan et al. [24]. When the powder concentration is excessively high, the large number
of conductive particles between the two poles cannot be removed easily and cause secondary sparking.
Eventually, this leads to instability of the machining process and increases the machining time.

It is noted that the MMR increases with increasing machining voltage, as shown in Figure 6a.
A high machining voltage can effectively increase the discharge channel’s current density, which
facilitates the melting and evaporation of materials. Figure 6b also shows an increase in the MRR
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with the pulse duration. The pulse duration determines the level of discharge energy, and high pulse
durations can provide the necessary time to transmit discharge energy. Hence, a high MRR occurs at
higher machining voltages and longer pulse widths in the micro-EDM process.

Figure 6. Material removal rates (MRRs) obtained with (a) different voltages and (b) different pulse
durations in the TiC dielectric with concentrations of 0, 3, 5, 7, and 10 g/L.

4.3. Influence of Machining Process Parameters on the Surface Roughness

Figure 7 shows the effect of the concentration of TiC powder on the surface roughness under
different machining voltages and pulse durations. In both cases, the surface roughness decreases with
increasing TiC powder concentration up to 5 g/L; then, as the TiC powder concentration increases further,
the surface roughness tends to increase. Liew et al. [25] recently showed that adding an appropriate
amount of conductive powder to the dielectric fluid can uniformly disperse the discharge energy
and reduce the craters’ size, thereby improving the surface finish. Nevertheless, high-concentration
TiC powder tends to accumulate on the workpiece’s surface, which severely inhibits the transfer of
discharge energy. Moreover, the deposited powder and melting material cannot be removed from the
machining gap in time, which causes more frequent secondary sparking and circuiting. This effect will
increase surface roughness.

Figure 7. Surface roughness obtained with (a) different voltages and (b) different pulse durations in
the TiC dielectric with TiC concentrations of 0, 3, 5, 7, and 10 g/L.

It is noted that the surface roughness increases with increasing voltage in Figure 7a and pulse
width in Figure 7b. Under low machining voltages and short pulse widths, the pits on the machined
surface were small and shallow, and the melting material was easily removed. When the machining
voltage and pulse width were increased, the discharge time became longer, and the single pulse
discharge energy increased. This caused the radius and depth of the discharge marks to increase,
leading to an increase in the surface roughness.
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4.4. Surface Morphology of the EDM-Treated TiNi SMA

In this study, the surface microtopography and surface roughness (Ra) was used to evaluate
surface quality deviations. Five surface roughness measurements (Ra) made at different positions on
the bottom of identical microcavity were averaged. Figure 8 shows SEM micrographs and surface
roughness of the microcavities bottom variation with the machined voltage (60–20 V) increased under
an applied pulse width of 4 µs and a TiC powder concentration of 5 g/L. When the machined voltage
was 60 V, the machined surface was relatively smooth due to the low discharge energy, and the
surface roughness was 0.645 µm. However, as the machined voltage increased, the surface quality
gradually decreased. Until the machined voltage reaches 100 V, numerous discharge craters and
melting drops were observed on the machined surface. Nevertheless, if the machined voltage increased
to 120 V continuously, the machined surface became rougher, and the surface roughness up to 1.609
µm. This trend was consistent with that reported by Xu et al. [26]; the surface roughness (Ra) increases
with greater machined voltage. This was because the electron flow in the channel had an enhanced
bombardment effect on the anode under the condition of high voltage, and many melting drops, debris,
micropores were observed on the surface.

Figure 8. Effect of different machining voltages on surface roughness and scanning electron microscope
(SEM) micrographs of the microcavities bottom.

Using a TiC powder concentration of 5 g/L, a machined voltage of 80 V, the influence of different
pulse widths on SEM micrographs and bottom surface roughness of the microcavities were discussed
in Figure 9. Similar to machined voltage, it can be found that the machined surface of a short pulse
width contains shallower and smaller discharge craters compared to long pulse width; because lower
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pulse width has a smaller MRR, the TiC powder has enough time to refine the discharge energy at
the same machining depth, resulting in a smooth bottom surface. As the pulse width increased to
10 µs, the surface roughness increased up to 1.628 µm. The analysis found that with the substantial
increase of the pulse width, the current density in the discharge channel continued to increase, and the
bombardment effect of charged particles was enhanced, which led to an increase in the radius and
depth of the discharge marks. Moreover, the increase of discharge debris particles in long pulse
width machining caused short circuits and arcing phenomenon and led to an unstable machining
process [27]. Meanwhile, the melting material cools and solidifies on the surface of the workpiece
during the deionization stage.

Figure 9. Effect of different pulse widths on surface roughness and SEM micrographs of the
microcavities bottom.

The effect of TiC concentrations on SEM micrographs and surface roughness of the microcavities
bottom under an applied machining voltage of 80 V and pulse width of 4µs is given in Figure 10. Results
indicate that the addition of TiC powder improved the surface quality, and the surface roughness
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was always lower than that of the material without the addition of mixed powder. When the TiC
concentration was approximately 5 g/L, the minimum surface roughness was Ra 0.828 µm. According
to Bui et al. [28], the addition of powder reduces the dielectric resistivity and increases the discharge
gap. Conductive particles such as graphite [29], cobalt [30], and molybdenum [31] can form chains
across the electrodes and enlarge the gap distance, which not only allows more working fluid to
flow through but also lowers the single pulse explosion pressure, resulting in smaller and shallower
craters. As mentioned in Section 4.1, TiC powder can disperse the discharge energy and increase
the discharge gap. The discharge distribution becomes more uniform. Furthermore, many debris,
micropores, and microcracks were observed on the machined surfaces with the pure dielectric fluid.
According to the measurement results of surface roughness, when using higher TiC concentrations,
such as 10 g/L, the sizes of the discharge craters are increased compared with those obtained with
lower TiC concentrations.

Figure 10. Effect of different TiC concentrations on surface roughness and SEM micrographs of the
microcavities bottom.
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4.5. Influence of Micro-EDM Parameters on the Recast Layer

The formation of the recast layer is affected by many factors, and the single pulse discharge energy
is a key parameter for the formation of the recast layer [32]. Cross-section images of the recast layers
in TiC-dielectric under different pulse widths are shown in Figure 11. As shown in Figure 11a–d,
the thickness of the recast layer slightly increased with increasing pulse width. The discharge energy
of micro-EDM was relatively low, which resulted in minimal changes to the thickness of the recast
layer. The thickness of the recast layer measured in this experiment ranged from 1 to 3 µm, which was
consistent with the research of Tan and Yeo [33]. The recast layer was composed of materials from
the workpiece, electrode, and dielectric fluid. Increasing the pulse width caused more material to be
melted and resolidified, thereby increasing the thickness of the recast layer.

Figure 11. Cross-section images of EDM-treated TiNi SMA under pulse widths of (a) 1 µs, (b) 4 µs,
(c) 7 µs, and (d) 10 µs.

Figure 12a–e show cross-section images of the recast layers under the TiC concentrations of 0, 3,
5, 7, and 10 g/L, respectively. The thickness of the recast layer decreased with the addition of up to
5 g/L TiC to the dielectric and then increased with further increases in the TiC concentration. The MRR
reached a maximum at 5 g/L TiC, and the melting material and deposited particles could be effectively
removed. Therefore, a thin recast layer was formed in the 5 g/L TiC dielectric. The high concentration
of TiC powder caused frequent secondary discharge and short circuits, which will generate a large
amount of heat. This heat accumulation on the surface of TiNi SMA is beneficial for the formation of
the recast layer.
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Figure 12. Cross section images of EDM-treated TiNi shape memory alloy (SMA) under the TiC
concentrations of (a) 0 g/L, (b) 3 g/L, (c) 5 g/L, (d) 7 g/L, and (e) 10 g/L.

4.6. Effect of Compound Composition on Microhardness

Figure 13 shows the XRD pattern for the surface of the EDM-treated TiNi SMA with a pulse width
of 4 µs, machining voltage of 80 V, and TiC powder concentration of 5 g/L. The results indicated that the
EDM-treated surface layer consisted of TiO2, Cu2O, TiC, and TiNi phases. The presence of carbon and
oxygen was associated with the decomposition of the TiC dielectric and the oxidation of molten metals.
Cu electrode and TiC-dielectric medium were melted by EDM and deposited on the machined surface
to form Cu2O and TiC. The most important observation in the XRD analysis was the formation of Ti2O.
Jahan et al. [34] found that TiO2 has good biocompatibility and can provide a protective coating for
biomedical implant applications. Hence, micro-EDM can be used to modify the surface of TiNi SMA
and improve the biocompatibility of the titanium–nickel alloy.

Figure 13. X-ray diffraction (XRD) pattern of TiNi SMA in 5 g/L TiC-dielectric.
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The machined surfaces stand the continuous heating and cooling processes in EDM, which form a
surface layer composed of the recast layer, heat affected zone, and base metal [34]. The recast layer
has a great influence on the surface properties. Therefore, it is necessary to study the changes in
surface microhardness. The microhardness curve at different distances from the center of the cavity
and microhardness measurement of the substrate surface as shown in Figure 14a,b, respectively.
The results show that the surface microhardness can reach 438.7 HV after micro-EDM, which is
approximately 1.7 times the base material hardness. Chen et al. [35] recently showed that machined
surfaces’ hardening effect originates from the recast layer. Combined with Figure 13, the XRD analysis
revealed that the machined surface was composed of TiC, Ti2O, Cu2O, and TiNi, which could improve
the surface’s microhardness.

Figure 14. Measurement of surface microhardness of TiNi SMA: (a) microhardness curve of the surface
and (b) microhardness measurement of the substrate surface.

5. Conclusions

The machining performance and feasibility of modifying the surface of a TiNi SMA through
micro-EDM with the addition of TiC particles to the dielectric were discussed in this study. Discharge
voltage waveforms demonstrated that the number of pulses in TiC-dielectric was significantly higher
than in pure dielectric. The MRR, surface roughness, and thickness of the recast layer increased with
an increase in discharge energy. MRR increased with an increase of TiC concentration, reaching a
maximum at 5 g/L. Adding TiC particles to the dielectric can improve the surface finish by observing
the surface morphology, and the machined surface in TiC-dielectric has smaller melting drops and
craters compared to deionized water. The best surface finish occurred at a TiC concentration of 5 g/L.
A layer ranging from 1 to 3 µm was obtained on the machined surface. The surface microhardness
increased due to the formation of a recast layer containing TiC, Cu2O, and Ti2O; its hardness could
reach 438.7 HV. Thus, this method can improve the wear resistance of the implant material, especially
for orthodontic applications.
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Abstract: The effects of different reinforcement shapes on stability and repeatability of micro electrical
discharge machining were experimentally investigated for ultra-high-temperature ceramics based on
zirconium diboride (ZrB2) doped by SiC. Two reinforcement shapes, namely SiC short fibers and
SiC whiskers were selected in accordance with their potential effects on mechanical properties and
oxidation performance. Specific sets of process parameters were defined minimizing the short circuits
in order to identify the best combination for different pulse types. The obtained results were then
correlated with the energy per single discharge and the discharges occurred for all the combinations
of material and pulse type. The pulse characterization was performed by recording pulses data
by means of an oscilloscope, while the surface characteristics were defined by a 3D reconstruction.
The results indicated how reinforcement shapes affect the energy efficiency of the process and change
the surface aspect.

Keywords: micro-EDM; Zirconium Boride; silicon carbide fibers; silicon carbide whiskers;
advanced material

1. Introduction

Among the advanced ceramic materials, ultra-high-temperature ceramics (UHTCs) are
characterized by excellent performances in extreme environments. This family of materials is based
on borides (ZrB2, HfB2), carbides (ZrC, HfC, TaC), and nitrides (HfN), which are marked by high
melting point, high hardness and good resistance to oxidation. In particular, ZrB2-based materials are
of particular interest because of their suitable properties combination and are considered attractive in
applications, such as a component for the re-entry vehicles and devices [1–4].

The relative density of the base material ZrB2 is usually about 85% because of the high level of
porosity of the structure, furthermore, in the last years, researchers are focused on fabricating
high-density composites characterized by good strength (500–1000 MPa). For these reasons,
the use of single-phase materials is not sufficient for high-temperature structural applications.
Many efforts have been done on ZrB2-based composites in order to improve the mechanical properties,
oxidation performances, and fracture toughness; however, the low fracture toughness remains one
of the greatest limitations for the application of these materials under severe conditions [5–10].
Usually, the fracture toughness of ceramic materials can be improved by incorporating appropriate
additives that activated toughening mechanisms such as phase transformation, crack pinning, and
deflection. An example is the addition of SiC, in fact, it has been widely proved that its addition
improves the fracture strength and the oxidation resistance of ZrB2-based materials due to the grain
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refinement and the formation of a protective silica-based layer. Based on these aspects, recent works
have focused on ZrB2-based composites behavior generated by the addition of SiC with different
shapes (e.g., whiskers or fibers). Specifically, it has been reported that the addition of whiskers or fibers
gives promising results, improving the fracture toughness and this improvement could be justified
by crack deflection [5,6,9,11,12]. The critical aspect of the reinforced process was the reaction or the
degeneration of the reinforcement during the sintering process [13,14].

Despite all the studies that aim to improve mechanical properties and resistance, this group of
materials is very difficult to machine by the traditional technologies, because of their high hardness
and fragility. Only two groups of processes are effective in processing them: On one side the abrasive
processes as grinding, ultrasonic machining, and waterjet, on the other side the thermal processes as
laser and electrical discharges machining (EDM) [15–18].

In this work, ZrB2 materials containing 20% vol. SiC whiskers or fibers produced by hot
pressing were machined by the micro-EDM process; in particular, it would investigate the effect
of the non-reactive additive shapes on the process performances, verifying if the process is stable
and repeatable for advanced ceramics, and in particular for materials characterized by different
geometry of the additive. The choice of 20% vol. is related to the evidence reported in some previous
works [14,18,19], in which it has been shown that this fraction of additive has allowed generating
the best combination of oxidation resistance and mechanical characteristics useful for obtaining
better results in terms of process performances and dimensional accuracy for features machined
by micro-EDM.

2. Materials and Methods

The following ZrB2-based composites, provided by ISTEC-CNR of Faenza (Consiglio Nazionale
delle Ricerche—Istituto di Scienza e Tecnologia dei Materiali Ceramici, Faenza (RA)—Italy), have been
selected for evaluating the influence of additive shape on the process performances and geometrical of
micro-slots machined by micro-EDM technology:

• ZrB2 + 20% SiC short fibers, labelled as ZrB20f
• ZrB2 + 20% SiC whiskers, labelled ZrB20w.

Such as reported in [14], commercial powders were used to prepare the ceramic composites:
ZrB2 Grade B (H.C. Starck, Goslar, Germany), SiC HI Nicalon-chopped short fibers, Si:C:O = 62:37:0.5,
characterized by 15 µm diameter and 300 µm length or SiC whiskers characterized by average diameter
1 µm and average length 30 µm.

The powder mixtures were ball milled for 24 h in pure ethanol using silicon carbide media.
Subsequently, the slurries have been dried in a rotary evaporator. Hot-pressing cycles were conducted
in low vacuum (100 Pa) using an induction-heated graphite die with a uniaxial pressure of 30 MPa
during the heating and were increased up to 50 MPa at 1700 ◦C (TMAX), for the material containing
fibers, and at 1650 ◦C (TMAX) for the composites with whiskers. The maximum sintering temperature
was set based on the shrinkage curve. Free cooling followed. Details about the sintering runs are
reported in Table 1, where TON identify the temperature at which the shrinkage started. Density was
estimated by the Archimedes method.

Table 1. Composition and sintering parameters of the hot-pressed samples [1].

Label Composition
TON

(◦C)
TMAX

(◦C)
Final Density

(g/cm3)
Relative Density

(%)

ZrB20f ZrB2 + 20% SiC
Short fibers 1545 1650 4.89 94.0

ZrB20w ZrB2 + 20% SiC
Whiskers 1560 1700 5.22 97.0
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The raw materials were analyzed by Scanning Electron Microscopy (SEM) (Figure 1). The samples
reinforced by the fibers show a very clear separation between the base matrix and the non-reactive
additive. Fibers dispersion into the matrix was homogenous, as no agglomeration was observed in
the sintered body. However, some porosity was retained in the microstructure. The fibers showed
a tendency to align their long-axis perpendicular to the direction of applied pressure. It is apparent
that their length was significantly reduced compared with the starting dimensions, as the maximum
observed length was about 300 µm. For the sample containing whiskers reinforcement, a dense
microstructure was observed and the whiskers are generally well dispersed into the matrix. The mean
grain size of ZrB2 grains was slightly lower (2.1 ± 0.2 µm) than the base material (3.0 ± 0.5 µm);
furthermore, the whiskers showed a tendency to form large bundles. The addition of SiC whiskers
promoted both strengthening and toughening compared with the base material ZrB2. The maximum
toughness increase (5.7 MPa·m1/2) was of the order of 50% when whiskers were added. In the
sample containing fibers, the increase in fracture toughness (5.5 MPa·m1/2) corresponds to a strength
reduction. A direct observation of the crack morphology and the comparison with theoretical models
demonstrates that, besides a residual stress contribution, the toughness increase was almost entirely
explained in terms of crack deflection in the whiskers and in terms of crack bowing in the fibers.
No crack bridging was obtained as the reinforcement pullout was hindered by the formation of
interphases or intergranular wetting phases, which promoted a strong bonding between matrix and
reinforcement. The values of fracture toughness of the ZrB20f and ZrB20w were close to those of
hot-pressed composites previously. This indicates that, even if a more efficient thermal treatment is
used, the nature of the matrix/reinforcement interface did not change notably [2].

Figure 1. SEM backscattered images of typical appearance of ZrB20f (a) and ZrB20w (b).

3. Experimental Section

3.1. Experimental Set-Up

A simple circular pocket having a diameter equal to 1 mm and a depth of about 200 µm was
selected as the test feature for machining experiments. These micro-features had been processed
on the SARIX® SX-200 machine (Sarix, Sant’Antonino, Switzerland) by micro-EDM milling. Solid
tungsten carbide electrode with a diameter equal to 300 µm was used as a tool; while the dielectric
fluid was formed by hydrocarbon oil. The experiments were performed for three different process
parameters settings, corresponding to different pulse shapes. It is essential to remark that the machine
used for the experimental tests expresses some process parameters as indexes (e.g., peak current,
width). The instantaneous values cannot be set, because the machine presents an autoregulating
system. Thus, the characterization of electrical discharges population is very important not only to
assess the real value of process parameters but, most of all, to evaluate the stability and repeatability of
the process. Due to this characteristic of the machine, an acquisition system was developed to cover
the gap. In particular, a current monitor and a voltage probe were connected to the EDM machine and
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to a programmable counter and a digital oscilloscope. These connections allow to acquire the current
waveforms and count the discharges occurred during the process. Specifically, a current monitor with
a bandwidth of 200 MHz and a Rohde & Schwarz RTO1014 oscilloscope were used. The counter has
been set once the trigger value was established to avoid recording and counting the background noise.

Preliminary tests were performed to define the optimal process parameters for each combination
of material and pulse type. The experimental campaign was based on a general full factorial design,
featured by two factors: The additive shape, defined by two levels, and the pulse type, defined by three
levels. Different levels of pulse types identify the different duration of the discharges, in particular,
level A is referred to long pulses while level C identify the short pulses. Three repetitions were
performed for each run.

3.2. Discharges Population Characterization

For each pulse types, combined with both materials, discharge populations have been characterized
by repeated waveform samples of current and voltage signals. The current and voltage probes were
connected to the digital oscilloscope having a real-time sample rate of 40 MSa/s. The trigger level of the
current signal was set to 0.5 A in order to acquire all the effective discharges. The acquired waveform
samples were stored in the oscilloscope buffer and then transferred to a computer to be processed by a
Matlab code, written by the authors. The Matlab code was used to evaluate the numbers of electrical
discharge, the current peak values, the duration (width), the voltage and to estimate the energy content
in each discharge. Finally, the average value of energy per discharge (E) was estimated by integrating
the instantaneous value of the power, calculated as the product of the instantaneous values of current
(i(t)) and voltage (v(t)), with respect to the time (Equation (1)).

E =

∫ T

0
v(t) · i(t)dt (1)

To show the discharge population distribution for all pulse types and for both additive shapes,
the peak current distribution histograms are plotted, showing the number of observed discharges,
with peak current within discrete intervals, for all the (Figure 2). Histograms show good reproducibility
and stability of the process, providing information regarding the frequency waveforms with different
peaks of current. The discharge samples are well described by a normal distribution, which is
characterized by a good reproducibility suggesting a stable process. Considering both additive shapes,
the values of peak current are included in a similar range for pulse type A and B, while, for pulse type
C can be identified a great difference; in fact, for whiskers, the range of variation of current peaks is
smaller than for short fibers.

Thanks to the discharge characterization it was possible to define the real value of the process
parameters. The pulse characteristics for the parameters setting estimated by the data elaboration with
Matlab are reported in Table 2.

In terms of peak current and voltage, the differences between the two materials, machined by
the same pulse type, were really tiny. This suggested that EDM machining on ZrB2-based composites
reinforced by whiskers would have been characterized by higher machining speed.

3.3. Characterization Procedure

A 3D reconstruction of micro-slots was performed by means of a confocal laser scanning microscope
(Olympus LEXT, Southend, Essex, UK) with a magnification of 20×. This microscope recognizes the
peaks of the reflected light intensities of multiple layers and, setting each layer as the focal point,
makes it possible to analyze and measure each layer. Then, the images were analyzed with an
image processor software (SPIP 6.7.3, Image Metrology, Lyngby, Denmark), firstly performing a plane
correction on all the images to level the surfaces and to remove primary profiles, then the surface
roughness (Sa) was assessed, on the base of the international standard UNI EN ISO 25178:2017 by the
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real-topography method. The process performances were evaluated through the estimation of three
indicators: The material removal per discharge (MRD), the tool wear per discharge (TWD), and the
tool wear ratio (TWR).

Figure 2. Examples of frequency distribution histograms for pulses occurred during ZrB20 machining.

Table 2. Mean values of pulse type characteristics.

Additive
Shape

Pulse
Type

Peak Current
(A)

Open Circuit Voltage
(V)

Width
(µs)

Energy per Discharge
(µJ)

Fibers
(ZrB20f)

A 29.44 69.57 0.70 779.36
B 10.93 92.89 0.33 150.30
C 4.61 100.79 0.06 14.73

Whiskers
(ZrB20w)

A 29.49 70.75 0.70 784.99
B 10.91 91.70 0.33 161.00
C 4.10 99.60 0.06 21.41

MRD (Equation (2)) was calculated as the ratio of material removed from the workpiece
(MRW (mm3)), estimated through SPIP, and the number of discharges (N) recorded by the
programmable counter.

MRD =
MRW

N
(2)

Since this kind of materials is characterized by a high level of porosity, to get the actual values
of MRD, the volume of the micro-slots was adjusted considering the relative density (δ—Table 1).
for compensating the presence of porosity in the sample structure. The MRD is calculated as reported
in Equation (3).

MRDδ =
MRW·δ

N
= MRD·δ (3)

TWD (Equation (4)) was estimated as the ratio between the material removed from the tool
electrode (MRT (mm3)) and the number of discharges [N] recorded by the programmable counter.
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Tool wear was measured as the difference between the length of the electrode before and after the
single milling machining. The length was measured through a touching procedure executed in a
reference position. The electrode wear volume was estimated starting from the length of the tool wear
and considering the tool such as a cylindrical part.

TWD =
MRT

N
(4)

Tool Wear Ratio (Equation (5)) was calculated as the ratio between the previous performances’
indicators considering the relative density of the workpiece material (TWRδ).

TWRδ =
TWD
MRD

=
MRT

MRW·δ (5)

4. Results and Discussion

During the analysis, the energy efficiency of a single discharge was evaluated. Figure 3 shows
the tool wear per discharge divided by the energy of single discharge (TWDE), as a function of the
additive fraction and the pulse type. The plot shows a lower energy efficiency for pulse type A and
this is a positive aspect because it indicates less impact on the electrode wear. For both additive shapes,
the medium pulses are characterized by a higher impact on the tool wear.

Figure 3. Average ratio between tool wear per discharge (TWD) and energy per discharge as a function
of the additive shape and pulse type.

To evaluate the energy efficiency from the material removed point of view, as has already been
done in the previous plot, also the material removal per single discharge was evaluate as the ratio with
the energy for single discharge. In this case, the best results were obtained for pulse type C where
a single discharge is characterized by lower duration and energy but and higher efficiency, such as
illustrated in Figure 4.

Figure 5 shows that the TWR for all pulse type is lower for specimens containing whiskers
reinforcement. In particular, the whiskers allow to reduce the tool wear and increasing the material
removal rate efficiency probably thanks to the dense microstructure and the reduction of the grains size.
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Figure 4. Average ratio between material removal per discharge (MRD) and energy per discharge
estimated considering the relative density of the samples as a function of the additive shape and
pulse type.

Figure 5. Average tool wear ratio (TWR) as a function of the additive shape and pulse type.

In general, for pulse type A the energy per discharge is higher in comparison to others pulse
types but for both Energy efficiency of TWD (TWDE) and Energy efficiency of MRDδ (MRDδ/E), the
energy efficiency is lower (positive aspect from TWDE point of view). This can suggest a greater energy
dispersion in machining performed with pulse type A than for others; in fact, energy per discharge of
pulse type C is 40–50 times smaller than pulse type A but the energy efficiency is higher.

The factorial design was analyzed in order to comprehend which factors and interactions are
statistically significant for the performance indicators and surface roughness. Table 3 shows the average
results obtained from the experiments reporting the average and the standard deviation of MRDδ,
TWD, TWRδ, and Sa for each level of the experimental design. A general linear model was used to
perform a univariate analysis of variance, including all the main factors and their interactions.
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Table 3. Results of the experimental campaign for process performances, where µ and σ identifies the
average value and the standard deviation respectively.

Additive
Shape

Pulse
Type

µMRDδ
σMRDδ

µTWD σTWD
µTWRδ

σTWRδ

µSa σSa

(µm3) (µm3) (µm3) (µm3) (µm) (µm)

Fibers

A 61.40 1.19 44.22 0.65 0.720 0.009 1.997 0.152

B 36.63 1.93 15.48 0.95 0.422 0.004 1.086 0.036

C 5.91 0.09 1.29 0.05 0.218 0.005 0.475 0.011

Whiskers

A 63.82 2.10 40.54 0.20 0.636 0.019 1.720 0.178

B 38.52 1.09 13.75 0.11 0.357 0.013 0.904 0.064

C 12.18 0.20 1.60 0.02 0.132 0.004 0.439 0.019

The Analysis of Variance (ANOVA) results of the experimental plan are reported in Table 4
omitting the values related to the pulse type, since all the p-values results to be very close to 0.00.
The parameters are statistically significant for the process when the p-value is less than 0.05 since a
confidence interval of 95% is applied. As a general remark, all the indicators resulted to be influenced
by the additive shape and the pulse type. In some cases (for MRDδ and TWD), also the interaction
showed an effect in terms of ANOVA. This aspect suggested that the interaction of factors is relevant
for indicators that, in some way, can be correlated to the machining duration.

Table 4. Analysis of variance p-values.

FACTORS

Additive Shape Pulse Type * Additive Shape

INDICATORS

MRDδ (µm3) 1.21 × 10−4 0.03

TWD (µm3) 0.00 4.51 × 10−5

TWRδ [-] 0.00 0.2019

Sa (µm) 0.0045 0.156

* indicate the interaction between Pulse Type and Additive Shape

Main effects plots (Figure 6) show that indicators are mainly influenced by the pulse type that
establishes the range in which process parameters can vary, and in particular, the characteristics of the
pulses. For all indicators, reduction in pulse duration and in peak current intensity generate the lower
value of MRDδ, TWD, and TWRδ. At the same time, tests with whiskers additive generate increment in
MRDδ and in surface roughness, and a reduction in TWD and TWRδ. By increasing the pulse duration
and peak current intensity from type C to type A, the machining speed (MRDδ) is 10 times greater,
but the surface quality decreases by −60%. For MRDδ and TWD, also the interaction between pulse
type and additive shape influence the results. The interaction plots (Figure 7) give more information
than the p-value showing that the weight of the interaction is slight. What it is possible to notice is that
for the samples that are machined by pulse type C, the effect on MRDδ is more evident, while from
the TWD point of view it is more evident for pulse type A). In general, tests performed on materials
with whiskers additive are characterized by better results, both in terms of process performances and
surface finishing. In fact, optimal performance for ED-machining are characterized by a higher level of
MRDδ, to perform a fast machining, and lower TWD, to reduce the waste of material related to the tool
wear as a function of material removed from the workpiece.
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Figure 6. Main effects plot for indicators affected by pulse type and additive shape.

Figure 7. Interaction plot for MRDδ and TWD.

Figures 8–10 represent each indicator as a function of the energy per discharge and, regardless of
the additive shape, it is possible to observe that each indicator is well represented (R2 ≈ 1) by the same
type of regression equation for both additive shapes. TWD shows lower values of R2. Specifically,
the MRDδ is well described by a logarithmic regression equation (Equation (6) and Equation (7)),
while the TWD and the Sa are well described by a power regression equation (Equations (8)–(11)). In all
regression equation reported in the plots, y-axis is referred to the indicator, while x-axis is referred to
the energy generated by a single discharge (E). For MRDδ and TWD the differences as a function of
additive shape are very small, in fact, despite they cover different ranges, the values are very close
to each other. The situation is different for Sa, which is characterized by completely different ranges
without overlap.
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MRDδ_f = 13.934 ln(E) − 32.056 R2 = 0.9965 (6)

MRDδ_w = 14.28 ln(E) − 32.328 R2 = 0.9939 (7)

TWDf = 0.2569E0.7868 R2 = 0.9727 (8)

TWDw = 0.3322E0.7243 R2 = 0.9892 (9)

Saf = 0.1791E0.3614 R2 = 0.9999 (10)

Saw = 0.1359E0.3784 R2 = 0.9987 (11)

𝑇𝑊𝐷𝑤 = 0.3322𝐸0.7243 𝑅2 = 0.9892𝑆𝑎𝑓 = 0.1791𝐸0.3614 𝑅2 = 0.9999𝑆𝑎𝑤 = 0.1359𝐸0.3784 𝑅2 = 0.9987

Figure 8. Material removal per discharge as a function of energy per discharge for both additive shapes
and their regression equation.

Figure 9. Tool wear per discharge as a function of energy per discharge for both additive shapes and
their regression equation.
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Figure 10. Surface roughness as a function of energy per discharge for both additive shapes and their
regression equation.

A 3D reconstruction of an ED-machined surfaces detail scanned by the confocal laser scanning
microscope with a magnification of about 100× is reported as an example in Figure 11. In particular,
Figure 11a represents a portion of the machined area on ZrB20f. Here it is possible to identify
very clearly, a sort of “protrusion” in correspondence of the fibers. Such as reported in a previous
work [20], this aspect is probably related to incomplete machining because of SiC low electrical
conductivity characteristic and the great extension of the area of the fibers. Figure 11b represents
the ED-machined surface for the sample containing SiC whiskers. In this case, the surface appears
uniform and homogeneous because the SiC particles, such as reported in the materials section, are
better dispersed in the base matrix. These aspects justified the different results obtained in terms of
surface quality and, in general, these different textures can be considered a starting point for further
studies about the material removal mechanism occurred on UHTCs, in particular when there is a
low-electrically conductive parts in the structure. From the 3D reconstruction it is possible to observe
that the surfaces are not characterized by the typical aspect of the ED-machined surfaces which present
a texture well-described by the presence of craters. The different aspect has already been presented in
a previous study [20]. In his specific case, the UHTC is different, but the same considerations can be
done. A sort of craters can be observed by means of a SEM (Figure 12).

Figure 11. Details of machined surfaces for ZrB20f (a) and ZrB20w (b) machined by pulse type A.
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Figure 12. SEM backscatter images of the machined surface.

Machined surfaces on specimens doped with SiC whiskers are characterized by higher
fragmentation of the recast layer. This aspect is particularly evident on surfaces machined by
long pulses; in fact, for pulse type A and B, the surface is for the major part covered by recast materials
for both additive shapes, but the specimens doped with whiskers presented smaller extensions of the
single “crater” of recast materials.

Different behavior can be observed for surfaces machined by the short pulses. In this case,
for specimens contained the SiC fibers can be observed a smaller area of recast material, probably
because of the union of the greater dimensions of the fibers in comparison to the whiskers, the lower
energy per discharge for short pulses and the low electrical conductibility of the SiC. In particular,
the fibers have a bigger surface and it needs to work hard to remove the entire parts. For this reason,
the surfaces contained fibers presented in their correspondence a sort of protrusion.

It is very clear that the whiskers affect in a significant way the micro-EDM process improving the
energy efficiency and the machining performances increasing the machining speed and reducing the tool
wear. Furthermore, the geometry and the behavior of whiskers during the samples preparation generate
a homogenous surface improving the removal rate and reducing the risk of leave machining witness
(as the fibers) on the surfaces which would generate better surface finishing. These considerations
allow to suppose a different behavior of the discharges path as a function of the kind of material met
and the distribution of the reinforcement.

5. Conclusions

An evaluation of the machinability of ZrB2-based composites hot-pressed with different shapes
non-reactive additive (SiC) was performed in this work. Stability and repeatability of the micro-EDM
were evaluated to identify the effects of the additive shapes. The analysis taking into account the
process performances and surface finishing.

First of all, a discharge characterization was performed to feature the different pulse type used
during the machining. In general, the discharge characterization and the performances indicators
allowed to identify a stable and repeatable process with a faster material removal for samples doped
with whiskers.

The analysis of variance showed that both factors, pulse type, and additive shape, are statistically
significant for the indicators selected in the process evaluation and in general, the use of whiskers
improve the material removal rate generating lower tool wear. Furthermore, the interaction between
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the two factors turns out to be influential only for MRD and TWD, which are indirectly related to the
machining duration, since the number of discharges occurred during the machining was considered in
their estimation.

This investigation shows that the specimens having a 20 vol.% of additive in form of whiskers
results to be the best solution in terms of machinability by EDM process not only for the better process
performances, but also for the higher level of surface quality which is one of the essential criteria for
making a proper decision for industrial application.
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Abstract: Micro-electro-discharge machining (µEDM) plays a significant role in miniaturization.
Complex electrode manufacturing and a high wear ratio are bottlenecks for µEDM and seriously
restrict the manufacturing of microcomponents. To solve the electrode problems in traditional
EDM, a µEDM method using liquid metal as the machining electrode was developed. Briefly,
a liquid-metal tip was suspended at the end of a capillary nozzle and used as the discharge electrode
for sparking the workpiece and removing workpiece material. During discharge, the liquid electrode
was continuously supplied to the nozzle to eliminate the effects of liquid consumption on the erosion
process. The forming process of a liquid-metal electrode tip and the influence of an applied external
pressure and electric field on the electrode shape were theoretically analyzed. The effects of external
pressure and electric field on the material removal rate (MRR), liquid-metal consumption rate (LMCR),
and groove width were experimentally analyzed. Simulation results showed that the external
pressure and electric field had a large influence on the electrode shape. Experimental results showed
that the geometry and shape of the liquid-metal electrode could be controlled and constrained;
furthermore, liquid consumption could be well compensated, which was very suitable for µEDM.

Keywords: Micro-electro-discharge machining (µEDM); liquid-metal electrode; Galinstan

1. Introduction

Micro-electro-discharge machining (µEDM) is a powerful micromachining technique with various
advantages resulting from it being a noncontact and thermal process; thus, µEDM is applicable to any
electrically conductive material regardless of the mechanical properties of the material. The machining
process utilizes the thermal erosion of the material caused by pulses of electrical discharge generated
between a microscopic electrode and the workpiece in the presence of a dielectric fluid for the removal
of the workpiece material. The µEDM technique is capable of producing microholes, microchannels,
and real three-dimensional (3D) microstructures. These attractive features have been leveraged for
producing micromechanical components, as well as for prototyping various micro-electro-mechanical
systems (MEMS) and devices. Furthermore, µEDM has been widely used in the aerospace, die, mold,
and biomedical industries for machining small cavities [1–3].

It is well known that electrode miniaturization is critical for µEDM because it determines
the precision of the process to manufacture smaller and more precise parts [4]. Many methods have
been proposed for fabricating microelectrodes. For example, Masuzawa et al. were the first to develop
wire electrode discharge grinding (WEDG) technology to make a microelectrode with a diameter of
Φ2.5 µm [5]. WEDG is one of the most widely used methods to fabricate microelectrodes, and it offers
the benefit of sustaining good grinding accuracy by utilizing fresh wire during the whole fabrication
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process. According to this method, some evolutions occurred in different ways. Egashira et al.
made use of WEDG and electrochemical machining to produce a microelectrode with a diameter
of Φ0.3 µm [6]. Zhang et al. proposed a tangential feed WEDG (TF-WEDG) method to improve
the microelectrode accuracy [7]. Lim et al. utilized a rotating disc instead of a moving wire to
grind the microelectrode [8]. Other methods reported for µEDM electrode fabrication include
the single-side block electrode discharge grinding method (BEDG) [9], bilateral BEDG method [10],
scanning discharge method [11], single-pulse discharge method [12], self-drilled hole reverse-EDM
method [13], electroforming method [14], Lithographie, Galvanoformung and Abformung (LIGA)
process method [15], and electrostatic ejection method [16]. The goal of all these methods is the same:
to improve the processing efficiency and quality, reduce the processing difficulty, and make smaller
and better microelectrodes. However, these methods either are complex processes or require additional
devices, leading to the process being cumbersome and inefficient. It is difficult to control the size
and precision of the microelectrode. Although high-quality electrodes can sometimes be obtained,
the consistency is poor, and it is difficult to obtain the same size electrode again.

In addition, the mechanism of µEDM is an electrothermal physical process that removes material
by repeated spark discharges, whereby the workpiece is eroded at high temperature, and the electrode
itself will also wear down. Therefore, the fundamental theory determines the unavoidability of wear
with the electrode tool. Due to the area effect, with the decrease in electrode diameter, the relative
electrode wear rate becomes more serious [17]. Some research work has focused on electrode wear
issues during the µEDM process to obtain improved machining accuracy. For example, Bissacco et al.
analyzed the electrode wear rate at different energy levels in detail [18]. Wang et al. carried out
quantitative research on the electrode wear amount of positive and negative pulses [19]. Tsai et al.
conducted a detailed investigation on the wear rate of electrodes of different materials [20]. All these
investigations indicate that electrode wear will have a serious impact on the subsequent processing
performance, resulting in a decrease in machining accuracy. To address a variety of problems
associated with electrode wear, many explorations on preventing and compensating electrode wear
have been performed. The measures reported for preventingµEDM wear include the ultrasonic-assisted
debris removal method [2], coating electrode method [21], special material electrode method [22],
and discharge in gas method [23]. The methods reported for µEDM electrode compensation include
the electrode uniform wear compensation method [24], electrode fixed length linear compensation
method [25], effective discharge pulse monitoring compensation method [26], and prediction electrode
compensation method [27]. However, the above methods are only suitable for specific occasions
and have certain limitations, which lead to imperfect final results and difficulty in the promotion of
these methods in industrial fields. Moreover, it is difficult to measure the actual wear of microelectrodes
online, and the consistency of the online electrode is difficult to guarantee. Therefore, electrode
compensation has always been one of the difficult problems in µEDM, and the various electrode
compensation methods have not completely solved the problem caused by electrode wear. Thus, it is
urgent to find a new processing method to solve the issues of electrode wear.

To address the wear-related problems associated withµEDM, Huang et al. proposed a novelµEDM
method that uses a liquid alloy as the machining electrode instead of traditional electrodes [17,28],
in which the liquid metal consumed in the process can be compensated over time, and the capillary
containing the liquid metal does not participate in the discharge; thus, its shape remains unchanged
and solves the problem of electrode wear. Nevertheless, these references reported the experimental
characterizations and demonstration of the process on the basis of a preliminary study and lacked
an analysis of the liquid-metal electrode morphology, which will affect the machining accuracy.
Therefore, this study specifically focuses on analyzing the influence of the external pressure and electric
field on the shape of liquid electrodes, as well as the influence of different electrode shapes on machining
characteristics. The characterization of the process with varying discharge parameters is discussed,
along with the arbitrary patterning of silicon substrates using the developed method.
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2. Method

The principle of conducting µEDM with a liquid-metal electrode is illustrated in Figure 1. A liquid
metal is held through a metallic capillary nozzle coated with a dielectric film so that the liquid protrudes
on the nozzle tip and forms a droplet. Under the action of an appropriate pressure and electric field,
the droplet suspended at the tip will countervail part of the surface tension and become a conical
tip that serves as a microdischarge electrode. A pulse generator is applied between the liquid metal
and the workpiece. Moving the workpiece toward the liquid electrode initiates a spark discharge
when the gap meets the breakdown condition and produces a high temperature to melt and erode
the workpiece material. Similar to conventional µEDM, the liquid-metal electrode material will also be
consumed, but liquid metal is continuously supplied to the nozzle tip to compensate for the consumption
at the right pressure, thereby eliminating its impact on the removal process. In the current method,
the system is configured so that the discharge pulses are generated only between the liquid electrode
and workpiece through the controlled supply of liquid, and the capillary itself does not participate in
the discharge; therefore, it remains intact. Thus, this method uses a liquid metal tip as a microdischarge
electrode, which can be automatically compensated. Furthermore, its geometric shape can be controlled
and constrained, which is highly desirable for microsized thin-walled flexible devices, thin-film sensors,
or workpiece surface etching.
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Figure 1. Principle of micro-electro-discharge machining (µEDM) using a liquid-metal electrode.

3. Shape of the Liquid-Phase Electrode

3.1. Mathematical Model

To obtain a liquid-metal electrode that meets the discharge demand, the formation conditions
and morphology of the electrode are extremely critical.

We know that the surface tension at any point on the plane of the static liquid surface is the same in
all directions, counteracting each other. In other words, the pressure just outside the surface Po and just
inside the surface Pi is equal. Therefore, there is no additional pressure on the plane of the static liquid
surface. However, if the pressure inside the surface Pi is greater than the pressure outside the surface
Po, an additional pressure Pf will be generated and induce a curved liquid surface (if the drop is small,
the effect of gravity may be neglected and the shape may be assumed to be spherical), and vice versa.
Figure 2 shows that the tip of the liquid-metal electrode appears to be a convex sphere projected over
the flat bottom of the coated needle (the liquid metal does not wet the coated needle).
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Figure 2. Tip shape of the liquid-metal electrode.

From the geometric relationship of the solid–liquid contact surface shown in Figure 2, it can be
found that the relationship between θ and α is

θ =
π

2
+ α, (1)

where θ is the liquid–solid contact angle (◦), and α is the angle between the boundary radius of
the curved liquid surface and the axis of the capillary (◦).

The additional pressure at the tip of the liquid electrode is as follows [29]:

P f =
2πr2δ

R
/πr2 =

2δ
R

=
2δ sin

(

θ− π2
)

r
, (2)

where δ is the coefficient of surface tension (N/m), r is the inner radius of the capillary (m), and R is
the radius of the curved liquid surface (m).

There is a trigonometric relationship between the contact angle θ and the additional pressure Pf

produced by the curved liquid surface. When the contact angle is θ = π/2, the additional pressure is
Pf = 0 Pa. When the contact angle is θ < π/2, the additional pressure is Pf < 0 Pa. This result indicates
a negative pressure. The liquid surface at the tip of the liquid metal is concave, and the direction of
additional pressure is downward, which will not happen in our research case. When the contact angle
is θ = π, the additional pressure Pf is at the maximum, and this state usually leads to a liquid flow or
the ejection of liquid.

However, under natural conditions, the Pf is too small, and the radius R of the convex sphere
suspended at the end of the coated needle tip is too large. This result leads to the sagittal h (the height
of a segment) being too small; thus, the protruding convex sphere used as an electrode cannot meet
the requirement for the µEDM process. Therefore, extra pressure is applied to the needle. The pressure
on the tip of the liquid-metal electrode is shown in Figure 3.

From Figure 3, the liquid metal remains stationary inside the needle at equilibrium, the same
as the tip of the liquid metal. The additional pressure Pf generated on the convex liquid surface of
the liquid metal is

P f = P1 + Pl1 − Pl2, (3)

where P1 is the extra applied pressure (Pa), Pl1 is the liquid-metal gravity (Pa), and Pl2 is
the dielectric-liquid gravity (Pa).
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Hence, the tip of the liquid-metal electrode will maintain its shape in the equilibrium state. Then,
the contact angle θ of the liquid-metal electrode tip is

θ =
π

2
+arcsin

[

(P1 + Pl1 − Pl2) · r
2δ

]

. (4)

During the EDM process, a pulse generator is applied to the electrode and workpiece. This applied
voltage will generate an electric field between the liquid-metal electrode and the workpiece. The electric
field will exert an electric field force at the tip of the liquid-metal electrode, which will affect or
even change the tip shape of the liquid-metal electrode. At the same time, the change in the tip
shape of the liquid-metal electrode will change the electric field distribution between the electrode
and the workpiece, and the electric field force on the tip of the electrode will also change.

In the case without an electric field force, as shown in Figure 4, the tip shape of the liquid-metal
electrode will form a spherical shape due to surface tension, as discussed before.
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Figure 4. Electric field force of the liquid-metal electrode tip.

Suppose that the liquid metal is the ideal conductor (its resistivity is assumed to be 0 (as conductivity
approaches infinity), which makes calculations easy to perform), the surface of the liquid metal is
smooth, and the electric field is an irrotational field; then, the electric field line at point A follows arc
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⌢
AB and line BC. Suppose line segment DA is equal to r0; then, according to the geometric relationship
in Figure 4, the length of line segment BC can be obtained as follows:

d1 = d0 −R(1− cosα). (5)

The length of arc
⌢

AB can be calculated as follows:

r0β = R tan(
β

2
)β = βR

1− cos β
sin β

. (6)

The relationship between the electric potential U at point A and the electric field intensity E can
be expressed as

U =

∫

⌢
AB+BC

→
Ed
→
l = E(r0β+ d1) = E(

βR(1− cos β) + d1 sin β
sin β

). (7)

Then, the average electric field intensity E on line ABC can be obtained as follows:

E =
U sin β

βR(1− cos β) + d1 sin β
. (8)

In the spherical coordinate system with point O as the center of the ball and R as the radius, by
taking an area differential element ds near point A, the charge of point A in this differential element
can be calculated as

dq = εEds =
εU sin β

βR(1− cos β) + d1 sin β
R2 sin βdβdγ, (9)

where γ is the azimuth in the coordinate system with a range of 0–2π, and ε is the dielectric constant.
Integrating the entire convex spherical surface, the charge of the entire spherical surface can be

obtained as follows:
q =

∫ 2π
0

∫ α

0
εU sin β

βR(1−cos β)+d1 sin βR2 sin βdβdγ

= 2πεUR2
∫ α

0
sin2 β

βR(1−cos β)+d1 sin βdβ.
(10)

According to the principle of virtual displacement, the electric field force received by the convex
spherical surface is given as

Fe = 1
2
∂(q/U)
∂d1

U2

= πεU2R2
∫ α

0
sin3 β

[βR(1−cos β)+d1 sin β]2
dβ.

(11)

Since β < π/2, β can be approximately replaced by 2 sin(β/2), substituting this into Equation (11)
provides the following:

Fe = πεU2

2

[

2(d1+R)
d1

+
2R(d1−4R)

16R2+d2
1
+ ln d1

2R sin2(α/2)+d1 cos(α/2)

+
4R(8R2+d2

1)+2d1(12R2+d2
1) cos(α/2)

[R(cosα−1)−d1 cos(α/2)](16R2+d2
1)

− d1(24R2+d2
1)

(16R2+d2
1)

3/2 ln

[(√

16R2+d2
1+4R

)

[1−cos(α/2)]+d1[1+cos(α/2)]
]2

2R sin2(α/2)+d1 cos(α/2)
.

(12)

Equation (12) shows the electric field force of the entire liquid-metal convex sphere. This is to
analyze the entire spherical surface as a whole. However, to analyze the influence of the electric field
force on the tip shape of the liquid-metal electrode, it is necessary to divide the spherical surface of
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the liquid-metal tip into an infinite number of microelements to analyze the force situation of each
microelement. The electric field force near any point A on the spherical surface is

dFe =
1
2

εU2R2 sin3 β

[βR(1− cos β) + d1 sin β]2
dβdγ. (13)

If r = 10 µm, d0 = 100 µm, and U = 100 V, the value range of β is [−π/2–π/2], and dβ and dγ are
constant at 1; then, the curve of the electric field force dFe around β at any point A on the spherical
surface is as shown in Figure 5.
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Figure 5. Relationship between the electric field force dFe and β at any point A on the spherical surface.

As shown in Figure 5, the electric field force on the spherical surface is not evenly distributed.
The electric field force is the largest at the lowest point G of the spherical surface, and, with point G
as the center, the electric field force gradually decreases toward point E, which is similar to point F.
This nonuniform distribution of the electric field force may cause the tip shape of the liquid-metal
electrode to change from a spherical shape to a Taylor cone.

3.2. Simulation

3.2.1. Geometric Model and Boundary Condition

Figure 6 shows the geometric size and boundary conditions of the model used for simulation.
The size of the simulation area is 0.4 × 0.6 mm, the length of the capillary nozzle is 0.5 mm,
and the distance between the nozzle tip and the workpiece is 0.1 mm. Zone A is the liquid metal
inside the electrode, zone B is stainless steel, zone C is the EDM oil, and zone D is a parylene C coating
with a thickness of 20 µm, as shown in Table 1, where E the electrostatic field on the boundary when
a voltage is applied between liquid-metal electrode and workpiece.

At present, most metals or alloys are in the solid state at room temperature. Exceptions include
francium, cesium, rubidium, mercury, sodium–potassium alloys, and gallium-based alloys, which can
be defined as liquid metals. Their melting points are either lower than or close to room temperature,
which enable them to remain in the liquid state at room temperature. Unfortunately, the intrinsic
radioactivity of cesium, extreme instability of francium and rubidium, flammability and corrosivity
of sodium–potassium alloys, and toxicity of mercury limit their applications to certain specific areas.
On the other hand, gallium-based alloys, such as Galinstan (68.5 wt.% gallium, 21.5 wt.% indium,
and 10 wt.% tin), a commercially available eutectic liquid alloy, is a low-activity and nontoxic liquid
with a low melting point (−19 ◦C) and low viscosity (0.0024 Pa·s at 20 ◦C) that allows it to be easily
transferred through microscale nozzles. Its high electrical conductivity (~3.5 × 106 S/m at 20 ◦C), high
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thermal conductivity (16.5 W·M−1·K−1), and high boiling point (>1300 ◦C) are desirable features for
a µEDM electrode application. Therefore, Galinstan is used as the liquid electrode in this study.
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Figure 6. Geometric size and the boundary conditions of the model.

Table 1. Boundary conditions of the model.

Boundary Fluid Field Electrostatic Field

a Entrance, extra
pressure P1

E

b,c No slip wall E
d Initial interface E
e Export 0

3.2.2. Tip Shape of the Liquid Electrode at Different Extra Pressures

From the theoretical analysis in Section 2, it is known that the extra pressure is an important
factor affecting the contact angle θ of the liquid-metal electrode. To evaluate this effect in detail,
the influence of extra pressure on the tip shape of the liquid-metal electrode was simulated by varying
extra pressures. The simulation results are shown in Figure 7. When the extra pressure P1 is 0.1 atm,
the liquid metal cannot be extruded from the needle (Figure 7a). The reason may be that the extra
pressure is too small to overcome the internal frictional resistance caused by Galinstan’s viscosity.
As the extra pressure increases, the liquid-metal electrode tip gradually becomes a cone (Figure 7b,c).
A larger extra pressure results in a faster change in the tip shape of the liquid-metal electrode. The tip
shape of the liquid-metal electrode gradually changes into a spherical shape under the action of
pressure. The liquid metal gradually extends to the parylene coating at the bottom of the needle,
making the radius of the liquid-metal electrode tip larger than the inner diameter of the needle.
This result implies that the width of the groove patterning by liquid-metal electrode µEDM may be
larger than the inner diameter of the needle. Moreover, as the extra pressure increases, the sagitta of
the tip of the liquid-metal electrode grows longer (Figure 7d). This result verifies the analysis results of
Section 2. It is worth noting that, for an extra pressure over 2 atm, the liquid metal will promptly eject
and touch the workpiece (Figure 7e). Therefore, it is necessary to set an appropriate pressure to obtain
an electrode that meets processing needs.
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Figure 7. Simulation results at different extra pressures. (a) 0.1 atm. (b) 0.8 atm. (c) 1.2 atm. (d) 1.4 atm.
(e) 2 atm.

3.2.3. Tip Shape of the Liquid Electrode at Different Voltages

Figure 8 shows the simulation result of the tip shape of the liquid-metal electrode at different
voltages (tested up to 2 kV, with an extra pressure of P1 = 1.2 atm). As shown in Figure 8a,b, it can
be seen that the tips of the liquid-metal electrode are almost the same in the case of low voltage.
This outcome is reasonable because the electric force at low voltage is not high enough to affect the tip
of the liquid-metal electrode.

Figure 8. Simulation results at different voltages. (a) 50 V. (b) 100 V. (c) 0.5 kV. (d) 1 kV. (e) 1.5 kV.
(f) 2 kV.

When the voltage is 0.5 kV, as shown in Figure 8c, the tip of the liquid-metal electrode is gradually
stretched into an ellipsoidal shape under the combined action of the electric field force and the extra
pressure. Compared with Figure 8a or 8b, the sagitta of the tip shape of the liquid-metal electrode
is even longer and changes more rapidly over time. This may be attributed to the tensile effect of
the electric field force generated by the high voltage on the liquid metal. As the voltage continues to
increase, the tip of the liquid-metal electrode will clearly change. As seen from Figure 8d,e, the tip of
the liquid-metal electrode changes over time and is gradually stretched into an inverted cone. Compared
with Figure 8c, the tip of the liquid-metal electrode is now more of a conical shape, with a smaller
diameter. The electric field force generated by the voltage constrains the tip shape of the liquid-metal
electrode, and the constraint becomes stronger with increasing voltage. When the electric field force
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generated by the additional high voltage is sufficiently large, the liquid-metal electrode terminal can
be stretched into a reverse cone.

It is also worth noting that for a voltage greater than 2 kV, the tip of the liquid-metal electrode is
gradually stretched into an inverted cone and then ejected to the workpiece (as shown in Figure 8f).
This result can be explained as the stretching effect of the liquid metal under the extra pressure
and electric field force. This explanation is reasonable because the electric field force is too strong.

From the simulation, it can be seen that the effect of a low voltage on the electrode tip is not
obvious, but the effect of a high electric field force is very obvious. Therefore, the external electric field
may be an appealing way to restrain the tip of the liquid-metal electrode in future research.

4. Experimental Set-Up and Procedure

The schematic in Figure 9 illustrates the µEDM process experiments. The set-up has
a servo-controlled three-axis stage with a 100 nm positioning resolution, comprising an XY stage with
the holder on which the work tank is held and a Z stage to vertically position the syringe containing
the needle with a liquid-metal electrode. The work tank is configured to have a sample holder made of
plastic, in which the workpieces are immersed in a dielectric EDM fluid, fixed and electrically coupled
with the discharge circuit using conductive adhesive tape. The nozzle is connected to the syringe that
stores Galinstan, and a pressurizing unit is used to apply pressure to the syringe to feed Galinstan to
the needle. To prevent the oxidation of Galinstan, a low-concentration (2%) sulfuric acid solution is
added to the syringe and floats on top of Galinstan. Furthermore, the H2SO4 solution keeps the liquid
metal clean to avoid clogging the needle. Galinstan is electrically coupled with the discharge circuit
using a conductive copper wire immersed in it and sealed with glue on the syringe wall.
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Figure 9. Experimental set-up for liquid-metal electrode µEDM.

The system employs a relaxation-type (resistor–capacitor, or RC) pulse generator with a variable
direct current (DC) voltage source. In this type of pulse generation circuit, the loop-voltage equation
can be expressed as

Uc = E(1− e−
−t
T ), (14)

where Uc is the voltage on the capacitor C (V), E is the voltage of the DC source S (V), and T = RC.
In this case, the discharge energy is stored in the capacitor. When the voltage of the capacitor meets
the condition of Uc ≥ Ud (Ud is the breakdown voltage of the discharge gap), the gap discharges
and instantly releases the energy forming a pulse current. The generated discharge pulses are monitored
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using a detection circuit, and the readouts of the signals are obtained via a General Purpose Interface
Bus (GPIB) interface connected to a computer; moreover, a probe is coupled with the discharge circuit
and connected to an oscilloscope for visual observations.

A stainless-steel needle (outer diameter DO = 240 µm, inner diameter DI = 100 µm, length
L = 13 mm) is used as the needle in the set-up. The needle is coated with a dielectric film, parylene C
(thickness, 20 µm), to eliminate the effects of discharge on the needle surface. The coating consequently
modifies the DO and DI of the needle to 280 and 60 µm, respectively. Although the distance, D, between
the workpiece surface and the needle tip cannot be directly determined via electrical surface detection,
it can make use of a nozzle with the presence of Galinstan at its tip. Briefly, a low pressure (less than
0.5 atm) is applied via a precision pressure device to ensure that the liquid metal in the needle is just
flush with the tip of the needle. Then, using a small voltage (10 V) between them electrical surface
detection is carried out using the Z-axis of the stage at a low speed, and retracting the needle (50 µm)
to determine the gap, as shown in Figure 10a–c. To decrease the measuring error, electrical surface
detection both toward and away from the gap is repeated continuously three times, and the average is
taken as the gap position. The µEDM process with this setting is performed in the die-sinking mode,
and the workpiece is electrically coupled with the discharge circuit cathode while the electrode is
connected to the anode. After applying a normal pressure at the nozzle and applying a machining
voltage between the nozzle and workpiece, the gap d between the liquid metal and the workpiece is
adaptively determined during discharging, with horizontal scanning of the workpieces using the XY

stage with respect to the liquid electrode having a constant gap distance D for the lateral removal
of the material using the liquid electrode, as shown in Figure 10d. The experimental conditions are
outlined in Table 2.
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Figure 10. Electrical surface detection and scanning erosion. A low pressure (0.1 atm) is applied via
a precision pressure device to ensure that the liquid metal in the needle is just flush with the tip of
the needle; then, a small voltage (10 V) is used between them to carry out electrical surface detection
using the Z-axis of the stage at a low speed from (a) D = 0 µm (b) to D = 50 µm (retracting the needle)
to determine the gap. (c) The above electrical surface detection is repeated three times, and the average
is taken as the gap position. Additionally, the gap d between the liquid metal and the workpiece is
adaptively determined during discharging. (d) Horizontal scanning of the workpieces using the XY

stage with respect to the liquid electrode at a constant gap distance D for the lateral removal of
the material using the liquid electrode.
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Table 2. Experimental conditions.

Parameters Conditions

Workpiece Doped silicon (p type)
Voltage (Vs) 60–220 V

Resistance (R) 0.2–10 kΩ

Capacitance (C) 10–470 nF
Pressure (P1) 1.1–1.5 atm

Working medium Kerosene
Lateral scan speed 0.5 mm/s

Machining characteristics such as the material removal rate (MRR) (mm3/min) and liquid-metal
consumption rate (LMCR) (mm3/min) are adopted to evaluate the effects of the machining parameters
on the liquid-metal electrode µEDM processes. The MRR is computed as the ratio of the material
removed from the workpiece (approximated as the volume of the frustum of the cone) to the recorded
machining time of the EDM system. The LMCR is calculated as the ratio of the liquid metal consumed
to the machining time.

5. Experimental Results and Discussion

5.1. Microgroove and Arbitrary Patterning

Microgroove erosion was performed through programming the motions of the three-axis stage.
An example of a microgroove pattern using the coated needle is shown in Figure 11. The electrical
conditions were C = 27 nF, R = 1 kΩ, Vs = 100 V, and P1 = 1.2 atm. The tool scanning path in the XY

plane was repeated for 200 scans at scanning speeds of up to 1.0 mm/s with a constant gap distance of
D = 100 µm. A pressure of 1.2 atm was applied to the syringe. The profile of the produced groove
was analyzed using a laser confocal microscope, and the sample results are included in Figure 12.
The linewidth and depth of the produced groove were measured to be approximately 280 and 90 µm,
respectively. The cross-sectional profile of the groove was similar to the shape of the liquid electrode
tip. This result is reasonable because EDM is a copying process mode, and the groove will match
the electrode. In addition, randomly distributed pits appeared at the edge of the processed groove in
Figure 11a. The reason for the micropits near the edges of the produced groove is that some pulses were
likely generated between the suspended liquid microelectrode and debris comprising the removed
material of the workpiece and the liquid metal that had already dripped on the workpiece surface.
By programming the contour of the nozzle motion with respect to the XY plane (with the same D

value), arbitrary patterning was successfully demonstrated on the silicon sample (Figure 12).
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Figure 11. Linear groove pattern. (a) Sample of the microgroove and (b) profile of the microgroove.
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Figure 12. Sample result of arbitrary scanning-mode patterning performed using the developed process:
(a) convex circular pillar and (b) “HIT” characters.

5.2. Process Characterizations

5.2.1. Dependence of Machining Characteristics on the Pressure

The widths of the linear patterns produced by lateral scanning of the Galinstan electrode were
characterized while varying the pressure. The line widths of the produced patterns were measured
using an optical measuring microscope. Figure 13 shows the relationship between the measured
line widths and pressure (with Vs = 100 V, C = 100 nF, R = 0.5 kΩ, as shown in Table 2). As shown
in the graph, an optimal pressure value for the minimum line width was found under the same
discharge conditions.
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Figure 13. Effect of pressure P1 on the line widths.

When the applied pressure was small, the liquid-solid contact angle θ was also small; hence,
the tip of the liquid electrode was large. With an increase in applied pressure, the contact angle θ
gradually increased, and the radius r of the curved liquid surface gradually decreased. That is, the end
of the electrode correspondingly decreased; thus, the width of the machined groove decreased directly.
When the applied pressure continued to increase, although the contact angle θ gradually increased,
the radius r of the curved liquid surface gradually decreased, forming an electrode with a finer end;
however, the width of the groove gradually increased. The reason for this result may be that when
the applied pressure is greater, the liquid metal at the tip is more likely to fall onto the workpiece,
which will affect the processing and cause discharge instability. Moreover, we also found that, when
the external pressure was greater than 2 atm, the liquid metal ejected like a continuous stream of water;
thus, it was impossible to carry out EDM.

In this connection, it is clear that there was a similar trend in the relationship between the MRR
and pressure P1, as shown in Figure 14. During the discharge process, when the pressure was
small, the consumed Galinstan could not be compensated in time, leading to an open-circuit state
most of the time; this resulted in the small value of the MRR. The MRR increases with increasing
pressure because the frequency of discharge increases with an increasing Galinstan compensation.
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After the optimal pressure value, as the pressure increases, excess Galinstan is suspended on the needle
tip, and this droplet easily falls due to the discharge and electrostatic forces and causes unstable
discharge, thus resulting in the MRR decreasing.

 

θ
θ

θ

 

Figure 14. Effect of pressure P1 on the material removal rate (MRR).

Figure 15 shows the relationship between the LMCR and pressure P1. As shown in the graph,
the LMCR increased with increasing pressure in a consistent manner. This outcome is reasonable
because the flow rate, which determines the consumption of Galinstan based on the velocity of the flow,
increased with increasing pressure. It is worth noting that, for pressures over 1.3 atm, the amount of
fed Galinstan was much greater than the amount of Galinstan consumed by discharge at an excessive
flow velocity. This result is disadvantageous for both the MRR and LMCR. Therefore, the feeding of
consumed Galinstan is very important for high efficiency and stable processing, which largely depends
on the applied pressure.

 

 

Ω

Figure 15. Effect of pressure P1 on the liquid-metal consumption rate (LMCR).

5.2.2. Dependence of Machining Characteristics on the Voltage

Figure 16 plots the measured line widths as a function of the voltage (tested up to 220 V, with
constant C = 100 nF, R = 0.5 kΩ, and P1 = 1.3 atm, as shown in Table 2), and the figure clearly shows
that the line width increased with the applied voltage in a consistent manner. This result is reasonable
as the discharge energy, which determines the amount of material removed by a single pulse, increased
with the voltage. In this regard, as shown in Figures 17 and 18, a similar trend was obtained for both
the MRR and LMCR by varying the voltage Vs; the trends were consistent given the dependence of
the discharge energy on the voltage. Increasing the discharge energy caused a greater spark intensity,
which generated more melted material in the spark region. Thus, the workpiece and the electrode
material were both subjected to an increase in sparks, which increased both the MRR and the LMCR.
As a result, the MRR and LMCR substantially increased with increasing discharge energy.
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Figure 16. Effect of voltage Vs on the line widths.
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Figure 17. Effect of open voltage Vs on the MRR.
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Figure 18. Effect of voltage Vs on the LMCR.

It can be seen from the simulation that a higher voltage resulted in a greater electric field, whereas,
a larger contact angle θ resulted in a smaller radius r of the curved liquid surface. That is, the electrode
tip was correspondingly smaller, and the widths of the linear patterns produced by the lateral scanning
of the Galinstan electrode should be smaller as the voltage increases. However, the line width showed
the opposite trend in this experiment, in that the line width increased with the voltage. There may be
two reasons. First, the material removal depends on the energy of a single electric discharge, ESED,
which is expressed as

ESED =
1
2

CU2, (15)

where C is the capacitance of the RC circuit and U is the machining voltage. From Equation (15), it can
be seen that, as the voltage increases, the discharge energy of a single pulse increases squarely with
the voltage; thus, the amount of removed material increases. The effect of increasing the voltage on
the energy for material removal is much greater than that on the size of the electrode.
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Second, the applied voltage for µEDM is relatively small, and the voltage changes within a small
range of 50 to 220 V. The size of the electrode tip does not change significantly at low voltages. Only
when the voltage is over 1 kV will a change in the liquid electrode tip be apparent. However, it is
impossible to use such a high voltage for µEDM.

Therefore, changing the size of the electrode by increasing the voltage shows a much smaller
effect on groove width than the effect of increased energy by increasing the voltage. Notably, from
an energy point of view, an increase in voltage is beneficial to the MRR.

6. Conclusions

In this paper, the shape of the electrode, which is used in liquid-electrode µEDM processing for
the purpose of resolving the problems related to electrode wear in traditional µEDM, was analyzed
and simulated. Moreover, experiments were performed for verification. Arbitrary patterns on silicon
samples using a liquid-metal electrode were well presented. The influence of extra pressure and open
voltage Vs on the line widths, MRR, and LMCR were also investigated. The external pressure had
a significant impact on the tip shape of the liquid electrode and its compensation. There was an optimum
pressure value for the minimum line widths and maximum MRR. The LMCR increased with pressure;
hence, an appropriate pressure was also beneficial to the LMCR. Although the voltage also influenced
the tip shape of the liquid electrode, it was negligible at low voltage. However, at low voltages, the line
widths, MRR, and LMCR consistently exhibited the same trend as the voltage. That is, they increased
with voltage. Thus, the single-pulse discharge energy, which determines the amount of material
removed by a single pulse, increased with the voltage.
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Abstract: In this paper, the effect of the micro-electro discharge machining (EDM) milling machinability
of Si3N4–TiN workpieces was investigated. The material removal rate (MRR) and tool wear rate
(TWR) were analyzed in relation to discharge pulse types in order to evaluate how the different pulse
shapes impact on such micro-EDM performance indicators. Voltage and current pulse waveforms
were acquired during micro-EDM trials, scheduled according to a Design of Experiment (DOE); then,
a pulse discrimination algorithm was used to post-process the data off-line and discriminate the
pulse types as short, arc, delayed, or normal. The analysis showed that, for the considered process
parameter combinations, MRR was sensitive only to normal pulses, while the other pulse types had
no remarkable effect on it. On the contrary, TWR was affected by normal pulses, but the occurrence
of arcs and delayed pulses induced unexpected improvements in tool wear. Those results suggest
that micro-EDM manufacturing of Si3N4–TiN workpiece is relevantly different from the micro-EDM
process performed on metal workpieces such as steel. Additionally, the inspection of the Si3N4–TiN
micro-EDM surface, performed by SEM and EDS analyses, showed the presence of re-solidified
droplets and micro-cracks, which modified the chemical composition and the consequent surface
quality of the machined micro-features.

Keywords: ceramic composite; micro-EDM milling; pulse discrimination

1. Introduction

Silicon nitride-based ceramics constitute a class of structural materials characterized by high
strength, fracture toughness, thermal shock resistance, wear resistance, low coefficient of friction, and
hardness. These ceramics can often be sintered by adding electrically conductive reinforcements, such
WC, MoSi2, TiN, TiC, TiCN, TiB2 and ZrN, with variable content, thus obtaining electro-conductive
ceramic composites [1–3]. This feature allows for the manufacture of these materials via non-contact
technologies such as electrical discharge machining (EDM). In particular, EDM has shown feasibility
for the realization of free form features and shapes required in high-temperature and aggressive
environments for the production of various heating elements (e.g., ceramic glow plugs, igniters, ceramic
heaters [4]. Moreover, due to the fact of their biocompatibility, some of these ceramic composites
were investigated for the realization of load-bearing prostheses and bone mini-fixation devices [3–6].
In this field, micro-EDM displayed a high potential for the fabrication of micro-free-form features in
Si3N4–TiN ceramic composite workpieces needed to realize such medical components [7].
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Issues related to micro-EDM manufacturing of Si3N4–TiN ceramic composite have been already
explored by the research community. Indeed, machining performance and surface quality were
analyzed by Liu et al. [8] in relation to different machining regimes and to the manufacturing of a
mesoscopic gas turbine. From the process viewpoint, the main results demonstrated that when a
relaxation-type pulse generator was chosen for the micro-EDM process, faster machining and optimized
material removal rate (MRR) and low tool wear rate (TWR) could be accomplished at the expense
of surface quality and roughness. In particular, surface quality inspection showed that chemical
reactions, triggered by the spark occurrence, induced a modification of the composite structure and
also took part in the material removal mechanism. Subsequently, Liu et al. [9] presented an analysis
on the micro-EDM capability of manufacturing Si3N4–TiN ceramic composites, considering different
machining regimes. In that work, the authors presented evidence of the variability ascribed to the pulse
shape and duration of the discharge waveforms, not entirely due to the process setting. Therefore, also
in this case, Si3N4–TiN material seemed to have played an active role in the material removal process,
almost independently of the machining regimes considered for the analyses. It was evident that the
optimization of micro-EDM related to ceramic composites deserved further investigation, since the
relatively low value of the electrical conductivity of such material, the chemical composition of the
matrix, and the consequent intrinsic inhomogeneity of the composite introduced several challenges.
Very recently, a work by Selvarajan et al. [10] pointed out the effect of micro-EDM process parameters
(voltage, current, pulse on time, and pulse off time) on MRR and surface quality related to two
Si3N4-based composites. The results showed once more the challenge of assessing optimized process
parameters and accomplishing the required feature accuracy.

In the last decade, several authors have proposed alternative approaches to investigate micro-EDM
process more thoroughly. In particular, the monitoring of voltage (gap and/or open) and discharge
current waveforms became established to improve the general understanding of the micro-EDM
process. However, the majority of the papers dealing with the micro-EDM monitoring approach
considered metals as workpieces, and their main goal was the assessment of tool wear. For instance,
the authors in Reference [11] exploited discharge monitoring during micro-EDM milling to measure
tool wear per discharge and material removal per discharge. A method based on pulse counting was
proposed in Reference [12] to estimate the total energy associated to discharge pulses and investigate
material removal and tool wear characteristic for different micro-EDM machining types (shape-up and
flat-head) and conditions (spindle rotation and tool electrode vibration). The discrimination of positive
and negative parts of voltage and current waveforms was proposed in Reference [13] with the goal of
estimating tool wear and tool wear error. However, the reported results held validity for relatively
stable micro-manufacturing and features having small depths.

A different use of micro-EDM monitoring was proposed in Reference [14]. In this work, a first
classification of pulses in relation to micro-EDM milling and wire processes was presented, and four
main pulse categories were identified: normal, effective arc, transient short circuit, and complex pulses.
A pulse-type discrimination strategy was also implemented and applied to micro-EDM milling of
hardened steel in order to investigate the influence of process parameters on discharge shapes and
process performance [15]; the study emphasized the importance of sparking gap and feed rate for the
process stability and identified that tool wear increase could be associated to the increase of arc number.
Recently, numerical simulations and experiments were used to evaluate the occurrence of pulse types
in dependence of debris accumulation [16,17]. The studies were carried out considering reverse
micro-EDM (RMEDM) and confirmed that the increase of debris quantity induced a modification
of pulse shapes. In particular, the authors found different pulse orders, where the first one was
identified as a normal pulse, and the other two pulse types (second and higher orders, characterized
by lower voltage values) occurred more frequently as the concentration of debris increased within the
sparking gap. In order to evaluate the differences among pulse types and shapes, a different approach
based on the analysis of power spectral density (PSD) applied to the micro-EDM milling process was
proposed considering two different workpiece materials: hardened steel [18] and Si3N4–TiN [19]. The
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results underlined that especially for Si3N4–TiN, the number of discharges per acquisition windows
underwent a huge variability, and the discharge probability was very low compared to steel workpiece
manufacturing. Moreover, different energetic contributions to the material removal process from
normal pulses was observed for the micro-EDM milling of Si3N4–TiN workpieces independent of the
energy settings.

Although relevant investigations of the manufacturing of Si3N4–TiN ceramic composites are
currently available in the literature, the influence of discharge pulse shapes on micro-EDM performance
indicators has not been fully assessed. Therefore, in the present paper, micro-EDM milling of
Si3N4–TiN ceramic composite was analyzed by means of pulse-type characterization and MRR and
TWR evaluation. The experiments were performed by implementing a design of experiment (DOE):
the finishing regime was applied, thus implying the use of relaxation-type generator producing short
pulses. The voltage and current waveforms were acquired during 54 trials resulting from the DOE,
where process parameters, frequency (F) and gap and pulse width (W), were varied. The pulse
classification was obtained by an off-line pulse discrimination strategy. The post-processed data
related to pulse types and distribution were then put in relation to MRR and TWR. Finally, chemical
and surface characterization of the Si3N4–TiN ceramic composite workpiece, before and after the
micro-EDM process, is also reported and discussed.

2. Material, Micro-EDM Settings, and Design of Experiment (DOE)

The workpiece considered in this study was a sintered billet (25 mm in diameter) of Si3N4–TiN
composed by a mixture of commercial raw powders. A TiN (grade C, HC Starck Ltd., Munich,
Germany) 35% in volume was used as secondary electro-conductive phase and Y2O3 (grade C, HC
Starck Ltd., Munich, Germany) and Al2O3 (Ultra-High Purity, Baikowski Chemie SA, Poisy, France)
were used as sintering aids. The electrical resistivity was equal to 5.88 × 10−4

Ω cm. Figure 1 reports
the SEM micrograph of the mirror polished and plasma-etched surface of the Si3N4–TiN-35 vol%
composite: the typical microstructure of silicon nitride, composed of elongated silicon nitride grains in
a matrix of nearly equiaxed sub-micrometric grains, was highlighted.
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μ μ
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Figure 1. SEM micrograph of a mirror polished and plasma-etched surface of the Si3N4-35 vol%
composite: dark grains are Si3N4 particles, while coarser, light grey grains are TiN particles.

As highlighted in Figure 1, TiN particles are coarser (from 1 to 5 µm) than the silicon nitride
grains. The grain boundary phase, consisting of silicates and oxynitrides of the cations from sintering
aids, locates preferentially at triple points, and a continuous film of amorphous phase is present at
the interfaces between Si3N4 grains. Furthermore, after cutting the sintered billet by diamond tool
machining (DTM), two different Ra were measured: a longitudinal surface roughness equal to Ra =
0.16 µm and a transversal surface roughness equal to Ra = 0.30 µm.

67



Micromachines 2020, 11, 932

The basic feature used to implement the experimental plan was a micro-channel 5 mm long, 50
µm deep, and 0.42 mm wide, manufactured onto the sintered Si3N4–TiN workpiece. The micro-EDM
machine was the Sarix SX 200. The tool was a tungsten carbide (WC) cylindrical rod having a nominal
diameter of 0.4 mm; hydrocarbon oil was used as dielectric fluid in the experiments. All technological
parameters adopted for the trials are reported in Table 1.

Table 1. The micro-electro discharge machining (EDM) milling process parameter settings.

Micro-EDM Process Parameter Unit Values

Energy (E) Index 110 (finishing, RC generator)
Open Circuit Voltage (OCV) V 100
Layer Thickness (LT) µm 1
Frequency (F) kHz 120–160
Pulse Width (W) µs 1–3–5
Gap Index 40–60–80

For Sarix SX 200, E is an index identifying the pulse generator type selected for the machining.
In this case, E110 indicates finishing regime actuated by RC relaxation-type generator capable of
producing short pulses. The OCV is the open voltage value, i.e., the maximum voltage achievable
before discharge. Since the micro-EDM milling approach is implemented via a layer-by-layer strategy,
a layer thickness (LT) of 1 µm was set. Frequency (F) indicates the frequency of the micro-EDM pulse
generator, while pulse width (W) indicates the time interval in which the micro-EDM generator is
disconnected from the tool and the workpiece and the discharge occurs within the sparking gap.
Finally, Gap is the index related to the servo control loop responsible for the sparking gap stability
(i.e., the distance between the tool and the workpiece). In order to estimate the statistical impact of
the parameters’ variability on machining performance and pulse distribution, a general full factorial
Design of Experiment (DOE) was implemented: the varied process parameters were frequency (F) and
pulse width (W) and Gap, which were grouped in 18 sets of parameters (SoP); three replicas of the
experimental plan were performed, resulting in a total of 54 trials.

3. Micro-EDM Monitoring Setup and Pulse Discrimination Strategy

The sketch of the micro-EDM monitoring setup, along with the actual machining setup, is reported
in Figure 2.

 

μ

μ

μ

 

Figure 2. (a) Sketch of the micro-EDM monitoring setup; (b) actual monitoring setup connected to the
Sarix SX 200 via voltage and current probes; (c) voltage and current probes mounted on the Sarix SX 200.
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The acquisition of the voltage and current waveforms was done by means of two probes—a
standard voltage probe and a Tektronix TCP312 current probe with a bandwidth of 100 MHz. The
voltage probe was placed close to the tool tip in order to record voltage values (OCV, gap voltage).
As the current probe works through Hall effect, it was hooked to the cable supplying the tool. In
order to acquire and record the waveforms, both probes were connected to the oscilloscope—Tektronix
MSO4054. The pulse generator was not connected to the oscilloscope.

The oscilloscope sampling frequency (Fs = 50 MHz) and the number of samples for each waveform
(Ns = 106) were set considering the bandwidth of signals to be acquired and the duration of the
phenomenon. With this setting, the duration of each acquisition window was equal to Tacq = 20 ms.
The acquired data were delivered to a PC through the oscilloscope USB port: due to the USB port
speed, an elapsed time of 0.8 s between two subsequent windows in each trial must be considered.
The acquired waveforms were then supplied as input to the off-line classification algorithm which
provided the number of each pulse type as an output. The pulse types were gathered in four classes:
short, arc, delayed, and normal [14,15,18,19]. The discharge events occur within the sparking gap
during the time interval equal to T–W, being T = 1/F, but only if the spark condition is fulfilled. When
the discharge happen, a drop of OCV to its minimum value is observed. In this case, a normal pulse is
detected. If the spark condition is not favorable, OCV keeps its constant value, as no discharge occurs.
Nonetheless, local machining conditions, such as the presence of unremoved debris in the sparking
gap, can promote discharge events independently of the pulse generator; in this case, two types of
pulses can be observed: arcs and delayed. The distinction between these two categories can be made
based on the maximum voltage value. Generally, arcs have lower Vmax than delayed. Short pulses
happen when both tool and workpiece electrodes come into contact due to the instantaneous local
debris concentration, and they are characterized by low voltage values approaching the ground level.
Short pulses do not provide any material removal process and generally produce a waste of time.

The flow chart of the pulse discrimination strategy is reported in Figure 3; all routines were
implemented in MATLAB®. The beginning of the algorithm foresees an initialization phase, where
all pulse type counters—Np (total), Ns (shorts), Na (arcs), Nd (delayed), Nn (normal)—are reset.
Subsequently, the acquisition windows of one trial are analyzed one by one via the algorithm, to
assess the presence and type of pulses. The first iteration comprises the computation of the time
derivative of the V waveform (dV); then, this value is compared to a set threshold (dVth). If dV <
dVth, one pulse is identified, and the total counter Np is incremented by one (Np + 1). If this condition
is not satisfied, the program starts searching again for a pulse. If a pulse is found, the algorithm
proceeds to its identification, starting from shorts: in this case, a comparison among mean values
of V and I and defined thresholds VthrShort and IthrShort is performed. If this check succeeds, the
counter Ns is incremented by one (Ns + 1). If this check fails, then the algorithm searches for delayed
pulse. A delayed pulse is identified by comparing the maximum I recorded during the discharge with
the defined threshold IthrDel. If this check succeeds the counter Nd is incremented by one (Nd + 1),
otherwise the algorithm searches for arcs. The criterion for this comparison is the same as before, along
with the comparison of the mean V with a programmable threshold VthrArc. If this check succeeds the
counter Na is incremented by one (Na + 1), otherwise the pulse is classified as normal and the counter
Nn is incremented by one (Nn + 1). At the end of the classification, the index of the derivative of the
voltage array is incremented of a programmable amount (about a half of the pulse width) in order
to speed up the next pulse search, and the loop starts over again to analyze the subsequent acquired
observation window.
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Figure 3. Flow chart of the discrimination strategy algorithm applied to all acquisition windows at
each trial.

The defined current and voltage threshold values shown in Table 2.

Table 2. I and V threshold settings.

Threshold Value (% of OCV and Imax)

Ithr 50% Imax (A)
Ithr_short 10% Imax (A)
Vthr_short 30% OCV (V)
Vthr_arc 95% OCV (V)

4. Results

In this section, pulse-type distribution, statistical analysis, and the results regarding the influence
of pulse-type number and occurrence on MRR and TWR are presented and discussed.

4.1. Pulse-Type Distribution

The monitoring of each trial required a certain number of acquisition windows, approximately
250 for each process. The monitored trials related to all micro-EDM processes displayed relevant
variability of discharge occurrence. In order to explain this fact, we reported the count of all pulse
types recorded in the last 40 acquisition windows (i.e., the last part of the machining) and pertaining
two distinct trials: F = 120 kHz, G = 60, W = 3 µs and F = 120 kHz, G = 60, W = 1 µs. As shown in
Figure 4, the total number of all discharges occurring in each acquisition window was very variable.
This fact confirms issues about the repeatability of the micro-EDM process on this kind of ceramic
composite, mainly ascribable to the workpiece itself rather than to the parameter settings. Nonetheless,
it is evident that in all acquired subsequent widows, the number of normal pulses always exceeds the
number of arcs, delayed, and shorts.
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Figure 4. Number of normal pulses counted in the latest 40 acquisition windows for two different trials:
(a) F = 120 kHz, W = 3 µs, G = 60; (b) F = 120 kHz, W = 1 µs, G = 60.

Figure 5 shows the average distribution in percentage of all pulse types for all trials calculated
during the last part of the micro-EDM manufacturing. The histograms highlight that normal pulses
are the most numerous, indicating the general stability experienced during all micro-EDM trials. This
fact is also confirmed by the negligible number of shorts, arcs, and delayed pulses. It is worth stressing
that an anomalous behavior was found in trial 45, which was repeated at the end of all trials.
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Figure 5. Number of normal, arc, short, and delayed pulses reported in percentage.

4.2. Analysis of Variance: Pulse Type and Process Parameters

Before proceeding with the statistical analysis of pulse types, the analysis of variance (ANOVA)
was carried out to assess the relation between the selected process parameters (F, W and Gap) and
the performance indicators, MRR, and TWR. The coefficients of determination R2, which defines how
much variation in the response is explained by the model, were 86.7% for MRR and 37.4% for TWR.
These values suggested that the used model described quite properly the relation among F, W and Gap,
and MRR, but it was not accurate in relation to TWR. It is worth stressing that the tool wear lengths
measured by control touch procedure during micro-EDM milling process were generally very low
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(ranging between 3.5–6 µm) and this could have prevented the model from describing the statistical
relation properly.

The analysis of variance was applied to the pulse types in order to identify the statistical relation
with the process parameters. The coefficients of determination R2 for normal, arc, delayed, and short
pulses were 81.5%, 85.7%, 85.2%, and 68.8%, respectively. In the following analysis, short pulses were
not considered; since their number was low, they were not statistically relevant, as indicated by the
lowest coefficient of determination, and they did not take part as a material removal mechanism.

The first step of the analysis comprised the examination of residuals for normal, arc, and delayed
pulses to assess the validity of the ANOVA method. The Pareto charts are reported in Figure 6. For
all cases, the Pareto showed normal distribution and homogeneity of variances, thus confirming the
validity of the assumptions for the ANOVA method application.
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Figure 6. Pareto charts for (a) normal, (b) arcs, and (c) delayed pulses.

As evident from the charts, all pulses were influenced by combinations of the chosen process
parameters. Only delayed pulses displayed less sensitivity to gap, while it was mainly influenced by
W and F. All regression equations obtained from the statistical analysis and related to normal, arc, and
delayed pulses are reported in Appendix A.

Replica diagrams and main effects plots were computed and reported in Figures 7–9. Figure 7a,b
refer to normal pulses; the graphs shows that their number increased when W was equal to 3 µs. In
this case, the generator was completely recharged within W, so that the rest of the period t–W was
reserved for discharge events. As one can notice, in the considered range of values, parameter F had
almost no effects on pulse occurrence, whereas higher gap values (farther distances between tool and
workpiece) favored normal pulses.
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Figure 7. (a) Replica diagrams and (b) main effects plot related to normal pulses.
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Figure 8. (a) Replica diagrams and (b) main effects plot related to arc pulses.
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Figure 9. (a) Replica diagrams and (b) main effects plot related to delayed pulses.

Figure 8a,b refer to arcs, where the minimum number of such a pulse type was detected in
correspondence of W = 3 µs and Gap = 80, thus confirming that these parameter values could actually
provide a stable process. Nonetheless, also in this case, F seemed to have negligible impact on arcs. It is
worth noting that normal and arc pulses exhibited a dual response in relation to the process parameter
effects, i.e., an increase in normal pulses should correspond a decrease in arcs.

The plots related to delayed pulses are reported in Figure 10a,b.
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Figure 10. MRR versus (a) normal, (b) arc, and (c) delayed pulse density: blue dots refer to gap = 40,
red dots to gap = 60, and green dots to gap = 80.

Delayed pulses have different dependences on W, F and Gap compared to the previous pulse
types. First, they exhibit a strong linear dependence on W. Moreover, if F is reduced, the discharge
probability time t = T–W increases slightly, thus promoting the probability for a delayed to happen.
Furthermore, for a higher gap value, the delayed pulse occurrence is certainly reduced. In other
words, when the tool and the workpiece are farther from each other, the required energy to allow spark
ignition is the highest possible, i.e., set OCV. However, when maximum voltage is applied to the load,
it is more likely to trigger normal pulses rather than delayed, which are characterized by lower OCV
values. The result is that delayed number decreases. Furthermore, the plots show quite clearly that the
delayed–Gap relation is similar to the arcs.

4.3. Relation between Pulse Types and Machining Performance

In previous works [15,18], the monitoring, pulse discrimination, and statistical analysis were
performed on hardened steel workpieces with similar process parameter settings. In particular, those
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previous results suggested that a higher number of normal pulses had a positive effect on process
stability and machining speed, so that MRR results would be good, while TWR increased its value,
thus following a dual trend with respect to MRR. It was also found that as arcs increased in number
and occurrence, MRR had a beneficial turn, and TWR worsened. Considering this roadmap, similar
results were partly expected in the present analysis, as the role of the ceramic workpiece composition
would certainly affect the final results. In order to represent MRR and TWR as a function of pulse type
number and occurrence, a normalized pulse density (NPD) was defined according to the following
equation:

NPD = average (NPulseType/Tacq) (1)

where NPulseType is the number of each pulse type (normal, arc, short or delayed) recorded in the last
25 µm of micro-channel manufacturing, and Tacq is the duration of the acquisition window. Figures 10
and 11 depict the corresponding average values of MRR and TWR. The diversity in the dots color
indicates the process parameter chosen to discriminate the behavior, in this case, Gap.

Figure 10a shows that MRR increases as the occurrence of normal pulses increases as well. When
Gap is higher, a lower number of overall pulses is expected as the tool and workpiece are farther from
each other. Moreover, in this condition, the erosion process was slower thus decreasing MRR. On the
contrary, arcs (Figure 10b) did not induce any variability on MRR, while a slight decrease of it was
observed when a delayed occurrence was higher (Figure 10c). Reasonably, by considering the nature
of delayed pulses, the increase in the machining times could explain this trend. Nonetheless, these
results reveal that arcs and delayed did not affect MRR significantly; so, even though these pulse types
are capable of removing material, their occurrence was neither problematic nor positive to the process,
as long as their percentage was kept smaller than normal pulses.
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Figure 11. Cont.
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Figure 11. TWR versus (a) normal, (b) arc, and (c) delayed pulse density: blue dots refer to gap = 40,
red dots to gap = 60, and green dots to gap = 80.

Figure 11 reports TWR behavior in the function of normal, arc, and delayed normalized
pulse density.

First, it must be pointed out that the overall recorded TWR values are very small, in particular if
these results are compared to those obtained with hardened steel (TWR is one order of magnitude higher
for steel, and it ranged between 0.02–0.04 [15,18]). However, the relation between TWR and normal
pulses confirms the expected trend, i.e., higher pulse occurrence leads to higher tool consumption.
Conversely, a peculiar trend can be observed in Figure 11b: when arcs increase, TWR decrease, and
this is in contrast with the expected results. Indeed, arcs are capable of removing material from both
workpieces and tools, and an increase of TWR should have actually been measured. It was also
verified that the tool wear volume was actually lower. Two reasons may explain these results: the first
relies on the energy density of arcs, which was lower than normal pulses, and so less material could
have been removed from both electrodes. Furthermore, a protective layer, generated by the melting,
decomposition, and evaporation of Si3N4 particles during the micro-EDM process, was deposited on
the tool surface and prevented the tool from more severe wearing. Finally, Figure 11c displays the
trend for delayed pulses which is akin to that reported for arcs, thus suggesting a similarity of the
nature for such pulses.

4.4. Surface Evaluation of Si3N4–TiN Workpiece before and after the Micro-EDM Process

The SEM and EDS analyses were also performed to evaluate the surface quality after micro-EDM
milling of the Si3N4–TiN ceramic composite. Figure 12 evidences a foamy and porous structure, as also
observed in Reference [8] with many spark-induced craters and melt-formation droplets appearing on
the composite surface after micro-EDM.

The super-positioning of craters with varying diameters, which is not clearly distinguishable,
derives from the material removal mechanism, linked to the interaction between the materials
characteristics and chemical reactions triggered by the erosion process. The quantity of material
that solidified and adhered to the surface is a function of the composition and microstructure of
the starting ceramic materials, whereas the re-solidified droplets are almost entirely due to the TiN
particles; conversely, Si3N4 particles are removed by evaporation. We also observed that, for a length
of about 1 mm, the tool tip was covered by a protective layer, typically composed of Si3N4 particles.
The presence of micro-cracks was due to the thermal expansion mismatch between silicon nitride,
titanium nitride (3.0·10-6 ◦C-1 and 9.4·10-6 ◦C-1, respectively) and re-solidified particles induced by
the plasma breakdown. It can be also noticed that, since the material exhibited a degree of porosity,
this could have affected the discharge probability, thus reducing the number of total discharges. For
sake of completeness, surface roughness Ra of the machined micro-channels was also measured after
micro-EDM processes: the Ra values ranged between 0.77–0.98 µm.
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Figure 12. SEM micrograph of the EDM surface (a) and magnified (b).

Elemental composition was checked by EDS and reported in Figure 13, where DTM and micro-EDM
surfaces are compared. The element concentration is explicated in Table 3.

From the analysis of the micro-EDM surfaces, the presence of C and W belonging to the tool
was detected. Moreover, a marked decrease of N due to the fact of its evaporation during the erosion
process was evident with respect to the DTM surface (Table 3). The elemental composition was checked
on the micro-EDM surfaces also by point EDS analysis on a merging particle. Besides the presence
of C and W, Co was also detected due to the contribution of the tool (Co is commonly used in WC
composition), while N was absent. It can be noticed that the Si/Ti atomic ratio was not constant, as it
depends on the dimension of the checked area and on the surface modification due to the preferential
ablation/oxidation of Si3N4 or TiN during the micro-EDM process.

 

μ

 

Figure 13. SEM-EDS characterization of Diamond Tool Machining (DTM) (a) and micro-EDM
(b) surfaces.
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Table 3. EDS element concentration.

Element
Spectrum 1: DTM
Window (Atomic %)

Spectrum 2: EDM
Window (Atomic %)

Spectrum 3: EDM Point
(Atomic %)

C K - 35.21 66.68
N K 45.01 10.91 -
O K 9.36 10.50 3.23
Al K 0.77 0.59 0.59
Si K 26.34 18.42 16.22
Ti K 17.79 23.41 9.45
Co K - - 0.51
Y L 0.75 0.46 0.60

W M - 0.50 2.71

5. Discussion

The experimental results highlighted that the micro-EDM machinability of Si3N4–TiN ceramic
composite workpieces differ drastically from experienced practice on metal workpieces. In particular,
the statistical analysis of the pulse types in relation to process parameters showed that the triggering of
normal, arc, and delayed pulses cannot be simply controlled through the setting of a single process
parameter, but rather through a combination of them, such as pulse width W, frequency F and Gap.
Moreover, when the pulse type occurrence is put in relation to micro-EDM performance indicators, it
is clear that the MRR results were reasonably influenced by normal pulses, while arcs and delayed
had a negligible effect on it. On the contrary, TWR exhibited very low values and did not display the
common response expected from the different pulse types; in particular, arcs and delayed pulses did
not affect TWR negatively.

6. Conclusions

The micro-EDM machinability of Si3N4–TiN ceramic composite workpieces was investigated
by putting in relation pulse-type distribution with process parameters and performance indicators.
To this aim, a Design of Experiment was implemented by considering the variation of pulse width
W, frequency F and Gap. During the experiments, voltage and discharge current waveforms were
acquired: the data were then post-processed to discern pulse type (i.e., normal, arcs, delayed, and
shorts) via the pulse discrimination strategy. First, the pulse distribution showed that normal pulses
were the most numerous, whereas other pulse types occurred very sporadically. The collected data
were then statistically evaluated to elicit the relation existing among process parameter combinations
and pulse-type distribution. The statistical analysis proved statistical reliability only for normal, arc,
and delayed pulses, whereas short pulses were neglected in the discussion due to the numerical and
statistical irrelevance. Pareto charts, regression equations, replica diagrams, and main effects plots
revealed that all pulses were influenced by combinations of all selected process parameters.

The final analysis of the influence between pulse type and process performance indicators (MRR
and TWR) showed that:

• MRR values increase as the number of normal pulses grows. Arcs and delayed pulses do not
produce any positive or negative effects on MRR. A reasonable explanation is found in their low
number and in their effective contribution to the material removal process.

• TWR displays very low values in all trials. Despite this, it was observed that the increase in
normal pulses leads to the increase in TWR, as expected, whereas the increase in arcs and delayed
pulses induces a peculiar decrease in TWR.

Finally, it was shown that the Si3N4–TiN workpiece features intrinsic degrees of
electrical-conductivity inhomogeneity before machining as assessed by SEM and EDS evaluation.
Additionally, same analyses performed on the micro-EDM surface displayed re-solidified droplets and
micro-cracks, induced by chemical mechanism, which witnessed a surface roughness increase with
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respect to un-machined surface. Indeed, the surface roughness Ra measured after micro-EDM ranges
between 0.77–0.98 µm, whereas the starting Ra of the workpiece ranges between 0.16 and 0.30 µm.
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Appendix A

Since two of the considered factors (W and Gap) had three levels, a general full factorial design
was planned for the experiments. The corresponding regression equations obtained by the statistical
analyses for normal, arcs, and delayed pulses are reported below:

W =Width, G = Gap, F = Frequency

Normal = 87.379 − 1292 W_1 + 1667 W_3 − 0.375 W_5 − 0.042 F_120 + 0.042 F_160 − 0.198
G_40 − 0.305 G_60 + 0.503 G_80 − 1.455 W × F_1 120 + 1.455 W × F_1 160 + 0.677 W × F_3
120 − 0.677 W × F_3 160 + 0.779 W × F_5 120 − 0.779 W × F_5 160 + 0.495 W × G_1 40 +
0.055 W × G_1 60 − 0.550 W × G_1 80 + 0.141 W × G_3 40 − 0.015 W × G_3 60 − 0.126 W ×
G_3 80 − 0.636 W × G_5 40 − 0.039 W × G_5 60 + 0.676 W × G_5 80 − 0.968 F × G_120 40 +
0.840 F × G_120 60 + 0.128 F × G_120 80 + 0.968 F × G_160 40 − 0.840 F × G_160 60 − 0.128
F × G_160 80 − 0.858 W × F × G_1 120 40 + 0.761 W × F × G_1 120 60 + 0.097 W × F × G_1
120 80 + 0.858 W × F × G_1 160 40 − 0.761 W × F × G_1 160 60 − 0.097 W × F × G_1 160
80 − 0.203 W × F × G_3 120 40 − 0.238 W × F × G_3 120 60 + 0.441 W × F × G_3 120 80 +
0.203 W × F × G_3 160 40 + 0.238 W × F × G_3 160 60 − 0.441 W × F × G_3 160 80 + 1.061 W ×
F × G_5 120 40 − 0.523 W × F × G_5 120 60 − 0.538 W × F × G_5 120 80 − 1.061 W × F × G_5 160
40 + 0.523 W × F × G_5 160 60 + 0.538 W × F × G_5 160 80

(A1)

Arc = 9.963 + 0.848 W_1 − 1.643 W_3 + 0.795 W_5 + 0.051 F_120 − 0.051 F_160 + 0.136 G_40 +
0.181 G_60 − 0.318 G_80 + 1.169 W × F_1 120 − 1.169 W × F_1 160 − 0.580 W × F_3 120 +
0.580 W × F_3 160 − 0.589 W × F_5 120 + 0.589 W × F_5 160 − 0.298 W × G_1 40 − 0.170 W ×
G_1 60 + 0.468 W × G_1 80 − 0.141 W × G_3 40 + 0.022 W × G_3 60 + 0.120 W × G_3 80 +
0.439 W × G_5 40 + 0.148 W × G_5 60 − 0.587 W × G_5 80 + 0.721 F × G_120 40 − 0.632 F ×
G_120 60 − 0.089 F × G_120 80 − 0.721 F × G_160 40 + 0.632 F × G_160 60 + 0.089 F × G_160
80 + 0.668 W × F × G_1 120 40 − 0.632 W × F × G_1 120 60 − 0.036 W × F × G_1 120 80 − 0.668
W × F × G_1 160 40 + 0.632 W × F × G_1 160 60 + 0.036 W × F × G_1 160 80 + 0.016 W × F ×
G_3 120 40 + 0.274 W × F × G_3 120 60 − 0.290 W × F × G_3 120 80 − 0.016 W × F × G_3 160 40 −
0.274 W × F × G_3 160 60 + 0.290 W × F × G_3 160 80 − 0.684 W × F × G_5 120 40 + 0.358 W ×
F × G_5 120 60 + 0.326 W × F × G_5 120 80 + 0.684 W × F × G_5 160 40 − 0.358 W × F × G_5
160 60 − 0.326 W × F × G_5 160 80

(A2)

Delayed = 1.7033 + 0.4235 W_1 − 0.0001 W_3 − 0.4234 W_5 + 0.0827 F_120 − 0.0827 F_160 +
0.0260 G_40 + 0.0799 G_60 − 0.1059 G_80 + 0.1428 W × F_1 120 − 0.1428 W × F_1 160 − 0.0747
W × F_3 120 + 0.0747 W × F_3 160 − 0.0681 W × F_5 120 + 0.0681 W × F_5 160 − 0.0924 W ×
G_1 40 +0.0834 W × G_1 60 + 0.0090 W × G_1 80 + 0.0165 W × G_3 40 + 0.0237 W × G_3 60 −
0.0403 W × G_3 80 + 0.0759 W × G_5 40 − 0.1071 W × G_5 60 + 0.0312 W × G_5 80 + 0.1045 F ×
G_120 40 − 0.0603 F × G_120 60 − 0.0441 F × G_120 80 − 0.1045 F × G_160 40 + 0.0603 F × G_160
60 + 0.0441 F × G_160 80 + 0.0708 W × F × G_1 120 40 − 0.0340 W × F × G_1 120 60 − 0.0368
W × F × G_1 120 80 − 0.0708 W × F × G_1 160 40 + 0.0340 W × F × G_1 160 60 + 0.0368 W × F ×
G_1 160 80 + 0.1106 W × F × G_3 120 40 − 0.0560 W × F × G_3 120 60 − 0.0545 W × F × G_3 120
80 − 0.1106 W × F × G_3 160 40 + 0.0560 W × F × G_3 160 60 + 0.0545 W × F × G_3 160 80 −
0.1814 W × F × G_5 120 40 + 0.0900 W × F × G_5 120 60 + 0.0913 W × F × G_5 120 80 +
0.1814 W × F × G_5 160 40 − 0.0900 W × F × G_5 160 60 − 0.0913 W × F × G_5 160 80.

(A3)
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Abstract: The present article focused on the surface characterization of electric discharge machined
duplex stainless steel (DSS-2205) alloy with three variants of electrode material (Graphite,
Copper-Tungsten and Tungsten electrodes). Experimentation was executed as per Taguchi L18
orthogonal array to inspect the influence of electric discharge machining (EDM) parameters on
the material removal rate and surface roughness. The results revealed that the discharge current
(contribution: 45.10%), dielectric medium (contribution: 18.24%) majorly affects the material removal
rate, whereas electrode material (contribution: 38.72%), pulse-on-time (contribution: 26.11%) were
the significant parameters affecting the surface roughness. The machined surface at high spark
energy in EDM oil portrayed porosity, oxides formation, and intermetallic compounds. Moreover,
a pin-on-disc wear analysis was executed and the machined surface exhibits 70% superior wear
resistance compared to the un-machined sample. The surface thus produced also exhibited improved
surface wettability responses. The outcomes depict that EDMed DSS alloy can be considered in the
different biomedical and industrial applications.

Keywords: material processing; DSS-2205 alloy; electric-discharge machining; surface integrity;
wear resistance; surface wettability

1. Introduction

Today, electric discharge machining notably established itself for the processing of hard
and complicated geometrical contours, which are difficult to fabricate by traditional machining
techniques [1,2]. This non-traditional machining technique showed its proficiency for the applications
in the manufacturing of aerospace products, moulds, dies, etc [3,4]. The process is also recommended
to fabricate the bio-implants owing to its favorable results in orthopedic fields [5–7]. The input process
parameters namely pulse-on-time, pulse-off-time, current, dielectric medium, spark gap voltage,
type of electrode and polarity (negative or positive) play a momentous role in the machining of
diverse materials [8,9]. The optimum set of these machining performance parameters has promisingly
enhanced the material removal rate and efficiently improves the surface properties [10,11].

Razavykia et al. [12] reported that the discharge current, pulse-on-time, electrode material,
and voltage significantly influence the MRR and surface quality of Co-Cr-Mo alloy. Similarly,
Mahajan and Sidhu [13] concluded that pulse-on-time, discharge current and electrode material
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were the dominant parameters for the improvement of corrosion resistance, wear characteristics and
biocompatibility of Co-Cr samples. Furthermore, Philip et al. [14] employed the EDM for Ti6Al4V alloy
and compared the tribological characteristics of a machined and unmachined specimen. The results of
their study exhibited the improved specific wear rate and coefficient of friction due to the formation
of oxides and carbide layers on the machined surface. Besides, Devgan and Sidhu [15] executed
electro discharge treatment for investigating the surface wettability and corrosion resistance responses
of β-titanium alloy. Simao et al. [16] scrutinized the impact of EDM process parameters on various
responses such as material removal rate (MRR), tool wear rate (TWR) and surface hardness of AISI H13
tool steel. They concluded that the machining performance and surface properties of materials could be
enhanced by an appropriate combination of EDM operation parameters. For instance, Singh et al. [17]
reported dielectric medium and discharge current as eminent parameters for improved microhardness
and wear resistance of stainless steel 316L using electro-discharge treatment. The processing of
duplex stainless steel (DSS-2205) was carried out by Pramanic et al. [18]. They reported that input
parameters i.e., pulse-on-time, pulse-off-time, and wire tension significantly influence the MRR, surface
properties and kerf width. Alshemary et al. [19] reported that pulse-on and pulse-off time significantly
influenced the wire-EDMing of DSS alloy. However, Rajmohan et al. [20] investigated the impact of
wire EDM process parameters on the DSS-2205 alloy. It was observed that the current and pulse-on-time
parameters had a considerable effect on MRR and SR. Rajaram et al. [21] utilized EDM for drilling of
small holes (3 mm dia.) on DSS 2205. The experimental outcomes revealed that the input parameter
such as current significantly contributed to the MRR of DSS alloy. Recently, Mahajan et al. [22] reported
the excellent hemocompatibility and corrosion resistance outcomes of ED machined DSS-2205 alloy.

Along with the conventional tool electrodes, researchers also explored the performance of
composite electrodes for the machining of hard to machine materials. Khanra et al. [23] considered a
ZrB2-Cu composite electrode for machining of mild steel workpiece and reported the improved MRR
and diminished TWR as compared to the Cu tool. Similar findings were observed by Tsai et al. [24]
who utilized Cr/Cu composite electrode and confirmed the formation of a recast layer on the surface
that improved the corrosion resistance. The results also demonstrated higher MRR and lower TWR
as compared to other metal electrodes. Grisharin et al. [25] observed the improved wear resistance
and machining efficiency when a copper-colloidal graphite composite electrode was used to machine
different alloys. However, Teng et al. [26] employed a Cu-Ni composite tool for the processing of
polycrystalline diamond specimens and suggested better MRR as well as surface roughness responses
as compared to the Cu electrode.

According to the literature survey, as briefly discussed above, it was observed that various
materials had been machined using EDM. However, this technique is not considerably reported yet
for the machining of duplex stainless steel (DSS-2205) alloy. DSS-2205 can be used as an alternative
for austenitic stainless steel (316L) owing to its enormous applications in industry as well as in the
biomedical field. This paper reported the effect of different types of tool materials and dielectric
medium on material removal rate, surface roughness, morphology, phase transformation, tribological
performance, and surface wettability of the EDMed surface. The first step examined the effect of chosen
process parameters on the MRR and SR of machined samples, and statically scrutinizes the significant
factors. The next step studied the surface morphology and phase analysis of samples depicting superior
results using field emission scanning electron microscopy (FE-SEM), x-ray diffractometer (XRD) and
energy dispersive x-ray analysis (EDX) techniques. The DSS alloy is commonly utilized in mining
industries, heat exchangers and oil or gas processing industries, where wear characteristics and surface
wettability play an important role for long term usage of alloy. Therefore, contact angle measurement
and pin-on-disc wear tests were performed and compared with the results with an un-machined
sample to investigate the tribological and wettability behavior of the EDMed sample.
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2. Material and Methods

2.1. Tool and Workpiece

In this research, duplex stainless steel (DSS-2205) in the form of a square plate of 90 mm with
a thickness of 20 mm was procured from Solitaire Impex, Mumbai, India. The workpiece chemical
composition of Fe: 69.93%; Cr: 22.81%; Ni: 5.2%; Mo: 3.05%; Mn: 1.43%; Si: 0.5%; C: 0.028%; P: 0.03%;
S: 0.02%, and density 7.8 g/cm3; melting point 1350 ◦C, thermal conductivity 19.4 at 100 ◦C·W/mK,
and electrical resistivity 0.085 × 10−6

Ω cm. Duplex stainless steel consists of chromium as its main
content after iron and molybdenum which make greater utility of DSS-2205 alloy in the biomedical
domain. The traditional machining processes are inappropriate to handle such hard materials.
Therefore, under such circumstances, spark erosion commonly known as EDM employed as an
emerging technique for treating such hard materials [27,28].

In this study, three different tool electrodes viz. graphite (C), copper-tungsten (25-Cu/75-W)
and tungsten (W) were chosen for treating the DSS substrates in die-sinking EDM. Table 1 listed the
specifications of all three electrodes. Initially, the emery paper (material: silicon carbide (SiC), grit-800)
was employed for the surface finishing of the alloy plate. Further, the plate surface was cleaned with
ethanol solution (C2H5OH) before ED machining.

Table 1. Properties of Graphite, Copper-Tungsten and Tungsten electrodes.

Property Graphite Copper-Tungsten Tungsten

Diameter (mm) 10 10 10
Density (g/cm3) 2.26 14.5 18.8

Melting point (◦C) 3650 3410 3400
Electrical resistivity (Ω cm) 6.0 × 10−3 4.5 5.6 × 10−3

Thermal conductivity (W/mK) 24 189 163.3
Thermal expansion coefficient (µm/mK) 6 11.7 4.5

Specific heat capacity (J/Kg ◦C) 720 214 133
Hardness (HB) 10 195 2570

2.2. Design of Experiment

The Taguchi methodology was used to design the experimental array. In this investigation,
an orthogonal array of L18 mixed-level design matrix was used to scrutinize the effects of five
controllable parameters on two responses i.e., MRR, and SR. The chosen process parameters and their
corresponding levels are tabulated in Table 2. The Minitab-17 statistical software was used to prepare
the experimental design matrix. Further, analysis of variance (ANOVA) was utilized to analyze the
dominance of process parameters on the MRR and SR.

Table 2. Parameters descriptions and values.

Parameter Units
Levels

Level 1 Level 2 Level 3

Current (I) ampere 5 10 16
Pulse-on-time (P-on) µ-seconds 60 150 200
Pulse-off-time (P-off) µ-seconds 60 150 200

Electrode – Gr W W-Cu
Dielectric medium – EDM oil Deionized water –

2.3. Experimental Procedure

All the experimental trials were performed on a die-sinker EDM (Electronica, India: Smart ZNC
S50) with constant gap voltage (140 V) and machining depth (0.5 mm) for each run. Also, negative
polarity (tool (+) workpiece (−)) has opted throughout the experimentation. The material removal
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process during the EDM technique depends upon the generation of heat on the substrate due to the
abundance of electric sparks between the electrode [29,30]. Both tool electrode as well as alloy substrate
immersed in the dielectric fluid tank that provides proper stability during this thermo-electric process.

An in-house fabricated tank (18” × 18” × 24”) was used of capacity 10 liters, containing a stirrer
and circulation pump for appropriate flushing and avoiding debris within the working area. Figure 1
represented the schematic arrangement of EDM, experimental set up of machining and FE-SEM image
of un-machined DSS-2205 substrate.

Figure 1. (a) Schematic arrangement of EDM; (b) Pictorial view of experimental set up of machining;
(c) FE-SEM image of un-machined DSS-2205 substrate (Ra = 0.64 µs).

2.4. Calculations of Material Removal Rate (MRR) and Surface Roughness (SR)

The weight of the workpiece was measured before and after each trial using a precise weighing
balance (Citizen CY220) for calculating the MRR using Equation (1).

MRR(mm3/min.) =
(w2 −w1) × 1000

ρ× t
(1)

where;

“w2 and w1” correspond to the workpiece weight (g) before and after each trial,
“ρ” is the density of workpiece, and
“t” (minutes) is the machining time.

The other output response i.e., surface roughness of the machined DSS substrates were measured
using the Mitutoyo SJ-201 surface profilometer. The roughness of each machined sample was
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measured diametrically at three different points, and an average value was considered (Ra) for
further investigation.

2.5. FE-SEM, EDX and XRD Analysis

After machining, the morphology of the surface was examined using FE-SEM (Hitachi SU-8810,
Japan) at 11.0 kV of accelerating voltage. FE-SEM was also utilized to examine the surface after the
wear test and also for the recast layer thickness. The phase transformation analysis (XRD; PANalytical
X’Pert Pro MPD, The Netherlands) was performed using Cu-Kα X-ray radiation, and with generator
settings of 40 mA and 45 kV. The elemental composition of the machined DSS-2205 specimen was
analyzed via energy-dispersive X-ray spectroscopy (EDX; incorporated with FE-SEM) to observe the
EDMed samples.

2.6. Investigation of Tribological Characteristics

Additionally, the sample exhibiting superior output responses i.e., high material removal and
roughness were investigated for their tribological performance using a pin-on-disc type tribometer
(DUCOM Instrument, Bangalore, India). ASTM G99-17, a standard for pin-on-disc wear analysis was
followed and the EN31 steel disc of diameter 120 mm and thickness 20 mm was used to test the wear
of the specimens at 100 rpm rotation speed. Test lubricant (ringer solution), track diameter (80 mm),
steady load (70 N) and running time (3600 s) remains constant for each experimental run. The working
operation of the tribometer, and calculations of wear, friction values obtained via associated software
(TR-20LE) built-in with the attached computer system.

2.7. Microhardness and Recast Layer Thickness Measurement

German made; Mitutoyo microhardness tester was used under low-force hardness scale (HV 0.2)
with a test force-load of 1.96 N for a dwell time of 10 s. The microhardness was figured thrice at
distinct points, and an average value was noted for the calculation. The EDMed sample with superior
output responses and correlated to tribological performance was cut cross-sectionally for measuring
the recast layer thickness. The diamond paste was utilized for the mirror-polished of the substrate.
The surface morphological investigation of a cross-section of the EDMed substrate depicted the recast
layer thickness that was measured at five different positions at the transverse section and its average
value was recorded.

2.8. Surface Wettability (Contact Angle Measurement)

The surface wettability of the alloy is the crucial property that impacts the other significant
characteristics and also influences the enduring usage of the alloy substrate [31]. The hydrophobic or
hydrophilic nature of the surface represented the wettability which was measured by the water contact
angle (WCA). If WCA is greater than 90◦, the surface is represented as hydrophobic, whereas, the angle
lesser than 90◦ with the surface is considered as hydrophilic [32]. The wettability investigation was
executed by utilizing a contact angle goniometer (Model 790; make: Rame–Hart instrument, USA)
where the contact angle was computed in an environmental chamber through the sessile drop technique
at 28 ◦C. The surface was cleaned with acetone solution before the experimentation. The contact angle
of the substrate was measured at five different positions and an average value considered and reported
as WCA. The digital camera captured a 20 µL distilled water profile of the droplet set on top of the
substrate surface by a Gilmont microsyringe.

3. Results and Discussion

The present study predicts and optimizes the ED machining performance parameters for duplex
stainless steel (DSS-2205). All the experimental trials were carried out thrice (i.e., 18 × 3 = 54 runs) to
minimize the error and for precise outcomes. The respective results in Table 3 signified the average
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material removal rate and surface roughness values attained from each experimental run, followed
by the standard deviation (i.e., Avg. ± S.D). Further, these results were investigated statistically via
ANOVA and the most significant parameters that influence these outcomes were investigated.

Table 3. Experimental L18 array design matrix and output response observations.

Exp.
Trial

Levels of Controllable Parameters Output Responses

I
(A)

P-on
(µs)

P-off
(µs)

Electrode
Dielectric
Medium

MRR
(mm3/min)
Avg. ± SD

S/N Ratio
(MRR)

SR
(µm)

Avg. ± SD

S/N
Ratio
(SR)

1. 1 1 1 1 1 4.06 ± 0.23 12.1585 0.14 ± 0.05 −17.68
2. 1 2 2 2 1 3.85 ± 0.29 11.6704 0.56 ± 0.07 −5.17
3. 1 3 3 3 1 3.98 ± 0.14 11.9995 0.71 ± 0.07 −3.00
4. 2 1 1 2 1 13.41 ± 0.96 22.5151 0.26 ± 0.02 −11.75
5. 2 2 2 3 1 18.38 ± 0.49 25.2822 1.0 ± 0.09 -0.36
6. 2 3 3 1 1 10.31 ± 0.13 20.2695 0.2 ± 0.04 −17.25
7. 3 1 2 1 1 14.49 ± 0.21 23.2229 0.13 ± 0.04 −19.02
8. 3 2 3 2 1 27.82 ± 0.04 28.8871 1.4 ± 0.08 2.79
9. 3 3 1 3 1 39.4 ± 0.98 31.9058 1.21 ± 0.06 1.65
10. 1 1 3 3 2 3.1 ± 0.05 9.8251 0.23 ± 0.04 −13.14
11. 1 2 1 1 2 4.36 ± 0.67 12.6451 0.40 ± 0.01 −7.82
12. 1 3 2 2 2 0.14 ± 0.04 −17.2078 0.30 ± 0.06 −11.44
13. 2 1 2 3 2 4.29 ± 0.6 12.5315 0.19 ± 0.05 −14.93
14. 2 2 3 1 2 5.38 ± 0.37 14.5921 0.08 ± 0.02 −22.50
15. 2 3 1 2 2 1.01 ± 0.04 0.1421 0.18 ± 0.03 −15.14
16. 3 1 3 2 2 7.45 ± 0.45 17.4242 0.28 ± 0.05 −11.27
17. 3 2 1 3 2 28.18 ± 0.66 28.9952 1.3 ± 0.08 2.24
18. 3 3 2 1 2 12.84 ± 0.30 22.1710 0.26 ± 0.02 −11.78

3.1. MRR Results Investigation by ANOVA

Table 4 detailed the ANOVA results for the material removal rate of DSS-2205 alloy. The F-values,
with a confidence level of 95%, acquainted the influential factors that extremely affect the substrate
surface responses after machining. The parameters with higher F-value reveal its superior impact on
the output machining responses. Likewise, the p-value indicated the significance level of the input
controllable factor. The signal-to-noise ratios (S/N ratios) results of MRR represented current as of the
most significant factor that majorly contributes in removing the material from DSS-2205 alloy, followed
by the dielectric medium and electrode material.

Table 4. ANOVA for Material Removal Rate.

Source DF
Sum of
Squares

Mean
Squares

F-Value p-Value
%

Contribution

Current 2 1036.56 518.28 18.34 0.001 * 45.18
Pulse-on-time 2 232.70 116.35 4.12 0.059 10.14
Pulse-off-time 2 89.57 44.78 1.58 0.263 3.90

Electrode 2 290.77 145.39 5.15 0.037 * 12.67
Dielectric medium 1 418.50 418.50 14.81 0.005 * 18.24

Error 8 226.05 28.26
Total 17 2294.14

* Significant at 95% confidence level

However, the p-values (>0.05) for pulse-on-time and pulse-off-time are not considerable;
consequently, both are in-significant factors for machining of DSS-2205 under the selected range of
parametric settings. The machined alloy sample as per the parametric settings of trial 9, demonstrates
the highest material removal rate (39.4± 0.98 mm3/min). These results are in accordance with previously
reported studies, where researchers reported discharge current, pulse-on duration, dielectric type
and electrode material as the most significant factors for the EDM performance affecting the output
responses [33–35]. The optimum parameters for maximum material removal rate of DSS substrates
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were examined from the S/N ratios plot (Figure 2) as 16 A of current, P-on = 150 µs, P-off = 60 µs,
and use of W-Cu electrode in EDM oil.

Figure 2. Main effect plot for S/N ratios of Material Removal Rate.

3.2. SR Results Investigation by ANOVA

Table 5 depicts the analysis of variance results for the input factors in order to observe their
dominance affecting the S/N ratios outcome of the surface roughness. From ANOVA results, electrode
material (p-value: 0.001) was the most significant factor with a confidence level of 95% that influences
the surface roughness of the machined substrates. The other factors such as, pulse-on-time (p-value:
0.003), current (p-value: 0.011) and dielectric medium (p-value: 0.033) also play a momentous role in
producing the rough surfaces. The S/N ratios plot (Figure 3) disclosed that the DSS alloy samples
machined in EDM oil with copper- tungsten (Cu/W) electrode at 16 A current, 150 µs pulse-on-time
with a 60 µs pulse-off-time provided the more substantial surface roughness responses.

Table 5. ANOVA for Surface Roughness.

Source DF
Sum of
Squares

Mean
Squares

F-Value p-Value
%

Contribution

Current 2 180.62 90.31 8.31 0.011 * 17.39
Pulse-on-time 2 271.23 135.62 12.48 0.003 * 26.11
Pulse-off-time 2 25.38 12.69 1.17 0.359 2.50

Electrode 2 402.08 201.04 18.50 0.001 * 38.73
Dielectric medium 1 72.03 72.03 6.63 0.033 * 6.94

Error 8 86.94 10.87
Total 17 1038.28

* Significant at 95% confidence level
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Figure 3. Main effect plot for S/N ratios of Surface Roughness.

Among all the trials, specimen machined according to the parameter set of trial 8 exhibits a highly
rough surface (Ra = 1.4 ± 0.08 µm). The results showed that some other machined substrates also have
improved surface roughness as compared to the un-machined surface (Ra = 0.64 µs). These outcomes
also endorsed the prominence of EDM in the biomedical field, where surface roughness plays a crucial
role in the adequate engagement of human tissues and bones with implant surface [36–38].

3.3. Surface Morphology and Compositional Analysis of Machined Surface

Figure 4 illustrates the surface morphology of the EDMed substrates (trial 8 and trial 9) exhibiting
excellent results of material removal rate and surface roughness. Both the machined substrates showed
micro and macropores and re-solidified metallic droplets on the surface. It is observable from the
images (Figure 4a,b) that higher spark energy (Spark Energy = Current × P-on × Voltage) generate
pores along with small peaks and valleys on the EDT surface [39,40]. The presence of the pores and
molten metal droplets on the surface promotes the biological performance of the substrates [41].

Figure 4. FE-SEM images illustrate surface roughness (a) Sample 8 (Ra = 1.4 µs), and (b) Sample 9
(Ra = 1.21 µs).

The EDX spectrum of the EDMed sample (trial 9) exhibiting higher material removal and surface
roughness represented in Figure 5a. The presence of basic elements of DSS alloys viz. Fe, Ni, Cr,
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Mo, Mn and C was observed on the surface. Moreover, apart from base elements of alloy, the high
percentage of oxygen element was also observed on the machined substrate. The EDX outcome of phase
transformation of the machined substrate is also affirmed by the XRD pattern (Figure 5b). The formation
of compounds viz. rhombohedral structured iron oxide (Fe2O3), major phase of CrMn1.5O4, tetragonal
structured iron-chromium (Fe-Cr), hexagonal structured chromium oxide (Cr2O3) and tungsten carbide
(WC) on the machined surface improves the wear resistance of the alloy. The presence of these oxides
and carbides on the surface also improves the biocompatibility of alloy substrate due to which DSS
alloy can also utilize in the biomedical domain.

Figure 5. (a) EDS elemental spectrum and (b) XRD pattern of EDMed substrate.

3.4. Tribological Performance Analysis of Machined Surface

The machined sample with superior outcomes i.e., trial 9 was further assessed for their tribological
performance. Moreover, the wear rate and coefficient of friction of the EDMed substrates were
compared with the untreated substrate of DSS alloy. Table 6 demonstrates the wear characteristics of
both treated and untreated substrates. It has been noticed that the wear rate of an untreated substrate
(3.52 ± 0.15 × 10−5 mm3/Nm) was higher than the EDMed substrate (1.23 ± 0.11 × 10−5 mm3/Nm).
Figure 6a represented the wear rate comparison of both specimens, whereas, the coefficient of friction
with time for both pin substrates is showed in Figure 6b. It has been portrayed that the co-efficient of
friction (µ) value of the un-machined specimen (µaverage = 0.32) is greater than the EDMed substrate
(µaverage = 0.23).

Table 6. Wear rate and co-efficient of friction (COF) of samples.

Sr. No. Sample

N = 1 N = 2 N = 3 Avg. ± SD

COF
Wear Rate
(mm3/Nm)

COF
Wear Rate
(mm3/Nm)

COF
Wear Rate
(mm3/Nm)

COF
Wear Rate
(mm3/Nm)

1. Untreated 0.317 3.52 × 10−5 0.322 3.68 × 10−5 0.312 3.37 × 10−5 0.317 ± 0.005 3.52 × 10−5 ± 0.15
2. Treated 0.237 1.05 × 10−5 0.246 1.13 × 10−5 0.231 0.97 × 10−5 0.238 ± 0.007 1.05 × 10−5 ± 0.08
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Figure 6. (a) Wear rate comparison of untreated and treated samples; (b) Variation of the co-efficient of
friction of samples; (c) Cross-section of the EDMed substrate.

Wear appearances for the EDMed and un-machined specimens were depicted by FE-SEM images.
The un-machined surface was witnessed with flakes, pits and deep grooves (Figure 7a). However,
the machined specimen was found with black patches that symbolized the tribochemical reaction
(specimen surface wear in the high oxide atmosphere) (Figure 7b). Moreover, the machined surface
was noticed with light scratches and no delamination that reveal the high wear resistance of the
substrate [42–44]. Evidently, electric discharge machining at elevated temperature results in the
chemical reaction between the dielectric fluid and the workpiece material elements. It results in the
formation of carbide and oxide layers on the substrate that improves the wear resistance of the surface.

Figure 7. FE-SEM images represent the wear appearances of (a) Untreated substrate; (b) EDMed
substrate.
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3.5. Analysis of Microhardness and Recast Layer Thickness

Micro-hardness results are also in-line with wear resistance outcomes. EDMed DSS substrate
(trial 9) showed 487 HV0.2 micro-hardness, which was 1.46 (approx.) times better than the un-machined
surface (334 HV0.2) of DSS alloy. These results were further affirmed by the investigation of the recast
layer thickness of the machined surface. The cross-section image of the treated substrate was witnessed
with the thick recast layer (53.952 µm) on the surface (Figure 6c). The re-deposition of melting material
droplets from a working specimen as well as a tool electrode could be the possible reason for the recast
layer on the machined substrate [45,46]. The outcomes portrayed improved resistance towards wear
and micro-hardness of the machined substrate in comparison with an untreated substrate that admires
the EDMed substrate in various industrial applications.

3.6. Surface Wettability Analysis

The WCA scrutinization demonstrated the hydrophobic or hydrophilic nature of tested substrates.
The contact angles procured on untreated and treated substrates after 10s are represented in Figure 8.
The results clearly showed that the EDM considerably improved the wettability of the surface.
The WCA of the machined surface was 78.27 ± 0.41◦ respectively signifying the hydrophilic surface.
The un-machined surface was hydrophobic with WCA of 105.96 ± 0.52◦ (above 90◦). These results
were in accordance with surface roughness outcomes. However, the surface roughness of the substrate
has a huge impact on the wettability of the surface. Some researchers reported the direct relation
between surface roughness and wettability [47]. The increased surface roughness leads to enhance the
surface free energy by offering the expanded surface area to water droplet [48,49]. Therefore, surface
alteration enhances the wetting responses of surface that endorse the machined substrate applications
in the biomedical domain, lubrication and for different coatings [50,51].

Figure 8. Contact angle illustration of (a) Untreated surface; (b) EDMed surface.

4. Conclusions

The present study described the processing of duplex stainless steel (DSS-2205) alloy by EDM using
graphite, copper-tungsten and tungsten as electrodes in two different dielectric mediums, namely EDM
oil and deionized water. Based on the result, following conclusions have been drawn.

The dominating factors depicting maximum material removal rate (39.4 ± 0.98 mm3/min)
were current (contribution: 45.10%), dielectric medium (contribution: 18.24%), and electrode
(contribution: 12.67%).

The higher surface roughness accelerates the osseointegration process of bioimplant. The most
significant parameters for higher surface roughness (Ra = 1.4 ± 0.08 µm) were electrode (contribution:
38.72%), pulse-on-time (contribution: 26.11%), and current (contribution: 17.39%).

From the S/N ratios plot, the optimum parametric combinations for favorable MRR and SR values
by ED machining of DSS substrate are, EDM oil as dielectric medium, W/Cu electrode and current at
16 A, pulse-on-time at 150 µs coupled with the lowest pulse-off-time (i.e., 60 µs).

The FE-SEM and XRD examination confirmed the evenly distributed porous surface, and formation
of oxides and other intermetallic compounds on the DSS-2205 surface machined at higher spark energy
in the presence of EDM oil as a dielectric medium.
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Moreover, EDMed substrate with higher MRR and surface roughness also exhibited enhanced
wear resistance and surface wettability responses as compared to untreated DSS alloy substrate.
The results also illustrated that EDMed DSS-2205 could be employed in the biomedical field.
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Abstract: Three-dimensional (3D) microelectrodes used for processing 3D microstructures in
micro-electrical discharge machining (micro-EDM) can be readily prepared by laminated object
manufacturing (LOM). However, the microelectrode surface always appears with steps due to the
theoretical error of LOM, significantly reducing the surface quality of 3D microstructures machined
by micro-EDM with the microelectrode. To address the problem above, this paper proposes a filling
method to fabricate a composite 3D microelectrode and applies it in micro-EDM for processing
3D microstructures without steps. The effect of bonding temperature and Sn film thickness on the
steps is investigated in detail. Meanwhile, the distribution of Cu and Sn elements in the matrix
and the steps is analyzed by the energy dispersive X-ray spectrometer. Experimental results show
that when the Sn layer thickness on the interface is 8 µm, 15 h after heat preservation under 950 ◦C,
the composite 3D microelectrodes without the steps on the surface were successfully fabricated,
while Sn and Cu elements were evenly distributed in the microelectrodes. Finally, the composite 3D
microelectrodes were applied in micro-EDM. Furthermore, 3D microstructures without steps on the
surface were obtained. This study verifies the feasibility of machining 3D microstructures without
steps by micro-EDM with a composite 3D microelectrode fabricated via the proposed method.

Keywords: micro-EDM; composite 3D microelectrode; diffusion bonding; step; 3D microstructure

1. Introduction

Micro electrical discharge machining (micro-EDM), as a non-conventional machining technology,
possesses unique advantages, such as non-contact machining nature and negligible cutting force, and is
capable of machining any electrically conductive materials regardless of the hardness. Thus, micro-EDM
was widely used to machine automotive, aerospace and surgical microstructures [1–4].

For the fabrication of three-dimensional (3D) microstructures, the current micro-EDM technology
usually utilizes a layer-by-layer milling process with a cylindrical microelectrode. Yu et al. [5] developed
a uniform wear method (UWM) for 3D micro-EDM. Based on the UWM, various complicated 3D
microstructures were successfully fabricated via layer-by-layer scanning micro-EDM with a cylindrical
electrode. Reynaerts et al. [6] fabricated a 3D microstructure consisting of two planes inclined under
45◦ in silicon by EDM milling, and found that the EDM process was independent of the silicon crystal
orientation. Rajurkar et al. [7] integrated computer aided design and manufacturing (CAD/CAM)
systems with micro-EDM, while accounting for tool wear utilizing UWM, and successfully generated
various complex 3D micro cavities. Bleys et al. [8,9] introduced improved wear compensation and
real-time wear sensing based on discharge pulse evaluation in EDM milling, achieving the accurate
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machining of square and hexagonal pockets. Zhao et al. [10] applied CAD/CAM system in micro-EDM
to improve the machining quality, and successfully prepared a human face embossment with a
dimension of 1 mm × 0.4 mm using a 30 µm diameter copper rod electrode.

To improve the machining accuracy and efficiency, based on the scanned area in each layer
machining, Li et al. [11] proposed a new compensation method, which was integrated with a CAD/CAM
system in 3D micro-EDM milling to generate 3D micro cavities. According to the proportional
relationship between the removed workpiece volume and the number of discharge pulses, Jung et al. [12]
developed a control method for a micro-EDM process using discharge pulse counting, improving the
machining efficiency and accuracy without complex path planning to compensate electrode wear.
Using a machine vision system, Yan et al. [13] proposed a multi-cut process planning method and an
electrode wear compensation method for layer-by-layer 3D micro-EDM. Various 3D microstructures,
such as pyramid cavity, hexagonal pyramid cavity, rectangular pyramid, and cone cavity, were prepared.
This approach significantly improved machining accuracy and reduced machining time.

To improve the machining stability and the effective discharge ratio, Tong et al. [14] proposed
workpiece vibration-assisted servo scanning 3D micro-EDM. With the optimized parameters, a series
of 3D microstructures such as double-prism cavity with hemisphere, round cavity with hemisphere,
camber and rectangular pyramid were prepared. To improve the machining surface quality and reduce
electrode wear, Song et al. [15] developed a spray EDM milling method with a bipolar pulsed power
source and deionized water. To improve the machining performance, such as material removal rate,
electrode wear ratio and surface roughness, Yu et al. [16] combined the linear compensation method and
the UWM to machine 3D microstructures in micro-EDM. Bissacco et al. [17,18] proposed a new method
based on the discharge counting and discharge population characterization, effectively compensating
tool electrode wear in micro-EDM milling.

Based on the established mathematical model of erosion depth, Li et al. [19] proposed a strategy
of scanning speed adjusted with layer in 3D micro-EDM milling, effectively lowering the accumulative
depth error to less than 1% under appropriate conditions. Tong et al. [20] proposed an on-machine
process of rough-and-finishing servo scanning 3D micro-EDM to machine 3D micro cavities. In the
rough machining process, high discharge energy and large-diameter tool electrodes were used to
improve processing efficiency. In the finishing machining process, a small amount of material was
removed by changing multi-factors of machining parameters. Based on the discharge pulse behavior,
Wang et al. [21] combined off-line and in-line adaptive tool wear compensation to achieve effective and
efficient tool wear compensation in micro-EDM milling, and prepared hemisphere, cone and pyramid
cavities, with good form accuracy on the stainless steel. Tong et al. [22] developed a novel process of 3D
servo scanning micro-EDM with the movement of two-axis linkage and one-axis servo, and efficiently
and cheaply machined 3D complex micro driving structures pierced through thin-walled micro tube of
NiTi SMA. D’Urso et al. [23] fabricated a micro-pocket on zirconium carbide ceramics by micro-EDM
milling using a tungsten carbide cylindrical electrode of diameter 0.3 mm.

Micro-EDM milling simplifies the 3D machining into two-dimensional (2D) laminated scanning,
however, the machining time is still long [5,10], which is mainly caused by the smaller cross section of the
microelectrode and the milling strategy. To improve the anti-interference ability of the microelectrode,
Xu et al. [24] introduced a foil queue microelectrode in micro-EDM to fabricate a 3D microstructure.
The impacts of machining voltage and pulse width on rounded corner wear at the end of the foil
microelectrode and the step effect on the 3D microstructure surface were investigated. The 3D
microstructures with hemispherical shapes were successfully machined, and the dimensional errors of
the 3D microstructures were less than 10 µm. Using the difference in the wear rates of different materials
in EDM, Lei et al. [25] fabricated surface microstructures on Ti–6Al–4V alloy workpieces by EDM
with laminated disc electrodes made of Cu and Sn foils, converting disadvantageous phenomenon
of wear into a beneficial process. There was physical contact without metallurgical reaction between
the foils. To improve the machining efficiency, based on the laminated object manufacturing (LOM),
Xu et al. [26] fabricated a laminated 3D microelectrode with a complicated contour and shape via
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combining wire electrical discharge machining (WEDM) and thermal diffusion welding, and used
the 3D microelectrode stacked by Cu foils to manufacture 3D microstructures by an up-and-down
reciprocating machining method. To improve the machining accuracy, Xu et al. [27] prepared a 3D
queue microelectrode by WEDM and vacuum pressure thermal diffusion welding, and applied it in
micro-EDM to machine 3D microstructures. However, numerous and obvious ridges emerged on the
machining surface of the 3D microstructure duo to imperfect thermal diffusion bonding between the
Cu foils. To eliminate ridges on the machining surface, using Cu foils coated with Sn film as laminated
materials, Lei et al. [28] manufactured laminated composite 3D microelectrodes by femtosecond
laser cutting using a bending-and-avoidance mode and transient liquid phase bonding. Moreover,
3D microstructures without ridges on the surface were successfully machined by up-and-down
reciprocating micro-EDM with the composite 3D microelectrodes.

LOM, as an additive manufacturing technology, is capable of fabricating various complex 3D
functional micro parts. Without doubt, the LOM technology is suitable for preparing complex 3D
microelectrodes, which are difficult to fabricate by traditional machining methods. However, when the
3D microelectrode possesses an inclined plane or curved surface, steps inevitably occur on the 3D
microelectrode surfaces, due to the theoretical errors of LOM [29], and the steps are copied to the 3D
microstructure surface on the workpiece.

To solve the problem above, the paper proposed a filling method to eliminate the steps on the 3D
microelectrode surface. First, femtosecond laser was used for cutting Cu foils coated with Sn to obtain
2D layers. Then, 3D microelectrodes without steps were fabricated by applying the layers to thermal
diffusion bonding, through which they were bonded and partially melt-softened (Cu) on the interface
fills in the steps. Finally, 3D microstructures with no steps were successfully fabricated by micro-EDM
using these electrodes.

2. Experimental Details

2.1. Experimental Setup

The main experimental setup for fabricating 3D microelectrodes and performing micro-EDM
consists of a femtosecond laser, a PI motion platform, a high frequency pulse power supply,
an oscilloscope, a control system and a vacuum furnace.

The titanium sapphire femtosecond laser, with a central wavelength of 800 ns, a pulse duration
of 35 fs, a maximum repetition frequency of 1 kHz and pulse energy of 4 mJ, from Coherent Inc.
was used to cut Cu foils coated with and without Sn to obtain 2D microstructures (Figure 1a) [30].
The high precision motion platform (model: M511.DD) made by Germany, PI was used to control
the femtosecond laser cutting path and perform micro-EDM experiments. The maximum strokes of
X/Y/Z-axis were 100 mm and the motion accuracy of each axis was of 0.2 µm. A wire EDM machine
manufactured by HI-LINK Precision Machinery Co., Ltd., (Shenzhen, China) (model: H-CUT 32F),
was used on fabricated samples for observation and characterization. The maximum stroke of X-axis,
Y-axis and Z-axis were 400 mm, 320 mm and 400 mm, respectively. The location precision was 1 µm
for all axes.

The schematic diagram of micro-EDM setup is shown in Figure 1b. A laminated 3D microelectrode
was fixed on the PI platform to machine microstructures through a back and forth reciprocating
machining strategy. The high frequency pulse power supply was used to generate ultra-short pulse
signal and the machining process was real-time monitored using the oscilloscope. The pictures of
experimental setup are displayed in Figure 2a–f.
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Figure 1. Schematic diagram of experimental setup: (a) Femtosecond laser cutting system; (b) Micro-
electrical discharge machining (micro-EDM) system.
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Figure 2. Pictures of experimental setup: (a,b) Femtosecond laser cutting system; (c) Micro-EDM
platform; (d) Pulse power supply; (e) Vacuum furnace; (f) Wire EDM machine.

2.2. Experimental Materials and Conditions

Here, 50-µm-thick Cu foils coated with Sn on both sides were utilized to fabricate 3D
microelectrodes. The thicknesses of Sn were 0 µm, 0.5 µm, 2.0 µm, and 4.0 µm, respectively. That is,
the thickness of Sn layer in the sandwich structure was 0µm, 1µm, 4µm, and 8µm, respectively. Notably,
1 mm thick #304 stainless steel was used as a workpiece to machine microstructures. The working
fluid used in the micro-EDM process was deionized water. According to the previous study [26–28],
the machining conditions are selected to prepare the 3D microelectrodes and microstructures, as listed
in Table 1.

Table 1. Machining conditions for femtosecond laser cutting, EDM and thermal diffusion bonding.

Parameters Femtosecond Laser Cutting EDM Thermal Diffusion Bonding

Central wavelength 800 nm - -
Laser power 400 mW - -

Cutting speed 100 µm/s - -
Pulse duration 35 fs 800 ns -
Pulse interval - 4200 ns -

Pulse frequency 1 kHz 0.2 MHz -
Machining voltage - 90 V -

Peak current - 0.1 A -
Bonding temperature - - 900, 950, 1000 ◦C

Bonding time - - 15 h
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2.3. Measurement and Evaluation

For observation and characterization, the fabricated 3D microelectrodes and the machined
microstructures were cut by wire EDM and were polished afterwards. The morphology of the samples
was observed by scanning electron microscopy (SEM) (S-3400N, Hitachi, Co., Ltd., Tokyo, Japan).
To analyze the distribution of Cu and Sn in the steps and the matrix, energy dispersive X-ray
spectrometer (EDS) point analysis was employed. The wear of the 3D microelectrodes and the surface
roughness of the machined microstructures were measured by a laser scanning confocal microscope
(VK-X250, KEYENCE, Osaka, Japan).

3. Results and Discussion

3.1. Fabrication of the Laminated 3D Microelectrode and the Microstructure

Based on the LOM technology, the process of fabricating 3D microelectrodes and microstructures
is generally performed by the following steps:

(1) CAD modeling and pre-process. Based on a 3D microstructure model, a 3D microelectrode model
was prepared. Then, the 3D microelectrode model was sliced into several thin cross-sectional
layers in a given direction by slicing software. After that, the total layer number and the profile
data of each 2D cross-sectional layer were obtained, as shown in Figure 3a.

(2) Femtosecond laser cutting. One end of the same multi-layer Cu foils coated with Sn on the both
sides was clamped on a fixture, and the other end of the first layer was fixed on the fixture by
a magnet. The other layers of the Cu foils coated with Sn were bent upward with a stopper to
leave enough space for femtosecond laser cutting (Figure 3b). After completion of the first layer
cutting (Figure 3c), it was bent downward with the stopper, and the former upward end of the
second layer was fixed on the fixture (Figure 3d). With the above steps repeated (Figure 3d,e),
multi-layer 2D microstructures were obtained (Figure 3f).

(3) Diffusion bonding. The obtained multi-layer 2D microstructures were first cleaned using ethanol
in an ultrasonic bath to remove contamination and dried with nitrogen at room temperature.
After cleaning, they were sandwiched between two graphite blocks and placed in a vacuum
furnace, where they were pressed by a constant pressure (36 KPa). Diffusion bonding was finally
carried out at the required temperature at the rate of 20 ◦C/min to obtain 3D microelectrodes
(Figure 3g,h).

(4) Micro-EDM. The obtained 3D microelectrode was installed on the micro-EDM platform to machine
3D microstructures. The obtained 3D microstructure is shown in Figure 3i.

3.2. Bonding Temperature

Bonding temperature plays a great role on Cu-Sn interface reaction and the component of the
compounds. To fully eliminate the steps on the surface of the 3D microelectrodes, Cu foils coated with
4-µm-thick Sn on both sides were chosen to fabricate V-shaped 3D microelectrodes. Figure 4 shows the
cross-section profile of the V-shaped microelectrodes when bonding time is 15 h, bonding temperature
is 900 ◦C, 950 ◦C and 1000 ◦C respectively. The bonding time of 15 h can guarantee that Sn and Cu
atoms diffuse adequately [28]. It can be seen that, when bonding temperature was 900 ◦C, the steps
were obvious, and no interface compounds was extruded at the steps (Figure 4a). EDS point analysis
was carried out on the interface, which showed a content of nearly 5 wt.% Sn. Cu-Sn phase diagram
(Figure 5) presented (Cu) was still in solid state under this temperature. Therefore, under constant
pressure could not be squeezed into the steps. While temperature increased to 950 ◦C, the steps
disappeared (Figure 4b). On the interface and the steps, the content of Sn was still around 5 wt.%,
at which interface compound was on solid phase line (α + L), namely the critical melting point.
Under the action of a constant pressure of 36 KPa, the interface compound (Cu) was gradually squeezed
to the steps and after 15 h full diffusion reaction, thus V-shaped microelectrodes were with no steps.
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As the temperature further went up to 1000 ◦C, interface compounds crossed the line and were
totally in phase (α + L), featured by rheological behavior. With pressure working together, V-shaped
microelectrodes were badly deformed (Figure 4c), which explained the reason that 950 ◦C was the
optimized temperature.

Figure 3. Schematic diagram for fabricating 3D microelectrode and microstructure.

μm

α + L

α + L

 

Figure 4. Sectional views of microelectrodes fabricated with different bonding temperatures: (a) 900 ◦C;
(b) 950 ◦C; (c) 1000 ◦C.
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Figure 5. Cu-Sn phase diagram [30].

3.3. Thickness of the Sn Film

To study the effect of Sn layer thickness on the steps, Cu foils (50 µm in thickness) coated with
Sn film in different thickness were chosen to machine V-shaped microelectrodes. Then, the prepared
microelectrodes were carried out micro-EDM to fabricate V-shaped microstructures on a #304 stainless
steel workpiece. The process parameters were: machining voltage of 90 V, pulse width of 800 ns,
pulse interval 4200 ns.

When the thickness of Sn layer was 0 µm, the steps were obvious on the interface, bonding quality
between Cu foils was poor (Figure 6a), and the microstructures machined using this microelectrode
had clear steps on the surface (Figure 6e). As the thickness of Sn layer grew to 1 µm, though with
a much better bonding of the Cu foils, the steps existed on the microelectrodes (Figure 6b) and
were further copied to microstructures (Figure 6f). While the thickness of Sn continued to increase,
partially melt-softened (Cu) was extruded out and flowed to the steps. After 15 h full diffusion reaction,
the steps on the surface of the V-shaped microelectrodes decreased (Figure 6c,d) and so did those on
the corresponding 3D microstructures (Figure 6g,h). However, on the other hand, if the Sn layer is
too thick, the extruded (Cu) would be beyond the capacity of the steps, decreasing the quality of the
microelectrodes. Therefore, as for Cu foils 50 µm thick, the optimized thickness of Sn layer on the
interface would be 8 µm.

3.4. The Distribution of Elements

A uniform distribution of Cu and Sn elements on the 3D microelectrodes was beneficial for
obtaining identical resistivity at each position of the microelectrode. With the bonding temperate of
950 ◦C and Sn layer thickness of 8 µm, a laminated composite 3D microelectrode was fabricated to
study the distribution of Cu and Sn elements. EDS was chosen to analyze the steps and matrix of
the microelectrodes.

Figure 7a illustrates section view of the V-shaped composite 3D microelectrode with no steps and
EDS was carried out on point #1 to point #9. The experimental results are shown in Figure 7b. It could
be seen from the diagram that all the points had uniform contributions of Cu and Sn, which indicated
that after 15 h sufficient diffusion under 950 ◦C, Cu and Sn evenly distributed in the 3D microelectrodes.
It effectively avoided the production of ridges due to the uneven distribution of Cu and Sn. Figure 7c,d
respectively represent the energy spectra of point #1 and point #5 in Figure 7a. The composite 3D
microelectrode mainly contained Cu and Sn. C and O may have resulted from the graphite blocks
during the thermal diffusion bonding of multi-layer 2D microstructures. The content of C and O were
both very low and did not affect the machining performance of the microelectrodes.
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and Sn layer thickness of 8 μm, a laminated composite 3D microelectrode was fabricated

Figure 6. Sectional views of microelectrodes fabricated with different Sn layer thickness: (a) 0 µm;
(b) 1 µm; (c) 4 µm; (d) 8 µm; (e–h) Corresponding sectional views of microstructures machined with
these microelectrodes.
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Figure 7. (a) Sectional views of microelectrodes; (b) The distribution of Cu and Sn along the laminated
direction; (c) energy dispersive X-ray spectrometer (EDS) result of point #1; (d) EDS result of point #5.

3.5. Fabrication of the Microstructure with a Hemisphere

To verify the feasibility of the process, two kinds of 3D microstructures were designed, as shown
in Figure 8a,c. It is well known that tool electrode wear inevitably significantly reduces the machining
accuracy of microstructures. Therefore, the queued 3D microelectrode models were established
according to the 3D microstructures (Figure 8b,d).

 

μm thick Cu foils coated with 4 μm thick Sn films on both sides were cut by a 

μm/s cutting speed. The multi

Figure 8. Models of (a,c) 3D microstructures and (b,d) queued 3D microelectrodes.

Notably, 50-µm-thick Cu foils coated with 4 µm thick Sn films on both sides were cut by
a femtosecond laser beam to obtain multi-layer 2D microstructures. To obtain high quality 2D
microstructures, the cutting parameters of femtosecond laser were a 400 mW laser power and a
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100 µm/s cutting speed. The multi-layer 2D microstructures were heated up to 950 ◦C for 15 h with
a pressure of 36 KPa in a vacuum furnace to obtain the queued 3D microelectrodes, as shown in
Figure 9a,c. It can be observed that there were no steps on the surface of the 3D microelectrodes.
This indicated that the steps had been filled effectively by the extruded melt-softened (Cu) during the
diffusion bonding process.

μm thick Cu foils coated with 4 μm thick Sn films on both sides were cut by a 

μm/s cutting speed. The multi

 

Figure 9. (a,c) Composite 3D microelectrodes; (b,d) 3D microstructures machined by EDM.

To further verify the elimination of the steps on the surface of the 3D microelectrode, the prepared
queued 3D microelectrodes were applied to back-and-forth micro-EDM in sequence, after which 3D
microstructures were gained, as shown in Figure 9b,d. The machining parameters were set as follows:
voltage 90 V, pulse width 800 ns, pulse interval 4200 ns, pulse frequency 0.2 MHz. The working fluid
was deionized water. It can be seen from Figure 9b,d that the arc surface of 3D microstructures had
no steps, which indicated that the steps on the 3D microelectrode surface were eliminated. By laser
scanning confocal microscopy, surface roughness analyses were carried out on the arc surface of
Figure 9b,d. The results were Ra = 1.365 µm and Ra = 1.51 µm, respectively. The use of deionized water
significantly reduced microelectrode wear. The wear of the first and the second microelectrode in the
queued 3D microelectrodes were 10 µm and 5 µm, respectively.

For comparison, under the same process conditions, Cu foils coated with 0.5 µm thickness Sn
film were used to fabricate queued 3D microelectrodes (Figure 10a,c), and the fabricated queued
3D microelectrodes were applied in micro-EDM to process 3D microstructures (Figure 10b,d).
The experiment results show that the steps on the surfaces of 3D microelectrodes and microstructures
were extremely obvious. It indicated that the amount of Sn on the interface was insufficient. Therefore,
the steps on the surfaces of 3D microelectrodes still existed. As a result, the steps were copied to the
machined surface of 3D microstructures from the 3D microelectrode surface.
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re 10 μm and 5 μm, respectively.
Cu foils coated with 0.5 μm thickness Sn 

 

2) When the thickness of Sn on Cu foil sides (50 μm thick) was 4 μm, bonding temperature was 

1.365 μm and 
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—

Figure 10. (a,c) Laminated 3D microelectrodes with steps; (b,d) Microstructures machined by micro-EDM.

4. Conclusions

In this paper, a filling method was proposed to eliminate the steps on the surface of laminated
composite 3D microelectrodes using melt-softened (Cu). The microelectrodes were then used to
machine 3D microstructures in stainless steel sheets by micro-EDM. The experimental results can be
summarized as follows:

(1) The bonding temperature had a great influence on the state of Cu-Sn intermetallic compounds.
The steps on the surface of laminated 3D microelectrodes were eliminated by controlling the
bonding temperature to make the melt-softened (Cu) fill in the steps.

(2) When the thickness of Sn on Cu foil sides (50 µm thick) was 4 µm, bonding temperature was
950 ◦C and bonding time was 15 h, the composite 3D microelectrode without steps on the surface
was successfully fabricated. Cu and Sn elements were uniformly distributed, both in the steps
and matrix.

(3) The queued composite 3D microelectrodes fabricated with the optimized parameters were
applied in micro-EDM, obtaining 3D microstructures without steps on the surfaces, significantly
improving the machining surface quality. The surface roughnesses were Ra = 1.365 µm and
Ra = 1.51 µm, respectively.
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Abstract: This paper presents wear and corrosion resistance analysis of carbon nanotubes coated
with Ti-6Al-4V alloy processed by electro-discharge treatment. The reported work is carried out
using Taguchi’s L18 orthogonal array to design the experimental matrix by varying five input process
parameters i.e., dielectric medium (plain dielectric, multi-walled carbon nanotubes (MWCNTs)
mixed dielectric), current (1–4 A), pulse-on-time (30–60 µs), pulse-off-time (60–120 µs), and voltage
(30–50 V). The output responses are assessed in terms of microhardness and surface roughness of
the treated specimen. X-ray diffraction (XRD) spectra of the coated sample reveal the formation
of intermetallic compounds, oxides, and carbides, whereas surface morphology is observed using
scanning electron microscopy (SEM) analysis. For the purpose of the in-vitro wear behavior of treated
samples, the surface with superior microhardness values in plain dielectric and MWCNTs mixed
dielectric is compared using a pin-on-disc type wear test. Furthermore, electrochemical corrosion test
is also conducted to portray the dominance of treated substrate of Ti-6Al-4V alloy for biomedical
applications. It is concluded that the wear-resistant and the corrosion protection efficiency of the
MWCNTs treated substrate enhanced to 95%, and 96.63%, respectively.

Keywords: electro-discharge treatment; Ti-6Al-4V; MWCNTs; surface characterization; wear resistance;
corrosion resistance

1. Introduction

Progress into medical diagnosis, therapy, and rehabilitation is not achievable without the
persistent advances in the development of novel or refined materials. Evolutions in the field of
metallic biomaterials have remarkably contributed to orthopedic, dental, cardiovascular, neural,
and urological praxis [1,2]. Ti-6Al-4V alloy is very favorable in orthopedic applications owing to high
weight-to-strength ratio, corrosion resistance, and biocompatibility. Yet, it possesses inferior wear and
abrasion resilience, due to low hardness, and releases of toxic ions from the alloy surface within the
human body environment [3]. The rather sub-standard tribo-characteristics and corrosion performance,
possessed by Ti-6Al-4V alloy, has prompted the progress of various surface treatment approaches that
include physical vapor deposition, chemical vapor deposition, dip coating, ion implantation, sol-gel,
thermal treatments, laser alloying, etc. [4,5].

Among all the frequently-used techniques for surface-treatment, electro-discharge treatment
(EDT) is a thermoelectric method that unfolded as a potential method for the surface modification
process [6,7]. As a progressive technique in modifying substrates, EDT widely used to improve
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the surface characteristics, chemical, mechanical, corrosion, and tribological behavior of the base
material [8]. In this process, the train of sparks within the electrodes resulted in the modification of
substrate surface due to the material transfer mechanism [9–11]. During the EDT process, the particles
of desired coating powder, added in the dielectric medium suspended around the discharge column,
accelerated and gained sufficient velocity to penetrate to the molten pool before solidification by means
of electrophoresis and negative pressure. This was induced after cessation of a discharge, which leads
a surface embedded with added fine particles [12]. This technique significantly affects the surface
characteristics of the modified surface, such as morphological structure and chemical compositional
analysis [13]. Moreover, the surface produced by EDT exhibited superior corrosion-resistance,
wear-resistance as compared to the untreated substrate material, and promoted bioactivity [14].

Various powders have been used by the researchers to investigate their machining performance and
influence on the surface characteristics of the machined surface. The most commonly utilized powders
are silicon, aluminum, chromium, silicon carbide, titanium, tantalum, boron carbide, and carbon
nanotubes [15]. The selection of powder in the dielectric medium significantly depends on the final
application of the product. For instance, carbon nanotubes exist in two variants, i.e., single-walled
carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). The MWCNTs are
concentrically aligned sheets of graphene in the shape of cylinders having an outer diameter in the range
of 20 to 50 nm [16]. These MWCNTs have been in the limelight in recent decades for exhibiting superior
properties pertaining to chemical, electrical, mechanical durability, strength, and bioactivity [17,18].
As a result, carbon nanotubes prominently found applications in the area of medicine and biomedical
industries [19,20].

Related Work

This section presents the overview of the research work associated with the surface modification
of Ti-6Al-4V alloy for improved wear-resistance, microhardness, corrosion-resistance, and bioactivity.
Sarraf et al. [21] reported the improved biological responses of Ti-6Al-4V alloy using the physical vapor
deposition method. They had used the tantalum pentoxide nanotube for the surface modification of
base metal and observed remarkable nanomechanical properties, wear-resistant, and corrosion-resistant
surface with a protective efficiency of 95% in comparison to the base metal. In another study, plasma
surface alloying was employed by Li et al. [22] to enhance the corrosion, and wear resistance of
Ti-6Al-4V by forming a coated layer of ZrO2/TiO2 for biomedical applications. They validated the
significance of the modified surface on their excellent performance in wear and corrosion testing.
Pogrebnjak et al. [23] demonstrated that the implantation of W and Mo ions, followed by annealing of
Ti-6Al-4V surface, resulted in improved nano-hardness and wear resilience, due to the formation of
nitrides, carbo-nitrides, and inter-metalloids. Man et. al. [24] enhanced the tribological properties of
Ti-6Al-4V alloy using laser diffusion nitriding. They found that the micro-hardness was increased by
2.3 times and wear resilience increased by 8 times compared to the substrate. Kgoete et al. [25] used the
spark plasma sintering method to process the Ti-6Al-4V alloy reinforced with µ-sized Si3N4 powder to
evaluate its corrosion behavior using electrochemical corrosion analysis. Numerous bioactive powders
were used by the researchers to enhance the surface competency of Ti-6Al-4V alloy for biomedical
applications [26]. However, in a review by Li et al. [27], it was concluded that the coating of CNTs on
biomaterials works as a promising combination for achieving satisfactory tissue engineering, hence
promoting cell attachment and proliferation. CNTs coating of Ti-6Al-4V alloy demonstrated enhanced
fracture toughness, wear-resistance, and biocompatibility making this more favorable for load-bearing
orthopedic implants. Deng et al. [28] concluded that the Ti-6Al-4V alloy surface treated with MWCNTs
showed superior bio-tribological properties, which is the necessary condition for the bioimplant
experiencing various loading conditions within the body. Similarly, Terada et al. [29] reported that the
titanium alloy, coated with MWCNTs, improved surface roughness, which accelerated cell adhesion
and proliferation.
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The present article addresses the influence of electro-discharge process on the microhardness,
surface roughness, surface morphology, phase transformation, wear, and corrosion behavior of
Ti-6Al-4V surface. In the first step, the significant impact of the selected process parameters on the
microhardness and surface roughness was analyzed. In the next step, the characterization of EDT
modified surface in terms of morphological and compositional analysis was completed by using SEM,
and XRD techniques. The Ti-6Al-4V alloy is well-established and a commonly used biomaterial for
orthopedics and dental implants, where wear-resistance and corrosion-resistance play a vital role in
long-term functioning of the implants. Therefore, pin-on-disc wear test and electrochemical corrosion
behavior of treated samples were performed.

2. Material and Methods

2.1. Material

Commercial grade-5, Ti-6Al-4V (α + β) titanium alloy was purchased in the form of a plate with
dimensions 160 × 80 × 5 (units: mm) from Baoji Fuyuantong Industry and Trade Co. Ltd., Baoji,
China and used as workpiece material. Electrolytic pure graphite procured from Mersen Germany
(Courbevoie, France), machined to 9.5 mm diameter was chosen as a tool electrode. Table 1 shows the
physical properties of the workpiece and electrode used in the present experimentation. Table 2 listed
the functionalized multi-walled carbon nanotubes (MWCNTs) properties, purchased from United
Nanotech, Bangalore, India. These MWCNTs were mixed in commercial-grade hydrocarbon oil (EDM
oil) to achieve the desired surface modification of Ti-6Al-4V alloy in EDT process.

Table 1. Physical properties of workpiece and electrode materials. Source: www.matweb.com.

Property Ti-6Al-4V Graphite

Chemical composition Ti: 89.54%; Al: 6.1%; V: 4.2%; Fe: 0.09%;
C: 0.03%; O: 0.03%; N: 0.003%; H: 0.001% Pure carbon

Size (mm) 70 × 70 × 5 Ø 9.5
Density (g/cm3) 4.43 2.26

Melting temperature (◦C) 1604–1660 3650
Thermal conductivity (W/m.K) 6.70 24.0

Specific heat (J/Kg ◦C) 526.3 0.7077
Electrical resistivity (Ω cm) 1.78 × 10−4 6.0 × 10−3

Table 2. Physical properties of MWCNTs. Source: Technical Data Sheet, provided with powder.

Property Description

Production Method Chemical Vapor Deposition
Available form Black powder

Diameter Outer Diameter: 10–30 nm
Length 10 microns

Nanotubes purity >95%
Metal particles <4%

Amorphous carbon <1%
Specific surface area 330 m2/g

Bulk density 0.04–0.06 g/cm3

2.2. Experimental Work

In this experiment, Taguchi’s L18 orthogonal array incorporating mixed-level design (21 × 34) was
selected. To draw valid conclusions, the machining parameters were current, pulse-on/off duration
and voltage with three levels whereas two types of dielectric medium were selected. The different
values for the levels were chosen from the pilot trials performed and reported in our earlier study [30].
Table 3 illustrates the machining parameters and the corresponding levels for the design of experiment.
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Table 3. Experimental process parameters with their respective levels.

Parameter Symbol Units
Levels

Level 1 Level 2 Level 3

Dielectric type A – Plain dielectric MWCNTs mixed dielectric –
Current B ampere 1 2 4

Pulse-on time C µ-seconds 30 45 60
Pulse-off time D µ-seconds 60 90 120

Voltage E volts 30 40 50

Table 4, illustrates the array of 18 experimental trials undertaken to investigate the potential
of selected machining parameters on output responses of EDT process. For experimental trials,
the numerical controlled electrical discharge machine with side flushing mechanism was used (make:
OSCARMAX, Taichung City, Taiwan; model: S645 CMAX). The trials were conducted in doublet i.e.,
a total of 36 experiments (18 × 2 runs) were carried out for more precise output responses. The set of
first nine experiments were conducted in plain dielectric type, i.e., EDM oil, followed by remaining
experiments in MWCNTs mixed dielectric medium. The concentration of MWCNTs (7 g/L) in the
dielectric medium was preferred on the basis of previously reported work by the authors, where higher
concentration causes unstable machining [30]. Figure 1 illustrates the indigenously developed dielectric
tank (12” × 9” × 9”) for the execution of MWCNTs mixed experiments. A circulation pump and
stirrer were introduced for efficient flushing and suspension of nano-powder in the spark gap during
machining. The polarity (i.e.,workpiece (–), tool (+)), and machining depth of 1 mm were kept constant
for all the experimental runs.

Table 4. Taguchi’s L18 experimental design matrix.

Exp. Trial
Levels of Process Parameters Actual Values of Process Parameters

A B C D E A B C D E

1. 1 1 1 1 1 Plain dielectric 1 30 60 30
2. 1 1 2 2 2 Plain dielectric 1 45 90 40
3. 1 1 3 3 3 Plain dielectric 1 60 120 50
4. 1 2 1 1 2 Plain dielectric 2 30 60 40
5. 1 2 2 2 3 Plain dielectric 2 45 90 50
6. 1 2 3 3 1 Plain dielectric 2 60 120 30
7. 1 3 1 2 1 Plain dielectric 4 30 90 30
8. 1 3 2 3 2 Plain dielectric 4 45 120 40
9. 1 3 3 1 3 Plain dielectric 4 60 60 50

10. 2 1 1 3 3 MWCNTs mixed dielectric 1 30 120 50
11. 2 1 2 1 1 MWCNTs mixed dielectric 1 45 60 30
12. 2 1 3 2 2 MWCNTs mixed dielectric 1 60 90 40
13. 2 2 1 2 3 MWCNTs mixed dielectric 2 30 90 50
14. 2 2 2 3 1 MWCNTs mixed dielectric 2 45 120 30
15. 2 2 3 1 2 MWCNTs mixed dielectric 2 60 60 40
16. 2 3 1 3 2 MWCNTs mixed dielectric 4 30 120 40
17. 2 3 2 1 3 MWCNTs mixed dielectric 4 45 60 50
18. 2 3 3 2 1 MWCNTs mixed dielectric 4 60 90 30
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Figure 1. EDT line-diagram in; (a), and setup for MWCNTs-EDT in (b).

2.3. Measurement and Calculations of Output Responses

After the EDT, the output responses were assessed in the terms of surface roughness (SR)
and microhardness (MH) of the machined substrate. Microhardness tester (model: HM-220, make:
Mitutoyo, Neuss, Germany) and surface roughness tester (model: SJ-401, make: Mitutoyo, Germany)
was used to measure the microhardness (units: HV) and surface roughness (units: µm) respectively,
by taking three readings at distinct points. The microhardness was measured by profiling a pyramidal
imprint on the sample surface using a diamond indenter under low-force hardness scale (HV 0.5) with
a test force-load of 4.9 N and for a dwell time of 10 s.

For determining the roughness of EDT surface, stylus method was employed to find the roughness
value (Ra) with a profile resolution of 12 nm, and range of 80 µm having resolution of 0.001 µm.
It was reported in the literature that higher surface roughness participated in cell anchoring, facilities
better bone-implant adhesion due to the presence of micro-crack and pores [31–33]. Therefore, for
further testing, the samples with higher surface roughness were sectioned from the workpiece by
using wire-EDM.

2.4. Surface Characterization of EDT specimen

The electro-discharge treated surface was thoroughly cleaned in acetone to remove any foreign
particles or EDM oil entrapped in pores. The surface morphology of the sample depicting superior
output responses was inspected using a scanning electron microscope (SEM; model: JSM-6610LV, make:
Jeol Ltd., Tokyo, Japan) at an accelerating voltage of 20 kV. The phase composition of the EDT surface
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was examined by X-ray diffractometer (XRD; model: PANalytical X’Pert Pro MPD, make: Panalytical,
Almelo, The Netherlands) with Cu-Kα X-ray radiations at λ = 1.5406 Å using 40 mA and 45 kV as
generator settings.

2.5. Examination of Wear and Electrochemical Corrosion Behavior

Furthermore, in-vitro wear and corrosion tests were executed to scrutinize the wear resistance
and corrosion resistance offered by the EDT samples. Two samples were selected in both cases, i.e.,
with maximum output values in MWCNTs mixed dielectric, in the plain dielectric, and it was further
compared with the untreated substrate. The experimental trial depicting higher microhardness value
in each dielectric medium (i.e., plain, MWCNTs mixed) was examined for the wear test, and similarly
the two samples with higher surface roughness value in each dielectric medium was chosen for
the electrochemical corrosion test. A pin-on-disk tribometer (Ducom instruments, Bangalore, India)
was used to perform the wear test of specimens on EN31 stainless steel disk with diameter 120 mm,
thickness 10 mm, and hardness of 63 HRC. The fixed parameters for the wear test were a steady load of
70 N, speed of rotating disc at 100 revolutions/min, and track diameter of 80 mm. The experimentation
was conducted at room temperature using the ringer’s solution (Nice Chemicals Pvt. Ltd., Cochin,
India; pH value 7.2) as a lubricant to replicate the human body conditions during the investigation.
The wear process of the pins was monitored by an incorporated computer system with TR-20LE
software, and the combined plot of all samples was plotted using the reading values in OriginPro
8 software.

The potentiodynamic polarization technique was used to inspect the corrosion behavior of samples
and the test was carried out on potentiostat/galvanostat electrochemical instrument (Metrohm Autolab,
PGSTAT 302, Utrecht, The Netherlands) at ambient temperature. The equipment was an arrangement
of three-electrodes, namely silver/silver chloride (Ag/AgCl) as a reference electrode, platinum rod (Pt)
as a counter electrode, and workpiece sample (Ti-6Al-4V) as a working electrode. For better results,
the surface of the specimen was covered with insulating tape to prevent the initiation of corrosion
and exposed the fixed area of 0.32 cm2 for testing. Prior to the testing, the samples were immersed
in the solution for 24 h to stabilization. Likewise, for wear test analysis, ringer’s solution is used as
simulated body fluid (electrolyte in testing) to imitate the human body environment for the bio-implant.
The results of the Tafel exploration plots were analyzed using the Nova software incorporated with the
experimental arrangement, and the output values for anodic slope (βa), cathodic slope (βc), corrosion
current density (icorr), corrosion potential (Ecorr) were recorded. Accordingly, the corrosion rate (CR)
of the samples was then evaluated according to ASTM G102-89 [34], a standard for electrochemical
measurements using Faraday’s law (Equation (1)),

CR = K
icorr

ρ
EW (1)

where

CR is in mm/year,
icorr is in µA/cm2;
K = 3.27 × 10−3, mm g/µA cm year;
ρ = density in g/cm3;
EW = equivalent weight of the material.

3. Results and Discussion

3.1. Evaluation of the Output Responses

Table 5 demonstrates the measured values with three repetitions, and signal-to-noise (SN) ratios
of microhardness and surface roughness associated with each experimental trial. The evaluation of
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microhardness and surface roughness values were as per the Taguchi’s criterion “larger-is-better”
(Equation (2)), where a higher value of SN ratio represents the favorable response value:

Larger− is− better : η = −10 log















1
n

n
∑

i=1

yi−2















. (2)

where

‘η’ denotes the SN ratio (dB);
‘yi’ indicates the value of ith trial of experimental trial;
‘n’ is the repetition of the experiment.

Table 5. Response observations and SN ratios of microhardness (MH) and surface roughness (SR).

Exp. Trial

Output Responses SN Ratio, dB

MH (HV) SR (µm)
MH SR

Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3

1. 897.8 937.0 925.7 0.053 0.061 0.087 59.2731 −24.0190
2. 1066.5 929.3 1025.7 0.138 0.094 0.105 60.0179 −19.3177
3. 1177.4 1098.1 1109.8 0.106 0.101 0.119 61.0373 −19.3390
4. 1091.9 1287.0 1259.3 0.802 0.657 0.883 61.6051 −2.3502
5. 1484.3 1561.2 1586.0 0.661 0.794 0.675 63.7615 −3.0605
6. 1497.0 1434.7 1205.9 0.698 1.021 0.976 62.6768 −1.3158
7. 1419.8 1459.2 1384.3 0.959 1.014 1.018 63.0465 −0.0358
8. 1736.8 1689.1 1656.5 0.855 0.954 0.969 64.5740 −0.7086
9. 1748.3 1761.2 1786.0 0.897 0.892 0.941 64.9347 -0.8266

10. 2140.5 2362.8 2306.1 0.523 0.591 0.615 67.0966 −4.8491
11. 2705.1 2653.1 3067.4 0.534 0.698 0.686 68.9165 −4.0849
12. 2901.8 3242.1 3263.2 0.412 0.469 0.501 69.8885 −6.8189
13. 3147.0 3242.9 3171.3 0.676 0.733 0.709 70.0657 −3.0383
14. 2890.0 2982.9 3329.9 0.885 0.974 0.874 69.6885 −0.8398
15. 3488.2 3792.7 3524.3 1.118 0.980 1.002 71.1123 0.2422
16. 4530.9 4346.8 4306.0 0.991 1.322 1.267 72.8520 1.3207
17. 4394.0 4494.0 4469.6 1.527 0.913 1.280 72.9709 1.2709
18. 3979.4 4283.0 4293.2 1.248 1.226 0.992 72.4180 1.1097

Rep: Repetitions

Additionally, the experimentally calculated values were subsequently analyzed via analysis of
variance (ANOVA) to inspect the influential input parameters and their significance, in terms of
percentage contribution for microhardness, and surface roughness, respectively.

3.1.1. Analysis of Microhardness

In electro-discharge treatment, the powder particles tend to enhance the microhardness by forming
a coating layer of various intermetallic compounds, and carbides on the treated substrate [35,36].
Table 6 demonstrates the ANOVA results of microhardness of the machined surface. As shown in
Table 6, dielectric type (MWCNTs mixed) noticed as the most eminent factor with the contribution
of 83.019%, followed by current with the contribution of 13.698% affecting the microhardness of
machined substrate.
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Table 6. Analysis of variance for signal-to-noise ratios of Microhardness.

Source DF Seq SS Adj MS F-Value p-Value % Contribution

Dielectric type 1 304.897 304.897 571.58 0.000 * 83.019
Current 2 50.309 25.155 47.16 0.010 * 13.698

Pulse-on-time 2 5.919 2.959 5.55 0.031 * 1.612
Pulse-off-time 2 0.142 0.071 0.13 0.877 0.038

Voltage 2 1.727 0.863 1.62 0.257 0.472
Residual error 8 4.267 0.533 1.161

Total 17 367.261 100

DF: degrees of freedom; Seq SS: sequential sum of squares; Adj MS: adjusted mean sum of squares, * Significant at
95% confidence level, Rank 1: Dielectric type, Rank 2: Current, Rank 3: Pulse-on-time

Similar results were revealed by the signal-to-noise ratio plot (Figure 2), disclosing dielectric
type, current, pulse-on-time as momentous parameters, and pulse-off-time, voltage as insignificant
parameters for the microhardness of treated samples. The higher intensity of the current and
pulse-on-time steeply promotes the deposition of particles, which improves the microhardness,
and other changes in surface characteristics of the machining area during the EDT process [37–39].
Based on the results, higher values of current (4A) and MWCNTs, mixed dielectric medium, depicts
utmost mean microhardness (4452.5 HV, trial 17) with an increase of 2.5 times comparative to the
sample treated in plain dielectric (1765.2 HV, trial 9), and 10 times superior to the untreated material
(435.4 HV), respectively.
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Figure 2. Main effects SN ratios plot of Microhardness.

3.1.2. Analysis of Surface Roughness

The ANOVA Table 7 manifested current (contribution: 61.076%) and dielectric type (contribution:
16.551%) as the prominent factors affecting the surface roughness of EDT processed Ti-6Al-4V substrate.
As cleared from the SN ratios plot, shown in Figure 3, MWCNTs mixed dielectric and 4A of current
intensity were the dominant parameters for the roughness of the EDT surface. In contrast, the
variation of signal-to-noise ratios for pulse-on/off duration, voltage was not influential and termed as
in-significant factors. Moreover, the interaction between dielectric type and current also noticed as
significant, having p-value 0.001 and a contribution of 19.824%.
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Table 7. Analysis of variance for signal-to-noise ratios of Surface Roughness.

Source DF Seq SS Adj MS F-Value p-Value % Contribution

Dielectric type 1 169.81 169.806 53.88 0.000 * 16.551
Current 2 626.60 313.299 99.41 0.000 * 61.076

Pulse-on-time 2 4.18 2.088 0.66 0.550 0.407
Pulse-off-time 2 2.65 1.325 0.42 0.675 0.258

Voltage 2 0.43 0.215 0.07 0.935 0.041
Dielectric type × current 2 203.38 101.689 32.27 0.001 * 19.824

Residual error 6 18.91 3.151 1.843
Total 17 1025.95 100

DF: degrees of freedom; Seq SS: sequential sum of squares; Adj MS: adjusted mean sum of squares, * Significant at
95% confidence level, Rank 1: Current, Rank 2: Dielectric type, Rank 3: Dielectric type × current
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Figure 3. Main effects SN ratios plot of Surface Roughness.

Figure 4 portrays the variation of surface roughness in conjunction with the dielectric type and
current. It was observed that current at level 3 (4 A) along with MWCNTs mixed dielectric increases the
surface roughness of the treated samples. Whereas, at the lower level (1 A) of current intensity, changing
the dielectric type from MWCNTs mixed to plain dielectric drastically decreases the surface roughness.
Therefore, it can be revealed that the dielectric illustrates a substantial role in the surface roughness of
the EDT surface. The maximum mean roughness of 1.240 µm (trial 17) was depicted at parametric
settings of 4 A current, 45 µs pulse-on-time, 60 µs pulse-off-time, and 50V of voltage in MWCNTs
mixed dielectric medium. Moreover, all the three trials (trial 16–18) in MWCNTs mixed dielectric
at a discharge current of 4A exhibits good roughness values within the variation of 4% (approx.).
The roughness value reported is acceptable and within the range, required for the bio-implants for
proper cell proliferation, bone-implant fixation [40,41].
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Figure 4. Interaction plot for Surface Roughness.

3.2. Morphology and Phase Composition Analysis of MWCNTs Treated Specimen

The supremacy of the carbon nanotubes mixed dielectric was investigated using scanning
electron microscopy. Figure 5a,b manifests the morphological of untreated and treated substrate.
For morphological examination, sample depicting superior microhardness and higher surface roughness
(trial 17) was selected. It is evident from the micrograph (Figure 5b) that a higher spark energy, coupled
with carbon particles, produce micro-macropores, small crests on the EDT surface. The existence of
such pores, microcracks, and molten metal droplets on the surface facilitated good adhesion within the
implant-bone interface, and offered cell growth for proper regeneration [42,43].

 

(a) (b) 

Figure 5. SEM showing; (a) substrate or untreated sample, and (b) surface treated in MWCNTs mixed
dielectric (trial 17) representing micro cracks, porous surface and molten metal droplets.

Furthermore, the investigation of the electro-discharge-treated sample with maximum
microhardness and surface roughness was carried using an X-ray diffractometer within the range of
20◦–80◦. The XRD spectra in Figure 6 revealed the formation of various intermetallic compounds during
the EDT process, which majorly contributes to improving the microhardness of the treated substrate.
The newly formed compounds namely calcite (C1Ca1O3), titanium nickel (Ni1T1) shows the hexagonal
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structure, molybdenum germanide (Ge2Mo1), molybdenum nickel (Mo1Ni4) represents a tetragonal
structure, and aluminium nitride (Al1N1), chromium oxide (Cr3O1) disclosed as a cubic structure.
Alongside, high peaks of titanium carbide (TiC), vanadium silicide (Si2V1) were witnessed on the
surface, and the presence of such hard-bioactive layers exhibits better resistance to corrosion, wear by
providing appropriate implant-bone bioactivity within the individual. Moreover, the MWCNTs-EDT
surface was further examined for the valuation of in-vitro behavior to affirm the enhanced wear
resistance and corrosion resistance by comparing the results with untreated surface and the sample
treated in the plain dielectric.

 

 

Figure 6. XRD spectra and crystallographic planes of MWCNTs treated sample (trial 17).

3.3. In-Vitro Wear and Corrosion Analysis of EDT Samples

The wear resistance proficiency of the treated Ti-6Al-4V surface was investigated using a
pin-on-disc arrangement. Three samples were selected, i.e., untreated (as received), treated in the
plain dielectric (trial 9) and in MWCNTs mixed dielectric (trial 17) for evaluation of wear performance.
The samples were chosen on the basis of maximum mean microhardness in plain dielectric (1765.2 HV,
trial 9) and MWCNTs mixed dielectric (4452.5 HV, trial 17).

Figure 7 unfolded the combined wear plot for three samples, and it was observed that the wear of
substrate was nearly at an even rate of 450 µm. The wear of sample, treated in the plain dielectric,
started after 150 µm in the beginning, due to the presence of ridges, then the wear rate became constant
to 125 µm (approx.) up to 250 s until the machined or recast layer wore off. Afterwards, the wear
rate was raised to 440 µm, which was close to the wear rate of the substrate material. The wear of
MWCNTs-treated sample started initially at 50 µm, and once the surface became even from all edges,
a constant wear rate of 22 µm was exhibited by the MWCNTs-EDT sample up to 900 s. This wear
response was due to the modified surface having intermetallic compounds, carbides, and silicide,
as discussed in the section of XRD analysis. Later, the wear rate was abruptly raised once the coated
layer wore out, demonstrating an improved resistance to wear by 95% compared to substrate metal.
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Figure 7. Comparison plot for the wear behavior of specimens.

In the electrochemical test analysis, the surface with maximum roughness value in the plain
dielectric (trial 7), and MWCNTs mixed dielectric (trial 17), was compared with the untreated substrate
to scrutinize the efficacy of the EDT method. The additional electrochemical characteristics attained
via potentiodynamic polarization analysis were tabulated in Table 8.

Table 8. Polarization corrosion data of specimens in Ringer solution at 37 ◦C.

Sr.
No.

Sample
Ecorr
(mV)

icorr

(µA/cm2)
βa

(mV/dec)
βc

(mV/dec)

Corrosion
Rate

(mm/y)

Protection
Efficiency

(Pe)

1.
MWCNTs

mixed
dielectric

3.50860 1.83 93.1230 187.420 0.03248 96.63%

2. Plain dielectric −82.4920 17.48 211.820 126.560 0.3091 67.83%
3. Substrate −160.640 54.35 234.610 292.470 0.9610 –

Figure 8 illustrates the combined polarization curves for the substrate and selected EDT samples.
The plot showed that the MWCNTs-coated specimen exhibits a higher value of corrosion potential
(Ecorr), and thus, possesses a low corrosion rate compared to other samples. In contrast, the untreated
substrate sample showed the lowest corrosion potential (Ecorr), corrosion-resistance, and subsequently
the higher corrosion current (icorr), compared to all the EDT samples. The results of in-vitro corrosion
behavior of the compared samples demonstrated that the EDT process uplifts the corrosion-resistant
competences of the treated surface.
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Figure 8. Combined polarization curves of samples (a) treated in MWCNTs, (b) treated in plain
dielectric, (c) substrate.

In Table 8, MWCNTs-EDT specimen exhibit superior resistance to corrosion (CR) and a lesser
value of corrosion current density (icorr). These are the two main factors that directly influence the
performance of a material under biological conditions. Also, carbon nanotubes-coated specimens
depicted a higher value of corrosion potential (Ecorr = 3.5086 mV) compared to another tested specimen,
i.e., −82.492 mV is recorded for treated in plain dielectric and −160.640 mV for untreated substrate of
Ti-6Al-4V alloy.

Additionally, the protection efficiency (Pe) of the EDT samples was calculated using the
Equation (3),

Pe(%) =

[

1− icorr

icorrsubstrate

]

× 100 (3)

where, icorr denotes the corrosion current densities of EDT samples (in MWCNTs and plain dielectric)
to the icorr of the substrate sample, respectively.

The upmost protective efficiency of 96.63% was observed for MWCNTs-EDT on Ti-6Al-4V
alloy. Finally, it was concluded that the MWCNT-modified Ti-6Al-4V alloy surface revealed
enhanced bioactivity by minimizing the discharge of ions (Al and V) from the implant material
causing toxicity. Therefore, the responses of in-vitro wear and corrosion analysis confirmed that the
electro-discharge treated samples in MWCNT-mixed dielectric considerably discloses the surface for
improved wear-resistance and corrosion-resistance.

4. Conclusions

The Ti-6Al-4V alloy surface was processed by electro-discharge treatment with the purpose of
improving its surface hardness, surface characteristics, and to examine the in-vitro corrosion behavior
and tribological performance of the modified surface. In the present work, the treated samples were
compared with the substrate sample and the following conclusions can be drawn:
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The surface characterization of the samples revealed that the surface-treated in MWCNTs medium
demonstrated improved surface hardness to 10 times (4452.5 HV), compared with the untreated
substrate sample (435.4 HV), thus, increasing wear-resistance to 95%.

The electrochemical corrosion analysis demonstrated that MWCNTs-EDT surface exhibited higher
corrosion potential, and this non-reactive surface was attained because of the exceptional thermal
properties and chemical stability of MWCNTs. The newly formed carbide- and oxide-rich layers
stimulate the corrosion-resistance of the EDT surface.

The XRD pattern of the EDT sample substantiated the formation of intermetallic compounds
(titanium nickel, molybdenum nickel, aluminium nitride, vanadium silicide), oxide (chromium oxide),
and carbide (titanium carbide) on the treated surface that encourages the bioactivity, wear-resistance
and corrosion-resistance of the EDT surface.

SEM analysis disclosed that MWCNTs-EDT surface with the presence of small craters, and evenly
distributed micro-pores on the surface, which may facilitates the proper bone-implant adhesion and
promotes cell proliferation.

The surface treatment of Ti alloy in MWCNTs mixed dielectric at 4 A current, 45 µs pulse-on-time,
60 µs pulse-off-time, and 50 V delivered the superlative results of tribological performance and
corrosion analysis.

Therefore, the electro-discharge treated titanium-based implants can be further inspected for
their practice in clinical applications. Moreover, the reported research can be further protracted to
investigate the cytocompatibility, hemocompatibility, surface wettability, toxic ions degradation rate,
etc., of the EDT surfaces.
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Abstract: Tungsten cemented carbide (WC-Co) is a widely applied material in micro-hole drilling,
such as in suction nozzles, injection nozzles, and wire drawing dies, owing to its high wear resistance
and hardness. Since the development of wire-electro-discharge grinding (WEDG) technology,
the micro-electrical discharge machining (micro-EDM) has been excellent in the process of fabricating
micro-holes in WC-Co material. Even though high-quality micro-holes can be drilled by micro-EDM,
it is still limited in large-scale production, due to the electrode tool wear caused during the process.
In addition, the high cost of precision micro-EDM is also a limitation for WC-Co micro-hole drilling.
This study aimed to develop a low-cost desktop micro-EDM system for fabricating micro-holes in
tungsten cemented carbide materials. Taking advantage of commercial micro tools in a desktop
micro-EDM system, it is possible to reach half the amount of large-scale production of micro-holes.
Meanwhile, it is difficult to drill the deep and high aspect ratio micro-holes using conventional
micro-EDM, therefore, a cut-side micro-tool shaped for micro-EDM system drilling was exploited in
this study. The results show that micro-holes with a diameter of 0.07 mm and thickness of 1.0 mm
could be drilled completely by cut-side micro-tools. The roundness of the holes were approximately
0.001 mm and the aspect ratio was close to 15.

Keywords: Tungsten cemented carbide (WC-Co); desktop micro-electrical discharge machining
(micro-EDM) system; cut-side micro-tool; micro-holes

1. Introduction

Tungsten carbide (WC) is a materiel which is widely applied in military industrial composite,
metallurgy, aerospace, and other important fields because of its excellent physical and chemical
properties [1]. Pure WC is very brittle. If doped with small amounts of titanium, cobalt, or other
metals, the incorporated brittleness can be reduced. The interaction between Co-based binders and
WC grains on early stages of liquid-phase sintering can be strongly affected by the carbon content
in the binders [2]. Tungsten cemented carbide (WC-Co) has a series of excellent properties, such as
hardness, strength, toughness, wear resistance, and corrosion resistance [3,4].

Micro-holes made from WC-Co are widely used as spraying nozzles, injection nozzles, and spinning
nozzles, owing to their low wear and hardness [5]. Machining processes, such as micro-mechanical
drilling, laser machining (LBM), and electron beam machining (EBM), are typically used for the mass-
or semi-mass production of micro-holes in WC-Co materials. The micro-electrical discharge machining
(micro-EDM) process is highly suitable for micro-hole fabrication because it is burr-free and efficient

125



Micromachines 2020, 11, 675

irrespective of the workpiece hardness, especially since the development of the WEDG technology [6–8].
However, micro-EDM still has some limitations for the mass production of micro-holes due to the low
productivity of the micro-tools used for fabrication [9,10].

In order to achieve semi-mass production of micro-hole drilling using EDM in WC-Co material,
a low-cost desktop micro-EDM system was developed in this study. Off-the-shelf spindle electrode
tools with diameters of 0.15 mm were used directly as microelectrode tools. These tools have proven
to be commercially successful in low-cost mechanical drilling. Using these commercially available
micro-spindle tools, it was possible to achieve the semi-mass production of a WC-Co material with
micro-holes drilled via a desktop micro-EDM system. However, small diameter and long electrode
tools with diameters less than 0.1 mm are not commercially available. Therefore, in this study,
a WEDG unit was attached to the desktop micro-EDM system to fabricate micro-spindle tools with
diameters less than 0.01 mm by using commercially available 0.15 mm tools. In order to produce
micro-holes with a high aspect ratio, a single-side notch electrode method was applied to flush debris.
The machining parameters, such as machining time, aspect ratio, spindle tool wear, and micro-hole
quality, were investigated in this paper. It is expected that the desktop micro-EDM system will be
potentially useful for drilling micro-holes in tungsten carbide materials.

2. Structure of the Desktop Micro-EDM

2.1. Desktop Micro-EDM Structure

The micro-EDM with three axis computer numerical control (CNC) controllers has been
commercialized in the industry market [11]. The high accuracy controlling system makes micro-EDM
more expensive. However, most micro-EDM systems are still designed for micro-holes drilling in
industry applications. Low productivity of micro-holes drilling is still the main challenge for micro-EDM
due to the significant tool wear and micro-tools fabrication [12,13]. To achieve mass-production of
micro-hole fabrication, these two factors need to be addressed in this paper.

The desktop micro-EDM system was developed and designed in this research. The block diagram
of the operation relationship of each unit is shown in Figure 1. The system has only three axes, X,
Y, Z for the micro-hole drilling, as shown in Figure 2. The X-Y stages were controlled manually
with digital indicators, and the Z-axis was controlled by the microcontroller unit (MCU). The most
important components of the desktop EDM system were the V-shaped block and the spindle electrode
tools. The structure of the spindle tool is shown in Figure 3. The spindle tool was mounted on the
V-shaped block and rotated by a direct current (DC) motor. The rotation speed was variable. The linear
straightness and roundness of the spindles were important to ensure highly accurate micro-hole
drilling. This machine was mainly suitable for micro-holes with diameters of 0.15 mm or less with
micro resistor capacity electro discharge circuit (RC circuit). In this paper, the desktop EDM was
designed for micro-holes drilling with diameters less than 0.15 mm. The desktop micro-EDM system
was available for electro-conductive materials and used conductive materials such as tungsten (W),
tungsten cemented carbide (WC), die steel (SKD), and stainless steel (SUS). The discharge energy of
the desktop micro-EDM system simply adopts a RC discharge circuit with DC power supply of 80
to 100 V, and the workpiece cannot be touched during discharge machining. The discharge power
must be turned off when replacing the microelectrode tool. The main specifications of the desktop
micro-EDM system is shown in Table 1 [14].
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Figure 1. The block diagram sketch of the desktop micro-electrical discharge machining (micro-EDM)
system.
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Figure 2. Complete structure of the desktop micro-EDM system.
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Figure 3. Structure of the spindle tools on the V-shaped block.
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Table 1. Main specification of the desktop micro-EDM system.

Desktop Micro-EDM System Specification

Machining dimensions (L ×W × H) 450 mm × 320 mm × 360 mm
Total weight 5 kg

XY stage (L ×W) 300 mm × 200 mm
X, Y travel 25 mm × 25 mm by manual process

Z-axis travel 150 mm by microcontroller unit (MCU) control
Z-axis resolution 0.1 µm By step motor

Spindle speed 6000 RPM
Electrode diameter 35 up to 150 µm

2.2. Commercially Available Spindle Tools

The desktop micro-EDM system uses off-the-shelf spindle electrode tools. The micro-tool length
and diameter are 5 mm and 0.15 mm, respectively, as shown in Figure 4. It was successful and
commercially available for the mass production of electrode tools and had a shank diameter of 3.0 mm
and no screw slots due to the mechanical grinding process. The micro-tool accuracy of both the
diameter and the length was approximately 0.003 mm for tungsten cemented carbide. Figure 5 shows
the spindle micro-tool with pulley [15]. The pulley was fixed onto the spindle tool in the system, and it
rotated directly on the V-shaped block. The rotation roundness of spindle tool was approximately
0.5 µm without any vibration. Due to a low tool wear ratio of the tungsten carbide by micro-EDM,
the tool electrode is not available for commercial polishing process if it is made by tungsten. The WC-Co
material demonstrates the possibility of mass production of the micro-tool by mechanical grinding
process [16]. Even though it was possible to fabricate spindle micro-tools with a diameter of 0.05 mm
by conventional grinding process, the aspect ratio was only 3 or 4 due to the mechanical grinding
force. This low aspect ratio of spindle tools makes them unsuitable for mass-drilling micro-holes by
micro-EDM. The other critical challenge involved in grinding is the fabrication of micro-tools with
diameters less than 0.03 mm. In this paper, WEDG technology was used for micro-tools fabrication with
diameters less than 0.03 mm by using commercial tools directly for high aspect ratio micro-hole drilling.
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Figure 4. Commercially available spindle micro-tool without the screw slot. Diameter of shank: 3 mm.
Diameter of tool: 0.15 mm.
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Figure 5. Spindle micro-tool with pulley.

2.3. WEDG Technology Unit

As described in the previous section, mechanical grinding process has been successful for the
mass production of micro-spindle tools. The diameter was approximately 0.003 mm. However, it is
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still difficult to fabricate spindle tools with diameters less than 0.1 mm by using the grinding process,
due to the mechanical grinding force [17]. It is possible to produce small spindle tools with a high
precision grinding machine, however, the aspect ratio is only 3 or 4 with diameters less than 0.1 mm.
Hence, in this study, in order to fabricate ultra-micro-holes with diameters of less than 0.05 mm,
the wire-electro-discharge grinding (WEDG) technology unit was attached to the desktop micro-EDM
system, as shown in Figure 6 [18,19]. The off-the-shelf spindle tools with diameters of 0.15 mm and
lengths of 5 mm from the commercial market were used directly. The material of the spindle tool was
tungsten carbide, which provides sufficient toughness and rigidness. Compared to the conventional
WEDG process, the micro-electrode tool fabrication technique employed in this study will be more
efficient, due to the finishing process post-machining. The x-axis was manually controlled by a digital
micrometer head with the position control display resolutions as low as 1 µm, as shown in Figure 7.
By aligning the position of the x-axis, the micro-electrode tools could easily be fabricated using WEDG
technology. It is thus possible to shape the tools through one machining process only.
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Figure 6. Wire-electro-discharge grinding (WEDG) technology unit attached to the desktop micro-EDM
system.
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Figure 7. X direction manual control by digital micrometer head.
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2.4. Control Pad Micro-Controller Chips (dsPIC)

The conventional micro-EDM system is usually operated by numerical control (NC) or computer
numerical control (CNC) controllers [20]. In addition, the position alignment and the scanning process
with tool compensation are also possible. However, the large cost of conventional micro-EDM systems
makes EDM unpopular for micro-hole drilling. To reduce the cost, this study used the MCU digital
signal peripheral interface controller (dsPIC), to control the movement of the spindle tool and to detect
the discharge gap [21]. The I/O connection provides drilling depth selection. The z-axis of the spindle
micro-tool feeding rate is controlled by detecting voltage of the gap discharge. By only pushing the
start button, the desktop micro-EDM system can automatically produce micro-holes. The diameter
of the microelectrode tool could be manually adjusted using the x-axis position alignment with high
resolution indicator. The micro-tools and micro-hole fabrication can be carried out on the same desktop
micro-EDM system. Complete internal structure of the desktop micro-EDM system is as shown in
Figure 8.
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Figure 8. Internal structure of the desktop micro-EDM system.
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3. Micro-Holes Drilling by Desktop Micro-EDM System

3.1. Micro-Electrode Tool Fabrication by WEDG

In this study, two types of micro-spindle tools with diameters 0.15 mm and 0.035 mm were used
to fabricate the WC-Co micro-holes by micro-EDM drilling. To achieve the semi-mass production of
micro-hole drilling using micro-EDM, commercial micro-spindle tools with a diameter of 0.15 mm can
be used directly, but there is no supply for diameters less than 0.050 mm. However, fine micro-spindle
tools may be produced by the WEDG grinding process, as shown in Figure 5. In order to fabricate
micro-tools with diameters less than 0.035 mm, the WEDG unit mounted on the table was still used to
reform the commercial spindle tools using only the finishing process. Figure 8 shows the potential
of using the desktop EDM system to fabricate micro-tools with diameters of only 0.007 mm with
tungsten carbide, as shown in Figure 9. It is thus possible to fabricate micro-holes with diameters less
than 0.01 mm using this low-cost desktop micro-EDM system. By using commercial tools directly,
the desktop EDM is able to produce micro-spindle tools more efficiently without rough machining.
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Figure 9. Microelectrode tool with diameter of 0.007 mm.

3.2. Micro-Hole Drilling by Micro-EDM System

The desktop micro-EDM system uses an RC discharge circuit and DC power with an open
voltage of 80 V [22]. The machining conditions of the desktop micro-EDM system is as shown in
Table 2. The V-shaped block was mounted onto the desktop micro-EDM system with high accuracy.
Commercial micro-tools were used directly without the WEDG technology and the electrode tools
are available from commercial market. However, for micro-tools with diameters less than 50 µm,
the WEDG technology was still applied for reforming in this study. The main characteristic of the
low-cost desktop micro-EDM system is that micro-tool and micro-hole convenience fabrication can be
achieved conveniently on the same machine. After shaping the microelectrode tools, it is possible to
drill micro-holes directly on the same micro-EDM. Experimental results of micro-hole drilling using
tools with diameters of 150 µm and 35 µm are shown in Figure 10. It is facile to drill micro-holes on
the WC-Co using this desktop micro-EDM system without any burr. It takes less than 2 min to drill a
micro-hole of 150 µm diameter by the 1000 pf capacitor; and it takes approximately 5 min to drill a
micro-hole of 40 µm when using discharge capacitor of 100 pf. Thus, when conducting less discharge
capacitance, the machining time takes longer, and the electrode wear increases. Therefore, a small
capacitance value will result in optimal micro-holes machining.

Table 2. Machining conditions of the desktop micro-EDM system.

Machining type RC-EDM

Tool material WC (150 µm)
Workpiece material WC-Co

Machining open voltage 80 V
Discharge resistor 500 Ω × 2

Discharge capacitor 100 or 1000 pf
Workpiece thickness 0.5 or 0.3 mm

Machining depth 800 or 450 µm
Tool diameter by standard offer 150 µm
Tool diameter grind by WEDG 35 µm
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Figure 10. Micro-hole drilling on tungsten cemented carbide (WC-Co) through a desktop micro-EDM
system.

The surface observation of the micro-holes by Scanning Electron Microscope (SEM) is shown in
Figure 11 [23]. Compared to another machining process, the desktop micro-EDM process can meet the
requirement of micro-holes drilling on WC-Co material without any burrs. The experimental results
show micro-tools with diameters less than 0.01 mm and micro-holes with diameters less than 0.05 mm.
In micro-hole machining, the horizontal diameter (Dx) for a 0.3 mm thick workpiece is 39 µm, and the
vertical diameter (Dy) is 40 µm; whereas the horizontal diameter (Dx) for 0.5 mm, the thick workpiece,
is 66 µm, and the vertical diameter Dy is 66 µm. Therefore, the machining roundness is approximately
1 µm. For machining workpieces with apertures of 40 and 66 µm and thicknesses of 0.3 and 0.5 mm,
the aspect ratio is about 8.
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(Figure 11. Surface of WC-Co micro-holes observed by Scanning Electron Microscope (SEM).
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3.3. Electrode Tool Wear and Roundness

Figure 12 shows the length of tool wear of EDM micro-holes drilling with different electrical
capacites. The micro-tools maintain their shape with only little tool wear by using small electric
discharge capacities [24]. However, the tool wear increases significantly when the diameter is smaller
than 0.05 mm. Even though the larger electric discharge capacities could increase the efficiency
of micro-hole drilling, it leads to greater tool wear and deterioration of the micro-hole roundness.
Therefore, it is necessary to consider all parameters to identify a suitable discharge capacity. In this
study, for a work piece thickness of 0.3 mm and tool electrode diameter of 150 µm, approximately
1000 pF is the ideal drilling capacitance, whereas, for a tool electrode diameter of approximately 35 µm,
a capacitance of 100 pF is the optimal value for micro-hole drilling.
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Figure 12. Tool wear in micro-hole drilling of WC-Co.

3.4. Limitations of the Machining Depth

Normally, transistor discharge circuits are used in commercial EDM because the discharge energy
is controllable by adjusting the pulse generator and duty cycle [25]. However, micro-EDM requires
extremely small electric discharge energy, especially for micro-tools with diameters less than 50 µm.
The resistor capacity (RC) pulse generator is popular and widely used for the micro-EDM electric
discharge energy [26]. The discharge energy depends on the capacity of the RC pulse generator.
Therefore, the main parameter of the RC discharge circuit is the magnitude of capacity. Theoretically,
it is possible to increase the machining speed with large electric capacity due to the large discharge
energy. The large capacitors could cause bigger discharge sparks, however, the large discharge energy
will lead to significant tool wear. The high aspect ratio of micro-holes will not be drilled to penetrate
completely as the micro-tool wear will exceed the feed depth. As shown in Figure 13, the spindle
feeding speed is efficient without any stagnation while the feeding depth is below 800 µm. However,
the machining speed decreases significantly when the spindle feeding depth is larger than 800 µm due
to insufficient debris flushing. Even the spindle feeding depth increases. However, this phenomenon
means a large amount of micro-tool wear. It is clear that the micro-EDM drilling process is a method to
fabricate micro-holes with aspect ratios less than 5 exclusively. The high aspect ratio micro-spindle tools
are not possible for deep micro-hole drilling using micro-EDM due to the significant tool wear [27].
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Figure 13. Micro-tools wear on WC-Co by the desktop micro-EDM.

3.5. High-Aspect Micro-Holes Fabrication

Micro-EDM encounters another critical problem for high-aspect ratio on deep micro-holes
machining, especially when the diameter is less than 100 µm and the aspect ratio is larger than 10 [28].
The cut-side shaped micro-electrode tool was capable of fabrication using the desktop micro-EDM
system. The purpose is to enhance the machining efficiency for micro-holes drilling with high aspect
ratio. The 50 µm diameter tool-electrode can be ground out to 10 µm in depth by the WEDG technology
machining unit without any tool spindle rotation, shown as in Figure 14. The side view and front view
of cut-side shaped micro-tool after the WEDG process is shown as in Figures 15 and 16. The cut-side
electrode tools of special shapes are able to improve the debris removal problem, but there is still no
elevation for higher aspect ratio due to high tool wear [29,30]. Figure 17 shows the comparison between
the feeding depth of the cylinder tool and cut-side tool. The experiment shows that initially the smaller
cut-side electrode brought more electrode wear than the bigger cylindrical electrode. Later, the cut-side
electrode contrarily brought less electrode wear than the bigger cylindrical electrode, for its larger space
removed debris faster. Under such circumstances, to reduce high tools wear and increase machining
efficiency of micro-holes EDM drilling, the cylinder and cut-side shaped micro-electrode tool should
be shifted alternately for deep micro-holes drilling. In micro-holes machining with high-aspect ratio,
the feeding depth was drilled alternately by cylindrical and cut-side micro-electrode tools. At first,
the cylindrical micro-tool with less electrode wear started to drill micro-holes to reach the feeding depth
limit area, and then shifted to the cut-side electrode with larger space to process it at the same speed
without moving the workpiece. Continuing the process until the micro-holes completely drilled might
improve the machining efficiency. The best machining method was achieved by using the cylinder- and
cut-side shaped micro-tools alternately; a micro-hole with high aspect ratio will be drilled completely
at 15 times larger in about 10 min of the machining time. The results show that it can be completely
drilled by cut-side micro-tools, and high aspect ratio drilling can be performed on WC-Co material
with a thickness of 1.0 mm, with an inlet diameter of 73 µm and an outlet diameter of 58 µm, as shown
in Figure 18. The micro-holes surface with high aspect ratio on WC-Co was observed through SEM,
as shown in Figure 19.
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Figure 14. Cut-side shaped micro-tool process by WEDG.

 

 

Figure 15. Side view of cut-side shaped micro-tool.

 

 

Figure 16. Front view of cut-side shaped micro-tool.
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Figure 17. Comparison between the feeding depth of the cylinder tool and cut-side tool.

 

 

Figure 18. Micro-hole drilling of high aspect ratio on WC-Co through a desktop micro-EDM system.

 

 

Figure 19. Surface of micro-hole drilling of high aspect ratio on WC-Co observed by SEM.
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4. Conclusions

A review of the research trends in micro-EDM about various electrode tools and their effects in
the characteristics of micro-EDM are presented. A low-cost desktop micro-EDM system was explored
and developed for rapid drilling of micro-holes through tungsten cemented carbide in this study.
Using commercial electrode tools of 50 up to 150 µm, for about 2 to 4 min, it is possible to achieve
semi-large-scale production of micro-holes. The desktop micro-EDM system is also able to drill
micro-holes by mechanical drilling using a micro-spindle tool with a screw slot. Besides, the WEDG
technology can even be employed for more meticulous micro-electrode and shaping tool fabrication.
In addition to superb microelectrode tool fabrication, micro-hole drilling could be also done by the
same machine. Compared to the nearly one million dollars and high prices of commercial micro-EDM
systems, there are more potential applications for the drilling of tungsten cemented carbide in the
low-cost desktop micro-EDM system developed in this study, which is able to produce roundness
of a micro-hole of approximately 1 µm and a 9 times standard aspect ratio, enhanced to 15 times in
high-aspect ratio. We hope that research and analyses on machining characteristics of double cut-side
tool electrodes will be continued in the future.
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Abstract: Inflatable soft microactuators typically consist of an elastic material with an internal void
that can be inflated to generate a deformation. A crucial feature of these actuators is the shape of ther
inflatable void as it determines the bending motion. Due to fabrication limitations, low complex void
geometries are the de facto standard, severely restricting attainable motions. This paper introduces
wire electrical discharge grinding (WEDG) for shaping the inflatable void, increasing their complexity.
This approach enables the creation of new deformation patterns and functionalities. The WEDG
process is used to create various moulds to cast rubber microactuators. These microactuators are
fabricated through a bonding-free micromoulding process, which is highly sensitive to the accuracy of
the mould. The mould cavity (outside of the actuator) is defined by micromilling, whereas the mould
insert (inner cavity of the actuator) is defined by WEDG. The deformation patterns are evaluated
with a multi-segment linear bending model. The produced microactuators are also characterised and
compared with respect to the morphology of the inner cavity. All microactuators have a cylindrical
shape with a length of 8 mm and a diameter of 0.8 mm. Actuation tests at a maximum pressure of
50 kPa indicate that complex deformation patterns such as curling, differential bending or multi-points
bending can be achieved.

Keywords: wire electrical discharge grinding (WEDG); micromoulding; soft microrobotics; electrical
discharge machining (EDM)

1. Introduction

Soft robotic systems are capturing the interests of scientists and engineers with characteristics that
are breaking with conventional robot traditions. Softness, compliancy and cost-effective manufacturing
make soft robots preferable in applications where gentle manipulation and human interaction occur [1].
Thanks to their low mechanical stiffness, soft robots can safely operate in unstructured environments
by adapting to unforeseen collisions and reduce the risk of harmful events [2]. For those reasons,
soft robotic technology is extensively utilised to make universal grippers [3], some of which have been
commercialised [4]. Other promising soft robotic applications include robots for search and rescue
operations [5,6] as well as innovative techniques to make untethered and entirely soft machines [7].
There is an increasing interest in downscaling soft robotic technology to micrometre scales to drive
advances in applications where the operational environment is unpredictable or extremely delicate,
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such as minimally invasive surgery and drug delivery [8–10]. Further, soft microrobotics has already
been applied in microfluidics for making flexible active valves [11] and artificial cilia for biomimetic
micromixing and micropumping [12].

Soft robots necessitate actuators that display large deformations as a response to a generalised
force input. Typically, soft actuators are designed such that their deformation corresponds to a desired
kinematic trajectory, behaving as a compliant mechanism with one degree of freedom. Many types of
soft actuators can be distinguished according to the nature of the applied forces [8], which can vary
from electrical (dielectric or ionic polymers) to magnetic fields (magnetic polymers), from solvent
concentrations (hydrogels) to pressurised fluids (inflatable structures), etc.

Elastic inflatable actuators (EIAs) are one of the most widespread soft actuators, that rely for their
motions on the morphology of the actuators [13]. Such actuators at small-scale were first introduced
by Suzumori [14,15] and Konishi [9,16] for biomedical applications. For a comprehensive review of the
different types of EIAs we referred to previous studies (see [13,17]). Current miniaturised EIAs are
made with a single inflatable elastomeric cavity which leads to a simple motion that can be bending [18],
twisting [19], contracting [20] or extending [21]. Large-scale actuators, on the other hand, have been
presented with richer deformations, originating from a more complex design. However, these complex
designs are challenging to copy at smaller scales due to manufacturing limitations. At a larger scale,
inflatable actuators are typically made out of different elastomeric parts, which are subsequently
bonded or glued together. This approach makes it possible to create intricate actuator geometries that
drastically modify the actuator performance as shown by Mosadegh et al. [22] for pneumatic networks
(PneuNets) bending actuators. However, at smaller scales, creating similar actuators by combining
parts and bonding them is an uphill task, due to more stringent requirements on the tolerances of the
parts to be assembled, possible misalignments and handling problems. A commonly used bonding
process for sub-centimetre soft actuators in polydimethylsiloxane (PDMS) consists of oxygen plasma
treatment to activate the PDMS surfaces before bonding [23]. However, these bonds are often the
weakest part of the structure which eventually causes the actuator to rupture.

In order to circumvent these issues, we propose a bonding-free technique to fabricate
millimetre-scaled soft bending microactuators, using out-of-plane moulding [18]. These microactuators
consist of PDMS cylindrical structures with a simple cylindrical inflatable cavity, which is placed
eccentric to the axis of the outer cylinder of the actuator. This eccentricity introduces an asymmetry
in the cross-section of the actuator that causes the actuator to bend. The mould is composed of two
micro-milled parts and a cylindrical microrod placed in between the two parts, where the shape of
the microrod is replicated as the inflatable cavity. We used these devices for different applications
such as artificial cilia [24] and flexible endoscopes [25]. However, given the simple morphology of the
inflatable cavity, these microactuators have a limited operating range with a maximum bending angle
of up to 45◦ [25].

In this paper we introduce an additional manufacturing step to this bonding-free technique in
order to fabricate more complex microactuators. During this additional step, the cylindrical microrods
are machined using a wire electrical discharge grinding (WEDG) process. WEDG is a manufacturing
process in which material is removed from a rotating tool using a running wire through high-frequency
sequences of electric discharges. WEDG, which was early developed by Masuzawa et al. [26], has been
established over the past years as a proven technology for machining axisymmetric microrods down
to less than 10 µm in diameter [27]. Nowadays, WEDG is used for machining not only cylindrical,
but also tapered microrods [28] as well as microrods with a spherical tip [29]. WEDG’ed microrods find
a wide variety of applications in industry such as touch probes for contact measurement systems [30]
or microtools for drilling tapered microholes [31] and microhole arrays [32].

WEDG was already used for the fabrication of classic pneumatic microactuators [33], but not
for soft actuators. Here, WEDG is used for machining axisymmetric microrods with more complex
shapes to be placed in the internal cavity of inflatable soft robotic actuators in a micromoulding process.
Dimensional and surface metrology are used to check that the accuracy and surface quality of the
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fabricated microrods are compatible with the moulding requirements. Further, an analytical model
is used to predict the deformation of the moulded actuator. The model is validated by experimental
tests on prototypes. These tests clearly show the benefits in terms of deformation patterns of using
structured microrods over their unstructured counterparts. The paper is structured as follows: in the
first section we report on three different morphologies of inflatable cavities and the details about
the WEDG process to realise the respective internal shapes. Subsequently the manufacturing steps
involved in the moulding process are described. Finally, the microactuators are characterised and
compared to the state-of-the-art.

2. Materials and Methods

2.1. Inflatable Cavity Morphologies

All microactuators described in this work have the same general architecture and only differ in
the shape of the inflatable cavities. Nevertheless, the deformation changes significantly as further
reported. The microactuators are cylindrical pillars, 8 mm in length and 0.8 mm in outer diameter,
with inflatable cavities that are placed at an eccentricity, e, of 110 µm. We designed the inflatable cavities
to be compatible with the WEDG process as described in Section 2.2. Thus, all cavities are axisymmetric
with local variations of the radius across the length. We identified three different actuators with distinct
rod shapes that lead to different functional deformations. In the paper we refer to them as: (i) Saw

(Figure 1a); (ii) Totem (Figure 1b); (iii) Halter (Figure 1c).

 

 

Figure 1. Inflatable cavity morphologies: (a) Saw, (b) Totem, (c) Halter. The cavities are axisymmetric,
and the colour code corresponds to the local diameter of each segment. The segment lengths are
reported in Table 1.

Table 1. Inflatable cavities segments lengths.

Morphology Segments Lengths (mm)

Saw 20 0.4–0.35 (×10)
Totem 5 1.8–0.7–2.5–0.7–1.8
Halter 3 3–1.5–3

The inflatable cavities of the three actuators can be divided into segments of different length
and diameter. The segment lengths are reported in Table 1, while the diameters can be found in
Figure 1, where the colour codes distinguish the different segments. In total, the combined length of
the inflatable cavities equals 7.5 mm.

Given the eccentricity of the cavity with respect to the axis of symmetry of the structure, all actuators
undergo a bending motion upon pressurisation, as explained in our previous paper [18]. Due to the
asymmetric placement of the central void (Figure 2a), the centroid of pressure is shifted with respect to
the neutral (bending) axis of the structure, resulting in a large bending deformation. In Figure 2b,c,
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the 3D representation and longitudinal cross-section of a microactuator of Totem type are shown as
an example. The eccentricity, e, corresponds to the distance between the axis of the inflatable cavity
and that of the rubber structure.

 

 

Figure 2. (a) Cross section of the microactuators. The distance between the neutral axis and the centre
of the inflatable cavity (in white) is the moment arm d. (b) 3D representation of the microactuator with
a Totem morphology of the inflatable chamber. Section planes are displayed. (c) Longitudinal section of
the microactuator. The distance between the axis of the inflatable cavity and that of the rubber structure
corresponds to the eccentricity, e.

2.2. WEDG Process

WEDG is used for shaping the microrods to the desired shapes. In this research, we developed
a WEDG processing strategy using the WEDG unit of a SARIX® SX-100-HPM micro-EDM machine
(Figure 3a). This unit is equipped with a brass wire of 200 µm in diameter (Dwire), which is used for
machining the microrods. The brass wire runs continuously during the WEDG process. Cylindrical
microrods in tungsten carbide provided by SARIX® are used. The microrods, which have a nominal
diameter (Drod) of 500 µm, are clamped in the spindle of the micro-EDM machine tool. In Figure 3b,
a schematic illustration of the performed WEDG process is shown. During the WEDG process,
hydrocarbon oil of viscosity equal to 2.4 mm2/s at room temperature (HEDMA® 111) is applied as
a dielectric fluid.

 

 
Figure 3. (a) Experimental setup and (b) schematic view of the wire electrical discharge grinding
(WEDG) process. In the magnified view in (b), the wire diameter (Dwire) and the depth of cut (ap) are
indicated. The figure is adapted from [34].

In order to reduce machining time, WEDG processing is carried out using two machining regimes:
roughing and finishing. Table 2 lists the processing parameters applied in each machining regime.
In both cases, a positive polarity is applied to the microrod. In roughing, a relatively high amount of
energy per discharge (average discharge energy: 46.5 µJ) is applied in order to increase the machining
efficiency. The amount of energy per discharge is reduced during finishing (average discharge energy:
3.8 µJ). The average energy per discharge is computed from samples of the voltage and current signals
including roughly 2000 pulses following the same methodologies we applied in a previous study [35].
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Table 2. Wire electrical discharge grinding (WEDG) processing parameters.

Parameter Symbol Unit
Machining Regime

Roughing Finishing

Open voltage U0 V 120 85
Capacitance 1 C nF 5 1.5
Pulse-on time TON µs 5 4
Pulse-off time TOFF µs 3 2

Reference voltage Ue V 85 72
Spindle rotation R rev/min 850 700

1 Estimated value.

The WEDG process for shaping the microrods consists of multiple roughing steps and a single
finishing step. A radial depth of cut (ap) equal to 20 µm is applied during the roughing step. This value
is chosen based on the results of some preliminary experiments, which were carried out to maximise
the material removal rate (MRR) during roughing [34]. In the finishing step, a 10 µm radial depth of cut
is applied. The finishing step is meant to ensure a higher machining accuracy and improve the surface
quality of the microrods. In order to assess the accuracy and quality of the WEDG’ed sections on the
microrods, post-process metrology is carried out by optical microscopy (ZEISS® SteREO Discovery
V20), confocal microscopy (Sensofar® S lynx) and scanning electron microscopy (Phenom® Pro).

2.3. Moulding

The microactuators are fabricated through a bonding-free out-of-plane moulding process,
as sketched in Figure 4. The mould consists of two aluminium micromilled parts. The bottom
part contains the designated holes for the microrods (Figure 4a) as well as features for releasing
the microactuators, while the top part presents through-holes with a diameter equal to the external
diameter of the microactuators (0.8 mm). The holes in the two parts are drilled in such positions so
that when aligned and assembled they create an eccentricity of 110 µm of the inflatable cavity. Before
pouring the uncured rubber, the mould surfaces are coated with a layer of release agent (Devcon).

 

 

Figure 4. Fabrication process steps. (a) WEDG’ed (wire electrical discharge grinding) microrod is
placed in the designated hole of the aluminium bottom half of the mould. (b) Uncured rubber is poured
on the bottom half. (c) The top half is aligned and tightened to the bottom half. (d) After curing, the top
part is removed. (e) Microactuator demoulding. (f) Microrod removal (figure adapted from [36]).

The two liquid prepolymers of the silicone rubber (Dragon Skin™ 30 by Smooth-On) are thoroughly
mixed in a 1:1 ratio for 2 min. The uncured rubber is subsequently placed in a vacuum chamber for
5 min to make sure no air is trapped inside. Indeed, this is a fundamental step as the presence of
microscopic air bubbles in the cured rubber dramatically affects the mechanical properties, and due to
the small size of the actuators also cause imperfections and unwanted voids.

After filling the bottom part of the mould (Figure 4b), we degas it again for 5 min in the vacuum
chamber. The top part of the mould is aligned with respect to the bottom part through alignment
pins and firmly tightened (Figure 4c). This tightening ensures that the uncured rubber flows in all
the features of the mould. The mould is subsequently placed in the oven at 60 ◦C for 1 h to let the
elastomer cure. After curing, the mould is opened, using ethanol as lubricant (Figure 4d). Given their
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intricate shape, the microrods are stuck in the microactuators after demoulding (Figure 4e). Removing
the microrods is the last and most delicate step, which requires the use of ethanol to slightly swell the
silicone and allow a safe removal of the rod (Figure 4f). Since the rubber cures around the microrod,
the absence of air generates a negative relative pressure that locks the microrod inside the microactuator.
The function of ethanol is to both lubricate and swell the rubber so that air can penetrate the cavity
and eliminate the negative relative pressure. This effect combined with the compliancy of the soft
material enables the removal of the microrod. After removing the microrod, the microactuators are
dried at room temperature to fully evaporate the ethanol. Then, they can be connected to pressure
supply tubing.

Microactuators of the Halter type require a different process to remove the microrod. Indeed,
due to the large diameter variation (from 500 µm to 100 µm), the swelling-induced removal of the
microrod is not effective. Alternatively, the microrod is broken at the thin section and the two parts are
extracted from the base and the tip of the microactuator. The tip is subsequently sealed with a drop of
uncured rubber.

2.4. Analytical Model

In order to evaluate the deformation patterns associated with the different inflatable cavity
morphologies of the actuators, we apply a multi-segment linear analytical model consisting of
Euler–Bernoulli beam segments that are each loaded with a constant bending moment. For one
segment, this model has already been applied to capture the overall bending deformation of a soft
bender [18,37,38], while here we introduce a segmented approach. The different actuator types that
we analyse in this work can be divided into n segments (Table 1), where each radial variation ri is
considered as the i-th segment (i = 1, . . . , n) of length li. In our model, each segment is subjected to a
constant moment Mi

Mi = pEπr2
i di, (1)

where di is the distance between the centre of the cavity section and the neutral bending axis, passing
through the centre of mass of the section (Figure 2 and Equation (2)), while pE is a non-dimensional
parameter corresponding to the normalised pressure with respect to the Young’s modulus of the
material (pE = p/E).

di = e +
er2

i

R2 − r2
i

(2)

Therefore, the curvature of the i-th segment is equal to

ki =
Mi

Ii
, (3)

where Ii is the second moment of area of the section:

Ii =
π
(

R4 − r4
i

)

4
+ πR2(di − e)2 −πr2

i d2
i (4)

The curved profiles of the n segments are numerically computed and assembled in MATLAB to
show the overall deformed configuration of the actuator.

2.5. Microactuators Experimental Setup

The experimental setup to characterise the microactuator response consists of a pressure regulator
valve (Festo LR-D-7-I-Mini) fed with compressed air coupled to a manometer (Festo FMAP-63-1-1/4-EN)
and connected to the tested microactuator. A 500 µm outer diameter (OD) tube is inserted in the
inflatable cavity of the microactuator and fixed with uncured silicone rubber. In the experiment,
the pressure input is manually increased by 10 kPa increments, while a camera (Nikon 1 V3) captures
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the actuator deformation in the bending plane once a static equilibrium is reached at each pressure
increment. As the actuators have different curvatures in accordance to their segmentation, the deformed
configurations are characterised using the tip trajectory as parameter.

3. Results and Discussions

3.1. WEDG Accuracy and Quality

In order to evaluate the accuracy of the WEDG process for the fabrication of soft robotic
microactuators, the WEDG’ed sections of the microrods are measured by means of a ZEISS® SteREO
Discovery V20 microscope. The measurement results for ten different sections, which were machined
on microrods with a Saw morphology, are shown in Figure 5. The target diameter for the measured
sections is 400 µm.

 

CRE = |𝑘 − 𝑘 |𝑘

Figure 5. Measurement of the diameter of the WEDG’ed sections of the microrods. Ten different
sections are measured, and eight measurements are carried out per section. The data points refer to the
mean diameter of each measured section, while the error bars indicate the standard deviation of the
eight measurements.

From Figure 5, it can be observed that the WEDG’ed sections deviate less than ±3 µm from the
target diameter. In particular, the average diameter of the measured sections is 400.4 µm, while the
standard deviation is 2.59 µm. These results highlight the high precision and accuracy of the proposed
WEDG processing method. In order to study the effect of the processing accuracy on the performance
of soft robotic microactuators, the analytical model presented in Section 2.4 is used to analyse the
influence of variations to the diameter of the inflatable cavity of a segment on the curvature relative
error (CRE). Equation (5) is used to compute the CRE from the curvature k0 of a segment of nominal
diameter and the curvature ke of a segment of diameter affected by a machining error.

CRE =
|ke − k0|

k0
(5)

In Figure 6, the effect of the machining error on the CRE is shown. Segments of diameter equal
to 100 µm and 400 µm are considered, which are the diameters of the segments of the three types of
microactuators presented in this work. It can be seen that the CRE linearly increases with the machining
error. WEDG processing, which allows the machining of segments having a deviation of less than
±3 µm from the nominal diameter, results in maximum CREs of about 2.2% and 5.3% for segments of
diameter equal to respectively 400 µm and 100 µm. These maximum errors are relatively small and
confirm that WEDG processing can be considered as a viable technique for machining axisymmetric
microrods to be used in the bonding-free fabrication process of soft robotic microactuators. The trends
shown in Figure 6 also suggest that the finishing step is crucial and unavoidable for ensuring high
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performance of the soft robotic microactuators since deviations from the nominal diameter in the order
of 4–10 µm are observed after roughing. These deviations would result in an increase of the CRE up to
20% for a section diameter of 100 µm.

 

 
Figure 6. Effect of the machining error on the curvature relative error (CRE). In the graph, the calculated
CRE of segments with inner cavity diameter D equal to 100 µm and 400 µm is shown.

The main drawback of the proposed WEDG method is the relatively long processing time.
For instance, it takes approximately 5 min for machining a section of 400 µm diameter and 0.4 mm
length on a cylindrical microrod of 500 µm diameter. In this case, the two roughing steps take
approximately 3 min in total, while roughly 40% of the total machining time is spent in finishing.
However, long processing time are acceptable, taking into consideration that a microrod can be used for
moulding multiple soft robotic microactuators. A possible solution for reducing the WEDG processing
time could be to increase the discharge energy during the roughing steps. This can be accomplished,
for example, by increasing the capacitance or open voltage parameters [39]. Nevertheless, an increase
of the discharge energy is likely to result in a more aggressive and less repeatable removal of material
by electric discharges, thus decreasing the overall accuracy and precision of the WEDG process.

The surface roughness of the WEDG’ed sections of the microrods is analysed qualitatively by
means of scanning electron microscopy (SEM) and confocal microscopy. In order to study the effects of
finishing on the surface quality, the surface analysis is carried out on the same sections considered
in Figure 5 and on other sections, which were machined by interrupting the WEDG process before
performing the final finishing step. The benefits of the finishing step are clear when observing
the SEM micrographs of the microrods before and after the finishing step (Figure 7). In particular,
it can be seen that a less uneven surface morphology can be achieved once the single-step finishing
is performed after roughing. The observed difference corresponds to a decrease of the surface
roughness from Sa = 0.84 µm to Sa = 0.37 µm. These values refer to the average values of the Sa

surface parameter, which are computed from 20 samples measured on 10 different grooves by a
Sensofar® S lynx microscope in confocal mode (magnification: ×50, field of view: 350 × 260 µm).
The Sa parameter represents the arithmetical mean height of a surface. It is the extension of the Ra

parameter (arithmetical mean height of a line) to the surface. In light of the bonding-free fabrication
process of the microactuators, a reduction in surface roughness is advantageous, since the demoulding
forces in microreplication processes depend on friction [40]. Despite the relatively long machining
time, it can be concluded that the finishing step is crucial not only to achieve the required processing
accuracy, but also to facilitate the removal of the microrod after moulding.
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Figure 7. Surface morphology of a microrod (a) before and (b) after the finishing step. The images are
taken by means of Phenom® Pro scanning electron microscope.

Figure 8 shows a microrod after WEDG processing. The enlarged views taken by SEM reveal
that a flat tip and straight edges can be achieved by WEDG. It can also be seen that the WEDG’ed
sections have round chamfers, of which the radius depends on the radius of the wire which is used in
the WEDG process. Round chamfers are crucial for demoulding the microactuators. Very sharp edges
should indeed be avoided as they can damage the microactuators.

 

 

Figure 8. WEDG’ed microrod for moulding of soft pneumatic microactuators. The image of the
microrod is taken using a ZEISS® SteREO Discovery V20 optical microscope, while the enlarged views
are taken by means of Phenom® Pro scanning electron microscope.
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3.2. Microactuators Analytical Model

The analytical model described in Section 2.4 is solved for the three different inflatable cavities.
The normalised input pressure (pE) is equal for the three actuators, varying linearly from 0 to a
maximum of 0.2. Figure 9 displays the deformation of the three actuators for six equidistant pressure
values along the input ramp.

 

 

Figure 9. Analytical model results. Six configurations are depicted for each actuator at the same
normalised pressure inputs (pE) varying from 0 (undeformed) to 0.2 (maximum deformation). Segments
are distinguished with the same colour code as used in Figure 1.

The different segments of each inflatable cavity are distinguished using the same colour code as
for Figure 1. The sections of the inflatable cavity with a reduced diameter (light blue) undergo a lower
curvature for two reasons. First of all, the bending stiffness is higher due to the increase of the second
moment of area as the cross-sectional void (Figure 2) is smaller. Secondly, the normal force driving the
bending moment scales linear with this cross-sectional area (Equation (1)).

The diverse responses of the segments along the microactuators determine the complex
deformation patterns that we aim to achieve. As such, each low-stiffness segment acts as a compliant
joint. For example, we expect Saw to achieve a full-curled configuration due to the higher distribution
of joints, whereas Totem has a discrete deformation, with only two low-stiffness segments working as
the main bending points. On the other hand, Halter bends only at the extremities of the microactuators
while the central part stays undeformed.

3.3. Microactuators’ Characterisation

The three microactuators are experimentally characterised using the setup described in Section 2.5.
Figure 10 shows the deformation of the three microactuators at a pressure of 20, 40 and 50 kPa.
The deformed shapes are in agreement with the results of the analytical model, showing the
predicted segmented curvatures according to the shape of the inflatable cavity, as discussed in
the previous paragraph.

However, the experimental displacement starts to deviate from the model at large displacements.
This is more significant for actuators Saw and Halter as they have a higher distribution of thinner
membranes that undergo large strains. Indeed, the assumptions of the linear model (such as linear
elasticity and undeformed cross-sections) hold at small deformations, but for large displacements
silicone rubbers follow hyperelastic models, where stress and strain are nonlinearly related, and cross
sections deform. Moreover, circumferential strains become important at large deformations, leading to
nonlinear phenomena that occur in rubber structures, such as ballooning and elastic instabilities [41].
This is one of the main reasons why soft bending actuators are manufactured with fibre-reinforcements
or bellows shapes to limit circumferential strains [22,38]. Given the asymmetric geometry of the
cross-section of our microactuators, the analytical formulation of the nonlinear problem is not trivial,
and finite element method (FEM) is commonly used to deal with these nonlinearities [42].
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Figure 10. Microactuator inflation tests. Deformed configuration at four different pressures is reported
for each microactuator. The white dash in the subfigures of the first column corresponds to a length of
0.8 mm. The experimental and modelled tip trajectory with respect to the initial position at 0 pressure
is reported in the graphs.

Thanks to the segmented shape of the inner chamber introduced with the WEDG process,
the ballooning effect is limited to the segments with lower stiffness and does not affect the whole
actuator. For example, the 400 µm segments in Saw work as circumferential strain limiters and prevent
the propagation of the ballooning from the 500 µm segments. This decreases the risk of bursting and
allows the microactuator to safely achieve a fully curled configuration.

Another interesting feature that we obtained with WEDG can be observed in the Totem deformation
(Figure 10, second row), where the low-stiffness segments balloon and bend while the rest of the cavity
is less deformed, resulting in a finger-like motion. Therefore, larger bending deformations can be
locally concentrated in the actuator.

4. Conclusions

In this paper we investigated a new production technology to improve the design of soft
inflatable bending microactuators and achieving more complex deformations. WEDG processing
was shown to accurately machine micromoulds whose shapes are replicated in the soft actuators
through a bonding-free micromoulding process. As demonstrators, we proposed three different
actuators that share the same global geometry and material except for the shape of the inflatable
cavity. The actuators showed very different kinematics. To predict the response, we applied a simple
analytical model based on a multi-segment approximation and linear beam theory. Experimental
results agreed with the model-based predictions, within the limits posed by the linear approximation.
We manufactured microactuators that exhibit application-relevant behaviours such as full curl, flexible
joint-like fingers and undeformed segments. Indeed, this type of actuator has been used to develop
flexible microgrippers [36], as well as biomedical devices [25]. In the future we envision a reverse
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kinematics approach in the form of an optimisation algorithm that, starting from a given trajectory of
the end effector, is able to deduce the right morphology of the inflatable cavity which is compatible
with WEDG manufacturing.
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Abstract: When using foil queue microelectrodes (FQ-microelectrodes) for micro electrical discharge
machining (micro-EDM), the processed results of each foil microelectrode (F-microelectrode) can
be stacked to construct three-dimensional (3D) microstructures. However, the surface of the 3D
microstructure obtained from this process will have a step effect, which has an adverse effect on the
surface quality and shape accuracy of the 3D microstructures. To focus on this problem, this paper
proposes to use FQ-microelectrodes with tapered structures for micro-EDM, thereby eliminating the
step effect on the 3D microstructure’s surface. By using a low-speed wire EDM machine, a copper
foil with thickness of 300 µm was processed to obtain a FQ-microelectrode in which each of the
F-microelectrodes has a tapered structure along its thickness direction. These tapered structures could
effectively improve the construction precision of the 3D microstructure and effectively eliminate the
step effect. In this paper, the effects of the taper angle and the number of microelectrodes on the step
effect were investigated. The experimental results show that the step effect on the 3D microstructure’s
surface became less evident with the taper angle and the number of F-microelectrodes increased.
Finally, under the processing voltage of 120 V, pulse width of 1 µs and pulse interval of 10 µs,
a FQ-microelectrode (including 40 F-microelectrodes) with 10◦ taper angle was used for micro-EDM.
The obtained 3D microstructure has good surface quality and the step effect was essentially eliminated.

Keywords: foil queue microelectrode; micro-EDM; step effect; tapered structure

1. Introduction

Micro electrical discharge machining (micro-EDM) is a non-contact machining technology, which
has the advantage of a small cutting force. In view of this advantage, micro-EDM has been widely
used in the processing of micro structures [1,2].

For achieving three-dimensional (3D) micro-EDM, Yu et al. [3] proposed the uniform wear
method (UWM) and applied it to process 3D micro-cavities through layer-by-layer micro-EDM
of a micro-electrode with a simple cross-section. In order to process complex 3D structures
with arbitrary components, Rajurkar et al. [4] combined UWM and the computer-aided design
(CAD)/computer-aided manufacturing (CAM) system in micro-EDM. With the purpose of investigating
the effects of alternating-current on the energy usage and the erosion efficiency in the micro-EDM
process, Yang et al. [5] built an electrical model and provided a theoretical analysis.

To improve the efficiency of 3D micro-EDM, Tong et al. [6] proposed the servo scanning 3D
micro-EDM (3D SSMEDM) method based on the macro/micro-dual-feed spindle. In order to improve
the machining efficiency and reduce the electrode wear, Fu et al. [7] proposed piezoelectric self-adaptive
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micro-EDM based on the inverse piezoelectric effect. To improve machining quality and machining
efficiency of 3D micro-EDM, Yu et al. [8] proposed a new electrode wear compensation method, which
combined the linear compensation method (LCM) with the uniform wear method (UWM). In order to
fabricate micro groove arrays and columnar microstructures, Wu et al. [9] applied rotary dentate disc
foil electrodes in micro-EDM in #304 stainless steel workpieces.

To improve machining accuracy of 3D micro-EDM, Nguyen et al. [10] identified and analyzed the
error components of 3D micro-EDM milling process, which found that the corner radius of virtual
electrode is also important to determine the machining accuracy. In order to achieve the high-precise
machining of the micro rotating structure, Wang et al. [11] proposed micro reciprocated wire electrical
discharge machining (wire-EDM) to fabricate micro-rotating structures. Using the low speed wire
electrical discharge turning (LS-WEDT) method combined with the numerical control technology,
Sun et al. [12] manufactured the microelectrodes and micro-cutting tools with good surface quality and
high machining accuracy. To further study the discharge characteristics and machining mechanism
of micro-EDM, Liu et al. [13] studied the variation trends of the discharge energy and discharge
crater size in single-pulse experiments. Focus on the optimization of the processing parameters and
quality control in micro-EDM, Bellotti et al. [14] applied a process fingerprint approach in micro-EDM
drilling. In order to process micro-holes on tungsten carbide plates, D’Urso et al. [15] applied tubular
electrodes in micro-EDM and evaluated the influence of variable process parameters on process
performance. For achieving high precision machining of cubic boron nitride, Wyszynski et al. [16]
described an application of EDM for drilling micro holes in cubic boron nitride and determined
a set of parameters and technical specifications. Focus on the fabrication of deep micro-channels,
Ahmed et al. [17] used wire-cut electrical discharge machining (EDM) to fabricate deep micro-channels
with thin inter-channels fins.

Focus on the optimal selection of machining parameters, Świercz et al. [18] performed an analytical
and experimental investigation of the influence of the EDM parameters. In order to understand the
debris movement in high aspect ratio hole EDM machining, Liu et al. [19] developed a model to
simulate the distribution and removal of debris in different machining conditions in ultrasonic assisted
EDM with side flushing. To study the hydrogen dielectric strength forces in the EDM, António
Almacinha et al. [20] applied electro-thermal model to simulate a single discharge in an electric
discharge machining process. For obtaining an array micro-grooves, Wang et al. [21] developed a
manufacturing method by applying disk electrode in micro electrochemical machining. For getting
the high-efficiency removal, Zhang et al. [22] adopted a tool electrode with an optimized helical
structure in tube electrode high-speed electrochemical discharge machining (TSECDM). Focus on the
problem of the current micro-EDM pulse generator, Wang et al. [23] designed a micro-energy pulse
source with narrow pulse width and high-voltage amplitude for getting more fine-etching ability.
For fabricating micro punching mold with complex cross-sectional shape, Yu et al. [24] developed
a micro punching system with a micro electrical discharge machining (EDM) module. To optimize
the process parameters for micro EDM of Ti-6Al-4V alloy, Huang et al. [25] used the Taguchi method
to determine the performance characteristics in micro EDM milling operations. In order to flush
the debris generated in micro-EDM, Beigmoradi et al. [26] proposed a new numerical approach for
enhancing flushing.

The above studies did good work on 3D micro-EDM and promoted the development of micro-EDM.
For improving machining efficiency of 3D micro-EDM, Xu et al. [27,28] proposed a novel process
to fabricate 3D micro-electrodes by superimposing multilayer 2D micro-structures and applied it in
micro-EDM. However, the fabrication process of 3D micro-electrode is complicated and has a low
success rate (30%).

Focusing on the complexity and low fabrication success rate of 3D microelectrodes, Xu et al. [29,30]
discretized 3D micro-electrodes into several foil micro-electrodes and these foil micro-electrodes
composed foil queue micro-electrode (FQ-microelectrode). According to the planned process path,
each foil micro-electrode in FQ-microelectrode (Figure 1a) was sequentially applied in micro-EDM
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and processed results of each foil microelectrode (F-microelectrode) can be stacked to construct 3D
microstructures. However, the surface of the 3D microstructure obtained from this process will
have a step effect (Figure 1b), which will affect the surface quality and shape accuracy of the 3D
microstructure. Focus on this problem, this paper used FQ-microelectrode with tapered structure for
micro-EDM processing. These taper structures can effectively improve the construction accuracy of the
3D microstructure and effectively eliminate the step effect.

 

Figure 1. (a) Foil queue (FQ)-microelectrode; (b) 3D microstructure fabricated by the micro-electrical
discharge machining (EDM) of FQ-microelectrode.

2. Method

Firstly, the 3D microstructure model was established using 3D modelling software. According to
the 3D microstructure model, the corresponding 3D microelectrode model was obtained. Then, the 3D
microelectrode model was sliced along its thickness direction to obtain a number of F-microelectrode
models and thus machining data of each F-microelectrode can be obtained. Based on the machining
data, the copper foil was processed by low-speed wire EDM machine to obtain each F-microelectrode
and these F-microelectrodes composed the FQ-microelectrode.

FQ-microelectrode was applied for micro-EDM in sequence and processed results of each
F-microelectrode can be stacked to construct 3D microstructures. Similar to the 3D printing process,
the surface of 3D microstructure has a step effect (Figure 1), which seriously affects the surface quality
and shape accuracy of the 3D microstructure.

When the electrode wear factor was not considered, the 3D microstructure obtained from
micro-EDM of FQ-microelectrode was formed by many step superpositions. In this case, the step effect
on the surface of the 3D microstructure was evident (Figure 2a). When the F-microelectrode had a
tapered structure, the processing contour of the 3D microstructure was composed of oblique lines,
which could better fit the design contour (Figure 2b), thereby reducing the step effect and improving
the shape accuracy of the 3D microstructure.
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Figure 2. (a) Fabricating 3D microstructure based on the FQ-microelectrode without tapered structure;
(b) Fabricating 3D microstructure based on the FQ-microelectrode with tapered structure.

3. Experimental Materials and Equipment

The FQ-microelectrode with taper structures was machined from a 300 µm thick copper foil using
a LS-WEDM machine (Sodick company, Model: AP250LS, Suzhou, China), and then 3D micro-EDM
was performed in cemented carbide. The FQ-microelectrode was observed by laser scanning confocal
microscopy (Keyence company, model: VK-X250, Osaka, Japan). The surface topography of the 3D
microstructure was observed by scanning electron microscopy (FEI company, Model: Quanta FEG 450,
Hillsboro, OR, USA).

4. Experimental Results and Discussion

To eliminate the step effect on the 3D microstructure surface, this paper used FQ-microelectrode
with tapered structures for micro-EDM to process 3D microstructure. This paper studied in detail the
influence of different taper angles and numbers of F-microelectrodes on the step effect. Under the
voltage of 72 V, the pulse width of 0.5 µs and the pulse interval of 5 µs, the FQ-microelectrodes were
machined from copper foil with thickness of 300 µm by using the LS-WEDM machine.

4.1. Influence of Taper Angle on the Elimination of Step Effect

To study the effect of the taper angle on the step effect, FQ-microelectrodes with different
taper angles were used for micro-EDM. Due to the limitations of the processing equipment,
FQ-microelectrodes with a taper angle of more than 10◦ cannot be machined. Therefore, the taper angle
of the FQ-microelectrodes was set to 0◦, 2◦, 4◦, 6◦, 8◦ and 10◦. The workpiece material was cemented
carbide, and the FQ-microelectrode containing 16 F-microelectrodes was fabricated in 300 µm thick
copper foil. The processing object was 1/4 sphere with diameter of 600 µm. Based on the previous
studies [17,18], under the processing voltage of 120 V, the pulse width of 1 µs and the pulse interval of
10 µs, the processing object fabricated by micro-EDM had well surface morphology.

The experimental results are shown in Figure 3. When the taper angle of the F-microelectrode
is 0◦, the number of steps on the 3D microstructure surface is highest and the step effect is evident
(Figure 3a). When the taper angle of the F-microelectrode is 10◦, the number of steps on the 3D
microstructure surface is 2 and the step effect is not evident. When the F-microelectrode has a
taper structure, the processing contour of the 3D microstructure is composed of oblique lines, which
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effectively improves the shape precision of the 3D microstructure and reduces the step effect. Therefore,
as the taper angle of the F-microelectrode increases, the number of steps on the 3D microstructure
surface gradually decreases and the step effect becomes increasingly less evident.

 

 

 

 

Figure 3. Cont.
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Figure 3. Micro-EDM results of FQ-microelectrodes with different taper angles: (a) 0◦; (b) 2◦; (c) 4◦;
(d) 6◦; (e) 8◦; (f) 10◦.

To further clarify the position of the steps, the cross-sectional profile of the 3D microstructure was
measured by laser confocal microscopy and the experimental results are shown in Figure 4.

 

 

 

(a) 

(b) 

Figure 4. Cont.
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Figure 4. Micro-EDM results of FQ-microelectrode with different tapers observed by laser scanning
confocal microscopy: (a) 0◦; (b) 2◦; (c) 4◦; (d) 6◦; (e) 8◦; (f) 10◦.

When the taper angle of the F-microelectrode is 0◦, the steps are mainly distributed in the middle
and tail of the spherical surface. When the taper angle of the F-microelectrode gradually increases
from 0◦ to 10◦, the steps in the middle of the spherical surface are gradually eliminated, and the steps
in the tail of the spherical surface are somewhat attenuated. When the F-microelectrode had a tapered
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structure, the processing contour of the 3D microstructure was composed of oblique lines. If the slope
of the oblique line was close to the slope of the processing results of the adjacent F-microelectrodes,
the steps on this position can be substantially eliminated. From the processing position of the first
F-microelectrode to the last F-microelectrode, the height difference of the processing results of the
adjacent F-microelectrodes is continuously increased (Figure 5), so the slope of the processing results
of the adjacent F-microelectrodes is continuously increased. Therefore, when the taper angle of the
F-microelectrode is close to the slope of the processing results of the adjacent F-microelectrodes,
the step effect can be effectively eliminated (Figure 5). Thus, in the middle of the spherical surface,
when the taper angle of the F-microelectrode is 10◦, the taper angle is relatively close to the slope
of the processing results of the adjacent F-microelectrodes. Therefore, the steps on this position is
substantially eliminated. In the tail of the sphere surface, the taper of the F-microelectrode differs
greatly from the slope of the processing results of the adjacent F-microelectrodes, which results in a
more pronounced step at that location.

 

microelectrode was fabricated in 300 μm thick copper foil and every F
cessing object was 1/4 sphere with diameter of 600 μm, the processing 

voltage was 120 V, the pulse width was 1 μs and the pulse interval was 10 μs.

Figure 5. The height difference of the processing results of the adjacent F-microelectrodes.

4.2. Influence of Numbers of F-Microelectrode on the Elimination of Step Effect

Due to the limitation of processing equipment, FQ-microelectrodes with a taper angle of more
than 10◦ cannot be machined. Therefore, it is difficult to eliminate the steps in the tail of the sphere
surface. To focus on this problem, this paper proposes to eliminate the steps in the tail of the sphere
surface by reducing slice thickness of the 3D microelectrode model and thereby increasing the number
of the F-microelectrodes.

To study the effect of the number of F-microelectrodes on the step effect, FQ-microelectrodes with
different numbers of F-microelectrodes were applied for micro-EDM. The FQ-microelectrodes had 16,
25, 33 and 40 F-microelectrodes. The workpiece material was cemented carbide. The FQ-microelectrode
was fabricated in 300 µm thick copper foil and every F-microelectrode had a taper angle of 10◦.
The processing object was 1/4 sphere with diameter of 600 µm, the processing voltage was 120 V, the
pulse width was 1 µs and the pulse interval was 10 µs.

As shown in Figure 6, when the number of F-microelectrodes is 16, the 3D microstructure surface
has a small number of steps and these steps are located in the tail of the sphere surface. As the number
of F-microelectrodes increasing, the steps on the 3D microstructure surface become fewer and fewer.
When the number of F-microelectrodes increases to 40, the steps on the 3D microstructure surface
are essentially eliminated (Figure 6d). These experimental results prove that the step effect of the 3D
microstructure surface can be effectively eliminated by increasing the number of the F-microelectrodes.
To further clarify the position of the steps, the cross-sectional profile of the 3D microstructure was
measured by laser confocal microscopy and the experimental results are shown in Figure 7.
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Figure 6. Micro-EDM results of FQ-microelectrodes with different number of F-microelectrodes: (a) 16;
(b) 25; (c) 33; (d) 40.
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Figure 7. Micro-EDM results of FQ-microelectrodes with different number of F-microelectrodes
observed by laser scanning confocal microscopy: (a) 16; (b) 25; (c) 33; (d) 40.
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As shown in Figure 7, when the number of F-microelectrodes is 16, the step is mainly distributed at
the tail of the spherical surface. With the number of F-microelectrodes gradually increasing from 16 to
40, the position at which the steps occur gradually moves to the tail of the sphere, until it is eliminated.
As slice thickness of the 3D microelectrode model decreasing, the number of F-microelectrodes will
increase, which could improve the fitting precision of 3D microstructure. Therefore, in the tail of the
sphere, the step can be eliminated through increasing the number of F-microelectrodes. In addition,
during the micro-EDM, the wear of the F-microelectrode is unavoidable. Under the effect of micro-EDM,
the vertical angle at the end face of the F-microelectrode is worn and becomes rounded corner. Under
the influence of these factors, the surface of the processing results is processed into a corresponding
curved surface and thus the steps on the 3D microstructure surface are gradually eliminated.

5. Application of FQ-Microelectrode with Tapered Structures in Micro-EDM

To verify the feasibility of the proposed process, an FQ-microelectrode was prepared using a
300 µm thick copper foil. The FQ-microelectrode contained 40 F-microelectrodes, each of which had
taper structure with taper angle of 10◦ (Figure 8a). The process parameters of the FQ-microelectrode
preparation were described as follows: wire cutting voltage of 72 V, the pulse width of 0.5 µs
and the pulse interval of 5 µs. The FQ-microelectrode was applied in micro-EDM and its process
parameters were described as follows: pulse width of 1 µs, pulse interval of 10 µs and voltage of 120
V. The processing object was a hemisphere with diameter of 600 µm (Figure 9) and the workpiece
material was cemented carbide.

300 μm thick copper foil. The FQ

preparation were described as follows: wire cutting voltage of 72 V, the pulse width of 0.5 μs and the 
pulse interval of 5 μs. The FQ
were described as follows: pulse width of 1 μs, pulse interval of 10 μs and voltage of 120 V. The 
processing object was a hemisphere with diameter of 600 μm (Figure 9) and the workpiece material 

 

  

Figure 8. (a) FQ-microelectrode with tapered structures; (b,c) Micro-EDM results of FQ-microelectrodes
observed by scanning electron microscopy.
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microstructure is well and the maximum dimensional error is within 10 μm.

(μm)

(3) Under the processing voltage of 120 V, pulse width of 1 μs and pulse interval of 10 μs, the 

Figure 9. The computer-aided design (CAD) model of 3D microstructure.

The 3D microstructure was observed and measured by using scanning electron microscopy and
laser scanning confocal microscopy. The experimental results are shown in Figure 8 and Table 1.
From the experimental results, it can be seen that the surface quality of the 3D microstructure is good
(Figure 8b) and the surface step effect is eliminated (Figure 8c). The dimensional accuracy of 3D
microstructure is well and the maximum dimensional error is within 10 µm.

Table 1. Dimensional comparison between computer-aided design (CAD) model shown in Figure 9
and micro electrical discharge machining (micro-EDM) result shown in Figure 8.

Dimensional
Symbols

Dimensional Values (µm)
Processing Time

CAD Model
Shown in Figure 9

Micro-EDM Result
Shown in Figure 8

Errors

L1 1156 1150 6
120 minR1 300 295 5

Depth 330 322 8

6. Conclusions

Using FQ-microelectrodes for micro-EDM, processed results of each F-microelectrode can be
stacked to construct 3D microstructures. However, the surface of the 3D microstructure obtained
from this process will have step effect, which will affect the surface quality and shape accuracy of
the 3D microstructure. To focus on this problem, this paper proposed to eliminate the step effect
by using FQ-microelectrodes with tapered structures for micro-EDM and increasing the number of
F-microelectrodes. Through the detailed study, the following conclusions can be drawn:

(1) When the FQ-microelectrodes with tapered structures were used for micro-EDM, the step effect
on the surface of the 3D microstructure can be significantly weakened and the shape accuracy can
be improved.

(2) By reducing the slice thickness of the 3D microelectrode model and thereby increasing the number
of F-microelectrodes, the step effect on the 3D microstructure surface can be further eliminated.
When the taper angle of the F-microelectrode is 10◦ and the number of F-microelectrodes is 40,
the step effect on the surface of the 3D microstructure can be essentially eliminated.

(3) Under the processing voltage of 120 V, pulse width of 1 µs and pulse interval of 10 µs,
the FQ-microelectrode (including 40 F-microelectrodes) with 10◦ taper angle was used for
micro-EDM. The obtained 3D microstructure has good surface quality and the step effect was
essentially eliminated. The dimensional accuracy of 3D microstructure is well and the maximum
dimensional error is within 10 µm.
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Abstract: Cubic boron nitride (c-BN) is a “difficult-to-cut” material. High precision machining of
this material is problematic because it is difficult to control the material removal rate and maintain
acceptable accuracy. This paper describes an application of electrodischarge machining (EDM) for
drilling micro holes in c-BN. The goal of this research was to determine a set of parameters and
technical specifications for such a process. We used an isoenergetic transistor power supply with a
microsecond voltage pulse generator and a tungsten tool electrode of diameter d = 381 µm. Each hole
was drilled for 10 min. The holes did not exceed 410 µm in diameter and were at least 1000 µm deep.
The process was carried out in a hydrocarbon dielectric liquid. We assess the quality of the holes
from a qualitative and quantitative point of view. The results show that electrodischarge is a precise,
accurate, and efficient method for machining c-BN.

Keywords: electrodischarge micromachining; drilling; cubic boron nitride

1. Introduction

Machining of very hard and high strength materials—called “difficult-to-cut” materials—has been
a challenge for production engineers for decades [1]. The low efficiency of current machining processes
and expensive machine tools make precise industrial-scale machining for this category of materials
expensive. Boron nitride (BN) is among these difficult-to-cut materials and, due to its extraordinary
properties, has been present in various technical applications for more than 150 years. These properties
vary depending on the polymorph structure of BN. This chemical compound exists in an amorphous
form (a-BN) and in its basic and the most stable soft hexagonal form (h-BN), which is commonly used
as a lubricant. The cubic form of boron nitride c-BN, however, is one of the hardest materials on
Earth [2]. Its hardness makes it very attractive in many applications, and c-BN is used more frequently
than the other forms of boron nitride. Due to high thermal and chemical stability, c-BN is widely
used in the manufacturing of cutting tools for ferrous alloys machining, where diamond tools are less
durable due to carbonization and chemical solubility. There is also a wurtzite form of BN, which is
structurally similar to c-BN. It is said to be 18% harder than diamond, but due to its rare occurrence in
nature, this has not been scientifically verified.

Even if recent developments in material science have introduced an efficient way to create c-BN,
which makes the material more viable for applications such as high-power electronics, transistors,
and solid-state devices, they have not resolved the problem of the inefficient machining of c-BN [3].
The most frequently used technology for manufacturing parts of c-BN is sintering [4,5]. This process
introduces some limitations, i.e., limited part size and complexity (internal curvilinear channels) as
well as the high cost of tooling. The novelty of this research is to apply electrodischarge machining on
a micro-scale in order to offer a cost-effective and versatile approach to forming c-BN parts. It would
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make it more attractive for a broad variety of engineering applications where expensive and limited
(in terms of depth of the holes) laser drilling methods are applied.

2. Materials and Methods

Machining of difficult-to-cut materials such a c-BN requires non-traditional machining processes.
These methods are considered unconventional because they do not require direct contact of the tool
with the machined material. The energy necessary to remove the machined material is delivered
by means of kinetics (i.e., abrasive water jet and ultrasound abrasive machining), electromagnetic
radiation (i.e., laser beam machining [6]), or electric field (i.e., electrochemical and electrodischarge
machining [7]).

In order to drill with acceptable accuracy and precision, we used electrodischarge machining
which is effective given the partial electroconductivity of c-BN. EDM is an electrically induced thermal
process, whereby the machined material is removed from the workpiece by energy from electrical
discharges occurring between the working electrode tool and the workpiece electrode. The electrodes
are immersed in a dielectric medium (air, deionized water, hydrocarbon liquids, etc.) Both the
workpiece and the electrode tool material are removed by melting and evaporation coming from
energy generated by electrical discharges or sparks in the inter-electrode gap. The role of the dielectric
is to provide optimal conditions (heat exchange and flow) for discharge and to evacuate debris from
the inter-electrode gap between the voltage pulses [8,9]. Figure 1 below presents a scheme of the
electrodischarge process using a tubular electrode tool. Rotation is introduced to better clean the debris
(eroded particles) from the inter-electrode gap.

 

 

Figure 1. Scheme of EDM drilling [10].

The current research was motivated by needs voiced by manufacturers of cutting tools for aircraft
parts’ machining. The objective was to check the feasibility of the application of the EDM method
for sinking or drilling channels in the c-BN layer of an insert for grooving, and to compare it to laser
machining. The results of laser machining were not included in the current research.

For the purpose of the research we used a Sandvik Coromant CB20 grade cutting tool as a
machined part to make blind holes in the c-BN layer by means of micro EDM drilling (see Figure 2).

 

Figure 2. T-Max® Q-Cut insert for grooving (N151.2-600-50E-G CB20) [11].
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We chose this cutting tool because it allowed us to deliver various cutting fluids directly to
the machining zone (under the tip), which improved cutting efficiency. To this end, the top surface
(black) of the insert was subjected to several electrodischarge drilling tests. The experimental part was
preceded by an analysis of the authors’ experience in electrodischarge machining of difficult-to-cut
materials, preliminary machining tests, and confirmed with the results presented in [6]. Based on these
preliminary tests, the range of the most important parameters was selected and the experiment was
planned. The experiment was prepared in accordance with factorial design [12]. After preliminary tests,
we have decided that the experiment plan should cover a relatively wide range of pulse-on time and
symmetrical pulse-off durations (1 and 10 µs). The goal was to check the process indices for the shortest
possible, pulse-on times and relatively longer ones on our pulse generator. We assumed a maximum
of 10 µs pulse-on times in order to not overheat the inter-electrode gap that could result in excessive
electrode tool wear and dielectric decomposition to graphite. The excessive appearance of conductive
graphite corrupts the machining process. Detailed information about the design of the experiment is
presented below in Tables 1–3. Table 4 below presents output process factors and measures.

Table 1. Input factors for the experiment.

Factors Parameters Values

Constant factors:

Voltage (V) 120
Machining time (s) 600

Material and diameter of electrode
tool (µm) Tungsten, φ = 381

Dielectric liquid Exxol80 (hydrocarbon)
Electrode tool rotation (rpm)* 250

Pulse duty cycle D (%)
D = ton

ton+to f f
·100%

50

Threshold current It (A) 0.3

Disrupting factors: Uneven dielectric liquid flow

Variable process parameters:

Pulse-on time ton (µs) 1; 10
Pulse-off time toff (µs) 1; 10

Pulse period (µs) 2; 20
Pulse frequency (kHz) 500; 50
Working current Iw (A) 0.9, 1.35, 1.8

Table 2. The research plan—series one.

No.
Constant Values Variable Parameter

ton (µs) toff (µs) It (A) Iw (A)

1 10 10 0.3 0.9
2 10 10 0.3 1.35
3 10 10 0.3 1.8

Table 3. The research plan—series two.

No.
Constant Values Variable Parameter

ton (µ) toff (µs) It (A) Iw (A)

4 1 1 0.3 0.9
5 1 1 0.3 1.35
6 1 1 0.3 1.8
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The following aspects of the process were measured and determined:

Table 4. Output process factors and measures.

Processing Factors

Hole diameter (µm)
Hole depth (µm)

Linear electrode tool wear (µm)
Average drilling speed (µm/min)

Material Removal Rate (µm3/min)

The threshold current (It) is the minimum current value acceptable for feed regulator that should
be maintained to support the discharges, while the working current (Iw) is the current value that is a
reference for the feed regulator to be the default current during the drilling.

The holes were drilled with the micromachining machine prototype designed and built in the
Institute of Production Engineering at the Cracow University of Technology in Krakow, Poland,
presented below in Figure 3. The machine body was designed and manufactured of materials ensuring
minimal thermal expansion and high stiffness (granite).

 

 

μ



Figure 3. Electrochemical/electrodischarge hybrid micromachining machine prototype [13].

This hybrid micromachining machine prototype was designed and manufactured for micromachining
involving pulse electrochemical machining and electrodischarge machining. The application of both the
aforementioned methods in a sequential or synergic way enables obtaining most of the advantages of
both methods. For the current study, the machine tool was used in the EDM work regime and equipped
with a transistor isoenergetic voltage pulse generator and a power supply that enables setting rectangular
voltage pulses at a range from 1 to 999 µs and an amplitude of 60–120 V. The chosen cylindrical tungsten
electrode tool, which is produced by Balzer Technik in Switzerland, of φ = 381 was clamped on a Sarix,
Switzerland clamping tool. The sample was fixed with an EROWA ITS 50, Switzerland clamping tool.
As the working electrode tool wears during machining due to electrical discharges, we used a high
melting point T = 3410 ◦C tungsten electrode tool [14]. The phase diagram for c-BN, presented in Figure 4,
shows that the temperature required to melt or evaporate the machined material is relatively high (more
than 3000 ◦C). Application of the standard low melting point copper electrode could result in excessive
electrode tool wear. Moreover, the tungsten electrode tool’s Young modulus is higher and the electrode
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tool is less prone to plastic deformation during fixing in the clamping tool and homing. Unfortunately, no
tungsten tubular electrode tool of this diameter is commercially available. Preliminary machining tests
revealed also excessive tungsten electrode tool wear. In the current research positive (higher) electrical
potential was applied to the machined part. The chosen polarity of the electrodes ensures maximal
material removal rate and minimal electrode tool wear.

 

μ

Figure 4. Phase p, T-diagram of boron nitride [15].

Initially, the electrode tool was not rotated during the sinking process (first two holes). Then the
electrode tool was rotated for drilling in order to improve the removal of resolidified electroerosion
products from the inter-electrode gap. The gap was flushed with fresh dielectric from the side.
A scheme of the test stand is presented below in Figure 5.

 

μ

Figure 5. Scheme of the electrodischarge drilling process.

3. Results and Discussion

The goal of the work was to describe the possibility of application of the method for machining
of cubic boron nitride. The research was designed and prepared to show the potential of the method
and describe technological aspects. The measurements were taken with the use of an optical microscope
Motic series K equipped with Instant Digital Microscopy camera Moticam 2300 (1/2" Live 3.0 Megapixels,
Hongkong, China), and Motic Images Plus software (Hongkong, China). The scanning electron microscopy
images were prepared by JEOL JSM-5500 Scanning Electron Microscope (Tokyo, Japan).

Two magnification levels (200× and 1000×) are displayed in order to give a comprehensive view
of the machined holes’ shape and edge quality. The noticeable shape inaccuracy (Figure 6a) was caused
by carbon (graphite) deposited on the electrode tool surface. Relatively long voltage pulse (ton = 10 µs),
high working current value (Iw = 0.9 A), and insufficient dielectric flush in the inter-electrode gap
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caused hydrocarbon dielectric thermal decomposition and graphite deposition on the surface of the
electrode tool. The electrically conductive graphite took over the role of the tungsten electrode tool at
the deposited area. Nevertheless, the shape of the electrode tool was acceptably copied, which can be
observed in the round shape of the hole in Figure 6. It would be difficult to measure the edge surface
roughness Ra precisely, but it was estimated by digital image analysis to be lower than Ra < 5 µm.
The Ra was evaluated based on known magnification of SEM (Scanning Electron Microscope) image
and proportion of used marker. For example, if the 10 µm marker has 50 pixels, then counting the
size of spatial amplitudes (of the valleys and peaks on the edge of the hole) in pixels gives rough
information about the physical size and enables to evaluate Ra upon a mathematical formula. Digital
image analysis can give approximated values of 2D roughness. The same phenomenon related to
inter-electrode gap overheating and dielectric thermal decomposition was observed in the second
sinking approach. This inaccuracy was eliminated in successive drilling tests by more intense dielectric
flushing [16] and electrode tool rotation. The hole remained round and the edge sharp. The estimated
surface roughness Ra was less than 10 µm.

 

μ
μ

μ

 
(a) 

 
(b) 

μ μ

μ μ

Figure 6. SEM images of hole no.1. U = 120V, ton = 10 µs, toff = 10 µs, threshold current It = 0.3 A,
working current Iw = 0.9 A. (a) magnification 200×, (b) magnification 1000×.

Intensified dielectric flushing improved evacuation of the debris from the inter-electrode side
gap (see Figure 7a). The graphite from high-temperature dielectric decomposition was not deposited
on the electrode tool, and there was no deformation. The shape was properly reproduced from the
cylindrical electrode tool.

 

μ
μ

μ

μ μ

 
(a) 

 
(b) 

μ μFigure 7. SEM images of hole no.4. U = 120 V, ton = 1 µs, toff = 1 µs, threshold current It = 0.3 A,
working current Iw = 0.9 A. (a) magnification 200×, (b) magnification 1000×.
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Figure 7 shows that, from the qualitative point of view, the shape of the hole is round. The
SEM pictures of all obtained holes confirm this tendency. It would also be interesting to know the
chemical composition of the hole edges. Unfortunately, energy-dispersive X-ray spectroscopy could
not determine the chemical composition because the atomic mass of the examined compound was
too small. Nevertheless, the SEM images (Figures 6 and 7) showed no visual changes of the material
surface on the edge. This is consistent with limited heat-induced phase change in this area.

The depth of the holes was calculated with a stepper motor encoder. Reading values were reduced
by the linear electrode tool wear and inter-electrode gap thickness.

The measured and calculated quantities are presented in Figure 8 below and summarized in
Table 5.

 

Figure 8. Results of electrodischarge drilling with the use of a tungsten electrode tool in a c-BN sample
for various ton and toff values.

Figure 8 shows that the pulse-on and off times have a significant impact on hole depth for higher
working current values while the impact of the increase in hole diameter could be neglected. The
electrical current intensity is proportional to the number of charges that are transferred in a given time.
As electrical potential, in this case, is constant and the power P = U × I, the bigger the I value, the
bigger the P value. P stands for the energy (work) necessary for material melting and evaporation
over time of machining. As the machining time, in this case, is constant, the higher the P value, the
deeper the hole. The energy in this case is consumed for drilling (in the z-axis direction) due to the feed
regulator that compensates inter-electrode gap thickness and thus enables discharges. The side gap
thickness is constant due to continuous working electrode feed and its circumferential wear. When the
working current Iw is higher, higher linear electrode wear and hole diameters are also observed. It
leads to a higher side gap size that can facilitate the removal of debris from the inter-electrode volume
during the pulse-off time. This can improve electrical erosion conditions. Figure 9 shows the relation
between average drilling speed and changes of working current Iw for various pulse-on and pulse-off
times. Average drilling speed relates to the depth of the hole over the machining time. One can observe
that the higher working current has an impact on average drilling speed. Therefore, it improves the
material removal rate. The relation between working current Iw and MRR is presented in Figure 10.
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Figure 9. Average electrodischarge drilling speed for various ton and toff and working current Iw.

 

Figure 10. The material removal rate for various ton and toff and working current Iw.

Designer and metrology communities face a huge challenge regarding the measurement of
micro-scale features [17]. Out-of-roundness depends on the size and is defined in so-called International
Tolerances. If we take these norms into consideration, according to standard tolerance grades, our
results fit IT8-IT9. This result needs to be explained. These values of tolerances refer to features ranging
from 0 to 3150 mm in size. The dimensions of the holes prepared in the research are close to zero
(micrometer scale). It is worth considering if the dimensions of holes presented in the current research
are not too close to the tolerance value. For that reason we propose the formula for determining relative
out-of-roundness in Equation (1) below in order to quantitatively address the roundness of the holes:

RoR =
Maximum inner diameter−Minimum inner diameter

Nominal diameter
× 100% (1)

where:
maximum inner diameter =mean hole diameter + 1SD,
minimum hole diameter =mean hole diameter - 1SD,
nominal diameter =mean hole diameter.
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Table 5. Mean and corrected standard deviations (SD) of the measured and calculated values (Bessel’s
correction).

Hole
Number

Hole
Diameter

(µm)
SD = 10

Hole
Depth
(µm)

SD = 74

Linear
Electrode

Wear
(µm)

SD = 3

Average
Drilling
Speed

(µm/min)
SD = 7

Relative
Electrode
Wear (%)
SD = 0.3

Side
Gap
(µm)

SD = 10

MRR
(mm3/min)
SD=0.002

Edge
Ra

(µm)

Relative
Roundness

1 423 1102 167 110 15 43 0.016 < 5 4.7%

2 431 1053 118 105 11 50 0.015 < 10 4.6%

3 450 1319 178 132 13 69 0.021 < 10 4.4%

4 402 1097 157 110 14 21 0.014 < 5 4.9%

5 406 1105 145 111 13 25 0.014 < 5 4.9%

6 409 1220 144 122 12 27 0.016 < 5 4.8%

Relative electrode tool wear refers to the linear electrode tool wear in regard to the depths of
the holes.

As the prepared holes were of small diameter (ca. 400 µm), of a relatively high depth
(ca. 1000–1300 µm), and were blind holes, it is difficult to present the sidewall profile. It could
be assumed that the surface roughness value is close to the one determined on the edge of the hole.
The linear electrode tool wear was dependent on the depth of the hole and voltage pulse energy. The
linear wear was measured and presented in Table 5 above (less than 200 µm). The circumference
electrode tool wear is definitely low and dependent on the time that the electrode tool spent in the
material during machining. In the area close to the face of the electrode tool the circumferential wear is
usually higher than in the area close to the hole edge due to machining time. It has some impact on the
hole diameter decreasing along the depth profile. The determined side gap value (the lowest for the
less energetic pulses ca. 20–30 µm) allows assuming that the circumferential wear value is not high
and does not introduce significant taper of the holes.

The best set of parameters for drilling are those that balance higher material removal rate, lower
electrode tool wear, and smaller side gaps, and is the one that ensures good shape and accuracy and
cost-effectiveness. Of those presented above in Tables 1–3, the best conditions for micro EDM drilling
were achieved when the working current was the highest. Relatively high working current and short
pulses improved machining quality. The resulting increase in hole diameter was negligible, while the
material removal rate was significantly higher and the electrode tool wear was acceptable.

4. Conclusions

The tests prepared in the study proved that the micro EDM drilling process is stable, reliable
and efficient. The obtained results allow formulating the conclusion that electrodischarge drilling
offers c-BN tools’ manufacturers a cheap, accurate, and precise alternative to other machining methods.
Micro EDM drilling enables the manufacturing of channels for delivering various cutting fluids directly
to the machining zone (under the tip) to improve cutting efficiency and extend the tip life of cutting
tools [17]. Designer and metrology communities face a huge challenge regarding the measurement
of micro-scale features [18]. The analysis of the surface geometrical structure features of the holes
obtained in current research revealed that there is still a need to bridge the gap in measurement
standards concerning the so-called mezzo scale (transient between millimeter and micrometer scale).
Nevertheless, it could be concluded that micro electrodischarge drilling of c-BN can also be applied
in many manufacturing applications i.e., semiconductor devices for harsh environments such as
solar-blind UV sensors in space [19]. Due to c-BN’s extraordinary thermal conductivity, it can also
be applied in the manufacturing of heat sinks for semiconductor lasers and microwave devices. The
resolution of micro electrodischarge drilling depends on minimal removed volumes. In order to
improve the machining accuracy and precision, it is very important to apply adequate machine body
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design and materials limiting temperature expansion and ensuring its required stiffness. The other
important factors are power supply, voltage pulse generators, as well as the properties of electrode tool
materials and reliability of clamping systems. Also, the machined material homogeneity has significant
importance for the obtained results. Of course, this approach is adequate for finishing operations
or for machining on a micro-scale. This research was part of the Innolot project “Technologies of
forming micro- and macro-geometry of the cutting tools, made of ultra-hard materials in the process of
implementation of advanced laser techniques” founded by the Polish National Centre for Research
and Development.
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Abstract: Electrical discharge machining (EDM) is an advanced machining method which removes
metal by a series of recurring electrical discharges between an electrode and a conductive workpiece,
submerged in a dielectric fluid. Even though EDM techniques are widely used to cut hard materials,
low efficiency and high tool wear remain remarkable challenges in this process. Various studies,
such as mixing different powders to dielectric fluids, are progressing to improve their efficiency.
This paper reviews advances in the powder-mixed EDM process. Furthermore, studies about various
powders used for the process and its comparison are carried out. This review looks at the objectives
of achieving a more efficient metal removal rate, reduction in tool wear, and improved surface quality
of the powder-mixed EDM process. Moreover, this paper helps researchers select suitable powders
which are exhibiting better results and identifying different aspects of powder-mixed dielectric fluid
of EDM.

Keywords: EDM; SR; TWR; PMEDM; MRR

1. Introduction

Among all the non-conventional machining processes, electrical discharge machining (EDM) is
one of the major and popular machining processes. Electrical discharge machining is also known as
spark machining, spark eroding, die sinking, and wire burning or wire erosion. This technique is
usually used to machine hard materials and high-temperature resistant alloys which are electrically
conductive. The principle of the EDM technique is the use of thermoelectric energy to erode conductive
components through rapidly occurring sparks between the uncontacted electrode and the workpiece [1].
It is an electro-thermal non-traditional machining process, where electrical energy is used to generate
electrical spark, and the material is removed from the workpiece by a series of rapidly requiring current
discharges between two electrodes separated by a dielectric liquid. It can be used to machine difficult
geometries in small batches or even on a job-shop basis [2]. A large body of research discusses EDM
processes with different objectives [3–11].

In the case of development of super-tough electrically conductive materials like carbides, stainless
steels, hastalloys, nitralloys, waspalloy, nomonics, etc., the demand for non-traditional manufacturing
processes has become more relevant. These super tough materials, which have extensive applications,
such as manufacturing of dies, automobile, and aerospace components, are very difficult to machine
by conventional methods. To machine all the electrically conductive materials irrespective of their
hardness and toughness, EDM processes extensively use thermal energy [2].

In non-conventional machining processes, EDM has tremendous potential on account of its
versatility because of its applications in modern industries. The EDM process can also produce holes,
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external shapes, profiles or cavities in an electrically conductive work piece by means of controlled
application of high-frequency electrical discharges by vaporizing or melting the work piece material in
a particular area. The electrical discharges are the results of controlled pulses of direct current and
occur between the tool electrode (cathode) and the work piece (anode) [12]. Generally, one of the
largest uses of the EDM process is in tool-, die-, and mold-making [13]. In the powder-mixed EDM
(PMEDM) process, electrically conductive powder is used in dielectric medium which reduces the
insulating strength of dielectric fluid, and it increases the spark gap between tool and work piece which
will result in an improvement of material removal rate (MRR) and surface finish [14,15]. The mostly
used powders are aluminum, chromium, graphite, silicon, copper, and silicon carbide. Pulse on time,
duty cycle, peak current, and concentration of the powder added to the dielectric fluid of EDM are
the main variables to study the process of the performance in terms of MRR and surface roughness
(SR) [16].

Material removal rate is defined as the volume of material removed over a unit period [17,18].
It is commonly expressed by the unit (mm3/min). A high value of the discharge voltage, peak current,
pulse duration, duty cycle, and the low values of pulse interval will result in a higher MRR. In addition
to these abovementioned electrical parameters, non-electrical parameters and material properties also
have their own significant influence on the MRR.

Tool wear ratio (TWR) can be defined as the ration of volume of materials removed from the
tool electrode to that of work piece. It can be also called as electrode wear ratio (EWR). Tool wear
ratio depends on electrode polarity and the electrode materials properties. Surface roughness is a
very important parameter to consider in die-sinking EDM. In most die-sinking operations, separate
finishing and roughing operations are carried out to complete the final product. It is represented by
the average SR and measured in microns [19].

The aim of this paper was to provide comprehensive information and details of the PMEDM
process. It is pertinent that there is great importance given to the review articles to bring out intricacies,
parameter–response co-relations, and critical analysis of its response for better utilization of this
process. This paper gives state-of-the-art current research studies conducted with PMEDM variants for
machining different materials.

The paper is organized to begin with a brief introduction of PMEDM, its variants and introduces
its working principle. It further discusses the optimization of process parameters and the types of
EDM studies for different powder-mixed dielectrics in various EDM processes. Moreover, performance
measures in PMEDM and materials are also discussed. Furthermore, effect of powders and their
concentration, magnetic field-assisted PMEDM, modeling and simulation of PMEDM, combined and
hybrid process with powder-mixed dielectric fluid are scrutinized in the paper.

In addition, other objective functions, such as analysis of performance of plain water, performance
of water mixed with organic compounds, performance of commercial water-based dielectrics and
their surface effects are also evaluated. The main text of this article provides a meticulous review on
major areas of PMEDM research on different powder materials. It may help researchers find suitable
dielectric fluid having better properties according to their needs. The last section of the paper draws
conclusions and trends of the reviewed bodies of research are subsequently drawn.

2. Different Types of EDM Techniques

There are many types of EDM. This research categorized EDM processes under three main
categories, namely, Sinker EDM, Wire EDM, and fast hole drilling EDM. Spark machining’s working
principle is based on the erosion of the material by frequent sparks between the workpiece and the
device or tool that is immersed in a dielectric medium. A gap separates the workpiece and the electrode
to establish a pulsed spark through which the dielectric fluid flows. Schematic representation of the
basic working principle of EDM process is shown in Figure 1.
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Figure 1. Schematic representation of the basic working principle of electrical discharge machining
(EDM) process.

2.1. Wire EDM

One of the most emerging non-conventional manufacturing processes is the wire electrical
discharge machining [20,21]. Widely this process is used to machine hard materials and intricate shapes
which are not possible with conventional machining methods. It is more efficient and economical.
In wire EDM, an electric spark is created between an electrode and the work piece [22,23]. The spark is
the visible evidence of the flow of electricity. This electric spark creates intense heat of temperature
ranges from 8000 to 12,000 degree Celsius, which melts almost anything. The spark is carefully
controlled and localized so that it only affects the surface of the materials. The EDM process does not
affect the heat treat below the surface of the work piece. In wire EDM, the spark always takes place in
the dielectric of de-ionized water. The conductivity of the water is carefully controlled for making an
excellent environment for the EDM process. Here, the water acts as a coolant and flushes away the
eroded metal particles [24]. The working principle of wire EDM is shown in Figure 2.

 

2. 

 

Figure 2. Working principle of wire EDM. 

Figure 2. Working principle of wire EDM.
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The wire EDM process has a wide range of applications such as in die making, electronics and
automotive industries [25,26].

As per the literature, the main parameters are:

• Pulse-on time (Ton)
• Pulse-off time (Toff)
• Servo voltage (V)
• Peak current (I)
• Gap voltage (Vgap)
• Dielectric flow rate
• Wire feed rate
• Wire tension

2.2. Sinker EDM

It is also called cavity-type EDM or volume EDM. It consists of an electrode and work piece
submerged in an insulating liquid, such as, more typically, oil, or, less frequently, other dielectric
fluids. The electrode and work piece are connected to a suitable power supply [27]. The power supply
generates an electrical voltage between the two parts. As the electrode approaches the work piece,
the dielectric breakdown occurs in the fluid, which forms a plasma channel and small spark jumps.
These jumping sparks usually strike on one at a time. The sinker EDM process uses an electrically
charged electrode that is configured to a specific geometry to burn the electrode’s geometry into a
metal component. This process is commonly used in dies and tool manufacturing [28]. A schematic
diagram of a sinker EDM is shown in Figure 3.

 

 
 
 
 
 
 
 
 

 

Figure 3. Schematic diagram of sinker EDM.

Here, the main components are power supply, dielectric system, electrode, and the servo system.
So, this is the schematic which explains the principle of sparking. The work piece is usually connected
to the positive terminal of the power supply. Here, the shape of the tool is different, and the same
shape will be replicated as well on the work piece. The sparking takes place through the different
zones or the through different points which are closer to work piece. Due to the fact of this sparking,
the plasma formation zone will create the bubbles and high pressure which subsequently collapse
and erode the work piece. Whenever the sparking takes place, erosion of the work piece will also
occur. Thus, we have seen in the case of EDM, small erosion will take place on the electrode as well.
Sinker EDM is one of the advanced methods for machining electrically conductive materials [29–33].
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2.3. Fast Hole Drilling EDM

Figure 4 shows fast hole drilling EDM. This EDM was designed for fast, accurate, and deep hole
manufacturing. By concept, it is similar to sinker EDM process but the electrode is a rotating tube
conveying pressurized jet of dielectric fluid. It can make deep holes in about a minute, and it is a good
way to machine holes in materials which is too hard for twist drilling machining. This EDM drilling
process is mostly used in aerospace industries for producing cooling holes in aero blades and other
components which requires cooling. It is also used in industrial gas turbine blades, in molds and dies,
and in bearings.

 

 

μ

Figure 4. Fast hole drilling EDM.

The abovementioned EDM methods was about machining using dielectric fluid. Various powders
can be mixed to improve their efficiency.

3. Powder-Mixed EDM

To improve the ionization and ease in the frequency of spark between the cathode (tool) and work
piece, fine-grained conductive powder is added into dielectric fluid in the EDM process [34,35]. In the
PMEDM process, the suitable material in the powder form is mixed into the dielectric fluid tank [36] for
the better circulation of the dielectric fluid by the mixing system which includes aluminum, graphite,
copper, chromium, silicon carbide, etc. The presence of this powder makes the process mechanism
substantially different from the conventional EDM process [37,38]. Here a spark gap was provided by
the additive particle which ranged in between 25–50 micrometers. The voltage applied was in between
80 and 320V, and the electrical field ranged in between 105–105 V/m [39]. A large body of research
discussed the PMEDM processes with different objectives [40–50].

Principle of Powder-Mixed EDM

The influence of the powder in the PMEDM mainly depends on the powder parameters, that is,
powder material, particle size, and particle concentration. There are many powder materials mixed with
dielectric fluid including aluminum (20%), chromium (0.9%), graphite (5%), silicon (0.03%) or silicon
carbide (0.3%). The previous studies used partial sizes of 10–25 µm, also the particle concentrations
are about 6 g/L. These fine powders mixed to the dielectric fluid in the EDM, resulted in the reduced
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insulating strength and the generation of more spark [24]. Thus, table MRR and surface quality can be
expected. The powder particles are energized and moved in crisscross directions. Under the action of
applied electric force, these particles arrange in a suitable form at different locations in the sparking
area [51]. Tool steel, alloy steel, and especially nickel-based super alloy Inconel-800 has been commonly
used as workpieces by various researchers [45,52,53]. Other commonly used workpieces in PMEDM
are H-11 Die Steel [54], AISI D2 Die Steel [41], Hastelloy [55], H 13 steel [56], W300 Die Steel [57], EN 31
Steel [58], AISI H-11 [59], Stavax [60], etc. The schematic representation of the principle of PMEDM is
shown in Figure 5.

 

 

Figure 5. Schematic representation of the principle of powder-mixed EDM.

One of the main issues faced while researching PMEDM is that the literatures available on this
topic is limited. However, it can be easily found from the available literature that considerable efforts
have been directed to improve the quality of the surface by suspending the powder particles in the
dielectric fluid used in the EDM. There were few works reported for the improvement of machining
efficiency of powder-mixed EDM.

By the addition of powder particles to the electric discharge machining process, the dielectric fluid
will modify some process variables, and it creates the condition to achieve a higher surface quality.
Here, the improvement in the polishing performance of conventional EDM and the analysis were
carried out by varying the silicon powder concentration and flushing flow rate over a set of different
process areas. It was found that, effects in the final surface after machining was evaluated by surface
morphologic analysis and measured through some surface quality indicators [61]. Jeswani (1981) [62]
conducted experiments with the addition of 4 gm/L of fine graphite powder in the dielectric and
found that MRR improved by 60% and the electrode wear ratio reduced by about 15%. And the
further investigations show high efficiency application of water mixture and glycerin for reducing
disadvantages in EDM sinking using pure water.

Purna Chandra Sekhar et al. [40] explained elaborately about their research work. That saying,
the material removal mechanism of the EDM process was very complex, and also the theoretical
modeling of this process was very difficult. Powder-mixed dielectric is a promising research area.
Only a few studies have touched on the introduction of using nano powders into EDM process.
The author reported that most of the research work carried out with aluminum, silicon, and graphite
powders [63–66] and some with other types of powders. They are Cr, Ni, Mo, Ti, etc. [67–69]. The Impact
of such machining on MRR, SR, and TWR was studied by the most available research works on the
powder-mixed dielectric fluids [40]. Generally, the tool electrodes used in PMEDM can be copper,
tungsten, brass, aluminum, and graphite [46,60,70–73].

When cryotreated electrode was used, MRR, TWR, and SR decreased by 12%, 24%, and 13.3%,
respectively, and when SiC powder was used, MRR increased by 23.2% and TWR and Ra decreased by
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about 25% and 14.2%, respectively [74]. Moreover, the machining performance can be improved using
graphene nanofluid as the dielectric [75]. Studies on plasma channel expansion, nano-powder-mixed
sinking and milling in micro-EDM were also carried out [76,77].

4. Various Powders Used in EDM

Powders mixed with dielectric fluid in EDM can be categorized into six different types, namely,
aluminum, silicon, chromium, graphite, silicon carbide, and nickel micro powder. Each of these types
has its own characteristics which makes it suitable to be used for different machining conditions.
In order to meet the required conditions, these powders have many properties such as MRR, SR, TWR,
etc. General composition of widely and recently used powder types (materials) for EDM process
considered for each type are summarized in Table 1 and their physical properties are shown in Table 2.

Table 1. Details of general composition of various powders used by researchers for different
EDM processes.

Powder Type Composition (weight %) Parameters Studied

Silicon 0.03 material removal rate (MRR), surface
roughness (SR) [70]

Aluminum 20 MRR, SR, Tool wear ratio (TWR) [78]

Silicon 0.3 MRR [41]

Chromium 9 MRR, TWR [69]

Nickel micro powder 6 MRR [79]

Table 2. Commonly used powders in powder-mixed EDM (PMEDM) and their physical properties [80].

Material
Density
(g/cm3)

Electrical Resistivity
(µΩ-cm)

Thermal Conductivity
(W/m-K)

Aluminum (Al) 2.70 2.89 236

Graphite C 1.26 103 3000

Chromium (Cr) 7.16 2.6 95

Copper (Cu) 8.96 1.71 401

Silicon (Si) 2.33 2325 168

Nickel (Ni) 8.91 9.5 94

Silicon Carbide (SiC) 3.22 1013 300

Titanium (Ti) 4.72 47 22

Tungsten (W) 19.25 5.3 182

Alumina (Al2O3) 3.98 103 25.1

Boron Carbide (B4C) 2.52 5.5 × 105 27.9

Carbon nano tubes (CNTs) 2.0 50 4000

Molybdenum Disulfide (MoS2) 5.06 106 138

The material removal rate can be increased by mixing powder with the dielectric fluid as compared
with ordinary EDM process. Also, it can be increased by the increasing of the peak current. Peak current
in a higher value will produce a rougher surface in the EDM process. That means different mixing
powders in different input parameters have different responses and results. Review of optimization of
process parameters are given in Table 3.
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Table 3. Review on optimization of process parameters.

Work Material Powder Input Parameter Response Variables
Optimization

Technique
Results Reference

En-31 Silicon
Peak current, Pulse

on, Duty cycle,
Powder concentration

MRR, SR Response surface
methodology (RSM)

Powder concentration and peak current were the most
influential parameters [70]

Inconel 718 Aluminum
Voltage, Discharge
current, Duty cycle,

Powder concentration
MRR, SE, WR One variable at a time Size and particle concentration significantly affect

machining efficiency [81]

AISI-D2
Die steel Silicon

Peak current, Pulse
on time, Pulse off

time, Powder
concentration, Grain,

nozzle flushing

MR Taguchi method The peak current and concentration of silicon powder
mostly influences the machining rate [41]

EN-8 Chromium

Current, Tool angle,
Powder

concentration, Duty
cycle

MRR, TWR RSM
The most significant parameters affecting MRR are

powder concentration and current, whereas, current
and electrode angle greatly influences TWR

[69]

EN-19 Nickel micro powder
Peak current, Duty

cycle, Electrode angle,
Powder concentration

MRR, TWR RSM
ANOVA results revealed that the current was the most
dominant factor affecting both MRR and TWR increases

with increase in current and powder concentration
[79]

AISI 1045
Steel Aluminum

Current, Voltage,
Pulse on time, Duty

factor constant
MRR, SR Taguchi method

As the concentration of aluminum powder and grain
size in EDM oil increases, surface roughness starts

decreasing. MRR and surface roughness are equally
important. With the increase in concentration of

aluminum powder and grain size MRR and surface
finish of AISI 1045 Steel increases

[63]

W300 Die
Steel Aluminum

Peak current, Pulse
on time, Powder

concentration, and
polarity

MRR, EWR, SR, WLT
Signal-to-noise (S/N)
ratio and the analysis
of variance (ANOVA)

Polarity plays an important role in PMEDM. High MRR
is obtained in positive polarity, whereas better surface
quality (surface roughness and white layer thickness) is

achieved in negative polarity. Distilled water can be
used as dielectric fluid instead of hydrocarbon oil and,

moreover, the performance can be improved by the
addition of aluminum powder

[57]
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Table 3. Cont.

Work Material Powder Input Parameter Response Variables
Optimization

Technique
Results Reference

EN 31 Steel Silicon

Pulse on time, Duty
cycle and Peak

current, Powder
material, Powder size,

Powder
concentration,

Dielectric type, Peak
voltage, Pulse off

time, Polarity, Inter
electrode gap (IEG)

MRR, TWR, WR, SR RSM

MRR and SR roughness have been measured for each
setting. The use of powder-mixed dielectric promotes

the reduction of surface roughness and enhances
material removal rate

[80]

SKD-11

Aluminum chromium
copper and silicon
carbide powders

concentration

Pulse on time, Peak
current MRR, TWR, SR RSM

The discharge gap distance and material removal rate
increased as powder granularity was increased.
Aluminum produced the largest discharge gap

enlargement and silicon carbide produced the smallest.

[82]

AISI D2 Die steel Chromium
Peak current, Pulse on

time, Pulse off time,
Powder concentration

MRR, TWR, SR Taguchi, Anova

With the increase in current and pulse-on time, MRR
increases. Due to the increased concentration of

chromium powder, MRR tends to decrease. TWR is
mainly affected by current. With the increase in current,
TWR increases. Also, TWR tends to decrease with the
increase in chromium powder concentration. surface

roughness is higher with the increase in pulse-off time

[83]

AISI D3 Die Steel Aluminum Powder Peak current, Pulse
on time MRR, TWR, SR

Central composite
design (CCD) of
response surface

methodology (RSM)

Maximum MRR is obtained at a high peak current of 14
Amp, higher Ton of 150 µs, and high concentration of

Al powder 6 g/L. Low TWR and SR are made with low
peak current of 2 Amp, lower ton of 50 µs and higher

concentration of Al powder of 6 g/L.

[84]
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5. Relevant Studies on PMEDM

In this section, the studies dealing with the PMEDM process are reviewed based on the following
classification scheme:

Type of EDM process: The relevant studies classified according to the EDM processes used
powders mixed with the dielectric fluid are as follows:

• D-S—Die sinking EDM;
• WEDM—Wire EDM;
• FHD—Fast hole drilling.

From the authors’ perspective, reviewing the literature related to the PMEDM technique shows
that most of the studies discussed the powder-mixed for D-S EDM technologies such as Reference [85]
While few studies discussed the powder mixed for wire cut such as Reference [16], and for fast hole
drilling there are very few researchers studying the effect of PMEDM and its process parameters [86].
But there are relevant researches available related with PMEDM using other EDM processes or by
modifying the above three processes [87].

Objective functions:
The following objective functions are reported in the current relevant literature:

Objective 1: Performance measures in PMEDM;
Objective 2: Powder materials;
Objective 3: Effect of powders and their concentration;
Objective 4: Magnetic field-assisted PMEDM;
Objective 5: Other objective functions.

Using this classification scheme, Table 4 chronologically lists the studies for powder-mixed
dielectric fluid in different EDM process.

Table 4. List of the studies for different powder-mixed dielectric in various EDM processes.

No.
Author,

Year

EDM Process Objectives

D-S EDM W EDM
FHD
EDM

Other EDM
Processes

1 2 3 4 5

1 [2] x
√ √

2 [55] x
√ √ √

3 [16] x
√ √

4 [88] x
√

5 [51] x x
√

6 [61] x
√ √ √ √

7 [62] x
√ √ √

8 [40]
√ √ √ √

9 [70] x
√ √

10 [78] x
√ √ √ √

11 [41] x
√ √

12 [69] x
√ √ √

13 [79] x
√ √ √

14 [19] x
√

15 [89] x
√

16 [86] x
√

17 [90] x
√ √

18 [91] x
√ √ √

19 [87] x
√

188



Micromachines 2020, 11, 754

Table 4. Cont.

No.
Author,

Year

EDM Process Objectives

D-S EDM W EDM
FHD
EDM

Other EDM
Processes

1 2 3 4 5

20 [92] x
√ √ √

21 [93] x
√

22 [37] x
√ √ √

23 [94] x
√ √

24 [95] x
√

25 [96] x
√

26 [97] x
√

27 [98] x
√

28 [99] x

29 [100] x
√

30 [101] x
√ √ √

31 [45] x
√ √ √

32 [102] x
√ √ √

33 [12] x
√ √

34 [68] x
√

35 [103] x
√

36 [47] x
√

37 [104] x
√

38 [105] x
√

39 [40] x
√ √ √ √

40 [42] x
√

41 [106] x
√

42 [17] x
√

5.1. Performance Measures in PMEDM

One of the important performance measures in EDM is MRR. Many research studies explored a
number of ways to improve the SR and MRR in EDM. In order to obtain an optimum combination of
performance measures for different work–tool interfaces, in major bulk of research studies introduced
the optimization of process parameters. The reports generally agree that the SR has decreased and
improved surface finish, with lower pulsed current and pulse-on time values and relatively higher
pulse-off time. High-quality SR cannot be achieved when pulses of long duration are used during
finishing process [107]. Several researchers tried innovative ways to get better performance parameters
such as MRR improvement as well. Previous studies focused on reducing the TWR because the
wear of the electrode tool affects the electrode tool profile and leads to a lower precision [108–110].
While referring the available literature references on the process, a need is felt to summarize all the
results and conclusions made by different researchers [19]. There are four techniques to improve
performance variables:

• By electrode design;
• By controlling process parameters;
• By EDM variations;
• By powder-mixed dielectric.

The effect of first three techniques mentioned above can be found in [1,12,75]. This paper
concentrates on the effect of powder-mixed dielectric on the performance variables. Khan et al. [89]
used a work piece of stainless-steel AISI 304 material and an electrode of copper material, they found
that addition of 0.3 mg/L of Al2O3 in dielectric fluid will results in the improvement of SR and the
MRR will increase. Here, the electrical discharge seems to be broken into many small discharges due to
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the presence of powder, which will result in the formation of many small cavities with smaller depths
of the surface of the work piece. This produces smoother surface. As the result of the increasing of
Ton, the heat energy is absorbed during a longer time making the surface less stressed that produces a
better surface. In addition, the increase of MRR results in the increasing of pulse on time.

A Kumar et al. [111] studied the performance of EDM process for machining Inconel 825 alloy
by mixing Al2O3 nanopowder in deionized water. The experimental investigation revealed that by
setting optimal combinations of process parameters, the maximum MRR of 47 mg/min and minimum
SR of 1.487 µm will be, respectively, 44 and 51 percent higher compared to conventional EDM process.
S Patel et.al says that rotary tool is a recent innovation of PMEDM. Authors used aluminum oxide
(Al2O3) powder with a particle concentration of 0.5–1.5 gm/L into the dielectric to study improved
machining performance and found tremendous changes [81]. Hence, it can be noted that performance
can be improved by adding various powders in dielectric fluids [112,113].

5.2. Powder Materials

In the PMEDM, the dielectric fluid mixed with the powder of different materials. Thus, the floating
particles impede the burning process by creating a higher discharge probability and lowering the
breakdown strength of the insulating dielectric fluid [101]. Material removal rate, SR, increase and
reduces the TWR value along with the improvement of sparking efficiency and the gap distance
enlarged by the conductive powders and dispersed the discharges more randomly throughout the
surface. Here the micro cracks are reduced and the thickness of the recast layer becomes smaller. Thus,
the corrosion resistance of the machined surface may subsequently improve [45].

From the study of surface modification technique using EDM with TiN-mixed fluid. A Muttamara
and J Mesee [102] introduced a surface modification technique using EDM with TiN-mixed fluid.
The study came to some points that the re-solidified layer containing TiCN can be generated on EDMed
surface. The authors revealed that, the surface after EDM with TiN-mixed kerosene is rougher than that
in EDM with kerosene-type fluid. The modified layer thickness grew up to 57 micrometers. On this
thick layer there were few micro cracks and voids detected. Hardness of the modified surface with
TiN mixed kerosene came to 980 HV which is harder than that EDMed with pure kerosene. On the
machined surface, a hard layer containing TiCN can be formed. Smaller hardness value with a little
higher SR value can be obtained by mixing TiN powder with dielectric kerosene [102].

For the machining of Inconel 718 (Nickel-based super alloys), copper tungsten in cylindrical shape
was used as electrode tool. Here the nano alumina is used as the additive dielectric. It is used because
of its high thermal conductivity. Due to the nano alumina having high thermal conductivity, more heat
is distributed and dissipated to the surface of work piece to limit the size of craters produced. Mainly
nano alumina has combined the effects of low electrical resistivity and low density. Low electrical
resistivity creates a high spark and high thermal conductivity takes more heat away [70,114].

For the deposition in the powder-suspended EDM, the concentration of powder in the gap
between the electrode and the work piece must be very high. To stabilize the machining process,
the electrode moves reciprocally. Due to the reciprocating motion of thick electrode, the powder is
flushed from the gap. During the downward motion of the electrode, the powder concentration is
low, whereas in the conventional powder-suspended EDM, the powder hardly adheres on the work
piece. To keep the powder concentration high, then powder should always provide into the gap [68].
Most researchers used concentrations of powder below 20 g/L and powders of micro-size ranging from
1 to 55 µm or powders of nano-size ranging from 20 to 150 nm [38].

Nano powder-mixed EDM is one of the recent advancements in this field. Certain studies were
conducted for finding various properties of adding nano particles in the process for improving the
efficiency [17,115–119]. Similarly experiments using graphene oxide flakes and scrolls are carried out
for achieving related objectives [120].
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5.3. Effect of Powders and Their Concentration

The concentration of powder-mixed with the dielectric fluid also discussed in many studies.
For example, Sugunakar et.al [91] found that the MRR increases with the mixing of different powder
particles into the dielectric medium. Due to the increasing of graphite powder from 0 to 9 g/L, the MRR
further increases. Thereby, MRR decrease with the supplementary addition of graphite powder from
9 to 14 g/L, whereas insignificant increase in MRR is noticed when increasing in Al powder from 0
to 405 g/L and it decrease with increase in Al powder from 4.5 to 9 g/L. Here, we can observe that
a considerable increase in MRR with increase in Al powder substance from 9 to 14 g/L. However
significant increase in MRR was observed with increasing in combination of Al and graphite powders
(1:1 ratio) from 0 to 4.5 g/L and then it decreases further increasing in combination of Al and graphite
powders (1:1 ratio) from 4.5 to 14 g/L [91].

By improving material removal rate and optimizing various machining parameters in EDM, Vivek
Kumar and Prakash Kumar made some summary points. They noted that MRR of electric discharge
machining can be improved using optimization of various factors which are discharge Current, Ton,
Toff and voltage. Discharge current has most significant parameters for MRR. Moderately, material
removal rate effected by voltage and Ton time. Here the MRR significantly influenced by Toff [87].

The material removal rate is low at low current values as the discharge current is increased,
the MRR also increases. The pulse time increases as MRR increases [92]. All factors have significant
effect in varying degrees on the EDM performance. Pulse current is one of the most significant
factors affecting the material removal rate, dimensional accuracy, and surface integrity of drilled
hole. Comparatively the better electrode material is copper, because it gives better surface finish,
high MRR, and less electrode wear than Al [121]. As per the optimization of process parameters
of surfactant and graphite powder-mixed dielectric EDM through Taguchi–Grey relational analysis,
it was found that the significance of each process parameter in sequence is, peak current. It is the most
significant factor than surfactant concentration and graphite powder concentration based on largest
delta (∆) value which was found from the test response. The optimal combination of these process
parameters was obtained [122]. According to Lamichhane et al. [123] the momentous parameters
enhancing MRR (maximum 19.01 mg/minimum) were I, Ton along with the addition of hydroxyapatite
nanoparticles (HAp) nano-powder in the dielectric fluid. Adding HAp also improves SR (0.340 µm)
of machined surface. Hence, it shows the smallest particles produced the best surface finish while
increasing the recast layer thickness. Suitable particle concentration tends to efficiency of the process
and improved stability. Shinde et al. [124] used aluminum, silicon, and silicon carbide fine abrasive
powders with particle concentration of 2 gm/L and size of 44 m were added into the SEO25 (spark
erosion oil) dielectric liquid of electrical discharge machine. The finest concentration for maximizing
the performance depends on powder characteristics.

5.4. Magnetic Field Assisted PMEDM

Magnetic field was found to be more effective in case of lower current values for desirable MRR
and TWR. Here, the magnetic field resulted in an increase in the OC with strengths at different levels
of current. For the SR, magnetic field resulted in the deterioration in surface finish for higher current
settings, while it resulted in better surface finish at low current. It enhances the surface hardness
by the support of magnetic field strength [103]. In another research, Al–metal matrix composites
(MMCs) hybrid ED machining was studied in the magnetic field integrated in the traditional EDM.
The experimental results witnessed a decrease in the micro hardness values and a decrease in recast layer
thickness, followed by a major effect on MRR and surface finish when machining higher spark energy
in the magnetic field. The experimental results brought consistency to the method and an excellent
correspondence with experimental verifications [125]. The input processing parameters, magnetic
field strength, pulse-on/off length, peak current, electrode variant, and workpiece were evaluated to
determine their after-effects on the microhardness (MH) response and recast layer formation during
Al–SiC composite machining. The experimental results indicate a 22% decline in surface microhardness
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and a thinner recast layer formation in the magnetic field coupled with higher spark energy [126].
Thus, a higher spark energy formed along with the magnetic field can decline the surface hardness.
Bains et al. [126] studied the individual effect of machining parameters, namely, peak current, pulse on
time, pulse off time, powder concentration, and magnetic field on material removal rate and tool wear
rate. The effect of peak current on material removal rate and tool wear rate, followed by pulse on time,
concentration of powder, and magnetic field was found to be dominant [127].

5.5. Other Objective Functions

Modeling and simulation of PMEDM process was also discussed. For the simulation process,
a work piece model was generated using a numerical simulation like ANSYS software. This model
was considered an AISI D2 die steel and the tool material was copper. The most common tool
used is AISI D2 steel for the EDM applications, and it is best machined by copper electrode. Using
finite element method, the model was tested under various conditions. For this required chemical
composition, mechanical properties and the thermal properties of the material were given. For the
analysis, process parameters for PMEDM like voltage, current, heat input to work piece, radius of
spark, pulse duration, pulse on time, types of flushing, polarity, powder type and size, frequency
constant, powder concentration, electrode lift, tool electrode diameter are considered. And the FEM
model is validated by comparing it with the predicted theoretical results with experimental data.

The model developed for the study of PMEDM, can be further used to obtain the distributions of
the temperature over the work piece, distributions of residual stress, flow of metal, and also to find out
the cracks on the PMEDM work piece. So, the model can be used as an industrial tool to predict the
evolution of temperature, stress, strain on the machined work piece [42].

A number of studies were performed using models and simulation approaches to achieve specific
objective functions such as one investigation [128] which reported the development of a piezoelectric
servo system to improve the gap control in dry EDM. In another investigation [129], an optimization
system was proposed to generate the optimum EDM process parameters. Han et al. [130] used a
simulated method developed for wire EDM. Additionally, Yadav et al. [131] developed a model
to reflect the EDM process’s thermal stress and Tsai et al. [132] a semi-empirical model for surface
finishing of machined workpieces was developed in EDM. Furthermore, Wang et al. [133] developed a
semi-empirical MRR model in the EDM process. Williams and Rajurkar [134] created an EDM wire
process model which was developed to research the characteristics of the machined surfaces. Cogun and
Savsar [135] introduced a statistical model for studying time-lapse variations in the EDM process.

Salah et al. [136] conducted numerical modelling of the temperature distribution caused by
the EDM process. From these results the MRR and total roughness were deduced and compared
with experimental observations for stainless-steel type AISI316L. Some other researchers, such as
Gao et al. [137], experimented in such a way that a vibration model was set for the workpiece or the
tool (wire). Srivastava and Pandey [138] concentrated on kerf analysis in micro-WEDM and lateral
wire vibration and breakdown distance determined for a micro-WEDM process. They also advanced
a lateral vibration model for the wire which they used to measure the maximum wire vibration
amplitude. These authors also conducted numerous experiments with different machining parameters
on stainless steel. Rafał Swiercz et al. [139] says PMEDM with reduced graphene oxide flakes causes
more stable electrical discharges with less energy and resulted in a uniform thickness of the recast layer.
Studies using graphenes are recent in this field. Different characteristics like erosion characteristics,
surface characteristics, surface integrity, and machining parameters were studied using grapheme
oxide [140–142].

Also, the PMEDM was combined and hybrid with other processes as presented in Reference [56].
The aim of this combination was to control the process stability and to compare the pulse shapes in
different processes. There was an electronic circuit connected to a computer display which recorded
the current and voltage pulses. In this hybrid machining mode, the tool electrode will vibrate by
ultrasonic frequency and SiO2 nano powder was added to dielectric fluid. Due to the application of
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ultrasonic vibration on the tool electrode, an ultrasonic head of 20 kHz frequency of vibration and 20
W power mounted on EDM machine were obtained. Properties of typical dielectrics used in PMEDM
are given in the Table 5.

Table 5. Properties of typical dielectrics used in PMEDM.

Dielectric Name
Specific Heat

(J/kg-K)

Thermal
Conductivity

(W/m-K)

Breakdown
Strength (kV/mm)

Flash Point (◦C)

Deionized water 4200 0.62 65–70 Not applicable

Kerosene 2100 0.14 24 37–65

Mineral oil 1860 0.13 10–15 160

Silicon oil 1510 0.15 10–15 300

Using more advanced dielectric fluids and powders in EDM, the MRR and other properties of the
machined materials will improve, and it makes the machining process very simple [98]. Besides that,
health and atmosphere effects should be considered. The use of eco-friendly dielectric fluid will help
to minimize the harmful environmental effects. Also, the use of water-based dielectric in die sink EDM
influence the following factors [94].

• Performance of plain water;
• Performance of water mixed with organic compounds;
• Performance of commercial water-based dielectrics;
• Surface effects.

Effect on productivity by using deionized water or tap water may result in higher levels of material
removal rate in some special cases like, in the time of using of brass electrode at negative polarity.
In the effect on surface integrity, the deionized water usually has oxides on the machined surface and
lower values of SR, while hydrocarbon oil has a contaminated appearance with carbon atoms inside the
craters [95]. Most of the sinking processes use hydro-carbon oil like kerosene-based oil as the working
fluids. Kerosene-based working fluids are used considering other factors such as health, safety, and
environment. However, kerosene is inflammable and therefore undesirable, as the possibility of fire
hazard has always been of great concern in sinking EDM [96]. To overcome the pollution and harmful
vapor throughout the EDM machining process using the hydro-carbon dielectric, the EDM process is
further refined and a novel method was proposed. Its name was given as dry-EDM (DEDM). In this
process, air or compressed is passed through a thin walled tubular pipe, whenever the compressed gas
cools the inter electrode gap and relived the debris from the machining zone [97].

Earlier studies also assessed the surface integrity and stresses of machined tool steel surfaces after
EDM processes. For example, in one study [143], the impact of EDM process parameters on the 3D
surface topography of tool steel was explored, while in another study [144], the crystallographic and
metallurgical properties of the white layer in the Böhler W300 ferrite steel EDM were documented.
In another investigation [145], residual stress was measured in material SKD11. Effect of EDM
machining parameters on the surface characteristics and damage to machining of AISI D2 tool steel
material [146] was studied. Other works surface alterations of tool steel were studied during the
EDM process for AISI H13 and AISI D6 [147,148]. Some studies [149] looked at the effect of process
parameters on the fatigue life of the AISI D6 steel tool. Changes in the chemical composition of the
re-solidified layers of the electrodes and workpieces were also studied during the T215Cr12 die steel
EDM [3]. Several experiments centered on resulting residual stresses in the machined surface, for
example, Reference [150].

Both MRR and EWR decrease with increase in the temperature. Within the higher temperature,
the droplets can align as much as easier under the action of the electrostatic force due to the smaller
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viscosity of the emulsion. And the better flushing condition can slightly improve the EDM performance.
However, the improvement of the flushing condition cannot improve further performance of the
EDM [151]. When hydro-carbon oil-based working fluid was used, there were several aerosols or
gases generated due to the decomposition of the hydro-carbon oil. Besides the emission in the air, the
accumulation of decomposition substance in the working fluid also increases the process complexity of
waste fluid itself [99,100].

In consideration of accretion EDM mechanism, titanium powder suspended working oil is used
as the dielectric. Here the titanium carbide will deposit when both discharge energy and power
density are small. But, in the case of discharge power density exceeding the critical power density
for the removal of carbon steel, then it melts and will evaporate at low discharge energy. Due to the
consequent process, the titanium powder was not deposited, and the carbon steel was simply removed
from the removal region [152]. The experimental setup is shown in Figure 6.

 

 

 

 

 
 
 
 

 

Figure 6. Experimental setup for accretion mechanism.

Besides its machining purpose, according to Furutani et al. [47] EDM is also used for the deposition
process. In EDM the working fluid suspended with silicon powder will increase the SR because of
the dispersion of discharge decreases the frictional coefficient. In EDM with MoS2 suspended in the
working oil, the MoS2 could be deposited on the metals which have low melting point than MoS2.
Dispersion of the lubricant duration occurs due to the uneven concentration of MoS2. Gap length
expansion caused the improvement of roughness [104].

6. Discussion

Reviewing the publication related to dielectric fluid in the EDM process showed that the majority of
the studies investigated the effect of variation of powder concentration in different process parameters,
such as voltage, current, pulse rate, pulse on time, and it has been observed that for low current values
the MRR is very low. But the MRR increased with the increase in the discharge current. For reverse
polarity, the spark energy was low at low discharge current and pulse on time. Other bodies of
researches have been conducted for improving the machining efficiency and for reducing the tool wear
ratio. These studies point out the advanced methods for achieving better surface finish, reducing the
tool wear ratio, and increasing MRR. Moreover, this method has tremendous application in the field of
mold and die making and nano size hole drilling.

PMEDM is really useful for:

• Machining of widely available advanced materials like MMCs, insulating ceramics like TiO2

which have been successfully machined by dispersing various powders into EDM dielectric;
• Production and machining of micro products and sophisticated micro mechanical elements.

But, the setup has the following drawbacks too:

• Electrically conductive material can only be machined;
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• For achieving more accuracy in machining, it consumes more time;
• Health problems are occurring due to the usage of some dielectric fluids;
• Materials like water hardened die steel, molybdenum high-speed tool steel have not been tried as

work material.

7. Conclusions

The reviews on the state of art, studies on the dielectric fluid in EDM processes lead to the
following conclusions.

• According to the general agreement on the results, different conductive powders, with different
concentrations can improve the material removal rate in EDM

• Peak current, pulse on and off time, duty cycle, voltage, discharge current, tool angle, powder
concentration, nozzle flushing, and grain are the input parameters that improve the material
removal rate and changing of SR with the different configuration of the above input parameters

• According to the major observations by the researchers, the increase in SR and improvement in
MRR were observed in the mixing of powders into the dielectric medium

• This review reveals that, with a specific increase in concentration of powder in the dielectric fluid,
the MRR and SR will increase. Increasing the concentration of powder in the dielectric fluid
beyond the certain optimum concentration of particles in the dielectric, short-circuit discharges
occur, and, as a consequence, MRR decreases. From this analysis, it can be concluded that PMEDM
holds a brilliant promise in the application of EDM, in particular, regarding process efficiency and
work piece surface quality. Therefore, an extensive study is required to understand the machining
mechanics and other aspects of PMEDM and will be performed as future research.
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