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Preface to ”Micro-Electro Discharge Machining:
Principles, Recent Advancements and Applications,
Volume II”

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.

The second volume of the Special Issue on “Micro-Electro Discharge Machining: Principles,

Recent Advancements and Applications” confirms the growing interest in the micro-EDM technology

as a suitable and efficient technology for machining novel, multilateral components, with demanding

requirements in terms of precision, accuracy, and productivity.

This volume consists of 10 original research papers which involve several approaches to

micro-EDM and cover the enhancement of the process performance, such as the material removal rate,

surface roughness, or machining accuracy, using advanced optimization methods. Some studies also

consider several dielectric fluid additives and investigate the processability of new materials. Others

investigate the combination of Reverse-micro-EDM with laser beam micromachining or explore new

applications for the micro-EDM for fabricating antimicrobial nanosilver colloid.

Authors who submitted their papers to this Special Issue are from academia, institutions of

research and industry from Asia and Europe. We want to thank them all for their valuable work.

We would also like to acknowledge all the reviewers for dedicating their time to provide careful and

timely reviews to ensure the quality of this Special Issue.

Irene Fassi and Francesco Modica

Editors
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Editorial for the Special Issue on Micro-Electro Discharge
Machining: Principles, Recent Advancements and Applications,
Volume II
Irene Fassi 1,* and Francesco Modica 2,*

1 STIIMA CNR, Institute of Intelligent Industrial Technologies and Systems for Advanced Manufacturing,
National Research Council, Via A. Corti 12, 20133 Milan, Italy

2 STIIMA CNR, Institute of Intelligent Industrial Technologies and Systems for Advanced Manufacturing,
National Research Council, Via P. Lembo 38/F, 70124 Bari, Italy

* Correspondence: irene.fassi@stiima.cnr.it (I.F.); francesco.modica@stiima.cnr.it (F.M.)

The second volume of the Special Issue on “Micro-Electro Discharge Machining:
Principles, Recent Advancements and Applications” confirms the growing interest in the
micro-EDM technology as a suitable and efficient technology for machining novel, multi-
material components, with demanding requirements in terms of precision, accuracy and
productivity.

This volume consists of 10 original research papers which involve several approaches
to micro-EDM and cover the enhancement of the process performance, such as the material
removal rate, surface roughness, or accuracy of the machining, using advanced optimiza-
tion methods. Some studies also consider several dielectric fluid additives and investigate
the processability of new materials. Others investigate the combination of Reverse-micro-
EDM with laser beam micromachining or explore new applications for the micro-EDM for
fabricating antimicrobial nanosilver colloid.

In more detail, in order to improve the machining accuracy of detail features in micro-
EDM milling, a theoretical model is developed by Jing et al. [1] to simulate the micro-EDM
milling process with a straight-line single path. In particular, the model is obtained by the
accumulative difference mechanism in time and space. Micro-EDM milling experiments
were carried out to verify the simulation model, showing that the maximum mean relative
deviation between the microgroove profiles of simulation and experiments is 11.09%, with
a good consistency in profile shapes.

The influence of the near-dry WEDM technique to reduce the environmental impact
of wet WEDM was investigated by Chaudhari et al. [2]. The study employed a teaching–
learning-based optimization (TLBO) algorithm to find the optimal combination of process
parameters for material removal rate (MRR) and surface roughness (SR) considering near-
dry WEDM of NiTiNol Shape Memory Alloy. Even if near-dry WEDM shows lower MRR
in respect of wet-WEDM, it can machine a better surface morphology in terms of reduction
in surface defects and better surface quality.

A mathematical–statistical computational (MSC) model for predicting high productiv-
ity and quality of the machined area is formulated by Straka et al. [3] by the application
of non-linear programming (NLP) methods using MATLAB. The method is applied to
maximize the process performance of micro-WEDM on a workpiece made of steel MS1
sintered via direct metal laser sintering (DMLS). Experimentation and results show the
model’s effectiveness in optimizing process performance.

Wire-cut electro-discharge machining (Wire-EDM) of polymer composite material
(PCM) was studied by Ablyaz et al. [4]. Tests were performed on a workpiece made of
a laminated fibrous polymer composite with carbon fiber twill as reinforcement/filler
and epoxy as a binder material. The machining can be performed thanks to improved
conductivity obtained using 1 mm thick titanium plates sandwiched on the PCM. The
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results demonstrated that voltage and pulse duration and their interaction are the significant
factors affecting the cut-width accuracy for machining the PCM workpiece.

Sidhu et al. [5] used the analytic hierarchy process (AHP), a multiple-criteria decision-
making technique, to achieve a reliable outcome for different responses in electric discharge
machining (EDM) of metal matrix composites (MMCs). They identified the optimal process
conditions by considering two materials, 65 vol% SiC/A356.2, and 10 vol% SiC-5 vol%
quartz/Al composites, revealing that, in the presence of a suspended particle dielectric
medium (PMEDM), a graphite tool electrode and higher pulse-on time coupled with lowest
pulse-off time contributed to minimizing the residual stress with the desired MRR.

Ablyaz et al. [6] investigated a hybrid magnetic field assisted powder mixed electrical
discharge machining on machining the aluminum-silicon carbide (Al-SiC) metal matrix
composite to obtain a higher surface finish and enhanced the material removal rate. The di-
electric mediums employ plain EDM oil, SiCp mixed, and graphite powder mixed EDM oil.
They find that MRR augmented considerably with increased magnetic field intensity and
peak current. At the same time, the quality of the machined surface improved significantly
in graphite powder mixed dielectric flushing conditions with an intermediate external
magnetic field environment. Moreover, micro-hardness enhancement was quantified as
compared to base material due to the transfer of the material (SiCp).

Gattu et al. [7] mixed three different powders at different concentrations in a dielectric
fluid: electrically conductive carbon nanofiber (CnF), semiconductive silicon (Si) powder,
and insulative alumina powder (Al2O3). The study evaluated effects on material removal
rate (MRR), relative electrode wear rate (REWR), and surface roughness on machining
(EDM) of ultrafine particle type tungsten carbide and observing single discharge crater and
hole machining tests. The results showed that adding CnF enhanced the material removal
rate under all conditions. In contrast, Si and Al2O3 powders only improved the machining
performance at a high discharge energy of 110 V. Improvement in surface roughness was
observed prominently at high voltages for all the powders. However, alumina improved
the surface roughness the most among the three powders.

Esser et al. [8] observed the discharge phenomena in the discharge gap by using a
high-speed camera to study the effect on the machining process of tool vibration used to
improve flushing conditions. They found that the discharges occurred in periodic intervals,
and the intensity increased with the amplitude of tool vibration. Consequently, it was
determined that, by adjusting the vibration parameters, it is possible to achieve optimum
stability by improving the discharge distribution uniformity, increasing the machining
efficiency and reducing the tool wear.

Reverse-µEDM was considered by Kishore et al. [9] with the fabrication of the tool
plate realized by Nd:YAG-based laser beam micromachining (LB µM). The Grey relation
analysis technique was used for optimizing LBµM parameters for producing tool plates
with arrayed micro-holes in elliptical and droplet profiles. A duty cycle of 1.25% and a
current of 20% were found to be an optimal setting for the fabrication of burr-free shallow
striation microholes with a minimal dimensional error. After that, analogous protrusions
were produced by Reverse-µEDM. Since the tool has no apparent cleavage or burrs at the
micro-hole cut edges, it allows faster machining by restricting high-order discharges and
short-circuiting during reverse-µEDM and obtaining protrusions free from tip damage.

Finally, an alternative study has been performed by Tseng et al. [10] with the im-
plementation of a Micro-EDM Monitoring System to Fabricate Antimicrobial Nanosilver
Colloid. The new system can replace the traditional oscillograph observation method, and
its advantage consists of instantly observing and controlling discharge conditions. The
monitoring system can use the discharge rate to control the energy consumption of the
electrodes to standardize the nanosilver colloid. By experimentation, it was found that the
nanosilver colloid prepared by EDM is free of any chemical additive that, compared to
other preparation methods, is more applicable to biotechnology and the human body.

We thank all the authors who submitted their papers to this Special Issue, “Micro-
Electro Discharge Machining: Principles, Recent Advancements and Applications”. We
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would also like to acknowledge all the reviewers for dedicating their time to providing
careful and timely reviews to ensure the quality of this Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In micro-electrical discharge machining (micro-EDM) milling, the cross-section of the
microgroove machine is frequently not an ideal rectangle. For instance, there are arc shapes on the
bottom and corners, and the sidewall is not steep. The theoretical explanation for this phenomenon
is still lacking. In addition to the tip discharge effect, the essential reason is that there is an accu-
mulative difference in time and space during the shape change process of a tool electrode and the
microstructure formation on a workpiece. The process parameters are critical influencing factors that
determine this accumulative difference. Therefore, the accumulative difference mechanism in time
and space is investigated in this paper, and then a theoretical model is developed to simulate the
micro-EDM milling process with a straight-line single path. The simulation results for a cylindrical
electrode at the two rotational speeds of 0 (nonrotating) and 300 rpm are compared, while the results
for a cylindrical electrode and a square electrode at a rotation speed of 0 are also compared to
verify that different process parameters generate accumulative differences in the time and space of
material removal. Finally, micro-EDM milling experiments are carried out to verify the simulation
model. The maximum mean relative deviation between the microgroove profiles of simulation
results and those of experiments is 11.09%, and the profile shapes of simulations and experiments
have a good consistency. A comparative experiment between a cylindrical electrode and a hollow
electrode is also performed, which further verifies the mechanism revealed in the study. Furthermore,
the cross-section profile of a microgroove can be effectively controlled by adjusting the process
parameters when utilising these accumulative differences through fabricating a microgroove with a
V-shaped cross-section by a square electrode and a microgroove with a semi-circular cross-section by
a cylindrical electrode. This research provides theoretical guidance for solving the problems of the
machining accuracy of detail features in micro-EDM milling, for instance, to machine a microgroove
with an ideal rectangular cross-section.

Keywords: micro-EDM milling; accumulative difference; material removal; tool electrode wear

1. Introduction

Micro-electrical discharge machining (micro-EDM) is a kind of machining technology
that removes materials by means of the extremely high temperature generated by spark
discharge. The tool electrode and the workpiece retain a certain gap between them and do
not come into contact, and there is no macro-cutting force. Microtool electrodes with a scale
of several microns can be fabricated; therefore, the size of machined structures can also
reach the level of several microns [1]. This process is particularly suitable for machining
both hard-to-cut [2–6] and easily deformed conductive materials [7].

As an electrical machining method, the machining localisation and precision of
micro-EDM are very high. There is no stray corrosion, which often appears in micro-
electrochemical machining (micro-ECM) [8], when the dielectric fluid material is kerosene
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or air. Furthermore, the corrosion of machine tools and environmental pollution can also
be avoided. There is no burr, which is commonly found in micro-milling [9], at the edge of
the machining structures. It is hence more suitable for the processing of microstructures on
hard metal materials than micro-milling. By controlling the tool electrode with complex
three-dimensional movements, complicated micro three-dimensional structures can be
fabricated expediently by micro-EDM milling [10], which is generally difficult to achieve
in MEMS, LIGA and other semiconductor processes [11,12]. Laser micromachining tech-
nology can also be used for machining conductive materials such as metals. Although they
have a similar principle, which is to melt materials and vaporize them through a thermal
effect, the verticality of the sidewalls and surface quality of the structures machined by
micro-EDM are better than those machined by laser micromachining [13]. In addition,
micro-EDM offers a better economy, flexibility and convenience than laser micromachin-
ing [14]. Some studies have shown that micro-EDM can also be used to machine other
materials such as glass, ceramics and semiconductors by adding an auxiliary electrode
or changing the working fluid [15,16]. Furthermore, there are many studies focusing
on hybrid micro-EDM, and many significant results have been achieved [17]. Therefore,
micro-EDM is playing an increasingly important role in the field of micromachining and
has many potential applications.

It is typically difficult to fabricate a forming tool electrode for complex micro three-
dimensional structures, and the dimensional accuracy of the forming tool is hard to main-
tain because of the high tool wear. Hence, die-sinking EDM technology is generally not
employed to machine complex structures. Wire electrical discharge grinding (WEDG)
was developed to address in situ preparation of microtool electrodes in the 1980s, which
improved the machining accuracy and promoted the use of micro-EDM [18]. Subsequently,
three-dimensional structures, such as microcavities, were fabricated by controlling the mi-
crotool electrode for layered milling [10]. However, problems remain in micro-EDM milling,
such as tool-electrode wear. Furthermore, the material removal volume of a workpiece
is often very large during micro-EDM milling; thus, the axial wear of the tool electrode
is considerable due to the relatively small radial dimension, which not only affects the
machining efficiency but also seriously influences the machining accuracy. To solve this
problem, some studies have focused on the reduction of electrode wear, and others have
focused on compensation strategies [19]. Yu et al. [20] proposed the uniform wear method
(UWM) for the machining of micro moulds. This method maintains the original electrode
shape and converts the three-dimensional electrode wear to a linear process, which greatly
simplifies the compensation strategy. Subsequent research put forward various strategies
to advance this method [21]. Yu et al. [22] proposed a combined linear uniform (CLU)
method that combined the linear compensation method (LCM) and the UWM. The ma-
terial removal rate, electrode wear ratio and surface roughness were improved using the
proposed method compared to those by the uniform wear method while machining a
square cavity with slanted surfaces. Li et al. [23] proposed a compensation method based
on the scanned area (BSA) in each machining layer. Three-dimensional microcavities were
generated using this method. The machining efficiency was improved, and the tool wear
ratio was reduced compared with the UWM and CLU methods. Pei et al. [24] introduced a
fixed-length compensation (FLC) method where compensation was applied after a fixed
machining length. The dimensional precision and shape accuracy of the machined groove
were enhanced by this method.

The above studies are all based on the UWM and assume that the wear of the electrode
end is uniform through layered thickness control and path planning. Thus, the axial length
wear of the electrode and its compensation are the main focus, and whether there is nonuni-
form wear of the electrode is usually not considered. In addition, the machining efficiency
is limited due to the relatively small monolayer thickness. Therefore, Zhang et al. [25]
introduced a large monolayer thickness milling method by modifying the conventional
FLC model and achieved higher machining efficiency, precision and quality compared with
the layer-by-layer machining method. Zhang et al. [26] developed a two-dimensional geo-
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metrical simulation model to predict the machined surface of the tool and the workpiece.
They provided a better realisation of a cone-shaped tool and indicated that the cone angle of
the electrode was formed through the relative motion of the electrode along the workpiece.
Pei et al. [27] proposed an improved fixed-length compensation method that was validated
experimentally by replacing a cylindrical tool with a tubular-shaped tool, and a truncated
conic tool end was observed in experiments. They also developed an analytical model to
relate the truncated conic shape to fixed-length compensation parameters. The model was
no longer confined to face milling in these studies, but monolayer thickness was increased
so that the electrode sidewall is involved in peripheral milling at the same time, which
obviously causes radial wear of the electrode and changes the end of the electrode to a
conical or truncated conical shape.

However, other studies have found that the shape of the electrode end is also changed
during micro-EDM milling by the nonuniform wear of the electrode. This nonuniform
wear will lead to an arc shape of the machined groove profile and significantly affect the
machining accuracy during the milling of the cavity. Yan et al. [28] presented an electrode
wear compensation method based on a machine vision system. Tool electrode wear can be
evaluated directly by this vision system. They found that an arc shape at the end of the
tool electrode appeared after just one layer of machining. Pham et al. [29] carried out a
number of experiments to analyse the shape change of the electrode. They found that the
electrode tended to change during machining towards a constant shape and that the milled
groove was an arc shape. Karthikeyan et al. [30] found that the shape of the electrode end
changed after channel machining during a study of micro-EDM milling. They thought that
the tool rotation motion was a key factor. Nguyen et al. [31] presented geometric models
to identify and analyse the error components of the 3D micro-EDM milling process. They
found that aside from the inherent machining gap and the unavoidable electrode wear,
the corner radius of the virtual electrode in the model was also of prime importance in
determining the machining accuracy, which indicated that the rounded shape of the tool
edge leads to significant geometrical inaccuracies. However, these studies mainly focused
on the influence of various process parameters on the machining results under certain
specific situations. The mechanism was rarely discussed and analysed. What is more, a
generic solution, which may realise the prediction of micro-EDM milling, has not been
proposed yet.

At present, in addition to the requirements of dimensional accuracy for many micro
three-dimensional structures, important detailed features in the structures are also needed
to meet high accuracy requirements. For instance, a folded waveguide with a rectangular
cross-section is a common slow-wave structure of the Terahertz travelling wave tube [32],
which has strict accuracy requirements on the cross-section, such as the steepness of the
sidewall, the flatness of the bottom and the corner radius of the sidewall and bottom. How-
ever, it can be seen from previous studies that the nonuniform wear of the tool electrode
made the accuracy of the detailed features worse; for instance, an uneven microcavity bot-
tom and a larger sidewall corner radius and cavity bottom. Although a flatter cavity bottom
can be achieved by using a smaller microtool electrode through overlapping moving paths,
the size of the corner radius is still hard to control. Moreover, it is also difficult to realise the
overlap of the moving electrode paths for some narrow grooves with a large aspect ratio,
which is usually machined only by the single-path layered milling method. In this case,
accuracy control problems will occur easily if the process parameters are inappropriate.
Therefore, the effective control of the nonuniform wear of the tool electrode is of great
significance in improving the dimensional accuracy of the micro-detailed features, reduce
the overlapping rate of the machining paths during the machining process and thereby
improve the machining efficiency.

On the other hand, the cross-sectional profile is not necessarily rectangular for some
more complex three-dimensional microstructures. Some cross-sections are semi-circular,
such as the electron beam tunnels in Terahertz travelling wave tubes [32]. Some are
trapezoidal or even V-shaped profiles, such as surface micro-textures [33] and microflow
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channels [34]. From this perspective, the nonuniform wear characteristics of the electrode
in micro-EDM milling can be used to obtain various groove profiles.

Axinte et al. [35] demonstrated that, despite differences in their nature, many en-
ergy beam (EB) controlled-depth machining processes could be modelled using the same
mathematical framework in the study of freeform surfaces machining. They have devel-
oped approaches and algorithms for the inverse problem to generate freeform surfaces
using different EB machining processes and various workpiece target materials [36]. Wan
et al. [37,38] proposed a time-variant and space-variant tool influence function (TIF) model
in the study of precision optical polishing. In order to work out the dwell time, they used a
linear transformation to replace the convolution operation. These studies in other fields
make us realise that a generic solution can be explored from this perspective to solve the
problem of machining accuracy of microstructures caused by the wear of tool electrode.

Micro-EDM is a “profile-copying” machining method, so the shape of the tool electrode
and the shape of the machining structure influence and replicate each other. For example,
in the process of microgroove milling with a cylindrical electrode, if the cross-section of the
microgroove is not an ideal rectangle, it means that the axial cross-section of the electrode
is also no longer an ideal rectangle, which means that there is nonuniform wear at the end
of the electrode. A literature review indicates that the mechanism and the influence rules
of the factors are still unclear for the nonuniform wear phenomenon of tool electrodes and
the corresponding profile imprinted onto the workpiece. Hence, further studies should be
undertaken to explain this phenomenon and provide theoretical guidance for solving the
problems of the machining accuracy of detail features.

To solve this practical problem, the accumulative difference mechanism in time and
space of material removal in micro-EDM milling is analysed and investigated combined
with the key process parameters. Then, a micro-EDM simulation model is established to
verify the mechanism, and machining experiments are also carried out to demonstrate
the validities of the simulation model and the revealed mechanism. In addition, grooves
with different cross-sections are generated by experiments through the utilisation of this
accumulative difference in time and space. This work provides theoretical guidance for
solving the problems of the machining accuracy of detail features in micro-EDM milling,
for instance, to machine a microgroove with an ideal rectangular cross-section.

2. Accumulative Difference Mechanism in Time and Space for Material Removal

Micro-EDM milling is a kind of EDM method that controls the microtool electrode to
move along a certain path, as shown in Figure 1. To keep the radial shape of the electrode
unchanged as much as possible, the layered machining method is generally employed. In
layered machining, the thickness of one layer is set to be less than the critical discharge gap
so that the discharge sparks mainly occur on the bottom end face of the electrode and the
opposite face on the workpiece. The sidewall of the electrode hence can be prevented from
discharging as much as possible [20]. For each layer of micro-EDM milling, the machining
path is shown in Figure 2a. It can be regarded as consisting of many simple paths. The most
common single path, named the straight-line path, is shown in Figure 2b. The straight-
line path is the basis of micro-EDM milling, which is, therefore, the main study objective
in this paper.
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Generally, micro-EDM milling can be simplified as a discharge model between the
bottom end surface of the cylindrical electrode and the corresponding surface of the
workpiece, as shown in Figure 3. The relative movement between the two surfaces consists
of the rotational motion of the cylindrical tool electrode itself and its movement along the
machining path. The two surfaces are eroded continuously by the discharging that occurs
when a high-frequency pulse breaks down the dielectric fluid.
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The coordinate of an arbitrary point on the bottom surface of the tool electrode is set
as (xT , yT), and the coordinate of an arbitrary point on the surface of the workpiece is as
(xW , yW). After n pulses, the z-coordinate can be employed to represent the change in the
depth direction of an arbitrary point on the tool electrode or the workpiece, as expressed in
Equation (1). 




zT(xT , yT) = zT0 +
n
∑

j=1
dj

zW(xW , yW) = zW0 −
n
∑

j=1
hj

(1)
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where zT(xT , yT) represents the z-direction position of point (xT , yT) and zW(xW , yW)
represents the z-direction position of point (xW , yW). zT0 and zW0 are the initial z-direction
positions of the tool electrode bottom surface and the workpiece surface, respectively. dj
and hj represent the removal depth at this point of the j-th pulse on the electrode and the
workpiece, respectively. Both dj and hj can be equal to zero.

The tool electrode and the workpiece both undergo electrical discharge erosion as
the machining continues, and the materials are removed from both. Thus, the surface
morphologies of the tool electrode and the workpiece, which can be represented by zT and
zW , respectively, are changing continuously. Furthermore, the positional relationship of
the spatial point pair that is formed by one point on the electrode and one point on the
workpiece also changes with the relative movement between the electrode and workpiece.
The spatial position of the pair of erosional craters generated by the effective discharge
pulse will hence change over time. Therefore, the formation of the tool electrode and the
workpiece profiles is a process in which the erosions of the discharge pulses at different
times and spaces accumulate continuously.

During this process, taking the tool electrode as an example, m points can be selected
randomly on the bottom end surface of the electrode, and a matrix D can be presented to
show their removal depths in time and space after n pulses.

D(m× n) =




d11 d12 d13 · · · d1n
d21 d22 d23 · · · d2n
d31 d32 d33 · · · d3n

...
...

...
. . .

...
dm1 dm2 dm3 · · · dmn




where the i-th row vector di =
[

di1, di2, di3, · · · , din
]

of matrix D represents the re-

moval depth sequence of point i. The j-th column vector dj =
[

d1j, d2j, d3j, · · · , dmj
]T

of matrix D represents the removal depth sequence of all the points generated by pulse j.
There are many process parameters in micro-EDM, such as parameters that determine

the discharge energy per single pulse, including the open-circuit voltage, peak current and
pulse width, and other parameters, such as the electrode material, workpiece material,
dielectric fluid, machining polarity, rotation speed, geometric shape of the electrode, feed
speed, path, pulse frequency, layer thickness and control threshold of the gap voltage. The
various combinations of these parameters will result in different material removal volumes
per discharge and lead to different spatial positions per discharge where the removal is
located, which means that different process parameters determine different matrixes D.

For a certain set of process parameters, the formation of the removal depth sequence
dj generated by pulse j will be initially influenced in the time domain by the accumula-
tive result of the erosions generated by the previous j-1 pulses. Meanwhile, the surface
morphologies of the tool electrode and the workpiece change due to the erosion of the j-th
pulse. The spatial relative position of the tool electrode and workpiece is also changed
by the relative movement between them during this time, which will also influence the
composition of the next column vector, which is dj+1. Because of this accumulative effect in
time and space, the accumulative removal amount may be different at different positions of
the end surface of the tool electrode, which means that each row of matrix D has differences.

If proper parameters are adopted so that the sum of di that can be represented by
n
∑

j=1
dij

is approximately equal regardless of how much i is, then uniform wear of the electrode
can be achieved. The material of the corresponding machining area of the workpiece can
also be uniformly removed according to a “profile-copying” micro-EDM characteristic,
such as the groove with a rectangular cross-section. However, if the parameters adopted

make a relatively large difference in
n
∑

j=1
dij when i is different, then nonuniform wear of the

electrode occurs. Likewise, this kind of nonuniform shape change will also be “copied”
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to the workpiece, resulting in nonuniform material removal of the workpiece, such as a
groove with an arc cross-section.

Consequently, this accumulative difference in time and space can be adjusted by
adjusting the process parameters. As a result, the wear amount at different positions
on the bottom of the electrode and the final machining profile of the workpiece can be
effectively controlled.

In the straight-line single path of micro-EDM milling, taking the common cylindrical
tool electrode as an example, the different combinations of the feed speed and rotation
speed of the electrode can reveal the difference in the spatial point pair relationship between
the tool electrode and workpiece. The probability of pulse erosion at the different positions
on the bottom surface of the electrode will thus be different. The motion trajectory of
different positions on the bottom surface of the cylindrical electrode when the feed direction
is in the x-direction is expressed by Equation (2).

{
x = vt− r sin

(
πn
30 t
)

y = r cos
(

πn
30 t
) (2)

where x and y are the x-coordinate and y-coordinate of the point, respectively, v is feed
speed (µm/s), t is the time (s), r is the distance between the centre point of the bottom
surface of the electrode and the point (µm) and n is the rotation speed (rpm).

According to the relationship between the linear feed speed and rotation speed, the
motion trajectory of the point that is on the circle with a radius of r = 30v

πn is cycloid, and
the motion trajectory of the other points (except the centre point of the bottom surface of
the electrode) is trochoid.

The motion trajectories are shown in Figure 4. Figure 4a shows the motion trajectories
of the points in different radii on the bottom surface of the electrode when the rotation
speed of the electrode is 0, and Figure 4b–e show those when the rotation speed of the
electrode is 30, 60, 120 and 300 rpm, respectively. It can be seen from Figure 4a that when
the electrode is not rotating, the trajectories are parallel. The chord length of the bottom
surface of the electrode along the machining direction varies with its distance from the
machining centre axis. Obviously, the smaller the distance between the chord and the
machining centre axis is, the longer the chord length is, and the more material removal
of the workpiece is. When the electrode rotates, the motion trajectories of the points in
different radii are quite different, so the probability of discharge at each point may also be
different. When the feed speed remains unchanged, these trajectories become denser with
increasing rotation speed, and the difference in the probability of discharge at each point
will also change.
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Through the above analysis, it can be concluded that the combination of various
process parameters in micro-EDM milling will influence the composition of matrix D,
which generates the difference in material removal under different parameters. On the
other hand, the matrix D may be different in time and space dimensions for a certain set of
process parameters. This is the accumulative difference mechanism in time and space for
material removal in micro-EDM milling.

3. Modelling and Simulation of Material Removal in Micro-EDM Milling

Micro-EDM is a complicated physical process that is affected by various influencing
factors. It is difficult and laborious to simulate the entire micro-EDM milling machining pro-
cess from the perspective of physical processes [39]. In some previous studies, researchers
have proposed geometric simulation models to simulate various EDM processes [40–43].

The profiles of the electrode and workpiece generated in micro-EDM are accumulative
results that are the accumulation of each discharge crater eroded by a single discharge
pulse [39]. Based on this technique, a geometric simulation method will be employed in
this paper [42], in which the single discharge crater eroded by a single discharge pulse is
considered the elementary unit to calculate the amount of material removal. A schematic
diagram of a single discharge crater is shown in Figure 5. The actual crater on the workpiece
shown in Figure 5a can be simplified with a spherical crown model shown in Figure 5b,
where h is the depth of the crater and d is the diameter of the crater.
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Therefore, the following assumptions are devised before modelling to simplify the
simulation process: (1) the discharge occurs at the points between the tool electrode and
the workpiece with the shortest distance that are no more than the critical discharge gap;
(2) only one micro-energy electrical pulse is generated at each time step in the simulation;
(3) the energy of each effective discharge spark is constant, and the material removal
volume per spark is constant; and (4) the influences of the removed debris and the flushing
of the dielectric fluid are ignored.

To describe the material removal through calculation, the two geometric models of
the tool electrode and the workpiece and the time domain need to be discretised. Hence,
the Z-map algorithm [42] is employed to define the geometric models, which represent the
bottom surface of the tool electrode and the upper surface of the workpiece, and a set of
square grids with the same size are used to mesh them, as shown in Figure 6. Therefore,
the workpiece coordinate system is fixed, and the relative motion during machining can
be expressed as the movement of the tool electrode coordinate system in the workpiece
coordinate system. Therefore, the X-Y coordinates of the Z-map node of the tool electrode
in the workpiece coordinate system will change with the movement and rotation of the tool
electrode. The shape of a single discharge crater on the tool electrode and the workpiece can
also be represented by a Z-map, as shown in Figure 7. In the time domain, the simulation
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time step ∆t is determined by the pulse frequency f according to assumption (2), as shown
in Equation (3).

∆t =
1
f

(3)
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Figure 7. Schematic diagram of a single discharge crater represented by grids: (a) crater on the workpiece and (b) crater on
the tool electrode.

Thus, the entire calculation and simulation processes of micro-EDM milling are de-
scribed by the following steps: (1) calculating and updating the position coordinates of the
grid node of the tool electrode in the workpiece coordinate system according to the state of
motion of the electrode; (2) determining whether discharge occurs and finding the location
where the discharge occurs on both the tool electrode and workpiece; and (3) generating
the single discharge craters at the corresponding locations for the tool electrode and the
workpiece, respectively. The three steps are repeated until the set goals are reached. The
flow chart of the entire simulation process is shown in Figure 8.
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As shown in the simulation flow chart, there may be three situations for step (2)
according to assumption (1):

(a) The distance between the nearest point pair is larger than the critical discharge gap,
which means that material removal is not generated by the current pulse during this
time step. This is the open-circuit state in micro-EDM.

(b) There are S point pairs whose distances are less than or equal to the critical dis-
charge gap, but S is larger than or equal to the number of short-circuit limits. Ma-
terial removal is not generated by the current pulse in this time step either, and
the tool electrode will retract along the original path. This is the short-circuit state
in micro-EDM.

(c) Conversely, if S is less than the number of short-circuit limits, the point pair whose
distance is the shortest will be selected as the locations where the discharge occurs.
If there are multiple point pairs that have the same shortest distance, a pair will be
randomly selected from them. Material removal is generated by the current pulse
during this time step. This is the effective-spark state in micro-EDM. The Euclidean
distances of the point pairs between the tool electrode and the workpiece can be
calculated by Equation (4).
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where Ti represents the i-th row of matrix and T(M× 3) are the three-dimensional co-
ordinates of all grid nodes on the tool electrode. Wi represents the i-th row of matrix
W(N × 3), and W(N × 3) are the three-dimensional coordinates of all grid nodes on the
workpiece. G(M× N) is the distance matrix of point pairs between the tool electrode and
the workpiece.

Two types of electrodes, cylindrical electrodes and square electrodes, which are com-
mon in micro-EDM, are selected in the simulation experiment. There are two machining
modes—the rotating and nonrotating mode—for the cylindrical electrode and only the
nonrotating mode for the square electrode. In addition, there are also two types of paths—a
unidirectional and reciprocating path—in straight-line path milling, as shown in Figure 9.
The simulation parameters are presented in Table 1. The critical discharge gap, the shapes
of the single discharge craters on the tool electrode and workpiece and the volumetric tool
wear ratio depend on the machining parameters, which are determined through prelimi-
nary experiments. The electrical parameters and materials of the preliminary experiments
are the same as those in Section 4.
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Figure 9. Schematic diagram of two types of paths in straight-line path milling: (a) unidirectional
path and (b) reciprocating path.

Table 1. Simulation parameters.

Parameters
Serial Number

a b c d e f

Tool type cylindrical square cylindrical square
Rotation speed (rpm) 300 0 300 0
Path type unidirectional path reciprocating path
Tool diameter or edge length (µm) 46
Feed speed (µm/s) 30
Mesh size (µm) 0.5
Machining length (µm) 500
Layer thickness (µm) 1
Number of layers 150
Pulse frequency (MHz) 0.67
Critical discharge gap width (µm) 2
Volume of crater on the workpiece (µm3) 2.4066
Volumetric tool wear ratio 0.082

Figures 10 and 11 show the simulation machining results of the tool electrodes and
microgrooves, respectively. It can be seen from Figures 10a,d and 11a,d that the sidewalls
of the microgrooves are almost perpendicular to the bottom surface, and the bottom surface
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is relatively flat. In addition, there is no obvious nonuniform wear on the end of the
cylindrical tool electrode. Figures 10b,e and 11b,e are the simulation machining results
for the cylindrical tool electrode in nonrotating mode. The results show that the cross-
sections of the microgrooves are no longer an approximate rectangle but a typical arc shape.
Moreover, there are two clearly different profiles for the cylindrical tool electrode in two
directions. In the direction parallel to the machining direction, the profile of the central
cross-section is approximately rectangular, while it is also a typical arc shape similar to the
cross-section of the microgroove in the direction that is perpendicular to the machining
direction. Figures 10c,f and 11c,f show the simulation machining results of the square
tool electrode in nonrotating mode. As shown in Figures 10c,f and 11c,f, although the
electrodes do not rotate, the sidewalls of the microgrooves are perpendicular to the bottom
surface, and the cross-sections are approximately rectangular. There is little difference
between the central cross-sections of the square tool electrode in the two directions that
are perpendicular and parallel to the machining direction, but there is no noteworthy arc
phenomenon.
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Figure 10. Simulation machining results of the tool electrodes: (a) cylindrical electrode-rotating
mode-unidirectional path; (b) cylindrical electrode-nonrotating mode-unidirectional path; (c) square
electrode-nonrotating mode-unidirectional path; (d) cylindrical electrode-rotating mode-reciprocating
path; (e) cylindrical electrode-nonrotating mode-reciprocating path; (f) square electrode-nonrotating
mode-reciprocating path.

The simulation results indicate that different rotation speeds and different electrode
shapes generate different microgrooves, which demonstrates that the accumulative dif-
ference in the time and space of material removal is a critical reason for the nonuniform
wear of the electrode and the generation of the corresponding cross-sectional profile of the
microgroove. Furthermore, simulation experiments can be carried out based on the estab-
lished simulation model to predict the machining profile so that the process parameters
can be pre-determined, and the regulation and control of this accumulative difference can
be achieved.
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4. Experimental Design and Studies
4.1. Experimental Apparatus and Materials

The experiments were performed on a micro-EDM machine tool named µEM-200CDS2
(self-developed, Mianyang, China), as shown in Figure 12. Its maximum travelling length
is 200 (X-axis) × 100 (Y-axis) × 200 mm (Z-axis). The resolution is 0.1 µm, and the
repeatability is 1 µm for all axes. The tool electrode is clamped on a spindle, and the
workpiece is fixed on a workpiece holder, which can also level the workpiece. The tool
electrode and the workpiece are both copper, and the material properties are listed in
Table 2. EDM oil is selected as the dielectric fluid.
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Table 2. Material properties.

Physical Properties (20 ◦C) Copper

Melting point (◦C) 1083
Boiling point (◦C) 2600

Specific heat capacity (J/(kg·K)) 400
Thermal conductivity (W/(m·K)) 385

4.2. Experimental Procedure and Conditions

First, a set of verification experiments (named Exp. 1) of the mechanism and simulation
model was undertaken. A total of six tool electrodes were fabricated in situ using the block
electric discharge grinding (block-EDG) method, as shown in Figure 13. Among them,
there are four cylindrical electrodes with diameters of 46 µm and two square electrodes
with edge lengths of 46 µm. These tool electrodes were employed to perform straight-line
path micro-EDM milling on the workpiece in sequence. The schematic diagram of the
process is shown in Figure 14. The detailed process parameters are listed in Table 3, which
correspond with the simulation parameters in Section 3.
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Table 3. Machining parameters for Exp. 1.

Parameters
Serial Number

a b c d e f

Tool type cylindrical square cylindrical square
Rotation speed (rpm) 300 0 300 0
Path type unidirectional path reciprocating path
Tool diameter or edge length (µm) 46
Feed speed (µm/s) 30
Machining length (µm) 500
Layer thickness (µm) 1
Number of layers 150
Pulse frequency (MHz) 0.67
Open-circuit voltage (V) 65
Pulse width (ns) 300
Current limiting resistance (Ω) 50

Two cylindrical electrodes with a diameter of 0.8 mm and two hollow electrodes with
a diameter of 0.8 mm were fabricated in situ, and straight-line path micro-EDM milling
was also performed (named Exp. 2). The processing parameters are listed in Table 4.

Table 4. Machining parameters for Exp. 2.

Parameters
Serial Number

a b c d

Tool type hollow cylindrical hollow cylindrical
Number of layers 800 670 800 670
Rotation speed (rpm) 300 0
Path type unidirectional path
Tool diameter (µm) 800
Feed speed (µm/s) 500
Machining length (µm) 1500
Layer thickness (µm) 1
Pulse frequency (MHz) 0.04
Open-circuit voltage (V) 100
Pulse width (ns) 5000
Current limiting resistance (Ω) 10

Finally, two application experiments of the material removal mechanism in time and
space (named Exp. 3) were undertaken. A cylindrical electrode with a diameter of 46 µm
and a square electrode with edge lengths of 46 µm were fabricated in situ again. For the
cylindrical electrode, the number of machining layers is decreased. The square electrode
was rotated 45 degrees before milling, as shown in Figure 14. The other parameters are the
same as those in Exp. 1. The processing parameters are listed in Table 5.

4.3. Measurements and Observation

The panoramas of the machined microgrooves were observed using a scanning elec-
tron microscope (SEM, Zeiss, Jena, Germany). The tool electrodes and the entrance profiles
of the microgrooves were observed using a digital microscope (VHX-6000, Keyence, Osaka,
Japan). The data of the profile curves can be acquired through image processing, which
can be compared with the simulation results.
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Table 5. Machining parameters for Exp. 3.

Parameters
Serial Number

a b

Tool type square cylindrical
Number of layers 150 55
Rotation speed (rpm) 0
Path type unidirectional path
Tool diameter or edge length (µm) 46
Feed speed (µm/s) 30
Machining length (µm) 500
Layer thickness (µm) 1
Pulse frequency (MHz) 0.67
Open-circuit voltage (V) 65
Pulse width (ns) 300
Current limiting resistance (Ω) 50

5. Results and Discussion

Figure 15 shows the SEM images of the six microgrooves in Exp. 1. From the SEM
images of the overall morphology, it can be seen that any cross-section of each microgroove
in the direction that is perpendicular to the machining direction is highly consistent, which
is also very consistent with the simulation results. Figures 16 and 17 show the optical images
of the six electrodes and six entrance profiles of the microgrooves in Exp. 1, respectively. In
Figure 16, 0 degrees represents that the observation direction of the electrode is parallel to
the machining direction, so the observed cross-section of the electrode is perpendicular
to the machining direction, and 90 degrees represents that the observation direction is
perpendicular to the machining direction, so the observed cross-section of the electrode
is parallel to the machining direction, which is also applicable to the following figures
in this paper.
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Figure 15. SEM images of the six microgrooves in Exp. 1: (a) cylindrical electrode-rotating mode-unidirectional path; (b)
cylindrical electrode-nonrotating mode-unidirectional path; (c) square electrode-nonrotating mode-unidirectional path; (d)
cylindrical electrode-rotating mode-reciprocating path; (e) cylindrical electrode-nonrotating mode-reciprocating path; (f)
square electrode-nonrotating mode-reciprocating path.
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Figure 16. Optical images of the six electrodes in Exp. 1: (a) cylindrical electrode-rotating mode-unidirectional path;
(b) cylindrical electrode-nonrotating mode-unidirectional path; (c) square electrode-nonrotating mode-unidirectional path;
(d) cylindrical electrode-rotating mode-reciprocating path; (e) cylindrical electrode-nonrotating mode-reciprocating path;
(f) square electrode-nonrotating mode-reciprocating path.

It can be seen in Figures 16a,d and 17a,d that when the cylindrical tool electrode
rotates during machining, the end face of the cylindrical tool electrode is flat, and the
sidewall of the machined microgroove is perpendicular to the bottom surface, which is also
relatively flat. Figures 16b,e and 17b,e show that when the cylindrical tool electrode does
not rotate during machining, the cross-section of the machined microgroove is a typical arc
shape. Furthermore, there are two clearly different profiles of the cylindrical tool electrode
in two directions. The profile of the central cross-section is approximately rectangular in
the direction that is parallel to the machining direction, while it is also a typical arc shape
similar to the cross-section of the microgroove in the direction that is perpendicular to the
machining direction. Figures 16c,f and 17c,f show that when the square tool electrode does
not rotate during machining, the sidewall of the machined microgroove is perpendicular
to the bottom surface, but the bottom surface is not as flat as those in Figure 17a,d, and a
slight arc shape appears. In addition, the profile of the central cross-section of the electrode
is approximately rectangular in the direction that is parallel to the machining direction,
while it is also a slight arc shape that is similar to the cross-section of the microgroove in
the direction that is perpendicular to the machining direction.
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Figure 17. Optical images of the six entrance profiles of the microgrooves in Exp. 1: (a) cylindrical electrode-rotating
mode-unidirectional path; (b) cylindrical electrode-nonrotating mode-unidirectional path; (c) square electrode-nonrotating
mode-unidirectional path; (d) cylindrical electrode-rotating mode-reciprocating path; (e) cylindrical electrode-nonrotating
mode-reciprocating path; (f) square electrode-nonrotating mode-reciprocating path.

The experimental results and the simulation results are compared together, as shown
in Figure 18, which shows that the experimental results agree well with the simulation
results overall. The depths of the machined microgrooves in the reciprocating path are
slightly less than those in the unidirectional path, which also indicates that there is an
accumulative difference in material removal due to the difference in the spatial relative
motion relationship. In the machining results for the square electrode, the sidewall of the
microgroove is vertical, which is consistent with the simulation. However, there is a certain
difference between the bottom surfaces in the experiment and the simulation. Nonetheless,
this is only a difference between the bottom surfaces, while the sidewall is still vertical,
which is quite different from the machining result when the cylindrical electrode does not
rotate during machining. Conversely, when the cylindrical tool electrode does not rotate
during machining, as in Exp. 1 b and Exp. 1 e, as shown in Figure 18, the experimental
profiles and the simulation profiles are approximately consistent. It should be noted that
the debris removal condition will be not ideal if the process parameters are improper in the
actual machining process [44], while the simulation is based on the assumption that the
debris removal condition has no effect on the machining process.
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Table 6. Deviations of the microgroove profile between simulation and Exp. 1. 

Deviations Serial Number 
a b c d e f 

Maximum deviation (μm) 4.10 12.17 4.33 3.08 14.93 6.79 
Mean deviation (μm) 2.29 5.69 2.85 2.34 7.15 2.14 
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In the experimental process, the machining process is very stable, and there are
almost no abnormal discharges and short circuits when the cylindrical electrode rotates at
high speed or does not rotate. This shows that the debris removal condition under these
two conditions has no significant impact on the machining process, which satisfies the
assumption in the simulation. It is easy to understand that a higher rotation speed can
quickly take away the discharge debris. For the cylindrical electrode in nonrotating mode,
the tool electrode and microgroove become arc-shaped quickly due to the accumulative
difference in time and space, as shown in Figures 16b,e and 17b,e, which makes the
working fluid take away the debris more unimpeded. However, for the square electrode in
nonrotating mode, the tool electrode shape should remain unchanged from the perspective
of the accumulative difference in time and space, as shown in Figure 10c,f. Actually, there
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is almost no channel for debris to leave the machining gap because the square electrode
does not rotate, which is bound to cause a lot of abnormal discharge and short circuit states.
This is the reason why the bottom surface in machining results is arc-shaped, which is
different from the simulation results. Furthermore, it is why a higher rotation speed and
the nonrotating mode are chosen for the verification of the simulation model.

By subtracting the z-coordinate value ze of the experimental profile from the
z-coordinate value zs of the simulated profile in Figure 18c, the maximum deviation value,
the average deviation value of each group and the percentage of average deviation relative
to the maximum depth of the corresponding microgroove can be obtained, as shown in
Table 6.

Table 6. Deviations of the microgroove profile between simulation and Exp. 1.

Deviations
Serial Number

a b c d e f

Maximum deviation (µm) 4.10 12.17 4.33 3.08 14.93 6.79
Mean deviation (µm) 2.29 5.69 2.85 2.34 7.15 2.14

Mean relative deviation 3.47% 7.90% 3.56% 3.51% 11.09% 2.89%

Figures 19 and 20 show the optical images of the four electrodes and the top view and back
view of the four grooves in Exp. 2, respectively. It can be seen from Figures 19a,b and 20a,b
that whether using a cylindrical electrode or a hollow electrode, when the electrode ro-
tates during machining, the sidewall of the machined groove is vertical to the bottom
surface, and the bottom surface is very flat. The end face of the tool electrode is also
flat. Figures 19c and 20c show that when the hollow tool electrode does not rotate during
machining, the cross-section of the machined groove is a unique arc shape, which is asym-
metric. The profile of the central cross-section is also a unique arc shape that is similar
to the cross-section of the groove in the direction that is perpendicular to the machining
direction, which is asymmetric as well. It is worth noting that when observing the end
surface of the hollow electrode, it can be seen that the hole is eccentric in the direction
that is perpendicular to the machining direction. Hence, the machining depth is deeper
on the side farther from the hole, and the machining depth is shallower on the closer side
to the hole. As a result, the cross-section of the groove and central cross-section of the
hollow electrode in the direction that is perpendicular to the machining direction are all
asymmetric. Figures 19d and 20d show that when the cylindrical tool electrode does not
rotate during machining, the cross-section of the machined groove is a typical arc shape,
which is symmetric. The profile of the central cross-section is also a typical arc shape that
is similar to the cross-section of the groove in the direction that is perpendicular to the
machining direction, which is symmetric as well. The difference in the groove profiles
between Figure 20c,d is due to the end face of the hollow electrode lacking a part with
respect to the cylindrical electrode. However, the machined groove profiles are very similar
to each other as well when both of the electrodes rotate at a certain speed during micro-
EDM milling, as shown in Figure 20a,b, which further demonstrates that different electrode
shapes can generate accumulative differences in material removal, and this difference can
be controlled by adjusting process parameters such as the rotation speed.
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Figure 21 shows the SEM images of the two microgrooves in Exp. 3. It can also be seen
from the SEM images of the overall morphology that any cross-section of each microgroove
in the direction that is perpendicular to the machining direction is highly consistent. The
length-width ratio of the microgroove is up to 10:1, which also indicates that a microgroove
with a special-shaped cross-section and a large length-width ratio can be machined by a
simple common electrode through utilising this mechanism so as to avoid the machining
error caused by the wear of the forming tool electrode. Figures 22 and 23 show the optical
images of the two electrodes and two entrance profiles of the microgrooves in Exp. 3,
respectively.
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It can be seen in Figures 22a and 23a that when the square electrode was rotated
45 degrees in advance and then micro-EDM milling was performed in nonrotating mode
on the workpiece, the cross-section of the microgroove was similar to a V-shape. The
profile of the central cross-section is also a V-shape that is similar to the cross-section of
the microgroove in the direction that is perpendicular to the machining direction, and it is
approximately rectangular in another direction. It can be seen in Figures 22b and 23b that
when the cylindrical tool electrode does not rotate during machining, the cross-section of
the machined microgroove is an approximately semi-circular shape because of the decrease
in the number of machining layers.

The experimental results are also compared to the simulation results, as shown in
Figure 24, which shows that the experimental results agree well with the simulation results.
By subtracting the z-coordinate value ze of the experimental profile from the z-coordinate
value zs of the simulated profile in Figure 24c, the maximum deviation value, the average
deviation value of each group and the percentage of average deviation relative to the
maximum depth of the corresponding microgroove can be obtained, as shown in Table 7.
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Table 7. Deviations of the microgroove profile between simulation and Exp. 3.

Deviations
Serial Number

a b

Maximum deviation (µm) 16.38 8.22
Mean deviation (µm) 8.02 2.31

Mean relative deviation 10.22% 8.40%

6. Conclusions

In this work, the nonuniform wear of electrodes and the phenomenon of arc shape
appearing on the corresponding workpieces in micro-EDM milling were explained by
the accumulative difference mechanism in time and space for material removal. Then, a
simulation model was established to simulate straight-line single path micro-EDM milling,
and experiments on the straight-line single path of micro-EDM milling were also under-
taken. This work provides theoretical guidance for solving the problems of the machining
accuracy of detail features, for instance, to machine a microgroove with an ideal rectangular
cross-section. The following conclusions can be drawn from the results:

(1) The various combinations of process parameters in micro-EDM milling may lead
to accumulative differences in the material removal at the tool electrode and the
workpiece. In addition, for a certain set of process parameters, the material removal
at the tool electrode and the workpiece may also have accumulative differences in
both time and space dimensions, which may cause nonuniform wear of the tool
electrode and thereby have an impact on the corresponding profile of the structure on
the workpiece.

(2) The established simulation model provides a good verification of the existence of this
accumulative difference caused by different process parameters. Furthermore, the
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maximum mean relative deviation between the microgroove profiles of simulation
results and those of experiments is 11.09%, and the profile shapes of simulations and
experiments have a good consistency. Therefore, the established simulation model is
capable of predicting the machining profile so that the proper process parameters can
be pre-determined, and the modification and control of this accumulative difference
can be achieved.

(3) The experimental results not only demonstrate the validities of the simulation model
and the mechanism revealed but also verify that microgrooves with different cross-
sections can be generated through the utilisation of this accumulative difference in
time and space.

There are still some problems needing further research. For example, the debris
removal condition may be terrible under some process parameters, which may also lead
to the nonuniform wear of the tool electrode. Moreover, this will be coupled with the
accumulative difference in time and space, which is complicated. Therefore, the influence of
process parameters on chip removal will be modelled in the future, which can be introduced
into the simulation model in this paper as a factor to provide a more complete model for
the explanation of the nonuniform wear of the tool electrode in micro-EDM milling.

In fact, any machining method can be regarded as an accumulative process in time
and space, whether it is subtractive manufacturing or additive manufacturing. The ac-
cumulative difference mechanism in time and space for material removal in micro-EDM
milling proposed in this paper is a generic idea, which can be applied to some similar
machining methods, such as pulsed laser machining, water jet machining.
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Nomenclature

micro-EDM micro-electrical discharge machining
micro-ECM micro-electrochemical machining
WEDG wire electrical discharge grinding
UWM uniform wear method
LCM linear compensation method
CLU method that combined the LCM and UWM
FLC fixed-length compensation
EB energy beam
TIF tool influence function
block-EDG block electric discharge grinding
zT the surface morphologies of the tool electrode
zW the surface morphologies of the workpiece
matrix D the removal depths of m points in time and space after n pulses
vector di the removal depth sequence of point i
vector dj the removal depth sequence of all the points generated by pulse j
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x x-coordinate of the point
y x-coordinate of the point
v feed speed (µm/s)
t time (s)

r
the distance between the centre point of the bottom surface of the electrode and the
point (µm)

n rotation speed (rpm).
∆t simulation time step (s)
f pulse frequency (Hz)
matrix T the three-dimensional coordinates of all grid nodes on the tool electrode
matrix W the three-dimensional coordinates of all grid nodes on the workpiece
matrix G the distance matrix of point pairs between the tool electrode and the workpiece
zs the z-coordinate value of the simulated profile
ze the z-coordinate value of the experimental profile
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Abstract: Nitinol-shape memory alloys (SMAs) are widely preferred for applications of automobile,
biomedical, aerospace, robotics, and other industrial area. Therefore, precise machining of Nitinol
SMA plays a vital role in achieving better surface roughness, higher productivity and geometrical
accuracy for the manufacturing of devices. Wire electric discharge machining (WEDM) has proven
to be an appropriate technique for machining nitinol shape memory alloy (SMA). The present
study investigated the influence of near-dry WEDM technique to reduce the environmental impact
from wet WEDM. A parametric optimization was carried out with the consideration of design
variables of current, pulse-on-time (Ton), and pulse-off-time (Toff) and their effect were studied
on output characteristics of material removal rate (MRR), and surface roughness (SR) for near-dry
WEDM of nitinol SMA. ANOVA was carried out for MRR, and SR using statistical analysis to
investigate the impact of design variables on response measures. ANOVA results depicted the
significance of the developed quadratic model for both MRR and SR. Current, and Ton were found to
be major contributors on the response value of MRR, and SR, respectively. A teaching–learning-based
optimization (TLBO) algorithm was employed to find the optimal combination of process parameters.
Single-response optimization has yielded a maximum MRR of 1.114 mm3/s at Ton of 95 µs, Toff of
9 µs, current of 6 A. Least SR was obtained at Ton of 35 µs, Toff of 27 µs, current of 2 A with a predicted
value of 2.81 µm. Near-dry WEDM process yielded an 8.94% reduction in MRR in comparison with
wet-WEDM, while the performance of SR has been substantially improved by 41.56%. As per the
obtained results from SEM micrographs, low viscosity, reduced thermal energy at IEG, and improved
flushing of eroded material for air-mist mixture during NDWEDM has provided better surface
morphology over the wet-WEDM process in terms of reduction in surface defects and better surface
quality of nitinol SMA. Thus, for obtaining the better surface quality with reduced surface defects,
near-dry WEDM process is largely suitable.

Keywords: shape memory alloys; nitinol; optimization; near-dry wire electric discharge machining
(WEDM); teaching–learning based optimization (TLBO) algorithm

1. Introduction

The Shape memory alloys (SMA) are shape memory materials that can withstand
immense deformations and yet return to their original shape by applied heat, stress or
magnetic field [1,2]. This type of effect of regaining original shape is known as the shape
memory effect (SME). SMAs exhibit superior thermomechanical properties [3–5]. Superelas-
ticity of SMAs represents the property of regaining the original shape of material with the
removal of applied external force. SMAs are widely preferred for engineering fields such as
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automobile, biomedical, aerospace, robotics [6,7]. Important applications for the industrial
sector are fasteners and couplings generally for the military sector, cellular antennas, etc. [8].
The most commonly used SMAs are NiTi, CuZnAl, CoAl, NiMnGa, CuSn, FeMnSi, ZrCu,
and CuZnNi. However, the instability and poor thermo-mechanic performance of these
copper and iron-based SMAs have restricted their applications in certain areas [1]. Among
others, nickel-titanium alloy also considered Nitinol was already employed in various
engineering and industrial fields due to its enhanced characteristics such as high corro-
sion and wear resistance, biocompatibility, Superelasticity, SME, high strength, etc. [9–11].
Nitinol is also employed in multiple applications of biomedical fields, automotive sector,
sensors, MEMS devices, actuators, structural elements, oil industries, robotics, aerospace
components, etc. [12,13]. Therefore, precise machining of Nitinol SMA plays a vital role in
achieving better surface roughness, higher productivity and geometrical accuracy for the
manufacturing of devices [14,15]. The machinability of Nitinol with conventional methods
was observed to be a non-effective technique due to the formation burrs at the machined
surface, poor surface roughness, and high tool wear [16,17]. One of the prime reasons
behind this was the higher strength and hardening of the nitinol SMA [18,19]. Another
reason which possesses the difficulties includes high chemically active material which in
turn results in tool failure, and low thermal conductivity [20,21].

To overcome difficulties faced during machining of SMAs using traditional techniques,
non-conventional machining techniques are considered good alternatives since the work-
piece and tool are not in contact with each other. Among other methods, Wire electric
discharge machining (WEDM) has proven to be an appropriate technique for machining
nitinol SMAs [22,23]. The WEDM technique works based on spark generation and erosion
between electrode and workpiece [24]. In WEDM process, the material is melted and vapor-
ized by repeated electrical discharges in presence of a suitable dielectric medium [25,26]. It
uses wire as an electrode and the dielectric fluid which firstly acts as an insulator and later
gets ionized by increasing the amount of voltage [27]. This further increases the electrical
discharges (sparks) which in turn helps in increasing the material removal rate (MRR).
Numerical control of the wire electrode has made WEDM process to be vastly suitable for
creating the complex shape profiles of the workpiece [28,29]. Kulkarni et al. [30] employed
WEDM process to study surface integrity aspects for Nitinol SMA. They utilized RSM
models to generating the relationship between design variables and responses. Higher
erosion with good surface morphology was obtained at optimal parameter settings. Thus,
the monitoring and controlling of the machining process should be carried out properly
for better machining efficiency, and to prevent wire breakage and surface quality. WEDM
can provide a good surface finish, and good machining efficiency for machining complex
shapes [31,32]. However, WEDM operation utilizes dielectric fluid which is a key factor
in environmental issues. To overcome this issue, near-dry machining process can be an
efficient and effective way by means of providing negligible health hazards [33]. Near dry
machining replaces the EDM oil with a mixture of compressed air and water [34]. In addi-
tion to the environmental issues, machining characteristics such as productivity and surface
quality should not be compromised. Near dry WEDM (NDWEDM) process was found to be
capable of providing enhanced machining results for machining of hard materials [35,36].
NDWEDM process makes use mixture of minimal dielectric fluid and gas/air. Minimal
use of deionized water along with larger proportion of compressed air/gas was found to
be effective to enhance the NDWEDM performance under eco-friendly atmosphere [37].
Researchers have reported several studies to examine the implications of NDWEDM tech-
nique on machining. A suitable amalgamation of design variables for WEDM can be
achieved by finding an optimal solution to opposing responses [38,39]. To find an optimal
solution for contradictory responses, new optimization techniques were invented wherein
amendment of algorithm-specific parameters is not required [40]. Teaching–learning-based
optimization (TLBO) algorithm is one such technique which does not require fine-tuning
of variables [41,42] and is found to be easy to execute [43]. Researchers have success-
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fully used this techniques in various fields along with problems related to manufacturing
sectors [44,45].

Kumar et al. [33] studied the effect of NDWEDM on nickel-based superalloy-Monel.
They utilized a blend of compressed air and deionized water at a suitable proportion for
obtaining the near-dry condition. Effect of pulse-on-time (Ton), voltage, pulse-off-time
(Toff), and wire feed has been studied for responses of material removal rate (MRR), and
surface roughness (SR). Lower values of Ton are key influencing factors for desired better
surface finish. Comparison of NDWEDM with wet WEDM results yielded substantial
improvement in SR for NDWEDM process. Liu et al. [46] concluded that the machined
trim cut samples of Nitinol using WEDM machining have lower SR and minimal white
layer as compared to main cut Nitinol samples. Dhakar et al. [47] studied near dry EDM
and wet-EDM with inputs of Toff, current, Ton to evaluate the MRR of high-speed steel
(HSS). A correlation between design variables and output parameters for NDEDM and wet
EDM has been developed. The current was established as the largest dominating variable
for enhancing the MRR during near-dry EDM and wet EDM processes. Wet EDM process
was found to produce more gas emission concentration in comparison with NDEDM. For
achieving the required desirable machining performance, Kao et al. [48] have performed
NDWEDM in which a liquid and gas mixture was used as a dielectric fluid and also has the
advantage to modify properties of the dielectric medium and liquid concentration. WEDM
and EDM drilling were examined under all three variants of the EDM process such as dry,
wet, and near-dry EDM. Their obtained results have depicted higher MRR for near dry
WEDM process. Yu et al. [49] compared the dry-EDM machining performance of cemented
carbide with wet EDM technique. Their obtained results have shown an improvement in
machining efficiency and drop-in tool wear rate by implementing dry EDM process. For
obtaining the good machining efficiency at minimal discharge energy and simultaneously
better surface quality with low environmental problems, Boopathi et al. [50] used near dry
EDM for conducting experiments on HSS-M2 with a mixture of liquid with air and liquid
with oxygen as a dielectric medium. The effect of design variables has been studied on
MRR and SR by employing Taguchi method. Their obtained results have shown that the use
of a moderate proportion of air-mist pressure increases MRR with subsequently reduces SR.
Gholipoor et al. [51] have compared output characteristics of MRR, TWR, and SR obtained
by near-dry EDM with wet EDM and dry EDM for machining of SPK steel. Scanning
electron microscopy (SEM) was used to analyse the surface integrity of this process and
compare it to wet and dry EDM processes. SEM micrographs demonstrated that the surface
morphology of obtained surface by NDEDM was better in comparison with the surfaces
obtained at dry and wet EDM process as the surface has largely reduced micro-cracks and
craters with the use of NDEDM technique. Boopathi and Sivakumar [52] optimized the
performance of near-dry WEDM process of HSS by using a multi-objective evolutionary
algorithm. They have utilized air-mist dielectric condition to study the influence of design
variables such as Ton, gap voltage, current, Toff, and current on MRR and SR. ANOVA
results has shown that current was having highest impact on deciding the values of MRR
and SR. Moderate air-mist pressure was found to have substantial effect for increase in MRR
and simultaneous improvement in surface quality. Regression equations were developed
to find correlation between design variables and responses. They employed Pareto fronts
to solve the contradictory situation among responses of MRR, and SR.

Till now, most of the research has been performed on studying the effect of near-dry
WEDM variables and their impact on machining characteristics for steels and other alloys.
However, to the best of the authors’ knowledge, experimental investigations, and multi-
objective optimization of near-dry WEDM process for nitinol SMA not yet conveyed. The
current study investigated the performance of near-dry WEDM process with consideration
of WEDM parameters of Ton, Toff, and current for Nitinol SMA. Box–Behnken design was
utilized to conduct the experiments and mathematical correlations were developed between
output characteristics (MRR and SR) and design variables. ANOVA was carried out for
MRR, and SR using statistical analysis to investigate the impact of design variables on
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response measures. ANOVA results depicted the significance of the developed quadratic
model for both MRR and SR. Current, and Ton were found to be major contributors on
the response value of MRR, and SR, respectively. TLBO algorithm has been executed for
single-objective and multi-objective optimization of MRR, and SR. Near-dry WEDM process
yielded an 8.94% reduction in MRR in comparison with wet-WEDM, while the performance
of SR has been substantially improved by 41.56%. Lastly, scanning electron microscopy was
utilized to study the surface morphology of obtained surfaces from near-dry WEDM and
wet WEDM. Thus, for obtaining the better surface quality with reduced surface defects,
near-dry WEDM process is largely suitable. Authors believes that current study will be
useful for machining of nitinol SMA for acquiring good surface quality.

2. Materials and Methods

Concord WEDM DK 7732 machine was employed in the present work to conduct the
experiments by using near-dry WEDM process which is an advanced variant of WEDM
technique. Nitinol rod with 10 mm diameter were considered as work material in the
present study. The selected work material of nitinol contains 55.8% of nickel and reminder
is titanium. Molybdenum wire having a diameter of 0.18 mm was selected as a tool material.
With respect to the use of dielectric medium, WEDM process consists of three main process
namely, wet-WEDM, dry WEDM, and near dry WEDM. In case wet WEDM process, only
dielectric has been used, while dry WEDM makes use of only compresses gas as dielectric
medium. Near dry WEDM process consist of both these medium, i.e., minimum quantity of
dielectric fluid and compressed gas. In current study, a mixture of dielectric fluid (minimum
quantity of liquid) and compressed air was used as an air-mist dielectric medium. Figure 1
shows a schematic diagram of near-dry WEDM experimental setup.
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Based on the machine limits, preliminary trials, and recent literature conducted on
machining of near-dry WEDM and nitinol SMA, and preliminary experimentations, Ton,
Toff and Current were selected as design variables for studying their effects on MRR, and
SR. The three levels of design variables for Ton includes 35, 65, and 95 µs; Toff includes
9, 18, and 27 µs; Current includes 2, 4, and 6 A. The experimental matrix was formed by
using the Box–Behnken design (BBD) technique. By following the BBD matrix, 15 trails
were completed with the variation in design variables at three levels. BBD design of
RSM was used to obtain an optimum response by using a series of designed experiments.
Another purpose of implementing BBD design was to develop mathematical correlations
between input and output parameters [53]. RSM was employed for the reduction in the
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experimental trials which avoids additional time and cost required for material [54,55]. To
study the statistical analysis of design variables for responses of MRR, and SR, Minitab 17
was employed.

By following the BBD design matrix, experimental trials were performed thrice by
taking average value of repetitions. As per Equation 1, the material erosion rate was
evaluated in mm3/s.

MRR =
∆W ∗ 1000
ρ ∗ t

(1)

where ∆W represents eroded material in gram, t depicts the time in second, and ρ represents
the density of the nitinol SMA (6.5 g/cm3).

SR was determined by employing Mitutoyo make Surftest SJ-410 with the consider-
ation of 0.8 mm as cut-off length. Measurement of SR was performed thrice at various
locations by taking average value of repetitions. SEM was employed to investigate the effect
of near-dry WEDM and wet WEDM processes on surface morphology. TLBO algorithm
developed by Vivek and Vimal [56] was employed to find the optimal combination of
process parameters. TLBO operates on the principle of teaching and learning activities of
students in a group. During the execution of the algorithm, the teacher tries to achieve the
performance of class students adjacent to the student securing the highest grade by means
of shifting the means of topper student grade. During the teacher phase, teacher guides the
students of class. Learner phase consists of an interaction of students among themselves.
Working principle of TLBO technique was depicted in Figure 2.
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3. Results and Discussions

Table 1 depicts the experimental matrix as per the selected Box–Behnken design,
design variables with their levels and evaluated readings of MRR, and SR. A mathematical
relationship between design variables and responses has been developed by using RSM
approach and by employing Minitab v17 (Bangalore, India). ANOVA was then carried
out by using Minitab v17 for statistical analysis and to investigate the impact of design
variables on response measures. Further, main effect plots were used to understand the
influence of design variables on deciding the values of MRR, and SR. These main effect
plots highlight the suitable levels of design variable for a specifically required output.

Table 1. The experimental matrix as per BBD and response measures of MRR, and SR.

Run Order Ton
(µs)

Toff
(µs)

Current
(A)

MRR
(mm3/s)

SR
(µm)

1 65 27 6 0.91295 4.77
2 65 27 2 0.73005 3.08
3 35 18 2 0.68045 3.41
4 35 27 4 0.62155 3.32
5 65 9 2 0.90365 3.59
6 65 9 6 0.88660 5.14
7 95 27 4 0.96255 4.52
8 65 18 4 0.77655 3.92
9 95 18 2 0.99355 3.86
10 35 18 6 0.77655 4.72
11 65 18 4 0.78895 3.81
12 35 9 4 0.72230 4.36
13 65 18 4 0.77035 3.86
14 95 18 6 1.04005 5.19
15 95 9 4 1.03695 4.41

3.1. Generation of Non-Linear Regression Equations for Responses

A mathematical correlation has been developed between design variables and response
measured with the help of RSM approach. Regression equations were generated by using
Minitab v17 software. Equations (2) and (3) depicts the generated regression equations
for MRR, and SR, respectively, by employing the stepwise approach which eliminates
the non-significant terms from the model as they do not have any meaningful impact on
response values.

MRR = 1.0813 +0.00079·Ton − 0.02512·Toff − 0.1338·Current

+0.000040·Ton·Ton + 0.000265· Toff·Toff + 0.01456

· Current·Current − 0.000207· Ton·Current + 0.002777

· Toff·Current

(2)

SR = 5.379 − 0.04107 ·Ton − 0.0944·Toff − 0.046·Current + 0.000238·Ton

·Ton + 0.0517· Current·Current + 0.001065· Ton· Toff
(3)

3.2. ANOVA for MRR and SR

ANOVA was carried out for MRR, and SR by using Minitab v17 for statistical analysis
and to investigate the impact of design variables on response measures. A confidence
level of 5% was employed to investigate the effect of design variables [58]. To have a
significance of an input variable on the output variable, it is desired to have the P-value
be less than 0.05 [59,60]. Table 2 shows the ANOVA for the response measure of MRR. A
stepwise approach with α value equivalent to 0.15 was developed which eliminates the
non-significant terms having from the model as they do not have any meaningful impact
on response values. ANOVA results of Table 2 describe the statistical significance of the
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quadratic model of MRR as the regression model term, linear model, square interaction,
and 2-way interactions are all significant. In addition to this, the non-significance of lack of
fit with a P-value of 0.257 signified the robustness and adequacy of the developed model
for MRR [57]. According to P-values, statistically significant factors include all the linear
terms such as Ton, Toff, current; all square terms Ton × Ton, Toff × Toff, current × Current;
interaction term Toff × Current. A major contributor to deciding the response value of MRR
was found to be Ton followed by Toff, and current. R2 value adjacent to one is considered
as acceptability of regressions to predict the response value. The obtained values of R2

with 0.99447 and Adj. R2 with 0.9876 depicts the adequacy and fitness of the model. The
standard deviation of 0.0147 has been observed for MRR response. It reveals that theoretical
maximum deviation for MRR will be only 0.0147 from the mean value of MRR.

Table 2. ANOVA for MRR.

Source DF SS MS F P Significance

Model 8 0.242278 0.030285 139.89 0.000 #
Linear 3 0.214690 0.071563 330.56 0.000 #

Ton 1 0.189805 0.189805 876.73 0.000 #
Toff 1 0.012993 0.012993 60.01 0.000 #

Current 1 0.011893 0.011893 54.93 0.000 #
Square 3 0.016978 0.005659 26.14 0.001 #

Ton × Ton 1 0.004727 0.004727 21.83 0.003 #
Toff × Toff 1 0.001698 0.001698 7.84 0.031 #

Current × Current 1 0.012530 0.012530 57.88 0.000 #
2-Way Interaction 2 0.010610 0.005305 24.50 0.001 #

Ton × Current 1 0.000615 0.000615 2.84 0.143 *
Toff × Current 1 0.009995 0.009995 46.17 0.000 #

Error 6 0.001299 0.000216 #
Lack of fit 4 0.001120 0.000280 3.12 0.257 *
Pure error 2 0.000179 0.000090

Total 14 0.243577

R2 = 99.47%; R2 (Adj.) = 98.76%; # = Significant term; * = Non-Significant term.

Statistical analysis from ANOVA for SR was shown in Table 3. Non-significant terms
from the model have been eliminated by following the stepwise approach with an α value
equivalent to 0.15 as these eliminated terms do not have any meaningful impact on response
values. ANOVA results of Table 3 describe the statistical significance of the quadratic model
of SR as the regression model term, linear model, square interaction, and 2-way interactions
are all significant. In addition to this, the non-significance of lack of fit with a P-value
of 0.193 signified the robustness and adequacy of the developed model for MRR [61].
According to P-values, statistically significant factors include all the linear terms Ton, Toff,
current; square terms Ton × Ton, current × current; interaction term Ton × Toff. A major
contributor to deciding the response value of MRR was found to be currently followed by
Ton and then Toff. R2 value close to unity is considered as acceptability of regressions to
predict the response value. The obtained values of R2 (0.9855) and Adj. R2 (0.9746) closed to
unity has depicted the adequacy and fitness of the model. The standard deviation of 0.1048
has been observed for SR response. It reveals that theoretical maximum deviation for MRR
will be only 0.1048 from the mean value of SR. These obtained results from ANOVA for
both the responses of MRR and SR have suggested the suitability of the developed model
for the prediction of upcoming response measures. However, it is mandatory to validate
the results obtained from ANOVA by generating the residual plots.
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Table 3. ANOVA for SR.

Source DF SS MS F P Significance

Model 6 5.95782 0.99297 90.40 0.000 #
Linear 3 5.31992 1.77331 161.45 0.000 #

Ton 1 0.58861 0.58861 53.59 0.000 #
Toff 1 0.40951 0.40951 37.28 0.000 #

Current 1 4.32180 4.32180 393.48 0.000 #
Square 2 0.30727 0.15364 13.99 0.002 #

Ton × Ton 1 0.17047 0.17047 15.52 0.004 #
Current × Current 1 0.15874 0.15874 14.45 0.005 #
2-Way Interaction 1 0.33063 0.33063 30.10 0.001 #

Ton × Toff 1 0.33063 0.33063 30.10 0.001 #
Error 8 0.08787 0.01098 #

Lack of fit 6 0.08180 0.01363 4.49 0.193 *
Pure error 2 0.00607 0.00303

Total 14 6.04569

R2 = 98.55%; R2 (Adj.) = 97.46%; # = Significant term; * = Non-Significant term.

3.3. Residual Plots for MRR and SR

Figure 3a,b depict the residual plots for response variables. Successful verification of
residual plots produces the successful outcomes from ANOVA results [62,63]. Residual
plots consist of four plots such as normal probability, versus fits, histogram, and versus
order plot. From Figure 3a,b, the normal probability shows the plot between the percentages
versus the residual. Normality plot verifies that entire the residuals are on a straight
line. This shows that the model assumptions are correct, and the errors are normally
distributed [64]. Randomized residuals were observed in the versus plot which suggests
the suitability of the test [65]. Figure 3a,b validate the results of versus fits plot for both
the responses. The histogram has shown a parabolic curve which depicted verification
of ANOVA results [66]. In the last plot of residual versus observation orders, the absence
of any pattern fulfils the key requirement of significant ANOVA [67]. Figure 3a,b do not
depict any kind of formation of pattern for all responses which suggest good ANOVA
results. Therefore, ANOVA test results can now be treated as effective and fit for developed
regression models as residual plots has fulfilled the assumptions.

3.4. Effect of WEDM Variables on Responses

Main effect plots were derived by using Minitab v17 to investigate the impact of
WEDM parameters on MRR, and SR. Desired output performance (maximum/minimum) of
the responses in the selected levels can be efficiently represented by these main effect plots.
By considering the requirement of higher productivity, the objective for MRR response
was considered as maximization. Lower SR is anticipated for a better surface quality. So,
minimization criteria were assigned to the SR response. The X-axis depicts the individual
variable while Y-axis represents the output responses of MRR and SR.

Figure 4a shows the influence of the Ton on MRR and SR. Both the selected responses
MRR, and SR were observed to be increased with the rise in Ton from 35 µs to 95 µs. As per
ANOVA, Ton was having most dominating factor in affecting the MRR response. MRR was
increased from 0.7002 mm3/s to 1.0082 mm3/s with a subsequent rise in Ton. The reason
for the increase in MRR is the efficient flushing at the interelectrode gap (IEG) owing to
the substantial flushing pressure during NEWEDM process [68]. This efficient flushing
further enhanced spark formations which in turn increased the MRR [69]. Recurring spark
formation leads to the melting and vaporization of work material thereby, erosion rate
during machining [70]. Increased Ton subsequently enriches thermal energy which in turn
enhances the sparking frequency [71,72]. This is the additional factor for obtaining higher
MRR. An extensive conducted by Boopathi [34] has concluded similar observations for
increased MRR with rise in Ton value. SR was increased with rise in Ton value. Production
of higher frequency sparks and thermal energy due to the escalation in the value of Ton
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has generated larger and deeper craters on the work surface [73,74]. Kumar et al. [33] has
found a similar trend of increased SR with rise in Ton. The formations of larger craters
diminish the surface quality and thus, SR also increased during the NDWEDM process [75].
This showed the different levels of Ton for acquiring the higher MRR and lower SR. For
obtaining higher MRR and lower SR, desired levels of Ton were established as 95 µs, and
35 µs, respectively.
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The impact of the design variable Toff on MRR and SR can be observed in Figure 4b.
The declining trend can be seen for both responses of MRR, and SR with an increasing
value of Toff. Increasing pulse duration Toff from 9 µs to 27 µs has reduced MRR from
0.8873 mm3/s to 0.8067 mm3/s and improved SR from 4.37 µm to 3.92 µm. The reason
for such declined value of MRR was due to the reduction in sparking frequency. Toff
depicts the interval between the occurrences of two successive sparks [76]. Thus, an
increase in Toff will have a negative effect on sparking between IEG. Reduction in sparking
subsequently reduces the melting and vaporization of work material and thus, the erosion
rate diminishes by leading to lower MRR [77]. Results obtained in present work are in line
with the conclusion drawn by Manjaiah et al. [8] for drop in MRR. On the other hand, a
rise in Toff has a positive effect on the SR of work material. Declined sparking in IEG also
drops the temperature owing to a rise in Toff. This will further reduce the thermal and
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discharge energy and will create smaller craters [78]. Due to this reason, the quality of the
work surface has been improved and a smooth surface was obtained by observing a drop
in SR value [79]. Fuse et al. [80] has shown a similar trend of drop in SR value with increase
in Toff. This showed the different levels of Toff for acquiring the higher MRR and lower SR.
The desired levels of Toff were established as 9 µs, and 27 µs for MRR, and SR, respectively.
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Figure 4c represented the influence of the current on MRR and SR. Both the selected
responses MRR, and SR were observed to be increased with the rise in current from 2 A
to 6 A. As per ANOVA, the current was the most influential factor in the SR response.
Increasing current from 2 A to 6 A has improved MRR from 0.8113 mm3/s to 0.9041 mm3/s
and decreased the quality of the surface by increasing SR from 3.49 µm to 4.95 µm. The
reason behind the improvement in MRR values is discharge energy. Enhancement in
current further improved the discharge energy. It is further converted into thermal energy
which enhances the sparking frequency during NDWEDM [81]. The formation of recurring
spark leads to the melting and vaporization of work material thereby, erosion rate during
machining [82]. Thus, MRR was improved with a rise in current. Similar conclusion was
drawn in the study carried out by Dhakar et al. [47]. For SR response, the current was
found to be the highest contributing factor. A negative effect of a rise in the current on SR
can be seen in Figure 4c. As escalation in current gives rise to thermal energy, bigger and
deeper craters get formed on work material [83]. Thus, a drop in SR with rising in current
was depicted due to the formation of tiny craters. This main effect plot has shown the
different levels of current for acquiring the higher MRR and lower SR. For obtaining higher
MRR and lower SR, desired levels of current were established as 6 A, and 2 A, respectively.

3.5. Optimization Using TLBO Technique

TLBO algorithm has been executed for single-objective and multi-objective optimiza-
tion of MRR, and SR. TLBO is one such technique which does not require fine-tuning of
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variables, and found to be easy to execute. Results of main effect plots have depicted
extreme opposite levels of design variables to attain anticipated levels of responses. In the
present study, the objective for MRR response was considered as maximization by con-
sidering the requirement of higher productivity. On the other hand, minimization criteria
were assigned to SR response as lower SR is always desirable to acquire a better quality
of the machined components. TLBO algorithm is fast and easy to implement. During
the execution of the algorithm, MRR, and SR were considered positive entities. Levels of
design variables employed during execution of TLBO include Ton: 35 µs ≤ Ton ≥ 95 µs;
Toff: 9 µs ≤ Toff ≥ 27 µs; Current: 2 A ≤ current ≥ 6 A.

Results of single-response optimization have been represented in Table 4. Single-
response optimization has yielded a maximum MRR of 1.114 mm3/s at Ton of 95 µs, Toff
of 9 µs, current of 6 A. Least SR was obtained at Ton of 35 µs, Toff of 27 µs, current of
2 A with the predicted value of 2.81 µm. Validation trials of these optimized results were
carried out by performing the experiments at the obtained design variables. Predicted
and actual determined values from trials were represented in Table 4. It can be observed
that all the experimentally obtained response measures were in line with the predicted
results showing a minimum error within the acceptable range. This has shown acceptability
of proposed regression models with TLBO for the near-dry WEDM process. However,
single-response optimal results have shown extreme opposite levels of design variables
for attaining maximum MRR, and minimum SR. The suitable amalgamation of design
variables for WEDM can be achieved by finding an optimal solution to opposing responses.
To find the optimal solution for contradictory responses, a set of non-dominated optimum
solutions provided by Pareto fronts has proven to be very effective. From Pareto fronts,
user can select any optimal value as per their requirement with near-dry WEDM.

Table 4. TLBO results for individual response objectives.

Criteria
Design Variables Predicted Results Experimental Results % Deviation

Ton Toff Current MRR SR MRR SR MRR SR

Maximization of MRR 95 9 2 1.114 3.80 1.119 3.69 4.55 2.98

Minimization of SR 35 27 2 0.599 2.81 0.608 2.85 1.54 1.75

Multi-response TLBO (MOTLBO) algorithm has been utilized to produce the simulta-
neous optimal levels of MRR, and SR. Fifty Pareto optimal points were generated and each
Pareto point depicts the distinctive optimal result. Table 5 represents the generated solu-
tions from the MOTLBO algorithm along with the values of design variables. Pareto curve
has also been generated to understand the behavior of variation of MRR, and SR response
measures. Figure 5 denotes the generated Pareto graph from unique and independent val-
ues of MRR, and SR. The nature of the Pareto curve depicts the conflicting nature between
MRR and SR. Pursuant to this Pareto points will be useful selecting the corresponding
levels of NDWEDM variables. By picking five random points from Table 5, validation
trials of these optimized results were carried out. For all the performed experiments, an
acceptable error of less than 5% was noticed among predicted and experiment trials. Thus,
the obtained results have established an acceptability of the developed regression models
with TLBO technique for near-dry WEDM process.
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Table 5. Non-dominated unique solutions obtained from TLBO.

Sr. No. Ton
(µs)

Toff
(µs)

Current
(A)

MRR
(mm3/s)

SR
(µm)

1 35 27 2 0.599 2.80

2 95 9 2 1.114 3.80

3 93 9 2 1.098 3.78

4 90 9 2 1.075 3.74

5 76 11 2 0.948 3.60

6 78 9 2 0.990 3.64

7 87 9 2 1.053 3.71

8 42 27 2 0.623 2.85

9 39 27 2 0.612 2.83

10 64 26 2 0.730 3.16

11 84 9 2 1.031 3.68

12 71 22 2 0.798 3.36

13 81 9 2 1.010 3.66

14 74 13 2 0.909 3.56

15 75 12 2 0.929 3.58

16 77 10 2 0.969 3.62

17 49 27 2 0.651 2.91

18 58 27 2 0.693 3.03

19 46 27 2 0.639 2.88

20 56 27 2 0.683 3.00

21 71 16 2 0.855 3.48

22 67 18 2 0.810 3.40

23 85 9 2 1.038 3.69
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Table 5. Cont.

Sr. No. Ton
(µs)

Toff
(µs)

Current
(A)

MRR
(mm3/s)

SR
(µm)

24 74 15 2 0.885 3.52

25 45 27 2 0.635 2.87

26 50 26 2 0.661 2.97

27 69 27 2 0.753 3.23

28 73 18 2 0.846 3.46

29 67 27 2 0.742 3.19

30 75 17 2 0.869 3.51

31 72 13 2 0.897 3.54

32 74 12 2 0.922 3.57

33 80 9 2 1.003 3.65

34 94 9 2 1.106 3.79

35 71 27 2 0.765 3.27

36 54 27 2 0.674 2.97

37 63 27 2 0.719 3.11

38 67 17 2 0.821 3.42

39 60 27 2 0.703 3.06

40 66 27 2 0.736 3.17

41 59 27 2 0.698 3.05

42 74 26 2 0.789 3.35

43 70 17 2 0.838 3.45

44 55 27 2 0.679 2.99

45 71 15 2 0.866 3.50

46 71 20 2 0.815 3.41

47 72 27 2 0.771 3.29

48 89 9 2 1.068 3.73

3.6. Comparison Study Near-Dry WEDM with Wet WEDM Process

To investigate the performance of the NDWEDM process with wet WEDM, a case
study has been considered with the objective function as represented in the equation. For
assigning the identical significance to both the responses MRR, and SR, a multi-response
optimization methodology was utilized with an equal weight of 0.5 to output responses by
using the TLBO algorithm.

Obj = w1·(MRR) + w2·(SR) (4)

The objective function has yielded optimized values of MRR, and SR as 0.815 mm3/s,
and 3.41 µm, respectively, at design variables of Ton of 71 µs, Toff of 20 µs, current of 2 A.
validation trial was again conducted for the verification of these results and it has shown the
actual MRR, and SR of 0.829 mm3/s, and 3.29 µm, respectively. Now, for the comparison of
these obtained results from the NDWEDM process, another experiment was carried out
at the same set of parameters by using the wet-WEDM process. During the wet-WEDM
process supply of air has been removed and only deionized water was used as a medium.
Experimental results obtained from the wet-WEDM process have produced MRR, and SR of
0.761 mm3/s, and 5.63 µm, respectively. A small reduction in MRR with a decrease of 8.94%

43



Micromachines 2022, 13, 1026

has been observed for the NDWEDM process in comparison with wet-WEDM. Higher MRR
for the wet-WEDM process was due to the fact that dielectric fluid is having higher thermal
conductivity as compared to the air-mist mixture [51]. Lower thermal conductive materials
are having less impact on melting and vaporization during the machining process [33].
This in turn reduces the rate of erosion and thus, MRR. Another reason for higher MRR in
the case of wet-WEDM is that it has improved sparking frequency as compared to near-dry
WEDM. The reason for this is that NDWEDM provides dielectric fluid in the form of small
droplets [48]. However, the performance of SR has been substantially improved by 41.56%
with the use of the NDWEDM process. This is due to the fact that the lower viscosity of the
NDWEDM process reduces the current density [33]. This in turn results in the formation of
tiny shallow craters and produces better surface quality [84]. Another reason for lower SR
during NDWEDM was due to improved flushing of debris particles from IEG [85,86].

3.7. Surface Morphology of Near-Dry WEDM and Wet WEDM Process

The surface morphology of the machined surface plays an important role to under-
stand the significance of design variables and the machining process. Machined surfaces
obtained at design variables of Ton of 71 µs, Toff of 20 µs and current of 2 A were selected
to study the surface morphology of both the processes of NDWEDM and wet-WEDM.
Figure 6a,b depict the SEM images for the machined surface obtained by using the wet-
WEDM and NDWEDM processes, respectively. Figure 6a shows the large presence of
surface defects such as globules and deposition of solidified material, micro-voids, and
micro-cracks. This was due to the high thermal energy generated during the wet-WEDM
process [34]. This high thermal energy generated enhances the intensity of the spark and
thus, it produces a higher temperature at IEG. This in turn evaporates more material and
generates high surface deviations in the form of micro-voids, deposition of solidified mate-
rial, and micro-cracks [87,88]. On the other hand, the machined surface produced by using
the NDWEDM process, as per Figure 6b, depicts lower surface deviations. This is due to the
fact that the lower viscosity of the NDWEDM process reduces the current density [89]. This
in turn results in the formation of tiny shallow craters and produces better surface quality
by reducing the surface defects such as micro-voids, deposition of solidified material, and
micro-cracks [84]. Another reason behind this was the improved flushing of debris particles
from IEG [51]. Therefore, low viscosity, reduced thermal energy at IEG, and improved
flushing of eroded material for air-mist mixture during NDWEDM have provided better
surface morphology over the wet-WEDM process in terms of reduction in surface defects
and better surface quality of nitinol SMA.
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4. Conclusions

In current study, near-dry machining process was used to overcome the environmental
issues by means of providing negligible health hazards. Parametric optimization was
carried out by employing the TLBO algorithm. The influence of near-dry WEDM technique
was studied to relieve environmental issues related to wet WEDM with the consideration of
Ton, Toff, and current as design variables. Following significant conclusions can be drawn
from the present study.

• The mathematical non-linear regression equations obtained from experimental results
were found to be effective for prediction of responses.

• ANOVA results depicted the statistical significance of the quadratic model for both
responses MRR, and SR as the regression model term, linear model, square interaction,
and 2-way interactions are all significant. A major contributor to deciding the response
value of MRR was found to be Ton followed by Toff, and current, while for SR, the
current was having a major contributing element followed by Ton and then Toff.

• R2 values closed to unity signified the adequacy and fitness of the MRR, and SR
model. Non-significance of lack of fit for both MRR and SR has again signified the
robustness and adequacy of the developed model. All four residual plots for MRR
and SR have verified the good statistical analysis for ANOVA and the outcome of
developed regression equations.

• TLBO algorithm has been executed for single-objective and multi-objective optimiza-
tion of MRR, and SR. Single-response optimization has yielded a maximum MRR of
1.114 mm3/s at Ton of 95 µs, Toff of 9 µs, current of 6 A. Least SR was obtained at Ton
of 35 µs, Toff of 27 µs, current of 2 A with the predicted value of 2.81 µm.

• Pareto fronts presented a trade-off between two conflicting objectives, and manufac-
turers can select any point on the front.

• The objective function for near-dry WEDM has yielded optimized values of MRR, and
SR as 0.815 mm3/s, and 3.41 µm, respectively, at design variables of Ton of 71 µs, Toff
of 20 µs, current of 2 A. Experimental results obtained from the wet-WEDM process
have produced MRR, and SR of 0.761 mm3/s, and 5.63 µm, respectively.

• Near-dry WEDM process yielded a small reduction in MRR with an 8.94% decrease in
comparison with wet-WEDM. However, the performance of SR has been substantially
improved by 41.56%.

• SEM micrographs were used to study the surface morphology of obtained surfaces
from near-dry WEDM and wet WEDM. Low viscosity, reduced thermal energy at IEG,
and improved flushing of eroded material for air-mist mixture during NDWEDM
has provided better surface morphology over the wet-WEDM process in terms of
reduction in surface defects and better surface quality of nitinol SMA.

• Thus, for obtaining the better surface quality with reduced surface defects, near-dry
WEDM process is largely suitable. Authors believes that current study will be useful
for machining of nitinol SMA for acquiring good surface quality.
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Nomenclature

ANOVA Analysis of variance
BBD Box–Behnken design
DF Degree of freedom
DOE Design of Experiments
EDM Electrical Discharge Machining
IEG Inter-electrode gap
MOTLBO Multi-objective teaching–learning based optimization
MRR Material removal rate (mm3/s)
NDEDM Near dry electrical discharge machining
NDWEDM Near dry wire electrical discharge machining
RSM Response surface methodology
SEM Scanning electron microscope
SMA Shape memory alloy
SMAs Shape memory alloys
SME Shape memory effect
SR Surface roughness (µm)
TEM Transmission electron microscope
TLBO Teaching–Learning based optimization
Ton Pulse on time (µs)
Toff Pulse off time (µs)
t Time in seconds
WEDM Wire electric discharge machine
ρ Density in g/cm3
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Abstract: Although the application of mathematical optimization methods for controlling machining
processes has been the subject of much research, the situation is different for µ-WEDM. This fact
has prompted us to fill the gap in this field in conjunction with investigating µ-WEDM’s very low
productivity and overall process efficiency, since the current trend is oriented towards achieving
high quality of the machined area at a high manufacturing productivity. This paper discusses in
detail the application of non-linear programming (NLP) methods using MATLAB to maximize the
process performance of µ-WEDM maraging steel MS1 sintered using direct metal laser sintering
(DMLS) technology. The novelty of the solution lies mainly in the selection of efficient approaches
to determine the optimization maximum on the basis of a solution strategy based on multi-factor
analysis. The main contribution of this paper is the obtained mathematical-statistical computational
(MSC) model for predicting high productivity and quality of the machined area with respect to the the
optimal efficiency of the electrical discharge process in the µ-WEDM of maraging steel MS1 material.
During the experimental research and subsequent statistical processing of the measured data, a local
maximum of 0.159 mm3·min−1 for the MRR parameter and a local minimum of 1.051 µm for the Rz
parameter were identified simultaneously during µ-WEDM maraging steel MS1, which was in the
range of the predicted optimal settings of the main technological parameters (MTP).

Keywords: efficiency; micromachining; optimization; performance; surface roughness; quality

1. Introduction

Electrical discharge machining is a progressive machining technology that is often used
in technical practice for machining materials characterized by high hardness or significantly
complicated machined surface shape [1]. The main advantage of this progressive machining
technology over other technologies is the high quality of the machined surface, while the
mechanical properties of the material to be machined impose almost no limits [2]. It
is, therefore, possible to machine any material regardless of its mechanical properties.
However, a limiting condition for the machinability of these materials is the minimum
value of their electrical conductivity [3]. Although this machining technology has several
advantages, it also has its shortcomings. The most significant drawback—which makes
this technology much less popular in comparison to the vast majority of conventional,
but also progressive, machining technologies—is the very low productivity and poor
overall efficiency of the production process. The current trend aims to achieve high quality
of the machined surface with high manufacturing productivity [4]. Thus, the primary
reasons for the low productivity and efficiency of the production process are the very
physical nature of the process of removing material particles from the machined surface
and the current approaches in the established way of controlling the electrical discharge
process [5]. Another reason is the absence of advanced research in this area. So far, these

51



Micromachines 2022, 13, 1446

have been primarily oriented towards the area of improving the quality of the machined
surface. Therefore, the use of this progressive machining technology has been isolated
to special purpose applications where a high quality of the machined surface is required
in terms of geometric accuracy, but especially in terms of the roughness parameters of
the machined surface [6]. At the same time, not enough attention has been paid to the
productivity of manufacturing; therefore, this technology is nowhere near being able to
compete with commonly available machining technologies. Some experimental research
also points to this fact [7]. It is therefore ideal to search for ways to increase the productivity
and overall efficiency of the electroerosive process, while maintaining a high quality
standard of the machined surface [8]. In this pursuit, one of the appropriate methods is
probably to search for a unique combination of levels of important factors that can, in
all circumstances, have a favourable impact on improving the productivity and overall
efficiency of the electro-etching process while maintaining a high quality level of the machined
surface [9–11]. The problem in finding a suitable solution in this area is the large number of
factors that are involved in the machining process. At the same time, a significant number of
researchers have studied the influence of the main technological and process parameters
on the quality of the machined surface after µ-WEDM in such a way that only one input
factor of the process was changed while the others were kept at a constant value [12–14].
However, as is known, there are interactions between the factors in the electroerosive
process, so process conditions determined by such a method may not be optimal. At the
same time, these input factors participate in the contraindication of quality and productivity
in different percentages. In some specific cases, even the combination of input parameters
significantly participates in the accumulation of adverse effects, which negatively affects
the overall productivity and efficiency of the electroerosive process as a result [15,16]. It
is often possible to eliminate these negative effects only by significant intervention in the
main technological parameters (MTP) management method itself, as well as the process
parameters. Hybrid or combined approaches in the way of managing the technological
system, as well as MTP and process parameters, also appear to be a suitable methods of
solving the aforementioned problems. They could significantly contribute to the elimination
of the natural barrier of low productivity and overall efficiency of the electroerosive process.
One of the special ways to increase the quality and productivity of electrical discharge
machining was introduced by Zhu et al. in their conducted experimental research [17].
By adding TiC powder to the dielectric fluid, they were able to significantly increase the
productivity of the electrical discharge machining process though the roughness parameter
of the machined surface Ra was around 2 µm. However, the disadvantage of the given
maximization of the MRR parameter in µ-WEDM is the need to maintain the optimal
concentration of TiC in the dielectric fluid.

Another option is to take into account the interactions between factors and subse-
quently create a mathematical-statistical computational (MSC) model using the methodol-
ogy of the design of experiments (DOE) in conjunction with the correct statistical analysis
and evaluation of the experimentally obtained data. Based on the given MSC model and
taking into account nonlinearities, the optimization procedure can be performed using
suitable mathematical optimization methods and algorithms with the support of suitable
software [18,19]. Some attempts using this method have been made by Pradhan et al. [20].
As part of their research, they carried out the optimization of the electrical discharge process
in Ti-6Al-4V machining by using the response approach of selected input parameters on
the quality of the machined surface. They found that peak discharge current and pulse
duration were the most influential parameters in terms of material removal rate. In ad-
dition, Meena et al. [21] performed a mutual optimization of the material removal rate
(MRR) and tool wear rate (TWR) as a function of the selected input factors, which were
peak discharge current, voltage, and frequency, using the Taguchi method. They found that
voltage has a significant effect on the output power of the electrical discharge process. In
their experiments, Somashekhar et al. [22] described an artificial neural network method as
suitable for optimizing the input parameters of µ-EDM in terms of MRR. At the same time,
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several researchers have attempted to investigate the effects of different input factors and
their levels on the response variables such as MRR, TWR, and surface modification in µ-
WEDM [23–27]. However, their research has been limited to µ-WEDM of selected materials
in terms of machining performance parameters by modelling the material properties of the
workpiece and the tool electrode. In doing so, only limited effort has been devoted to the
optimization of these input parameters for the selected output parameters.

To meet this objective, it is necessary to monitor the performance of the machining
process itself. This, as already mentioned, is closely related to the properties of the material
being machined, among other things [28,29]. A special group of materials that cause
problems associated with low performance are the highly structurally non-homogeneous
materials. Maraging steel MS1 is one of these materials. Therefore, this material was
included in the experimental research on the optimization of the quality of the machined
area and the productivity of the machining process in µ-WEDM. It is a material that is
produced by one of the very flexible advanced additive manufacturing technologies, namely
direct metal laser sintering (DMLS) [30,31]. This is a technology that has many advantages,
based on its ability to produce very complex parts in the workspace of a single machine.
However, it has a number of disadvantages in addition to its number of advantages. The
most important disadvantage is that due to the many limiting factors that affect the final
quality of the machined surface, satisfactory results cannot always be achieved [32,33].
This is even more so when it comes to micromachining technology. This is because in the
production of a given material by laser sintering of powdered metal, there are changes
in the temperature and condition of the material, which often cause deformation of its
surface [34]. This surface deformation causes geometric surface variations, which according
to Sarafan et al. are at the level of 100 µm [35]. At the same time, the machined surface
roughness parameter Ra of such surfaces is at the level of 12 µm. This is—from a precision
manufacturing point of view—unacceptable. Therefore, additional finishing operations
are required. Since high-strength materials are used in the production of this technology, it
is not possible to post-machine them using conventional machining technologies. At the
same time, in the vast majority of cases, the products of this technology are characterized
by highly complex shapes, which precludes the additional application of many other
technologies [36,37]. Therefore, in this regard, the application of µ-WEDM technology is
a suitable way forward for post-machining. Here, however, the aforementioned problem
arises, which is associated with the non-homogeneity of the material structure as a negative
consequence of the given additive manufacturing technology [38]. This is due to the
anisotropic mechanical properties between the direction of the layer increment and the
plane of the build layer, which are mainly due to the principle of the technology, where the
powder is sintered layer by layer. In addition, non-homogeneity of the individual layers
also often occurs, which again causes significant problems in electrical discharge machining
associated with a substantial reduction in the productivity of the electrical discharge
machining [39]. The above reasons have therefore led us to carry out experimental research
aimed to make significant progress in solving the above-mentioned problems. At the same
time, the research carried out contributes to filling the gap in the field of productivity
maximization, as well as improving the overall efficiency of the electrical discharge process.
Thus, by predicting specific settings of the main input factors, it is possible to maximize
productivity while maintaining a high quality of the machined surface. This also results
in a substantial increase in the overall efficiency of the machining process, which can
bring the technology closer to being a serious competitor. A multi-objective optimization
technique based on the need for a specific approach and a genetic algorithm determine the
optimal combination of µ-WEDM process input parameters for machining maraging steel
MS1 material with respect to high productivity and quality of the machined area. Thus,
the main contribution of the experimental research carried out is the obtained MSC model,
predicting the MTP settings with respect to maximizing the efficiency of the electrical
discharge process, which, of course, is also reflected in the reduction of machining times.
On the basis of the MSC model, it is possible to determine the optimal values of the factors
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acting during the electrical discharge process on the quality of the machined surface and
the productivity of the electrical discharge process, namely the maximum peak current,
pulse-on time duration, pulse-off time duration, and maximum voltage of discharge. Their
specific values, determined by means of nonlinear programming (NLP) methods, make
it possible to minimize the roughness parameters of the machined surface and maximize
the productivity of the electrical discharge process, thereby reducing machining time and
increasing the overall efficiency of the electrical discharge process.

2. Materials and Methods
2.1. Mathematical Modeling and Optimization of the µ-WEDM Process Efficiency

The first step in the process of finding a suitable solution to a given problem in the
form of mathematical modelling followed by optimization is the transformation of the
physical structure into an MSC model. The MSC model describes the results of the process
accordingly based on a detailed definition of the quantifiable input parameters [40]. The
formulation of the objective function is a key step toward proper optimization, and its
selection requires deep experience in mathematical modelling issues in the given research
area. Only then can one proceed to the selection of an appropriate optimization algorithm
and its implementation in a suitable software environment in order to obtain a suitable
solution for the optimization of the specified problem [41]. Deterministic methods can be
applied to find a suitable solution to the given problem through mathematical modelling
and optimization [42]. Due to the fact that classical gradient-based methods are subject to
rigorous mathematical logic, they are considered suitable for performing optimization of
the vast majority of processes. These include gradient-based methods such as the steepest
descent method (SDM), quasi-newton methods (QNM), the interior point method (IPM),
and sequential quadratic programming (SQP). IPM and SQP have been successfully used
to solve large-scale engineering problems. Meanwhile, the SQP algorithm is generally
applied for transforming the original problem into a sequence of subproblems of quadratic
programming. However, each quadratic programming subproblem contains Jacobian and
Hessian matrices, and these must be computed for each Newton iteration of the SQP loop,
which can lead to a significant increase in the computational burden. Therefore, IPM was
developed as an alternative to the gradient SQP method. However, in certain specific cases,
the classical gradient-based method may no longer be reliable because it is difficult to
obtain the required gradient information for objective functions or special constraints. In
these cases, stochastic and metaheuristic approaches provide some advantages because
no inferred information is needed to implement evolution-based methods. Because these
methods do not suffer from the difficulty of computing Jacobian and Hessian matrices, they
are suitable for obtaining the optimum. Moreover, compared to classical gradient-based
methods, stochastic and metaheuristic approaches introduce a random step size within the
numerical iteration-based computation. This means that, in many cases, algorithms in this
category do not require any initial estimation value due to random initialization [43]. At
the same time, there are many types of evolutionary-based algorithms, commonly known
as global optimization methods, that are suitable and convenient for finding the optimum
in solving any problem. These evolutionary algorithms essentially use the “survival of the
fittest” principle. Hence, the determination of a global minimum or maximum tends to be
more likely when stochastic algorithms are applied than by applying classical deterministic
methods. Furthermore, the popularity of implementing metaheuristic methods is increas-
ing in conjunction with the continuous progress and development of computing technology.
They have also been successfully applied in complex and multivariate optimization of
processes characterized by a high degree of nonlinearity. A genetic algorithm was then
designed by mimicking natural evolution using selection, which includes the operations of
crossover, mutation, and selection. Although the feasibility of using meta-heuristic methods
to solve engineering optimization problems has been demonstrated, there are some difficul-
ties in validating the optimality of the solution and they are still not considered “standard”
optimization algorithms. Recently, a method based on convexification has started to attract
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attention. For example, linear programming as a convex optimization procedure has been
successfully used to determine optimal cutting parameters in machining processes [44–46].
Engineering optimization problems are usually nonconvex, so it is necessary to transform
the original problem formulation into the form of a convex optimization procedure using a
convexification technique [47] before applying the convex method. Thus, from the above,
it is evident that for the purpose of optimizing the productivity of an electrical discharge
process, it is appropriate to apply static nonlinear programming, with Design Expert, R,
QC Expert, Minitab, Statistica, and MATLAB software finding suitable applications in the
design of experiments, statistical analysis of data, and optimization.

Based on a preliminary analysis of the state of the field, it was evident that the
optimization of the response of the machined surface based on suitability analysis was the
ideal technique to find the optimum conditions for machining maraging steel MS1 material
using µ-WEDM technology. The optimization criterion in this case was the maximization of
the material removal rate (MRR) parameter and the minimization of the machined surface
roughness parameter Rz, where the predicted response is y and the desired function is
MRR and Rz. The goodness of fit value varies from 0 to 1. If the goodness of fit value is 0, it
means that the predicted value is completely undesirable. If the suitability value is 1, the
predicted value is ideal. The requirement for an appropriate response increases with the
value of the MRR and Rz parameters. Formula (1) describes the one-sided transformation
maximization function for MRR, and Formula (2) describes the minimization function for
the selected surface roughness parameter Rz.

MRR =





(
y− ymin

ymax − ymin

)vol




0→ y ≤ ymax
ymin ≤ y ≤ ymax

1→ y ≤ ymax

(1)

Rz =





(
y− ymax

ymin − ymax

)vol




0→ y ≤ ymin
ymin ≤ y ≤ ymax

1→ y ≤ ymax

(2)

In these equations, MRR and Rz are the desired value of function y and the parameters
ymin/max are the lower/upper response limit values of y. Vol is the volume, which can be
varied from 0.01 to 10 to adjust the shape of the desired function. The total desired function
D (0 ≤ D ≤ 1) is then defined as the geometric mean of the individual desired functions.
The multi-objective function is then the geometric mean of all the transformed responses of
the single objective problem shown in Equation (3). The higher the value of D, the better
the need for combined response levels.

D = (MRR× Rz)1/n (3)

Multi-response optimization can be performed using the desirability function in
conjunction with the machined surface response methodology [48–50]. The process input
parameters were the maximum peak current, the pulse-on time duration, the pulse-off
time duration, and the maximum voltage of discharge. The objective was to maximize the
MRR and minimize the machined surface roughness parameter Rz. Volume values were
assigned for both MRR and Rz, with equal importance assigned to each. Using the statistical
software Design Expert, a set of optimal solutions were derived for the specified spatial
design constraints, namely for the MRR and the machined surface roughness parameter
Rz. The set of constraints with the highest desirability value was selected as the optimal
constraint for the desired responses.

2.2. Identification of MTP in Relation to MRR and Roughness Parameter Rz in the
µ-WEDM Process

The MRR in the µ-WEDM process is significantly affected by the MTP. This parameter
can generally be considered to be an important quantitative output parameter of the µ-
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WEDM process, which comprehensively characterizes the material removal rate from the
workpiece as well as the performance of the electrical discharge process itself. The MRR
parameter describes the amount of material removed in a specific operation in a specific
time unit. It is expressed mathematically by relation (4):

MRR =
Volume o f Material Taken

Time Taken
(4)

In addition to the quantitative output power parameter MRR, the output quality
parameter Rz is also important in the µ-WEDM optimization process. This characterizes
the quality of the machined surface after µ-WEDM in terms of its roughness [51]. It
is an objective parameter that serves to assess the surface roughness of the µ-WEDM
surface accurately, as it determines the amount of profile roughness without any averaging
quantities. In the case of µ-WEDM, this parameter exceeds the arithmetic mean value of
the surface roughness Ra of the machined surface by a factor of approximately 5. The
roughness of the machined surface after µ-WEDM is, as in the case of MRR, significantly
influenced by the MTP setting. Of these, the maximum peak current I (A), the pulse-on
time duration ton (µs), and the associated pause for discharge channel recovery, i.e., the
pulse-off time duration toff (µs), and the electrical discharge voltage U (V) have a decisive
influence on the roughness of the machined surface. An overview of the MTPs in µ-WEDM
that significantly affect the quantitative performance parameter MRR and the qualitative
parameter of machined surface roughness Rz, including their range of settings within the
experiment, is given in Table 1.

Table 1. The range of MTP settings for µ-WEDM and their influence on the output parameters MRR
and Rz.

MTP µ-WEDM Operation Setting Range Influence of MTP on Rz Influence of MTP on MRR

Maximum peak current
I (A)

roughing 6.0–8.0 As the value of parameter I
increases, the surface roughness

deteriorates [13].

As the value of parameter I
increases, the MRR

increases [22].
semifinishing 4.0–6.0

finishing 2.0–4.0

Pulse-on time duration
ton (µs)

roughing 20.0–40.0 As the value of the parameter ton
increases, the surface roughness

deteriorates [14].

As the value of the
parameter ton increases, the

MRR increases [22].
semifinishing 10.0–20.0

finishing 5.0–10.0

Pulse-off time duration
toff (µs)

roughing 9.0–15.0 As the value of the parameter toff
increases, the surface roughness

improves [23].

As the value of the
parameter toff increases, the

MRR decreases [23].
semifinishing 6.0–9.0

finishing 3.0–6.0

Voltage of discharge
U (V)

roughing 85–90 As the value of parameter U
increases, the surface roughness

improves [40].

As the value of the
parameter U increases, the

MRR decreases [51].
semifinishing 75–80

finishing 70–75

2.3. Conditions of the Experiment

A galvanized wire tool electrode, made of drawn CuZn37 brass wire with a diameter
of 0.070 mm, a tensile strength of 1000 MPa, and an elongation >1%, was used in the exper-
iment. The experimental specimens with dimensions of 50.0 mm × 15.0 mm × 15.0 mm
were made of high-alloy steel with the designation of maraging steel MS1 in powder form.
The sintering of the fine particles of the material was carried out by direct metal laser
sintering (DMLS) technology using a 3D metal printer with a laser power of 400 W and
a wavelength of 1060–1100 nm. The sintering process consisted of successive sintering
of Maraging Steel MS1 powder material using laser technology, which was deposited
in fine layers until the desired shape and dimension of the experimental specimen were
achieved. The detailed procedure for the manufacture of experimental samples using
DMLS technology is described in detail by Simkulet et al. in their work [30,33]. The metal
powder was produced by atomization and its chemical composition corresponded to US
18% Ni maraging 300 grade steel with material number 1.2709 and the German steel stan-
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dard X3NiCoMoTi18-9-5. Table 2 shows the chemical composition and Table 3 shows the
mechanical and physical properties of the high-alloy steel designated maraging steel MS1.

Table 2. Chemical composition of steel MS1 [52].

Fe Ni Co Mo Ti Al Cr C Mn, Si P, S

Zb. 17–19% 8.5–9.5% 4.5–5.2% 0.6–0.8% 0.05–0.15% ≤0.5 ≤0.03 each≤ 0.1% each ≤ 0.01%

Table 3. Mechanical and physical properties of steel MS1 [52].

Mechanical properties of maraging steel MS1

Parameter As built After age hardening

Tensile strength (MPa) 1200 ± 100 1950 ± 100
Yield strength Rp 0.2% (MPa) 1100 ± 100 1900 ± 100
Elongation at break (%) 8 ± 3 2 ± 1
Hardness (HRC) 33–37 50–54

Ductility (J) 45 ± 10 11 ± 4

Modulus of elasticity (GPa) 150 ± 25

Physical properties of maraging steel MS1

Density (g·cm−3) 8.0–8.1
Electrical conductivity (Siemens·m·mm−2) 2.25
Thermal conductivity (W·m−1·◦C) 15 ± 0.8
Specific heat capacity (J·kg−1·◦C) 450 ± 20
Melting temperature (◦C) 1370–1400

Based on the mechanical and physical properties listed in Table 3, it is evident that
maraging steel MS1 has high tensile strength and a relatively low thermal conductivity
(15 Wm−1K−1) at 20 ◦C. At the same time, it has a favourable electrical conductivity
(2.25 Siemens·m·mm−2) and is therefore suitable for µ-WEDM machining. This steel is also
characterized by very good mechanical properties and heat treatability after the atomization
process. Heat treatment at 820 ◦C followed by age hardening at 490 ◦C results in a hardness
of the final material of more than 50 HRC, which precludes the suitability of many post-
machining technologies. Figure 1 shows an experimental sample after sintering prepared
on µ-WEDM.
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Figure 1. Experimental sample of maraging steel MS1 after DMLS.

Subsequently, the prepared experimental samples were subjected to electrical dis-
charge machining by µ-WEDM technology (Figure 2a,b) using a CNC electroerosive ma-
chine CHMER G32F (Figure 2c). Eroding was carried out in a dielectric fluid based on
deionized water with an electrical conductivity of less than 10 µS·cm−1.
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Figure 2. Made of experimental samples from maraging steel MS1 by µ-WEDM. (a) µ-WEDM process
of the specimens; (b) marking of roughing sections E1 to E8, (c) the used electroerosive machine
CHMER G32F.

The quantitative performance parameters of the MRR electroerosive process were
determined for the individual experimental section cuts based on the time t required
to execute them and the total mass loss of the sample mwi during the making of the
individual sections using accurate laboratory scales with an average of five repetitions.
The measurement of the qualitative parameter Rz of the machined area in the individual
sections of the experimental samples was carried out using a Mitutoyo SJ 210 contact
roughness meter with a measuring range of −200 µm to +160 µm, again with an average of
five repetitions.

3. Results and Discussion
3.1. DoE Statistical Analysis of Experimentally Measured MRR and Rz Data at µ-WEDM

As is well known, experimental measurement results are commonly characterized in
practice by a highly asymmetrical distribution and an unconventional scatter. However, the
violation of the basic requirements of the dataset being evaluated is no exception. Therefore,
when evaluating the obtained results of experimental measurements of the quantitative
performance parameter MRR, as well as the qualitative parameter of the roughness of the
machined surface Rz, it was not necessary to implement a series of sequential steps [53].
The first step was an exploratory data analysis (EDA), which allowed to exclude certain
anomalies of the obtained results of the experimental measurements. These were mainly
specificities in the shape of the data distribution, the exclusion of outliers, and the detection
of the local concentration of the measured data. In the next step, it was unavoidable
to carry out the verification of the requirements for the set of measured data due to
the considerable non-homogeneity of the material of the experimental samples [54–57].
Finally, through confirmatory data analysis (CDA), verification of the measured data was
performed with the application of the estimation of the position, scattering, and shape
parameters. The sampling analysis procedure was aimed at determining the objective
mean of a representative sample from the experimental measurements of the output
parameters MRR and Rz of the µ-WEDM. The results of the individual measurements
of these parameters were firstly evaluated by standard statistical methods (Shapiro–Wilk
test), which aimed to examine the normality of the dataset and then to identify outliers and
extremes (Grubs and Dixon tests). This analysis was applied to the results of all recorded
data for both MRR and Rz. In the case of recorded data where the analysis confirmed
the presence of outliers or extremes and a normal distribution could not be established,
even in cases where the normality of the data distribution was not demonstrated even
after exclusion of confirmed outliers, exponential and Box–Cox transformations were

58



Micromachines 2022, 13, 1446

performed. This ensured the accuracy of further statistical analyses of the experimentally
obtained data.

3.2. Design and Validation of the MSC Model for the Prediction of MRR and Rz at µ-WEDM

An important step in the process of optimizing the performance of the µ-WEDM
process of machining maraging steel MS1 sintered by DMLS technology is the design of the
MSC model for the prediction of the output quantitative process performance parameters
(MRR) and the output qualitative parameters (Rz) of the machined area [58,59]. It is
important that the MSC model is designed with suitable prediction capability. This can
only be achieved if data evaluation, regression analysis, and model interpretation have
been performed in a statistically correct manner [60,61].

The basic statistical analysis of the used general model (17) for predicting the inves-
tigated response y depending on the change of the independently investigated variables
xi (maximum peak current, pulse-on time duration, pulse-off time duration, and voltage
of dis-charge) was carried out using analysis of variance (ANOVA). ANOVA for the in-
vestigated parameter y represents a basic statistical analysis of the appropriateness of the
used general model (17). Using ANOVA, it was analysed whether the variability caused by
random errors is significantly smaller than the variability of the measured values explained
by the model. The second statistical use of ANOVA results from its basic nature, where
the null statistical hypothesis that none of the effects used in the model (I, ton, toff, U) have
a significant impact on the investigated variable (MRR; Rz) is tested. The basic general
ANOVA table is shown in Table 4.

Table 4. ANOVA table.

Source DF Sum of Squares Mean Square F Ratio Prob > F

Model DFModel = a − 1 SModel MSModel = SModel/DFModel F = MSModel/MSError pM

Error DFError = N − a SError MSError = SError/DFError

C.Total DFC.Total = N − 1 SC.Total MSC.Total = SC.Total/DFC.Total

The sum of squares of model SModel represents the sum of squares of the differences
between the sample means of individual groups from the overall mean and is calculated as:

SModel =
a

∑
i = 1

ni(yi − y)2 (5)

where a is the number of groups of factor A and ni is the number of subjects in the
i-th group.

It is also possible to calculate the residual sum of squares sum of squares SError, which
represents the sum of squares of the difference between the observed values and the
respective group averages, i.e., the amount of data fluctuation around the mean value in
individual selections according to the relationship (6):

SError =
a

∑
i = 1

N

∑
j = 1

(
yij − yi

)2 (6)

Finally, the total sum of squares SC.Total describes the overall variability of the measured
quantity by comparing individual observations with the overall average and is calculated
according to the relationship (7):

SC.Total =
a

∑
i = 1

N

∑
j = 1

(
yij − y

)2 (7)
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For the sums of squares, SC.Total = SModel + SError is valid and thus represents the
decomposition of the total variability of the measured quantity between the variability of
the model and the residual variability of the error. The pM value (Table 4) represents the
resulting calculated value of the level of significance reached. For the value of the Fisher
test statistic:

F > F1 − α (a − 1, N − a) (8)

where α represents the chosen level of significance (α = 0.05).
If relation (8) is valid, then we reject the null statistical hypothesis of the agreement

of the mean values of individual groups of subjects and we can say that the variability
caused by random errors is significantly smaller than the variability of the measured values
explained by the model. The used model (17) is adequate, based on the Fisher–Snedecor
test criterion. The second conclusion of relation (8) is that at least one of the used input
factors xi is different from zero and thus has a significant influence on the change in the
value of the investigated parameter y.

The actual calculation of specific values of the regression coefficients b = (b0, b1 . . . ,
b1234) of the general model is possible from a known relationship. It is based on the least
squares method of deviations between the original and model-determined response values
y in matrix form (9):

b =
(

XT · X
)−1
· XT · y = M−1 · XT · y = V · XT · y (9)

where M s the so-called moment matrix and V is the variation matrix (inverse matrix of
the moment matrix M). The fact that the calculated regression coefficient of the model has
a non-zero value does not mean that it is statistically different from zero at the chosen
significance level α. This can only be assessed after determining its inaccuracy, which is
characterized by directional deviation. The variance of the regression coefficient bj, j = 0 . . .
p (if we only consider the first-order model without interactions), where p is the number of
regressors, can be determined using the relationship (10):

s2(bj
)
= s2(e) ·Vjj (10)

where Vjj is the main diagonal of the variation matrix V, i.e., diag(V), and s2(e) is the residual
(unexplained) variance. This unexplained variance can be calculated from the residual sum
of squares (RSC), i.e., from the sum of squared residuals (model error) e:

e = y− ỹ (11)

RSC = eT · e (12)

s2(e) =
RSC

n− (p + 1)
=

eT · e
n− p− 1

(13)

where n is the number of measured values and p + 1 is the number of model regressors
including the absolute term. The standard deviation of the regression coefficient is the
square root of the variance:

s
(
bj
)
=
√

s2
(
bj
)

(14)

where for the test t-statistic of the statistical significance of the respective regression coeffi-
cient the ratio applies:

t
(
bj
)
=

bj

s
(
bj
) (15)

As long as the inequality holds

∣∣t
(
bj
)∣∣ ≥ t

(
1− α

2
, n− p− 1

)
(16)
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where t
(
1− α

2 , n− p− 1
)

is the quantile of the Student’s t-distribution, then we reject the
hypothesis of statistical insignificance of the regression coefficient.

When conducting an experiment, the estimate of the investigated dependent variable
is generally described by a model of the form (17):

_
y = b0.x0 +

N

∑
j = 1

bj.xj +
N

∑
u, j = 1

u 6= j

buj.xu.xj +
N

∑
u, j = 1

u 6= j

buj.x2
u.xj+

N

∑
u, j = 1

u 6= j

buj.xu.x2
j +

N

∑
j = 1

bjj.x2
j (17)

where b0, bj, buj, bjj are the respective regression coefficients and xj are the respective
independent variables, factors.

Table 5 shows the estimated parameters of the MSC model for the prediction of the
output quantitative performance parameters MRR and the output qualitative parameters
Rz of the machined area.

Table 5. Estimated MSC model parameters for prediction of MRR and Rz.

Term for MRR Estimate Std Error t-Ratio Prob > |t|

Intercept (x0) −0.010813 0.020121 −0.54 0.5929
x1 0.0165482 0.000279 59.26 0.0001 *
x2 0.0012834 7.19 × 10−5 17.86 0.0001 *
x3 −0.001947 0.00014 −13.94 0.0001 *
x4 0.0008016 0.000237 3.38 0.0013 *
(x1 − 5)· · · (x1 − 5) 0.0128791 0.003127 4.12 0.0001 *
(x1 − 5)· · · (x2 − 22.8767) −0.000387 0.000016 −24.17 0.0001 *
(x2 − 22.8767)· · · (x2 − 22.8767) −0.000275 8.03 × 10−5 −3.42 0.0011 *
(x2 − 22.8767)· · · (x3 − 9) 0.0000673 0.000008 8.40 0.0001 *
(x2 − 22.8767)· · · (x4 − 80) 0.0000419 4.70 × 10−6 8.93 0.0001 *
(x1 − 5)· · · (x1 − 5)· · · (x4 − 80) −0.000165 2.62 × 10−5 −6.32 0.0001 *
(x1 − 5)· · · (x1 − 5)· · · (x1 − 5)· · · (x1 − 5) −0.000438 5.73 × 10−5 −7.63 0.0001 *

Term for Rz Estimate Std Error t-Ratio Prob > |t|

Intercept (x0) 4.312305 0.462060 9.33 <0.0001 *
x1 1.263985 0.017863 70.76 <0.0001 *
x2 0.108301 0.003054 35.46 <0.0001 *
x3 −0.115140 0.009508 −12.11 <0.0001 *
x4 −0.025370 0.005077 −5.00 <0.0001 *
(x1 − 5)· · · (x1 − 5) −0.459620 0.148820 −3.09 0.0030 *
(x1 − 5)· · · (x2 − 22.8767) −0.025260 0.001029 −24.55 <0.0001 *
(x1 − 5)· · · (x3 − 9) 0.113915 0.035306 3.23 0.0020 *
(x2 − 22,8767)· · · (x3 − 9) −0.031130 0.011999 −2.59 0.0119 *
(x2 − 22,8767)· · · (x4 − 80) −0.009710 0.003622 −2.68 0.0094 *
(x1 − 5)· · · (x1 − 5)· · · (x1 − 5)· · · (x1 − 5) 0.051696 0.016525 3.13 0.0027 *
(x1 − 5)· · · (x1 − 5)· · · (x1 − 5)· · · (x4 − 80) 0.013128 0.004660 2.82 0.0065 *

x1—maximum peak current I (A); x2—pulse-on time duration ton (µs); x3—pulse off duration time toff (µs);
x4—voltage U (V), *—statistically significant at the significance level α = 0.05.

The regression coefficients of the MSC models listed separately for the prediction
of the MRR and Rz parameters in the estimate column are not scaled but refer to the
original scale of measurement of each factor. As can be seen in Table 5, the largest effect
on explaining response variability, i.e., on MRR and Rz, is penetration (x0), also referred
to as the absolute term of the model. In terms of the four considered input factors of the
electrical discharge process, the peak discharge current I (factor x1) has a major influence
of 37.513% on MRR as well as on Rz with a contribution of 41.466%. Another significant
member of the MSC model is pulse-on time duration ton (factor x2) with an influence weight
of 11.306% on the variation in MRR value and with an influence weight of 20.814% on
Rz. In a similar way to the peak discharge current, increasing the value of pulse-on time
duration results in an increase in the MRR parameter but also in Rz. The interaction of
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MTP maximum peak current and pulse-on time duration also has a significant effect on
MRR and Rz. Their interaction has an impact weight of 15.3% on MRR and 14.347% on
Rz. Pulse-off time duration toff (factor x3) also contributes significantly to the change in
MRR and Rz parameters. The latter influences the output process performance parameter
MRR with a weight of 9.51% and the quality output parameter Rz of the machined area
after µ-WEDM with a weight of 12.76%. By increasing its value, we achieve a decrease in
both the MRR parameter and the Rz parameter. The last significant factor, acting as the
main factor in the electrical discharge process, is the applied voltage of discharge U (factor
x4). The effect of factor x4 on the change of output power parameter MRR is 5.18% and its
effect on the change of output quality parameter Rz is 7.42%. As in the case of pulse-on
time duration toff, the response decreases as the value of the applied voltage of discharge
increases. Consequently, based on the estimation of the parameters presented in Table 5,
it was possible to construct MSC models expressing the relationship between the input
factors (x1–x4) and the response to a change in the output quality parameter MRR according
to relation (18) and the response to a change in the output quality parameter Rz according
to relation (19):

MRR = 4.868 · 10−2 · I + 1.209 · 10−2 · ton − 3.489 · 10−3 · to f f − 4.407 · 10−3 ·U − 3.900 · 10−4 · I · ton+

+1.700 · 10−3 · I ·U + 6.730 · 10−5 · ton · to f f + 4.190 · 10−5 · ton ·U − 1.700 · 10−4 · I2 ·U − 4.632 · 10−2 · I2+

+8.800 · 10−3 · I3 − 2.800 · 10−4 · t2
on − 4.400 · 10−4 · I4 + 0.106

(18)

Rz = 1.292 · ton − 99.204 · I + 2.734 · 10−2 · to f f − 1.444 ·U − 2.526 · 10−2 · I · ton + 0.114 · I · to f f+
+0.985 · I ·U − 3.113 · 10−2 · ton · to f f − 9.711 · 10−3 · ton ·U − 0.197 · I2 ·U + 1.313 · 10−2 · I3 ·U+

+23.048 · I2 − 2.084 · I3 + 5.169 · 10−2 · I4 + 134.468
(19)

A graphical representation of the most significant effects in terms of Table 5 on
the change in the value of the variable under study, i.e., the MRR process performance
(mm3·min−1) as a function of the change in the maximum peak current I parameter, at
different values of the pulse-on time duration ton in the minimum and maximum values
of the pulse-off time duration toff and voltage from discharge U parameters is shown in
Figure 3.

The above-presented graphical dependencies confirmed the increasing trend of the
output quality parameter of the electrical discharge process MRR depending on the in-
creasing values of the input parameters I and ton. Its lowest value of 0.005 mm3·min−1

was obtained at the combination of MTP I = 2.5 A, ton = 3 µs, toff = 15 µs, and U = 90 V.
Conversely, its highest value of 0.190 mm3·min−1 was achieved at a combination of MTP
I = 8.0 A, ton = 40 µs, toff = 3 µs, and U = 70 V.

A graphical representation of the most significant effects in terms of Table 5 on the
change in the value of the variable under study, i.e., the Rz machined surface roughness
(µm) as a function of the change in the maximum peak current I parameter, at different
values of the pulse-on time duration ton at the minimum and maximum values of the
pulse-off time duration toff and voltage from discharge U parameters is shown in Figure 4.
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Figure 3. Dependence of the output power parameter of the MRR process on the change in the value
of the maximum peak current I parameter at different values of ton, toff, and U. (a) Impact on MRR at
minimum values of the parameter toff and U. (b) Impact on MRR at maximum values of toff and U.
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Figure 4. Dependence of the output qualitative parameter of the Rz process on the change in the value
MTP of the maximum peak current I parameter at different values of ton, toff, and U. (a) Impact on Rz at
minimum values of the parameter toff and U. (b) Impact on Rz at maximum values of toff and U.

The above presented graphical dependencies confirmed the increasing trend of the
output quality parameter of the electrical discharge process Rz depending on the increasing
value of the input parameters I and ton. Its lowest value of 0.09 µm was obtained at the
combination of MTP I = 2.5 A, ton = 3 µs, toff = 15 µs, and U = 90 V. Conversely, its highest
value of 23.50 µm was achieved at a combination of MTP I = 8.0 A, ton = 40 µs, toff = 3 µs,
and U = 70 V.
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In terms of confirming the accuracy and suitability of the proposed MSC models
(18) and (19), it was necessary to verify the residuals, the difference between the actual
measured and predicted values, using the prediction model in terms of their distribution.
The value of the Shapiro–Wilks test at the chosen significance level α = 5% for the MSC
model (18) represents a value of 2.311% (p = 0.0519) and for the MSC model (19) represents
a value of 1.756% (p = 0.0883). Therefore, the null statistical hypothesis that there is no
autocorrelation can be accepted. The achieved significance level of the Shapiro–Wilk test
indicates a Gaussian distribution of the residuals on a basis of which it can be concluded
that the predictive MSC models (18) and (19) were designed correctly in terms of statistical
and numerical accuracy.

The model error for the investigated variables MRR and Rz were calculated as the
difference between the experimentally obtained value and the value predicted by model
(18) for the variable MRR and model (19) for the variable Rz. In general, we can express the
model error by the relation (20):

Model error =
ye − ym

ye
· 100 [%] (20)

where ye s the value of the investigated variable (MRR or Rz) obtained experimentall and, ym
is the value of the investigated variable calculated using the prediction model (18) or (19).

A graphical representation of the deviation of the measured and calculated MSC
values by models (18) and (19) is shown in Figure 5.

In the next stage, it was necessary to perform a cumulative analysis of the usefulness
of the developed MSC models describing the influence of input factors on MRR and Rz
for µ-WEDM. A cumulative analysis of the quality of the fit of the MSC models for the
prediction of the output parameters MRR and Rz of the µ-WEDM for maraging steel MS1 is
carried out and presented in the following Table 6.

Table 6. Cumulative analysis of the quality of the fit of the MSC models for prediction of the output
parameters MRR and Rz of the electrical discharge process.

Parameter for MRR Value

RSquare 0.998175
RSquare Adj 0.997846
Root Mean Square Error 0.002675
Mean of Response 0.136644
Observations (or Sum Wgts) 73

Parameter for Rz Value

RSquare 0.998773
RSquare Adj 0.998528
Root Mean Square Error 0.164369
Mean of Response 9.332192
Observations (or Sum Wgts) 73

To express the suitability of the regression model application, appropriate model
fit diagnostic tools need to be implemented to assess the specified MSC model in terms
of graph fit, lack of fit, and likelihood of residuals. As can be observed from the results
presented in Table 6, the variability index denoted as RSquare of the established MSC model
for the prediction of the output quantitative performance parameters MRR in the µ-WEDM
has a value of 99.8175% and for the prediction of the output qualitative parameters Rz has
a value of 99.8773%. The adjusted index of determination denoted as RSquare Adj, which
indicates the overall level of model variability, reaches a value of 99.7846% in the case of
the MSC model for MRR and 99.8528% in the case of the MSC model for Rz. The average
error of the proposed MSC model is 0.002675 mm3·min−1 for MRR and 0.164369 µm for Rz.
The average value of the output quantitative performance parameter MRR in the µ-WEDM
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is 0.136644 mm3·min−1 and the average value of the output qualitative parameter Rz of the
machined area is 9.332192 µm. However, the R2 index alone is not a sufficient indicator
to investigate the validity of the established MSC model for the prediction of the MRR
and Rz parameters, mainly because an advanced analysis of the measured data has been
performed. Based on the indices presented in Table 6, it can be concluded that the achieved
value of the adjusted index of determination is satisfactory in terms of performance, quality,
and the functionality of the developed MSC models. Therefore, the given models are
suitable for the further optimization process.
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To assess the suitability of the application of MSC models for the prediction of MRR
and Rz parameters, the parametric statistical method analysis of variance (ANOVA) is also
a suitable tool. The results of this analysis are presented in Table 7 below.

Table 7. Results of evaluation of MSC models for prediction of MRR and Rz parameters by ANOVA.

Source for MRR DF Sum of Squares Mean Square F-Ratio Prob > F

Model 11 0.2387703 0.021706 3033.879 0.0001 *
Error 61 0.0004364 7.16 × 10−6

C. Total 72 0.2392067

Source for Rz DF Sum of Squares Mean Square F-Ratio Prob > F

Model 12 1319.781 109.982 4070.833 0.0001 *
Error 60 1.621 0.027

C. Total 72 1321.402

*—significant at the level of α = 0.05.

From the results of the evaluation of the MSC models for the prediction of the output
parameters of the MRR and Rz µ-WEDM by ANOVA presented in Table 7, it can be observed
that the variability due to random errors is significantly smaller than the variability of the
values determined and explained by the model. If the obtained value (Prob > F) is less
than the significance level α, it can be said that there is at least one non-zero term in the
proposed MSC model that significantly affects the value of the variable under study. Based
on the application of the Fisher–Snedecor test criterion, it was found that the achieved
value (Prob > F) for the MSC model predicting the output performance parameter MRR of
the µ-WEDM was 0.0001 at the significance level α = 5.0% that of the MSC model predicting
the output qualitative parameter of the machined surface Rz was 0.0001 at the selected
significance level α = 5.0%. This indicates the adequacy of the determined MSC models,
which is also implied by the verification of null statistical hypothesis. The latter is further
confirmed by the fact that none of the input factors of the MSC model significantly affects
the resulting value of the variable under study.

In terms of the complexity of assessing the validity of the MSC models for the pre-
diction of the output parameters of the electrical discharge process MRR and Rz in the
machining of maraging steel MS1 by µ-WEDM technology, it was still appropriate to apply
the ANOVA lack of goodness-of-fit test. This is to reveal the predictive power of the
established MSC models. The variance of the residuals and the variance of the measured
data should be applied to diagnose whether the proposed MSC model fits the observed
dependence well. The results of the ANOVA lack of goodness-of-fit test are presented in
Table 8 below.

Table 8. Results of the lack of goodness-of-fit test of MSC models for the prediction of the output
parameters MRR and Rz in µ-WEDM by ANOVA.

Source DF Sum of Squares Mean Square F Ratio Prob > F

Lack of Fit 7 0.0001104 0.000016 2.6133 0.0513
Pure Error 54 0.000326 6.04 × 10−6

Total Error 61 0.0004364

Source DF Sum of Squares Mean Square F Ratio Prob > F

Lack of Fit 6 1.588221 0.264703 435.7923 0.0677
Pure Error 54 0.0328 0.000607
Total Error 60 1.621021

From the results presented in Table 8, it can be observed that the residual variability
was compared to the within-group variability of the measured data. Thus, it can be argued
that the null statistical hypothesis (H0) and the variance of the residuals are less than the
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within-group variance. At the same time, the alternative hypothesis (H1) was tested, i.e.,
the hypothesis that the variance of the residuals is greater than the within-group variance.
Then, at the chosen significance level α = 5.0%, the value of Fisher’s criterion converted to a
probability scale (Prob > F) for the MSC model predicting the output performance parameter
MRR is 0.0513 and that of the MSC model predicting the output qualitative parameter Rz
is 0.0677. Based on this, it can be argued that there is sufficient evidence to reject the null
statistical hypothesis (H0). As a result, the variance of the residuals is less than or equal
to the within-group variance and therefore the model is statistically significant. When a
sufficiently low model error is obtained, the model shows an excellent fit to the real data.
Based on the obtained results of the lack of agreement test of the proposed MSC models
by ANOVA for the prediction of the output quantitative performance parameters of the
MRR and the output qualitative parameters Rz of the machined area in the machining of
maraging steel MS1 by µ-WEDM technology, it can be claimed that the established MSC
models are significantly valid.

3.3. Optimization of Process Efficiency in µ-WEDM Maraging Steel MS1

Based on the empirically designed MSC models predicting the behaviour of the
output quantitative process parameter MRR and the output qualitative parameter Rz of the
machined area at µ-WEDM of maraging steel MS1, verified by numerical and statistical
analysis, it is possible to proceed with the optimization of the performance of the µ-WEDM
process. In the context of techno-economic optimization of µ-WEDM, the MSC models
defined through relations (18) and (19) can be used to formulate the optimization criterion.
In practice, the performance of the electrical discharge process at µ-WEDM of maraging
steel MS1 is defined as the amount of material removed per unit of time while achieving
the desired quality level of the machined surface in terms of its roughness. Therefore,
when optimizing this process, we are looking to save machining time while maximizing
the quality of the machined surface, which is defined by the lowest possible value of the
machined surface roughness parameter Rz. At the same time, the optimal criteria must
take into account the aspect of the economic efficiency of the process, with machining time
being the decisive indicator of economic efficiency. By minimizing the machining time to
achieve the desired value of the machined surface roughness parameter Rz by setting the
optimum combination of values of the input factors, which are represented by the MTP, we
can maximize the economic benefit. Therefore, in the optimization procedure, our aim was
to minimize the machining time for a predetermined quality level of the machined surface
in terms of the roughness parameter Rz. Since the empirically determined MSC models
(18) and (19) are parametrically nonlinear, it can be expected that the objective function is
also nonlinear. Therefore, nonlinear programming was chosen to perform the optimization
procedure using the MATLAB software system.

The formation of a mathematical model is the first step towards the optimal solution,
followed by the formulation of the optimization problem, which means the formulation
of the objective function and the determination of the limiting constraints on the process
to avoid unrealistic solutions during the optimization procedure. The choice of the ap-
propriate optimization method and suitable software support is up to the user, as there
is no one-size-fits-all optimization method suitable for any optimization problem. Our
investigated process is limited by several constraints and exhibits nonlinearity in functional
dependencies, so it is necessary to formulate the optimization problem with constraints
and select from the optimization methods of nonlinear programming.

The optimization problem of mathematical programming aims at the extremization
of the objective function f0(x), i.e., to find the minimum/maximum of the objective func-
tion f0(x) while solving the minimization/maximization problem. The validity of the
relationship min

x∈Rn
f (x) = −max

x∈Rn
(− f (x)) allows us to transform each maximization into a

minimization optimization problem. The optimization problem with equality and inequal-
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ity constraints is generally focused on the minimization of an objective function f0(x) in a
feasible region K and is formulated in the following shape:

Min
{

f0(x) | x ∈ X, fi(x) ≤ 0, i ∈ I, hj(x) = 0, j ∈ J
}

(21)

where I and J are index sets, OP (3) is called a mathematical programming problem. The
NLP problem arises when at least one of the functions f0, fi, i ∈ I, hj, j ∈ J is nonlinear in
the optimization process (21). Clearly, the optimal solution of the NLP (21) is such a vector
x∗ ∈ X, which satisfies the condition ∀x ∈ X : f0(x∗) ≤ f0(x), i.e., the objective function
attains the smallest value.

From the point of view of the exact execution of the optimization of the electrical
discharge process in the machining of Maraging Steel MS1, it is necessary to define con-
straints. These constraints need to be defined within the framework of the experiments
carried out and take into account the MTP intervals, which are shown in Table 1. Based on
the definition of the specific values of the input parameters of the µ-WEDM defined by the
MTP, it is then possible to define the boundary conditions in the following form (22):

2.0 ≤Maximum peak current I (A) ≤ 8.0
5.0 ≤ Pulse-on time duration ton (µs) ≤ 40.0
3.0 ≤ Pulse-off time duration toff (µs) ≤ 15.0

70.0 ≤ Voltage of discharge U (V) ≤ 90.0

(22)

The optimization of the performance of the electrical discharge process in the ma-
chining of Maraging Steel MS1 by µ-WEDM technology involves the optimization criteria,
which are the maximization of the objective function defined by the MSC model (18) and
at the same time the minimization of the objective function defined by the MSC model
(19) with the application of the optimization constraints defined by the functions (22).
Subsequently, by applying nonlinear programming in MATLAB 2019a software, the corre-
sponding script was created. The task of the performed nonlinear optimization was to find
the local extreme of the objective function for a given optimization problem.

The objective function (18) modelling the performance of the MRR, where x1—maximum
peak current I [A]; x2—pulse-on time duration ton [µs]; x3—pulse-off time duration time toff
[µs]; x4—voltage U [V], can be written in this case as an optimization problem in general form:

MRR = f0(x1, x2, x3, x4) → max (23)

or in natural scale in abbreviated form:

MRR = f0

(
I [A] (x1), ton [µs] (x2), to f f [µs] (x3), U [V] (x4)

)
→ max (24)

This maximization problem was transformed into a minimization problem since this
is the method by which software programs work in the MATLAB environment, where each
optimization problem must be rewritten in a suitable format:

min f (x)





c(x) ≤ 0
ceq(x) = 0

A · x < b
Aeq · x = beq

lb ≤ x ≤ ub

(25)

where x, b, beq, and lb (lower bound) and ub (upper bound) are vectors, A and Aeq are
matrices with constant coefficients, c(x) and ceq(x) are vector functions, and f(x) is a scalar
function. The functions f(x), c(x) and ceq(x) are nonlinear.

In the case of optimization of the output qualitative roughness parameter Rz, the
objective function (19) modelling the values of the resulting roughness Rz, where x1—
maximum peak current I (A), x2 is pulse-on time duration ton (µs), x3 pulse-off time
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duration time toff (µs), and x4 is voltage U (V) can be written as an optimization problem in
a general form:

Rz = f0(x1, x2, x3, x4) → min (26)

or in natural scale in abbreviated form:

Rz = f0

(
I [A] (x1), ton [µs] (x2), to f f [µs] (x3), U [V] (x4)

)
→ min (27)

Subsequently, the objective functions (18) and (19), respecting the optimization con-
straints defined by relations (22), were rewritten into a form suitable for optimization in
the MATLAB software environment. The performed optimization obtained combinations
of input parameters that represent the MTP and the optimum time of the maraging steel
MS1 µ-WEDM in achieving the desired quality level of the machined surface in terms of
the surface roughness parameter Rz. To better illustrate the performed optimization of the
performance of the machining maraging steel MS1 by µ-WEDM technology, a graphical
dependence was constructed, which is presented in the following Figure 6.

Micromachines 2022, 13, x FOR PEER REVIEW 20 of 26 
 

 

( )0 1 2 3 4 max[ ]( ), [ ]( ), [ ] ( ), [ ] ( )on offMRR f I A x t s x t s x U V xμ μ= →  (24)

This maximization problem was transformed into a minimization problem since this 
is the method by which software programs work in the MATLAB environment, where 
each optimization problem must be rewritten in a suitable format: 

( ) 0
( ) 0

min ( )

c x
ceq x

f x

 ≤
 = ⋅ <
 ⋅ =

≤ ≤

A x b
Aeq x beq
lb x ub

 (25)

where x, b, beq, and lb (lower bound) and ub (upper bound) are vectors, A and Aeq are 
matrices with constant coefficients, c(x) and ceq(x) are vector functions, and f(x) is a scalar 
function. The functions f(x), c(x) and ceq(x) are nonlinear. 

In the case of optimization of the output qualitative roughness parameter Rz, the ob-
jective function (19) modelling the values of the resulting roughness Rz, where x1—maxi-
mum peak current I (A), x2 is pulse-on time duration ton (µs), x3 pulse-off time duration 
time toff (µs), and x4 is voltage U (V) can be written as an optimization problem in a general 
form: 

( )0 1 2 3 4 min, , ,Rz f x x x x= →  (26)

or in natural scale in abbreviated form: 

( )0 1 2 3 4 min[ ]( ), [ ]( ), [ ] ( ), [ ] ( )on offRz f I A x t s x t s x U V xμ μ= →  (27)

Subsequently, the objective functions (18) and (19), respecting the optimization con-
straints defined by relations (22), were rewritten into a form suitable for optimization in 
the MATLAB software environment. The performed optimization obtained combinations 
of input parameters that represent the MTP and the optimum time of the maraging steel 
MS1 µ-WEDM in achieving the desired quality level of the machined surface in terms of 
the surface roughness parameter Rz. To better illustrate the performed optimization of the 
performance of the machining maraging steel MS1 by µ-WEDM technology, a graphical 
dependence was constructed, which is presented in the following Figure 6. 

 
Figure 6. Graphical representation of the outputs of the performed optimization of the performance 
parameter of the µ-WEDM for maraging steel MS1. 

Figure 6. Graphical representation of the outputs of the performed optimization of the performance
parameter of the µ-WEDM for maraging steel MS1.

The achieved value of the local maximum of function (18) is MRR = 0.159 mm3·min−1,
and this value is reached by the function at: I = 5.5 A, ton = 21.5 µs, toff = 5.5 µs, and U = 75 V.

To better illustrate the optimization performed on the quality of the machined marag-
ing steel MS1 by µ-WEDM technology, a graphical dependence was constructed and is
presented in the following Figure 7.

The achieved value of the local minimum of function (19) is Rz = 1.051 µm, while this
value is reached by the function at: I = 3.014 A, ton = 3.0 µs, toff = 3.0 µs and U = 70 V.

As can be observed from the results of the analysis of the recorded data and the
outputs of the optimization process for µ-WEDM of maraging steel MS1, the performance
of the MRR µ-WEDM and the quality of the machined surface, in terms of the roughness
parameter Rz, are most influenced by the maximum discharge current I and the pulse
duration ton. The results indicate that the optimum performance of the µ-WEDM can be
achieved by increasing the maximum discharge current while maintaining a constant value
of the electrical discharge voltage and, at the same time, setting the values of the pulse
duration close to the mean value and the duration of the pause between pulse discharges
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close to the lower limit of the interval defined in constraints (8). At the same time, the
results of the performance optimization process of the electrical discharge machining of
maraging steel MS1 were verified in real operating conditions, showing a close agreement.
Although based on the research result, it is clear that the maximum discharge current
has the greatest influence on the performance of the µ-WEDM, increasing its value has
limit constraints. It is necessary to consider the value of the critical discharge current I, at
which the wire tool electrode is destroyed, which reduces the efficiency and performance
of the µ-WEDM of maraging steel MS1 process. Therefore, its value was limited to 10.0 A
based on the experimental validation results. If it is exceeded, the wire tool electrode
is destroyed and the quality of the machined surface in terms of the Rz parameter is no
longer satisfactory.
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4. Conclusions

A typical feature of contemporary industrial production is the drive to increase the
overall efficiency of the production process. The aim is to achieve maximum machining
performance while maintaining a high quality of the machined surface. Achieving this
is often problematic because, in general, as cutting power increases, the quality of the
machined area decreases. This is to be aided by the optimization of the µ-WEDM, which
identifies the appropriate combination of input MTP values. This combination of values
of the input parameters of the µ-WEDM is then intended to guarantee its high efficiency.
Therefore, the objective of the performed optimization of the performance of the electrical
discharge process in the machining of maraging steel MS1 was to maximize the MRR while
maintaining the quality level of the machined surface as high as possible. The optimization
of the output parameters of the µ-WEDM in relation to the MTP is described in detail in
the paper. An inappropriate combination results in a very low cutting performance and
poor quality of the machined surface not only in terms of geometric accuracy but also
in terms of surface roughness parameters. The developed MSC models predicting the
output quantitative parameter MRR and the qualitative parameter Rz, provided the basis
for the subsequent optimization of the µ-WEDM. In addition, based on the performed
experimental measurements, the original dependencies of the influence of the MTP process
input parameters on MRR and Rz for µ-WEDM maraging steel MS1 were obtained. At
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the same time, several significant facts were observed from the results of the experimental
measurements.

The results of the experiment are summarized in the following points:

� It was found that in terms of the four considered input factors of the electroerosive
process, maximum peak current I with a weight of 37.513%, pulse-on time duration
ton with a weight of 11.306%, pulse-off time duration toff with a weight of 9.51%, and
voltage of discharge U with a weight of 5.18% have the main influence on MRR;

� It was also found that in terms of the four considered input factors of the electroerosive
process, maximum peak current I with a weight of 41.466%, pulse-on time duration
ton with a weight of 20.814%, pulse-off time duration toff with a weight of 12.76%, and
voltage of discharge U with a weight of 7.42% have the main influence on Rz;

� It was found that with increasing values of the input parameters of the electrical
discharge process I and ton, the cutting performance of MRR increases but the quality
of the machined surface decreases in terms of the surface roughness parameter Rz.
The highest value of the MRR parameter = 0.190 mm3·min−1 was obtained for the
combination of MTP: I = 8.0 A, ton = 40 µs, toff = 3 µs, and U = 70 V;

� At the same time, it was found that with increasing values of the input parameters
of the electrical discharge process toff and U, the cutting performance of the MRR
decreases but the quality of the machined surface increases in terms of the surface
roughness parameter Rz. The lowest value of the Rz parameter = 0.09 µm was obtained
for the combination of MTP: I = 2.5 A, ton = 3 µs, toff = 15 µs, and U = 90 V;

� It was found that the aforementioned pairs of MTP input parameters in the electrical
discharge process behave oppositely in relation to MRR and Rz;

� For the given reasons, it was necessary to search for an appropriate ratio of the MTP
input parameters in the electrical discharge process to achieve the optimum value
of the process output performance parameter MRR and the quality parameter of the
machined surface Rz;

� Optimization was performed with respect to maximizing the output parameter of
the MRR and minimizing the quality parameter of the machined surface in terms of
the surface roughness parameter Rz for µ-WEDM maraging steel MS1. Through the
optimization, a local maximum of 0.159 mm3·min−1 of the MRR parameter can be
achieved at with MTP settings of I = 5.5 A, ton = 21.5 µs, toff = 5.5 µs, and U = 75 V.
Conversely, through optimization a local minimum of 1.051 µm of the Rz parameter
can be achieved at MTP settings of I = 3.014 A, ton = 3.0 µs, toff = 3.0 µs, and U = 70 V;

� The performed optimization of the electrical discharge process can generally achieve
an increase in the overall efficiency of µ-WEDM in the machining of maraging
steel MS1.

Further scientific research in this area needs to be oriented towards a more compre-
hensive approach to optimizing the electrical discharge process as well as other machined
materials using different wire tool electrodes to take into account the critical values of all
important factors. To perform µ-WEDM of maraging steel MS1 under optimum machining
process conditions, it is necessary to consider the value of the critical discharge current and
pulse duration, as exceeding them results in the destruction of the wire tool electrode, which
results in a decrease in the overall efficiency of the electrical discharge process. Therefore,
in order to increase the efficiency of the actual electrical discharge process in practice, future
experimental and research activities will focus on data analysis to determine the critical
values of these defined MTPs.
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Nomenclature

CDA Confirmatory Data Analysis
DOE Design of Experiments
DMLS Direct Metal Laser Sintering
D Total required functionality
EDA Exploratory Data Analysis
I Maximum peak current (A)
IPM Interior Point Method
MSC Mathematical-Statistical Computational
MTP Main Technological Parameters
MRR Material Removal Rate
NLP Non-Linear Programming
QNM Quasi-Newton Methods
Rz Ten-point Mean Roughness (µm)
SDM Steepest Descent Method
SQP Sequential Quadratic Programming
ton Pulse-on time duration (µs)
toff Pulse-off time duration (µs)
U Voltage of discharge (V)
y Desired value function
ymin/max Lower/upper response limit values
µ-WEDM micro-Wire Electrical Discharge Machining
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Abstract: This study presents the analysis of wire-cut electro-discharge machining (WIRE-EDM) of
polymer composite material (PCM). The conductivity of the workpiece is improved by using 1 mm
thick titanium plates (layers) sandwiched on the PCM. Input process parameters selected are variable
voltage (50–100 V), pulse duration (5–15 µs), and pause time (10–50 µs), while the cut-width (kerf)
is recognized as an output parameter. Experimentation was carried out by following the central
composition design (CCD) design matrix. Analysis of variance was applied to investigate the effect of
process parameters on the cut-width of the PCM parts and develop the theoretical model. The results
demonstrated that voltage and pulse duration significantly affect the cut-width accuracy of PCM.
Furthermore, the theoretical model of machining is developed and illustrates the efficacy within the
acceptable range. Finally, it is concluded that the model is an excellent way to successfully estimate
the correction factors to machine complex-shaped PCM parts.

Keywords: wire electro-discharge machining; polymer composite materials; processing precision;
interelectrode gap

1. Introduction

Recently, replacing metallic machine parts with composite material has been seen
as a potential alternative to various issues, including high metal costs, rusting, and the
weight of the components. In the modern machining industry, composite materials that
possess similar or even enhanced physical and mechanical properties compared to metals
are highly encouraged [1–3]. Polymer composite materials (PCMs) are recognized as a
group of difficult-to-machine materials [4]. The development of light-weight PCMs plays
a significant role in aviation and many critical industrial applications. These materials
are economically efficient and reduce the CO2 emission load [1]. The binders used in
PCM have good strengths and are heat resistant, resulting in high elastic strength and
operational stability. In contrast, the matrix phase in the PCM is the ductile phase that
transfers the external load stress to the filler phase. The filler/reinforcement used in a PCM
determines its mechanical properties, such as strength, stiffness, and deformability. The
filler used may be carbon/ceramic fibers. These fibers have good physical and mechanical
properties. These fibers are converted into fabrics by weaving [5–7]. A typical PCM is
shown in Figure 1a, and the weaving pattern of the fibers forms the reinforcement phase
and the possible defects in conventional machining.
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Figure 1. (a) Polymer composite materials and woven patterns of fibers of the reinforcement phase;
and (b) delamination and pull out of fibers during the drilling of polymer composite materials.

PCMs possess many limitations during their machining due to mismatch of properties
in the filler and matrix phases [8,9]. PCMs tend to delaminate during machining due to
layering, structural heterogeneity, high hardness of the filler material, and low plasticity of
the binder. The machining of PCMs also results in high cutting forces and vibrations, which
causes pullout of fibers and other detrimental effects at the machined zone. Delamination
and pull out of fibers can be observed in Figure 1b, which diminishes the quality of the
fabricated feature. Moreover, during PCM machining, a high tool wear rate causes a
decrease in productivity and enhances manufacturing costs. To avoid such problems,
various non-conventional machining methods have been developed for processing these
materials (Figure 2). Despite having many advantages over conventional machining
methods, non-conventional processes such as electrochemical and chemical processing
are hazardous to the environment [10,11]. On the other hand, techniques such as laser
treatment [12–15], plasma treatment [16,17], electron beam treatment [18,19], ultrasonic
treatment [20–22], and water jet treatment [23–27] are considered advantageous only
where accuracy is not the primary concern. Moreover, these machining methods have
disadvantages such as thermal destruction of the matrix phase and lack of accuracy, limiting
their application for machining small-sized components.
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Among the various non-conventional machining techniques, Wire-cut Electrical Dis-
charge machining (WIRE-EDM) has been proven to be a potential candidate to prepare
small components with high accuracy [28–30]. In this process, thermal-electrical energy
is involved in transforming the electrical energy to heat energy sufficient to melt the tar-
get zone, and an accurate curved profile can be obtained on metallic as well as polymer
composite materials. A schematic diagram of the WIRE-EDM process is shown in Figure 3.
In this process, the wire electrode moves vertically (mostly) over sapphire or diamond
guides, which are controlled by Computer Numerical Control (CNC) program. A steady
stream of deionized water or other fluid is used as a dielectric medium, flushes out debris,
and cools the workpiece and the wire electrode. The dielectric fluid gets ionized, thereby
producing a spark between the wire electrode tool (ET) and the workpiece electrode (WE)
(Figure 3). The ionization of dielectric fluid depends on many factors of WIRE-EDM, such
as properties of the working fluid, degree of contamination of the working fluid with
erosion, the material of the electrodes, and dielectric flow pressure. The amount of thermal
energy generated within the electrodes affects the amount of material removed from the
surfaces of the ET and WE differently. This unevenness in material removal depends on
the thermophysical properties of the ET and WE, and the process parameters of WIRE-
EDM [29–31]. By varying these factors, electrode erosion can be precisely controlled. The
spark energy within the electrodes depends on the voltage, the pulse formation time, the
state of the working fluid, and the size of the interelectrode gap. Thus, the accuracy of
the WIRE-EDM of PCMs is influenced by the size of the inter-electrode gap. The error
of the inter-electrode gap depends on the inhomogeneity in the structures/properties of
ET and the WE, and also the properties of the working fluid. The WIRE-EDM of PCMs
results in the formation of dimples/craters of different sizes on the surface of the workpiece.
These randomly formed dimples/craters are a factor that complicates the prediction of the
inter-electrode gap [31].
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Figure 3. Schematic diagram and working principle of the wire-cut electro-discharge machining (WIRE-EDM) process [31].

The application of WIRE-EDM on PCMs has been investigated by various researchers [8,9].
However, it is a known fact that the conductivity of PCMs is limited. Thus, during the
WIRE-EDM process, the resin of the PCM was destroyed at the edges of the holes. This
was due to high temperatures and ineffective cooling at the machining zone.

Abdallah et al. [32] used WIRE-EDM to study the effects of gap voltage, current,
pulse-on time, and pulse-off time on the material removal rate (MRR), top and bottom cut-
width (kerf), and workpiece edge damage in unidirectional carbon fiber reinforced polymer
(CFRP) composites. Current and pulse-off time were found to be statistically important
parameters in terms of MRR, with current being the only factor affecting cut-width on the
top surface. Recently, Dutta et al. [33] investigated a modified version of WIRE-EDM for
CFRP composite cutting by using H13 steel plates as sandwich, assisting the electrodes
to trigger the electrical spark during CFRP composite WIRE-EDM. Using metal plates
(H13 steel) as assisting electrodes, problems such as incomplete cuts and deviations in the
machining direction during CFRP WIRE-EDM were controlled. The results showed that
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increasing the current (from 2A to 12A) reduced the cutting time (by 60.95%) while keeping
all other parameters constant.

Likewise, in similar studies [34–48] related to the WIRE-EDM of PCMs, it was observed
that the quality and accuracy of holes in a low-conductive material can be regulated by
applying a conductive layer above the non-conductive PCM. Also, the development of
theoretical models of the WIRE-EDM of PCMs provides a guide to obtain the accuracy
required in the process [37].

A schematic of WIRE-EDM process is represented in Figure 4. Herein, the size of the
ET (2R), and the value of interelectrode gap(overcut)S are taken into account for accurate
machining of the product. The correction in machining can be done in reference to the
center of the ET(wire)in a CNC controller.
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The material removal rate from the workpiece during a single pulse is estimated by
the following equation [49–51]:

MRR =
m
ton

(1)

where ton is the duration of a single pulse (µs), and m is the weight lost during the EDM
process (kg). Data in the literature [31,51] indicate that MRR depends on the value of the
interelectrode gap S (m), the feed rate V (m/s), the physical and mechanical properties
of the processed material, and the workpiece thickness h (m). MRR is calculated using
Equation (2):

MRR = 2(R + S)hVρ (2)

where R is the radius of the ET (m), S is the interelectrode gap (m); ρ is the density of the
processed material (kg/m3), h is the thickness of workpiece (m), and V is the feed rate.

The spark energy, W (J), is released in the interelectrode gap and is distributed between
the ET and the workpiece. The material is removed from the workpiece by the mean of the
spark energy [31]. The pulse energy is calculated as:

W =
∫ tp

0
UIdton (3)

80



Micromachines 2021, 12, 571

where U is the voltage, (V); I is the current strength, (A); ton is the pulse duration, (µs); and
tp is the pulse width (µs). A correction factor is introduced in Equation (3) to improve the
accuracy of the calculations.

W = (ηu)UIton (4)

The coefficient for a fraction of the energy (ηu) utilized in the machining process is
represented in Equation (5) [31,50]:

ηu = (1− K1 )(1− K2) (5)

where K1 is the amount of energy lost during the heating and evaporation of the dielectric
fluid; K2 is amount of energy lost in the ET. The amount of heat Q (J) transferred to the WE
for heating and melting is determined by the formula:

Q = m(C1∆T1 + λ + C2∆T2 + r) (6)

where m is the mass of the workpiece (kg); C1 is the specific heat capacity of the material
in the solid state (J/kg K) C2 is the specific heat capacity of the material in the liquid state
(J/kg K); ∆T is the temperature difference between the initial and final heating points (K); λ
is the specific heat of fusion of the material (J/kg); and r is the specific heat of vaporization
(J/kg).

Taking into the account the equal coefficients of energy loss in Equation (4) and
Equation (6) (i.e., W and Q) and Z = C1∆T1 + λ+C2∆T2 + r. Equation (1) is represented as:

MRR =
QηuUI

ZW
=

ηuUI
Z

(7)

thus equating expressions (2) and (7). The value of the interelectrode gap S is calculated as:

S =
ηuUI

2ZhVρ
− R (8)

The value of B (as shown in Figure 4) can be calculated, and thus the cut width
(L) is obtained. This theoretical model can be used to estimate the process parameter
affecting the cut width (L), and can thus suggest the amount of correction required for
accurate machining.

The PCM is made up of both electrically conductive carbon fiber and non-conductive
epoxy resin. As a result, machining such composites with prominent machining techniques
i.e., WIRE-EDM or EDM is a difficult job. In the literature, research on the WIRE-EDM of
PCM is limited to where the effect of WIRE-EDM on PCM is explored for higher machining
rate, electrode wear, and performance in the linear cut.

In this work, the authors investigated the performance of WIRE-EDM on a patent
carbon fiber-reinforced PCM possibly adopted in the aviation industry. The voltage, pulse
duration, and pause time were selected as process parameters. These parameters were
statistically evaluated, and the level of the significance of factors affecting the cut width
was determined using analysis of variance. Finally, the experimental values obtained for
cut width were modeled mathematically in terms of significant factors using response
surface methodology.

Purpose of Study

• To assess the influence of key process parameters on the cut width (kerf) and surface
quality of PCM sandwiched in Titanium alloy.

• To develop a regression model using response surface methodology, which is further
examined with the experimental results for non-linear machining cut-width on the
selected PCM.

• To determine the trajectory of ET to machine PCM in the form of a complex shaped
part, such as a gear.
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2. Material and Methods
2.1. Material

In this study, a polymer composite material (VKU-39, pl. refer https://viam.ru,
11 May 2021) used in the aviation industry was chosen. The workpiece is a laminated
fibrous polymer composite made of carbon fiber twill as reinforcement/filler, with epoxy
as a binder material. The property of the selected PCM is as shown in Table 1.

Table 1. Properties of polymer composite material (PCM).

Property Average Value

Filler material Carbon fabrics twill (Porcher-3692)
Heat resistance ◦C 170◦

Monolayer thickness, mm 0.2
Tensile strength, MPA 945
Tensile modulus, GPA 69
Compressive strength, MPA 610
Compression modulus, GPA 54
Density of carbon fiber reinforced polymer (CFRP), kg/m3 1550
Weaving type Twill, at an angle of 90◦

Electrical conductivity, S/m 10−7

A PCM plate of thickness 2 mm was used for the WIRE-EDM experiments. To improve
the conductivity of the PCM, a conductive layer of titanium (1 mm) was applied on both
sides (Figure 5). The study was carried out on a wire-cut EDM machine, “Electronica
EcoCut.” The electrode tool (ET) used was a brass wire with a diameter of 0.25 mm.
Distilled water was used as a dielectric medium, and was sprayed on the ET (Figure 5)
instead of immersing the PCMs in a water bath, as PCM immersion in a water bath causes
defects such as swelling and filling of water.
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used in the present study (1: PCM, 2: conductive Ti-layers, 3: tension roller, 4: ET wire, 5: flushing, 6:
gearbox, 7: upper and lower diamond wire guides).

2.2. Method

The process parameters selected were U—voltage, V; Ton—pulse duration, µs; and
Toff—the pause time in pulse duration. The experimental runs were carried out by em-
ploying the orthogonal central composition design (CCD) matrix, where α denotes the
distance between the star point and central point i.e., value of α = 1.215. The design matrix
in the study was obtained with the assistance of Design-Expert software. Orthogonality
in the design assisted in estimating the independent regression coefficients [49,52]. The
process parameters are presented in Table 2. The output parameter was the value of the
EDM cut width (L). The cut width was the wire diameter of the ET and the size of the side
clearance (overcut).
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Table 2. Process parameters of wire-electrical discharge machining (EDM).

Factors,
Units Units Lower

Level(−1)
Upper

Level(+1)
Average

Level
Lower

“Star” Point
Top “Star”

Point

U V 50 100 75 40 110
Ton µs 5 15 10 2 20
Toff µs 10 50 30 5 60

The experiment design matrix and response (cut width) is presented in Table 3. Each
experimental run was replicated thrice for more accuracy. A pictorial view of the machining
process is shown in Figure 6.

Table 3. Experimental central composition design (CCD) matrix with the responses the experi-
ment obtained.

Exp. No.
Process Parameters Response

Voltage U
(V)

Pulse Duration
Ton (µs)

Pause Time
Toff (µs)

Cut-Width
L (µm)

1 100 15 50 337
2 50 15 10 286
3 100 5 50 280
4 75 10 60 323
5 75 10 5 327
6 50 5 10 275
7 50 5 50 284
8 75 20 30 355
9 100 15 10 342
10 50 15 50 276
11 75 2 30 273
12 110 10 30 315
13 75 10 30 294
14 100 5 10 255
15 40 10 30 283
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3. Results and Discussion

Analysis of variance (ANOVA) is a commonly used statistical technique to test the
significance of a model and the contribution of each process parameter on the experimental
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response. The mathematical model was predicted using Design Expert software and is
summarized in Table 4.

From Table 4, it is observed that the value of adjusted R-square and predicted R-square
values were higher for the 2-way interaction model. Thus, this model is suggested for
further analysis.

Statistical analysis of the experimental data (Table 5) revealed the significance of the
process parameters, namely voltage, pulse duration, and pause time, on the measured
response i.e., cut width. The results are summarized in Table 5, with a 95% confidence level.

Table 4. Mathematical model analysis.

Model p-Value Adjusted R2 Predicted R2

Linear 0.0127 0.5061 0.2412 -
2-way
interaction 0.0663 0.7100 0.3711 Suggested

Model
Quadratic 0.4820 0.7049 −0.0121 -

Table 5. Analysis of variance (ANOVA) of process parameters for 2-way interaction model.

ANOVA for Response Surface

Source Sum of Squares df Mean Square F-Value p-Value

Model 10,655.21 6 1775.87 6.71 0.0085 Significant
U-Voltage 1593.02 1 1593.02 6.02 0.0397 -

Ton 6189.06 1 6189.06 23.40 0.0013 -
Toff 33.21 1 33.21 0.1256 0.7322 -

U × Ton 2485.13 1 2485.13 9.40 0.0155 -
U × Toff 55.13 1 55.13 0.2084 0.6602 -

Ton × Ton 300.12 1 300.12 1.13 0.3179 -
Residual 2116.12 8 264.52 - - -

Total 12,771.33 14 1775.87 - - -

The 2-way interaction model F-value of 6.71 implies that the model is significant,
and only 0.85% chance of noise exists in this model. From Table 5, the p-value less than
0.05 indicated that the model terms of voltage, Ton, and their interaction (i.e., U × T-on)
were significant, whereas Toff, U × Toff and Ton × Ton were insignificant. Eliminating
insignificant terms results in the improvement in the model, as presented in Table 6.

Table 6. ANOVA for the reduced 2-way interaction model.

ANOVA for Response Surface

Source Sum of Squares df Mean Square F-Value p-Value

Model 10,266.75 3 3422.25 15.03 0.0003 Significant
U-Voltage 1593.02 1 1593.02 7.00 0.0228 -

Ton 6188.60 1 6188.60 27.18 0.0003 -
U × Ton 2485.13 1 2485.13 10.91 0.0070 -
Residual 2504.58 11 227.69 - - -

Total 12,771.33 14 3422.25 - - -

The model regression statistics for the selected model demonstrated a high R2 value
(i.e., 0.80), which is acceptable. The predicted R2 of 0.6677 was in reasonable agreement
with the adjusted R2 of 0.7504; i.e., the difference was less than 0.2.

In order to check the adequacy of model, the predicted value and the actual exper-
imental values were compared along a 45◦ line, as shown in Figure 7. This implies that
the proposed model is adequate and there is no violation of the independent or constant
variance assumptions.
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The final equation obtained for the prediction of cut-width (L) is represented as
Equation (9):

L = 329.6− 0.9475×U − 6.45× Ton + 0.141×U × Ton (9)

The regression equation analysis (9) shows the combination (interaction) of input
process parameters (factors) affecting the value of the cut width.

Figures 8 and 9 presents the response surface describing the dependence of the cut
width on the voltage and pulse duration.
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Figure 8. Contour plot for cut-width dependance on voltage and pulse duration for pause time Toff = 30 µs.
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Examination of the Predicted Model forWIRE-EDM onComplex-Shaped PCM Parts

It is depicted from the plots (Figures 8 and 9) that cut width is directly proportional
to the voltage and pulse duration. Thus, for machining complex PCM parts, a high value
for WIRE-EDM i.e., U = 100 V, Ton = 15 µs, Toff = 30 µs was selected. The obtained cut
width path is presented in Figure 10. The cut width (Figure 10) was measured at various
WIRE-EDM zones, i.e., at the entrance to the PCM, at the corner, and the end of processing.
The average value of the cut width was calculated as L = 330 µm.
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Figure 11a,b reveals the surface the cutting edge achieved after applying the conduc-
tive Ti-alloy layer (plates) to the surface of PCM. It is found that this method of machining
results in attaining a defect-free smooth surface on both sides of the processed PCM sheet
at the entrance, at the corner, and at the end.
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Figure 11. Machined PCM surfaces after application of a conductive Ti-layer on the surface of PCM; (a)—sheet surface at
the processing zone (at the edge), (b)—along the cross-section of sheet width.

Thus, the Ti layer sandwich method for PCM enhanced the quality of the machined
surface. Additionally, it has the potential to obtain a smooth, defect-free surface within the
processed slot without causing any damage to the fibers/binder of the PCM material.

The percentage error between the values of the cut-width was calculated using
Equation (10). The expected value from Equation (9) was calculated as 349.6 µm, and
the experimental value (actual value) measured was 330 µm (Figure 10). Thus, the percent-
age error obtained is calculated as 5.906%, which is acceptable and shows the competency
of the model.

% error =
|Expected value− Actual value|

Expected value
(10)

The regression Equation (9) was further examined to accurately machine a gear-shaped
PCM part. An “Electronica EcoCut” CNC WIRE-EDM machine was programmed. The
program was used to machine a PCM workpiece into the gear shape. The machining
parameters were carried out at Ton = 15µs, Toff = 30 µs, and U = 100 V. Based on this
regression model (Equation (9)), the trajectory correction value was calculated as B =
0.165 mm. When machining the PCM, the offset was added into the control program using
the command “G41 B” = 0.165. In Figure 12, the trajectory of the ET and the finished
product “gear” are presented.
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4. Conclusions

The experimental work reveals the dependence between the WIRE-EDM cut width
and processing parameters such as voltage, pulse-on time, pulse-off time. These results
can be expedited to adjust the size of the ET and ensure precision in the WIRE-EDM of
PCM (VKU-39) workpieces. It is ascertained that voltage and pulse duration and their
interaction are the significant factors affecting the process parameters for machining the
PCM workpiece. Furthermore, a2-way interaction model is developed to estimate the cut-
width, which shows excellent adequacy with the experimental values obtained. Based on
the developed model, the cut-width correction factor for the trajectory of ET was estimated
in a WIRE-EDM CNC machine for the accurate machining of a complex-shaped PCM
product. Consequently, it is suggested that the proposed model successfully facilitates the
forecasting of WIRE-EDM accuracy.
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Abstract: The present study reports on the method used to obtain the reliable outcomes for different
responses in electric discharge machining (EDM) of metal matrix composites (MMCs). The analytic
hierarchy process (AHP), a multiple criteria decision-making technique, was used to achieve the
target outcomes. The process parameters were varied to evaluate their effect on the material erosion
rate (MER), surface roughness (SR), and residual stresses (σ) following Taguchi’s experimental design.
The process parameters, such as the electrode material (Cu, Gr, Cu-Gr), current, pulse duration, and
dielectric medium, were selected for the analysis. The residual stresses induced due to the spark
pulse temperature gradient between the electrode were of primary concern during machining. The
optimum process parameters that affected the responses were selected using AHP to figure out the
most suitable conditions for the machining of MMCs.

Keywords: analytical hierarchy process; residual stress; metal erosion rate; surface roughness

1. Introduction

Composite materials have superior properties, such as high strength; high modulus,
low coefficient of thermal expansion; and resistance to fatigue, corrosion, and wear. Due to
these prominent properties and their high strength-to-weight ratios, composites are exten-
sively used in numerous advanced engineering applications. Composites with different
reinforcements (such as fibers or particles) are being researched widely for their use in
several applications, including manufacturing and biomedical industries. The composite
materials, usually called metal matrix composites (MMCs), consist of a metal or alloy in the
ductile phase to absorb and equally distribute the external load and develop a percolating
network to position the reinforced fibers or particles. Alongside this, a brittle constituent,
i.e., reinforcement, is embedded in the metal matrix [1–3].The combined properties of these
constituents in MMCs allow for high strength and fractural properties to be attained, as
well as high temperature resistance, making them suitable for applications in the automo-
bile and aviation industries, such as braking systems, piston rods, piston pins, and brake
discs [4]. These composites are also used as thermal management solutions for high energy
density miniature electronic components, such as microprocessor lids, flip-chip lids, and
microwave housing, and can replace high-cost materials such as titanium-based alloy [5–7].
With the presence of a soft matrix phase and hard reinforced particles in MMCs, precise
machining with conventional methods is challenging in terms of avoiding degradation of
the material properties.

Such difficulties can be overcome by adopting newer machining methods that can
achieve the desired geometry with minimum damage to the material properties [8]. One
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such method for machining MMCs is electric discharge machining (EDM), which operates
by generating controlled electric sparks to machine composite materials with complex
geometries and provides a better surface quality with high dimensional accuracy. In this
process, the tool electrode produces its replica in the workpiece material, producing a
series of discrete electrical sparks that are generated within the dielectric medium. One
of the reasons for the tremendous popularity of this process is its ability to machine
complex internal contours, even in hard-to-cut materials, with negligible cutting forces [2,8];
however, in this process, the rapid change in temperature gradient of the machined surface
results in sub-surface defects such as cracks, spalling, porosity, residual stresses, and
metallurgical transformation [9].

For the effective ED machining of MMCs, a higher value of discharge current and
shorter pulse-on time is generally recommended. EDM was highlighted by several re-
searchers in the literature as an effective non-traditional machining technique used for
shaping and machining of difficult-to-machine materials such as Al-SiC metal matrix com-
posite [10]. In a similar study, a ZrB2-40% Cu composite electrode was reported as an
alternative electrode with a better material removal rate and tool wear rate than a conven-
tionally used copper tool [11]; however, the diametric overcut and surface roughness were
better with the copper tool than the composite tool electrodes [12].

The output responses, such as the material erosion rate (MER), tool wear rate (TWR),
and surface roughness (SR), have been studied and widely reported for the EDM pro-
cess [2,8]; however, one critical factor that significantly affects the machined component’s
life is the residual stresses induced while machining. These stresses are quantified us-
ing destructive and non-destructive routes [13–15]. Non-destructive testing (NDT) X-ray
diffraction techniques have been successfully used to evaluate the residual stresses in the
materials, and accordingly the effect of the process parameters [16].

Many optimization techniques have been used to analyze the effects of non-conventional
machining process parameters on the output responses, such as the MER, TWR, SR, and
residual stresses. For instance, grey relational analysis has been applied to optimize EDM
process parameters on Al-10% SiC composites [17].The multi-regression method was used
to establish the relationships between the input and output parameters of the wire EDM
process [18].The lexicographic goal programming method was used for optimization of
EDM process parameters while machining MMC [19].

So far, the previous studies have mostly reported on the optimization of MER, TWR,
and SR, but very few studies have focused on optimizing the process parameters in order
to minimize residual stresses in MMCs. EDM has been widely used for metals and alloys,
although its application on MMCs and analyses of the resulting residual stresses have
been limited. As such, the present study aims to establish the best process parameter
settings for 65vol% SiC/A356.2 and hybrid 10vol% SiC-5vol% quartz/Al. Three output
responses, namely the MER, SR, and residual stresses, are optimized using the analytic
hierarchy process (AHP). The AHP is a decision-aiding tool that involves specifying a goal,
measuring the relative importance (priorities), and choosing the relevant criteria [20,21].
One of the advantages of this tool is that it merges both qualitative and quantitative factors.
The tool was formulated to exhibit the way the decision-maker thinks and determines
the options based on weighted values. The tangible (objective) and non-tangible (sub-
jective) factors can be efficiently coordinated and can provide reliable findings utilizing
simple calculations. The AHP is also validated in various other fields, such as for issues
linked to the economy, the stock industry, aircraft manufacture, transportation, and in the
construction industry [22].

The objectives of this study are as follows:

• Analyze the influence of the EDM process parameters on the 65vol% SiC/A356.2 (sam-
ple I, procured from CPS System, Dallas, TX, USA) and 10vol% SiC-5vol% quartz/Al
composites (sample II, produced by a controlled environmental stir casting process);

92



Micromachines 2021, 12, 1289

• Evaluate the outcomes, such as the MER (metal erosion rate), SR (surface roughness),
and σ (residual stresses), utilizing the L18 Taguchi experimental design and optimizing
the process parameters using AHP.

2. Material and Methods
2.1. Material

Two different variants of particulate-reinforced MMCs were used in this study. The
material (65vol% SiC/A356.2 metal matrix composite) used in the study was procured in
rectangular plates from CPS, Boston, MA, USA. The other specimen used in this experiment
was a hybrid metal matrix composite with 10vol% SiC-5vol% quartz in aluminum, which
was prepared using the in-house stir-casting method. The material composition was
quantified using optical emission spectroscopy (Make: Arun Technology PolySpek-M
spectrometer) as 0.384% Zn, 0.498% Cu, 0.424% Fe, 2.063% Si, and 0.354% Pb, with the
balance% as Al.

2.2. Method

The experiments were conducted on an OSCARMAX (SD550 ZNC, Taiwan) die-
sinking EDM machine using a conventional polarity with the selected tool electrodes.
The workpieces were machined in EDM oil as a dielectric fluid and with a suspended
powder form of copper (5 g/L) and graphite (5 g/L) in the dielectric medium. To ensure
the uniform mixing of the suspended powder, a stirrer pedal fixed at 1400 rpm was used
during machining. Three tool electrode materials, namely (i) electrolytic copper, (ii) fined-
grained graphite (Poco-EDM 3), and (iii) a copper–graphite composite (50% Cu, Grade 673)
were used for the experimental study. The electrodes were machined to a cylindrical shape
with a diameter of 18mm.

The responses such as the MER, SR, and σwere measured after each experimental trial.
The MER was measured in terms of weight loss per unit time using a digital weighing ma-
chine (Chyo-MJ-300). The surface roughness was measured at three different directions of
the machined surface using a Mitutoyo (SJ-400) surface roughness analyzer. The developed
residual stresses while machining are quantified by X-ray diffraction technique using a
PANalytical’sX’PertPro MPD (Almelo, The Netherlands) diffractometer. The diffractometer
used in this study was a horizontal, fixed, laboratory-based system. Table 1 shows the brief
experimental conditions for the PANalytical’sX’PertPro X-ray stress analysis.

Table 1. Residual stress measurement conditions.

Factors Conditions

Characteristic X-ray Cu–Kα1 + 2
Measurement method Ω-Diffractometer method
Diffraction plane, (hkl) (422)

Tube voltage, KV 45
Tube current, mA 40

Diffraction angle (2θ) 40◦–140◦

Diffraction plane, (hkl) (422)

2.3. Experimentation

On the basis of the pilot study, workpiece material, dielectric type, tool electrode
material, pulse-on and pulse-off durations, and current, the machining parameters were
selected. The other factors, such as the open-circuit voltage (~135 V) and flushing pressure
(0.6 kg/cm2), were maintained as constant during the experimental study. Table 2 shows
the control factors and settings used for the experiments.
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Table 2. Parameters with different levels.

Parameters (Symbol)
Levels

Level-1 Level-2 Level-3

Workpiece (WP) 65 vol% SiC/A356.2
(WP I)

10 vol% SiC-5 vol% quartz/Al
(WP II) —–

Tool Electrode (TE) Cu Gr Cu-Gr

Dielectric medium(D) EDM oil (D) PMEDM (Cu) PMEDM
(Gr)

Current (A) Amp 4 8 12
Pulse-on (Ton) µs 10 30 50
Pulse-off (Toff) µs 15 30 45

Because the chosen factors for the experiments involved a combination of two and
three levels, the degree of freedom (dof) for2-level factors was 1 and the doffor3-level
factors was 2; hence, the total dof required was 11 (i.e., 1 (one 2-level factor) + 5 × 2
(five 3-level factors) = 11). The mixed-level orthogonal array involving a combination
of two- and three-level factors with at least 11 dof was designated experimental design
(DOE)L18. This DOE methodology used orthogonally designed arrays that significantly
reduced the required number of experimental trials to record the necessary data without
compromising the output data quality [23]. L18 signifies the18 distinct orthogonal trial
conditions performed randomly to remove any undesirable inclinations in the study. The
orthogonal arrays contained the two-level factor in column 1, with the option of assigning
three-level factors to the other columns. The conditions of the experimental trials after
the assignment of factors to a selected array are listed in Table 3. As can be seen from this
design matrix, the first column represents the workpiece materials used in the study; thus,
the first nine trials represent 65 vol% SiC/A356.2 MMC, hereafter designated as WP I. The
remaining nine trials (trials 10 to 18) represent 10 vol% SiC-5 vol% quartz in aluminum,
hereafter referred to as WP II. Other factors are assigned to the remaining columns of the
L18 array, as listed in Table 3. The 18 experimental trials with two repetitions are performed
as per Taguchi’s design in random order. The mean MER, SR, and σ are measured at
the end of each trial and are presented in Table 3 under output responses. The MER is
calculated by the weight difference of the workpiece before and after machining, as given
by Equation (1):

MER =

(
wi − w f

)
1000

T
mg/min (1)

where ∆w if the change in weight, i.e., the weights before and after machining (gm); t is the
machining time in minutes.

The SR was measured using a Mitutoyo SJ-400 surface roughness tester in terms of the
arithmetic average of the absolute value Ra (µm). Each sample was measured from three
locations diametrically on the machined surface and was averaged for investigation.

Residual stresses were estimated with the help of the classical X-ray diffraction pro-
cedure. The peak diffracted from the (422) plane was selected to measure the shift at a
maximum 2θ angle. The change in d-spacing due to strain in the sample was minimal;
hence, the highest possible 2θ angle peak was chosen. The relations of the d-spacing (∆d)
with the diffraction peak (∆θ) is given by Equation (2):

∆d
∆θ

= (−)(∆θ)cot θ (2)

The stresses were calculated using the classical sin2ψ technique [14,16], with the
assumption that the stress state is unidirectional. Equation (3) was used to calculate normal
the residual stresses:

a+ =
1
2
(Ieϕψ+ + Ieϕψ−) =

1
2

S2 sin2ψ(σϕ) + Ieϕ0
◦ (3)
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Here, parameter a+ is the average of the lattice strain for positive ( ϕψ+) and negative
(ϕψ−) values and ψ is the sample alignment (herein, ϕ = 0◦); 1/2S2 = (1 + ν)/E, 1/2S2 are
the X-ray elastic constants (XEC’s) and their values are represented in Table 4.

Table 3. Experimental layout (L18).

Trial. No.
(T(n))

Where
n = 1–18

Process Parameters Output Responses

WP TE Toff
(µs)

Ton
(µs) D A σ0

(MPa)

σn
(MPa) Calculated from

Equation (5)

MER
(mg/min)

SR
(µm)

1 WP I 1 15 10 1 4 63.3 66.7 2.64 2.94
2 WP I 1 30 30 2 8 74.6 55.4 14.275 2.05
3 WP I 1 45 45 3 12 82.8 47.2 23.17 5.67
4 WP I 2 15 45 2 8 36.3 93.7 23.38 2.09
5 WP I 2 30 10 3 12 63.6 66.4 18.97 4.12
6 WP I 2 45 30 1 4 110.3 19.7 3.04 3.00
7 WP I 3 15 30 1 12 61.4 68.6 22.240 5.01
8 WP I 3 30 45 2 4 78.5 51.5 9.860 2.06
9 WP I 3 45 10 3 8 129 1 9.460 5.06

10 WP II 1 15 30 3 8 70.4 162.1 20.90 6.69
11 WP II 1 30 45 1 12 104 128.5 60.67 10.46
12 WP II 1 45 10 2 4 78.1 154.4 10.860 4.69
13 WP II 2 15 45 3 4 41.8 190.7 57.99 6.46
14 WP II 2 30 10 1 8 149.3 83.2 18.86 8.44
15 WP II 2 45 30 2 12 132.9 99.6 29.96 4.44
16 WP II 3 15 10 2 12 77.7 154.8 65.5 6.76
17 WP II 3 30 30 3 4 89.2 143.3 10.07 6.12
18 WP II 3 45 45 1 8 231.5 1 45.72 7.95

Table 4. X-ray elastic constants.

Sample I Sample II

Elastic constants T−1 Pa (1/2S2) 6.98 16.84

Equation (4) can be utilized to estimate the shear residual stress in further studies:

a− =
1
2
(Ieϕψ+ − Ieϕψ−) =

1
2

S2 sin (2ψ)(τϕ) (4)

The sample calibration for the stress test is represented below.
Sample calculation of σ for trial 2 (WP I): The machined specimen was sectioned to

25 × 25 mm using a wire-cut EDM machine. To limit modifications of the machined
surface properties by heating in the wire EDM operation, we ensured that the cutting edge
was far away from the calibration surface zone. The etching of re-solidified metal on the
machined zone resulted in reduced computation errors. Residual stress was estimated in the
aluminum matrix phase of the machined specimen. The measurement was accomplished
by selecting the isolated peak diffracted at the highest value of 2θ from the plane. Figure 1
shows the X-ray spectra for trial 2. From the obtained X-ray spectra, the peak selected for
residual stress determination was at approximately 137.23◦.

Table 5 represents the various parameters for trial 2 used to measure residual stress at
different 20 ψ-tilts (positive and negative).

The normal residual stress was analyzed by comparing the linear fit regression equa-
tion obtained from the plot of a+ vs. sin2ψwith Equation (3), i.e., the equation obtained was:

a+ =
(

5.21 ∗ sin2ψ = 0.291
)
∗ 10−45.21 × 10−4 =

1
2

S2 (σϕ)

where 1/2S2 = 6.98 T−1 Pa, ϕ = 0
As such, the normal residual stress (σ0) for trial 2 was 74.6 MPa.
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45 0.5 0.827543 0.00033100 3.58 × 10−4 −2.73 × 10−5

N
eg

at
iv

e
ψ

12.92 0.05 0.827336 0.00008099

a+ = 1
2
(

Ieϕψ+ + Ieϕψ−
)

(fornormalstress)
a− = 1

2
(

Ieϕψ+ − Ieϕψ−
)

(forshearstress)
whereϕ = 0

18.44 0.1 0.827199 −0.00008462

22.79 0.15 0.827392 0.00014868

26.57 0.2 0.827523 0.00030703

30.00 0.25 0.827392 0.00014868

33.21 0.3 0.827188 −0.00009791

36.27 0.35 0.827321 0.00006286

39.23 0.4 0.827287 0.00002176

42.13 0.45 0.827351 0.00009912

45 0.5 0.827588 0.00038561

2.4. Analysis of Variance for MER, SR, Residual Stress

The MER, SR, and σ results were analyzed using analysis of variance (ANOVA). A
summary of the ANOVA used for MER, SR, and σ is presented in Table 6. The significant

96



Micromachines 2021, 12, 1289

parameters were chosen by comparing the F-values with F-critical at a confidence level of
95%. The higher the F-value, the greater the effect of the parameter on the responses.

Table 6. Analysis of variance for MER, SR, and σ.

Factors dof
Sum of Squares Variance F-Value

MER SR σ MER SR σ MER SR σ

W/Pc 1 1977.26 50.0333 4204.4 1977.26 50.0333 4204.4 10.50 * 80.99 * 9.13 *
Electrode 2 62.50 1.9590 3284.0 31.25 0.9795 1641.98 0.17 1.59 3.57 *
Pulse-off 2 435.50 0.9768 14262.5 217.75 0.4884 7131.27 1.16 0.79 15.49 *
Pulse-on 2 1448.53 4.6520 110.5 724.26 2.3260 55.26 3.85 * 3.77 * 0.12
Dielectric
medium 2 10.67 22.5037 6526.1 5.33 11.2519 3263.04 0.03 18.21 * 7.09 *

Current 2 1494.86 10.6571 4725.5 747.43 5.3286 2362.75 3.97 * 8.63 * 5.13 *
Error 6 1129.73 3.7064 2762.6 188.29 0.6177 460.44
Total 17 6559.04 94.4886 35875.7

* Significant factor.

MER: The ANOVA results show that the current and pulse-on contributed significantly
to changes in MER. Additionally, the variations in the workpiece material had significant
effects on the MER. On the contrary, the dielectric medium, pulse-off time, and electrode
material had no significant effect. It was observed that with increases in pulse-on time
and current, the MER increases significantly, since increases in the current and pulse-on
time increase the spark energy duration; thus, with increased heat input, the temperature
increases, resulting in the workpiece’s higher melting or evaporation rate;

SR: The surface roughness of the machined surface was significantly influenced by
factors such as the powder concentration, current, and pulse-on time. Furthermore, the
two materials showed quite different SR values. The roughness increased with increases
in current and pulse-on time, whereas the powder in the dielectric medium improved the
surface finish. An increase in current or pulse-on time increases the spark energy, which
drives the formation of bigger and deeper craters, leading to a rough machined surface.
The addition of powder consistently improved the finish of the machined surfaces; the
spark becomes more uniform with increased frequency and widens the spark gap. This
reduced the magnitude of the impact forces, resulting in small and shallow craters and
lowering the surface roughness [24,25];

Residual Stress: The ANOVA results show that the pulse off time, powder mixing in
the dielectric medium, and current significantly affected the σ. Additionally, the selected
MMCs showed different residual stress values for similar parameter settings. It can be
seen from the results that the pulse-on time affected the MER and SR but had no effect
on σ. On the other hand, the pulse-off time hada significant impact on the development
of residual stress due to the re-solidification time duration. The presence of suspended
particles in the dielectric medium facilitates the easy formation of plasma channels between
the electrode and the workpiece, resulting in lower SR and residual stress. The conductivity
of suspended particles plays the major role in determining the SR but has no impact on the
development of σ.

3. Analytical Hierarchical Process

Optimizing the responses independently results in vastly different parametric com-
binations of the machining process parameters. For example, if MER was optimized
separately, this would cause some parameters to increase MER (the higher MER is, the
better the function); however, these parameters may not result in decreased SR. The op-
posite would be true if SR was optimized individually. The identical condition involves
residual stresses optimization. To obtain a result that is close to the target, the responses
must be optimized together according to their priority. The analytical hierarchy process
(AHP) offers one technique that suggested the best combination of parameters to reach or
nearly reach the target. The AHP is simply structured and widely used for multiple-goal
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decision-making techniques and is classified as a decision-making tool for use under condi-
tions of certainty, i.e., the data are obtained deterministically and the tool is designed for
situations in which ideas, feelings, and emotions are quantified into a numerical scale [26].
The main steps used in the implementation of the AHP are as follows:

• Define the objective and evaluation criteria and develop the hierarchical structure,
with an objective at the top level, the criteria and sub-criteria at the intermediate level,
and the available alternatives at the lowest level;

• Form a pair-wise comparison matrix for each level with respect to the higher level
and determine the relative importance of the different alternatives with respect to its
immediately superior sub-criteria. The comparison is made on a 9-point “fundamental
scale of Saaty”, as represented in Table 7.

• Compute the relative weights for the pair-wise comparison matrices using eigenvec-
tor methods;

• Judge the scope of inconsistency by using the largest eigenvector. The judgment of
the accepted degree of consistency can be checked by means of the consistency ratio
(CR) of the consistency index (CI) with the appropriate value of the random index (RI)
from Table 8.

• Repeat the above steps for all levels in the hierarchy, with the overall relative value
evaluated by the linear addition function.

Table 7. Saaty’s fundamental scale.

Scale Value Explanation

1 Equally preferred
3 Slightly more preferred
5 Strongly preferred
7 Very strongly preferred
9 Extremely preferred

2, 4, 6, 8 Used to reflect compromise between scale values

Table 8. Random consistency index.

k 1 2 3 4 5 6 7 8 9 10 11 12 13

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.48 1.48

The steps are summarized in Figure 2.
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The MMCs used in the present study are used for very high-end applications in
aerospace and mining, while the residual stresses developed during the EDM process affect
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the service life of the product. Residual stress was assigned the maximum weight, followed
by the material removal rate and surface roughness. To attain the desired objective, the
residual stress results were slightly modified (cost-to-benefit conversion, which can be
achieved by using the -ve sign), as follows:

σn = (σmax − σ0) + 1 (5)

where σmax is the maximum value of the residual stress in the corresponding trial set for
each workpiece, σ0 is the residual stress measured with the X-ray diffraction method, and σn
is a modified residual stress value (refer to Table 3), which was calculated from Equation (5).

Using the criteria for assigning weights to the residual stress, MER, and SR, a (3 × 1)
weight column matrix, as shown in Table 9, was established for pair-wise comparison.

Table 9. AHP pair-wise comparison of weighting criteria.

σ MER SR Priority Vector

σ 1 2 5 0.581552
MER 1/2 1 3 0.308996
SR 1/5 1/3 1 0.109452

λmax = 3.00369 CI = 0.0018473, RI = 0.58, CR = 0.003

Subsequently a pair-wise comparison of the experimental trials (alternatives) was
developed for, σn, MER, and SR for each workpiece, with the results shown in Tables 10–15.
The synthesized matrix to obtain priority vector of σ for WP I is shown in Table 16. It
was also ensured during pair-wise comparisons of alternatives that if the values attained
during comparison were greater than the maximum limit of Saaty’s fundamental scale, the
highest value of the scale (9) was selected to avoid inconsistency.

Table 10. Pair-wise comparison of σ values against their alternatives for WP I.

. T1 T2 T3 T4 T5 T6 T7 T8 T9 Priority Vector

T1 1 1 1 1 1 3 1 1 9 0.130829
T2 1 1 1 1/2 1 3 1 1 9 0.12105
T3 1 1 1 1/2 1 2 1 1 9 0.115577
T4 1 2 2 1 1 5 1 2 9 0.180525
T5 1 1 1 1 1 3 1 1 9 0.130829
T6 1/3 1/3 1/2 1/5 1/3 1 1/4 1/3 9 0.050517
T7 1 1 2 1 1 4 1 1 9 0.136302
T8 1 1 1 1/2 1 3 1 1 9 0.12105
T9 1/9 1/9 1/9 1/9 1/9 1/9 1/9 1/9 1 0.0133204

λmax = 9.23034 CI = 0.0287927, RI = 1.45, CR = 0.0198

Table 11. Pair-wise comparison of MER values with respect to their alternatives for WP I.

T1 T2 T3 T4 T5 T6 T7 T8 T9 Priority Vector

T1 1 1/5 1/9 1/9 1/7 1 1/8 1/4 1/4 0.02080
T2 5 1 1/2 1/2 1 5 1/2 1 1 0.09982
T3 9 2 1 1 1 9 1 3 3 0.19547
T4 9 2 1 1 1 8 1 2 2 0.17520
T5 7 1 1 1 1 6 1 2 2 0.15448
T6 1 1/5 1/9 1/8 1/6 1 1/7 1/3 1/3 0.02328
T7 8 2 1 1 1 7 1 2 2 0.17034
T8 4 1 1/3 1/2 1/2 3 1/2 1 1 0.08303
T9 4 1 1/3 1/2 1/2 3 1/2 1 1 0.08303

λmax = 9.02762 CI = 0.00640, RI = 1.45, CR = 0.0023

99



Micromachines 2021, 12, 1289

Table 12. Pair-wise comparison of SR values with respect to their alternatives for WP I.

T1 T2 T3 T4 T5 T6 T7 T8 T9 Priority Vector

T1 1 1 1/2 1 1 1 1/2 1 1/2 0.0834519
T2 1 1 1/3 1 1/2 1 1/2 1 1/2 0.0728733
T3 2 3 1 3 1 2 1 3 1 0.176214
T4 1 1 1/3 1 1/2 1 1/2 1 1/2 0.0728733
T5 1 2 1 2 1 1 1 2 1 0.133865
T6 1 1 1/2 1 1 1 1/2 1 1/2 0.0834519
T7 2 2 1 2 1 1 1 2 1 0.152199
T8 1 1 1/3 1 1/2 1/2 1 1 1/2 0.0728733
T9 2 2 1 2 1 1 1/2 2 1 0.152199

λmax = 9.10338 CI = 0.0129221, RI = 1.45, CR = 0.008911

Table 13. Pair-wise comparison of σ values with respect to their alternatives for WP II.

T10 T11 T12 T13 T14 T15 T16 T17 T18 Priority Vector

T10 1 1 1 1 2 2 1 1 9 0.138612
T11 1 1 1 1/2 2 1 1 1 9 0.119842
T12 1 1 1 1 2 2 1 1 9 0.138612
T13 1 2 1 1 2 2 1 1 9 0.165782
T14 1/2 1/2 1/2 1/2 1 1 1/2 1/2 9 0.0758749
T15 1/2 1 1/2 1/2 1 1 1/2 1/2 9 0.089421
T16 1 1 1 1 2 2 1 1 9 0.129583
T17 1 1 1 1 2 2 1 1 9 0.128872
T18 1/9 1/9 1/9 1/9 1/9 1/9 1/9 1/9 1 0.0134007

λmax = 9.1803 CI = 0.0225376, RI = 1.45, CR = 0.0155

Table 14. Pair-wise comparison of MER values with respect to their alternatives for WP II.

T10 T11 T12 T13 T14 T15 T16 T17 T18 Priority Vector

T10 1 1/3 2 1/3 1 1 1/3 2 1/2 0.068095
T11 3 1 6 1 3 2 1 6 1 0.185247
T12 1/2 1/2 1 1/5 1/2 1/3 1/6 1 1/4 0.0330161
T13 3 3 3 1 3 2 1 6 1 0.181600
T14 1 1 1 1 1 1/2 1/3 2 1/2 0.0629946
T15 1 1 1 1 1 1 1/2 3 1/2 0.0923417
T16 3 3 3 3 3 3 1 6 1 0.1852470
T17 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1 1/5 0.0314636
T18 2 2 2 2 2 2 2 2 1 0.159995

λmax = 9.05235 CI = 0.00654334, RI = 1.45, CR = 0.00451

Table 15. Pair-wise comparison of SR values with respect to their alternatives for WP II.

T10 T11 T12 T13 T14 T15 T16 T17 T18 Priority Vector

T10 1 1/2 1 1 1 2 1 1 1 0.107181
T11 2 1 2 2 1 2 2 2 1 0.171361
T12 1 1/2 1 1 1/2 1 1 1 1/2 0.0858196
T13 1 1/2 1 1 1 1 1 1 1 0.0990902
T14 1 1 2 1 1 2 1 1 1 0.126548
T15 1/2 1/2 1 1 1/2 1 1/2 1 1/2 0.0741207
T16 1 1/2 1 1 1 2 1 1 1 0.107181
T17 1 1/2 1 1 1 1 1 1 1 0.0990902
T18 1 1 2 1 1 2 2 1 1 0.12661

λmax = 9.16155 CI = 0.0201939, RI = 1.45, CR = 0.0139
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Table 16. Synthesized matrix of σ for WP I.

T1 T2 T3 T4 T5 T6 T7 T8 T9

T1 0.13434 0.10405 0.10405 0.17208 0.13433 0.12442 0.13585 0.11843 0.12329
T2 0.13434 0.10405 0.10405 0.08604 0.13433 0.12442 0.13585 0.11843 0.12329
T3 0.13434 0.10405 0.10405 0.08604 0.13433 0.08295 0.13585 0.11843 0.12329
T4 0.13434 0.20809 0.20809 0.17208 0.13433 0.20737 0.13585 0.23685 0.12329
T5 0.13434 0.10405 0.10405 0.17208 0.13433 0.12442 0.13585 0.11843 0.12329
T6 0.04478 0.05202 0.05202 0.03442 0.04478 0.04147 0.03396 0.03948 0.12329
T7 0.13434 0.20809 0.20809 0.17208 0.13433 0.16590 0.13585 0.11843 0.12329
T8 0.13434 0.10405 0.10405 0.08604 0.13433 0.12442 0.13585 0.11843 0.12329
T9 0.01493 0.01156 0.01156 0.01912 0.01493 0.00461 0.01509 0.01316 0.01370

The pair-wise comparison (9 × 9 matrix) of the alternatives was completed by compar-
ing and rounding off the response ratio obtained in experimental trials. For example, if trial
1 gives a value of 16.5 and trial 2 gives 4.5, then the response ratio is the ratio of the values
of the two trials (trial1/trial2), which is 3.66 (rounding off = 4). The same procedure was
adopted for all the response parameters to assign the weights. In the work [27] adopted per-
centage change in the state of tool wear while machining medium carbon steel workpiece.
The change in percentage was used to assign the weight in pair-wise comparison matrix.

To illustrate this calculation, the pair-wise matrix for residual stress (σ) (WP I) is
considered, as shown in Table 16.

Step 1: The matrix was normalized by dividing each element of the matrix by its
column total. For example, for the T(1,1) element, a value of 0.13434 was obtained by
dividing 1 by the column total of 7.444 (1 + 1 + 1 + 1 + 1 + 1/3 + 1 + 1 + 1/9). The same
procedure was adopted for each element of the matrix, with the results given in Table 16.

Step 2: The estimation of the priority vector was done by taking the row average, i.e.,
(0.13434 + 0.10405 + 0.10405 + 0.17208 + 0.13433 + 0.12442 + 0.13585 + 0.11843 + 0.12329)
and dividing it by 9.

Similarly, the synthesized pair-wise comparison matrix, priority vectors, and valida-
tion of the constructed matrix were performed for each response parameter. The overall
weight was calculated by multiplying the alternative available priority vectors for each
sample with the criteria weight, as given in Table 17.

Table 17. Overall weight matrix of WP I for the priority vector.

Trials σ

(0.581552)
MER

(0.308996)
SR

(0.109452) Overall Priority Vector Ideal Weight Vector

T1 0.130829 0.02080 0.0834519 0.091645 0.548453
T2 0.12105 0.09982 0.0728733 0.109219 0.653623
T3 0.115577 0.19547 0.176214 0.146899 0.879124
T4 0.180525 0.17520 0.0728733 0.167097 1.000000 *
T5 0.130829 0.15448 0.133865 0.138471 0.828682
T6 0.050517 0.02328 0.0834519 0.045707 0.273534
T7 0.136302 0.17034 0.152199 0.148560 0.889066 **
T8 0.12105 0.08303 0.0728733 0.103185 0.617514
T9 0.0133204 0.08303 0.152199 0.049217 0.294540

* 1st rank, ** 2nd rank.

The overall priority for each EDM parameter setting was calculated as demonstrated
below:

Overall weight of T1 (WP I): Overall Weight = 0.581552 (0.130829) + 0.308996 (0.02080) +
0.109452 0.0834519) = 0.091645.

Similarly, the overall weight was calculated for each trial conducted for the se-
lected workpieces.
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The remaining calculations were completed by combining the assigned criteria weight
with the alternative priority weight to obtain the overall priority results (Tables 17 and 18),
as per the hierarchical steps given in Figure 1.

Table 18. Overall weight matrix of WPII for the priority vector.

Trials σ

(0.581552)
MER

(0.308996)
SR

(0.109452) Overall Priority Vector Ideal Weight Vector

T10 0.138612 0.068095 0.107181 0.113791 0.73091
T11 0.119842 0.185247 0.171361 0.146440 0.940701
T12 0.138612 0.0330161 0.0858196 0.100555 0.645949
T13 0.165782 0.181600 0.0990902 0.155672 1.000000 *
T14 0.0758749 0.0629946 0.126548 0.077638 0.498728
T15 0.089421 0.0923417 0.0741207 0.088929 0.571260
T16 0.129583 0.1852470 0.107181 0.149991 0.963508 **
T17 0.128872 0.0314636 0.0990902 0.095874 0.615871
T18 0.0134007 0.159995 0.12661 0.071110 0.456796

* 1st rank, ** 2nd rank.

The ideal weight vector was obtained by dividing the priority vector with the largest
priority weight element in the matrix. The advantage of using an idealized weight vector
is that the ranking of trials does not change due to the influence of a newly introduced
non-optimal identical alternative [27].

From the calculated overall priority, the trials were ranked for each type of MMC. The
maximum overall weight or composite performance score for sample I was obtained for
T4 as given in Table 17 (See also Table 3), which was conducted with a graphite electrode;
dielectric medium mixed with Cu powder; pulse-off and pulse-on times of 15 µs and 45 µs,
respectively; and current of 8 amps. Similarly, the maximum overall weight or composite
performance score for sample II as obtained in Table 18 corresponds to trial number 13
(Table 3) of the original L18 array. This trial was also completed with a graphite electrode;
dielectric medium mixed with graphite powder; pulse-off and pulse-on times of 15 µs and
45 µs, respectively; and a current setting of 4 amps. It was observed that the presence
of powder in the dielectric medium expanded the area of the spark zone between the
electrodes, thereby minimizing the impact of thermal shocks on the machined surface
and diminishing the induced residual stresses; thus, the solution that globally optimizes
residual stresses, MER, and SR for the two types of MMCs (WP I and WP II) used in the
experiment was obtained (Table 19).

Table 19. Summarized process parameters for the target responses.

Parameter WP I WP II

Tool Electrode Graphite Graphite
Dielectric medium PMEDM (Cu) PMEDM (Gr)

Pulse-off time 15 µs 15 µs
Pulse-on time 45 µs 45 µs

Current 8 Amp 4 Amp

4. Conclusions

In the present study, three output response parameters, namely σ, MER, and SR, were
optimized using a manageable AHP technique. Due to conflicting parameter settings for
different output responses in the EDM process, identifying process parameters is a complex
decision-making process. A manageable AHP approach was used in the present study to
obtain a more reliable global composite performance score for various trial conditions in
powder-mixed electric discharge machining (PMEDM) of MMCs. The process conditions
that affected the three responses, namely σ, MER, and SR, were identified and optimized
using AHP for two different types of MMCs. The current and pulse-on time significantly
affected MER, while the addition of the powder, current, and pulse-on time influenced
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SR. Despite this, the pulse-off duration had no significant effect on MER or SR. Still, the
pulse-off duration had the most considerable influence on residual stresses, followed by
the dielectric medium, current, and type of tool electrode.

The three responses were optimized together according to the predetermined goal
using AHP. The optimal process conditions for the selected materials were identified. The
overall process for both workpieces revealed that machining the workpiece with a graphite
tool electrode and higher pulse-on time setting coupled with lowest pulse-off time in the
presence of a suspended particle dielectric medium (PMEDM) contributed to minimizing
the residual stress with the desired MER. Due to the denser ceramic-reinforced particles in
WP I compared to WP II, the target results were achieved at a higher current level (i.e., 8A)
than the current required for WP II. The optimal settings for achieving the specified target
results involved the graphite tool electrode coupled with pulse-on and -off times of 45 µs
and 15 µs, respectively, for both workpieces. The methodology used to obtain optimum
EDM process parameters can be extended by prioritizing different responses (i.e., MER, SR)
according to the end-use application of the product. Overall, the use of AHP will open the
horizon for EDM practitioners to determinevarious process parameters, improving their
ability to achieve their desired targets.
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Abstract: In the present work, a hybrid magnetic field assisted powder mixed electrical discharge
machining had been carried out on the Aluminum-Silicon Carbide (Al-SiC) metal matrix composite.
The aim of the study was to obtain higher surface finish, and enhanced material removal rate. The
dielectric mediums employed were plain EDM oil, SiCp mixed and graphite powder mixed EDM
oil for flushing through the tube electrode. The magnetic field intensity, discharge current, T-on/off
duration and type of dielectric were the control variables used for present investigation. From the
results, it was observed that the machining variables for instance, discharge current, T-on/off duration
and type of dielectric conditions remarkably affected the material removal rate, micro-hardness and
surface roughness of the machined composite material. The MRR augmented considerably with an
increase in the magnetic field intensity along with peak current. Subsequently, the composite with
lesser vol.% of SiC particulates witnessed sharp rise in MRR in maximum magnetic field environment
(0.66T). In addition, quality of the machined surface improved significantly in graphite powder
mixed dielectric flushing condition with intermediate external magnetic field environment. Besides,
an enhancement of micro-hardness was quantified as compared to base material due to the transfer
of the material (SiCp) during powder mixed ED machining.

Keywords: electrical discharge machining; metal matrix composite; Taguchi; micro-hardness; surface
roughness; material removal rate

1. Introduction

Metal Matrix Composites (MMCs) are the lightweight materials possessing enormous
exceptional mechanical and physical properties such as high specific strength, stiffness
and wear resistance [1–3]. SiC particles reinforced aluminum matrix (Al-SiC) is one of the
categories of MMCs finding huge applications in the aerospace and automotive sectors
and various other industries. The machining of difficult-to-cut materials such as ceramics,
super alloys and composites has been a major challenge for manufacturing industries in
today’s era. New and advanced machining techniques as “non-conventional machining
methods” have been the breakthrough to curb the engineering challenges posed by the
rapid growth in the development of such materials. These days, these non-conventional
machining processes are more commonly employed in the manufacturing for machining
such hard-to-process materials class. One such machining method- EDM, is being widely
used for machining all kinds of metallic materials to the desired size and shape accurately
regardless of their mechanical properties [4]. It is a thermoelectric technique wherein,
material removal and desired surface roughness from the workpiece is achieved by the
spark generated repeatedly between tool and workpiece submerged in dielectric. Indeed,
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the selection of suitable machining parameters is of utmost important to achieve optimal
machining responses [5,6]. For instance, as reported [7] surface roughness depended
capillary imbibitions phenomenon is very important parameters in many applications of
petroleum engineering, textile industries or fuel cell etc. Thus, these desired roughness can
easily controlled with the suitable tuning of EDM spark energy parameters. Furthermore,
aerospace related prototypes and products, automobile industry, electronics, medical and
surgical components are the few prominent fields where applications of this manufacturing
technology can be witnessed [8]. Additionally, desired surface modification or topology of
numerous parts in medical, aeronautical and aerospace industry has been achieved using
the optimized EDM process [9].

However, the reliability and safety of conventional ED machined components is being
questioned repeatedly. The surface cracking of the machined components owing to the
development of recast layer (also known as white layer) and heat affected zone underneath
it has been the prominent issue. The hybrid machining (mixing of two or more conventional
machining processes) has proved to be a key future technology to solve this issue. Owing
to this, it’s never been an uphill task to achieve desired surface integrity as complex
shapes and precision with the advent of hybrid EDM. The hybrid EDM is a mechanism
to enhance the machining characteristics of a conventional EDM by combining various
individual processes together to achieve desired surface integrity and stability of process
and to overcome the limitations of the individual constituents [10,11]. From the research
studies [12], it is witnessed that the magnetic field incorporation with conventional EDM
technique significantly improves the thermoelectric properties, enhancing its machining
capability. In addition, various researchers have experimented with EDM to improve
for its low MRR, and enhance the surface properties of workpiece by mixing various
types of powders in dielectric fluid (known as powder mixed EDM), which has proved
to be a major breakthrough [13–15]. Likewise, an increased MRR and micro-hardness of
machined surface along with reduced roughness has been witnessed in powder mixed
hybrid EDM by researchers [16]. The research community has also been successful in
achieving mirror-finish surfaces with a powder-mixed dielectric [17,18].

A novel hybrid EDM methodology using the external magnetic field has showcases
its process effectiveness by enhancing the effective debris expulsion from the melt pool.
Some researchers and academicians have put forward the impact of magnetic field on
MRR and Surface Roughness (SR) [19] experimentally in the spark machining process.
Moving a step forward, Heinz et al. [20] fully investigated the possibility to employ external
magnetic field to generate a ‘Lorentz Force’ (LF) affecting the melt pool as a resultant of
mutually perpendicular electric and magnetic fields. Recently, Rouniyar and Shandilya [21]
experimented with an identical hybrid EDM process assisted by external magnetic field
and highlighted that a resultant Force (RF) was witnessed. They demonstrated that the RF
was due to the interplay of Magnetic Field (MF) and Electric Field (EF), which as a result
increased the density of electrons and enhanced MRR.

This elaborative literature study encouraged the authors to dive deep into this mag-
netic and electric field interference to explore and uncover its process capabilities. The
review of past work recognized the noteworthy effects of magnetic field on the EDM
process parameters. Therefore, we aimed the present study towards the investigation of
the effects of Magnetic field on the output parameters of Al-SiC composite when coupled
with EDM. The quest for more efficient machining techniques necessitated the requirement
of hybridization of state-of-the-art technologies with exceptional efficiency and stability.
The main motive behind this study was to analyze the performance of magnetic field
environment on powder mixed assisted EDM operation on machining characteristics for
instance, MRR, MH, and SR of Al-SiC metal matrix composite. The prominent process
parameters like peak current, duration of T-on/off, and magnetic field intensity were
selected to analyze their effects on process performance.
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2. Experimentation

In this study, aluminum matrix-based composite (Table 1) variants reinforced with sili-
con carbide (SiCp, electronic grade manufactured by CPS Technologies, Norton, MA, USA)
were used as workpiece. The distribution of SiC (yellow arrows) in alumnium matrix is
presented in Figure 1.

Table 1. MMCs properties (Source: CPS Tech, Norton, MA, USA).

Property W/P-1 W/P-2 W/P-3

Aluminum Alloy (%) 63 45 37
SiC (%) 37 55 63

Thermal conductivity (W/mk) 170 190 190
Density (g/cc) 2.89 2.96 3.01

Specific Heat (J/gK) at 25 ◦C 0.808 0.786 0.741
Young’s Modulus (GPa) 167 167 188
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Figure 1. SEM (Make: JSM-6610LV Joel, Tokyo, Japan) of un-machined surface of Al-SiC workpiece
at X650 (SiC particulates are highlighted with yellow color arrows).

The electrolytic copper tube electrode (Figure 2) having 15 mm outer and 4 mm inner
diameter was used to allow the powder mixed dielectric to flow through the tool. The
experimentation was carried out employing the ZNC EDM (Make: OSCARMAX, Taichung
City, Taiwan) (Figure 3a). As the past studies witnessed the application of magnetic field
enhanced the plasma ionization in EDM spark zone and controlled its expansion, same
principle was implemented in present study. Two sets of permanent magnets (0.33 T each)
were fixed in such a manner so as to achieve desired magnetic field effect into the machining
zone, as shown in Figure 3b. Commercial grade EDM oil (specific gravity = 0.763, freezing
point = 94 ◦C) was used as the dielectric medium. Figure 3c presents the arrangement of
dielectric flow through the hollow electrode. Figure 3d shows the machined zone on the
Al-SiC workpiece. The merits of powder mixed EDM have been witnessed from literature.
Hence, the SiC (220 mesh) abrasive particles and graphite particulates (400 mesh) were
used in 30 g/L for circulating through tool while machining. All the experimentation
trials were conducted with magnetic field intensity, current, duration of pulse, volume
percentage of SiC and type of dielectric medium (Table 2) as prominent parameters. The
material removal rate, average surface roughness (Ra), and micro-hardness were evaluated
as the response outcomes in this study. The surface roughness value was recorded with
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surface roughness tester (Surftest SJ-400, Mitutoyo America Corporation, Aurora, IL, USA)
at three distinct positions of the machined surface and mean was considered.
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Table 2. Input parameters and their levels.

Variables/Notations
Level

1 2 3

Current (A)/I 4 10 16
Pulse-on (µs)/T-on 30 45 90
Pulse-off (µs)/T-off 30 45 90

Magnetic field intensity (T)/B 0 0.33 0.66
Dielectric medium Plain dielectric SiC mixed (220 mesh) Graphite mixed (400 mesh)
Workpiece (W/P) Al-37% SiC (W/P-1) Al-55% SiC (W/P-2) Al-63% SiC (W/P-3)

To achieve accuracy in output responses, two replications were performed at random
order to find out the mean. The Taguchi’s experimental design matrix [22] assisted the
authors to identify and scrutinize the prominent parameters for this study. The orthogonal
array of Taguchi’s experimental design reduces number of experimental trials to measure
the effect of parameters included in the study. Valid conclusions during ED machining of
Al-SiC MMCs were drawn and the factor assignment was done using Minitab-17 software.

The selection of Taguchi’s orthogonal array depends on the number of factors (i.e.,
process parameters, herein 6 factors) and interactions of interest (herein, 1 interaction)
and the number of levels of process parameters (i.e., 3 levels, refer Table 2). The to-
tal degree of freedom (fa) for each factor is the number of levels (la) minus one i.e.,
fa = la − 1 (i.e., 2 for each factor) and the degree of freedom for interaction is the product
of interacting factors degrees of freedom i.e., faXb = (fa)(fb)(Herein 2 ∗ 2). The minimum
required degree of freedom in the experimental design is the sum of the entire factors and
the interaction’s degree of freedom. Thus, the degree of freedom selected array (fOA) has
must satisfy the inequality fOA ≥ (faXb + fa). Thus L27 orthogonal array was selected for
the present study.

For the critical discussion on MRR, MH and SR of the powder mixed electrical dis-
charge machining process; the results of the investigations are represented graphically.
The various outcomes were analyzed through ANOVA to test the significance of model
adopted. Prior to experimentation, the workpiece was designated as negative and tool with
positive polarity. A precision electronic balance (Citizen, CY220, Mumbai, India) was used
to measure workpiece weights before and after the machining. The investigation consisted
of 27 distinct trials that helped to investigate the material removed, micro-hardness and
surface quality of machined Al-SiC metal matrix composite using various input variables
as tabulated in Table 3. This corresponding table constituted the input variables opted as
a part of standard L27 orthogonal array control log and recorded values of responses for
individual machined surface. The observed values, with and without magnetic field were
recorded in designated columns as MRR, MH and SR output.

Table 3. Experimental Factors and Results.

Process Parameters Responses

Trials Magnetic
Field (T) Current (A) T-on (µs) T-off (µs) Flushing

Type W/P MRR
(mg/min) MH (HV) SR (µm)

1 0 4 30 30 1 1 28.815 209.3 0.21
2 0 4 45 45 3 2 21.320 306.6 0.19
3 0 4 90 90 2 3 19.739 353.9 0.39
4 0 10 30 45 3 3 16.012 309.0 0.21
5 0 10 45 90 2 1 24.584 289.8 0.67
6 0 10 90 30 1 2 18.542 389.0 0.79
7 0 16 30 90 2 2 36.255 225.0 0.18
8 0 16 45 30 1 3 28.400 360.9 0.39
9 0 16 90 45 3 1 31.128 262.9 0.12

10 0.33 4 30 45 2 2 23.620 202.6 0.22
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Table 3. Cont.

Process Parameters Responses

Trials Magnetic
Field (T) Current (A) T-on (µs) T-off (µs) Flushing

Type W/P MRR
(mg/min) MH (HV) SR (µm)

11 0.33 4 45 90 1 3 15.683 241.8 0.19
12 0.33 4 90 30 3 1 28.631 245.0 0.22
13 0.33 10 30 90 1 1 30.523 134.2 0.13
14 0.33 10 45 30 3 2 20.675 290.7 0.21
15 0.33 10 90 45 2 3 29.850 302.8 0.31
16 0.33 16 30 30 3 3 29.518 316.2 0.20
17 0.33 16 45 45 2 1 43.520 262.9 0.54
18 0.33 16 90 90 1 2 41.663 202.6 0.32
19 0.66 4 30 90 3 3 31.231 241.8 0.22
20 0.66 4 45 30 2 1 53.524 245.0 0.92
21 0.66 4 90 45 1 2 30.575 234.2 0.14
22 0.66 10 30 30 2 2 49.850 290.7 1.95
23 0.66 10 45 45 1 3 39.411 302.8 0.30
24 0.66 10 90 90 3 1 53.620 216.2 0.36
25 0.66 16 30 45 1 1 51.653 202.9 1.31
26 0.66 16 45 90 3 2 38.661 262.6 0.55
27 0.66 16 90 30 2 3 29.573 341.8 0.80

3. Results and Discussion
3.1. Influence on the Material Removal Rate (MRR)

The experimental design matrix and results obtained, thereafter, are demonstrated
in the Table 3. It is clear from Table 4 and Figure 4 that MRR is a function of current,
duration of T-on/off and externally applied magnetic field. It has been exhibited that the
magnetic field intensity was the most significant input parameter that affected the MRR
steeply, followed by peak current and type of workpiece. Duration of pulse and dielectric
medium, on the contrary, did not turn to be the significant parameters to influence MRR.
At high discharge current, the enhanced MRR can be attributed to an improved volume
of erosion in the maximum magnetic field intensity due to the high spark energy. The
workpiece variant 1 (37 %vol. fraction of SiC) with comparatively lesser vol.% of SiC
particulates resulted in enhanced MRR. This is attributed to the increased conductivity
of workpiece owing to decreased vol.% of SiC particulates resulting in abrupt material
removal. Furthermore, Figure 5 represented the surface morphology of work pieces of
Al-37% SiC (Figure 5a) and Al-63% SiC (Figure 5b) after electrical discharge treatment.
Figure 5a morphology witnesses the ablation as a mechanism of material removal of
machined surface, whereas the Figure 5b indicates the melting and re-solidification of
molten workpiece. The dense vol.% of SiC in the matrix exhibits shielding effect while
machining and diminishes the MRR.

Table 4. ANalysis of VAriance (ANOVA) for Material Removal Rate (MRR).

Scheme DF Seq SS Adj SS Adj MS F-Value p-Value

Magnetic Field (T) 2 1411.29 1411.29 705.646 12.95 0.001 **
Current (A) 2 336.98 336.98 168.488 3.09 0.077 *

T-on (µs) 2 12.71 12.71 6.357 0.12 0.891
T-off (µs) 2 1.61 1.61 0.806 0.01 0.985

Flushing Type 2 89.80 89.80 44.898 0.82 0.459
W/P 2 640.96 640.96 320.480 5.88 0.014 *

Residual Error 14 762.99 762.99 54.500
Total 26 3256.35

** Most significant, * Significant

110



Micromachines 2021, 12, 469

Micromachines 2021, 12, x  7 of 14 
 

 

Table 4. ANalysis of VAriance (ANOVA) for Material Removal Rate (MRR). 

Scheme  DF Seq SS Adj SS Adj MS F-Value p-Value 

Magnetic Field (T)  2 1411.29 1411.29 705.646 12.95 0.001 ** 

Current (A) 2 336.98 336.98 168.488 3.09 0.077 * 

T-on (µs) 2 12.71 12.71 6.357 0.12 0.891 

T-off (µs) 2 1.61 1.61 0.806 0.01 0.985 

Flushing Type 2 89.80 89.80 44.898 0.82 0.459 

W/P 2 640.96 640.96 320.480 5.88 0.014 * 

Residual Error 14 762.99 762.99 54.500   

Total 26 3256.35     

** Most significant, * Significant. 

 

Figure 4. Main effect plot for material removal rate (mg/min). 

 

Figure 5. Scanning electron microscope (SEM) analysis of workpiece after machining (a) Al-37% 

SiC shows ablation mechanism of material removal; (b) Al-63% SiC shows melting as the domi-

nating material removal mechanism. 

Moreover, the maximum material removal was witnessed in Trial 24, wherein 118% 

increase in MRR was observed in graphite powder mixed dielectric flushing in extreme 

magnetic field intensity compared to similar parametric conditions in Trial 5. The prob-

able reason for increase in MRR could be the effective molten debris flushing on the 

machined surface due to the generation of Lorentz forces by the interplay of magnetic as 

well as electrical fields which enhanced the plasma pressure. Apart from this, injecting 

the powder mixed dielectric through the hole in the tube electrode enhanced its pressure, 

Figure 4. Main effect plot for material removal rate (mg/min).

Micromachines 2021, 12, x  7 of 14 
 

 

Table 4. ANalysis of VAriance (ANOVA) for Material Removal Rate (MRR). 

Scheme  DF Seq SS Adj SS Adj MS F-Value p-Value 

Magnetic Field (T)  2 1411.29 1411.29 705.646 12.95 0.001 ** 

Current (A) 2 336.98 336.98 168.488 3.09 0.077 * 

T-on (µs) 2 12.71 12.71 6.357 0.12 0.891 

T-off (µs) 2 1.61 1.61 0.806 0.01 0.985 

Flushing Type 2 89.80 89.80 44.898 0.82 0.459 

W/P 2 640.96 640.96 320.480 5.88 0.014 * 

Residual Error 14 762.99 762.99 54.500   

Total 26 3256.35     

** Most significant, * Significant. 

 

Figure 4. Main effect plot for material removal rate (mg/min). 

 

Figure 5. Scanning electron microscope (SEM) analysis of workpiece after machining (a) Al-37% 

SiC shows ablation mechanism of material removal; (b) Al-63% SiC shows melting as the domi-

nating material removal mechanism. 

Moreover, the maximum material removal was witnessed in Trial 24, wherein 118% 

increase in MRR was observed in graphite powder mixed dielectric flushing in extreme 

magnetic field intensity compared to similar parametric conditions in Trial 5. The prob-

able reason for increase in MRR could be the effective molten debris flushing on the 

machined surface due to the generation of Lorentz forces by the interplay of magnetic as 

well as electrical fields which enhanced the plasma pressure. Apart from this, injecting 

the powder mixed dielectric through the hole in the tube electrode enhanced its pressure, 

Figure 5. Scanning electron microscope (SEM) analysis of workpiece after machining (a) Al-37% SiC
shows ablation mechanism of material removal; (b) Al-63% SiC shows melting as the dominating
material removal mechanism.

Moreover, the maximum material removal was witnessed in Trial 24, wherein 118%
increase in MRR was observed in graphite powder mixed dielectric flushing in extreme
magnetic field intensity compared to similar parametric conditions in Trial 5. The probable
reason for increase in MRR could be the effective molten debris flushing on the machined
surface due to the generation of Lorentz forces by the interplay of magnetic as well as
electrical fields which enhanced the plasma pressure. Apart from this, injecting the powder
mixed dielectric through the hole in the tube electrode enhanced its pressure, augmented
the debris flushing. The interaction between different variables was not evident to be
significant while powder mixed magnetic field assisted EDM.

3.2. Influence on the Micro-Hardness (MH)

The effect of various machining parameters and the surface conditions of the machined
workpiece were analyzed by measurement of the indentation hardness. The micro-hardness
measurements were carried out at the different locations of the machined surface as well as
parent material, cross-sectionally. The machining parameters like magnetic field intensity,
type of workpiece and pulse-on/off duration posed considerable effect on MH values,
as shown in Table 5, except the discharge current and type of flushing which were the
in-significant factors affecting the surface hardness of ED machined MMCs. It is clear
from the graph (Figure 6) that machining of W/P-3 without magnetic field effect and in
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high-end pulse-on time resulted in the enhanced micro-hardness of the machined surface
at minimum pause time. This is due to the reason that the higher concentration of SiC
particulates resulted in oxides formation at high frequency (i.e., minimum pulse-off time)
of sparks generated while machining.

Table 5. ANalysisof VAriance (ANOVA) for Micro-Hardness (MH).

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

Magnetic Field (T) 2 15,287 15,287 7643.6 10.91 0.001 *
Current (A) 2 3426 3426 1713.0 2.44 0.123

T-on (µs) 2 13,332 13,332 6665.9 9.51 0.002 *
T-off (µs) 2 15,191 15,191 7595.3 10.84 0.001 *

Flushing Type 2 3338 3338 1669.2 2.38 0.129
W/P 2 27,458 27,458 13,729.2 19.59 0.000 **

Residual Error 14 9811 9811 700.8
Total 26 87,844

** Most significant, * Significant.
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The machined surface was further analyzed using X-ray diffraction method on PAN-
alytical’s X’PertPro MPD (Netherlands). The X-ray spectra of the workpiece was charac-
terized using Cu-Kα radiations (λ = 1.5406 A0) with the generator setting of 40 mA and
45 kV. The X-ray diffractograms of the machined surfaces (Trial 8 and Trial 16) are shown in
Figure 7. The peak pattern shows the formation of oxides such as Al2SiO5, SiO2, Si3W5 on
the surface of machined MMCs, thus resulted in the enhanced hardness of machined sur-
face [23]. On the contrary, the reduced surface hardness could be advantageous, wherein
post-EDM additional processing such as grinding, grit blasting, etching etc., could be
avoided [24]. Moreover, without magnetic field interference and in high current, more
material deposition occurred that led to the enhancement in the micro-hardness (613.6%)
as recorded (360.9 HV in Trial 8 as compared to 50.57 HV of parent workpiece) and 19.18%
high as observed in Trial 23 (302.8 HV). There was no confinement of plasma and therefore
more molten material deposited on the machined surface in the absence of magnetic field
which was in line with previous studies related to magnetic field application. However,
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the interplay between various parameters and magnetic field were not significant enough
affecting the output of the experimentation.
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3.3. Influence on the Surface Roughness (SR)

The surface morphology of machined surface portrays a true signature of the tool-
workpiece interaction while machining and material removal mechanism. The surface
roughness was significantly influenced by magnetic field intensity and type of dielectric
medium. The relations of SR with various process parameters are shown in Table 6 and
Figure 8. The average surface roughness value for graphite powder mixed dielectric was
witnessed as the lowest value. Alternatively, a rougher surface is achieved when machining
is executed in 0.66 T magnetic field influence in SiC powder mixed dielectric medium. This
can be related to the fact that at high magnetic field intensity abrupt material removal
took place that turned the surface rough. Comparatively, a smoother machined surface is
achieved when EDM is carried out in magnetic field intensity of 0.33 T. In this scenario,
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Lorentz forces developed while machining for little less duration comparatively with
graphite kept the machining zone smoother and decreased the roughness.

Table 6. ANalysisof VAriance (ANOVA) for Surface Roughness (SR).

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

Magnetic Field (T) 2 1.10890 1.10890 0.55445 8.30 0.008 *

Current (A) 2 0.30250 0.30250 0.15125 2.26 0.154

T-on (µs) 2 0.07783 0.07783 0.03891 0.58 0.576

T-off (µs) 2 0.47459 0.47459 0.23729 3.55 0.068 *

Flushing Type 2 0.76963 0.76963 0.38481 5.76 0.022 *

W/P 2 0.16805 0.16805 0.08403 1.26 0.326

B x T-on 4 0.92913 0.92913 0.23228 3.48 0.050 *

Residual Error 10 0.66784 0.66784 0.06678

Total 26 4.49845
* Significant.
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The interaction between various process parameters was statistically analyzed at 95%
confidence level (i.e., p ≤ 0.05). It was observed that the interaction between magnetic
field intensity (B) and T-on significantly affected the surface roughness. From Figure 9, it is
depicted that the surface roughness enhanced at high magnetic field intensity and low T-on
value. From the SEM analysis (Figure 10a), it can be observed that non-uniform surface with
significant undulations is visible prominently during machining in SiC mixed dielectric
medium in comparison to graphite mixed dielectric (Figure 10b). The high thermal conduc-
tivity of graphite particulates is responsible for distributing and dissipating uniform heat
to the workpiece surfaces, thereby limiting the size of the craters thus produced. Owing to
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the externally applied magnetic field in powder mixed EDM process, the graphite powder
particles under the effect of Lorentz forces crowded together to bridge the machining void
in the dielectric fluid. Multiple plasma discharges are developed, as a result, from a unit
pulse input avoiding deeper craters, resulting in improved surface quality [25]. Moreover,
the generation of Lorentz forces with interference of external magnetic field into the EDM
current density assisted in channelized path of current carriers from the tool to workpiece.
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4. Conclusions

The study was carried out on EDM of aluminum composite with plain and powder
mixed flushing conditions. The following observations are enlisted.

• The MRR is significantly affected by the machining parameters such as magnetic field
environment, peak current and SiC% content of workpiece.

• The removal rate increased significantly with the incorporation of magnetic field
intensity along with peak current.

• It is also evident that the decreased vol.% of SiC particulates led to a sharp rise in
MRR. A 118% increase in MRR under the influence of magnetic field was observed in
plain dielectric flushing when compared to identical parametric conditions in trials
without magnetic field.

• An enhancement (613.6%) in the micro-hardness was witnessed due to the transfer of
materials and formation of new phases while ED machining.

• The surface finish of machined MMCs was greatly affected by magnetic field intensity
as well as type of dielectric. The surface finish improved steeply in graphite powder
mixed dielectric flushing conditions at intermediate (0.33 T) magnetic field.

Future Scope: The literature studies depicted that aluminum matrix composites have
been the major choice in the field of EDM of MMCs, but no significant work is available
for the composite with other matrix phase such cobalt, steel etc. In addition to this, the
experimental research can be extended and analyzed using various other levels of magnetic
field of permanent magnets as well as rotating electromagnets.
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Abstract: Electrical discharge machining (EDM) is widely used to machine hard materials, such as
tungsten carbide; however, the machining rate and surface quality are low. In this research, the effects
of mixing electrically conductive carbon nanofiber (CnF), semiconductive silicon (Si) powder, and
insulative alumina powder (Al2O3) at different concentrations in a dielectric fluid were studied by
observing single discharge craters and hole machining performance in the EDM of ultrafine particle
type tungsten carbide. Craters obtained using carbon nanofiber and alumina were much smaller
than in oil-only conditions. In contrast, The results show that adding CnF significantly improved
the material removal rate under all conditions. Si and Al2O3 powders only improved the machining
performance at a high discharge energy of 110 V. Furthermore, improvement in surface roughness
was observed prominently at high voltages for all the powders. Among the three powders, alumina
was found to improve the surface roughness the most.

Keywords: micro-EDM; tungsten carbide; carbon nanofiber; silicon; alumina

1. Introduction

Tungsten carbide (WC) and its composites (WC-Co) possess excellent physical proper-
ties, such as high melting and boiling points, wear, and corrosion resistance. As a result, it is
useful in various industrial applications, notably in die/mold making, cutting, and surgical
tools. Consequently, various studies have focused on machining tungsten carbide econom-
ically with high precision. Conventionally, tungsten carbide is machined using turning
and grinding [1–3] using PCD and CBN tools. However, the tool wear is high, increasing
costs [4]. In recent years, there has been a growing trend of using non-conventional meth-
ods, such as electric discharge machining (EDM) [5], electrochemical machining (ECM) [6],
and laser machining [7], to process tungsten carbide products.

EDM is a thermo-electric process that removes material by thermal erosion due to
repeated high-energy electrical sparks. Since there is no physical contact between the
workpiece and electrode in this process, the machinability depends only on the tool and the
workpiece’s electrical and thermal properties. Thus, this process can be used to machine
any given conductive material regardless of its hardness. In addition, this method can also
be used to directly transfer complex 3D shapes with high precision onto the workpiece
without force-induced deformation.

Consequently, various studies have been performed on the EDM of tungsten carbide.
Studies by Hourmand et al. [8] and Assarzadeh et al. [9] have used analytical models,
such as response surface methodology and ANOVA analysis, to determine the optimum
parameter values of peak current, spark time on and off, and gap voltage. Research on
the effect of EDM on hardness and sub-surface damage on tungsten carbide has also been
performed [10]. Furthermore, Jahan et al. [11] have studied the effect of different electrodes
on EDM efficiency by comparing the material removal and electrode wear rate. However, it
has been found that the EDM of WC-Co has low machining efficiency, with a high tool wear
rate and surface defects. Recently, using tool rotation or vibration [12,13], servo movement
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and flushing strategies [14,15], and adding the powder to the EDM of WC-Co, have been
studied to improve these shortcomings.

The dielectric separating the electrodes serves many functions during the EDM process.
In addition to insulation, it helps transport debris away and acts as a coolant during the
discharge phenomenon [16]. It has been studied that adding the powder to the dielectric
during the EDM process can alter the machining process by dispersing the discharges
and thus, improving machining efficiency [17]. Various studies have shown that powder
addition improved material removal rate, electrode wear rate, and surface roughness.
Furthermore, a few studies also focused on optimizing the powder-mixed EDM (PMEDM)
of WC-Co using analytical models [18,19]. Jahan et al. [20] have also developed a mathe-
matical model to study powder behavior during EDM. Their model underlines that the
presence of any additive within the dielectric results in an increase in the discharge gap.

The most commonly used powders in EDM are aluminum (Al) and graphite (Gr).
Their high electrical conductivity, low density, availability of particles on a nanometer scale,
and low hazardous nature allow them to be widely used. However, in recent years, the
effects of many other particles, such as silicon (Si), graphene, molybdenum sulfide (MoS2),
and alumina (Al2O3) have also been studied. Pecas et al. [20] have shown that under a few
conditions (powder concentration of 2 g/L for 1 mm2 electrode), silicon powder addition
can generate a mirror surface finish on AISI H13 steel. Liew et al. [21] have used carbon
nanofiber-assisted EDM of reaction-bonded silicon carbide and have significantly improved
material removal and electrode wear rates. Sahu et al. [22] and Jahan et al. [23] have used
nano-alumina powder in the EDM of Inconel and tungsten carbide, respectively. They have
shown an increase in the material removal rate and a decrease in the surface roughness for
specific parametric values.

Many studies have been performed on the EDM of tungsten carbide. However, up
to date, the effects of using these newly attempted types of powders on the EDM of WC-
Co, especially the ultrafine particle type WC-Co, which is a more promising material in
the industry, are still unknown. In particular, the effect of powders in the micro-EDM
process, where the discharge gap is much smaller than in conventional EDM is unclear. To
evaluate the impact of characteristics of different powders, we studied the single discharge
craters and their progression during EDM drilling. The finding of this study reveals the
process mechanisms and parameters to improve the machinability of ultrafine particle-type
tungsten carbide using micro-EDM.

2. Process Mechanisms of Powder-Mixed EDM

During EDM, an essential concern is the expulsion of debris outside the discharge gap.
The debris generated during machining is generally removed by two mechanisms: bubble
expansion and dielectric flow [12,16]. When the debris is not properly flushed out, it will
result in (a) secondary discharges, where the debris is machined instead of the workpiece,
or (b) short-circuiting. This results in frequent tool backtracking, increasing machining
time, and increased costs. If the discharge gap widens, the dielectric can easily flow in,
promoting the flushing of debris and improving process stability.

When a particle is introduced in an electric field (E), as shown in Figure 1a, the
polarization of the molecule occurs. This polarization results in an electric field aberration
(E1) within the vicinity of the particle, as shown in Figure 1b. During EDM, when the
electrodes are brought closer to each other, this aberration results in field intensification
near the particle, creating a more accessible pathway for electrons to flow, thus, promoting
dielectric breakdown. Moreover, when several particles get closer to each other, as shown in
Figure 1c, the field is intensified further (E2), creating ‘bridges‘ for ions to flow, promoting
even faster breakdown. As a result, the interelectrode gap required to form sparks is
larger. Several studies [21,23,24] have reported that these promote process stability, thus
improving machining efficiency.
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Figure 1. Schematic of (a) electric field in between two electrodes and (b) distortion due to presence
of a single particle, (c) bridge formation with multiple particles.

Since the presence of particles alters the discharge characteristic, it is vital to study the
effect of the properties of different powders. It has been reported that particles generally
exhibit four different behaviors within the discharge gap: reciprocation, bridging, adher-
ence to the electrode, and agglomeration [25]. Polarized molecules reciprocate between
electrodes when an electric field is applied due to electromotive force. The physical and
electrical properties of molecules determine the extent of this movement. At the same
time, bridging occurs when particles align themselves parallel to the electric field, forming
chain-like structures (Figure 1c). Reciprocation and bridging promote dielectric breakdown.

In contrast, the adhesion of particles on the workpiece surface inhibits the machining
by preventing energy transfer. Moreover, it has been observed that nanoparticles tend to
agglomerate due to high surface energy or Van der Walls forces. The particle agglomeration
will decrease polarizability, inhibiting discharge channel formation and increasing the
possibility of short-circuiting.

Carbon nanofibers are incredibly light and highly conductive materials. It has been
reported that due to these properties, the nanofibers form bridges quickly, improving the
machining output [21]. On the other hand, alumina is a dense material with very low
electric conductivity. Due to these properties, the bridging of particles will not occur, and
the sedimentation of the particles on the bottom surface will be prominent, inhibiting
machining. Silicon is a semiconductor with a density and electrical conductivity between
alumina and carbon nanofibers. Semiconductors exhibit a unique property of decreasing
resistivity with an increase in temperature. Thus, depending on the condition within the
working gap, silicon particles may exhibit all kinds of behaviors mentioned above.

Based on the process mechanism and powder behavior during EDM, the differences
in the material removal, tool wear, and surface roughness during PMEDM of WC-Co
are elucidated.

3. Experimental Methods
3.1. EDM Setup

In this study, a micro-EDM machine, Panasonic MG-ED72, was used. The device has a
resolution of 0.1 µm in the x, y, and z axes. The machining is performed using a resistor-
capacitor (RC) circuit, which is suitable for micromachining [26]. The control parameters
are voltage ranging from ±50 V to ±110 V and capacitance of 3300, 1100, 200, and 100 pF.
The discharge gap, pulse duration, and peak current are not controllable. A spindle is
attached to the micro-EDM machine, rotating at 3000 rpm. An acrylic tank was fabricated
to contain the dielectric. Discharge progress was monitored using an oscilloscope. The
photograph of the machining setup is shown in Figure 2. During experimentation, no
external stirring or circulation of the dielectric was applied.
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Figure 2. Photograph of (a) µ-EDM system, (b) electrode and workpiece arrangement.

3.2. Electrode and Workpiece

Ultra-fine grade cemented Tungsten carbide (WC-Co) KM-10, produced by Toyo Tool,
Japan, was used as the workpiece material. The average grain size was around 0.7 µm, and
the cobalt binder concentration was about 6%. The mechanical properties of the workpiece
are shown in Table 1. The surface of the workpiece was mirror-polished to 0.01 µmSa
surface roughness using a diamond powder slurry. A copper (Cu) electrode of a diameter
of 1 mm from Nilaco Corporation, Japan, was used as a tool material. The electrodes
were deburred and dressed using reverse-polarity EDM before each machining test. The
scanning electron micrograph (SEM) of the surface of the workpiece is shown in Figure 3a.

Table 1. Properties of tungsten carbide.

Property Value

Material type Ultrafine particle type
(avg. size 0.69 µm)

Binder type and content ratio Co (6%)
Density [g/cm3] 14
Melting point [K] 3140
Hardness (HRA) 91.5

Thermal conductivity [W/mK] 110
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3.3. Powder Materials

Three different powders of varying shapes, densities and electrical properties were
used in this experiment. Commercially available polishing grade alumina powder, Baikalox
1CR, manufactured by Baikowski International Co. Ltd., was used as the insulator powder.
Semiconductive silicon powder, manufactured by Kyocera, Japan, was used. Lastly, carbon
nanofibers of diameter 10–20 nm and height 0.1–10 µm, produced by Mitsubishi Chemicals,
Japan, were used as a conductive powder in this experiment. The transmission electron
micrographs [TEM] of carbon nanofiber, alumina, and silicon are shown in Figure 3b–d,
respectively. A laser particle analyzer from Horiba semiconductors, LA-960, was used to
measure the particle size. Figure 4a,b show the size distribution of the silicon and alumina
powders, respectively. The thermal and electric properties of the powder are listed in
Table 2.

Figure 4. Particle size distribution of (a) silicon and (b) alumina used in this study.

Table 2. Properties of different powders.

Property Carbon Silicon Alumina

Density [g/cm3] 1.3–2 2.329 3.965
Electrical Conductivity [µΩ/cm] 50 1 × 105 1 × 10−9

Thermal Conductivity [W/mK] 400 150 30
Melting Point [K] 3823 1687 2345

3.4. Machining Conditions

Two different EDM tests were performed to determine the effect of powder addition
on EDM: fundamental characteristics and hole machining tests. The micro-EDM machine
used in this study uses an in-built contact detection program. An edge is detected if a
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threshold number of discharges occurs within a resistance-capacitance (RC) cycle. This
method was used to obtain isolated single craters. Next, machining tests on the evaluation
of PMEDM were performed by drilling holes of a depth [h] of 50 µm under different
conditions, as shown in Table 3. The discharge energies used in this experiment are used
for rough-phase micromachining. Full factorial experiments were performed with two
repetitions for each condition. A hydrocarbon-based dielectric, Casty Lube EDS was used.
As seen in Figure 3b–d, powders tend to agglomerate. Hence, the dielectric and powder
mixture was subjected to an ultrasonic bath for 15 min before each machining to obtain a
homogenous mixture.

Table 3. Machining conditions.

Property Value

Tool Copper (Ø 1 mm)
Workpiece WC-Co

Polarity Tool (-ve)
Voltage [V] 90, 100, 110

Capacitance [pF] 3300
Feed rate [µm/s] 0.5

Powders CnF, Al2O3. Si
Concentration [g/L] 0, 0.25, 0.5, 0.75, 1.0

3.5. Evaluation Conditions

The machining output of EDM with various powders was evaluated with three pa-
rameters: material removal rate, electrode wear rate, and surface roughness. Material
removal rate (MRR) is defined as the ratio of the volume of the material removed (Volm)
to machining time (Mt) Equation (1). A laser microscope from Olympus, Japan, was used
to map the three-dimensional topography of the machined hole. The analysis software
TalyMap, Amtek Corp. was used to determine the mean depth plane [d], and the diameter
[D] at (z = 1/2 d) of the hole machined.

MRR =
πD2d
4 Mt

(1)

Electrode wear rate is defined as the ratio of the volume of electrode worn Vole to
machining time (Mt). Electrode wear is an essential factor in determining the economic
feasibility of the machining process. Since the micro-EDM machine used in this study does
not use any wear compensation mechanism, the difference between set depth [h] and actual
machined depth [d] is the electrode wear. Since machining time varies based on machining
conditions, studying the electrode’s relative wear to that of the workpiece is considered in
this research. The equation to determine relative electrode wear rate (REWR) is shown in
Equation (2). The machined region’s average surface roughness (Sa) was measured over an
area of 256 × 256 µm at intervals of 0.25 µm. The ISO 25178 standard of measurement with
no filters, measured over three locations on each machined surface was performed.

REWR =
De

2[h − d]
D2d

(2)

4. Results and Discussion
4.1. Single Discharge Experiments

Figure 5a–c shows the single discharge craters obtained using EDM oil without powder
addition for 90, 100, and 110 V, respectively. Unlike the craters in the EDM of other materials,
such as silicon carbide [12,21,27], which show clear circular boundaries, craters in WC-Co
were irregular. Furthermore, enlarged images of the crater surface, as shown in Figure 5d,e,
indicate that the machining has not completely progressed to the crater’s edge since the
polishing marks from the original sample are retained after EDM (A1 and B1). These
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marks indicated that at these discharge energies, the heat generated is not sufficient to melt
the material at the edges; instead, the grains are pushed outwards. Additionally, as seen
in A2–B2, redeposited materials are observed. Since tungsten carbide is a highly dense
material, it is difficult to eject the molten materials entirely from the discharge gap, which
redeposits onto the surface. The formation of micro-cracks was also observed, as seen in
B3. Crack formation is due to the preferential removal of cobalt binder, which has a lower
melting point than tungsten carbide, forming voids, which develop into cracks.

Figure 5. Single discharge craters for (a) 90 V, (b) 100 V, (c) 110 V using EDM oil without powder
addition. Crater edge at (d) 90 V, (e) 100 V.

Figure 6a–i show the SEM images of single discharge craters observed at various
PMEDM conditions. The average diameter of these craters is summarized in Figure 7. In
the case of carbon nanofiber and alumina mixed EDM, the average crater diameter reduced,
whereas it increased in the case of silicon. In addition, the crater diameter increased with
voltage for all conditions.

According to previous research, the discharge gap increased drastically when the
carbon nanofibers were added to the dielectric [21]. Furthermore, as explained earlier,
the breakdown strength is significantly reduced due to its high conductivity. The plasma,
which is formed, has lower energy; as it travels for a longer distance, it weakens further.
This results in a narrow crater. In the case of alumina-mixed EDM, the increase in the
discharge gap is not significant due to its low electrical conductivity. Additionally, alumina
particles absorb plasma energy due to their high thermal conductivity. Since lower energy
is transmitted to the workpiece, lower material is removed. However, in the case of silicon,
contrary results were observed. Silicon exhibits thermal and electrical properties in between
carbon nanofiber and alumina. Although the discharge gap is increased compared to the no
powder condition, it is not as large as carbon nanofibers. As a result, an expanded plasma
channel is formed, which results in a wider crater. Thus, it can be seen that the properties
of powder influence the discharge process significantly.
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Figure 6. Single discharge craters for (a) 90 V, (b) 100 V, (c) 110 V using EDM oil with carbon nanofiber
powder, (d) 90 V, (e) 100 V, (f) 110 V with alumina powder and (g) 90 V, (h) 100 V, (i) 110 V with
silicon powder.

Figure 7. Average single discharge crater diameter under different conditions.

126



Micromachines 2022, 13, 998

4.2. Hole Machining by Carbon Nanofiber-Mixed EDM

The machined profiles and the material removal rate with oil and carbon nanofiber-
mixed EDM are summarized in Figures 8 and 9, respectively. In the only EDM oil condition,
the maximum MRR obtained was 0.0026 mm3/min at 110 V condition, which decreased
with the decrease in voltage. With an increase in voltage (V), the maximum discharge
energy per spark (W) increases, and as a result, the material removed per discharge also
increases, Equation (3). This can be seen evidently in Figure 7, where the crater diameter
increased with an increase in voltage.

W =
1
2

CV2 (3)

Figure 8. Profiles of machined holes at 90 and 110 V using oil and 0.5 g/L CnF-mixed EDM.

Figure 9. Material removal rate using CnF-mixed EDM.

It can be seen from the machined profiles in Figure 8 that the machined holes were
shallower and wider with the addition of the carbon nanofiber. The increase in machined
hole diameter, called overcut, is due to an increase in the discharge gap due to the addition
of nanofibers.
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It was observed that even though the machined depth with the oil-only condition was
large, the MRR increased for all concentrations of CnF and voltages. At a higher discharge
energy of 110 V, the maximum MRR observed was 0.017 mm3/min at a concentration of
0.5 g/L, over 6.5 times that of the oil-only condition. This tremendous improvement in
MMR can be attributed to the ease of discharge initiation and increased discharge gap
width. It was also observed that at 110 V, the machining speed was equal to the set feed
speed (0.5 µm/s) at all concentrations. This indicates no ineffective discharge period in
this condition, where the tool is forced to retract to prevent short-circuiting, could be
observed. This can be monitored by observing the waveforms on the oscilloscope, as seen
in Figure 10a. It was observed that during EDM with oil, there was a lot of arcing which
had the waveform M1 in contrast to normal EDM (M2). It was also observed that if arcing
persisted, it led to the formation of complex waveforms [28] as seen in M3, followed by
short-circuiting and tool retraction. In contrast, as seen in Figure 10b, the addition of carbon
nanofiber increased the number of sparks, and complex waveforms were not observed.

Figure 10. Current waveforms during EDM using (a) oil and (b) carbon nanofiber mixed EDM (1 g/L)
at 110 V.

It can be seen from Figure 10 that the MRR increases with an increase in concentration
and then decreases after a peak at 0.5 g/L. In EDM with oil without process alteration,
it has been reported that the spark tends to accumulate in one region [12,29]. As debris
concentration increases, spark formation in the vicinity is likely, as shown in Figure 1b.
Whereas, in powder-EDM, sparks are not localized since particles are dispersed throughout
the surface. In CnF-mixed EDM, initially, as the particle concentration increases, there
is an increase in the number of discharge pathways dispersing EDM, increasing process
stability, and thus increasing MRR. However, as the particles’ concentration increased,
many nanofibers started to either accumulate or adhere to the electrodes, inhibiting the
discharge process.

Similarly, an improved machining efficiency was observed when the voltage was
reduced to 90 V. A machining rate of 0.008 mm3/min was achieved, over 18 times that of
only oil. Generally, the discharge gap decreases considerably at low voltages, increasing the
possibility of debris accumulation within the working gap. This increases the frequency of
ineffective discharges, such as short-circuiting due to debris accumulation and secondary
discharges on the machined debris. Thus, flushing away debris becomes a prime concern.
During CnF-mixed EDM, the machined speed increased from 0.18 to 0.53 times the set
machining speed when the concentration increased from 0.25 to 1.0 g/L. There was a
significant no discharge period. However, during the tool backtracking period, the fresh
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dielectric with powder flows in, removing the debris. This period is essential at low voltage,
where the discharge gap is lower, as it resets the dielectric. The proportion of powder
entering the gap is higher at higher concentrations so that machining can be restarted
quickly. Although the machining efficiency increased, it can be considered that at a feed
rate of 0.5 µm/s and 90 V using carbon nanofibers, uninterrupted machining cannot be
achieved entirely.

An improvement of over 7.7 times in the MRR without powder addition was observed
at 100 V. Similar to 110 V, the machining was almost continuous, the machining speed
increasing from 0.68 to 0.92 times the feed speed. Furthermore, the MRR increased with
concentration. At 1.0 g/L, the MRR was even higher than 110 V. The brief intermissions
during EDM at 100 V allowed new dielectrics to flow in, which is considered to improve
the machining rate compared with 110 V.

Figure 11 compares electrode wear for different machining conditions in CnF-mixed
EDM. It was observed that, unlike in previous studies, electrode wear rate increased with
the addition of CnF to the dielectric, which increases further with the increase in the
powder concentration.

Figure 11. Relative electrode wear rate using CnF-mixed EDM.

During the EDM process, plasma travels from the cathode and bombards the anode,
removing material by heat transfer and abrasive action. However, some electrons also
travel in the opposite direction removing material from the anode. Since the kinetic energy
of ions is higher than electrons, the amount of material removed from the anode is much
higher. In addition, the temperature in the discharge gap can exceed 3000 K [30], removing
material from both electrodes. Thus, the tool wear depends on the electrodes’ electrical
and thermal properties. The melting point of copper is much lower than that of tungsten
carbide [1631 K], and thus, the melting of copper will be higher at high temperatures. At
a high voltage or discharge energy, the fraction of electrons is high, and the temperature
in the working gap is enormous. Hence a higher wear rate is observed. The dielectric
flow into the discharge gap, which acts as a coolant and reduces the heat transferred to the
electrodes is necessary to prevent electrode wear.

As mentioned above, the machining at higher voltages [100 and 110 V] was almost
continuous. Since no external flushing was used, if no electrode backtracking occurs, the
flow of the new dielectric is limited. The debris removed is only due to bubble explosion
and not debris flow, and as a result, the temperatures within the gap will continue to rise.
The electrode wear will increase correspondingly with an increasing machining rate, as
seen in Figure 11. Since the discharge energy at 100 V is smaller than 110 V, the temperature
reached within the gap is expected to be smaller, resulting in a lower tool wear rate.
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In contrast, very high electrode wear was observed at 90 V. This result is similar to
previous studies, in which the electrode wear rate decreased with the discharge energy and
then increased. Due to improper flushing at lower energies, arcing will occur, which results
in more material being removed from the electrode than the workpiece. A considerable
variation was also observed in the relative electrode wear rate due to this instability, which
is more prominent at 90 V. In addition to arcing, with an increase in concentration, the
tool wear rate also increased due to continued machining similar to higher energies. A
decrease in wear rate was observed at 1 g/L at all voltages. It is believed that at a very
high concentration, adherence of particles to the surface of the electrode is increased. This
adherence may have prevented the heat from being transferred from the dielectric to
the electrode.

Figure 12 shows the SEM of the surface of the machined holes at different voltages
using EDM oil. The craters are narrow and shallow at lower voltages (Figure 12a,b). Many
surface defects, such as micro-cracks (C1), micro-pores (C2), and redeposited materials (C3)
were observed on the surface. The number of redeposited materials increased at higher
voltages, as seen in Figure 12c. At high voltages, the gap temperatures were larger, and
molten debris could not be cool down quickly, so they redeposit onto the surface. Similar
surface defects could also be seen in carbon nanofiber-mixed EDM as seen in Figure 13a–d.
However, the redeposited materials were more extensive (D1) and could also be seen at
lower voltages Figure 13a,b.

Figure 12. SEM of the machined surface using oil-only at (a) 90 V, (b) 100 V, (c) 110 V, and (d) enlarged
region of 100 V.

Previous results have indicated that adding powder increases discharge dispersion,
creating a uniform surface. In addition, it has also been reported that using powder-mixed
EDM produces wide yet shallow craters [31]. These two factors are considered to result
in lower surface roughness. Figure 14 shows the result of surface roughness. At 110 V,
adding powder decreased the surface roughness for all concentrations, whereas the surface
roughness has shown various trends for lower voltages.
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Figure 13. SEM of machined surface using 0.5 g/L carbon nanofibers at (a) 90 V (b) 100 V, (c) 110 V,
(d) enlarged region of 100 V.

Figure 14. Surface roughness using CnF-mixed EDM.

At higher discharge energy, the material removed per discharge is increased. This
results in a deep crater, as seen in Section 4.1. As the discharge energy decreases, the crater
size decreases, resulting in a smoother surface finish. This phenomenon is also observed in
this study when the voltage is reduced from 110 to 100 V. However, the surface roughness
increases when the voltage is further reduced. At the 90 V condition, redeposited materials
could have increased surface roughness when compared to only the EDM oil condition, as
seen in Figure 13a.

In summary, using carbon nanofiber powder-mixed EDM of tungsten carbide im-
proved the machining rate significantly under all machining conditions. However, an
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increased tool wear rate was observed. Under certain machining conditions, a fine surface
was observed. Among the machining conditions, at 100 V, a high material removal, low
tool wear, and a smoother finish can be simultaneously achieved at concentrations of
0.5–0.75 g/L. These results also agree with a previous study [21], which showed improve-
ment in the MRR using carbon nanofiber on reaction-bonded silicon carbide.

4.3. Hole Machining by Alumina-Mixed EDM

Figure 15 shows the MRR obtained at various machining conditions using alumina.
At high discharge energy, similar to CnF, there was a higher MRR when compared to the
no powder condition. The highest MRR obtained was 0.00971 mm3/min at 0.5 g/L, about
3.8 times of the oil-only condition. It was also observed that the MRR increases initially and
then decreases with an increase in concentration. As mentioned in Section 4.2, it has been
proven theoretically and experimentally that particle addition increases the discharge gap
regardless of the particle’s properties. However, unlike CnF, due to its insulating nature,
the alumina particles do not get polarized easily in an electric field due to the absence
of free electrons, and dipoles are not created. The formation of ‘bridges‘ is inhibited.
However, under strong electric fields, even insulative materials become polarized. This
indicates that the alumina particles can participate in spark formation at high voltages.
This effect reduces as the voltage is reduced. These results agree with previous studies
in which alumina has been shown to improve the MRR in transistor circuits at high peak
voltages [22,32]. However, in fine-finishing micro-EDM using RC circuits, such as this
study, the improvement in the MRR is not significant. Additionally, it was found that the
machined feed speed varied between 2.32 at 0.5 g/L and 3.28 at 0.75 g/L to that of the
set feed speed. These results show that although there is an improvement in the MRR at
110 V compared to oil, there was still a significant amount of time in which machining did
not occur.

Figure 15. Material removal rate using alumina-mixed EDM.

At the low discharge energy of 90 V, adding alumina increased the MRR at all con-
centrations. However, the improvement was not substantial. The highest MRR was
0.00055 mm3/min, 1.19 times the only oil condition. It can be seen from Figure 7 that the
average crater size of alumina-mixed EDM was much lower than that of oil-only conditions
at all conditions, indicating that the material being removed per spark is very low. Thus,
the machining rate improvement is due to the lower no-discharge period. The machined
feed speed was also similar to the no powder added condition. It was observed that, due
to the higher density of alumina than the dielectric, the powder settling was a significant
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phenomenon. Since no external stirring or circulation was used, the powder sedimentation
cannot be overcome.

Furthermore, as the machining time increased, the fraction of powder suspended
in the dielectric decreased. During electrode backtracking, the fresh dielectric contained
a limited amount of alumina. As a result, when machining time is extended, the MRR
becomes similar to that of oil only. In addition, as mentioned earlier, the alumina addition
does not directly improve spark formation. An increase in particle concentration will only
inhibit the EDM process. Additionally, similar to that at 90 V, no significant improvement
in the MRR was observed at 100 V.

Figure 16 shows the relative electrode wear of alumina mixed-EDM. Similar to CnF, the
tool wear rate was generally found to increase with the addition of powder and was more
significant at 90 V. Unlike CnF addition, where tool wear is due to high gap temperature
due to continuous machining, the tool wear in alumina is expected to be due to frequent
arcing and short-circuiting. As a result, a significant variation in the electrode wear results
was observed. This is evident as electrode wear increases with a decrease in voltage and
concentration for most conditions.

Figure 16. Relative electrode wear using alumina-mixed EDM.

Figure 17a–c shows the SEM of the machined surfaces with alumina mixing. The
surface roughness of the machined holes using alumina is shown in Figure 18. The addition
of alumina decreased the surface roughness for all concentrations at 110 and 100 V. Small
and shallow craters, as seen in Figure 6d–f and uniform discharge distribution, helped to
achieve a smoother surface. Moreover, as the voltage decreases to 90 V, frequent arcing
and short-circuiting make the surface rough. It has also been observed that the effect of
concentration does not significantly alter the surface roughness. As mentioned above, as
the machining time increases, the powder concentration suspended within the dielectric
becomes lower due to powder sedimentation, resulting in similar surfaces.

Effective machining using alumina can be achieved by using a high voltage of 110 V for
rough machining and 100 V for fine finishing. The effect of concentration is not significant.
In their study on using nano-alumina powders at finish phase machining [23], the authors
indicated that there was no significant increase in the MRR but an improvement in surface
roughness. In our study using micro-alumina at rough machining conditions, we found a
similar roughness improvement. However, we have found that alumina can improve the
material removal process at higher machining energies.
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Figure 17. SEM of machined surface using 0.5 g/L alumina at (a) 90 V (b) 100 V, (c) 110 V.

Figure 18. Surface roughness using alumina-mixed EDM.

4.4. Hole Machining by Silicon Nanofiber-Mixed EDM

The material removal rate obtained during the machining using silicon is shown in
Figure 19. It was observed that the MRR increased for all conditions in the presence of
silicon. The highest MRR of 0.0197 mm3/min was obtained at 1 g/L at 110 V. It was
also observed that the MRR increases with an increase in particle concentration at higher
voltages. Like CnF, silicon particles within the discharge gap cause electric field aberrations.
However, silicon’s aberration is expected to be lower compared to nanofibers with very
high electrical conductivity. Furthermore, silicon particles are much smaller than nanofibers
that are 0.1–10 µm in length. Due to Van der Walls forces, particle agglomeration is also
higher at smaller sizes.

As seen in Figure 7, the crater diameter of silicon, unlike CnF and alumina, is higher
than that of oil. Additionally, the crater diameter did not vary significantly with voltage,
similar to oil-only conditions. The material removed per discharge is thus higher than that
of oil-only conditions. Moreover, the presence of silicon also improves the distribution of
discharges. These two factors are expected to increase MRR.

Furthermore, semiconductors show a decrease in resistivity with an increase in temper-
ature. Thus, if the machining is continuous and the working gap’s temperature increases,
silicon’s conductivity would increase drastically. A highly conductive powder would
further enhance the discharge breakdown for the following discharges, and the machining
would proceed rapidly. The temperature in the working gap is generally higher at high
discharge energies. Furthermore, an increase in concentration can enhance this effect. This
is evident in the MRR results shown in Figure 19. It was observed that an increase in
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voltage increased the material removal rate. Furthermore, the increase in concentration
improved it further.

Figure 19. Material removal rate using silicon-mixed EDM.

However, at 90 V, the increase in concentration did not improve the MRR considerably
and was found to be reduced at very high concentrations. At low voltage, the gap size
is significantly smaller. The size of the agglomerated Si particles becomes similar to that
of the gap itself. This inhibits the machining process, which reduces furthermore with an
increase in powder concentration.

The relative electrode wear for different machining conditions is shown in Figure 20.
Like CnF and alumina, high tool wear was observed at 90 V, which decreased with an
increase in voltage. It was due to the increased amount of arcing at low voltages. This
instability in machining also resulted in a high fluctuation in electrode wear value at
lower voltages.

Figure 20. Relative electrode wear rate using silicon-mixed EDM.

Figure 21a–c shows the SEM of the machined surfaces with silicon mixing. Surface
roughness is shown in Figure 22. It was observed that the surface roughness decreased
for most conditions during PMEDM with Si powder. The roughness value decreases
initially with voltage and then increases. Like CnF and Al2O3, the initial decrease in
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surface roughness was due to the reduction in crater size, as seen in Figure 7. However,
unlike other powders, the difference in crater size between 90 V and 100 V is insignificant.
The roughness increases due to higher proportions of short-circuits and arcing, causing
unevenness throughout the surface.

Figure 21. SEM of machined surface using 0.5 g/L silicon at (a) 90 V (b) 100 V, (c) 110 V.

Figure 22. Surface roughness using silicon-mixed EDM.

Furthermore, it was observed that the roughness value decreases with increased
concentration. Initially, with increases in concentration, the discharges become uniformly
distributed due to a larger number of possible discharge pathways. However, at very high
concentrations, many particles start to agglomerate, resulting in discharge concentration in
the vicinity of the agglomerated particles and an uneven surface.

Silicon-mixed EDM of tungsten carbide can be an effective alternative to conductive
powders. However, they can yield high material removal rates only at high discharge
energy and powder concentrations. The electrode wear rate is also lower than CnF for
most conditions. In their study, Pecas et al. [20] used silicon powder (10 µm) in the EDM
of AISI H13. They have indicated that the addition of silicon improved the roughness
values. We have also found that silicon addition can also improve the roughness in
micro-machining conditions.

5. Conclusions

Three kinds of powders, conductive carbon nanofibers (CnF), semiconductive silicon
(Si), and insulative alumina (Al2O3), were mixed in a dielectric fluid during electric dis-
charge machining (EDM) of ultrafine particle type tungsten carbide. Single discharge and
hole machining tests were performed, and their effects on material removal rate (MRR),
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relative electrode wear rate (REWR), and surface roughness were studied. When compared
to conventional EDM without powder mixing, the following conclusions were made:

1. CnF and Al2O3-mixed EDM results in a crater with a smaller size when compared to
oil EDM, which increases with an increase in voltage. Si-mixed EDM, like oil EDM,
has large craters, which do not vary significantly with changes in voltage.

2. The MRR increased with the addition of all powders. Because of its electrical proper-
ties, CnF improved the MRR tremendously. Such effects were observed in Al2O3 and
Si only at high voltages. The MRR increased initially, with an increase in concentration,
then decreased.

3. A higher relative electrode wear rate (REWR) was also high using powder-mixed
EDM. In particular, using CnF, large amounts of electrode wear were observed. Due
to a smaller discharge gap at 90 V, an increased amount of process instability was
observed and, as a result, higher electrode wear.

4. The surface finish was improved for all powders and concentrations at higher voltages
of 100 and 110 V compared to EDM with oil only. However, such improvement was
not observed when the voltage was reduced further, owing to much faster machining.

5. It was also found that the increase in powder concentration improved the surface
roughness. Due to a much faster machining rate, carbon nanofibers produced a
rougher surface compared to alumina and silicon.

At rough machining conditions, the objective is to achieve high machining material
removal with repeatability. The results of this study indicate that conductive carbon
nanofiber is the best choice for powder-mixed EDM of tungsten carbide since it can machine
at a very high rate for all voltages and concentrations. Careful selection of machining
parameters is required to obtain desired output using silicon and alumina powders. It
is presumable that the addition of suitable powder could aid in improving the micro-
processing of materials having similar microstructures to ultrafine particle tungsten carbide,
whose machinability is lower.
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Abstract: The batch mode electrical discharge machining (EDM) method has been developed to
improve the throughput and accuracy in fabricating array structures, but the process suffers from
insufficient debris removal caused by the complex electrode geometry. Tool vibration has been used
to improve flushing conditions, but to date the underlying mechanism of the tool vibration on the
micro EDM of array structures remains unclear. This study aimed to investigate the effect of tool
vibration on the machining process by direct observation of the discharge phenomena in the discharge
gap by using a high-speed camera. Micro EDM experiments using 9 and 25 array electrodes were
performed, and the effect of tool vibration on the discharge uniformity and tool wear was evaluated.
It was found that tool vibration improved the uniformity of the discharge distribution, increased the
machining efficiency, and suppressed the tool wear. The discharges occurred in periodic intervals,
and the intensity increased with the amplitude of tool vibration. The results of this study indicate that
the vibration parameters determine the discharge period duration and intensity to achieve optimum
stability and efficiency of the machining process.

Keywords: micro electrical discharge machining; vibration assisted electrical discharge machining
(EDM); high-speed camera; array electrode; structured surface

1. Introduction

Electrical Discharge Machining (EDM) is a non-traditional machining method with
outstanding performance for precision machining of hard and brittle materials [1]. The
material removal is based on the thermal effect of electrical discharges in a narrow gap
between the tool and workpiece electrode. The gap is filled with a dielectric fluid to enable
controlled discharges and the transportation of removed material [2]. Accumulation of
removed material as debris particles in the discharge gap is a significant problem in EDM.
A higher debris concentration leads to a decreased dielectric breakdown strength, causing
unstable machining and short-circuiting [3]. As a result, the machining time increases,
and the machining quality can be reduced [4,5]. Uniform debris distribution and timely
removal of particles from the gap are thought to be the main factors contributing to a stable
machining process [6].

Micro array fabrication is a specific application of micro EDM that has gained increas-
ing attention in recent years. Li et al. [7] used wire Electrical Discharge Grinding (WEDG)
to fabricate micro electrodes for micro EDM drilling of arrays with 2 by 128 holes for inkjet
printer nozzles. Li et al. [8] fabricated micro hole arrays for the micro embossing of lens ar-
rays by micro EDM drilling. As the accuracy of the tool electrode determines the machining
quality of the array, several studies have been carried out to improve the fabrication process
and wear performance of micro electrodes for micro EDM drilling of arrays [9,10]. Debnath
and Patowari [11] proposed wire EDM to fabricate arrays of rectangular micro pillars as a
heat exchanger for small-scale electronic devices. However, the machining accuracy of the
arrays was low, with a pillar thickness error of about 25 µm.
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The serial process for micro EDM drilling single holes of the array can be parallelized
by using array electrode tools. This batch mode machining method is a promising alterna-
tive to overcome the challenges of limited throughput and severe wear in the micro EDM
drilling of arrays [12,13]. Yi et al. [13] demonstrated the machining of steel shadow masks
by batch mode micro EDM with arrays of 4 by 4 rectangular electrodes to fabricate organic
thin-film transistors. Zeng et al. [14] studied the performance of ultrasonic vibration-
assisted micro EDM machining with arrays of 5 by 5 electrodes. Other applications of
micro arrays include filters, fuel nozzles, semiconductor and electronics components, and
biotechnology devices [9,12]. The fabrication process of array tools with complex geom-
etry was addressed, and electrode fabrication by reverse EDM, wire EDM, lithography,
electroplating, and molding (Lithographie, Galvanoformung, and Abformung (LIGA)),
and micro milling was reported [15–18]. Chen [16] designed a multidirectional wire EDM
machine tool and fabricated arrays of electrodes with 21 µm width and 700 µm length.
Wang et al. [18] developed an integrated machine tool for on-machine micro milling of
3 by 3 rectangular array electrodes and micro EDM of cavities for improved machining
accuracy. Sun et al. [19] fabricated array electrodes by reverse EDM and demonstrated that
the effect of tool wear could be utilized to fabricate hole arrays with rectangular inlets and
circular outlets.

One of the main issues in batch mode manufacturing of arrays is the difficult debris
removal due to the complex shaped workpiece–electrode gap. Process instability and
nonuniformity caused by debris accumulation is a major problem for array EDM. A varia-
tion of the hole diameter and depth across the array has been a common problem in several
studies [12,14,20]. To minimize debris accumulation in the discharge gap, methods have
been developed to improve debris flushing conditions. Tool rotation is often used for micro
EDM drilling, but it is limited to tool geometries with cylindrical shapes and cannot be
applied to array tools in batch mode machining [21]. As an alternative, vibration of the
tool or workpiece was proposed to improve micro EDM machining of array structures
and other non-cylindrical geometries [4]. Unlike other flushing methods, the vibration
assistance is effective even when the gap is extremely small, which makes the tool vibration
method suitable for micro EDM [22]. Several studies have found that tool vibration can
increase the machining stability and reduce the machining time [23,24]. Tong et al. [6]
observed an improved accuracy by workpiece vibration in the machining of micro gears. It
has been demonstrated that vibration also affects tool wear and surface roughness [23–25].
However, the fundamental mechanism of vibration-assisted EDM and the effect of vibration
frequency and amplitude on the machining process for micro EDM of array structures are
not yet fully understood. In addition, optimization of the vibration conditions is necessary
for industrial applications.

The extremely rapid character of the discharge phenomena in the small gap compli-
cates the investigation of micro EDM mechanisms [2]. Many different physical/chemical
processes such as electrical discharges, transfer of heat and material, and chemical reactions
interact in the gap. This complexity intricates analytical and numerical modeling [26].
Kitamura et al. [2] developed a direct observation method of the discharge gap that has
been used for the clarification of gap phenomena in EDM. The discharge gap of a rectan-
gular electrode was studied. It was found that most of the gap was filled by bubbles, but
discharges were mostly observed in the dielectric liquid [2]. In [27], the discharge locations
in wire EDM were observed, and the authors suggested that a larger distance of consec-
utive discharges contributed to a better stability of the machining process. Yue et al. [28]
demonstrated that the phenomena in the discharge plasma could be made visible by using
bandpass filters or laser illumination. An influence of the gap flow field on the material
removal was concluded from the observations. The discharge gap in vibration-assisted
micro EDM using cylindrical electrodes was observed by Shitara et al. [24]. The position
of discharge spots was evaluated, and the distribution of discharge locations was found
to be more uniform with the vibration of the electrode. A so-called interrupted discharge
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phenomenon was observed where discharges only occurred during a short period of the
electrode movement.

The schematic in Figure 1 illustrates the flow field in the gap in micro EDM of single
and array electrodes with/without tool vibration. A higher flow resistance results from the
array electrode geometry with a long, curved gap. This is associated with a more difficult
machining without tool vibration. In general, the tool vibration generates a symmetrical
fluid motion in the center region of the electrode end towards the side gap. In the gap of
the array electrode, the flow is symmetrical in the center but one-directional towards the
side areas. The effects of the difference in local flow direction and flow resistance on the
non-uniformity of machined surface accuracy are unknown.

Figure 1. Effect of vibration and difference of the flow field (a) single electrode without vibra-
tion, (b) array electrode without vibration, (c) single electrode with vibration, (d) array electrode
with vibration.

To date, most studies on the gap observation of EDM, especially vibration-assisted
EDM, used simple tool geometries such as single rectangular or circular electrodes. Though
the application of tool vibration shows its full potential in micro EDM of complex geome-
tries, such as multiple-cavity arrays, the mechanisms underlying this specific situation have
not been clarified.

In this study, the direct observation of the discharge gap is applied to micro EDM with
array electrodes. The study aims to investigate the fundamental effects of tool vibration
assistance by evaluating the distribution and time-dependent change of the discharges.
The machining performance improvement mechanism will be examined, and the potential
of vibration assistance for micro EDM of complex geometries will be demonstrated. The
findings of the discharge phenomena and mechanisms will be useful for the develop-
ment of optimal vibration conditions for high-uniformity micro fabrication of large-area
array structures.

2. Materials and Methods

Micro EDM experiments were performed, and the discharges were recorded by direct
gap observation. Image processing was applied to evaluate the discharge locations.

An actuator was required to generate the vibration motion of the tool electrode. A
piezoelectric actuator was selected due to the fast response time and high acceleration.
The design and verification process described in [29] was followed. The vibration unit
illustrated in Figure 2 was designed using a piezoelectric transducer (AE0505D16F, Tokin
Co., Sendai, Japan). The frequency and amplitude of the driving voltage were controlled
to set the desired displacement. The axial and radial tool motion was analyzed by a laser
displacement sensor (LK-H025, Keyence, Osaka, Japan), and low radial movement was con-
firmed. The vibration modes in Table 1 were selected for the experiments. Throughout this
paper, we use the term amplitude for the peak-to-valley amplitude of the vibration motion.
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Figure 2. Cross-section and overview of the components of the vibration unit.

Table 1. Vibration parameters selected for the experiments.

Frequency Axial Amplitude Radial Amplitude (x/y)

(Hz) (µm) (µm/µm)

50
3 0.12/0.11
5 0.24/0.2

400
3 0.58/0.58
5 1.05/1.05

1000
3 0.94/0.81
5 1.1/0.63

A resistor-capacitance (RC) type EDM machine (MG-ED72, Panasonic, Kadoma, Japan)
was used to conduct the experiments. As seen in Figure 3, the discharge energy was
controlled by setting the voltage and capacitance of the EDM circuit. The experimental
parameters of the machine are detailed in Table 2.

Figure 3. Schematic of the resistor–capacitor type EDM circuit.

Table 2. Experimental parameters of micro EDM experiments.

Parameter Value

Voltage (V) 100
Capacitance (pF) 220
Feed rate (µm/s) 5

Machining depth (µm) 80
Workpiece electrode Anode: 4H-SiC (+)

Tool electrode Cathode: Cu (−)
Working fluid EDM oil (CASTY-LUBE EDS)

Micro EDM experiments with arrays of 9 and 25 electrodes were performed, and the
effect of tool vibration on the machining process was investigated. Figure 4a illustrates
the tool array of 9 rectangular electrodes with a size of 100 µm by 100 µm and a height
of 200 µm. The electrodes were fabricated from a copper rod of 2 mm diameter by micro
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milling as it is economical and less time-consuming than other manufacturing methods
while achieving sufficient accuracy for the observation experiments. The top surface of
the array was hand polished to remove burrs from micro milling and to increase the
surface reflectivity of the electrodes to ease the high-speed camera observation. Before the
experiments, the tool and workpiece were cleaned in an ultrasonic bath with EDM oil. Tool
arrays of 25 cylindrical electrodes are illustrated in Figure 4c. The arrays were fabricated
from copper material by reverse EDM to achieve higher accuracy and smaller spacing of
the electrodes. An electrode diameter of 80 µm, spacing of 200 µm, and electrode length of
200 µm was achieved.

Figure 4. SEM image of the tool array electrodes used in this study. (a) Tool array of 9 rectangular
electrodes (b) Detailed view of an electrode of the array (c) Tool array of 25 cylindrical electrodes.

A workpiece material with sufficient electrical conductivity for EDM processing and
transparency to enable observation of the gap phenomena was required. Semiconductor
materials such as SiC and Ga2O3 have been used in previous studies [30]. Despite lower
machinability [30], SiC was selected in this work due to its lower cost and better availability.
Rectangular pieces of the 4H-SiC wafer (10 mm × 10 mm × 365.7 µm) were used as
workpiece electrodes. 4H-SiC is a polar material due to the bilayer stacking sequence
of Silicon and Carbon [31,32]. The machining was performed on the Carbon face of the
SiC material.

The observation was conducted by a high-speed camera (FASTCAM Mini AX50,
Photron Ltd., Tokyo, Japan). The settings of the high-speed camera are shown in Table 3.
The experiment setup is illustrated in Figure 5 and was based on previous studies on direct
gap observation [2,24,30]. As seen from the schematic in Figure 6, the vibration unit was
connected to a signal generator and amplifier and mounted to the z-axis of the micro EDM
machine. The tool electrode was attached to the vibration unit. The SiC workpiece was
installed in an acrylic tank and submerged in the dielectric fluid. A mirror was placed on
an inclined stand beneath the tank. The high-speed camera and high luminance lights were
set up in front of the micro EDM machine. The discharge gap was observed through the
transparent SiC workpiece from below via the mirror.
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Table 3. High-speed camera settings.

Parameter Value

Framerate (fps) 20,000
Recording time (s) 8.7345

Resolution 256 × 256 pixel

Figure 5. Schematic of the setup for the direct observation of the discharge gap.

Figure 6. Block diagram representation and photo of the experiment setup.

Die sinking EDM was performed, and the machining progress was tracked. The
gap observation settings were optimized to show only the discharges and minimize the
interference of bubbles, debris, and other effects. The video recording was started after the
electrode reached a machining depth of 50 µm. Machining showed significant differences
at this depth, and suitable evaluation results were obtained due to low interference of
reflections on the recorded videos.

After the experiments, the gap videos and the machined cavities were analyzed. An
image-processing script was developed in MATLAB to evaluate the discharges in the
recorded videos. The machined surface of the SiC samples was scanned by a non-contact
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laser profilometer (NH-3SPs, Mitaka Kohki Co., Tokyo, Japan) and inspected by SEM
(Inspect F50, FEI Co., Hillsboro, OR, USA).

3. Results and Discussion
3.1. Discharge Distribution States

In contrast to machining without vibration, where discharges occurred randomly, tool
vibration led to a periodic discharge. In regular intervals, the discharges were stopped
or only observed sporadically. In the experiments, three different discharge states were
observed through the videos. Generally, multiple discharge spots were distributed over
several electrodes of the array. Figure 7a shows a single frame recorded during this regular
machining state. Occasionally discharges occurred concentrated on a single electrode
in a high number. This discharge concentration is visible as a bright area in Figure 7b.
The discharge concentration usually occurred at the end of the regular discharge period.
Intense discharge continued for an extended time in the vibration cycle, even after regular
discharge on the other electrodes was stopped. The discharge concentration phenomenon
often appeared repeatedly over multiple vibration cycles. Infrequently, single bright spots,
as shown in Figure 7c, that remained for several consecutive frames were observed. In
most cases, this phenomenon followed a discharge concentration. The bright spot was
assumed to be caused by arcing or short-circuiting when debris particles formed a bridge
between the tool and the workpiece. The bright spot phenomenon often observed after
the discharge concentration in the videos provides additional support for the findings of
Shitara et al. [24] that discharge concentration might be a precursor to short-circuiting.

Figure 7. Different discharge states observed at 50 Hz and 5 µm vibration with the EDM parame-
ters specified in Table 2: (a) unform distribution, (b) concentration at a single electrode, (c) single
discharge spot.

3.2. Effect of Vibration on Discharge Distribution

The video was evaluated by thresholding the grayscale video frames in MATLAB.
The location and number of the bright discharge spots in each frame were detected. The
number of discharges with tool vibration is illustrated in Figure 8. The highest discharge
rate was recorded for vibration at 50 Hz and 3 µm, but irregularities were seen twice. All
other vibration modes showed good linearity. The discharge rates at 50 Hz, 400 Hz, and
1000 Hz with an amplitude of 5 µm were higher than the discharge rates at 400 Hz and
1000 Hz with 3 µm amplitude.
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Figure 8. Number of discharges over the recording time.

The frames were partitioned in a grid of 50 by 50 elements, and the number of
discharge spots in each element was counted. Without tool vibration, only a small number
of discharges were observed, concentrated on a few electrodes of the array. This resulted in
the highly non-uniform distribution, as shown in Figure 9.

Figure 9. Distribution of discharges without tool vibration and the EDM parameters specified in
Table 2.

Such non-uniform distribution was also observed during vibration-assisted EDM
at 50 Hz and 3 µm amplitude. As illustrated in Figure 10a, a much higher number of
discharges was observed on the top-right electrode, while the number of discharges on the
center electrode was slightly increased. The gap observation video showed that this was a
result of discharge concentration. The discharge concentration was observed twice on the
top-right and once on the center electrode during the recorded timespan.
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Figure 10. Distribution of discharges with tool vibration and the EDM parameters specified in Table 2.
The vibration frequencies and amplitudes are: (a) 50 Hz, 3 µm (b) 50 Hz, 5 µm (c) 400 Hz, 3 µm
(d) 400 Hz, 5 µm (e) 1000 Hz, 3 µm (f) 1000 Hz, 5 µm.

The distribution of discharge spots for the vibration mode of 50 Hz and 5 µm amplitude
is given in Figure 10b. The uniformity of the discharge distribution was significantly
increased. This indicates higher stability of the machining process. The recorded video
showed that discharge concentration occurred once on the bottom-right electrode. However,
the concentration continued only for a few vibration cycles and did not influence the
discharge distribution. Subsequently, the bright spot phenomenon was observed in the
location where the discharge concentration occurred.

The discharge distributions at 400 Hz and 1000 Hz with both 3 µm and 5 µm amplitude
are illustrated in Figure 10c–f. Machining at these vibration parameters showed good
uniformity. A correlation of the discharge uniformity to the frequency or amplitude of
the vibration was not identified for these parameters. Compared to the 50 Hz and 5 µm
vibration result, the distribution was slightly less uniform. The reasons for this can be found
in the higher variation of the discharge numbers in the elements on individual electrode
positions. An uneven electrode surface may have resulted in regions with more discharges.
Elevations could have been caused by the adhesion of debris or deposited carbon from the
EDM oil. A gradual decrease of discharges across the array was observed in some cases,
such as at 400 Hz and 5 µm. A higher concentration of debris may have increased the
discharge number in one electrode area. It is also possible that some discharges were not
visible due to a brightness gradient of the lighting in the gap.

147



Micromachines 2022, 13, 1286

3.3. Effect of Vibration on the Discharge Period

The duration and intensity of the periods with/without discharge were analyzed.
The number of discharge spots detected per frame at an arbitrary position is displayed
in Figure 11. With increasing frequency, the beginning and end of the discharge periods
became more apparent as the number of stray discharges decreased. The duration and
number of discharges of the discharge periods was evaluated, and the average discharge
intensity over the recorded video is illustrated in Table 4. There was a significant correlation
between the vibration amplitude and the intensity of the discharge rate. At all observed
vibration frequencies, a higher rate of discharge spots during the discharge period was
found when the vibration amplitude was increased from 3 µm to 5 µm.

Figure 11. Discharge periods with the parameters specified in Table 2. The vibration frequencies and
amplitudes are: (a) 50 Hz, 3 µm (b) 50 Hz, 5 µm (c) 400 Hz, 3 µm (d) 400 Hz, 5 µm (e) 1000 Hz, 3 µm
(f) 1000 Hz, 5 µm.

Table 4. Average intensity of discharge during the discharge periods.

Frequency Number of Discharges Per ms
(Hz) Amplitude 3 µm Amplitude 5 µm

50 100 123
400 63 80

1000 76 115
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Figure 12 shows the ratio of the average discharge period duration to the average
no-discharge period. It was found that an increase of both the vibration frequency and
amplitude led to a shorter discharge period. This was attributed to the relation of the
vibration parameters and the electrode velocity, as detailed in Equation (1). The electrode
velocity, v, varies with the time, t. The vibration frequency and amplitude are denoted by f
and â, while ϕ is the phase shift.

v(t) = âπ f sin(2π f t + ϕ) (1)

Figure 12. Ratio of the average discharge period and no-discharge period duration in the vibration cycle.

The tool follows a sinusoidal trajectory, and increasing frequency and amplitude of
the vibration leads to a higher electrode velocity. As shown in Figure 13, the residence time
of the tool in the beneficial discharge range decreases when the amplitude is changed from
3 µm to 5 µm.

Figure 13. Distance of the tool electrode to the workpiece surface during one vibration cycle.
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3.4. Effect of Vibration on the Machining Time

The progression of the tool was recorded, and the machining time to a depth of 80 µm
is illustrated in Figure 14. The highest machining time was recorded without vibration. As
seen from the tool feed in Figure 15, the tool progression followed the specified feed rate
of 5 µm/second for only about 5 µm and then slowed down significantly. The machine
control performed a reciprocation motion of the tool after abnormal discharge was detected
to flush debris from the gap. This jump motion occurred frequently, indicating bad flushing
conditions and regular short-circuiting.

Figure 14. Machining time for a depth of 80 µm with the parameters specified in Table 2.

Figure 15. Tool feed without vibration and the parameters specified in Table 2.

The tool electrode feed with vibration over the machining time is illustrated in
Figure 16. At a vibration with 3 µm amplitude, the machining rate followed the feed
rate to a higher machining depth than without vibration. Tool jump motion did not occur
up to a machining depth of 30 µm at 50 Hz and 400 Hz and up to 40 µm at 1000 Hz. The
machining rate progressed slower from that point on. The frequency of tool reciprocation
increased with a higher machining depth but remained less frequent than without vibration,
as seen in Figure 15.
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Figure 16. Tool feed with vibration and the parameters specified in Table 2.

The range of stable machining was further increased at a vibration amplitude of 5 µm.
Increasing tool jump motion was observed after a machining depth of 40 µm at a vibration
frequency of 50 Hz and 400 Hz. At 1000 Hz, tool reciprocation became more frequent after
a machining depth of 55 µm was reached. The jump motion was less frequent than at
3 µm machining. The beneficial effect of tool vibration on the machining time is therefore
attributed to better machining conditions that reduce the frequency of tool retraction.

3.5. Effect of Vibration on Surface Roughness

The arithmetic average roughness, Ra, of the array cavities was measured. Due to the
small size of the cavities, a non-standardized measurement was performed. A scanning
pitch of 0.5 µm, a sampling pitch of 0.5 µm, and a cutoff length of 0.25 mm were used. The
mean value of the nine cavities of each array was calculated. As illustrated in Figure 17,
machining with vibration at 50 Hz and 1000 Hz led to similar surface roughness to that
without vibration. The surface roughness was slightly higher at 400 Hz vibration. In
addition, as a general trend, a higher vibration amplitude decreased the surface roughness,
except at 1000 Hz frequency.

Figure 17. Average roughness of the array cavities.

Figure 18 shows an SEM image of the workpiece surface machined without vibration.
The surface is characterized by large flat craters without distinctive crater walls. The density
of the discharge craters was low, and adhesion of debris particles was visible.
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Figure 18. SEM image of the workpiece surface machined without vibration and the parameters
specified in Table 2.

The SEM images in Figure 19 show the sample surfaces machined with tool vibration.
Compared to Figure 18, the density of the discharge craters is higher, and the discharge
craters are smaller but deeper. The SEM observation of the sample surface in Figure 19
revealed differences in the crater size and shape with different vibration parameters. At
50 Hz and 1000 Hz, the discharge craters appeared flat with thin walls. The surfaces
machined at 400 Hz frequency in Figure 19c,d showed deeper craters. The thickness of
the crater walls was higher, with more remolten material on the crater edges. The sample
machined at 1000 Hz and 5 µm in Figure 19f also showed a few adhered debris particles
and porosity of the crater walls. This might have caused the higher roughness despite
smaller crater depths compared to machining with vibration at 1000 Hz and 3 µm.

The observation of the workpiece surface and measurement of surface roughness indi-
cated that the discharge craters changed with different vibration settings. As Wang et al. [33]
reported, a higher amplitude of the electrode vibration can lead to a shallower crater depth
as a result of a shift in the discharge plasma origin. This might be a reason for the decrease
in surface roughness from 3 µm to 5 µm vibration amplitudes at the frequencies of 50 Hz
and 400 Hz. Another reason might be that the crater density at a larger amplitude is higher,
which causes more overlaps among the craters, and in turn, lower roughness.

A higher discharge energy can melt more workpiece material, resulting in a correlation
to the crater size [34]. The variance of the crater size indicates changing discharge energy
at different vibration parameters. This could result from a difference in the gap width.
A changing gap width is also demonstrated by the increasing intensity of the discharges
at higher frequencies. With a smaller gap width and high discharge intensity, the risk of
debris adhesion is increased, which was observed on the workpiece machined at 1000 Hz
and 5 µm vibration. The workpiece machined without vibration provides evidence of a
high concentration of debris in the gap, resulting in low discharge energy with small craters
and a high probability of debris adhesion.
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Figure 19. SEM image of the workpiece surface with the parameters specified in Table 2. The vibration
frequencies and amplitudes are: (a) 50 Hz, 3 µm (b) 50 Hz, 5 µm (c) 400 Hz, 3 µm (d) 400 Hz, 5 µm
(e) 1000 Hz, 3 µm (f) 1000 Hz, 5 µm.

3.6. Effect of Vibration on Hole Diameter Uniformity

One of the major challenges in micro-EDM of arrays is the non-uniformity of the
machined features. Non-uniformity of the hole diameter was observed in experiments with
and without tool vibration. So far, studies have focused on tool vibration in the ultrasonic
range [12,20].

An experiment was performed with the same materials and parameters as the previous
experiment specified in Table 2, and the hole diameter uniformity was studied. To pre-
vent small deviations of the electrode diameter from influencing the results, the diametral
overcut was used to assess the hole uniformity. The diametral overcut ratio is calculated
according to Equation (2), where dhole is the hole entrance diameter and delectrode is the elec-
trode diameter. The hole entrance area, Ahole, and cross-sectional electrode area, Aelectrode,
were evaluated by 3D laser scanning microscope (LEXT OLS4100, Olympus Corp., Tokyo,
Japan).

Overcut Ratio =
π
4
(
dhole

2− delectrode
2)

π
4 dhole

2 =
Ahole− Aelectrode

Ahole
(2)

Figure 20 illustrates the overcut of the arrays. The evaluation was performed along the
array’s main diagonal, antidiagonal, horizontal, and vertical directions. It must be noted
that the variance of hole number 3 is zero, as it represents the central hole along with all
evaluation directions.
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Figure 20. Ratio of the overcut to the hole entrance area with the parameters specified in Table 2.
The vibration frequencies and amplitudes are: (a) 50 Hz, 3 µm (b) 50 Hz, 5 µm (c) 400 Hz, 3 µm
(d) 400 Hz, 5 µm (e) 1000 Hz, 3 µm (f) 1000 Hz, 5 µm.

As illustrated in Figure 20a, the array machined at 50 Hz and 3 µm showed a higher
overcut in the center of the array, which matched the results of previous studies. A standard
deviation of 1.31% from the mean overcut ratio of 30.95% was obtained. The overcut ratio at
50 Hz and 5 µm was smaller, with a mean value of 21.31%. Linked to the decreased overcut
ratio is a smaller gap width. This might explain the non-uniform overcut seen in Figure 20b
as a cause of a more difficult debris removal through the smaller side gaps. The standard
deviation of the overcut ratio was 3.47%. Machining at 400 Hz and 3 µm resulted in a mean
overcut ratio of 25.48%. The values for the individual holes of the array machined at 400 Hz
and 3 µm are illustrated in Figure 20c. The irregularity of the overcut ratio was smaller than
at 50 Hz and 3 µm vibration, as indicated by the standard deviation of 1.2%. At 400 Hz and
5 µm, the best uniformity of the hole overcut ratio was achieved with a standard deviation
of 1.09%. As demonstrated by Figure 20d, a uniform overcut in the center of the array and
deviations with smaller overcut at the edges were observed. The mean overcut ratio was
24.23%. Figure 20e shows the overcut at 1000 Hz and 3 µm. There was a high variance
of the overcut ratio at the edges of the array, while the uniformity increased towards the
center. This was also represented by the standard deviation of 2.13%. The mean overcut
ratio of 31.28% indicated a higher gap width. A similar trend was observed at 1000 Hz
and 5 µm, as detailed in Figure 20f. A scattered overcut ratio on the edges was recorded
that caused a high standard deviation of 2.74%. As seen by the higher overcut ratio, the
gap width increased towards the center. The variance of the overcut decreased likewise. A
mean overcut ratio of 25.98% was obtained.
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The higher overcut around the edges of the array was unexpected. One possible
explanation would be that debris from the electrodes in the center is transported to the
outside by the vibrating movement. The debris is sucked back in the holes at the edges of
the array and leads to the increased debris concentration in these areas. In earlier findings,
a larger hole diameter was attributed to bad debris flushing from the center holes of the
array. Hole arrays machined at 400 Hz and 1000 Hz with 5 µm vibration amplitude are
compared in Figure 21. A higher variance of the hole diameter can be seen in Figure 21b.

Figure 21. SEM images of 5 × 5 arrays (a) Machined with vibration at 400 Hz and 5 µm amplitude
(b) Machined with vibration at 1000 Hz and 5 µm amplitude.

3.7. Effect of Vibration on Tool Wear

The tool wear was studied by SEM microscopy after a single use of the tool. Compared
to the tool before use in Figure 4b, the rounded edges of the array used at 50 Hz and 3 µm
vibration in Figure 22a indicate significant wear. The tool wear also caused the formation
of craters on the top surface of the electrodes. Deposition of carbon and debris can be seen
as black material in the upper part of the electrodes.

Figure 22. SEM images of the 5 × 5 array tools after use with the parameters specified in Table 2.
The vibration frequencies and amplitudes are: (a) 50 Hz, 3 µm (b) 50 Hz, 5 µm (c) 400 Hz, 3 µm
(d) 400 Hz, 5 µm (e) 1000 Hz, 3 µm (f) 1000 Hz, 5 µm.

The effects of wear were smaller on the array used at 400 Hz and 3 µm vibration. As
shown in Figure 22b, craters were formed on some electrodes, mainly in the center of the
array. A similar amount of carbon and debris was deposited on the electrode surface. The
array used at 1000 Hz and 3 µm experienced less wear, as indicated by the sharper edges
and flat electrode top faces in Figure 22c. Less material was deposited on the electrodes,
leaving discharge craters visible. The tools used with a vibration amplitude of 5 µm showed
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a similar wear characteristic. High wear with craters in the electrode center was observed
at 50 Hz vibration frequency in Figure 22d. Carbon and debris were deposited mainly on
the electrode side faces, and the amount was smaller compared to the tool used at 50 Hz
and 3 µm. The tool wear was significantly smaller after machining at 400 Hz and 5 µm, and
no craters were formed on the electrodes, but a high build-up of material can be seen on
the electrodes in Figure 22e. Vibration at 1000 Hz and 5 µm resulted in minimal tool wear.
The edges of the electrodes were only slightly rounded, and the top surface remained flat,
as shown in Figure 22f. Very little debris and carbon was deposited on the side faces, but a
layer of material formed on the top surfaces of the electrodes.

3.8. Mechanism of Vibration-Induced Discharge Intensity Change

Tool vibration caused regular discharge intervals, which is in line with the concept
of a beneficial discharge range. It was proposed that discharges only occur when the
distance between tool and workpiece electrode is below a certain threshold distance [6].
Tong et al. [6] suggested a relationship between the optimum amplitude and the discharge
distance between the tool and the workpiece. However, the model considered vibration to
reduce the negative influence of a low response frequency of the machine control. It failed
to address the effect of vibration on the discharge process.

It was observed in this study that the discharge intensity increased with higher ampli-
tudes. Figure 23 compares the interaction of debris and discharges over one vibration cycle
at low and high amplitude vibration. Due to the flushing of debris formed in the previous
vibration cycle, the debris concentration in the gap is low when the electrode is in the top
position, as shown in Figure 23(a1,a2). It is assumed that more effective flushing at higher
amplitudes contributes to a lower debris concentration in Figure 23(a2). Therefore, the
dielectric breakdown strength is higher. The first discharge of the cycle at the higher ampli-
tude in Figure 23(b2) occurs at a smaller gap width, compared to the lower amplitude seen
in Figure 23(b1). This discharge forms new debris particles in the gap, and the debris con-
centration increases. The rising debris concentration leads to a reduced breakdown strength
and facilitates more discharges. Due to the smaller fluid volume at the higher amplitude,
the debris concentration in Figure 23(c2) is significantly higher than in Figure 23(c1). More
discharges are triggered as a result of the drastically reduced breakdown strength. As these
discharges also release new debris particles, a self-reproduction effect of the discharges
is achieved. This situation promotes the overlapping of craters, leading to a decrease in
surface roughness, as seen in Figures 17 and 19. When the tool electrode moves upwards,
new fluid enters the gap and reduces the debris concentration. The discharge process stops
when the tool electrode surpasses the critical breakdown distance to the workpiece, as seen
from Figure 23(d1,d2).

The concentrated discharge phenomenon might occur when the debris concentration
becomes extremely high towards the end of the regular discharge period. As a consequence
of the very low breakdown strength, the concentrated discharge can continue while the
regular discharge is stopped. The gap observation showed that the discharge concentration
was more likely to subside with tool vibration before arcing could occur. This provides
evidence that the discharge period is linked to the material removal rate, as the material
removal rate benefits from a high discharge rate and low frequency of short-circuiting. The
tool vibration parameters must be carefully selected to achieve the optimum machining
conditions. If the frequency is too low, the discharge period will continue too long, and
short-circuiting will occur. If the frequency is too high, fewer discharges per cycle will
occur, and the machining efficiency is reduced.
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Figure 23. Mechanism of the increase of the discharge intensity with a higher vibration amplitude.
(a1) Electrode at top, (b1) discharge begins, (c1) electrode at bottom, and (d1) discharge stops under
small-amplitude vibration; (a2) Electrode at top, (b2) discharge begins, (c2) electrode at bottom, and
(d2) discharge stops under large-amplitude vibration.

4. Conclusions

The effect of tool vibration on the electrical discharge machining process with micro
array electrodes was studied by direct observation of the discharge gap. The influence
of vibration on the microscopic surface topography and array uniformity was further
evaluated. The following conclusions result from the study:

1. The uniformity of the discharge spot distribution on the individual electrodes of the
array was improved by tool vibration. The higher uniformity resulted from a higher
discharge rate and fewer irregular discharges, such as discharge concentration and
short-circuiting.

2. Tool vibration led to a periodic discharge process. The discharges only occurred when
the tool electrode was at a certain distance to the workpiece due to the electrical
breakdown strength of the fluid.

3. Higher vibration frequency and amplitude reduced the ratio of the discharge period
to the time without discharges in the vibration cycles. With increasing vibration
amplitude, the intensity of the discharge period increased.

4. Tool vibration reduced the machining time. An increase in both vibration frequency
and amplitude improved the machining time.

5. Vibration assistance led to a change in the surface roughness of the machined surfaces.
This was primarily due to a difference in the discharge crater size and resolidified
material. The crater size and density were reduced without vibration, and more debris
adhered to the surface.

6. Arrays of 25 holes were machined, and the hole diameter uniformity was studied.
The best uniformity was achieved at a vibration frequency of 400 Hz.

This work has demonstrated the potential of using tool vibration for assisting micro
EDM with array electrodes and other complex geometries. The gap observation clarified
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the phenomena of the periodic discharge, which is necessary for obtaining the optimal
vibration parameters. Vibration frequency and amplitude influenced the sample roughness
and hole diameter uniformity. Further research will include the investigation of discharge
energy and the direct observation of debris in the gap, among other things.
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Abstract: This paper focuses on the fabrication of high-quality novel products using a µEDM process
variant called Reverse-µEDM. The tool plate required for the Reverse-µEDM is fabricated using Nd:
YAG-based laser beam micromachining (LBµM) at the optimized process parameters. The Grey
relation analysis technique is used for optimizing LBµM parameters for producing tool plates with
arrayed micro-holes in elliptical and droplet profiles. Titanium sheets of 0.5 mm thickness were used
for such micro-holes, which can be used as a Reverse-µEDM tool. The duty cycle (a combination
of pulse width and frequency) and current percentage are considered as significant input process
parameters for the LBµM affecting the quality of the micro-holes. A duty cycle of 1.25% and a current
of 20% were found to be an optimal setting for the fabrication of burr-free shallow striation micro-
holes with a minimal dimensional error. Thereafter, analogous protrusions of high dimensional
accuracy and minimum deterioration were produced by Reverse-µEDM using the LBµM fabricated
tool plates.

Keywords: Reverse-µEDM; Nd: YAG LBµM; micro-holes; burrs; protrusions

1. Introduction

The technology for fabricating micro-scale engineering components and features is
of interest to the biomedical, optical, and electronical industries [1]. One of the essential
components is an arrayed protrusion (or micro pin-fins) of complex cross-sectional pro-
files (i.e., elliptical, circular, and diamond shapes), which is used for high heat dissipation
from high-performance microelectronics [2]. The fabrication of such protrusions requires
dedicated technology to achieve high dimensional accuracy and cost-effectiveness in the
products. Amongst the recently developed non-conventional micro-fabrication technolo-
gies, the Reverse-µEDM process has emerged as a promising technique for fabricating
micro-scale protrusions of high aspect ratio [3] and complex cross-sections [4]. Reverse-
µEDM works on reversing the conventional µEDM polarity in which material removal
takes place due to electron work function and electrical resistivity associated with the
discharge energy ratio [5]. These fabricated protrusions have cross-sectional profiles similar
to the shape of the micro-holes on the tool plate fabricated by LBµM. Notably, while fabri-
cating a dense array of unconventional protrusions using the above-said process, issues of
high machining time and damaged tips of the arrayed structures, particularly in the central
zone, are found [6]. Of these two significant issues, the former is related to the process
capability. The latter, which is of particular interest to the present research, is due to the
poor quality of those micro-holes in the tool plate. Kishore et al. [7] explored LBµM as
an auxiliary process used for fabricating tool plates with the desired shape micro-holes in
different arrangements. Both the processes were facilitated on a single CNC machine tool
with an axial resolution of 0.1 µm. Nevertheless, there remains a presence of cleavage burrs
on the side walls of each micro-hole that lead to damaging the subsequently fabricated
protrusions. The reason was anticipated to be a poor selection of process parameters.
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However, LBµM can machine a wide range of difficult-to-cut materials, such as
ceramics [8,9], polymers [10,11], and various metals such as aluminum alloys [12], stainless
steel [13], and titanium alloys [14]. The inherent burrs and recast layer formation, especially
in metallic samples, results in inaccurate dimensions and poor surface quality of fabricated
microcavities. It may be due to the high heat input of an intense laser beam, which directly
vaporizes the molten metal from the localized zone, resulting in the vapor and plasma
pressure generation from the microcavity [15]. Appropriate heat input parameters can
control the excessive burrs and recast layer formation. This includes wavelength [16,17],
pulse duration [18,19], and laser power [20], which are the primary LBµM parameters
that affect the machining characteristics. Several works were carried out to analyze the
effect of these process parameters on microcavity fabrication. Tunna et al. [21] investigated
the impact of varying wavelengths (355 nm, 532 nm, and 1064 nm) and laser intensity
(0.5–57.9 GWm−2) in pulsed Nd: YAG LBµM over the copper foil. They observed the
maximum etch per pulse at 532 nm wavelength while the minimum was at 1064 nm due
to the higher reflectivity of copper. Leitz et al. [22] conducted a detailed comparative
study of pulse durations in micro, nano, pico and femtosecond LBµM. They are followed
by Liu et al. [23], who reported that ultra-short laser pulses result in comparatively better
precision in micromachining in terms of surface quality but with poor machining responses.

The enhanced machinability of the Nd: YAG-pulsed laser has attracted researchers
to investigate other associated process parameters, such as laser intensity, frequency,
scanning speed, and line spacing on the MRR and surface roughness of thin sheet [24].
Demir et al. [19] investigated the pulse width (12 ns and 200 ns) effect of nanosecond pulsed
LBµM on the higher productivity of TiN coatings.

Considering the importance and capability of LBµM, the present work optimizes
Nd: YAG-based pulsed fibre LBµM parameters for fabricating high-quality tool plates for
the Reverse-µEDM process. The quality is considered in terms of burrs, striation marks,
and dimensional accuracy of the machined arrayed micro-holes. The tool plate is then
demonstrated for producing damage-free and dimensionally accurate arrayed elliptical
and droplet protrusions using the Reverse-µEDM process and thus can be considered the
main contribution of the present work.

2. Materials and Methods
2.1. Complete Process Configuration

Schematic for integration of Reverse-µEDM and LBµM for fabrication of the arrayed
protrusions as the final product is shown in Figure 1. The Reverse-µEDM process consists
of an RC discharge circuit with multiple options for capacitance in parallel connections and
discharge voltages, a tool electrode, a workpiece electrode, and a dielectric medium. The
stored energy from the capacitor is released instantaneously, due to which electro-thermal
erosion occurs from the tool and the workpiece leading to material removal.

Here, the Reverse-µEDM is mainly used to fabricate single or arrayed 3D protruded
structures of varying aspect ratios and cross-sectional profiles [25]. The basic tool-work
configuration and polarity alteration of µEDM to achieve Reverse-µEDM is depicted
in Figure 1a. In Reverse-µEDM, generally, a work material (anode) with a flat face is
attached to the non-rotating spindle fed towards the tool plate (cathode). Figure 1b shows
that the tool plate has an array of micro-holes in a pattern similar to the required array
of protruded structures. These micro-holes are fabricated by progressive LBµM head,
customized to gain an identical positional accuracy. Thus, it is possible to fabricate precise
micro-holes using LBµM in any profile, which is almost impossible through any other
mechanical micromachining.
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Figure 1. (a) Schematic representation of the Reverse-µEDM achieved through µEDM drilling,
and (b) (I) the LBµM for producing tool plate, and (II) the Reverse-µEDM for fabricating
arrayed protrusions.

2.2. LBµM Experiments for Fabrication of Reverse-µEDM Tool Plate

The experiments are performed on a commercially available pure titanium (ASTM
Grade 2) sheet of 0.5 mm thickness. The sheet thickness is chosen considering enough
margin after the possible erosion while used as a tool plate in the Reverse-µEDM. At the
same time, it is also ensured that the available LBµM can cut such a difficult-to-cut material
of 0.5 mm thickness. Titanium was chosen for its outstanding high strength, low weight,
and corrosion resistance properties. It has led to a diversified range of fruitful applications
in MEMS devices fabrication [14]. The nanosecond pulsed Nd: YAG fibre laser (Class 4,
iPG Photonics, Yokohama, Japan) is used to fabricate micro-holes of desired shapes (refer
to Figure 2a). Pulse width, pulse frequency, and average laser power expressed as the
percentage of the applied current to the diode lasers are the essential process parameters
considered for optimization study.

Average peak power, resulting in material removal, is an essential parameter for achieving
dimensionally accurate high-quality micro-holes is presented through Equations (1)–(3) [20];

Tp = Duty cycle/f (1)

Ppeak = Pavg/f × Tp (2)

Epulse = Ppeak × Tp (3)

Here (“Tp”) is pulse width and (“f ”) is the pulse frequency. It can be observed from
Equation (2) that the peak power of the laser is a function of average power (“Pavg”)
developed for a given pulse frequency and pulse width. The present work utilizes a
smaller spot size (with a minimum spot diameter of 50 µm) high-intensity laser beam
profile, usually based on the fluence profile of the Gaussian distribution function with two
thresholds beam diameter, as shown in Figure 2d [26]. The irradiated laser beam follows
the trepanning scanning tool path (refer to Figure 2c) in the x-axis on the sheet.
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Figure 2. (a) The LBµM setup, (b) Ongoing LBµM for fabrication of micro-holes, (c) trepanning
scanning pattern, and (d) Gaussian beam profile distribution.

A dedicated fixture is used to hold the sheet (tool plate for Reverse-µEDM) in such a
way that there remains a gap for the free flow of ejected melted material (refer to Figure 3I).
The flow of the molten metal is assisted by a shielding gas (nitrogen), which is coaxially
supplied to the laser head. An illustration of ongoing LBµM for micro-hole fabrication
on the sheet is shown in Figure 2b. Elliptical micro-holes, with the major and minor
axes of 950 µm and 500 µm are fabricated at different LBµM parameters. The different
LBµM process parameters and their levels considered to perform the experimental runs
are summarized in Table 1. A design of experiments (DOE) approach based on Taguchi
L16 orthogonal array is applied to identify the best possible parametric combination with
minimum experimental runs required, as shown in Table 2. The auxiliary parameters viz.
stand-off distance, assisting gas pressure, and scanning speed is kept constant at 300 µm,
9 bar, and 150 mm/min. The quality criterion of LBµM includes the measured machining
responses of each micro-hole in terms of minimum recast layer height, RaT, taper, and
maximum MRRT, along with HAZ microhardness. It is noteworthy that each experiment is
repeated thrice, and the average response values are tabulated.

The optimal LBµM machining parameters are obtained based on the interaction of
multiple responses using Grey relational analysis. The optimal parametric combination
is obtained from the highest grey relational grades obtained by calculating the mean of
all the coefficients associated with the recorded experimental responses [27]. Moreover,
a confirmatory experimental run is conducted to analyze the deviation in the recorded
responses, and the discussion in detail on the recorded responses is presented in Section 3.1.
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Figure 3. Illustration for estimating (I), (II) taper, (III) RaT, and (IV) micro-hardness of tool plate.

Table 1. Factors and their levels.

Input Factors Units
Level

1 2 3 4

Pulse width ms 0.25 0.5 0.75 1
Pulse frequency Hz 50 65 80 95

Current percentage DC (%) 20 40 60 80

The machined micro-holes in the elliptical cross-section are evaluated for detailed
dimensional analysis, chemical composition, and surface characterization alteration. A
2D image acquisition of the fabricated holes is conducted using an optical microscope
(ZEISS Axio Vert. A1, Carl Zeiss Microscopy GmbH, Jena, Germany). It is followed
by microstructural and EDS analysis on the micro-holes surface using SEM (JSM6610LV,
Jeol Ltd., Freising, Germany) equipped with an XFlash 6130 QUANTAX (Bruker Ltd.,
Bremen, Germany) EDS system. Besides these, various essential LBµM responses were
evaluated, such as MRRT, RaT (using roughness tester, Mitutoyo, 178–923E SJ210 Series
(Mitutoyo South Asia Pvt. Ltd., New Delhi, India) (refer to Figure 3III). The top and bottom
kerf width (“Wt”) and (“Wb”), and taper (refer to Figure 3II) are also evaluated for each
micro-hole. For the precise calculation of mass loss, an electronic micro-weighing balance
(MYA 21.4Y Microbalance, RADWAG Balances and Scales Ltd., Radom, Poland) with a
repeatability of 0.1 µg is used. Another response, i.e., HAZ micro-hardness measurements,
is performed using a Vickers hardness testing machine (Wilson Instruments, 402 MVD,
Esslingen, Germany) near the cut edge of each micro-hole (refer to Figure 3IV).

2.3. Reverse-µEDM Experiments for Fabricated Arrayed Protrusions

The obtained optimal LBµM parametric combination is used further to fabricate tool
plate consisting of a single or an array of micro-holes as an essential component in Reverse-
µEDM for producing arrayed protrusions. The machining conditions for Reverse-µEDM
and optimal LBµM are given in Table 3. Three essential output responses, i.e., MRRP, RaP,
TWR, were rigorously monitored and recorded (approaches are depicted in Figure 4) as
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they are significantly affected by the nature of the machining environment. In addition
to geometrical analysis, surface characterization, “RaP” and micro-hardness of tool plates
were also evaluated.

Table 2. Experimental runs and the recorded LBµM responses.

Factors
Responses

A B C D = A × B
× 10−1

Exp No.
Pulse
Width
(ms)

Frequency
(Hz)

Current
(%) Duty Cycle MRRT

(mm3/min)

Height of
Recast Layer

(mm)

RaT
(µm)

Taper
(Rad)

Hv, HAZ
(Micro-Holes)

1 0.25 50 20 1.250 0.738 0.034 1.46 0.01 123
2 0.25 65 40 1.625 0.753 0.042 1.78 0.029 128
3 0.25 80 60 2.000 0.782 0.049 1.91 0.043 130
4 0.25 95 80 2.375 0.807 0.056 2.02 0.051 134
5 0.50 50 40 2.500 0.831 0.062 2.14 0.068 139
6 0.50 65 20 3.250 0.878 0.078 2.58 0.077 145
7 0.50 80 80 4.000 0.911 0.083 2.87 0.112 151
8 0.50 95 60 4.750 0.963 0.107 3.17 0.124 162
9 0.75 50 60 3.750 0.876 0.071 2.47 0.094 156
10 0.75 65 80 4.875 0.942 0.093 2.98 0.132 163
11 0.75 80 20 6.000 1.015 0.111 3.58 0.159 171
12 0.75 95 40 7.125 1.062 0.123 3.95 0.181 179
13 1 50 80 5.000 0.952 0.096 3.02 0.146 165
14 1 65 60 6.500 1.029 0.119 3.70 0.168 173
15 1 80 40 8.000 1.094 0.128 4.35 0.211 183
16 1 95 20 9.500 1.108 0.132 4.68 0.237 188

Table 3. Process conditions of Reverse-µEDM and LBµM (Machine tool: Model: DT110i; Mikrotools
Pte Ltd., Singapore).

Reverse-µEDM Parameters (Based on Expertise
and Availability) LBµM Parameters (Based on GRA Optimization)

Setup RC based LASER
type Nd-YAG YLR-150/1500-QCW-MM-AC-Y11

Resolution (X, Y, Z) 0.1 µm Wavelength 1070 nm
Tool plate Titanium Power 150 W
Workpiece Brass Frequency 50 Hz

Gap voltage 110 V Pulse
width 0.25 ms

Capacitance 10 nF Spot
diameter 55 µm

Electrode Feed rate 5 µm/s current (%) 20
Dielectric oil (type) NICUT LL21 E

Measured Responses after Reverse-µEDM

Reverse-µEDM
Using
Tool Plate Fabricated
(Droplet Protrusions)

Approximately Time
(h)

MRRP
(mm3/min)

TWR
(mm3/min)

RaP
(µm)

Micro-Hardness of
Tool Plate (Hv)

Before
M/cing

After
M/cing

(I) with random
parametric set 32 0.119 0.0053 1.63 118 125

(II) with optimal
parametric set 28 0.142 0.0042 1.46 118 129
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3. Results and Discussion

This section analyzes the recorded responses mentioned in Section 2 and the optimal
parametric combination of LBµM parameters. It is followed by a detailed discussion
regarding the dimensional and surface quality evaluations of Reverse-µEDM fabricated
arrayed protrusions using tool plates fabricated at optimal LBµM parameters in Section 3.2.

3.1. LBµM Experimental Results

The optical images of all the fabricated micro-holes at different duty cycles are shown
in Figure 5. It is observed that the micro-holes fabricated at lower duty cycles have shown
good dimensional accuracy with minimal burr formation than the micro-holes fabricated
at higher duty cycles. It may be due to the better efficiency of molten metal removal from
the cut kerf at lower duty cycles. Post examination of fabricated micro-holes reveals the
striation patterns on the holes’ side wall at lower moderate and higher duty cycles, as
shown in Figure 6. It is a well-accepted fact in LBµM that the formation of either uniform or
non-uniform striation patterns on the holes’ side walls is solely associated with the molten
metal viscosity and purging of assisting gas. The purging gas enhances the cooling effect
and generates the drag force on the molten metal through the cut kerf, which may stick to
the micro-holes’ side walls. The rate of flow of molten metal (fluid strain) also changes due
to the movement of the nozzle head along with the desired holes’ profile, which alters the
amount of molten metal purging outside the cut kerf of the micro-holes. The lesser molten
metal’s viscosity and surface tension along the tool plate thickness results in the retardation
of the molten metal streamlines to accumulate at the bottom of the micro-hole. This results
in better dimensional accuracy and a shallow striation pattern at lower duty cycles than the
ejected melted metal at higher duty cycles, shown in Figure 6 (recorded data are tabulated
in Table 2).
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3.1.1. Microstructure and EDS

During the LBµM process, the thermal gradient is generated near the cut edge as
the machining progresses. The developed thermal gradient alters the microstructure of
the base metal, as observed in a small zone near the cut edge as HAZ. Figure 7b(I,II)
shows the base metal’s microstructure and HAZ developed at a duty cycle of 1.25% and
a current percentage of 20%. Careful observation of the HAZ microstructure also shows
the difference in the microstructural details compared to the base metal. The grains are
uniformly distributed in the HAZ region compared to the random distribution on the bulk
metal surface at lower duty cycles. Additionally, the amount may be altered due to the
wide range of process parameters and thermal strains generated at high-intensity laser
beam irradiation.
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Figure 7. (a) Tool plate with micro-holes, and (b) microstructure at (I) base metal surface, and ((II) at
HAZ location.

Additionally, the extent of the alteration in the HAZ region is also analyzed through
the elemental distribution of the titanium tool plate. Quantitatively, the elemental data
were presented to better compare the base metal and the HAZ region of the micro-hole
shown in Figure 8a(i,ii). To illustrate both regions on the tool plate surface, the spectrum is
highlighted with a red box in the corresponding SEM image of the micro-holes shown in
Figure 8a.

A significant alteration is found in the elemental composition near the cut edge,
presenting the elements’ details from the EDS plot. The presence of smaller oxidation zones
and carbide formation may be due to the reaction of the molten metal to the environmental
gases present in the machining chamber or surface oxidation. However, the EDS of the base
metal shows only the titanium content. Some micro-sized split boundaries, micropores,
and globular solidification impressions are found at the cut edges, as shown in Figure 8b.
These features might be occurring due to sudden vaporization and bubble formation in the
melted metal layer. A dense recast layer adjacent to the micro-holes cut edge is evidenced,
of which sufficient explanation is provided in the following sub-section.
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Figure 8. (a) EDS plots on tool plate (i) base metal, (ii) cut edge of micro-hole, and (b) enlarge view of
the cut edge.

3.1.2. Recast Layer and MRR

The top surface of the workpiece is subjected to focused laser beam irradiation results
in sequential heating, melting, and vaporization, leading to the metal’s removal through
micro-holes. While some portion of the resolidified molten metal gets interlocked at the cut
edge, known as the recast layer. The SEM image of micro-holes confirms the recast layer
formation, shown in Figure 8a,b.

Figure 9a shows the line graph of the recast layer height against the increasing duty
cycle at a constant current of 20% (% of avg. peak power) for all micro-holes. It is observed
that the trend for recast layer height is growing with an increase when the duty cycle and
current percentage lie from 20–80% and between 0.034 and 0.132 mm. This is because of
the longer interaction time between the tool plate and the intense laser beam at a particular
parametric combination. The increasing laser beam energy per unit area, leads to more
melting, causing more recast layer formation at the cut edges. Additionally, the high vapor
pressure generation on the molten metal surface causes a thermal gradient effect from
the adjacent base metal. It generates hot plasma at the top of the cut edge, absorbs laser
energy coming towards the base metal surface, for which the intensity of the laser beam
is somewhat reduced. At higher duty cycles, high thermal gradients occur between the
base metal and cut edge of the tool plate surfaces at a particularly assisting gas pressure
resulting in the thicker recast layer height.

The influence of LBµM parameters on MRRT is also evaluated for the productivity of
the micro-holes. The corresponding MRRT data for each experimental run shown in Table 2
varies from 0.738 to 1.108 mm3/min for lower to higher duty cycles. Figure 9b shows the
variation for MRRT at a constant current of 20% (% of avg. peak power). A similar trend
was observed for the increased MRRT with an increasing current percentage from 20% to
80%. With the increasing current percentage (at the higher duty cycle), the tool plate’s
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top surface is susceptible to intense laser irradiation and faster melting and vaporization,
which leads to an improved MRRT.
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3.1.3. Taper

The micro-holes cut edge and the side wall surface gets slightly modified, causing
the non-identical entrance and exit, producing a taper due to the varying heat input and
assisting gas pressure. Figure 10 exhibits the effect of increasing the duty cycle at a constant
current percentage of 20% (% of avg. peak power) on the taper of the micro-holes. A
similar trend of the increasing taper is observed for every consistent current percentage
from 20% to 80%, showing the dominant contribution among other input parameters. As
the power of the laser beam increases, the thermal energy of the incident beams directly
transfers to the top surface of the tool plate. As a result, the top surface of the tool plate gets
severely melted and vaporized and the strength of the beam decreases at the bottom edge,
causing metal removal through a narrow gap. In addition, assisting gas pressure causes an
increment in the taper by simultaneously cooling and ejecting the melted metal from the
top surface of the tool plate at higher duty cycles.

3.1.4. Avg. Surface Roughness, RaT

An increase in laser intensity irradiation on the tool plate surface results in higher
amounts of molten metal removal. Additionally, the drag force generated by assisting gas
pressure purging out the molten metal faster causes unevenness on the side-wall surface
of micro-holes. The effect of LBµM parameters on varying RaT of the micro-holes’ side
wall can be analyzed through the line plot in Figure 11a. The variation of RaT value with
duty cycle at different current percentages ranging from 20% to 80% is observed as 1.46 to
4.68 µm (refer to Table 2).

It is observed that the RaT values are minimal at the lower duty cycle in LBµM. A lower
duty cycle ensures the availability of great timing for the laser beam to melt and vaporize
the molten metal. Additionally, the melted metal removal from the cut kerf is supported by
suitable assisting gas pressure, which drags the molten metal uniformly. However, with
an increase in duty cycle, the RaT values show an increasing trend. Excessive melt pool
formation caused by partial melting of base metal near the cut edge creates non-uniformity
on the side wall surface as non-uniform striation marks and high RaT values.
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3.1.5. Micro-Hardness of HAZ

The variation of HAZ micro-hardness with increasing duty cycle at constant current
percentage is illustrated in Figure 11b. A similar trend was observed for increased micro-
hardness with an increasing current percentage from 20% to 80%. It is observed that the
hardness near the cut edge of each micro-hole is significantly higher than the hardness of
the base metal. The formation of intense layers of titanium carbides near the cut edges and
varying thermal loading leads to a surface modification at the edges. The formation of these
layers may be due to the chosen assisting gas pressure and grain refinement. The traces
of carbide formation at the cut edge of the micro-holes are confirmed by EDS analysis, as
shown in Figure 8a(ii).

From the optimization, the parametric combination for the first experimental run
(refer to Table 2) has shown the best performance for the multi-objective optimization
(maximizing MRRT, HAZ micro-hardness, and minimizing recast layer height, taper, RaT).
The reproduced machined micro-hole fabricated at the optimal parametric combination
(refer to Table 2) has presented satisfactory machining responses with less than 1% error.
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This is confirmed through an experimental validation run shown in the inset (refer to
Figure 12) that has no evidence of side wall burrs and no significant deviation in the taper.
This parametric combination is further utilized in the micromachining of single and arrayed
micro-holes for producing arrayed protrusions.
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3.2. Reverse-µEDM Using Optimal Tool Plate

The micromachined single micro-hole at the optimized LBµM parameters is used
to fabricate a single protrusion using the Reverse-µEDM. The SEM images of the single
elliptical protrusion and the fabricated micro-hole are shown in Figure 12. The fabricated
protrusion is almost free from tip damage around its periphery and perpendicular along
the orthogonal length.

The potentiality of the obtained optimal LBµM parametric combination is further
used for fabricating an array of elliptical and droplet micro-holes and the subsequent
arrayed protrusions. For this, a fabricated tool plate with a collection of 10 × 15 micro-
holes is fabricated at two different LBµM conditions: (I) a randomly selected combination
(includes a pulse width of 0.75 ms, pulse frequency of 75 Hz, and a current of 20% (% of
avg. peak power)), and (II) an optimal parametric combination, as highlighted in Table 2.
SEM images of fabricated protruded structures at both mentioned conditions are shown
in Figure 13a,b. The fabricated arrayed protrusions, with the tool plate micromachined at
the random parametric set, encounter the issue of damaged tips for a few of the structures,
as seen in Figure 13a. However, the presence of burrs causes longer machining time due
to non-contributing discharge pulses resulting in non-uniform material removal from the
workpiece electrode until it gets removed from the entire micro-holes. In contrast, it was
not significant while fabricated at optimized LBµM parameters, as shown in Figure 13b.
The reason could be well understood by looking back at the micro-hole fabricated at the
optimized LBµM parameters, as shown in Figure 12 (inset). Since it has no apparent
cleavage or burrs at the micro-hole cut edges, it allows faster machining by restricting
high-order discharges and short-circuiting during Reverse-µEDM.
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Figure 13. SEM images of fabricated elliptical arrayed protrusions with (a) randomly selected and
(b) optimal LBµM parametric combinations.

Moreover, a droplet cross-section profile with a minimum inter-electrode gap of
100 µm in a staggered configuration is also fabricated. Figure 14a,b show partial magnified
images of a few protrusions from an array taken at the center.
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Figure 14. SEM images of fabricated droplet arrayed protrusions with (a) randomly selected and
(b) optimal LBµM parametric combinations.

The recorded dimensions of fabricated protrusions are depicted in the same Figure in
which an almost negligible taper is evidenced. The reason for high-quality droplet protrusions
adheres to a similar explanation, as reported in the case of arrayed elliptical protrusions.

In Reverse-µEDM, the workpiece being as anode and tool plate as cathode, are sub-
jected to generating a new surface due to frequent electrical discharging between them. The
alteration in the modified surface of the tool plate is confirmed through elemental analysis
captured at the zone where the machining takes place after Reverse-µEDM. Figure 15a
depicts the spectrum, whereas Figure 15b shows the various elemental composition per-
centages on the machined tool plate.
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Figure 15. Energy spectrum on (a) tool plate after Reverse-µEDM, and (b) corresponding EDS plot.

Responses recorded from the Reverse-µEDM are presented in Table 3. MRRP, TWR
and RaP recorded improvements of more than 16%, 20%, and 10%, respectively, while using
the tool plate fabricated at optimized LBµM parameters. The burr-free tool plate at the
optimized LBµM parameter leads to uninterrupted machining, hence, improved MRRP,
TWR, and RaP. Additionally, it leads to the freezing of abnormal discharges by proper
debris evacuation from the discharge gap. However, abnormal discharges due to debris
accumulation are significant for increased tool wear in µEDM [28]. As a result, there is less
possibility for debris re-solidification, due to its rapid cooling, on the machined tool plate
surface in Reverse-µEDM. In contrast, the tool plate fabricated at the optimized LBµM
parameters, comparatively, provides more scope for its rapid cooling during Reverse-µEDM.
Hence, it leads to slightly better micro-hardness of the pre-drilled tool plate.

4. Conclusions

High-quality protrusions are fabricated in the shape of elliptical and droplet cross-
sections using Reverse-µEDM. The tool plate required for the Reverse-µEDM is fabricated
using Nd: YAG-based LBµM at the optimized process parameters. The Nd: YAG LBµM
parameters are analyzed to achieve burr-free, minimum taper, and shallow striation marks
of micro-holes fabricated on a 0.5 mm thick titanium sheet. The micro-holes fabricated
at optimal LBµM parameters are used as a tool plate in Reverse-µEDM for producing
high-quality protrusions.

The following conclusions may be drawn upon the analysis of the fabricated products:

• The LBµM at the lowest duty cycle and current percentage, as the optimized LBµM
parameters, resulted in minimum recast layer height, minimum taper, and average
surface roughness (“RaT”) with almost negligible burrs with shallow side wall striation
marks of micro-holes.

• The pulse width of 0.25 ms, pulse frequency of 50 Hz, and a current percentage of 20%
(% of avg. peak power) were the optimal parametric combinations for LBµM obtained
by Grey relation analysis.

• The optimized LBµM parameters have demonstrated high-quality arrayed micro-holes
and are further used to produce arrayed elliptical and droplet protrusions through
Reverse-µEDM.

• Damage-free protrusions with an improved MRRP, TWR, and RaP by more than 16%,
20% and 10%, respectively, are achieved by Reverse-µEDM upon using the optimized
tool plate.
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Nomenclature

µEDM Micro-electro-discharge-machining
Reverse-µEDM Reverse-micro-electro-discharge-machining
LBµM Laser beam micromachining
Nd: YAG Neodymium-doped yttrium aluminum garnet
HAZ Heat affected zone
RC Resistance-capacitance
SEM Scanning electron microscope
EDS Energy Dispersive Spectroscopy
TWR Tool wear rate (mm3/min)
GRA Grey relational analysis
Hv Vicker micro-hardness
RaT Average surface roughness of micro-holes side-wall surface (µm)
RaP Average surface roughness of protrusions surface (µm)
MRRT Material removal rate (mm3/min) of tool plate
MRRP Material removal rate (mm3/min) of protrusions
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Abstract: This study implemented a discharge energy and success-rate monitoring system to re-
place the traditional oscillograph observation method and conducted a microbial control test for a
nanosilver colloid prepared by an Electrical Discharge Machine (EDM). The advantage of this system
is that the discharge conditions can be instantly and continuously observed, and the optimized
discharge parameter settings can be recorded. The monitoring system can use the arcing rate to
control the energy consumption of the electrodes to standardize the nanosilver colloid. The results
show that the arcing rate, electrode weight loss, and absorption peak wavelength are very accurate.
The nanosilver colloid prepared by EDM is free of any chemical additive, and in comparison to other
preparation methods, it is more applicable to biotechnology, even to the human body. The microbial
control test for the nanosilver colloid included a Bathroom sample, Penicillium, Aspergillus niger,
and Aspergillus flavus. In test solution NO.1 (prepared by micro-EDM), the effects of all four samples
were inhibited at 14mm in a metal ring experiment, and in the cotton pad experiment, Penicillium
was inhibited at 17 mm. In the metal ring experiment, test solution NO. 2 (prepared by EDM) had an
effect at 20 mm on the bathroom samples, but at only 15 mm on flavus. In the cotton pad experiment,
the inhibited effect was more effective in Penicillium and Aspergillus Niger; both inhibited effects
occurred at 25 mm. Test solutions NO.3 (prepared by micro-EDM) and NO.4 (32 ppm Ag+) had a
14–15 mm effect on all samples in the metal ring experiment. In the cotton pad experiment, NO.3
had an effect on Penicillium at 19 mm while the effect on the others occurred at 14 mm, and NO.4
had an effect at 25 mm in Penicillium and Aspergillus Niger, and only at 14 mm in the bathroom and
Aspergillus flavus samples.

Keywords: electrical discharge machine; energy consumption; nanosilver colloid; antimicrobial

1. Introduction

Nanotechnology, biotechnology, and information technology are three basic technolo-
gies in the 21st century [1,2]. In Germany in 1984, H. Gleiter developed the first nanoparticle,
initiating the application of nanotechnology. Scientists refer to powder particle aggregates
in material particles with a diameter smaller than 100 nm as nanoparticles. When silver
is made at a nanoscale, the particles are minified while the surface is enlarged so that the
functions of the silver are greatly increased. With the appearance of new functions, many
new applications of nanosilver have been developed [3]. Nanotechnology discusses new
physical and chemical characteristics of technology at a scale under 100 nm. In recent
years, the development of nanotechnology and nanomaterial has gradually entered the
application phase. In terms of the current conditions and trends of the development of
the nanosilver market, according to a Future Markets investigation, the global nanosilver
application market accounted for USD 17.8 billion in 2011. In total, 95% of nanosilver
market applications are based on the antibacterial property of nanosilver; the majority
of those applications are in the cosmetic and medical markets, with an output value of
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about USD 8.4 billion, accounting for 47% of the nanosilver application market. The market
applications of nanosilver in textiles and the packing industry account for 17% and 8%
of nanosilver market applications, respectively. Other nanosilver market applications,
mostly for high-level electronic materials, account for 5%. Since the effect of nanomaterial
on the human body is yet uncertain, nanosilver has been conservatively applied in the
cosmetic and medical markets. Consumers’ concerns regarding the safety of nanoproducts
influence the market output value of nanosilver in cosmetics, medical treatments, textiles,
and packing [4–6].

In addition, as the nanosilver technique gradually becomes mature, the application of
nanosilver to the market of paints, pigments, and coating is estimated to increase in the
future [7,8]. In terms of the biomedical industry, in order to guarantee the advantage of
talent in biotechnology competition in the 21st century, the Ministry of Education added
six original, major resource centers in the rising field of “biomedical nano, stem cell,
and tissue engineering” in 2004, becoming the instructional resource centers for seven
major fields. The general objective is to cultivate top biotechnical talents with foresight;
cross-domain, enhanced industrial experience; and an international view. According
to statistics from the Industrial Development Bureau, Ministry of Economic Affairs, the
nanomaterials commonly used in Taiwan are TiO2, SiO2, and nanosilver, and the annual
input of labor, financial resources, material resources, and turnover has increased in recent
years. Nanotechnology development has been an important technical means for adding
industrial value [9]. The main goals of this study are the following: (1) to implement a
real-time monitoring system (discharge energy and success rate) for a micro-Electrical
Discharge Machine (micro-EDM) with instant and continuous observation of the results,
and to record the optimized discharge parameter settings; (2) to use ESDM to fabricate an
environmental-friendly nanosilver colloid to inhibit widespread fungi that are harmful to
the human body, including those from a bathroom sample, Penicillium, Aspergillus niger,
and Aspergillus flavus.

2. Materials and Methods
2.1. Preparation of Nanosilver Colloid by Electrical Spark Discharge Method (ESDM)

There are two ways to fabricate nanoparticles: one is physical, and the other is a
chemical method. The chemical way uses the “bottom-up” method, which is similar to the
“self-assembly” technology of substances and functional substances produced by nature.
These methods are all constructed from the level of the molecule to the nanoscale. The
physical preparation method is generally a “top-down” etching technique. Mechanical
pulverization and grinding use higher-hardness materials as a medium to grind particles
by shear force, friction force, and impact force to break down the particles to a small size.

The electrical discharge machine (EDM) is traditionally used for processing metal
materials with high toughness and hardness [10,11]. Its principle is that, when the switch is
turned on, a spark is generated to consume the metallic contact surface. However, contact
will become loose if the consumption occurs over time [12–14]. Therefore, the EDM takes
advantage of the principle to put the processing electrode and the object in an insulation
liquid [15]. When the two electrodes are placed at a very small distance (µm), the electrons
will flow from the cathode to the anode and damage the insulation state of the insulation
liquid. The electrons continuously impact on the surface of the object [16]. This will
generate a high spark with a high temperature. The spark temperature is around 6000 ◦C
to 10,000 ◦C, and it will melt the surface into micro- or nanoparticles [17,18]. Using the
principle of an EDM to fabricate the nanoparticle is called the Electrical Spark Discharge
Method (ESDM).

The proposed EDM system mainly consists of the following sub-systems:

1. Power system: 100 DC volts and above;
2. Servo control system: controls the z-axis motor to maintain the two electrodes at a

distance of micrometers;
3. Parameter control panel: adjusts the discharge cycle or z-axis speed, etc.
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The EDM monitoring system has traditionally used an oscillator to observe the voltage
and current wavelengths between electrodes, as shown in Figure 1 [19–21]. Ton is the
discharging time, when the electrodes will successfully carry out spark discharge; Toff is
the stopping time. The period (Ton + Toff) will continuously repeat during the processing
time, for example, 20 min and 40 min in this study. When the discharge is successful, the
period Ton when the pulse voltage appears is composed of a period of spark discharge
ignition delay time and a period of spark discharge time. When the discharge is successful,
the initial stage of the pulse voltage is the ignition delay time, and the electric field strength
provided by the pulse voltage during this period is not enough to break down the dielectric
of the electrode gap. Therefore, the voltage between the gap (VIEG) will be maintained
at the open circuit voltage, and the current between the gap (IIEG) will be 0A, as shown
in Figure 1a. The dielectric strength of the electrode gap gradually decreases during the
ignition delay of the spark discharge. The period after the dielectric in the electrode gap
is broken down by the electric field strength is the spark discharge period. During the
spark discharge, the electrode gap presents a low-resistance state, so IIEG rapidly rises
to a maximum value, and VIEG drops to a very low voltage value, during which spark
discharge occurs between the tool and the workpiece, as shown in Figure 1b. During
a successful spark discharge time, the spark will be generated, as shown in Figure 1c.
When the power pulse voltage is turned off during Toff, the electrode gap will immediately
end the spark discharge state because no pulse voltage provides the energy required for
discharge. During the Toff period, IIEG and VIEG both drop to zero, as shown in Figure 1d.
During Toff, the electrode gap will gradually recover the insulation, and the insulation
degree of the electrode gap at the end of Toff will affect the ignition delay time of the next
cycle of discharge. In addition, after a successful electrode discharge, the deionized water
(DW) will be restored to a state of insulation in order to facilitate the next cycle of discharge
and eliminate the metallic particles between the electrodes. Therefore, the Ton-Toff settings
affect processing efficiency and quality [22]. There are three scenarios of discharge [23–25]
as shown in the following:

1. Discharge failure (situation 1): There is voltage without a current. This is the same as
with an open circuit.

2. Discharge failure (situation 2): As the two electrodes are very close, it is likely to cause
a short circuit, similar to a current without voltage.

3. Discharge success: The spark damages the DW insulation and successfully generates
a spark discharge. In addition, there are voltage and a current at the same time.
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Nanometal colloids, such as nanogold, nanosilver, nano-copper, nano-aluminum,
and nano-titanium, can be made with any method able to conduct electricity using an
EDM [26–30]. Nanosilver colloids have been applied in biomedical research, and silver ions
can resist bacteria growth. For example, an enzyme with silver ion cannot ferment [31,32].

The nanometal colloids can be analyzed using a spectrophotometer, which can measure
two indicative parameters:

1. Absorption peak: The instrument will emit UV and visible light to radiate the object
under analysis. Through the sensor receiving the light, it can measure the absorption
peak of each wavelength of the colloid. Higher absorption peaks suggest higher
concentrations of colloid at the wavelength. On the contrary, a lower absorption rate
suggests a lower concentration of colloid [33–35].

2. Wavelength of the highest absorption peak: Nanoparticles will radiate under the stim-
ulation of certain wavelengths. For example, nanosilver has the highest absorption
value around 400 nm [36], while nano-copper is around 280 nm [37].

As an EDM during discharge has no cyclic changes, and the frequency is very high, the
discharge feature cannot be observed using an oscillator [38]; however, it can be observed by
capturing an instant image of it. The disadvantage of the traditional method is that it cannot
accumulate the successful discharge times. In other words, using an oscillator to observe
the efficiency of the EDM is very inconvenient. This study proposed a monitoring system
that can realize real-time discharge monitoring and obtain the statistics for successful
discharge times, electrode energy consumption, and discharge success rate.

The EDM vaporizes the silver wire into nano-sized silver particles. The working
electrodes and workpiece in this study are distinguished as electrodes. The electrode
connected to positive electricity is the anode, while that connected to negative electricity
is the cathode. The nanosilver colloid is prepared by ESDM in this study. The silver wire
(with a diameter of 1 mm) is ground into nano-sized (1~100 nm) silver nanoparticles by
the high temperature of the ESDM [39]. The discharge parameter setting panel is used to
adjust the process parameters of the EDM, and the setting panel provides a voltmeter and
ammeter for measuring the mean values of the voltage and current between the electrodes.
Figure 2a is a diagram of the EDM and its discharge parameter setting panel. The anode
and cathode connection connects the two electrodes in the beaker on the platform. The
electromagnetic heating stirrer is used to stir the deionized water inside the beaker. The
reason is that the electrode gap will gradually recover the insulation, and the insulation
degree of the electrode gap at the end of Toff will affect the ignition delay time of the next
cycle of discharge, so the stirring moves the nanoparticles away from the gap between the
electrodes to make the gap recover the insulation more quickly. The oscilloscope is used to
observe the voltage and current of the gap between the electrodes. In Figure 2b, Z-Axis is
used to control the rise/fall of the Z-axis. CAPACITOR is used to set the capacitance value
and is proportional to the transient current of discharge pulse at Ton. Ton and Toff control
the discharge and off time of the electrodes. Polarity adjusts the polarity of the upper and
lower electrodes. SERVO controls the servo motor speed and is proportional to the motor
speed. Stabilizing controls the sensitivity of the feedback circuit and is also proportional to
the motor speed. HV switches the DC power supply from 140 V to 240 V. In addition, Ip
is proportional to the discharge current and processing rate, and inversely proportional
to precision.

This study integrated multi-field technology research and successfully developed
a micro-EDM set as shown in Figure 3. This micro-EDM was composed of an EDM jig
mechanism, a hardware circuit system, and a software monitoring interface. In terms of
design, the application of 3D printing and PLA materials can greatly reduce the manufac-
turing cost and the size of the equipment. The 3D-printed fix jig can hold the electrodes in
the beaker. The hardware circuit part is designed from the circuit design of a PCB board
combined with electronic components to achieve a large electric discharge machine. The
PCB boards are the following: 1. motor control circuit and discharge feedback circuit (for
controlling the motor to move forward and backward according to the feedback of the
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voltage); 2. discharge control circuit (for giving the output of the 100V DC pulse wave at the
electrodes); and 3. discharge success rate circuit (for calculating the discharge success times,
rate, and energy consumption with the software) [40–42]. The electrical spark discharge
function and signal feedback are realized by VisSim software 6.0 (Visual Solution Inc.,
Pleasant Prairie, the USA) and an RT-DAC4/PCI interface card. Through this interface
card, the software can be used to replace local electronic circuits to achieve the goals of a
smaller circuit size and lower cost. Unlike the EDM, which needs an oscilloscope to observe
the voltage and current of the gap between the electrodes and is not likely to count the
discharge success times, the micro-EDM can accomplish these jobs with VisSim software.
Because the micro-EDM is self-made, any repair is clear and easy. Although both an EDM
and a micro-EDM can fabricate a nanosilver colloid by ESDM, the micro-EDM can make
smaller-sized particles and better suspension colloids than the EDM does.
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control of fungi; as the particle size, zeta potential, and concentration were different, so
its physical properties and chemical properties were also different. The study procedures
were divided into following:

1. Test solution preparation: NO.1 was the nanosilver colloid made using the micro-
EDM, with a silver ion concentration of 5 ppm. NO.2 was the nanosilver colloid
produced by the traditional EDM; the silver ion concentration was 32 ppm, and the
silver particle concentration was about 300 ppm. NO.3 was the nanosilver colloid
produced by the micro-EDM; while the silver ion concentration was 5 ppm, the
nanoparticle was the smallest. NO.4 was a 32 ppm silver ion titer.

2. Fungus sample preparation: There are four kinds of fungus samples: (a) the strain
was randomly collected from the dim and damp parts of a bathroom; the strain was
smeared on the Potato Dextrose Agar (PDA) and cultured; (b) penicillium: the strain
was collected from moldy oranges; the strain was smeared on PDA and cultured;
(c) Aspergillus Niger: pure strain was bought from BCRC (Bioresource Collection
and Research Center, Hsinchu, Taiwan); the strain was smeared on Malt Extract Agar
(MEA) and cultured; (d) Aspergillus Flavus: pure strain was bought from BCRC;
the strain was smeared on PDA and cultured. The bathroom sample, Penicillium,
Aspergillus niger, and Aspergillus flavus are the four targets in this study. These are
widespread both indoors and outdoors, and those exposed to them will sometimes
have allergies, get sick, or suffer an infection or other conditions that may harm the
body. These four targets are easily obtained, simple to cultivate, and most importantly,
they are often sources of trouble in normal life in Taiwan (due to the wet weather).
Therefore, this study used the micro-EDM to fabricate a nanosilver colloid that can
inhibit the four targets [43,44].

3. Experimental method design: Inhibition zone test: the size of the inhibition zones
formed by the NO.1~NO.4 test solutions in four fungus culture media were observed
in order to judge the microbial control effect of each test solution. The test process
is shown in Figure 4. The test configuration is shown in Table 1. The NO.1~NO.4
test solutions were injected into the inhibition zones in the culture media cultivating
different strains, respectively. The corresponding color labels are: NO.1 (Red), NO.2
(Yellow), NO.3 (Green), NO.4 (Blue).

Micromachines 2022, 13, x FOR PEER REVIEW 7 of 18 
 

 

solutions were injected into the inhibition zones in the culture media cultivating dif-
ferent strains, respectively. The corresponding color labels are: NO.1 (Red), NO.2 
(Yellow), NO.3 (Green), NO.4 (Blue). 

  
(a) (b) 

  
(c) (d) 

Figure 4. Pictures of inhibition zone test process: (a) metal rings placed on culture medium; (b) pi-
pette extracts 0.15 mL test solution; (c) NO.1~NO.4 test solutions injected into metal rings, respec-
tively; (d) metal rings carefully removed 30 min later and signs placed. 

Table 1. Experimental design and configuration. 

Strain 
Culture Medium 

Name Code 
Bathroom sample  A MEA 

Penicillium P MEA 
Aspergillus niger N MEA 
Aspergillus flavus F PDA 

2.2.2. Microbial Control Cotton Pad Test 
Cotton pads with a diameter of 140 mm were labeled 1, 2, 3, and 4, soaked in the 

NO.1~NO.4 test solutions, respectively, and placed in the culture media cultivating dif-
ferent strains; the inhibition zone sizes of the cotton pads were observed to judge the mi-
crobial control effects [45]. The test process is shown in Figure 5. The corresponding sym-
bols are: NO.1 (1), NO.2 (2), NO.3 (3), NO.4 (4). 

  
(a) (b) 

Figure 4. Pictures of inhibition zone test process: (a) metal rings placed on culture medium; (b) pipette
extracts 0.15 mL test solution; (c) NO.1~NO.4 test solutions injected into metal rings, respectively;
(d) metal rings carefully removed 30 min later and signs placed.

184



Micromachines 2022, 13, 790

Table 1. Experimental design and configuration.

Strain
Culture Medium

Name Code

Bathroom sample A MEA
Penicillium P MEA

Aspergillus niger N MEA
Aspergillus flavus F PDA

2.2.2. Microbial Control Cotton Pad Test

Cotton pads with a diameter of 140 mm were labeled 1, 2, 3, and 4, soaked in the
NO.1~NO.4 test solutions, respectively, and placed in the culture media cultivating different
strains; the inhibition zone sizes of the cotton pads were observed to judge the microbial
control effects [45]. The test process is shown in Figure 5. The corresponding symbols are:
NO.1 (1), NO.2 (2), NO.3 (3), NO.4 (4).
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3. Results
3.1. The Results of the Nanosilver Colloid

The micro-EDM was used to prepare the nanosilver colloid for test solution NO.1,
and the related parameter settings are described in Tables 2 and 3. The weight loss of the
experiment was only 0.38 mg, which means only 0.38 mg nanoparticles were in the DW,
as shown in Table 4. In addition, the silver ion concentration was about 5 ppm. In the
discharge success rate circuit, the voltage signals must first be processed using two series
resistors to divide the interelectrode gap voltage Vgap. The Vgap was 0.0526 times that of the
interelectrode gap voltage. The Igap signals of the circuit were equal to the current that flows
through the electrode gap. The conditions for the circuit to judge the successful discharge
were 0.5 V 5 Vgap 5 2.4 V and Igap ≥ 2.4 A. If the discharge was successful (met the criteria
above), the signal output from the circuit to the counting pin of the RT-DAC4/PCI card of
the VisSim was 1 (counting pin = 1); on the contrary, if the discharge was not successful, the
counting pin = 0. The discharge success rate was monitored through the signal transmission
output by the discharge success rate circuit to the CNT0 counter of the RT-DAC4/PCI
card, and the signal was processed by VisSim to obtain the discharge success rate and the
cumulative number of successful discharges (summing all the counting pins during the
processing time). The flow chart of the discharge success rate counting is shown in Figure 6.
The calculation of discharge success rate is shown in Equations (1) and (2), where ND is the
cumulative number of successful sampling and discharging events in time Ton; Ntotal is the
total number of discharge samplings in time Ton; Dcycle is the duty cycle (Ton + Toff); tproc is
the production process time; and fsample is the sampling frequency. This study was able
to obtain the total discharge success times and determine the signals through this digital
input/output interface card. It can replace the complex electrical circuit, which can count
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more than 1 million times per minute. The VisSim software used in this study is PC-based.
By using the PC-based VisSim, this study was able to observe the real-time discharge times.
In addition, it immediately computed the successful discharge times, electrode energy
consumption, and discharge success rate, as shown in Figure 7. The success rate was
27.4861%, and the energy consumption was 236.09J. With these settings, this study was able
to obtain the nanosilver characteristics. The UV wavelength of the nanosilver was 398 nm,
and the absorbance was 0.56, as shown in Figure 8a. The zeta potential was −28.2 mV, as
shown in Figure 8b. The size was around 5~8 nm, as shown in Figure 8c.

Discharge success rate =
ND

Ntotal
(1)

Ntotal = Dcycle × tproc × fsample (2)

Table 2. Parameter settings of the micro-EDM.

Voltage & Current V = 100 V, I = 4.2 A SENS. Kp = 0.75, Ki = 0.045, Kd = 0.035

Ton-Toff 10–10 Z-Axis off
Capacitor off Machining off

Servo — HV off

Table 3. Materials and testing conditions of the micro-EDM.

Diameter of Ag Anode: 1 mm; Cathode: 2 mm Beaker 200 mL

Processing time 10 min Filter paper Advantec
Dielectric fluid DW ATM 1 atm

Table 4. Weight loss calculations of the micro-EDM.

Items
Weight

Before W0 (mg) After W1 (mg) W0–W1 (mg)

E1(anode) 5081.25 5080.96 0.29
E2(cathode) 3186.96 3186.87 0.09

E1 + E2 8268.21 8267.83 0.38
Temperature(◦C) 25 ◦C 28 ◦C —–
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The traditional EDM was used to prepare the nanosilver colloid for test solution NO.2,
and the related parameter settings are described in Tables 5 and 6. The weight loss of the
experiment was only 124.43 mg, which means only 124.43 mg nanoparticles were in the
DW, as shown in Table 7. The prepared nanosilver colloid was kept still for 2~3 weeks and
then filtered through filter paper, which removed about 77.28 mg of precipitates and big
silver particles; the estimated concentration was (124.43–77.28)/0.25 = 308 ppm. The UV
wavelength of the nanosilver was 398 nm, and the absorbance was 1.1. The zeta potential
was −33 mV, as shown in Figure 9a. The size was around 5~8 nm, as shown in Figure 9b.

Table 5. Parameter settings of the EDM.

Voltage & Current V = 140 V, I = 11.8 A SENS 1/2

Ton–Toff 50–50 Z-Axis off
Capacitor off Machining off

Servo 1/2 HV off

Table 6. Materials and testing conditions of the EDM.

Diameter of Ag Anode: 1 mm;
Cathode: 2 mm Beaker 250 mL

Processing time 40 min Filter paper Advantec
Dielectric fluid DW ATM 1 atm

Table 7. Weight loss calculations of the EDM.

Items
Weight

Before W0 (mg) After W1 (mg) W0–W1 (mg)

E1(anode) 640.70 518.49 122.21
E2(cathode) 5775.78 5773.56 2.22

E1 + E2 6416.48 6292.05 124.43
Temperature(◦C) 21 ◦C 32.6 ◦C —–
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The micro-EDM was used to prepare the nanosilver colloid for testing solution NO.3.
In addition, the zeta potential was −40 mV, as shown in Figure 10a. The size was around
0.5~1 nm, as shown in Figure 10b. Testing solution NO.4 was a 1000 ppm Ag+ standard
solution.
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3.2. Microbial Control Cotton Pad Test Results and Discussion

The experimental results of the inhibition zone test (metal ring) are shown in Figure 11.
The experimental results of the inhibition zone test (cotton pad) are shown in Figure 12.
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3.3. The Results and Discussion of Inhibition Zone Tests

The results of the inhibition zone tests are described as follows. In addition, the results
are shown in Tables 8 and 9 and Figure 13 [46,47].

Table 8. Results of microbial test (metal ring), diameter (mm).

Samples
Test Liquids

NO.1 NO.2 NO.3 NO.4

Bathroom (A) 14 20 14 14
Penicillium (P) 14 16 14 15

Aspergillus niger (N) 14 18 15 15
Aspergillus flavus (F) 14 15 15 15

Table 9. Results of microbial test (cotton pad), diameter (mm).

Samples
Test Solution

NO.1 NO.2 NO.3 NO.4

Bathroom (A) 14 20 14 14
Penicillium (P) 17 25 19 25

Aspergillus Niger (N) 14 25 14 25
Aspergillus Flavus (F) 14 17 14 14
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1. In the inhibition zone test, the metal ring was placed on the culture medium, and the
test solution was then injected into the metal ring [48]. The test solution was slowly
absorbed by the culture medium before the metal ring was removed. If the metal
ring is removed before the test solution is dried up, the flow of the test solution may
influence the experimental results.

2. The microbial control cotton pad test was an improvement proposed for inhibition
zone testing [49,50]. Compared to the experiment with the metal ring, in which the
test solution needs to be injected in the middle of the ring, the cotton pad holds water,
so the test solution will not flow on the culture medium, and the waiting time for
drying during the experiment can be shortened.

3. The microbial control cotton pad test results were relatively objective and observ-
able. It was observed that the NO.2 and NO.4 test solutions had the best microbial
control effects.

4. The inhibition zone test was implemented for four kinds of fungi in the NO.1~NO.3
nanosilver colloids with different concentrations and characteristics and the NO.4
Ag+ standard solution. It was observed that the NO.2 32 ppm nanosilver colloid
had the best microbial control effect, then the NO.4 Ag+ standard solution at the
same concentration. It may be that, because the silver nanoparticles release Ag+

continuously at the same Ag+ concentration, the microbial control effect is better than
the standard Ag+ solution. While the concentration of the NO.1 and NO.3 nanosilver
colloids was about 5ppm, NO.3 had the smallest silver nanoparticle, meaning a
larger contact surface area and the highest zeta potential; thus, its microbial control
effectiveness was better than NO.4.

Comparing the two inhibition zone tests, the metal ring limited the expansion of the
inhibition zone when the fungus grew, so it is difficult to observe the actual microbial
control effect. Figure 14 shows the experimental results of using the metal ring and the
cotton pad. The figure “(C)” represents the use of a cotton pad, and “(R)” represents the
use of a metal ring. In the NO.1 test liquid, the effect on all four samples was the same in
the metal ring experiment, all inhibited to 14mm. In addition, in the cotton pad experiment,
the nanosilver had more effect on Penicillium at 17 mm. The NO.2 test liquid had more
effect on the bathroom samples at 20 mm but had only a 15 mm inhibited effect on flavus.
In the cotton pad experiment, the inhibited effect was more effective in Penicillium and
Aspergillus Niger, both with inhibiting effects at 25 mm. The NO.3 and NO.4 test liquids
had little difference in effect on the four samples and were all about 14–15 mm in the metal
ring experiment. In the cotton pad experiment, NO.3 had more effect on Penicillium at
19 mm, while the effect on the others was 14 mm; and NO.4 had an effect of 25 mm on
Penicillium and Aspergillus Niger, and the effect on the others (bathroom and Aspergillus
flavus samples) was only 14 mm. The order of the microbial test effect is Penicillium (P) >
Aspergillus niger (N) > bathroom sample (A) > Aspergillus flavus (F).
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4. Conclusions

There are two ways to fabricate nanoparticles: one is physical (the “bottom-up”), and
the other is a chemical (the “top-down”) technique. The chemical method uses chemical
agents, which is not environmentally friendly. In addition, other physical methods consume
energy/time and cannot instantly monitor the process. This study developed a real-time
monitoring system for the Electrical Spark Discharge Method (ESDM) using a micro-
Electrical Discharge Machine. This study has two limitations. One is that the ESDM
is a physical method and, unlike the chemical way, cannot obtain the precise size and
concentration of the nanoparticle. The other is that the inhibition of Niger cannot obtain
a precise concentration but a relative one. However, all the experiments in this study
were conducted with a standardized process in order to reduce the errors made by the
human hand. With this system, the micro-EDM can obtain the successful discharge times,
electrode energy consumption, and discharge success rate. The conclusions of this study
are as follows:

1. The user may adjust the successful discharge times, electrode energy consumption,
and discharge success rate at any time to obtain the optimal parameters to fabricate
the nanosilver colloid using the Electrical Spark Discharge Method.

2. In the inhibition zone experiment, this study proposes use of the microbial control
cotton pad. The microbial control cotton pad is characterized by its low cost, quick
experimentation, and easy observation. It is unlikely to fail, and there is no metal ring;
thus, the presentation of the inhibition zone will match the actual result better.

3. In the NO.1 liquid, the effects were inhibited at 14 mm in all four samples in the
metal ring experiment and at 17 mm in Penicillium in the cotton pad experiment. In
the metal ring experiment, the NO.2 liquid had an effect at 20 mm in the bathroom
samples and a 15 mm inhibited effect on flavus. In the cotton pad experiment, the
inhibited effect was more effective in Penicillium and Aspergillus Niger, both with
an inhibited effect at 25 mm. The NO.3 and NO.4 liquids had a14–15 mm effect on
all samples in the metal ring experiment. In the cotton pad experiment, NO.3 had an
effect on Penicillium at 19 mm, while its effect on the others was only 14 mm. NO.4
had an effect of 25 mm on Penicillium and Aspergillus Niger and only 14mm on the
bathroom and Aspergillus flavus samples.

4. The inhibition zone experiment found that the Ag+ and nanosilver colloids have a
better microbial control effect on penicillium and Aspergillus niger and a worse effect
on Aspergillus flavus.

5. Although this study has verified that a nanosilver colloid made using an EDM has
microbial control effects, it is only a small step. The issue of nanomaterials is a big
subject in terms of antibacterial, biomedical, and environmental aspects. All of the
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research topics are only just beginning. It is worth investing in more research to
benefit more people in the near future.
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