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ABSTRACT

SiC particulate reinforced Al-based metal matrix composites with high volume fractions (HVF — SiCp, /Al)
is widely applied in many engineering fields due to combining outstanding properties of both metal and
ceramic materials. It's a tough problem to process HVF — SiCp /Al with superior machining performance
and minor environmental effect. Thus, in this paper, magnetic field assisted electrical discharge
machining (MF-EDM) of HVF — SiC;, /Al is proposed to improve the sustainable machining performance
including productivity and aerosol emissions which is most harmful to operators’ health. Based on
Taguchi method, a set of experiments are settled to investigate materials removal rate (MRR), electrode
wear rate (EWR), and aerosol emissions under MF-EDM process of 45% and 65% SiCp /Al It shows that
pulse current is the major factor, and magnetic field assisted technology significantly develops the
surface integrity whereas it just slightly contributes to improve MRR, EWR, and aerosol emissions when
the intensity of magnetic is in the range of 0.1T—0.2T. Additionally, an optimization algorithm combing
Quantum-behaved Particle Swarm Optimization with Gaussian distributed local attractor (GAQPSO) and
Back Propagation Neural Network (BPNN) is employed to provide optimal machining parameters for
economic and environmental MF-EDM process of HVF — SiCp /Al. Compared to the average experimental
data, for 45% SiCp/Al, the average optimal solutions of EWR, and aerosol emissions were decreased by
about 10% and 15% whereas MRR was increased by about 6.6%; for 65% SiC,/Al, the average optimal
solutions of EWR, and aerosol emissions were decreased by about 5.7% and 10% whereas MRR was
increased about by 5.5%. It presents an effective work for EDM process of HVF — SiCp /Al with high
sustainable performance.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

fraction SiCp/Al composites (HVF— SiCy,/Al) (Du et al, 2019;
Gururaja et al., 2013). When cutting, milling or grinding of SiCp /Al

SiC particulate reinforced Al-based metal matrix composites
(SiCp/Al) have been considered as excellent candidates to be widely
used as structural material in military services, aero engineering,
automobile industry, and other areas due to combining outstanding
properties of both metal and ceramic materials, such as high
strength, high hardness and superior wear resistance (Xiong et al.,
2011). However, the ceramic reinforced components (SiCp) in the
Al-based material results inefficient process, expensive cost and
low process performance, especially for machining high volume
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composites, material removal rate (MRR), tool wear rate (EWR,
closed to tool life), and surface integrity are commonly considered
as important indicators of machining performance and completely
discussed by lots of researchers (Gururaja et al., 2013). For example,
Bhushan (2013) investigated the influence of process parameters
on CNC turning cutting output of 15% SiC/Al and multi-response
optimized to obtain minimum the power consumption and
maximum tool life via desirability analysis route. Recently, elec-
trical discharge machining (EDM), which could directly melt and
vaporize the workpiece via generating pulse discharge channel of
more than 10k degree, was successfully implemented to machining
of particle reinforced metal matrix composites (MMCs) due to its
ability of no-contact machining of the difficult to process materials


mailto:xuetao@hust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2021.126018&domain=pdf
www.sciencedirect.com/science/journal/09596526
http://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2021.126018
https://doi.org/10.1016/j.jclepro.2021.126018

Z. Zhang, Y. Zhang, L. Lin et al.

Journal of Cleaner Production 292 (2021) 126018

Nomenclature

SiCp /Al Particulate reinforced Al-based metal matrix
composites

HVF — SiCp /Al High volume fractions SiCp /Al

EDM Electrical discharge machining

MF Magnetic field

MF-EDM Magnetic field assisted EDM

MRR Materials removal rate

EWR Electrode wear rate

CA Concentration of aerosols

GAQPSO Quantum-behaved particle swarm optimization with
Gaussian distributed local attractor

BPNN Back propagation neural network

B Magnetic field intensity

I Pulse current

T_on Pulse on time

T_off Pulse off time

Cy Concentration of aerosols

W Weight of filter paper before sampling

W, Weight of filter paper after sampling

v Sampling speed

ts Sampling duration

X; Position of the particle

U; Original local state of the particle

U/ New local state of the particle with Gaussian
distribution N

Pb; Personal best state of the particle

Gb Global best state of all the particles

m; The average of all the personal best states

with complex shapes (Pramanik, 2014; Kandpal et al., 2015). Based
on the experimental research, Ming et al. (2016) established a soft
computing model and intelligent optimization system with
graphical user interface (GUI) to multi-objective optimize the EDM
process of SiCp/Al composites with desired MRR and surface
roughness. While Tang et al. (2018) proposed a dynamic simulation
tool to estimate the temperature field of EDM process of SiC/Al
composites considering continuous discharge with multiple pulses,
and studied the effect of peak current and pulse-on time on
discharge pits and MRR. Although EDM process does well in
machining of SiCp/Al composites, the sustainability and environ-
mental friendliness of EDM process of SiCp /Al composites should
be paid more attentions due to material removal mechanism based
on the violent thermal effect of EDM process.

According to a study from United States Department of Com-
merce (USITC, 2009), a manufacture process can be called sus-
tainable if it has the least negative environment influence, minimal
consumption of energy and natural resources, and harmless to
employees, communities, and consumers. Even though EDM is one
of most important non-traditional machining techniques which
accounts up over seven percent in the whole manufacture process
market (Zhang et al., 2018). The EDM process is also unquestionable
one of the least sustainable manufacturing machining method, the
reason is that it consumes large energy, wears electrode frequently
and releases harmful emissions but provides low productivity
(Valaki et al., 2014). Thus lots of researchers focused on the
improvement of sustainable performance in the EDM process,
especially on the decreasing energy cost, electrode wear, and
environment influence as well as increase of productivity (MRR).
Maher et al. (2015) integrated an adaptive neuro-fuzzy inference
system with Taguchi analysis strategy to improve the work rate and
high grade of machined surface with fewer heat-affected area at
possible minimum cost for sustainable wire EDM (WEDM) pro-
duction. Considering environmental and manufacturing aspects,
Garg and Lam (2016) completely analyzed the effects of energy
consumption, dielectric consumption, and tool wear ratio (similar
to EWR) on machining input of EDM, used genetic programming
(GP) optimization algorithm to make the machining efficiency and
environment conservative Gamage et al. (2016) not only assessed
the environmental impact in the EDM process of aluminium (3003)
and steel using life cycle analysis, but also worked on finding out
the main parameters to optimize the process energy consumption
and surface quality of WEDM of Inconel718 and Ti6Al4V so as to
indirectly reduce carbon emissions (Gamage et al., 2017).

Additionally, the EDM process is still considered as hazardous to
the operators as well as to the environment because pulse

discharging between cathode and anode may release volumes of
hazardous emissions containing toxic aerosols, gases, debris and
sound pollution (Mathew et al., 2010a). Harmful releases generated
by the EDM process is mainly relied on material removal mecha-
nism, dielectric fluid, tool makings and workpiece makings
(Sivapirakasam et al., 2011). In order to reduce the release of toxic
emission products from EDM dielectrics, Valaki and Rathod (2015)
evaluated and adopted refuse vegetable oil, which is a kind of bio-
fluid, as a substituted dielectric fluid (like hydrocarbon oil and
kerosene) to develop the sustainable performance with environ-
mental friendliness, while Kou and Han (2018) proposed a sus-
tainable EDM milling process with water-based dielectric, to
increase productivity (MRR) and decrease the contamination to the
environment. It’s urgent to find out an appropriate method to
improve sustainable machining performance of EDM for advanced
materials, including MRR, EWR, and environmental impact.

Recently, some researchers demonstrated that magnetic field
(MF) assisted EDM (MF-EDM) process could contribute to improve
the machining performance with better surface quality and high
productivity (Bains et al., 20183, b). Heinz et al. (2011); Zhang et al.
(2016); Chen et al. (2017) presented the material removal mecha-
nism and discharged debris motion under the effect of external MF
in the Micro-EDM and WEDM process.

Zhang et al. (2018) proposed the sustainable MF-EDM process
for less energy cost and environmental harmfulness, and made
optimization among the values of EWR, energy cost and process
sound waste of MF-EDM. Moreover, Ming et al. (2019) conducted a
comparative investigation on the efficient using of energy and in-
fluence of environment in MF-EDM as well as common EDM by use
of combining simulation and experimental analysis. Zhang et al.
(2020a) successfully implemented external MF assisted WEDM to
improve the process accuracy and MRR as well as reduce energy
consumption.

All these work reveal that using external MF has notably
improved sustainable process capability on EDM, Mirco-EDM and
WEDM. Thus, magnetic field assisted EDM technique is perhaps a
good solution to machine SiCp/Al composite, but few literatures
focused on investigating sustainable machining performance of
MF-EDM process of SiC,/Al composite. In order to achieve high
sustainability and environmental friendliness of ED machining
SiCp /Al composites, the material removal mechanism and envi-
ronmental impact of MF-ED machining SiC, /Al composites should
be figured out before magnetic field assisted technique can be
widely applied. Particularly, in this paper, a complete study on
productivity and emissions of MF-EDM process of SiCp/Al com-
posites was carried out based on Taguchi method, aiming to
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investigate the procedure of sustainable machining process. More
over, to achieve better sustainable performance of MF-EDM process
of HVF— SiCp/Al, a multi-objective optimization algorithm
combining Back Propagation Neural Network with Quantum-
behaved Particle Swarm Optimization with Gaussian distributed
local attractor (BPNN-GAQPSO) is presented. The function-in of the
algorithm is a result set of experiment and the function-out is a set
of Pareto optimal data. It uses a Gaussian distribution factor which
can keep the diversity of the data hence provide better result than
the algorithm by (Zhang et al., 2020b).

This work consists of five sections. Research background and
introduction are made in the first section. Section 2 presents the
principles of material removal mechanism and emissions of MF-
EDM process of HVF — SiC, /Al composites as well as the experi-
ments for investigating MRR, EWR and aerosol emissions. In section
3, it analyzed the influence of main process parameters on MRR,
EWR as well as aerosol emissions. The multi-objective optimization
algorithm BPNN-GAQPSO is presented to optimize the MF-EDM
process of HVF — SiCp/Al composites in section 4. The research
conclusion is given in the last section.

2. Experimental procedure
2.1. Mechanism of MF-ED machining SiCp /Al composites

Since a high-temperature plasma channel is generated to melt
and evaporate the material by pulse high-frequency voltage, EDM
involves the formation of plasma channels and the removal of
charged debris. The assisted magnetic field can change the free
motion of the particles in the plasma channel into regular motion,
which restricts the plasma expansion and contributes to efficiently
remove charged debris.

Firstly, the external magnetic field could not only confine the
radius of plasma channel based on the Larmor Radius Principle as
well as increase the energy intensity of the plasma by creating
smaller discharge spots and more electron collisions, but also
improve the stability of plasma channel in EDM process. At the
same time, the external magnetic field could also significantly
affect the locations and distributions of spark discharge spots
during MF-EDM process. Thus MF-EDM process contributed to
improve machining performance with high MRR and low surface
roughness, leading to a decrease in radius of discharge craters and
an increase in depth and volume of discharge craters on workpiece
surface. Thus the energy utilization efficiency and material removal
rate of MF-EDM process is much better than that of the EDM, which
directly reduce energy consumption and indirectly carbon emis-
sions. Additionally, assisted magnetic field would affect the motion
of charged particles via generating Lorentz force and help the
debris be taken away from the discharge gap. The deposition of
debris could be reduced during the MF-EDM process. No matter for
magnetic or non-magnetic materials, the removed debris will be
electrically charged by the pulsed discharge process of EDM when
the debris leaving the machine surface of workpeice. Since the
debris of non-magnetic materials will also take charged during the
EDM process, and the magnetic field could still affect the motion of
charged debris and contribute to a high efficiency of flushing
debris. Specifically, the motion of charged particles existed in the
discharge channel between cathode and anode are mainly affected
by external magnetic field and self-excited electromagnetic field
from changing electric field of the EDM process. But the excited
electromagnetic field can be neglected because the external mag-
netic field is far larger than it when influencing the motion tra-
jectory of charged particles. The detailed motion trajectory of
charged particles was described as follows.

Under the effect of Lorentz force, the debris could be effectively
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taken away from the discharge gap of the EDM process, and then
two representative actions of charged debris (external debris1 and
internal debris2) are explained in Fig. 1.

At the beginning of MF-EDM process of SiC, /Al composites, the
external charged debris1 is produced between the bottom of
electrode and top of workpiece, and subjected to Lorentz force F,,,
in Y direction (current is in Z direction and magnetic field is in X
direction). On the surface of workpiece, the charged debris can be
easily cleared with the velocity of Vy,, which prevents short circuit,
multi-discharge or arc-discharge in order to develop the pulse
discharge quality and machining performance.

Considering the internal charged debris 2 generated between
the periphery of electrode and inside of material, the velocity V5, in
X+ direction is parallel to the direction of assisted MF, while the
velocities of V5, in Y+ direction and V,, in Z— direction are
perpendicular to the direction of assisted MF. Thus F,,, and F,,, can
be generated respectively in Z+ and Y-+ direction except X+ di-
rection by Lorentz force Equation (F = quB). The resultant force of
charged debris 2 leads to the debris moving away from the
discharge gap.

The above analysis of two representative debris action and force
reveals that Lorentz force in MF-EDM process can promote the
debris effectively being flushing away the discharge gap, maintain
the stability of discharge so that the process performance can be
improved.

However, the ceramic reinforced components (SiCp) in the Al-
based material result in blocking the generation of normal
discharge and debris motion between workpiece and tool electrode
due to its feature of low conductivity. So the higher volume of SiC
particles fraction in SiCp /Al the harder to machine by use of EDM.
This is main reason for that is difficult process HVF — SiCp/Al
composites.

2.2. Materials

HVF — SiCp /Al composites, namely 45% and 65% SiC volume
fraction of SiCp /Al composites (SiC particles take up 45% and 65% of
the whole composite), which were fabricated by Xi’ an MingKe
Microelectronics Co. Ltd., are selected as the experimental mate-
rials. The shape of experimental material specimen is rectangular
parallelepiped plate with the size of 40 x 150 x 40mm. The elec-
trode used during machining is a copper cylinder with a diameter
of 10 mm and a length of 80 mm. Additionally, Table 1 shows the
main machining conditions of magnetic field assisted EDM process
of 45% and 65% SiCp /Al composites.

2.3. Aerosol emissions

Electrical discharge machining could directly melt and vaporize
the workpiece HVF — SiC, /Al composites via generating pulse
discharge channel of more than 10k degree. During this violent
thermo-physical process, at the spark location, some material of
tool and workpiece will be dissolved, precipitated and/or
condensed into the dielectric, whereas other exhaust will be
released as gases and aerosols into aerosphere. The aerosols
generated from this procedure may contain metal/metalloid par-
ticles (such as Al, Cu, Si, etc.), carbon powder and reaction products
of dielectric fluid, which are easy and dangerous to be breathed by
operators. Thus aerosol emissions from EDM process of
HVF — SiCp/Al is very harmful to the long time operators as well as
to the work environment. More volume fraction particles of SiC
leads more hazardous emissions generated in EDM process of
HVF — SiCp /Al Fig. 2 shows massive emissions of fumes containing
aerosols and gases from EDM process of HVF — SiCp/Al



Z. Zhang, Y. Zhang, L. Lin et al.

Journal of Cleaner Production 292 (2021) 126018

Fig. 1. Motion and force of charged debris in magnetic field assisted EDM process.

Table 1

Machining conditions of magnetic field assisted EDM.
Conditions Values
Purity:SiC volume fractions (%) 45, 65

Rectangle, 40 x 150 x 4
Cylinder, Diameter: 10, Length: 80

Workpiece Size (mm?3)
Electrode Size (mm?3)

Feeding Direction Vertical
Temperature (°C) 20
Dielectric Kerosene oil
Electrode material Copper

2.4. Experimental design

In this MF-EDM experiment, there are many factors influencing
the sustainable machining performance, namely MRR, EWR, and
aerosol emissions. After conducting preliminary exploratory ex-
periments and lots of literature reviews, the main factors affecting
the experimental results are pulse current (A), pulse-on time
(T_on), pulse-off time (T_off), and magnetic field intensity (B), and

each factor are set into four levels, which ranges in a sensible area
for input variables based on the MF-EDM process of HVF — SiC,, /AL
According to the two different volume fraction of SiCp/Al com-
posites, two L16 orthogonal experiments with different parameter
level are designed by use of Taguchi design method, as shown in
Table 2.

2.5. Measurement

Main instrumentations includes the EDM equipment (GF
Form350), the magnetic field setup (home-made), electronic bal-
ance (BSM220.4), Universal Air Sample with cyclone (SKC R8),
thermal field emission scanning electron microscope (JSM-7600F),
and high field depth digital microscope (Leica DVM6).

2.5.1. Material removal Rate(MRR)

As for each experimental set, the machining depth was set as
1.5 mm, while the same cylindrical electrode with a diameter of
10 mm was used in the MF-EDM process. The machining time was
counted by a Stopwatch. So the MRR could be calculated by the
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Fig. 2. Emission of fumes from the EDM process.

Table 2
Main Factors and their level for machining experiments (4 inputs and 4 levels).
Volume fraction of SiCp/ Al Parameters I T_on T_off B
(A)  (ms) (ps) (T
Symbol I T_on T_off B
45% Levels 10 150 120 0
15 180 140 0.1

20 210 160 0.2
25 240 180 0.3
65% Levels 15 120 80 0
20 150 100 0.1
25 180 120 0.2
30 210 140 0.3

following equation (1) (Chattopadhyay et al., 2008).

2
MRR:WXIOt x 1.5 (1)

where t is machining time (min), and the unit of MRR is (mm?3/
min).

2.5.2. Electrode wear rate (EWR)

The electrode wear is accompanied with the material removal
process by pulse discharge spark, and EWR is the weight loss of
electrode per unit time, an indicator to express the amount of
electrode wear during the EDM process. It is very important to
machining accuracy and exhaust emissions of EDM process.

As for two L16 experimental groups, a total of 32 non difference
copper cylindrical electrodes were used in each experiment set. By
use of an electronic balance (BSM220.4) with a resolution of 0.001g,
the weight of electrodes (m;) were measured before the ED
machining experiments. Then the debris attached to electrodes
would be washed away by ultrasonic cleaner to achieve more ac-
curate weight of electrodes. The weight of electrodes (m,) were
measured after the ED machining and ultrasonic cleaning by use of
the same electronic balance. So the weight loss of electrode can be
obtained by m; — m,. All the measurement values were conducted
for three times to obtain their mean values. The machining time (t)
was counted by a Stopwatch. Finally the EWR could be calculated
by the following equation (2) (Chattopadhyay et al., 2008).

EWR:@

(2)
where, m; is Mass of electrode before EDM process (mg), m, is
mass of electrode after EDM process (mg), t is the machining time
(min), and the unit of EWR is (mg/min).

2.5.3. Aerosol emission collection method

In order to accurately evaluate the aerosol emission during the
EDM process, an experimental setup for aerosol sampling in MF-
EDM process was established as shown in Fig. 3, Fig. 3a shows
the schematic diagram of the whole experimental setup including
MF-EDM and aerosol collection setup. Particularly, Fig. 3b presents
the schematic diagram of aerosol sampling setup and Fig. 3c illus-
trates the flowchart of aerosol sampling process. A transparent
plastic cover was placed to cover discharge machining area be-
tween the electrodes and workpiece as well as immersed in the
dielectric fluid in order to enclose the entire aerosol emissions. Two
small holes are made in the cover to connect with fresh air to
compensate the air sucked by the pump. There is an opening under
the small hole to tightly connect with the pump through the tubing.
The emitted gas with aerosols from MF-EDM process of
HVF — SiCp /Al were gathered in the transparent plastic cover and
driven to pass through the soft tube into the glass bottle by air
sampler with an internal pump. The aerosol emissions can be
collected by PVC filter.

In details, a (SKC PCXR8) Universal Air Sampler with cyclone (as
shown in Fig. 3b) was used to drive the air flowing and collect the
samples of aerosol emission via filter paper, which has ability to
filter non-inhalable particles above 5 pm. A soap bubble meter was
used to calibrate the velocity of gas for the sampler both before and
after sampling. In this experiment, the velocity of gas was set to be
3L/min all the time. Aerosol emissions was mightily pulled through
a PVC filter with diameter of 37 mm and pore size of 5 um, and
particles in the aerosol emissions would be attached to the filter
paper. The sampling duration keeps continuous throughout the
whole MF-EDM process for each experimental set. A sensitive
electronic balance (acc. 100 pg) was used to measure the filter pa-
per weight before and after each experiment. Equation (3) was used
to calculate the concentration of aerosols (C4) (Mathew et al.,
2010b).
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Fig. 3. Schematic diagram of experimental setup for aerosol sampling in MF-EDM process.
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(W}, — Wy) x 1000

Ca= s xv (3)
where

C4 — Concentration of aerosols (mg/m?)

Wys — Weight of filter paper before sampling (mg)

W, — Weight of filter paper after sampling (mg)

v — Sampling speed (Ipm)

ts — Sampling duration (min)

2.5.4. Surface integrity

The machined workpiece were made into samples with a size of
10mm x 10mm. The micro cracks, remelted debris, and surface
voids of all samples were tested and analyzed respectively by
thermal field emission scanning electron microscope whose model
is JSM-7600F with high spatial resolution and high scan speed.
Leica DVMS6, a high field depth digital microscope, was used to shot
and analyze the three dimensional surface topography of machined
workpiece.

3. Results and discussion
3.1. MRR

The change tendency of MRR for 45% and 65% SiCp/ Al under
different experimental parameters (I, B, T_on and T_off) via a series
of experimental groups can be observed in Fig. 4a. The MRR value
represents the machining efficiency and machining emissions from
the workpiece material of MF-EDM process. Overall, the machining
efficiency of the two materials has similar change tendency,
whereas the machining efficiency of 45% volume fraction SiCp/ Al is
generally better than that of 65% SiCp /Al at the same experimental
group number. Fig. 5a also shows the same result that MRR of 45%
SiCp/Al is a little better than that of 65% SiCp/Al even under the
variation of four input process parameters. This is mainly attributed
to that the ceramic-reinforced component (SiCp) in aluminum-
based materials with the low electrical conductivity prevents
normal discharge and debris movement between the workpiece
and the tool electrode so as to negatively affect next normal
discharge and the materials removal. Therefore, the more SiC par-
ticle fractions contained in SiCp /Al the harder it is to process using
EDM.

A detailed analysis of the main effect and its delta of each process
parameter, including I, B, T_on, and T_off, on MRR of 45% and 65%
SiCp/Al is presented as shown in Figs. 5a and 6a. Delta is the gap
between the lowest and highest response value for each factor and is
used to reflect the relative effect of each parameter on the response.
Compared with these curves of 5a and 64, it can be found that among
the four parameters, the pulse current has most significant impact on
the machining efficiency of 45% and 65% SiCp /Al. With the increase
of the pulse current, the erosion of the material becomes more
intense through high discharge energy flowing into the workpiece
material so that the machining efficiency is sharply improved. The
MRR of two materials both slightly fluctuate with the increase of
T_on value and T_off value, and it indicates the best effect when the
value of T_on is 150 usm This may be because too small T_on and
T_off values will cause insufficient pulse discharge, material erosion
as well as deionization process in the machining cycle, while large
T_on and T_off values are beneficial to not only enduring discharge
energy to remove material but also debris having enough time to be
taken away from the processing area in time. However excessive
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Fig. 4. Comparison of 45% and 65% SiCp/Al via a series of experimental groups: (a)
MRR; (b) EWR; (c) Aerosol emissions.

T_off value goes against the improvement of machining efficiency
due to lacking sufficient pulse discharge erosion time. Additionally,
magnetic field has a little positive impact on MRR. Particularly, in
some range magnetic field intensity has positive correlation with
machining efficiency. The main reason is that the increase of mag-
netic field intensity could make the discharge channel more
concentrated to improve discharge energy efficiency as well as
contributing to Al debris pulled away from electrodes’ gap by Lorenz
force. This also proves that higher volume fraction of SiC particles in
SiCp /Al becomes harder to machine even under the effect of assisted
magnetic field. Assisted magnetic field could affect the motion of
charged particles and help the debris be taken away from the
discharge gap via generating Lorentz force. The formation of molten
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Fig. 5. Comparison of the main effect of each process parameter on 45% and 65% SiCp/Al: (a) MRR; (b) EWR; (c) Aerosol emissions.

pool can be also boosted due to the greater plasma pressure near the
molten pool which increased the possibility of material eruption
under the effect of magnetic field. So the efficiency of material
removal and ablation can be developed while The deposition of
debris can be reduced during the MF-EDM process.

Assisted magnetic field could affect the motion of charged par-
ticles and help the debris be taken away from the discharge gap via

generating Lorentz force (Zhang et al., 2020a, 2020c). The formation
of molten pool can be also boosted due to the greater plasma
pressure near the molten pool which increased the possibility of
material eruption under the effect of magnetic field (Heinz et al.,
2011). So the efficiency of material removal and ablation can be
developed while the deposition of debris can be reduced during the
MF-EDM process.
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3.2. EWR

Fig. 4b shows the variation of EWR for 45% and 65% SiCp/ Al
under different experimental parameters (I, B, T_on, and T_off) via a
series of experimental groups. The EWR value indirectly reflects the
quantity of machining emissions from the electrode material in the
MF-EDM process. Overall, the EWR of the two materials has similar
change tendency, whereas the EWR of 65% volume fraction SiCp/ Al
is much higher than that of 45% SiCp /Al at the same experimental
group number. Fig. 5b also shows the same result that EWR of 45%
SiCp/Al is much better than that of 65% SiCp/Al even under the
variation of four input process parameters. Since the melt point of
ceramic-reinforced component (SiCp) is much higher than that of
aluminum substrate, SiCp/Al containing more volume fraction of
SiC particles requires more pulse discharge energy to be melted and
vapored, while higher input energy inevitably results in larger
electrode erosion (EWR). That is the main reason that compared to
45% SiCp/Al, EWR and machining emissions of 65% SiCp/ Al are
much greater.

Figs. 5b and 6b illustrate the main effect and its delta of each
process parameter, on EWR of 45% and 65% SiCp /Al. Compared with
these curves of Figs. 5b and 6b, it can be found that among the four
parameters, the I and T_on are two most significant factors on the
EWR of HVF — SiC,, /Al. With the increase of the pulse current, the
erosion of electrode material becomes more intense through high
discharge energy flowing into the electrode material, which leads
to dramatic development of EWR. On the contrary, the electrode
loss gradually decreases as the T_on time rises. The main fact is that
the increase of T_on value lengthens the proportion of discharge
time in one pulse discharge cycle, which contributes to the for-
mation of the protective film on the electrode surface as well as the
reduction of electrode loss. Opposite to the effect of T_on value on
EWR, the electrode loss goes up slightly with the increase of T_off
value. Because the increase of the T_off value to some extent will
block and damage the generation of protective film on the electrode
surface via extending deionization process in one pulse discharge
cycle. Similarly, to increase assisted magnetic field intensity leads to
a little decrease of EWR. Since the concentrated discharge energy
increases the energy utilization efficiency and MRR under the effect
of magnetic field, it also could fasten the fracture of protective film
on the electrode surface via excessive discharge energy. Even so, as
shown in Fig. 6b, the influence of magnetic field intensity on
electrode loss is relatively weak, particularly for 45% SiCp/ Al
(relatively low volume fraction SiCp/Al).

EDM is a kind of precision machining with some harmful
exhausted emissions, and EWR directly affects the machining ac-
curacy and sources of hazardous products and air pollution
including Carbon, Silicon, Aluminum, and Copper oxide in the MF-
EDM process of HVF — SiC, /Al From above analysis, it can be
revealed that the EWR sharply goes up with the increase of volume
fraction of SiC particles, and the reason for this increase is that tool
materials have to take additional material loss due to the ablation
behavior of SiC (Mahdavinejad et al., 2005; Saxena et al., 2018).
These results confirm that the workpiece materials and its prop-
erties have a significant effect on the performance of EWR. Besides,
influences of input discharge energy on EWR show more significant
than that of assisted magnetic field intensity. The selection of small
pulse current and pulse off-time, large pulse on-time, and appro-
priate magnetic field intensity could achieve the low EWR espe-
cially for HVF — SiC, /Al which could contribute to guide the
optimization of MF-EDM process of HVF — SiCp/Al.

3.3. Aerosol emissions

Fig. 4c shows the variation of concentration of aerosol emissions
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for 45% and 65% SiCp /Al under different experimental parameters
(I, B, T_on, and T_off) via a series of experimental groups. The value
of aerosol emissions directly reflects the quantity of machining
emissions and effect of MF-EDM process for the environment.
Overall, although aerosol emission of 65% volume fraction SiCp /Al
is just a little higher than that of 45% SiC, /Al at the same experi-
mental group number, the aerosol emissions of two materials has
similar change tendency and little difference. According to the main
effect and its delta of each process parameter on aerosol emissions
of 45% and 65% SiCp /Al as shown in Figs. 5¢ and 6c, it can be found
that among the four parameters, the pulse current is the most
significant factors on the aerosol emissions of HVF — SiCp /Al. With
the increase of the pulse current, much more intensive discharge
energy flowing into two electrodes leads to much larger and
severer erosion of electrode and HVF — SiCp /Al material. This pro-
cess could generate dramatic emissions of aerosol. Additionally,
assisted magnetic field could contribute to slightly reduce the
concentration of aerosol emissions when magnetic field intensity
ranges from 0.1 to 0.2T. This is mostly attributed to the fact that
appropriate magnetic field could increase discharge energy utili-
zation efficiency (Ming et al., 2019) to balance the materials
removal and aerosol emissions.

In order to analyze the composition of emitted aerosols from
MF-EDM of HVF — SiC,, /Al, some typical samples (Nos.6, 11, and 16
in Table 4) of 65% SiCp/Al were selected to further investigate EDS
(Energy Dispersive Spectrometer) analysis of surface emblements.
As illustrated in Fig. 7a, b, and 7c, no matter in which samples, three
highest element content of emitted aerosols are all carbon, oxygen,
and silicon, taking up more than 80% of the whole sampled
aerosols.

On the other hand, as shown in Fig. 7d, although different
aerosol samples were selected, distribution of elements in the
aerosol emissions is exactly similar. It reveals that compositions of
aerosol emissions from MF-EDM process of HVF — SiCp /Al are the
same level and hazardous to the environment and operators’ health
even under different process parameter conditions.

Section 3.5 presents more analysis on the effects of the aerosol
emissions and their hazardous derivatives on the operators’ health
and environmental pollution.

3.4. Surface integrity

In order to analyze the surface integrity of MF-EDM process of
HVF — SiCp/Al, some samples of 65% SiCp/Al were selected to
further investigate surface micro structure and surface topography.
Figs. 8 and 9 present three-dimensional surface topography of two
different areas of Sample Nos.6 and 12 in Table 4 for the EDM
process without and with magnetic field (B = 0.2T). The highest
peaks in two areas of MF-EDM process are 3.700 um and 4.090 pm,
while the highest peaks in two areas of EDM process are 7.590 um
and 6.360 pm. Compared with the 3D surface of EDM, discharge
crater is much smaller and more uniform, placing tightly on the
surface of MF-EDM. Moreover, variation of peak-valley in the 3D
surface of EDM fluctuates more severely than that of MF-EDM. Thus
above results directly reveal that surface roughness of MF-EDM
process provides much smoother surface roughness than EDM
process. The main reason is that assisted MF could not only create
smaller and more uniform discharge spots to generate uniform
discharge crater, but also improve the stability of plasma channel to
make crater locations intensive.

Figs. 10 and 11 demonstrate SEM surface micro structure of
Sample Nos.6 and 12 in Table 4 for the EDM process without and
with magnetic field (B = 0.2T). In the condition of x 2000, lots of
voids and cracks can be obviously found on the machined surface of
EDM process. Zooming in the areas of these voids and cracks ( x
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Fig. 6. Comparison of the main effect delta of each process parameter on 45% and 65%
SiCp/Al: (a) MRR; (b) EWR; (c)Delta for the Concentration of Aerosol emissions.

PS. Delta is the difference between the highest and lowest average response values for
each factor. Minitab Software assigns ranks based on Delta values; Rank 1 to the
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5000), the micro defects, large and dense voids as well as long,
wide, deep cracks, can be distinctly exposed. In contrast, even in the
condition of x 5000, the sample surface with external magnetic
field intensity of 0.2T which makes the discharge energy uniform,
just shows a few micro voids with small size and no significant
micro cracks (only short, narrow, and shallow cracks). So this also
proves that assisted magnetic field contributes to significantly
improve the surface integrity of EDM process of HVF — SiCp /Al
Surface integrity and microstructure are one of important
machining performance indicators, which directly affect mechani-
cal properties of machined surface by EDM process (Ming et al.,
2020). Above results demonstrated that even though assisted
magnetic field contributes to significantly improve the surface
integrity with a few micro cracks and voids, it can’t completely
relief the thermal damages on the machined surface due to elec-
trical sparks discharge process and the brittleness of SiC ceramic.

3.5. Environmental impact

During the EDM process, the main emissions are particles of
Carbon, Silicon, Aluminum, Copper and their oxides. About 80%
emissions consist of Carbon and Silicon oxide, and about 20% are
Aluminum and Copper oxide (See Fig. 12).

Carbon mainly generated by SiC particles and decomposition of
kerosene oil (a high molecular hydrocarbon with strong volatility)
during the MF-EDM process, while oxygen comes from air and
decomposition of kerosene oil. Carbon emissions contains CO,, CO
and carbon particles. CO, is the major greenhouse gas emitted by
the activity of human. It accounted for about 81.3% of all green
house emissions from human all over the United States in 2018
(EPA, 2018). Over emission of greenhouse gas leads global warming,
which causes serious environmental problems, such as sea level
rise, abnormal distribution, and frequent flooding and drought. CO
can threaten human’s health by reducing oxygen delivery to the
body’s organs and tissues, even capable of causing death at very
high levels (Masoudi and Gerami, 2017). Carbon particles have
important impact on both the environment and public health. To
the environment, carbon particles can directly absorb the radiation
of solar or terrestrial which contributes to the warming of the at-
mosphere. It also darkens the surface of snow and ice, thereby
increasing melting (EPA, 2012). To the human body, breathing
carbon particles can decrease lung function, develop emphysema,
even cause lung cancer (Leonard et al., 2020). Carbon particles are
also associate with PM2.5 fraction, which leads adverse human
respiratory and cardiovascular effects, and estimates to cause mil-
lions of premature deaths every year all over the world (EPA, 2012).

Silicon completely comes from SiC particles, accounting for
almost 20% of the whole sampled aerosols, which probably exists in
the form of SiO, particles emitted into the air. If EDM operators
long-term inhales this SiO, particles via the aerosol emissions from
EDM'’s exhaust, they easily suffer from lung disease. When silica
build up in the respiratory tract and lungs, they lead to hard
breathing, such disease is called silicosis. Silicosis is one of the
utmost occupational diseases in the world prompting lung fibrosis
(Leung et al., 2012), which increases the odds of getting tubercu-
losis, chronic bronchitis, chronic obstructive pulmonary and lung
cancer.

Additionally, aerosol emissions contain aluminum and copper
from Al substrate and copper electrode, which together take up
about 15% of the whole sampled aerosols. Excessive inhaling
aluminum and copper particles is also pretty harm to operators’

highest Delta value, Rank 2 to the second highest, and so on, to indicate the relative
effect of each factor on the response.
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Table 3
Experimental results of 45% volume fraction.SiCp /Al

No. I T_on T_off B MRR EWR Aerosol Emissions
(A) (ms) (ms) (T) (mm3/min) (mg/min) (mg/L)
1 10 150 120 O 2.15 0.22 0.20
2 10 180 140 0.1 195 0.08 0.11
3 10 210 160 02 209 0.08 0.07
4 10 240 180 03 203 0.06 0.09
5 15 150 140 02 528 1.13 0.18
6 15 180 120 03 5.11 0.99 0.15
7 15 210 180 O 4.09 0.63 0.30
8 15 240 160 0.1 4.03 0.50 0.30
9 20 150 160 03 11.38 4.69 0.41
10 20 180 180 0.2 9.06 3.66 0.41
11 20 210 120 0.1 1156 3.05 0.61
12 20 240 140 O 9.38 2.49 0.54
13 25 150 180 0.1 15.95 11.31 0.84
14 25 180 160 O 15.56 9.48 0.81
15 25 210 140 03 1549 9.42 0.73
16 25 240 120 0.2 15.84 8.14 0.70
Table 4

Experimental results of 65% volume fraction.SiCp /Al

No. 1 T_on T.off B MRR EWR Aerosol Emissions
(A) (ms) (ms) (T) (mm3/min) (mg/min) (mg/L)

1 15 120 80 0 2.86 1.35 0.19

2 15 150 100 0.1 277 0.81 0.19

3 15 180 120 02 221 0.69 0.15

4 15 210 140 03 217 0.54 0.13

5 20 120 100 02 6.83 5.51 0.42

6 20 150 80 03 761 5.77 0.54

7 20 180 140 O 5.87 3.79 0.36

8 20 210 120 0.1 476 2.60 0.34

9 25 120 120 03 9.16 11.70 0.55
10 25 150 140 02 9.60 10.29 0.58
11 25 180 80 0.1 1039 8.80 0.63
12 25 210 100 O 9.48 7.76 0.6

13 30 120 140 0.1 10.77 16.60 0.67
14 30 150 120 O 11.62 14.94 0.77
15 30 180 100 03 11.72 14.02 0.68
16 30 210 80 02 11.87 12.68 0.83

health. Aluminum toxicity may hurt human’s bones, brain and
nervous system. Chronic copper toxicity may endanger human'’s
liver as well as nervous system (National-Research-Council, 2000).

The above analysis has shown that aerosol emissions from EDM
process are extremely harmful for both the operators’ health and
the nature environment. Hence, the optimization of ED machining
HVF — SiCp/Al is urgently demanded in order to reduce the emis-
sions and achieve a cleaner and safer production process.

4. Optimization

To achieve the better sustainable performance of MF-EDM
process of HVF— SiCp/Al, a multi-objective optimization algo-
rithm is employed to optimize this complex process through
combining BPNN and GAQPSO. It takes above MF-EDM experiment
results as input and gives a non-dominance set as output with
simultaneously maximum MRR, minimum EWR, and minimum
concentration of aerosol emissions (Pareto-optimal) as output.

4.1. Multi-objective pareto-optimal

Since there are several objectives for each solution, every
objective should be compared separately for solutions to get optima
results. The optimal outputs are contained in a set, where no

1
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element in the set is superior to another in all objectives. More
precisely, if solution A is better than B in all areas, we call that A
dominates B. If A is better than B in some areas but worse than B in
some others, A and B are called non-dominance solutions. The op-
timum solutions for multi-objective optimization is a set in which
every two solution are non-dominance to each other. Such optimal
solutions are called Pareto-optimal.

4.2. GAQPSO with BPNN

GAQPSO uses wave function from quantum physics rather than
speed from classic physics (in PSO) to update the particles in the
algorithm (Sun et al., 2011). The particles states are described by
wave function with 3-potential well. Moreover, a local factor is
determined by Gaussian distribution. It helps to jump out from
local best results hence to achieve global optimization. The particle
states can be described as follows:

Ui(t+1) =@ - Pb;(t) + (1 — ¢)-Gh(t) (4)

Uf (64 1) =N(Ui(t + 1), |my(£) — Pbi(t))) (5)

Xi(t+1)=U(t+1) £ a- |mi(t) — X ()| -In(1 /u) (6)
1N

m;(t) :NZPbi(t). (7)

i=1

where a is coefficient of Contraction-Expansion generally taken as
«a<1.781, it is usually a linear decreasing value or a constant. Gb is
the global best state (gbest) of all the particles, Pb; is the personal or
local best state (pbest) of the ith particle. ¢ = cy-r1/(c1 11 +
Cy +13), where ¢; and ¢, are two coefficient argument usually taken
as 2,7 and ry are two random values on (0,1). Uj is the original local
state of every particle, and U’; is the new local state with Gaussian
distribution N. u is random on (0,1). Mean best value m; is the
average of all the pbest of the particles.

BPNN is used to generate a model, which will be used as a fitness
function of the GAQPSO algorithm. It is an efficient version of neural
network, which calculates the weights to improve the network
until it is able to perform the task for which it is being trained. In
BPNN, the output errors are linked back to the input until the al-
gorithm meets the maximum iteration or minimal error.

4.3. Model settings

In this work, the particles of GAQPSO are used as simulated
experiment trails. Each particle has 4 dimensions, which stand for
the value of I, T_on, T_off and B. Every particle has 3 criteria as
fitness values: EWR, MRR and aerosol emissions. A model of BPNN
is created with 4 inputs, 3 outputs and a hidden layer with 4
neurons. The fitness values of each particle is calculated by the
BPNN. Every particle has a pbest state. For all the particles, a non-
dominance set is used for gbest state. To keep diversity of the re-
sults, crowd distances are calculated for the points in the non-
dominance set. When the size of gbest set is over maximum
value, fresh non-dominance point will substitute the point with
nearest crowding distance. The algorithm flow chat is given in
Fig. 13.

4.4. Optimization results discussion

4.4.1. Optimization results of 45% volume fraction SiCp /Al
Fig. 14 presents the optimal Pareto surface of global best set for



Z. Zhang, Y. Zhang, L. Lin et al.

Journal of Cleaner Production 292 (2021) 126018

Fig. 7. EDS quantitative analysis of surface elements.

Fig. 8. Three-dimensional surface topography of EDM without magnetic field (No.12 in Table 4): (a) Test area 1; (b) Test area 2.

45% volume fraction SiCp /Al the points in the figure are 16 selected
optimized results, which contains minimal and maximum MRR,
EWR and Emission values as well as some compromised points.
Table 5 lists the 16 optimized results. The values of MRR range from
2.15 to 16.86 (mm3/min); the values of EWR range from 0.054 to
9.04 (mg/min); the values of aerosol emission range from 0.087 to
0.67 (mg/L).

The results holding minimum EWR and maximum MRR values

12

in both Table 3 and Table 5 can be viewed as typical cases in our
optimization. No.4 of Table 3 and No.2 of Table 5 hold minimal EWR
values in their tables. Comparing the two results, EWR is decreased
by 10% (from 0.06 to 0.054) while the MRR is increase by 5.9% (from
2.03 to 2.15), however emission is increased by 4.4% (from 0.09 to
0.094) as payback, the results are non-dominance results to each
other. No.13 of Table 3 and No.16 of Table 5 hold maximum MRR
values in their tables. Comparing the two results, MRR is increase
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Fig. 9. Three-dimensional surface topography of EDM with magnetic field (No.6 in Table 4): (a) Test area 1; (b) Test area 2.

Fig. 10. SEM surface topography of EDM without magnetic field (No.12 in Table 4).

by 5.7% (from 15.95 to 16.86) while the EWR is decreased by 25%
(from 11.31 to 9.04) and the aerosol emission is decreased by 31%
(from 0.84 to 0.64). It means that No.16 of Table 5 dominates No.13
of Table 3.1t can been seen that at lower EWR side, the optimization
improves both EWR and MRR values with paying a small amount of
aerosol emission as price; and at higher MRR side, the optimization
provides a better result.

Over all the 16 optimized results, the mean value of MRR, EWR
and aerosol emissions are 8.72 (mm?3/min), 3.14 (mg/min) and 0.34
(mg/L) respectively. For the 16 experimental results, the mean value
of MRR,EWR and aerosol emissions are 8.18(mm?/min), 3.50(mg/
min), 0.40(mg/L) respectively. MRR is increased by about 6.6%, EWR
is decreased by about 10% and aerosol emissions are decreased by
about 15%. It shows that the optimization can provide better design
options of process parameter combinations.

13

Fig. 11. SEM surface topography of EDM with magnetic field (No.6 in Table 4).

4.4.2. Optimization results of 65% volume fraction SiCp /Al

Fig. 15 presents the optimal Pareto surface of global best set for
65% volume fraction SiCp/Al, the points in the figure are 16 selected
optimized results, which contains minimal and maximum MRR,
EWR and aerosol emissions values as well as some compromised
points. Table 6 lists the 16 optimized results. The values of MRR
range from 3.66 to 12.18 (mm?/min); the values of EWR range from
0.41 to 14.96 (mg/min); the values of aerosol emissions range from
0.078 to 0.87 (mg/L).

The results holding minimum EWR and maximum MRR values
in both Tables 4 and 6 can be viewed as typical cases in our opti-
mization. No.4 of Table 4 and No.1 of Table 6 have minimum EWR
results in each table. Comparing the two results, MRR is increase by
41% (from 2.17 to 3.66) while EWR is decreased by 24% (from 0.54 to
0.41) and the aerosol emission is decreased by 40% (from 0.13 to
0.078). It means that No.1 of Table 6 dominates No.4 of Table 4.
No.16 of Table 4 and No.16 of Table 6 contains maximum MRR re-
sults in each table. Comparing the two results, MRR is increase by
2.5% (from 11.87 to 12.18) while EWR is slightly decreased and the
aerosol emission is increased by 4.6% (from 0.83 to 0.87), the two
results are non-dominance to each other. It can be seen that at
higher MRR side, the optimization improves both EWR and MRR
values with paying some aerosol emission as price, however at
lower EWR side, the optimization provides a better result.

Over all the 16 optimized results, the mean value of MRR, EWR
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Fig. 12. Harmfulness of aerosol emissions.

Fig. 13. The flow chat of GAQPSO-BPNN algorithm.

and aerosol emissions are 7.89mm?/min, 6.95 (mg/min) and 0.43
(mg/L) respectively. For the 16 experimental results, the mean value
of MRREWR and Emissions are 7.48mm3/min, 7.37(mg/min),
0.48(mg/L) respectively. MRR is increased by about 5.5%, EWR is
decreased by about 5.7% and aerosol emissions are decreased by
about 10%. All the above have demonstrated that the optimization

14

can provide better design options of process parameter
combinations.

5. Conclusion

In this paper, magnetic field assisted electrical discharge
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machining of HVF — SiCp/Al was proposed to improve the sus-
tainable machining performance. Two groups of Taguchi experi-
ments were carried out to completely investigate MRR, EWR,
aerosol emissions, and surface integrity of SiC, /Al composites with
45% and 65% volume-fraction. Moreover, BPNN-GAQPSO algorithm
was introduced to optimize the MF-EDM process of HVF — SiCp /Al
composites in an economically and environmentally manner. Main
contribution of this can be concluded as follows:

1. The pulse current is the most significant factors affecting the
MRR, EWR, and aerosol emissions of MF-EDM process of HVF —
SiCp/Al. Magnetic field assisted technology significantly de-
velops the surface integrity of the EDM process of HVF —
SiCp/Al, while it just slightly contributes to improve its sus-
tainable performance with reductions in EWR and aerosol
emissions whereas increase of MRR when intensity of MF is in
the range of 0.1T—0.2T.

2. Aerosols generated by MF-EDM process of HVF — SiCp /Al mainly
contain carbon, oxygen, silicon, aluminum, and copper, whereas
carbon, oxygen, and silicon taking up more than 80% of the
whole sampled aerosols mostly exist in the form of SiO, and
carbon particles, which are harmful to operators’ health and
ecological environments.

Fig. 14. Optimal Pareto surface for 45% volume fraction.SiCp /Al

Table 5
Selected optimization results of 45% volume fraction.SiCp /Al

No. I ~Ton Toff B MR EWR Aerosol Emissions 3. BPNN-GAQPSO algorithm is introduced to provide optimal
(A) (ms) (ms) (T) (mm?/min) (mg/min) (mg/L) machining parameters. Compared to the average data of
1 10 176 137 02 215 0.054 0.094 experiment: for 45% SiCp/Al, the average optimal solutions of
2 10 158 137 03 213 0.10 0.087 EWR, and aerosol emission were decreased by about 10% and
3. 1> 2200 144 01 672 137 033 15% whereas MRR was increased by about 6.6%; for 65% SiCp /Al
;1 }Z }gg gf 8'3 g'gg ;g; g'ig the average optimal solutions of EWR, and aerosol emission
6 13 230 136 01 743 1388 031 were decreased by about 5.7% and 10% whereas MRR was
7 17 223 131 00 763 1.86 0.35 increased by 5.5%. The typical results comparison also shows
8 16 217 135 01 813 2.18 035 that the optimization algorithm provides improved results. The
?0 }g é?g Bg g'; ggg gi‘l‘ gg;‘ provided optimized machining parameters can notably guide
11 19 162 148 02 892 358 036 EDM process in an economic and environmental way, and
13 20 153 127 03 954 435 031 satisfy sustainable manufacturing needs as well.
14 19 193 123 01 1087 3.93 0.39
1219 235 121 02 11.98 440 040 In the future, we will focus on the following research points to
15 25 216 121 03 1642 7.88 0.67 . . .
16 25 174 127 03 1686 0.04 0.64 chase the challenges in the green and sustainable manufacturing

process for electrical discharge machining advanced materials.

Fig. 15. Optimal Pareto surface for 65% volume fraction.SiCp /Al
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Table 6
Selected optimized results for 65% volume fraction.SiCp /Al

No. 1 Ton T.off B MRR EWR Aerosol Emissions
(A) (ms) (ms) (T) (mm?/min) (mg/min) (mg/L)

1 19 196 97 0.1 3.66 0.41 0.078
2 19 196 97 0.0 427 1.19 0.081
3 20 206 82 0.1 5.61 2.20 0.11

4 21 207 99 0.1 5.69 2.99 0.29

5 20 207 87 0.0 6.52 3.36 0.16

6 21 201 97 00 6.97 4.50 0.28

7 25 153 109 0.1 7.01 7.32 0.49

8 23 209 87 0.1 798 5.85 0.49

9 23 129 136 0.1 8.12 10.04 0.48
10 23 207 102 0.1 858 6.64 0.53
11 23 209 122 0.1 8381 7.07 0.56
12 23 209 116 0.1 9.18 7.56 0.61
13 28 133 85 02 954 11.65 0.58
14 29 123 132 0.1 10.03 12.85 0.57
15 30 148 134 0.1 12.06 14.96 0.71
16 28 195 134 00 1218 12.62 0.87

i. Based on deep learning technique, intelligent EDM process shall
be the future developing trend to improve its suitability and
environmental friendship, which is very important to determine
the best combination of processing parameters in the EDM of
new advanced materials.

ii. Hybrid EDM processes possess comprehensive advantages of
different process techniques, and they provide more opportu-
nities and potentials for efficiently machining advanced mate-
rials with the reduction of energy consumptions. Thus in the
future we will continue to develop a new hybrid EDM technique
for green and sustainable manufacturing.
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