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Abstract
Carbon Fiber Reinforced Polymers (CFRPs) have been applied potentially for various application components owing to their
lightweight and better mechanical properties. However, the machining of CFRP has been observed to be poor machinability due
to the properties of the CFRP composites. Micro-feature fabricating on CFRP macro-component is a challenging task due to the
selection of inadequate process parameters and machines. However, micron-level blind square holes are required in CFRPs for
proposing the applications of micro-robotics, micro-vibration measurements, and micro-detection of cracking. These square
holes produced on CFRP have the difficult task of being machined using the Electrical Discharge Machining (EDM) process. In
this research, the effects of concentration of silicon carbide, pulse duration, duty cycle, and current on squareness, hole depth, and
surface roughness of CFRPs are analyzed using Electrical Discharge Machining (EDM) with the square copper electrode. The
input parameters, the various percentage of concentration of silicon carbide, pulse duration, duty cycle, and current for EDM are
selected. The responses, squareness, hole depth, and surface roughness are considered. Also, an electrode wear length and surface
defects have been analyzed. The modeling has been performed for selected responses. Additive Ratio Assessment (ARAS) is
used for obtaining optimum parameters. The overall analysis found that the silicon carbide concentration and pulse duration are
greatly affected all the responses. Also, the square electrodes produced unstable spark phenomena in the EDM process.
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1 Introduction

Carbon Fiber Reinforced Polymers (CFRPs) are used in
aerospace, satellite, electronic field, and commercial parts.
The reasons for using these CFRPs are low density, high
strength, low friction coefficient, high toughness, and good
wear resistance. Square holes are required in CFRPs for pro-
posing the applications of micro-robotics, micro-vibration
measurements, micro-detection of cracks, micron-level

relative humidity measurements, micron-level - thermal
strain measurements, micro - level -temperature measure-
ments, detection of micro - delamination, and micro-fiber
optics. Thereby, the square holes were fabricated on CFRP
by using EDM [1–3], laser machining [4], mechanical dril-
ling [5, 6], and micro-EDM [7]. Also, the square hole is
mostly used in the precision manufacturing sector for
manufacturing the micron-level square in the 3D micro-
components for microfluid transportation purposes and
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increasing the heat transfer rate with acceptable dimensional
accuracy. Among the various machining processes, the non-
contact and stress-free machining process for EDM is select-
ed to perform machining on CFRP. The performance mea-
sures of CFRPs are highly associated with many factors such
as electrode materials (copper, graphite, tungsten carbide,
etc.,), electrode dimensions (micron and micron size), polar-
ity, types of dielectric mediums (kerosene, EDM oil, distilled
water, etc.,) and additives in dielectric mediums (SiC, Si, Cu,
etc.,) and selection of process parameters (pulse duration,
pulse interval, etc.,). The selection of electrode materials is
an important task for obtaining better performance measures.
Hence, tungsten carbide electrodes were fabricated by using
a wire electric discharge grinding. The 0.110 mm diameter-
fabricated electrodes were used for providing the holes on
CFRP by using EDM and a 1.2 mm depth of cut was
achieved [8]. In another work, 0.5 mm diameter copper elec-
trodes were fabricated for providing blind holes on CFRP by
using EDM and 0.25 mm depth of cut was achieved [9]. To
evaluate the different electrode material performance over
the CFRP machining, copper and graphite electrodes were
used on CFRP by using EDM. The results found that copper
electrodes gave better performance than graphite electrodes
based on the electrode wear and surface finish [10]. Using
copper electrodes for making blind holes on CFRC was per-
formed using 1.5 amp current and 200 μs pulse duration and
5.14 μm surface roughness was achieved [11]. The copper
electrode wear rate was analyzed for drilling on CFRP by
using 1 amp current and 150 μs pulse duration and
0.0056 mg/min electrode wear rate was observed [12]. To
reduce the burr formation of CFRP drilled holes, the copper,
brass, and aluminum electrodes were selected for drilling on
CFRP by using EDM. The results found that the copper
electrode gave better results than other electrodes [13]. In
another work, burr formation was also reduced using EDM
with different electrodes such as aluminum, brass, steel, and
copper were selected for processing on CFRP. The results
found that the copper electrode produced better results than
other electrodes [14]. Besides, the selection of EDM param-
eters is also important to improve performance measures.
The current was directly proportional to the tool wear rate
by EDM drilling on CFRP [15]. Hence, the low electrode
wear was observed by lowering the current. The 5 amp cur-
rent and 100 μs pulse duration were used to obtain the
4.8 μm surface roughness of CFRP. The results found that
the current was increased with an increase in the surface
roughness. Hence, the low current is recommended for
obtaining low surface roughness and less thermal damages
[16]. The approximately 4 μm surface roughness was obtain-
ed using a pulse duration of 70 μs and a current of 2 amp in
EDM drilling [17]. The Powder-Mixed Electric Discharge
Machining (PMEDM) is also used for improving the perfor-
mance measures. The dielectric medium has also played an

important role in improving machining characteristics by
alternating ionization, heat dissipation, and dielectric flush-
ing. Besides, dielectric medium physical parameters such as
breakdown strength, flash point, thermal conductivity, pres-
sure, flushing velocity, density, and viscosity influence the
performance of EDM. Hence, these properties are directly
associated with the selection of hydrocarbon dielectric fluid,
water-based dielectric fluid, and gas-based dielectric fluid.
The special technological behaviors of hydrocarbon dielec-
tric fluids are small tool wear, high metal removal, and no
corrosion of sample, low flash point, and no deionization
necessary. Therefore, the hydrocarbon dielectric fluid of ker-
osene has been selected as a dielectric medium for obtaining
more stable and effective machining performance than an-
other dielectric medium [18]. Also, the dielectric medium
performances are improved by adding different types of ad-
ditives such as carbon, aluminum, copper, nickel, silicon,
graphite, tungsten, and titanium powder [19]. Among the
various additives, SiC powder is selected as an additive be-
cause of its superior properties. Hence, the effects of
PMEDM process parameters on squareness, hole depth,
and surface roughness of CFRPs are focused on it. The rea-
sons for selecting the PMEDM are enlargement of the dis-
charge gap, widening of discharge passage, multiple dis-
charges, and influences of powder properties on machining
characteristics. The surface roughness was reduced by in-
creasing the concentration of SiC powder added to EDM
oil [20]. Similarly, the material removal depth was decreased
by increasing the concentration of SiC powder added to pure
water [21]. SiC powder ranging from 5 g/l to 20 g/l was
added to deionized water for improving the surface rough-
ness. The result found that the 25 μs pulse duration produced
the 6.77 μm surface roughness and it was a higher surface
roughness value compared to 50 μs pulse duration due to the
uneven distribution of discharges [22]. The material removal
depth and surface roughness were analyzed by adding Al to
kerosene and SiC to kerosene and kerosene. The result iden-
tified the addition of Al/SiC to kerosene-improved perfor-
mance measures compared to kerosene [23]. Kerosene is
one of the main dielectric fluid mediums for machining
micro-hole on steel and produces effective machining on
steel using EDM. The results found that the entrance diam-
eter was greater than the exit diameter and the tungsten car-
bide electrode wear was 273 μm obtained [24]. The hybrid
machining processes were also used to fabricate the micro-
holes of diameter 250 μm on steel using micro-EDM with
100 V voltage and 1500 pF capacitance [25]. The electrode
diameter greatly affected the MRR, TWR, and taper angle.
Increasing in the MRR, TWR, and taper angle were observed
by increasing the electrode diameter [26]. Micro-hole com-
parative studies were made between the laser and micro-
EDM on nickel-based superalloy by using selected optimum
process parameters. The results found that micro-EDM has
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produced better hole geometry than laser processes [27]. In
another strategy, the 0.32 μm surface roughness of AA-
10%SiCp MMC was achieved by using powder concentra-
tion 4 g/L, pulse duration 100 ms, current 3 A, and voltage
50 V [28]. Comparative surface roughness was studied be-
tween the aluminum powder and silicon powder in the ma-
chining of EDM by using selected working conditions. The
results found that 2 mm surface roughness was obtained and
an aluminum powder gave a greater influence on surface
roughness than silicon powder [29]. The performance of
PMEDM and Rotary-EDM were studied based on the mate-
rial removal rate (MRR) and tool wear rate (TWR). The
results identified that the PMEDM process gave better per-
formance than die-sinking EDM [30]. The EDM process can
also be used for removing the burr from the machined CFRP
due to the spark energy. The results found that oxygen
showed higher MRR than negative polarity. Moreover,
EDM oil gave a more effective performance for unwanted
burrs removal from the EDM [31]. The coated carbide drill
was used for machining of CFRP based on the tool life and
hole quality CFRP/titanium stack. The output of the result
found that the CFRP/titanium stack produced poorer quality
than the individual machining of material [32]. The perfor-
mance nano-powder of Fe2O3 over the Co-Cr-Mo sample
was studied by using micro-EDM. The results identified that
material depth was significantly improved by adding 2 g/l of
nanopowder in the dielectric medium [33]. To reduce the
machining time, the morphology of the machined surface,
and deviation in channel width, the assisting-electrode meth-
od was used for creating micro-channels (depth: 400 μm and
length: 3000 μm) on CFRP using brass and copper of
960 μm in diameter. The SEM results found that peripheral
surface damage, spalling, fiber breakage, and debris accumu-
lation were observed [34]. Influencing in the cut direction
and process parameters on depth of cut and surface rough-
ness were studied and found that a 16% increasing in the
material removal rate was observed when machining parallel
to fiber direction compared to cutting perpendicular to the
fibers, which was attributed to the higher electrical conduc-
tivity of the workpiece along the fiber length leading to
greater discharge energies [35]. The low-frequency vibra-
tion-assisted EDM on CFRP was also used for improving
machining efficiency and stability [36].The shape of elec-
trode and assisting-electrode were used for improving the
micro-electrical-discharge drilling performance of CFRP
resulting in the voltage was a significant factor that affecting
the performance measures [37]. The influence of a short cir-
cuit on machined surface quality CFRP was investigated
using EDM and found that the machining was stopped when
the EDM in an unstable state due to the short circuit [38]. To
increasing the material removal rate of CFRP and reducing in
tool wear, carbon black and graphite (fillers) were added to
the matrix for increasing the electrical and thermal

conductivity and the result found that high machinability,
low thermal damage, and good surface quality were ob-
served [39]. The μEDM integrated with a rotary tool and
assisting-electrode was used for efficient spark generation
in EDM. The result found that the material removal mecha-
nism was a complex phenomenon where sparking happened
both at the side surface and end face of the tool [40]. The
effect of EDM process parameters such as feed rate and volt-
age on the hole quality was studied by micro-EDM and
found that the microhole of 2500 μm deep was achieved
in CFRP [41]. The sandwich assisting-electrode method was
used for cutting off thin CFRP and found that matrix crack-
ing, breakage of carbon fibers, and fiber-matrix debonding
were observed [42]. The preheating method was used for
machining CFRP and found that very small, thin, and deep
microfeature creating on CFRP was observed for enhancing
their micro-features performance and function [43]. The pre-
vious studies found that the addition of powder particles in
the dielectric medium effects on MMCs have also been used
for improving the process performance of different work
materials [44–49]. The optimization tools such as
Taguchi’s method, support vector machine, artificial neural
network, and response surface methodology have also been
used for improving the performance measures of polymer-
based composites [50–52].

Few works have been found that effects of micron-level
square shape electrodes with EDM process parameters and
various percentages of SiC powder-mixed in the kerosene
medium effects on squareness, hole depth, and surface rough-
ness of CFRPs have been studied. More works have focused
on macron-level circular hole profile processing on CFRP
using EDM. Hence, the blind square holes in CFRPs have
been focused on using the EDM parameters with a concentra-
tion of SiC powder. The CFRP application component re-
quires blind-square holes during their usage. But, the blind
square holes produced on CFRP have a difficult task by using
electrical discharge machining process parameters with
micron-level copper electrodes due to the variations in the
material properties of carbon fiber and epoxy resin.
Moreover, blind holes produced on CFRP are a challenging
task due to the low melting point of copper electrodes pro-
duced by high electrode wear in the micro-scale machining of
CFRP. Therefore, the machinability of CFRP has been ana-
lyzed on the basis that the squareness, hole depth, and surface
roughness are focused on it. The micron-level square blind
holes fabricating on CFRPs are the primary task. Hence,
squareness and hole depth are important geometrical features
for affecting the functionality of the relative motion between
the machined parts. Therefore, these responses are mainly
focused on it. The most contributing factor is identified by
analysis of variance. Additive Ratio Assessment (ARAS) is
used for obtaining optimum parameters. The electrode wear
and surface defects are also analyzed. Finally, a comparative
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analysis is carried out between a present study and previous
results.

2 Material and Methods

2.1 Fabrication of CFRP

The autoclave process is normally used for producing CFRP
laminates and this process is carried out under a pressurized
vessel for applying pressure and heat to both parts that have
been sealed in a vacuum bag. A prepreg carbon fiber-epoxy
material is laid out on a work table to ensure that fiber orien-
tation meets the design requirement, where the prepreg mate-
rial consists of unidirectional long-carbon fibers in a partially
cured epoxy matrix. The pieces of the prepreg material are cut
out and placed on top of each other on a shaped tool to form a
laminate. The layers could be placed in different directions to
produce the desired strength pattern since the highest strength
of each layer is in the direction parallel to the fibers. After the
required number of layers has been properly placed, the
tooling and the attached laminate are vacua bagged, for re-
moving the entrapped air from the laminated part. Finally,
the vacuum bag and the tooling are put into an autoclave for
the final curing of the epoxy resin. After removal from the
autoclave method, the composite material is ready for further
finishing operations.

2.2 Micro-Drilling

The micro-holes in the form of square shapes were per-
formed on CFRP, a problematic task owing to their proper-
ties of composites. Table 1 shows the properties of SiC,
kerosene, copper electrode, carbon fiber, and epoxy resin.
Specification of EDM drill is shown in Table 2.Table 3
shows the selection of EDM process parameters and difficul-
ties faced by selecting the EDM process parameters.
Therefore, the blind square hole was performed on CFRP
using EDM. These square holes produced on CFRP were a
difficult task of being machined using the Electrical
Discharge Machining (EDM) process due to the need for

selection of proper parameters, its associated performance
measures, and variations in the CFRP material properties.
Electrical Discharge Machining (EDM) has been used to
machine difficult to cut material and the process is not related
to the hardness of the material. The EDM and Abrasive Jet
Machining (AJM) processes have also been used for machin-
ing CFRP. Moreover, the strength of CFRP is reduced after
AJM processing due to the more water-absorbing properties
of CFRP [53]. The usage of abrasive water jets for machin-
ing CFRP is not considered due to the delamination, burr,
fiber pull-out, poor geometrical shape, dimension accuracy,
and kerf width reduction [43], the more striation formation
on the machined surface [54], abrasive grain size greatly
affected the surface roughness [55], approximately the sur-
face roughness varying from 3 to 4 μm [56, 57], low pene-
tration depth [58]. Hence, compared to previous works
[54–58], the abrasive water jet machine is producing lower
performance measures compared to the EDM process [7, 10,
11, 16, 22]. Therefore, EDM is selected for processing on
CFRP. The kerosene dielectric pressure was 0.7 kg/cm2

fixed as constant. According to the design of the experiment,
the blind square holes were performed on CFRP for studying
the effects of the parameters on squareness (Sq. ness), hole
depth (HD), and Surface Roughness (SR). The schematic
line diagram and photocopy of EDM are shown in Fig. 1.

Table 1 Properties of SiC, kerosene, copper electrode, carbon fiber and epoxy resin

Material Specific heat
(J/kg K)

Breakdown
Strength (kV/mm)

Density
(g/cm3)

Electrical
Resistivity (μΩ cm)

Flash point (°C) Melting
Point (°C)

Thermal
Conductivity (W/mK)

Silicon carbide
(SiC)

510–650 – 3.22 1013 – 2730 300

Kerosene 2100 24 0.81 – 37–65 0.14

Copper 0.39 – 8.93 0.009–0.07 μΩ × 10−4 1083 401

Carbon fiber 2020 at 1230 °C – 2.267 – – 3652–3697 0.17–0.79

Epoxy resin 1110 J/kg oC – 1.1–1.4 – – 140 0.2

Table 2 Technical specification of EDM drill

Machine tool value

Work table 400×400

Max electrode length 400 mm

Size of electrode diameter 0.3 to 3.0 mm

Maximum drill depth 250 mm

Maximum coolant pressure 60 kg/cm2

Maximum weight of work piece 300 kg

Work tank 690×470×83 mm

Net weight 750 kg

Connected load 2 KVA

Input power supply 3 phase, AC 415 V, 50 Hz

Maximum machining current 20 amp
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Figure 2 shows the EDAX for CFRP composites and found
that the chemical compositions of CFRPs identified by EDX
are 84.12%C, 0.20%Si, 14.92%O, 0.28%CI, 0.20%Na,
0 .21%Ca and 0 .10%K. The r e sponse s such as
Concentration of SiC (g/l), Pulse duration (μs), Duty cycle
(%), and Current (amp) were taken as EDM inputs. To
achieve the blind square holes on CFRPs, the square copper
electrodes were prepared using a vertical machining center
and the sample copper electrode is shown in Fig. 3. The fresh
copper electrode dimensions were measured using a coordi-
nate measuring machine. The mean widths and standard de-
viations for 0.8 mm square electrodes were in the dimension
of 0.8018 ± 0.017 mm. The hole depth, major axis, and
minor axis of the blind hole parameter are shown in Figs. 4
(a-b). The scanning electron microscope (ZEISS: Coordinate
Measuring Machines), video-measuring system (VMS-
2010 F) were used for measuring the squareness, hole depth,
and surface roughness. The top surface of blind square hole
squareness is calculated using Eq. 1. The squareness value
ranges from zero to one. Squareness value is one denoted as a
perfect square. The electrode wear length can be measured
along with the height of the electrode by taking the differ-
ence between the fresh electrode lengths to worn out elec-
trode length and surface roughness were measured using
SURFCOM TOUCH 50 tester.

Squareness sq:nessð Þ ¼ Major axis
Minor axis

ð1Þ

2.3 Additive Ratio Assessment (ARAS)

The additive ratio assessment is a multi-criteria decision-mak-
ing method [61]. The method is presented in the tabular form
and not in matrix form for a better understanding of the mech-
anism. ARAS selects the best alternative based on many attri-
butes and the final ranking of alternatives is made by deter-
mining the utility degree of each alternative. ARAS has one of
the compensatory methods, and qualitative attributes are con-
verted into quantitative attributes and attributes are indepen-
dent. The steps are given below.

Step 1: Forming of Decision-making matrix (DMM).
The under-mentioned DMM of preferences (Xij) for

‘m’ alternatives (rows) rated on ‘n’ criteria (columns):

X ¼

x01 x01
x11 x12

⋯ x0n
… x1n

⋮ ⋮
⋮ ⋮

⋮ ⋮
⋮ ⋮

⋮ ⋮
xm1 xn2

⋮ ⋮
… xmn

2
666664

3
777775 ð2Þ

Where i = 0,1,…,m; j = 1,2,….,n.
Xij is the value corresponding to the performance value of

the alternative named i, under the j criterion while xoj is the
optimal value for the j criterion. When the optimal value of the
j criterion is absent, then

X oj ¼ max xij if J∈B
min xij if J∈C

� �
ð3Þ

Here, B and C are denoted the benefit criteria to be maxi-
mized and non-benefit criteria to be minimized, respectively.

Step 2: Normalization of decision-marking matrix.
Linear normalization methodology is used to different

criteria.

xij ¼ xij
∑m

i¼0xij
ð4Þ

The minimum criteria are normalized through a two-stage
process.

xij ¼ 1

x*ij
; xij ¼ xij

∑m
i¼0xij

ð5Þ

Table 3 Selection of process parameters

Parameters Units/
Symbol

Levels Machine limits/
From the literature papers/
Problems observed1 2 3 4

Concentration of SiC g/l / Cp 4 8 12 16 [59, 60]

Pulse duration μs / Ton 15 30 45 60 Machine limit

Duty cycle % / DC 1 3 5 7 Slow material removal rate

Current amp/ I 2 4 6 8 Higher electrode wear observed by rising above 8 amp
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Step 3: Weighted normalized decision matrix

bX ij ¼ xij*wj; i ¼ 0;…;m; ð6Þ

bX ¼

bx01 bx01bx11 bx12
⋯ bx0n
… bx1n

⋮ ⋮
⋮ ⋮

⋮ ⋮
⋮ ⋮

⋮ ⋮bxm1 bxn2
⋮ ⋮
… bxmn

2
6666664

3
7777775

ð7Þ

Where, i = 0,1,…,m; j = 1,2,….,n.bX ij is the weighted normalized performance rating of the i
alternative through the j criterion.

Step 4: Determine the optimality function (Si) for the
alternative

Si ¼ ∑
n

j¼1
bxij ð8Þ

Where, i = 0,1,…,m; j = 1,2,….,n. and High Si value is bet-
ter alternative.

Step 5: Determine the degree of utility (Ki) for each
alternative.

Ki ¼ Si
So

; i ¼ 0; 1;…;m ð9Þ

Step 6: Rank the alternatives based on Ki values.

Fig. 1 EDM: (a) Schematic
diagram, (b) photocopy of EDM
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3 Results and Discussions

The primary purpose of the work is to fabricate a blind square
hole on CFRP using EDM process parameters. Also, the ef-
fects of the addition of SiC particles in the kerosene fluid on
squareness, hole depth, and surface roughness of CFRPs are
studied. The analysis of blind square hole feature studies is an
important task. This is because the selected responses greatly
affected productivity and production. The responses such as

squareness, hole depth, and surface roughness are considered.
The blind square hole tests are carried out on CFRP as per the
design of the experiment. The responses are measured and
recorded. Table 4 shows the design layout and result of
squareness, hole depth, and surface roughness of CFRP.
Table 5 shows the calculation of the mean response.

3.1 Squareness

Experimental results found that the squareness value was
greater than one in the entire square hole. This was due to
the major axis being higher than the minor axis. Variations
in the thermal properties of carbon fiber, epoxy resin, and SiC
particles were also reasoned for obtaining a squareness value
greater than one. The direction of the dielectric kerosene flush-
ing, pressure, and concentration of SiC was also a reason for
varying the square hole size in the experimental results. The
unstable spark generated from the non-circular electrodes and
corner radiuses of micro-feature formed on the work materials
were observed. The previous works found that the non-
circular electrode shapes were produced the unstable spark
to Inconel 718 and Inconel 625 [62, 63]. In another way, to
enhance the thermal properties of the dielectric medium
strength, the addition of SiC concentration to kerosene was
carried out and it was proved that the addition of SiC

Fig. 2 EDAX for CFRP

Fig. 3 Optical microscope image of copper electrode
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concentration to kerosene was greatly affected dielectric
medium-strength [44]. Hence, the addition of SiC concentra-
tion to kerosene was carried out. After drilling, the graphs
were drawn between the process parameters and responses.
On increasing the concentration of SiC and pulse duration,
the squareness increased and it is shown in Fig. 5. The square-
ness variations of micro-holes were due to the differences in
the melting point of carbon fiber and epoxy resin. Also, epoxy
resin has a lesser melting point compared to carbon fiber.
Variations in the thermal conductivity andmelting points were
observed between the carbon fiber and epoxy resins that also
reasoned for variation in the squareness of micro-holes.
Moreover, the square shape copper electrode was generated
non-uniform high-density sparks to CFRPs, resulting in

increasing squareness. More electrothermal energy was used
for melting and vaporizing the CFRP. In addition, the direc-
tion of kerosene-flushing pressure was also intended for in-
creasing the squareness. Therefore, squareness increased.
With an increase in the duty cycle, the squareness decreased.
The eroded materials were difficult to remove away from the
machined zone by increasing the viscosity of the dielectric
medium. Also, decreasing in the squareness was due to the
effect of SiC powder particles on CFRP, surface properties,
particle size, and electrostatic forces. Therefore, the square-
ness decreased. On increasing the current, the squareness de-
creased up to the level of 4 amp current and then rose above 4
amp current. This was due to the unstable spark generated
from the square electrode to CFRP. The debris accumulation

Fig. 4 Schematic diagram for
blind square hole: (a) hole depth,
(b) major axis and minor axis

Table 4 Design and experimental results

Exp. No. Input process parameters Quality performances

Concentration of SiC Pulse duration Duty cycle Current Squareness Hole depth Surface roughness
(g/l) (μs) (%) (amp) – (mm) (μm)

1 4 15 1 2 1.044 0.177 1.941

2 4 30 3 4 1.067 0.180 2.565

3 4 45 5 6 1.120 0.181 3.623

4 4 60 7 8 1.132 0.197 3.652

5 8 15 3 6 1.026 0.222 3.691

6 8 30 1 8 1.076 0.255 4.254

7 8 45 7 2 1.121 0.297 4.656

8 8 60 5 4 1.135 0.322 4.752

9 12 15 5 8 1.049 0.342 4.796

10 12 30 7 6 1.089 0.370 5.044

11 12 45 1 4 1.145 0.394 5.374

12 12 60 3 2 1.158 0.405 5.836

13 16 15 7 4 1.031 0.409 5.846

14 16 30 5 2 1.099 0.446 6.005

15 16 45 3 8 1.147 0.466 6.094

16 16 60 1 6 1.161 0.505 6.527
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in the machined zone was also reasoned for variations in the
squareness. Hence, the applied current showed that the steep
V-shaped change in the behavior of squareness. In Table 5, it
was found that the pulse duration was the most significant
factor that affects the squareness of blind square holes.
Improvement in the squareness percentages was calculated
based on the parameters to rate the different machining per-
formances. The pulse duration was used for obtaining a max-
imum improvement in the 9.51% squareness. Thereby, the
minimum squareness was obtained using the 8 g/l concentra-
tion of SiC, 15 μs pulse duration, 7% duty cycle, and 4 amp
current. Also, the duty cycle and current were used for im-
proving the squareness at a low level. Previous results identi-
fied that the metal removal rate of CFRP was increased using
500 μs pulse duration [11]. Here, metal removal rate and
squareness behavior were similar owing to both responses
related to geometric features. Hence, lowering the pulse

duration was used for obtaining minimum squareness. In an-
other study, the thermal conductivity of the dielectric medium
was increased by increasing the concentration of graphite to
dielectric fluid for improving the material removal rate [24].
Similar results were also obtained in this work. The unstable
sparks generated from EDM electrodes were affecting the
process performances. The direction of dielectric fluid flush-
ing was also greatly affecting the machined surface [64].

3.2 Hole Depth

The hole depth (machined depth) varied by increasing the
process parameters and it is shown in Fig. 6. It was found that
the concentration of SiC and pulse duration were the most
influenced factors on hole depth. The 16 g/l concentration of
SiC and 60 μs pulse duration were used for obtaining the
maximum hole depth on CFRP. This was due to the higher
thermal energy generated from the SiC mixed dielectric fluid
to the machining region. SiC powder mixed with kerosene
has provided stable machining by increasing the thermal
conductivity of the dielectric fluid. Hence, hole depth in-
creased. Besides, by raising the pulse duration, the hole
depth increased owing to the unstable spark with higher ther-
mal energy produced in the square electrode to CFRP. The
effects of SiC powders mixed to dielectric fluid; the powder
energized and performs in a zigzag movement between the
copper electrode and CFRP. Effects of zigzag movement of
particles formed the chain structure in the machining zone
and reduce the dielectric fluid strength and develop a series
discharge. The result found that the electrode sparking area
produced effective discharge transmissivity owing to the
raises in thermal conductivity. Therefore, the hole depth in-
creased. Raising in the duty cycle and current, and the hole
depth decreased. The hole depth variations in the micro-
holes due to the differences in the melting point of carbon
fiber and epoxy resin. Also, epoxy resin has a lesser melting
point compared to carbon fiber. Variations in the thermal
conductivity were also observed between the carbon fiber
and epoxy resins that also reasoned for variation in the hole
depth of micro-holes. Hence, hole depth varied. Normally,
the current was directly related to metal removal.
Nonetheless, the decrement in the metal removal was due
to the eroded materials’ difficulty to move away from the
machined zone by increasing the viscosity and conductivity
of the dielectric medium. More debris and thicken heat-
affected zone were formed on the machined zone. The selec-
tion of dielectric fluid pressure also greatly affects the elec-
trical properties of dielectric fluid due to the contamination
of electrolytes resulting in reducing the efficiency of material
removal. In this work, the 0.7 kg/cm2 kerosene dielectric
pressure was selected for processing. It was found that the
pressure value was inadequate for removing the debris from
the machining zone resulting in debris clogs in the

Table 5 Mean responses calculation

Levels Cp Ton DC I

Squareness

1 1.091 1.038 1.107 1.105

2 1.090 1.083 1.099 1.095

3 1.110 1.133 1.101 1.099

4 1.109 1.147 1.093 1.101

Maximum 1.110 1.147 1.107 1.105

Minimum 1.090 1.038 1.093 1.095

Delta 0.020 0.109 0.013 0.011

Rank 2 1 3 4

Improvement percentage (IP) 1.84 9.51 1.18 0.99

Hole depth

1 0.184 0.287 0.333 0.331

2 0.274 0.313 0.318 0.326

3 0.378 0.335 0.323 0.320

4 0.457 0.357 0.318 0.315

Maximum 0.457 0.357 0.333 0.331

Minimum 0.184 0.287 0.318 0.315

Delta 0.273 0.070 0.014 0.016

Rank 1 2 4 3

IP 59.79 19.51 4.33 4.95

Surface roughness

1 2.945 4.068 4.524 4.609

2 4.338 4.467 4.546 4.634

3 5.263 4.936 4.794 4.721

4 6.118 5.192 4.799 4.699

Maximum 6.118 5.192 4.799 4.721

Minimum 2.945 4.068 4.524 4.609

Delta 3.173 1.123 0.276 0.112

Rank 1 2 3 4

IP 51.86 21.64 5.74 2.36
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machining zone. Simultaneously, the spark was supplied
continuously without removing work material resulting in a
thicken heat affected zone formed. Hence, the hole depth
decreased. The 59.79% hole depth was achieved using the
16 g/l SiC concentration. Therefore, the maximum hole

depth was obtained using 16 g/l SiC concentration, 60 μs
pulse duration, 1% duty cycle, and 2 amp current. The cop-
per electrode wears also affected the width and depth of the
hole [25]. Another result found that a higher depth of cut on
copper was obtained using a 2.3 amp current and 0.2 μs
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pulse duration. The present hole depth agreed well with the
previous result [26]. The duty cycle equally affecting the
squareness and hole depth due to the nature of CFRP mate-
rial properties. Hence, the duty cycle produced similar trends
over the squareness and hole depth. But, slight variances
were also observed between the squareness and hole depth
due to the geometrical differences.

3.3 Surface Roughness

Variation in the surface roughness was observed by varying
the process parameters and it is shown in Fig. 7. It was found
that the concentrations of SiC and pulse duration were the
most influencing factors that affecting the surface roughness.
The 4 g/l concentration of SiC and 15 μs pulse duration were
used for obtaining low surface roughness. The SiC powder
mixed dielectric medium destroyed the insulation easily for
reducing the electrical resistivity of the medium and leaving
the discharge gap resulting in reduce the impulse force of the
discharge channel. This influence on the machining gap gen-
erated a high plasma channel from a sample to an electrode
for increasing the material removal rate. The higher thermal
conductivity of copper electrodes was also supported by in-
creasing the material removal rate. Also, carbon fiber and
epoxy resin were easily melted, and smoothly surface
formed due to the electrothermal effect. Hence, the machined
surface showed an uneven small size crater and small debris,
resulting in produced low surface roughness. Increasing the
surface roughness was observed by raising the SiC concen-
tration, pulse duration, duty cycle, and current. This was due
to the increased thermal conductivity and impulsive force in
the plasma region. The melting point difference between the
carbon fiber and copper electrode was three times higher,
resulting in the large and deep crater produced on the ma-
chined surface. Hence, higher surface roughness is pro-
duced. In short, the low concentration of SiC with low ther-
mal energy sparks produced a lower surface roughness.
Thereby, low thermal energy produced small crater sizes in
the machined zone. SiC concentration and pulse duration
were increased, and surface roughness was increased. The
unstable sparks produced deep and wide surface irregulari-
ties in the machined zone. Hence, surface roughness in-
creased. Similar behavior was observed in the current and
duty cycle. The 51.86% surface roughness was achieved by
lowering the SiC concentration. Hence, the minimum sur-
face roughness was obtained using 4 g/l SiC concentration,
15 μs pulse duration, 1% duty cycle, and 2 amp current. The
erosion process produced a 10 amp current, which was used
to obtain the 1.95 μm surface roughness on titanium [24].
Compared to another study, higher surface roughness was
observed in a previous study [27]. This result agreed well
with this surface roughness result.

3.4 Electrode Wear Length

Figure 8 shows the copper electrode worn-out surface and
worn-out length. After machining, the square form of the cop-
per electrode was transformed into a semi-spherical shape
electrode with worn-out length and surface. The main reason
for the higher worn-out surface and length was unstable dis-
charge energy produced in the square electrode. Initially, the
sharp edge of the copper electrode was worn out and the
surface of the electrode was secondly worn out due to the
difference in the stress concentration. The copper electrode
was a low melting point compared to carbon fiber, epoxy
resin, and SiC particles. Hence, the copper electrode was worn
out in a short time compared to other materials. Nonetheless,
powder mixed dielectric fluid motivated to reduce the worn-
out length due to the uniform discharge to sample and increas-
ing the thermal conductivity of the dielectric fluid. Similar
behavior was observed in the cylindrical shape electrode due
to the skin effect [28]. Hence, electrode wear was an unavoid-
able problem in spark machining. The work was also focused
on reducing the worn-out length of copper electrodes. The
electrode worn-out length is reduced by increasing the SiC
concentration in the dielectric fluid because SiC powder added
to kerosene disturbs the adherence of atoms attached to the
electrode surface and reduces the electrode-worn length. Also,
SiC powder concentration was equally spread over the dielec-
tric medium and it was nominal electrode-worn length obtain-
ed due to better conduction of discharge. The worn-out length
of the electrode was varied from 0.31 mm to 1.168 mm by
increasing the SiC concentration. The worn-out length was
greatly associated with powder properties (concentration, den-
sity, thermal conductivity, and electrical resistivity) and it was
affecting the machining performance, worn-out surface, and
worn-out length. Similar results were observed in previous
studies [13, 29]. The heat-affected zone formation and worn-
out surface on the copper electrode were also reduced by in-
creasing the SiC powder concentration due to the uniform
mixing of powder in the dielectric fluid produces consistent
discharge. The small cracks and pores were formed on the
copper electrode due to the high impulsive forces developing
on the machining zone. The reason for developing high im-
pulsive force was high discharge energy produces more melt-
ing and evaporation.

3.5 Surface Defects

In Fig. 9, the corner radius was formed in the machined
square hole. The reason for forming a corner radius was the
square copper electrode wear. The different melting points of
SiC, copper electrode, carbon fiber, matrix resin, and a high
degree of short-circuit development were also reasoned.
Sharp edges of square copper electrodes were first worn
out for generating the round-shaped edges in the machining.
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This was due to the difference in the stress concentration
factor between the copper electrode and machined hole of
the CFRP composite. Simultaneously, the copper electrode
wear reflected the sample through sparking. Hence, a corner
radius was formed due to the non-uniform spark generated.
The burrs were formed on the machined surface due to the
long duration of time for developing plasma spark. The cop-
per electrode produced a burr in the machined CFRP using
150 μs pulse duration and it is shown in a previous study
[30]. The delamination was also observed due to the longer
pulse duration. More heat energy generation at high pulse
duration was the reason for generating delamination in the
machined CFRP. Moreover, the fibers pulled in/out were
observed. A different melting point of carbon fiber and ma-
trix resin was reasoned. A similar result was observed in a
previous study [31]. Another study stated that the direction
of heat transformed was related to the direction of the carbon
fiber orientation and not to the direction of current flow [12].
But, the argument result was observed in this study due to the
electrothermal energy developed from the higher pulse dura-
tion and current. The heat-affected zone formed around the
micro square hole was due to the different thermal conduc-
tivity of carbon fiber and epoxy resin. The heat transfer rate
of carbon fiber was greater than the epoxy resin due to the
higher thermal conductivity of carbon fiber. Due to the poor
thermal conductivity of epoxy resin, the problem in heat-
transferred rate was observed, affecting the heat-affected
zone formation. Similar results were also observed in the
previous work [32]. The corner radius was also formed in

the machined monel 400 alloy using EDM [65]. This was
good supportive work for forming the corner radius formed
in the machined surface. More debris and black products
were formed in the machined surface of CFRP and the
amount of debris formation was highly related to material
removal mechanism, selection of the shape of electrode and
material, dielectric fluid pressure, EDM process parameters
(pulse duration, duty cycle, current) and physical and ther-
mal properties of a powder particle. There were various rea-
sons for forming debris and black portion (thickened heat
affected zone formation), which were described below as.
By using the low discharge energy in the deep hole machin-
ing, debris removal was a challenging issue due to the nar-
row sparking gap between the electrode and workpiece. The
narrow gap was the main problem for blocking the material
removal from the machining zone and more debris concen-
tration in the bottom of the electrode resulting in thickened
heat affected zone formation. This narrow sparking gap af-
fected the material removal mechanism of CFRP and it was a
complex phenomenon in the macro-EDM and micro-EDM
where sparking happened both at the end face and side sur-
face of the square electrode resulting in more debris formed.
The stage of the burning of the matrix and resin was varied
due to variation in thermal properties resulting in
unbalancing to removing material from the machining zone.
This phenomenon was related to the amount of pulse dura-
tion, current, and duty cycle. An unbalancing effect of ma-
terial removal of CFRP greatly affects the properties of the
electrolyte. This was also the reason for forming debris in the
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machining zone. The selection of dielectric fluid pressure
also greatly affects the electrical properties of dielectric fluid
due to the contamination of electrolytes resulting in reducing
the efficiency of material removal. In this work, the 0.7 kg/
cm2 kerosene dielectric pressure was selected for processing.
It was found that the pressure value was inadequate for re-
moving the debris from the machining zone resulting in de-
bris clogs in the machining zone. Simultaneously, the spark
was supplied without removing work material resulting in a
thicken heat affected zone formed. On the other hand, SiC
particles play an important role in the EDM process. The
effects of the addition of SiC to dielectric fluid were reducing
the insulating strength and increasing the sparking gap dis-
tance, resulting in a high material removal rate. Inversely,
debris formation greatly affected the material removal rate.
Hence, low dielectric fluid pressure was the main reason for
the formation of debris and black products in the machined
zone. The remaining process parameters were not much af-
fecting the material removal rate and debris formation.

3.6 Modeling

The modeling was used to find the relation between the pro-
cess parameters and responses. The regression equations were
developed in the squareness, hole depth, and surface rough-
ness using statistical software. The regression equations found
that the sum of square value, R-square value, and R-square
adjusted values were obtained in good-fit for further predic-
tion.

Squareness ¼ 0:996þ 0:0019 x Cpþ 0:0025 x Ton−0:00192 x DC−0:00045 x I
S ¼ 0:014;R−Sq ¼ 93:3%;R−Sq adjð Þ ¼ 90:8%

ð10Þ
Hole depth ¼ 0:0564þ 0:023 x Cpþ 0:00154 x Ton−0:00195 x DC−0:00277 x I

S ¼ 0:013;R−Sq ¼ 98:8%;R−Sq adjð Þ ¼ 98:4%

ð11Þ
Surface roughness ¼ 0:792þ 0:261 x Cpþ 0:0256 x Tonþ 0:0537 x DCþ 0:0178 x I

S ¼ 0:267;R−Sq ¼ 96:9%;R−Sq adjð Þ ¼ 95:8%

ð12Þ

Fig. 8 Worn out electrode at
bottom view: (a) 4st experiment,
(b) 8th experiment, (c) 12th
experiment, (d) 16 th experiment

1843Silicon (2022) 14:1831–1849



The unit of different responses and input parameters are
given below.

Squareness (Sq. ness) = no unit.
Hole depth (HD) =mm.
Surface roughness (SR) = μm.
Concentration of SiC (Cp) = g/l.
Pulse duration (Ton) = μs.
Current (I) = amp.
Duty cycle (DC) =%.
The contribution percentages for squareness, hole

depth, and surface roughness also formed, which is
shown in Fig. 10. The variance analysis found that the
pulse duration has a highly contributing percentage for
improving the squareness of the hole. Similarly, the
concentration of SiC has a highly contributing percent-
age for improving the surface roughness and hole depth.
Table 6 shows the experimental data related to numeri-
cal results of squareness, hole depth, and surface rough-
ness and found that percentage deviations are an accept-
able limit.

3.7 Determination of Optimum Process Parameters

To determine the optimum parameters of multiple objectives,
and the ARAS method was used. The ARAS calculating pro-
cedure is presented in Table 7. The surface roughness and
squareness were considered lower, whereas the hole depth
was considered as higher the better. In the ARAS method,
the hole depth was considered beneficial criteria, whereas
the surface roughness and squareness were considered non-
beneficial criteria. The non-beneficial criteria were converted
into beneficial criteria by inverting the non-beneficial criteria.
The responses were formed as a decision matrix. The normal-
ization of responses was calculated based on the response
objectives. The hole depth was considered 0.4 weightage
whereas surface roughness and squareness were considered
0.3 weightage. The weightage of responses was selected based
on the industrial expert. The weighted normalization of re-
sponses for beneficial criteria was calculated. The optimality
function and degree of utility were calculated for each alter-
native. The rank was calculated according to the degree of

Fig. 9 Details of machined
surface defects: (a) 4st
experiment, (b) 8th experiment,
(c) 12th experiment, (d) 16 th

experiment
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utility. The first experiment has been found as the best alter-
native process parameters based on the high optimality func-
tion and the first rank of the degree of utility. The best alter-
native process parameters for machining CFRPs were the con-
centration of SiC: 4 g/l, pulse duration: 15 μs, duty cycle: 1%,
and current: 2 amp. The rank-based comparisons were carried
out between the GRA, DFA, and proposed algorithm and it is
shown in Table 8. The best alternative process parameters
were verified through a confirmation test and it is shown in
Table 9. The ARAS method has improved CFRP perfor-
mance. In addition, the non-contact roughness measurement
was used for measuring the cross-section of surface roughness

of 0.8-mm blind micro square hole and roughness of 1.28 μm
was achieved, which was better than the confirmation test
roughness value.

3.8 Comparison with Previous Studies

Comparative studies were conducted between the current
study and published works, which are shown in Table 10.
More works were focused to study the surface roughness
and removal of burrs in the machined CFRP. No works were
found that the effect of SiC concentration on squareness, hole
depth, and surface roughness of CFRP was studied using
EDM with the square copper electrode. The trail tests found
that the through-hole was not obtained by increasing the
above 16 g/l SiC due to the higher electrode wear observed.
The squareness of the blind square hole of CFRP has not been
studied using more researchers. More works were focusing on
circular holes forming onCFRPs using EDM [7–11]. The hole
depth was directly proportional to the current and pulse dura-
tion due to the heat energy. SiC powder mixed kerosene has
improved the hole depth due to the increased thermal conduc-
tivity of the dielectric medium. The hole depth variation was
observed between the previous study [8] and the current result
due to the electrode thermal conductivity. Compared to the
surface roughness of CFRP between the SiC powder mixed
dielectric fluid [20, 22] and non-power mixed dielectric fluid
performance [10, 11, 44], the SiC power mixed dielectric fluid
produces better performance. The surface roughness of the
current study was better than other studies [10, 11, 16, 17,

Table 6 Experimental data related with numerical results of squareness, hole depth and surface roughness

S.No. Actual experimmental data Predicted by linear regression Deviation in % between
Actual vs linear regression

Sq. ness HD SR Sq. ness HD SR Sq. ness HD SR

1 1.044 0.177 1.941 1.038 0.164 2.309 0.548 7.339 −18.975
2 1.067 0.18 2.565 1.071 0.178 2.836 −0.379 1.294 −10.577
3 1.12 0.181 3.623 1.104 0.191 3.363 1.446 −5.707 7.168

4 1.132 0.197 3.652 1.137 0.205 3.890 −0.403 −4.056 −6.525
5 1.026 0.222 3.691 1.040 0.241 3.532 −1.388 −8.572 4.310

6 1.076 0.255 4.254 1.081 0.262 3.844 −0.435 −2.937 9.636

7 1.121 0.297 4.656 1.109 0.291 4.444 1.038 2.185 4.564

8 1.135 0.322 4.752 1.150 0.312 4.756 −1.304 3.115 −0.078
9 1.049 0.342 4.796 1.043 0.324 4.719 0.562 5.383 1.608

10 1.089 0.37 5.044 1.078 0.348 5.175 1.041 5.857 −2.591
11 1.145 0.394 5.374 1.128 0.389 5.201 1.521 1.353 3.221

12 1.158 0.405 5.836 1.162 0.413 5.657 −0.358 −2.077 3.072

13 1.031 0.409 5.846 1.049 0.423 5.799 −1.713 −3.367 0.802

14 1.099 0.446 6.005 1.091 0.455 6.040 0.737 −2.087 −0.585
15 1.147 0.466 6.094 1.130 0.466 6.424 1.522 0.067 −5.407
16 1.161 0.505 6.527 1.172 0.498 6.665 −0.929 1.341 −2.107

0

20

40

60

80

100

120

140

Surface roughnessHole depth

e
gat

necre
p

n
oit

u
birt

n
o

C

Concentration of SiC

Pulse duration

Duty cycle

Current

Error

Squareness

Fig. 10 Contribution percentage for responses

1845Silicon (2022) 14:1831–1849



20, 22, 44] due to the addition of SiC to kerosene to provide
better results. The better copper electrode wear was observed
compared to previous results [7, 44] due to the electrode ther-
mal conductivity.

4 Conclusions

A great effort is made to study the concentration of SiC pow-
der and EDM parameters on squareness, hole depth, and sur-
face roughness on square blind hole CFRP using EDM with
the square copper electrode. The conclusions have the follow-
ing as.

● The percentage of concentration of SiC and pulse dura-
tion greatly affect the squareness, hole depth, surface rough-
ness, and electrode wear length.

●A corner radius has formed on the machined square holes
due to the area effect and the skin effect.

● Low thermal heat energy has been used for producing
the minimum surface roughness and minimum thermal
damage.

● Deformed electrode wears were formed in all the CFRP
machined corners due to unstable sparking produced.

● Cutting edge irregularity has formed in the machined
edges.

● Regression models for EDMs are a good fit for
prediction.

● ARAS method provides consistent results with other
standard methods and improved the performance measures.
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Table 7 Additive ratio assessment calculations

Experimental results Decision-making matrix Normalized data Weight normalized data Si Ki
Rank

Max or Min Sq. ness HD SR Sq. ness HD SR Sq. ness HD SR Sq. ness HD SR

No. 1.026 0.505 1.941 0.975 0.505 0.515 0.063 0.089 0.119 0.019 0.036 0.036 0.090 1.000

1 1.044 0.177 1.941 0.958 0.177 0.515 0.062 0.031 0.119 0.018 0.012 0.036 0.067 0.740 1

2 1.067 0.18 2.565 0.937 0.180 0.390 0.060 0.032 0.090 0.018 0.013 0.027 0.058 0.641 6

3 1.12 0.181 3.623 0.893 0.181 0.276 0.057 0.032 0.064 0.017 0.013 0.019 0.049 0.545 16

4 1.132 0.197 3.652 0.883 0.197 0.274 0.057 0.035 0.063 0.017 0.014 0.019 0.050 0.554 15

5 1.026 0.222 3.691 0.975 0.222 0.271 0.063 0.039 0.063 0.019 0.016 0.019 0.053 0.591 12

6 1.076 0.255 4.254 0.929 0.255 0.235 0.060 0.045 0.054 0.018 0.018 0.016 0.052 0.579 14

7 1.121 0.297 4.656 0.892 0.297 0.215 0.057 0.052 0.050 0.017 0.021 0.015 0.053 0.588 13

8 1.135 0.322 4.752 0.881 0.322 0.210 0.057 0.057 0.049 0.017 0.023 0.015 0.054 0.602 11

9 1.049 0.342 4.796 0.953 0.342 0.209 0.061 0.060 0.048 0.018 0.024 0.014 0.057 0.632 10

10 1.089 0.37 5.044 0.918 0.370 0.198 0.059 0.065 0.046 0.018 0.026 0.014 0.058 0.638 7

11 1.145 0.394 5.374 0.873 0.394 0.186 0.056 0.069 0.043 0.017 0.028 0.013 0.058 0.638 8

12 1.158 0.405 5.836 0.864 0.405 0.171 0.056 0.071 0.040 0.017 0.029 0.012 0.057 0.633 9

13 1.031 0.409 5.846 0.970 0.409 0.171 0.062 0.072 0.040 0.019 0.029 0.012 0.059 0.659 5

14 1.099 0.446 6.005 0.910 0.446 0.167 0.059 0.079 0.039 0.018 0.031 0.012 0.061 0.672 4

15 1.147 0.466 6.094 0.872 0.466 0.164 0.056 0.082 0.038 0.017 0.033 0.011 0.061 0.677 3

16 1.161 0.505 6.527 0.861 0.505 0.153 0.055 0.089 0.035 0.017 0.036 0.011 0.063 0.697 2

Table 8 Rank comparison based on the GRA, DFA and proposed
algorithm

S. No. GRA [49] DFA [50] Proposed algorithm

1 1 1 1

2 2 2 6

3 4 5 16

4 5 7 15

5 3 3 12

6 7 4 14

7 9 8 13

8 11 11 11

9 8 6 10

10 10 9 7

11 13 12 8

12 14 15 9

13 6 10 5

14 12 13 4

15 15 14 3

16 16 16 2
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Table 9 Confirmation experiment

Raw Data Experiment

Conditions Cp=4 g/l/ Ton=15 μs/
DC=1%/ I=1 amp

Cp=4 g/l/ Ton=15 μs/
DC=1%/ I=1 amp
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