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ABSTRACT
Dielectric fluid is an important component in machining using Electrical Discharge Machining (EDM). Con-
ventional dielectric fluids have disadvantages such as emit carbon dioxide and carbon mono oxide gases to the 
environment. Vegetable-based dielectrics are biodegradable, environment-friendly, and emit less harmful gases. 
This study focuses on water-in-sunflower seed oil as a replacement for conventional dielectric fluid. The quality 
of the performance is evaluated through selected machining responses such as material removal rate (MRR), 
tool wear ratio (TWR), circularity, taper conicity, and overcut of the hole. The experimental design of the project 
is designed based on the Taguchi L9 orthogonal array which results in 9 sets of experiments with different combi-
nations of electrode diameter, dielectric fluids, feed rate, and capacitance. Water-in-sunflower seed oil provides 
the highest MRR. Besides that, it also performs well in the overcut which shows a steady spark throughout the 
whole fabrication.
Keywords: Electrical discharge machining; Dielectric fluid; Green machining; Water-in-sunflower seed oil.

1. INTRODUCTION
A non-conventional machining process, Electrical Discharge Machining (EDM) is the most popular technique 
in manufacturing processes for brittle and very hard materials. EDM machining is suitable for the manufacture 
of moulds, tools, and die [1–5]. The principle of EDM is based on thermoelectric energy that occurs between 
the workpiece and electrode with the presence of dielectric [6]. The process creates high-frequency discrete 
electric sparks that cause dielectric fluid to undergo thermoelectric decomposition. These phenomena initiate a 
large amount of heat causing workpiece material to melt and vaporize at a rapid rate. The pulse discharge from 
the thermoelectric process corrodes workpiece material with continuous-discrete electrical sparks while being 
flushed by dielectric fluid pressure [7]. 

The process of EDM modified the characteristics and structure of the recast layer through melting and 
vaporizing. The recast layer is the consequence of the melted material which did not overrun and harden on the 
material’s surface during the EDM machining [8, 9]. High energies emit during the process lead to an increasing 
number of by-products in the form of gases resulting in serious occupational and environmental problems. Also, 
environmental issues are caused by the release of a volatile agent, hazardous and toxic fumes, odour, and toxic 
solids of micro/nanoparticles [10 –13]. In addition, waste generated during the process has an intent argument 
related to reuse, recycling, and non-degradability [7, 14]. These issues are devoted to the poor sustainability of 
EDM machining due to the use of hydrocarbon-based dielectric fluids in the EDM process. 

In EDM, the dielectric medium takes the main role in affecting the surface quality, material removal rate, and 
electrode wear during machining.  The function of the dielectric fluid is a flushing medium, accelerating the energy 
density of the plasma channel, an insulator and cooling the electrodes [15, 16]. In addition, dielectric fluid is an influ-
ential factor in the cost, productivity, and quality of the machined parts. Kerosene is commonly used as a dielectric 
medium in EDM due to its good dielectric strength and low viscosity [17]. Kerosene has a higher insulation strength, 
good fluidity, and dissipation ionization [9]. Nonetheless, kerosene has high volatility which gives a negative impact 
on the environmental [18]. Kerosene is degraded during long-term machining which leads to air pollution. Further-
more, carbon elements tend to attach to the electrode surface due to their high discharge temperature [16, 19]. In 
addition, kerosene is flammable which can cause irritation to the human skin and respiratory system during process-
ing [20]. KANG and KIM [21] highlighted the role played by kerosene as the dielectric in the EDM process. 
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Some researchers suggest water as an alternative to hydrocarbon dielectric. Using water as the machining 
medium in EDM can create zero fire hazards and a safe working place. Furthermore, using water as a dielectric 
reduces the operation cost. EKMEKCI et al. [22] found the intensity of microcracks was reduced when machin-
ing with de-ionized water. CHEN et al. [23] found a higher material removal rate with a lower relative electrode 
wear ratio achieved when machining Ti–6Al–4V alloy with distilled water. CHUNG et al. [24] raised that by 
using deionized water the electrode wear can be minimized and the machining rate improved. Also, CHOW  
et al. [25] improved water dielectric by adding additives. The results revealed additional SiC powder boosts the 
electrical conductivity of the dielectric fluid, increasing the material removal rate, extending the discharge gap 
between workpiece and electrode, and also improving the removal of debris. KONIG and SIEBERS [26] reveal 
that erosion in water dielectric acquires higher thermal stability and higher power input achieved under critical 
conditions, which produce a higher removal rate. 

There are previous research reports that vegetable oil has the capability to replace commercial hydrocar-
bon-based dielectric. Vegetable oils are suggested as alternative dielectrics for EDM because of their non-toxic, easy 
bio-degradability, higher flash point, higher breakdown voltage and lower volatility [27]. DAS et al. introduced trans-
esterified neem as green dielectric fluid for EDM [28]. Further analysis shows that transesterified neem as a dielectric 
fluid certified 6.2% to 15.6% more removal rate and 12.25% to 15.45% lower surface roughness than kerosene [29]. 
Researchers also used recycled palm oil and its blends as an alternative for dielectric medium for EDM [27, 30, 31, 32]. 

Another possible alternative for EDM fluid is a water-in-oil (W/O) emulsion-based dielectric. Water-in-oil 
dielectric has good insulation, safety, and is environmentally friendly. This statement is supported by LIU et al. 
[16]. The findings of this study show that emulsion-1 and emulsion-2 show higher MRR, lower SR, and higher 
discharge gaps when compared with kerosene. There is some evidence to suggest that the high viscosity of water-
in-oil emulsion creates high pressure which increases material removal rate efficiency [33]. Due to poor stability 
and high viscosity, water-in-oil nanoemulsion is initiated to compete for the machining performance of EDM 
using kerosene [34–36]. The finding shows a better material removal rate with a lower relative electrode wear 
ratio when using water-in-oil nanoemulsion. Overall, there are other researchers [9, 20, 34–36] that strengthen the 
idea that water-in-oil emulsion can be used as an alternative to the hydrocarbon-based EDM process. 

Existing research recognizes the critical role played by water-in-oil emulsion as a dielectric medium. 
It was found that a single discharge, material removal characteristics is significantly affected by the dielectric 
medium. However, current research suffers from a paucity of dielectric properties that act alike kerosene to cre-
ate sustainable electrical discharge machining. In this paper, a study was attempted to conduct an experimental 
investigation on the micro EDM process with concentrated water-in-sunflower seed oil as dielectric fluid com-
pared with water and hydrocarbon-based dielectric fluid.

2. MATERIALS AND METHODS
Based on the objectives, the research methodology starts with machine parameters, workpiece, electrode and dielectric 
fluid selection. Follow by an experimental setup where Taguchi Method is used and lastly run the experiments. Data 
and results are collected and analyzed. An FEA simulation will be conducted to compare with experimental results.

2.1. Preparation of water-in-sunflower seed oil emulsion
The water-in-oil emulsion is a mixture of water and sunflower seed oil with the existence of an emulsifier. The 
emulsifier uses in this study is Tween 80 (Polysorbate 80, polyoxyethylene sorbitan monooleate), which is a 
hydrophilic emulsifying agent. The formulated water base dielectric fluid consists of 80% sunflower seed oil + 
20% Tween 80 + 95% Deionise water. The properties of distilled water, kerosene and water-in-sunflower seed 
oil are shown in Table 1. Thermal conductivity & volumetric heat capacity is measure using KD2Pro.Viscosity 
is measured using programmable rheometer. Thermal diffusivity is the ratio of the thermal conductivity to the 
heat capacity. Properties of kerosene are used as a control parameter. Firstly, the emulsifier is dissolved in the 

Table 1: Properties of distilled water, kerosene and sunflower oil (water-based).

PROPERTIES DISTILLED 
WATER

KEROSENE WATER-IN-SUNFLOWER SEED 
OIL

Thermal Conductivity (W/m.K) 0.487 0.114 0.414
Volumetric Heat Capacity (MJ/m3.K) 4.056 0.777 2.233

Viscosity (cP) 1.060 3.280 1.330
Thermal diffusivity (m2 s−1) 0.120 0.147 0.185
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sunflower seed oil and stirred at 600 rpm for 60 minutes at 65oC. Then, the distilled water is titrated slowly into 
emulsified oil at 65oC. After that, the mixture is stirred at 600 rpm for 30 minutes by maintaining the same tem-
perature using a stirrer. After that, water-in-sunflower seed oil emulsion is poured into a vial for further obser-
vation. KD2Pro apparatus is used to measure thermal conductivity and viscosity is measured using a rheometer.

2.2. Machine and material selection
Portable Electric Discharge Machine (PEDM) as shown in Figure 1 selected for this study. The first step is to 
clamp the workpiece on the table and the electrode on the tool holder. Next, choose the capacitance for the 
experiment and start the process. The process will take a few minutes depending on the parameters chosen for 
the experiment. The tool and workpiece materials selected for this study are brass and nickel respectively. Their 
properties are shown in Table 2. The size for electrode was 0.5, 0.6 and 0.8 mm. The selections for dielectric 
fluids were water, kerosene, and water-in-sunflower seed oil.  

2.3. Performance parameters
To evaluate the quality of machining holes, a few parameters have been identified to measure the performance of 
each machining setup. The parameters which are used are material removal rate (MRR), tool wear ratio (TWR) 
and circularity of the hole. Each parameter is calculated in a different method using different equipment.

Figure 1: Portable Electric Discharge Machine (PEDM).

Table 2: Properties of brass and nickel.

PROPERTY BRASS NICKEL
Elastic Modulus (N/mm2) 100000 210000

Poisson’s Ratio 0.33 0.31
Shear Modulus (N/mm2) 37000 79000

Mass Density (kg/m3) 8500 8500
Tensile Strength (N/mm2) 478.413 317
Yield Strength (N/mm2) 239.689 59

Thermal Expansion Coefficient (K) 1.8e-05 1.7e-05
Thermal Conductivity (W/(m·K)) 110 43

Specific Heat (J/(kg·K)) 390 460
Melting Point (°C) 900–940 1465
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The MRR value usually indicates how fast the tools can machine the workpiece completely. Many ele-
ments involve effects the value of MRR of an EDM process such as material properties of the electrode and 
workpiece, dielectric fluid addition, debris removal and spark produced. Generally, MRR can be calculated by
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Where,
	 Wb = Weight of workpiece after the machining (g)
	 Wa = Weight of workpiece before the machining (g)
	 tm = Machining time (min)
Tool Wear Ratio (TWR) can also be called electrode wear ratio (EWR) as our tool for the EDM process 

is an electrode. This value provides the ratio of the weight of the electrode used and the workpiece drilled after 
the machining process in percentage. 
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Where,
	 We = Weight of electrode used (g)
Ww = Weight of workpiece drilled (g)
The circularity of the hole defined the accuracy of the hole drilled into the workpiece by the EDM pro-

cess. A good EDM process will have a closer value of circularity with the diameter of the electrode [34, 35]. The 
circularity of the hole can be calculated using equation (3):

	 Circularity Area of throughhole
Perimeter of throughhole P

�
� �

4�
2

	 (3)

The rate of removal of metal at varying hole lengths is taper conicity, or also can be termed a gap resis-
tivity [28, 29]. The taper conicity represents the drilled hole accuracy from start to the end, which is 

	 Taper conicity
D D

H
entry exit�

�
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Where,
	 Dentry = Diameter of the hole at the entry
	 Dexit = Diameter of the hole at the exit
	 H = Thickness of the workpiece
For EDM, it is a non-contact process which means there is no mechanical cutting involved while machin-

ing. It only uses electrical sparks which then react with a workpiece to slowly erode the material while the 
electrode moves through. Therefore, the diameter of the hole will always be bigger than the diameter of the 
electrode, which is called overcut [28, 29]. The overcut value can be obtained from the diameter of the hole at 
the entry and the diameter of the tool, as:

	 Overcut D Dentry tool� � 	 (5)

Where,
	 Dentry = Diameter of the hole at the entry
	 Dtool = Diameter of tool

2.4. Experimental design
The experimental design for this study is based on the Taguchi method, which is to identify the conditions which 
optimise the performance of the process or product. To achieve the best set of conditions, Taguchi implements 
the use of the signal-to-noise ratio (SNR). The value is used as the output response of the experiment, which 
represents the measure of variation when uncontrolled noise factors are present in the system. Taguchi has 
developed and defined over 60 different SNRs for engineering applications of parameter design. There are three 
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categories in determining the SNR performance characteristics: which are Larger the Better; Nominal the better; 
and Smaller the better. 

L9 orthogonal array method with 4 factors and 3 levels has been chosen to run the experiment. For the 
L9 array, there are four independent factors which have 3 different levels each. Factors selected are the diameter 
of the electrode, feed rate, capacitance and dielectric fluids. All the factor selected has three different level. The 
parameters used to evaluate the performance are material removal rate (MRR), tool wear ratio (TWR) and cir-
cularity of the machining hole. Using the Taguchi L9 orthogonal array, 9 sets of experiments are created to fulfil 
the project objective. Table 3 show the sets of experiment design for this study.

2.5. Steps in design of experiment
The procedures of performing an experiment according to the following few steps:

	 i.	 Problem statement
	 ii.	 Selection of performance parameters
	 iii.	 Identifying control factors
	 iv.	 Selection of factor levels and possible interactions
	 v.	 Design of orthogonal array
	 vi.	 Experiment set up
	vii.	 Run experiment and data collection
	viii.	 Result statistical analysis and interpretation

2.6. Finite Element Analysis (FEA)
FEA can be described by considering an object is going through any stress or force such as a component under 
load or temperatures subject to heat input through computer simulation. The design components of FEA simula-
tion consist of elements, nodes and mesh. For this study, FEA simulation was conducted to simulate the mecha-
nism of heat transfer during the EDM process. The simulation is done which duplicates the heat produced by the 
sparks as the heat source and transfers it into the workpiece. Then using FEA, a mesh was created to calculate 
the heat distribution on the workpiece.

3. RESULTS

3.1. Material Removal Rate (MRR)
The weight of the workpiece and electrode were measured three times and averaged. All sets of experiments 
are also repeated five times and the average was recorded. Figure 2 shows an example of measured circles after 
each experiment.  

From the graph of MRR for each conducted experiment as shown in Figure 3, it shows that experiment 3 
which is a combination of 0.5 mm electrode, 8 mm/min feed rate, 1000µF capacitance and using water-in-sunflower 
seed oil as the dielectric fluid has the best MRR performance. The value of high capacitance and feed rate does 

Table 3: Experimental condition using L9 orthogonal array.

NO WORK-
PIECE

ELEC-
TRODE

ELECTRODE 
DIAMETER 

(MM)

FEED 
RATE 

(MM/MIN)

CAPACITANCE 
(µF)

DIELECTRIC FLUID

1 Nickel Brass 0.5 3 100 Water
2 Nickel Brass 0.5 5 470 Kerosene
3 Nickel Brass 0.5 8 1000 water-in-sunflower seed oil
4 Nickel Brass 0.6 3 470 water-in-sunflower seed oil
5 Nickel Brass 0.6 5 1000 Water
6 Nickel Brass 0.6 8 100 Kerosene
7 Nickel Brass 0.8 3 1000 Kerosene
8 Nickel Brass 0.8 5 100 water-in-sunflower seed oil
9 Nickel Brass 0.8 8 470 Water
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impact the MRR substantially. This finding is consistent with the analysis of µEDM drilling on of Ti–6Al–4V alloy, 
according to this analysis capacitance is found to be most significant parameters for MRR rather than effect of other 
parameters like pulse on time, voltage and tool rotation speed [37]. This finding was also reported by ABIDI et al. 
[38], capacitance is indicated as the most dominant factor for Ra, TWR, and MRR and is followed by electrode 
material and discharge voltage. An increase in the capacitance and voltage resulted in an increase in discharge 
energy, and this leads to higher MRR [38]. The lowest MRR value is recorded in experiments 1,6 and 8. The low 
capacitance again gives the biggest impact, while kerosene as a dielectric fluid in experiment 8 makes it worse due 
to its properties where it generates smaller sparks compared to water-in-sunflower seed oil dielectric fluids.

Then, the larger the better statistical analysis is done to find the main effects plot for means and signal-
to-noise (SN) ratio. From Figure 4(a), the means value for each parameter shows that 0.5 mm electrode, 8 mm/
min feed rate, 1000µF capacitance and water-in-sunflower seed oil dielectric fluids give the highest means value 
for MRR. As mentioned in the literature review, W/O emulsion could be used as the dielectric fluid of sinking 
EDM could lead to obtaining higher MRR than kerosene [39]. This also accords with earlier finding, which 
showed that using W/O nanoemulsion as a dielectric in sinking EDM, a nearly 34 times higher MRR obtained 
in rough machining, and a better machined surface with no recast layer is attained in finishing machining [40].  
Figure 5(b) shows the effect of the parameter on the MRR performance. The capacitance gives the biggest 
impact followed by the diameter of the electrode, feed rate and dielectric fluids. The higher capacitance will 
produce bigger sparks, hence eroding more workpieces for every penetration. Moreover, the larger the diameter 
means the bigger the surface area for sparks to happen. For feed rate, the higher the value means the faster the 

Figure 2: Example of measurement taken after conducted experiment.

Figure 3: Experiments vs MRR.
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penetration is made. The best combination for good MRR performances is 0.5 mm electrode, 5 mm/min feed 
rate, 1000µF capacitance and water-in-sunflower seed oil dielectric fluids. SINGH et al. [41] found increase in 
capacitance will increases MRR. This is because an increase in discharge energy will erode more material from 
the workpiece. The hole diameter is increased due to an increased material removal as well as increased average 
overcut [41]. These finding also cocurrent with CYRIL et al. [42]. Their research highlight as the capacitance 
and voltage increase, the discharge energy also increases, which causes more heat generation. Thus, higher 
MRR is observed for higher levels of voltage and capacitance [42].

3.2. Tool Wear Ratio (TWR)
From Figure 5, the best TWR performances were obtained from experiment 1. The TWR is only 15.57% due 
to the low feed rate and capacitance. As compared to the very low performance of the MRR in experiment 1, 
this eventually helps to preserve the tools from wearing too fast. Besides that, it also used water as a dielectric 
fluid which has been proven to be better in reducing the TWR of the electrode. The lowest performance can be 
observed in experiments 3 and 5. The main influence can be seen from the high value of capacitance and feed 
rate. This simply increases the power and damage absorbed by the electrode for each spark created, hence the 
tool tends to wear faster than the workpiece being removed.

The analysis of mean and SN ratios for TWR is shown in Figure 6. The best performance based on the 
means is obtained at 0.8 mm electrode, 3 mm/min feed rate, 100µF capacitance and water as dielectric fluid. 
From Figure 6(a), the importance of parameters can be observed where the most affecting parameters are capac-
itance followed by dielectric fluid, feed rate and lastly diameter of the electrode. This is due to the higher the 
capacitance used means the bigger and more powerful the sparks will be generated. Hence, the electrode will 
conduct a larger heat transfer which contributes to higher mass from the tools’ experience of deformation. This 
finding is consistent with that ABIDI et al. [38] who found an increase in the capacitance and voltage resulted 
in an increase in discharge energy, and this leads to higher TWR [38].  In accordance with the present results, 
previous studies have demonstrated that the most influencing parameters for TWR were found to be capacitance 

Figure 4: Taguchi analysis on MRR for (a) means and (b) SN ratios.

Figure 5: Experiments vs TWR.
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and feed rate [43]. Comparison of the findings with those of other studies confirms that the discharge energy 
is high when the values of capacitance and voltage are high, resulting high TWR due to a large amount of heat 
generated. Therefore, as the level of voltage and capacitance increases the TWR also increases [42]. Besides 
that, the best combination for good TWR performances based on the SN ratios are 0.8 mm electrode, 3 mm/min 
feed rate, 100µF capacitance and water as dielectric fluid as shown in Figure 6(b).

3.3. Circularity of the hole
The circularity of the hole for each experiment is shown in Figure 7. The best circularity of the hole was observed 
in experiments 1 and 7. From both experiments, the feed rate used is only 3 mm/min. This contributes to the 
good performance when machining the hole. The slow feed rate avoids any extra force exerted on the work-
piece for each penetration done. Each penetration was also much controlled when compared to the 8 mm/min  
feed rate which tends to create vibration in the electrode. This can cause the circularity of the hole to be  
large and uneven. The capacitance shows not much impact where set one uses 100µF capacitance while exper-
iment 7 uses 1000µF. The power of sparks generated did not really impact the circularity as long the electrode 
was steadily moved for every penetration.

Figure 8 shows the mean and SN ratios for the circularity of the hole.  From Figure 8 (a), the means 
value shows the best circularity can be obtained when using a 0.8 mm tool electrode, 3 mm/min feed rate, 
1000µF capacitance and water as dielectric fluid. Dielectric fluid is ranked as the most influential followed by 
diameter of the electrode, feed rate and lastly capacitance. These results reflect those of TIWARY et al. [44] 
who also found that better circularity when using pure deionized water [44]. For the diameter of the electrode, it 
performs better in larger diameters due to the electrode being much more firmly attached to the machine when 
compared to the smaller diameter. This then contributes to less vibration when doing the machining. Besides 
that, the best combination for circularity based on SN ratios are 0.6 mm electrode, 5 mm/min feed rate, 470µF 
capacitance and water-in-sunflower seed oil dielectric fluids as shown in Figure 8(b). These combinations are 
using medium-level parameters for the diameter, feed rate and capacitance which will result in steady sparks and 

Figure 6: Taguchi analysis on TWR for (a) means and (b) SN ratios.

Figure 7: Experiments vs circularity of the hole.
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movement of penetration. This will then provide a better circularity of the hole. This also accords with the earlier 
observations, which showed that the interrelation of capacitance and electrode material significantly affects the 
circularity error [38]. When the higher energy plasma channel is disrupted, more material is expelled away from 
the melted workpiece. As consequence, more debris accumulate in the working gap. It then cause the increase 
in circularity deviation, due to the occurrence of more sparks where the debris concentration are higher, which 
explain the dielectric breakdown easily occurs [45]. These results corroborate the findings of the previous work 
which found at higher peak currents, circularity increases, due to higher discharge energy which leads to bigger 
craters sizes [46]. Not only that, previous studies also found the effect of different dielectrics on the circularity 
at micro-EDM. At low discharge current, high degree of circularity of the micro-holes is found using kerosene 
than de-ionised water. But as the peak current increases, the circularity factor of micro-hole is poorer using ker-
osene compared to de-ionised water [47]. In addition, circularity error decreased with increase in bore diameter 
with radial orbital strategy. In the case of the die-sinking machining strategy, initially circularity error is found 
at minimum and starts increasing with increase in bore diameter up to 11 mm [48].

3.4. Taper conicity of the hole
Figure 9 shows the results of taper conicity of the hole, experiment 8 and 9 shows the best taper conicity value with 
the value of 0.079 and 0.0856 respectively. The main contribution can be seen from the capacitance where both sets 
use 100µF and 470µF, respectively. A low capacitance will require lower times needed to be recharged for the sparks 
generation. Therefore, the spark generated will be consistent for every penetration which will contribute to a constant 
diameter hole. Besides that, the larger diameter used also means it’s easier for the machine to grip the electrode. Thus, it 
reduces the vibration of the electrode and provides more stability during each penetration from the entry of the hole up 
until the bottom. The highest value for the taper conicity is observed in experiment 5. This is due to the small diameter 
combined with high capacitance and feed rate will create a great impact on the electrode when a spark is generated. 

The best machining parameters and most influential parameters for the taper conicity of the hole are 
shown in Figure 10. From Figure 10(a), the means value shows that for better taper conicity of the holes, the 

Figure 8: Taguchi analysis of the circularity of the hole for (a) means and (b) SN ratios.

Figure 9: Experiments vs taper conicity of the hole.
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lower the values the better it is. Therefore, the best parameters based on the means value are 0.8 mm electrode, 
8 mm/min feed rate, 100µF capacitance and kerosene as dielectric fluid. From Figure 10(b), the most influential 
parameters are the diameter of the electrode and followed by capacitance, feed rate and lastly dielectric fluid. 
The best combination also can be determined based on the SN ratio values which are closer to zero. Thus, 
the best combination for better taper conicity based on the SN ratio is 0.6 mm electrode, 3 mm/min feed rate, 
1000µF capacitance and water-in-sunflower seed oil dielectric fluids. Even though the combination is using a 
high value of capacitance, it is combined with a low feed rate which allows more time to recharge the capacitor. 
Therefore, a more stable, and consistent spark can be generated for every penetration.

3.5. Overcut of the hole
In the electrical discharge machining (EDM) process, the overcut give significant effects on precision and accu-
racy of the workpiece dimensions. Nonetheless, the overcut and the final dimensions of workpiece are diffi-
cult to predict due to the non-linear, complex relationship among the electrode wear, the machine positioning 
accuracy, electrical discharging parameters, and electrode diameter. The debris present in the machining zone 
generally decrease the insulating property (breakdown voltage) of the dielectric medium and thus increases 
electrical conductivity. Due to this, the debris present in the machining zone triggered secondary discharges, and 
increase the size of the feature produced [49]. The overcut average of the hole for each experiment is shown in  
Figure 11. The lowest overcut value can be obtained from experiment 8 which uses machining parameters of 
0.8 mm electrode, 5 mm/min feed rate, 100µF capacitance and water-in-sunflower seed oil dielectric fluids. 
The major contribution to overcut is due to the capacitance value. The capacitance value will determine how 
big is the sparks generated. Therefore, due to the lower value of capacitance from experiments 1, 6 and 8, they 
recorded good performance on the overcut of the hole. The highest value of overcut can be observed in experi-
ment 9. This is due to the influence of water as dielectric fluid will generate a bigger spark compared to oil-based 
dielectric fluid. This finding broadly supports the work of other studies that also found at higher peak current 
overcut is higher when using deionized water compared to pure kerosene dielectric. At high discharge energies, 
more decomposition of deionized water occurs and release more oxygen. This oxygen effect the machining 
efficiency and triggered the second discharge spark. This secondary discharge sparking cause the rise in overcut 
compared to machining with pure kerosene [50].

Figure 10: Taguchi analysis on taper conicity of the hole for (a) means and (b) SN ratios.

Figure 11: Experiments vs overcut of the hole.
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 The high feed rate also will impact the overcut since it will create more vibration in the electrode which 
will affect the stability of the electrode on each penetration.

Taguchi analysis was done on the overcut of the hole to find the major effects parameters and also the 
best combination for the optimum performance was shown in Figure 12. From Figure 12(a), the best overcut 
performance for each parameter was observed at 0.5 mm electrode, 3 mm/min feed rate, 100µF capacitance and 
water-in-sunflower seed oil dielectric fluids. Low feed rate and capacitance will produce the generation of a 
more stable spark which is important in preventing overcut. Besides that, water-in-sunflower seed oil dielectric 
fluids also provide better surface finishing compared to water-based. Based on Figure 12(b), the most influential 
parameters is the capacitance and followed by dielectric fluid, feed rate and lastly diameter of the electrode. 
Besides that, the best combination which having closer SN values to zero is 0.8 mm electrode, 8 mm/min feed 
rate, 1000µF capacitance and water as dielectric fluid. The combination seems not really accurate since the 
results show that higher capacitance and feed rate combined together with water as dielectric fluids will result 
in a larger spark generated. This will cause more overcutting to happen. However, from a different view, the fast 
feed rate will create not enough time for the capacitor to recharge the high value of capacitance, hence sparks 
generated will be less powerful than the actual value.

3.6. Simulation of finite element analysis
FEA simulation was done to simulate the mechanism of heat transfer during the EDM process. The simulation 
is done which duplicates the heat produced by the sparks as the heat source and transfers it into the workpiece. 
Then using FEA, a mesh was created to calculate the heat distribution on the workpiece. Based on the results, the 
area which exceeds the melting temperature of the workpiece which in this case is nickel (melting temperature 
= 1465oC) will be removed and then the next heat source will be put in again, and the process continues until it 
reaches the end of the hole. There are some assumptions made in order to complete the simulation such as the 
temperature of the sparks generated is assumed to be equal to the melting temperature of nickel. The ambient 
temperature and convection coefficient is assumed to be in the air at room temperature (Tambient = 300K, Convec-
tion coefficient = 75 W/m2.K). This assumption was made and fixed for every diameter used because this will 
simplify the result obtained from the simulation. The simulations were done on SOLIDWORKS using three 
different diameters of the electrode (0.5 mm, 0,6 mm and 0.8 mm). The simulation is started by creating a cuboid 
shape (1.5 mm × 1.5 mm × 1.0 mm) which represents the workpiece. This is to provide a surface to place the heat 
source equal to the size of the diameter of the electrode.  Then, the cuboid shape will be used for heat transfer 
simulation. The heat source will be placed on the top surface which follows the diameter used, while the other 
surface is set as a convection area. After finishing setting the thermal source, the mesh will be created, and run 
the FEA simulation. Examples of simulation using tool electrode diameter 0.5 mm for heat transfer after 1st, 14th 
and 23rd penetration are shown in Figure 13. The red zone indicates the material was melted and removed away.

Next, the depth of the cut will be measured and the results of the depth of cut for every penetration for 
each diameter are shown in Figure 14. The number of penetration needed to complete the hole are 23, 20 and 17 
for the diameter of 0.5 mm, 0.6 mm and 0.8 mm respectively. The larger the diameter, the lower the penetration 
required to drill fully through. This is due to the area of the heat source at the starting being bigger compare to 
the lower diameter. Therefore, a bigger area of the workpiece will receive the heat from the source for every 
penetration and be considered to melt away.  

Besides that, from Figure 15, based on the line pattern, the depth of cut for every penetration was consis-
tent in the early phase up until almost the end of the hole before it increases gradually. This was due to thermal 

Figure 12: Taguchi analysis on overcut of the hole for (a) means and (b) SN ratios.
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Figure 13: Result of simulation of heat transfer after (a) 1st, (b) 14th and (c) 23rd penetration with 0.5 mm diameter tool 
electrode.

Figure 14: Number of penetration vs depth of cut for all diameters.

Figure 15: Area of conduction (blue) and convection (green) at (a) early phase and (b) ending phase.

loads used are only conduction for the heat source and convection for heat loss to the surrounding, where only 
the depth is changing for each penetration and not the diameter of the heat source which is kept fixed until the 
end. Thus the area of the melted workpiece is almost consistent for every penetration in the early phase.

When the depth is getting towards the end of the hole, the cut increases due to the convection area getting 
smaller towards the end of the shape as shown in Figure 15(b). This is because most of the hole is already removed, 
hence it left a smaller area of convection to occur, thus resulting in more heat trap inside the cuboid rather than 
loss to the atmosphere due to convection. Furthermore, the area for heat source also becomes more concentrated at 
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the bottom part since the shape is getting narrower compared to in the early phase. This will result in greater heat 
energy concentrated at the bottom part of the hole which increases the depth of the melted workpiece.

4. CONCLUSIONS
This study uses various machining parameters combinations and dielectric fluid to determine the optimal 
machining parameters for improving the performance of micro hole fabrication using EDM on nickel using 
brass electrode based on the MRR, TWR, circularity, taper conicity and overcut of the hole. Results shows that 
improved of 324.45% of MRR when 1000µF of capacitance is used compared to 100µF. However, in return the 
TWR also can increased up to 487.45% and overcut of the hole also boost up to 67.82% due to the very high 
capacitance. Besides that, dielectrics fluids influence the circularity of the hole the most where up to 34.02% 
improvement is recorded for water compared to sunflower oil. Next, diameter of the electrode and capacitance 
influence the conicity of the hole, where up to 142.96% and 139.73% of improved performance is observed, 
respectively. Lastly, finite element analysis on heat transfer of EDM using three different diameters (0.5 mm,  
0.6 mm and 0.8 mm) also has been successfully simulated using SOLIDWORKS simulations.

5. ACKNOWLEDGMENTS
This research was funded by a grant from Ministry of Higher Education of Malaysia (FRGS Grant FP098-
2018A).

6. BIBLIOGRAPHY
[1]	 YAN, B.H., WANG, A.C., HUANG, C.Y., et al., “Study of precision micro-holes in borosilicate glass 

using micro EDM combined with micro ultrasonic vibration machining”, International Journal of 
Machine Tools & Manufacture, v. 42, n. 10, pp. 1105–1112, 2002. doi: http://dx.doi.org/10.1016/S0890-
6955(02)00061-5.

[2]	 ZHANG, Y., LIU, Y., SHEN, Y., et al., “Die-sinking electrical discharge machining with oxy-
gen-mixed water-in-oil emulsion working fluid”, Proceedings of the Institution of Mechanical Engi-
neers. Part B, Journal of Engineering Manufacture, v. 227, n. 1, pp. 109–118, 2012. doi: http://dx.doi.
org/10.1177/0954405412464146.

[3]	 JI, R., LIU, Y., ZHANG, Y., et al., “Effect of machining parameters on surface integrity of silicon carbide 
ceramic using end electric discharge milling and mechanical grinding hybrid machining”, Journal of Mechani-
cal Science and Technology, v. 27, n. 1, pp. 177–183, 2013. doi: http://dx.doi.org/10.1007/s12206-012-1215-8.

[4]	 TANI, T., FUKUZAWA, Y., MOHRI, N., “Machining phenomena of insulting ceramics using powder 
suspended working oil”, In Proceedings of the 13th International Symposium for Electromachining XIII, 
pp. 359–370, Bilbao, Spain, 9–11 May 2001.

[5]	 ROSSETTO, A.D.S., HAUPT, W., CONSALTER, L.A., “Optimization and analysis of machining 
parameters by EDM on the surface roughness of AISI P20 steel”, Matéria (Rio de Janeiro), v. 27, n. 3, 
pp. 1–15, 2022. doi: https://doi.org/10.1590/1517-7076-RMAT-2022-0019.

[6]	 ABU QUDEIRI, J.E., MOURAD, A.I., ZIOUT, A., et al., “Electric discharge machining of titanium 
and its alloys: review”, International Journal of Advanced Manufacturing Technology, v. 96, n. 1–4, 
pp. 1319–1339, 2018. doi: http://dx.doi.org/10.1007/s00170-018-1574-0.

[7]	 MOHD ABBAS, N., SOLOMON, D.G., FUAD BAHARI, M., “A review on current research trends in 
electrical discharge machining (EDM)”, International Journal of Machine Tools & Manufacture, v. 47, 
n. 7–8, pp. 1214–1228, 2007. doi: http://dx.doi.org/10.1016/j.ijmachtools.2006.08.026.

[8]	 LIAO, Y.S., HUANG, J.T., CHEN, Y.H., “A study to achieve a fine surface finish in Wire-EDM”,  
Journal of Materials Processing Technology, v. 149, n. 1, pp. 165–171, 2004. doi: http://dx.doi.
org/10.1016/j.jmatprotec.2003.10.034.

[9]	 ZHANG, Y., LIU, Y., JI, R., et al., “Study of the recast layer of a surface machined by sinking electrical 
discharge machining using water-in-oil emulsion as dielectric”, Applied Surface Science, v. 257, n. 14, 
pp. 5989–5997, 2011. doi: http://dx.doi.org/10.1016/j.apsusc.2011.01.083.

[10]	 JOSE, M., SIVAPIRAKASAM, S.P., SURIANARAYANAN, M., “Analysis of aerosol emission and 
hazard evaluation of Electrical Discharge Machining (EDM) Process”, Industrial Health, v. 48, n. 4, 
pp. 478–486, 2010. doi: http://dx.doi.org/10.2486/indhealth.MS1127. PMid:20720340.

[11]	 MODICA, F., MARROCCO, V., COPANI, G., et al., “Sustainable micro-manufacturing of micro- 
components via micro electrical discharge machining”, Sustainability (Basel), v. 3, n. 12, pp. 2456–2469, 
2011. doi: http://dx.doi.org/10.3390/su3122456.

http://dx.doi.org/10.1016/S0890-6955(02)00061-5
http://dx.doi.org/10.1016/S0890-6955(02)00061-5
https://doi.org/10.1177/0954405412464146
https://doi.org/10.1177/0954405412464146
https://doi.org/10.1007/s12206-012-1215-8
https://doi.org/10.1007/s00170-018-1574-0
https://doi.org/10.1016/j.ijmachtools.2006.08.026
https://doi.org/10.1016/j.jmatprotec.2003.10.034
https://doi.org/10.1016/j.jmatprotec.2003.10.034
https://doi.org/10.1016/j.apsusc.2011.01.083
https://doi.org/10.2486/indhealth.MS1127
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20720340&dopt=Abstract
https://doi.org/10.3390/su3122456


ZULKEFLEE, M.F.; DZULKIFLI, N.F.; AZUDDIN, M.,  revista Matéria, v.27, n.4, 2022

[12]	 ABBAS, N.M., YUSOFF, N., MAHMOD@WAHAB, R., “Electrical Discharge Machining (EDM): prac-
tices in malaysian industries and possible change towards green manufacturing”, Procedia Engineering, v. 
41, pp. 1684–1688, 2012. doi: http://dx.doi.org/10.1016/j.proeng.2012.07.368.

[13]	 TÖNSHOFF, H.K., EGGER, R., KLOCKE, F., “Environmental and safety aspects of electrophysical and 
electrochemical processes”, CIRP Annals, v. 45, n. 2, pp. 553–568, 1996. doi: http://dx.doi.org/10.1016/
S0007-8506(07)60510-1.

[14]	 GUTOWSKI, T., DAHMUS, J., THIRIEZ, A., “Electrical energy requirements for manufacturing pro-
cesses”, In Proceedings of the 13th CIRP International Conference on Life Cycle Engineering, 2006; 
Leuven, Belgium.

[15]	 YEO, S.H., NEW, A.K., “A method for green process planning in electrical discharge machining”, Inter-
national Journal of Advanced Manufacturing Technology, v. 15, n. 4, pp. 287–291, 1999. doi: http://
dx.doi.org/10.1007/s001700050068.

[16]	 LIU, Y., JI, R., ZHANG, Y., et al., “Investigation of emulsion for die sinking EDM”, International Journal 
of Advanced Manufacturing Technology, v. 47, n. 1–4, pp. 403–409, 2009. doi: http://dx.doi.org/10.1007/
s00170-009-2209-2.

[17]	 SIVAPIRAKASAM, S.P., MATHEW, J., SURIANARAYANAN, M., “Multi-attribute decision making 
for green electrical discharge machining”, Expert Systems with Applications, v. 38, n. 7, pp. 8370–8374, 
2011. doi: http://dx.doi.org/10.1016/j.eswa.2011.01.026.

[18]	 SHABGARD, M.R., GHOLIPOOR, A., BASERI, H., “A review on recent developments in machining 
methods based on electrical discharge phenomena”, International Journal of Advanced Manufacturing 
Technology, v. 87, n. 5, pp. 2081–2097, 2016. doi: http://dx.doi.org/10.1007/s00170-016-8554-z.

[19]	 ZHANG, Q.H., DU, R., ZHANG, J.H., et al., “An investigation of ultrasonic-assisted electrical discharge 
machining in gas”, International Journal of Machine Tools & Manufacture, v. 46, n. 12, pp. 1582–1588, 
2006. doi: http://dx.doi.org/10.1016/j.ijmachtools.2005.09.023.

[20]	 ZHANG, Y., “Research on the rheology of water-in-oil emulsion used in sinking electro-discharge 
machining”, Journal of Mechanical Engineering, v. 47, n. 5, pp. 188, 2011. doi: http://dx.doi.org/10.3901/
JME.2011.05.188.

[21]	 KANG, S.H., KIM, D.E., “Effect of electrical discharge machining process on crack susceptibility of 
nickel based heat resistant alloy”, Materials Science and Technology, v. 21, n. 7, pp. 817–823, 2005. doi: 
http://dx.doi.org/10.1179/174328405X36601.

[22]	 EKMEKCI, B., ELKOCA, O., ERDEN, A., “A comparative study on the surface integrity of plastic mold steel 
due to electric discharge machining”, Metallurgical and Materials Transactions. B, Process Metallurgy and 
Materials Processing Science, v. 36, n. 1, pp. 117–124, 2005. doi: http://dx.doi.org/10.1007/s11663-005-0011-6.

[23]	 CHEN, S.L., YAN, B.H., HUANG, F.Y., “Influence of kerosene and distilled water as dielectrics on the 
electric discharge machining characteristics of Ti–6A1–4V”, Journal of Materials Processing Technol-
ogy, v. 87, n. 1, pp. 107–111, 1999. doi: http://dx.doi.org/10.1016/S0924-0136(98)00340-9.

[24]	 CHUNG, D.K., KIM, B.H., CHU, C.N., “Micro electrical discharge milling using deionized water as a 
dielectric fluid”, Journal of Micromechanics and Microengineering, v. 17, n. 5, pp. 867–874, 2007. doi: 
http://dx.doi.org/10.1088/0960-1317/17/5/004.

[25]	 CHOW, H.M., YANG, L.D., LIN, C.T., et al., “The use of SiC powder in water as dielectric for micro-
slit EDM machining”, Journal of Materials Processing Technology, v. 195, n. 1, pp. 160–170, 2008. doi: 
http://dx.doi.org/10.1016/j.jmatprotec.2007.04.130.

[26]	 KONIG, W., SIEBERS, F.J., “Influence of the working medium on the removal process in EDM sink-
ing”, American Society of Mechanical Engineers, Production Engineering Division (Publication) PED, v. 
64, pp. 649–658, 1993.

[27]	 VALAKI, J.B., RATHOD, P.P., SANKHAVARA, C.D., “Investigations on technical feasibility of Jatro-
pha curcas oil based bio dielectric fluid for sustainable electric discharge machining (EDM)”, Journal of 
Manufacturing Processes, v. 22, pp. 151–160, 2016. doi: http://dx.doi.org/10.1016/j.jmapro.2016.03.004.

[28]	 DAS, S., PAUL, S., DOLOI, B., “Investigation of the machining performance of neem oil as a dielectric 
medium of EDM: a sustainable approach”, IOP Conference Series. Materials Science and Engineering, v. 
653, n. 1, pp. 012017, 2019. doi: http://dx.doi.org/10.1088/1757-899X/653/1/012017.

[29]	 DAS, S., PAUL, C., DOLOI, B., “Feasibility investigation of neem oil as a dielectric for electrical dis-
charge machining”, International Journal of Advanced Manufacturing Technology, v. 106, n. 3–4, pp. 
1179–1189, 2019. doi: http://dx.doi.org/10.1007/s00170-019-04736-5.

https://doi.org/10.1016/j.proeng.2012.07.368
https://doi.org/10.1016/S0007-8506(07)60510-1
https://doi.org/10.1016/S0007-8506(07)60510-1
https://doi.org/10.1007/s001700050068
https://doi.org/10.1007/s001700050068
https://doi.org/10.1007/s00170-009-2209-2
https://doi.org/10.1007/s00170-009-2209-2
https://doi.org/10.1016/j.eswa.2011.01.026
https://doi.org/10.1007/s00170-016-8554-z
https://doi.org/10.1016/j.ijmachtools.2005.09.023
https://doi.org/10.3901/JME.2011.05.188
https://doi.org/10.3901/JME.2011.05.188
https://doi.org/10.1179/174328405X36601
https://doi.org/10.1007/s11663-005-0011-6
https://doi.org/10.1016/S0924-0136(98)00340-9
https://doi.org/10.1088/0960-1317/17/5/004
https://doi.org/10.1016/j.jmatprotec.2007.04.130
http://dx.doi.org/10.1016/j.jmapro.2016.03.004
http://dx.doi.org/10.1088/1757-899X/653/1/012017
http://dx.doi.org/10.1007/s00170-019-04736-5


ZULKEFLEE, M.F.; DZULKIFLI, N.F.; AZUDDIN, M.,  revista Matéria, v.27, n.4, 2022

[30]	 DASTAGIRI, M., SRINIVASA, R.P., VALLI, P.M., “Feasibility of reused palm oil blends as a 
dielectric medium for electric discharge machine”, International Journal of Innovative Technology 
and Exploring Engineering, v. 8, n. 9, pp. 1150–1155, 2019. doi: http://dx.doi.org/10.35940/ijitee.
I8011.078919.

[31]	 RADU, M.C., TAMPU, R., NEDEFF, V., et al., “Experimental investigation of stability of vegetable oils 
used as dielectric fluids for electrical discharge machining”, Processes (Basel, Switzerland), v. 8, n. 9, pp. 
1187, 2020. doi: http://dx.doi.org/10.3390/pr8091187.

[32]	 BASHA, S.M., DAVE, H.K., PATEL, H.V., “Experimental investigation of jatropha curcas bio-oil and 
biodiesel in electric discharge machining of Ti-6Al-4V”, Materials Today: Proceedings, v. 38, pp. 2102–
2109, 2021.

[33]	 ZHANG, Y., LIU, Y., SHEN, Y., et al., “Investigation on the influence of the dielectrics on the material 
removal characteristics of EDM”, Journal of Materials Processing Technology, v. 214, n. 5, pp. 1052–
1061, 2014. doi: http://dx.doi.org/10.1016/j.jmatprotec.2013.12.012.

[34]	 DONG, H., LIU, Y., LI, M., et al., “Experimental investigation of water-in-oil nanoemulsion in sinking 
electrical discharge machining”, Materials and Manufacturing Processes, v. 34, n. 10, pp. 1129–1135, 
2019. doi: http://dx.doi.org/10.1080/10426914.2019.1628266.

[35]	 DONG, H., LIU, Y., LIU, T., et al., “Water-in-oil nanoemulsion dielectric for both rough and finishing 
electrical discharge machining”, International Journal of Advanced Manufacturing Technology, v. 104,  
n. 1–4, pp. 1485–1495, 2019. doi: http://dx.doi.org/10.1007/s00170-019-04028-y.

[36]	 ZHANG, Y., LIU, Y., JI, R., et al., “Sinking EDM in water-in-oil emulsion”, International Journal of 
Advanced Manufacturing Technology, v. 65, n. 5–8, pp. 705–716, 2012. doi: http://dx.doi.org/10.1007/
s00170-012-4210-4.

[37]	 DEWANGAN, S., DEEPAK, S.D., KUMAR, J.S., et al., “Optimization of Micro-EDM drilling parame-
ters of Ti–6Al–4V alloy”, Materials Today: Proceedings, v. 33, n. Pt 8, pp. 5481–5485, 2020.

[38]	 ABIDI, M.H., AL-AHMARI, A.M., UMER, U., et al., “Multi-objective optimization of micro-electrical 
discharge machining of nickel-titanium-based shape memory alloy using MOGA-II”, Measurement, v. 
125, pp. 336–349, 2018. doi: http://dx.doi.org/10.1016/j.measurement.2018.04.096.

[39]	 YANZHEN, Z.Y.L., RENJIE, J., BAOPING, C., et al., “Sinking EDM in water-in-oil emulsion”, Inter-
national Journal of Advanced Manufacturing Technology, v. 65, n. 5–8, pp. 705–716, 2012.

[40]	 DONG, H., LIU, Y., LIU, T., et al., “Water-in-oil nanoemulsion dielectric for both rough and finishing 
electrical discharge machining”, International Journal of Advanced Manufacturing Technology, v. 104,  
n. 1–4, pp. 1485–1495, 2019. doi: http://dx.doi.org/10.1007/s00170-019-04028-y.

[41]	 SINGH, A.K., PATOWARI, P.K., CHANDRASEKARAN, M., “Experimental study on drilling micro-
hole through micro-EDM and optimization of multiple performance characteristics”, Journal of the  
Brazilian Society of Mechanical Sciences and Engineering, v. 42, n. 10, pp. 506, 2020. doi: http://dx.doi.
org/10.1007/s40430-020-02595-w.

[42]	 CYRIL, J., PARAVASU, A., JERALD, J., et al., “Experimental investigation on performance of additive 
mixed dielectric during micro-electric discharge drilling on 316L stainless steel”, Materials and Manufac-
turing Processes, v. 32, n. 6, pp. 638–644, 2016. doi: http://dx.doi.org/10.1080/10426914.2016.1221107.

[43]	 KURIACHEN, B., MATHEW, J., “Experimental investigations into the effects of microelectric- 
discharge milling process parameters on processing Ti–6Al–4V”, Materials and Manufacturing Pro-
cesses, v. 30, n. 8, pp. 983–990, 2014. doi: http://dx.doi.org/10.1080/10426914.2014.984206.

[44]	 TIWARY, A.P., PRADHAN, B.B., BHATTACHARYYA, B., “Investigation on the effect of dielectrics 
during micro-electro-discharge machining of Ti-6Al-4V”, International Journal of Advanced Manufac-
turing Technology, v. 95, n. 1–4, pp. 861–874, 2017. doi: http://dx.doi.org/10.1007/s00170-017-1231-z.

[45]	 CARLINI, G.C., MOURA, C.R., AMORIM, F.L., et al., “On geometrical characteristics of WC-Co 
round cavities after ED-machining with different grades of CuW electrodes”, Materials Research, v. 23, 
n. 2, pp. e20200041, 2020. doi: http://dx.doi.org/10.1590/1980-5373-mr-2020-0041.

[46]	 BILAL, A., PERVEEN, A., TALAMONA, D., et al., “Understanding material removal mechanism and 
effects of machining parameters during EDM of zirconia-toughened alumina ceramic”, Micromachines, v. 
12, n. 1, pp. 67, 2021. doi: http://dx.doi.org/10.3390/mi12010067. PubMed PMID: 33435291.

[47]	 KIBRIA, G., BHATTACHARYYA, B., “Investigation into micro-hole geometrical accuracy during micro-
EDM of Ti-6Al-4V employing different dielectrics”, International Journal of Machining and Machinabil-
ity of Materials, v. 10, n. 4, pp. 310–325, 2011. doi: http://dx.doi.org/10.1504/IJMMM.2011.043090.

http://dx.doi.org/10.35940/ijitee.I8011.078919
http://dx.doi.org/10.35940/ijitee.I8011.078919
http://dx.doi.org/10.3390/pr8091187
http://dx.doi.org/10.1016/j.jmatprotec.2013.12.012
http://dx.doi.org/10.1080/10426914.2019.1628266
http://dx.doi.org/10.1007/s00170-019-04028-y
http://dx.doi.org/10.1007/s00170-012-4210-4
http://dx.doi.org/10.1007/s00170-012-4210-4
http://dx.doi.org/10.1016/j.measurement.2018.04.096
http://dx.doi.org/10.1007/s00170-019-04028-y
http://dx.doi.org/10.1007/s40430-020-02595-w
http://dx.doi.org/10.1007/s40430-020-02595-w
http://dx.doi.org/10.1080/10426914.2016.1221107
http://dx.doi.org/10.1080/10426914.2014.984206
http://dx.doi.org/10.1007/s00170-017-1231-z
http://dx.doi.org/10.1590/1980-5373-mr-2020-0041
http://dx.doi.org/10.3390/mi12010067
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33435291&dopt=Abstract
http://dx.doi.org/10.1504/IJMMM.2011.043090


ZULKEFLEE, M.F.; DZULKIFLI, N.F.; AZUDDIN, M.,  revista Matéria, v.27, n.4, 2022

[48]	 KUMAR, S., DAVE, H.K., DESAI, K.P., “Experimental investigation on performance of different tool 
movement strategies in EDM process for boring operation”, International Journal of Advanced Manufac-
turing Technology, v. 87, n. 5–8, pp. 1609–1620, 2016. doi: http://dx.doi.org/10.1007/s00170-016-8443-5.

[49]	 BASHA, S.M., DAVE, H.K., PATEL, H.V., “Experimental investigation on the quality of electric dis-
charge machined Ti-6Al-4V using bio-oil and biodiesel”, Materials Today: Proceedings, v. 38, pp. 2249–
2255, 2021.

[50]	 KIBRIA, G., SARKAR, B.R., PRADHAN, B.B., et al., “Comparative study of different dielectrics 
for micro-EDM performance during microhole machining of Ti-6Al-4V alloy”, International Journal of 
Advanced Manufacturing Technology, v. 48, n. 5–8, pp. 557–570, 2010. doi: http://dx.doi.org/10.1007/
s00170-009-2298-y.

http://dx.doi.org/10.1007/s00170-016-8443-5
http://dx.doi.org/10.1007/s00170-009-2298-y
http://dx.doi.org/10.1007/s00170-009-2298-y

