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dielectric is introduced as an alternative for this drawback. Kerosene has low
properties especially thermal conductivity, viscosity and, higher heat capacity.
Vegetable oil such as canola oil can be selected as an alternative dielectric fluid. This
work has measured the properties of canola oil including thermal conductivity, heat
capacity and viscosity for possible use as a dielectric fluid. The result shows that the
emulsion of canola oil has the best combination at 35wt% of Tween20 with heat
applied.
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1. Introduction

Electrical discharge machining (EDM) is a non-contact machining process for hard-to-cut
materials. The evolvement of EDM technology, this method greatly used in the manufacturing
industry, electronics industry, fabrication fields including dies, aerospace, tool, surgical field and
automotive [1, 2]. The outstanding performance of EDM can work on simple to complex geometric
shapes, nano-scale to macro, extreme to low temperature, even semiconductive and insulating
materials [3]. The principle is a metal removal controlled process by transforming electric energy to
thermal energy through electrical discharges between the electrode and workpiece with the
presence of dielectric fluid [4]. EDM operates with an electric spark act as the cutting tool to wear
away the workpiece to turn out into desired shape. Material erosion happens with the presence
voltage difference through the electrode to the workpiece, which creates disturbance in dielectric
fluid due to strong electrostatic field.
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Fundamental mechanism of EDM technology have been investigate by many researchers with
some additional aspects of the process that need for enhancing its performance including choosing
suitable material of electrode, medium of dielectric, flushing effect, machining power, polarity of
electrode and many more. Hang et al.,, [5] had investigate the mechanism of sinking electrical
discharge machining using water-in-oil nanoemulsion. They investigated single-pulse discharge by
using W/0O nanoemulsion and kerosene. The results showed when using W/O nanoemulsion critical
discharge gap is larger. Generally, nanoemulsion has higher density and viscosity, which leads to
stronger restrictions to the plasma channel and the motions of bubbles. This caused larger volumes
of melted materials and craters are created. Md Ali et al., [6] studied the performance of different
electrode use. They selected copper, copper tungsten, graphite and brass electrode for machining
aluminium alloy LM6 (AI-Sil2). It can be concluded that high material removal rate with low surface
roughness is created when using electrode graphite. Significantly, copper and copper tungsten
generate high surface roughness with low electrode wear rate. Wear of electrode is prevented during
machining due to its hardness. Electrode that shows low ability to withstand of spark energy and has
the highest EWR is brass. Their study pointed out that melting point and thermal conductivity of
electrode materials effect the quality of output machining. Nazriah and Azli studied the effect of
power supply on material removal rate. Overall, these results indicate that the Flyback power supply
enhanced the steadiness of MRR when compared to Linear power supply. Thus, the production of
micro dimples can be improved due to the machining time is able to be predict. Not only that, there
also researcher that study genetic algorithm to achieve optimum performances of machining [7].

Dielectric fluid takes an important role in electrical discharge machining operations where it
controls the performance of the process. Therefore, to maintain high performance of EDM, there will
be additional effort needed to select appropriate dielectric fluid. When running an EDM, there is a
procedure call flushing, where it is a process of debris removal from the gap between electrode and
workpiece. Besides, dielectric fluid also important to remove gaseous and solid debris from the spark
gap area produce during machining and to maintain temperature of dielectric below its flashpoint.
Schumacher [8] founds if there are too much debris presence within discharge gap, continuous arc
will formed and next will produce unstable machining. As reveal by Uhlmann et al., [9] dielectric fluid
confine tool electrode from workpiece so that current plasma channel creates is at high enough level.
This condition is important to reduce the temperature of heated surface, which next will cause
plasma channel expansion due to counter pressure built. Therefore, to obtain good surface finish,
high accuracy machining and high removal rate with low electrode wear ratio, proper selection of
dielectric fluid is compulsory.

Srinivas et al., [10] had summary desired properties of a good dielectric fluid, including low
specific gravity, toxicity, viscosity and carbon content. Furthermore, they added, to achieve stable
sparking condition dielectric fluid must have high flashpoint, oxygen content, breakdown voltage and
high volatility. Biodegradability characteristic will be added value. Makenzi and lkua [11] stated that
to achieve quick recovery after break down, dielectric fluid should have high dielectric strength. Not
only that, but they also added high-performance machining can be achieved when dielectric fluid has
excellent flushing ability and effective quenching. Dielectric fluid exists in three forms, gaseous, liquid
and vacuum. Different dielectric fluids used in EDM are kerosene, water, mineral oil, transformer oil,
synthetic oil, dielectric liquid with powder additives, air, oxygen, nitrogen, etc. Among three forms of
dielectric fluid, liquid dielectric mostly uses due to their superiority of self-balanced over total or
partial condition of total discharges.

Kerosene is probably the most common dielectric fluid for conventional EDM. Kerosene is being
selected due to its behaviour that has good flushing quality and low viscosity. In contrast, kerosene
has low flash point and very volatile. Due to very volatile, kerosene tends to decompose during
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machining [12]. This cause many hazardous fumes like polycyclic aromatic hydrocarbons (PAHs),
vapor of kerosene, aldehydes, acetylene, and ethylene are generate during the machining process
[13]. In the manufacturing industry, operators are at high risk when expose to those fumes for a
period of time [14]. Moreover, Chen et al., [15] found that, when using kerosene for machining with
EDM, dissemination of carbon occur on the machined surface. They added that carbide is deposited
on workpiece when kerosene is used as dielectric. Not only that, high temperature localized during
machining causes kerosene decomposes to produce carbon, and sticks onto the electrode. In
addition, there are researchers that study machining using kerosene with the addition of powder.
From their studies reveal that debris produced successfully reduced. The material removal depth and
surface roughness also increase. Unfortunately, addition of the powder increase electrode wear rate
[16]. The deposited carbon on the electrode tends to reduce the discharge efficiency. In the nutshell,
kerosene rises a lot of problems during machining including degradation of its properties and
inflammable which can cause fire hazard to the operators. Therefore, further study is needs to search
for replacement for kerosene. However, the implementation of changing the dielectrics has to look
into the surroundings factors to achieve high MRR, low electrode wear ratio and low surface
roughness.

Various attempts study had been done to find new dielectric by researchers to solve issue of
unfriendly environment impact and inflammability effect of kerosene in conventional sinking EDM.
The replacement to the hydrocarbon oil is firstly suggested water-based. Deionized water, has higher
conductivity which will produce lower dielectric strength than hydrocarbon-based dielectric fluids.
Due to that, spark trigger more easily at larger gap compared to dielectric oil. Besides that, water-
based dielectric fluid have higher vaporization heat which transfers more thermal energy during
machining compared to hydrocarbon-based [9]. Furthermore, deionized water has lower viscosity,
higher thermal conductivity and flow rate as compared to hydrocarbon oil. Water-based dielectric
gives higher machining rates but cracks formed on the workpiece. Yukinori et al., revealed that
formation of the surface cracks are caused by thermal stresses over the machined surface [17].
Deionized water reduces the formation of recast layer because of it has low carbon content. In
addition, using deionized water reduces the surface roughness during machining. Yukinori et al., [18]
also agrees that MRR and tool wear are improve when using water-based dielectric. Another
drawback of water-based dielectric fluid is deionization, high tool wear and erosion of the workpiece.

Furthermore, some researchers use vegetable oil as replacement to kerosene. Valaki et al., [19]
use jatropha oil as bio dielectric. They found that there are increasing MRR and surface hardness up
to 38% and 6% respectively. They add the surface roughness also reduced by 23%. Shirsendu et al.,
[20] point out the same result in their study by using neem oil, transesterified jatropha and canola
oil. Ng et al., [21] had explored the uses of canola biodiesel and sunflower biodiesel as dielectric fluid.
They point out that MRR is 114 to 137% higher when using canola biodiesel and sunflower biodiesel.
Not only that, both canola biodiesel and sunflower biodiesel resulted in 27 and 21 % lower TWR when
compared to the conventional dielectric. In addition, Valaki et al., [22] also investigate waste
vegetable oil-based as dielectric fluid. They found that waste vegetable oil gives higher MRR
compares to kerosene. This is due to higher energy density which produce higher breakdown voltage.
They added unwanted arc are minimize and produces an excellent sparking cycle.

To make machining cost economically, there are researchers that mixed water into vegetable oil
with additional of emulsifier. Hang Dong et al., [23] indicate that there are 44.64% increase in MRR
and 40.33% decrease in REWR when using W/O nanoemulsion in sinking EDM compared to kerosene.
Not only that, they also found that surface of machined workpiece shows fewer cracks with thinner
recast. Harmful and toxic gases generate during machining also significantly reduced when using W/O
nanoemulsion dielectric [23]. This finding also supports by Zhang et al., [24]. Experimental results
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revealed that W/O emulsion produces larger peak current and longer pulse duration which leads to
higher MRR compares to kerosene. In addition, water-in-oil emulsion has lower carbon deposited
onto the electrode surface which gives higher REWR. Yonghong et al., [25] had studied w/o emulsion
with different types of emulsifiers used. The result highlighted that emulsion-1 and emulsion-2 used
in EDM show low SR, high MRR, and high discharge gap, when compared with kerosene. However, in
term of electrode wear ratio emulsion-1 show better result that emulsion-2 when compared to
kerosene. In addition, there are researcher that investigate nano-emulsion, Hang et al., [26]. Their
study points out that MRR is 34% higher when compared to kerosene. Furthermore, their finding
shows relatively lower REWR are obtained in rough machining, with better machined surface and
absence of recast layer. Besides that, W/O nano emulsion also has a higher viscosity, which can be
modified by different weight percent of water content. This property produces higher MRR and stable
machining. Nevertheless, W/O nano emulsion still much safer and more environmentally friendly
owing to the addition of water.

Accordingly, using kerosene has low safety and machining efficiency. Besides, it also gives
negative impact to the environment. Previous studies were designed towards stability, improving
surface quality, optimization of machining parameter. Unfortunately, very minimum research on
sustainability issues. This new alternative dielectric fluid is very useful in expanding our
understanding that vegetable oil including jatropha oil, sunflower oil, canola oil, coconut oil, castor
oil, olive oil, and even waste vegetable oil can be used in creating green machining for EDM. However,
very minimum study had been done and still a lot of missing puzzle in developing sustainable
electrical discharge machining. In our case, W/O emulsion was chosen as alternative for dielectric
fluid. In this paper, the composition of water content, thermal conductivity, volumetric heat capacity
and viscosity were studied by comparing them with kerosene and distilled water. In our work, a
systemically experimental analysis of heat property for different dielectrics was performed. The heat
property is analyses by using KD2Pro. The viscosity value at room temperature is also investigated by
using programmable rheometer.

2. Methodology
Water-in-oil emulsion is a mixture of water and canola oil with the presence of emulsifier. While

for emulsifier are Tween 20, Tween 60 and Tween 80, which are hydrophilic emulsifying agents.
Compositions for W/O emulsions are shown in Table 1.

Table 1

Composition of W/O emulsion

No Vegetable Oil Distilled Water Emulsifier

(a) Comparison by different emulsifier 90wt% Canola Oil  10wt% 25wt% Tween 20
90wt% Canola Oil  10wt% 25wt% Tween 60
90wt% Canola Oil  10wt% 25wt% Tween 80

(b) Comparision by different wt% of Tween 20 90wt% Canola Oil  10wt% 15wt% Tween 20

with/without applying heat 90wt% Canola Oil  10wt% 25wt% Tween 20
90wt% Canola Oil  10wt% 35wt% Tween 20

(c) Comparision by different wt% of Tween 80 90wt% Canola Oil  10wt% 15wt% Tween 80

with/without applying heat 90wt% Canola Oil  10wt% 25wt% Tween 80
90wt% Canola Oil  10wt% 35wt% Tween 80

Before the emulsification process, emulsifier is dissolved in the vegetable oil and stirred at
850rpm for 60 minutes. Then, the emulsified oil is mixed with water at 1000 rpm for 60 minutes.
After that, w/o emulsified is poured into a vial for further testing. For part (b) and (c) are further
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stirred at 1000rpm with the presence of heat for 120 minutes at 75°C. The experimental set up is
shown in Figure 1. The thermal conductivity and volumetric heat capacity are measured using
KD2Pro. Viscosity is measured using programmable rheometer and pH value is measured using pH
meter. Thermal diffusivity is the ratio of the thermal conductivity to the heat capacity.

e

Fig. 1. Experimental set up

3. Result and Discussion

Table 2 shows properties of conventional EDM dielectric fluid, distilled water and canola oil.
Properties of EDM fluid will be used as control. This study investigates a vegetable oil that has
properties nearly the same with conventional EDM dielectric fluid, or even better. A key aspect of
high quality EDM dielectric fluid is having high thermal conductivity to assist heat transfer in faster
rate. Equally important, EDM dielectric fluid also must have lower value of heat capacity which will
reduce the energy need to heat the fluid. Besides, EDM dielectric fluid also must have high viscosity
to ease removable of debris during machining. In addition, EDM fluid need high thermal diffusivity
value so that material will response faster to thermal change reaching equilibrium state [27].

Table 2
Properties of conventional EDM dielectric fluid, distilled water, and pure canola oil
. o Thermal conductivity ~ Volumetric Heat Thermal Viscosity

N Dielectric fluid . . H

o Plelectrictivl (W/m.K) capacity (MJ/m3.K)  Diffusivity (m?*/M) P (cP)
1 Distilled Water  0.487 4.056 0.120 7.21 1.06
2 EDM Fluid 0.114 0.777 0.147 5.05 3.28
3 Canola (pure) 0.142 1.208 0.118 4.46 54.2

From Table 2, distilled water has the highest value of thermal conductivity. In contrast, canola oil
has thermal conductivity and heat capacity moderate low and nearly to conventional EDM dielectric
fluid value. Another factor that emerged from the data was viscosity value which important in
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removing debris. Canola oil has the highest number of viscosity value conversely distilled water has
the smallest viscosity.

Tables 3, 4 and 5 indicate the variation of thermal conductivity, heat capacity and viscosity with
different concentration and type of emulsifier respectively. The result for thermal conductivity, heat
capacity and viscosity for different Tween20 weight percent have been depicted in Figure 2. From
Figure 2, it is apparent that 15wt% of Tween20 without heating has the highest value for thermal
conductivity. Also, 15wt% of Tween20 with the presence of heat has the lowest value of volumetric
heat capacity. While, emulsion that show the highest viscosity is 35wt% Tween20 without heating.
As well, 35% of Tween20 with heating shows the highest value of thermal diffusivity. Perhaps the
most significant finding is 35wt% Tween20 with heat applied show the best fit for good EDM dielectric
fluid replacement. This emulsion has moderate value for thermal conductivity, heat capacity and
viscosity. This characteristic will improve the performance of dielectric fluid during actual EDM
machining.

Table 3
Properties of dielectric fluid based on different weight percent of tween 20 used
Dielectric fluid Heat Thermal conductivity =~ Volumetric Heat Thermal oH Viscosity
applied (W/m.K) Capacity (MJ/m3.K)  Diffusivity (m?/M) (cP)

15wt% Tween20 No 0.182 0.590 0.308 8.140 136.800
25wt% Tween20 No 0.149 0.444 0.336 8.260 100.800
35wt% Tween20 No 0.118 0.897 0.132 8.550 220.200
15wt% Tween20  Yes 0.125 0.358 0.349 7.260 58.400
25wt% Tween20  Yes 0.149 0.453 0.329 8.130 89.400
35wt% Tween20  Yes 0.143 0.376 0.380 8.490 133.200
Table 4
Properties of dielectric fluid based on different weight percent of tween 80 used with presence of heat

. . . Heat Thermal conductivity ~ Volumetric Heat Thermal Diffusivity Viscosity
Dielectric fluid . .

applied (W/m.K) Capacity (MJ/m3K)  (m?/M) (cP)

15wt% Tween80 No 0.161 0.620 0.260 6.050 >>500
25wt% Tween80 No 0.173 0.735 0.235 6.390 126.600
35wt% Tween80 No 0.181 0.968 0.187 6.640 199.800
15wt% Tween80 Yes 0.038 0.753 0.050 5.740 75.000
25wt% Tween80  Yes 0.084 0.551 0.152 6.090 109.200
35wt% Tween80 Yes 0.131 0.431 0.304 6.350 154.200

Table 5
Properties of dielectric fluid based on different emulsifier used
Thermal conductivity ~ Volumetric Heat Capacity Thermal Diffusivity Viscosity

Emulsifier—\/m.K) (MJ/mP.K) (m2/M) (cP)

Tween20  0.149 0.444 0.336 100.800
Tween60  0.125 0.581 0.215 138.000
Tweeng80  0.173 0.735 0.235 126.600
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Fig. 2. Comparison of thermal conductivity, heat capacity and viscosity when different weight percent of
Tween20 applied

Figure 3 shows 35wt% Tween80 without heating has the highest value for thermal conductivity.
In contrast, 35wt% Tween80 with heat applied has the lowest value for volumetric heat capacity and
the highest thermal diffusivity. While, for viscosity value, 15wt% Tween80 without heating shows the
highest.
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Fig. 3. Comparison of thermal conductivity, heat capacity and viscosity when different weight percent
of Tween80 applied

Figure 4 and Table 5 show by using different emulsifier will give effect on the value of thermal
conductivity, heat capacity and viscosity. Surprisingly, Tween20 is found can reduce heat capacity
while Tween 80 can increase thermal conductivity value. As well as Tween60 able to improve viscosity
value. Looking at Figure 4 and Table 5, it is apparent that using 25wt% Tween80 has the highest value
for thermal conductivity. In addition, by using 25wt% Tween20 gives the best dielectric fluid in term
of heat capacity. While by adding 25wt% of Tween60 increases the viscosity of the dielectric fluid.
Among these three emulsifier Tween?20 gives the highest thermal diffusivity.
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In general, thermal conductivity decreases with increasing of temperature due to density gradient
created. Then, buoyancy force will be generated that will against the viscous resistance of the fluid.
Which next imbalance thermal will results decreasing in thermal conductivity [28-29]. Thermal
conductivity mostly relies on molecular diffusion effect. In addition, randomness of molecular
movement increases aligns with increasing of temperature. This occlude transportation of heat
across the liquid which causes the thermal conductivity of liquid decreases when temperature
increase. Previous study by Hoffman [30] had successfully demonstrate this pattern, where for all
investigated vegetable oils, the thermal conductivity decreases when the temperature increases.
However, the findings of the current study do not support the previous research. This inconsistency
may be due to this study focus on emulsification, where the system is a mixture of distilled water,
emulsifier and vegetable oil, dispute previous study using pure oil.

Specific heat increases with the increasing in temperature due to expansion of a substance during
heating. Some of the heat absorb are for the expansion of that material against the surroundings
[31]. This study had been unable to demonstrate this early finding. This may due to previous research
using pure vegetable oil. The result of this experiment shows no clear pattern for thermal behaviour,
either thermal conductivity or heat capacity value.

Rojas et al., [32] point out that viscosity of the oils decrease approximately in 3% for each
additional of 1°C. This finding also was early reported by Ullmann [33] where viscosity of oil decreases
by approximately 30% for each 10°C rise in temperature. Significantly, the liquid deflates when
temperature increase. This is due to microscopic level with increasing temperature will increase the
mobility of molecules. Next, will causes decreasing of the efficiency phonon heat transport [30].
Consistent with the literature, this research found that when emulsion being heat, their viscosities
will decrease.
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Fig. 4. Properties of dielectric fluid based on different emulsifier used

From Tables 6 and 7, by increasing weight percent of emulsifier, it will improve emulsion stability
for 24 hours. Only 15wt% of emulsifier fails the stability test for both Tween20 and Tween80. Besides
that, temperature also has effect on stability. For both case Tween20 and Tween80 at 15wt% of
emulsifier, stability improve when the emulsion is heated. These results are concurrent with previous
study done by Komaiko and McClements [34]. They found that temperature do affect the stability of
the emulsions, independent of the preparation method.
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Table 6

Stability test of dielectric fluid based on different weight percent of tween
20 used with/without presence of heat

Dielectric fluid Without heat applied With heat applied

15wt% Tween20

25wt% Tween20

35wt% Tween20
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Table 7

Stability test of dielectric fluid based on different weight percent of tween 80 used
with/without presence of heat

Dielectric fluid Heat' Stability Wlthout heat  With heat applied
applied applied
E
15wt% Tween80 No 5 hours
25wt% Tween80 No Vv
35wt% Tween80 No v

4. Conclusions

The selection of dielectric fluid for EDM is an important task as it reflects the performance,
economic and environmental impact of process. It does not only function to remove melted metal
from discharge gap but also influence the performance of machining. Up to now, a number of studies
were done to improve EDM performance in terms of MRR, surface finish, electrode wear, using
different dielectric fluids like water-based, powder mixed dielectric, water with additives, gas
dielectric, etc. This work has measured the properties of canola oil including thermal conductivity,
heat capacity and viscosity aiming to have a view on the potential of dielectrics fluid. A high-quality
dielectric fluid must have high thermal conductivity to assist heat transfer in faster rate. Our study
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successfully produce emulsion that has higher thermal conductivity that kerosene when using
Tween20 for 15% to 35wt% water content, in contrast the trend not apply when using Tween80.
Whereas for volumetric specific heat capacity must have lower value. This is important to reduce the
energy needs to heat the fluid. Our finding successfully reduces volumetric heat capacity for both
when using Tween20 and Tween80 for all water content percentage. While for viscosity value must
have higher value so that the debris forms are easily removed from discharge gap. For both, using
Tween20 and Tween80 as emulsifier show higher value of viscosity when compared to kerosene.
Unfortunately, this paper has argued that with heat applied, thermal conductivity will decrease and
heat capacity will increase. In contrast, viscosity behaviour does support previous study, where the
viscosity value decrease when heat applied. The current study shows all the viscosity value reduced
after being heated. Among all experiment had been done, canola oil with 35wt% of Tween20 with
heat applied shows the best properties to be selected as replacement for conventional EDM fluid.
Even do this study not supporting previous research, this study somewhat useful finding as previous
study less focus on water in oil emulsion behaviour as alternative EDM fluid. The present study will
serve as a base for future studies in exploring water-in-oil emulsion as replacement for kerosene as
conventional EDM fluid. This is due to W/O emulsion is more safe, efficient, cheaper, and able to
create green manufacturing of sinking EDM next in the future.
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