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Abstract – Carbon nanotube (CNT) and alumina (Al2O3) are synthesized into hybrid composites, and 
an advanced electrical discharge machining (EDM) system is developed for the machining of hard and 
conductive materials. CNT nanoparticles are mixed with Al2O3 powder and the Al2O3/CNT slurry is 
sintered by spark plasma. The hardness and the electrical conductivity of the Al2O3/CNT hybrid 
composite were investigated. The electrical discharge is controlled by a capacitive ballast circuit. The 
capacitive ballast circuit is applied to the tungsten carbide and the Al2O3/CNT hybrid composite. The 
voltage-current waveforms and scanning electron microscope (SEM) images were measured to analyze 
the characteristics of the boring process. The developed EDM process can manufacture the ceramic 
based hybrid composites, thereby expecting the variety of applications. 
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1. Introduction 
 
Electrical discharge machining (EDM) is a manu-

facturing process in which the desired shape of an object, 
called workpiece, is obtained using electrical discharges or 
sparks. [1] The EDM has been introduced systematically 
the EDM so the electrical machining process is classified 
clearly among the machining processes. During the past 
several decades, the EDM technology has been actively 
discussed and rapidly developed in reported studies as a 
new technique in materials processing. The physics of 
discharges in liquids was studied, and reported that carbon 
nanofiber/alumina composites can be sintered by spark 
plasma.[2, 3] The accumulated data from various studies 
have shown that EDM improves the overall precision of 
both the manufacturing process and the machining of the 
composite material(s), which had rarely been the case in 
prior studies such as uniformity and powder mixed 
material.[4, 5] In the case of metals such as tungsten 
carbide (WC) which has high hardness, EDM is much 
more practical than conventional machining because 
temperature is dominant parameter rather than hardness 
in EDM.[6] However, the need for an integrated system 
that combines both micro-machining and measurement 
capabilities has increased and ([7] and [8]) shows the 
micro-factory system. 

In this paper, we propose a pulse-driven EDM power 

system as a method for the machining conductive high-
hardness materials. The hardness and electrical conductivity 
of a developed Al2O3/carbon nanotube (CNT) hybrid 
composite are measured as well as the concentration ratio 
of the CNT. For a comparison of the EDM system using 
different machining workpieces, a WC sample and the 
hybrid composite are bored by rod-type tungsten electrodes. 
The characteristics of the developed EDM system are 
analyzed in terms of the electro-optical measurement 
method. As the workpieces were bored by arc erosion, the 
voltage-current waveforms were measured and their 
analysis is presented. After the analysis of the waveforms, 
the final scanning electron microscope (SEM) images of 
the holes are presented. 

 
 

2. Experimental Composition and Method 
 

2.1 Capacitive ballast discharge 
 
([8] and [9]) introduced relaxation-based RC discharge 

and pulse driven discharge. The pulse discharge is driven 
by transistors. Because power transistors can tolerate larger 
magnitudes of current flow, the switches shown in Fig. 1. 
The switches are connected to an externally controllable 
ballast capacitor. Given that the charged energy is injected 
directly into the workpiece and discharge areas, the 
discharge energy (or machining energy) per pulse can be 
controlled by the voltage and capacitance of the capacitor. 
The amount of charged energy stored by the capacitor is 
estimated using 0.5CV2 J, where C is the capacitance of the 
capacitor and V is the applied voltage. ([10]) reported that 
the associated resistance and capacitance are important 
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parameters for an RC-discharge type EDM as these 
parameters determine the time constant (τ = RC) and the 
discharge frequency. The pulsed behavior of the discharge 
energy in our current EDM design loosens the restrictions 
placed on the RC parameters as compared to the relaxation-
discharged EDM. The pulse-driven EDM can change the 
discharge frequency and the capacitance independent of 
one another. 

Fig. 1 shows the diagram of the EDM power source. 
The external ballast capacitor is controlled by the switching 
devices. Each switching device is an insulated-gate bipolar 
transistor (IGBT, HGTG10N120BND, Fairchild/ON 
Semiconductor). Because ([11, 12], and [13]) reported that 
the IGBT can run a high collector current, the arc discharge 
between the electrode and the workpiece is both stable and 
continuous. This simple circuit does not use a ballast 
resistor, which results in a lower power loss than that for 
the RC-discharge EDM. The ON/OFF control of the 
switching devices is performed precisely by the pulsed 
signal. The discharge frequency is determined by the pulse 
signal, which is connected to the gate of the IGBT. When 
Switch 1 is turned on, the capacitor is charged with an 
independently selected voltage and capacitance. Thereafter, 
the stored energy is released to the workpiece and the 
discharge area by turning on Switch 2. The charging time is 
from 3 μs to 5 μs, the discharge time is from 1 μs to 10 μs, 
and the discharge frequency is from 15 kHz to 50 kHz. 
([14]) presented the more detailed discussion of the circuit 
and the plasma behavior. 

 
2.2 Al2O3/CNT hybrid composite 

 
The α-Al2O3 powders (Al2O3 99.9%, Sumitomo 

Chemical) containing 0.1% MgO and the CNT (Applied 
Carbon Nano Technology Co., Ltd.) are used to prepare the 
Al2O3/CNT composite. The CNT is fabricated by a 
catalytic chemical vapor deposition (CCVD) method. To 
prevent cohesion between each of the CNT and to improve 
the distribution of CNT within the solution, the CNT is 
processed under wet ball milling and ultrasonic dispersion 
in ethanol. The CNT solution is ball milled by using a 
planetary ball milling machine (FRITSCH) with 250 g 
ZrO2 balls (diameter: 5−10 mm) for 5 h at 180 r/min. The 
ball-milled solution is sonicated by using a Sonosmasher 
(ULH-700W, Young Wha Scientific Co., Ltd.) for 1hour to 
achieve non-aggregated and homogeneously dispersed 
CNTs in ethanol. 

The CNT is dried and mixed with alumina powders to 

make Al2O3/CNT mixture such that the volume fraction of 
the CNT is 1%−10%. For homogeneous mixing of the 
CNT and alumina powders, Al2O3/CNT mixture, ethanol, 
and ZrO2 balls (mass ratio of 1:2:5) are ball milled. This 
slurry is dried to eliminate ethanol. The mixture powders 
are put in a graphite mold and are sintered for 10 min at 
1380 °C and 40 MPa by a spark plasma sintering (SPS-
3.20 MK-V, SPS Syntex) process. ([15] and [16]) reported 
the spark plasma sintering is an appropriate method for 
making a composite. Fig. 2 shows the diagram of the 
fabrication procedures of the Al2O3/CNT composite (hybrid 
composite). The electrical conductivity was measured by 
Hall-effect measurements (HMS-3000, ECOPIA). ([17]) 
describes more detailed manufacturing processes. 

 
2.3 Experimental setting 

 
Fig. 3 shows a diagram of the complete EDM system 

that includes a multi-purpose miniature machining tool 
that was developed (Hybrid Precision Co.). The maximum 
travel range of the machinery is 260 (x)×10(y)×100 mm(z) 

Fig. 1. Diagram of the EDM power source 
 

 
Fig. 2. Diagram of the fabrication procedures of the 

Al2O3/CNT composite (hybrid composite) 
 

 
Fig. 3. Diagram of the EDM system 
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with a resolution of 0.1 μm. The workpiece is placed under 
the rod-type electrode, and the discharges occur between 
the electrode and the workpiece. The DC discharge voltage 
from the external capacitor is applied between the electrode 
and the workpiece. A breakdown occurs because of the 
high intensity of the associated electric field. ([18]) 
measured the discharge temperature and the metal is 
removed owing to the extremely high temperatures 
generated by the high-intensity discharges that melt and 
evaporate both of the electrodes. Both the ground (cathode) 
and the DC pulse train are applied to the electrode and the 
workpiece. ([19]) designed precision tabletop versatile 
computer numerical control (CNC) EDM system and 
([20]) showed that the rotating electrode improves the 
temperature distribution and the circulation of the 
workpiece. Therefore, both the workpiece and the electrode 
are moved by the computer numerical control (CNC) 
system while the electrode is rotated by the motor to 
improve the machining accuracy. As the electrode spins, it 
begins to bore holes in the workpiece. In the case of the 
WC workpiece, the grade of the WC is MG18 (ISO code : 
K20-K40), the hardness is 92.3 Rockwell Hardness - a, the 
melting point is 2870 °C, and the boiling point is 6000 °C. 
The electrode is tungsten with a diameter of 300 μm. The 
melting point of tungsten is 3410 °C and its boiling point is 
5530 °C. ([21] and [22]) reported that the dielectric fluid 
aids the discharge and prevents oxidation of the workpiece 
surface. To improve the EDM system, a dielectric fluid 
(IONOGRIND 105, A.H. Meyer & Cie AG) is applied. The 
applied voltage and capacitance of the external capacitor 
were selected to be 100, 150, and 200 V and 100 pF, 10 nF, 
100 nF, and 1 μF. 

 
 

3. Results and Discussion 
 

3.1 Al2O3/CNT hybrid composite 
 
Fig. 4 shows the hardness and the electric conductivity 

of the hybrid composite. As the concentration ratio of the 
CNT increases, the electrical conductivity also increases. 
On the other hand, the hardness of the hybrid composite 

decreases because the CNT particles do not spread 
uniformly. During the last processing step in the hybrid 
composite synthesis, the Al2O3/CNT mixture is sintered. At 
that time, ([17]) reported that the CNT particles do not 
diffuse uniformly as the CNT concentration ratio increases 
and the CNT particles coagulate each other. Hence, as the 
CNT concentration ratio increases, the particles do not 
diffuse uniformly and the hardness of the hybrid composite 
becomes weak. 

 
3.2 Voltage and current waveforms 

 
Fig. 5 shows the voltage and current waveforms 

(WaveSurfer 434, LeCroy) as the EDM machining system 
is processing the (a) WC and (b) the hybrid composite 
workpieces. In the case of the WC workpiece, the applied 
voltage is 200 V and the discharge frequency is 15 kHz. 
During each discharge moment, the actual discharge type is 
an RC- type discharge since the applied power just before 
the discharge moment is DC power. Hence, the discharge 
voltage and current waveforms have a typical RC discharge 
shape. ([1] and [23]) explained and showed typical RC 
discharge. The discharge period is shorter than 800 ns and 
the discharge current is less than 10 A of the peak current 
when the capacitance is 100 nF. In the case of the hybrid 
composite at the same applied voltage, the hybrid 
composite is much harder than the WC and the discharge 
frequency is 20 kHz as the capacitance is more than 10 
times larger than that for the WC. In addition, the duration 
of the discharge period increases to 10 μs and the discharge 
current becomes smaller than 0.5 A owing to the lower 
conductivity of the hybrid material. The electrical 
resistivity of the WC is 2×10-7 Ω·m, but the resistivity of 
the hybrid composite is about 200 Ω·m. As a result, the 
hybrid composite is stronger than the WC but it is also a 
higher resistance material such that the applied voltage and 
frequency increase and the external ballast capacitor also 
adopts a larger capacitance. In spite of the higher input 
power, a much longer machining time is required than that 

  
Fig. 4. Hardness and electric conductivity of the hybrid 

composites according to a CNT concentration 

Fig. 5. (a) Waveforms of the anode voltage (blue solid line) 
and the discharge current for WC. Red dashed line, 
magenta dotted line, and orange dash-dotted line 
represent the discharge current at 100 nF, 10 nF, and 
100pF, respectively. (b) Waveforms of the anode 
voltage and discharge current for capacitors of 
values 1 μF, 100 nF, and 10 nF in the same order for 
the hybrid composite workpiece 
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required in the WC case. Discharge is generated at that 
instant when the applied voltage is a DC voltage. The 
discharge type is an RC-type discharge; however, the 
discharge voltage and current are different than those in the 
WC case. Now, the discharge current is proportional to 
discharge voltage owing to the high resistivity of the 
hybrid material. As a result, the waveform resembles the 
typical V = IR curve. Therefore, the dominant factor of this 
discharge is the resistance. 

There are differences between the two workpieces in 
terms of the value of the capacitance in the system. Table 1 
shows the discharge energy per pulse. The current was 
measured at the tungsten electrode and the voltage was 
measured at the workpiece. For the WC workpiece, the 
applied capacitance was 100 pF, 10 nF, and 100 nF, and the 
discharge energy per pulse was 18.619, 151.585, and 
185.315 μJ. The theoretical discharge energy is 2 μJ 
when the capacitance is 100 pF; however, the measured 
discharge energy is much higher. This is attributed to the 
internal capacitance between gate and cathode of the IGBT 
and the gate driving circuit. The inner capacitance of the 
IGBT is hundreds of picofarads. This inner capacitance 
adds to the external capacitor and results in an increase in 
discharge energy. A capacitance that is at least more than 1 
nF is necessary to eliminate the effect of the inner 
capacitance of the IGBT. 

As the capacitance rises from 10 nF to 1μF, the 
discharge energy is increased but the energy saturates. 
There is a big difference between the calculation of the 
stored energy in the capacitor and the measured discharge 
energy. The stored energy at the capacitor is approximated 
as CV2/2 so that the energy varies from 2 μJ to 20 mJ when 
the capacitance varies from 100 pF to 1 μF. Theoretically, 
if the capacitance increases by a factor of 10, the discharge 
energy should increase by a factor of 10, but instead the 
discharge energies are still observed within the 200 μJ 
regime. This is related to the transient switching loss of 
IGBT. There is a voltage drop between anode and cathode 
of the IGBT which means part of the stored energy at the 
capacitor is consumed in resistivity component of the 
switching device. The voltage drop gets higher as the 
change of current gets bigger. Fig. 6 shows voltage 
difference between the output terminal and anode of the 
IGBT. ([24]) reported that this phenomenon is the unique 
characteristics of the IGBT.  

As a result, the discharge current is not proportional to 
the capacitance of the capacitor. Similar phenomenon 

occurs for the hybrid composite. In the case of the hybrid 
composite, the applied capacitance is 10 nF, 100 nF, and 1 
μF, and the discharge energy per pulse is 149.858 μJ, 
191.682 μJ, and 233.534 μJ. The reasonable capacitance of 
the EDM processing is 1 nF – 100 nF.  

 
3.3 Micro-hole machining 

 
Figs. 7 and Fig. 8 show the consequences of EDM using 

a field emission scanning electron microscope (FE-SEM). 
The workpiece shown in Fig. 7 is the WC. The capacitor 
values were 100 pF (a), 10 nF (b), and 100 nF (c), and 
frequency was 15 kHz. At 100 pF, the diameter of the top 
side where the hole boring started is 388 μm and the 
bottom side is 303 μm. The difference in diameters is 
caused by side discharges between the side of the electrode 
and the inside of the hole and these differences become 
larger when the frequency becomes higher. ([25]) reported 
that more frequent discharges make higher taper angle and 
less taper indicates better dimensional accuracy. When the 
capacitor value changes to 10 nF and 100 nF, the diameters 
of the top side and the bottom side are 389/316 μm and 
384/294 μm, respectively. The results of the hybrid 
composite are presented in Fig. 8. As previously mentioned, 
the rod-type electrode was used at the same size and the 
frequency was increased to 20 kHz. The machining time 
required is much longer than that in the WC case and the 
tungsten electrode is severely worn such that the features 
of the bottom side holes are not circular or continuous. In 
this image, a mass of CNTs, which were condensed by heat, 
is observed. The long discharge time and huge amount of 
discharge energy result in a larger size of the bored hole. 
The top side diameters of the holes are 373, 443, and 480 
μm when the capacitor values are 10 nF, 100 nF, and 1 μF, 
respectively. From these results, it is evident that the hole 
size is significantly affected by the capacitance.  

Table 1. The discharge energy (in Joules) per pulse for 
each workpiece 

 
Fig. 6. The voltage difference between anode and cathode 

(Output terminal) of the IGBT. This means part of 
the stored energy at the capacitor is consumed in 
resistivity component of the switching device. The 
voltage drop gets higher as the change of current 
gets bigger. It is the unique characteristics of the 
IGBT 
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Fig. 7. SEM images of hole boring on the WC. Capacitor 

values are 100 pF (a), 10 nF (b), and 100 nF (c) and 
the frequency is 15 kHz 

 

 
Fig. 8. SEM images of hole boring on the Al2O3/CNT 

hybrid composite for 10 nF (a), 100nF (b), and 1 µF 
(c) 

 
 

4. Conclusion 
 
The Al2O3/CNT hybrid composite is developed and 

processed by the EDM system. The discharge energy is 
controlled by the capacitive ballast, which was found to 
have reasonable behavior for capacitance values from 1 
nF to 100 nF. The electrical conductivity of the hybrid 
composite increased while the hardness decreased, and it 
depends on the CNT’s concentration ratio. According to 
the voltage-current waveforms, the conductivity of the 
workpiece is a dominant factor in terms of the electrical 
discharge characteristics. To achieve high-quality machining, 
short discharge durations and smaller discharge energies 
are required, and thus, a smaller size electrode and 
higher frequency discharge could provide improved 
results. The run out of the electrode is also an important 
parameter of the taper ratio. These results show the 
potential of the hybrid composite for use as an outstanding 
durability component, and more finely manufactured 
CNT particles will enable the production of more elaborate 
products. 
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