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Abstract: Micro-electrical discharge machining (µEDM) has been proved to produce high surface quality results in Si 
machining. In previous studies, the researchers reported the Si machining using the µEDM with several strategies such as 
plating, doping and temporary coating process to be machined by the µEDM. This paper reports a numerical simulation of 
MRR performance results using COMSOL Multiphysics. The effects of the machining temperature in Si machining using heat-
assisted µEDM on achieving the optimum MRR results is studied. The simulation results showed the highest MRR is 1.48666 
× 10-5 mm3/seconds achieved at 250 °C. 
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1. INTRODUCTION 

Si wafers is a superior material that easily to control 
precisely its mechanical and electrical properties [1, 2]. 
Moreover, the Si is known as a hard to machine materials 
due to its high brittleness [3]. As a result, in chemical 
etching process, the Si machining is limited to two-
dimensional only. Most of the microelectromechanical 
system (MEMS) devices and applications required a three-
dimensional (3D) microstructures which enables by non-
conventional machining techniques such as ultrasonic, ion-
milling and laser beam to address the limitations of the 
chemical etching. However, these techniques cause 
thermal damage [4], crack formation [5] and resulted in 
low material removal rate (MRR) [6]. The µEDM is one of 
non-conventional machining techniques to machine 
structures of Si wafer regardless of its crystal orientation 
[7] and hardness [8]. The µEDM is widely used on 
conductive materials and also applicable to the non-
conductive materials like semiconductors [9] and ceramics 
[10]. The researchers reported on the Si machining using 
the µEDM with the assisted of plating [11], doping [12] 
and coating [13] process to change the Si to become 
conductive before being machined by the µEDM. These 
techniques caused the changes of Si material properties. 
The new develop machining techniques, heat-assisted 
µEDM has been introduced by Daud et al. [14] which 
applied the heating temperature to the Si wafer to change 
its electrical conductivity and enable the machining 
process. The machining temperature have been applied in 

five different temperature to study the effect of 
conductivity to the µEDM machining performances. 

This paper proposes numerical simulation of the multi-
spark to design a model for the heat-assisted µEDM 
process, and to analyze the MRR performances.  A heat 
transfer module in the COMSOL Multiphysics 5.5 was 
used to develop the numerical simulation of the single, or 
multi-spark model of the heat-assisted µEDM process and 
MRR. The following sections discuss the model’s 
description, assumptions, and results of the simulation that 
were implemented using the COMSOL Multiphysics 
software. 

2. NUMERICAL SIMULATION OF MRR DESIGN 

The designed model could estimate the cavity depth, cavity 
volume, and temperature distribution of the workpiece’s 
surface during the machining process, depending on the 
parameter settings, as per Table 1.  Figure 1 shows the 2D 
physical domain to be used for a single spark simulation. 
The multi-spark simulation also used the same physical 
domain, except that the location of the sparks were from 
initial to final locations, compared to the fixed position of 
the single-spark simulation.  

Table 1. Parameter settings used in the simulation. 
 

Parameter settings 
(simulation) 

Value 

Spark radius, Rsp (tool 
radius) 

150 µm 
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Spark duration (pulse-on 
time), td 

30 µs  

Melting temperature, Tm 1414 °C 
Density, D 2330 kg/m3 
Heat fusion 1787 kJ/kg 
Open-circuit voltage, V 100 V 
Capacitance, C 10 nF 
Discharge energy, DE 0.5 * C * V2  
Proportion of discharge 
energy per pulse, ƞ	 

0.39 

Heat flux, qw  4.5 * ƞ * E / (td * π * Rs
 2)  

Ambient temperature, T˳ 250 °C  
 

 

Figure 1. Schematic diagram of single spark of µEDM. 

 

2.1 Assumptions  

The simulation model aimed to predict the fundamental 
parameter for the µEDM process, which is the MRR. There 
are some assumptions which were considered in the 
COMSOL Multiphysics simulation, to simplify the 
modeling process. In this numerical simulations, the 
following assumptions were considered [15]: 

1. The Electrode’s surface is initially flat.  
2. The electric field's intensity between the electrodes are 

influenced directly by the inter-electrode gap, as the 
dielectric, which is free of impurities, reionizes 
completely after a discharge. 

3. A single discharge results from a single electrical pulse 
input. 

4. The conduction process is essential for the heat transfer 
to the workpiece, and the DE is constant at the 
workpiece for a fixed parameter setting. 

5. The workpiece material is assumed to be homogeneous 
and isotropic. The thermophysical properties of the 
workpiece are temperature independent. 

6. The DE is assumed to be at a maximum value. 

2.2 Simulation model 
The heat conduction equation involved the fraction of the 
DE to the workpiece, which is applied onto the bulk 
material. The boundary conditions receive the heat flux 
according to the Gaussian distribution of the input energy 
for the distance of the heat source from the center, x, which 
is less than the radius of the spark, Rsp. The effect of the  

conduction heat is melting and evaporation of the 
workpiece material. The heat conduction equation is 
expressed in Equation (1): 
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where, x, y and z are the coordinates of the cylindrical work 
domain, T is the temperature, Kt is the thermal 
conductivity, 𝐷 is the density, and Cp is the specific heat 
capacity of workpiece material. 

The boundary conditions during the pulse-on time are 
expressed in Equation (2): 
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where, Ts and 𝑇8	are the temperatures of the workpiece 
adjacent to the cavity boundary and the ambient 
temperature, and h is set at 10 W/m2, which represents the 
convective heat transfer coefficient. 

The heat 𝑞> is the Gaussian distribution of the heat flux 
proposed by Patel et al. [16] to predict the heat value to the 
workpiece and the maximum heat flux, 𝑞˳  which is 
expressed by: 

 
 

𝑞>(𝑥) = 𝑞8 ∙ 𝑒𝑥𝑝 −4.5 #
:;<

E
               (3) 

 
Equation (4) shows the empirical equation, which is the 

approximate radius expanded with the pulse-on time: 
 
𝑅7. = 0.0284 𝑡K 8.LMMN                                (4) 

 
where,  𝑡K represents the pulse duration (pulse-on time) in 
microseconds, V is the open-circuit voltage, and 𝐼 is the 
discharge current (A). The maximum heat flux, q0 (W/m2) 
at x = 0 is calculated using the following equation: 
 

𝑞8 = 4.5 P	∙Q
%R∙S∙:;<T

                (5) 

 
where, 𝜂 is 0.39, which represents the proportion of the DE 
per pulse, distributed to the workpiece and the present 
model. The DE per pulse, E, is expressed by the following 
Equation (6): 
 

𝐸 = M
E
∙ 𝐶 ∙ 𝑉E                   (6) 

 
where, C is the capacitance value, and V is open-circuit 
voltage. For the thermal ablation model, the thermal 
conduction of the incident heat flux to the workpiece 
increases, which is caused by the cavity to the form, 
because of the melting and partial evaporation process. 
The thermal ablation model assumes that when the 
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temperature of the material exceeds the melting point, the 
flushing efficiency is completely removed from the cavity. 
In a real situation, the molten material is swept away by 
the dielectric fluid, which is defined as the convective heat 
flux in the numerical simulation. During the pulse-off time, 
the cavity is expressed according to the following Equation 
[17]: 

 
−𝐾 "&

"(
= 𝑞X = ℎX 𝑇Y − 𝑇8 							 𝑥 ≤ 𝑅7.       (7) 

 
where, 𝑞X is the convective heat flux (W/m2), 𝑇Y is the 
melting temperature, 𝑇[ is the ambient temperature which 
is equal to 250 °C (change based on heater’s temperature), 
and ℎX represents the temperature dependent convective 
heat transfer coefficient. In this model, the temperature-
dependent is considered for the deriving the convective 
heat transfer coefficient. The value of ℎX is defined as 
follows: 
 

ℎX =
				0,															𝑇 < 𝑇Y
ℎX ∝ 𝑇,					𝑇 ≥ 𝑇Y

     (8) 

 
The volume of material in the cavity above the melting 

temperature releases heat because through convection, 
which is the same as that of the convective heat flux. The 
normal convective velocity, Va, is the rate required to 
generate a cavity using a solid boundary, under the 
influence of the heat flux erosion, which is defined as 
follows: 

 
𝑉X =

_`
a∙b

       (9) 

 
where, H represents the latent heat of the melting (kJ/kg) 
and D is the density of the workpiece (kg/m3). 

3. RESULTS AND DISCUSSION 
This section presents the numerical simulation of the heat-
assisted µEDM using the thermal conduction and thermal 
ablation model. The physical properties of the Si wafer (n-
type; resistivity 1-10 Ω.cm) from the heat transfer module 
in the COMSOL Multiphysics 5.5, were used as workpiece 
properties in this simulation. The tool size of the brass 
material with 300 µm in diameter was used to machine a 
100 µm depth for each cavity. The parameter settings 
concerning the resistance-capacitance (R-C) circuit in this 
study were 100 V and 10 nF, resulting in a value of 50 µJ. 
The R-C fundamental circuit equations determine the 
charging time or pulse-off time, which is assumed as the 
pulse-on time (discharge time) which is half of the pulse-
off time. For machining of the workpiece, different 
temperature ranges of 30, 50, 100, 150, 200 and 250 °C 
were applied to the Si workpiece. By applying the Gauss 
distribution of the heat flux input to the workpiece, the 
cavity diameter and depth were formed.  Figure 2 shows 
the details of the temperature distributions on the machined 
cavities at 200 °C. The temperature scale represents the 
steady-state temperature of the workpiece after the 
removal of the molten liquid.   

 

 
Figure 2. Simulated of finished multi-spark cavity at 

200 °C. 

In this study, the numerical simulation for a single-
spark, i.e., the variation of the cavity depth influenced by 
the applied temperature to the workpiece was studied. 
Figure 3 shows the simulation results of the cavity depth 
vs the machining time. The cavity depth shows an 
increasing trend due to the increasing temperature, which 
allows the sparks to remove the material during the 
machining process. This trend is similar to that of the other 
three temperatures, as shown in Figure 3.7a-c.  In terms of 
material removal, when the applied temperature increases 
in the machining process, the volume of material removed 
per pulse increases. The increment of the volume of 
material due to the applied temperature changes the Si's 
conductivity levels to enable a higher machining rate. 
Figure 4 shows the machined volume against time at three 
different temperatures, i.e., 50, 150 and 250 °C. The 
temperature effects the depth and machined volumes of the 
cavities, thus, the cavity’s depth and machined volume 
increases with an increase in the temperature of the 
workpiece. Table 2 shows the volume of the machined Si 
across all six temperatures, which represents an increment 
with time.  
 

 

Figure 3. Relationship of cavity depth and machining 
time (a) 50 °C (b) 150 °C and (c) 250 °C. 
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Figure 4.  Machined volume (simulation) at (a) 50 °C (b) 

150 °C and (c) 250 °C.                                                 

Table 2. Simulation results of machined volume and 
MRR. 

Temperature Machined 
 volume (mm3) 

     MRR (mm3/sec) 
30 1.9085 × 10-3 6.36167 × 10-7 

6.36167 × 10-7 
 

50 3.6175 × 10-3 1.20583 × 10-6 
1.20583 × 10-6 

 
100 7.2759 × 10-3 2.79842 × 10-6 

2.79842 × 10-6 
 

150 7.3294 × 10-3 3.37294 × 10-6 
3.37294 × 10-6 

 
200 7.3463 × 10-3 7.50388 × 10-6 

7.50388 × 10-6 
 

250 7.3441 × 10-3 1.48666 × 10-5 
 

 
Additionally, the single-spark typically lacks an 

unavoidable phenomenon, such as the precise position of 
the spark’s occurrence, exact cavity overlap between two 
adjacent cavities, and the rate of machining for a single 
layer removal. In the single-spark simulation, the diameter 
of the cavity and the total time for the single-spark is used 
to calculate the number of sparks, and the total machining 
time. However, to study the machined surface, the 
machining surface characteristics need to be analysed in 
the multi-spark machining. This is because of a high 
frequency of the multi-spark, which presents spark 
erosions at multiple points on the workpiece, one after the 
other. Using the COMSOL Multiphysics 5.5, the heat 
transfer module, the position, and the duration of the spark 
were controlled. The total machining time, which is similar 
to the simulation time, was evaluated by the total number 
of sparks, and the total time of a single-spark. Thus, in this 
study, the multi-sparks were evaluated and summarized 
based on three temperatures: 50, 150 and 250 °C. Figure 5 
illustrates the 2D surface of cavity depth based on the 
percentage of the total machining time. After 25, 50, 75 
and 100 %, the cavity’s depth profile is shown in Figure 
5(a)-(d), respectively. In the early phase of the cavity’s 
depth, 25 % of the total machining time can be observed in 
Figure 5(a). The final workpiece’s surface depth is shown 
in Figure 5(d). By applying heat to the workpiece, the 
removal layer is machined layer-by-layer from the Si 
workpiece to reach the required depth. The temperature 
profile of 50 % (Figure 5(b)) and 75 % (Figure 5(c)) show 
the machining depth after half and three-quarter of the total 
machining time. Based on the simulation results, at the 
temperature of 50 °C, the final cavity depth is removed to 
about 50 µm only (150 – 100 µm), which indicates that the 
temperature of 50 °C is not sufficient for µEDM.  

   

 
Figure 5.  Cavity depth of the machined cavities (a) 25 %, 
(b) 50 %, (c) 75 % and (d) 100 % at 50, 150 and 250 °C. 

 

Figure 6 shows the 3D temperature profile distribution 
of the cavities at 50, 150, 250 °C. The temperature profile 
shows the heat transfer process inside the cavity against the 
temperature scale, was red, of which the highest top layer 
indicated a value of about 1400 °C, which is the Si’s 
melting point temperature. This means that the melting 
point had been reached and was able to remove the 
workpiece during the sparking. Figure 6(a-d) represents 
the workpiece’s temperature profile after quarter, half, 
three-quarters, and the whole of removal of the layer. The 
temperature profile was simulated by applying the 
temperature to the workpiece’s surface, and then removing 
it layer-by-layer, with the spark gap interval between the 
tool and the workpiece, set to about 5 µm. The machined 
profile at 100 % visualized each temperature setting, as the 
final cavity depth which could be achieved. The results 
proved that the machining temperature highly influenced 
the µEDM’s performance in terms of the MRR. 
 

Figure 6.  Temperature profile at (a) 50 °C (b) 150 °C and 
(c) 250 °C. 



Noor Dzulaikha Daud et al. / ELEKTRIKA, 20(2-2), 2021, 15-19 

19 

4. CONCLUSION 
The dependence of the machining temperature on the MRR 
performances of heat-assisted µEDM was studied using 
numerical simulation analysis. The effect of the 
temperature on the cavity depth and temperature profile 
was analyzed for lightly doped Si wafer. The simulation 
results showed the machining temperature gives 
significant results on the heat transfer process. The 3D 
images of machined cavities on temperature profile with 
varying temperature and depth removes due to different 
machined volume. The machined cavities with different 
machining temperature (100, 150, 200 and 250 °C) showed 
full removal of 100 µm depth except for 30 and 50 °C, 
which concluded as not allowable temperature for the heat-
assisted µEDM setup. The novel numerical simulation of 
Si machining on MRR results helps to improve the quality 
of the µEDM machining applications.         
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