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ABSTRACT: The paper deals with comparative study through Finite Element Method (FEM) of thermal front movement during 
pulse time at classic microelectrical discharge machining (EDM) and microEDM aided by ultrasonic longitudinal oscillation of 
electrode-tool/ workpiece (EDM+US), normal on machined surface. At EDM, the dynamics of boiling isothermal displacement was 
considered as relevant for material removal mechanism. At EDM+US, due to cavitational phenomena ultrasonically induced in the 
working gap, the melting isothermal movement was analyzed, being critical in the same context. In order to increase the results 
precision, the radii of plasma channel and gas bubble surrounding was considered as time function in the frame of FEM. The results 
were compared with experimental data obtained at application of both variants of EDM. FEM results are relevant in case of micro 
and submicro-machining, offering some solutions for pulse delivering moments relative to elongation of ultrasonic oscillation. 
KEY WORDS: Finite Element Method, ultrasonics, micro-electrical discharge machining. 

1. INTRODUCTION 
Modelling of very intricate mechanism of material 
removal mechanism at electrical discharge 
machining aided by ultrasonic oscillations of 
electrode-tool or workpiece (EDM+US) is essential 
to achieve spectacular improvement of the main 
technological parameters. Applying of EDM+US 
technology proved to be useful at micromachining - 
where the working gap (sF) of several micrometers 
creates very difficult machining conditions - in terms 
of machining rate, precision/volumetric relative 
wear, and surface quality [1], as well as new 
materials with low machinability [2]. 

2. MODELLING PARAMETERS 

Several models were considered as starting point for 
this paper approach, which is focused on thermal 
front development during pulse time, aiming at 
correlation between discharge moment and 
ultrasonic oscillation.  
 

 
 
 
 
 
 
 
 

 
Figure 1. Modelling parameters at µEDM removal mechanism 

In order to increase the precision of Finite Element 
Method (FEM) results applied at modelling of 
EDM+US material removal mechanism justified in 
case of micromachining, a time dependent model 
was built concerning radii of plasma channel and gas 
bubble formed around plasma channel with the 
corresponding parameters presented in fig. 1:  rpc (t) 
- radius of plasma channel, which is narrowed at 
cathode zone; rAs (t) - anode spot radius produced by 
plasma channel on the anode surface; rCs (t) - 
analogous cathode spot radius; rgb (t) - radius of gas 
bubble; rAgb (t) – gas bubble radius on anode surface; 
rCgb (t) – homologous radius on cathode spot. These 
elements are critical since they determine the main 
boundary conditions of the model, and consequently 
having strong influence of FEM results. 

The removed volume by discharge from anode and 
cathode material is bordered by melting isothermal 
in case of classic EDM. This assumption is 
supported by overheating model in different 
variants. 

The model of over heating – applied in this paper –
with 200-300 K above the normal boiling 
temperature means that EDM spot temperature on 
anode/cathode, in contact with plasma channel, 
cannot exceed the limit mentioned above [3]. This is 
due to increased pressure produced by plasma 
channel formation during pulse time. In this study, 
the temperature on EDM spot was taken 3473 K for 
steel machining, in particular, X210Cr12. The rapid 
drop of the pressure just at the end of pulse produces 
the material removal at classic EDM.  
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Therefore, under these conditions, the crater volume 
is bordered by boiling isothermal of 3273 K in case 
of steel, implying the following geometric 
parameters at anode and respectively cathode (fig. 
1): depths hAr, hCr and radii rAr, rCr. 

Switching off the discharge current causes a collapse 
of the plasma channel that was also reported by 
Lazarenko and Zolotich, parents of EDM. They have 
shown that sudden low pressure after discharge 
reduces the boiling temperature of the melted 
material of electrodes and the material is vaporized 
or explosively erupted by hydro-mechanical forces 
[4, 5]. This is in agreement with reference Van 
Dijck’s model [3]. 

Regarding the plasma channel evolution, there are 
different relations through which the plasma channel 
radius could be calculated  as [6, 7]. Our previous 
researches pointed out that Kiyoshi Inoue’s model is 
closer to reference experimental data [8], in which 
rpc variation was defined by following relation [9]: 

ipc tkr ⋅=   [µm]                   (1) 

where: ti is pulse time [µs]. 

The above relation was adapted for present FEM 
modelling as it follows: 

ipc t004695.0r ⋅=    [m]                        (2) 

Regarding the gas bubble dynamics, when working 
with step current I=10A, pulse time ti=10 μs, and 
atmospheric pressure, gas bubble radius was 
determined at maximum extension of 0.9 mm at 100 
μs from pulse start [3].  

For machining conditions relatively close to the ones 
of present study, this model is confirmed by high 
speed framing camera (HSFC) [10]. The gas bubble 
volume is determined mainly by current step, and 
secondly by pulse time. Some data provided in [10] 
led to the variation of gas bubble radius from fig. 2: 
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Figure 2. Gas bubble radius variation extrapolated from 

experimental data provided by HSFC at 0.8 A current step  

Since the gas bubble life time lasts that long after 
pulse end, more than 100 μs, the melted material by 
discharge is already long time before resolidified 
[3]. So the main mechanism for material removal 
remains boiling, just after the pulse end due to 
sudden fall of surrounding pressure in working zone. 

In case of EDM+US, the gas bubble collapses due to 
increased pressure from the gap as elongation 
changes its sign at the final on oscillation period, 
respectively at the end of dielectric liquid stretching 
semiperiod, capillary phenomena occurring. This 
moment named cumulative micro-jets stage is due to 
collective implosion of the bubbles from the gap, 
generating shock waves with pressure of 100 MPa 
order of magnitude.  Our experiments pointed out 
that such high pressure is able to stop the discharge, 
and then dielectric hydraulic forces can remove the 
material in melting state. Thus the volume border 
removed by discharge is determined by melting 
isothermal position at cumulative microjets moment, 
whose parameters depths hAr, hCr and radii rAr, rCr are 
much greater than at classic EDM. Ultrasonics can 
also remove the material by shearing the 
micropeaks, decreasing Ra surface [8], and 
implicitly the craters dimensions (see fig. 6). 

2. EXPERIMENTAL DATA 
Micro-machining of samples from X210Cr12 steel 
was achieved on Romanian ELER 01 machine with 
a specialized generator, using cylindrical electrode-
tool diameter of 0.8 mm from copper. The images of 
machined surfaces were obtained using a Reichert 
Univar microscope and Buehler OmniMet Enterprise 
specialized software (fig. 3, 5).  

 
Figure 3. Micro-topography of EDMed surface with       

Ra=0.8 μm at I=0.8A, ti=6μs, to=4μs, positive polarity 

 
Figure 4. Mean dimensions of crater at I=0.8A, ti=6μs, to=6μs, 

positive polarity 
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The crater depths were measured by a surface 
measurement instrument, “Surtronic” Rank Taylor 
Hobson. The profiles with mean dimensions of 
microcraters obtained are presented in fig. 4, 6. 

 
Figure 5. Micro-topography at EDM+US with Ra=0.45 μm    

at I=0.8A, ti=6μs, to=4μs, positive polarity, PcUS=100 W 

 

 
Figure 6. Mean dimensions of crater at I=0.8A, ti=6μs, to=4μs, 

positive polarity, PcUS=100 W 

The microtopography and the average profile of 
microcraters obtained at classic micro-EDM+US 
with consumed power on ultrasonic chain, 
PcUS=100W are presented comparatively in fig. 5, 6. 

3. COMPARATIVE FEM MODELLING 
The influence of time dependent plasma channel, 
and gas bubble radii within removal mechanism was 
studied by the logical scheme from fig. 7.  

 

 

 

 

 

 

 

 

 
 

 
Figure 7.  Scheme of the approached strategy at FEM 

modelling 

The dimensions from fig. 4 and 6 are taken as 
reference for FEM modelling validation.  

Comsol Multipysics, Heat Transfer in Solids, Time 
Dependent with Parametric Sweep as pulse time 
were used to determine positions of the thermal front 
in X210Cr12 produced by discharge in case of both 
variant of classic and ultrasonic aided EDM. The 
parameters defined in global definitions for the most 
complex model (4) are shown in fig. 8, all 
representing the corresponding dimensions of items 
on cathode spot (positive polarity), based on 
mathematical models issues previously presented. 

 
Figure 8. Parameters defined for time dependent radii of gas 

bubble and plasma channel model 
The dimensional space 2D/axis symmetric is used, 
in which is created the initial microgeometry 
resulted from previous discharges during EDM 
process, characterized by parameters acr, bcr, and rms; 
the last one is due to resolidified material melted by 
discharge on the craters borders, specific to positive 
polarity and commanded pulses (fig. 3, 5). The 
moving mesh with free triangular elements, much 
finer in spot adjacent zone, needed to time 
dependent radii of plasma channel and gas bubble, is 
presented in fig. 9, with its corresponding statistics. 

 
Figure 9.  Geometry and mesh at time dependent radii of 

plasma channel and gas bubble modelling of EDM / EDM+US 

Constant 3473 K  temperature  on cathode spot, 
(circle with rpc radius), thermal isolation on area 
covered by gas bubbles (circle with rgb radius), and 
convection cooling on workpiece periphery 
immersed in dielectric liquid with 313K were 
considered for boundary conditions (fig. 10). 

20 μm 

1.8
 μ

m 

 ti, acr, bcr, rms, hwp, rwp, rpc(t), rgb(t) 

Model 1: rpc=ct., rgb=ct. 

Model 2: rpc(t), rgb=ct. 

Model 3: rpc=ct., rgb(t) 

Model validation
Yes 

No
 

Model  of thermal front dynamics  

Solutions for pulse delivering 
relative to US elongation 

Model 4: rpc(t) , rgb(t) 

Model validation

resolified 
material 

Moving boundary   
of plasma channel 

Moving boundary   
of gas bubble 



  

 47

 
a) EDM spot  - 3473 K 

 
b) Gas bubble – thermal isolation 

 
c) Dielectric liquid – convective cooling, 313 K 

Figure 10.  Boundary conditions at model with time dependent 
radii of plasma channel and gas bubble 

The boundary conditions are similar at simpler models (1, 
2, 3) enable to exert the corresponding influence on 
material removal mechanism. 

4. ANALYSIS OF FEM RESULTS 
The FEM results of the first model with constant 
radii of plasma channel and gas bubble provided the 
position of boiling thermal after a single discharge 
as it presented in fig. 11.  

 
a) 3D image of boiling isothermal 

 
b) Transversal section of boiling isothermal in plane xz 

Figure 11.  Position of 3273 K boiling isothermal at Model (1)            
of constant plasma channel and gas bubble radii at pulse end of 

ti=6 µs, rpc=12.5 µs, rgb=0.5 mm 
The results of next stage modelling with time 
dependent radius of plasma channel are presented in 
fig. 12. 

 
a) 3D image of boiling isothermal 

 
b) Transversal section of boiling isothermal in plane xz 

Figure 12.  Position of 3273 K boiling isothermal at Model (2)            
with time dependent radius of plasma channel                          

at pulse end of ti=6 µs 
In case of model (2) with time dependent radius of 
plasma channel, it can be observed that boiling 
isothermal margins, which determine the crater size 
at classic EDM size, are closer to reference data than 
boiling isothermal margins determined at Model (1), 
difference between models being more than 10 µm. 

The next stage, following the approached strategy of 
modelling, is the time dependent radius of gas 
bubble. Its FEM results are presented in fig. 13. 

 
a) 3D image of boiling isothermal 

 
b) Transversal section of boiling isothermal in plane xz 

Figure 13.  Position of 3273 K boiling isothermal at Model (3)            
with time dependent radius of gas bubble                               

at pulse end of ti=6 µs 
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As one can see, in case of time dependent radius of 
gas bubble, the crater margins defined by position of 
boiling isothermal are only a little closer (difference 
in submicron range) to that of constant radius of 
plasma channel and gas bubble. So, the influence of 
parameter, time dependent radius of bubbles gas is 
very limited on volume removed by a single 
discharge. 

The modelling stage before validation in the frame 
of approached strategy is both time dependent radius 
of plasma channel and gas bubble, whose FEM 
results are presented in fig. 14. 

 
a) 3D image of boiling isothermal 

 
b) Transversal section of boiling isothermal in plane xz 

Figure 14.  Position of 3273 K boiling isothermal at Model (4)            
with time dependent radii of plasma channel and gas bubble                                  

at pulse end of ti=6 µs 

It can be observed that in case of final model with 
both time dependent radii of plasma channel and gas 
bubble, the margins of boiling isothermal is closest 
to the crater mean dimensions from reference 

experimental data. So this model was validated. 
Even so, the influence of time dependent parameter 
of gas bubble radius is insignificant, visible only as 
0.01 µm order of magnitude. The influence of time 
dependent parameter of plasma channel radius is 
more significant, observable at 1 µm order of 
magnitude. These results pointed out the importance 
of rch(t) at micro-machining modeling, and rgb(t) at 
submicro-machining modeling. 

For pulse delivering appropriate moments relative to 
ultrasonic oscillations, the dynamics of thermal front 
has to be addressed. The validated model with both 
time dependent radii of plasma channel and gas 
bubble was used. The positions of boiling isothermal 
at classic microEDM were presented at different 
moments, during pulse time in fig. 15. 

 
 
 

 
 
 

 

Figure 15.  Relevant thermal front dynamics at microEDM  

As it can be observed, the most part of the removed 
volume is already overheated in the very early stage 
of pulse time at classic EDM, a shock heating 
occurring in this case.  
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The positions of melting isothermal (1683K for 
X210Cr12 steel) at microEDM+US were presented 
in fig. 16, as relevant for the strategy of overlapping 
on cumulative microjets stage. 

 
 
 

 
 

 

Figure 16.  Relevant thermal front dynamics at 
microEDM+US 

It can be noticed that significant volume can be 
removed by hydraulic forces even within a time 
interval less than 1 µs as the gas bubble is collapsed 
and the workpiece material is still in liquid state. 

5. CONCLUSIONS 
From FEM modelling of influence exerted on 
material removal mechanism by time dependent 
radii of plasma channel and gas bubbles, it resulted 
that first parameter have to be taken into account at 
microEDM modelling, but the second parameter has 
to be considered at submicronic machining models.  

FEM modelling of thermal front development 
emphasized that at classic microEDM a shock 
heating is produced, most part of crater volume 
being overheated in the early stage of the discharge. 
At microEDM+US, any overlapping of pulse time 
on cumulative microjets stage could be very efficient 
in terms of machining rate. 

6. ACKNOWLEDGEMENT 

These research results are obtained in the frame of 
Joint Applied Research Project, 
HighTechMicroEDM+US; microtopography images 
by courtesy of Assoc. Prof. Dan Gheorghe, UPB. 

7. REFERENCES  
1. M. R. Shabgard, B. Sadizadeh, H. Kakoulvand, 

The Effect of Ultrasonic Vibration of Workpice 
in Electrical Discharge Machining of AISIH13 
Tool Steel, World Academy of Science, 
Engineering and Technology, Vol 3. pp. 332-
336, (2009). 

2. Kiyoshi Suzuki, Takuya Takada, Zhi Rong 
Zhou, Takuya Okamichi, Manabu Iwai, Shinichi 
Ninomiya, Effects of Ultrasonic Vibrations 
Given to an Electrode on the EDM Performance 
in Processing PCD, Advanced Materials 
Research,  Vol. 565, pp. 394-399, (2012). 

3. F. Van Dijck, R. Snoeys, Theoretical and 
Experimental Study of the Main Parameters 
Governing the Electrodischarge Machining 
Process, Mecanique, Vol. 301-302, p. 9-16 
(1975). 

4. B.R. Lazarenko, Die Elektrofunkenbearbeitung 
von Metallen, Vesnik Mashinostroenia, (1974). 

5. B.N. Zolotych, Physikalische Grundlagen der 
Elektrofunkenbearbeitung von Metallen, SVT 
175 VEBVerlag Technik, Berlin, (1955). 

6. J. Marafona, J.A.G. Chousal, A finite element 
model of EDM based on the Joule effect, 
International Journal of Machine Tools and 
Manufacture, Vol. 46, No. 6, pp. 595-602, 
(2006). 

7. K. Salonitis, A. Stournaras, P. Stavropoulos  G. 
Chryssolouris, Thermal modeling of the material 
removal rate and surface roughness for die-
sinking EDM, International Journal of Advance 
Manufacturing Technology, Vol. 40, No. 3-4, pp. 
316-323, (2009). 

8. Daniel Ghiculescu, Niculae Marinescu, Sergiu 
Nanu, Daniela Ghiculescu, some aspects of finite 
element modelling of micro-EDM and ultrasonic 
EDM with time dependent radius of plasma 
channel, Nonconventional Technologies Review, 
pp. 30-35, (2013). 

9. Kiyoshi Inoue, Fundamental of Electrical 
Discharge Machining, Society of Non – 
Traditional Technology, Tokyo, (1977). 

10. H.-P. Schulze, G. Wollenberg, R. Herms, K. 
Mecke, Gas bubble morphology in small 
working gaps at spark erosion, 2004 Annual 
report Conference on Electrical Insulation and 
Dielectric Phenomena, Boulder, Colorado, USA, 
16-20, October, pp. 534 – 537, (2004). 

initial craters 
margins 

Time: 0.8 µs 

time dependent 
margins of plasma 

channel  
melting isothermal 
radius, 15.78 µm 

melting isothermal 
depth, 11.41µm 

initial craters 
margins 

Time: 4 µs 

time dependent 
margins of plasma 

channel  
melting isothermal 
radius, 20.32 µm 

melting isothermal 
depth, 19.95 µm 

initial craters 
margins 

Time: 5.2 µs 

time dependent 
margins of plasma 

channel  
melting isothermal 
radius, 21.19 µm 

melting isothermal 
depth, 21.26µm 


