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I. INTRODUCTION 

 
Wire Electrical Discharge Machining (WEDM) is a non-conventional machining method 
for the manufacturing of high-added-value components for aerospace, tooling and 
biomedical implants. It utilizes electric sparks to remove conductive or semi-
conductive materials to realize the objective of cutting and obtaining an excellent 
surface finish that requires no further finishing or polishing. Nowadays, it has become 
a popular choice for precisely producing intricate shapes with very strict tolerance. 
Through the data from the Web of Science, as shown in Figure 1, more and more 
research work in the field of WEDM were published in the recent 20 years. This 
increasing trend shows that WEDM is seen as a promising machining method. 
  

 
Figure 1. Number of Publications in the field of WEDM [1]. 

 

I.1. Industrial context 

 
With the continuous development of technology, more and more super-hard materials 
are constantly being discovered or synthesized. Among these new materials, there are 
many materials with better hardness, at the same time, large numbers of precision 
mechanical parts with new materials, new structures and complex shapes have 
emerged. Therefore, a series of new problems that need to be solved urgently have 
been proposed for the mechanical manufacturing industry. For example, the 
processing of various difficult cutting materials, various structural shape parts, the 
small or extra-large workpiece, super-precision parts, thin-walled parts, elastic 
components, and so on. Using traditional processing methods to process these 
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materials, the tool wear is severe, the surface roughness is high, and the cost of 
processing is high. 
 
In recent decades, WEDM is becoming more and more important in the modern 
manufacturing industry, applications for WEDM include the creation of extrusion dies, 
blanking punches and metal and tool fabrication. WEDM serves many industries 
making components for automotive, aerospace, medical, energy, mold making, 
industrial and micro-manufacturing. This fact was attributed to its high-performance 
involving precision, efficiency, stability and operability and the capacity of machining 
varying intricate and complex shapes. The WEDM process is used particularly in tooling 
applications for the machining of various materials. WEDM has been gaining wide 
acceptance in the machining of various materials used in modern tooling applications. 
The WEDM process has also evolved as one of the most promising alternatives for the 
machining of advanced ceramics. Among the different material removal processes, 
WEDM is considered an effective and economical method in the machining of modern 
composite materials. 
 

I.2. Development process and latest achievements of WEDM 

 
Electrical Discharge Machining (EDM) was first described by Lazarenko in 1946 [2]. The 
development of the process was the result of seeking a technique to replace the 
machined electrode used in EDM. In 1974, D.H. Dulebohn applied the optical-line 
follower system to automatically control the shape of the component to be machined 
by the WEDM process [3]. By 1975, its popularity was rapidly increasing, as the process 
and its capabilities were better understood by the industry [4]. It was only towards the 
end of the 1970s when Computer Numerical Control (CNC) system was initiated into 
WEDM that brought about a major evolution of the machining process (Figure 2). As a 
result, the broad capabilities of the WEDM process were extensively exploited for any 
through-hole machining owing to the wire, which has to pass through the part to be 
machined [5]. 
 
WEDM is a popular choice for precisely producing intricate shapes and varying tapers 
in all electrically conductive materials with very close tolerances irrespective of their 
hardness and toughness. In general, the components produced by WEDM are 
characterized by a very high added value, because of the complexity of this technology. 
It is considered an excellent adaptation of the traditional WEDM process, which makes 
use of an electrode to initialize the sparking process. The WEDM process utilizes 
electric current to cut conductive materials and also in recent years, with the 
development of WEDM, semi-conductor ceramic whose electrical resistivity is 
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between 1 and 3 Ω·m can also be processed [6]. Even the non-traditional WEDM can 
do the machining of the ceramic [7], [8]. After cutting an excellent surface finish (less 
than 0.2μm of average roughness, Ra) can be obtained [9], which requires no further 
finishing or polishing. WEDM is commonly used when low residual stresses are desired, 
the material is eroded ahead of the wire and there is no direct contact between the 
workpiece and the wire electrode, eliminating the residual stresses during machining. 
There is little change in the mechanical properties of a material in WEDM due to its 
low residual stresses [10]. 
 

 
Figure 2. Guides move controlled by CNC. 

 
WEDM mainly uses electric energy to realize the processing of materials. It utilizes a 
continuously traveling wire electrode made of brass of diameter 0.05–0.3mm, which 
is capable of achieving the process of machining the workpiece with a very small 
corner radius. The wire is kept in tension using a mechanical tensioning device 
reducing the tendency of producing inaccurate parts [11]. In addition, WEDM does not 
make direct contact between the electrode and the workpiece eliminating mechanical 
stresses, chatter and vibration problems during machining. Therefore, the WEDM 
technology is not limited by the material properties and can process any hardness, 
strength and brittle material. 
 
Figure 3 shows the fundamental concept of electrical discharge machining. Discharge 
occurs in the gap filled with dielectric liquid between the wire and the workpiece. The 
role of the dielectric liquid is to prevent the electrolysis effect from acting on the wire 
and workpiece during a WEDM process. The material erosion mechanism primarily 
makes use of electrical energy and turns it into thermal energy through a series of 
discrete electrical discharges occurring between the electrode and workpiece 
immersed in a dielectric fluid. The thermal energy generates a channel of plasma 
between the cathode and anode at a temperature in the range of 8000 to 12,000℃ or 
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as high as 20,000℃ initializing a substantial amount of heating and melting of material 
at the surface of each pole. When the pulsating direct current supply occurring at the 
rate of approximately 20,000–30,000Hz is turned off, the plasma channel breaks down 
[4]. This causes a sudden reduction in the temperature allowing the circulating 
deionized water [12] to break the plasma channel and flush the molten material from 
the pole surfaces in the form of microscopic debris. Considering that the temperature 
drops very sharply, some of the ions are not washed away by the cutting fluid and re-
solidified on the surface of the workpiece, then, generating discharge craters on the 
surface of the workpiece in one discharge. Therefore, the effect of removing excess 
material from the surface is achieved. 
 

 

Figure 3. The fundamental concept of WEDM. 
 
With the development of industry, various kinds of WEDM machine tools were 
manufactured by ONA, AgieCharmilles, Sodick, Makino, Mitsubishi and so on. They are 
put into use for manufacturing various components with complex shapes and profiles, 
like fir-tree slot which is an important part of turbine disk in aerospace (Figure 4). Such 
as AgieCharmilles Cut 200 Dedicated is exclusive for the manufacturing of turbine discs 
which includes a large number of fir-tree slots. It contains a new B/C tilting rotary table, 
in-process probing and the company’s e-Tracking software, as well as other software 
functionality to enhance the process of machining large, heavy aerospace parts and 
make the process to be automated [13].  
 
Furthermore, for improving the stability of the machining process, avoiding wire 
breakage is an important issue which is needed to be solved. With this aim, recently, 
GF Machining Solutions has invented a discharge location sensor for doing spark 
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tracking in the process of machining to avoid the excessive concentration of sparks. 
Figure 5 shows the principle of this technology briefly. In that, the current value is 
detected twice from the upper and lower parts respectively. From the spark point, the 
wire can be divided into two parts of resistance. Also, as the location of each spark is 
different, with the difference between these two detected current values the position 
of the spark can be analyzed out. In other words, it can be used to realize spark tracking. 
In addition, this part will be further introduced in Chapter 2.3.3.    
 

 
Figure 4. Example of the geometry of fir-tree slot [14]. 

 

 

Figure 5. Spark tracking principle of +GF+ technology [15]. 
 
Now this discharge location sensor is adopted in the AgieCharmilles CUT P 550 (Figure 
6 (a)) WEDM machine. As it has been equipped with this function it can realize the 
tracking of spark position in the cutting process. In addition, the accuracy of this 
technology can reach 1μm, which means that the workpiece is divided into several 
1μm ranges. In every range, the number of sparks that falls into the corresponding 
area is recorded. Finally, a complete summary graph of spark tracking can be obtained 
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in Figure 6(b). Generally, this technology can accurately confirm the intensity and 
location of sparks along the wire and adjust current and voltage automatically to 
prevent the concentration of wear on the wire. 
 

 
Figure 6. (a) AgieCharmilles CUT P 550 WEDM machine; (b) Result of spark tracking 

[16].  
 

I.3. Objectives and contributions 

 
The main objectives and contributions of this Ph.D. thesis will be summarized in this 
section. 
 
To study the influence of different machining conditions on discharge occurrence 
 
The main objective is to explore the discharge occurrence in WEDM. Due to discharge 
delay time being an important indicator used to distinguish the type of discharge or to 
judge the discharge situation, a single discharge experiment was finished under 
different machining conditions to find the possible influencing factor on discharge 
delay time and the regularity of the influence has been further discussed. 
 
To explore the continuous discharge occurrence during the WEDM process 
 
Because of the short ignition time of discharge and the small gap width, It is hard to 
understand what happened in the process of continuous discharge and what can 
influence the continuous discharges occurrent. In this work, observation with a high-
speed video camera has been done during the WEDM process. Through the 
observation result and the discharge delay time analysis, the influence of the bubble 
on discharge occurrence in WEDM was found and verified for the first time. In addition, 
the position between continuous discharges was also found and further discussed. 
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To explore the crater forming in WEDM under different machining parameters   
 
With the objective of better controlling machining parameters in WEDM, it is very 
important to understand the process of crater forming and the influence of parameters 
on this process. Several craters on the workpiece generated under different machining 
conditions were gotten from experiments and further studied. Simultaneously, a 
thermal model of was built for further understanding of the forming of a crater in detail. 
 
To propose a complete thermal model for the wire wear 
 
The main objective is to build a complete thermal model of the wire considering both 
latent heat and flushing efficiency. With the result gotten from the simulation and 
experiment, the precise heat partition ratio to the wire was found for the first time 
through the inverse fitting. 
 
To study the wire damage caused by continuous discharge to avoid wire breakage 
 
With the aim to understand the influence of discharge accumulation on wire breakage, 
a discharge location method was designed and verified. With this method, the location 
of the discharges before wire breakage was found. Then a novel 3D finite element 
model for studying the craters of consecutive discharge on the wire was built to restore 
the process of wire breakage and it can be useful for avoiding wire breakage in future 
work.  
 
To collect and study the debris particles in WEDM  
 
Because of the continuous movement of wire in the machining process, the collection 
of debris particles is very difficult. For collecting debris particles accurately and 
efficiently in the process of WEDM, a novel apparatus was designed and produced by 
a 3D printer. Based on this, the gotten particles were used to observe and analyze. 
Finally, a complete volume distribution of debris particles was obtained for 
understanding the matching process in depth.  
 

I.4. Content layout 

 
This thesis starts with the State of the Art of EDM area, in Chaper II, the works finished 
by other researchers about discharge characteristics, debris particles wire breakage 
and numerical model are described.   
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Chapter III explores the discharge delay time in WEDM. Through the single discharge 
experiment, the influence of different machining conditions was found. Then, for 
further exploring the discharge delay time in the general machining process, the 
experiment of continuous discharges was also done and further discussed. 
 
Chapter IV describes the exploration through collecting various data on different kinds 
of craters under different situations of surface roughness and gap width. 
Simultaneously, a thermal model of a single crater was built for further understanding 
of the forming of a crater in detail. 
 
Chapter V introduces the study of the wire breakage during the WEDM process. In this 
chapter, a complete thermal model considering both latent heat and flushing 
efficiency was built. With this model, several simulations were finished, and by 
comparing the experimental result and simulation result, the heat partition to the wire 
was gotten. Then, the effect of heat accumulation in the wire was studied. 
Furthermore, the sparks before wire breakage were located, based on the gotten 
position, the simulation of wire with craters was done and the findings allow for a 
more in-depth understanding of the effect of discharge accumulation on wire breakage. 
 
In Chapter VI, the design and production of a novel apparatus for collecting debris in 
process of WEDM are presented. With that, debris particles were collected in various 
WEDM experiments under different processing parameters. Through observation and 
analysis, a complete volume distribution of particles was obtained. 
 
Finally, Chapter VII lists the main conclusions of this thesis and the future research 
interest that has been found in the research and learning.  
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II. STATE OF THE ART 
 
EDM has become a popular topic in terms of accuracy machining. More and more 
relevant works were published by various researchers. They are very important for 
understanding the machining principle and based on the existing work, future studies 
can be inspired. This chapter aims to study the development process of EDM and 
several of the latest works in different aspects. Through assessing their contributions 
and detecting improvement lines to make a critical review of existing works and find 
novel work direction. The whole content can be divided into the following parts. Firstly, 
discharge characteristics are included. Then, the debris produced in the process of 
WEDM is presented. In addition, the wire breakage in WEDM is also discussed. After 
that, the application of numerical models in WEDM is described.  

 

II.1. Studies on discharge characteristics in EDM 

 
It has been well known that EDM is a removal machining technology through the 
material melting and even evaporating that is caused by the high temperature emitted 
by the plasma channel in the process of EDM machining. In other words, in EDM a 
plasma channel is generated between the electrode and the workpiece, and heat is 
released. When the surface temperature of the workpiece reaches the melting point 
or evaporation point, the material will be removed to achieve the processing effect. As 
the basic processing principle of EDM, the experimental studies on discharge 
characteristics in EDM play a vital role in the EDM process. 
 
II.1.1 Plasma generation environment 
 
Since in the EDM process, the electrodes are merged into a dielectric liquid, such as oil 
or deionized water [17], in early research, the environment of plasma generation was 
generally regarded as a dielectric liquid. In recent years, through more observations, 
some researchers have found that the plasma generation environment is not only 
liquid. Kunieda et al. [18] indicated that in the EDM process, much fine dust-like 
processing debris will be discharged due to the dissolution of the electrode. At the 
same time, small bubbles are suspended in the gap between the tool electrode and 
the workpiece. Therefore, the gap condition will constantly change in the whole EDM 
machining process.   
 
To better understand the influence of different plasma generation environments, 
single discharge experiments were finished by Yoshida [19] and Takeuchi [20]. As a 
result, single pulse discharges in gas exhibit larger diameters than those in liquid, and 



Chapter II: State of the art 

14 

geometry is also different in both cases. Furthermore, by using transparent electrodes 
and a high-speed camera, Kitamura et al. [21] finished the observation of the EDM gap 
phenomena. They proposed that the gap atmosphere also influenced the plasma 
channel radius. After the observation of the obtained results, it was revealed that most 
of the discharges occurred in liquid (51% of the events in their observations) followed 
by the boundary of the bubble (35% of the events). The size and type of the single 
pulse discharged in gas exhibited larger diameters than those in liquid, and geometry 
is also different in both cases (Figure 7). 
 

 
Figure 7. Crater in different gap atmospheres [21]. 

 
Besides, Descoeudres [22] pointed out that the main difference between plasma 
generation in a gas and liquid environment is the density of the medium in which it is 
decomposed. The higher the density of the liquid, the more difficult it is to generate a 
discharge. It means that a higher electric field is required to generate a discharge. The 
breakdown mechanism is also slightly different, compared with the gas environment, 
the plasma characteristics are strongly affected by the pressure exerted by the 
surrounding liquid. 
 
Therefore, it can be concluded that plasma is not only generated in a dielectric liquid 
environment but also in a bubble. With the research of various researchers, including 
the plasma geometry and characteristics, the difference in EDM discharge in different 
environments is gradually being revealed. Thus, the plasma generation environment 
should be an indispensable consideration in future work, and simultaneously it is still 
worth to further study. 
 
II.1.2 Plasma observation 
 
In recent years, more and more researchers focused on plasma observation for further 
understanding the plasma with a method more direct. Since in the process of EDM 
machining the gap width is very small and the duration of plasma is very short, it is 
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very difficult to do the observation directly. Therefore, spectroscopy was introduced 
to realize the observation. A spectrum is a pattern in which monochromatic light 
dispersed by polychromatic light is separated by a dispersion system according to the 
size of wavelength or frequency. One of the biggest features of spectroscopy is that in 
many problems of inaccessible and non-damageable objects, when other instruments 
and other methods are powerless, spectroscopy can be used to observe and solve.  
 
In the work of Descoeudres et al. [23], the plasma generated in the electrical discharge 
machining process was systematically studied through optical emission spectroscopy. 
As shown in Figure 8 they found in the typical emission spectrum of plasma, that strong 
Hα which was emitted by the splitting of atomic hydrogen for dielectric molecules 
occupied the most part. Also, some other elements such as Cu and Fe that came from 
two electrodes were found in the spectrum. Furthermore, they successfully obtained 
the spectrum of plasma in different dielectric liquids including water, oil and liquid 
nitrogen (Figure 9). With this result, they found that especially under the dielectric of 
liquid nitrogen, the tool electrode wore out more than the workpieces. This work 
provides a lot of useful information for further understanding electrode wear.  
 

 
Figure 8. The typical emission spectrum of plasma in SEDM [23]. 

 

 
Figure 9. Spectrum under different dielectric liquids [23]. 
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Optical emission spectroscopy was also applied in the work of Nagahanumaiah et al. 
[24]. They measured the typical emission spectrum of plasma in micro-EDM (Figure 10). 
Then the average plasma temperature and electron density were gotten through the 
spectrum. They also discussed the role of the electrode size and spark gap in the 
machining process of micro-EDM. They concluded that as the size of the electrode 
decreased and the spark gap increased, the plasma temperature and electron density 
would increase. This work contributed to a further understanding of the plasma 
expansion pattern and could be useful for modeling temperature evolution.  
 

 
Figure 10. Emission spectrum of plasma in micro-EDM [24]. 

 
In addition, Kojima et al. [25] combined the application of spectroscopy and a high-
speed video camera. In that, as the trigger, the oscilloscope with the current senor is 
adopted to decide the timing to capture the photo of plasma and spectrum. As the 
result, the radial temperature in the plasma is gotten through a series of calculations, 
and the diameter of the plasma and crater are measured and compared in the different 
processing conditions (Figure 11). Based on that, they quantified the increase in 
plasma diameter with changes in discharge current and gap width.  
 
From the introduction above in this section, it can be known that spectroscopy and a 
high-speed camera can successfully realize the observation and study of plasma. 
Furthermore, through the result of the researchers’ works, it is proved that the 
observation of plasma in the EDM process is very critical to further understanding the 
machining principle and the formation of sparks.  
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Figure 11. Diameter of plasma and crater are measured and compared in the 

different processing conditions [25]. 
 
II.1.3 Distribution of discharge energy 
 
With the presentation before, it can be known that the plasma channel is the critical 
element in EDM. As shown in Figure 12, a plasma channel generates between the tool 
electrode and the workpiece due to the current breakdown. With the generation of 
the plasma channel, discharge energy mainly flows to the following four parts, they 
are respectively workpiece, tool electrode, dielectric liquid and debris. Among them, 
the energy absorbed by the workpiece is the effective energy for electric spark erosion 
of the material. One part of the energy absorbed by the dielectric liquid is mainly taken 
away by the high-speed flushing, and part of the energy flows out in the form of 
radiation, which makes the electrode gap reach a new balance and prepares for the 
next electric discharge machining. Furthermore, the part of the energy which is 
absorbed by the workpiece is mainly used for removing material to get the objective 
of cutting. The part which flows to the wire may cause the wire breakage. Also, a part 
of the energy is absorbed in the process of debris condensation. Regarding the 
distribution ratio of discharge energy, many researchers have different viewpoints, 
which are mainly divided into the fixed energy distribution ratio and the energy 
distribution ratio with parameter changes. 
 
Regarding the fixed energy distribution ratio, in the early EDM models, it is simply 
considered that the ratio of energy flowing to the workpiece and the electrode is 50% 
in the work of Snoeys and Van Dijck [26] and also in the work of James [27], [28]. They 
assumed that no heat was lost to the dielectric fluid and tool electrodes, and the total 
heat was only transferred to the workpiece. As in the flushing process, there must be 
a part of heat loss to the dielectric. Therefore, this assumption is unrealistic.  
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Figure 12. General model of heat transfer in WEDM. 

 
Following one series work of DiBitonto et al. [29] and Patel et al. [30], respectively they 
build thermal models of cathode and anode. They revealed the complex relationship 
between the electrode and plasma. Through the model captures the main physical 
effects they assumed a constant total heat loss to the electrodes. They predicted that 
the heat absorbed by the anode accounts for about 8% of the total heat. About 18% is 
absorbed by the cathode and the rest is discharged into the dielectric liquid. 
 
Besides that, Yeo [31] also finished work on the thermal model of anode and cathode 
in micro-EDM. They proposed a thermal model that combines voltage, current, and 
pulse on time during material removal to estimate the geometry of the micro pits and 
predicted the temperature distribution of the workpiece due to a single discharge in 
the micro-EDM. They combined iterative calculation results with experimental data to 
determine empirically the fraction of energy transferred to the anode and cathode 
which are respectively 39% and 14%. Until here, the result of discharge energy 
distribution is still not persuasive enough. 
 
As a consequence, Izquierdo et al. [32] established the EDM machining erosion divisor 
model with a finite difference approach (Figure 13). Followed by that they compared 
it with the experimental discharge craters. They finally obtained 18.8% of the discharge 
energy flow to the workpiece by using the inverse algorithm. In the part of the energy 
flow to the tool electrode in WEDM, Banerjee [33] studied the temperature field 
distribution of the electrode wire during the discharge process, he believed that when 
the pulse width is 10µs and the electrode wire diameter is 0.25mm, the energy 
absorbed by the electrode wire accounts for 8.7% of the entire discharge energy. In 
these two works, the solution of a combination of thermal model and experimental 
data was used and it makes the result more credible. 
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Figure 13. Hexahedral element and boundary conditions in the finite difference-

based thermal model [32]. 
 
Besides the view that the energy distribution ratio is fixed, at the same time, some 
researchers believe that the energy allocation ratio will change according to 
experimental parameters. Singh [34] believes that the distribution ratio of discharge 
energy is a process that varies with electrical discharge machining parameters and 
conducted experiments to study the percentage of energy transferred to the 
workpiece using the heat transfer equation under different EDM parameters. Using 
theoretical models and experimental fitting methods, it is found that the flow of 
discharge energy is the curve of discharge current and pulse width, and the energy 
absorbed by the workpiece ranges from 6.1% to 26.82%. 
 

 
Figure 14. Heat distribution to Anode and Cathode [35].   

Moreover, Shao et al. [35] also used a comprehensive miniature EDM electric Finite 
Element Method (FEM) thermal model to simulate the formation of the crater. In this 
work, they combined the Gaussian distribution of heat flux, the temperature-related 
thermal characteristics and the extended plasma radius. As the result, the heat 
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transfer equation and the experimental measurement of the size of the crater 
produced are used to determine the energy distribution ratio of the electrode. The 
final result of pulse energy allocation with the change of machining parameter is 
shown in Figure 14.  
 
In addition, in the study of single pulse discharge, Hong [36] found that the distribution 
ratio of discharge energy is related to many factors. When the material is a Titanium 
alloy, the energy absorbed by the workpiece and the electrode is 10% and 8% 
respectively. When the workpiece is STAVAX die steel, the energy absorbed by the 
workpiece and the electrode is 12%. Moreover, processing parameters such as the 
density of the dielectric, the thermal conductivity of the workpiece, the discharge 
energy and the pulse current are closely related to the distribution ratio of the 
discharge energy.  
 

 
Figure 15. Method of determining the distribution of discharge energy [37]. 

 
In order to study the effect of the pulse duration of the discharge current on the 
removal efficiency in EDM, Xia et al. [37] measured the temperature rise and removal 
of the electrode during a single discharge to obtain the energy distributed in the anode 
and cathode. The method is shown in Figure 15, in that, XAc is the ratio of energy loss 
due to heat conduction within the anode, XAd is the ratio of energy carried away by 
debris, ie is the pulse current ue is the discharge voltage and te is the pulse on time. As 
the result, they found that the fraction of energy distributed amongst the electrodes 
that 30% of the total heat goes to the cathode and 40% goes to the anode. 
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Besides the works mentioned above, in Figure 16, Klocke et al. [38] also presented a 
lot of different assumptions of discharge energy distribution. Although many authors 
have studied the power distribution of a single discharge in the EDM process and the 
power distribution in a continuous process there is still not a comprehensive model. 
Therefore obtaining a more accurate ratio of discharge energy distribution is still a 
good topic to explore. Whereas based on works before, a very important point can be 
determined is that the combination of the thermal model and the experimental result 
is a good solution idea for detecting the truth in this problem.  
 

 
Figure 16. Percentages for energy distribution in the EDM system gotten by different 

researchers [38].   
 

II.1.4 Geometry of the heat source  
 
After the explanation of heat distribution in the previous part, it can be concluded that 
the thermal problem is a crucial and complicated point in EDM. Therefore, in this part, 
the geometry of the heat source will be presented in detail. Nowadays, building a 
thermal model is an important and effective method in the thermal study area. With 
thermal simulation software tools, the internal change of heat can be observed and 
investigated clearly and efficiently. Thence for further learning the thermal problem in 
WEDM, firstly, the determination of heat source geometry seems particularly 
important. There are currently many assumptions, including uniform plane heat 
sources, ring heat sources, point heat sources, and Gaussian plane heat sources.  
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Firstly, in 1956, Zingerman [39] adopted a uniform plane heat source to obtain an 
analytical solution for the surface temperature of the workpiece. And then in 1960, 
Zolotykh [40] used a circular heat source to solve the surface temperature of the 
workpiece. Following this, in the work of Hocheng et al. [41], they explored the 
correlation between current and spark on time and used the heat conduction model 
for the research. In that, as the duration of a single discharge is as short as a few 
microseconds, they selected an instantaneous point heat source. The existing solution 
for the induced temperature is shown as Eq.1. where T is the temperature, Tref is the 
ambient temperature, Eo is the energy intensity, a is the heat diffusivity, t is time, and 
x, y and z are coordinate on X, Y and Z-axis. This equation shows the temperature 
change with time at any distance from the heat source. In the end, the experiment 
successfully compared the material removal rate with ordinary steel based on the 
thermal conductivity model and predicted the ratio of current, spark on time and 
crater size.  
 

 
Figure 17. Gaussian heat source [43]. 
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At present, as shown in Figure 17, the assumption that regards the heat source model 
as a Gaussian heat source is more popular. Then Yadav [42] verified the reliability of 
this assumption. The Gaussian heat source equation is shown in Eq.2. In that, Q(r) is 
the heat flux, q0 is the maximum intensity at the axis of a spark and its radius is Rp, r is 
the distance to the center of the heat source. Through the calculation of the surface 
temperature they found that in the case of applying a Gaussian heat source, a steep 
temperature gradient is applied in the spark radius area, which is closer to the actual 
situation.  
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Furthermore, there are also two branches within the hypothesis of the Gaussian heat 
source. Firstly, it is assumed that the heat source function changes with time. In the 
work of Joshi [44], they chose this kind of heat source to develop a finite element 
thermal model for the prediction of the shape of the crater, material removal rate, and 
tool wear rate. The heat source model is shown as Eq.3, where Q(r) is the heat flux, fc 
is the energy distribution to the electrodes, U is the discharge voltage, I is the pulse 
current and ton is the spark on time. Based on this heat source model, they developed 
a two-dimensional axisymmetric finite element thermal model for single spark EDM 
and finally achieved an accurate prediction of the EDM process response.  
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Eq.3 

 
In recent years, more and more researchers have adopted another type of Gaussian 
heat source model in which the heat source changes with the coordinate position. In 
other words, the heat decreases in a direction away from the center of the heat source. 
In the work of Shabgard [45], this kind of Gaussian heat source was chosen as Eq.4. In 
that, Q(r) is the heat flux, fc is the energy distribution to the electrodes, U is the 
discharge voltage, I is the pulse current, Rp is the plasma channel radius, r is the 
distance to the center of heat source. With this, they built a FEM thermal model for 
researching the relation between radial distance and surface temperature and finally 
revealed that the energy absorption fraction of the electrode is variable and depends 
on the process settings. 
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Eq.4 

 
In another work by Kansal [46], they used the FEM to establish an axisymmetric two-
dimensional model of powder hybrid electrical discharge machining to predict heat 
behavior and the mechanism of material removal in this process. The model includes 
several important aspects, such as temperature-sensitive material properties, size of 
heat source, percentage of heat distribution, pulse on time, pulse interval, etc. Among 
that, in terms of heat source selection, they also adopted the Gaussian heat source as 
Eq.4. After the thermal simulation, the Material Removal Rate (MRR) can be predicted 
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based on the temperature distribution. Further to verify the model, they compared 
the predicted theoretical MRR with the experimentally determined MRR value. There 
is a good agreement between the experimental and theoretical results.  
 
Based on the above results, it can be concluded that the hypotheses of the heat source 
model and the conditions used by different authors present a lot of variations. 
Whereas now a considerable amount of experiments have proved that the Gaussian 
heat source model is the most realistic approach for the thermal simulation of EDM 
process research. Nowadays more and more researchers are adopting this kind of heat 
source assumption to do further study in EDM.   
 
II.1.5 Radius of the plasma channel 
 
Through the introduction of the previous two parts, it can be known that the plasma 
channel is where the heat source, which is responsible for distributing the most heat 
to the workpiece and wire, is generated (Figure 12). Besides the geometry of the heat 
source and the heat partition, as another crucial point, the size of the spark is also 
worth to be explored. It is well known that Plasma Channel Radius (Rp) is the decisive 
factor of spark size that determines the heated area on the surface of no matter 
workpiece or wire. For this radius, a lot of researchers have done various hypotheses. 
In this part, a review of this aspect of the process will be carried out. 
 
Literature shows that the existing models for Rp almost can be divided into two 
different groups. The first hypothesis is that Rp is dependent on process parameters. 
Special attention deserves the model proposed by Ikai and Hashiguchi [47]. In their 
work, for each fixed current and pulse on time, numerous experiments were 
performed to measure the EDM’ed crater. Through the measurement of experiments, 
they found that the radius of the plasma channel depends on both the pulse on time 
and the discharge current. Hence in their work, this kind of Rp is adopted and the 
equation that they got is shown as Eq.5, where I is pulse current and ton is pulse 
duration.   
  

푅� = (2.04푒 − 3) ∙ 퐼�.�� ∙ 푡��
�.�� Eq.5 

 
Based on this kind of formula of plasma channel radius, some researchers have done 
different research. In the work of Chen [48], they proposed a thermal model to study 
the wire electrode retreat and hysteresis when the servo feed rate does not match the 
achievable material removal rate in WEDM. In this thermal model, they adopted the 
radius formula above. At the same time with this model, they also predicted the 
achievable material removal rate and the best servo feed speed. In terms of the 
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maximum cutting speed and the expected achievable material removal rate, the 
average relative error between the simulation data and the experimental data is less 
than 13%. Furthermore, Shabgard [45] also adopted this equation in his work. They 
simulated the temperature distribution of the workpiece and the tool surface during 
a discharge in the electrical discharge machining process. This temperature profile is 
then used to calculate the size of the crater. Also, they established a thermal model to 
predict the achievable material removal rate and optimal servo feed speed.  
 
From the works mentioned above in which the researchers adopted Eq.5, the validity 
of this formula can be confirmed to a certain extent. Apart from this kind of hypothesis, 
DiBitonto et al. [29] found that the size of the plasma channel is not constant, and 
grows over time. Therefore, they mathematically calculated the radius of the discharge 
channel in the form of an integral equation of the rectangular pulse. They presented 
their equation of plasma channel as Eq.6, where t is the time. At the same time, Erden 
[49] further integrates the equation. Finally, they proposed a formula of Rp as Eq.7, 
where the spark radius depends on the time. In that, Q is the discharge power, t is time, 
m, n and K are empirical constants. Furthermore, as shown in Eq.8, these constants 
are defined based on the coefficients L, M and N determined for different electrode 
material experiments. In addition, l is the discharge length.  
 

푅� = 0.788 ∙ 푡�.�� 
 

Eq.6 

푅� = 퐾 ∙ 푄� ∙ 푡�  
 

Eq.7 

퐾 =
퐿

푙푀 + 0.5푁
, 푚 = 0.5푁, 푛 = 푁 

Eq.8 

 
With the experimental data on the expansion of a high energy capacitor discharge in 
water Spur [50] plotted the change of plasma channel radius as Figure 18, based on 
this the plasma channel radius can be expressed as a function of the current rise time 
and the time during the discharge as Eq.9. In that, ta is current rise time, t is time, a, b, 
c are three constants that can be obtained from Figure18. With this, they built a 
thermal model to simulate the crater on the workpiece and they also did the 
verification through the corresponding experiment. The result is plotted in Figure 19. 
Through contrast, they found that both the radius of the plasma channel and the radius 
of the crater increase linearly with time. Moreover, the absolute value and the slope 
of the curve of the plasma channel radius are smaller than the absolute value and the 
slope of the curve of the radius in the crater. The difference between the two curves 
is consistent with the theoretical prediction deviation between these two quantities. 
Therefore, they proved the validity of this thermal model. 
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Figure 18. Radius of plasma channel versus time [50]. 

 

 
Figure 19. Contrasting between the inner radius of the crater and the plasma channel 

radius [50]. 
 

푅�(푡�, 푡) = �
푎 + 푏푡, 0 ≤ 푡 ≤ 푡�

푅�(푡�, 푡�) + 푐(푡 − 푡�), 푡� ≤ 푡 ≤ 2푡�
 Eq.9 

 
In the work of Natsu et al. [51], by observing the craters generated by discharges of 
different pulse duration, it was determined that the arc plasma diameter changed with 
time. In order to confirm the changing process of the plasma radius, they analyzed and 
experimentally studied the expansion of arc plasma and the formation of craters. By 
observing the arc plasma with a high-speed camera and measuring the plasma 
temperature after dielectric breakdown by spectroscopy, the shape and volume of the 
crater are calculated based on the thermal conductivity theory. Through heat 
conduction analysis, they proposed the expansion process of the plasma channel as 
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Figure 20. After that, they compared the size of the crater obtained from the 
simulation with the experimental results. They got the ratio of the depth to diameter 
from the simulation was 0.17 at 200 µs and that ratio was about 0.1 in the 
experimental result.  
 

 
Figure 20. The expansion process of the plasma channel [51]. 

 
Furthermore, in the later work of Kojima et al. [25], with the conditions that the 
discharge current was 17A, the discharge duration was 80 µs, the gap width was 0.1 
mm, and the electrode was copper, they also successfully measured the plasma 
diameter by optical emission spectroscopy to be 0.5mm, which is five times larger than 
the diameter of the crater. At the same time, they said that after the dielectric 
breakdown, the plasma expands within 2µs and remains constant during the discharge. 
In addition, with the observation, they also found that the radius of the plasma 
channel increases with the increase of the gap width. Based on this, they revealed the 
reason that when the gap width increases, the material removal rate decreases, and 
the surface roughness becomes smoother. 
 
In addition, Pandey and Jilani [52] supposed that the plasma channel radius is a 
function of the average input power and the thermophysical properties of the 
workpiece material. They proposed that the constant surface temperature method can 
be used to estimate the radius of change of the heat source, and the model is given by 
Eq.10, where Tev is boiling temperature, Eo is energy density and α is thermal diffusivity. 
But this expression is only valid for a few cases of selected electrode pairs and 
dielectrics. Finally as shown in Figure 21, through the calculation with Eq.6, Eq.9 and 
Eq.10 Banerjee [53] plotted the growth characteristic curve of the plasma radius 
channel. 
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Figure 21. Summary of the relationship for variation of the plasma channel radius 

[53]. 
 

푇�� =
퐸�푅�

퐾휋�.� tan��(
4훼푡
푅�

�)�.� 
Eq.10 

 
According to the introduction of this section, it can be stated that these two kinds of 
hypotheses of plasma channel radius have a certain degree of validity since they have 
been successfully used by numerous researchers. Since there is no optimum plasma 
channel radius model yet, its selection must be further studied and verified in future 
work.   
 
II.1.6 Plasma flushing efficiency 
 
Plasma Flushing Efficiency (PFE) is also an important aspect of the EDM machining 
process which refers to the ratio of the actual volume of material removed during the 
spark discharge to the theoretical volume of melted material per pulse. In the work of 
Klocke [38], they proposed that this efficiency depends on the inlet fluid velocity. 
Simultaneously, this inlet fluid velocity depends on the initial constant flushing speed 
which is set by the EDM machine. On the other hand, it depends on the flushing jump 
movement of the electrodes that are present in the process of machining.  
 



Chapter II: State of the art 

29 

 
Figure 22. Effect of initial constant flushing speed on simulated temperature [38]. 

 
First, in order to verify the effect of the initial constant flushing speed (u0), a series of 
simulations with different u0 were implemented by Klocke [38]. It can be seen from 
Figure 22 that a higher flushing speed leads to a decrease in the temperature in the 
electrode. Then they also simulated the temperature changes under three different 
flushing jump movements. As the result shown in Figure 23, they found that the 
flushing jump movement has little effect on temperature in the simulation results. 
Especially at the beginning of the simulation, there is almost no obvious difference. 
Only at the end part of the simulation, did the different velocity amplitudes affect the 
temperature on the electrode. The temperature curve shows that although the 
average fluid velocity is the same, the higher amplitude of the flushing jump 
movement results in a lower temperature. 
 
For further evaluating PFE, some researchers assumed the PFE to be 100% during the 
simulation process, and then the PFE is obtained by comparing the simulation results 
with the experimental data. Such as in the work of Shabgard [45], the value of PFE is 
described in Eq.11 and Eq.12. Where, Vc(EXP) and Vc(FEM) are respectively the crater 
volume gotten by experiment and simulation, M1 and M2 are the weight of electrodes 
before and after machining, N is the number of discharges and ρ is material density. 
Then they plotted out the correlation between PFE, pulse on time and pulse current 
as Figure 24. Based on this they obtained the equation of PFE on the workpiece and 
tool electrode shown in Eq.13 and Eq.14 respectively. In that, I is pulse current, ton is 
the pulse on time. For verifying the validity of the model, they used the established 
model to predict the thickness of the recast layer and then contrasted it with the 
observation result. Finally, the prediction errors of the cathode and anode were 
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respectively 2.89% and 2.64%.   
 

 

Figure 23. Effect of flushing jump movement on simulated temperature [38]. 
 

푃퐹퐸 =
푉�(퐸푋푃)
푉�(퐹퐸푀)

 Eq.11 

  

푉�(퐸푋푃) =
(푀� − 푀�)

푁 ∙ 휌
 Eq.12 

 

 

Figure 24. The correlation between PFE, pulse on time and pulse current [45]. 
 

푃퐹퐸(푊표푟푘푝푖푒푐푒) = 149.197137 − 134.135686 ∙ 퐼��.���� ∙ 푡��
�.� Eq.13 

 
푃퐹퐸(푇표표푙) = 8.1055143 ∙ 퐼�.������ ∙ 푡��

��.����� 
 
Eq.14 

 
The revised literature in this section reveals the influence of plasma flushing efficiency 
in the EDM machining process. Hence, its application in EDM process simulation seems 
particularly important, and in terms of obtaining PFE value, it is also worth to further 
study in future work.   
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II.1.7 Latent heat 
 
Aims to achieve the purpose of material removal in EDM, the tool electrode and the 
workpiece are repeatedly heated above the melting point and sometimes even above 
the evaporation point. And then they are both cooled in the dielectric. At the critical 
point for providing or extracting the change of substance state, although the 
temperature is not changed, a hidden form of energy exists, namely the latent heat.  
 
Firstly in the work of DiBitonto et al. [29], they proposed a simple cathodic corrosion 
model that captured the main physical effects. In that model, they ignored the 
influence of latent heat. Finally, by contrasting the result of the simulation and 
experiment, they got a difference of 2%. Based on that they proposed that the 
influence of this factor in EDM on the material removal rate would not exceed 2%. 
With this conclusion in some early works, this factor was also not neglected in building 
simulation models, such as in the work of Banerjee et al. [53]. They pointed out that 
the latent heat value during the melting and evaporation process was not taken into 
account in the simulation process.  
 

 
Figure 25. The relationship between discharge power and material removal rate in 

different thermal models [48]. 
 
Whereas, Kunieda et al. [18] indicated that with the advent of powerful computers and 
numerical methods, the relationship between the thermophysical properties of 
electrode materials and temperature and the latent heat of melting and vaporization 
should be taken into account in the establishment of thermal models. For further 
improving the simulation, more and more researchers believe that the influence of 
latent heat can make the model more realistic and reliable. In the work of Chen et al. 
[48], considering the latent heat of evaporation with Eq.15 and Eq.16, an improved 
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thermal model was established to obtain the size of the discharge pit during the single 
pulse discharge. In that, Cp is the specific heat capacity in the solid state, Cm is the 
equivalent specific heat of liquid, Cev is the equivalent specific heat of gas, Lm is the 
latent heat of melting, Lev is the latent heat of evaporation, Tm is the melting point, and 
Tev is the boiling point. Finally, they compared their model with some others’. As shown 
in Figure 25, the improved thermal model with latent heat has high feasibility and 
accuracy. 
 

퐶� = 퐶� +
퐿�

푇� − 푇���
 Eq.15 

 

퐶�� = 퐶� +
퐿��

푇�� − 푇�
 

 
Eq.16 

 
Also in the work of Klocke [54], they studied the accuracy of several parameters that 
were proposed in some typical heat transfer models of single discharge. For doing that 
they rebuilt a thermal model and in that, the latent heat consumed at the melting 
point and evaporation point during the phase transition is also taken into account. On 
this basis, they successfully analyzed the influence of different modeling parameters 
on the obtained results.  
 
The study of the importance of latent heat carried out in this section fully shows that 
latent heat is now being considered by more and more researchers in the EDM thermal 
model. To a certain extent, the accuracy and credibility of the thermal model are also 
improved. Therefore, the application of latent heat in the future thermal model is 
imperative. 
 
II.1.8 Discharge delay time 
 
In the EDM process, when an open circuit voltage is applied between the two 
electrodes, the discharge does not occur immediately but after a certain discharge 
delay time. The discharge delay time reflects the dielectric breakdown strength of the 
gap between the electrodes. As it is known that with the change of machining 
conditions in EDM, the delay time of discharge is also variable. In the work of Oßwald 
et al. [55], they distinguished the type of discharge by the discharge delay time. 
Through various experiments, they found that the distribution of different discharge 
types can be controlled by adding a controller and changing discharge current or 
conductivity during the machining process. On this basis, the processing efficiency and 
the processing quality can be improved. 
 
Kunieda and Yakashima [56] proposed that the working gap width, the concentration 
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of debris particles, the surface area and the plasma deionization are important factors 
that affect the discharge delay time. At the same time, they proposed that since the 
discharge will occur in the area with the shortest discharge delay time, the location of 
the discharge can be predicted. Through their experiments, it was found that the 
discharge does not always occur in the narrowest part of the gap. And if the plasma 
formed by the first discharge is deionized during the discharge interval, the first 
discharge in the continuous pulse discharge will not affect the delay time of the second 
discharge or its discharge position. 
 
Morimoto and Kunieda [57] finished several experiments for exploring the internal 
regularity of discharge delay time in SEDM. By changing the machining conditions as 
variables like electrode area, gap width, size and concentration of debris on the surface, 
respectively they calculated the probability of the spark occurring depending on the 
delay time in each condition. Based on this they plotted the Laue plot in Figure 26. 
Simultaneously, they further obtained an equation that can predict the average 
discharge delay time with the relative variables. 
 

 

Figure 26. Laue plot [57]. 
 

Furthermore, in the work of Tang et al. [58], they studied and compared the changes 
in discharge delay time when copper, brass, and zinc were used as tool electrode 
materials. They found that different tool electrode materials do affect the discharge 
delay time. At the same time, they also studied the influence of the debris particles in 
the gap of two electrodes on the discharge delay time. The result shows that the 
impact of debris particles on the discharge delay time is negligible. 
 
Morimoto and Kunieda [59] studied the influence of debris concentration and 
processing area on discharge delay time in the SEDM process. Through experiments, 
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they found that at the same concentration of debris particles, the discharge delay time 
decreases with the increase of the machining area, which means that the discharge 
probability is proportional to the machining area. At the same time, they also found 
that the debris formed in the gap during processing has a significant effect on 
shortening the discharge delay time and can increase the material removal rate to a 
certain extent. 
 
Araie et al. [60] studied the influence of electrode surface roughness on the discharge 
delay time of single pulse discharge. As the experiment results are shown in Figure 27, 
they found that the discharge delay time is affected by the surface profile of the 
electrode, and the delay time of a single pulse discharge will be shortened when the 
electrode surface is rough. Another aspect studied is that the surface roughness of the 
workpiece has a more significant impact on the discharge delay time than the tool 
electrode. When the surface roughness of the workpiece is greater than that of the 
tool electrode, the discharge delay time will be shorter. 
 

 
Figure 27. Change of discharge delay time with different surface roughness: (a) Tool 

electrode; (b) Workpiece [60]. 
 
After this revision work, it can be concluded that many researchers have completed 
many studies on the discharge delay time in the field of SEDM and a certain 
understanding of this problem has already been gained. For WEDM, there are still few 
studies in this area. Therefore, more experiments and simulation work in terms of 
WEDM should be carried out to get a deeper understanding. 
 

II.2. Nature of debris in EDM 

 
Since most of the material removal in the EDM is caused by the boiling of the 
overheated melt in the crater, as shown in Figure 28, after the discharge is terminated, 
the bubble will break and the liquid jet that penetrates the bubble from all directions 
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will hit the crater and expel molten metal. Based on that, debris particles are 
generated by the recondensation of that molten metal by the dielectric liquid flushing 
during the discharge. In recent years, many researchers have conducted research on 
the debris produced in the EDM process to understand its influence on the machining 
process and results. 

 
Figure 28. The production of debris. 

 
II.2.1 Observation and size distribution of debris 
 
In order to understand the movement of debris, Kunieda and Yanatori [61] used an 
image conversion camera to observe the SEDM process (Figure 29). They found that 
the debris particle in contact with the tool electrode is negatively charged and 
accelerates toward the workpiece. When the debris particle collides with the 
workpiece, the negative charge is released, and the particles are positively charged 
and accelerate to move toward the tool electrode. As to realize a kind of debris-
reciprocating movement between the two electrodes. In addition, they proposed that 
the number of particles in the gap can be estimated by measuring the leakage current 
during the discharge delay time. 
 
Debris size distribution and location during single discharge SEDM were studied by 
Yoshida et al. [19]. They found that debris particles tend to concentrate at the 
boundaries of the discharge bubble. In his work, the debris generation in air and liquid 
were studied respectively (Figure 30). The debris generated in the liquid is mainly 
distributed at the boundary of the bubbles formed due to the evaporation and 
dissociation, while in the EDM gap, the distribution of the debris in the radial direction 
is affected by the number of bubbles generated. When the debris forms in the air, it is 
distributed widely in the radial direction, and as the radial distance from the center of 
the discharge crater increases, the debris density decreases. In addition, the debris 
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generated in the air is usually smaller and larger than that found in liquids and when 
the discharge takes place in liquid and low values of on-time are used about 80% of 
the particles have a diameter of around 30µm. 
 

 
Figure 29. Observation system with image conversion camera [61]. 

 

 
Figure 30. Shapes of debris generated in air and liquid [19]. 

 
Murray et al. [62] revealed that sub-micron and even nanometric or probably sub-
nanometric particles result from the SEDM removal process. Si and TiC electrodes 
were used for the anode and 304 stainless steel for the cathode. They used scanning 
electron microscopy (SEM) to classify particles larger than 0.2µm and found that the 
largest particles were below 10µm. Then, they used Transmission Electron Microscopy 
(TEM) analysis to resolve smaller-scale debris. It was found that there is a matrix of 
debris made up of extremely small particles (1nm or even lower) surrounding micron-
scale debris.  
 
Oßwald et al. [63] studied the characteristics of debris particles produced during the 
SEDM process. They used different processing parameters to produce particles with 
different size distributions. Through dynamic image analysis, they found that SEDM 
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can produce particles with high sphericity and it shows a low rate of internal powder 
porosity. They also obtained the debris size distribution as shown in Figure 31, which 
shows that most of the debris is between 10μm and 100μm in diameter. In addition, 
they proposed that the size distribution can be controlled by EDM parameters. 
 

 

Figure 31. Size distribution of debris [63]. 
 
From the consulted bibliography, a preliminary understanding of debris observation 
and distribution in EDM can be obtained. Existing works in this field are still not enough 
to completely understand the effect of debris on the EDM process. More studies of 
debris including but not limited to the observation in a range of nanometers and the 
study of debris composition are still need to be researched.  
 
II.2.2 Simulation of debris in the EDM process 
 
Due to the large flow rate and the small processing gap width, it is difficult to study 
the movement of debris during the EDM process through direct observation. To 
further understand the debris movement in the process of EDM and find a method to 
avoid its negative influence as much as possible, in recent years, many researchers 
have begun to work on the simulations of debris in the EDM process. 
 
Liu et al [64] used Fluent software to simulate the distribution and movement of debris 
and the effect of ultrasonic vibration assistance in the EDM process. They simulated 
the movement and distribution of debris in processing with different vibration 
frequencies and different amplitudes. Through the results, they found that ultrasonic 
vibration assistance can speed up the circulation of the dielectric liquid and increase 
the flow of the working fluid flowing through the gap between the wire and the 
workpiece, thereby accelerating the removal of debris and enhancing the stability and 
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efficiency of the machining process. 
 
Zhang et al. [65] used a combination of simulation analysis and experimental research 
to study the movement of debris between electrodes during the EDM process. 
Through the Fluent software simulation and corresponding experiments, they found 
that the dielectric liquid has enough pressure to remove debris during the shallow 
machining process. However, as the tool electrode goes deeper into the workpiece, 
higher flushing pressure is required to achieve the purpose of removing debris. 
 
In order to study the mechanism of debris movement during continuous pulse 
discharge, Wang and Han [66] proposed a three-dimensional model of the flow field in 
the machining EDM gap which is shown in Figure 32 and they also conducted 
experimental observations. Eventually, they found that most of the debris moved 
outward following the bubbles in the working gap. In addition, they found that as the 
discharge current and pulse time increase, the bubble expands stronger and makes it 
easier for debris to be removed. 
 

 
Figure 32. Three-dimensional model of the flow field in the machining EDM gap [66]. 

 
Cetin et al. [67] used a computational fluid dynamics (CFD) simulation program to 
analyze the dielectric fluid flow and debris distribution in the EDM machining gap. 
They proposed that the simulation model can be improved by considering the 
distribution of different numbers and sizes of debris. At the same time, they examined 
and compared the interaction between the fluid flow between the electrodes and the 
movement of debris. Finally, they found that the concentration of debris in the area 
where the eddy current is generated in the machining gap will increase, which will lead 
to the occurrence of secondary discharge. Through their simulation model results, the 
mechanism of debris movement can be better understood, which also helps to 
optimize the accuracy and stability of the EDM process. 
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Tanjilul et al. [68] proposed a CFD model to study various factors affecting the removal 
of debris from the machining gap. Based on CFD simulation and experimental results, 
they found that the processing current affects the size of the debris particles, and the 
size of the debris increases with the increase of the processing current. They also 
proposed that the optimal flushing pressure can be calculated by introducing the 
experimentally measured debris data into the CFD model, thereby achieving the effect 
of improving the EDM quality. 
 
From the review presented in this section, it can be stated that more and more 
researchers have simulated the movement of debris in the machining gap. This not 
only helps to better understand the movement principle and distribution of the debris 
but also can be useful for finding better processing parameters through the analysis of 
the debris. Therefore, more relevant research is worthy of further exploration to 
achieve the purpose of improving the quality, efficiency and accuracy of the EDM 
process. 
 

II.3. Wire breakage in WEDM 

 
II.3.1 Wires for EDM 
 
It is now generally believed that the electrode wire can greatly affect the performance 
of the wire-cutting machine tool. The choice of wire used to be copper or brass. Then, 
in order to meet the processing needs, various high-performance wire electrodes have 
been developed, such as galvanizing, diffusion annealing, coated steel core wire, etc.  
 

Objective Wire selection 
To Increase Cutting Speed Zinc-coated copper/Zinc coated brass 

To Cut Steep Tapers Soft brass/Zinc coated soft brass/Diffusion 
annealed brass 

To Cut Thicker Workpieces Diffusion annealed copper/Diffusion annealed 
brass/Coated steel core 

To Increase Straightness Al or Mg brass alloy/Moly or tungsten 
wire/Coated steel core 

To Increase Accuracy Al or Mg brass alloy/Coated steel core 
Table 1. Wire selection for different machining objectives [69]. 

 
Novotec [69] proposed that the general wire selection needs to consider the following 
characteristics. The first aspect is the tensile strength, which is based on the material's 
ability to resist stretching and breaking and the maximum load-bearing capacity of the 
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material. High-strength wires can provide better edge straightness and help improve 
the accuracy of parts. The second one is wire toughness. The wire with good toughness 
is more resistant to the influence of the dynamic environment of the spark gap. Then 
it is the conductivity. In WEDM, with the higher conductivity of the wire greater power 
can be delivered to the workpiece. At the same time, the cutting speed can be 
accelerated. The last aspect is vaporization temperature. When the surface of the wire 
evaporates during processing, it quickly turns into gas, thereby helping to flush and 
enhancing machining efficiency. Finally, as shown in Table 1, they proposed some wire 
selections for different machining objectives.  
 
In order to understand the influence of different wire materials on the WEDM process, 
Kumar et al. [70] chose brass wire, galvanized wire, and high-cutting speed wire 
respectively to study the cutting performance parameters of AISI D3 steel such as 
cutting speed, wire wear and surface roughness. With the corresponding material of 
the wire, they finished several experiments with the same machining parameter. As 
the result, they found that with brass wire the cutting speed is the lowest but in terms 
of surface roughness and wire wear it shows the best performance. 
 

 
Figure 33. Plain brass wire and coated brass wire [71]. 

 
In addition, Dave [71] has done a comparison between the coated brass wire and plain 
brass wire (Figure 33). He found that the coated wire has higher conductivity and this 
coating can protect the inner core to achieve faster material removal rate. By 
comparing the two kinds of wires by processing with the same parameters, it is found 
that with the use of coated wires the wire breakage occurring times become fewer. 
Simultaneously, it was proposed that although the cutting speed of the coated wire is 
20-30% faster than that of the plain brass wire, the use of the coated wire will incur 
higher costs. Therefore, when processing time is not crucial and good flushing 
conditions can be obtained, plain brass wire is a more economical choice. 
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Therefore, it can be concluded that wire plays a crucial role in WEDM. This aspect of 
the process can affect the machining efficiency and machining quality. The choice of 
different wires can solve different processing problems. Although brass and copper-
based wire are commonly used in WEDM, more kinds of wire are still worthy of being 
further studied and applied in future machining. 
 
II.3.2 Experimental studies to explain the causes of wire breakage 
 
Wire breakage during WEDM is one of the worst cases (Figure 34), which greatly 
affects the machining accuracy and the quality of the parts produced. Therefore, wire 
breakage is a critical topic in WEDM Industry. For instance, in current industrial 
practice, cutting in non-sealed conditions during roughing cuts may result in wire 
breakage. This is a common industrial situation when cutting stepped parts, or when 
due to part geometry accessibility is limited. As technology application progresses, the 
need for a satisfactory scientific explanation of underlying phenomena has become 
even more evident.  

 
Figure 34. Wire breakage in WEDM process [72]. 

 
In fact, the reliability of WEDM machines in the early years depended on the possibility 
of wire breakage, which limited machine productivity. The first researchers of the 
process found that wire breakage was in some way related to excessive temperatures. 
Kinoshita [73] observed that the pulse frequency of the gap voltage rose rapidly and 
lasted about 5-40ms before wire breakage. So they developed a monitoring system to 
turn off the pulse generator and servo system. This method can effectively prevent the 
wire from breaking, but this system also has a disadvantage, that is, it will affect the 
processing efficiency. Besides that, a US Patent by Itoh [74] introduced a new invention 
aiming at monitoring the location of discharges occurring within the gap between a 
wire electrode and workpiece, confirming thus since the early days the importance of 
discharge concentration on wire breakage. 
 
Banerjee et al. [75] proposed an expression for the heat source generated by a single 
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discharge, in which the plasma channel radius depends on part material properties 
and the average input power. In a later work, Banerjee et al. [53] attempted to predict 
the wear of the wire by using the finite difference method to calculate temperature 
fields generated by a single discharge. They proposed using the recrystallization 
isotherm (at 733.15K for the brass wire) as a measure of the minimum possible “load-
bearing area” of the wire. Interesting results from the sensitivity analysis of the 
boundary conditions of the problem can be found in this work.  
 
Luo [72] studied the phenomenon of sudden and random wire breakage from the point 
of view of fracture mechanics, including the influence of spark pressure and wire 
deformation. However, the development of advanced digital discharge generators and 
efficient process monitoring has largely reduced the possibility of random wire 
breakage when cutting under sealed flushing conditions. Certainly, under controlled 
dielectric flushing and following machine manufacturer recommendations, the 
possibility of wire breakage becomes nearly zero. In the same paper, it is recognized 
again that insufficient flushing may lead to arcing and excessive heat concentration on 
the wire. At the current state of the technology, strong interest is focused on wire 
breakage when cutting in non-sealed conditions in rough cuts. This is a common 
industrial situation when cutting stepped parts, or when due to part geometry 
accessibility is limited. In those cases, dielectric nozzles cannot be set at a very close 
distance (about 0.1mm in conventional machines) from workpieces’ upper and lower 
surfaces, flushing conditions deteriorate and debris from previous discharges 
accumulate within the working gap. In the work of Tosun and Cogun [76], they 
successfully performed the observation of wire with presence of craters (Figure 35). 
They approached the problem of wire wear using regression analysis to find statistical 
relations between the wire wear ratio and process parameters. An interesting 
conclusion is that a high wear ratio is related to low values of flushing pressure, 
confirming thus the negative effect of debris and local concentration of discharges.  
 

 

Figure 35. Wire with craters [76]. 
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Following in the research of Saha et al. [77], they confirmed the existence of internal 
thermal stresses resulting from non-uniform heating of the wire. Even though the 
stress level predicted by the model is well below the yield stress of the wire, and 
therefore it cannot fully explain wire breakage. Fedorov et al. [78] confirmed this result 
in a recent paper. By considering the tensile force imposed by the machine, the 
thermal stresses derived from the non-even temperature distribution on the wire and 
accounting for the amorphization of the wire surface, they concluded that actual 
stresses on the wire during normal processing are about 50% of the actual tensile 
strength of the wire. This work also sohowed that the Rehbinder effect combined with 
wire damage and process loads do not significantly affect wire breakage. 
 

 
Figure 36. Wire surface observation by SEM: (a) Under low average gap voltage; (b) 
Under medium average gap voltage; (c) Broken wire under high average gap voltage 

[79]. 
 
In order to find the relationship between the average gap voltage change and the wire 
breakage in WEDM, Abhilash and Chakradhar [79] performed a lot of experiments 
using the average gap voltage change as an index. They found that if the value of the 
average gap voltage exceeds a certain threshold limit, the number of occurrences of 
wire breakage will increase and affect processing efficiency. Based on this finding, to 
predict the disconnection, they used an adaptive neuro-fuzzy inference system to 
model the average gap voltage. And experiments confirmed the reliability of their 
model. In addition, they also conducted microstructure analysis with SEM (Figure 36) 
and further revealed the influence of average gap voltage on wire wear and 
component quality. They found that a higher average gap voltage value would lead to 
more frequent wire breakage and reduce machining quality. 
 
Das and Joshi [80] measured and analyzed the erosion of the Ti-6Al-4V alloy wire after 
cutting at different input discharge voltages, discharge currents, pulse duration, pulse 
interval and feed speed. They used SEM to analyze the wire surface damage and used 
image processing technology to estimate the wire surface quality index of the 
allowable limit of wire surface erosion. They concluded that during processing, the 
wire diameter initially increased on one side compared to the original diameter, and 
then, with the wire moving forward in the feed direction, the diameter of the wire 
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gradually became smaller. At the same time, in addition to the corrosion of the wire, 
they also found that the increase in the temperature of the wire during the processing 
caused the strength to decrease, which is also an important cause of wire breakage. 
 
According to the revised bibliography, it is clear that wire breakage is still a hot topic 
today. A lot of researchers focused on this popular problem in WEDM and did a huge 
number of experiments to intend to further understand and figure out its cause. 
Although now the existing work can explain to a certain extent the internal reasons for 
wire breakage, it is still not enough to realize the objective of avoiding that in the 
process of machining. So there is still more work that needs to be done.    
 
II.3.3 Discharge location in WEDM 
 
Based on the previous section, it can be stated that the temperature distribution of 
wire has a great influence on wire breakage. Since the concentration of discharge will 
cause the accumulation and concentration of heat, it is considered to be an important 
cause of wire breakage. Therefore, for decreasing the frequency of wire breakage and 
improving machining quality, research on the discharge position becomes very 
important. In the early 1980s, a US Patent by Itoh [74] introduced a new invention 
aimed at monitoring the location of discharges occurring within the gap between a 
wire electrode and workpiece, thus providing early confirmation of the importance of 
discharge concentration in wire breakage (Figure 37).  
 

 
 

Figure 37. Discharge concentration detecting circuit [74]. 
 
In the work of Kunieda et al. [81], they proposed that with the change of spark position, 
the part of wire included in the upper circuit and lower circuit respectively will also 
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change. Since the wire is seen as the resistance in the circuit, it means that the current 
value is distinct depending on the spark position. Based on this theory, Han et al. [82] 
used the probability method to simulate the discharge position in the WEDM process. 
The simulation results were also verified by comparing the processed shape obtained 
by simulation with that obtained by actual processing. At the same time, they found 
that compared to constant feed rate control, adaptive servo feed control is more likely 
to cause fringes on the machined surface. 
 
Although the fundamentals of discharge location were known, it has not been until 
recent years that the technology has been fully developed. Locating and tracking the 
discharge position during the WEDM process has become an important research 
direction again for many researchers and strives to be applied to actual industrial 
processing to achieve the improvement of machining efficiency and quality. Boccadoro 
et al. [15] created a model of wire shape and wear and they successfully located the 
position of discharges during the WEDM process. As shown in Figure 38, through the 
current changes in the upper and lower parts of the circuit they realize real-time 
monitoring of discharge position. With the detection of this model, the feed rate of 
the wire can be adjusted during the machining process and the complete process of 
the machining process can be tracked to obtain the machining contour. At the same 
time, the cause of the final processing defects of the workpiece can be found and it is 
helpful to improve the traceability of the WEDM process. 
 

 

Figure 38. Schematic diagram of the discharge location positioning system [15]. 
 
In addition, Okada et al [83] indicated that when the workpiece is very thin, the current 
method is difficult to accurately evaluate the spark position distribution. As shown in 
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Figure 39, they proposed a method to measure the location of discharges by analyzing 
images recorded by high-speed cameras. Then they studied the influence of servo 
voltage, pulse interval time and wire feed speed on discharge distribution. Finally, they 
found that when the servo voltage is high, the pulse interval time is long, and the wire 
speed is low, the spark distribution becomes uniform. The conclusion is that this 
method has a great effect on evaluating the distribution of discharge positions. 
 

 
 

Figure 39. High-speed observation system [83]. 
 
In addition, Chen et al. [84] proposed a new high-speed observation system to evaluate 
the spark position during continuous discharge. The discharge sparks passed through 
the heat-resistant glass, the filter, the focusing lens, and finally, the image was 
collected by the digital high-speed camera. They used a series of image processing 
methods and centroid methods to obtain the discharge position and found that most 
discharge sparks are in the middle area of the workpiece, followed by the lower and 
upper areas. At the same time, they also explained the relationship between discharge 
distribution and machining quality and optimized the process parameters based on 
the uniform discharge position. Finally, they achieved a 32.6% reduction in average 
surface roughness while maintaining machining efficiency. 
 
In the work by Han et al. [85], they clarified that the discharge position can be 
controlled by the principle of local superposition of high electric fields. Based on this, 
to improve the controllability of the discharge position, they proposed that the local 
high electric field can be improved by increasing the superimposed voltage, and it can 
also be superimposed successively to increase the discharge probability. Through 
experiments, they succeeded in the uniform distribution of discharge positions on the 
surface of the workpiece, which can improve the quality of the machined surface. 
 
As a conclusion for this section, it can be seen that due to the importance of uniform 
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discharge on the processed surface in reducing wire breakage, improving processing 
quality and increasing processing efficiency, the research on discharge location has 
been paid a lot of attention by researchers in recent years. At the same time, it is more 
than research, and the application of the monitoring of the discharge position in the 
WEDM field has become more and more popular in the industry. However, in actual 
industrial applications, the accuracy and real-time monitoring are still worth studying 
and need to be improved. 
 

II.4. Numerical model in EDM 

 
As the essence of cutting is the superposition of craters produced by discharges, 
analysis of craters is a crucial approach to understanding the process of material 
removal. Now combining modeling and simulation with realistic experiments is a 
sound approach to getting a better understanding of craters. Theoretical models of the 
WEDM process must assume important simplifications not only because of the 
complex phenomena involved but also because of the difficulty in setting realistic 
boundary conditions. The main advantage of numerical methods is that they allow the 
modeling of complex geometries, variable boundary conditions and variable material 
properties. Therefore, fundamental studies are very necessary for better-defining 
boundary conditions and reducing modeling uncertainties. 
 
II.4.1. Numerical model establishment 
 
The discharge material erosion heat model is established based on the classic Fourier 
heat conduction model which is shown in Eq.17 [42]. In that, ρ is the density of the 
workpiece material, C is the specific heat capacity, and λ is the thermal conductivity. 
This equation represents the most general case. The solution of the differential 
equation requires the definition of the initial conditions and boundary conditions of 
the problem. The initial conditions will be given by the temperature distribution at the 
initial moment, and the boundary conditions will reflect the possible symmetry, 
isolation, convection with the surrounding medium, etc. Among all these boundary 
conditions, the most important for EDM process modeling is the heat source that 
represents the energy input related to the spark. 
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The schematic diagram of the H-dimensional axis-symmetric single-pulse heat 
conduction model is shown in Figure 40 [48]. Assuming that the surrounding 
environment is maintained at 20oC, the boundary conditions are: (a) Surface 1: Absorb 
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the discharge energy in the pulse during the pulse on time and release the heat energy 
through thermal conduction with the dielectric during the pulse interval. (b) Surface 2: 
It loses heat energy by conducting heat with the dielectric. (c) Surfaces 3 and 4: Due 
to symmetry, they are heat-insulating surfaces. (d) Surface 5: It is an insulating surface. 
 

 

Figure 40. Axis-symmetric configuration on single discharge process [48]. 
 
For the multi-pulse discharge process, the thermal model is also established based on 
the Fourier heat conduction equation, and the plane-symmetric structure of the model 
is shown in Figure 41. The boundary conditions are: (a) Surface 1: Absorb the heat 
energy in the pulse during the pulse on time and release the heat energy through the 
heat conduction with the dielectric during the pulse interval. (b) Surface 2: It spreads 
thermal energy to the outside through thermal conduction with the dielectric. (c) 
Surfaces 3 and 5 are heat-insulating. (d) Surface 4: Due to its symmetry, it is also an 
insulating surface. 

 
Figure 41. Axis-symmetric configuration on multi-discharge process [48]. 

 
Nowadays, the most used numerical method is FEM, which is also based on the 
geometric discretization to be studied. For doing research work, different commercial 
finite element software tools (such as ABAQUS, ANSYS or DEFORM) are adopted. In 
addition, the other crucial elements in the establishment of a numerical model in EDM 
such as the distribution of discharge energy, heat source model, the radius of the 
plasma channel, plasma flushing efficiency, and latent heat have already been 
introduced in Section II.1. 
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II.4.2. Application of numerical model 
 
The application of numerical models is becoming more and more popular in the study 
of the crater in EDM. The main advantage of numerical methods is that they allow the 
modeling of complex geometries and variable profile conditions as well as variable 
material properties. Nowadays, this method is widely used in various fields of EDM to 
study the machining process. 
 
II.4.2.1. Numerical model application in SEDM 
 
In recent years, there are a lot of research works on SEDM that were finished based 
on numerical application. Das et al. [86] used the FEM to establish a numerical model 
to simulate the influence of a single spark. The model used process parameters such 
as power input, pulse duration, etc. In addition, they verified the model with 
experimental data. Finally, based on this model, they used the solver of DEFORM to 
solve the heat transfer problem to successfully predicted the temperature distribution, 
material transformation, and residual stress in EDM. The result is shown in Figure 42, 
the EDM crater shape was obtained. 
 

 
Figure 42. EDM crater simulation with a numerical model [86]. 

 
As shown in Figure 43 (a), Liu et al. [87] also built a FEM numerical model of single 
discharge. More importantly, they successfully implemented a model to solve the 
random discharge phenomenon in ABAQUS, they simulated the induced temperature 
field generated by a large number of electrical discharges in NiTi alloy workpieces 
which is shown in Figure 43 (b). Among them, the discharge position is determined by 
implementing random theory in the finite element model. As the result, they 
successfully predicted thermal damage by this novel numerical model and proved that 
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the proposed model considering the random discharge phenomenon is an effective 
method.  

 

 
Figure 43. (a) 3D FEM numerical simulation of single discharge; (b) Multi-discharges 

numerical model [87]. 
 
Izquierdo et al. [32] proposed to use the method of finite difference scheme to 
numerically calculate the temperature field inside the workpiece produced by the 
superposition of multiple discharges. The discharge characteristics (heat transferred 
to the workpiece, diameter of the discharge channel and material removal efficiency) 
for a given operation can be estimated by inverse identification based on the results 
of the numerical model. And the model was verified by an industrial EDM test, showing 
that their proposed model can effectively predict the material removal rate and 
surface roughness with an error of less than 6%. 
 
After that, Tlili et al. [88] improved the numerical model based on the finite difference 
method with Ansys. The model takes into account the growth of the plasma channel 
and the instantaneous removal of material during the entire discharge process. It can 
be used to evaluate the effectiveness of the model based on the material removal rate 
and the crater shape. For verifying the model, they used tool steel AISI D2 to conduct 
related experiments. As shown in Figure 44, they compared the material removal rate 
(MRR) obtained in the experiment with the simulation data, and the results proved the 
validity of the numerical model. 
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Figure 44. Comparison of results between experimental and simulation data [88]. 

 
Shabgard et al. [45] used ABAQUS to simulate the temperature distribution of the 
workpiece and tool electrode surface during a single discharge in the electrical 
discharge machining process. In the establishment of the numerical model, they used 
the temperature dependence of material properties and the expansion of the plasma 
channel radius over time. They used the temperature distribution curve to calculate 
the size of the discharge pit and compared them based on the results of finite element 
analysis and experimental observations. Finally, the prediction errors of the cathode 
and anode are 2.89% and 2.64%, respectively. In addition, they found that the increase 
of the pulse current and the increase of the pulse on time have opposite effects on the 
plasma flushing efficiency. 
 
In another work that modeled SEDM, in order to predict the stress field caused by 
thermal shrinkage and martensite deformation, Perez et al. [89] calculated the 
temperature and the resulting change by CALCOSOFT and performed stress analysis 
by ABAQUS, and finally, they obtained the corresponding tensile stress. They found 
that in addition to the area of the material that has undergone the martensitic 
transformation, this causes an increase in the volume of the material and compressive 
stress in a small part of the crater. 
 
II.4.2.2. Numerical model application in WEDM 
 
In the field of WEDM, the numerical model application is also very often adopted to 
do research work. To explore the influence of the vibration of the wire on the discharge 
position and temperature distribution of the workpiece, Zhang et al. [90] proposed a 
FEM model that considers three-dimensional wire vibration based on the classic 
thermal model of EDM. Through this model, they simulated the machining process 
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and verified it through a series of EDM experiments. Finally, they verified that wire 
vibration had an important effect on the discharge location and could change the 
temperature. Furthermore, through the comparison of the simulation result, they 
found that the transverse motion of the wire electrode in all vibration directions has 
the greatest impact on the WEDM process. As shown in Figure 45, they found that with 
the increase in the amplitude of wire vibration, the thickness of the recast layer 
gradually decreases. 
 

 
Figure 45. Relation between recast layer thickness and vibration amplitude [90]. 

 
To study the optimal parameter values of the WEDM process to obtain better surface 
integrity and material removal rate, Senkathir and Sandeep [91] selected Inconel 718 
as the workpiece and molybdenum as wire. They selected 9 groups of specific 
parameters for experiments. The time spent in each experiment during the processing 
and the weight loss after each experiment were recorded to calculate the material 
removal rate. At the same time, the surface integrity after each experiment was also 
measured. After that, they used ANSYS to build a FEM model for simulation with 
corresponding parameters. Finally, in a conclusion, they found that the pulse on and 
off time plays an important role in improving the material removal rate, and the feed 
rate plays an important role in optimizing the surface finish. 
 
Kumar et al. [92] used ANSYS to numerically simulate the WEDM to determine the 
temperature curve. Firstly they obtained the accuracy rate of the numerical model by 
comparing the experimental results and as shown in Figure 46, the accuracy of the 
simulation results obtained under the same parameters was 87%. This is because there 
were some assumptions in the model they defined (such as 100% flushing efficiency, 
no recast layer deposition, etc.), which makes the numerical model and the 
experiment have a certain difference. In actual processing, the recast layer exists and 
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its formation has been introduced in Section II.1.6. At the same time, through 
simulation results, they found that discharge delay time is the most important factor 
that caused all investigation results, and by increasing the value of discharge delay 
time, better MRR results can be obtained. 
 

 
Figure 46. Comparison of results between experimental and simulation data [92]. 

 
Singh et al. [93] also adopted ANSYS software to propose a three-dimensional finite 
element model to predict the temperature distribution of titanium alloy samples 
under different pulse times and the stress distribution during machining. Related 
material properties have been used to study temperature distribution and stress 
distribution. The total heat flow distribution of the titanium alloy workpiece is shown 
in Figure 47. After the spark ends, thermal stress is generated, and then residual stress 
is generated after cooling. Through simulation, they found that the voltage and pulse 
interval have a significant effect on the processing time. The larger the current, the 
shorter the processing time. 
 

 
Figure 47. Total heat flow distribution of the titanium alloy workpiece [93]. 

 
For improving WEDM's ability to process complex contours and processing speed and 
avoid harmful surface damage, Hargrove and Ding [94] developed a FEM program to 
simulate the temperature distribution in the workpiece under different cutting 
parameters. They determined a set of optimal cutting process parameters for 
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workpiece manufacturing by minimizing the thickness of the temperature-affected 
layer and meeting a certain cutting speed. Finally, the validity of the parameters they 
obtained was verified through experiments. 
 
In addition, for further learning the consecutive sparks in WEDM, Shahane and Pande 
[95] developed a transient thermophysical finite element model of the WEDM process 
to calculate the temperature distribution and material removal rate in the workpiece. 
As shown in Figure 48, they proposed and developed a thermal model of multiple 
sparks with overlapping craters by modifying the single-spark transient heat transfer 
model. In the end, they verified that the prediction result of the multiple spark model 
was close to the experimental value by about 50% by comparing the experimental data 
with the simulated data. 

 
Figure 48. Overlapping craters of two consecutive sparks [95]. 

 
From the information gathered in this section, it can be concluded that the numerical 
model is a promising method to do research work in EDM. It is applied to the research 
of various fields of EDM such as SEDM and WEDM. This method can help to further 
understand the EDM process and at the same time, the numerical model can also be 
used to improve processing parameters to achieve the purpose of improving 
processing quality. However, when building a numerical model, there are still many 
aspects that need to be further clarified and improved. 
 
II.4.3. Numerical model of wire breakage 
 
In addition to experiments and observations, more researchers have begun to use the 
numerical model to simulate the wire internal change in the WEDM process to attempt 
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to gain more understanding of the cause of wire breakage. Rajurkar and Wang [96] 
proposed a WEDM spark frequency monitor to prevent wire breakage. In addition, 
they used thermal models to analyze wire breakage. In fact, relevant literature can be 
found dealing with the topic of thermal load on the wire in the WEDM process. Spur 
and Schönbeck [50] presented a reference paper to study the thermal problem on the 
wire. In their work, a theoretical model for anode erosion in WEDM was solved using 
FEM. Aspects such as the radius of the plasma channel and the dimensions of the 
crater produced by one discharge were analyzed in-depth, setting thus the 
fundamentals for later thermal studies.  
 
Kumar et al. [97] proposed a 3D finite element model, and in the modeling, they used 
a Gaussian distributed heat source and considered the temperature-dependent 
material properties. As shown in Figure 49, by using ANSYS software and a static 
method to predict the influence of different pulse times on temperature distribution 
and stress distribution in the online cutting process, they found that thermal stress 
was generated after the discharge ended, and then residual stress was generated after 
cooling. At the same time, the peak temperature increases sharply with the pulse on 
time, which means that the increase of the pulse on time increases the probability of 
wire breakage. 

 

 
Figure 49. Temperature distribution on the wire [97]. 

 
In another work by Kumar et al. [98], they further verified the previous model by 
comparing the crater obtained by the numerical modeling with the experimental 
observations. At the same time, in order to further explore the reasons for wire 
breakage, they used this model to simulate the formation of the crater and used the 
crater volume to evaluate the erosion rate of the wire. By using different machining 
currents and voltages, as shown in Figure 50, they found that the temperature of the 
wire increases as the current and voltage increase during the machining. Therefore, 
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the increase in current and voltage is also an important cause of wire breakage. 
 

 
Figure 50. The maximum temperature under different currents and voltages [98]. 

 
In order to present the transient thermal and structural simulations of wire electrodes 
in the WEDM process, Singh et al. [99] used Ansys to perform FEM simulations. They 
used a three-dimensional finite element model to predict the temperature distribution, 
the total heat flux under different time pulses, and the stress distribution in the WEDM 
wire. The maximum and minimum transient heat flux distributions on the wire are 
shown in Figure 51. Eventually, they found that the peak temperature increased 
sharply as the pulse on time increased and it makes the wire breakage more likely to 
happen. 
 

 
Figure 51. Graphical representation of the maximum and minimum transient heat 

flux distribution on the wire electrode [99]. 
 
Also, Boipai [100] used finite element analysis to determine the temperature 
distribution, displacement and stress distribution of the wire electrode tool of the wire 
cutting machine tool. He used ANSYS software to establish a three-dimensional finite 
element model. After the spark ended, thermal stress was generated as Figure 52, and 
residual stress was also generated after cooling. Finally, the finite element model of a 
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single spark with temperature-dependent material properties is carried out. He found 
that with the increase of pulse on time, the thermal stress increases and the molten 
part of the wire increases. This means that when a higher pulse on time is used the 
wire breakage occurs more frequently. 
 
To predict wire breakage, Das and Joshi [101] analyzed the wire cross-section. They 
used the FEM to establish a two-dimensional nonlinear transient heat transfer model 
of the wire electrode. In their numerical model, they used Gaussian heat flux and 
considered the latent heat of brass wire melting. The model can predict the peak 
temperature after a discharge phenomenon occurs under different input parameters. 
According to the temperature curve, the shape and area of the wire affected by heat 
were estimated and the corrosion rate of the wire is calculated. In addition, they found 
that the peak temperature reached by the wire after a single discharge increased with 
the increase of voltage and current due to the increase of input power.  
 
In another work by Das and Joshi [102], in order to further study wire breakage, they 
developed a three-dimensional FEM thermal model on wire (Figure 52) to calculate 
the temperature and induced stress and verified the calculation ability of the 
developed model through experiments. At the same time, they used X-ray diffraction 
techniques to obtain experimental values of residual stress. Finally, the safety index of 
wire is evaluated by calculating the ratio between the maximum value of the residual 
stress caused and the yield stress of the wire. 
 

 
Figure 52. Three-dimensional FEM model on the wire [102]. 

 
Joshi et al. [103] considered the effect of plasma flushing efficiency in the modeling and 
optimized the numerical model. Through modeling, they found that the temperature 
of the wire and the size of the crater increased by increasing the voltage, current and 
pulse on time. At the same time, by increasing the diameter of the wire, the plasma 
width will also increase. It means that the same amount of energy was transferred to 
a larger contact surface, and the interface temperature decreased. The size of the 
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crater decreases with the increase in the wire diameter, which means that the 
diameter of the wire is inversely proportional to the probability of wire breakage. 
 
Through the introduction of this section, it can be found that many researchers have 
begun to use a numerical model to study the reasons for wire breakage and explored 
the method for reducing the frequency of wire breakage. At the same time, this kind 
of model can also be used to predict wire breakage in WEDM. However, building a 
numerical model is not enough for realizing real-time monitoring of wire breakage, 
more work and research are still required. 
 

II.5. Summary of research status in EDM 

 
Since the manufacturing industry has increasingly high requirements for EDM 
processing technology, to improve machining accuracy, the basic research of EDM has 
continued research and it becomes more and more popular and essential. At present, 
there are a lot of results in the existing research that have been finished. Whereas, due 
to the complex machining process of EDM, in order to meet the development of a 
more precise EDM machine, it is necessary to conduct further research. The summary 
of the existing research and the direction that can be further explored is stated as 
follows: 
 

- A large number of research works have been finished to explore the discharge 
characteristics in EDM. In that, the plasma channel generation was observed 
by spectroscopy and a high-speed camera. As the result, it is found that not 
only generated in liquid but also a bubble. This means that the plasma-
generated environment needs to be considered carefully. 

  
- The heat distribution in the EDM process has been studied by a lot of 

researchers. For detecting and simulating the process, the combination of the 
thermal model and the experimental result is seen as a good solution idea. 
Whereas, due to the various hypotheses of the heat source model, plasma 
channel radius, plasma flushing efficiency, latent heat and the setting 
conditions, there is still not a determined model. Therefore it is still a good 
topic to explore and it is worth improving a more accurate and credible thermal 
model to further understand the EDM process.  

  
- The discharge delay time reflects the dielectric breakdown strength of the gap 

between the electrodes. As it is known that with the change of machining 
conditions in EDM, the delay time of discharge is also variable. Through the 
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review, it can be known that a large number of studies have been finished in 
the field of SEDM. Whereas in terms of WEDM, the work is still less than 
enough and more experiments and simulation work should be carried out to 
get a deeper understanding. 

  
- Debris particles are generated by the recondensation of that molten metal by 

the dielectric liquid flushing during the EDM process. Many researchers have 
researched the debris produced in the EDM process to understand its influence 
on the machining process and results. In addition, for exploring the movement 
of debris during the EDM process, the corresponding simulation in the 
machining gap was also taken into account in some research. Whereas, the 
existing works in this field are far from enough. More studies of debris including 
but not limited to the observation in a range of nanometers and the study of 
debris composition still need to be researched.  

 
- Wire plays a crucial role in WEDM and can decide the machining quality. But 

the occurrence of wire breakage will affect the machining accuracy. Therefore, 
wire breakage is a critical topic in WEDM Industry. A lot of researchers focused 
on this popular problem and did a huge number of experiments to further 
understand it. Since the concentration of discharge causes the accumulation of 
heat, it is considered to be an important cause of wire breakage. Therefore, for 
decreasing the frequency of wire breakage and improving machining quality, 
research on the discharge position becomes very important. The application of 
the monitoring of the discharge position in the WEDM field also has become 
more and more popular in the industry. However, in actual industrial 
applications, the accuracy and real-time monitoring are still worth studying and 
improving.  

  
- Nowadays, numerical modeling is a promising approach for getting a better 

understanding of crater in EDM and it can also be used to improve processing 
parameters to achieve the purpose of improving processing quality. For that, a 
lot of fundamental studies become necessary to better define boundary 
conditions and reduce modeling uncertainties. In addition, there are still many 
aspects that need to be further clarified and improved in the process of 
numerical model building. 
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III. EXPLORATION OF DISCHARGE DELAY TIME IN WEDM 
 
The understanding of discharge delay time (td) is vital to understand the discharge 
quality in EDM. This topic has been extensively studied in SEDM, but the current 
research work in WEDM is not enough and it needs to be studied in depth. In this 
chapter, the study on td of single discharges was carried out to explore the influence 
of gap width (g), surface roughness and volume flushing flow rate (Qf). After that, for 
further exploring td in the general machining process, the experiment about td of 
continuous discharges was also done and further discussed.  
 

III.1. Introduction 

 
In WEDM, when an open voltage is applied between the wire and the workpiece, the 
discharge does not occur until reaching the breakdown point. The time duration from 
starting application of open voltage to discharge occurrence is named discharge delay 
time (td). It is an important indicator used to distinguish the type of discharge or to 
judge the discharge situation. In this chapter, two aspects of single discharge and 
continuous discharge were both taken into account.  
 
In Section III.2, the single discharge experiment was finished under different machining 
parameters to find the possible influencing factor on td. From the experimental result, 
it was learned that g, surface roughness and Qf can affect td. Furthermore, it was found 
that an increase in g or a smoother workpiece surface made the discharge delay time 
larger. In addition, with a higher Qf, the discharge delay time increased. Then, the 
reason for the influence of Qf was further explored through the measurement of wire 
displacement. Finally, it was found that with higher Qf, the average position of the wire 
is farther from the initial position. In other words, the higher Qf made g larger, and it 
made td longer which has been already verified.  
 
Then to investigate td in the general WEDM process, the continuous discharge 
experiment was introduced in Section III.3. During the experiment, the observation of 
the gap between the wire and the workpiece was also finished by a high-speed video 
camera. Through the analysis of experimental data, the relationship between 
discharge position and td was found that more discharges occurred in the process of 
bubble expansion. It verifies the influence of the bubble expansion on the discharge 
occurrence, and it can be explained by the effect of the debris particles concentrated 
at the bubble boundary that can make td shorter. 
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Finally, some conclusions are presented in Section III.4. The relative results in this 
chapter can help better understand the discharge conditions and at the same time, it 
can be useful for improving the configuration of machining parameters in future works. 
 

III.2. Discharge delay time of single discharge in WEDM 

 
Considering the single discharge experiment can better control the discharging 
parameters, for exploring the possible influencing factors on td, the single discharge 
experiment was finished first.  
 
III.2.1. Experimental method 
 
To collect td of a single discharge under different machining conditions, the wire length 
between the upper nozzle and the lower nozzle was set as H. The workpiece was fixed 
corresponding to the middle part of the wire which is shown in Figure 53 (a). The 
materials of the workpiece and wire are respectively Sverker 21 and brass. Moreover, 
CWT Rogowski current transducers and Tektronix ThDP0200 Differential Probe were 
respectively used for detecting the current and voltage, and a Tektronix 5034B Digital 
Oscilloscope was used for collecting signals with a sample rate of 10 MS/s. Then, as 
shown in Figure 53 (b), the wire swept over the workpiece surface with the set g. After 
that, only the information of the first discharge of each cutting was selected to do 
further study for ensuring that this discharge occurred under the setting condition. 
This process was repeated 30 times under each condition. In other words, td of 30 
single discharges of each setting condition were obtained. Figure 54 shows the 
acquired voltage signal and current signal of one discharge from which td can be 
obtained. 

 

    

Figure 53. (a) Fixation of wire and workpiece; (b) Cutting method. 
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Figure 54. Voltage signal and current signal of one discharge. 

 
III.2.2. Relation between gap width and discharge delay time 
 
The gap width g is an important machining parameter in WEDM. In this section, the 
relative experiment will be introduced and the relation between g and td will be found 
through the experimental result.  
 
III.2.2.1. Experimental set-up 

 
For exploring the relation between g and td, in the following experiments, 3 kinds of g 
were selected to use and other machining parameters were kept the same. With the 
parameters shown in Table 2 and the measurement method introduced in the 
previous section, the experiments under different g were finished.   

 
g (µm) 5 10 20 

H (mm) 30 

Qf (L/min) 16 

Ra (µm) 0.32 

Rz (µm) 1.84 

h (mm) 30 

Table 2. Machining parameters. 
 

III.2.2.2. Experimental result 
 

After cutting 30 times under each kind of g, td of every discharge under different gaps 
was obtained. Then, the average discharge delay time (td,ave) is calculated by Eq.18. In 
that, N is the total number of discharges. The result of td,ave under different g is shown 
in Figure 55 (a). It is clear that td,ave under 20µm of g is the longest, and td,ave shows an 
increasing trend with the increase of g. Moreover, the probability p that discharge 
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does not occur until any td can be expressed as Eq.19, where n is the number of 
discharge that still does not occur. The relation between td and p was expressed with 
the Laue plot and it was plotted in Figure 55 (b). From the slopes of the curves, it can 
be learned that smaller g results in shorter td. This result verifies the influence of g on 
td in WEDM is the same as that in SEDM which was found in the work of Morimoto 
and Kunieda [57]. 
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Figure 55. (a) td,ave under different g; (b) Influence of different g. 

 
III.2.3. Relation between workpiece surface roughness and discharge delay time 
 
The influence of the workpiece surface roughness on td was also taken into account to 
do the investigation. In this section, there will be the td experiment on 2 prepared 
workpieces with different values of surface roughness, and the relation between 
workpiece surface roughness and td will be also explored through the corresponding 
result of td,ave and the Laue plot.  
 
III.2.3.1. Experimental set-up 
 
For investigating the relation between workpiece surface roughness and td, two 
different surfaces with different roughness values were prepared. With the machining 
parameters in Table 3, the part of the surface that was cut with only one time of 
roughing cut is called a rough surface. Another part that was cut with one time of 
rough cut and two times of trim cuts is called a smooth surface. The mean surface 
roughness (Ra) and the maximum surface roughness (Rz) of each kind of surface are 
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shown in Table 4. To keep the g the same in the experiment with different surface 
roughness, a part of the smooth surface was reserved for doing the calibration as 
shown in Figure 56 (a). Through surface observation that was realized with Alicona 
optical 3D measurement system, the height difference was gotten as Figure 56 (b) and 
the relative g on the rough surface also can be defined. Finally, the experiment was 
realized under the parameters shown in Table 5. 

 
Parameters Rough cut 1st trim cut 2nd trim cut 

Uo (V) 80 100 90 

Us (V) 52 48 10 

f (mm/min) 12 10 10 

toff (µs) 12 9 1 

F (N) 10 18 18 

Table 3. Machining parameters for preparing different surface roughness. 
 

Parameters Ra (µm) Rz (µm) 

Smooth 0.32 1.84 

Rough 2.41 12.17 

Table 4. Surface roughness. 
 

  

Figure 56. (a) Workpiece with two different surface roughness values; (b) Height 
difference between the smooth and the rough surface. 

 
Surface roughness Smooth Rough 

H (mm) 15 

g (µm) 14 

Qf (L/min) 9 

h (mm) 15 

Table 5. Machining parameters. 
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III.2.3.2. Experimental result 
 

With the described experimental method, td of 30 single discharges on each kind of 
surface was gotten. Firstly td,ave was calculated by Eq.18 and they were 175.87μs and 
87.99μs on the smooth surface and the rough surface, respectively. Consequently, it 
can be known that discharge occurs easier on the rough surface. Then, the Laue plot 
was also obtained in Figure 57. The slope of the curves verified that, with the same td, 
it is more difficult to discharge on a smooth surface.  

 

 
Figure 57. Influence of different surface roughness. 

 
III.2.4. Relation between flushing flow rate and discharge delay time 
 
Flushing flow rate (Qf) was another machining parameter considered to do further 
research. In this section, experiments under different Qf. were finished. Through the 
experimental result, the influence of Qf on td was learned. Then, the reason for the 
influence of Qf was assumed and the corresponding experiment was carried out to for 
verifying the assumption. 
  
III.2.4.1. Experimental set-up 

 
In the experiment, Qf from the upper nozzle and the lower nozzle was always set as 
the same. Next, with the parameters shown in Table 6, 3 kinds of Qf were set to do 
the corresponding experiments. Using the measurement method explained in Section 
III.2.2, the voltage signal and current signal of every single discharge were also 
collected to analyze td.  
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Qf (L/min) 0 4 9 

g (µm) 10 

H (mm) 30 

Ra (µm) 0.32 

Rz (µm) 1.84 

h (mm) 15 

Table 6. Machining parameters. 
 

III.2.4.2. Experimental result 
 
With the gotten td of 30 single discharges under each kind of Qf, td,ave was calculated 
as 51.20µs, 127.33µs and 185.93µs respectively corresponding to 0L/min, 4L/min and 
9L/min of Qf. The Laue plot is shown in Figure 58. It is obvious that discharge becomes 
easier with a lower Qf and it shows an increasing trend of td,ave with the increase of Qf.  

 

Figure 58. Influence of different Qf. 
 

Through the experimental result, it is known that with the change in Qf, td changed. 
About the reason for this influence, it is assumed that the flushing flow may change 
the wire displacement and it may change the gap distance between the wire and the 
workpiece. For verifying the assumption, more experiments for studying the wire 
displacement need to be performed. 
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III.2.4.3. Exploration of the reason for the influence of the flushing flow rate on 
discharge delay time  
 
For further understanding of the reason for the influence of the Qf on td, the apparatus 
shown in Figure 59 which included plastic optical fiber and He-Ne laser was adopted 
to measure the wire displacement. After fixing the apparatus on the WEDM machine, 
the wire crossed through the center of the hole. Then, the two optical fibers on each 
axis were connected with the phototransistor and the data was collected through an 
oscilloscope under the sampling frequency of 50kS/s. For starting the experiment, the 
calibration of the sensitivity of the sensors is essential. As shown in Figure 60 (a) and 
Figure 60 (b), the calibration was carried out respectively on the x-axis and y-axis.  
 

 
Figure 59. Apparatus for measuring the wire movement. 

 

 
Figure 60.  Calibration curve: (a) On the x-axis; (b) On the y-axis. 

 
After data processing, the relation between the signal value and the wire displacement 
was found as shown in Eq.20 and Eq.21. In that, Sx and Sy are respectively the wire 
movement in the x-direction and the y-direction, a is the corresponding signal value. 
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푆� = −0.0009푥� −  0.0083푥� +  0.0097푥� +  0.158푥�

+  0.2609푥� −  10.358푥 −  1.2088 
 

Eq.20 

푆� = 0.0028푥�  −  0.0004푥� − 0.119푥�  +  0.2768푥�  

−  0.6056푥�  +  18.583푥 −  8.8809 

Eq.21 

 

 
 

Figure 61. Displacement amplitude under different Qf. 
 
The displacement in the x-direction (Sx) and in the y-direction (Sy) was calculated with 
Eq.22 and Eq.23, in that, x0 and y0 is the coordinate of wire position without flushing 
flow, xi and yi is the coordinate of the current wire position, n is the data number. and 
then the result is shown in Figure 61. From that, it can be known that with the increase 
in fluid speed, the wire displacement increased. The trajectory under different Qf is 
shown in Figure 62.  
 

푆� =
∑ (�(푥� − 푥�)�)�

���

푛
 

Eq.22 

 

푆� =
∑ (�(푦� − 푦�)�)�

���

푛
 

Eq.23 

 
From the result, it was learned that with higher Qf, the average position of the wire is 
farther from the initial position. In other words, the higher Qf made g larger, and it 
made td longer which was verified in the previous section.  
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Figure 62. The trajectory of the wire: (a) 0L/min; (b) 4L/min; (c) 9L/min. 

 

III.3. Discharge delay time of continuous discharges in WEDM 

 
For further exploring td in the general WEDM process, the study on continuous 
discharges is essential. In this section, the experiment for collecting td of continuous 
discharges will be introduced. In addition, for further investigating the influencing 
factor of td, the observation of the gap phenomenon during the discharge occurrence 
using a high-speed video camera will also be presented in this section. 
 
III.3.1. Experimental set-up 
 
The WEDM process was observed using a NAC MEMERECAM x-3 high-speed video 
camera with a lens of NIKON Ai Micro-NIKKOR 55mm F2.8. The SUMITA metal halide 
lighting system LS-M250 was used as illumination. A workpiece of cold tool steel SKD 
11 with a thickness of 10mm and a brass wire with 0.2mm of diameter was selected. 
Firstly, the workpiece surface was prepared by Sodick AP200 L WEDM machine with a 
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roughing cut and two times trim cut. The machining parameters are shown in Table 7. 
After that, Ra and Rz were measured with Mitutoyo C-3200. The result of Ra and Rz 
were respectively 0.41µm and 2.91µm.  

 
WEDM Parameters Roughing cut 1st trim cut 2nd trim cut 

Uo (V) 80 80 80 

Us (V) 35 53 30 

f (m/min) 10 10 10 

toff (µs) 15 23 1 

F (N) 12 12 12 

Table 7. Machining parameters for preparing workpiece surface 
 

Then, the workpiece was fixed at the middle position between the upper nozzle and 
the lower nozzle, and the distance between the two nozzles was 30mm. From the 
initial wire position shown in Figure 63, cutting was finished along the prepared 
surface of the workpiece using the parameters shown in Table 8. To ensure that the 
observation of the gap phenomenon was made under a stable machining state, it was 
not started until the wire advanced 5mm along the cutting direction. Then, the 
observation was performed during the next 1mm of cutting. After that, g was 
measured as 11.3µm through the WEDM machine.  

 

 
Figure 63. Schematic diagram of the experiment. 
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I (A) 150 
Uo (V) 80 
Us (V) 35 

f (m/min) 10 
toff (μs) 23 

F (N) 12 
Qf (L/min) 9 

Table 8. Machining parameters for the experiment. 
 
The schematic diagram of the observation system is shown in Figure 64. In the 
observation system, the high-speed video camera was connected to a personal 
computer (PC) to save the image data. The Tektronix MDO3024 oscilloscope was 
adopted with a sampling rate of 10MS/s. The current was measured by Pearson 
current sensor and the voltage was measured by Tektronix TPP200 voltage probe. 
Moreover, a current value of 100A was set as the trigger threshold to activate the high-
speed video camera to start recording. During the observation, the camera’s framing 
signal was also saved using the oscilloscope for later synchronizing the photo and the 
discharge signal. In addition, the high-speed video camera setting is shown in Table 9. 
Notably, the discharge interval was considered to select the camera framing rate that 
aimed to make sure that only one discharge exists at most in each photo and make 
further analysis easier. Finally, 12,000 frames were gotten from the high-speed video 
camera and the corresponding signals from the oscilloscope in the experiment. 

 

 

Figure 64. Construction of the observation system. 
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Resolution (pixel) 512*320 
Framing rate (fps) 40000 
Shutter speed (μs) 25 

Table 9. High-speed video camera setting. 
 

III.3.2. Experimental data processing 
 
The frames gotten from the high-speed video camera were saved as photos for further 
processing. As shown in Figure 65, the discharge and the bubble can be seen in the 
photos. Next, a group of signals which was obtained from the oscilloscope is shown in 
Figure 66. With the signals, td can be obtained. Also, the combination of the framing 
signal and the current waveforms was used to find the corresponding discharges in the 
photos. Finally, the corresponding photos and td of 713 discharges were gotten for 
further investigation. 
 

 
Figure 65. Photos obtained from the experimental observation. 

 

 
Figure 66. Recorded signals: gap voltage, discharge current and framing signal. 
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Then, MATLAB was adopted to analyze the photos for finding the discharge location. 
Through analyzing the grayscale of the photo with discharge, the pixel point whose 
grayscale is most different from that in the photo without discharge was found. As 
shown in Figure 67, the accuracy of this discharge location detection method was 
checked. By comparing with the discharge position in the photo, it is known that the 
discharge location detected through grayscale analysis overlaps with that observed 
from the photo and it verifies that this discharge location detection method is feasible. 
 

 
Figure 67. Discharge location obtained from the grayscale analysis. 

 
III.3.3. Discussion on the relationship between discharge delay time and discharge 
position 
 
With the discharge location detection method introduced in the previous section, the 
discharge locations of all the discharges were gathered. Then, the histogram of the 
distance between i th discharge (di) and i-1 th discharge (di-1), i-5 th discharge (di-5),and 
i-20 th discharge (di-20) are shown respectively in Figure 68 (a), 68 (b) and 68 (c). In 
addition, a random distribution model was built through MATLAB assuming that the 
discharge location is determined at random. In the random model, the histogram of 
the distance between two consecutive discharges was obtained as shown in Figure 68 
(d). In Figure 68 (a), it is obvious that the percentage of the distance between di and 
di-1 shorter than 0.5mm is 24% and it is 14.1% higher than that of the random model 
which is shown in Figure 68 (d). Then, from the comparison between Figure 68 (a), 
Figure 68 (b) and Figure 68 (c), it is found that with more discharges between two 
discharges, the percentage shorter than 0.5mm decreases. Moreover, if there are a 
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sufficiently large number of discharges between two discharges, the distribution tends 
to be random. This means that the discharge di-1 exerts the greatest influence on the 
location of di. 

 

 

 

 

 
Figure 68. Histogram of the distance between discharges: (a) Between di and di-1; 
(b) Between di and di-5; (c) Between di and di-20; (d) Between two consecutive 

discharges in the random model.  
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As Yoshida and Kunieda [19] found that most of the debris particles concentrate at the 
boundary of the bubble generated by the discharge and it made td shorter, the 
influence of di-1 on the occurrence of di is considered to be closely related to the bubble 
generated by di-1. To verify this assumption, the set of discharges di that occurred 
within 0.5mm from the location of di-1 was selected to do further analysis. 
Furthermore, the bubble radius was measured using ImageJ which is an image 
processing software. The measurement results in Figure 69 show that the size of the 
bubble is almost uniform and so that the oscillation period of the bubble is similar. The 
first cycle of bubble oscillation is always about 200μs, and the bubbles disappear after 
about 500μs because of the reaction of hydrogen and oxygen in the gap [104]. 
 

 
Figure 69. Oscillation of bubbles. 

 
As it is known that with more discharge occurring more debris particles are generated, 
which makes the image too dark to find the accurate position of the discharge and the 
bubble. For getting a clear observation image, sufficient flushing flow was 
indispensable to clean the machining area. Whereas, due to the existence of flushing 
flow, the bubble generated by di-1 was convective before di occurred and it means that 
there existed a slight movement of the bubble. Therefore, the distance (li) between 
the location of di and the center of the bubble generated by di-1 was introduced as a 
new reference for studying the influence of the bubble generated by di-1 on the 
occurrence of di. As shown in Figure 70, li was measured through ImageJ. Then, the 
relationship between the td and distance li was plotted as points which are shown in 
Figure 71. In addition, the change in the bubble radius due to oscillation is also shown 
in Figure 71 for comparison. It is found that between 0mm and 0.2mm of li there are 
few discharges, and the points of li are distributed around the radius of the bubble. It 
means that when a discharge occurred around the previous discharge, most discharges 
occurred near the boundary of the bubble generated by di-1, and few discharges 
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occurred inside the bubble. This result verifies the influence of the debris particles 
concentrated at the bubble boundary generated by di-1 and it made td shorter. 
 

 
Figure 70. Distance between discharge location of di and the center of bubble 

generated by di-1. 
 

 
Figure 71. Comparison of Bubble radius and li. 

 
The relationship between td and the discharge position was obtained in Figure 72. In 
that, all the discharges were divided into two groups. Group 1 is the discharges di which 
occurred within 0.5mm from di-1, and group 2 is the discharges di which occurred 
farther than 0.5mm from di-1. From Figure 72, it is found that in both groups, most 
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discharges occurred with a td between 200µs and 400µs and the percentage reaches 
about 65% because of the servo feed control. Moreover, it can be seen clearly that the 
percentage in group 1 was higher than that in group 2 when td was shorter than 200µs, 
coinciding with the first bubble oscillation cycle. On the contrary, when td was longer 
than 500µs the percentage in group 1 was lower than in group 2, which coincides with 
the time of the bubble collapse. In group 1, the percentage of discharges di with a td 
shorter than 200µs is 26.9%. Whereas this percentage of group 2 decreases to 12.9%. 
This means during the first oscillation of the bubble, some more discharges occurred 
under its influence. Then, in terms of the part of discharge whose td was longer than 
500µs, the difference in percentage between group 1 and group 2 is 13.7%. It means 
when td was longer than 500µs, the discharge occurred mostly at a location farther 
than 0.5mm from di-1. It can be learned that after 500µs, with the disappearance of 
the bubble generated by di-1, its influence on di also disappeared.  

 

 

Figure 72. Comparison of td. 
 

The relationship between td and the undischarged probability was plotted and as 
shown in Figure 73, the whole curve can be divided into 4 zones. In zone 1, the 
undischarged rate decreased very fast in the first 100µs, which is the duration of 
bubble expansion. The bubble expansion process generated more debris emitted from 
the working gap, and in this process, the discharge probability increased. When the 
bubble shrunk between about 100µs and 200µs as shown in zone 2, the influence of 
the bubble on discharge occurrence decreased. Then, most discharges occurred in 
zone 3 with a td between about 200µs and 400µs because of the servo feed control. 
After that, with the bubble dissipation, the influence of the bubble on discharge 
occurrence became less. As a result, the decrease of undischarged rate became very 
slow in zone 4.  
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Figure 73. Relationship between the undischarged rate and td. 
 

For further exploring the influence of bubble expansion on td, the same experiment 
was finished under peak discharge currents of 50A and 100A. After the image 
processing, the bubble oscillation process is shown in Figure 74 and the bubble 
oscillation of peak discharge of 150A was also plotted for comparison. It is found that 
with a lower peak discharge current the first bubble oscillation cycle is shorter, and the 
bubble size is smaller. In addition, under the peak discharge currents of 50A, 100A and 
150A, the end times of the first bubble expansion are 50µs, 75µs and 100µs, 
respectively.  
 

 
Figure 74. Oscillation of bubbles under different gap voltage. 

 
Then, the relationship between td and the undischarged rate under each kind of peak 
discharge current was plotted in Figure 75. In that, the end time of the first bubble 
expansion was also marked out. It is found that, under all the conditions, in the period 
of the first bubble expansion the undischarged rate decreased very fast. In other words, 
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more discharges occurred in the process of bubble expansion. This result can verify 
again the influence of the bubble expansion on the discharge occurrence, and it can 
be explained by the effect of the debris particles concentrated at the bubble boundary 
that can make td shorter.  
 

 
Figure 75. Relationship between the undischarged rate and td under different peak 

discharge currents.  
 

III.4. Conclusions 

  
For studying td in WEDM in-depth, several experiments on both single discharge and 
continuous discharges were carried out. Based on the experimental results, the 
following conclusions can be drawn: 
  

- Through the single discharge experiment, it was learned that g, surface 
roughness and Qf can affect td. It was found that an increase in g or a smoother 
workpiece surface made the discharge delay time larger. With a higher Qf, the 
discharge delay time increased. With higher Qf, the average position of the wire 
is farther from the initial position. In other words, the higher Qf made g larger, 
and therefore longer td values were obtained. 

 
- Through the observation by the high-speed video camera in the continuous 

discharges experiment, discharge location was successfully detected through 
grayscale analysis of photos gotten from the high-speed video camera. The 
probability that di occurs within 0.5mm from the location of di-1 is the highest 
and is 14.1% higher than that of the random model. If there is a sufficiently 
large number of discharges between two discharges, the distribution tends to 
be random. 
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- When discharges occurred around the previous discharge, most discharges 
occurred near the boundary of the bubble generated by di-1, and few 
discharges occurred inside the bubble. This verifies the effect of the debris 
particles concentrated at the bubble boundary can reduce td.   

  
- By comparing the bubble oscillation cycle and the relationship between the 

discharge delay time and the undischarged rate, it is found that more 
discharges occurred in the process of bubble expansion. This fact verifies the 
influence of the bubble expansion on the discharge occurrence, and it can be 
explained by the effect of the debris particles concentrated at the bubble 
boundary on td. 
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IV. EXPLORATION OF MATERIAL REMOVAL IN WEDM 
 
Material removal is an important aspect in the field of WEDM. Because of the 
uncertain position of the spark and the short ignition time, the details of the WEDM 
process are difficult to analyze. Among them, the understanding of material removal 
in WEDM is an interesting research topic. In WEDM, material removal is realized based 
on the huge number of craters forming on the workpiece. It is very important to 
understand the process of crater forming and the influence of parameters on this 
process. This chapter will do the exploration through collecting various data on 
different kinds of craters under different situations of surface roughness and gap width. 
Simultaneously, a thermal model of a single crater was developed for further 
understanding of the forming of a crater in detail. 
 

IV.1. Introduction 

 
Focusing on crater forming is a promising way to further understand material removal 
in WEDM. In general, the plasma channel between the wire and the workpiece takes 
shape after reaching the breakdown point in the process of machining. After that the 
produced heat transfers into the workpiece to make the material melt and even 
evaporate which leads to material removal. This process still needs to be studied 
including the heat partition and the influence of various machining parameters. 
Therefore, combining experiments and simulation with realistic experiments was 
selected as an approach to get a better understanding of this process. 
 
In this chapter, several aspects will be introduced. In Section IV.2, for exploring the 
generation of the single crater and consecutive craters, various experiments were 
finished to obtain single craters and consecutive craters under different machining 
conditions. Through the observation of these gotten craters, it is known that the 
percentage of continuous craters on a rough surface is lower than on a flat surface. In 
addition, it was found that on a flat surface, the center of consecutive craters always 
appears on the rim of the previous crater. Furthermore, according to the observation 
results of single craters, it was observed that some roughness peaks appeared around 
the first crater. This surface profile made the consecutive discharge easier to take place 
on the rim of the first crater. Whereas for the single crater on the rough surface, it 
made not evident those roughness peaks. So the consecutive craters did not often 
appear on the rough surface. 
 
In Section IV.3, the dimension of the single crater was further explored. Under different 
surface roughness and gap width, several experiments were finished to collect the 
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single crater, and then the observation of crater dimension was done. As a result, it 
was found that a rougher surface makes the crater volume smaller. In addition, in 
terms of gap width, results showed that the crater volume drastically reduced with the 
increase in gap width. 
 
Next in Section IV.4, to better understand heat conduction and try to provide a deeper 
insight into crater formation, numerical models were built with the different surface 
situations and different machining parameters. Simultaneously, by relating the 
simulation results and the data of the real crater, some important parameters were 
gotten. According to that, with the reduction of surface smoothness, both the radius 
of the plasma channel and the fraction of total heat transfer to the workpiece 
decreased. Finally, some conclusions were presented in Section IV.5. 
 

IV.2. Exploration of single crater and consecutive craters 

 
For obtaining the clear single crater and consecutive craters, a fundamental 
experiment was built on ONA AV35 Wire EDM machine (CuZn37 0.25mm diameter 
brass wire). In that, AISI D2 was chosen as workpiece material and the property of this 
material is shown in Table 10. To produce individual craters, finding the critical point 
of the first few of sparks becomes indispensable. As the experimental principle that is 
shown in Figure 76(a), firstly, the gap between the wire and the workpiece was 
controlled at 1mm, and then gradually the wire approached the workpiece until the 
first few sparks occur. Figure 76(b) and Figure 76(c) respectively show some craters on 
flat and rough surfaces. In addition, the whole experiment included two parts, one was 
realized on a flat surface, and the other one was on a rough surface (Table 11). 
  

T (K) 293.15 473.15 673.15 
Tm (K) 1694.15 

ρ (kg/m3) 7700 7650 7600 
MOE (Mpa) 210000 200000 180000 
λ (W/m·K) 2000 2100 2300 

C (J/kg·K) 460 
Table 10. The property of AISI D2. 

 
Flat (ground) surface Roughing cut 

Ra(μm): 0.46  Ra(μm): 2.60 

Rz(μm): 3.59 Rz(μm): 15.27 

Table 11. Initial part surface roughness for the experiments. 
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Figure 76. (a) Top view of the experimental principle; (b) Crater on flat surface; (c) Crate 
on rough surface. 
 
Firstly, in the condition of the flat surface, the thickness of 20mm, 50mm, 150mm and 
250mm of the workpiece was adopted in this experiment. The parameters used for 
these experiments are shown in Table 12.  
  

h (mm) 20 50 150 250 
I (A) 5 5 5 5 

toff (µs) 7 12 21 30 
F (N) 18 18 18 18 

Uo (V) 80 80 80 80 
Us (V) 52 52 52 52 
g (μm) 51 62 69 78 

f (mm/min) 10 12 13 13 
Qf (L/min) 16 16 16 16 

Table 12. WEDM parameters as taken from the table of the ONA AV35 WEDM 
machine. 

  
After that, the surface which includes a few craters was observed by the Leica DCM 3D 
machine (Figure 77). Finally, the craters were classified into 4 kinds: the single crater 
(Figure 78), two consecutive craters (Figure 79), three consecutive craters (Figure 80), 
and a few cases of more than three consecutive craters. Through the observation of 
these measurements, the profile geometry of the crater was always rendered as a 
circle or oval. Therefore, the craters can be marked out approximately in red. The 
number of different kinds of craters was also respectively counted in Table 13. 
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Figure 77. Leica DCM 3D. 

  

  
Figure 78. The single crater: (a) Original image; (b) After marked out. 

 

  

Figure 79. Two consecutive craters: (a) Original image; (b) After marked out. 
  



Chapter IV: Exploration of material removal in WEDM 

91 

   

Figure 80. Three consecutive craters: (a) Original image; (b) After marked out. 
 

h (mm) 20 50 150 250 
Total crater 21 52 112 196 

Number of times of 2 
consecutive craters 

2 1 13 18 

Number of times of 3 
consecutive craters 

2 3 6 13 

Number of more than 4 
consecutive craters 

0 3 2 6 

Percentage of consecutive 
craters (%) 

47.6 46.1 46.4 52.0 

Dc (µm) 101-131 97-169 74-177 144-153 
Table 13. Crater statistics on the flat surface. 

 
For getting the corresponding rough surface, firstly, the workpiece was cut horizontally 
with the same technology as in the previous experiment (Table 12). After that, the 
rough surface was cleaned with alcohol, and then the same procedure which was used 
for getting craters on the flat surface was repeated. Same as before, the crater was 
observed with the Leica DCM 3D. In this case, there were only two kinds of craters, 
one was the single crater (Figure 81) and the other one was two consecutive craters 
(Figure 82). The statistics of different thicknesses are recorded in Table 14. 

   
h (mm) 20 50 150 250 

Total crater 43 31 74 105 
Number of times of 2 consecutive craters 2 2 2 4 

Percentage of consecutive craters (%) 9.3 6.45 5.4 7.6 
Dc (µm) 50-110 72-128 76-111 78-113 

Table 14. Crater statistics on the rough surface. 
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 Figure 81. The single crater: (a) Original image; (b) After marked out. 
  

  

Figure 82. Two consecutive craters: (a) Original image; (b) After mark out. 
 
By contrasting craters on the flat surface and the rough surface, the crater diameter 
on the rough surface was generally smaller than that on the flat surface. Moreover, on 
the flat surface, existed three consecutive and four consecutive even more than four 
consecutive craters, but on the rough, they can not be found. And also, the percentage 
of the consecutive crater was further lower on the rough surface than on the flat. 
  
Further insight into the role of roughness peaks can be gained by looking at the cause 
of the formation of consecutive craters. For doing so, a single crater was scanned as 
shown in Figure 83. The experiment corresponded to a single discharge on the flat 
(ground) surface. A rim of melted and not removed material was clearly present on 
the periphery of the crater. The rim height can be as much as 8μm in the experiments, 
which is a value similar to measured crater depth. Figure 84 shows the morphology of 
two consecutive single craters when occurring on a flat surface. The diameters of the 
craters in this example are 127μm (first crater) and 114μm (second crater) respectively. 
Consecutive craters are, in all cases, smaller in diameter than the first single crater on 
the flat surface. 
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 Figure 83. The rim generated by the single discharge on a ground surface (Ra 

0.46μm, Rz 3.59μm). Rim height can be as much as 8μm. 
  

    
Figure 84. The occurrence of two consecutive single craters on a ground surface.  

  
Figure 85 shows the crater generated by a single discharge occurring on a surface 
WEDM’ed in conditions of roughing cut. The occurrence of consecutive discharges on 
the flat and the rough surface was measured. In the case of a flat surface, in 47% of 
the cases, consecutive discharges concentrated on the rim of a previous crater were 
observed. In the case of the rough surface (WEDM roughing cut), the percentage 
decreases to 18%. Although these values are higher than those provided by Kitamura 
[21], the observed trend is similar, probability of discharge concentration being clearly 
lower when discharge occurs on a rough surface. Through the 3D scanning of a single 
crater on a rough surface, the rim of the crater is not so obvious as that on a flat surface. 
As said above, the rim of a previous crater affects largely the single discharge location 
in WEDM on a flat surface, but this effect becomes less important on a rough surface 
because of the presence of multiple peaks and valleys on the surface.  



Chapter IV: Exploration of material removal in WEDM 

94 

  
Figure 85. Single crater on a WEDM’ed surface (roughing cut, Ra 2.60μm, Rz 

15.27μm). 
  

IV.3 Experimental observation of single crater dimension  

  
IV.3.1 Experimental set-up 
  
Because the removal capacity of the WEDM process is largely influenced by gap 
contamination and width, single discharge experiments can be used to clarify some 
aspects that cannot be directly obtained from the continuous WEDM process. As 
explained in the literature review, little or no information is available about the single 
discharge experiments. A set of experiments involving the single discharge was carried 
out to achieve a deeper insight into crater geometry and removal capacity per 
discharge. The objective of the experiments was to obtain data about the influence of 
gap width, part surface roughness and discharge current on crater diameter and depth 
(dc). Experiments, therefore, occur under conditions in which flushing is excellent and 
gap contamination is very low because the wire is not surrounded by the machined 
kerf. 
  
Table 15 shows the WEDM settings used in the experiments. Part material was AISI D2 
tool steel. CuZn37 wire of diameter 0.25mm was used. Conditions correspond to the 
first roughing cut (h=50mm) in the ONA AV35 WEDM machine where experiments 
were conducted. Using the parameters of the first roughing cut, single discharge 
experiments varying theoretical gap width (g) and part surface roughness as described 
in Table 16 were carried out. In all and each of the experiments, at least 10 craters 
were machined. Three different parts with increasing surface roughness were 
prepared: a ground flat surface; a WEDM’ed surface using parameters of with twice 
trim cut (parameters given also in Table 15); and a WEDM’ed surface using the 
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parameters of roughing cut. The values of Ra and Rz for each surface are given in Table 
16. Two levels of theoretical gap width (as given by the position of wire guides) were 
used, which means a total of 6 experiments. Craters were studied following the same 
method in the previous section.  
  

WEDM Parameters Roughing cut 1st Trim cut 2nd Trim cut 
I (A) 5 5 3 

Uo (V) 80 100 90 

Us (V) 52 48 10 

f (mm/min) 12 10 10 

ton (ms) 2 2 2 

toff (ms) 12 9 1 

h (mm) 50 

Qf (L/min) 16 

Table 15. Electrical parameters for single discharge WEDM experiments. 
  

Flat (ground) 
surface 

Trim cut Roughing cut 

Ra(μm): 0.46 Ra(μm): 0.81  Ra(μm): 2.60 

Rz(μm): 3.59 Rz(μm): 5.92 Rz(μm): 15.27 

g (μm) 

10 20 
Table 16. Gap width and initial part surface roughness for the experiments. 

  
IV.3.2 Influence of part surface roughness 
  
Table 17 collects the results of single discharge crater measurement for the different 
values of part surface roughness (as given by Rz) and different theoretical gap width 
values, in terms of crater diameter (Dc), depth (dc) and crater volume (Vc) (assuming 
spherical cap crater). Average values and standard deviations are presented in Table 
17. 
 
A first look at the results reveals a noticeable influence of part surface roughness on 
crater dimensions. A flat surface on which the presence of peaks is scarce produces 
larger crater diameters. A similar trend is observed in the experiments with theoretical 
gap widths of 10μm and 20μm. In both cases, the average crater diameter is larger 
than 100μm.  
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g (μm) Rz (μm) 
Dc (μm) dc (μm) Vc (μm 3) 

average STD average STD average 
10 3.59 106 16.2 7.7 1.3 35648.49 
10 5.92 105.7 27.7 4.8 0.7 23168.42 
10 15.27 97.5 21.6 5.1 1.2 21255.18 
20 3.59 104 21 6.8 0.9 34725.21 
20 5.92 102 21.8 5.4 0.9 23603.25 
20 15.27 87 16.1 6.3 1.6 20505.93 

Table 17. Crater dimensions vs part initial roughness and theoretical gap width. 
  

For the same gap width, an increase in Rz from 3.59μm to 5.92μm leads to a reduction 
in crater depth (dc), and therefore to a considerable reduction in crater volume, about 
35% no matter the value of gap width. The crater diameter shows no variation in this 
case. However, when further increasing peak height up to 15.27μm, crater diameter is 
reduced by approximately 18% (97.5μm in the case of gap width 10μm, 87μm in the 
case of gap 20μm). This trend is observed both with gap widths of 10μm and 20μm. 
As a consequence, when comparing the single discharge on the flat surface and the 
single discharge on a WEDM’ed surface obtained using conditions of roughing cut, 
crater volume is reduced by as much as 40%.  
  
IV.3.3 Influence of gap width 
  
From the results in Table 17, it can be deduced that, on one hand, an increase from 
10μm to 20μm does not produce a relevant variation in crater dimensions. On the 
other hand, surface roughness imposes stronger boundary conditions on heat 
partition than those imposed by gap width. However, as explained by Kojima [25], a 
larger gap width results in a larger plasma channel diameter, and therefore in reduced 
heat flux to the electrodes. A longer plasma channel can also increase energy losses 
toward the dielectric, reducing thus heat conduction toward workpiece and wire 
electrodes.  
  
As explained before, the above experiments have been performed under conditions in 
which flushing is excellent and gap contamination is very low, because the wire is not 
surrounded by the machined kerf. This is the reason why very small values of 
theoretical gap width can be set (10μm and 20μm). These values are very far from the 
realistic values of WEDM industrial practice. Therefore, in this section analysis of the 
influence of gap width will be addressed. Since during actual practice discharges occur 
on a surface where WEDM craters have already been generated, the comparison will 
be carried out using the experiments corresponding to WEDM roughing cut (this is, 
the initial surface roughness Ra 2.60μm, Rz 15.27μm). Using the same electrical 
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parameters as given in Table 15, different values of gap width can be achieved by 
cutting different part thicknesses. Table 18 collects the values of part thickness and 
the corresponding values of gap width (as given by machine tables) during the new set 
of experiments. 
  

h (mm) g (μm) 
NA  

(Single discharge, rough 
surface) 

10 

NA  
(Single discharge, rough 

surface) 

20 

20 51 

50 62 

150 69 

250 78 

Table 18. Theoretical gap width values in the experiments. 
  

Because the WEDM process is stochastic, results from single discharge experiments 
were compared with the average removal capacity per discharge during WEDM under 
industrial conditions. This can be obtained by using Eq.24, where Vdischarge (μm 

3/discharge) is the average removal capacity per discharge, h is the part thickness (mm), 
w is kerf width (μm), l is the cutting length (mm) and N is the total number of 
discharges, all these variables directly measured during the experiments. Figure 86 
shows the evolution of average removal capacity per discharge as a function of gap 
width. 
  

푉��������� =
ℎ ∙ 푤 ∙ 푙

푁  
 
Eq.24 

 
The results confirm and quantify for the WEDM process the findings by Kojima [25] in 
terms of a drastic reduction of crater volume (average removal capacity per discharge) 
associated with the increase in gap width. Within the range of industrial WEDM 
conditions (gap width between 50μm and 80μm), the differences are not so noticeable, 
the reduction in average crater volume between these conditions being no larger than 
11%. However, when comparing crater volume for a gap width of 10μm (single 
discharge experiments) and a gap width of 80μm (continuous WEDM, h=250mm), the 
reduction in average crater volume becomes as high as 36%. It must be taken into 
account that surface roughness and electrical settings are similar in this set of 
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experiments, and therefore, the variation can only be attributed to gap width variation. 
 
  
  
  
  
  
  
  
  
  

  
  
 

Figure 86. Average removal capacity per discharge vs gap width (discharge surface 
roughness corresponding to roughing cut, Ra 2.60μm, Rz 15.27μm). 

  
At the sight of the results, it can be concluded that both gap width and part surface 
roughness impose strong boundary conditions on heat partition that must be taken 
into account in any fundamental study of the process. In order to better understand 
heat conduction and try to provide a deeper insight into crater formation, in the 
following section thermal numerical simulation of a single discharge on the different 
types of surfaces is presented. 
  

IV.4 Numerical simulation of single discharge in WEDM 

  
To better understand heat flux conditions in the workpiece a transient thermal model 
for single discharge in WEDM was developed in ANSYS®. The actual rough surface (as 
WEDM’ed using conditions of roughing cut) was imported and meshed (Figure 87). 
Then, the thermal transient problem was solved on it to quantify the effect of part 
geometry on heat transfer.  
 
Actual voltage and current signals were measured using a Tektronix 5034B high-
frequency Digital Oscilloscope, a Tektronix ThDP0200 Differential Voltage probe and a 
PEM CWT1xR current probe. The assumption of a Gaussian heat source [37] as 
described by Eq.4 was adopted. In that, fc is the fraction of heat to the workpiece (40% 
after Xia [37]), r determines the point of application, as given by Eq.25: 
  

푟 = �(푥 − 푥�)� + (푦 − 푦�)�
 

Eq.25 
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Figure 87. Meshing of the WEDM’ed rough surface for solving the thermal model. 
 
The radius of the plasma channel is a difficult part of the simulation. Compared with 
others, the equation proposed by DiBitonto [30] is the only equation (Eq.6) that is 
based on the time change. Therefore, as a first approach, this time-dependent 
equation is used in the model. For a pulse time of 2μs, as taken from the machine table 
look-up, this equation yields a radius of plasma channel of 47.78μm. The latent heat 
of melting and evaporation has also been considered in the model. The properties of 
the AISI D2 steel used in the experiments are collected in Table 19 and were provided 
by the manufacturer of the steel. 
  

T (K) Tm (K) ρ (kg/m3) λ (W/m·K) C (J/kg·K) 
293.15  

1658.15 
7700 2000  

460 
 

473.15 7650 2100 
673.15 7600 2300 

Table 19. Thermal properties of AISI D2 tool steel. 
  
Since flushing conditions during single discharge experiments were excellent, and 
following observations by Kitamura [21], who stated that it was assumed that most of 
the discharges occurred in liquid, water is chosen as the convection environment in 
the simulation of a single crater. Since in single discharge experiments flushing 
efficiency was very high, it was assumed that all the material above the melting 
temperature is removed from the workpiece during the simulations. 
  
Figure 88 shows the geometry of the volume of material removed in the case of 
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simulation with the heat source applied on the flat (left) and rough (right) surfaces. 
Numerical results allowed quantifying the influence of the peaks over the spherical 
cap. Thus, the volume of the crater on the flat surface was 17438.98μm 3, and the 
volume of material removed from the rough surface was 17910.52μm 3. The difference 
was 2.6%. Crater dimensions were very similar in both cases, the diameter was 68μm 
in both simulations and the depth was 8μm on the flat surface and 7μm on the rough 
one. This means that, in terms of heat conduction, surface roughness did not impose 
noticeable differences on crater dimensions. 

   

  
Figure 88. Simulation of the volume of part material removed. Heat source applied 

on flat (left) and rough (WEDM roughing cut, right) surfaces. 
 

  

Figure 89. Recast layer after WEDM under the conditions of Table 15. 
 
Simulation results can be compared with the experiments described in Section IV.2. 
Thus, when comparing numerical results with the actual removal capacity of the 
WEDM machine (Figure 86, gap width between 50μm and 80μm), it was noticed that 
simulation slightly overestimates crater volume (17910.52μm3 in simulation, 13080-
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14820μm3 in actual WEDM). However, flushing efficiency in actual WEDM was far from 
100%. The thickness of the recast layer was used to estimate flushing efficiency. Figure 
89 shows a micrograph of a WEDM’ed surface (after polishing and metallurgical 
preparation) machined with the conditions of Table 15. Through Table 20, the average 
volume of recast parts produced by each discharge was calculated. The value was 
about 911.63μm 3. 

 
h (mm) 50 
l (mm) 6.77 

Ndis 9211280 
Thickness of the recast layer (µm) 12.4 

Number of recast layer 2 
Table 20. Measurement result of the recast layer. 

 
Using this result, the actual crater volume from the simulation became 16998.89μm3, 
which was very near to the value from the actual process. Therefore, it was concluded 
that reference values found in the literature for heat partition and radius of the plasma 
channel fitted very well with the actual conditions of discharge on a rough surface with 
gap width values of practical WEDM operation.  
 

Surface g (μm) Vc(single discharge 
experiments, μm3) 

Deviation 

Flat (ground) 
Ra(μm): 0.46; Rz(μm): 3.59 

 
10 

 
35648.49 

 
52.3% 

WEDM, trim cut  
Ra(μm): 0.81; Rz(μm): 5.92 

 
10 

 
23168.42 

 
26.6% 

WEDM, roughing cut 
Ra(μm): 2.60; Rz(μm): 15.27 

 
10 

 
21255.18 

 
20.0% 

Table 21. Deviations between the results from the numerical model and single 
discharge experiments. 

 
However, when comparing simulation results with single discharge experiments 
discrepancies became evident. Table 21 collected the results from the experiments 
and the deviations when compared with simulation results (rough surface as a 
reference, crater volume 16998.89μm3). The deviations increased with a reduction of 
surface roughness and a reduction of gap width. In the case of single discharge 
experiments on a flat surface with a gap width of 10μm, crater volume as provided by 
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simulation was as much as 52.3% smaller than the actual average crater generated 
during the experiments. The deviation reduced to 26.6% in the case of discharges on 
the surface generated by two trim cuts, and a further reduction to 20% was observed 
when compared with discharges on the rough surface (WEDM roughing cut). By 
looking at Table 17, it can be seen that deviations were of the same order when the 
gap width increased to 20μm. 
 
In order to get a deeper insight into the influence of surface roughness and gap width 
on the numerical values of the boundary conditions, simulations with different values 
of heat partition ratio fc and radius of the plasma channel Rp (after 2ms) were 
performed using the numerical model. For simplicity, and since as shown above, the 
heat conduction problem was very similar on rough and flat surfaces, this latter was 
selected for the simulations. Table 22 gathers simulation results for combinations of 
values of Rp (after 2ms, 60μm, 70μm and 80μm) and fc (60%, 70% and 80%). 
  

 40% (Xia) 50% 60% 70% 80% 
 

47.78um 
(Dibitonto) 

Vc (μm3) 17438.98 20574.15 23461.97 25933.81 28621.36 
Rc (μm) 34 36 38 38 40 
dc (μm) 8 8 10 10 10 

 
60um 

Vc (μm3) 17983.14 22238.79 26047.1 29566.88 32382.7 
Rc (μm) 38 40 42 44 46 
dc (μm) 6 8 8 8 10 

 
70um 

Vc (μm3) 17831.4 22567.91 26982.95 31286.72 35063.42 
Rc (μm) 40 44 46 48 48 
dc (μm) 6 6 8 8 8 

 
80um 

Vc (μm3) 16287.59 22392.08 27391.51 31398.87 35886.4 
Rc (μm) 42 46 48 50 52 
dc (μm) 4 6 6 6 8 

 
90um 

Vc (μm3) 15288.13 20288.68 26590.71 31750.41 36190.89 
Rc (μm) 42 46 50 52 54 
dc (μm) 4 4 6 6 6 

Table 22. Crater dimensions from numerical simulation for different combinations of 
heat partition ratio (fc) and radius of the plasma channel (model of discharge on a flat 

surface). 
  
The results show that when single discharge experiments took place on a flat surface 
(values of gap width between 10-20μm), large increases in fc and Rp explained the 
dramatic increase in crater volume. A good agreement was found for values of fc 
between 70-80% and Rp between 70-90μm. For exploring the interrelation, a 
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polynomial surface fitting was carried out with Matlab. Finally, the following 3 
equations (Eq.26, Eq.27, Eq.28) were obtained for expressing respectively the relation 
between Vc, Rc, dc and fc, Rp.  
  

푉� = 7165 − 20540 ∙ 푓� + 133.1 ∙ 푅� + 9229 ∙ 푓�
� + 1380 ∙ 푓� ∙ 푅�

− 5.169 ∙ 푅�
� − 7244 ∙ 푓�

� − 212.2 ∙ 푓�
� ∙ 푅�

− 3.771 ∙ 푓� ∙ 푅�
� + 0.01429 ∙ 푅�

� 

 

Eq.26 

푅� = 8.02 + 47.51 ∙ 푓� + 0.04237 ∙ 푅� − 91.99 ∙ 푓�
� + 0.9016 ∙ 푓�

∙ 푅� + 0.002721 ∙ 푅�
� + 66.67 ∙ 푓�

� − 0.8134 ∙ 푓�
�

∙ 푅� + 0.003045 ∙ 푓� ∙ 푅�
� − 0.00004264 ∙ 푅�

� 

 

Eq.27 

푑� = 3.136 + 40.9 ∙ 푓� − 0.1239 ∙ 푅� − 69.38 ∙ 푓�
� + 0.3503 ∙ 푓�

∙ 푅� − 0.001185 ∙ 푅�
� + 33.33 ∙ 푓�

� + 0.01161 ∙ 푓�
�

∙ 푅� − 0.002633 ∙ 푓� ∙ 푅�
� + 0.0000133 ∙ 푅�

� 

Eq.28 

 
After refining the range of fc (40%-80%) and Rp (47.78μm-90μm) with an interval of 
0.01% and 0.01μm respectively all of the corresponding Vceq, Rceq, dceq were calculated 
with these 3 equations above. Apart from that, a useful parameter of error (E) (Eq.29) 
was adopted. In contrast with the data of the actual crater result (g=10μm) in Table 17, 
selected the minimal error (E(min)) and found out the corresponding fc and Rp. The 
result of the calculation and the result of the comparison were shown in Table 23.  
  

퐸 = �(푉��� − 푉�)� + (푅��� − 푅�)� + (푑��� − 푑�)�
 

Eq.29 

 
From the data above in Table 23, it could be observed that the equation deviation was 
controlled at about 10%, therefore, the fc and Rp can be used for further research. 
About the fc and Rp comparison between different machining surface situations, 
through observing the change of fc and Rp, with the worse surface situation, the change 
of plasma channel radius was 6.06μm but fc reduced from 78.90% to 49.30%. In the 
preliminary conclusion, with the reduction of surface smoothness, the radius of the 
plasma channel did not make a big difference. Whereas the fraction of total heat 
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transfer to the workpiece presented a sharp decrease. 
 

Surface situation Flat (ground) surface Trim cut Roughing cut 
fc (%) 78.90 54.00 49.30 

Rp (μm) 83.84 89.90 84.36 
E(min) 0.91897 0.42412 0.00501 

Vc (μm3) 35648.49 23168.42 21255.18 
Vceq (μm3) 35690.58 23169.38 21247.65 
DEVv (%) 0.11 0.004 0.04 
Rc (μm) 53.00 52.85 48.75 

Rceq (μm) 52.61 47.90 45.92 
DEVR (%) 0.74 9.37 5.81 
dc (μm) 7.70 4.80 5.10 

dceq (μm) 6.88 5.01 5.10 
DEVd (%) 10.65 4.38 0 

Table 23. The calculation result of fc and Rp and the equation deviation. 
 

IV.5 Conclusions 

  
For getting a deeper insight into the influence of surface roughness and gap width on 
crater dimensions in WEDM, a few experiments and thermal models were carried out 
in this chapter. Therefore, the following conclusions can be drawn: 
  

- The diameter of the crater on the rough surface was typically smaller than that 
on the flat surface. Moreover, on a flat surface, the situation of three 
consecutive and four consecutive or even more than four consecutive craters 
was observed. Whereas, in terms of rough surface, there were few consecutive 
craters. Simultaneously, the percentage of continuous craters on a rough 
surface was lower than on a flat surface. In addition, on a flat surface, the 
center of consecutive craters always appeared on the rim of the previous crater. 
It was because around the first crater, there were some roughness peaks. And 
then, it made the consecutive crater easier to take place on the rim of the first 
crater. Whereas, as the roughness of the rough surface, it made not evident 
those roughness peaks around the first crater. As a consequence, the 
consecutive craters did not often appear on the rough surface. 

  
- By increasing the Rz from 3.59μm to 5.92μm, compared to the same condition 

of gap width, the crater depth is reduced by approximately 35%. In this case, 
there was not a lot of change in crater diameter. However, when the peak 
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height further increased to 15.27μm, the diameter of the crater reduced by 
about 18%. Thus, when comparing a single discharge on a flat surface with that 
on a rough surface which was obtained by WEDM, the crater volume reduced 
by as much as 40%. 

  
- The crater volume drastically reduced with enough increase in the gap width. 

Within the range of industrial WEDM conditions (gap width between 50μm and 
80μm), the difference was not noticeable, and also, the average crater volume 
reduction under the change of these conditions was no more than 11%. 
However, through the comparison of the crater volume with a gap width of 
10μm and a gap width of 80μm, the average crater volume changed clearly and 
the reduction can reach up to 36%. 

  
- After building a thermal model to simulate the crater formation process in 

WEDM, comparing the numerical values of the boundary conditions between 
flat surface (Ra=0.46μm; Rz=3.59μm) and rough surface (Ra=2.60μm; Rz 
=15.27μm), the change of plasma channel radius was not more than 6.06μm. 
Whereas the fraction of total heat transfer to the workpiece occurred a sharp 
decrease from 78.90% to 49.30%.  
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V. EXPLORATION OF WIRE BREAKAGE IN WEDM 
 
Wire breakage during WEDM has been a research topic of considerable interest for 
decades. Both the scientific literature and industrial patents proposed that the 
discharge accumulation could cause wire breakage in the WEDM process. For verifying 
this view, in this chapter, a complete thermal model considering both latent heat and 
flushing efficiency was developed. With this model, several simulations were 
performed, and by comparing the experimental result and simulation result, the heat 
partition to the wire was obtained. Then, the effect of heat accumulation in the wire 
was studied. Furthermore, the sparks before wire breakage were located and based 
on their location, the simulation of wire with craters was carried out. These findings 
allow for a more in-depth understanding of the effect of discharge accumulation on 
wire breakage. 
 

V.1. Introduction 

 
Special interest is focused on the heat flux towards the wire in order to further 
understand the wire breakage. During the WEDM processing process, wire breakage 
will reduce processing efficiency and affect the quality of processing. The study of wire 
breakage is essential in WEDM processing. Generally, the heat accumulation and the 
damage caused by the craters caused by continuous discharge on the wire are 
considered as the reason that causes the breakage.  
 
In this chapter, the reason for wire breakage will be explored and further understood. 
Firstly, in Section V.2, the numerical model for the part of the wire is presented. By 
summarizing the models of researchers and exploring other essential elements of the 
thermal model, a more comprehensive and complete model was established. In this 
model, the heat source, the plasma channel radius, and the latent heat were taken 
into account.  
 
In Section V.3, the precise heat partition to the wire was found based on the thermal 
model that was built in Section V.2. First of all, the wire with craters gotten after WEDM 
machining was capsuled and observed. From that, the damage percentage around the 
contour of the wire was calculated. Furthermore, the white layer also was studied 
through observation and the flushing efficiency was calculated. After this, the 
simulation of the single crater on the wire was carried out and the removal volume 
was obtained depending on different possible heat partitions to the wire. After 
comparing it with the real removal volume which is gotten from the experimental data, 
the precise heat partition to the wire was finally determined.  
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In Section V.4, the reason for wire breakage was discussed from two aspects. Firstly, 
heat accumulation in the wire was studied. Through comparing two kinds of toff, it was 
found that, if all continuous discharges are adjacent, with a shorter toff the heat 
accumulation in the wire is faster and the wire breakage occurs earlier. Then, with the 
aim of locating the position of several discharges just before wire breakage, a spark 
location method was presented and verified. With this, a wire breakage experiment 
was conducted and the position of 50 sparks just before wire breakage was obtained. 
Based on the numerical model that was introduced before, a simulation that can 
simulate the removal crater on the wire was done to restore the process of wire 
breakage. From the simulation results, the wire cross-section area reduction caused 
by the continuous adjacent craters was simulated. This kind of reduction makes the 
stress higher than the UTS of the wire and causes the wire breakage. Finally, the 
conclusions that gotten in this chapter were presented in Section V.5. 
 

V.2. Numerical model 

 
When studying the nature of the heat flux, it is important to consider the generation 
and growth of a plasma channel inside the dielectric medium, which will be addressed 
later in this chapter. Provided that the nature of the heat source is known, the heat 
flow can be essentially expressed as a three-dimensional transient heat transmission 
problem (Eq.17, given in partial derivatives), that needs to be solved, taking into 
account the boundary conditions of the problem. The solution of the equation implies 
certain assumptions, which have already been validated by previous researchers: 
 
(1) Wire material properties are temperature dependent [48]. 
(2) Plasma channel can be considered a cylindrical column [48]. 
(3) Wire materials can be considered isotropic and homogeneous[44], [48]. 
(4) In the process of heat transfer, heat radiation is neglected [101]. 
(5) Despite the intrinsic stochastic nature of the WEDM process, all pulses are assumed 
as equal. In other words, pulse duration, voltage, and current are the same for all the 
discharges, and the occurrence of abnormal pulses is ignored[101]. 
 
As stated previously, modeling the Gaussian heat source which is shown in Eq. 4 was 
selected. Rp was assumed to be dependent on time. The previously mentioned work 
by Spur and Schönbeck [50] provides evidence to suggest that a time-dependent model 
could be more accurate for short on-times (about 2µs) such as those used in WEDM. 
Their results can be expressed using Eq.30: 
 

푅� = (2푒 − 5) + 30.5푡 Eq.30 
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Figure 90 illustrates graphically the fundamentals of the thermal model, including the 
coordinate reference system and boundary conditions. 

 

 

Figure 90. Heat transfer to the wire. 
 

During the discharge process, boundary conditions are time-dependent: i) During on-
time (which is approximately 2µs in commercial WEDM machines), part of the energy 
is transferred toward the wire through the plasma channel. Eq.31 expresses 
mathematically this part of the problem: 
 

퐾�
휕푇
휕푧

= 푄(푟) 
Eq.31 

 
Hayakawa et al. [105] found that although the working gap was immersed in the 
dielectric liquid, it was mostly occupied by air bubbles. Therefore, during on-time 
inside the plasma channel, the assumption of convection in the air will be used. 
Outside the plasma channel, forced convection due to flushing of deionized water can 
be considered; ii) During off-time (as much as 5 times longer than on-time), forced 
convection acts over the complete modeling region. As explained above, the effect of 
heat loss by radiation is negligible. Eq.32 expresses heat transfer by convection:  
 

휆
휕푇
휕푧

= ℎ(푇 − 푇�) 
Eq.32 

 
Where λ is the thermal conductivity, h is the convection transfer coefficient (that 
depends on the described boundary conditions) and T0 is the initial temperature. 
Finally, attention must also be paid to the properties of the material. It is known that 
in the process of WEDM, the maximum temperature will be higher than the melting 
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point of the metal, and sometimes it could also even exceed the boiling point. Chen et 
al. [48] pointed out that the latent heat during the state change from solid to liquid and 
from liquid to vapor cannot be ignored. Therefore, in this work, the equivalent specific 
heat capacity of the material is optimized by Eq.33 and Eq.34, where Cp is the specific 
heat capacity in solid state, Cm and Cev are respectively the equivalent specific heat 
capacity when the material is in the state of solid to liquid and the state of liquid to 
vapor. Tm and Tev are the melting point and the boiling point respectively, Tref is the 
ambient reference temperature, and Lm and Lev are the latent heat in the process of 
fusion and evaporation.  
 

퐶� = 퐶� +
퐿�

푇� − 푇���
 

 

Eq.33 

퐶�� = 퐶� +
퐿��

푇�� − 푇� 
Eq.34 

 

V.3. Heat partition to the wire 

 
V.3.1. Experimental and simulation set-up 
 
Controlled experiments allow the extraction of relevant information from the 
numerical model. The experiments were carried out on an industrial ONA AV35 WEDM 
machine and the brass wire (Cu63%/Zn37%, UTS 960N/mm2), with a diameter of 
0.25mm was adopted. The workpiece material was Sverker21 tool steel which is widely 
used in the industry because of its high wear resistance [106] and the chemical 
composition is shown in Table 24. WEDM parameters were selected by machine table 
look-up and are those for roughing cut with a part thickness of 50mm. The complete 
set of parameters is listed in Table 25. 

 
Element Weight percentage 

C 1.55 
Si 0.3 

Mn 0.4 
Cr 11.8 

Mo 0.8 
V 0.8 

Table 24. Chemical composition of Sverker 21. 
 
Numerical simulation was then programmed in ANSYS. The thermal transient problem 
with the boundary conditions described in Section V.2 is solved using APDL, which was 
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also used to filter and calculate the elements whose temperature was higher than the 
melting point. For the simulations, the thermal properties of the wire are required, as 
displayed in Table 26. 

 
WEDM Parameters 

Uo (V) 80 
Us (V) 50 

f (mm/min) 12 
ton (µs) 2 
toff (µs) 12 

F (N) 20 
Qf (L/min) 16 

Table 25. Electrical parameters for single discharge WEDM experiments. 
 

ρ (kg/m3) 8160 
λ (W/m·oC) 121 

 
C (J/kg·oC) 

 

at 20oC (Tref) 377 
at 800oC (Tm) 503.05 

at 1187oC (Tev) 49156.90 
Table 26. Thermal properties of brass. 

 
V.3.2. Results of the experiment and simulation 
 
WEDM experiments using the industrial conditions given in Table 25 were conducted 
to measure the average crater volume removed from the wire surface. After machining, 
the wires were collected for measuring their length. In order to increase the accuracy 
of the experiment, the procedure was carried out three times. The wire length of each 
experiment is shown in Table 27 and in that, the discharge number (Ndis) was recorded 
by the ONA AV35 WEDM machine. Furthermore, it is known that in the process of 
WEDM, each of the two electrodes melts, and the debris fills the gap. When the 
flushing stream takes away the debris it will also form part of that which adheres to 
the surface of the wire and workpiece, which is known as the recast layer.  
 
For measuring the thickness of this layer, the cross-section of the wire with the crater 
needs to be observed. In this work, the used wire collected previously is fixed vertically 
and constructed as a resin capsule which is shown in Figure 91 (a). After polishing, the 
chemical attack is conducted with liquid ferric nitrate. For observing the capsuled wire 
with SEM, the surface of the sample should be converted to a conductor. Therefore, 
the Emitech K550X Sputter Coater was used to make an Au coat on the surface of the 
resin capsule. 
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 Experiment No. 
1 2 3 

Ndis 459671 507313 795565 
l (mm) 6165 7191 10607 

Table 27. Discharge number and collected wire length.  
 

  
Figure 91. (a) Capsule for observing the cross-section of the wire; (b) Emitech K550X 

Sputter Coater. 
 
The observation is then completed with the Hitachi S-3400N SEM. In Figure 92 the 
recast layer can be clearly recognized. Also, the composition of the recast layer was 
analyzed by X-ray diffraction and the result is shown in Table 28. From this result, it is 
known that in the composition of the recast layer on the wire, there are few elements 
from the workpiece and this result coincides with the research work on the recast layer 
on the workpiece in WEDM which was finished by Newton et al. [107]. They found that 
in the composition of the recast layer on the workpiece, there was only 0.06% of 
copper and no zinc which are the elements from the wire. Therefore, in the study of 
the recast layer on the wire, the impact of the workpiece can be ignored. 
 
In addition, the profile of the wire is obtained as shown in Figure 93 (a). According to 
the part without craters, the original profile of the wire was marked as Figure 93 (b). 
It is clear that discharge occurs at approximately 68% of the total wire perimeter. 
Further, the area without damage is obtained with the ImageJ software tool. Using this, 
the removed area (Aremove) and the recast layer area (Arecastlayer) can be measured as 
shown in Table 29. Furthermore, in each experiment, the removal volume of each 
discharge (Vdischarge) can be established using Eq.35. In addition, the flushing efficiency 
(PFE) was calculated as 44.98% through Eq.36. 
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푉��������� =
퐴������ ∙ 푙

푁
 

 

Eq.35 

푃퐹퐸 =
퐴������

퐴������ + 퐴����������� 
Eq.36 

 

 
Figure 92. SEM observation of the recast layer on the wire. 

 
Composition of recast layer 
Cu 62.76% 
Zn 34.67% 
O 2.46% 
Fe 0.11% 

Table 28. Composition of recast layer on the wire.  
 

 

Figure 93. (a) Observation of the wire cross-section; (b) Marked original profile of 
wire according to the part without crater. 
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 Experiment No. Average  STD 
1 2 3 

Aremove (µm2) 4906.25 4708.50 4880.18 4831.64 107.44 
Arecastlayer (µm2) 6136.79 5730.32 5860.34 5909.15 111.55 
Vdischarge (µm3) 65801.48 66741.49 65065.80 65869.59 839.92 

Table 29. Result of measurement and crater volume.  

 
Once the value of crater volume on the wire is known, the experimental results can be 
compared with numerical simulations, so that it is possible to obtain a value of heat 
partition ratio to the wire. The transient thermal problem was then solved on the wire 
using ANSYS. Under the assumption of a cylindrical plasma channel, a similar value of 
Rp can be used for both the heat source on the workpiece and the wire electrode. 
Following experimental results by Spur and Schönbeck [50] a value of Rp of 81μm after 
2μs will be used. In addition, a value of heat partition to the workpiece of 40% was 
taken from Xia et al. [37]. This latter value helps set the feasible variation range of fc, 
which was established below 60%. The validity of the above values for WEDM 
conditions reported in the literature has recently been confirmed in the previous 
chapter. Mathematical simulations were then carried out using the numerical model 
described in Section V.2. The results for crater volume removed from the wire per 
discharge were plotted in Figure 94 for the different values of fc. It can be observed 
that in the range of 40% to 50% of fc, the volume of the crater increases from 
51933.21µm3 to 72441.65µm3. To obtain a more precise estimate of this value to 
match the real crater obtained previously, the curve fitting tool in Matlab was applied. 
The inverse fitting allows for achieving a precise value for the heat partition ratio to 
the wire. The value obtained is 46.74%. After this, a verifying simulation was 
conducted with this percentage and the error was 0.53%, as calculated by Eq.37. In 
that, Vsimulation is the removal volume obtained from the simulation. 
 

 
Figure 94. Simulation of crater volume on the wire. 
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퐸 = �
푉��������� − 푉����������

푉���������
� ∙ 100% 

Eq.37 

 

V.4. Exploration of the reason for wire breakage  

 
For exploring the reason for wire breakage, the local accumulation of discharges must 
be taken into account. Local accumulation of discharges is attributed to the 
impossibility of effectively removing the debris generated by one or several previous 
discharges. The origin of this effect can be related to causes such as too short toff, which 
hinders debris removal and wire cooling. Thus, local conductivity in a region close to 
the previous discharges then becomes higher, and the probability of a new discharge 
occurring in that region increases. The hypothesis is that, if discharge accumulation in 
a region is sufficiently high, the local thermal load on the wire increases in such a way 
that the active cross-section of the wire is reduced. If this reduction is sufficiently high, 
the section of the wire cannot withstand the axial force, and, consequently, ductile 
failure of the wire occurs. For verifying this hypothesis study on thermal accumulation 
and wire damage after continuous adjacent discharges were studied. 
 
V.4.1. Study on the thermal accumulation in wire 
 
To study the thermal acclimation in the wire, two kinds of experiments were finished. 
Firstly, the experiment was done with toff=4µs while keeping constant the other 
electrical parameters shown in Table 25. This experiment led to wire breakage and it 
has been named Case 1. Then, another kind of experiment under the conditions 
presented in Table 25 (toff=12µs, stable cutting) was carried out and it has been named 
Case 2. In both experiments, the occurrence of trains of short circuits was measured 
by the ONA AV35 WEDM machine. 
 
As the result, in Case 2, from the total number of trains of short circuits, only 11.5% 
corresponded to more than 3 consecutive short circuits. Whereas in Case 1, it was 
found that the percentage of trains with more than 3 consecutive short circuits 
increased up to 38%, which is 3.3 times larger than that of Case 1. In view of the above 
considerations, it was decided to use the thermal model described in Section V.2 to 
analyze the temperature evolution inside the wire in two different unstable WEDM 
situations:  

- Case 1: simulation of the extreme reduction of toff=4µs (remaining parameters 
as shown in Table 25). In this case, local discharge accumulation is due to too 
short pulse interval. 
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- Case 2: simulation of roughing cut in non-sealed conditions using machine-
table parameters (that is, conditions given in Table 25, toff=12µs), local 
discharge concentration being due to inefficient flushing. Many users avoid 
wire breakage in this case by increasing the pulse interval.  

To explore the thermal accumulation caused by consecutive and adjacent discharges, 
supposing all continuous discharge is adjacent, a total number of 24 and 32 discharges 
on the periphery of the wire were simulated respectively for Case 1 and Case 2, that 
is, a total of 188µs for Case 1, and 324µs for Case 2. As shown above in Figure 93 (a), 
in both cases discharges are simulated on approximately 68% of the total wire 
perimeter and it was decided to apply the heat source consecutively at these locations, 
which are explained in Figure 95 (a) and Figure 95 (b). Clearly, other hypothesized 
locations could be used, but this was selected as a representative estimation. Finally, 
as shown in Figure 96, a 3D thermal model on wire has been defined. 



Figure 95. Hypothesis used for discharge location in thermal simulations. (a) Case 1; 

(b) Case 2. 
 

 
Figure 96. 3D thermal model on the wire. 
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Figure 97 represents the thermal field inside the wire for Case 1. The isotherm of 800°C 
is represented, and the area of the cross-section always below that temperature is 
represented in dark blue color. The simulation results for 10 and 32 accumulated 
discharges were plotted. After 10 consecutive discharges, only 22.42% of the total 
cross-section was damaged. Continuing with the simulation, it can be observed that 
after 188µs (32 discharges), as much as 93.95% of the total cross-section has endured 
temperatures of over 800°C.  
 

  
Figure 97. Under toff=4µs, thermal field on the cross-section of the wire after 
accumulation of (a)10 consecutive discharges; (b) 32 consecutive discharges. 

 

  
  

Figure 98. Under toff=12µs, thermal field on the cross-section of the wire after 
accumulation of (a)10 consecutive discharges; (b) 24 consecutive discharges. 

 
Regarding Case 2, Figure 98 shows the cross-section of the wire after 10 discharges 
and 24 discharges respectively. As in the previous case, the area of the cross-section 
below the isotherm of 800°C is also represented in dark blue color. It can be observed 
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that 14.69% of the total cross section was damaged after 10 consecutive discharges, 
which then increases to 89.89% after 24 discharges so that the whole process lasts 
324µs.  
 
Figure 99 shows the plot of the damaged area (%) as a function of time for both cases. 
For a tensile force of 20N applied on the wire, and the ultimate tensile strength of the 
wire of 960MPa, the percentage of damaged area that produces ductile failure is 
42.46%. This is represented in Figure 76 by the horizontal line.  
 

  
Figure 99. Damaged area of case 1 and case 2. 

  
As expected, in both cases the damaged area increases rapidly and in Case 1 (toff=4µs, 
blue plot), this area exceeds the limit break point after approximately 90µs. For Case 
2 (toff=12µs, orange plot) this situation occurs after more than 200µs, which is over 
two times more than that in Case 1. This clearly implies that in the same given unit of 
time, a higher number of craters will lead to a more rapid accumulation of heat. To 
further verify the influence of heat accumulation on wire breakage, the position of 
several discharges just before wire breakage needs to be found. 
 
V.4.2. Experimental set-up for wire breakage and determining spark position  
 
For further exploring the effect of discharge accumulation on wire breakage, the 
position of the sparks that cause the wire breakage should be located. In the work of 
Kunieda et al. [81], they proposed that with the change of spark position, the part of 
wire included in the upper circuit and lower circuit respectively will also change. Since 
the wire is modeled as the resistance in the circuit, it means that the current value is 
distinct depending on the spark position. Also, later in the work of Boccadoro et al. [15] 
they used this method for monitoring the machining contour. As shown in Figure 100 
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when the discharge occurs the wire can be seen as divided into two parts (upper part 
& lower part). Meanwhile, two closed circuits (upper circuit & lower circuit) are formed 
which include respectively relative parts of the wire.  

 

 
Figure 100. Schematic diagram of spark position.  

 
In order to verify the feasibility of this method, several experiments were carried out 
on the ONA AV35 WEDM machine with the machining parameters listed in Table 30. 
In this experiment, a Sverker21 sheet workpiece of 2mm thickness was selected. As 
shown in Figure 101 (a), the distance between two nozzles (H) was 70mm and 7 values 
for placement heights of the sheet workpiece (H1) were chosen. Meanwhile, two CWT 
Rogowski current transducers were used for detecting the current of the upper circuit 
and the lower one (Figure 101 (b)), and a Tektronix 5034B Digital Oscilloscope for 
collecting current signals.     
 

WEDM Parameters 

I (A) 10 

Uo (V) 80 

Us (V) 50 

f (mm/min) 12 

ton (µs) 2 

toff (µs) 50 

H (mm) 70 
H1 (mm) 0, 10, 20, 30, 40, 50, 60 

F (N) 20 
Qf (L/min) 16 

Table 30. WEDM machining parameters for spark locating experiment. 
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Figure 101. (a) Schematic diagram of experiment; (b) Current probes set on WEDM 

machine. 
 

After the measurement of 400 discharges at each height, the relation (k) between the 
upper circuit current (Iupper) and the lower circuit current (Ilower) was calculated by Eq.38. 
As shown in Figure 102, the relation between k and H1 is relatively close to linear. 
Therefore, the linear tendency equation is obtained as Eq.39. For further verifying the 
accuracy of this equation, another two kinds of H1 (28mm & 42mm) were selected to 
do the same experiment and for each H1 the relation k of 100 sparks was obtained. 
With Eq.39, the prediction of H1 is calculated and the result is shown in Table 31. Finally, 
it can be estimated that the accuracy of this method is about 2mm. 

 
Figure 102. Experiment result of the relation between k and H1. 
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푘 = 퐼�����/퐼����� 
 

Eq.38 

퐻� = −59.51 ∙ 푘 + 165.85 
Eq.39 

 

H1 (mm) Average prediction of H1 (mm) STD 

28.00  29.80  1.79  
42.00  41.50  1.06  

Table 31. Result of prediction. 
 
Then another experiment with the workpiece thickness of 50mm was finished and for 
easier getting the wire breakage, 2µs of toff was adopted. In the process of cutting, 
Iupper and Ilower were also measured. Finally, the last 50 sparks before the wire breakage 
were picked out to further process. The relation k was calculated by Eq.38 and then H1 
was predicted by Eq.39. As a result, the position of the last 50 discharges before wire 
breakage is shown in Figure 103. These results show that 34% of discharges 
concentrated between 2mm and 4mm.  
 

 

Figure 103. Position of last 50 sparks before wire breakage. 
 
In addition, the broken wire was also observed with Hitachi S-3400N SEM (Figure 104), 
the result is shown in Figure 105. The failure mode is clearly that of a ductile failure 
and the cup-and-cone shape which is typical of ductile materials can clearly be 
observed. The fast fracture region occurs at 45° to the plane of the tensile load, the 
angle at which the largest shear stress appears. Considering the proposal of Bredgauer 
et al. [108], this kind of ductile failure is possibly caused by a decrease in the cross-
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section area of the wire. For further exploring the reason, finite element simulation 
was considered to further understand the influence of discharge accumulation on the 
decrease of wire cross-section area. 
 

 
Figure 104. Hitachi S-3400N SEM. 

 

 

Figure 105. SEM observation on broken wire: (a) Side view; (b) Top view. 
 
V.4.3. Simulation of crater accumulation 
 
Through the experimental result in the previous part, the position with the STD range 
of the last 50 sparks before wire breakage was obtained. For realizing the simulation 
of consecutive sparks, COMSOL was selected to do the corresponding work. Firstly, 
according to the spark position result, the coordinate of the center of each spark was 
generated by MATLAB randomly in the range of STD. Then, based on the thermal 
model obtained in the previous section and the setting experimental parameters, the 
simulation was finished on the wire. As the result shown in Figure 106 (a), after each 
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spark, the part material whose temperature is higher than the melting point was 
removed. The craters on the wire are not uniform because of the overlap of craters. 
For the workpiece, a similar result was gotten by Liu and Guo [87]. It could be 
determined that concentrated discharges cause a local temperature to increase to 
make a removal volume increment.  
 
Next, the minimum area of the cross-section of the wire was obtained, as shown in 
Figure 106 (b). It is observed that after the continuous discharges before wire breakage, 
the remaining area was measured as 20549µm2 and it was only 41.88% compared with 
the original wire cross-section area. The decrease in cross-section area made the stress 
higher than the UTS of the wire and the ductile failure which is shown in Figure 105 
happened. This simulation result matches the experimental result. It further reveals 
the wire damage from the discharge accumulation and the caused decrease of the 
area in cross-section is the essential reason for the wire breakage. 
 

  
Figure 106. (a) Simulation of consecutive craters on the wire; (b) Minimum cross-

section of wire in simulation. 
 

V.5. Conclusions 

 
In this chapter, the principle of thermal transfer to the wire in WEDM was studied and 
at the same time, a complete thermal model was built. For detecting the effect of 
accumulative discharges on wire breakage in the WEDM process, several experiments 
and simulations were conducted in this study. Based on the results obtained, the 
following conclusions can be drawn: 

 
- Complete observation of the wire after discharges was carried out. The recast 

layer can be clearly identified, and discharge occurs at 68% of the total wire 
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circumference. In addition, the flushing efficiency is learned as 44.48%. 
 

- Numerical simulations considering latent heat and flushing efficiency were 
conducted using the finite element method with different values of fc. The 
inverse fitting allows for achieving a precise value for the heat partition ratio to 
the wire. The value obtained is 46.74%, with a calculated error of 0.53%. 

 
- The damaged area on the cross-section of the wire was simulated for two 

different values of toff and supposing all continuous discharges are adjacent to 
each other. From the simulation results used to detect internal thermal 
changes, it is clear that under toff=4µs, the increase in heat accumulation is 
faster than that under toff=12µs. Furthermore, with toff=12µs the wire break will 
occur within 200µs, whereas with toff=4µs, this time will be reduced by more 
than half. 

 
- Spark locating was carried out based on the current ratio of the upper circuit 

and lower circuit. The tolerance range of this scheme was verified as 2mm. 
Based on this, with the workpiece thickness of 50mm, the position of the last 
50 discharges before wire breakage was found and as the result, 34% of 
discharges were located within a range of 2mm.  

 
- A novel 3D finite element model for studying the craters of consecutive 

discharge on the wire was developed. From simulation results of consecutive 
discharges before wire breakage, it is found that the minimum area in the wire 
cross-section only remained at 20549µm2 and it was only 41.88% compared 
with the original wire cross-section area. This kind of decrease made the stress 
higher than the UTS of the wire and ductile failure happened. It further reveals 
the wire damage from the discharge accumulation and the caused decrease of 
the area in cross-section is the essential reason for the wire breakage. 
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VI. STUDY ON DEBRIS PARTICLES IN WEDM 
 
It is well known that in WEDM, during the machining process, a huge amount of debris 
particles are ejected from the gap between the wire and the workpiece. It is an 
important field that is sometimes ignored. In addition, because of the continuous 
movement of wire in the machining process, the collection of debris is also a difficult 
question for resolving. In this chapter, some novel ideas for WEDM debris particle 
collecting devices were proposed, and the selected design was printed out by a 3D 
printer. Using the mentioned system, debris particles were collected in various WEDM 
experiments under different processing parameters. Through analysis and contrast, it 
was found that in the working gap the material from the wire electrode occupied the 
dominant part. Moreover, through the observation with SEM and TEM, a complete 
volume distribution of particles was obtained.  
 

VI.1. Introduction 

 
Debris is an important topic for understanding material removal in WEDM. Whereas, 
the gap width makes debris collection very difficult. For getting a deeper insight into 
WEDM debris some works that include debris collection, debris separation, debris 
observation, and analysis were proposed and carried out in this chapter. In Section VI.2, 
first, some preliminary designs for debris capitation systems will be shown. Through 
analysis, the advantages and disadvantages of each plan were detailed. Through 
comparison, an original debris collection device was designed and manufactured. Also, 
this device was able to be fixed on the WEDM machine. In addition, a particle 
collecting system that contains the collecting debris device, conveying debris device, 
and storage part was also built.  
 
In Section VI.3, first, the method for separating the debris from the collected liquid by 
rotary vacuum evaporator was introduced. After that, Energy Dispersive X-Ray 
Fluorescence Spectroscopy and laser diffraction were adopted. As the result, a 
dominant presence of material from the wire electrode in the working gap was found. 
The relative percentage of wire material with respect to workpiece material increased 
when the workpiece thickness increased. Especially noticeable was the increase in the 
relative amount of Zn. After that, SEM and TEM were used to characterize WEDM 
debris. Based on that a histogram of size distribution obtained by image processing 
showed that 98% of the particles were of a diameter smaller than 1μm. A large number 
of particles showed diameters below 100nm. However, micrometric-size particles 
occupied most of the volume. In addition, most of the particles corresponded to 
material from the wire, the relative percentage of wire material with respect to 
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workpiece material increased when the workpiece thickness increased. Finally, in 
Section VI.4, some conclusions are presented. 
 

VI.2. Design and manufacture of a device for collecting debris particles 

 
VI.2.1. Preliminary tentative designs 
 
Building an individual filtration system was seen as the first possible plan. This idea 
was introduced in the work finished by Gatto et al. [109] and M. Tanjilul et al. [110]. In 
their work, an external circulation system was built and set under the workpiece. For 
verifying the possibility of building an external circulation system in the ONA AV35 
WEDM machine to collect debris particles, a special method was proposed. During the 
machining process, the water with debris particles flowed through the outfall of the 
working area which is shown in Figure 107 (a) and Figure 107 (b). Around the outfall, 
a box with filter paper was placed as shown in Figure 107 (c). To avoid particles settling 
on the bottom of the machine tank rather than flowing out with water, as shown in 
Figure 108, two layers of filter paper were laid on the bottom of the tank. And then, 
the waterproof tape was used to fix the filter paper on the inner wall of the tank. As 
the debris particles were left on the filter papers with the water flow during the 
machining process, after the collection of the debris particles from the filter papers, 
some further analysis and observations of the size and distribution could be carried 
out. 
 

 
Figure 107. (a) Outfall of WEDM machine; (b) Profile of outfall; (c) Designed part for 

fitting the outfall. 
 
After several experiments, it was found very difficult to make sure that all the particles 
were collected from the current experiment because some of the particles in the 
bottom of the working tank remained from other experiments. Moreover, the flushing 
flow during the WEDM process sometimes made the filter paper move o even fall from 
the tank. In addition, it was indispensable to collect the debris particles from the filter 
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paper, whereas, the concentration of the collected debris particles was very difficult 
to meet the requirements of the measuring machine. As a result, this design was not 
adopted. 
 

 
Figure 108. ONA AV35 WEDM machine tank. 

 
Next, another design for a wholly enclosed box around the wire and workpiece area 
was proposed. The water with debris particles can be pumped out from the bottom 
part of the box. Considering the wire always moves following the programmed path 
and the workpiece is fixed on the platform of the machine in the WEDM process, the 
enclosed box must be fixed on the stationary part of the machine according to the 
specific situation. After analyzing the WEDM machine construction, the enclosed box 
can be fixed to the inner wall of the tank. Therefore, removing firstly the platform of 
the machine becomes necessary to install the enclosed box. This method has the 
advantage of being able to make sure that most of the debris particles are collected. 
But at the same time, it is very tough for realizing. As the sample survey method was 
seen as a more efficient method for the experiment of debris particle analysis, this 
design was not adopted either. 
 

 
Figure 109. Model of the relatively enclosed box. 
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Based on the idea of the wholly enclosed box, next, a plan including a relatively 
enclosed box was proposed. Considering that the wire moves relative to the platform 
during the general machining process, and there exist many threaded holes on the 
platform, the relatively closed box can be fixed on the platform as shown in Figure 109.  
According to the construction of the platform, if the box is made of hard materials, it 
is indispensable to remove the platform. So the materials such as iron or aluminum 
were not selected. Then, the relatively enclosed box was considered to be made of 
soft materials such as rubber and plastic. Furthermore, rubber was seen as a better 
option than plastic because of its stability. The model was designed using Solidworks 
which is a 3D modeling software and it is shown in Figure 109. There exist two gaps, 
one is the gap between the box and the wire holder, and the other one is the gap 
between the box and the platform. The box can be fixed on the upper half of the wire 
holder by screws, and the other end can be fixed on the platform. Since the material 
of this box is rubber and it is fixed by screws, waterproof tape will be used to cover the 
possible gap.  
 

 
Figure 110. Liquid level diagram. 

 
The principles for collecting debris and the liquid level diagram are shown in Figure 
110. When the liquid level around the wire reaches the specified height, the WEDM 
machine starts to work. The relatively enclosed box height is higher than the specified 
liquid level, and air intake holes are opened on the sidewall of the box above the 
specified liquid level. There are a few outlet holes in the lower part of the sidewall of 
the box. When the machine starts working, the liquid level in the working area outside 
the box is set higher than the height of the inlet hole, so that the water in the working 
area outside the box always flows into the box, and the polluted water is under the 
action of the pump. It is sucked out from the box, which is a dynamic circulation system. 
This method can not collect all particles in one experiment theoretically, but it can 
collect most of the particles produced in one experiment and it is enough for the 
following experiment. This experiment requires the collection of representative 
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particles for analysis. The manufacturing process of the device is complicated and 
various special materials are required to be fixed on the machine. Water leakage 
prevention after connecting various components is not guaranteed and because the 
box moves with the wire and the table is fixed, the gap between the box and the 
platform is still not able to be eliminated. This option is only a theoretical model, and 
there is still a long way to go to realize this type of model. 
 
The next idea for a device for collecting water with debris particles is to design a 
relatively enclosed box with a smaller size. A model drawn with Solidworks is shown in 
Figure 111. The device will be fixed on the wire holder. There are two openings in this 
relatively closed box. One is between the box and the workpiece, because the box is 
fixed on the wire holder, the box moves with the machining path during the machining 
process while the workpiece is stationary. So the size of this gap is relatively large. The 
other one is the opening hole on the top of this box, this hole is used for threading the 
wire. The size of this hole can be small, but under the condition that the flushing flow 
can enter the relatively enclosed box in time during the actual machining process, the 
size of the opening should not be too small. In addition, in the machining process, the 
debris particles always move in the direction of the flushing flow and accumulate in 
the lower portion of the tank. Therefore, the outlet was designed at the bottom of the 
box. 
 

 
Figure 111. Device model. 

 
Because of the small size of the box, it can be produced by a 3D printer and it is easy 
to install on the machine before every time experiment. However, disadvantages also 
exist. For example, in the case of ensuring a small gap between the workpiece and the 
box, different-sized boxes are required in experiments with different workpiece 
thicknesses. More importantly, the relatively closed box is placed around the wire. As 
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the size of the box is very small, it may have a vital effect on reducing the efficiency of 
the flushing flow in cleaning the debris during the actual machining process, which 
may result in a reduction in processing efficiency. It may also cause unstable discharge 
states such as arcing and short-circuit discharge conditions. Therefore, the design still 
needs to be improved. 
 
Since the purpose of this experiment is to collect some debris as the sample in the 
WEDM process for analysis, rather than collecting all the water with debris particles, 
collecting debris only around the wire during the machining was next considered a 
better method. In the process of machining, the wire always moves according to a 
predetermined trajectory. So if design a device that can be fixed on the wire holder, 
the device also can move as the wire moves. Then a pump can be used to pump water 
out from the working area. To collect debris particles in all directions around the wire, 
the area where the device is in contact with water should be increased. Therefore, 
considering the convenience of device manufacturing, 3D printing technology is 
applied to new device manufacturing processes. Taking into account all of the above 
factors, the device schematic is shown in Figure 112. 
 

 
Figure 112. Device schematic. 

 
Then, the device as shown in Figure 113 was printed by a 3D printer and it was 
connected to the WEDM machine. In the actual process, under the action of the pump, 
the water containing debris was pumped out of the work area according to the red 
trajectory shown in Figure 112. To collect the water with debris in all directions around 
the wire, five inlets were placed around the wire and the water was collected into one 
outlet. In addition, as this device just needs to be fixed on the wire holder, it is easy to 
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install and it makes the experiment easy to implement. However, the principle of 
collecting water with debris was full of contingency, and it can not be guaranteed that 
debris particles have been collected in each discharge state. Therefore, in the actual 
experiment, water was collected multiple times using this device in order to improve 
the accuracy of the obtained sample. 
 

   
Figure 113. Device and installation diagram. 

 
VI.2.2. Adopted solution 
 
As the method used to collect the particles in this experiment is a sample survey, some 
of the debris produced in the actual treatment is sufficient for the preliminary analysis 
of the fragments. In the experiment, the device should be as close as possible to the 
wire. If a relatively enclosed box or a completed enclosed box is selected, an external 
circulation system must be established that includes extracting water with debris 
particles and simultaneously inputting the clean water during the whole machining 
process. However, it is very difficult to realize the external recycling system without 
affecting the processing. Hence, the last plan referred to in the previous section is the 
best choice for preliminary experiments. As the vacuum pump can not be used to 
pump water out directly, a novel debris particle collecting system is presented. The 
schematic of this system is shown in Figure 114. In that, the water around the wire is 
sucked into the container under the pressure differential caused by the vacuum pump. 
And then, it enters the enclosed container along the red line in Figure 114. The 
collected liquid contains a large amount of water and a small number of particles. 
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Figure 114. Debris particles collecting system. 
 
In detail, the selected debris particles collecting system consists of the following three 
parts: the collecting debris device, conveying debris device and the storage debris 
device. The collecting debris device which is shown in Figure 115(a) was printed by the 
Leon-3D printer and it was made of PLA Ingeo 850 which is an environmentally friendly 
material. PLA has a melting point of 155-185oC and it is suitable for practical machining 
conditions. The conveying debris device was made up of a vacuum pump with a hose. 
As shown in Figure 115(b), the Bosch sphere 27 vacuum cleaner was used as the 
vacuum pump because it is convenient to control the start and end timing. The 
enclosed container consisted of a water bottle and a special bottle mouth for the 
connection. The special bottle mouth was also printed by the Leon-3D printer to 
connect. The storage device of water with debris particles was a 500ml plastic bottle. 
In addition, the engineering drawing of the collection debris device is shown in Figure 
116. 
 

 
Figure 115. (a) Collecting debris device; (b) Vacuum Pump. 
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Figure 116. Engineering drawing of collecting debris device. 

 

VI.3. Observations on debris composition and size distribution 

 
VI.3.1. Experimental set-up 
 
WEDM experiments were carried out on ONA AV35 WEDM machine. The workpiece 
material was AISI D2 tool steel, and 0.25mm diameter CuZn37 wire was used. 
Experiments involving different part thicknesses, gap widths, and discharge currents 
were performed as presented in Table 32. 
 

Experiment number h (mm) I (A) ton (µs) toff (µs) Uo (V) g (μm) 
1 20 5 2 7 80 51 
2 50 5 2 12 80 62 
3 50 15 2 12 80 62 
4 150 5 2 21 80 69 
5 250 5 2 30 80 78 
6 250 15 2 30 80 78 

Table 32. WEDM parameters for the experiments. 
 
In the experiments, a large volume of water with debris particles was collected by the 
collecting system which was introduced in the previous section. The debris particles 
need to be separated from the collected liquid for increasing the concentration of 
debris particles. Usually, the membrane is used to do the filtering. But considering the 
high cost and difficulty of operation, other alternative methods were proposed. The 
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first one was to add desiccant. Whereas, this kind of method may affect particle size 
results. Another proposed method was evaporating the collected liquid for obtaining 
the debris particles. An objective condition was that a too-high temperature could 
cause debris adhesion and then affect the final results. Therefore, evaporating excess 
water at not too-high temperatures was an insurance method and it was finally 
adopted, even at a high time cost. 
 
Preliminary experiments were carried out on a constant temperature furnace, and the 
temperature is set to 80 degrees. It cost 24 hours to evaporate 1.5L water because the 
concentration of the original solution was extremely low, it took about 48 hours to get 
the ideal solution for each experiment. Two factors determine the amount of water 
evaporated, one was temperature and the other was the evaporation area. The 
maximum temperature was limited, so increasing the evaporation area was the only 
way to improve efficiency. The rotary vacuum evaporator was used in this stage. Finally, 
the Heidolph Laborota 4000 rotary vacuum evaporator (Figure 117) was used to do the 
evaporation and a 500ml plastic bottle was used to store the solution to be tested. 

 

 

Figure 117. Overview of rotary vacuum evaporator. 

 
VI.3.2. Analysis of debris particles 
 
As demonstrated by J. W. Murray [62], through experimentation, the morphology of 
the fragments produced in the actual EDM process was mostly spherical. In addition, 
spherical particles can be described using a discrete number of diameters. A variety of 
length and width measurements (horizontal and vertical projections) can be used to 
describe non-spherical particles. These descriptions provide greater accuracy but are 
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also more complex. Therefore, many techniques make each particle a useful and 
convenient assumption for a sphere, and also the recorded value is usually the 
equivalent spherical diameter. The shape of the particles produced by most industrial 
processes made spherical assumptions [111]. Therefore, in this study, the profile of the 
particle was also seen as a sphere. 
 
VI.3.2.1. Size and distribution of debris 
 
Firstly, the Master size 2000 laser diffraction particle analyzer shown in Figure 118 was 
adopted. Its measurement range was from 0.02μm to 2000μm. Therefore, debris less 
than 0.02μm was ignored because of the limitations of the employed equipment. The 
result of debris of experiment 1 (Table 32) size distribution from Master size 2000 is 
shown in Figure 119. Several conclusions can be obtained. The diameter of 10% of the 
debris in volume is no more than 8.047μm, 50% is no more than 16.012μm and 90% 
is no more than 31.314μm. Most particles have a diameter in the range of 5μm to 
50μm. 
  

 
Figure 118. Overview of Master Size 2000. 

 

 

Figure 119. Debris size distribution. 
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After that, SEM was used to measure micron fragments and observe the surface 
topography of the sample by imaging, magnifying and displaying the information [112]. 
When an image was obtained, image analysis software (ImageJ) was used to obtain 
the granularity information. The size, composition and morphology of debris particles 
from experiment 1 (Table 32) were carried out using JSM-6400 equipment for SEM-
EDX analysis. First, a general view of the sample was taken (see Figure 120(a)), in a 
region of about 1mm2 area. This was labeled as region A. In this region, 13 local 
analyses were performed including composition and morphology. These were labeled 
from A1 to A13. Local analyses were performed including composition and 
morphology. The general view shows white particles that correspond to metals. Some 
large regions do not look spherical. Going forward in magnification (for instance, 
around region A13, see Figure 120(b)), large depositions of what are probably 
nanometric-size metal oxides are observed. Because of the drying method used, 
nanoparticles tend to agglomerate like dust. 
 

 

Figure 120. (a) General view of the sample and location of local analyses; (b) Detail of 
Region A13, where agglomeration of nanometric-size particles can be observed. 

 
A few typical cases are shown in Figure 121. Figure 121 (a) and Figure 121 (b) are the 
samples A1 and A2, their size is about 8μm and 9μm, the particle in Figure 121 (a) is 
slightly non-spherical and in Figure 121 (b) is spherical, they are composed of Cu and 
Zn elements and from the wire. Figure 121 (c) is sample A5, its shape is close to a 
sphere, its size is 9μm, it is composed of Fe, V, Cr elements, and it is from steel. Figure 
121 (d) is sample A13, some metallic sub-micron particles (white spots) are present, 
but a clear agglomeration of very small darker particles is also evident.  
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Figure 121. Typical cases of sample. 

 

The image processing software ImageJ then was used to measure the size distribution 
of the sample fragments. From Figure 120 (a) it was found that the individual particles 
were significantly brighter than the accumulated ones. Individual particles can be 
filtered using appropriate thresholds. The software then converted the original image 
to a binary image. After processing the software ImageJ, the detected particles were 
marked with a red circle. Finally, the software automatically calculates the particle size 
detected in the image and generates a data file. In this experiment, to display the size 
information of the fragments, the fragment size was divided into two levels, the micro-
level and intermediate level between the micro and nano levels. In microscopic-level 
statistics, particles smaller than 1 micron and larger than 22 microns were ignored, 
and the results are shown in Figure 122. At intermediate levels between microscopic 
and nanoscale statistics, only particles of 0.46 to 15 microns were considered, and the 
results are shown in Figure 123. 

 

From the results of SEM, particle aggregation was very serious, which had a great 
impact on the measurement results. To alleviate the phenomenon of particle 
aggregation, the sample preparation stage was omitted, and the liquid during the 
processing was directly taken for measurement, and the degree of particle 
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aggregation was significantly reduced.  

 

 
Figure 122. Size distribution of micro-level debris. 

 

 
Figure 123. Size distribution of intermediate level between micro and nano-level 

debris. 

 

Finally, for resolving the nature of sub-micrometric particles, JEOL JEM 1400plus  
transmission electron microscope (TEM) which is shown in Figure 124 was used to do 
further observation. The image obtained by TEM was also processed in ImageJ 
software. To avoid particle aggregation, the sample was measured by TEM without 
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sample preparation. Results are shown in Figure 125. Among all the observed particles, 
the largest diameter was 25μm, and the smallest diameter was lower than 100nm. 

  

 

Figure 124. Overview of TEM-1400 Plus. 

 

 

Figure 125. Size distribution of nano-level debris. 

 

The first aspect to be noticed is the good agreement between the volume distributions 
obtained through using two very different techniques, namely laser diffraction and 
image processing. Probably the results from laser diffraction may exhibit some 
uncertainty in the region of the largest particles, because some agglomeration may 
occur. In any case, it can be seen that the volume is mostly dominated by particles of 
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diameter within the range between 5 and 25μm. However, as said before, volume 
distribution hides the existence of very small particles. Amount distribution (Figure 
126) shows that 98% of the particles correspond to diameters below 1μm. 

 

 

 
Figure 126. Histograms of particle size distribution: (a) Volume distribution 
(from image processing) and comparison with results from laser diffraction; 

(b) Amount distribution. 
 

The presence of the smallest particles might also support the hypothesis placed first 
by Yang [113], after which vaporization might remove part material as clusters of 
atoms, or even single atoms during discharge on time. This was also described by 
Murray in SEDM experiments. Guo [114] and Murray [62] suggest that larger particles 
could be produced by either thermal shock during the first picoseconds of the 
discharge, or by pressure drop on molten metal at the end of the discharge. 
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VI.3.2.2. Composition of debris 
 
To get more detailed information about the debris, the composition of the debris must 
be analyzed. From the SEM-EDX that is referred to in the previous section, some 
observations were done while measuring the size of the debris. A closer look at the 
largest particles reveals the morphology of debris. The largest particles are spherical, 
or very close to this shape. Figures 127 and Figure 128 show spherical particles and 
the EDX analysis, showing the presence of Cu-Zn from the wire electrode (Figure 127) 
and components from steel (Fe, Cr, V, Mo) from the workpiece (Figure 128).  
 

 
 Figure 127. (a) Spherical particle of diameter 7.8µm; (b) EDX analysis of the particle, 

revealing the dominant presence of Cu and Zn from the wire electrode. 
 

 
Figure 128. (a) Nearly spherical particle of diameter 9µm; (b) EDX analysis of the 

particle, revealing the dominant presence of Fe, Cr, V and Mo from the workpiece. 
 
The observed particle sizes are sound with the previous findings from laser diffraction. 
The largest observed particles are about 20µm in diameter, but most of the samples 
are within 5-10µm. Large metallic particles look brilliant in SEM images. Particles of Fe 
and other elements (original components from AISI D2 tool steel) and Cu-Zn are 
observed in diameters between 1 and 20µm. These particles are mainly spherical, 
although some of them are slightly deformed. Non-spherical shapes, normally larger 
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than 20µm correspond to agglomerations due to the drying process and they can be 
clearly identified. Fe-based particles are present, but to a lesser extent, probably 
because Fe oxidizes more easily than Cu-Zn. 
 

 
Figure 129. EDX analysis of the sample. 

 
Because the spot of the EDX probe is 1µm3, composition analysis of sub-micron 
particles cannot accurately be carried out (several different particles will lie inside the 
EDX spot). Even though, observation of those sub-micron particles was carried out. 
Figure 129 shows the EDX analysis of the sample shown in Figure 120 (b). The analysis 
reveals the presence of metals (Fe, C, Zn), but also probably Fe oxides. This is known 
because, due to the low atomic number, oxides look darker in the SEM image. The 
results are in accordance with the already mentioned SEDM experiments by Murray 
[62], who found many spherical particles of a diameter smaller than 2µm and even 
suggested the possible presence of sub-nanometer particles that could not be 
detected. 
 
In addition, another X-ray system (Figure 130) was used for detecting the composition 
of debris. This machine is from the company of Fischer, the type is Fischer scope X-ray 
system XDAL. X-ray measuring instruments generally use an instrument that excites a 
target element in a sample to generate characteristic X-rays and determines the target 
element and its content by measuring the exposure rate of the characteristic X-ray. 
Taking into account the content of elements in the sample, only three elements were 
considered, Fe, Zn, and Cu respectively. Fe comes from the workpiece. Cu and Zn come 
from the wire. Analysis of these three elements can estimate the percentage of 
particles from the workpiece and the wire. For each sample, 5 measurements were 
obtained. The summary of results is gathered in Table 33 (mean values). Only the most 
important elements from the workpiece and wire are presented in Table 33. 
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Figure 130. Overview of X-ray system. 

 
h (mm) I (A) g (µm) Fe (%) Cu (%) Zn (%) 

20 5 51 19.43 44.756 35.91 
50 5 62 10.34 44.538 45.11 
50 15 62 9.10 43.798 47.09 

150 5 69 9.42 37.39 53.18 
250 5 78 4.39 26.85 68.75 
250 15 78 3.13 34.53 62.33 

Table 33. Results of X-ray system analysis of debris samples. 
 
Results show the dominant presence of material from the wire in the debris. As 
explained in the previous section, some large (1-20µm diameter) Fe particles can be 
found in SEM analysis, but much less in number than Cu-Zn particles. Although further 
research is required on this point, it must be considered that Fe tends to oxidize more 
easily than Cu and Zn.  
 
When increasing part thickness, gap width also increases, and under these conditions, 
the percentage of material from the wire increases as well. It must be mentioned the 
important increase in the presence of Zn. Larger gap width results in decreased heat 
flux density under the same current, as observed by Kojima [25] using optical emission 
spectroscopy. Also, a larger gap involves more heat loss toward the dielectric fluid. 
Probably because of a reduced heat flux density, the removal of low melting point 
metals such as Zn becomes more important when compared to that of Fe and/or Cu. 
The increase in discharge current does not introduce significant differences in the 
composition of debris. 
 

VI.4. Conclusions 

 
In this chapter, a study of the composition and size distribution of debris particles in 
the working gap in WEDM was presented. The objective is to get a deeper insight 
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because little information about WEDM debris can be found in the literature. Existing 
numerical models for WEDM apply data obtained from SEDM experiments. From the 
work carried out the following conclusions can be drawn: 
 

- Obtaining debris in the WEDM process is difficult because of the small 
machining gap width and the debris separation from the collected liquid. Some 
possible methods for collecting debris were discussed and contrasted. Finally, 
a novel debris particle collecting system that contains the collecting debris 
device, conveying debris device, and storage debris device was designed and 
manufactured. In addition, the procedure for separating the debris from the 
collected liquid was also introduced.  

 
- Results of the composition of collected debris using EDXRF show a dominant 

presence of material from the wire electrode (Cu+Zn) in the working gap. The 
relative percentage of wire material with respect to workpiece material 
increases when part thickness increases. Especially noticeable is the increase 
in the relative amount of Zn. Although further research is required at this point, 
this could be related to the lower melting point of Zn and to the reduced heat 
flux density when increasing the working gap width. 

 
- Spherical particles in the range of diameters between 1 and 20µm were found 

by SEM analysis. Most of the particles observed correspond to material from 
the wire (Cu-Zn), but some Fe spherical particles have also been found. 
Agglomerations of sub-micrometric particles due to the drying method were 
found as well. 

 
- TEM analysis allows for resolving lower-scale particles. Histograms of size 

distribution obtained by image processing show that 98% of the particles are 
of a diameter smaller than 1µm. A large number of particles show diameters 
below 100nm. However, micrometric-size particles occupy most of the volume. 
Results of volume distribution from laser diffraction are in good agreement 
with those obtained using image processing. 



 

 

 

 

 

 

 

                                

 Chapter VII: Conclusions and 

future works  

                                
 



 

 

 
 



Chapter VII: Conclusions and future works 

151 

VII. CONCLUSIONS AND FUTURE WORKS 
 
In this chapter, the main conclusions of this thesis will be listed, and the future 
research interest that has been found in the research and learning will also be 
proposed.  
 

VII.1. Conclusions 

 
Improving machining quality and efficiency has always been the top priority in the field 
of precision machining. To achieve this, an in-depth understanding of the machining 
process and machining principles become essential and indispensable. This thesis is 
dedicated to further analyzing some fundamental aspects of the WEDM process 
through experiments and relevant discussion.  
 
In Chapter I, the existing scientific research work in the field of WEDM was reviewed 
and summarized. Based on this, the research directions that should be further 
explored were defined. As it is known that the quality of WEDM depends to a large 
extent on the quality of discharge, it is necessary to achieve a better understanding of 
discharge occurrence. Therefore, the discharge delay time which is used to distinguish 
the type of discharge or to judge the discharge situation was investigated in Chapter II. 
In the experiment of single discharge, 3 kinds of machining parameters, which were 
gap width, surface roughness and volume flushing flow rate respectively, were 
selected to study their influence on the discharge delay time. Based on the 
experimental result, it was observed that an increase in gap width or a smoother 
workpiece surface made the discharge delay time larger. Then for the flushing 
condition, it was found that, with a higher volume flushing flow rate, the discharge 
delay time increased. Using an apparatus that included plastic optical fiber and He-Ne 
laser, the wire movement under different volume flushing flow rates was studied. With 
a higher volume flushing flow rate, the average position of the wire is farther from the 
initial position and it made the gap width larger. This was determined as the main 
reason why the higher volume flushing flow rate made discharge delay time longer. 
 
Then, continuous discharging conditions were investigated. The observation using a 
high-speed video camera was also finished during discharging. Through observation, 
the discharge location was successfully detected through grayscale analysis of photos, 
and the corresponding discharge delay time of each discharge was measured using an 
oscilloscope. Results show that the probability that the discharge occurs within 0.5mm 
from the location of the previous discharge is the highest, and if there are a sufficiently 
large number of discharges between two discharges, the distribution tends to be 
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random. In addition, when discharges occurred around the previous discharge, most 
discharges occurred near the boundary of the bubble, and few discharges occurred 
inside the bubble. It verifies the influence of the debris particles concentrated at the 
bubble boundary on the discharge occurrence in WEDM. For exploring the influence 
of the previous discharge on the occurrence of the following discharge, the bubble 
generated by the discharge was measured. As the result, the size of the bubble and 
the first cycle of bubble oscillation is almost uniform under the same machining 
condition. If the discharges generate under different peak discharge currents, the 
oscillation cycle and the size of the generated bubble are different. With a lower peak 
discharge current, the first oscillation cycle is shorter, and the bubble size is smaller. 
Then, by comparing the bubble oscillation cycle and the relationship between the 
discharge delay time and the undischarged rate, it was observed that more discharges 
occurred in the process of bubble expansion. It verifies the influence of the bubble 
expansion on the discharge occurrence, and it can be explained by the effect of the 
debris particles concentrated at the bubble boundary. 
 
Next, the workpiece material removal in WEDM was studied in Chapter III. The plasma 
channel between the wire and the workpiece is generated after reaching the 
breakdown point in the process of machining. After that the produced heat transfers 
into the workpiece and this causes the crater on the surface. Material removal is due 
to the superposition of the huge number of craters forming on the workpiece. Hence, 
it is very important to understand the process of crater forming and the influence of 
parameters on this process. 
 
From the experiments using workpieces with different surface roughness values, it was 
determined that the diameter of the crater on the rough surface was typically smaller 
than that on the flat surface. Moreover, on a flat surface, the situation of three 
consecutive and four consecutive or even more than four consecutive craters was 
observed. Whereas, in terms of rough surface, there were few consecutive craters. 
Simultaneously, the percentage of continuous craters on a rough surface was lower 
than on a flat surface. In addition, on a flat surface, the center of consecutive craters 
always appeared on the rim of the previous crater. Because the reason for this is that 
around the first crater, there were some roughness peaks. These peaks made the 
consecutive crater easier to take place on the rim of the first crater. Whereas, as the 
roughness of the rough surface, it made not evident those roughness peaks around 
the first crater. Therefore, the consecutive craters did not often appear on the rough 
surface. In addition, on a rougher surface, the crater depth is smaller but the crater 
diameter kept similar. This means that the crater volume on the smoother surface is 
larger. Next, the influence of gap width on crater forming was also investigated. 
Through corresponding experiments, it is found that the larger gap width made the 
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crater volume smaller.  
 
Furthermore, the plasma channel radius and the heat partition of the heat source to 
the workpiece were studied by combining experiments and numerical simulation. 
Through building a thermal model and comparing the numerical values of the 
boundary conditions between the flat surface and rough surface, it is found that the 
plasma channel radius was not affected a lot by the surface roughness. Whereas, the 
heat partition to the workpiece on the flat surface was 29.6% higher than that on the 
rough surface. The result of this part is useful for further understanding the principle 
of materials removal in WEDM and the relative influence of different machining 
conditions. 
 
Although it is known that the heat transferred to the workpiece realizes the material 
removal, another part of the heat source was also transferred to the wire. It makes the 
wire wear and even wire breakage. Wire breakage will reduce processing efficiency 
and affect the quality of processing. Therefore, the study of wire breakage in WEDM 
processing was investigated in-depth. From the work describe in Chapter IV, it can be 
concluded that the heat accumulation and the damage caused by the craters caused 
by continuous discharge on the wire is the reason that causes the breakage. For 
detecting the effect of discharge accumulation on wire breakage in the WEDM process, 
the experiment of continuous discharge was performed and after that, the wire after 
discharges was collected. Next, the wire with craters was observed, and it is found that 
discharges occurred at 68% of the total wire circumference. In addition, through the 
measuring of the recast layer, the flushing efficiency was determined to be 44.48%. 
Based on this, a more comprehensive and complete model was established. By 
comparing the simulation result and experimental result, the heat partition to the wire 
was also obtained and the value was 46.74%. 
 
Furthermore, the reason for the wire breakage was discussed from two aspects. Firstly, 
heat accumulation in the wire was studied. Through comparing two kinds of pulse 
intervals, it was determined that, if all continuous discharges are adjacent, with a 
shorter pulse interval the heat accumulation in the wire is faster and the wire breakage 
occurs earlier. Then, a spark location method for locating the position of several 
discharges just before wire breakage was presented and verified. Using this method, a 
wire breakage experiment was finished and the position of 50 sparks just before wire 
breakage was obtained. Based on the numerical model that was mentioned before, a 
simulation that can simulate the removal crater on the wire was developed in order to 
analyze the process of wire breakage. From the simulation result, the wire cross-
section area reduced caused of the continuous adjacent craters. This kind of reduction 
makes the stress higher than the UTS of the wire and causes the wire breakage. This 
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result reveals the wire damage from the discharge accumulation and the caused 
decrease of the area in cross-section is the essential reason for the wire breakage. 
 
As it is known that in the WEDM process, the material of both the workpiece and the 
wire is removed and it is emitted as debris from the working gap. In Chapter II the fact 
that debris can affect the discharge occurrence is discussed. Therefore, the debris 
formed in the WEDM process was gotten a deeper insight in Chapter V. Because of the 
continuous movement of wire in the machining process, the collection of debris 
becomes very difficult. For resolving this problem, some possible methods for 
collecting debris were discussed and contrasted. Finally, a novel and efficient debris 
particle collecting system that contains the collecting debris device, conveying debris 
device, and storage debris device was designed and manufactured. After the collection 
procedure, the rotary vacuum evaporator was used to separate the debris from the 
collected liquid. With the gathered debris, energy dispersive X-Ray and laser diffraction 
were adopted were used to analyze the composition. As the result, a dominant 
presence of material from the wire electrode was found in the working gap. The 
relative percentage of wire material with respect to workpiece material increased 
when the workpiece thickness increased. The increase in the relative amount of Zn 
was especially noticeable. After that, SEM and TEM were used to characterize WEDM 
debris. Based on that, a histogram of size distribution obtained by image processing 
showed that 98% of the particles were of a diameter smaller than 1μm. A large number 
of particles showed diameters below 100nm. However, micrometric-size particles 
occupied most of the volume. This result can help in the understanding of the debris 
particles since the complete volume distribution of debris particles has been clarified. 
 

VII.2. Future works 

 
Because of the complexity of the WEDM process, there are still many aspects that 
are worth studying in depth. Several future research focuses are proposed: 
 
To develop a system to monitor and predict the machining quality and result 
  
As the discharge location system and thermal model have been obtained, the material 
removal process of continuous discharge can be simulated in real time. This can be 
used for monitoring and predicting the machining result and it can be useful to 
enhance the machining quality. 
 
To study the influence of turbulence on the wire vibration 
  
Flushing flow always exists in the WEDM process for helping the debris emission from 
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the working gap to improve the machining quality. However, through the calculation 
of the Reynolds number, it can be observed that the flushing flow may form turbulence 
during the machining process. This can be a reason for the wire vibration and it may 
affect the machining quality to a certain extent. Therefore, it is worth doing a further 
study about this aspect of the process in the future.  
 
To further observe the WEDM discharging process using a transparent electrode 
  
It has been proved that the bubbles generated by discharges can influence the 
discharge occurrence and it is assumed that this happens because of the debris 
concentrated around the bubbles. In SEDM, the debris around the bubble was clearly 
observed by using a transparent electrode and high speed-video camera [19]. In WEDM 
the process of discharge occurrence and the bubble oscillation are also worth studying 
using similar transparent parts. 
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