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Abstract—Ceramics and composites, many of whose physicochemical properties significantly exceed similar 
properties of metals and their alloys, are processed qualitatively mainly by the electroerosion method. Despite 
the existing works, the mechanism of the initial stage of the removal of materials has not yet been identified. 
For a comprehensive understanding of the mechanism of the removal of dielectrics, a new model is proposed 
based on the experimental results obtained on an improved electroerosion installation. It was revealed that 
the initial stage of the removal of a dielectric material consists of three successive stages that are associated 
with the synergistic effect on the process of the anionic group of electrolytes, plasma flare, and the cavitation 
shock. This makes it possible to better understand the mechanism of the removal of composite and ceramic 
materials, which should contribute to ensuring the machinability of those materials and their wide use in 
promising technologies. 
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INTRODUCTION 

Composite and ceramic materials are successfully used in aerospace engineering [1], on railway transport 

[2], in mechanical engineering [3], in missile compo- nents and hypersonic vehicles [4], in the civil infra- structure 

system [5], in biomedicine [6, 7], etc. Their widespread use is facilitated by the variety of physical and mechanical 

characteristics and chemical compo- sition, which make it possible to create materials with pre-calculated 

properties [8–10]. Despite the advantages of composites and ceramics described above, their processing is fraught 

with great difficulties. In particular, machining, although it has a preference when processing metals [11], leads to 

unac- ceptable quality of parts made of ceramic and compos- ite materials [12] and reduces long-term reliability 

[13]. Therefore, only nonmechanical methods, such as laser, ultrasonic, electrochemical, and electrical dis- 

charge, are allowed for processing [14]. Electroerosion treatment (EET) differs from other nonmechanical 

methods in its cost-effectiveness and ability to process composite materials with complex profiles [15]. When 

processing dielectrics, electrical discharge methods are used in combination with other methods, such as the 

auxiliary electrode method [16], electrochemical [17], ultrasonic [18], and laser processing [19, 20]. 

However, despite some advantages of these combined methods, the EET method using electrolytes is more 

practical and effective when processing ceramics and composites [21]. 

Although various removal models for ceramics and composites are known, the removal mechanism of EET using 

electrolytes is still a matter of debate. The scientific debate about processing mechanisms has led to several 

proposed models of the process. For exam- ple, Melk et al. [22], based on the processing of 3Y- TZP composite 

multiwalled carbon nanotubes, con- cluded that material removal occurs due to melting, evaporation, and cracking. 

However, the contribution of the appearance and existence of discharges, as well as the role of the 

physicochemical properties of elec- trolytes at all stages of processing, were not taken into account [23]. Yue et al. 

[24], through experiments and simulations, showed the capabilities of the thermal, mechanical, and chemical 

nature of CFRP removal. In [25], the effect of thermal stress on the material removal of carbon fiber reinforced 

silicon carbide was studied and it was determined that high cutting speed was associated with thermal stress. 

Additionally, Rajput et al. [26], based on the processing of quartz, glass, and ceramics, showed that the mechanism 

of material removal includes thermal erosion, chemical etching, and thermal cracking. Dutta et al. [27] deter 

mined the percentage contribution of voltage, pulse duration, and rotation frequency of the tool electrode (TE) 

into material removal rate (MRR). They argued that removal occurs precisely due to melting and evap- oration. 

Klock et al. [28] found significant discrepan- cies when comparing measured processing tempera- tures to 

preexisting models. In addition, other compo- nents of material removal, such as the influence of pulsed 

discharges and the bubble layer near the cath- ode [29], are not taken into account in the works described 

above [24–26]. 

Despite the existence of a number of studies, the available results do not provide an opportunity to fully and 

comprehensively understand the nature of mate- rial removal. In this article, we will focus on the mech- anism of 

the initial stage of dielectric removal during processing in electrolytes. 



 

 

EXPERIMENTAL S ET UP  

For EET of dielectrics in electrolytes an improved electrical erosion device with a relaxation generator was 
developed [30], which is shown in Fig. 1. The installation consists of a tracking compensat- ing system in the form 
of a f loating head with a conical cathode and a damper holder. The sample, located on a damper holder, is pressed 
against the anode tip and placed inside a bath filled with NaOH or KOH or NaCl electrolyte.  

 

 

 

Pressure 

compensator 

 

 

 

 

 

 

 

Sample 

Damper 

mechanism 
 

 

 

Fig. 1. Schematic illustration of an electroerosive device for removing dielectrics in electrolytes. 

 

A potential difference is created between the electrolyte and the cathode. The output voltage of the unit 
can be adjusted in the range of 0– 400 V, and the maximum current is up to 10 A. The objects of research 
are glass (as a composite [31, 32]) with the chemical composition of 68.4% SiO2, 8.5% CaO, 9.4% Na2O, 
7.1% K2O, 3.9% Al2O3, 2.7% B2O3, and Alumina Ceramics (Al2O3). The surface of the samples was 
examined using an NLCD-307B optical microscope. 

 

 

RESULTS AND ITS DISCUSSION 

Figure 2a shows a dielectric sample that has not been subjected to electrical discharge machining. After 
treatment in electrolyte, the edges of the holes are not ideal for the circle (see Fig. 2b), as in the case of heat 
treatment [33]. In particular, on the treated surface of the hole, sequences of chips and bulges are clearly visible, 
which are not a consequence of melting or heat treatment. Similarly, Paul et al. [34] deter- mined that increasing 
electrolyte concentration leads to irregular circle and hole shapes.  

 

 
 

Fig. 2. Sample of a glass plate (a) before and (b) after electrical discharge machining in an electrolyte. 
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Yan et al. [35] also consider that a nonrotating cathode will result in an irregular hole shape. In general, a 
visual assessment of the pierced holes with a rotating cathode and the conclusions of the above-mentioned authors 
do not allow us to conclude that they are a consequence of heat treatment. However, such an assessment does not 
allow us to draw definitive conclusions. 

A more universal assessment for all processing methods is to determine the material removal rate [36, 
37]. The results showed that the MRR of electrical erosion in electrolytes depends on two important factors: 
electrical power and electrolyte type. In particular, the dependence of MRR on the input electrical power is shown 
in Fig. 3: at 36 W in 6% aqueous electrolytes NaOH, KOH, and NaCl, the material removal rates are 1.3, 1.35, 
and 0.11 mm3/s; at 70 W they are 4.5, 4.65, and 0.36 mm3/s, respectively. Obviously, the numerical values of 
MRR increase by more than three times and have a linear dependence on the supplied electrical power in the 
studied range of 35–75 W. The resulting linear dependence of MRR on the supplied electrical power is identical to 
the theoretical dependence for polyelectrolytes [38]. However, this linearity does not depend only on the input 
power but may be related to the physicochemical properties of the electrolyte. For example, Mohammad et al. [39] 
report that part of the discharge energy is absorbed by the workpiece due to conduction, while the rest is 
dissipated in the electrolyte due to convection and radiation. Wei et al. [40, 41] calculated that the share of power 
transferred to the part in discharge mode is only 29%. In this situation, Bilal et al. [42] consider that thermal 
cracking and spalling are the main driving force in dielectric EET. Rajput et al. [43] also prefer the material 
removal mechanism as a thermal model. Although the thermal model agrees well with existing simulation models, 
the difference between the calculated values [43] and experimentally observed [21, 44] is significant. In particular, 
depending on the material, the temperature in simulation models exceeds 3300 K, and in practical measurements 
using a thermocouple tungsten–iron and spectral analysis cathode, the temperature is 2300 ± 200 K [21, 44]. 
Moreover, the results of Slovetsky and Terentyev (where the cathode temperature does not exceed 1500 K) are 
generally consistent with the above conclusions [45]. In addition, the temperature of the electrolyte at a distance of 
2 mm from the gas-discharge (or bubble) layer, even at high cathode temperatures, does not exceed the boiling 
point of water (100 C) [45–49]. In our case, the melting temperature of ceramic samples was higher than 3000 
K [50, 51]. Therefore, we believe that the removal of material does not occur due to heat treatment. This means 
that the linear increase in MRR with increasing input electrical power is not associated with thermal effects but 
depends on other factors, for example, on the physicochemical properties (i.e., type or concentration) of the 
electrolyte. In particular, the dependences of MRR on capacity and electrolyte type are shown in Fig. 3.  

 

Fig. 3. Dependence of the glass plate removal rate on the supplied power in aqueous solutions of NaCl, NaOH, and KOH electrolytes 

 

The results prove that samples in alkaline solutions are processed at approximately the same speed, and an 
order of magnitude greater than when processed in table salt. Namely: changing the anionic group with Cl– on 
OH– leads to an increase in MRR by an order of magnitude and an increase in the intensity of the appearance of 
hydrogen bubbles at the cathode [52]. Paul et al. [53] have also achieved significant increases in MRR using 
potassium and sodium hydroxides in semiconductor processing. In addition, although the dependence of MRR on 
electrolyte type is very strong, MRR is independent of electrolyte concentration in the studied range (5–27%). It is 
obvious that the processing process is associated not only with the physicochemical properties of the electrolyte 
but also with an external factor, for example, the frequency characteristics of the relaxation generator [54]. 



 

 

 

Fig. 4. Dependence of the glass plate removal rate on the capacitor capacity in aqueous solutions of NaCl, NaOH, and KOH 
electrolytes. 

 

Figure 4 shows a graph of the dependence of MRR on the capacitor capacitance, which determines the 
frequency characteristics of the discharge in an RC generator. In particular, for aqueous solutions of NaOH, 
KOH, and NaCl at 1 F, the removal rates are 1.51, 1.54, and 0.022 mm3/s, while those at 0.01–0.05 F are 3.32, 
3.33, and 0.36 mm3/s, respectively. The results show that, for smaller capacitor values, the MRR is higher 
than for relatively larger capacitors. Ali et al. [55] found that capacitor capacitance is the most important 
parameter for creating a conductive layer in a nonconductive ceramic. It is known that the capacitance of the 
capacitor is linearly related to the pulse duration ( ) in RC oscillators (that is,  = RC). Dutta et al. [27], 
using the Taguchi method, determined that the effect of pulse duration on MRR is significant, that is, the share 
among other influencing factors exceeds 5%. Khan et al. [56] improved the surface quality due to discharge 
branching, which led to an increase in the pulse frequency. Yang et al. [57] also showed that increasing the 
frequency of the discharge pulse expands the treated surface area and produces less thermal energy. 
Obviously, reducing the capacitance of the capacitor or the pulse duration leads to improved and faster 
processing of the dielectric. 

Based on the analysis of the results described above and existing literature data, the mechanism of 
dielectric removal in its initial stage can be divided into three stages (see Fig. 5a). At the initial stage (see Fig. 5a, 
I), the usual process of electrolysis occurs, which is associated with the possibility of the formation of point 
defects with different types of conductivity in electrolytes [58]. The current-voltage characteristic (volt-ampere 
characteristic) in this region has a linear dependence (see Fig. 5b, I). 

 

Fig. 5. (a) Schematic representation of the initial stage of the EET of dielectrics process, consisting of three stages; (b) volt- 
ampere characteristics of electrolytes for three stages of the initial stage of the EET process. 

 
This process continues until a threshold (critical) or ionic (anionic) current occurs (see Fig. 5b II, A) at 

which initial bubbles and subsequent discharges appear. This value strongly depends on the physicochemical 
properties, that is, on the type of electrolyte [21]. In particular, the critical current and voltage at a 
concentration of 6% for NaCl, NaOH, and KOH electrolytes are 50 V and 1.8 A, 25 V and 2 A, and 25 V and 1.9 
A, respectively. In the case of NaCl, the increased critical voltage is associated with the electrolyte resistance 
between the electrodes, which is twice as high as in the case of NaOH and KOH. The results also showed that 



 

 

the general character of the current-volt- age characteristic is identical at all stages for other electrolyte 
concentrations. 

The beginning of the second stage is characterized by the formation of bubbles on the surface of the 
cathode (see Fig. 5a, II). The reason for the appearance of bubbles and increased gas formation is associated with 
an increase in the local temperature of the electrolyte near the cathode (for example, the average gas 
temperature in experiments is 900 K [45]) due to a further increase in input voltage. An increase in the 
concentration of bubbles near the cathode leads to a gradual insulation of the cathode surface. Clusters of 
bubbles and accompanying initial discharges cannot exist separately. The formation of a large number of small 
bubbles on the cathode enhances these discharges [59]. Due to the appearance of an insulating bubble layer in 
the electrolyte, the total electric current consists of conduction current and displacement current [60]. 
Displacement currents arise in the insulating bubble layer in a nonstationary mode when an alternating 
electric field is applied to this medium [61]. At the boundary of the electrolyte and the bubble layer (which 
insulates part of the cathode), the ion (anion) current and the displacement currents are compensated. 
Consequently, the ionic current f lows only through the remaining uninsulated part of the cathode. Although 
the bias currents increase sensitively, the total (total) current decreases due to the strong drop in ion current. 
In particular, the total current and voltage at point B (see Fig. 5b II) for electrolytes NaCl, NaOH, and KOH 
at a concentration of 6% are 110 V and 1.3 A, 65 V and 0.6 A, and 65 V and 0.6 A, respectively. The decrease in 
the critical current at the cathode is associated with an increase in the resistance of the electrolyte and the 
insulating bubble layer between the electrodes. At the end of the second stage, stable vapor-gas layers (average 
thickness 0.5 mm) appear near the cathode due to the maximum accumulation of bubbles. Consequently, 
high-frequency discharges begin to slip through these layers. 

The final stage is characterized by cavitation phenomena [23], as well as a plasma luminous torch (with a 
characteristic lifetime of 5 ms [62]), existing due to the increasing frequency of high-frequency discharges near 
the cathode (see Fig. 5a, III). At the beginning of the third stage, the bubbles of the vapor-gas layer begin to 
collapse due to the balancing of internal and external pressure due to an increase in local temperature, which is a 
derivative of the applied voltage. Therefore, the collapse of bubbles, called cavitation [63], leads to the occurrence 
of a large cavitation shock, which is approximately 1010 MPa [23]. Therefore, Kuo et al. [64] used cavitation 
to improve MRR through specially created bubbles. It is due to cavitation that the surface area of the 
insulating vapor-gas layer decreases, which leads to a subsequent moderate increase in the discharge current 
on the current-volt- age characteristic (see Fig. 5b, III). At the same time, the Coulomb forces of a luminous 
plasma plume of ionized gas affect the surface roughness of a dielectric consisting of dipoles. Another party 
involved in the processes are the anionic groups of electrolytes (Cl– OH–). These groups serve to change 
atomic bonds due to their attachment to the surface atoms of the sample [52]. At the same time, the anionic 
group and the plasma effect, mutually complementing each other, lead to a weakening of atomic bonds on the 
surface of dielectric samples, and, consequently, the receipt shock breaks the bond. The breaking of atomic 
bonds due to the synergistic effect of the above three factors can be considered the beginning of the EET 
process. 

 

 

CONCLUSIONS 

In this paper, we proposed a new model for the removal mechanism of dielectric materials based on the 
analysis of previously existing traditional models. Material removal was experimentally studied using an 
advanced EET machine, which resulted in a significant increase in the material removal rate (MRR). 

In particular, we determined that the initial stage of removal of dielectric materials consists of three 
successive stages: first, the process of conventional electrolysis (I) occurs, then a bubble layer is formed at the 
cathode (II) and high-frequency discharges become more frequent, followed by the appearance of a plasma 
torch near the cathode and cavitation (III). It has been established that the mechanism of the initial stage of 
material removal is associated with the synergistic effect of the interaction of the anionic group of 
electrolytes, the burning plasma torch, and cavitation impact. In general, the results show that the proposed 
synergetic model covers all the main processes of the mechanism of the initial stage of material removal and to a 
significantly greater extent than traditional thermal models. 

Basically, the measurements and their analysis allow us to better understand the process of EET of 
dielectrics in order to increase MRR, which implies expanding the possibility of using composite and ceramic 
materials in promising industries. 
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