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 The development of techniques that allow producing high-finish surfaces of geometrically-
complex parts of difficult-to-machine materials by electrical discharge machining (EDM) is an 
emerging research area. The aim of this work is to study the application of electrolytic-plasma 
polishing technique for the high-quality surface finish of the parts obtained by EDM process. The 
structural alloy steel 38KH2N2MA (GOST 4543 – 71) was selected as the processing material. 
The morphology of the machined surface was examined using optical micrographs. It was observed 
that applying the electrolytic plasma polishing for the duration of 5 minutes results in reducing the 
surface roughness of the ED machined surface by a factor of 5. It is also concluded that the 
combined action of EDM with electrolytic plasma polishing method is suitable for attaining the 
desired surface finish. 
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1. Introduction 
 

     The Electrical Discharge Machining (EDM) is well known technique for producing the geometrically-
complex parts with enhanced physical and mechanical properties. EDM of metals and other conductive 
materials is based on the melting and evaporation of the material, induced by pulses of electrical energy 
in the discharge channel, ignited between the surface of the workpiece and the electrode tool, immersed 
in liquid (dielectric; usually a non-conductive environment is denoted as working liquid). Successive 
pulsed discharges lead to melting and evaporation of the micro-portion of material from the surface of 
the workpiece. The hydrodynamic forces that are developed in the dielectric remove the molten material 
from the discharged zone, the electrode-tool penetrates into the workpiece forming a recess 
corresponding to a shape of the electrode, thereafter (Zhurin, 2005; Ablyaz et al., 2012, 2016; Ablyaz, 
2016; Ablyaz & Zhurin, 2016). Fig. 1 represents the schematic of the processes occurring in the inter-
electrode space (Zhurin, 2005; Shabgard, 2014; Ablyaz, 2016; Ablyaz & Zhurin, 2016; Ablyaz et al., 
2016; Ablyaz & Borisov, 2017). 
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Fig. 1. The schematic diagram of the processes 
occurring in the inter-electrode space 

Fig. 2. A hole formed on surface of material after 
a single pulse: 1 –melted metal; 2 – white layer; 3 
– cushion around the hole; 4 – workpiece 

 
     The electrical discharge (2) generates between the electrodes: anode (1) and cathode (3) as shown in 
Fig. 2. The heat released in the discharge zone leads to melting and partial evaporation of the electrode 
material (the melting zone is shown by the dotted line in the scheme). The molten electrode material is 
ejected from melting zone with the help of the working fluid (5) surrounding discharge area that 
evaporates and decomposes. Fumes and gases in the form of bubbles (4) are removed from the inter-
electrode space together with part of the fluid and solid particles (7) of spherical and fragmental shapes. 
It has been found that hundreds of particles of different size forming the so-called single hole are removed 
from the surface of the material as a result of a single discharge (Zhurin, 2005; Ojha et al., 2010; Ablyaz 
et al., 2012; Shabgard, 2014; Ablyaz, 2016; Ablyaz & Zhurin, 2016; Ablyaz et al., 2016; Ablyaz & 
Borisov, 2017). With the increase of pulse energy by changing the processing parameters, an increase in 
the number of larger particles as well as their diameters is witnessed. These effects significantly influence 
the surface quality. A single hole is shown in Fig. 2 (Tsai, 2003; Zhurin, 2005; Janmanee & Muttamara, 
2010; Ojha et al., 2010; Ablyaz et al., 2012; Dey & Roy, 2013; Shabgard, 2014; Ablyaz, 2016; Ablyaz 
& Zhurin 2016; Ablyaz & Borisov 2017). 
 
      One of the indicators of the quality of the workpiece surface processed by electric current pulses is 
the roughness. In general, the EDM processes for manufacturing of different parts do not provide for 
subsequent finishing operations and most of the modern electrical discharge machines allow obtaining 
the machined surface roughness (Ra) in the range of 0.1-0.4 µm. These indicators of roughness are 
achieved by connecting the electrode part to the negative pole of the pulse generator and setting the 
modes with minimal pulse energy. However, the processing using the finishing cutting conditions is 
characterized by low productivity of the EDM process. In few research studies, it has been shown that 
during the machining of steel 38KH2N2MA using the copying-broaching machine for finishing-
processing, the performance is 0.05 mm/h (Ablyaz & Borisov 2017). Low productivity of the EDM 
process leads to an increase in processing time and in the cost of the finished product. Hence, the 
development of the EDM process is often set to more rough indicators of the quality of the processed 
surfaces, which does not allow achieving the full performance of the product. 
 
     Nowadays, the scientific and technical research is focused on the development of technologies 
improving the roughness of geometrically-complex surfaces of parts. The literature survey has revealed 
that the use of mechanical methods of treatment is accompanied by technological and economic 
constraints associated with the development of specialized equipment, tools, and often manual labor. The 
application of chemical and electrochemical polishing electrolytes is often accompanied by the high cost 
of ecological safety measures for humans and environment in terms of waste disposal due to the high 
toxicity of the process. 
 
      An adequate, yet innovative solution to this problem is the use of Electrolytic Plasma Polishing (EPP) 
as a surface treatment route that generates smoother and glossy surfaces with improved physical 
properties. The EPP method, introduced in late seventies of twentieth century (Duradzhi et al., 1979), is 
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based on electrical discharge phenomena in the system "metal-electrolyte", where the workpiece plays a 
role of the anode. It is a combination of both EPP and conventional electrolysis process and is based on 
anodic dissolution which is characterized by plasma chemical reactions. The polishing of metals takes 
place generally at a voltage of 200-350 V and current density of 0.2-0.5 A/cm2 and immersed in a an 
aqueous electrolytic solution. Around the anode at a voltage of 200 V in the transition from nucleate 
boiling to stable film, a thin (50-100 µm) Vapor-Gas Shell (VGS) is formed. The electric field in the 
VGS reaches 104-105 V/cm and increases subsequently by getting closer to the micro-sites. These sites 
are migrating over the surface, micro-plasma discharges, and this effect provides comprehensive 
chemical and physical impact on the material surface. The micro discharges provide significant energy, 
and this process reduces the height of asperities of the surface that leads to its polishing. The EPP 
technique is environmentally safe and does not require the use of acids, alkalis, and other hazardous 
substances in dangerous concentrations (Kulikov et al., 2010; Ushomirskaya, et al. 2012; Zarubin & 
Ushomirskaya, 2016). Fig. 3 shows the schematic of EPP process. 
 

 
Fig. 3. Schematic of EPP procedure 

 
     The goal of this work is to investigate the possibilities of EPP application for the surface treatment of 
the machined part obtained by copying-broaching electrical discharge machine. 
 
2. Materials and methods 
 
     The structural alloy steel 38KH2N2MA (GOST 4543 – 71) was selected as the processing material. 
The experimental sample was the plate with the size of 10x20 mm and thickness of 2 mm. The EDM of 
the specimen was performed by Electrical discharge machine (Electronica, Smart CNC) with copying-
broaching system, in the presence of working fluid (dielectric, I-20A). The in-process parameters are 
shown in Table 1, where T-on is on-time of pulses (µs), T-au is the duty cycle of the pulse (%), U is the 
voltage (V), and I is the current (A). The depth of cut was 0.4 mm. 
 
Table 1. Parameters of EDM 
Sample 
no. 

Processing Parameters 
I (А) U(V) T-on, µs T-au, % 

1 6 50 50 26 
2 50 50 50 26 
3 20 50 50 26 
4 3 50 50 26 
5 1 50 50 26 

      
     After machining of samples based on the value of depth using different parameters of EDM, the 
roughness of the machined surface was measured followed by microscopic analysis of the structure of 
the surface. The roughness was measured using ‘Mahr S2 Perthometer’ as roughness indictor. An 
analysis of the structure was performed using Olympus light microscope at magnification of 200 X. The 
EPP of EDM samples was carried out on the laboratory equipment "Polytech-15" at the power of 15 kW 
using the partial immersion technique. For visual observation of the result, the samples of steel 
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38KH2N2MA were dipped in a bath of electrolyte with the half locked by a clip on the upper part. The 
positive terminal of the power source was connected directly to the sample, while the working bath was 
connected to a negative terminal. The voltage was set to 270 V. To differentiate the level of the DC 
output voltage, the “Polytech-15” was equipped with a laboratory three-phase auto-transformer. The 
electrolyte contained the solution of salt in distilled water. The electrolyte was represented by three-
component solution in the following concentrations (wt.%): ammonium chloride NH4Cl – 3%, 
ammonium sulphate (NH4)2SO4 - 1%, Trilon B – 0.5%. The purity of substances was pure for analysis. 
Each component of the solution was weighed on the electronic balance "Massa-K VK 150.1". The 
preparation of the solution was performed by successive addition of the components into water heated to 
60°C with constant stirring. The working temperature of electrolyte was 90°C and the processing time 
of the experimental sample was 5 minutes (Kulikov et al., 2010; Ushomirskaya et al., 2012; Zarubin & 
Ushomirskaya, 2016). 
 
     After machining, the voltage was disconnected and the sample was removed from the bath, washed 
in warm water, and then dried by air. The roughness was measured again on the surfaces processed by 
EPP, and the microscopic analysis of the structure of the treated surface was also performed. 
 
3. Results and discussion 
 
      During the EPP of samples obtained by electrical discharge machine with copying-broaching system, 
stable plasma of anomalous glow discharge was formed around the sample immersed into electrolyte 
when the voltage was applied. As a result of complex electrochemical and electrical impact on the surface 
of the sample, the smoothing of asperities (polishing) had been achieved. After treatment, the sample 
surface acquired metallic luster. It was established that by decreasing the temperature of the electrolyte 
below 90°C, the thickness of VGS was reduced leading due to the effect of anode heating. The effect of 
the polishing in this case was absent; the sample surface was covered with black spots. Table 2 presents 
the measurement of height of asperities as results obtained after the EDM using factors reported in Table 
1, and the results of the same samples analyzed after EPP. 
 
Table 2. Surface roughness of the samples 
Sample no I (А) Ra after EDM Ra after EPP 
1 6 4.6 1.4 
2 50 7.7 1.6 
3 20 6.7 1.4 
4 3 1.6 0.4 
5 1 1.5 0.4 

 
     The height of asperities obtained after the ED machined workpiece has been reduced by a factor of 5 
(average) with the use of the EPP technique. In Fig. 4, the surface profiles of sample no. 2 and 4 after 
EDM are shown with their respective roughness values. In Fig. 5, the surface profiles of sample no. 2 
and 4 after EPP are shown with their respective roughness values. 
 

(a) (b) 
Fig. 4. Profiles of samples surfaces after EDM : a) sample No. 2 and b) sample No. 4 
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(a) (b) 
 

Fig. 5. Profiles of sample surfaces after EPP : a) sample No.2 and b) sample No.4 
 

     The analysis of profiles in Fig. 5 shows that after the EPP, the smooth projections of single holes 
(formed during EDM) have been achieved. From Fig. 5(b), it is evident that sample no. 4 witnessed 
62.4% decline in roughness depth, wherein, the maximum height of asperities (Rmaх) decreased from the 
10.9 µm (after EDM) to 4.1 µm (after EPP). Similarly, 83.6% reduction (Fig. 5(a)) in the Rmax of sample 
no. 2 has been recorded i.e. roughness depth decreased from 60.6 µm (EDM) to 9.9 µm (after EPP). 
Besides, this is a favorable phenomenon that also assists in higher material removal rate (MRR) as 
depicted by many researchers (Bains et al., 2015). It can be related to re-soilidification of melt debris in 
the machining zone and as a result, at high discharge current (50A), capacitance is generated by 
interaction of sample and electrode. Owing to this, an abrupt peak energy is developed that makes the 
surface rougher. The mean spacing of the irregularities (Sm) after the EPP had increased to 421.4 µm 
compared to 197.4 µm after the EDM for sample no. 4. The increase in the average step leads to the 
increase in the density of the contact between the surfaces. Fig. 6 and Fig. 7 summarize the analysis of 
the microstructure of the surfaces of the workpiece (samples no.2 and 4) after EDM and subsequent EPP 
route. 
 

(a)                                 (b) (a)                                       (b) 
Fig. 6. Microscopic analysis (magnification 100 
x) of the sample no. 4 : a) the surface after EDM 
and b) the surface after EPP 

Fig. 7. Microscopic analysis (magnification 100 x) 
of the sample no. 2 : a) the surface after EDM and 
b) the surface after EPP 

 

      Surface analysis of the sample no.4 revealed that after the EDM the surface was characterized by a 
large quantity of stacked holes (Fig. 6a) and EPP treated surface exhibited better topology than ED 
machined sample. The traces of melted metal were visible at the boundaries of the holes. The surface of 
the sample 2 (Fig. 7a) after the EDM was characterized by the increased size of the single hole without 
clear boundaries. There were areas of increased melting of metal. After the EPP (Figs. 6b and 7b), there 
were no distinct traces of single holes on the treated surfaces. The surface was smooth, areas of abrupt 
melting metal were not observed. It has been found in this study that for processing of the workpiece by 
the method of EDM to ensure the surface roughness of 1.6, it is necessary to use the factors with minimum 
pulse energy (sample 4). It has been shown that to achieve the same roughness values, the technology of 
finishing treatment by EPP combined with more efficient mode of EDM (trial 2) should be used. 
 

4. Conclusions 
 

    The following conclusions have been drawn from this research study: 
 The possibility of application of EPP technology to improve the surface quality of 38KH2N2MA steel 

after EDM has been validated.  
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 It has been found that applying EPP for 5 minutes allowed reducing the surface roughness of the EDM 
samples by a factor of five. 

 It has been revealed that in order to obtain the high productivity synchronized with the high surface 
finish; it is more suitable to use the combination of EDM process with the EPP technology. 
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