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 Abstract 

This work is aimed at the development of an 

empirical model to calculate of the inter-electrode 

gap in die-sink electrical discharge machining of 

38Kh2N2MA steel. Since the die-sink electrical 

discharge non-contact machining method, thus 

insertion of electrode tool into the machined region 

results in the formation of edge and side gaps 

among surfaces of electrode tool and machined 

cavity. The main factors influencing the gap sizes 

are machining conditions and electrode materials. 

The estimation of inter-electrode gap size was a 

significant factor while machining of chromium 

steels which depends upon the conditions of die-sink 

electrical discharge machining parameters. The 

empirical model was developed on the basis of 

central composite experiment design with 

subsequent regression analysis. The following 

factors were selected for the experiment: I – current 

(A), Ton – one-pulse time (µs), Tau – pulse duty 

factor (%). On the basis of the performed 

experiment and subsequent regression analysis, the 

model for estimation of side gap was developed. The 

obtained data can be applied for estimation of 

correction during machining of 38Kh2N2MA steel. 

Analysis of the model demonstrated that the gap 

size depends not only on the factors but also on 

their interactions. The obtained data make it 

possible to reconstruct the size of electrode tool to 

achieve the precise machining. 

Key words: electrical discharge 

machining, electrode tool, precision, 

quality, factorial experiment, 

regression analysis, empirical model, 

dependence, voltage, pulse, machining 

conditions. 

 

1 Introduction  
In die-sink electrical discharge machining 

(EDM) process the machined parts replicate the shape 

of electrode tool (ET) [1-3]. As EDM is characterized as 

non-contact machining method, so while an infusion of 

ET into the machined area the edge    and the side    
gaps are formed between the edge and the side 

surfaces of electrode tool and machined cavity. The 

main factors influencing the gap sizes are machining 

conditions and electrode materials [1-12]. 

ET wear is directly proportional to the pulse 

energy, that results in variation of inter-electrode gap, 

thus leads to the deterioration of the machining 

precision [1,12]. The ET wear intensity increases while 

machining the high electroerosion resistance 

chromium steels. The machining of the complex-

shaped component with high alloyed chromium steels 

does not permit to estimate the predefined machining 

conditions on the basis of available engineering tables 

and existing procedures of EDM output responses. 

The estimation of inter-electrode gap size, while 

machining of chromium steels is a function of 

machining conditions of die-sink EDM is a critical 

issue in the manufacturing. This work is aimed to 

develop an empirical model for calculation of inter-

electrode gap in die-sink EDM of 38Kh2N2MA steel. 

 

2 Materials And Methods  
According to Russian standard GOST 4543-71, 

the 38Kh2N2MA engineering alloyed steel was 

selected as a machined material. The roughness of the 

machined surface before EDM was Ra = 3.6 µm. The 

part was machined using an Electronica Smart CNC 

die-sink machine in the operating fluid: I-20A oil [12]. 

Copper, grade M1 according to Russian standard 

GOST 1173-2006 was used as electrode tool. ET 

operating surface area was 100 mm2.  

The empirical model was developed on the basis 

of factorial experiment design with subsequent 

regression analysis. The design optimality criterion in 

orthogonal central composite planning (OCCP) was 

the orthogonality of design matrix columns [13-15]. 

The following factors were selected for the 

experiment: 

1. I – current, A; 

2. Ton – one pulse time, µs; 

3. Tau – pulse duty factor, %. 
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The coded parameters are summarized in Table 

1.  

Factors 
Lower 

level  

Upper 

level  

Medium 

level 

Lower 

star-to-

center 

distance  

Upper 

star-to-

center 

distance  

I, A 3 21 12 1 23 

Ton, µs 0.5 500 250 0.25 1000 

Tau, % 3 21 12 1 23 

Table 1: Coding of process parameters  

 

The number of tests as a function of factor levels 

was as follows: 

N=2k+2k+1=15, (1) 

where N was the number of tests; k was the number of 

factors. 

The output parameter was the size of side gap. 

Three parallel tests were carried out in each point of 

the factorial space (y = 3). The design matrix with 

accounting of factor encoding at star-to-center distance 

α = 1.215 is summarized in Table 2. 

 

S.No. 
X 0 

 
X1 (I) X2 (Ton) X3 (Tau) X1X2 X1X3 X2X3 X'4 X'5 X'6 

1 +1 –1 –1 –1 +1 +1 +1 0.27 0.27 0.27 

2 +1 +1 –1 –1 –1 –1 +1 0.27 0.27 0.27 

3 +1 -1 +1 –1 –1 +1 –1 0.27 0.27 0.27 

4 +1 +1 +1 –1 +1 –1 –1 0.27 0.27 0.27 

5 1 –1 –1 +1 +1 –1 –1 0.27 0.27 0.27 

6 +1 +1 –1 +1 –1 +1 –1 0.27 0.27 0.27 

7 +1 –1 +1 +1 –1 –1 +1 0.27 0.27 0.27 

8 +1 +1 +1 +1 +1 +1 +1 0.27 0.27 0.27 

9 +1 –1.215 0 0 0 0 0 0.746 –0.73 –0.73 

10 +1 +1.215 0 0 0 0 0 0.746 –0.73 –0.73 

11 +1 0 –1.215 0 0 0 0 –0.73 0.746 –0.73 

12 +1 0 +1.215 0 0 0 0 –0.73 0.746 –0.73 

13 +1 0 0 –1.215 0 0 0 –0.73 –0.73 0.746 

14 +1 0 0 +1.215 0 0 0 –0.73 –0.73 0.746 

15 +1 0 0 0 0 0 0 –0.73 –0.73 –0.73 

Table 2. OCCP design matrix

The experiments was conducted according to 

design matrix shown in table 2. On the basis of 

experimental results the average was determined as 

follows (Eq 2): 

 ̅  
∑    
 
   

 
, 

(2) 

where j was the test number, i was the number of 

parallel test, h was the amount of parallel tests,  ̅  was 

the value of response function. 

To estimation of deviations of optimization 

parameter from its average value, for each line of the 

design matrix variance was calculated and 

experimental error was considered. 

Uniformity of the variance was analyzed by the 

Cochran's Q test (significance level α = 0.05). 

      
      
 

∑   
  

   

         
(3) 

where       
  was the maximum value of variance. 

Hypothesis of adequacy of the obtained model 

was verified by F-test. 

On the basis of the performed experiment and  

subsequent regression analysis we developed the 

model for estimation of size of side gap: 

 

                              
                      
                       

            

(4) 

 

3 Results And Discussion 
Analysis of the model demonstrated that the gap 

size not only depends on the factors but also on their 

interactions plays a significant role. To analyze the 

empirical model, it is required to present is as 

hypersurface plots. For convenience of perception of 

the obtained data let us intersect the 4D space by 3D 

spaces (at different I = 3, 12, 21 A) while projecting the 

response function on it (as shown in Figs. 1-3). A series 

of successive projections would facilitate geometrical 

illustration of variation of side gap as a function of 

EDM conditions. 
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Fig.: 1. Hypersurface plot at I = 3 A. 

 

It follows from the plot (Fig. 1) that the variation 

of duty factor Tau, and the response function Y varies 

according to quadratic law. While the variation of 

pulse time Ton, the correction Y varies linearly.  

It is demonstrated that the maximum value of 

polynomial Ymax = 0.10217 mm is achieved at Tau=19 

µs, Ton=500 µs; the minimum value of polynomial 

Ymin = 0.02169 mm is achieved at Tau=3 µs, and 

Ton=500 µs. 

 

 
Fig. 2: Hypersurface plot at I = 12 A. 

Analysis of variation of gap size at 12 A (Fig. 2) shows 

that the interrelation between cutting conditions and 

the parameter Y is characterized by quadratic 

function. It is established that the maximum value of  

= 

 

response function Ymax = 0.06803 is achieved at Tau 
= 15 µs, Ton =500 µs; the minimum value of 

polynomial Ymin = 0.02333 mm is achieved at Tau =3 

µs, and Ton = 500 µs.

 
Fig. 3: Hypersurface plot at I = 21 A. 

The influence of pulse times Ton on generation 

of ET correction at I = 21 A is linear (Fig 3). It is 

established that the maximum value of correction 

Ymax = 0.10217 mm is achieved at Tau= 5 µs, Ton = 1 

µs; the minimum value Ymin = 0.02169 mm is 

achieved at Ton=1 µs, and Tau=21 µs. 
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4 Conclusion 
On the basis of the obtained data, it is possible 

to estimate the value of tool electrode correction values 

while machining of 38Kh2N2MA steel. These data 

facilitate the revision in electrode tool dimension 

aiming for the selection of process parameters for 

accurate machining. 

The revealed engineering recommendations are 

proposed at a manufacturing factory of oil-production 

equipment. 
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