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Materials

AbstrAct

Purpose: This work models the Ra parameter as a function of current intensity (I), the electrode material and 
the work material. The surface is directly related to the average intensity (I) during machining. If the intensity 
is increased to 25 A, the roughness of the room rises dramatically to 15 microns.
Design/methodology/approach: Machining with a copper tool produces a better surface than can be achieved 
by a graphite tool. Copper tool machining has been performed in an efficient way, eliminating the necessity of 
a large number of experiments. The statistical processing of the results enabled development of a mathematical 
model to calculate the machined surface quality according to the parameters of the cut used.
Findings: The mathematical model, which precisely determines surface roughness, is a tool for cutting 
parameters and has been obtained by the experimental design method. It enables a high quality range in 
analysing experiments and achieving optimal exact values. A relatively small number of designed experiments 
are required to generate useful information and thus develop the predictive equations for surface roughness. 
Depending on the surface roughness data provided by the experimental design, a first-order predicting equation 
has been developed.
Practical implications: The experimental design was proposed for predicting the relative importance of various 
factors (composition of the steels and electrical discharge machining (EDM) processing conditions) to obtain 
efficient pieces. This model gives detailed information on the effect of parameters of cut on the surface roughness.
Originality/value: Experimental data was compared with modelling data to verify the adequacy of the model 
prediction. As shown in this work, the factor of intensity has the most important influence on the surface roughness.
Keywords: Surface roughness; Experimental design; Electrical discharge machining (EDM); Intensity of 
discharge; Type of electrode
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1. Introduction 
 
Electrical discharge machining (EDM) is one of the earliest 

non-traditional machining processes. The EDM process is based 
on thermoelectric energy between the work piece and an 
electrode. Various types of products, such as dies and moulds, can 
be produced by EDM. During EDM of metals, a large amount of 
heat is generated, which affects the surface characteristics of the 
metals. However, this phenomenon is unavoidable during EDM of 
metals, and some technical problems remain unsolved in the area 
of surface integrity of the machined work piece. Electrical 
discharge machining (EDM) is a process used to shape hard 
metals and form deep and complex-shaped holes by electro-
erosion in all types of electro-conductive materials [1-4]. Surface 
finish and integrity are two different facets of the cavity quality, 
but both play an important part in the characteristics of the mould. 
Many of the machine parameters affect the integrity of the sub-
layers of the cavity, and they also affect the surface finish. Among 
the authors who studied the influence of EDM parameters on 
surface roughness. 

A considerable research was carried out on the machining of 
the 40CrMnNiMo8-6-4 steel tool [5]. It was observed that the 
surface roughness of the workpiece was influenced by pulsed 
current and pulse time. “Higher values of these parameters 
increased surface roughness. Lower current, lower pulse time and 
relatively higher pulse pause time produced a better surface 
finish”.  

The relationship between EDM parameters and surface cracks 
was investigated by [2,6]. They analysed the EDM of D2 and H13 
steel tools. “The formation of surface cracks is explored by 
considering surface roughness, white layer thickness, and the 
stress induced by the EDM process”. They conclude that the 
white layer thickness is mainly influenced by the pulse-on 
duration and that it increases as the pulse-on duration increases. If 
cracks appear, they would be micro-cracks and exist in the white 
layer (WL), and the cracks would begin at the white layer’s 
surface and travel down perpendicularly towards the parental 
material. Some others have published results of an experimental 
investigation, which studied the effects of electrode material 
changes on the machining performance of steel EN-31 [7]. They 
concluded that the best rate of machining is carried out with an 
aluminium or copper electrode.  

The copper and copper tungsten electrodes have a minimal 
wear rate and provide the smallest roughness values. Their 
literature survey found no major work analysing the thickness of 
the affected layer and surface roughness. There is a great need to 
investigate the effect of electrode and current pulsed discharge on 
the surface characteristics. There have been many published 
studies considering the surface finish of machined materials by 
EDM. Recent studies indicate that various machining parameters 
influence surface roughness and suggest the difficulty of setting 
possible combinations of these parameters to produce optimum 
surface quality. The influence of some machining parameters such 
as pulsed current [8-13] and pulse time [8-11,13] and pulse pause 
time [8- 10,13] and voltage [14] dielectric liquid pressure [12] and 
electrode material have been examined. 

The present study examines the effects of the intensity of 
discharge current of electrodes on surface roughness in the steels, 
50CrV4 and X200Cr15. 

2. Description of the process 
 
The principle of EDM, also called electro discharge or spark-

erosion machining, is based on the erosion of metals by spark 
discharges. When two current-conducting wires are allowed to 
touch each other, an arc is produced. If we look closely at the 
point of contact between the two wires, we note that a small 
portion of the metal has been eroded away, leaving a small crater. 
Although this phenomenon has been known since the discovery of 
electricity, it has been highly developed. The EDM process has 
become one of the most important and widely accepted 
production technologies in manufacturing industries [1-3].  

Principle of operation: The EDM system consists of a shaped 
tool and the work piece, which are connected to a power supply 
and placed in a dielectric fluid. When the potential difference 
between the tool and the work piece is sufficiently high, a 
transient spark discharges through the fluid, removing a very 
small amount of metal from the work piece surface.  

The capacitory discharge is repeated at rates between 50 kHz 
and 500 kHz, with voltages usually ranging between 50 V and 
380 V and currents from 0.1 A to 500 A. 

The dielectric fluid acts as an insulator until the potential is 
sufficiently high (b), and it then acts as a flushing medium and 
carries away the debris in the gap, which is a critical part in the 
process. Thus, the downward feed of the tool is controlled by a 
servomechanism, which automatically maintains a constant gap.  

The most common dielectric fluids are mineral oils, although 
kerosene and distilled and deioniser water may be used in 
specialised applications. The work piece is a fixture within the 
tank containing the dielectric fluid, and its movements are 
controlled by numerically controlled systems. The machines are 
equipped with a pump and filtering system for the dielectric fluid.  
The EDM process can be used on any material that is an electrical 
conductor. The melting point and latent heat of melting are 
important physical properties that determine the volume of metal 
removed per discharge. As these values increase, the rate of 
material removal slows. The volume of material removed per 
discharge is typically in the range of 10-6 to 10-4 mm3. Because 
the process does not involve mechanical energy, the hardness, 
strength and toughness of the work piece material do not 
necessarily influence the removal rate. The frequency of 
discharge or the energy per discharge is usually varied to control 
the removal rate, as are the voltage and current. The rate and 
surface roughness increase with increasing current density and 
decreasing frequency of sparks. 
 
 

3. Working conditions 
 
In this study, a series of experiments on EDM were conducted 

on an Erotech Technology machine energised by a 64A pulse 
generator. The tool electrodes were made of graphite and copper. 
The materials of the electrode are defined by hardness. The 
machined work piece surface roughness was measured using a 
Mitutoyo Surfcom Surface Texture Measuring Instrument. Fresh 
dielectric fluid was provided to the tool/work piece interface via 
an adjustable nozzle using lateral sweep flushing. In all tests, the 
flushing rate was adjusted manually at the beginning of each 
experiment.  
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As for the EDM parameters, the peak current was from 3 to 
25 A, the pulse duration was 5 µs, the open-circuit voltage was 
60 V, the pulse interval was from 12.8 to 200 µs, and the polarity 
varied from negative to positive (Table 1). 
 
 
Table 1. 
Machining conditions 

Intensity of discharge (A) 3 at 25 
Voltage of discharge (V) 60 
Time of discharge ( s) 5 

Polarity Positive 

Electrodes 

 Graphite Copper 

Hardness 10 HB 100 HB 

Electrical 
resistivity 
(  cm) 

1400 9 

 
 

The initially smooth piece surface becomes rough, and the 
grain size will depend on the characteristics of the electric 
discharge, such as the applied tension, the current and the duration 
of the process. The studied samples are 50CrV4 and X200Cr15, 
according to the European norm in which EDM involved a heat 
treatment during the finishing conditions, with U=60 V tension 
for various electric current intensities (I=3 A at 25 A). 

This study is composed of two parts: 
The first and the most important part were carried out on the 
EDM machine, “ONA Basic type B360”, and it consists of 
studying the machining parameters’ effects on the 50CrV4 steel 
(norm Din) with a hardness of 46 HRc. In the second part, the 
same parameters of machining were conserved, and the tests were 
repeated on the X200Cr15 sample to see if the same analysis 
results were obtained. This sample has a hardness of 68 HRc, 
which is much larger than the 50CrV4 steel. 
 
 
Table 2 
Chemical composition of work piece material 50CrV4 and 
X200Cr15 

Material C Mn Si S P Cr V 

50CrV4 0.5-
0.55 

0.80-
0.1 

0.15-
0.4 0.030 0.03 1.05-

1.2 
0.1-
0.2 

X200Cr15 2 0.3 0.3 - - 15 0.15
 
 

4. Surface roughness 
 

The surface topography obtained by EDM directly results 
from the metal removal process. Ionisation and arc formation at a 
localised area induce a high increase in temperature (3500-10,000 
°C) in a short amount of time and a high thermal flux. This flux 
leads to the instantaneous evaporation of a part of the machined 
material and the melting of a thin spherical segment underneath 
the point of evaporation. By this process, surface craters with 
several forms and dimensions are created, and small spherical 
melted metal particles are redeposited. 

The main aim of the EDM treatment is to improve the 
mechanical properties of the affected thickness of the sample. 
However, the affected depth depends on the discharge parameters. 
Thus, the first study of the surface roughness was conducted using 
photographs given by Figures 1 and 2. These photographs were 
obtained on samples studied using a current intensity of I=3 A and 
25 A. Analysis of these photographs shows the existence of pores 
due to the subtracted material from the surface of the sample. 
These pores increase in size with the discharge current intensity 
and consequently increase in roughness [4,6]. 

 

 
 

Fig. 1. Surface topography of the machined specimens 
 

 
4.1. Study of the geometric characteristics 
 

To investigate the surface quality, we choose to analyse the 
mean roughness, or the arithmetical roughness Ra, which is 
shown as:  
 

L
dxxz

L
Ra

0
)(1

 (1)  
 
where Z (x) is the value of the roughness profile and L is the 
evaluation length. 

Roughness is defined as minor and periodically repeated 
disorders on the surface of materials, excluding shape and 
undulation faults. 

The distinctive morphology of a surface that has undergone 
EDM machining is due to the enormous amount of heat generated 
by the discharges, which causes melting and vaporisation of the 
material, followed by rapid cooling. The surface topography 
presented in Figure 2 reveals that the arithmetical roughness Ra 
rises up when the discharge energy increases.  

Figure 2 suggests that the surface is characterised by 
juxtaposed craters, resulting from the evaporation of the matter 

4.  surface roughness

4.1.  study of the geometric 
characteristics

 

during machining. These craters present a lustreless aspect, 
related to the absence of a preferential direction of machining. 
This type of machining removes the material by wrenching the 
matter through moulting and then evaporation bubble by bubble 
while always starting with the parts where the gap distance is 
minimal. Part of the matter particulate ejected under the effect of 
erosion will re-solidify and settle on the surface in the form of the 
variable size spheroids. This result is clearly indicated by the 
three-dimensional roughness profile, where the peaks appear 
higher and the craters deeper as the intensity of discharge and the 
pulse-on time are more important. Thus, increasing the discharge 
energy, which depends on the pulse-on time and the average 

intensity, causes larger and more obvious surface irregularities 
due to the substantial melting and resolidification of materials and 
the large debris, which cannot easily pass through a narrow gap? 
The debris tends to stay between the electrode and work piece, 
creating an abnormal electrical arc discharge and reducing the 
surface quality. 

By comparing the surface quality obtained by a copper tool 
with that obtained using graphite tool (see Figure 3), we note that 
for the same discharge energy, machining with a copper tool 
produces a better surface quality than can be obtained by 
a graphite tool.  

 
 

a) Surface 1 (Ra = 2.94 m)   b) Surface 2 (Ra = 6.89 m)    c) Surface 3 (Ra = 8.29 m) 
 

      
 
 

   d) Surface 4 (Ra = 12.61 m)       e) Surface 5 (Ra = 14.28 m) 
 

        
 

Fig. 2. 3D profile of machined surfaces (a) to (e) 
 
 
 

a) EDM with copper electrode, Ra = 2.94 m  b) EDM with graphite electrode, Ra = 3.55 m 
 

   
 

Fig. 3. Influence of the tool material on the work piece roughness 
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5. Experimental design 
 

Experimental design is a powerful analysis tool for modelling 
and analysing the influence of process variables on a specific 
variable, which is an unknown function of these process variables 
[15-19]. In general, the roughness parameters will mainly depend 
on the manufacturing conditions mentioned above. Thus, 
complete modelling of these roughness parameters should take 
into account all the previous factors [18-25].

A full factorial design type 23 with four central points was 
selected to carry out this study. Therefore, eight experiments were 
performed, and the Ra roughness parameter was obtained by 
measuring each of the manufactured specimens three different 
times and calculating the mean value. Moreover, a prismatic 
electrode made of graphite and cupper with a square cross-section 
of 25 mm×25 mm was used in the experiments. The manufactured 
parts were made of soft steel. 
 
 
5.1. Surface roughness model 
 

The functional relationship between response (surface 
roughness) of the cutting operation and the investigated 
independent variables can be represented by the following 
equation: 
 

321 ... n
mwp

n
tool

n HHICRa   (2) 
 
where Ra is the surface roughness (µm) and I, Htool and Hmwp are 
the peak current (Ampere), hardness of electrode (HB) and 
hardness material (HRc), respectively. Eq. (2) may be written as 
follows: 

mwptool LogHnLogHnLogInLogCLogRa 321   (3)
 
which may represent the following linear mathematical model: 
 

332211 xbxbxbby à   (4)
 

The plan of tests was developed with the aim of relating the 
influence of the current intensities I (A) of the electrodes and 
material piece with the surface roughness (Ra) of the work piece.  

The data were statistically treated in two phases. The first 
phase concerned the ANOVA and the effect of the factors. The 
second phase allowed us to obtain the correlations among the 
parameters. Afterwards, the results were determined through 
confirmation tests [22,23-29]. 

An ANOVA was performed on the data, including the surface 
roughness (Ra) of the work piece, to analyse the influence of the 
current intensities I (A), the type of electrode Htool (HB) and the 
type of material piece Hmwp (HRc) on the total variance of the 
results. The orthogonal arrays used to obtain Ra can be observed 
in Table 3. 

Where y is the measured surface roughness on a logarithmic 
scale, X1 = Log I, X2= Log Htool, X3= Log Hmwp, and b0, b1, b2 and 
b3 are the model parameters to be estimated. The values of are b0, 
b1, b2, and so on are to be estimated by the method of Taguchi. 
 

321 057,0031.0784,0916.1 xxxy  (5)
 

The transforming equations for each of the independent 
variables (Table 4). 

 

037,29434,0
06.1

159.2
1

1
1 xXx

 (6) 
 

3869,0
151.1

453.3
2

2
2 xXx

 (7) 
 

583,20115,5
1955.0

024.4
3

3
3 xXx

 (8) 
 
Equations (7, 8 and 9) describe the roughness model and can 

be transformed using Eq. (10) into the following form: 
 

mwptool LogHLogHLogILogRa 291,0027.0739.0585.1   (9) 
 

291,0027,0739,0879.4 mwptool HHIRa (10)  
 

The coefficients C1, n1, n2 and n3 of Eq. 11 have been 
calculated under experimental tests as in Table 5. This is due to 
the factor that the roughness grows with hardness and declines 
when the current peaks. 

 
Table 3.  
Orthogonal array of Taguchi for Ra 

 Value of the factors Codified Value of the factors Natural Ra experimental Log Ra experimental X1 X2 X3 I Helect Hmp 
1 -1 -1 -1 3 10 46 3.55 1.267 
2 +1 -1 -1 25 10 46 16.15 2.782 
3 -1 +1 -1 3 100 46 3.10 1.131 
4 +1 +1 -1 25 100 46 15.05 2.711 
5 -1 -1 +1 3 10 68 2.94 1.078 
6 +1 -1 +1 25 10 68 14.28 2.659 
7 -1 +1 +1 3 100 68 2.86 1.051 
8 +1 +1 +1 25 100 68 14.15 2.650 

 

5.  Experimental design

5.1.  surface roughness model

 

Table 4.  
The transformation parameters for each variable 

 I Htool Hmwp Log I Log 
Htool 

Log 
Hmwp 

Level 
mini 3 10 46 1.099 3.302 3.828 

Level 
maxi 25 100 68 3.219 4.605 4.219 

x0    2.159 4.605 6.131 
x    1.060 1.151 0.305 

 
 
Table 5. 
Coefficients of C, n1 and n2 

C n1 n2 n3
4.879 0.739 -0.027 -0.291 

 
Table 6 shows the results obtained during the comparison 

between the predicted values from the model developed in the 
present work (11) and the values obtained experimentally. 
 
Table 6. 
Experimental plan confirmation EDM tests and their comparison 
with the results 

Test Experiment Model Eq. (7) Error (%) 
1 3.55 3.39 4.50% 
2 16.15 16.24 0.55% 
3 3.10 3.18 0.55% 
4 15.05 15.25 1.33% 
5 2.94 3.02 2.72% 
6 14.28 14.49 1.47% 
7 2.86 2.84 0.69% 
8 14.15 13.62 3.74% 

 
From the analysis of Table 5, we can observe that the 

calculation error is high especially for the surface roughness Ra 
(maximum value 4.50% and minimum value 0.55%). Therefore, 
we can consider that (11) offers a correlation between the final 
stage of the surface roughness of the work piece and the cutting 
conditions. 

Models (12) and (13) can be derived from model (11) to 
calculate the roughness Ra as a function of current intensity and 
electrode tool material. 
 

027,0739,0
50CrV4 601,1 toolHIRa   (11) 

 
027,0739,0

50CrV4 429,1 toolHIRa  (12) 
 

Cons by models (14) and (15) allow for experimental 
determination of the surface quality (Ra) according to the current 
intensity and hardness of the work piece material. 
 

291,0739,0
electrodecopper 308,4 mwpHIRa  (13) 

 
291,0739,0

electrode graphite 585,4 mwpHIRa  (14) 

Equations 12, 13, 14 and 15 have been used to develop 
surface roughness and metal removal rate contours, respectively, 
in the current intensity and hardness of work material as shown in 
Figure 3. These contours allow for the prediction of the surface 
roughness at any zone of the experimental domain. One can also 
use these contours to compare various roughnesses to predict the 
cutting parameter.  

This experimental modelling enables us to obtain an optimum 
cutting speed and feed rate from the obtained analytic equation. 
The resulting optimisation is defined by the iso-answers curves, 
which permit adjusting experimental conditions to determine 
answer values as shown in Figures 4, 5, 6 and 7. These curves are 
very useful for finding the experimental domain region. 
 
 

 
 
Fig. 4. Contours of current intensity: hardness electrode tool of 
first-order roughness surface model with a hardness of work 
material = -1 (coded factor) (50CrV4) 
 

 
 
Fig. 5. Hardness electrode tool of first-order roughness surface 
model with a hardness of work material =1 (coded factor) 
(X200Cr15) 
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5. Experimental design 
 

Experimental design is a powerful analysis tool for modelling 
and analysing the influence of process variables on a specific 
variable, which is an unknown function of these process variables 
[15-19]. In general, the roughness parameters will mainly depend 
on the manufacturing conditions mentioned above. Thus, 
complete modelling of these roughness parameters should take 
into account all the previous factors [18-25].

A full factorial design type 23 with four central points was 
selected to carry out this study. Therefore, eight experiments were 
performed, and the Ra roughness parameter was obtained by 
measuring each of the manufactured specimens three different 
times and calculating the mean value. Moreover, a prismatic 
electrode made of graphite and cupper with a square cross-section 
of 25 mm×25 mm was used in the experiments. The manufactured 
parts were made of soft steel. 
 
 
5.1. Surface roughness model 
 

The functional relationship between response (surface 
roughness) of the cutting operation and the investigated 
independent variables can be represented by the following 
equation: 
 

321 ... n
mwp

n
tool

n HHICRa   (2) 
 
where Ra is the surface roughness (µm) and I, Htool and Hmwp are 
the peak current (Ampere), hardness of electrode (HB) and 
hardness material (HRc), respectively. Eq. (2) may be written as 
follows: 

mwptool LogHnLogHnLogInLogCLogRa 321   (3)
 
which may represent the following linear mathematical model: 
 

332211 xbxbxbby à   (4)
 

The plan of tests was developed with the aim of relating the 
influence of the current intensities I (A) of the electrodes and 
material piece with the surface roughness (Ra) of the work piece.  

The data were statistically treated in two phases. The first 
phase concerned the ANOVA and the effect of the factors. The 
second phase allowed us to obtain the correlations among the 
parameters. Afterwards, the results were determined through 
confirmation tests [22,23-29]. 
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roughness (Ra) of the work piece, to analyse the influence of the 
current intensities I (A), the type of electrode Htool (HB) and the 
type of material piece Hmwp (HRc) on the total variance of the 
results. The orthogonal arrays used to obtain Ra can be observed 
in Table 3. 

Where y is the measured surface roughness on a logarithmic 
scale, X1 = Log I, X2= Log Htool, X3= Log Hmwp, and b0, b1, b2 and 
b3 are the model parameters to be estimated. The values of are b0, 
b1, b2, and so on are to be estimated by the method of Taguchi. 
 

321 057,0031.0784,0916.1 xxxy  (5)
 

The transforming equations for each of the independent 
variables (Table 4). 
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1
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 (6) 
 

3869,0
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2

2
2 xXx

 (7) 
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3

3
3 xXx

 (8) 
 
Equations (7, 8 and 9) describe the roughness model and can 

be transformed using Eq. (10) into the following form: 
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The coefficients C1, n1, n2 and n3 of Eq. 11 have been 
calculated under experimental tests as in Table 5. This is due to 
the factor that the roughness grows with hardness and declines 
when the current peaks. 
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calculation error is high especially for the surface roughness Ra 
(maximum value 4.50% and minimum value 0.55%). Therefore, 
we can consider that (11) offers a correlation between the final 
stage of the surface roughness of the work piece and the cutting 
conditions. 

Models (12) and (13) can be derived from model (11) to 
calculate the roughness Ra as a function of current intensity and 
electrode tool material. 
 

027,0739,0
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Cons by models (14) and (15) allow for experimental 
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intensity and hardness of the work piece material. 
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electrodecopper 308,4 mwpHIRa  (13) 
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electrode graphite 585,4 mwpHIRa  (14) 

Equations 12, 13, 14 and 15 have been used to develop 
surface roughness and metal removal rate contours, respectively, 
in the current intensity and hardness of work material as shown in 
Figure 3. These contours allow for the prediction of the surface 
roughness at any zone of the experimental domain. One can also 
use these contours to compare various roughnesses to predict the 
cutting parameter.  

This experimental modelling enables us to obtain an optimum 
cutting speed and feed rate from the obtained analytic equation. 
The resulting optimisation is defined by the iso-answers curves, 
which permit adjusting experimental conditions to determine 
answer values as shown in Figures 4, 5, 6 and 7. These curves are 
very useful for finding the experimental domain region. 
 
 

 
 
Fig. 4. Contours of current intensity: hardness electrode tool of 
first-order roughness surface model with a hardness of work 
material = -1 (coded factor) (50CrV4) 
 

 
 
Fig. 5. Hardness electrode tool of first-order roughness surface 
model with a hardness of work material =1 (coded factor) 
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Fig. 6. Contours of current intensity: hardness of work material of 
first-order roughness surface model with a hardness electrode tool 
= 1 (coded factor) (Copper) 

 

 
 
Fig. 7. Contours of current intensity: hardness of work material of 
first-order roughness surface model with ahardness electrode tool 
= -1 (coded factor) (Graphite) 
 
 

6. Conclusions 
 

The present study develops the surface roughness Ra model 
for the parameters of current intensity, electrode type and work 
piece material for an EDM process using the experimental design 
method. The experimental results can be used in industry to select 
the most suitable parameter combination for obtaining required 
surface roughness values for products. It is found that current 
intensity has significant effects on surface roughness Ra.  

Confirmation runs were performed to check the adequacy of 
the developed model. The predicted and measured values from 
confirmation runs were compared by checking the variation in the 

percentage error. The variation in percentage errors for Ra were 
found within 4.5%. It can be concluded that the models are valid 
and can be used to predict the machining responses within the 
experimental region. 

This experimental study leads to the following main 
conclusions: 
 The mathematical model, which precisely determines surface 

roughness, is a tool for cutting parameters and has been 
obtained by the experimental design method. It enables a high 
quality range in analysing experiments and achieving optimal 
exact values. 

 A relatively small number of designed experiments are 
required to generate useful information and thus develop the 
predictive equations for surface roughness. Depending on the 
surface roughness data provided by the experimental design, a 
first-order predicting equation has been developed. 

 The surface roughness equation shows that the current 
intensity is the main influencing factor on roughness. 

 The surface roughness contours are useful in determining the 
optimum cutting conditions. 
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Fig. 6. Contours of current intensity: hardness of work material of 
first-order roughness surface model with a hardness electrode tool 
= 1 (coded factor) (Copper) 

 

 
 
Fig. 7. Contours of current intensity: hardness of work material of 
first-order roughness surface model with ahardness electrode tool 
= -1 (coded factor) (Graphite) 
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The present study develops the surface roughness Ra model 
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conclusions: 
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quality range in analysing experiments and achieving optimal 
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