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ELECTRICAL DISCHARGE MACHINING OF DIFFICULT
TO CUT MATERIALS

The development of industry is determined by the use of modern materials in the
production of parts and equipment. In recent years, there has been a significant increase
in the use of nickel-based superalloys in the aerospace, energy and space industries.
Due to their properties, these alloys belong to the group of materials hard-to-machine
with conventional methods. One of the non-conventional manufacturing technologies
that allow the machining of geometrically complex parts from nickel-based superal-
loys is electrical discharge machining. The article presents the results of experimental
investigations of the impact of EDM parameters on the surfaces roughness and the
material removal rate. Based on the results of empirical research, mathematical mod-
els of the EDM process were developed, which allow for the selection of the most
favourable processing parameters for the expected values of the surface roughness Sa
and the material removal rate.

1. Introduction

Modern technology enhances the reliability of parts through application of
nickel-based superalloys such as Inconel 718. Mechanical and chemical properties
of Inconel 718, high-strength at high temperatures, good oxidation resistance and
good corrosion resistance fostered a wide range application in industry. This mate-
rial is widely used in aerospace and energy industry for hot section of gas turbine
engines and parts such as turbine disk, blades. However, properties of Inconel 718,
hardness, low thermal conductivity and work hardening effect make this material
difficult to manufacture by conventional methods [1]. Therefore, non-conventional
machining methods such as electrochemical machining [2, 3] and electrical dis-
charge machining [4, 5] are used in the manufacturing process.
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The electrical discharge machining (EDM) is one of the precision methods of
manufacturing hard, conductive materials of complex shape. Removal mechanism
of the material in EDM is mainly the result of the electrical discharge which results
in melting and evaporation in local surface layers of both the workpiece and the tool
electrode [6]. During machining, there are hundreds of electrical discharges. The
main parameters and machining conditions determining the physical phenomena
occurring in the EDM process are electrical parameters: pulse duration, pulse off
time, discharge voltage, discharge current. The discharge voltageU is of substantial
influence on the ionisation of the channel through which the current flows. For
higher discharge voltage, it is possible to set a larger gap between electrodes and
thereby facilitate its rinsing and draining of the dielectric products. Pulse off time
toff is responsible for stabilising conditions in the gap (remove erosion products,
deionisation of the discharge channel) [7]. Discharge current I and pulse duration
ton, along with discharge voltage define the energy of the electrical discharge:

E =

ton∫
0

U (t) I (t) dt (mJ). (1)

Determination of the influence of EDM current-voltage parameters on the
physical phenomena of the removal process is difficult. The EDM process with
three major parameters: percent of discharge energy spent on the heating, constant
governing the law of growth of the plasma channel and the equivalent temperature
used to calculate the amount of the removed material is described in [8]. The pro-
posed model of the EDM allowed prediction of the surface roughness and material
removal rate based on the analysis of the superposition of multiple discharges and
on determining the temperature fields inside the workpiece. Solving the thermal
problem of discharge enables one to model of structural changes in surface lay-
ers and their thickness [9] in Inconel 718. Theoretical models of the EDM make
valuable insight into physical phenomena. However, the application of theoretical
models in the industrial applications is not always possible. The problems with
identification of its influence on the surface integrity and theMRR can result from
the observed stochastic nature of electrical discharges causes. Proper selection
of machining parameters, needed to achieve specific surface layers and material
removal rate require experimental investigations.

For the successful industrial applications of the EDM in manufacturing parts
from Inconel, specific surface integrity should be obtained. The research that has
been conducted hitherto in the field of the EDM focuses primarily on a better un-
derstanding of the physical phenomenon of the process [10, 11], improving surface
layers properties [12–15] and optimization of the manufacturing process [16–19].
These studies have been carried out in various directions including the analysis of
the EDM parameters. In [20] authors have analysed the influence of cryogenically
treated copper electrode on the surface integrity of Inconel 825. The presented
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results indicate the possibility of tool electrode life improvement using cryogeni-
cally treated. The use of a cryogenically treated tool electrode allows achieving a
better surface quality of the workpiece. The influence of the flushing conditions
of the efficiency of debris removal during manufacturing which favourably affects
theMRR and surface roughness have been studied in [21]. Authors of [22] have
proposed using a hybrid electrical discharge with arc machining to achieve better
material removal rate during processing Inconel.

In [23] has been shown that using powder suspended in dielectric gives a
possibility to achieve improved surface roughness and MRR on the fine finishing
process. Analysis of using a powder in dielectric indicates that it is possible to
reduce not only value of surface roughness [24] but also reduce the micro-crack
density and thickness of a recast layer [25]. The conclusion that material electrode
(copper, graphite) with a combination of process parameters and polarity of the
electrode has a strong influence on the surface roughness in presented in [26].

The elimination of unfavourable features of the surface layer of materials
after EDM machining is carried out in a multidirectional way. In many cases,
additional processing is used: electrical discharge alloying (EDA) [27, 28], surface
modification with laser beam [29], coating application [30], mechanical treatments,
grit blasting [31], abrasive machining [32], surface finishing [33].

The published studies of the electrical discharge machining are mainly focused
on improving the surface integrity and optimisation of the process parameters.
However, analyses of the surface roughness of Inconel 718 related to 3D parameters
of the surface texture are not thoroughly described. Therefore, in this experimental
investigation, the influence of discharge current and pulse duration on surface
roughness Sa and material removal rate (MRR) was conducted.

The 3D surface roughness parameters render more information about measur-
ing topography which is calculated across the selected area not only in section. In
the EDM, the surface is formed by the electrical discharges and may demonstrate
different properties in section analysis [34].

The conducted studies were aimed at determining the relationship between the
investigated EDM parameters and surface roughness as well as theMRR. Response
surface methodology was used to build models of the EDM process based on the
conducted experimental investigations. The determined regression equations can
be used to predict surface roughness Sa and the material removal rate.

2. Materials and method

The experimental studies were carried out on the EDM machine Charmilles
Form 2LC ZNC. The samples of Inconel 718 with dimensions of 12 × 12 × 4 mm
were ground prior to the EDM machining in order to achieve the same surface
roughness properties. The chemical composition and mechanical properties of
Inconel 718 are presented in Table 1. The electrolytic copper with cross-section
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14 × 14 mm was used for the tool electrode, and the commercial EDM fluid 108
MP-SE 60 used as a dielectric.

Table 1.
Typical composition of Inconel 718 with mechanical properties

Composition of Inconel 718 Mechanical properties of Inconel 718
Element (wt.%) Element (wt.%) Element Value

Ni 53.4 C 0.067 Density 8.19 g/cm3

Cr 18.95 Si 0.06 Thermal conductivity 11.2 W/mK
Fe 17.01 Co 0.05 Electrical resistivity 127 µΩcm
Nb 5.48 P 0.009 Elastic modulus 200 GPa
Mo 3.2 B 0.006 Yield strength 434 MPa
Ti 1.08 S 0.005 Tensile strength 855 MPa
Al 1.00 Mg < 0.01
Cu 0.07 Mn 0

The measurement circuit has been developed for analyzing and monitoring of
the current-voltage waveforms during the EDM (Fig. 1) The waveforms can be
described by the following parameters:

• I – pulse current, the height of the peak current during discharging,
• U – discharge voltage,
• ton – pulse duration time, the time required for the current to rise and fall
during discharging,

• toff – interval time, i.e., the time from the end of one pulse to the beginning
of the next current pulse.

Fig. 1. Scheme of the EDM process, with the measured current-voltage waveforms for the following
settings U = 25 V, I = 14 A, ton = 10 µs, toff = 150 µs

The application was developed in a LabView software environment that en-
abled the operation of the oscilloscope card. The recorded data were transferred
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directly to the hard disk of the computer. The processing and analysis of the mea-
sured results was carried out using National instruments DIAdem software.

The experimental investigation was performed according to the experimental
design theory. The five-level central composite experimental plan was adopted for
investigating the influence of pulse current, and pulse duration on surface roughness
and material removal rate. This type of the experiment planning enabled reduction
of the number of machining runs required to generate a statistically adequate result.

The ranges of the values for the pulse current and pulse duration in the selected
design of experiment (DOE) were defined basing on the earlier preliminary test and
references survey. In the preliminary test, the stability of the electrical discharges
was checked by observation of current-voltage waveforms during machining with
various values of the investigated EDM parameters. The range of the investigated
parameters included roughing, semi-finishing and finishing EDM.

Considering the above assumptions, the experimental research was conducted
for the followingmachining conditions: pulse current within the range I=1.7−14A,
pulse duration within the range ton = 5−150 µs, with constant open-circuit voltage
U0 = 225 V, discharge voltage U = 25 V and pulse off time toff = 0.3 µs.
Pulse polarity was positive in each experiment. The selected experimental plan
is of central composite orthogonal design with five levels and two dependent
variables. In this experimental plan, ten machining runs were executed, including
three level factorials designs points, four axial points and two central points. In
Table 2, the ranges of machining parameters applied in the experimental design are
presented.

Table 2.
Design of experiment

Levels
EDM parameters

discharge current I (A) pulse duration ton (µs)
−1.078 1.7 5
−1 2 10
0 8 78
1 13.5 145

+1.078 14 150

The measurement of the surface topography after the EDM was carried out on
a Taylor–Hobson FORM TALYSURF Series 2 scan profilometer. For each sample,
the area 2 × 2 mm was measured. The discretisation step for the X-axis and the
Y-axis was 10 µm. The following 3D parameter was selected for describing the
surface roughness after the EDM:

Sa is the arithmetic mean of the deviations from the mean Sa – average value
of the absolute heights over the entire surface. Sa parameter responds to the 2D
roughness profile parameters Ra. It may be obtained by adding individual height
values without regard to the sign and dividing the sum by the number of the data
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matrix, where M is a number of points per profile, N the number of profiles and
zx,y the height of the profile at a specific point,

Sa =
1

N M

N=1∑
x=0

M=1∑
y=0

���zx,y
��� . (2)

Material removal rate (MRR) was calculated based on the volume of material
removed from the workpiece divided by machining time:

MRR =
m1 − m2
ρ∆t

[
mm3

min

]
, (3)

where: m1 – sample weight before processing, m2 – sample weight after processing,
ρ – specific density, ∆t – time of manufacturing.

Each sample was weighed before manufacturing on a precision electronic
digital balance (scale has a 0.0001 gram precision). The samples after the EDM
process were cleansed with the compressed air and weighed again. The results of
the DOE are presented in Table 3.

Table 3.
Experimental design and results

Exp. Parameters Observed values
no. Discharge current I (A) Pulse duration ton (µs) Roughness Sa (µm) MRR (mm3/min)
1. 2 10 2.34 0.92
2. 13.5 10 6.32 31.47
3. 2 145 1.41 0.25
4. 13.5 145 12.5 35.04
5. 8 5 3.71 8.71
6. 8 150 7.66 12.58
7. 1.7 78 1.53 0.23
8. 14 78 10.3 38.04
9. 8 78 7.82 17.03

10. 8 78 7.63 16.26

Response surface methodology was used to build an empirical models of the
effect of the investigated EDM parameters: pulse current and pulse duration on
surface roughness Sa and MRR. In RSM, relations between the desired response
and the independent input parameters can be represented by:

Y = f (X1, X2, . . . , XN ) ± ε, (4)

where: Y is the response, f is the response function, ε is the experimental error
(fitting error – residuals), X1, X2, X3, . . . , Xn are independent parameters.
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In this study, the second-order polynomial regression model was chosen to
fit the response function to experimental results (Eq. (5)). This function allows
locating the region of interest where the response reaches its optimum or near
optimum value.

Y = β0 +

k∑
i=1

βiXi +

k∑
i=1

βii X2
i +

k∑
i=1, i,j

βi jiXiX j + ε, (5)

where: β0 is a constant, βi, βii, βi j represent the coefficients of linear, quadratic,
and cross terms, Xi corresponds to the independent variable.

Analysis of variance (ANOVA) was used to test the significance of the es-
tablished quadratic model. Statistical analyses in the first stage were checked for
the following assumption: residuals have a normal distribution, constant variance
and are independent of an order of data. The assumption of constant variance was
checked by plotting residuals versus predicted values. Normality assumption and
independence residuals were checked by plotting the expected normal value vs
residuals and residuals vs. order of data, respectively [35]. The procedure of devel-
oping the model with the Response Surface Methodology is presented in Fig. 2.

 Design of input and 
output variables 

Experimental design 

Regression analysis 

Statistical test (ANOVA) 

Obtain optimal model 

Screening 

variables 

Is model 

good? 

Fig. 2. The procedure of the model development
with the Response Surface Methodology

Regression analysis with the backward elimination process has been performed
to achieve the model prediction for the MRR and surface roughness Sa accurately,
with a 95%confidence. The developedmodels of the surface roughness Sa andMRR
were checked with ANOVA test. The degree of fit of the regression equation to the
results of the experimental studies is described by the coefficient of determination
R-squared (R2). R-squared ∈ 〈0, 1〉 and it reflects the variability of the investigated
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relationship. If the value of the R-squared approaches unity, more accurate fit of
the regression equation to the research results will be obtained. The Fisher test
(F) was used to verify the significance of the factor in each regression equation.
F-value corresponds to a continuous probability distribution. If this probability
(Prob > f ) value for each factor is less than 0.05 (i.e., at 95% confidence level),
then the factor in the model has a significant effect on the response surface. Values
of Prob > f higher than 0.05 indicate the non-significance of a model factor. For
each equation, the calculated coefficient R-squared and R-Adj indicate that the
model explains all the variability of the response data around its mean. Verification
of the adequacy of the developed model was determined by statistical tests (for
f = 0.05) F-Snedecor [35, 36].

3. Results and discussion

3.1. Surface roughness

The surface topography after the EDM is formed by the overlap of individual
electric discharges and is of random nature. Depending on the investigated EDM
process parameters, there were significant differences in surface texture properties.
The influence of the two significant EDMparameterswas investigated: pulse current
I = 1.7−14 A, and pulse duration ton = 5−150 µs. These two parameters determine
the amount of energy of the discharge pulse (with constant voltage). The 3D analysis
(Figs. 3, 4) of the surface obtained after the EDM for roughing and finishing
operations show that the shape of the roughness is a direct result of the applied
parameters.

101 µm

2 mm 2.09 mm

Length = 2.09 mm   Pt = 51.8 µm   Scale = 60 µm

0     0.2    0.4    0.6    0.8     1     1.2    1.4    1.6    1.8     2 mm

 µm
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Fig. 3. Surface texture of Inconel 718 after the EDM (I = 13.5 A, ton = 145 µs)

Based on the results from the experimental studies, an empirical model of
influence discharge current I and pulse duration ton on the surface roughness
parameters was built. The results for the ANOVA test after elimination of non-
significant terms are presented in Table 4.



ELECTRICAL DISCHARGE MACHINING OF DIFFICULT TO CUT MATERIALS 469

2 mm

20.4 µm

2.1 mm

 µm

30
20
10

-10
-20

0

Length = 2.1 mm   Pt = 10.6 µm   Scale = 60 µm

2mm0     0.2    0.4    0.6    0.8     1     1.2    1.4    1.6    1.8     

Fig. 4. Surface texture of Inconel 718 after EDM (I = 1.7 A, ton = 78 µs)

Table 4.
ANOVA table for Sa (after elimination)

Source
Sum of Degrees of Mean

F-Value Prob > fsquares freedom square
ton 14.35 1 14.35 12.26 0.0127
I 94.94 1 94.94 81.12 0.0001

tonI 12.70 1 12.70 10.85 0.0165
Error 7.02 6 1.17

Total SS 129.03 9
R-sqr 0.95
R-Adj 0.93

Final response equations for the surface roughness parameters Sa were de-
scribed by the polynomial function of the second degree:

Sa = 1.8767 − 0.0141ton + 0.3191I + 0.0046tonI . (6)

The developed model of the surface roughnessSa was checked by a residual
normal probability plot, the residuals versus the predicted values, and the residuals
versus the order of data (Fig. 5a, 5b, 5c).

The obtained normal probability plot (Fig. 5a) shows that the residuals are
normally distributed. The dependence between the expected normal value and
residuals are approximately linear. An analysis of the relations between residuals
versus the predicted values (Fig. 5b) indicates that residuals are of stochastic
nature. Errors are of random pattern around the centre line and are not correlated
with another variable or with each other. The analysis of plot residuals versus the
order of data (Fig. 5c) indicates that the error terms were independent one from
another.
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(a) (b) (c)

Fig. 5. Plots for the check model of the arithmetic mean of the deviations from the mean Sa: (a) the
normal plot of residuals, (b) the residuals versus the predicted values, and (c) theresiduals versus the

order of the data

The value of R-squared coefficient of determination are 0.95 (Table 4), which
shows that that adopted model will explain the variation of surface roughness Sa up
to 95%.High value of R-squaredwith the good agreement of adjusted R2 coefficient
R2-Adj (0.93) indicates that the established model is adequate in representing the
process. Fig. 6 shows the estimated response surface for the surface roughness
parameters Sa in relation to the discharge current I and pulse duration ton.

Fig. 6. Estimated response surface for the arithmetic mean of
the deviations from the mean Sa

The parameter of surface roughness Sa (Fig. 6) is mainly dependent on the
discharge current. The increased current and pulse duration cause an increase in
the amount of eroded material in a single discharge. However, these relations are
not directly proportional. At low currents (about 1.7 A) increasing the pulse time
(and therefore energy) does not lead to a significant increase in the Sa parameter.
With the same current and increasing pulse time ton, only the diameter of craters
change and the outcome is that the value of S a does not change.With the increasing
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pulse duration and current, the diameter and the depth of the craters increase. The
heat generated in the discharge is delivered to the workpiece and causes melting
and evaporation of more material volume.

3.2. Material removal rate

The Electrical Discharge Machining is a process in which material is removed
from the surface by a series of discharges occurring in the gap between the tool
electrode and the workpiece. The volume of material which melted and evaporated
from the base during the discharges depends predominantly on the discharge energy.
However, for proper preparation of the EDM technology in manufacturing parts
from Inconel 718, knowledge is required as to the influence of discharge current and
pulse duration on material removal rate considering the allowance distribution into
several stages, starting from roughing, semi finishing and finishing. This knowledge
will be useful for appropriate selection of machining allowances to achieve the best
material removal rate for each step of manufacturing. An empirical model for
estimating the effect of the discharge current and pulse duration onMRR was build
according to the above-presented response surface methodology. The ANOVA
test was conducted to obtain a significant term of the regression equation for the
polynomial functions of second degree (Table 5).

Table 5.
ANOVA table for the MRR (after elimination)

Source
Sum of Degrees of Mean

F-Value Prob > fsquares freedom square
ton 7.89 1 7.89 7.32 0.0403
t2on 30.51 1 33.51 9.77 0.0353
I 1781.01 1 1781.01 424.1 0.00002
I2 38.62 4 38.62 11.26 0.0284

Error 18.26 5 3.652
Total SS 1879.29 9

R-squared 0.99
R2-Adj 0.98

The performed research showed that the relationship between the expected
normal value and residuals was approximately linear, which indicated that the
residuals are normally distributed (Fig. 7a). Residuals versus the predicted values
(Fig. 7b) are of stochastic nature. The study of residuals versus the order of data
(Fig. 7c) showed that the error terms were independent one from another.

After elimination of non-significant terms, the final equations for the influence
of the investigated EDM parameters on the MRR are:

MRR = −5.7141 + 0.1322ton − 0.0007t2
on + 1.0459I + 0.1207I2. (7)
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(a) (b) (c)

Fig. 7. Plots for the check model of theMRR (a) the normal plot of residuals, (b) the residuals versus
the predicted values and (c) the residuals versus the order of the data

The value of the R-squared coefficient of determination is 0.99 (Table 5) which
shows that that adopted model explains the variation of the MRR up to 99%. High
value of R-squared with the good agreement of R2-Adj (0.98) indicate that the
established model is adequate in representing the process.

The material removal rate depends on the discharge energy. With the increase
of discharge current and pulse duration, more volume of material is removed from
the workpiece in a single discharge. However, for the lowest value of the current,
the change in the pulse duration does significantly affect the MRR. The observed
fact results from the Gaussian shape of the heat flux of the electrical discharge.
At a minimal value of current, the increase in pulse duration results in heating
more volume of the workpiece, but current density is not high enough to melt and
evaporate a larger volume of material. The estimated response surface for theMRR
related to the discharge current and pulse duration is shown in Fig. 8.

Fig. 8. Estimated response surface for material removal rate
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4. Conclusions

The experimental investigations and their statistical analysis show that the
discharge energy is the main factor influencing on the surface roughness Sa and
material removal rate after the EDM. The increase in current and pulse time results
in the increase of the diameter and power of the discharge channel. It is leading to
the generation of the roughness of much greater height and the distance between
the individual vertices. The surface texture after the EDM is isotropic.

Let us summarize the results of the experimental investigation:
• The roughness parameter Sa is within the range of 1.4–12.5 µm and it suits
the EDM finishing and roughing treatment.

• Surface roughness Sa is mainly dependent on the discharge current. The
increase of discharge current increased the amount of eroded material in a
single pulse, thus leading to higher roughness.

• The material removal rate is within the range of 0.25–35 mm3/min and it
corresponds to the finishing and roughing machining. Due to the economic
aspects of the treatment, it is necessary to divide the electrical discharge ma-
chining into several stages. EDM technology Inconel 718 should be starting
from roughing (maximum energy parameters) through semi-finishing and
finishing, so that the share of the treatment with the lowest energy values is
limited to the necessary minimum.

• The models developed are considered reliable representatives of the experi-
mental results with prediction errors less than ±5%. They can be used in the
technology of manufacturing parts of Inconel 718 for achieving the desired
surface roughness and MRR.
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