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Abstract: To further improve the efficiency of electrical discharge machining of advanced materials, the possible technological improvement of the process is achieved by
adding graphite powder to the dielectric. In this study, the Taguchi approach was applied to determine the effects of input parameters such as discharge current, pulse
duration, duty cycle, and graphite powder concentration on surface roughness in machining titanium alloys. L9 orthogonal array, signal—to—noise ratio (S/N), and ANOVA
were used to design and analyze the experiment. Discharge current was determined to be the factor that had the strongest influence on surface roughness. Based on ANOVA,
pulse duration was the second influential parameter, followed by graphite powder and duty cycle. In addition, an optimum condition was found to improve surface
roughness. A discharge current of 1.5 A, a pulse duration of 32 s, a duty cycle of 30% and a powder concentration of 12 g/I resulted in minimum surface roughness.
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INTRODUCTION

Due to the combination of excellent mechanical
properties and outstanding biocompatibility, titanium
alloys are often used as a material for the manufacture of
complex components. This is precisely why titanium alloys
are difficult to process using classical methods, especially
from the point of view of tool wear. When it comes to the
production of complex parts, it is necessary to analyze the
use of electrical discharge machining. In EDM, no
mechanical stresses are introduced into the workpiece
during machining because there is no direct contact
between the electrode and the workpiece.

However, when machining titanium alloys with aluminium
impurities, the EDM process becomes unstable and
inefficient. In order to establish process stability and
improve EDM performance, various researchers have
proposed adding powder to the dielectric. In this way,
one of the innovative processes called powder-mixed
electrical discharge machining (PMEDM) was created.
Electrically conductive powder added to the dielectric
reduces the insulating properties and causes an increase
in the gap distance between the tool and the workpiece.
This increase means a more efficient circulation of the
dielectric, i.e. a washout of the working space between
the tool and the workpiece. In this way, EDM becomes
more stable, which improves the machining performances
such as higher machining productivity and lower surface
roughness, and also leads to a lower wear rate of the
tools. The powder particles change the properties of the
discharge channel, which equalises the distribution of

sparks among the powder particles and thus reduces the
current density [1]. Due to this uniform distribution of the
discharges, there is uniform erosion, i.e. flat craters on the
workpiece, which leads to a reduction in surface
roughness and thus to an increase in machining accuracy.
Various types of electrically conductive powder can be
mixed with liquid dielectric, including: aluminum, graphite,
silicon, copper, silicon carbide and others. For example,
Wong used powders of different electrical conductivity,
such as graphite, silicon, aluminum, crushed glass, silicon
carbide, and molybdenum sulfate, and studied their
influence on the roughness of the treated surface [2]. He
concluded that the powders: graphite (grain size 40 um)
and silicon (grain size 45 um) gave the best results of
surface roughness. A significant reduction in the surface
roughness was obtained, i.e. Ra = 0.62 um with silicon
powder, while Ra = 0.75 um was obtained with graphite
powder, i.e. a surface with high gloss (mirror effect),
which is the opposite of classical EDM, where mostly dull
surfaces are obtained. What types of powders can be
used with liquid dielectric, what particle size, at what
concentration, and what effect they have on the
performance of the PMEDM process have been studied
by a small number of researchers.

Therefore, the introduction of an additional parameter,
for example, the concentration of powder in the dielectric
in PMEDM, is a challenge for many researchers. The
analysis of the change of the surface roughness
depending on the input parameters in PMEDM with
chromium powder was processed in the work [3]. The
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obtained results show that the discharge current and the
concentration of the powder in the dielectric have the
greatest influence on the surface roughness in machining
carbon steel. By applying the response surface method, a
model was created that allows the determination of
optimal machining regimes, where the objective function
was the minimum surface roughness. Interesting results
of the research work on single-objective optimization of
the PMEDM procedure are presented in the paper [4].
The aim of the research was to determine the optimal
input parameters in PMEDM. Three types of tool steels
were machined using three types of tools, first in a
dielectric with aluminum mixture and then in a dielectric
with graphite powder. In order to optimize the process,
Taguchi method was applied according to the
experimental plan L27. Based on the Taguchi method,
different optimal machining input parameters were
determined for the different steels, representing the
complexity of the PMEDM system.

Determining the optimal processing parameters for
PMEDM remains a topical problem, as evidenced by the
numerous research papers on the subject. There is still no
concrete answer to the question of which powder
concentration gives the best processing performance.
Therefore, the main objective of this research is to
determine the optimal machining parameters using the
Taguchi approach. A single—objective optimization was
performed by adjusting input parameters such as
discharge current, pulse duration, duty cycle, and graphite
powder concentration to achieve minimum surface
roughness when machining titanium alloys.
MATERIAL AND METHODS

In the present study, a titanium alloy (TiAl,Ve) was chosen
as the workpiece material. The experiments are carried
out on an Agie Charmie SP1-U die-sinking EDM machine.
A commercial graphite electrode TTK50 with a cross
section of 10x10 mm was used as the tool. The pure
graphite powder with a particle size of 19 um (Asbury
PM19) was chosen as an additive for the dielectric fluid. In
addition, the surfactant Tween 20 CsgHuyOs6 is added. The
role of the surfactant is to ensure a homogeneous
mixture of powder and dielectric during PMEDM. In order
to conduct the experiments, a tank with supporting
elements for PMEDM was designed, figure 1.

Finally, four input parameters were selected for this study
from the preliminary experiments and the available
literature on PMEDM [5, 6]. The input parameters were
discharge current (le), pulse duration (ti), duty cycle (),
and graphite powder concentration (GR). The conditions
for processing titanium alloy are shown in table 1.

The Taguchi plan is a method that allows reducing the
number of experimental points by orthogonal
arrangements and minimizing the effects outside the
influential parameters. It was applied in this study with the
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aim of more accurately optimizing and analyzing the
influence of the input parameters on the tool wear rate.
The processing parameters and their values are listed in
Table 2. An experimental design according to the Taguchi
orthogonal array L9 (34) was established.

1. Machining tank
2. Dielectric + graphite powder &
3. Strier

4. Tool

5. Workpiece

R -

Figure 1. Setup of PMEDM.
Table 1. Machining conditions
Parameters of EDM  Label

Units \

Value

Discharge current le 15+75 A
Pulse on time i 24+240 LI
Pulse off time t 24+ 240 1S

Open circuit voltage U 100 vV

Polarity Pol (=) /

Duty factor T 3070 %
Table 2. Taguchi orthogonal array L9 (3*) at PMEDM TiAlV,

Factor
{;

Surface roughness

1. 1.5 32 30 0 1.78 -5.01
2. 1.5 /5 50 6 201 —6.06
3. 1.5 180 70 12 261 -8.33
4, 3.2 32 50 12 3.47 -10.81
5 3.2 /5 70 0 4N -12.27
6. 3.2 180 30 6 4.47 ~13.07
7. 6.0 32 70 6 8.12 -18.19
8. 6.0 75 30 12 7.16 -17.09
9, 6.0 180 50 0 9.84 -19.86

RESULTS AND DISCUSSION

For single objective parameter optimization, the Taguchi
method was used, where the output Ra was optimized
based on the Taguchi orthogonal array L9 (3*) for PMEDM
titanium alloy. This method does not require the creation
of a mathematical model and is an alternative approach to
identifying optimal input parameters. The MiniTab 17
software tool was used for statistical data processing.
Based on the measured Ra values, the S/N ratio was



ACTA TECHNICA CORVINIENSIS - BULLETIN OF ENGINEERING

TOME XVI [2023] | FASCICULE 4 [OCTOBER - DECEMBER]

calculated for all 9 experiments. The values of the S/N
ratio for Ra are calculated based on the Taguchi quality
feature “Smalleris better”, Table 2.

Table 3 shows the S/N ratios with each factor and the
corresponding level for surface roughness. The factors
with the largest difference in mean values (max-min)
have the greatest influence on the output size. The table
shows that discharge current has the greatest influence
on Ra, followed by pulse duration, duty cycle and graphite
powder concentration.

Table 3. Response table of S/N ratio for surface roughness

(A)le —6.46 -12.03 -18.38 11.91 1
(B) ti -1133 -11.81 -13.73 239 2
O -1.71 -12.24 -12.93 1.22 3
(D) GR -1238 -1242 -12.07 0.34 4

The influence of individual input parameters on the output
power of the processing process can be illustrated with
the help of a reaction diagram showing the change of the
SIN ratio at the moment of changing the level of the
control parameter from 1 to 3. Accordingly, the influence
of individual parameters on the output characteristics of
the processing process is graphically expressed by an
angle of the slope of the line connecting different levels of
the parameters.

Looking at the slope of the lines, we can see that the
steepest line applies to factor A, then B, then C, and finally
D. This order corresponds to the calculated rank (Table 7-
2). According to Figure 2, the highest S/N ratio indicates
the optimal level of each factor. Therefore, based on the
“smaller is better” criterion, the optimum combination of
the PMEDM titanium alloy input parameters as a function
of surface roughness is A=1, B=1, C=1and D=3.

Signal-to-noise: Smaller is better

The prediction of the output power value (Ra = 1.72 pm)
and the calculation of the corresponding S/N ratio (S/N = -
19.42) based on the optimal combination of input
parameters can be found in Table 4.

Based on the ANOVA analysis performed using the F-test,
the influence, i.e., the percentage involvement of each
factor in PMEDM titanium alloy on surface roughness can
be seen. Factors with an F-value of less than 1 were
excluded from the analysis, which was the case for the
impulse action coefficient (factor C) and the
concentration of graphite powder (factor D). After
excluding insignificant factors, the analysis ANOVA for the
remaining members is shown in the reduced Table 5,
where the percentage participation for factors A and B is
given. Discharge current has the greatest influence on the
mean arithmetic roughness of the treated surface, with a
percentage of 93.08%. The percentage of 4.35% is taken
by the pulse length for the set processing conditions. The
presented ANOVA analysis confirms the results obtained
with the Taguchi method.

Table 4. Optimal setting of input parameters with confirmation experiment
Confirmation

Input Level ~ Value

experiment

) 1 1 SIN=—471
i (pss) 1 32
Ra=1.62 ym
(%) 1 30 Ra =1.72um
GR(g/1) 3 12 '

The average error between the EDM output values
obtained by prediction based on Taguchi analysis and the
values obtained after the verification experiments (with
optimal input parameter values) was only 5.8%. Therefore,
the single—objective optimization of the input parameters
of the PMEDM can be considered successful. This analysis
confirmed the order of influence of input parameters
during processing compared to published research on

le(A) 1 (ps) 7 (%) GR (g1}

6.0 32 75 180 30 50

70 0 6 12

Figure 3. Response ANOVA graph for the Ra

50 : ’ : ? PMEDM titanium alloys.
-15
. 100 \\ Table 5. Reduced ANOVA table for Ra
125 \\ .\\‘\. e e Source \ DF \ Sum sq Mean sq F—value Percent %
150 \\ A=l 2 61.465 30.7325 72.55 93.08
173 N B—t 2 2.873 1.4367 3.39 435
- 15 32 60 32 75 180 30 350 70 0 6 12 D-GR 4 1.694 0.4236 257
Figure 2. Graphic representation of the S/N ratio for Ra Error 8 66.033
Total 2 61.465 30.7325 72.55 93.08

In addition to discharge current, which had the greatest
influence on Ra as expected, pulse duration, duty cycle,
and graphite powder concentration had less influence
than expected. This can be explained by the results of the
preliminary tests. The explanation for excluding duty cycle
from the analysis of ANOVA is justified by the fact that this
parameter does not have a significant effect on surface
roughness at relatively short pulse durations, up to 180 s
in_this_study. A significant effect of the pulse action
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coefficient is expected for values of pulse length greater
than 200 ps, since a higher discharge energy occurs. A
higher discharge energy has a detrimental effect on the
surface roughness of titanium alloy if the pause duration is
too short (calculated in T > 90%), which has been
confirmed in research [7].

CONCLUSION

The aim of this study is to optimize Ra using the Taguchi
approach and to determine the influence of the main
input factors. Based on the experimental and statistical
results, the discharge current (le), pulse duration (ti), duty
cycle (t) and graphite powder concentration (GR) were
the main factors that affected the Ra. According to the
Taguchi method, the discharge current has the greatest
influence on Ra, followed by the pulse duration, duty
cycle, and graphite powder concentration. This statement
was confirmed by the ANOVA analysis using the F-test.
The influence, i.e. percentage participation of each factor
in PMEDM titanium alloy on surface roughness for
discharge current is 93.08%. The percentage of 4.35% is
taken by the pulse duration for the specified machining
conditions. Based on the “smaller is better” criterion, the
optimal combination of PMEDM input parameters for the
titanium alloy as a function of surface roughness is A=1,
B=1, C=1, and D=3. The prediction of the output power
gave a value of Ra = 1.72 ym, while the confirming
experiment gave a value of 1.66 pum. Therefore, the
single—objective optimization of the input parameters of
the PMEDM can be considered successful. Although the
analysis of ANOVA showed that graphite powder has no
influence, the minimum Ra value is achieved with a
concentration of 12 g/l. Future research should focus on
wider intervals of input factors as well as on different
powder types.
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