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Abstract. Electrical Discharge Machining (EDM) 1s one of the most
common non-conventional machining processes used in the manufacturing
of die and mold. In the process of EDM, practitioners usually face a
problem, which is how to shorten process time and determine the point
where the current should be changed so that the resulted surface roughness
is not too high due to the use of large current at the beginning of the
process. The purpose of this study is to determine the point when to change
(reduce) the current in order to obtain the desired surface roughness and
shortest processing time. Irom analysis of data, experiment was obtained
some regression equations, those are: average surface roughness
(e = 5424 + 0.698 [) which is used to find the final current to obtain the
desired final surface roughness, peaks to valleys average roughness
(R:= 573 + 3418 1) which 1s vused to find the changing point for initial
currentand duration of processing time (¢ =103 = 247147y which is used to
estimate the duration of processing time with the input of initial and final
currents.

Keywords: EDM sinking parameters, electro-thermal machining process,
quality engineering.

1 Background

In the manufacturing of mold and dies, It is often found in the form of sharp angles or small
radii which 1s difficult to reach by conventional mill/lathe tools. To overcome this
difficulty, Electrical Discharge Machining (EDM) is commonly used because, in EDM, the
workpiece 1s eroded using small electric sparks mstead of relative rotating motion between
cutting tool and workpiece as in traditional machining. In the process of EDM. only the
surface of the workpiece that is very close to the EDM electrode will be eroded. Thus, the
obtammed surface shape of the workpiece will always be the opposite of the shape of the
electrode used.
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In the process of EDM, practitioners face a problem to shorten process time and to
determine the pomnt where the current strength should be changed so that the resulted
surface roughness is not too high due to the use of large current at the beginning of the
process. Normally, the EDM process uses a large initial electric current. The goal is to
speed up the process because the greater electric current the faster the process of erosion
happens, but the rougher the surface results, On the other hand, finish surface roughness is
affected by final electric current but if the surface is too rough because of effect from the
previous initial electric current, the final electric current cannot fix the surface roughness as
it should be as desired. Therefore, a minimum stock clearance is needed for a given finish
surface roughness. Meanwhile, the minimum stock clearance 1s affected but two factors that
are Rz (the result of the previous initial electric current) and desired/requested Ra of finish
surface roughness. The purpose of this study is to determine the point when to change the
current to obtain the desired surface roughness and processing duration.

2 Literature review

2.1 Working principle of EDM .
1

EDM is an electro-thermal machining process [1] that could process electrically conductive
materials by using precisely controlled sparks that occur between an electrode and
workpiecdh the presence of dielectric fluid. The electrode may be considered the cutting
tool. The electrode must always be spaced away from workpiece by the distance required
for sparkiff} knowing as sparking gap. The sparking occurs in high frequency, above
2 000 Hz. Each spark occurs between the closest point of the electrode and the workpiece.
The spark removes material from both the electrode and workpiece, which increases the
distance between the electrode and the workpiece at that point. This cause the next spark
occurs at the next closest point between the electrode and workpiece.

Eroded debris Dielectric Fluid

Fig. 1. The spark oceurs between electrode and workpiece in ionized dielectric “d 12].

Die-sinking EDM (used in this experiment) use hydrocarbon o1l as dielectric fluid. The
main characteristic of dielectric fluid 1s that it is an electrical insulator until enough
electrical voltage is applied to cause it tofhange in an electrical conductor. These are the
function of dielectric fluid used in EDM: controlling the sparking-gap spacing between the
electrode and workpiece; cooling the heated material to form the EDM chip, and removing
EDM chips from the sparking area [3].




2.2 Rules of EDM parameter

The most common performance measures for EDM are 1) Material removal rate, measured
in mm? min ' 1i) Tool wear ratio, measured as tool removal rate to workpiece removal rate;
and iii) $¥8face quality of the eroded cavity, measured in pm, Ra [1].

The electrode tool polarity in the EDM process can be positive or negative, and this
determines the direction of the electrical current, from or toward the electrode tool. The
choice of polarity depends on many factors, including electrode tool and workpiece
materials, current density and pulse length [2]. In this research, the electrode is negative
polarity.

Because EDM is an electrical process, therefore some of EDM paramﬂ:r related to the
electrical parameter, such as voltage and current. In fixed pulse width (ratio of spark on
time to spark off time), the higher of current the faster of machining process [4]. However
mn some material spark on time and off time also give contribute to MRR and surface
roughness [5]. And if the current value per square cm is too high the speed will be slow
down. Also, the higher current will produce rougher surface roughness [6]. Another way to
mcreases the machining process is by using dry EDM. In this method, oxygen 1s used as
dielectric fluid [7].

Usually, to increase the quality of surface roughness is used the small current, and as
the drawback 1s the increase of process duration. Concerning in flushing technic also was
developed in order to better surface roughness. This method varies pressure and volume.
Higher flushing pressure will decrease the surface roughness. and become constant at the
high value [8].

2.3 Experiment design

The experimental design is used as a method for designing a product or optimizing an

existing product. Three basic principles in the design of experiments include |9]:

1. Randomization is a principled principle where randomisation aims to create one data
with another. Randomization aims to prevent data from having a relationship that causes
a dependency by randomly scaling the order of data from a given experiment.

. Replication 1s a repetition performed on an experiment provided that the object under
study has the same characteristics. although it has different conditions and situations.
This replication has the objective of estimating errors resulting from an experiment and
obtaining an accurate calculation of the effects given by factors, either controlled or not.

. Blocking 1s a grouping done to minimize the effect of unwanted factors that can affect
the response resulting from the experiment.

2.4 One-way ANOVA

Analysis of variance or commonly abbreviated ANOVA is a statistical analysis that is
generally expressed in the form of tables used to investigate the influence of some
parameters thfffhave been determined against a particular response and to analyse the data
obtamed. The purpose of ANOVA is to know the effect of these parameters can stand alone
or ifferact with other parameters.

One Way Analysis of Variance (one-way ANOVA) is a technique used to compare the
ERerage of two or more samples using the F distribution [9]. This test is only used for
numerical data. The ANOVA test tests the null hypothesis of two or more factors taken
from a population with the same mean value. ANOVA testing is usually used to test the
differences between three factors or groups because the difference between two factors can
be done by t-test method. One-way ANOVA testing can be done and can be trusted if it




meets the assumptions or conditions that are normally distributed, data from independent
samples, the variance of the population is the same, and identical.

The normal test 1s a test that aims to determine whether the residual data 1s normally
distributed or not. Normal testing is performed using histogram test, normal P test, Chi
Square test, Skewness, and Kurtosis.

Independent testing is intended to determine the relevance of data with other data or
correlation. Independent testing can be done in three ways: Scatter Plot, Autocorrelation,
and Runs Test. Data is said to be independent if the value of one observation is not
mfluenced by the value of the other observations.

3 Methodology

In order to know the effect of current on the results of roughness and processing time, the
current will be varied according to statistic principle. Experimental design i1s used to
determine randomization, blocking, and number of repetitions.

All others mvolved EDM parameters (voltage, spark on time, spark off time, gap-
mitiation voltage, pulse cycle, polarity) are kept constant while current is varied [10]. The
currents are set up in 10 level, start from 0.5 A up to 5 A, with an increment of 0.5 A, each
done three repetitions. As output parameters that will be measured are surface roughness
and processing time. The former 1s measured using surface roughness tester Mitutoyo SJ-
301. The latter 1s measured using built-in timer of EDM machine.

Pre-hardened steel material, coded SKD 11, is used as tested workpiece while copper 1s
used as electrode material. Both workpiece and electrode surfaces are prepared with fine
finishing grinding surface.

Figure 2. below is the photograph of the experiment. Electrode which has square cross
section 10 mm = 10 mm is used to make | mm depth of dented surfaces by EDM process.
The process is conducted 30 times according to experiment design for 10-level, three
repetitions. The experiment sequence is randomized using software based on variety of
current.

Fig. 2. EDM process on the experiment.

By using the result, in form of surface roughness and processing time corresponding
with the value of electric current used, the regression analysis will be used to obtain the
formulation so that at a certain point it 1s known as the point to change to the final current
n order to obtain the possible shortest processing time [10].

4 Result and discussion

The data obtained is the processing time and the roughness of the workpiece surface. The
average surface roughness and peak-valley data were processed using one-way ANOVA.




Table 1. Data of the experiment.

Electrc Processing Average Surface Average
Standard Run current lime roughness peak-valley
order | order | () (min) (1m) (hm)
| 13 0.5 1 829 0.7 6.7
2 21 1 702 1.1 87
3 16 1.5 334 1.0 9.4
4 9 2 62 2.3 12.4
3 30 2.5 77 2.5 18.7
6 24 3 49 2.9 18.8
7 11 3.5 3l 32 18.5
3 4 4 13 34 18.5
9 29 4.5 13 33 19.5
10 7 5 10 39 21.6
11 25 0.5 1177 0.8 6.8
12 26 1 393 0.9 9.0
13 18 1.5 373 1.2 9.4
14 1 2 76 2.3 10.5
15 2 2.5 83 23 18.0
16 14 3 28 3.1 15.4
17 5 35 41 2.7 18.7
18 6 4 13 3.8 19.0
19 27 4.5 14 34 19.6
20 19 3 12 37 22.5
21 8 0.5 1557 0.9 6.1
22 20 1 474 1.1 3.9
23 3 1.5 414 1.4 9.5
24 23 2 97 27 11.5
25 15 2.5 70 2.4 16.5
26 17 3 55 2.8 18.5
27 12 3.5 40 3.1 18.1
28 10 4 13 3.5 19.0
29 28 4.5 13 33 19.6
30 22 ) 10 4.1 21.8




4.1 Average surface roughness and peak-valley

Residual Plots for Ra
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Fig. 3. Residual plot of average surface roughness.

Residual plot for Ra, in Figure 3 shows that the normal probability plot of residual data is in
the vicinity of a straight line. This shows that the distributed data is normal. From graphics
versus fits, data spread and does not form a specific pattern. This shows that at each fitted
value has a fairly homogeneous residual. From the histogram graph, the residual values can
still be said to be normally distributed. From the chart versus order, the data does not form a
pattern so that the data obtained is independent.

Residual Plots for Rz
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Fig. 4. Residual plot of average peak-valley.




In the same manner, Figure 4 depicted graphics of residual plot for Rz, The distributed
data is normal and the data at each fitted value has a fairly homogeneous residual. The
histogram graph shows that the residual values can still be said to be normally distributed.
And the chart versus order shows that the data obtained 1s independent.

4.2 ANOVA of average surface roughness and peak-valley.

Table 2 indicates P-value less than 0.05. This shows that electric current strength
significantly affects average surface roughness. The larger the current strength is used, the
greater the average surface roughness. In the same manner, Table 3 shows that the electric
current strength significantly affects the average peak-valve distance as well. The greater
the current strength 1s used, the greater the peakulley distance on average.

Table 2. ANOVA of average surface roughness (Ra).
Source | DF | Adj 88 | Adj MS | F-Value | P-Value
Current | 9 323011 | 3.58902 | 12898 0.000
Error 20 | 0.5565 | 0.02783
Total 29 | 32,8577

Table 3. ANOVA of average peak-valley (Rz).
Source | DF | Ad) 88 | Adj MS | F-Value | P-Value
Current 9 | 804076 | 89.3418 320.88 0.000
Error 20 5.569 | 0.2784
Total 20 | 809.645

4.3 Processing time

Residual Plot of Processing Time
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Fig. 5. Residual plot of processing time.

Figure 5 shows that the residual data is not distributed normal and each fitted value have
different residual data. The histogram graph also indicates that the residual value is not
normally distributed. The versus order chart also shows that the data obtained is not




mmdependent. From this analysis, it is necessary to transform the data in order to meet the
assumptions underlying the analysis.

After transforming processing time (f) become log # (1), residual plot of processing time
1s depicted in Figure 6 below.

Residual Plot of Log Time

Normal Probability Plot Versus Fits
5 - -
-
o . o . 01 . . -
E P El " L . .
g = / % 0D :l 5 : -
F & @
0 o gl * -0 ' & =
7 . 02 *
0.2 -0 (1] [k} 0.2 1.0 15 20 25 0
Residual Fitted Value
Histogram Versus Order
L
0.0 o1 e I
-
= . ¥ - L] %
E s .g a0 ==ty g b g X, ¥ g
g sn E » - . -
w -0 L e

| z
-0.20 015 -010 -005 0.00 005 010 0I5 2 4 6 B 1012141618 20 22 24 26 28 30
Residual Observation Order

Fig. 6. Residual plot of processing time (transformed).

Table 4 shows the result of one-way ANOVA after the transformation. The P-value is less

than 0.05.
Table 4. ANOVA of processing time (transformed)

Source | DF | Adj S5 | Adj MS | F-Value | P-Value
Current 9 | 14.6462 | 1.62735 | 228.39 0.000
Error 20 | 0.1425 | 0.00713
Total 20 | 14,7887
This indicates that the electric current has a significant effect on the log processing time.
The greater the current 1s used, the greater the log value of the processing time required.

4.4 Applying the data

The results of surface roughness and log length of processing time were processed by using
linear regression. On the ANOVA analysis, the data of the processing time is less
appropriate, therefore, log data duration of processing is used. The log result then was
changed to the time equation of the process. From the results of the processing was
obtamed linear regression equation as follows

Regression equation for average surface roughness and average peak-valley:

Ra=5424 +0.698 1 (1)
R:=573+34187 (2)
where: R, = average surface roughness (um)

R:= average peak-valley (um)




I = electric current (4)

Regression equation for processing time:

1" =logl =3.164 + 04714 ] (3)
§ =103 164+ 0471471 (4)
where: ' = log of processing time

¢t = processing time per 1 mm depth (mm / minute)
I = electric current (4)
The regression equations above can be used to estimate the average mean surface
roughness, average peak-valve distance, time length of process or the current strength
required if one of these variables is known.

5 Conclusions

Regression analysis of the experiment data produce some regression equations to determine
the average surface roughness, that 1s R, = 5424 + 0.698 [, the average roughness of the
average peaks, that 1s R-=5.73 + 3418 ] and the process length, that 1s¢'=3.164 + 04714 I

The average surface roughness regression equation 1s used to find the final current to
obtain the desired final surface roughness. The regression equation for the average surface
roughness of the average peaks is used to find the initial current change point. The process
length regression equation is used to find the estimation of the length of time of the process
corresponding with the input of mitial and current currents.
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