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Optimization of the Material Removal Rate and
Electrode Wear Ratio in Electrical Discharge
Machining of Reaction-bonded Silicon Carbide

by Response Surface Methodology

L)

Chiack far
updabas

Z. Nurlishafiga, P. J. Liew, Q. Ahsan

Abstract: Reaction-bonded silicon carbide (RB-SIiC) is widely
used as moulding dies material in many industries thanks to its
excellent properties. Nevertheless, because of its high hardness
and brittleness, it is extremely hard to be machined with high
accuracy and good surface finish. Therefore, electrical discharge
machining (EDM) has been chosen as an alternative method to
machine the RB-SIC. In the present study, an experimental
investigation has been conducted to optimize and validate the
EDM parameters on the MRR and EWR of low conductivity
RB-SIC in EDM. The new Cu — 1.0 wt. % CNF composite
electrode that fabricated via powder metallurgy (PM) process was
used as the electrode. The experiments were systematically
conducted by face-cubic centre (FCC) approach of response
surface methodology (RSM). The mathematical models for MRR
and EWR were developed in this study. In addition, analysis of
variance (ANOVA) was also figured out to check the significance
of the models. Three experiments were conducted as the
confirmation test to determine the error percentage of MRR and
EWR. Based on the results, only 3.06% and 3.93% errors were
determined for both MRR and EWR, respectively. The optimum
conditions for multi responses (MRR and EWR) were found to be
at a current of 6A, voltage of 22V, and pulse on-time of 12us. The
findings of this study provide an important reference to the
manufacturing industries, especially mould and die industry.

Keywords: Electrical Discharge Machining (EDM), Electrode
Wear Ratio (EWR), Material Removal Rate (MRR), Response
Surface Methodology (RSM).

I. INTRODUCTION

N owadays, the most challenging part in the engineering

fields are the fastest revolution changes in materias
technol ogies simultaneously with the numberless changes of
quality, performances and economic needs [1-2].
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Reaction-bonded silicon carbide is amazingly hard and brittle
ceramic material. This material is the right choice to
substitute the silicon for advanced precision machining
applications due

to its predominant characteristics such as chemical inertness,
high wear resistance and thermal conductivity [3]-[5].

In recent years, electrical discharge machining (EDM) has
been chosen as an elective method to machine the materials
with high hardness since this process does not require high
cutting forces due to non-contact surface between the tool
and workpiece [6]-[9]. EDM is one of the most advanced
machining in manufacturing field which utilizes a spark of
electricity to expel the undesirable materials to make
complex shapes [10]-[13].

It was noticed that different EDM process parameters
impact the machining outputs such as material removal rate
(MRR), surface roughness, and electrode wear ratio (EWR).
For example, the influences of EDM parameters on the EDM
outputs of SIC has been done by Luis et a. [14]. The
outcomes revealed that MRR is more affected by the present
of current density and voltage factors. This may happen due
to the higher concentration of discharge energy produced
when the intensity increased which lead to the higher MRR.
Other than that, higher voltage also will increase the gap
width and over-cut because of the breakdown at a wider gap
due to the higher eectric field. The setting of possible
combination of those parameters was difficult to produce
optimum MRR and EWR for machining of RB-SiC ceramic.

Therefore, the current work plans to investigate the effect
of process parameters on the EDM machining performances
of RB-SiC by using Cu — 1.0 wt. % CNF composite electrode
that fabricated via powder metallurgy (PM) process. Further,
the design of experiment (DOE) using response surface
methodology (RSM) was used to investigate the impact of
EDM parameters on the machining characteristics.

II. EXPERIMENTAL DETAILS

A. Workpiece Material and Electrode

The workpiece materials used in this study are RB-SiC and
Cu - 1.0 wt. % CNF composite electrode that prepared by
Liew et a. [15] was used as the electrode.
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B. Design of EDM Experiments using Response Surface
Methodology (RSM)

RSM isone of the statistical methodsto create and analyse
the relationship between the various parameters on the
machining performances. This is widely used in
manufacturing industries in order to develop empirical
models for their works.

Based on the previous studies, current (), pulse on-time
(Ton), and voltage (V) are found to influence the MRR and
EWR. Table | illustrates the levels of input factors that are
selected for the current work. In Table |, the minimum and
maximum levels selected for I, V, and To, were: 5A and 7A,
18V and 26V, 8us and 12s, respectively.

Table |: Leve of process parameters

Symbol Input factor - Level )
A Current, | (A) 5 7
B Voltage, V (V) 18 26
C Pulse on-time, Ton (US) 8 12

The experiments were carried out using EDM die-sinking
SODICK AQ35L and the experimental setup isshown in Fig.
1. The following parameters were kept constant at a fixed
value during the experimental work: Cu — 1.0 wt. % CNF
composite electrode of 6 mm diameter at positive polarity,
machining time was 15 minutes for each experiment and
kerosene oil was used as a dielectric medium.

Tool holder

Fabricated Cu-CNF
electrode

Flushing system
RB-SiC

workpiece

Pump

Fig. 1.Experimental setup.

In this research work, seventeen experiments included
three center points were designed based on face-cubic center
(FCC) by using RSM in design expert software. Threefactors
and two levels FCC design was used to determine the optimal
factors of MRR and EWR. Once the experiment was
completed, the workpiece and electrodes were cleaned
thoroughly using high pressure air gun. After that, the Mettler
Toledo Balance (Model: AB 135 S/Fact) was used to get the
final individual weight of electrodes and workpiece for
calculation of MRR and EWR. The average value of MRR
and EWR were calculated using (1) and (2), respectively.

_ Mayjp

MRR = = 1)

EWR = —= x 100% )
Mo /o
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where myp is the mass loss of workpiece (), pwp is the
density of workpiece (g/mm3), t is the machining time which
is 15 minutes, and me is the mass loss of electrode (g).

[1l. RESULTSAND DISCUSSION

A. RSM based DOE and Their Outputs for Machining
of RB-SIC

Based on the outputs generated using RSM, the low and
high ranges of parameters, MRR seemsto be 0.0096 — 0.6082
mm3/min and EWR seems to be 5.2% - 29.03%. The
designed experiments with its outputs are shown in Tablell.

Table- 11: DOEsand resultsfor machining RB-SIC

Sd [Run [ A1, | B:V | C:Ton | REMRR | R2 EWR
@ | ™ | g | mmemin | (@)
1] 1 5 18 8 0.0257 13.01
2 | 9 7 18 8 0.3007 23.66
3 | 16 5 26 8 0.0096 10.2
4 | 15 7 26 8 0.6082 29.03
5 | 5 5 18 12 0.0289 5.2
6 | 11 7 18 12 0.3038 12.82
7 | 3 5 26 12 0.0425 85
8 | 13 7 26 12 03910 16.45
9 | 4 5 22 10 0.0916 6.71
10 | 14 7 22 10 0.2814 137
1 | 7 6 18 10 0.1415 15.8
12| 8 6 26 10 0.2381 17.3
3] 6 6 22 8 0.5039 1954
14 | 10 6 22 12 0.3816 17.2
15 | 12 6 22 10 05242 216
6 | 2 6 22 10 05338 19.72
17 | 17 6 22 10 0.6018 15.08

B. Analysis of Process Parameters on MRR for
Machining RB-SIC

Analysis of variance (ANOVA) was implemented to
analyse the relation of parameters on the EDM machining
performances. The fit summary in ANOVA suggested that
the significant analysis of MRR is quadratic model as shown
in Table I11. This model was transformed into “square root”
that has been suggested in box-cox of power transformation.

Table- 111: Fit summary for MRR model

Source | Standard | R-Squared | Adjusted Predicted
deviation R-Squared | R-Squared
Linear 0.18 0.5295 0.4209 0.2567
2F| 0.20 0.5565 0.2904 -0.9731
Quadratic 0.11 0.9053 0.7835 0.3197
Cubic 0.13 0.9455 0.7091 -82.6227

ANOVA in Table IV shows that the F-value of this MRR
model is 7.43 which indicates the model is significant.
Besides that, when the values of “P-value” is less than
0.0500, it shows that the terms are significant and vice-versa.
In this experiment, only A, A2 and B2 were significant model
terms. Other than that such as B, C, AB, AC, BC, and C? are
not significant terms and it can be eliminated from the
models.
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Table- IV: ANOVA on MRR for machining RB-SIC
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Source Sum of DF M ean of F-value | P-value
squares square
Model 0.78 9 0.087 7.43 0.0075
A-lp 0.44 1 0.44 37.68 0.0005
B-V 0.015 1 0.015 131 0.2899
C-Ton | 1.588E-003 1 1.588E-003 0.14 0.7233
AB 0.014 1 0.014 1.18 0.3137
AC 9.087E-003 1 9.08E-003 0.78 0.4071
BC 4.337E-004 1 4.337E-004 0.037 0.8527
A? 0.089 1 0.089 7.61 0.0281
B2 0.074 1 0.074 6.37 0.0395 | &
(o 0.011 1 0.011 0.97 0.3575
Residual 0.082 7 0.012
Lack of 0.080 5 0.016 20.22 0.0478
fit
Pure 1.59E-003 2 7.931E-004
Error
Tota 0.86 16

R-Squared: 0.9053
Pred. R-Square:0.3197

2 Significant.

Adj. R-Squared: 0.7835
Adeg. Precision: 7.207

Table V shows the new ANOVA on the MRR after
eliminated the insignificant terms. From this table, it shows
that the model is significant because the F-value of thisMRR
model is 18.95 that suggested by the new ANOVA. Besides
that, the “lack-of-fit F-value” of 14.67 indicated that the “lack
of fit” was not significant relative to the pure error. The actua
mathematical equation that developed for MRR was shown
in(3):

Sqrt(MRR) = —10.9403 + 2.1313(/;) +

0.4075 (V) — 0.1601(1,) - (9.039%10-3)(V)* (3)

Table- V: New ANOVA on the MRR after eliminated the
insignificant terms

Source Sum of DF Mean of F-value | P-value
squares square
Model 0.75 4 0.19 18.95 <0.0001 | @
A-lp 0.44 1 0.44 44.78 <0.0001 | @
B-V 0.015 1 0.015 1.56 0.2359
A2 0.078 1 0.078 7.90 0.0157 | @
B2 0.063 1 0.063 6.44 0.0260
Residual 0.12 12 | 9.831E-003
Lack of 0.12 10 0.012 14.67 0.0654
fit
Pure 1.59E-003 2 37.93E-004
Error
Tota 0.86 16
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Fig. 2.Response surface on the MRR between |, and V.

B: Voltage A: Current

Fig. 3 shows the response surface model on the MRR
between V and Ton Wwhen the I, at 6A. From this figure, it can
be noticed that at lower V, the MRR did not vary at any values
of Ton. However, when V increased, the MRR will increase. It
is noticed that the increases in the breakdown voltage usually
will result an increase in both the discharge energy and the
work gap, giving the later a better flushing of the EDM
debris. Therefore, the MRR increased. However, when the V
isbeyond 22V, the MRR started to decrease again.

12.00 _—— 26.00

/4_00
2200

720,00 B: Voltage
8.00 18.00

Fig. 3.Response surface on the MRR between V and Ton.

11.00
10.00
C: Pulse on-time

C. Analysis of
Machining RB-SiC

The fit summary in ANOV A suggested that the significant
analysis of EWR was a linear model as shown in Table VI.
Besides that, the ANOVA results for EWR are shown in
Table VII.

Process Parameters on EWR for

Table- VI: Fit summary for EWR model

R-Squared: 0.8633
Pred. R-Square:0.6767
2 gignificant.

Fig. 2 shows the response surface model on the MRR
between 1, and V factors when the Ty, at 10us. From the
combined response model illustrated in this figure, it can be
seen that at lower I, the MRR did not change at any value of
V. However, at a higher I, the MRR initially increased with
an increase of V and then decreased when the V increased
further. During the EDM process, the increase of 1, might
increase the amount of pulse discharge energy stroked on the
workpiece and melted it to remove the material, whichin turn
increased the MRR [16]. Later, the ever-increasing removed
material debris plugged the machined hole. Eventuadly, it
affected the machining efficiency and reduced the MRR.

Adj. R-Squared: 0.8178
Adeg. Precision: 11.221
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Source Standard R-Squared | Adjusted Predicted
deviation R-Squared | R-Squared
Linear 3.90 0.6731 0.5976 0.4748
2F 4.03 0.7320 0.5711 0.2971
Quadratic 3.61 0.8845 0.7360 0.2372
Cubic 3.68 0.9327 0.6412 -46.7171
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Table- VII: ANOVA on EWR for machining RB-SIC

Source Sum of DF Mean F-value | P-value
squares of
square
Model 395.21 2 197.61 13.18 0.0006 a
A-lp 270.82 1 270.82 18.06 0.0008 a
C-Ton 124.40 1 124.40 8.30 0.0121 a
Residua 209.90 14 14.99
L ack of fit 187.37 12 15.61 1.39 0.4939
Pure Error 22.52 2 11.26
Tota 605.11 16
R-Squared: 0.6531 Adj.
R-Squared: 0.6036
Pred. R-Square:0.4933 Adeq.
Precision: 10.735
2 gignificant.
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This model was developed at 95% confidence level. The
model F-value of 13.18 implied that the model was
significant. The P-value which was less than 0.05 indicated
that the model terms were significant and vice-versa. In this
case, the significant model terms for EWR were A and C
only. Therefore, the actual mathematical equation developed
for EWR was shown in (4):

EWR = +2.02982 + 5.204(1,) — 1.7635 (T,,) (4)

Fig. 4 showsthe response surface model between |, versus
V on EWR of RB-SiC when the Ton at 10us. It can be noticed
that at lower Ip, the EWR did not change at any value of V.
However, at higher I, and higher V, the higher EWR has
been obtained. This condition might occur due to the higher
generation of discharge energy which leading to the higher
EWR. Fig. 5 illustrates the surface response on the EWR
between V and Ton. From thisfigure, it shows that the lowest
EWR can be obtained at lower V and higher Ton. During the
EDM process, when the Ton Value was higher, more debris
was accumulated inside the gap between the electrode and
workpiece produced frequent short circuit. So, this condition
leading to the reduction of EWR.

EWR

26.00
24.00 —65
22.00 //6
B: Voltage 20.00 5.5 A: Current

18.00 5

Fig. 4.Response surface on the EWR between |p
__andV.

EWR

7 26.00

g '
//:4.00

3
22.00
A
// 20.00

—_/
8.00 18.00

12.00 T ——____ B: Voltage
11.00 o=
10,00 e

9.00

Fig. 5.Response surface on the EWR between V
and Ton.

11.00

/1000 C: Pulse on-time

600 9.00
5.50 p——

5,00 8.00
A: Current
Fig. 6.Response surface on the EWR between I,
and Ton.

Besides that, the response surface on the EWR between |
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and To, was shown in Fig. 6. The result shows that the lowest
EWR generated at lower 1, and higher Ton. When the Ip
density was lower, leading to the lower discharge energy, so
less EWR has been produced [17].

D. Optimization Parameters of Multi-response on the
MRR and EWR

Based on the results that generated by RSM, the optimum
EDM parameters in this study were current at 6A, voltage at
22V and pulse on-time at 12us as shown in Table VIII. The
predicted values for MRR and EWR were calculated using
(3) and (4), respectively. So, in order to validate these
optimization parameters, three experiments were performed
for a confirmation test. The experimental values for MRR
and EWR were calculated using (1) and (2), respectively. The
results of the confirmation test are tabulated in Table I X.

Table- VIII: Optimization EDM parameterson MRR

and EWR
b | V Ton MRR EWR | Desirability
(A V) (us) (mm3min) (%)
6 22 12 0.4766 12.48 0.777

Table- | X: Results of confirmation test

Response Pred. 1 Experlzmental 3 Mean E(L/roc))r
MRR 04766 | 0492 | 0.409 | 0.485 0.462 3.06
EWR 12.48 1426 | 11.94 | 12.70 12.97 3.93

From this table, the test percentage of the overal
experiment lies within 3.06% and 3.93% for both MRR and
EWR, respectively. The values also gave a close result to
each other among the overall experiment mean and predicted
values. Thus, it validated the combination of the obtained
optimum EDM parameters of RB-Si C because the percentage
errors of MRR and EWR were less than 5%, which is less
than significant level.

IV. CONCLUSION

The EDM machining performance mainly depends on the
machining parameters. This paper investigated the influence
of EDM parameters on the MRR and EWR of low
conductivity RB-SIC ceramic material. RSM has been used
as the statistical method to develop the mathematical models
to identify the significant parameters of the EDM machining
performances. Based on this experimenta study, the
following conclusions can be drawn:

e From ANOVA, Ip, 12 and V2 were the significant
parameter for MRR. Meanwhile, for EWR, I and Ton
were the significant parameters for EDM of RB-SiC.

¢ The optimum parameters for MRR and EWR were
found at a current of 6A, voltage of 22V, and pulse
on-time of 12s.
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