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Abstract
Metal matrix composites utilises the combined properties of the constituent
material that finds applications in various fields. The present study investigates
the influence of peak current, flushing pressure and pulse-on time on Electrical
Discharge Machining of AlSi10Mg alloy reinforced with 3 wt% graphite and 9
wt% alumina hybrid metal matrix composites. Taguchi’s Design of Experiment
was used to analyse the machining characteristics of hybrid composites.
Analysis of Variance and Signal-to-Noise ratio were used to determine the
influence of input process parameters on the surface roughness, material
removal rate and tool wear rate. Signal to Noise ratio and Analysis of Variance
revealed that peak current was the most influential parameter on surface
roughness followed by pulse on time and flushing pressure. For material
removal rate, the major parameter was flushing pressure followed by peak
current and pulse on time. The most significant parameter of tool wear rate was
pulse on time followed by peak current and flushing pressure. Interaction terms
also have significant effect on their output responses.
Keywords: Metal matrix composites, Electrical discharge machining, Design of
experiment, Surface roughness, Material removal rate, Tool wear rate.

1. Introduction
Aluminium alloys are preferred due to its high strength to weight ratio, abundance
in nature and corrosion resistance properties. But their uses are limited due to low
wear resistance. In order to improve its physical properties, metal matrix composites
(MMCs) are widely used. MMCs consist of at least two materials with one being
metal, the other can be of different material that acts as reinforcement. Apart from
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Nomenclatures
I
MRR
n
p
Ra
S/N
Ton
TWR
y

Peak current, A
Material removal rate, g/hr
Number of observations
Flushing pressure, kg/cm2
Surface roughness, µm
Signal to noise ratio, dB
Pulse on time, µs
Tool wear rate, g/hr
Observed data

Abbreviations
AMMCs
DOE
EDM
MMCs

Aluminium metal matrix composites
Design of experiment
Electrical Discharge Machining
Metal matrix composites

structural support, reinforcements are also used to improve the properties of
MMCs. MMCs with at least three constituents are called as hybrid composites.
Combined with high specific strength and good corrosion resistance, Aluminium
metal matrix composites (AMMCs) are attractive for a range of engineering
applications [1]. AMMCs are used to manufacture lightweight parts due to their
low density and high specific mechanical properties. In AMMCs, a hard and
brittle component, which is usually ceramic is dispersed into the matrix to obtain
properties that are superior to conventional alloys [2]. AMMCs are used in high
tech structural and functional applications such as defence, sports, and thermal
management areas, automotive and aerospace [3].
Increasing the productivity and quality of machined parts are the main
challenges of metal-based industry, leading to increased interest in monitoring all
aspects of the machining process .The presence of reinforcements in the matrix
makes machining process difficult, due to its hard and abrasive nature. The hard
reinforcement wraps around the tool-bit that leads to tool breakage [4], which in
turn increases tool cost. Also, it is difficult to achieve a good surface finish in
conventional machining. But wear of alumina reinforced AMMCs are less
compared to other MMCs due to stable oxide layer formed by alumina [5]. With
respect to high tool wear and tooling cost in conventional machining,
unconventional processes offers attractive alternative [6]. Electrical Discharge
Machining (EDM) is a feasible option for the experiment. In EDM, electrical
discharge is used to remove material from the work piece [7, 8]. In this, the
electrode or the tool acts as cathode and the work piece acts as an anode. Since
there is no contact between the tool and the workpiece, no physical pressure is
applied on the workpiece. A dielectric fluid acts as a medium for spark, and is
also used to flush the removed material from the workpiece.
The aim of this paper is to fill the gap in the literature of the optimized
machining condition such as peak current, pulse on time and flushing pressure of
alumina/graphite reinforced AMMCs material to obtain minimum surface
roughness, Ra, tool wear rate, TWR and maximum material removal rate, MRR.
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2. Design of Experiment
In the competitive market, industries face challenges in bringing high quality
products. Taguchi method is one of the most efficient tools which can be used to
reduce the number of variations in parameters through robust design of
experiments (DOE). The independent variables (parameters) used in the study are
peak current, flushing pressure and pulse on time (Ton). Other minor parameters
that affect the EDM performance include pulse off time, spark gap, voltage,
current density and polarity, but the main parameters are input current, pulse on
time and flushing pressure as these parameters cause the maximum deviation in
the output. This has been found out by conducting the trial runs. Ton is the
duration for which electric discharge occurs. p is the pressure of the dielectric
fluid flushed on the workpiece. Their influence on MRR, Ra, and TWR are
studied, which are the output parameters.
MRR defines the time required for machining the workpiece. Since the shape
of the workpiece depends on the shape of the tool, TWR should be minimum in
order to attain dimensional accuracy of the workpiece. The parameters and its
three levels are shown in Table 1. The range is selected by taking into
consideration the capacity of the machine on which the experiment is being
conducted on. It is also ensured that a wide range is chosen so that optimization is
more accurate. In this study, L27 orthogonal array is chosen wherein there are 27
rows and 9 columns.
Table 1. Parameters and Their Level.
Level I (A) p (kg/cm2) Ton (µs)
1
10
1.0
120
2
20
1.5
190
3
30
2.0
420
Three different values are selected for each parameter, leading to an overall
combination of 27 distinct experiments. The relation between the parameters and
various other relations are found out using MINITAB16 which is specifically
used for DOE application. The experimental data such as MRR, TWR and Ra are
converted to Signal-to-Noise (S/N) ratio. S/N ratio is defined as the ratio of the
mean of the signal to the standard deviation of noise. It is used to determine the
rank of input process parameters. There are three types of quality characteristics,
namely larger the better, smaller the better and nominal the best [9]. For Ra and
TWR, smaller the better characteristic is used, shown in Eq. (1), since better
surface finish and longer tool life is required. For MRR, larger the better
characteristic is used, shown in Eq. (2).
Smaller the better characteristics -

(

)

s
1

= − log10 ∑ y 2 
N
n


(1)

where y is the required data (Ra or TWR) and n is the number of observations.
Larger the better characteristics –

(

)

s
1

= − log10 ∑1 / y 2 
N
n


(2)

where y is the required data (MRR) and n is the total number of observation [10].
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With these relations, maximum MRR and minimum TWR and Ra, are found
with the available process parameter. The relative effect of one parameter over the
other was found using Analysis of Variance (ANOVA). It is a statistical
hypothesis testing used in the analysis of experimental data. It compares the mean
square of the result with deviation from sample mean. The optimized result
should give minimum Ra, maximum MRR, and minimum TWR.

3. Experimental Setup
In this study, Electronica ZNC small die sinker machine (500×300 mm), Fig. 1, is
used to drill holes of 8 mm diameter in the specimen. The specimen is cylindrical
in shape with length and diameter being 22 mm and 12 mm respectively. An AC
power supply of 415 V is used, with kerosene as the dielectric fluid due to its low
chemical reactivity. The copper electrode and specimen are submerged in the
dielectric fluid and the EDM machine is connected to the power supply.

Fig. 1. Electronica-Small Die Sinking Electric Discharge Machine.
In the control panel, based on the depth provided by the operator, the machine
decides the extent of machining, i.e., the tool is moved according to the parameter
set in the control panel, cutting away the material for that particular depth and
leaves the finished workpiece. The power supply generates an electrical potential
between the electrode and work piece. Due to high potential generated, sparks are
generated between the two nearest points of the two electrodes. The sparks in this
region melts or vaporizes the specimen at the contact point. To avoid excessive
heat, the current is passed intermittently for a particular duration known as pulse
on time (Ton).The burnt material settles around the surface of tool and specimen.
The dielectric fluid flushes away the burnt material (also referred to as debris)
and dissipates the heat produced by sparks. Time for complete machining of the
specimen is noted. This procedure is repeated for all the experiments. The work
piece and electrode are weighed before and after the machining process to
calculate the MRR and TWR. Stylus type Ra tester (TESA RUGOSURF 10G) is
used to measure the Ra of the workpiece corresponding to each machining
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condition. MRR and TWR for each experiment are calculated using the following
expressions, shown in Eq. (3) and Eq. (4) respectively.
  
 

  

     

  

(3)

 

  

          

(4)

 

4. Results and Discussion
Detailed analysis of S/N ratio and ANOVA has been carried out to find the
percentage effect of each input parameters on the response. All the experimental
conditions and their output values are shown in Table 2.
Table 2. L27 Orthogonal Array and its Output Parameters.

4.1. Influence of parameters on surface roughness
The S/N ratio analysis has been used to determine the influence of input
parameters on the output. In this analysis, rank denotes the influence of the input
parameter on the output. Table 3 shows the S/N ratio for Ra. The result revealed
that peak current is the most significant parameter for Ra followed by pulse on
time and flushing pressure.
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Table 3. Response Table for Signal-to-Noise Ratios – Surface Roughness.
I (A)
p (kg/cm2)
Ton (µs)
Level
-9.300
-11.463
-10.695
1
-10.888
-11.897
-11.892
2
-14.995
-11.823
-12.596
3
5.695
0.434
1.901
Delta
1
3
2
Rank
From Figs. 2(a) and 2(c), it is observed that Ra increases with peak current
and pulse on time respectively. As peak current increases, the intensity of the
spark increases. Presence of alumina in the spark gap leads to increase in Ra. As
pulse on time increases, the duration for which discharge occurs is increased. This
leads to formation of molten material craters on the workpiece causing increase in
Ra [11]. Increase in both Ton and peak current lead to increase in surface
irregularities [12]. The Ra also increases with increase in flushing pressure, Fig.
2(b). As pressure increases, the velocity decreases which in turn reduces heat
dissipation, leading to alumina and graphite debris on the walls, which leads to
increase in Ra. From Fig. 2(b), the marginal decrease in Ra with increase in
flushing pressure is due to the presence of graphite particles that act as selflubricant [13].The optimal machining condition to obtain minimum Ra is found to
be I = 10 A, p = 1.0 kg/cm2, Ton=120 µs.
Main Effects Plot for Means-Surface Roughness
a) Peak current

Mean of Means-Surface Roughness

6

b) Flushing pressure

5
4
3
10

20

30

1.0

1.5

2.0

c) Pulse on time

6
5
4
3
120

190

420

Fig. 2. Main Effects Plot for Surface Roughness.

4.2. Influence of parameters on material removal rate
Table 4 shows the response table for MRR. It is observed from the response table
that, flushing pressure is the most influential parameter for MRR followed by peak
current and pulse on time.
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Table 4. Response Table for Signal-to Noise Ratios – Material Removal Rate.
Level I (A) p (kg/cm2) Ton (µs)
24.34
27.20
25.85
1
26.11
25.64
24.93
2
26.72
24.32
26.39
3
2.88
1.46
Delta 2.38
2
1
3
Rank
Figure 3 shows the main effect plots for MRR. It is observed from the graph
Fig. 3(a) that MRR increases with increase in peak current. As peak current
increases, kinetic energy of the spark increases, leading to increase in temperature.
Hence, melting and vaporization of material increases which leads to increase in
MRR [14]. The MRR decreases and then increases after a certain threshold point
with increase in Ton, Fig. 3(c). The alumina particle which is dispersed from the
metal matrix obstructs the spark gap and gets heated by the discharge which
reduces MRR. After acquiring high thermal energy, alumina gets vaporised which
leads to increase in MRR. The decrease in MRR is due to arcing that leads to
decrease in discharge energy and high heat produced [15]. Further increment in
Ton leads to vaporisation of alumina leading to rise in MRR. The MRR decreases
with increase in flushing pressure, Fig. 3(b). As flushing pressure increases, the
inlet velocity decreases and the rate of removal of debris is reduced. This
increases the concentration of debris in the gap and hinders MRR. Addition of
graphite helps in the removal of debris from the spark gap that leads to increase in
MRR [16]. The optimal machining condition to obtain maximum MRR was found
to be I = 30 A, p = 1.0 kg/cm2, Ton = 420 µs.

Main Effects Plot for Means - Material Removal Rate
a) Peak current

Mean of Means-Material Removal Rate

24

b) Flushing pressure

22
20
18
16
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c) Pulse on time
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Fig. 3. Main Effects Plot for Means- Material Removal Rate.
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4.3. Influence of parameters on tool wear rate
Table 5 shows the order of ranking of input parameters for TWR. The result
revealed that Ton is the most significant parameter for TWR followed by peak
current and flushing pressure.
Table 5. Response Table for Signal-to Noise Ratios – Tool Wear Rate.
I (A)
p (kg/cm2)
Ton (µs)
Level
19.09
14.64
10.59
1
13.63
15.64
14.67
2
12.05
14.49
19.50
3
7.04
1.15
8.91
Delta
2
3
1
Rank
Figure 4 shows the main effect plot for TWR. It is observed from Fig. 4(a) that
as peak current increases, the TWR increases and is due to the abrasive nature of
the hard reinforcement, alumina [17]. Figure 4(b) shows as flushing pressure
decreases, the inlet velocity increases which reduces the concentration of debris in
the tool surface and reduces wear. After a certain point, the decrease in velocity
leads to increase in concentration of debris and hence blocking the contact
between the electrode leading to rise in temperature causes tool wear [18]. As Ton
increases, Fig. 4(c), the tool wear decreases due to the deposit of decomposed
graphite on the tool surface [19]. The optimal machining condition to obtain
minimum TWR is found to be I = 10 A, p = 1.5 kg/cm2, Ton = 420 µs.

Main Effects Plot for Means - Tool Wear Rate
a) Peak current

b) Flushing pressure

Mean of Means - Tool Wear Rate
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c) Pulse on time
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0.30
0.25
0.20
0.15

Fig. 4. Main Effect Plot for Tool Wear Rate.
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4.4. Analysis of variance and significance of parameters
ANOVA is used to determine the influence of input parameters on the response
quantitatively. Tables 6, 7 and 8 show the results of ANOVA for Ra, MRR and
TWR respectively. Confidence level of 95% is utilised for the analysis.
Table 6. Analysis of Variance for Surface Roughness.
Source of
Variation
I
p
Ton
I×p
I×Ton
p×Ton
Error
Total

DF
2
2
2
4
4
4
8
26

Seq
SS
90.650
7.970
15.167
5.7980
2.3910
2.0126
7.0403
131.030

Adj
SS
90.650
7.970
15.167
5.7980
2.3910
2.0126
7.0403

Adj MS

F-test

45.325
3.9853
7.5837
1.4495
0.5977
0.5032
0.8800

51.50
4.53
8.62
1.65
0.68
0.57

Pvalue
0.000
0.048
0.010
0.254
0.625
0.691

P%
69.18
6.08
11.57
4.42
1.82
1.53
5.37
100

Notes: DF, Degrees of freedom; Seq SS, Sequential sum of squares; Adj SS, Adjusted
sum of squares; Adj MS, Adjusted mean squares; P, Percentage of Contribution.
Table 7. Analysis of Variance for Material Removal Rate.
Source of
Variation
I
p
Ton
I×p
I×Ton
p×Ton
Error
Total

DF

Seq SS

Adj SS

2
2
2
4
4
4
8
26

123.530
183.747
44.026
20.710
19.934
1.128
31.592
424.667

123.530
183.747
44.026
20.710
19.934
1.128
31.592

Adj
MS
61.765
91.873
22.013
5.177
4.984
0.2823

F-test
15.64
23.27
5.57
1.31
1.26
0.07

Pvalue
0.002
0.000
0.030
0.344
0.360
0.989

Table 8. Analysis of Variance for Tool Wear Rate.
Source of
FPDF
Seq SS
Adj SS
Adj MS
Variation
test
value
2
0.065660 0.065660 0.032780 6.25
0.023
I
2
0.003953 0.003953 0.001976 0.38
0.698
p
2
0.129423 0.129423 0.064711 12.33 0.004
Ton
4
0.033072 0.033072 0.008268 1.58
0.270
I×p
4
0.054460 0.054460 0.013615 2.59
0.117
I×Ton
4
0.048041 0.048041 0.012010 2.29
0.148
p×Ton
8
0.041977 0.041977 0.005274
Error
26 0.376486
Total

P%
29.08
43.26
10.36
4.87
4.69
0.26
7.43
100

P%
17.41
1.05
34.38
8.78
14.47
12.76
11.15
100

It is observed from Table 6 that peak current has the highest influence
(69.18%) on Ra followed by pulse on time (11.57%) and flushing pressure
(6.08%). Among interaction terms, interaction between I and p has 4.42%,
interaction between I and Ton has 1.82% and interaction between p and Ton has
1.53%. This indicates that interaction terms also had significant effect on Ra.
Table 7 reveals that flushing pressure has maximum influence (43.26%) on MRR
followed by peak current (29.08%) and pulse on time (10.36%). Interaction
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parameters also have significant effect on the output response. From Table 8, it is
observed that pulse on time has the highest statistical influence (34.38%) on TWR
wear rate followed by peak current (17.41) and flushing pressure (1.05).
Interaction between I×p has an influence of 8.78%, interaction between I×Ton has
an influence of 14.47% and interaction between p×Ton has an influence of
12.76% on TWR of aluminium composites.

5. Conclusions
Signal-to-Noise ratio analysis shows that the peak current is the most dominant
factor in influencing surface roughness. For material removal rate, dominant factor
is flushing pressure, whereas for tool wear rate it is found to be pulse on time. The
Taguchi method analysis of experimental results gave the optimal setting of control
parameters which would result in minimum surface roughness and tool wear rate,
and maximum material removal rate. The percentage effect of input parameters on
surface roughness, material removal rate and tool wear rate, and its interactions are
found with Analysis of Variance results. Surface roughness increase is mainly
attributed to increase in peak current due to non-uniform material removal. Surface
roughness also increases due to rise in flushing pressure due to accumulation of
alumina. Material removal rate is inversely proportional to flushing pressure as
reduced flow velocity of dielectric reduces debris removal rate. Tool wear rate
reduces with increase in pulse on time due to deposition of graphite.
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