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ABSTRACT 

Industries have a challenge to develop material which is less costly, high strength, more hardness and more 

toughness and can be drawn from the wastage of any agro product. Further, production of complex shapes in such hard to 

machine material by traditional method is another challenge. In this study, the 3weight% (wt.%) Cu particulates were 

added with 6, 8 and 10wt.% Rice Husk Ash (RHA) to prepare the reinforcing phase and Al 6061 alloy was used as a matrix 

to fabricate Aluminium matrix hybrid composites using stir casting method. The 1wt. % Mg was added to improve the 

wettability between the Al matrix and reinforcements. Electric Discharge Machining (EDM) is considered as an important 

process for machining of such kind of materials. The objective of this work is to investigate the effect of different factors 

like Workpiece electrode (W), Peak current (I), Voltage (V), Duty factor (τ), Pulse-on time (Ton), and Flushing pressure (P) 

with brass electrode on metal removal rate (MRR) on the machining of Aluminium matrix hybrid composites by EDM 

using Taguchi’s approach. TheL27 orthogonal array (OA), for the six factors at three levels each, was opted to conduct the 

experiments and ANOVA and S/N ratios were applied to identify the significant parameters and optimization of EDM 

parameters for maximum MRR. The S/N ratio response graph clearly indicated that MRR decreased with increase in the 

wt. % of RHA. It is also reported that MRR increased significantly with an increase in discharge current. The Scanning 

Electron Microscope (SEM) was used for microstructural characterization of machined specimens. 

 
Keywords: electric discharge machining, rice husk ash, metal matrix composite, metal removal rate, Taguchi’s approach. 

 

1. INTRODUCTION 
Metal Matrix Composites (MMCs) have emerged 

as a class of materials suitable for structural, aerospace, 

automotive, electronic, thermal, and wear applications 

owing to their advantages over the conventional materials 

[1-2]. Now the researchers are preparing the material by 

the combination of different materials. The incorporation 

of different reinforcements into a matrix has led to the 

development of hybrid composites. Hybrid composites are 

becoming better substitutes for conventional alloys 

because of characteristics like high stiffness, high strength, 

and low density. Aluminum matrix hybrid composites are 

a new generation of metal matrix composites that have the 

potentials of satisfying the recent demands of advanced 

engineering applications. These demands are met due to 

improved mechanical properties, amenability to 

conventional processing technique and a possibility of 

reducing the production cost of aluminum matrix hybrid 

composites.. The performance of these hybrid composite 

materials is mostly dependent on selecting the right 

combination of reinforcing materials since some of the 

processing parameters are associated with the reinforcing 

particulates. It has been also observed that, the mechanical 

properties of MMCs improve by increasing the number of 

reinforcements, depending upon the nature of 

reinforcement or sometimes it also reduces cost without 

altering the properties significantly [3]. Nanda Kumar et 

al. [4] investigated the behavior of aluminum based 

composites, reinforced with silicon carbide particles and 

graphite. The composites were fabricated using Stir 

Casting Method i.e. Al with Silicon Carbide particles 

(SiC), graphite and Al with Alumina, solid lubricant, 

Graphite at solid state. Mechanical properties of the 

samples are measured and validated. Kumar et al. [5] 

investigated the influence of the addition of hybrid hard 

and soft particle reinforcement on the wear properties of 

Aluminium matrix composites (AMCs). The varying up to 

15% reinforcement contents were used for the analysis 

under different operating conditions. It has been found that 

the hybrid composite exhibit superior wear properties over 

the other materials under investigation. Dora Shiva Prasad 

et al. [6] investigated the mechanical properties of 

aluminum hybrid composites reinforced with different 

volume fractions of 2, 4, 6, and 8 wt% RHA and SiC 

particulates in equal proportions. Hardness, density, 

porosity and mechanical behavior of the unreinforced and 

Al/x%RHA/x%SiC (x = 2, 4, 6, and 8 wt%) reinforced 

hybrid composites were investigated. It was observed that 

the hardness and porosity of the hybrid composite 

increased with increasing reinforcement volume fraction 

and density decreased with increasing particle content. 

The ultimate tensile strength and yield strength increased 

with an increase in the percent weight fraction of the 

reinforcement particles, whereas elongation, decreased 

with the increase in reinforcement. Alaneme KK et al. [7] 

investigated the microstructural characteristics, 
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mechanical and wear behavior of Aluminium matrix 

hybrid composites reinforced with alumina, RHA and 

graphite. Hardness decreased with an increase in the 

weight ratio of RHA and graphite in the composites; and 

the effect of graphite on the hardness became less 

significant with RHA content greater than 50%. The 
tensile strength for the composites containing 0.5wt% 

graphite and up to 50% RHA was observed to be higher 

than that of the composites without graphite. The wear 

resistance decreased with increase in the graphite content 

from 0.5 to 1.5 wt%.  

MMCs materials can be machined by different 

non-traditional methods like abrasive water jet and laser 

cutting but these processes are limited to linear cutting 

only. Electric discharge machining is non-conventional 

manufacturing process used in advanced industries to 

produce high accuracy and precision machining of all 

types of conductive materials with any hardness and 

shape, which would have been difficult to machine by 

conventional methods. Sushant Dhar et al. [8] performed 

the experiments of electrical discharge machining on 

AMCs. Effect of different machining parameters on MRR, 

tool wear rate (TWR) and radial over cut (ROC) on EDM 

of Al-4Cu-6Si alloy-10 wt.% SiC composites were 

investigated. The experiments were performed with three 

successive trials using a PS Leader ZNC EDM machine 

and a cylindrical brass electrode of 30mm diameter. Three 

factors with three levels of full factorial design were 

adopted and analyzed the results. MRR, TWR and ROC 

were found to increase significantly in a non-linear fashion 

with an increase in current. A second order, the non-linear 

mathematical model is also developed for establishing the 

relationship among machining parameters. Riaz A Ahmed 

et al. [9] investigated the effect of EDM machining 

parameters on cast aluminum-silicon carbide-boron 

carbide and cast aluminum-silicon carbide-glass hybrid 

metal matrix composites and reported the metal removal 

rate and surface finish vary in response to the various 

EDM parameters. Mohan B et al. [10] used rotary EDM 

and investigated the response of machining on Al-

SiCMMC. It was reported that EDM drilling with the 

rotating tube electrode has produced a higher MRR than 

the rotating solid electrode due to effective flushing 

conditions. Experimental results confirm that an increase 

in volume percentage of SiC has resulted in decrease in 

MRR, SR and increase in TWR and the increase in 

rotational speed of the tube electrode has resulted in higher 

MRR, TWR, and SR.Patil and Brahmkumar [11] 

investigated the effect of machining parameters of EDMon 

silicon carbide particulate reinforced aluminum matrix 

composites and it was found that an increased percentage 

of ceramic particulates in MMC causes decreased MRR. 

With the increase of 10% in ceramic reinforcements, the 

decrease in MMR is almost 12%. Jujhar Singh et al. [12] 

investigated the effects of continuous and discontinuous 

vibrations using high Carbon high Chromium steel as 

workpiece and Copper as tool electrode. The main 

machining parameters such as the type of vibration, 

amplitude of vibration, peak current, no-load voltage, 

pulse-on time and duty factor are chosen to determine the 

ultrasonic-assisted electric discharge machining (UEDM) 

response parameters such as material removal rate, 

microcracks, and heat affected layer. It was observed that, 

as compared to continuous vibrations, the discontinuous 

Ultrasonic vibrations improve the material removal rate, 

leaves less volume of re-solidified material, smaller recast 

layer with less or more micro-cracks. Velmurugan C et al. 

[13] investigated the effect of machining parameters like 

Current, Pulse on time, Voltageand Flushing pressure on 

MRR, TWR as well as SR on the machining by EDM of 

hybrid Al6061 MMC reinforced with 10% SiC and 4% 

graphite particles. The composite used for study was 

fabricated by stir casting process. Mathematical models 

were also developed using the MINITAB R17 software. 

MRR increase with increase in Current, Pulse on time and 

Flushing pressure while decrease with increase in Voltage. 

TWR increases with increase in current and voltage and it 

decreases with increase in pulse on time and flushing 

pressure. Surface roughness increases with increase in 

current, pulse on time, voltage and flushing pressure. 

Narinder Singh et al. [14] investigated and reported the 

effect of current, pulse on time and flushing pressure on 

MRR, TWR, Taper,radial overcut and surface roughness 

during machining of  cast Al-MMC with 10% SiCp. A 

brass electrode of diameter 2.7 mm was chosen to drill the 

specimens. An L27 OA for the three different machining 

parameters at three levels each was opted to conduct the 

experiments. The results had shown that MRR and surface 

roughness was found to increase with an increase in 

current and pulse on-time. It was further reported that 

MRR and TWR decrease with increase in flushing 

pressure. Sarabjeet Singh Sidhu et al. [15] reported the 

optimal process conditions for machining of three different 

types of MMC’s 65vol%SiC/A356.2; 10vol%SiC-

5vol%quartz/Al and 30vol%SiC/A359 using powder 

mixed EDM process. MRR, TWR, SR and surface 

integrity were evaluated after each trial and contributing 

process parameters were identified. The four responses 

were then collectively optimized using technique for order 

preference by similarity to ideal solution and optimal 

process conditions were identified for each type of MMC. 

The density of reinforced particles shields the matrix 

material from spark energy so high MRR and SR were 

observed with the lowest reinforced particle. TWR was 

highest with Cu-Gr electrode due to the disintegration of 

the weakly bonded particles in the composite electrode. 

In this paper, a EDM process is performed on 

aluminium matrix hybrid composite to investigate the 

effect of workpiece electrode, discharge current, voltage, 

duty factor, pulse-on time and flushing pressure with brass 

electrode. Then, the machining conditions have been 

optimized for higher machining rate using Taguchi 

technique due to its simplicity. 

 

2. Experimental Details 

The machining experiments were conducted 

using an Elektra pulsPS35 EDM machine as shown in 

Figure-1.The workpieces were machined using solid brass 

tool electrode with a diameter of 10 mm. Aluminium 

matrix hybrid composites with different composition of 
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RHA, Copper and Magnesium were used as workpiece 

electrode (Table-1). Aluminium matrix hybrid composites 

were fabricated using stir casting method [16]. 

 

Table-1. Sample and their % composition by weight. 
 

Sample Composition (Weight%) of Hybrid Composites Materials 

W1 90%Al6061+6%RHA+3%Cu+1%Mg 

W2 88%Al6061+8%RHA+3%Cu+1%Mg 

W3 86%Al6061+10%RHA+3%Cu+1%Mg 

 

The mechanical properties of unreinforced Al 

6061 alloy and Aluminium matrix hybrid composites [16] 

are presented in Table-2. Hardness and ultimate tensile 

strength increased with increase in wt. % RHA in 

reinforcements content.  

 

Table-2. Mechanical Properties of unreinforced Al 6061alloy and Al matrix hybrid  

composites with different wt. % of RHA. 
 

Sample 
Hardness (HRB) 

 

Ultimate Tensile Strength 

(MPa) 
Impact toughness (J) 

Al 6061 alloy 43 85 3 

W1 54.1 95.2 3.5 

W2 57 97.1 3 

W3 58.1 98.4 2.5 

 

The workpiece was prepared with dimension of 

34 mm diameter and 10 mm height. Commercial available 

EDM oil was circulated as dielectric fluid and the side 

injection of dielectric fluid was adopted. The jet flushing 

system was used for flushing of the debris from the gap 

zone. Based on the pilot study, six factors namely 

Workpiece electrode, Discharge current, Voltage, Duty 

factor, Pulse on time and Flushing pressure each varied at 

3-levels were identified and are shown in Table-3. Also 

from the pilot study, it was observed that the MRR was 

very poor at the current less than 5 A and surface finish 

was poor at the current more than 15 A. The range of duty 

cycle and pulse on time were taken from commonly 

suitable for hybrid metal matrix composites as per 

literature review and from the availability of the machine. 

The levels of voltage and flushing pressure were also 

selected from the availability of the machine. 

 

Table-3. Factors and their levels. 
 

Factors Symbol Unit  Levels  

   1 2 3 

Workpiece 

electrode(A) 
W --- W1 W2 W3 

Discharge 

current(B) 
I A 5 10 15 

Voltage(C) V V 50 65 80 

Duty factor(D) Τ % 8 16 24 

Pulse on time(E) Ton µs 10 20 50 

Flushing Pressure 

(F) 
P psi 3 5 10 

 

Selection of suitable orthogonal array for the 

experiments was made by computing the total degrees of 

freedom (DOF). This total DOF is determined by levels of 

design parameters and interaction between designs 

parameters, once the required DOF are known, then the 

next step is to select an appropriate OA to fit the specific 

task. The selected OA must satisfy the following 

inequality (Ross 1988): total DOF of the OA ≥ total DOF 
required for the experiment with six parameters, each at 

three levels, and considering no interaction, the total DOF 

required is 6×2= 12, since a three-level parameter has two 

DOF (number of levels - 1).  Hence, Tahuchi’s L27 (3
6
) OA 

was selected for this experimental work. The L27 (3
6
) OA 
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(Ross 1988) with the assignment of different parameters is shown in Table-4.  

 

 
 

Figure-1.Elektra pulsPS35 die sinking EDM. 

 

Here MRR was calculated from the experimental 

data collected during experiments. The weight of 

specimen was taken before and after machining using a 

digital weighing machine with an accuracy of 0.001g. The 

specimen was properly cleaned and dried to relieve it from 

debris and dirt before weighing. The difference of weight 

before and after machining gives the weight loss of the 

workpiece during the machining process.  

Metal removal rate (MRR) is expressed as the 

ratio of the difference of weight of the workpiece before 

and after machining to the machining time; 

 MRR ( gmin.) = Wb−Wat                                                       (1) 

 

Where, Wb and Wa are weights of the workpiece 

before and after machining. And t is the machining time.  

The S/N ratio response graphs were then plotted on the 

basis of the response table so obtained. The S/N ratio is 

the ratio of a magnitude of the signal to the magnitude of 

random error in response and it is used to analyse the 

results. Basically, there are three types of categories in the 

evaluation of signal-to-noise ratio (S/N) i.e. lower the 

better (LB), nominal the better (NB), and higher the better 

(HB) and it is selected depending on the type of responses 

measured. Higher the better (HB) is used for the material 

removal rate.  

 

(S/N)HB= −10𝑙𝑜𝑔10⌊1/𝑛 ∑ 1/𝑦𝑖2𝑛𝑖=1 ⌋                               (2) 

 

Where n is the number of repetitions and yi 

represents the experimentally observed value of the ith 

experiment. Microstructural characterization of hybrid 

composites was carried out using SEM. 

 

3. RESULTS AND DISCUSSIONS 

Table-4 shows the experimental results of MRR 

and its corresponding signal to noise(S/N) ratio based on 

the different combinations of inputs parameters obtained 

by using Taguchi’s L27 OA. Signal to noise ratio (S/N) was 

generated by the use of Minitab 17 software.  
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Table-4. S/N Ratios for observed MRR. 
 

S. No. 
Workpiece 

electrode (W) 

Discharge 

Current(I) 

Voltage 

(V) 

Duty 

factor(τ) 
Pulse on 

Time (Ton) 

Flushing 

Pressure (P) 

MRR 

(gm/min.) 

S/N 

ratio 

1 1 1 1 1 1 1 0.046 -26.6978 

2 1 1 1 1 2 2 0.053 -25.3924 

3 1 1 1 1 3 3 0.032 -29.7623 

4 1 2 2 2 1 1 0.081 -21.8035 

5 1 2 2 2 2 2 0.088 -21.0366 

6 1 2 2 2 3 3 0.077 -22.214 

7 1 3 3 3 1 1 0.070 -23.098 

8 1 3 3 3 2 2 0.062 -24.0824 

9 1 3 3 3 3 3 0.063 -23.9104 

10 2 1 2 3 1 2 0.030 -30.4576 

11 2 1 2 3 2 3 0.021 -33.4528 

12 2 1 2 3 3 1 0.027 -31.1347 

13 2 2 3 1 1 2 0.038 -28.2346 

14 2 2 3 1 2 3 0.031 -30.103 

15 2 2 3 1 3 1 0.044 -27.1804 

16 2 3 1 2 1 2 0.055 -25.1927 

17 2 3 1 2 2 3 0.072 -22.7932 

18 2 3 1 2 3 1 0.072 -22.7932 

19 3 1 3 2 1 3 0.015 -36.1236 

20 3 1 3 2 2 1 0.027 -31.2133 

21 3 1 3 2 3 2 0.021 -33.4528 

22 3 2 1 3 1 3 0.058 -24.6198 

23 3 2 1 3 2 1 0.062 -24.0824 

24 3 2 1 3 3 2 0.012 -38.0618 

25 3 3 2 1 1 3 0.062 -24.0824 

26 3 3 2 1 2 1 0.070 -23.098 

27 3 3 2 1 3 2 0.065 -23.7417 

 

Figure-2 shows the S/N graphs for the MRR 

(g/min). The S/N ratio response graph (Figure-2) shows 

the significant effect of reinforcements and other 

machining parameter on MRR. From Figure-2 it is 

identified that for higher MRR, the optimum EDM 

parameter is W1 (hybrid composite with 6 wt.% RHA) 

workpiece, 15A current, 65V voltage, 16%  duty cycle, 20 

µs pulse-on-time and 3psi flushing pressure. The S/N ratio 

response graph (Figure-2) shows that MRR decreases with 

increase in the wt. % of RHA as the hardness of the hybrid 

composites increases with the increase in wt. % of RHA. 

Figure-2 also shows that MRR increases significantly with 

an increase in discharge current. As the discharge current 

is higher, the discharge energy is also higher. Hence, the 

higher discharge energy distributed into high 
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Figure-2. Main effect plot of MRR (g/min) for SN ratios with Workpiece electrode,   

Discharge Current, Voltage, Duty factor, Pulse-On-time and Flushing Pressure. 

 

melting temperature, it causes high evaporation of 

material. The moderate level of voltage, duty cycle and 

pulse on time produces higher MRR. Therefore, the higher 

discharge current is the key factor to obtain higher MRR. 

From the S/N ratio graph, the optimized value for the 

material was obtained at A1B3C2D2E2F1. 

The analysis of variance (ANOVA) table was 

also generated using the Minitab software. It indicates the 

importance of the different parameters towards the MRR. 

The P value decides the significance of the individual term 

in the ANOVA table. The entire result was confirmed at 

95% confidence level, it was found out that current, 

workpiece material (wt. % of RHA) and voltage had a 

significant effect on MRR. However, the Duty factor, 

Pulse-on time and Flushing pressure had less significant 

effect on MRR. 

 

Table-5. Analysis of Variance (ANOVA) for MRR (g/min). 
 

Source DF Seq. MS Adj. SS Adj. MS F P 

Workpiece electrode(A) 2 0.0024558 0.0024558 0.0012279 10.50 0.002 

Discharge current(B) 2 0.0058819 0.0058819 0.0029410 25.14 0.000 

Voltage(C) 2 0.0012653 0.0012653 0.0006327 5.41 0.018 

Duty factor (D) 2 0.0006086 0.0006086 0.0003043 2.60 0.109 

Pulse -on time(E) 2 0.0003019 0.0003019 0.0001509 1.29 0.306 

Flushing Pressure (F) 2 0.0003660 0.0003660 0.0001830 1.56 0.244 

Error 14 0.0016377 0.0016377 0.0001170 
 

Total 26 0.0125172 
   

 

DOF: Degree of Freedom, MS: Mean Square, SS: Sum of Squares, F: F-Ratio, P: P-Value 

 

Figure-3 shows the microstructure of eroded 

surface of workpiece (W1). There is large no. of voids, 

micro holes, gas bubbles, and micro cracks appeared on 

the machined surface. It has been found that when the 

discharge current is at a low level comparatively less spark 

discharge energy is produced owing to lesser MRR. 

While, as pulse current increases, the discharge energy 

also become more intense leading to increasing in MRR. 

Figure 3 shows the SEM micrographs. It has been noticed 

that the voids, micro holes and gas bubbles are increasing 

with increase in peak current.  
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Figure-3. SEM micrographs of machined surface of W1 at (a) 5 A, (b) 10 A and (c) 15 A. 

 

4. CONFIRMATION EXPERIMENTS 

Since the optimal level of the EDM parameters 

was selected, the confirmation tests were carried out to 

verify the improvement of machining performance. The 

results of the confirmation experiment were compared 

with the outcome of the Taguchi’s method and initial 

conditions of operating parameters. Table-6 represents the 

compared results of the selected optimal and initial design 

of machining parameters. The initial design machining 

parameters are A2, B2, C2, D2, E2, and F2. The MRR was 

increased from 0.069 g/min to 0.086 g/min when 

machining was carried out at optimal combination 

(A1B3C2D2E2F1) of control parameters as shown in Table-

5. It reveals that the optimization of EDM process 

parameters can improve the MRR with a significant 

amount. 

 

Table-6. Confirmation Experiments. 
 

Response 
Initial machining parameters Optimal  Parametric Combination 

A2B2C2D2E2F2 A1B3C2D2E2F1 

MRR 0.069 g/min 0.086g/min 

 

5. CONCLUSIONS 

This paper summarizes the effect of process 

parameters settings on electric discharge machining of 

newly developed Al matrix hybrid composites. The Al 

matrix hybrid composites were machined successively 

using EDM with varied parameters and influence of each 

independent parameters on the MRR were analysed. Based 

on the experimental results and analysis, the following 

conclusions have been drawn. 

 

 MRR decreased significantly with the increase in 

wt.% of RHA in hybrid composites and increased 

significantly the increase in discharge current. As the 

discharge current is higher, the discharge energy also 

became more intense leading to increase in MRR.  

 The moderate level of voltage, Duty factor and pulse 

on time provides higher MRR.  

 Low value flushing pressure provides higher MRR. 

 The optimum parametric combination to maximize 

the MRR is A1B3C2D2E2F1. 
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