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 Abstract  

In general, aluminium matrix composites are of particular importance in the 

aeronautical, defence and transportation sectors. Boost has been produced by 

the utilization of non-conventional machining methodologies in the 

structuring of aluminium metal matrix composites, such as the development 

of complex shapes. A convenient method for machining metal matrix 

composites appears to be Electrical Discharge Machining (EDM). A 

comparative analysis on EDM of Al6061-SiC using different electrodes, i.e. 

copper, graphite, brass and aluminium / graphite was carried out during the 

investigation. The Al-MMCs were processed using the stir casting process  
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 (Al6061-SiC-10 wt. percent). The influence of the individual process 

parameters, i.e. pulse off time (Toff), current (I), gap voltage (V), and pulse 

on time (Ton) on the material removal rate (MRR) has been studied. The 

significance of the process variables on the individual outcomes was 

analysed and comparative analysis was performed with the assistance of 

mathematical models developed using the L27 orthogonal array. 

 

Keywords: AMC, Hybrid composites, MMC, Stir casting, EDM. 
 

 

1 Introduction 
The emergence of innovative industry has contributed to the introduction 

of MMCs, which have been adopted in recent advances by Aluminium metal 

matrix composite. These composites possess superior firmness and durability 

with high abrasion resilience and creep resilience compared to their 

equivalent alloys. Among the Aluminium alloys, Al6061is widely used 

owing for its strength, durability, and corrosion resistance. A suitable 

electrode should provide elevated MRR, reduced TWR and an improved 

surface finish, High Melting temperature, increased thermal & electrical 

conductivity, high density, convenient manufacturability and relatively cheap 

are the fundamental and most important characteristics of the electrode 

material. Copper, copper tungsten, brass, silver tungsten graphite, tungsten 

carbide are electrodes commonly used in the EDM process.[9-21] 

Lowshenko et al. (1997) explained certain essentials for the matrix 

could be adopted based on oxidation and corrosion resistance. Broadly, 

Aluminium, Titanium, Magnesium, Nickel, Copper, Lead, Iron, Silver, Zinc, 

and Tin was used as the matrix material but Aluminium, Titanium, and 

Magnesium were used widely[1]. Seo et al. (2006) perceived for the 

elevation in pulse-on-time and current until the final points in EDM 

machining of SiCp / Al composites, MRR increased 15-35 percent by 

volume and decreased significantly. The higher values for both or either 

pulse-on-time, peak current, resulted in more significant tool erosion and the 

more massive average diameter error[2]. Sivasankar et al. (2013)evaluated 

the efficiency of distinct electrode materials such as stainless steel, 

molybdenum, silver, graphite, titanium, niobium, nickel tantalum, tungsten, 

and copper. The investigation revealed that electrode material was the most 

critical parameter for TWR, Ra, and MRR for EDM of 

Zirconiumdiboride[3]. Bai. Xue et al. (2013) conducted single variable trials 

to obtain flow rate pulse on time, concentration of powder, peak current, 

rotational speed of the instrument, pulse off time and air pressure on MRR 

through various electrode tool and electrode work - piece material 

configurations. Thermal mechanisms in powder mixed near dry electrical 

discharge machining were explained. The effect of individual process 

variable on PMNDEM for MRR was studied based on the theory of 

deionization. Variations were observed in MRR under various configurations 

of materials. During several discharge situations, the brass tool electrode and 

the W18Cr4V workpiece obtained elevated MRR, while when there was 
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inadequate thermal dissipation, the supremacy of the 45-carbon steel 

workpiece and copper electrode for MRR emerged[4]. Khan. Rahman et al. 

(2013) examined surface texture attributes of the machined substratum 

during EDM for Ti-2.5-Sn-5Al-titanium alloy, servo voltage, peak current, 

pulse-off time, electrode material (graphite, copper and copper–tungsten) and 

pulse-on time were considered as process parameters. Based on a design 

matrix (CCD), the experimental work was conducted. With pulse-on time 

peak and current, the surface roughness (SR) grew and declined with servo 

voltage. In addition, the influence of process variables on surface texture 

leaned on electrode material[5]. Bhaumik. Munmunet al. (2018) performed 

a comparison analysis on titanium grade 6 alloy EDM employing various 

types of tools, i.e. Copper, zinc and brass MRR and TWR were employed to 

evaluate the process effectiveness. In order to design the experiment, a face-

cantered central composite design focused RSM was incorporated. The 

impactof process variables i.e. gap voltage, Pulse on time, duty cycle and 

peak current were investigated. For the machined surfaces, metallographic 

assessment was conducted. Compared to copper electrodes, brass and zinc 

electrodes achieved animproved MRR. Copper electrodes, accompanied by 

brass and zinc electrodes, displayed lower TWR and recast layer[6]. Pavan. 

Cet al. (2019) employed Taguchi Analysis on Machinability of the Inconel 

600 alloy EDM employing Brass Copper tungsten, and Copper tools. For 

different electrode materials, the effect of process variables including T-on, 

T-off, Current, and Voltage on performance measures MRR and TWR was 

studied. It was observed from the analysis that Copper tungsten electrode 

showed the highest MRR of 0.01579cm
3
/min and the lowest TWR of 

0.00045 cm
3
/min for machining Inconel 600 alloy[7]. Selvarajan. L et al. 

(2020) worked EDM machining of SS-316 material using copper and 

graphite electrodes. The Taguchi design evaluated the trials using ANOVA 

for each electrode. Analysis was conducted to analyze its impact on the 

process variables, i.e. current, spark off-time, Spark on time and constant 

IPOL dielectric fluid using Taguchi method of MINITAB software on MRR 

and SR. The result showed that the Graphite electrode responded effectively 

against copper electrode on SS-316 material when contrasting machining 

parameters among either electrodes. A literature review revealed that some of 

the studies were conducted with various types of electrode materials on EDM 

effectiveness. There is still minimal work employing various tool materials 

for MRR in EDM machining of Al/SiC MMC.The present study focussed on 

the selection of suitable electrode material for an optimal condition of 

Material Removal Rate on Al6061 SiC MMC for EDM machining with 

process variables viz. Pulse on time(Ton), Current (I),Pulse off time (Toff), 

Gap Voltage (V).The significance of the process variables on the individual 

outcomes was studied and comparative analysis was performed with the 

assistance of mathematical models developed using the L27 orthogonal  
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array[8]. 

 

2 Experimentation 
 
2.1 Composition 
 

Al6061 alloy reinforced with SiC particles was chosen as the work 

material in the current study. These particulates are extensively employed for 

numerous engineering industries because of excellent temperature resistance 

and superior mechanical properties. The choice of process parameters for the 

EDM relies heavily on the conjunction of workpiece-electrode materials. For 

the analysis, the following tool materials were chosen. 

 

2.1.1 Copper 
 

Alloys of copper and copper have greater wear resilience to EDM than 

brass, but are harder to machine than brass or graphite. They are far more 

costly than graphite as well. However, since it is extremely conductive and 

solid, It is effective in tungsten carbide EDM machining, or in applications 

that need a fine finish. 

 
2.1.2 Brass  
 

Brass is a zinc and copper metallic alloy. It is feasible to produce various 

types of brass alloys with multiple mechanical and electrical properties by 

altering the ratios of copper and zinc. The electrical conductivity varies 

between 20-40 percent of pure copper and displays reasonably high surface 

roughness comparable to certain metals, therefore, for high precision work, is 

not suggested. 

 

2.1.3 Graphite 
 

The electrode material that is most commonly used and the best-known 

non-metal material employed as a tool electrode. It is inexpensive, readily 

accessible and extremely stable. Being brittle, may not be used to develop 

small sized electrodes. Therefore, it is intended for creating wide cavities. 

However, graphite does have an arcing tendency to prohibit the necessary 

inclusion of anti-arcing devices in the setup. 

 

2.1.4 Al/Graphite 
 

In many tribological implementations, the incorporation of graphite 

particles into the aluminium alloy matrices enables them appealing nominee 

materials that serve as stable lubricant and can create a self-lubricating alloy. 

Al-graphite has a relatively low coefficient of friction and slower levels of  
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wear. Lower price, convenient machinability and enhanced damping 

potential are the critical benefits of this material. 

 
                     Table 1: Al-6061 alloy chemical composition (wt.%) 

Si Cr Mn Mg Fe Ti  Al Cu Zn 

0.65 0.07 0.16 0.9 0.7 0.15  Balanced 0.24 0.25 

 

                 Table 2: Properties of electrode materials 

Electrodes  
Electrical conductivity 

(%International Annealed 

Copper Standard) 

Liquefaction 

point  

(°C) 

Heat conductivity 

(W/m K) 

Copper   100 1083 391 

Brass 28 940 159 

Graphite  0.22 3350 120 

Al/Gr 6.89 Ohm.cm 

 

170 

 

             Table 1 provides Al-6061 alloy chemical composition (wt.%). Table 

2 provides properties of electrode materials. 

 

2.2 Composite Preparation 

 
 Al6061alloy and SiC powder form of 320grit size as reinforcement was 

used in the fabrication of composite using the Stir Casting process (12-16). A 

set up of oil-fired tilting furnace was used, which works on diesel fuel. To 

provide the necessary amount of air, a forced draught fan fitted with a 2 H.P, 

2840 revolutions/ minute motor was utilized. Aluminum was heated up for 

four hours at 460°C, SiC particles were heated up for three hours at 1120°C, 

and graphite crucibles were preheated for 20 minutes at 760°C, before 

mixing of composite slurry for the fabrication of composite by stir casting 

method. Astir caster with an output of 650 rpm having coupled motor with 

gearbox and stirrer was used to stir the mixture for uniform distribution of 

matrix & reinforcement. The impeller of the stirrer was made of mild steel, 

and four blades were kept at an angle of 45°.The position of the agitator was 

controlled in such a way that 40% of the material was maintained below the 

agitator, and 60% of the material was kept over the agitator. The furnace 

temperature was first elevated above the liquid to heat the alloy grossly and 

then chilled beneath the liquid to hold the sludge in a subsolid phase (18-22). 

At this point, 20 percent by weight of the heated up SiC particles were added 

manually for 20 - 30 min at an agitation speed of 620 revolutions per minute. 
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Fig.1: Specimens fabricated by Stir Casting 

 
After adequate manual stirring was achieved, the composite sludge was 

heated up to a complete fluid phase. During the final stirring process, the 

temperature was held at 750 ° ±10°C. As shown in Fig.1. The dimensions for 

the specimen were 50X50X10 mm. Scanning electron microscopy was 

employed to verify their distribution of SiC reinforced particles in the 

Al6061 matrix. Fig.2(a) & Fig. 2(b) indicate that inside the matrix, reinforced 

particles were uniformly distributed. In some unique areas, porosity was 

discovered due to weak conjoiner bonding within the SiC reinforcement and 

the Al6061 matrix. 
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(b) 

Fig.2(a-b): SEM photograph of Al/SiC composites  

 
2.3 Machining Parameters and Response Variables 

 

On the ARD die-sinking EDM machine, experiments were performed, as 

shown in Fig.3. In the EDM machining tank, Kerosene oil was circulated as 

the dielectric fluid. A machining time of 10 min was assigned for each hole.     

 

          
Fig.3: EDM Experimentation 
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In the EDM unit, the process variables were specified and the 

experimental trials were implemented in accordance to the analysis matrix 

shown in Table 3. The MRR was quantified as the weight variance ratio of 

the of the workpiece pre- and post-machining to the machining duration, with 

response surface plots, current gap voltage, pulse on time, and pulse off time 

on response variable MRR for Copper, Brass, Graphite and 

Aluminium/Graphite tools were visualized. The span for process parameters 

were identified as 5-25 A for current, 50-150 μs for pulse on time, 20-

40μsfor pulse off time, and 50-250 V for gap voltage, respectively, based on 

preliminary experiments performed using a single variable at a time method. 

Parameters and their span were described in Table 3. 

 

                Table 3: Preferred process parameters and span 

 

S. No. Parameters Span Units Levels 

1 Pulse-on Time 50-150 µs 50 (-1) 100 (0) 150 (1) 

2 Pulse –off Time 20-40 µs 20 (-1) 30 (0) 40 (1) 

3 Current 5-25 A 5 (-1) 15 (0) 25 (1) 

4 Gap Voltage 50-250 V 50 (-1) 100 (0) 150 (1) 

 

 

3 Results & Discussions 

The Taguchi method is a statistical technique to for optimising process 

parameters and improving the reliability of the components generated. 

Following experimental responses as described in Table 4, the result obtained 

was evaluated and checked by the optimal setting of the machining 

parameters for SR. 
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Table 4: Matrix for machining composite Al6061-SiC with Copper, Brass, Graphite 

and Aluminium/Graphite as tool electrodes 

Sr. No. 

 Parameters Type of electrode 

 
Pulse off 

Time 

(µs) 

Pulse on 

Time 

(µs) 

Voltage (V) 
Current 

(Amp) 

Copper Brass Graphite Al/Gr 

Run 

MRR 

(mm3/min) 

 

1 5 50 20 50 15 10.28 22.30 6.9276 11.4925 

2 15 100 30 150 15 70.03 40.26 26.0406 32.7305 

3 25 150 40 250 15 32.49 83.69 37.2606 9.4575 

4 5 50 20 150 15 18.60 23.66 6.8700 11.5010 

5 15 100 30 250 5 32.01 43.42 23.9760 35.9935 

6 25 150 40 50 25 24.43 8.42 35.6586 5.7235 

7 5 50 20 250 5 8.42 32.79 6.9216 13.4295 

8 15 100 30 50 25 60.30 128.90 15.6384 32.3745 

9 25 150 40 150 15 54.76 85.05 33.0822 7.5750 

10 5 100 40 50 15 7.30 7.29 9.1800 15.2045 

11 15 150 20 150 15 112.52 67.89 38.5374 24.8055 

12 25 50 30 250 15 49.34 31.53 37.8498 5.7200 

13 5 100 40 150 5 14.32 40.31 6.8886 15.2785 

14 15 150 20 250 5 30.88 51.46 75.4272 28.2270 

15 25 50 30 50 25 38.60 31.45 33.1422 6.3260 

16 5 100 40 250 25 15.52 51.00 6.8622 19.3225 

17 15 150 20 50 5 45.52 39.03 61.8294 21.9885 

18 25 50 30 150 5 50.34 23.37 33.1806 5.7475 

19 5 150 30 50 25 21.91 13.90 6.8160 13.2540 

20 15 50 40 150 25 30.44 22.66 6.2244 24.8730 

21 25 100 20 250 15 36.17 83.41 40.8282 11.4355 

22 5 150 30 150 15 30.67 2.41 9.1950 18.9245 

23 15 50 40 250 15 7.01 39.02 40.9284 24.7340 

24 25 100 20 50 15 48.14 39.17 33.1974 7.6510 

25 5 150 30 250 15 23.45 15.00 9.2256 21.0065 

26 15 50 40 50 15 22.17 33.93 1.5864 21.1730 

27 25 100 20 150 15 80.88 112.3576 40.7322 9.4780 
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3.1 Analysis for Material Removal Rate 
 
3.1.1. Effect of Current on MRR 
 

The response graphs, as per Fig.4., illustrates the effects of brass, copper, 

graphite and Al/Gr electrodes on current for MRR. For nearly all the 

electrodes, MRR rises with an increment in current, this is because an 

increment in current contributes to improved energy for discharge that 

liquefies and vaporizes the composite, producing cavities on the machined 

surface. It can also be observed from Fig. 4, compared to copper, graphite 

and aluminium / graphite electrodes, elevated MRR was being obtained 

while machining via brass electrodes. Thermal and electrical electrode 

conductivity influences MRR. An increased thermal conductivity leads to 

high electrode heat absorption and therefore lesser energy is accessible for 

removal of material. In the end, this results in reduced MRR. The MRR for 

brass is therefore significantly high. On the other hand, elevated electrical 

conductivity produces excessive electrical sparks and thus enhances the 

MRR. As Graphite has the least electrical conductivity of all electrodes, its 

MRR is perhaps the least. Low electrode electrical conductivity decreases the 

current rate of generating electrical sparks, which consequently lowers the 

MRR. With the increment in discharge current, followed by aluminium / 

graphite electrodes, the copper and brass electrodes reach the maximum 

MRR. While Graphite, with the spike in discharge current, does not imply a 

substantial increase in MRR. The best MRR on Al / SiC workpiece is offered 

by Copper. With the increment in discharge current, the increment in MRR is 

attributable to the reason that the energy of the spark discharge is enhanced 

to promote the action of melting and vaporisation, and the huge impulsive 

force in the spark gap is advanced, hence increasing the MRR. 

 

 

 
Fig.4: Influence of current on MRR for electrodes in copper, brass, graphite and 

Al/Gr 
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3.1.2 Effect of Pulse on Time on MRR 
 

The influence of Pulse on Time on MRR is shown in Fig. 5. At lower pulse 

duration, MRR has been observed to be relatively limited and reaches the 

peak at mid value, and MRR starts to decrease with more pulse acceleration 

on time. Shorter pulse time stimulates reduced material vaporisation and 

melting which finishes up in reduced MRR. The vital cause was that when 

surplus matter is extracted, debris disperses across the spark gap and can 

interrupt electrical sparks to bombard the workpiece surface. The factor 

responsible for limiting MRR at prolonged pulse duration was heat 

dispersion issue. MRR seems to be identical for all electrodes when the peak 

current and pulse time are minimal. Conversely, due to their poor electrical 

conductivity, Graphite and Al / Gr encountered small increases in MRR 

albeit at maximal values of Pulse on time, which prevents debris interruption 

between electrical sparks to bombard the workpiece surface. 

 

 

 
 

Fig.5: Influence of pulse on time on MRR for electrodes in copper, brass, graphite 

and Al/Gr. 

 

3.1.3 Effect of Pulse off Time on MRR 
 

Fig.6 indicates the effect of pulse-off time with MRR, it can be 

ascertained that among all electrodes, the MRR declined for an increment in 

pulse-off time, since prolonged pulse-off time affects the cooling impact on 

the surface of the workpiece and electrode, additional energy is needed for 

creation of plasma channel. It is also evident that the pulse-off time needs to 

be reasonably short to achieve consistent material degradation from the 

workpiece surface, and a stabilised machining process will contribute to a 

substantial MRR value. 
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Fig.6: Influence of pulse off time on MRR for electrodes in copper, brass, graphite 

and Al/Gr. 

 

3.1.4 Effect of Voltage on MRR 
 

Fig.7, illustrates the consequence of gap voltage on MRR, Due to 

increment in discharge gap and though the chips and debris can be readily 

withdrawn from such region, MRR enhances with exacerbating voltage of up 

to mid-range. Consequently, because of the discharge gap, the volume of 

MRR declines with voltage higher than mid-range. The MRR is inversely 

related to the gap voltage. This could be since, if the gap expands, available 

energy might be minimized, contributing in a reduction in MRR, so elevated 

gap voltage amounts may cause comparatively lesser removal rates. 
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Fig.7: Influence of gap voltage on MRR for electrodes in copper, brass, graphite and 

Al/Gr. 

 
4 Conclusions 
 

The goal of this study was to examine the impacts of multiple electrodes 

during electrical discharge machining of AMMC (Al6061-SiC-10 wt 

percent). For EDM, four electrodes were utilized, namely copper, brass, 

graphite and Al / Gr. The AMCs were processed using the stir casting 

process (Al6061-SiC-10 wt percent). Multiple electrodes were evaluated for 

the effects of Pulse on time (Ton), Current (I), Gap Voltage (V) and Pulse off 

time (Toff) on Material Removal Rate. The conclusions can be interpreted 

from the existing work on the grounds of the findings procured. 

i. As a current upsurge contributes to improved energy for 

discharge that liquefies and vaporises the composite, the maximal MRR 

was obtained by Brass electrode accompanied by Al / Gr, copper and 

graphite electrodes. With an increment in current, MRR increases for 

almost all electrodes. 

ii.  Spark energy accelerates with Ton surge, contributing to 

elevated MRR. For Al/Gr and graphite electrodes MRR improved with 

increment in Ton, but for copper and brass electrodes after mid value, 

MRR started decreasing, higher pulse on time prompted low vaporization 

and melting of materials which ended up in reduced MRR, Hence, MRR 

declines. 

iii.  With an increment in Pulse off Time, the MRR declined for 

both electrodes, this can be interpreted as long pulse-off time causes the 

cooling action on the substrate of the electrode and workpiece, and 

therefore additional energy was needed to build up the plasma channel. 
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iv. For Al/Gr and graphite electrodes MRR improves with 

increment in gap voltage, but for copper and brass electrodes MRR 

improved with amplifying voltage of up to mid-range, with voltage 

greater than mid-range due to the increase in discharge gap and reduction 

in discharge energy resulted in lower MRR.  
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