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ABSTRACT 

 
 Machining of metal matrix composites (MMCs) has been considerably difficult due to the extremely abrasive nature of the 
reinforcements that causes rapid tool wear and high machining costs. This paper explains the influence of machining parameters such as 

Pulse ON Time, Pulse OFF Time, Wire Feed Rate and Sensitivity on the responses such as Material Removal Rate (MRR) and Surface 

Roughness (SR) for Wire Electric Discharge Machining (WEDM) of Al/Sic Metal Matrix Composite. According to the Grey relational 
analysis, a L18 orthogonal array (OA) has been selected to perform the experiments. Analysis of variance (ANOVA) is used to identify the 

level of significance of the machining parameters affecting the multiple responses considered. The optimization of parameters has been 

determined by integration of taguchi technique with grey relation analysis. The confirmation experiments were performed to validate the 
proposed method of the study. 

 
Keywords: Metal Matrix composites, WEDM, Optimization, Grey relational analysis. 

 
INTRODUCTION 

 

 The metal matrix composites comprise a 

relatively wide range of materials defined by the 

metal matrix, reinforcement type, and reinforcement 

geometry. In the area of the matrix most metallic 

systems have been explored for use in metal matrix 

composites, including Al, Be, Mg, Ti, Fe, Ni, Co and 

Ag. By far, the largest usage is in Aluminium metal 

matrix composites [1]. MMCs have better properties 

like hardness, durability, strength, high modulus, low 

ductility, light-weight, wear resistance etc as 

compared to its constituent metal [2]. The 

applications of MMCs in automotive, aerospace and 

defence industries can be attributed to its improved 

thermo- mechanical properties and high strength to 

weight ratio [3]. The reinforcement in the MMCs 

makes it very hard and abrasive in nature, which in 

turn possesses limitation to its machinability. 

 In AMCs one of the constituent is 

aluminium/aluminium alloy, which forms percolating 

network and is termed as matrix phase. The 

properties of the composites are better compared to 

the pure forms of the constituting 

materials.Forexample, elastic modulus of pure 

Aluminium can be enhanced from 70GPa to 240GPa 

by reinforcing with 60 vol. % continuous Aluminium 

fibre. The driving force for the utilization of Al 

MMCs is the performance, economic and 

environmental benefits. For example, in the 

transportation sector Al MMCs help lower fuel 

consumption, noise and air borne emissions. With 

increasingly stringent environmental regulations and 

emphasis on improved fuel economy, use of Al 

MMCs in transport sector will be inevitable and 

desirable in coming years. 

 The composites used in this study are Particle 

reinforced Aluminium Metal matrix Composites 

(PAMC).In this study the reinforcement used in the 

composites are SiC and Al4C3 in an Al 6061 matrix. 

Mechanical properties of PAMCs are inferior 

compared to whisker/short fibre/continuous fibre 
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reinforced AMCs but far superior compared to 

unreinforced aluminium alloys. These composites are 

isotropic in nature and can be subjected to a variety 

of secondary forming operations.  

 Several studies [4-7] have been conducted on the 

machinability of the MMCs using traditional 

conventional methods. Ozben [7] conducted 

experimental investigation on the machinability 

properties of (SiC-p) reinforced aluminium MMC. 

The results concluded that the machinability of 

MMC causes more wear on cutting tools due to the 

presence of abrasive reinforcement element. Hence, 

the need for research and advancement in the non-

conventional machining processes becomes 

unavoidable. 

 

1.1 WEDM Machining: 

 The Electric Discharge Machining (EDM) 

process converts the electrical energy generated in a 

channel between a cathode and an anode to thermal 

energy which creates sufficient high temperature 

(10000 C to 20000 C) for the erosion of work piece 

material [8]. This distinct feature of thermo-electric 

conversion of EDM makes it suitable for 

manufacturing of complex parts used in numerous 

industries [9], [10]. In EDM process, the desired 

shape of the object is obtained by electrical 

discharges i.e., sparks. A localised spark is produced 

between the work-piece and the electrode in the 

presence of a dielectric fluid. The dielectric fluid also 

acts as a coolant and also helps in flushing away the 

residual metal particles [11], [12].  

 Nowadays Wire-cut EDM (WEDM) is 

extensively used. It uses a thin continuously 

travelling wire as an electrode controlled by a micro-

processor thereby eliminating the need for pre-

shaped electrodes. Intricate shapes and profiles are 

possible using WEDM given the degrees of freedom 

of movement the wire electrode is allowed and the 

dimensional accuracy of the machining process. 

 

 
 

Fig. 1: Wire electric discharge machining (WEDM) 

      model. 

 

 In Wire electrical discharge machining (WEDM) 

(Fig 1), also known as wire-cut EDM a thin single 

strand of metal wire, usually brass, is fed through the 

work piece, submerged in a tank of dielectric fluid. 

Wire-cut EDM is typically used to cut plates as thick 

as 300mm and to make punches, tools, and dies from 

hard metals that are difficult to machine with other 

methods. The wire is constantly fed from a spool and 

is held between upper and lower guides. The guides 

usually CNC-controlled move in the x–y plane. On 

most machines, the upper guide can also move 

independently in the z–u–v axis, giving rise to the 

ability to cut tapered and transitioning 

shapes.WEDM is used when low residual stress is 

desired but the significant thermal cycle the 

workpiece undergoes does result in some residual 

stress. This depends on the technological parameters. 

 

1.1.1 Effect of process parameters: 

 The objective of WEDM process is to obtain an 

accurate and an efficient operation of machining 

without reducing the machining performance. This 

can be achieved by studying the inter-relationships 

between various parameters affecting the process and 

finding the optimal set of machining parameters from 

a range of experimental values [15]. The machining 

characteristics of WEDM depend on several process 

parameters such as discharge current, discharge 

capacitance, Pulse ON Time, Pulse OFF Time, Wire 

Feed Rate, wire tension Sensitivity etc. These 

parameters determine the performance measures like 

Surface Roughness, Material Removal Rate (MRR), 

kerf width, and the surface finish of the machined 

surface [16]. Several studies [17-19] have been 

conducted to identify the effect of process parameters 

on the performance measures of WEDM and the 

optimization of process parameters of WEDM [20], 

[21].Kanlayasiri, K., and S. Boonmung [18] carried 

the experiment on DC 53 die steel to analyze the 

influence of WEDM parameters on Surface 

Roughness (SR). ANOVA technique was used to 

identify the effect of machining variables such as 

pulse-on time, pulse-off time, pulse-peak current, and 

wire tension. It was found that pulse-on time and 

pulse-peak current were the high contributing factors 

to the surface roughness (SR) of the work piece. The 

SR of the work piece was found to be 

directlyproportional to the pulse on time and the peak 

current.  

 Themaximization of Material Removal Rate 

(MRR) and minimization of SR is one of the key 

objectives for which many parametric optimization 

studies have been carried out [13], [22]. Mahapatra, 

Swarup S., and Amar Patnaik [21]investigated the 

effect of discharge current, pulse duration,pulse 

frequency, wire speed, wire tension and dielectric 

flow rate on MRR and SR using taguchi method. For 

multi response optimization, mathematical models 

were developed using non-linear regression method. 

Results show that factors like discharge current (A), 

pulse duration (B), dielectric flow rate (F) play a 

significant role in cutting operations. 

 

1. Methodology: 

 The step wise procedure of Grey relational 

analysis integrated with taguchi method has given in 

subsequent sections. 

Taguchi Grey Relational Analysis: 

The step by step procedure is given below: 

Step 1 Normalization of S/N ratio: 
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 It is the first step in the grey relational analysis; 
anormalization of the S/N ratio is performed to 
prepareraw data for the analysis where the original 
sequence istransferred to a comparable sequence. 
Linear normalization is usually required since the 
range and unit in one data sequence may differ from 
the others. A linear normalization of the S/N ratio in 
the range between zero and unity is also called as the 
grey relational generation. Further analysis is carried 
out based on these S/N ratio values. The material 
removal rate is a higher-the better performance 
characteristic, since the maximization of the quality 
characteristic of interest is sought and expressed as: 

 10 2
1 ij

1
S/N Ratio log 1/ (1)

y

n

i

n


    

Where 
      n Number of replications andyij Observed 
response value 
      Where i=1, 2 …n; j=1, 2 …k. 
      The surface roughness was the lower the better 
performance characteristic and the loss function for 
the same can be expressed as: 
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Step 2 Determination of deviation sequences, Δ0i(k): 

 The deviation sequence 0 ( )i k  is the absolute the 

reference sequence *

0 ( )x k and the comparability 

sequence 
*( )ix k after normalization. It is determined 

using Eq.3  
* *

00 ( ) ( ) ( ) (3)i ik x k x k    

 
Step 3: Calculation of grey relational coefficient 
(GRC): 
 GRC for all the sequences expresses the 
relationship between the ideal (best) and actual 
normalized S/N ratio. If the two sequences agree at 
all points, then their grey relational coefficient is 1.

0( ( ), ( ))ix k x k Can be expressed by Eq. (4) 
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 Where, Δmin is the smallest value of 0 ( )i k =

* *

0min min ( ) ( )i k ix k x k and Δmax is the largest valueof

0 ( )i k = * *

0max max ( ) ( )i k ix k x k , *

0 ( )x k  is the ideal 

normalized S/N ratio, *( )ix k is the normalized 

comparability sequence, and ζ is the distinguishing 

coefficient. The value of ζ can be adjusted with the 
systematic actual need and defined in the range 
between 0 and 1, ζ ∈ [0, 1]. It will be 0.5 generally 
[15]. 
 
Step 4 Determination of grey relational grade 
(GRG): 
 The overall evaluation of the multiple 
performance characteristics is based on the grey 
relational grade. The grey relational grade [5] is an 
average sum of the grey relational coefficients which 
is defined as follows: 

0 0
1

1
( , ) ( ( ), ( )) (5)

m

i i
i

x x x k x k
m

 


   

 Where 
0( , )ix x  is the grey relational grade for 

the j
th

 experiment and m the number of 
performancecharacteristics.If the two sequences 
agree at all points, then their grey relational 
coefficient is 1 everywhere, and therefore, their grey 
relational grade is equal to 1. In view of this, the 
relational grade of two comparing sequences can be 
quantified by the mean value of their grey relational 
coefficients and the grey relational grade.  
 
Step 5 Determination of optimum parameters: 
  The grey relational grade calculated for each 
sequence is taken as a response for the further 
analysis. The larger the better quality characteristic 
was used for analysing the GRG, since a larger value 
indicates the better performance of the process. The 
quality characteristics used is given by Eq. 1 [4].  
 
2. Experimental Details:  
 Experiments were conducted by varying the 
process parameters such as Pulse ON Time (T ON), 
Pulse OFF Time (T OFF), Wire Feed Rate (WF) and 
Sensitivity on an EZEECUT NXG CNC WEDM 
machine (Fig 2). Two wire materials have been 
considered for machining of the Aluminium Metal 
Matrix Composite. First, the brass wire is used to 
conduct 9 experiments. The other 9 experiments 
were carried out with zinc coated wire with brass as 
the base material. Surface Roughness (SR) and 
Material Removal Rate (MRR) are the performance 
measures considered. The work piece used in this 
experiment is Al 6061 along with 2% Sic and 5% 
reinforcement. 
 The details of work piece material are given in 
table 1.

 
Table 1: Combination of Metal matrix composites used for experimentation. 

Sl. No Body Material Reinforced Material S.R.F.M % reinforcement 

1 Al 6063 SiC 63 15 

2 Al 6063 Al4C3 53 15 
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Fig. 2: EZEECUT NXG CNC WEDM Machine. 

 The process parameters for experimentation are 

presented in Table 2. Material removal rate and 

surface roughness are considered as response 

characteristics for optimization. 

 
Table 2: Process parameters and their levels. 

Process parameter Unit Level-1 Level-2 Level-3 

Work Piece - 1 2 - 

Pulse On Time µs 32 45 60 

Pulse Off Time µs 6 8 10 

Wire Feed mm/min 99 75 60 

Sensitivity µ 40 80 120 

 

 The MRR is calculated as  

(2 ) 3 / min
Wg D t L

MRR mm
T

  
 . 

 Where MRR is material removal rate and Wg is 

Spark gap between wire and work piece (mm), D is 

Diameter of wire (mm), t is thickness or height of the 

work piece (mm), L is Distance travelled by the tool 

(mm), andT is Time takento cut one profile 

(min).The MAHR Surface Roughness Tester is used 

to calculate surface roughness values. The 18 

experiments were conducted according to the 

Taguchi L18 orthogonal array and results are 

presented in Table 3. Taguchi analysis is coupled 

with Grey relational analysis for optimization.  

 

3.1 Single objective optimization: 

 Single response optimization is carried out to 

investigate the effects of machining parameters on 

MRR and SR. According to the Taguchi method, S/N 

ratios were calculated for each experiment. The 

objective of optimization is to maximize the MRR 

and minimize the SR. The response table for S/N 

ratios of MRR and SR is calculated considering the 

fact that MRR is a larger-the-better performance 

characteristic and SR is smaller the better 

performance characteristic from equations 1and 

2.The response table for MRR and SR are presented 

in table 4. From Fig 3the response graphs for MRR 

and SR can be shown. ANOVA is performed and 

presented in table 5. 

 
Table 3: Experimental Results and S/N ratios of experimental results. 

Exp  

No. 

Work 

Piece 
T on T off 

Wire 

Feed 
Sensitivity 

M.R.R 

(mm3/min) 

SR 

(μm) 

S/N ratio 

of MRR 

S/N ratio 

of SR 

1 1 1 1 1 1 11.75 9.2125 21.4007 -19.2876 

2 1 1 2 2 2 15.25 9.3361 23.6654 -19.4033 

3 1 1 3 3 3 21.84 7.4761 26.78505 -17.4735 

4 1 2 1 1 2 14.93 9.9277 23.4812 -19.937 

5 1 2 2 2 3 21.49 8.4031 26.6447 -18.4888 

6 1 2 3 3 1 12.25 9.7596 21.76272 -19.7886 

7 1 3 1 2 1 11.89 12.1205 21.50364 -21.6704 

8 1 3 2 3 2 15.59 11.2435 23.85692 -21.018 

9 1 3 3 1 3 20.93 10.9866 26.41538 -20.8173 

10 2 1 1 3 3 17.64 8.9167 24.92997 -19.0041 

11 2 1 2 1 1 10.21 10.0034 20.18051 -20.003 

12 2 1 3 2 2 12.96 9.3317 22.2521 -19.3992 

13 2 2 1 2 3 18.69 10.4005 25.43219 -20.3411 

14 2 2 2 3 1 10.72 12.5385 20.6039 -21.9649 

15 2 2 3 1 2 13.16 13.8996 22.38512 -22.86 

16 2 3 1 3 2 13.81 11.2216 22.80387 -21.0011 

17 2 3 2 1 3 18.40 11.9384 25.29636 -21.5389 

18 2 3 3 2 1 10.51 9.0026 20.43205 -19.0874 

 

 From the graph it is shown that machining on 

composite with Sic, cutting speeds are high.From this 

it can be concluded that for higher machining rates 

Sic is advisable reinforced material for development 

of composites if the object is only higher machining 

rates.. 

  

 Multi Objective Optimization: 

 Grey Relational analysis coupled with Taguchi 

technique is used for multi objective optimization.  

Grey relational analysis is conducted on 

experimental results and grey relational grades are 

presented in table 5. 

 The results obtained from the experiments were 

analysed using Analysis of Variance to find the 

significance of each input factor on the measures of 

process performances, Material Removal Rate, 

surface roughness. Using the grey grade value, 

ANOVA is formulated for identifying the significant 

factors. The results of ANOVA are presented in the 

Table 6. From ANOVA table it is clear that 

Sensitivity the major influencing factor contributing 

50.3518% to performance measures, followed by 

pulse on time contributing 20.2777%, and pulse off 

time contributing 4.3055%, wire feed contributing 

2.4074%, material contributing 0.6944%. 
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Table 4: Response Graphs for S/N ratios of Responses. 

Response Graph for SR 

 
Response graph for MRR 

 

 
Table 5: Grey relational coefficients and grey relational grades. 

Exp. 

No 

GRC of 

MRR 

GRC of 

SR 
GRG 

Exp. 

No 

GRC of 

MRR 

GRC of 

SR 
GRG 

1 0.730184 0.597531 0.663857 10 0.410132 0.637632 0.523882 

2 0.486547 0.582569 0.534558 11 0.999999 0.515681 0.75784 

3 0.333333 0.999999 0.666666 12 0.614506 0.583085 0.598796 

4 0.50012 0.522279 0.5112 13 0.386052 0.484325 0.435189 

5 0.338123 0.726229 0.532176 14 0.886359 0.374861 0.63061 

6 0.676074 0.537748 0.606911 15 0.599663 0.333331 0.466497 

7 0.713943 0.390883 0.552413 16 0.557286 0.43294 0.495113 

8 0.473194 0.431764 0.452479 17 0.392281 0.398488 0.395385 

9 0.346254 0.446123 0.396188 18 0.929218 0.625303 0.777261 

 

 
 

Fig. 3: 

 
Table 6: ANOVA for GRG. 

Source DOF SS MSS F RATIO % Of Contribution 

Wire 1 0.0015 0.0015 0.11 0.6944 

T ON 2 0.0438 0.0219 1.91 20.2777 

T OFF 2 0.0093 0.0047 0.34 4.3055 

WF 2 0.0052 0.0026 0.19 2.4074 

Sensitivity 2 0.10876 0.005438 7.61 50.3518 

Error 8 0.04744    

Total 17 0.2160    

   

3. Conclusions: 

 In this paper optimization of WEDM process on 

machining of aluminium metal matrix composites 

has been carried out for achieving the objective of 

higher MRR and lower SR. From the 

experimentation and analysis the following 

conclusions are drawn. 

 According to the Grey Relational Analysis we 

found that 18th experiment is giving the optimal 

values for MRR and surface roughness ie. A2, B3, 

C3, D2, E1 has the best optimal performance 

characteristics among the 18 experiments conducted.  

  The response table provides the basis to identify 

the optimal parametric combination for the 
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performance characteristics. Based on the maximum 

values shown in the response table for different 

levels the optimal level of machining parameters is 

A2, B1, C3, D2, and E1.  

 Overall for multi objective optimization 

composite can be made with Al4C3 than Sic for 

achieve objective of higher MRR and lower SR. 

 

References 

 

1. Saini, V.K., A. Khan Zahid and Arshad Noor 

Siddiquee, 2013. "Optimization of wire electric 

discharge machining of composite material 

(Al6061/Sicp) using taguchi method." 

International Journal of Mechanical and 

Production Engineering, 2.  

2. Prakash, J., Udaya, T.V. Moorthy and J. Milton 

Peter, 2013. "Experimental Investigations on 

Machinability of Aluminium Alloy A413 Hybrid 

Composites Using Wire EDM." Procedia 

Engineering,  64: 1344-1353.  

3. Sikder, Snahungshu and H.A. Kishawy, 2012. 

"Analytical model for force prediction when 

machining metal matrix composite." 

International Journal of Mechanical Sciences, 

59(1): 95-103.  

4. Rao, ThellaBabu and A. Gopala Krishna, 2013. 

"Selection of optimal process parameters in 

WEDM while machining Al7075/SiCp metal 

matrix composites."The International Journal of 

Advanced Manufacturing Technology , 1-16.  

5. Manna, A. and B. Bhattacharayya, 2003. "A 

study on machinability of Al/SiC-MMC.", 

Journal of Materials Processing Technology, 

140(1): 711-716.  

6. Kılıckap, E., O. Cakır, M. Aksoy and A. Inan, 

2005. "Study of tool wear and surface roughness 

in machining of homogenisedSiC-p reinforced 

aluminium metal matrix composite." Journal of 

Materials Processing Technology, 164: 862-867.  

7. Ozben, Tamer, ErolKilickap and OrhanÇakır, 

2008. "Investigation of mechanical and 

machinability properties of SiC particle 

reinforced Al-MMC." Journal of materials 

processing technology, 198(1): 220-225.  

8. Nilesh, G., Patil, P.K. Brahmankar, 2010. Some 

studies into wire electro-discharge machining of 

alumina particulate-reinforced aluminum matrix 

composites, International Journal of Advanced 

Manufacturing Technology, 48: 537–555. 

9. Garg, 2010. Review of research work in sinking 

EDM and WEDM of metal matrix composite 

materials, International Journal of Advanced 

Manufacturing Technology, 50: 611–624. 

10. Boopathi, S., K. Sivakumar, R. Kalidas, 2012. 

Parametric Study of Dry WEDM Using Taguchi 

Method, International Journal of Engineering 

Research and Development, 2(4): 63-68. 

11. Aniza Alias, 2012. Influence of machine feed 

rate in WEDM of titanium Ti-6Al-4V with 

constant current (6A) using brass wire / Procedia 

Engineering, 41: 1806–1811. 

12. Mohapatra, S.S., 2006. Amar Pattnaik, 

Optimization of WEDM process parameters 

using Taguchi method, International Journal of 

Advanced manufacturing Technology.  

13. MohdAmriLajis, H.C.D. MohdRadzi, 2009. The 

Implementation of Taguchi Method on EDM 

Process of Tungsten Carbide, European Journal 

of Scientific Research ISSN 1450-216X, 26(4): 

609-617.  

14. NihatTosun, Can Cogun, 2004. A study on kerf 

and material removal rate in wire electrical 

discharge machining based on Taguchi method, 

Journal of Materials Processing Technology, 

152: 316–322. 

15. Abdullah Konak, David W. Coit, Alice E. Smith, 

Multi-Objective Optimization Using Genetic 

Algorithms: A Tutorial. 


