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INTRODUCTION

 
 The Titanium and its alloys have best known 
characteristic of being high strength and high 
corrosion resistance. Titanium grade II alloys are 
commonly used in aerospace jet engine housings, 
wings and fuselage parts. It is also used in the 
production of parts in turbine blades, nozzle plates, 
stellite rings, zygomatic and dental implants
(Meyers, M.A., 2008), burner structures etc, 
commonly used machining process like micro 
drilling etc produces burr, residual stresses, recast 
layer on the work material which may affect the hole 
accuracy and surface finish. among var
machining process (Jain, V.K., 2010
Electrochemical Micro-machining is one of the main 
focus of the world research efforts in meeting the 
challenges of Micro-manufacturing. ECMM can 
handle large variety of materials. It has the ability to 
machine three- dimensional curved surfaces, micro 
holes without striation marks, stress free and burr 
free machining process which also cause no thermal 
damage to the work material. So, Electrochemical 
Micro-machining process which have the potential 
and versatility to produce large number of quality 
holes  in hard and difficult to machine materials is 
employed for the drilling of micro holes as it 
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A B S T R A C T  
Micro manufacturing is the key technology for the production of miniaturized parts and 
components. Electrochemical micro-machining process is one of the better alternatives 
for producing micro holes with good surface finish and better dimensional accuracy 
which can be well suited for the production of micro parts to meet the demand 
requirements of aerospace, automobile, electronics, chemical and also in biomedical 
industries. The process parameters like duty cycle, voltage, current, concentration are 
considered to get high material removal rate and minimum over cut during 
electrochemical machining (ECM) of Titanium grade II material of 0.2mm thickness. 
The optimization of process parameters was done by Taguchi and Grey relational 
approach to get high material removal rate and minimal over cut. The experimental 
model have been simulated and analyzed in COMSOL software. It
optimal selected parameters are in good agreement with the experimental and 
simulation results. 
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INTRODUCTION  

The Titanium and its alloys have best known 
characteristic of being high strength and high 
corrosion resistance. Titanium grade II alloys are 
commonly used in aerospace jet engine housings, 
wings and fuselage parts. It is also used in the 

oduction of parts in turbine blades, nozzle plates, 
stellite rings, zygomatic and dental implants 

, burner structures etc, 
commonly used machining process like micro 
drilling etc produces burr, residual stresses, recast 

k material which may affect the hole 
accuracy and surface finish. among various advanced 

Jain, V.K., 2010). 
machining is one of the main 

focus of the world research efforts in meeting the 
turing. ECMM can 

handle large variety of materials. It has the ability to 
dimensional curved surfaces, micro 

holes without striation marks, stress free and burr 
free machining process which also cause no thermal 

So, Electrochemical 
machining process which have the potential 

and versatility to produce large number of quality 
holes  in hard and difficult to machine materials is 
employed for the drilling of micro holes as it 

produces it with high accuracy and b
finish in less time . Electrochemical micro
is a complex process and it is difficult to predict the 
changes that may occur during the machining process 
due to inter electrode gap, changes in electrolyte 
properties due to the emissio
amount of heat and gases. Hydrodynamic properties 
such as velocity, pressure which vary along  the 
electrolyte direction is the challenging task for the 
analysis during micro-machining. The influence of 
process parameters on electrochemic
machining can be studied by the use of simulation 
software. So, COMSOL software v4.2 a can be 
employed for this real time study to predict and 
analyze the material removal, heat transfer pattern 
during machining. The selection of process 
parameters plays an important role in 
electrochemical micro machining process to meet the 
demand requirements with respect to various 
industry applications. The ECMM process 
parameters should be optimized to minimize the 
dimensional inaccuracy and maximize the mate
removal rate. The Taguchi design of experiments is a 
powerful method used to achieve high quality in 
lesser no of experiments. It provides better settings as 
compared to traditional experimental designs which 
are time consuming due to a large number o
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experiments and most of the time not feasible (Ross, 
P.J., 1996). The Taguchi method reduces the 
sensitivity of quality characteristics to various 
unknown noise factors. Large numbers of papers 
have been published on Taguchi technique handling 
single output response. However, working with 
multiple responses is still an interesting area of 
research problem. The grey relational analysis deals 
with incomplete information of systems (Liu, S. and 
Y. Lin, 2010).The Grey relational system converts 
the multiple performance characteristic into single 
multi response performance index (MRPI) (Tsao, C., 
2009). Hence the optimization of multiple 
performance characteristics is well handled by 
integrated Taguchi-Grey relational analysis, which 
was not possible by the Taguchi method alone.  
 
2.Literature Survey: 
 Xialong Fang  et al (2014) made an attempt to 
generate pulsating flow in the electrolytic supply 
pipe which is used to improve the heat transfer , 
material removal rate and profile surface in 
Electrochemical machining. He presented a 
multiphysics model with coupling of electric 
currents, heat and transport of diluted species and 
fluid flow. Simulation results significant impact on 
the distribution of velocity, gas fraction and 
temperature distribution near the work piece surface. 
The simulation results was compared with the 
experimental result and it was in good agreement.  
 Sumit  et al [2]  found that the machining 
accuracy at higher depths is severely affected due to 
overcut and tool wear, so he fabricated the  high 
aspect  ratio micro tools for the micro drilling of 
deep micro holes in low electrolyte concentration. It 
was clear from that lowering the electrolyte 
concentration reduces the overcut tool wear and hole 
taper by 39% and 18% respectively.  
 K.P.Rajurkar   et al (2013)  reviewed that 
Electrochemical micro machining offers an better 
alternative in generating accurate 3D complex 
shaped macro, micro and nano features in 
components of difficult to machine materials. Brief 
review was made by considering the process 
parameters like current, voltage, electrolyte 
concentration, tool and their influence on machining 
the different work piece materials. Technological 
advancements of electrochemical micro machining in 
Industrial research and its wide applications was 
thoroughly studied. 
 Zabel  et al (2012)  has reviewed the use of 
electrochemical micromachining for the deep hole 
machining for automotive applications. 
 Kozak  et al  in his work, explained that the 
higher rates of electrolyte flow results in the 
improved material removal rate and better surface 
finish for machining Titanium material. 
 Klocke  et a (2012)  in his work found that 
Electrochemical machining is one of the most cost 
effective method for machining Titanium and its 

alloys compared with other unconventional processes 
like micro-milling and Electro Discharge Machining 
(EDM).  
 V.K.Jain  et al. (2010)  studied the influence of 
electrolyte flow velocity on temperature, 
conductivity and current density. Increase in 
electrolyte flow velocity decreases temperature rise, 
decreases electrolyte conductivity and decreases 
current density. Material removal rate was maximum 
when the electrolyte flow velocity is low. Deviation 
is minimum when the flow velocity is high.  
 Wuthrich. R  et al. made a study on Electro 
chemical machining mechanism and it is 
combination of thermal and chemical machining and 
the thermal effect clearly dominates. He also studied 
the effect of electrolyte on machining and he found 
that the NaOH electrolyte seems to have most 
interesting properties compared to other electrolytes. 
Molten salt electrolytes ( eutectic of NaOH and 
KOH) drastically improve the smoothness of the 
machined surface.  
 Narendar Singh. P  et al. Grey relational theory 
provides a efficient management upon the 
uncertainity, multi-input and discrete data, it also 
reveals the interactions among the parameters by 
providing better solution.The relation between 
machining parameters and performance an be found 
out with grey relational analysis. 
 
3.Experimentation: 
3.1. Experimental set up: 
 The experiments were conducted on the 
Electrochemical machining set up shown in the fig.1. 
The ECM set up consists of the machining chamber, 
control panel, electrolyte circulation system.The 
work piece is fixed inside the machining chamber 
and the cathode (tool) is attached to the main screw 
which is driven by a stepper motor control.The 
parameters like duty cycle, voltage and current are 
varied by the control panel.  
 
3.2. Selection of work piece and tool materials: 
 Rectangular sheet of 500mm width and 300mm 
length Titanium grade II material of 0.2mm thickness 
is chosen as work piece. Tungsten tool of 0.5mm flat 
end diameter  and wedge shaped is used as a tool. A 
mixture of Hydrocholric acid, Hydroflouric acid, 
Nitric acid is used as an electrolyte. 
 
3.3. Selection of machining parameters: 
 In this study, the experimental plan has three 
contolled variables namely duty cycle, voltage, and 
current.The levels of the machining parameters were 
selected, shown in table 1. 
 
3.4.Design of Experiments: 
 Experimental design was developed by Fisher. 
Experimental methods are too complex and require a 
large number of experiments as number of process 
parameter increases. The Taguchi method uses a 
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special design called orthogonal array to study the 
entire space of parameter with lesser number of 
experiments. The experimental results are converted 
into signal to noise ratios (S/N). The signal to noise 
ratio gives an idea about performance characteristic 
deviating from desired values. The larger the S/N 
ratio lesser is the deviation of performance 
characteristic from the desired values. There are 
three types of performance characteristics in analysis 
of S/N ratio. The lower-the-better, the higher-the-
better and the nominal-the-better. Irrespective of the 
type of performance characteristics, the optimal level 
of process parameters is with the higher S/N ratio. 
The Taguchi method is a design to handle single 

performance characteristic. Hence the optimization 
of multiple performance characteristics is still an area 
of research. In this paper, Taguchi method is 
integrated with Grey relational analysis to handle 
multiple responses that are surface roughness and 
material removal rate. The S/N ratios of responses 
are taken as the input to the fuzzy Logic system and 
are converted to multi response performance index 
(MRPI) which gives an idea about simultaneous 
performance of multiple responses. Larger the MRPI 
better is the performance of multiple responses. 
 
 

 

 
 
Fig. 1: Electrochemical machining set up. 
 
Table 1: Electrochemical Machining parameters. 

Process Parameters Level 1 Level 2 Level 3 
Duty cycle (A) 60 70 80 

Voltage (B) 17 18 19 
Current (C) 4 4.5 5 

 
4.Optimisation Of Machining Parameters: 
4.1.Selection of orthogonal array: 
 Selection of proper orthogonal array depends on 
the computation of total degree of freedom. The 
number of comparisons made between the levels to 
know which level is better is called degree of 
freedom .For example a three level process 
parameter can be compared with two other levels, 
hence the degree of freedom is two. There are three 
process parameters considered for Lapping operation 
and each parameter is of three levels, hence the total 
degree of freedom is 6. The selected orthogonal array 
should have a degree of freedom greater than or 
equal to those of process parameters. In this study L9 
orthogonal array is selected as the degree of freedom 
of L9 (i.e 8) is greater than the total degree of 
freedom of process parameters. The Taguchi 
orthogonal array gives the better combination of 
experimental runs and reduces the number of runs, 
hence making the experimentation feasible. The 
combination of the process parameters using L9 is 
given in Table 2. 

4.2.Signal to noise ratio: 
 The S/N ratio is the ratio of size of signal factor 
effect to the size of error factor effect. The S/N ratio 
consolidates several repeated output responses into a 
single value which reflects the amount of variation 
present. The S/N ratio measures the sensitivity of 
quality characteristic to external noise factor which is 
not under control. The highest S/N ratio implies the 
least sensitivity of output response to noise factors. 
On the basis of characteristic three S/N ratios are 
available namely lower the better, higher the better 
and nominal the better. In this paper lower-the-better 
for minimizing overcut and higher-the-better for 
maximizing material removal rate is used.  
 
5.Taguchi Grey Optimization: 
 The grey system theory was developed by 
Julong Deng in 1982. The grey system theory deals 
with partially known information. The steps in 
Taguchi grey approach are as follows. 
 

 



693                                                                    Elumalai P.C.  et al, 2015 
Australian Journal of Basic and Applied Sciences, 9(31) September 2015, Pages: 690-694 

 

Table 2: S/N Ratio for MRR and Overcut. 

S.No 
Duty 
cycle 

Voltage current MRR (mg/min) Overcut S/N MRR 
S/N 
OC 

1 1 1 1 0.17755 0.41750 -15.013 7.58 
2 2 2 2 0.21999 0.50167 -13.155 6 
3 3 3 3 0.17030 0.53500 -15.375 5.4 
4 1 2 3 0.18485 0.39917 -14.663 7.97 
5 2 3 1 0.16630 0.18834 -15.582 14.5 
6 3 1 2 0.22628 0.31667 -12.907 9.9 
7 1 3 2 0.13491 0.18834 -17.339 9.71 
8 2 1 3 0.39223 0.32667 -8.129 8.16 
9 3 2 1 0.31474 0.39083 -10.04 10.75 

 
• Step1: Select a suitable orthogonal array and 
perform the experimentation. 
• Step2: Calculate the S/N ratios of the responses 
and find the normalized values of the same using the 
following equations as follows. 
For higher is better performance response, the 
normalized value (���) for the responses are given by 
Eq.2  whereXij is  jth response and ith trial. 

��� = � ���	
������

������	
�������              (2) 

For lower is better performance response, it is given 
by 

��� = � 
������	����

������	
�������            (3) 

• Step3: Find the maximum of the normalized 
value, let it be R 
� = �������                    (4) 
• Step4:Find the absolute difference (Zij) between 
each normalized value and R 
��� = ���� − ��            (5) 

 
Table 3: Grey relational data. 

S.No 
Normal 
MRR 

Normal 
oc 

GRCs of MRR GRCs of OC MRPI 

1 0.252 0.23 0.400 0.39 0.395 
2 0.454 0.06 0.478 0.34 0.409 
3 0.213 0 0.388 0.33 0.359 
4 0.290 0.28 0.413 0.40 0.406 
5 0.190 1 0.381 1 0.690 
6 0.481 0.50 0.491 0.5 0.4955 
7 0 0.47 0.333 0.48 0.406 
8 1 0.29 1 0.47 0.735 
9 0.79 0.58 0.704 0.54 0.625 

 
• Step5: Find grey relational coefficient of each 
normalized value, the grey relational coefficients  
(Cij)  are calculated using following formula. 

��� = �
�������µ
������
����µ
������ �            (6)                                                                                                       

 Where µ is the weight generally taken as 0.5 
• Step 6: Calculate the grey relational grade (Gk), 
where n is the number of responses. 

�� = ∑ ����� !
�                               (7) 

 Here the grey relational grade is the multi 
response performance index which gives the 
combined performance of multiple responses. 
Greater the MRPI value, better is the combined 
performance of the responses . 
 
Optimal level selection: 
 MRPI gives an idea of simultaneous 
performance of multiple responses together. The 
larger the value of MRPI, better is the multiple 
performance characteristic. The effect of each 
parameter on MRPI can be separated at different 

level as the experimental scheme is based on Taguchi 
orthogonal array. For example, the mean MRPI for 
concentration at level 1 can be calculated by 
averaging the MRPI for experiments 1-3 from Table 
3. In this way mean MRPI for all the levels of other 
parameter can be calculated and is shown in Table 
4.The level having the maximum value of MRPI is 
selected as the optimal level from each parameter. 
Hence the optimal parameter levels are A2B1C1. 
 
Confirmation Test: 
 The optimal levels of process parameters frm the 
Table 4 are A2B1C1. As optimal level of parameters 
has been identified, the further step is to predict and 
verify the improvement of the performance 
characteristics using the optimal level of parameters. 
The predicted MRPI of optimal level of parameters 
can be calculated using following formula. 
MRPI& = MRPI' +   ∑   (MRPI+ − MRPI')-

+./      (8) 
 

 
Table 4: MRPI Table. 

 Process Parameters Level 1 Level 2 Level 3 
A Duty cycle 0.402 0.611 0.493 
B Voltage 0.54 0.48 0.485 
C Current 0.57 0.43 0.5 

Mean Value of MRPI=0.502 
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 Where MRPIm is the total mean of the MRPI, 
MRPIiis the mean of MRPI at optimal level and q is 
the number of process parameters that significantly 
affect the multiple performance characteristics. Table 
8 shows the result of confirmation experiments using 

the optimal machining parameters. As seen in table 5 
overcut value decreased from 0.53500to 
0.39917(mm) and Material removal rate from 
0.18425 to 0.22628 mg/min. 
 

 
Table 5: Confirmation test. 

Initial machining parameters 
Optimal machining parameters 

Predicted Experimental 
Setting A2B1C1 A2B1C1 A2B1C1 
MRR 0.18425  0.22628 

Overcut 0.53500  0.39917 
MRPI 0.38 0.502 0.680 

Improvement in MRPI=0.18 

 
Conclusion: 
 This paper has presented integrated Taguchi-
Grey approach for optimization of process 
parameters for lapping cast iron with multiple 
performance characteristics. The following parameter 
setting has been identified as to yield the best 
combination of parameters: A2B1C1. The 
experimental results showed that there was 
significant improvement in material removal rate and 
reduction in overcut. By this study, the optimized 
process parameters minimized the overcut and at the 
same time increased the productivity by maximizing 
the material removal rate. 
 
9. Future Work: 
 The parameters will be simulated in the 
COMSOL software and current density, potential 
distribution and material removal rate will be 
validated. 
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