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Abstract— The machining of materials on Nano particles is considered the technology of the future. The current techniques 

for micro manufacturing mostly are silicon based. These manufacturing techniques have limitations in demanding 

applications like aerospace and biomedical industries. Micro electrochemical machining (µECM) removes material while 

holding micron tolerances and µECM can machine hard metals and alloys. Electrochemical micromachining (ECMM) is one 

of the best micromachining techniques for machining electrically conducting, tough, and difficult-to-machine materials with 

suitable machining parameter combinations. In this project, the effect of process parameters such as such as electrolyte 

concentration, machining voltage, and duty cycle on the material removal rate (MRR) were studied using Copper Alloy and 

stainless steel work piece.  According to Taguchi’s quality design concepts is used. ANOVA is also performed to determine 

the most significant parameter that influences the EMM process. The optimum process parameters for higher MRR are found 

out and confirmation tests were carried out to validate the prediction. This research helps to understand the selection of 

machining parameters for ECMM of Stainless Steel and Copper Alloy. 
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I. INTRODUCTION 

The shaping of parts with dimension in the range of 50 to 500µm and production of parts with high surface finish has a lot of 

applications in industries. The fabrication of microstructures by ECM is known as µECM. Alternatively, it can be thought of 

as a material removal process maintaining micron range tolerances. The removal of material occurs atom by atom from the 

work piece surface.  These manufacturing techniques have limitations in demanding applications like aerospace and 

biomedical industries.  

Electrochemical micromachining (ECMM) is one and only best micromachining techniques for machining 

electrically conducting, tough, and difficult-to-machine materials with suitable machining parameter combinations. In this 

project, the effect of process parameters such as such as electrolyte concentration, machining voltage, and duty cycle on the 

material removal rate (MRR) were studied using Copper Alloy and stainless steel work piece.  According to Taguchi’s quality 

design concepts is used. ANOVA is used to calculate the MRR and S/N Ratio. The optimum process parameters for higher 

MRR are found out and confirmation tests were carried out to validate the prediction. This research helps to understand the 

selection of machining parameters for ECMM of Stainless Steel and Copper Alloy. 

The word ‘manufacturing’ is derived from the Latin word ‘manu facture’ which means made by hand. It is a process 

of making a row material in to a finished product. The manufacturing system is shown in Figure 1.1. 

 
Fig. 1.1: Manufacturing system 

Input includes customer demand, money and material .customer demand serves as stimulant to encourage an 

enterprise to provide products. A manufacturing enterprise needs money to convert a raw material in to a product. The 

process includes usage of different techniques and human resources are selected. Output of manufacturing system is a 

finished product.  

II. LITERATURE REVIEW 

The literatures pertaining to the composite materials have been studied and the details are presented as follows, 

Arularasu et al [1] had studied the Electrochemical Micromachining of Super Duplex Stainless Steel for Biomedical 

Filters. They studied industries are looking for miniature components which can perform complex functions in the areas of 

electronics, biomedical and nuclear applications. Electrochemical micromachining (ECMM) is an emerging nonconventional 

technology for producing micro/meso scale components. The micromachining of super duplex stainless steel (SDSS) is 

generally very difficult, less accurate and time consuming when using many of the nonconventional machining methods. 
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Among the various factors investigated, duty cycle is found to be the most significant factor and contributes about 42% to the 

MRR. As the duty cycle increases, the pulse on time also increases which contributes to more MRR. The parameters such as 

current 0.6 amps, voltage 9V, frequency 30 Hz, electrolyte concentration 0.5 mol/lit and duty cycle 66.66% produce 

maximum MRR in the micromachining of SDSS. This research helps to understand the selection of the machining parameters 

for ECMM of SDSS. 

Chen Hui et al [6], had Investigate Effects of Complexing Agent on Electrochemical Micro Machining of Stainless 

Steel. Electrochemical Machining (ECM) is a prospective technique in micro machining. The productions of work piece in 

ECM are precipitation of hydroxide, which will block the machining gap. To prevent the formation of hydroxide, acids were 

often used. This study is conducted to find the effects of complexing agent on Electrochemical Micro Machining (ECM) of 

stainless steel. Compared to acids, the complexing agent is non-toxic and non-corrosive. ECM of stainless steel by applying 

short pulses in sodium chlorate electrolyte added with complexing agent is researched. It is a kind of effective complexing 

agent in electrochemical machining of stainless steel. 

Chenjun et al [7] have studied Electrochemical Discharge Machining Using Micro-Drilling Tools. Electrochemical 

discharge machining (ECDM) is a promising technology for micromachining electrically insulating materials such as glass, 

quartz and some ceramics. Micro-hole drilling using electrochemical discharge effect has been practiced in MicroElectro 

Mechanical systems and micro-fluidic systems. Tool rotation rate, a key parameter for this hybrid process, is experimentally 

studied. Material removal mechanism of ECDM using micro-drills is investigated using a scanning electron microscope. 

Padmanabhan et al [13] have Carried out the Application of Taguchi methods and ANOVA in optimization of 

process parameters for metal removal rate in electrochemical machining of Al/5%SiC composites. To machine these types of 

materials conventional machining methods are unsuitable because of high tool wear and tooling cost. Electrochemical 

Machining (ECM) is one of the important non-traditional machining processes, which is used for machining of electrically 

conducting, difficult-to-machine materials and intricate profiles. The influence of the various process parameters, i.e. voltage, 

feed rate and electrolyte concentration on the predominant machining criteria, i.e. the metal removal rate (MRR) was studied. 

The settings of the process parameters were determined by using Taguchi’s experimental design method. Orthogonal arrays 

of Taguchi, the signal-to-noise (S/N) ratio, the analysis of variance (ANOVA), and regression analyses are employed to find 

the optimal process parameter levels and to analyze the effect of these parameters on metal removal rate values. 

III. PROBLEM DEFINITION AND OBJECTIVES 

A. Problem Definition  

It is difficult to machine microholes in very hard and brittle materials by using traditional machining methods.Micro electro 

chemical machining (µECM) removes material while holding micron tolerances and (µECM) can machine hard materials and 

alloys.The ECMM is still in its initial stages of development and a lot of research needs to be done to improve MRR 

optimizing the various process parameters. 

B. Objectives 

The main objectives of this study would be: 

To identify the values of controlling parameters namely electrolyte concentration, machining voltage, machining 

current and duty cycle.   

Aspect ratio and metallurgical properties will be saved. Machining will be takes place always by Anodic Disolution 

method. To obtain the higher MRR and S/N ratio. Taguchi method is used to reduce the Material wastage and Machining 

Time. 

To calculate the response under the optimum condition. The Quality should be measured as a function of deviation 

from the standard and the losses should be measured system-wide. 

IV. METHODOLOGY 

There are many machining parameters that are associated with the micro ECM operation. Here our focus is mainly on 

electrolyte concentration, voltage, machining current and duty cycle to analyze their effect on material removal rate. Then a 

mathematical model for material rate is generated and suitable optimization technique is applied to optimize the machining 

parameters. 

A. Taguchi Experimental Design and Analysis 

Taguchi’s comprehensive system of quality engineering is one of the engineering achievements of the 20th century. His 

methods focus on the effective application of engineering strategies rather than advanced statistical techniques. It includes 

both upstream and   shop-floor   quality   engineering.   Upstream   methods   efficiently   use   small-scale experiments to 

reduce variability and remain cost-effective and robust design for large-scale production   and   market   place.   Shop-floor   

techniques   provide   cost-based,   real   time methods for monitoring and maintaining quality in production.  The farther 

upstream a quality method is applied, the greater leverages it produces on the improvement, and the more it reduces the cost 

and time.  Taguchi’s philosophy is founded on the following three very simple and fundamental concepts: 

 Quality should be designed into the product and not inspected into it. 
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 Quality is best achieved by minimizing the deviations from the target. The product or process should be so designed that 

it is immune to uncontrollable environmental variables. 

 The cost of quality should be measured as a function of deviation from the standard and the losses should be measured 

system-wide. 

B. Steps Applied In Taguchi Methods 

Taguchi proposed a standard procedure for applying his method for optimizing any process. The steps suggested by Taguchi 

are: 

1) Determine the quality characteristic to be optimized 

The first step in the Taguchi method is to determine the quality characteristic to be optimized. The quality characteristic is a 

parameter whose variation has a critical effect on product quality. It is the output or the response variable to be observed. 

2) Identify the noise factors and test conditions 

The next step is to identify the noise factors that can have a negative impact on system performance and quality. Noise factors 

are those parameters which are either uncontrollable or are too expensive to control. Noise factors include variations in 

environmental operating conditions, deterioration of components with usage, and variation in response between products of 

same design with the same input. 

3) Identify the control parameters and their alternative levels 

The third step is to identify the control parameters thought to have significant effects n the quality characteristic. Control 

(test) parameters are those design factors that can be set and maintained. The levels (test values) for each test parameter must 

be chosen at this point. The number of levels, with associated test values, for each test parameter defines the experimental 

region. 

4) Design the matrix experiment and define the data analysis procedure 

The next step is to design the matrix experiment and define the data analysis procedure. First, the appropriate orthogonal 

arrays for the noise and control parameters to fit a specific study are selected. Taguchi provides many standard orthogonal 

arrays and corresponding linear graphs for this purpose. After selecting the appropriate orthogonal arrays, a procedure to 

simulate the variation in the quality characteristic due to the noise factors needs to be defined. A common approach is the use 

of Monte Carlo simulation. 

5) Conduct the matrix experiment 

The next step is to conduct the matrix experiment and record the results. The Taguchi method can be used in any situation 

where there is a controllable process. The controllable process can be an actual hardware experiment, systems of 

mathematical equations, or computer models that can adequately model the response of many products and processes. 

6) Analyze the data and determine the optimum levels for control factors 

After the experiments have been conducted, the optimal test parameter configuration within the experiment design must be 

determined. To analyze the results, the Taguchi method uses a statistical measure of performance called signal to noise (S/N) 

ratio borrowed from electrical control theory. 

7) Predict the performance at these levels 

Using the Taguchi method for parameter design, the predicted optimum setting need not correspond to one of the rows of the 

matrix experiment. This is often the case when highly fractioned designs are used. Therefore, as the final step, an 

experimental confirmation is run using the predicted optimum levels for the control parameters being studied. 

8) Signal to noise ratio and Pareto ANOVA approaches 

The S/N ratio developed by Dr. Taguchi is a performance measure to choose control levels that best cope with noise. The S/N 

ratio takes both the mean and the variability into account. In its simplest form, the S/N ratio is the ratio of the mean (signal) to 

the standard deviation (noise).  

9) Advantages of DOE using Taguchi approach 

 Experimental planning and problem formulation 

 Experimental lay out 

 Data analysis 

10) Applications steps of DOE/Taguchi approach 

 Select Project 

 Plan Experiment 

 Designing experiments 

 Conduct Experiments 

 Analyze Results 

11) Experimental Design Strategy 

Taguchi’s recommends orthogonal array (OA) for laying out of experiments. These OA’s are generalized Graeco-Latin 

squares. To design an experiment is to select the most Suitable OA and to assign the parameters and interaction of interest to 

the appropriate columns. The use of linear graphs and triangular table suggested by Taguchi makes the assignment of 

parameters simple. 

In the Taguchi method the results of the experiments are analyzed to achieve one or more of the following 

objectives: 

 To establish the best or the optimum condition for a product or        process 
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 To estimate the contribution of individual parameters and interactions 

 To estimate the response under the optimum condition 

C. Experimental Work 

 The experiments were conducted on micro ECM set up with pulse rectifier. Both tool and work piece made up of stainless 

steel material. Specification of micro ECM setup and pulse rectifier is shown in given tables. Machining condition set by 

various process parameters influence the MRR.  

D. Work Piece Materials 

CU110 is the most versatile and the most widely used of all Copper alloy.  Its chemical composition, mechanical properties, 

weld ability and corrosion/oxidation resistance provide the best all-round performance Copper alloy at relatively low cost.  It 

also has excellent low temperature properties and responds well to hardening by cold working. 

1) Composition 

Typical compositional ranges for grade 110 Copper alloys are given in table 4.1. 

Grade C O 

110 
min. 

max. 

- 

99.99 

- 

0.025 

Table 4.1: Composition for 110 grade Copper alloy ranges 

Grade C Mn Si P S Cr Ni 

304 
min. 

max. 

- 

0.08 

- 

2.0 

- 

0.75 

- 

0.045 

- 

0.030 

18.0 

20.0 

8.0 

10.5 

Table 4.2: Composition for 304 grade stainless steel ranges 

2) Mechanical Properties 

Typical mechanical properties for grade 110 Copper alloys are given in table 4.3. 

Grade 
Tensile Strength 

(MPa) min 

Yield Strength 0.2% Proof 

(MPa) min 

Elongation (% in 

50mm) min 

Hardness 

Rockwell B (HR 

B) max 

Brinell (HB) 

max 

110 205-300 130-260 25-40 80-110 130-185 

Table 4.3: Mechanical properties of 110 grade Copper alloy 

Typical mechanical properties for grade 304 stainless steels are given in table 4.4. 

Grade 
Tensile Strength 

(MPa) min 

Yield Strength 0.2% Proof 

(MPa) min 

Elongation (% in 

50mm) min 

Hardness 

Rockwell B (HR 

B) max 

Brinell (HB) 

max 

304 515 205 40 92 201 

Table 4.4: Mechanical properties of 304 grade stainless steel 

V. WORK DONE 

A. Construction of Orthogonal Array 

In our project I have selected L9 Orthogonal array. This L9 Orthogonal array contains four process parameters, they are 

Electrolyte concentration(A), Voltage(B), Current(C) and Duty cycle (Pulse ontime and offtime ratio (D). 

S. No Electrolyte concentration (mol/lit) 
Voltage 

(v) 

Current 

(A) 

Duty cycle 

(%) 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

Table 5.1: Construction of orthogonal array 

B. Experimental Work 

The experimental data have been optimized with Taguchi’s design of experiment. For the analysis of these data Minitab15 

has been used. The results obtained by the above software are tabulated. 

Factors A B C D 

Level 1 0.34 8 0.6 33.33 

Level 2 0.38 9 0.8 50 

Level 3 0.42 10 1.0 66.66 
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Table 5.2: Factors and their levels 

Electrolyte Concentration (mol/lit), B. Voltage (V), C. Current (A), D. Duty Cycle (%). 

1) Experimentation 

In this study, the work piece specimens are made of 50 mm × 10 mm × 0.200 mm Cu & SS plates. The tool electrode is made 

up of Copper alloy& Stainless Steel of diameter 380μm. The side walls of tool electrode are coated with bonding liquid. The 

electrolyte used for experimentation is fresh aqueous solution of sodium nitrate having different concentrations. Electrolyte 

concentrations of 0.4, 0.45 and 0.5mol/lit have been chosen for experiments. Variable rectangular DC pulsed supply has been 

used for experimentation. Current of level 0.6, 0.8 and 1 amp is considered for experiments. Applied machining voltages of 8, 

9 and 10 V have been selected for experiments. Duty cycle of 33.33, 50 and 66.66% is applied for experiments. Frequencies 

of pulsed power supply of 50 Hz have been considered for various experiments. During the experiments, pulse rectifier was 

switched on and the desired value of voltage, Current, duty cycle and frequency is set before machining is commenced. The 

Taguchi method is used to determine various experimental combinations of parameters to be performed using L9 orthogonal 

array. Experiments are performed by setting particular levels of parameters as per L9 orthogonal array. The interactions 

between the machining parameters are neglected. Therefore, there are ten degrees of freedom owing to the five machining 

parameters. An L9 orthogonal array with eight columns and eighteen rows is selected as ECMM involving ten degree of 

freedom and the next corresponding orthogonal array is L9. The experimental combinations of machining parameters are as 

given below in the Table-2. The unit removal (UR) which is defined as material removed per pulse or material removal per 

unit time have been measured for set of experiments with  various combinations of process parameters. The average MRR 

calculated from each combination of parameter levels of experiment are tabulated in Table-2. ANOVA is performed to 

determine dominant factor significantly and it affects the MRR (Table-3). Using “Minitab 15” software S/N response Table is 

obtained for larger is better performance. The predicted or estimated S/N ratio can be calculated as, 

S/N = - 10 log [ ∑(1/y2) / n] 

Where, 

             y = response for the given factor level combination 

             n = number of response in the factor level 

The mean of the S/N ratio for each level of machining parameters is summarized in S/N response also in Table-2. It 

indicates the optimized level of parameters for each parameter to obtain higher MRR. 

VI. RESULTS AND DISCUSSION 

A. Machining Parameters for Copper Alloy 

In this chapter the effect of process parameter on responses such as MRR, S/N are analyzed. This table shows the results for 

weight loss and machining time of this experiment. 

Sl. 

No 

Electrolyte  

Conc 

(mol/lit) 

Voltage 

(V) 

Machining  

current 

(amps) 

Duty cycle (%) 

FreqUency 

(Hz) 
Weight 

M/C 

Time 

(min) 
ON Time 

(msec) 

Duty cycle 

(%) 

OFF 

Time 

(msec) 

1 0.34 8 0.6 6.66 33.33 13.32 50 3.44207 22.22 

2 0.34 9 0.8 12.5 50 12.5 40 3.43950 12.23 

3 0.34 10 1.0 22.22 66.66 11.11 30 3.43595 5.22 

4 0.38 8 0.8 16.66 66.66 8.33 40 3.43292 10.62 

5 0.38 9 1.0 8.33 33.33 16.66 40 3.43019 8.10 

6 0.38 10 0.6 16.66 50 16.66 30 3.42279 7.02 

7 0.42 8 1.0 10 50 10 50 3.42279 9.5 

8 0.42 9 0.6 13.33 66.66 6.66 50 3.40863 9 

9 0.42 9 0.8 11.11 33.33 22.22 30 3.39430 8.8 

Table 6.1: Results for Weight Loss and Machining Time for Cu 

A. Electrolyte Concentration (mol/lit), B. Voltage (V), C. current (A), D. Duty Cycle (%) 

1) Machining Parameters For Stainless Steel  

This table shows the results for weight loss and machining time of this experiment for Stainless Steel. 

S.No Electrolyte conc Voltage Machining Current Duty Cycle 
ON TIME 

(m sec) 

OFF TIME 

(m sec) 

WEIGHT 

(m sec) 

M/C TIME 

(min) 

1 0.40 8 0.6 33.33 6.666 13.334 3.13735 20.08 

2 0.40 9 0.8 50 10 10 3.12235 16.2 

3 0.40 10 1.0 66.66 13.332 6.668 3.11635 8 

4 0.45 8 0.8 66.66 13.332 6.668 3.10535 7.24 

5 0.45 9 1.0 33.33 6.666 13.334 3.10335 4.86 

6 0.45 10 0.6 50 10 10 3.09935 11.08 

7 0.50 8 1.0 50 10 10 3.09035 19.8 

8 0.50 9 0.6 66.66 13.332 6.668 3.08035 4.23 

9 0.50 10 0.8 43.33 6.666 13.334 3.07335 12.35 
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Table 6.2: Results For Weight Loss And Machining Time For SS 

2) Response Table For Signal To Noise Ratios 

Larger is better 

LEVEL A B C D 

1 -73.33 -72.13 -67.08 -72.79 

2 -68.42 -65.90 -70.58 -70.73 

3 -65.24 -68.96 -69.32 -63.47 

DELTA 8.09 6.23 3.50 9.32 

RANK 2 3 4 1 

Table 6.3: Response Table for S/N ratio 

From Table 6.3, it is observed that, higher the value of delta i.e., differences between higher and lower value of 

response that parameter affecting the MRR more.  Hence duty cycle is affecting MRR more compare to the other factors. The 

optimum combination of parameters is A3B2C1D3 for obtaining higher MRR or S/N ratio. From the results obtained it is 

observed that as greater is the S/N ratio, higher is the MRR. 

B. Result Comparision of MRR, S/N Ratio and Machining Time Between SS and Cu. 

In our Investigation we have finally taken nine readings with various inputs. Out of these nine results finally we have 

conclude that eigth one is the best in copper alloy as well as stainless steel. The various values of MRR, S/N Ratio & 

Machining Time of Copper Alloy and Stainless Steel results were tabulated below. 

S.No 
Copper Alloy Stainless Steel 

MRR S/N Ratio Machining Time MRR S/N Ratio Machining Time 

1 0.000121 -78.3443 22.22 0.000349 -69.1435 20.08 

2 0.000210 -73.5556 12.23 0.000494 -66.4988 16.2 

3 0.000394 -68.0901 9 0.000750 -62.4988 8 

4 0.000416 -67.6181 7.02 0.00152 -56.3631 7.24 

5 0.000337 -69.4474 8.10 0.000412 -67.7021 4.86 

6 0.000389 -68.201 9.01 0.000642 -63.8493 6.23 

7 0.000301 -70.4287 15.01 0.000454 -66.8589 19.8 

8 0.00184 -54.7036 5.5 0.002364 -52.5271 4.23 

9 0.000296 -70.5742 8.8 0.000436 -67.2103 16.07 

Table 6.4: Result Comparision of MRR, S/N Ratio And Machining Time Between SS and Cu 

C. Optical Microscopic View of Machined Holes of Copper Alloy 

 
Hole 1(Figure 6.15) 

 
Hole 2(Figure 6.16) 
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Hole 3(Figure 6.17) 

 
Hole 4 (Figure 6.18) 

 
Hole 5 (Figure 6.19) 

 
Hole 6 (Figure 6.20) 

 
Hole 7 (Figure 6.21) 

 
Hole 8 (Figure 6.22) 

 
Hole 9 (Figure 6.23) 
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D. Optical Microscopic View of Machined Holes of Stainless Steel 

 
Hole 1(Figure 6.24) 

 
Hole 2(Figure 6.25) 

 
Hole 3 (Figure 6.26) 

 
Hole 4(Figure 6.27) 

 
Hole 5(Figure 6.28) 

 
Hole 6 (Figure 6.29) 

 
Hole 7 (Figure 6.30) 

 
Hole 8 (Figure 6.31) 
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E. SEM Images (Scanned Electron beam Microscope images) 

   
Fig. 6.33: SEM Image 1     Fig. 6.34: SEM Images 2 

 
Fig. 6.35: SEM Images 3 

VII. CONCLUSIONS 

In this project, the ECMM process parameters such as Electrolyte concentration, Machining voltage, Machining Current and 

Duty Cycle are optimized. The experiments are carried for Copper Alloy and Stainless Steel and Input results are given by 

using Micro ECM Machine. The materials are removed by Micron levels. Taguchi method is used to reduce the wastage of 

materials & Machining time, L9 orthogonal array is used for the experimentations.  

ANOVA is used to found the MRR values ans S/N Ratio. From the ANOVA results, it is found that the duty cycle is 

the most significant on MRR. The MRR increases with increase in the duty cycle and the machining current least affects the 

MRR. In the present study, the contributions of electrolyte concentration, voltage and current follow the duty cycle. It is 

observed from this research work, the Taguchi method is a systematic and efficient approach for the selection of ECMM 

parameters in Copper Alloy and Stainless Steel machining to obtain maximum MRR. 

A. Scope for Future Work 

Electro chemical micro machining will be more popular in the near future in the area of micro and nano fabrication due to its 

quality, productivity and ultimately cost effectiveness. By changing the process parameters MRR and S/N Ratio will be 

Increased, Extensive research efforts and continuing advancement in this area will make the process more efficient and 

effective. 
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