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Abstract
Electrochemical Micromachining is a unique kind of non-traditional machining practice for the production of micro and nano features.
This paper aims tomeasure and assess the performance and geometrical features of ECMMon SS304 alloy by influencing the effect of
different types of electrolytes viz.; Passivating, Non-Passivating and Composite electrolyte (CPE). Material removal rate (MRR),
circularity, conicity, and overcut are considered as the performance and geometrical features. Effects of input parameters are correlated
to the performance of output responses. The results showed the composite electrolyte used to provide improved performance in MRR
and geometric features in evaluation with passive and non-passive electrolytes. This paper deals with the modes Operandi of optimi-
zation with Technique for Order Preference by Similarity Ideal Solution approach (TOPSIS) for the multiresponse characteristics
involved in ECMMprocess based on theMulti-Criteria DecisionMakingMethodology (MCDM). The results clearly specified voltage
of 7 V, the feed rate of 0.5 mm/min and duty cycle of 0.7 with CPE as electrolyte displaying the optimal conditions and the parameter
setting involved for the improvement of performance and hole geometrical characteristics in ECMM process.
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Abbreviations
ECMM Electrochemical micromachining
MRR Material removal rate
CPE Composite electrolyte
PEG Poly ethylene glycol
DOE Design of experiments
TOPSIS Technique for order preference by similarity ideal

solution
IEG Inter electrode gap
VMS Video measuring system
ANOVA Analysis of variance
SEM Scanning electron microscope

Introduction

Electrochemical Micromachining is only one of its kind of the
unconventional machining technique utilized in the

machining of soft and hard materials. Industries are in need
of veryminute features inmicro range and stress freematerials
after machining. ECMM is based on the anodic dissolution of
a metallic workpiece by a conductive tool. It can efficiently
produce micro-sensors, micro-actuators, micro-accelerometers,
micro-reactors, micro-pumps, food industry devices and medical
devices. Achieving maximum MRR along with good geometric
features and the best surface finish ismost advantageous [1, 2], as
it will provide some major advantages such as no heat-affected
zone or deformation in the products. The manufacturing
industry’s use of technology and applications of pure electro-
chemical machining is high as in the cases of aerospace, auto-
motive, defense, food processing, and medical applications, etc.
[3]. Electrolytes play a vital role in micromachining. Material
removal occurs through applied electric current and electrolyte
reaction with no thermal stress developed on the workpiece. The
absence of physical interaction between the workpiece and tool
results in no thermal interaction in both the electrodes. Since
chemical erosion mechanism is involved when the electrolyte
hits the workpiece, there are changes develop in the surface
texture, surface integrity and micro-cracks are commonly ob-
served along with the grain interfaces [4].

SS304 alloy has excellent corrosion resistance that leads to
its use in various fields that include automobiles, aerospace,
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nuclear reactors, missiles, turbines, defense, and engineering.
Machining requirements of micro-holes and grooves with a
high aspect ratio are on the increase due to the need for preci-
sion and miniaturized parts to meet application demands.
Hence, there is significant research value to studying the mi-
cro machining parameters for SS304 alloy [5]. Machining
circular micro holes of diameter 500 μm on SS304 alloy is
done by using different types of electrolytes in which the
optimized parameter setting of 700 kHz, 600 ns and 21 V
using HSS Tool with 0.4 mol/L dilute H2SO4 as the electrolyte
creates a minimum taper angle [6]. Attempts have been made
to produce micro tapered holes. Tapered holes are produced in
nickel plate using the ECMM process with 0.5 mol/L NaNO3

as an electrolyte is used in fuel jet nozzles [7]. Pure water is
used as the electrolyte in PW-ECM process for making eco-
friendly micromachining in creating precise micro holes, tri-
lateral cavities as well as square cavities in stainless steel,
which have proven stability and reliability of the machine
and its process [8]. Citric acid is also used as an electrolyte,
for drilling micro-holes on the SS304 workpiece and the use
of citric acid in industries has been demonstrated to be safe
and eco-friendly [9]. Mineral water is used as an electrolyte in
ultra-short pulsed power supply ECM for the production of
the micro pin to avail added benefits such as economy, system
control, and reduced environmental impact when compared
with conventional electrolytes [10]. Reduced amount of
sludges and clogging of the electrolyte is noticed when acid-
ified sodium chloride is used as an electrolyte in electrochem-
ical machining. Salt electrolytes such as sodium chlorate, so-
dium chloride, sodium nitrate are well-known to generate
huge quantity of byproducts during machining [11]. The
NaCl electrolyte is non-toxic, inexpensive and its conductivity
is stable over a broad range of pH value, which increases its
conductivity with the increase in temperature. The NaCl elec-
trolyte also generates stray machining, corrosive environment
and produces a large volume of sludge due to its high throw-
ing power.

The effect of the electrochemical dissolution behavior of
SS304 alloy in sodium nitrate electrolyte solution with the
low current density has been investigated, and qualitative anal-
ysis has been made for the dissolved specimen through scan-
ning electron microscopy and X-Ray diffraction. The solid
black byproducts formed while machining has been examined
for their composition [12]. Comparison has beenmade between
ECMMprocess with acidified NaNO3 electrolyte (sulfuric acid
of 0.05 m/L added to NaNO3) solution and NaNO3 electrolyte
solution and the performance of machining stainless steel with
voltage, pulse on time, electrolyte concentration for thematerial
removal rate and overcut was experimentally investigated [13].
The usage of sodium nitrate is meant to control and reduce stray
machining considering its lower throwing power. In electro-
chemical machining of HCHCR Steel (High Carbon High
Chromium Die Steel) where nano copper particles are made

to suspend in NaCl electrolyte, which ultimately improves
MRR and surface roughness and prevents spike formation in
IEG that results in high current density [14].

Some researchers have done an investigation of the ECMM
process with composite electrolytes. Addition of complexing
agent to electrolytes was taken up for machining SS304 alloy
and for efficient dissolution and elimination of electrolytic
products. Composite electrolytes (a mixture of two or more
electrolytes) contain complexing agents such as ligands and
neutral salts. A study of different electrolytes was made for
machining in the ECMM process and among them, an opti-
mized electrolyte with a mixture of 1.0 mol/L NaNO3 and
0.01 mol/L sodium citrate was taken as a basic electrolyte for
the study of MRR and inlet diameter of the micro hole with
respect to feed rate [15]. Seven different types of electrolytes
were studied and optimized for anodic dissolution of titanium
alloy in ECMM process for finding a suitable machining elec-
trolyte in which mixed electrolytes afford individual properties
of all the electrolytes involved in machining, and ethylene
glycol-based mixed electrolyte showed a better performance
with respect to MRR, circularity, conicity and overcut with
respect to the duty ratio [16]. NaCl-containing ethylene glycol
solution is used to machine micro holes in titanium because of
its intrinsic electrochemical property when compared with the
water-based electrolyte, excellent surface integrity, acceptable
shape accuracy, smooth surface, small average diameter and
small taper angle that is obtained [17]. UV rays were employed
to heat the electrolyte to enhance the performance of EMM to
understand the heated electrolyte effect on process parameters.
Electrolyte heated with UVrays was shown to be more suitable
for higher MMR where accuracy is not critical [18]. The effect
of electrolyte pressure on shape accuracy for producing a re-
verse tapered hole is studied by both numerical simulation and
experimental tests predicted that increase in electrolyte pressure
is beneficial in removing insoluble electrolytic products, im-
proving the shape accuracy and machine stability [19]. In re-
cent times, manufacturing industries is looking for the opti-
mized approach for improving the quality of products and per-
formance of the process i.e. the performance which ensures the
better cut quality of the product under optimum conditions.
These conditions were met by decision-making methodologies
[20]. Polyethylene glycol is a polyether compound that varies
according to its molecular weight with numerous applications
from modern manufacturing to pharma industries as a lubricat-
ing coating for diverse surface applications in both aqueous and
non-aqueous environments. It is almost white, waxy or
paraffin-like in appearance with low toxicity and less systemic
absorption [21]. In this work, polyethylene glycol is mixedwith
sodium nitrate called CPE. The qualitative models for the ca-
thodic reactions are proposed to determine the influence of the
adhered products on the electrochemical characteristics of the
wires. The morphologies of blackened wires after machining
were examined by SEM, while the compositions of the
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electrolysis products adsorbed on the wire were investigated by
XRD and XPS [22]. SiC abrasives is mixed with Nacl electro-
lyte of varied concenterations to find the machininability of the
composite material aluminum boron carbide to find out the
MRR, Ra and overcut [23]. A review and particular study on
drilling of high aspect ratio micro holes were carried out to find
the effects of various key factors [24]. A detailed study on
ANOVA is carried out for analsying the effect of contribution
of various factors involved in machining [25] and same tech-
nique is incorporated in this work.

This study relates to the measurement of qualities of the
drilled hole through MRR, circularity, conicity, and overcut in
SS304 alloy by the combined effect of TOPSIS approach with
SIMOS weighting criteria method by multiresponse optimiza-
tion of ECMM process parameters. Hence it is the need of the
hour to develop ECMM by entrainment of efficient universally
accepted electrolyte. A review of the relevant literature reveals
the total absence of any work carried out in the ECMMprocess
through CPE as an electrolyte for machining SS304 alloy. In
this study, an effort has been made to machine SS304 alloy
using three different electrolytes, namely, NaNO3, NaCl and
CPE, including discussion of their dissolution mechanisms.

Materials and Methods

Experimental Setup

The micromachine used in this study is TTECM-10 elec-
trochemical machine setup. The schematic of the machine
is shown in Fig. 1. In this study, the workpiece material
chosen was SS304 grade alloy of a rectangular plate of
length 50 mm, breadth 50 mm, and thickness of about

400 μm. The tool material used was a hollow electrolytic
copper tool which was in the cylindrical form with a sig-
nificant diameter of 300 μm. For this experiments, polar-
ity was chosen as the tool as a cathode to that of the
workpiece as a anode. The specifications of the machine
are given in Table 1. Recently, the use of various combi-
nations of materials and alloys has been seen in ECMM
research.

Electrolytes

The Electrolytes used in this study were NaCl, NaNO3, and
CPE. CPE is the mixture of PEG 6000 and NaNO3. PEG was
purchased from Aldrich. Salt forms of NaCl; NaNO3 and CPE
were mixed with 1 l of distilled water. The experiments were
carried with 0.3M ofNaCl, 0.2M of NaNO3 and 0.2M of CPE.
All the electrolytes mentioned were aqueous-based. The selec-
tion of the electrolytes was done on the basis of the material
depending on the roughness range of the work to be carried out.

Design of Experiments

Details of the machining conditions for SS304 alloy and the
selected number of input level values of the related parameters
are given in Table 2. In view of the fact, this is a beginning to
explore CPE as the electrolyte, limited parameters and levels are
used. A pilot study was made in the experiments on the effect of
different process variables of input parameters with their well-
fitted factors for the chosen electrolytes. A detailed study was
made through a pilot work for the interactions. Differences be-
tween these inputs from others were studied considering that
these values were found appropriate for the machining condi-
tions, and the experiments were done. The response parameters

Fig. 1 Tabletop ECMM

Exp Tech (2020) 44:259–273 261



such asMRR, circularity, conicity and overcut were used for the
assessment of the performance of the ECMM process by alter-
ing the levels of the input factors. The other ECMM process
parameters were kept at a constant level. These include pH,
electrolyte concentration, electrolyte flushing, etc.

Experimental Procedure

Minitab software was used in designing of the experiments
through the use of commercial Taguchi method. An L27 or-
thogonal array was developed for the performance of the ex-
perimental runs. The workpiece and tool were dipped in ace-
tone for about half an hour to eliminate the presence of impu-
rities on the surface. Current passage through the tool and
workpiece was checked using an ammeter for confirming
the given potential passes to both electrodes for every exper-
iment. Graphs indicating MRR, circularity, conicity and over-
cut were plotted on the basis of experimental results. In the
graph, X-axis denotes the number of the experimental run as
each electrolyte was made to run a total of nine experiments as
per design of experiments mentioned in Table 3.

Multi-Criteria Decision Making Methodologies

InMCDM’s, TOPSISmethodwas found to be highly success-
ful in the decision-making methodologies since it involves
easy computational steps, a reduced amount of computational
time and the result values are very close to the best solution.
TOPSIS performs better than other multiresponse optimiza-
tion methods.

For the ECMM process, MRR was chosen as ‘larger
the better’ performance characteristics, while other re-
sponses were chosen as ‘smaller the better’ performance
characteristics. The output responses such as circularity,
conicity and overcut should be the minimum as it is col-
lectively considered the geometrical parameters so, it is
chosen as such a characteristic. ECMM process comprises
multiresponse characteristics, and hence satisfactory
MCDM techniques were seen as needed for the selection
of the optimal process parameters. On the other hand,
only some researchers have shown using these methods
for the selection of the process parameters and the
manufacturing process. Hence, in this study, an attempt
has been made to explore the ECMM process parameters,
by altering the level of voltage (V), duty cycle, feed rate
with three different electrolytes to measure the output re-
sponses that include MRR, circularity, conicity, and over-
cut which were taken collectively as a multi-objective
problem for getting the best results among all the chosen
alternatives.

TOPSIS method requires exact input data from the multi
criteria problems for assigning weights to the entire crite-
rion, which use the relative significance of multi-criteria
for the output responses that are taken as actual problems
in industries. SIMOS weighing procedure was used for
providing subjective input weights to each factor. In this
method, the output responses will be positioned from the
least to the most significant factor. Differentiation involved
in decision making for the responses from the least to the
most significant in MRR, circularity, conicity and overcut
was done according to the significance of the output re-
sponses. The decision model for the selection of optimal
process parameters in ECMM was interpreted and chosen
as shown in Fig. 2. The decision model shows the basis of
selection of optimal process parameters and also the inter-
action of input parameters with respect to output responses.

The hole machined in the SS304 workpiece was
300 μm in diameter with three alternate electrolytes
viz.; NaCl, NaNO3, and CPE as per design of experi-
ments. The dissolved SS304 alloy specimen using
NaCl, NaNO3, and CPE as electrolytes is shown in
Figs. 3, 4 and 5. A separate tool was used for each L9

experiments. The hole diameters were measured using
VMS and represented by the unique value of their indi-
vidual exact diameters. The workpiece was weighed be-
fore and after machining. Metal removal rates were
found by measuring the weight difference using an elec-
tronic weighing balance. The measurement of MRR is
based on the weight difference of the workpiece before
and after machining. The theoretical calculation of circu-
larity, conicity and overcut is explained. Circularity is
calculated by the difference of maximum circumscribing
circle at entry and maximum inscribing circle at the exit

Table 1 Specification of the machine

Machine type Tabletop ECM machine

Work table 260 × 110 × 100 mm

Maximum travel 130 × 75 × 75 mm

Spindle type ER11 collet system

Spindle motor BLDC Motor (300–3000 rpm)

Repeatability ±10 μm

Voltage 1–30 V

Current 0–3 Amps

Table 2 Levels of input process parameters

S.
No.

Factors Levels

Unit 1 2 3

1 Electrolytes NaCl NaNO3 CPE

2 Voltage (V) 6 7 8

3 Duty cycle 0.6 0.7 0.8

4 Feed Rate mm/min 0.5 0.6 0.7
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of the micro hole. Conicity is the three-dimensional mea-
sure of the error of the machined hole. Overcut is mea-
sured by the difference between the tool diameter and
average diameter of the hole produced in the workpiece.
VMS images of the entry and exit side of the machined
hole using NaCl, NaNO3, and CPE as electrolytes are
shown in Figs. 3, 4 and 5 respectively.

The experimental outcomes for the output responses
that include MRR, circularity, conicity and overcut for
NaCl, NaNO3 and CPE electrolytes are shown in Table 3.

Multiresponse Optimisation

Optimization Steps Using TOPSIS Approach

In this work, SIMOS procedure was carried out and indi-
vidual input weights to the output responses were speci-
fied. Equal weights were provided for all the output re-
sponses and computational steps of the method followed
were summarized below. The weighting criterion was con-
sidered and well planned as shown below:

Table 3 Experimental outcomes
of MRR, circularity, conicity and
overcut for all Electrolytes

Expt.
No

Electrolyte Voltage
(V)

Feed Rate
(mm/min)

Duty
cycle

MRR
(g/min)

Circularity
(mm)

Conicity Overcut
(mm)

1 NaCl 6 0.5 0.6 0.00026 0.008 1 0.663

2 NaCl 6 0.6 0.7 0.00034 0.003 0.375 0.7905

3 NaCl 6 0.7 0.8 0.000407 0.016 2 0.718

4 NaCl 7 0.5 0.7 0.00037 0.006 0.75 0.695

5 NaCl 7 0.6 0.8 0.00043 0.008 1 0.825

6 NaCl 7 0.7 0.6 0.00026 0.011 1.375 0.7205

7 NaCl 8 0.5 0.8 0.00039 0.019 2.375 0.8265

8 NaCl 8 0.6 0.6 0.00025 0.007 0.875 0.6445

9 NaCl 8 0.7 0.7 0.00037 0.001 0.125 0.9045

10 NaNO3 6 0.5 0.6 0.00024 0.002 0.25 0.442

11 NaNO3 6 0.6 0.7 0.00048 0.001 0.125 0.3895

12 NaNO3 6 0.7 0.8 0.00007 0.004 0.5 0.26

13 NaNO3 7 0.5 0.7 0.00006 0.006 0.75 0.031

14 NaNO3 7 0.6 0.8 0.00012 0.004 0.5 0.237

15 NaNO3 7 0.7 0.6 0.00029 0 0 0.523

16 NaNO3 8 0.5 0.8 0.00018 0.006 0.75 0.467

17 NaNO3 8 0.6 0.6 0.00036 0.002 0.25 0.515

18 NaNO3 8 0.7 0.7 0.00012 0.003 0.375 0.1

19 CPE 6 0.5 0.6 0.044 0.008 0.75 0.467

20 CPE 6 0.6 0.7 0.037 0.004 0.004 0.125

21 CPE 6 0.7 0.8 0.048 0.009 1.25 0.035

22 CPE 7 0.5 0.7 0.084 0.068 0.85 0.141

23 CPE 7 0.6 0.8 0.077 0.025 3.125 0.04

24 CPE 7 0.7 0.6 0.0474 0.002 0.25 0.156

25 CPE 8 0.5 0.8 0.0477 0.009 1.125 0.077

26 CPE 8 0.6 0.6 0.059 0.004 0.5 0.208

27 CPE 8 0.7 0.7 0.065 0.019 2.375 0.044

Fig. 2 Decision model of ECMM
process parameter selection
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Definite set of criteria ¼ MRR; circularity; conicity; and overcut½ �

TOPSIS was selected from among the other optimization
techniques such as Grey relational analysis, ELECTRE I, II,
and FUZZY TOPSIS. In this study, design set of criteria (out-
put responses) is ranked by decision-makers based on their
significance, from least to the most important i.e. MRR is kept
as least important while geometric features such as overcut,
conicity, and circularity are reserved as most important. So,
the weights provided for overcut, conicity, and circularity are
same while MRR is given the least weightage. The optimiza-
tion steps of TOPSIS were designed and calculated. The steps
involved in the procedure are detailed below.

Step 1. Normalized values are taken by eliminating the units
of all criteria, and selecting the alternatives.

rij ¼ X ijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑m

i¼1X
2
ij

q i ¼ 1; 2;…27; j ¼ 1; 2; 3 ð1Þ

Such that.

i number of experimental runs,
j number of output responses,
xij normalized value of ith experimental run linked with jth

output response

Table 4 represents the normalized performance matrix (rij)
calculated with the help of eq. 1.

Step 2. The weighted normalized matrix (wij) was deter-
mined using the product of normalized value and
the weighted values. Equation 2 given below was
used for the calculation.

ϑij ¼ wj*rij : i ¼ 1; 2;…27; j ¼ 1; 2; 3 ð2Þ

Computational steps of SIMOS weighting procedure to the
response parameters from least to the most important is con-
sidered and displayed in Table 5.

Step 3. Measurements of the best alternative performance
(S+) and the worst alternative performance (S−)
for each output response which is an ideal alter-
native were made using eq. 3 considered when jth

criterion included better performance where “S+”
denoted a positive unique solution.

Sþ ¼ max Sij
� �

j∈Jj� �
or min Sij

� �
j∈J

0��h i
; i ¼ 1; 2;…27

n o
ð3Þ

ENTRY SIDE EXIT SIDEFig. 4 VMS image of entry and
exit side of the machined hole
using NaNO3 electrolyte

ENTRY SIDE EXIT SIDEFig. 3 VMS image of entry and
exit side of the machined hole
using NaCl electrolyte
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Similarly “S− “values were measured when jth criterion
included the worst performance whereas “S−“denoted a neg-
ative unique solution

Sþ ¼ 0:332765
i
and S‐ ¼

h h
0:182543

i

Step 4. This step involved the measurement of the perfor-
mance of each criterion. “D+i” represents the values
from S+ values which was chosen as the best dis-
tance, and “D-i” represents the values from S− values
which was chosen as the worst alternative distance.

Table 4 Normalized values of
output response parameters Expt.

no.
Electrolytes Voltage Feed

Rate
Duty
cycle

Normalized matrix values (rij)

MRR Circularity Conicity Overcut

1 NaCl 6 0.5 0.6 0.001481 0.09593476 0.09610764 0.255196

2 NaCl 6 0.6 0.7 0.001937 0.03597554 0.03604037 0.304273

3 NaCl 6 0.7 0.8 0.002319 0.19186953 0.19221528 0.276366

4 NaCl 7 0.5 0.7 0.002108 0.07195107 0.07208073 0.267513

5 NaCl 7 0.6 0.8 0.00245 0.09593476 0.09610764 0.317552

6 NaCl 7 0.7 0.6 0.001481 0.1319103 0.13214801 0.277329

7 NaCl 8 0.5 0.8 0.002222 0.22784507 0.22825565 0.318129

8 NaCl 8 0.6 0.6 0.001425 0.08394292 0.08409419 0.248075

9 NaCl 8 0.7 0.7 0.002108 0.01199185 0.01201346 0.348152

10 NaNO3 6 0.5 0.6 0.001368 0.02398369 0.02402691 0.170131

11 NaNO3 6 0.6 0.7 0.002735 0.01199185 0.01201346 0.149923

12 NaNO3 6 0.7 0.8 0.000399 0.04796738 0.04805382 0.100077

13 NaNO3 7 0.5 0.7 0.000342 0.07195107 0.07208073 0.011932

14 NaNO3 7 0.6 0.8 0.000684 0.04796738 0.04805382 0.091224

15 NaNO3 7 0.7 0.6 0.001652 0 0 0.201309

16 NaNO3 8 0.5 0.8 0.001026 0.07195107 0.07208073 0.179754

17 NaNO3 8 0.6 0.6 0.002051 0.02398369 0.02402691 0.198229

18 NaNO3 8 0.7 0.7 0.000684 0.03597554 0.03604037 0.038491

19 CPE 6 0.5 0.6 0.250712 0.09593476 0.07208073 0.179754

20 CPE 6 0.6 0.7 0.210826 0.04796738 0.00038443 0.048114

21 CPE 6 0.7 0.8 0.273504 0.10792661 0.12013455 0.013472

22 CPE 7 0.5 0.7 0.478632 0.8154455 0.81691494 0.054273

23 CPE 7 0.6 0.8 0.438746 0.29979614 0.30033638 0.015396

24 CPE 7 0.7 0.6 0.270085 0.02398369 0.02402691 0.060046

25 CPE 8 0.5 0.8 0.271795 0.10792661 0.1081211 0.029638

26 CPE 8 0.6 0.6 0.336182 0.04796738 0.04805382 0.080062

27 CPE 8 0.7 0.7 0.37037 0.22784507 0.22825565 0.016936

ENTRY SIDE EXIT SIDEFig. 5 VMS image of entry and
exit side of the machined hole
using CPE electrolyte
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D+i and D-i values are calculated by means of the
following eq. 4 and 5.

Dþ
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑27

i¼1 ϑij−Sþj
� 	2

r
ð4Þ

D−
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑27

i¼1 ϑij−S−j
� 	2

r
ð5Þ

Where, i = 1, 2, 3 ….27.

Step 5. The values of closeness coefficient (Ci) for each al-
ternative were measured using eq. 6.

Ci ¼ D−
i

D−
i þ Dþ

i
i ¼ 1; 2;…27; 0≤Ci≤1 ð6Þ

Preference rank was setup using the “Ci” value and ar-
ranged according to the best alternative, related to the unique
solution. Table 6. Shows the performance, closeness coeffi-
cient value, and rank of each alternative under the best and
worst conditions.

TOPSIS method was used in order to find the optimal level
of the machining parameters. Average closeness coefficient
values were determined. Predicted response values (ɣpredicted)
were evaluated for finding the optimal level of ECMM pro-
cess machining parameters using eq. 7.

ϒpredicted ¼ ϒmþ ∑
n

j¼1
γo−γmð Þ ð7Þ

Table 7 is the mean response table for the corresponding
closeness coefficients. Experimental run 22 showed rank 1
and hence the same set of optimized process parameters was
found in the mean response table, without the requirement of
any confirmation test. The confirmation test is meant to run
the experiment with the optimal conditions brought out from
the optimization method. The closeness coefficient value of
each level of the machining parameter in the L27 orthogonal
array was used for getting their mean values. These values

denote the optimal level of process parameters by every factor
level. Amongst all the values of 27 closeness coefficients,
experimental number 22 showed the maximum closeness co-
efficient value. Hence it was measured and taken as the best
multi-response characteristic for machining. Experiment num-
ber 22 showed higher closeness coefficient value so the relat-
ed process parameters are chosen as the optimal parameter
setting level from the considered multi-criteria output
responses.

Table 6 Performance criterion, closeness coefficient and rank of
alternatives

Expt.
No

D + i D-i Ci Rank

1 0.096404 0.002435 0.1371 19

2 0.112002 0.000405 0.0568 26

3 0.072848 0.0071 0.2379 8

4 0.102532 0.001517 0.1084 25

5 0.095701 0.001743 0.1189 22

6 0.086976 0.003587 0.1688 16

7 0.064609 0.009442 0.2766 4

8 0.099665 0.002169 0.1286 21

9 0.118673 2.6E-05 0.0146 27

10 0.118083 0.002951 0.1365 20

11 0.122203 0.003557 0.1457 18

12 0.114036 0.005947 0.1859 14

13 0.112137 0.011098 0.2393 7

14 0.114436 0.006349 0.1906 13

15 0.124118 0.001937 0.1110 24

16 0.104509 0.003481 0.1543 17

17 0.117247 0.002123 0.1186 23

18 0.12047 0.008855 0.2133 9

19 0.09959 0.00447 0.1748 15

20 0.121831 0.008744 0.2113 10

21 0.099245 0.013165 0.2670 5

22 0.05642 0.070499 0.5278 1

23 0.057925 0.028085 0.4105 2

24 0.120858 0.008294 0.2076 12

25 0.099821 0.011959 0.2571 6

26 0.112882 0.008004 0.2103 11

27 0.072248 0.020595 0.3481 3

Table 5 SIMOS weighting
criterion Subset criteria Number of

criteria
Number of
position

Non-normalized weighted
matrix

Total

MRR 1 1 1 / 10 * 100 = 0.1 10%

Circularity, Conicity,
Overcut

3 2, 3, 4 9 / 10 * 100 = 0.9 90%

Total 4 10 100%

Exp Tech (2020) 44:259–273266



Results and Discussions

Based on the experimental outcomes, different output re-
sponse factors namely MRR, circularity, conicity and
overcut of the machined holes were measured. The most
reliable hole was chosen for the three electrolytes and
SEM image was taken to study the micro hole character-
istics. The proper power supply was needed to control the
geometrical features. Micro holes and geometrical fea-
tures machined with different electrolytes were evaluated
on the basis of the entry and exit diameters of the micro
hole. Graphs representing the trends of MRR, circularity,
conicity and overcut were plotted to denote evaluation of
the performance of all electrolytes and the input parame-
ters involved in machining. The effect of voltage, duty
cycle and feed rate with respect to output responses was
studied with the objective of providing improvement to
the quality of micro holes produced. The effect of
aqueous-based electrolytes in the dissolution performance
of SS304 alloy was also studied with the help of SEM
image based on the results of TOPSIS optimization.
Formation of oxide layers in and around the geometry of
the micro holes was noticed, this was due to the nature of
the electrolytes. The effects of input parameters and also
the performance of aqueous-based electrolytes during
ECMM of SS304 alloy are discussed. Figure 6 is the
interaction plot to study the effect of input process param-
eters. In order to that, the confidence level is chosen as
95% so the significance level is 5%. The significance and
interaction of the chosen input parameters namely electro-
lyte, voltage, feed rate and duty cycle can be clearly stud-
ied with the plot.

Effect of the Process Parameters in the Machining
of SS304 Alloy

Machinability of SS304 alloy using ECMM depends on
the chosen input parameters chosen namely, electrolyes,
voltage, duty cycle, and feed rate. Input parameters play a
vital role in the machining of SS304 alloy. In this study,
the MRR obtained with CPE electrolyte was seen as the
maximum amongst all the electrolytes. This is in agree-
ment with multi-response optimization results. The higher

metal dissolution takes place with a voltage of 7 V, the
feed rate of 0.5 mm/min and duty cycle of 0.7 with CPE
as the electrolyte. An increase in the output response pa-
rameters was seen with an increase in voltage, feed rate,
and duty cycle.

Effect of Aqueous-based NaCl Electrolyte in Machining SS304
Alloy and Hole Morphology

Experimental run 1–9 denotes the machining of SS304 alloy
using NaCl electrolyte in which non-uniform material loss in
the workpiece surface occurs. Aqueous NaCl electrolyte solu-
tion contains chloride ions which react with SS304 alloy that
artificially corrodes the workpiece by creating its hydroxides
and then it dissolves. Figure 7 depicts the SEM image of the
hole machined using NaCl as an electrolyte, the hole ma-
chined is seen as irregular in shape and size. Termination of
machining due to the short circuit was observed as the micro
tool progressed towards workpiece and touched the workpiece
surface. Formation of brown-colored sludges around the mi-
cro tool in the machining zone was observed. The color of the
electrolyte changed to yellow with the use of NaCl as the
electrolyte. The surface finish of the NaCl electrolyte etched
sample was improper. This was considered as important as it
was directly involved with the mechanical strength of the
material.

The dissolution of SS304 alloy is known to be uncontrolled
at the entry and exit of the micro hole with irregular etching
leading to high pitting on the surface area of the workpiece.
Some evidence of localized attack such as micro pits was
detected in and around the hole profile. This dissolution be-
havior was the result of the presence of a large number of
aggressive Cl− ions which cause improper etching. The pres-
ence or absence of chloride ions determines the extent of pas-
sive film breakdown. Pitting marks and formation of brown
oxides were noticeable on the entry as well as on the inner
surface wall of the micro hole. Moreover, when stainless steels
are exposed to chloride ions, they destroy the protective pas-
sive film irregularly and turn into the vulnerable electrolyte to
attack SS304 alloy surface severely and the attack occurs in a
localized manner. So for machining SS304 alloy, NaCl is
found to be not suitable as it does not provide the best hole
profile with better geometrical aspects.

Table 7 Mean response table for
closeness coefficients Symbols Process Parameters Average Closeness Coefficient Max. - Min.

Level 1 Level 2 Level 3

A Electrolytes 0.138627 0.166153 0.32113 0.182503

B Voltage 0.172563 0.26208 0.191267 0.089517

C Feed rate 0.254193 0.176809 0.194908 0.059285

D Duty cycle 0.154815 0.237887 0.233208 0.083072
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Effect of Aqueous-based NaNO3 Electrolyte in Machining
SS304 Alloy and Hole Morphology

Experimental runs 9–18 relate to the machining of SS304
alloy using NaNO3 electrolyte in which uniform material loss
in workpiece surface occurs. Figure 8 depicts the SEM image
of the hole machined using NaNO3 electrolyte, the hole ma-
chined doesnot undergo vigorous electrochemical attack in
and around the surface. The SEM image shows improvement
in hole profile by the micro-hole formed compared to the
micro-hole produced with sodium chloride electrolyte. The
current density in the entrance of the hole led to poor surface
quality and on the inner surface wall of the micro hole.

Selective metal dissolution that begins in parallel with the
formation of bubbles was observed in nitrate solutions.
Oxygen evolution reaction in the tool is attributed to N2 for-
mation by the reduction reaction of nitrate ions. There was the

occurrence of selective material removal with elapse of time,
and more black products covered and accumulated on the
workpiece surface. Hydroxides are formed and nucleated near
the dissolving metal surface. Oxide layers with black color
were formed. This was primarily a combination of carbides
and oxides which required a study for their composition. With
the passage of time, loose black products became thicker and
were eventually moved by the electrolyte leaving some traces
of debris along the inner surface as shown in Fig. 9.
Workpiece surface was observed with pitting marks of smaller
dimensions, revealing consistent dissolution with controlled
hole shape at the entry and exit sides. So, for machining
SS304 alloy, NaNO3 electrolyte was found suitable but a very
small quantity of black products that emerge on the surface of
the substrate. The micro hole confirmed the development of a
shiny ring pattern near the hole entry with some confined
pitting marks, which was evident in the SEM image.
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However, microscopic roughness is observed near the surface
of the inner wall.

Effect of Aqueous-based CPE Electrolyte in Machining SS304
Alloy and Hole Morphology

Experimental runs 18–27 denote the machining of SS304 al-
loy using CPE as the electrolyte in which there was the occur-
rence of uniform material loss in the workpiece surface.
Figure 10 shows the SEM image of the hole machined using
CPE electrolyte, and there was no electrochemical attack seen
in and around the surface of the hole machined. The micro
hole did not confirm the development of a shiny ring pattern
near the hole entry when compared to the hole machined in
NaCl and NaNO3 electrolyte. The effect of using CPE elec-
trolyte caused a reduction in the effect of pitting marks near
the micro hole entry. The usage of a composite electrolyte
caused the occurrence of very low current density at the edge
of the tool leading to the creation of machining products in
small number.

The outcome of CPE electrolyte was the creation of the
bubble in small number which completely eradicated the short

circuit difficulty seen during machining for the optimal com-
binations of process parameters resulting in lower etching rate.
It also caused a reduction in the formation of metal hydroxides
providing encouraging results by preventing regular short cir-
cuit as it reduced the contact of oxygen throughout the ma-
chining. Metal dissolution occurred primarily as a result of the
electrochemical processes involving anodic oxidation and si-
multaneous cathodic reduction, in parallel with both ionic and
electrical conductions between the anode and the cathode.
CPE electrolyte acted as an ionic conductor that could be
transferred directly to the metal surface as a result of the solid
electrochemical reactions taking place at the surface of the
workpiece which made a solid-solid micro contact with the
ions of nitrates and the target metal surface. The addition of
PEGwas meant to maintain the ionic conductivity towards the
workpiece and also provide smooth corners around the micro-
hole formed as it has the capability to attach directly into the
porous film of the metal surface as shown in Fig. 11. Addition
of NaNO3 was required to ensure complete protection and free
from pitting surface. CPE has low toxicity and is highly cost-
effective than current mixed electrolytes. The advantage of
using CPE is the formation of fewer gas bubbles.

Effect of Voltage on the Machining Performance of SS304
Alloy

The nature of voltage distribution has an influence on the
profile of the micro hole. The amount of the voltage supplied
defines the potential difference and also the geometrical fea-
tures. Figure 12 shows the material removal rate trend graph
of SS304 alloy using different electrolytes, in which CPE
electrolyte gives larger MRR when compared to other electro-
lytes, despite NaCl and NaNO3 electrolyte providing better
MRR but not better than CPE electrolyte. It clearly shows
CPE electrolyte providing the best metal removal rate among
all the electrolytes. There was an increase in MRR with the
increase in voltage as machining current also increased. A
drastic increase in MRR was seen in the case of CPE

ENTRY SIDE EXIT SIDEFig. 8 Entry and exit side of the
machined hole using NaNO3 as
electrolyte

SURFACE INNER WALL

Fig. 9 The surface inner wall of the micro-hole machined using NaNO3

as electrolyte
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electrolyte when compared to other electrolytes.
Multiresponse optimization results indicated experimental
run 22 provided larger MRR, low circularity, conicity and
overcut. In NaCl electrolyte, the increase in contamination
of the electrolyte caused the deposition followed by the occur-
rence of irregular dissolution in the material. In NaNO3 elec-
trolyte,MRRwas alsomaintained at low current density as the
current efficiency was still higher with the feed rate of the tool.
The presence of some undissolved particles was observed.
Machining voltage of 7 Vwas applied between tool and work-
piece for CPE electrolyte, creating a potential difference be-
tween them. Transfer of ions and electrons occurred and ma-
terial from the surface of the material was removed using the
basic mechanism of artificially corroding the workpiece sur-
face. The pulse voltage applied was the average machining
voltage that provided even current density distribution and
also minimized the variation in the electrical conductivity in
the machining region. When voltage increased from 6 V to
7 V, the potential difference between cathode and anode in-
creased the electrolytic ionization as it increased the current
density, where joule heat was generated which was not max-
imum and tending the MRR to increase. This is in agreement

with the fact that when the voltage increases, the current den-
sity increases in IEG thus increasing the MRR.

Circularity, conicity and overcut are also to be taken care
while producing a micro hole. Considering the geometrical
features, they directly increase with the increase in voltage
supply. While using NaCl electrolyte, the increase in machin-
ing voltage caused a decrease in the current flow and locali-
zation effect. So inaccurate machining occurred leading to
circularity, conicity, and overcut phenomenon. At a higher
voltage, H2 bubbles broke down and uncontrolled material
removal occurred from the workpiece as a consequence pro-
viding a steep increase in circularity, conicity and overcut. So
overcut increases more rapidly at a higher voltage range. A
smaller localization effect, caused an increase in the flow of
the stray current actually increases, sequentially causes more
material removal from the more current density affected area
of the workpiece paving the way to circularity, conicity and
overcut. But in this CPE electrolyte, there was an increase in
localization effect which provided controlledmaterial removal
leading to less circularity, conicity and overcut. Due to smaller
bubble formation that did not hinder electrolyte providing

ENTRY SIDE EXIT SIDEFig. 10 Entry and exit side of the
machined hole using CPE as
electrolyte

Fig. 12 MRR trend of three different electrolytes

SURFACE INNER WALL

Fig. 11 The surface inner wall of the micro-hole machined using CPE as
Electrolyte
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better geometrical features. Figure 13 is the circularity trend
graph of the three electrolytes used in which, except in the
experimental level 4 and 5 of CPE electrolyte, the circularity
is decreased with the performance of NaCl and NaNO3 elec-
trolyte. Increase in the circularity and conicity for CPE elec-
trolyte was seen for the setting voltage of 7 V, the feed rate of
0.6 mm/min, and duty cycle of 0.8 which was the maximum
setting level of feed rate, duty ratio and an average value of
voltage signifies the setting level is not preferable for CPE
electrolyte. Hence, the duty cycle and voltage are preferable
for improving the geometrical properties at a low feed rate.

Figure 14 is the conicity trend graph of the used three
electrolytes in which the conicity value of CPE electrolyte lies
intermediate with the values compared among NaCl and
NaNO3 electrolyte. Conicity increases for the experimental
level 9 of CPE electrolyte which is up to 2.31 in which the
setting level is about 8 V, 0.7 mm/min and duty cycle of 0.7.
Maximum voltage is also not suitable for the improvement of
geometrical features.

Figure 15 is the overcut trend graph of the three elec-
trolytes used in which there is a big decrease in the over-
cut of CPE electrolyte with the values compared between
NaCl and NaNO3 electrolytes. Overcut should be less in
the case of all geometrical parameters as the expected
micro hole diameter should not be more than the tool
diameter. The micro hole produced was seen as very good
in the case of CPE electrolyte as no hole was more than
the diameter of 301 μm due to the intrinsic electrochem-
ical property of the CPE when compared to the other
electrolytes. The transfer of ions is narrowed down to
the possible nearest anodic surface. But the overcut trend
in the other electrolytes was more indicating the better
suitability of CPE as mixed type electrolyte for producing
a micro hole with a small overcut.

Effect of Feed Rate on Machining Performance of SS304 Alloy

Feed rate is one vital input factors to be considered while
producing a micro-hole. Throughout the machining, the micro
tool was in the activemovement towards the stable workpiece.
Increasing the feed rate in between the workpiece and tool
results in high current density as conducting path length de-
creases thus enhancing the rapid anodic dissolution. In this
work, the tool remaining at a particular location at a lower
feed rate increased the charge flow rate. When NaCl electro-
lyte was used, an increase in feed rate caused the occurrence of
variations in local conductivity creating a non – uniform cur-
rent density with a tendency to create non-uniform dissolution
of metal, constituting the main reason for the sidewall erosion
resulting in a larger overcut. The intensity of the current was
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higher at the tip of the tool than at the other areas, leading to
poor dimensional uniformity. At a higher feed rate, the tool did
not remain in a particular location for a longer cycle thereby
causing a decrease in machining time and overcut and provid-
ing good geometrical features and MRR. Increasing the feed
rate during the use of CPE electrolyte caused easy interactions
of the tool and the workpiece. Hence, with a decrease in ma-
chining time, the material that got eroded on the side walls was
less. This ultimately caused a reduction in circularity, conicity
followed by the overcut. Production of good geometrical fea-
tures and a higher material removal rate by CPE electrolyte
was observed. This was due to the input feed to the micro tool,
that is, the workpiece dissolution of the micro-hole from the
entrance to exit being higher, hence a low diversity between
the entry and exit diameters of the micro-hole. In addition to
that, the applied feed rate made the tool stay for a certain time
duration in the workpiece. The effect of circularity, conicity
and overcut can be reduced through a selection of the best
possible tool feed rate. Higher feed rate specifically above
0.9 mm/min caused frequent contact of anode and cathode
leading to short circuit and made the machining process un-
stable. ECMM can produce better experimental results with
the recommended optimal feed rate of 0.3 to 0.7 mm/min. In
CPE electrolyte, when the feed rate was increased, the micro
hole formed was more precise than that of the hole formed in
other electrolytes with increased feed rate.

Effect of Duty Cycle onMachining Performance of SS304 Alloy

Duty cycle plays a significant role in machining performance.
MRR and geometrical features can also be improved with the
applied duty cycle. With the increase in the duty cycle, MRR
increased gradually up to a certain value, and then circularity,
conicity and overcut also increased. Applied pulse on time
with low current density, led to a substantial improvement in
machining accuracy and geometrical aspects. Improvement in
the machining performance was achieved with the proper
pulse over a duration and applied pulse intervals between
them. Pulse off time should be properly supplied for improv-
ing MRR considering that longer pulse off time ensures the
entry of new electrolyte in the IEGwhich washes away debris.
In CPE electrolyte, the formation of debris was very small, so
continuous refreshment of electrolyte helped enhancement of
the surface quality and geometrical features. MRR showed a
tendency to increase in higher pulse cycle which was actually
an increase in pulse on time. Higher duty cycle above 0.8 led
to a declined rate of MRR and improper geometrical charac-
teristics due to the complication in the electrolyte exchange
mechanism. ECMM can produce better experimental results
with the recommended duty cycle in the range of 0.4 to 0.7. At
a duty cycle of 0.7, maximum material removal can be ob-
served in all pulse period conditions i.e. at this condition pulse
on time is considerably more than the pulse off time. Shorter

pulse period with smaller duty cycle is needed to obtain good
surface and machining accuracy. During pulse power, the
sludges are formed as a result of dissolution adhered in the
IEG was obviously pulled off by the CPE electrolyte as the
viscosity is also very high during the pulse-off time, and fresh
electrolyte come into contact for the next cycle in the machin-
ing gap. As the duty cycle changed from 0.6 to 0.7, the depth
of the micro-hole was decreased providing proper conicity. A
localized material removal should not happen in this case as it
does not form a circular micro hole. Hence power pulse given
should be with a certain amount of pulse off time to control the
depth of the micro-hole. So, material removal occurred during
the pulse-on time with controlled etching to produce a micro-
hole with good geometrical aspects and better surface finish
thereby increasing the efficiency of machining.

Analysis of Variance

Table 8 represents the ANOVA table showing the contribution
factor for the machining process which shows electrolyte as
the predominant input process parameter in machining SS304
alloy. ANOVA table depicts that totally around 39.93% of the
contribution is provided by the electrolyte.

Conclusions

In this study, TOPSIS method was carried out for the ECMM
process, for optimizing the input and output process parame-
ters for their multiresponse characteristics. Ranks were gener-
ated for the output response parameters in ECMM of SS304
alloy based on the SIMOS weighting criteria method.
Conclusions are drawn as:

& Higher MRR and lower circularity, conicity and overcut
are achieved and identified based on the combinations of
the ECMM process parameters and their levels.

& For the multiresponse optimization of ECMM process pa-
rameter, experiment number 22 has been identified as con-
ferring maximum closeness coefficient value whose ex-
perimental setting are follows: Electrolyte as CPE, voltage
of 7v, the duty cycle of 0.7, and feed rate of 0.5 mm/min.

Table 8 ANOVA table

SOURCE DF SS MS F-
Value

P
Value

% of
contribution

ELECTROLYTE 2 0.117860 0.058930 8.68 0.002 39.93
VOLTAGE 2 0.016289 0.008144 1.20 0.324 5.52
FEED RATE 2 0.009994 0.004997 0.74 0.493 3.39
DUTY CYCLE 2 0.028705 0.014353 2.11 0.150 9.73
Error 18 0.122261 0.006792 41.43
Total 26 0.295109 100
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& Combinations of the input process parameter in the
ECMM process suggested as the optimum levels are iden-
tified on the basis of the response values of closeness
coefficients. The conclusions drawn from the observations
in the ECMM experiments is that the TOPSIS method is
successful for solving multiresponse problems.

& For all the chosen output responses such as MRR, circu-
larity, conicity and overcut of the machined micro hole,
The CPE electrolyte generate superior results among the
choice of electrolytes. This is due to the reason, mixed
type of electrolytes offers shared advantages of all the
electrolytes added.

& Electrolytes are the most dominant parameters in reducing
the surface quality of the machined workpiece. Better sur-
face finish is achievable in CPE.

& Geometrical features namely, circularity, conicity and
overcut are affected mainly by duty ratio, feed rate follow-
ed by voltage.

& This research work has shown the possibility of using
CPE as an electrolyte in the ECMM process. It gives high
MRR and reduced circularity, conicity and overcut com-
pared to the commercially used electrolyte and CPE ema-
nates less smoke and fewer odors.

& Electrolytes with higher ionic conductivity are expensive
and need import but CPE can be prepared easily. It is
economically viable (import substitute) and commercially
feasible. Use of CPE electrolyte helps increase in
productivity.

& Various types of electrolytes with higher ionic conductiv-
ity are available in the market. A further study of the pur-
pose of using it as an electrolyte to offer all their properties
as an advantage and which can be used commercially in
industries can be taken up.
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