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Abstract
Micro-electrochemical machining (µECM) is a non-traditional material removal technique developed to cut incredibly hard
surfaces which are not easy to cut by any traditional methods. Hastelloy C276 is a nickel-based superalloy, and its applications
include equipment components of chemical processing units, food processing units and pharmaceutical industries. Due to
the work hardening tendency, machining of Hastelloy C276 by conventional manner becomes exceedingly difficult. µECM
can be a possible alternative fabrication technology for machining Hastelloy C276 particularly in micro-domain. This work
demonstrates the µECM (micro-hole making) behavior of Hastelloy C276 using NaCl, NaNO3 and hybrid mixture (NaCl
+ NaNO3 + citric acid) as electrolyte solutions. L9 statistical design of experiments was employed to reduce the number of
experiment trials required. Taguchi grey relational approachwas executed to determine themost favorablemachining variables.
Confirmation tests were performed, and the error percentage was calculated. Surface irregularities of the machined parts were
systematically examined by 3D surface roughness tester. Experimental results revealed that all the output performances are
highly dependent on the type of electrolyte used. Hybrid electrolytic combination produced better material removal rate,
lower overcut, lower conicity and most circular holes. Scanning electron microscopy images were used to identify the best-,
moderate- and poor-quality micro-holes.

Keywords Micro-electrochemical machining · Hastelloy C276 · Electrolytes · Material removal rate · Taguchi · Scanning
electron microscopy

1 Introduction

Due to the extraordinary anti-corrosive properties, Hastel-
loy (Ni-based superalloy) is extensively used in chemical
processing units, energy, petrochemical, environmental pol-
lution & control and desulfurization industries [1]. Machin-
ing of Ni and its alloys becomes more difficult because of
its exceptional strength and below normal heat conductivity
at elevated temperature [2–5]. Machining of Ni alloys at a
speed of 300 m/min produces high working temperature in
the order of 1000 °C [6, 7]. Due to product miniaturization
and development of new materials with extreme properties,
there is a need for advanced machining technologies [8].

B Poovazhagan Lakshmanan
poovazhaganl@ssn.edu.in

1 Sri Sivasubramaniya Nadar (SSN) College of Engineering,
Chennai, India

2 SRM Institute of Science and Technology, Chennai, India

Researchers are motivated by the properties of Ni-based
alloys such as shape control and metallurgical constraints
to do research work in micro-domain [9]. Machining of hard
materials with conventional machining process leads tomore
uneven surfaces, larger heat influenced region and high ther-
mal stress. Production of micro-holes is the basic machining
operation required in micro-/meso-components [10]. The
established machining technique for micro-drilling in Ni and
its alloy is electrical discharge machining (EDM). The draw-
back with EDM process is that it produces hard recast layer
on the machined surfaces [11–13]. With less amount of tool
wear, micro-electrochemical machining (µECM) can be a
suitable material removal process for machining Ni alloys
in micro-domain. µECM has wider applications in turbine
blades manufacturing, parts of high compression engine,
warheads, electronic and mechanical industries [14, 15].

When the anode (workpiece) and a cathode (electrode) are
immersed into the electrolyte solution and DC current is sup-
plied, thematerial is eroded and flushed away from the anode
surface byµECMprocess. The quantity of material removed

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-020-05032-1&domain=pdf
http://orcid.org/0000-0003-1527-6547


Arabian Journal for Science and Engineering

from the surface depends on applied current and machining
gap [16]. It is necessary to investigate the influence of various
machining factors to find the optimizedmachining conditions
for performing micromachining on Hastelloy. In this study,
NaCl, NaNO3 and hybrid mixture (NaCl + NaNO3 + citric
acid) are used as electrolyte solutions for micromachining
Hastelloy C276. Taguchi grey relational approach is applied
to identify the optimummachining factors for superior mate-
rial removal rate (MRR), better finishing quality and lower
conicity.

2 Experiments andMethods

2.1 Material for Study

Thematerial chosen for the experimentation is commercially
available Hastelloy C276. Hastelloy C276 has high corrosive
resistance property due to the combination of nickel–molyb-
denum–chromium and tungsten, so it has wider applications
in very harsh environments. In nickel-based superalloy cat-
egory, Hastelloy C276 is the widely accepted alloy for most
of the engineering applications [17]. Chemical composition
of Hastelloy C276 is listed in Table 1. Chemical composition
is obtained as per standard laboratory test. Table 2 represents
the physical and mechanical properties of Hastelloy C276.

2.2 Electrolyte Selection

Electrolyte is chosen based on the characteristics of the
selected workpiece surface [18]. Removal of material on the
specimen surface occurs due to the conduction of voltage
from tool to the workpiece. To improve the machining preci-
sion, the electrolyte must have proper concentration. Passive
and non-passive kinds of electrolyte solutions are investi-
gated in µECM process. The oxidizing anion available in
the passive electrolyte like sodium nitrate (NaNO3) produces
the inactive layer on the machined area and evolutes oxygen
within the stray current region.

Good machining accuracy can be achieved by maintain-
ing the proper machining gap and sufficient concentration of
electrolyte. Some chemicals and gas blending are also added
as additive elements with electrolyte solution to get good
machining accuracy. For example, the inclusion of chemi-
cal elements akin to NaHSO4 with the electrolyte solution
improves the machining accuracy. The requirement of high
voltage for obtaining the better MRR is reduced with the
usage of pre-heated electrolyte solution in µECM process.
Widely accepted electrolytes in µECM process are NaCl,
NaClO3 and NaNO3 [19].

Water [20, 21] and citric acid [12] are reported as the
harmless and eco-friendly electrolytes that have very good
machining efficiency. Micro-holes with higher MRR and

good dimensional accuracy were generated by NaNO3 elec-
trolyte mixed with additive chemicals [22]. Machining with
higher concentration of electrolyte yields superior MRR
[16]. Acid-based electrolytes and salt-based electrolytes are
required to machine some unique materials [23–26]. µECM
of stainless workpiece requires themixture of 6M (mole) HF
and 3 M HCl electrolytes [27, 28]. The textured character-
istic of micromachined samples was examined with hybrid
electrolyte combination of NaCl and NaNO3 [29].

Vertical cross-flow electrolyte delivery arrangement was
utilized in µECM setup to fabricate micro-circular pattern
[30]. Citric acid as electrolyte solution used to control the
deposition rates during cleaning of the metal and metal
deposition process [31]. The usage of citric acid as elec-
trolyte solution in µECM process prevents the formation
non-soluble agents on the outside of the electrode [32]. It
is reported that the advisable citric acid level in µECM pro-
cess is 0.3 M [12]. Some researchers proposed that hybrid
combination of sodium chloride, sodium nitrate and citric
acid can provide a better machining quality in µECM exper-
imentations [33]. This experimental investigation attempts to
analyze the performance of NaCl, NaNO3 and hybrid com-
bination of citric acid/NaCl/NaNO3 as electrolyte solutions
for micromachining Hastelloy C276 in electrochemical envi-
ronment. Being non-passive electrolyte, NaCl is aggressive
in nature. Hence, it enhances the anodic dissolution process.
Therefore, MRR is increased and surface quality marginally
affected while machining with NaCl electrolyte. NaNO3 is
a passive electrolyte. In comparison with NaCl, it produces
less MRR, but surface quality gets improved. In hybrid elec-
trolyte combination, NaCl helps to improve the MRR and
NaNO3 helps to improve the surface quality. Being natural
electrolyte, citric acid tends to reduce the corrosion effect.

2.3 Electrode Selection

Electrode material is selected based on the following param-
eters: good heat and current conductivity and also it must
withstand the pressure generated during electrolyte flushing.
The preferred electrode materials are copper/copper alloys,
platinum, tungsten, titanium and molybdenum. It is reported
that selection of proper tool feed rate plays a key role in
obtaining superior MRR and good surface finish. For better
MRR and good machining accuracy, copper-based tools are
always recommended [34, 35]. Hence, in this research work,
copper-based brass electrode with a diameter of 400 µm is
selected for the micromachining experiments.

2.4 Experimental Setup

Figure 1a represents the experimental arrangement of the
electrochemical micromachining setup. The machining unit,
electrode feeding assembly, electrolyte delivery unit and con-
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Table 1 Chemical composition of Hastelloy C276 (wt%)

Ni Cr Mo Fe Mn Co C P W S V Si

56.56 15.01 16.08 6.49 0.44 0.09 0.008 0.033 3.75 0.019 0.094 0.025

Table 2 Properties of Hastelloy
C276 Melting point

(°C)
Mass density
(g/cm3)

Ultimate
tensile strength
(MPa)

Hardness
(HRB)

Modulus of
elasticity
(GPa)

Poisson’s ratio

1350 8.89 792 90 410 0.31

Fig. 1 a ECMM setup, b,
c sample specimens

trol system are the basic components of theµECMsetup. The
required amount of electrolyte solution with proper concen-
tration is filled in the electrolyte chamber. The pump and
filters are used for electrolyte filtration and re-circulation
process. The level of electrolyte in the tank is maintained
based on the workpiece and tool immersion depth. Fixture
was designed to hold the workpiece with the dimensions of
40 mm × 10 mm (length × width) and immersed within the
electrolyte chamber. Micromachined Hastelloy C276 sam-
ples are indicated in Fig. 1b, c.

2.5 Experimental Procedure

Hastelloy C276 with a dimension of 40×10×0.15 mm
is rigidly fixed on the work holding fixture of µECM
machine. Electrolyte chamber is filled with adequate amount
of selected electrolyte solutions. DC power supply with pre-
definedTON andTOFF time is applied duringµECMprocess.
MRR, surface roughness (Ra) and overcut are measured as
output performances to analyze the processing nature of
various electrolytes while machining Hastelloy C276. The
chosen input parameters for theµECMprocess are operating
voltage (V), concentration of electrolyte (COE); micro-tool
feed rate (MTFR) and duty cycle (DC) [36]. The weights of
the specimens are measured by a micro-weighing machine
with an electronic balance setup.Micro-drilling was done for
all the experiments and machining time was recorded using
a stopwatch. By products of reactions are flushed out by the
electrolyte which is fed at a rate of 1 m/s. The qualities of
themicromachined surfaces were examined using a scanning

electronmicroscope. The formulae given in Eqs. 1, 2, 3 and 4
are used to calculate MRR, circularity, conicity and overcut,
respectively.

(1)

REMOVALRATE

� InitialWeight of the Specimen − FinalWeight of the Specimen

Machining Time

CIRCULARITY � MajorDiameter − MinorDiameter (2)

(3)CONICITY

�
(
MajorDiameter at entry+MinorDiameter at entry

2

)
−

(
MajorDiameter at exit+Minor Diameter at exit

2

)

2 × Thickness of the specimen

OVERCUT �
⎛
⎝

(
Major axis+Minor axis

2

)
− ToolDiameter

2

⎞
⎠.

(4)

2.6 Taguchi Design of Experiments

Taguchi approach is one of the best and effective tools
for designing and conducting experiments. Using Taguchi
method, better results can be obtained by carrying out least
number of experiments. Equation 5 is applied to find the
minimum number of experiments.

DOF � (A − 1)(B) + (A − 1)2(C) + 1 for the average,
(5)

where DOF is the degree of freedom, B—number of inde-
pendent variables,A—levels andC—number of interactions.
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Table 3 µECM parameters and their levels

Factors Level 1 Level 2 Level 3

Operating voltage (V) 8 10 12

Concentration of electrolyte (g/l) 20 25 30

Duty cycle (%) 33 50 66

Micro-tool feed rate (mm/min) 0.5 0.75 1

The minimum number of experiments to be carried out is
greater than or equal to DOF. The chosen µECM factors and
their levels are indicated in Table 3 [13].

3 Results and Discussion

The output responses of the µECM process were systemati-
cally investigated with respect to various machining factors.
Tables 4, 5 and 6 illustrate the experimental results on micro-
machining of Hastelloy C276 using the µECM process as
per L9 orthogonal array. The input parameters and the cor-
responding output performance measures are listed in these
tables. TheMRR, overcut, conicity and circularity values are
calculated based on the formulae provided in Eqs. 1, 2, 3 and
4, respectively.

3.1 Impact of Electrolytes andMachining Factors
onMRR

Figures 2 (bar chart) and 3 (main effect plot) display the
effectiveness of electrolytes and machining factors on mate-
rial removal rate duringµECMprocess. From the bar chart, it
is apparent that formost of the experimental conditionsMRR
is higher while machining with hybrid electrolyte. The max-
imum divergence from the mean line in main effect plot is
the indication of very good machining conditions for supe-
rior MRR. Figure 3c shows the maximum deviation from
the mean line which clearly proves that hybrid electrolyte
is the most favorable electrolyte for machining Hastelloy
C276 using µECM process followed by NaCl and NaNO3.
In hybrid electrolyte combination, citric acid acts as a cat-
alyst during material removal process which enhances the
MRR. Citric acid also controls the micromachining process
which in turn produces less overcut and minimum conicity.
Beingnon-passive in nature,NaCl is an aggressive electrolyte
which produces higher MRR but at the same time it also
causes high stray current effect due to which larger stray dis-
solution zone is observed. The passive NaNO3 electrolyte
produces lower MRR and minimum stray dissolution zone.

Operating voltage and duty cycle are the predominant
machining variables affecting the MRR while micromachin-
ing with NaCl and hybrid electrolyte (Fig. 3a–c). According
to Fig. 3b, it is validated that concentration of electrolyte is

the key parameter which influences the MRR while machin-
ing with NaNO3 electrolyte. The inter-electrode gap (IEG)
wasmaintained less than0.1mmtominimize thenonlinearity
effect produced by the polarization voltage inµECMprocess
[37]. The maximum material was removed once the micro-
spark has occurred during machining process. Occurrence of
micro-spark causes the easy breaking of hydrogen bubbles
at higher voltage. On a whole, theµECM characteristic indi-
cates that superior MRR is produced while machining with
hybrid electrolyte as compared to the other two electrolytes.

3.2 Effect of Electrolytes andMachining Factors
on Overcut

Average overcut values calculated from each specimen are
indicated in Fig. 4 as a bar chart. It is noticeable that each
and every machining factor has an appreciable amount of
influence on the overcut. For majority of experimental con-
ditions, the overcut value is high while machining with NaCl
electrolyte followed by NaNO3 and hybrid electrolytes. The
overcut on the machined surfaces is directly proportional to
the input voltage, concentration of electrolyte and tool feed
rate. Figure 5a–c illustrates the main effect plot for overcut
values with respect to different types of electrolytes and pro-
cess parameters used in this study. It is apparent from Fig. 5a
that the electrode feed rate is the most predominant input
factor which affects the overcut values while machining with
NaCl electrolyte. The overcut value is appreciably depending
on the concentration of electrolyte whenever NaNO3 is used
as an electrolyte (Fig. 5b). Figure 5c validates that the volt-
age and duty cycle have significant effect on overcut while
machining with hybrid electrolyte. The hybrid electrolyte
produces lower overcut in comparison NaCl and NaNO3

electrolyte.

3.3 Impact of Electrolytes andMachining Factors
on Circularity

Figures 6 and 7 illustrate the consequence of electrolytes and
machining factors on circularity. Difference between major
and minor diameter is the measure of circularity. In Fig. 7,
the deviations from horizontal lines indicate the more influ-
ence of machining factors on output responses. It is also
clear from Figs. 6 and 7 that most circular holes are pro-
duced while machining with hybrid electrolyte. All input
variables are equally significant whilemachiningwith hybrid
electrolyte. Duty cycle has most significant effects on circu-
larity while machining with NaCl electrolyte. Concentration
of electrolyte hasmost significant effects on circularity while
machiningwithNaNO3 electrolyte. FromFig. 7, it is inferred
that hybrid electrolyte combinations produce most circular
micro-holes.
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Table 4 Orthogonal array L9 responses—machining with NaCl electrolyte

Exp. no. Operating
voltage (V)

Concentration
of electrolyte
(g/l)

Micro-tool
feed rate
(mm/min)

Duty cycle
(%)

MRR
(mm3/min)

Overcut (µm) Conicity
(µm)

Circularity
(µm)

1 8 20 0.5 33 0.041173 433.00 3.0000 141

2 8 25 0.75 50 0.031804 101.75 9.0000 427

3 8 30 1 66 0.034909 76.25 14.5000 243

4 10 20 0.75 66 0.058101 6.00 9.3333 427

5 10 25 1 33 0.030613 24.25 0.3333 164

6 10 30 0.5 50 0.081306 182.50 4.3333 443

7 12 20 1 50 0.066729 39.75 8.5000 405

8 12 25 0.5 66 0.147991 174.25 13.6000 413

9 12 30 0.75 33 0.039688 141.75 4.5000 179

Table 5 Orthogonal array L9 responses—machining with NaNO3 electrolyte

Exp. no. Operating
voltage (V)

Concentration
of electrolyte
(g/l)

Micro-tool
feed rate
(mm/min)

Duty cycle
(%)

MRR
(mm3/min)

Overcut (µm) Conicity
(µm)

Circularity
(µm)

1 10 20 0.5 33 0.0166866 30.50 0.6666 126

2 10 25 0.75 50 0.0467544 63.00 1.5000 134

3 10 30 1 66 0.0523249 100.50 3.8300 144

4 12 20 0.75 66 0.0276926 29.00 0.6666 88

5 12 25 1 33 0.0424276 56.25 3.3330 137

6 12 30 0.5 50 0.0664327 164.50 6.6667 146

7 14 20 1 50 0.0252818 33.25 1.8333 109

8 14 25 0.5 66 0.0286457 67.75 2.3333 142

9 14 30 0.75 33 0.0437444 92.50 2.8889 134

Table 6 Orthogonal array L9 responses—machining with hybrid electrolyte

Exp. no. Operating
voltage (V)

Concentration
of electrolyte
(g/l)

Micro-tool
feed rate
(mm/min)

Duty cycle
(%)

MRR
(mm3/min)

Overcut (µm) Conicity
(µm)

Circularity
(µm)

1 8 25 0.5 33 1.09163 45.50 0.5556 164

2 8 30 0.75 50 0.84150 29.00 1.6667 152

3 8 35 1 66 0.01892 13.75 6.8333 237

4 10 25 0.75 66 0.01595 8.50 4.3333 406

5 10 30 1 33 1.12640 35.00 4.0000 174

6 10 35 0.5 50 0.11715 18.50 0.8333 302

7 12 25 1 50 0.02583 97.75 1.8333 126

8 12 30 0.5 66 0.01004 46.00 0.1666 427

9 12 35 0.75 33 0.04478 132.00 3.6667 408

3.4 Upshot of Electrolytes andMachining Factors
on Conicity

Figures 8 and 9 demonstrate the influence of electrolytes and
machining factors on conicity. The bar chart and main plot
indicate that minimum conicity is observed while machin-
ing with hybrid electrolyte. Duty cycle has greater influence

on conicity while machining with NaCl electrolyte and con-
centration of electrolyte has major effect on conicity while
machining with NaNO3 electrolyte.

Overall results indicate that the Hastelloy C276 machined
by µECM process with hybrid electrolyte (mixture of NaCl,
NaNO3 and citric acid) produces maximumMRR, minimum
overcut, good circular holes and minimal conicity. In hybrid
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Fig. 2 Impact of electrolytes and
machining factors on MRR

Fig. 3 Influence of process parameters on MRR while machining with a NaCl, b NaNO3 and c hybrid electrolyte

electrolyte combination, due to aggressive nature,NaCl helps
to produce maximum MRR, the passive nature of NaNO3

helps to reduce the stray dissolution zone (SDZ) and citric

acid acts as an additive agent to improve the overall machin-
ing performances.
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Fig. 4 Influence of electrolytes
and machining factors on
overcut

Fig. 5 Influence of process parameters on overcut while machining with a NaCl, b NaNO3 and c hybrid electrolyte

3.5 Taguchi Approach

Taguchi technique is normally employed to mitigate the
required number of experiments and also minimizes the

processing variations. Signal/noise (S/N) ratio values were
calculated to identify the best quality components. It is
necessary to achieve maximum MRR, hence, consider the
“larger-the- better” type of quality component [38]. The for-
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Fig. 6 Impact of electrolytes and
machining factors on circularity

Fig. 7 Influence of machining factors on circularity while machining with a NaCl, b NaNO3 and c hybrid electrolyte

mula provided in Eq. 6 is used to calculate the S/N ratio for
MRR.

S/N ratio � −10 ∗ log

(
1

a

) ∑ (
1

M2
j p

)
. (6)

Formula given in Eq. 7 is applied to determine the S/N
ratios for circularity, conicity and overcut. These output per-
formances are judged as better when their S/N ratio is lesser.
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Fig. 8 Influence of electrolytes
and machining factors on
conicity

Fig. 9 Influence of machining factors on conicity while machining with a NaCl, b NaNO3 and c hybrid electrolyte

In Eqs. 6 and 7, a—number of trials and Mjp—response of
jth experiment of pth contingent level.

S/N ratio � −10 ∗ log

(
1

a

) ∑
M2

j p. (7)

Grey relational approach is exercised to test the multiple
performances of the components and change the performance
into distinct grey relational grade [39]. This process is done
in three stages. According to Eqs. 8 and 9, the values of
normalized S/N ratios are calculated. The Taguchi design
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Table 7 S/N and normalized S/N
values for the response of MRR S. no. Sodium chloride (NaCl) Sodium nitrate (NaNO3) Hybrid electrolyte

MRR MRR MRR

W1 W2 W1 W2 W1 W2

1 − 33.90459023 0 − 35.55264289 0 0.761509247 0.993357341

2 − 29.9503651 0.438445169 − 26.60355024 0.747453159 − 1.718428292 0.932869847

3 − 29.14125184 0.275189604 − 25.62583186 0.829114923 − 34.46157736 0.134240455

4 − 24.71632785 0.530828186 − 31.15272535 0.367493376 − 35.94478625 0.098063903

5 − 30.28188427 0.419292625 − 27.44703069 0.677003342 1.033852836 1

6 − 42.79754809 0.699453167 − 23.57986233 1 − 18.62515414 0.541502418

7 − 23.51370767 0.600306469 − 31.94384017 0.301417261 − 31.75751188 0.410404593

8 − 16.5952939 1 − 30.85881142 0.394144003 − 39.96532574 0

9 − 28.02681572 0.339573279 − 27.18155072 0.699176948 − 26.97831843 0.316762627

W1—S/N value, W2—Normalized S/N value

analysis is being regulated between 0 and 1. In Eqs. 8 and 9,
Qjp is the normalized S/N value, Sjp—S/N value derived in
Taguchi approach; min (Sjp)—minimum S/N value and max
(Sjp)—maximum S/N value.

For “larger-the-better,” normalized S/N value is deter-
mined by Eq. 8.

Q jp �
(

S jp − min (S jp)

(max (S jp) − min (S jp))

)
. (8)

For “smaller-the-better,” normalized S/N value is deter-
mined by Eq. 9.

Q jp �
(

max (S jp) − S jp

max(S jp) − min (S jp)

)
. (9)

In stage 2, formula provided in Eq. 10 is utilized to find the
grey relational coefficient (BDjp). The optimization process
includes both “larger-the-better” and “smaller-the-better,”
and hence, the value @ (differentiate coefficient) is taken
as 0.5. The notations $min and $max indicate the least and
highest deviation from the intended value. These values are
considered as quality loss.

BD j p �
(
$min + @$max
$ j p + @$max

)
. (10)

Equation 11 is employed to find the grey relational
grade (Bj), where “a” indicates the amount of responses.
Good response in a machining process is also known as
ideal sequence. Superior relational grade between ideal and
present sequence specify the most favorable responses [40,
41].

Bj �
(
1

a

) ∑
BD j p. (11)

The S/N and the normalized S/N values forMRR, overcut,
conicity and circularity are represented in Tables 7, 8, 9 and
10, respectively. The calculation is done in such a way that
the superior S/N value is better for MRR and the lower S/N
value is better for overcut, conicity and circularity. Table 7
reveals that the S/N value and normalized S/N value is higher
for the experiment 8 whenever NaCl electrolyte is used. For
NaNO3 and hybrid electrolytes, experiments 6 and 5 provide
the better results.

Tables 11, 12 and 13 represent the grey relational coef-
ficient and converted grey relational grades. All the experi-
ments are carried out by using the differentiate coefficient
value of 0.5 [42]. The better machining parameters are
identifiedby the higher grey grade, i.e., 8th, 6th and5th exper-
iments for NaCl, NaNO3 and hybrid electrolyte in Tables 11,
12 and 13, respectively. The average grey relational grade for
machining variable is depicted in Table 14. The best value
for each machining variable in a process is identified by its
average value of grey relational level [43]. It is noted from
Table 14 that the duty cycle is the most dominant parameter
while machining with NaCl and hybrid electrolyte; whereas
concentration of electrolyte is themost influencing parameter
while machining with NaNO3 electrolyte. The influence of
the machining variables on determining the output responses
is indicated by the max–min level in Table 14.

3.6 Confirmation Tests

Confirmation tests were performed to validate the integrity
of the results obtained for the optimized output values. For
NaCl electrolyte with respect to Table 11, experiment 8
gives the maximum GRG values (rank 1). Hence, the con-
firmation experiment was conducted with respect to the fol-
lowing parametric conditions: voltage—12 V, concentration
of electrolyte—25 g/l, micro-tool feed rate—0.5 mm/min,
duty cycle—66%. The following results are obtained from
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Table 8 S/N and normalized
S/N values for the response of
overcut

S. no. Sodium chloride (NaCl) Sodium nitrate (NaNO3) Hybrid electrolyte

Overcut Overcut Overcut

W1 W2 W1 W2 W1 W2

1 − 46.96609726 1 − 29.68599679 0.029056479 − 33.16043793 0.611668899

2 − 40.15068836 0.782969996 − 35.98681099 0.447011009 − 29.24795996 0.447447284

3 − 37.64479696 0.703172345 − 40.04334434 0.716093401 − 43.76605396 0.175362377

4 − 15.56302501 0 − 29.24795996 0 − 18.58837851 0

5 − 27.69423486 0.386306466 − 35.00245054 0.381715017 − 30.88136089 0.516011028

6 − 45.43525738 0.944564663 − 44.32331805 1 − 25.34343457 0.283550673

7 − 31.98674266 0.543997162 − 30.43583299 0.078795676 − 39.80233532 0.890478431

8 − 44.82345574 0.931769685 − 36.61818599 0.48889437 − 33.25515663 0.615653633

9 − 41.63774279 0.830323784 − 39.34383465 0.668300855 − 42.41147862 1

W1—S/N value, W2—Normalized S/N value

Table 9 S/N and normalized
S/N values for the response of
conicity

S. no. Sodium chloride (NaCl) Sodium nitrate (NaNO3) Hybrid electrolyte

Conicity Conicity Conicity

W1 W2 W1 W2 W1 W2

1 − 9.542425094 0.582402748 3.543693814 0 5.104755259 0.32430358

2 − 40.08485040 0.873590869 − 3.542825181 0.352419888 − 4.437148708 0.641093018

3 − 23.43736004 1 − 11.66397548 0.759298838 − 16.69260976 1

4 − 40.40070451 0.883439408 3.543693814 0 − 12.73637514 0.877360701

5 9.543293727 0 − 10.45670627 0.698938131 − 12.04140983 0.855810964

6 − 12.73637514 0.679866475 − 16.47842825 1 1.583972363 0.433444313

7 − 18.58837851 0.858440983 − 5.264670769 0.439348403 − 5.264670769 0.645745371

8 − 43.67077817 0.983015845 − 7.359411642 0.54408046 15.56650006 0

9 − 13.06425028 0.68987162 − 9.424650178 0.636838158 − 11.28550757 0.832385264

W1—S/N value, W2—Normalized S/N value

Table 10 S/N and normalized
S/N values for the response of
circularity

S. no. Sodium chloride (NaCl) Sodium nitrate (NaNO3) Hybrid electrolyte

Circularity Circularity Circularity

W1 W2 W1 W2 W1 W2

1 − 41.58362492 0 − 42.0074109 0.708999603 − 44.29687696 0.301534056

2 − 46.72940468 0.839613167 − 42.54419597 0.830590683 − 43.63687176 0.424608092

3 − 47.71443547 1 − 43.16724984 0.972754997 − 47.49496692 0.743738395

4 − 46.72940468 0.839613167 − 38.88965344 0 − 45.84514243 0.505445546

5 − 44.29687696 0.442726898 − 42.73441134 0.874324529 − 44.81098497 0.369244635

6 − 46.52671743 0.806574505 − 43.28705712 1 − 49.60013886 1

7 − 45.80069433 0.688107540 − 40.74852996 0.443742372 − 42.0074109 0

8 − 46.14994176 0.745091854 − 41.65570741 0.629040796 − 46.72940468 0.642882386

9 − 45.05706062 0.566767625 − 42.54419597 0.830590683 − 45.93330381 0.517059603

W1—S/N value, W2—Normalized S/N value
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Table 11 Grey relational
coefficients—grade and rank
while machining with NaCl

S. no. Grey relational coefficient Grey relational grade Rank

MRR Overcut Conicity Circularity

1 0.333333333 1 0.544901371 0.333333333 0.552894109 8

2 0.393240378 0.697341889 0.79841037 0.757134095 0.661468158 4

3 0.40843645 0.627488261 1 1 0.758928678 2

4 0.515904397 0.333333333 0.810673914 0.757134095 0.60426091 6

5 0.387384476 0.448956544 0.333333333 0.472914708 0.410647265 9

6 0.624573079 0.900404797 0.609656824 0.742057999 0.713870675 3

7 0.555744798 0.51176924 0.779351528 0.615845092 0.615677665 5

8 1 0.879924894 0.967147629 0.662334336 0.87735140 1

9 0.430875979 0.746629473 0.61718613 0.53577434 0.582615956 7

Table 12 Grey relational
coefficients—grade and rank
while machining with NaNO3

S. no. Grey relational coefficient Grey relational grade Rank

MRR Overcut Conicity Circularity

1 0.333333333 0.339917878 0.333333333 0.634210934 0.40967387 8

2 0.66441047 0.474838773 0.435640714 0.74692716 0.580449029 5

3 0.745284128 0.637830918 0.675036068 0.948325725 0.75164042 2

4 0.441498542 0.333333333 0.333333333 0.333333333 0.36037463 9

5 0.607535866 0.44711343 0.624171514 0.799136331 0.640489233 4

6 1 1 1 1 1 1

7 0.417159353 0.351814297 0.471408239 0.464132479 0.426128592 7

8 0.451280605 0.494507148 0.523056574 0.57406586 0.510727547 6

9 0.624357652 0.601178927 0.579265643 0.74692716 0.637932346 3

Table 13 Grey relational
coefficients—grade and rank
while machining with hybrid
electrolyte

S. no. Grey relational coefficient Grey relational grade Rank

MRR Overcut Conicity Circularity

1 0.986888867 0.562853407 0.425279852 0.417410007 0.598055481 3

2 0.88163184 0.47503559 0.568241883 0.388986423 0.578473934 6

3 0.366096654 0.377461723 1 0.643284059 0.596710609 5

4 0.356649637 0.333333333 0.803033154 0.502737681 0.498938451 8

5 1 0.508135776 0.776169684 0.444284393 0.681624038 1

6 0.510465783 0.411032329 0.468798775 1 0.597574432 4

7 0.384672965 0.841315516 0.585305579 0.333333333 0.530906848 7

8 0.333333333 0.56538933 0.333333333 0.569399807 0.450363951 9

9 0.443569479 1 0.748934936 0.508677842 0.670045564 2

the confirmation test: MRR—0.142823 mm3/min, over-
cut—170.224825µm, conicity—13.09408µm and circular-
ity—403.7488µm.The calculated error percentage forMRR
is 3.49%, overcut is 2.31%, conicity is 3.72%, and circularity
is 2.24%.

Similarly for NaNO3 electrolyte, experiment 6 pro-
vides rank 1 (Table 12) and the corresponding parametric
conditions are as follows: voltage—12 V, concentration
of electrolyte—30 g/l, micro-tool feed rate—0.5 mm/min
and duty cycle—50%. The output values obtained through

the confirmation test are MRR—0.63330292 mm3/min,
overcut—33.6035 µm, conicity—3.8704 µm and circulari-
ty—169.9458µm. The error percentage found by comparing
the confirmation test and experimentation values is as fol-
lows:MRR error%—4.67%, overcut error%—4.38%, conic-
ity error% 2.90% and circularity error%—3.12%.

Experimental condition 5 yields (Table 13) the max-
imum GRG value for hybrid electrolyte and the cor-
responding machining conditions are as follows: volt-
age—10 V, concentration of electrolyte—30 g/l, micro-tool
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feed rate—1 mm/min, duty cycle—33%. Based on the
confirmation test, the following output values are calcu-
lated.MRR—1.09463552mm3/min, overcut—33.6035µm,
conicity—3.8704 µm and circularity—169.9458 µm. The
calculated error percentage is as follows: MRR—2.82%,
overcut—3.99%, conicity—3.24%, circularity—2.33%.

3.7 Morphology of Micromachined Surfaces

To identify the kind of morphology of micromachined sur-
faces, scanning electron microscopy (SEM) micrographs
were taken on the micromachined samples. Three samples
were considered from each set of experiments. Samples are
chosen based on the better machining quality; moderate
machining quality and poor machining quality. The corre-
sponding SEM micrographs are illustrated in Fig. 10.

Figure 10a represents the entry side SEM picture of a
micro-hole cut on Hastelloy C276 by utilizing NaCl as elec-
trolyte solution. The micro-hole is almost circular in nature
with minimum conicity and overcut. Very small amount of
stray dissolution zone (SDZ) is seen in the picture. The irreg-
ularities observed on the surface are also very marginal. The
following parametric conditions are related to this exper-
iment: operating voltage 8 V, concentration of electrolyte
20 g/l, micro-tool feed rate 0.5 mm/min and duty cycle
33%. In these parametric conditions, the flushing time is
comparatively higher; hence, higher reaction byproducts are
produced. Figure 10d represents the moderate machining
quality obtained while machining with NaCl electrolyte.
This is observed with the following machining conditions:
operating voltage 10 V, concentration of electrolyte 30 g/l,
micro-tool feed rate 0.5 mm/min and duty cycle 50%. In this
experiment, TON and TOFF time is equal, which influences
moderate machining quality. The poor machined surface is
observed while machining under the following parametric
conditions, i.e., operating voltage 10V, concentration of elec-
trolyte 20 g/l, micro-tool feed rate of 0.5 mm/min and duty
cycle 33% (Fig. 10g). Due to low electrode feed rate, large
stray dissolution zone and white patches are formed in the
workpiece.

While machining the Hastelloy C276 specimens by
NaNO3 electrolyte, the better micro-hole quality is achieved
with the following machining conditions: operating volt-
age 12 V, concentration of electrolyte 30 g/l, electrode feed
rate 0.5 mm/min and duty cycle 50% (Fig. 10b). When
the machining is done with the high operating voltage and
high concentration of electrolyte, good material removal
is observed with better accuracy. The moderate quality of
micro-hole is observed in Fig. 10e under the following para-
metric conditions, i.e., operating voltage 10 V, concentration
of electrolyte 25 g/l, micro-tool feed rate 0.75 mm/min and
duty cycle 50%. Low stray current effect and irregular circu-
larity are observed. Figure 10h indicates the poorlymachined
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Fig. 10 SEMmicrographs of micromachined Hastelloy C276 surfaces: a, d, gmachined with NaCl electrolyte, b, e, hmachined NaNO3 electrolyte
and c, f, i machined hybrid electrolyte
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Fig. 11 3D surface roughness
measurement of micromachined
samples using a NaCl, b NaNO3
and c hybrid electrolytes

micro-hole surface in Hastelloy C276 while machining
with NaNO3 electrolyte. This happened with the following
machining conditions: operating voltage 8 V, concentration
of electrolyte 30 g/l, micro-tool feed rate 1 mm/min and duty
cycle 66%. In this condition, the material removed is less and
the stray current effect is high because of the TON and TOFF

time ratio of 2:1. The increases in irregularities observed in
the machined surfaces are due to the short time span of pulse
off time. Less TOFF time leads to improper removal of mate-
rials from the machined specimens.

When the micro-hole making is done with hybrid elec-
trolyte (a combination of three individual electrolytes), the
better micro-hole quality (Fig. 10c) is observed in the
followingparametric conditions: operatingvoltage10V, con-
centration of electrolyte 30 g/l, electrode feed rate 1 mm/min
and duty cycle 33%. The TON and TOFF time ratio is 1:2.
As the TOFF time is higher, machined products are removed
properly, thus a better machined surface was achieved. The
moderate micro-hole quality while machining with hybrid
electrolyte is shown in Fig. 10f. The moderate results were
observed in the following parametric conditions: operating

voltage 12 V, concentration of electrolyte 35 g/l, micro-tool
feed rate 0.75 mm/min and duty cycle 33%. Due to the
maximum value of operating voltage and concentration of
electrolyte with a moderate feed rate, the larger MRR hap-
pened in the stray current region than the actual machining
zone. Hence, it is validated from Fig. 10f that the shape of
the micro-hole is irregular. The machining conditions that
produce poorly finished micro-hole (Fig. 10i) while machin-
ing with hybrid electrolyte are as follows: operating voltage
12 V, concentration of electrolyte 30 g/l, micro-tool feed rate
0.5 mm/min and duty cycle 66%.

3.8 Surface Roughness of theMicromachined
Surfaces

TALYSURFCCILITEnon-contact 3D surfacemeasurement
device was employed to analyze the irregularities available
on the surface of themicromachined holes. 3D surface rough-
ness tester uses confocal and electron microscopy principle
to measure the roughness values. The adjoining area imme-
diately next to the produced micro-hole was considered for
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surface roughness measurement. Figure 11a shows the 3D
surface measurement of surface roughness value of micro-
machined Hastelloy C276 specimen which was machined
using NaCl electrolyte. The average surface roughness (Ra)
measured is approximately equal to 2.265 µm. This high
value is due to the aggressive nature of NaCl electrolyte.
It is noted in Fig. 11b that the average surface roughness
value attained while machining with NaNO3 electrolyte is
around 1.723 µm. NaNO3 electrolyte forms the submissive
coat on the machined surface of the workpiece which min-
imizes the stray current effect and produces comparatively
minimum surface roughness than NaCl. The average surface
roughness observed while machining with hybrid electrolyte
is 1.226 µm (Fig. 11c). Hybrid electrolyte has the combined
property of aggressiveness of NaCl, passiveness of NaNO3

and controlled machining of citric acid which in turn pro-
duces high MRR, low stray current effect and good surface
finish.

4 Conclusions

Micro-hole making on Hastelloy C276 was carried out
by micro-electrochemical machining process with NaCl,
NaNO3 and hybrid mixture (NaCl + NaNO3 + citric acid)
as electrolyte solutions. L9 orthogonal array and Taguchi
grey relational approach were attempted to identify the
optimized machining conditions. The prominent inferences
arrived from the experiment and test results are presented
below.

(i) Hybrid electrolytic combinations produced better
material removal rate, lower overcut, lower conicity
and most circular holes.

(ii) Taguchi grey relational approach reveals that the opti-
mal parameters while machining with NaCl, NaNO3

and hybrid electrolyte are as follows; for NaCl: oper-
ating voltage 12 V, concentration of electrolyte 25 g/l,
electrode feed rate 0.5 mm/min and duty cycle 66%.
Similarly, for NaNO3: operating voltage � 12 V, con-
centration of electrolyte � 30 g/l, electrode feed rate
� 0.5 mm/min and duty cycle � 50% and for hybrid
electrolyte: operating voltage � 10 V, concentration of
electrolyte � 30 g/l, electrode feed rate � 1 mm/min
and duty cycle � 33%. Duty cycle is the most dom-
inant factor while machining with NaCl and hybrid
electrolyte and concentration of electrolyte is the most
significant factor while machining NaNO3 electrolyte.

(iii) Scanning electron microscopy pictures confirm that
more surface irregularities and white patches are
observed while machining with low micro-tool feed
rate and high duty cycle.

(iv) The average surface roughness measured (1.226 µm)
was lowest while machining with hybrid electrolyte.
This value is 84% lesser than the average surface rough-
ness produced while machining with NaCl electrolyte
and 40% lower than the average surface roughness pro-
duced while machining with NaNO3 electrolyte.
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