
Chapter 38
Investigation of Electrochemical
Micromachining Process Using
Ultrasonic Heated Electrolyte

M. Soundarrajan and R. Thanigaivelan

Abstract Electrochemical micromachining (EMM) is one of the important machin-
ing methods for fabrication of micro-components on alloys and composites materi-
als. Fabrication of micro hole is the important micro-machined feature, which are
used in many components that find application in various fields such as aerospace,
automobile, power circuit board (PCB), Ink jet nozzle, and the electronics indus-
tries. In this research, micro-hole is generated on 300 µm thick copper workpiece
using 460 µm diameter stainless steel electrode. Sodium nitrate (NaNO3) is con-
sidered as electrolyte and during machining process, the electrolyte is heated using
Ultrasonic Vibration (USV). The experiments are planned according to L18 Orthog-
onal Array (OA) using the machining parameters such as electrolyte concentration,
machining voltage, duty cycle, and electrolyte temperature. The machining parame-
ters are optimized using Multi-Objective Optimization of Ratio Analysis (MOORA)
method. Weight of each response is calculated using entropy method as wj for Mate-
rial Removal Rate (MRR)= 0.4941 and wj for Overcut (OC)= 0.5051. The optimal
combination obtained using MOORA is 30 g/l of electrolyte concentration, 9 V of
machining voltage, 55% of duty cycle, and 36° of electrolyte temperature. According
to Analysis of Variance (ANOVA) results, the machining voltage contributes about
55% of overall performance. Additionally, Scanning Electron Microscope (SEM)
images are taken for the further understanding of micro-hole profile.
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38.1 Introduction

Due the operational method of traditional machining, manufacturing of burr-free
surface in the copper material is the difficult task due to the geometry of the tool,
rotational speed, and vibration [1]. EMM is one of the dependablemethods formicro-
machining of copper with accuracy [2]. In the last decade, various research works
has been carried out worldwide to improve the machining performance of EMM.
Bhattacharyya et al. [3] have studied the machining performance of EMM on a cop-
per plate in addition to vibration of the tool. They found that sludge removal from the
machining zone significantly improved the machining rate and accuracy. Liu et al.
[4] have used two types of electrolytes such as aqueous NaCl and ethylene glycol
mixed NaCl in EMM on titanium alloy. These electrolytes significantly influence the
taper angle and surface roughness. Zhang et al. [5] have used as quasi-solid elec-
trolyte (agarose hydrogel) in NaOH solution to fabricate the micro-tools in EMM.
They noted that the accuracy of micro-tool increased significantly in quasi-solid
electrolyte than the liquid electrolyte. Guodong et al. [6] have investigated the effect
composite electrolyte at different concentration levels for machining stainless steel.
They found that the mixture of sodium nitrate with sodium citrate stimulates the ion
attraction in the electrolyte. Therefore, disposal of dissolved material is unhindered
in the inter-electrode gap which leads to high material removal and better accuracy.
Sekar et al. [7] have blended the nanocopper particles in aqueous NaCl electrolyte
to machine high carbon and high chromium die steel. The copper particle crashes
the hydrogen bubbles in the machining area resulting in an increase in the material
removal rate and good surface quality. The optimization of process parameters plays
a vital role in manufacturing for reducing the machining time and cost. Therefore,
various optimization techniques has been followed by the researchers since the last
decade. Jeykrishnan et al. [8] have used the Taguchi technique in ECM on D3 die
steel to optimize the machining parameters. From the above literatures, it is under-
stood that the researchers have improved the EMM performance with various types
of electrolytes and optimized the process parameters with different techniques. This
research focuses on electrolyte heating and in electrochemical machining, the elec-
trolyte temperature plays s significant role inmaterial removal [9]. Different methods
are adapted by the researchers to heat the electrolyte and all those methods have dis-
advantages of heating the subsystems of the EMM setup. Considering this difficulty,
a detailed experiment is planned to introduceUSV to simultaneously heat and vibrate
the electrolyte [10]. Here the USV is kept in the electrolyte tank and heating of the
other EMM subsystems is averted The effect of electrolyte temperature on EMM
process is studied with L18 OA experiment design and the process parameters are
optimized by the MOORA method.
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38.2 Experimental Method

Figure 38.1 shows the EMM system used for conducting experiments. The exper-
iments are carried out using an indigenously developed system. The EMM system
operated with the subsystems such as tool feeding system, pulse rectifier, and elec-
trolyte supply system. Stainless steel ofF 460 µm is used as electrode, and 300 µm
thick copper plate is used as a work-piece. The electrode is insulated with epoxy resin
to reduce overcut. The aqueous sodium nitrate (NaNO3) is used as an electrolyte.
The machining time has been noted using a stop watch for through-hole machining.
The completion of through hole is witnessed by evaluation of hydrogen gas bubbles
beneath the workpiece. The experiments are carried out on the basis of L18 OA and
the temperature of the electrolyte is measured using a digital thermometer. Com-
mercially available 24 V ultrasonic mist maker is used as the ultrasonic vibrator,
which is fixed in the electrolyte tank in a partially submerged position. The ultra-
sonic vibrator inbuilt with 110 kHz piezoelectric transducer and F 20 mm ceramic
plate to generate high-frequency vibration is passed beneath the electrolyte surface.
The high-frequency vibration creates rapid collision among the water molecules;
consequently, the kinetic energy of the water molecules increases; due to this, the
electrolyte heat increases in the machining zone (Fig. 38.2).

The machining parameters are varied for different levels during the experiments
and MRR and OC are evaluated for the assessment of the machining performance.
From the preliminary study, the machining parameters and their levels are fixed
as shown in Table 38.1. The variable machining time and hole diameter of each
experiment have been displayed in Table 38.2. The MRR has been evaluated by the
ratio of constant thickness of work material in µm to the variable machining time in
seconds and the difference between the tool and hole diameter is considered for OC
in µm. Optical microscope image is used for the evaluation of hole diameter [11].

Fig. 38.1 EMM system
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Fig. 38.2 Electrolyte tank attached with ultrasonic vibrator

Table 38.1 Machining parameters and their levels

Symbol Factors Level 1 Level 2 Level 3

EC Electrolyte concentration (g/l) 20 25 30

MV Machining voltage (V) 7 8 9

DC Duty cycle (%) 45 55 65

ET Electrolyte temperature (°C) 32 34 36

Machining parameters and their responses are shown in Table 38.2, which are
considered to evaluate the optimal combination using entropy-weighted MOORA
method.

38.3 MOORA (Multi-objective Optimization on the Basis
of Ratio Analysis) Optimization Method

MOORA is one of best and simple tools to find the optimal parametric combination
from the experiment results. The following steps are followed for the ranking [12].

Step 1: The decision matrix consist of ‘n’ attributes and ‘m’ alternatives and the
responses are kept in the matrix as shown in the Eq. 38.1.

Y =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

y11 y12 y13 . . . . . . y1n
y21 y22 y23 . . . . . . y2n
y31 y32 y33 . . . . . . y3n
...

...
...

. . .
. . .

...
...

...
...

. . .
. . .

...

ym1 ym2 ym3 . . . . . . ymn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(38.1)

Step 2: The matrix responses are normalized using Eq. 38.2.
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ki j = yi j√∑m
i=1 y

2
i j

j = 1, 2, . . . , n (38.2)

where kij is a dimension-less number which belongs to the interval [0, 1] for ith
alternative and jth attribute which represents the normalized performance.

Step 3: The maximum normalized performance values are should added (for
beneficial attributes) and minimum normalized values are should subtracted (non-
beneficial attributes) as in Eq. 38.3

qi =
g∑
j=1

ki j−
n∑

j=g+1

ki j (38.3)

where g is the no. of attributes to be maximized, (n − g) is the number of attributes
to be minimized, and qi is the normalized assessment value.

Step 4: The importance of responses to the attributes wj are be multiplied with
the corresponding weight.

qi =
g∑
j=1

wjki j −
n∑

j=g+1

wjki j (j = 1, 2, . . . , n) (38.4)

where wj is the weighted value obtained using the entropy method. Then these qi
values are ranked as per the preference values, in which higher value deserves the
optimal combination.

38.4 Result and Discussion

38.4.1 Input Parameters Effect on MRR

The machining parameters and their mean responses are plotted in the graph as
depicted in Figs. 38.3, 38.4, 38.5, and 38.6. It is evident from the figures that higher
parameter level deserves the higher MRR. The ultrasonic vibration heats the elec-
trolyte by creating the molecular collision. Due to heating, the ions in the electrolyte
experience higher displacement, resulting in higher MRR [13]. Additionally, the
USV dispels the debris produced during machining from the machining zone. This
continues the removal of debris that helps to improve the machining, resulting in
higher MRR.
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Fig. 38.3 EC versus MRR
and OC
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Fig. 38.4 MV versus MRR
and OC
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Fig. 38.5 DC versus MRR
and OC
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38.4.2 Input Parameters Effect on OC

The USV-heated electrolyte produces the overcut ranging from 75 to 110 µm. This
range is comparatively lesser with the existing literatures [9]. USV electrolyte con-
tributes for two times better overcut compared to the other electrolyte heating tech-
nique. The use of USV removes the debris continuously and possibilities of stray
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Fig. 38.6 ET versus MRR
and OC
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attack are reduced. The responses against the machining parameters are displayed in
Figs. 38.3, 38.4, 38.5, and 38.6.

38.4.3 MOORA

Entropy-weighted MOORA method has been adopted for the optimization of MRR
andOCusingUSV-heated electrolyte. Equations 38.1–38.4 are used for theMOORA
values and its ranking, which is indexed in Table 38.2. The attribute weights are
assigned using the entropy method as wj = 0.4941 for MRR and wj = 0.5051 for
OC. The highest MOORA value is considered as the best value, which holds the
first rank and considered as the optimal combination for the best machining perfor-
mance. Therefore, experimental run 9 holds the highest MOORA value 0.1202. The
experimental run 9 shows better result—0.933 µm/s MRR and 102.01 µm OC—
compared to other experimental runs using MOORA. Also, the experimental runs
17 (0.1176) and 3 (0.1171) are the next two optimal combinations. Therefore, 30 g/l
of electrolyte concentration, 9 V of machining voltage, 55% duty cycle, and 36° of
electrolyte temperature are recommended for better machining performance.

38.4.4 ANOVA Table for MOORA

MOORAvalues are statically studied byANOVAwhich identifies the significant pro-
cess parameters and its contribution toward the machining performance. Therefore,
machining voltage contributes about 55.51% in machining performance. Table 38.3
shows the percentage contribution of electrolyte concentration and temperature as
18.78% and 7.28%, respectively. According to ANOVA Table 38.3, duty cycle is
insignificant compared to other parameters.
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Table 38.3 ANOVA table for MOORA

Symbol DF Seq SS Adj MS F % of contribution

EC 2 0.0010356 0.0005178 4.86 18.78

MV 2 0.0030605 0.0015302 14.3 55.51

DC 2 0.0000572 0.0000286 0.27 1.04

ET 2 0.0004013 0.0002006 1.88 7.28

Error 9 0.0009588 0.0001065 17.39

Total 17 0.0055133 0.015 100

38.5 SEM Analysis

SEM graphs that are shown in Figs. 38.7 and 38.8 are for the first and second optimal
combinations. Figure 38.7 shows the round circumference micro-hole without any
irregularity inmajor areas. Although one side of its circumference had an over-etched
surface, the profile of the micro-hole is circular without any irregularities. It is due
to the fact that the ultrasonic vibrations passed beneath the electrolyte from one side
of tank and the smaller tank capacity makes way for debris encounter resulting in

Fig. 38.7 SEM for the first
optimal solution (30 g/l, 9 V,
55%, 36 °C)
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Fig. 38.8 SEM for the
second optimal solution
(30 g/l, 8 V, 55%, 36 °C)

few stray cuts. Figure 38.8 shows the better circularity, machined under the second
optimal combination.

38.6 Conclusion

EMMperformance is enhancedwith aids ofUSVheated electrolyte. The experiments
is planned based on the L18 OA. Entropy method is used to identify the weight of
each response. MOORAmethod has been used to calculate the optimal combination.

• Weight for each responses are calculated using as wj for MRR = 0.4941 and wj

for OC = 05051 using entropy method.
• The optimal combinations for better performance are 30 g/l of electrolyte con-
centration, 9 V of machining voltage, 55% duty cycle, and 36° of electrolyte
temperature.

• Based on ANOVA, the machining voltage contributes about 55% in the overall
machining performance.

• USV-heated electrolyte shows two times lesser overcut compared to the other
methods.
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• USV heated electrolyte is more suitable for better MRR and accuracy. Further
experiments can be planned to hinder the over-etching surface in the machining
area.
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