Innovations in Materials and Manufacturing

HYBRID

MICROMACHINING
and

IVICROFABRICATION
TECHNOLOGIES

Principles, Varieties
and Apphcatwns/\

Edited By
Sand Kunar

\
Go alﬁﬁ{ BbY aﬁ
%ﬁ" hatter_]ee X

b o
ﬂﬁ‘f Perveen 3

Scrivener
40 Publishing LEY




Table of Contents

Cover

Series Page

Title Page
Copyright Page
Dedication Page
Preface
Acknowledgement

1 Overview of Hybrid Micromachining_and Microfabrication
Techniqgues

1.1 Introduction

1.2 Classification of Hybrid Micromachining_and Microfabrication
Techniques

1.3 Challenges in Hybrid Micromachining
1.4 Conclusions

1.5 Future Research Opportunities
References

2 A Review on Experimental Studies in Electrochemical Discharge
Machining

2.1 Introduction
2.2 Historical Background
2.3 Principle of Electrochemical Discharge Machining_Process

2.4 Basic Mechanism of Electrochemical Discharge Machining
Process

2.5 Application of ECDM Process
2.6 Literature Review on ECDM
2.7 Conclusion



clbr://internal.invalid/book/OEBPS/cover.xhtml

Acknowledgments

References

3 Laser-Assisted Micromilling

3.1 Introduction

3.2 Laser-Assisted Micromilling

3.3 Conclusion

References

4 Ultrasonic-Assisted Electrochemical Micromachining
4.1 Introduction

4.2 Ultrasonic Effect

4.3 Experimental Procedure

4.4 Results and Discussion

4.5 Conclusions

References

5 Micro-Electrochemical Piercing_on SS 204

5.1 Introduction

5.2 Experimentation on SS 204 Plates With Cu Tool Electrodes
5.3 Results and Discussions

5.4 Conclusions

References

6 Laser-Assisted Electrochemical Discharge Micromachining
6.1 Introduction

6.2 Experimental Procedure

6.3 Results and Discussion

6.4 Conclusions

References

/ Laser-Assisted Hybrid Micromachining_Processes and Its
Applications




/.1 Introduction

/.2 Laser-Assisted Hybrid Micromachining

/.3 Laser-Assisted Traditional-HMMPs

7.4 Laser-Assisted Nontraditional HMMPs

7.5 Capabilities and Shortfalls of LA-HMMPs

/.6 Conclusion

Acknowledgment

References

8 Hybrid Laser-Assisted Jet Electrochemical Micromachining_Process
8.1 Introduction

8.2 Overview of Electrochemical Machining

8.3 Importance of Electrochemical Micromachining

8.4 Fundamentals of Electrochemical Micromachining

8.5 Major Factors of EMM

8.6 Jet Electrochemical Micromachining

8.7 Laser as Assisting_Process

8.8 Laser-Assisted Jet Electrochemical Micromachining_(LA-JECM)
8.9 Applications of LAJECM

References

9 Ultrasonic Vibration-Assisted Microwire Electrochemical Discharge
Machining

9.1 Introduction

9.2 Experimental Setup
9.3 Results and Discussion
9.4 Conclusions
References

10 Study of Soda-Lime Glass Machinability by Gunmetal Tool in
Electrochemical Discharge Machining_and Process Parameters
Optimization Using_Grey Relational Analysis




10.1 Introduction
10.2 Experimental Conditions

10.3 Analysis of Average MRR of Workpiece (Soda-Lime Glass)
Through Gunmetal Electrode

10.4 Analysis of Average Depth of Machined Hole on Soda-Lime
Glass Through Gunmetal Electrode

10.5 Analysis of Average Diameter of Hole of Soda-Lime Glass
Through Gunmetal Electrode

10.6 Grey Relational Analysis Optimization of Soda-Lime Glass
Results by Gunmetal Electrode

10.7 Conclusion
Acknowledgments
References

11 Micro Turbine Generator Combined with Silicon Structure and
Ceramic Magnetic Circuit

11.1 Introduction

11.2 Concept

11.3 Fabrication Technology.

11.4 Designs and Experiments

11.5 Results and Discussion

11.6 Conclusions

Acknowledgment

References

12 A Review on Hybrid Micromachining_Process and Technologies
12.1 Introduction

12.2 Characteristics of Hybrid-Micromachining

12.3 Bibliometric Survey of Micromachining_to Hybrid-
Micromachining

12.4 Material Removal in Microsizes
12.5 Nontraditional Hybrid-Micromachining_Technologies




12.6 Classification of Techniques Used for Micromachining_to Hybrid-
Micromachining

12.7 Materials Are Used and Application of Hybrid-Micromachining
12.8 Conclusions
References

13 Material Removal in Spark-Assisted Chemical Engraving_for
Micromachining

13.1 Introduction

13.2 Essentials of SACE

13.3 Genesis of SACE Acronym: A Brief Historical Survey
13.4 SACE: A Viable Micromachining_Technology.

13.5 Material Removal Mechanism in SACE p-Machining
13.6 SACE p-Machining_Process Control

13.7 Conclusion and Scope for Future Work

References

Index

End User License Agreement

List of Tables

Chapter 2
Table 2.1 Developments in the ECDM process from past to present.

Table 2.2 Brief overview of past research work based on workpiece
material,_to...

Chapter 5

Table 5.1 Values of process parameters for designing_the
experiments on ss 204...

Table 5.2 Experimental Results for Micro-ECM Milling_on SS 204.
Chapter 7




Table 7.1 Process parameters and their effects.

Chapter 8

Table 8.1 Significant material properties for LAJECM process [13].
Chapter 10

Table 10.1 Input parameters and different levels.

Table 10.2 Microscopic images of each experimental condition
results.

Table 10.3 Observations of soda-lime glass material through
gunmetal electrode...

Table 10.4 ANOVA for Average MRR of Soda-Lime Glass Workpiece
by Gunmetal Elec...

Table 10.5 Response table for Average MRR.

Table 10.6 ANOVA table for Average machined depth.
Table 10.7 Response table of Average machined depth.
Table 10.8 ANOVA table for Average hole diameter.

Table 10.9 Response table for Average hole diameter (Nominal is
better).

Table 10.10 Grey relational analysis table for soda-lime glass
material throug...

Table 10.11 Response table for the average grey relational grade.
Chapter 11
Table 11.1 Each parameter of the analysis.

Table 11.2 The measurement result of the inlet side.

Table 11.3 The measurement result of the recovery side.

List of Illustrations
Chapter 2



Figure 2.1 ECDM experimental setup.
Figure 2.2 Percentage of materials used as workpiece in ECDM.

Figure 2.3 Percentage of cathode tools used in ECDM.
Figure 2.4 Percentage of electrolytes used in ECDM.

Figure 2.5 Percentage of input parameters used in ECDM.
Figure 2.6 Percentage of output parameters used in ECDM.

Figure 2.7 Number of experimental studies publications in ECDM
from Table 2.2.

Chapter 3
Figure 3.1 Illustration of laser-assisted micromilling.

Figure 3.2 Tllustration of laser-assisted micromilling_along_with (a)
softened...

Figure 3.3 Schematic of laser-induced oxidation-assisted
micromilling.

Figure 3.4 Schematic representing_material removal mechanism of
micromilling h...

Figure 3.5 The Illustration of material removal procedure. (a)
Removal of oxid...

Chapter 4

Figure 4.2 Machined micropattern without ultrasonic assistance [18].

Figure 4.3 Array_of microholes using_electrolyte jet [18].
Chapter 5

Figure 5.1 Micro-ECM machining_setup for SS 204.
Figure 5.2 Surface plot for MRR.

Figure 5.3 Surface plot for TWR.

Figure 5.4 Surface plot for ROC.




Chapter 6
Figure 6.1 Experimental apparatus of ECDM [26].

Figure 6.2 Picosecond laser machining_system [26]

Figure 6.3 Cross-sectional structures of microgrooves

Figure 6.4 Protrusions difference of microgrooves processes by
ECDM and hybrid...

Figure 6.5 Comparison of microgrooves processed by combination
method and ECDM...

Chapter 7
Figure 7.1 Laser generation system.

Figure 7.3 Various phases of laser ablation.

Figure 7.4 Process and performance parameters of LBMM.

Figure 7.5 General classification of LA-HMMPs.

infront of ...
Figure 7.7 Effect of laser power on surface roughness [19].

Figure 7.8 SEM images (a)_.unmachined surface; (b)_turned surface
without laser...

Figure 7.9 Schematic of LAMD process.

structures ...

Figure 7.11 Detail of LAGM process,_(a)_schematic view of setup (b)
experiment...

Figure 7.12 SEM of surface damages,_(a)_Conventional grinding_(b)
LAMG process...




Figure 7.18 Principle of WIGL process [52].
Chapter 8
Figure 8.1 Basic working_principle of electrochemical machining.

Figure 8.2 Electrolyte characteristics vary by machining_length.
Figure 8.3 Classification of electrochemical micromachining_process.

Figure 8.4 Nozzle jet assembly setup.

Figure 8.6 Electrolyte jet and laser functions in LAJECM.
Figure 8.7 (a)_Jet-ECM (b)_LAJECM.

Figure 8.8 LAJECM process.

Figure 8.9 Localization effect in LA-JECM.

Figure 8.10 Localized machining_zone in LAJECM.

Figure 8.11 Mechanism for energy_distribution.

Figure 8.12 Electrolyte temperature and laser-localized area
temperature as a ...

Figure 8.13 Influences of electrolyte concentration of LAJECM on
MRR [12].

Figure 8.14 Influences of duty cycles of LAJECM on taper angle [12].




Figure 8.15 Measurements of taper and overcut.

Figure 8.16 SEM analysis for cross-section views of hole and surface
roughness...

Figure 8.17 Surface roughness for titanium alloy,_hastelloy, stainless
steel,_...

Chapter 9

Figure 9.2 Effect of amplitude on micro slit [23].

Figure 9.3 Micro slits (a)_without ultrasonic vibration and (b)_with
ultrasoni...

Figure 9.4 Influence of voltage on micro slit [23].

Figure 9.6 Effect of frequency on micro slit [23].

Figure 9.7 Microplanar coil structure and entrance slit width. (a)
Front view;...

Figure 9.8 Structure of glass microcantilever (a)_columnar
microcantilever (b)...

Chapter 10
Figure 10.1 Electrochemical discharge (ECDM)_machine setup.

Figure 10.2 Experiments results 1 of soda-lime glass through
gunmetal electrod...

Figure 10.3 Experiments results 2 of soda-lime glass through
gunmetal electrod...

electrode.
Figure 10.5 Main effect plot for average machined depth.

Figure 10.6 Main effect plot for Average hole diameter.
Chapter 11




Figure 11.1 Schematic illustration of ORC power generation system.

Figure 11.2 Schematic illustration of the fabrication process for the
silicon ...

Figure 11.3 Fabrication process of multilayer ceramic technology.

Figure 11.4 Fabrication process for complex structures (a)_single-
phase coil (...

Figure 11.5 Design of single-phase type miniature power generation
part that c...

Figure 11.6 Designed single-phase turbine (a)_arrangement of parts
(b)_rotor b...

Figure 11.7 Multilayer ceramic magnetic circuit of single-phase.

Figure 11.8 Design of combined three-phase type turbine and
magnetic circuit (...

Figure 11.9 Designed three-phase type turbine and components.
Figure 11.10 Designed three-phase type magnetic circuit.

Figure 11.11 Schematic diagram of the experimentation of the
rotation.

Figure 11.12 Designs of the proposed rotor (a)_sharp design (b)
blunt angle de...

Figure 11.13 State of the rotation experiment using_a low boiling
point medium...

Figure 11.14 Silicon components of MEMS turbine for the single-
phase and three...

Figure 11.15 Assembled turbine structures of the single-phase and
three-phase.

Figure 11.16 Ceramic single-phase magnetic circuit.
Figure 11.17 Ceramic three-phase magnetic circuit.



Figure 11.18 Combined turbine generators (a)_single-phase
generator (b)_three-...

Figure 11.19 Output voltage and output power applied at each load
resistance.

Figure 11.20 Output waveforms in generator of single-phase.

maximum rotati...

Figure 11.22 Output waveform of three-phase type generator.

Figure 11.23 Analysis result of designed magnetic structures (a)
square shape ...

Figure 11.24 Analysis model of three-phase circuit and magnet.

Figure 11.25 Phase difference error of three-phase output waveform.

blunt angle ...
Figure 11.27 Result of rotational speeds at each rotor design.

Figure 11.28 Results of the observation of the damaged rotor.

Figure 11.29 Output waveform with low boiling_point material.

Figure 11.30 Schematic illustration of phase change observation (a)
model (b)_...

Figure 11.31 Temperature changes results.
Chapter 12
Figure 12.1 Different classes of manufacturing_processes.

Figure 12.2 Different classes of machining_processes.

Figure 12.3 Bibliometric analysis of (a)_micromachining_processes
and (b)_hybr...

Figure 12.4 Documents by country or territory of hybrid-
micromachining_process...




micromachining_processes.

Figure 12.6 Different machining_processes have different amount of
material re...

Figure 12.7 Micromachining_(Taniguchi equivalent for cutting
processes)_accura...

Figure 12.8 Hybrid-micromachining_processes.




Scrivener Publishing
100 Cummings Center, Suite 541]
Beverly, MA 01915-6106

Innovations in Materials and Manufacturing

Series Editor: Prasenjit Chatterjee

Scope: “Innovations in Materials and Manufacturing” series
addresses recent developments and research issues related to the
productive use of materials and manufacturing processes, which
necessitates the development of newer materials and manufacturing
processes in order to produce high-quality products at lower prices
in less time. This series aims to provide a scientific platform for
researchers, practitioners, professionals, and academics to discuss
the most recent technological developments in metals, polymers,
ceramics, composites, biomaterials, nanomaterials, special materials,
metals, microforming, powder metallurgy, ceramics processing, non-
traditional machining, high speed machining, micro and
nanomachining, and laser processing. Tribological analysis, friction
behavior, modeling, and optimization techniques in materials,
machining, and manufacturing are also covered in this series.

Submission to the series:
Dr. Prasenjit Chatterjee, Department of Mechanical Engineering,
MCKYV Institute of Engineering, Howrah - 711204, West Bengal, India

Publishers at Scrivener
Martin Scrivener (martin@scrivenerpublishing.com)
Phillip Carmical (pcarmical@scrivenerpublishing.com)



mailto:dr.prasenjitchatterjee6@gmail.com
mailto:martin@scrivenerpublishing.com
mailto:pcarmical@scrivenerpublishing.com

Hybrid Micromachining and
Microfabrication Technologies

Principles, Varieties and
Applications

Edited by

Sandip Kunar
Department of Mechanical Engineering, Aditya Engineering College, A.P,
India

Golam Kibria
Department of Mechanical Engineering, Aliah University, Kolkata, India

Prasenjit Chatterjee
Department of Mechanical Engineering, MCKV Institute of Engineering,
Howrah, India

and

Asma Perveen

Department of Mechanical & Aerospace Engineering, School of
Engineering & Digital Sciences, Nazarbayev University, Republic of
Kazakhstan



Publishing

WILEY



This edition first published 2023 by John Wiley & Sons, Inc., 111 River Street,
Hoboken, NJ 07030, USA and Scrivener Publishing LLC, 100 Cummings Center,
Suite 541], Beverly, MA 01915, USA

© 2023 Scrivener Publishing LLC

For more information about Scrivener publications please visit
www.scrivenerpublishing.com.

All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording, or otherwise, except as permitted by law.
Advice on how to obtain permission to reuse material from this title is available at
http://www.wiley.com/go/permissions.

Wiley Global Headquarters
111 River Street, Hoboken, NJ 07030, USA

For details of our global editorial offices, customer services, and more information
about Wiley products visit us at www.wiley.com.

Limit of Liability/Disclaimer of Warranty

While the publisher and authors have used their best efforts in preparing this
work, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this work and specifically disclaim all warranties,
including without limitation any implied warranties of merchant-ability or fitness for
a particular purpose. No warranty may be created or extended by sales
representatives, written sales materials, or promotional statements for this work.
The fact that an organization, website, or product is referred to in this work as a
citation and/or potential source of further information does not mean that the
publisher and authors endorse the information or services the organization,
website, or product may provide or recommendations it may make. This work is
sold with the understanding that the publisher is not engaged in rendering
professional services. The advice and strategies contained herein may not be
suitable for your situation. You should consult with a specialist where appropriate.
Neither the publisher nor authors shall be liable for any loss of profit or any other
commercial damages, including but not limited to special, incidental,
consequential, or other damages. Further, readers should be aware that websites
listed in this work may have changed or disappeared between when this work was
written and when it is read.

Library of Congress Cataloging-in-Publication Data
ISBN 978-1-394-17447-8

Cover image: Pixabay.Com
Cover design by Russell Richardson


http://www.scrivenerpublishing.com/
http://www.wiley.com/go/permissions
http://www.wiley.com/

The Editors would like to dedicate this book to their parents, life partners,
children, students, scholars, friends and colleagues.



Preface

The advancement and subsequent widespread usage of hybrid
micromachining and microfabrication technologies have been
propelled by the significant need for superior quality in
manufactured goods, particularly those of micro-level size and
constructed from advanced materials. Hybrid micromachining and
microfabrication technologies are variations of advanced machining
processes, which combine two or more advanced manufacturing
processes with a traditional metalworking procedure (often some
types of machining process) to produce outputs that are not
attainable with the constituent processes acting alone.

To improve the machining rate and/or surface quality, hybrid
micromachining, and microfabrication technologies may also use a
fluid, abrasive medium, and an additional external energy source.
Due to better machining and surface quality, hybrid micromachining
and microfabrication technologies are gradually making their way
into the majority of production across the globe. Hybrid
micromachining and microfabrication technologies have proven to
have a considerable advantage over traditional applications. The
main benefits are their capacity for machining exceptionally
advanced materials, as well as the production of increased surface
integrity characteristics.

This book primarily aims to offer a broader perspective on some of
the most significant hybrid micromachining and microfabrication
technologies utilized for those goals, and to act as a source for
understanding the fundamental principles of various methods. As an
opening stage into the world of hybrid micromachining and
microfabrication technologies, this book intends to satisfy the
requirements of academicians, professionals, and researchers in the
domains of mechanistic and manufacturing engineering.



Chapter 1 introduces unique categorization and analyses of the
previous and current exploration and functions of the hybrid
micromachining and microfabrication procedures, and it emphasizes
the influence on performance characteristics.

Chapter 2 demonstrates a brief review of the work done on ECDM in
various fields, including history, design, workpiece, electrolyte, tool
electrode, and input and output parameters used in ECDM.

Chapter 3 provides an overview of laser-assisted micro milling and
hard-to-machine materials such as steel, Ti alloy, Ni alloy, cementite
carbides, and other ceramics that are used in laser-assisted micro
milling.

Chapter 4 describes how various processing properties are affected
by machining factors including electrode feed rate, operating
voltage, and ultrasonic vibration amplitude, and the outcomes of
experimentation demonstrates that the periodic pressure difference
for the electrolyte is produced by the vibrating electrode array
supported by ultrasonics.

Chapter 5 discusses the reduction of tool wear and overcut without
the addition of any external force, and how the concentration of
NaCl electrolyte played a vital role in improving the performance
features of micro-electrochemical machining of SS 204.

Chapter 6 explains the laser-aided ECDM for glass micro grooving,
which unites ECDM and laser micromachining to address these
issues. Single and hybrid processing techniques are examined for
their morphological characteristics, and the outcomes demonstrate
that ECDM produced tubular protrusions at the microgrooves’ base.

Chapter 7 explains various laser-based hybridized shaping processes
with their applicability for processing and shaping materials at the
micron/ submicron level.

Chapter 8 discusses the mechanisms for material removal and
process energy distribution in hybrid laser-assisted jet
electrochemical micromachining.




Chapter 9 demonstrates the fabrication of microstructure with a high
aspect ratio on brittle materials using ultrasonic vibration-assisted
micro wire WEDM.

Chapter 10 reveals the influence of input factors, i.e., the
concentration of electrolyte, voltage, the rotation speed on average
Material Removal Rate (MRR), and average hole diameter, as well as
the average machined depth on drilling on soda-lime glass.

Chapter 11 introduces a miniature electromagnetic induction type
generator by combining the Micro Electromechanical Systems
(MEMS) process, a microfabrication technology, and the multilayer
ceramic technology for miniatured electronic components fabrication.

Chapter 12 provides a detailed analytical overview of various hybrid-
micromachining process bibliometric surveys, classification and
machining mechanisms, and the effective utilization of process
parameters with

particular emphasis on the hybrid-micromachining (nano, macro and
micro-level) domain.

Chapter 13 describes the basic ideas behind the Spark Assisted
Chemical Engraving technique. Many processes, including
electrochemical discharge-aided melting and vaporization, etching at
high temperatures, differential thermal expansion of components,
random thermal stress cycles, and thermo-mechanical shocks caused
by expanding gases and electrolyte movement, which contribute to
this micromachining mode, are discussed.

A fundamental overview of the processes in issue, equipment
specifics, operating principles, relevant process parameters, and
significant applications are all included in various chapters’ material.
Appropriate references to ongoing and past research as it relates to
the described methods are provided throughout. This book will give
a thorough understanding of humerous advanced hybrid
micromachining and microfabrication techniques, as well as their
future directions, providing researchers and engineers who work in
hybrid micromachining with a necessary orientation. It intends to be



a research-focused reference book used by scholars of hybrid
microfabrication and micromachining procedures and aims to aid
engineers, scientists, and academics in the field. Among the other
crucial elements of the laboratories and institutes, the systematic
importance stands out and should stimulate and inspire other
researchers to pursue new avenues of exploration into hybrid
microfabrication and micromachining technologies. The editors thank
Scrivener Publishing for this prospect and their great assistance.

The Editors
March 2023
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Abstract

Hybrid micromachining and microfabrication techniques utilize
concurrent deed of two or more micromachining procedures with
assistance of some vitality in removal of material to augment the
advantages and diminish the prospective difficulties observed in
specific material ejection methods. There are different instances, like



compound processes, energy aided micromachining methods,
thermally aided micromachining, pulse-aided micromachining, and
combined hybrid micromachining processes. This study introduces a
unique categorization and analyses of the previous and current
exploration and functions of the hybrid micromachining and
microfabrication procedures and emphasizing its influences on
performance characteristics. Even though it is an enthusiastic
research field in unconventional and significant micromachining and
microfabrication methods subsequently, inadequate acquaintance
about proficiencies in shape, sizes, and controlling mechanisms is
still the most important restraint in the progress of these procedures.
In the adjacent future, there is plenty of opportunity for hybrid
micromachining and microfabrication processes in studying of
material removal at microlevel, consequence of residue strains, and
working environment.

Keywords: Hybrid, micromachining, microfabrication

1.1 Introduction

From the last decades, there has been an enhanced benefit in
microfabrication and micromachining techniques that have gained
the creativity of investigators and industrial engineers from
manufacturing sectors, mainly aviation, biomedical, and automobile.
Emerging micromachining and microfabrication techniques are
evidently continuing advances in microlevel industries, metrology,
and machines to accomplish the requirements associated with the
characteristics of microfeature [1]. Hybrid techniques state the
conception of high-quality characteristics with shapes and sizes
varying in micro level for different materials. The prerequisite for
microproduct reduction continues to create several methodological
restraints on discrete precision machining procedures, which are not
constantly achievable to independently create a microcomponent
meeting prerequisite, i.e., accuracy, surface quality, and shape
intricacy. Also, the micro level measurements influence the specific
method on functional characteristics and limit the application of self-



regulating machining procedure. For instance, production techniques
such as lithography are the utmost prevalent micromachining and
microfabrication approaches that are accomplished to create
microfeatures. Though, the limited choice of substrate materials,
higher investment, and inability is unable to produce complex
structures and inevitable clean room surroundings limit the usage of
MEMS methods in micromachining and microfabrication fields [2].

Due to challenging in microfabrication and micromachining area and
restrictions of discrete machining methods, researchers are
concentrated to emerging hybrid micromachining and
microfabrication methods, in which two or more techniques are
composed together for micromachining to improve the benefits of
fundamental procedures, while at that time diminishing their
adversative problems when they are functional independently. The
performing qualities of a hybrid procedure are significantly distinct
from those methods in terms of efficiency, machining quality, and
precision [3].

Hybrid micromachining is described as the combination of two or
more micromachining methods to eradicate material [4]. The
functional characteristics of hybrid micromachining and
microfabrication approaches are significantly diverse from those that
are distinctive for the constituent procedures when accomplished
distinctly [5]. The hybrid machining method is to signify the
amalgamation of different machining techniques with dissimilar
capability of material exclusion [6]. These techniques are the
approaches in which material eradication is owing to instantaneous
action of two or more micromachining or microfabrication techniques
or perform with the assistance of some energy in which the
performance of the method enhanced pointedly, or else which are
incredible when the procedures are utilized independently.

This chapter efforts to categorize recent hybrid micromachining and

microfabrication techniques into pertinent classification and elucidate
several methods utilized by researchers. The aim of this chapter is to
deliver an appraisal on the different investigation works stated in the



field of hybrid micromachining and microfabrication techniques to
realize the machining capability of hybrid methods. This chapter
efforts to deal with different hybrid methods in micro domain.

1.2 Classification of Hybrid Micromachining
and Microfabrication Techniques

The category of hybrid micromachining and microfabrication
techniques is classified with the utilization of procedural capability
and/or energy/ tools resources. Hybridization of microfabrication and
micromachining methods is carried out with the following conditions:

Hybridization of different methods into a compound procedure in
which material removal arises because of concurrent action of
different methods.

With aiding of various energy resources in material elimination to
enhance performance of primary micromachining method.

Utilization of specifically devised hybrid tool that can perform the
hybrid micromachining operation at a same time.

In the first type, compound process comprises techniques in which
two or more techniques are employed for concurrent action of
material removal such that substantial modifications in process
operation can be accomplished. For instance, in EDG method,
effective material removal occurs because of electro-discharge and
grinding action compared to electro-discharge machining method.
The second type, energy aided methods, the material removal is
occurred owing to preliminary machining action, only certain amount
of energy is utilized to enhance machining performances. For
instance, in laser aided milling, the laser initially warms the material
for removal, improving the material elimination capability of the
milling approach. By the laser source for preheating substrate, the
advanced materials are machined effortlessly. The third type utilizes
a specific hybrid tool that performs single-time machining for
different surfaces.



1.2.1 Compound Processes

Microfabrication and micromachining of microparts can be
accomplished with distinct advantages with the assistance of
chemical and electro-physical procedures as there is no explicit
contact between the tool and substrate between these procedures.
Combining these methods to create hybrid technique, further
advances in unique benefits over specific method because of their
less advantages [2]. In compound methods, there is instantaneous
action of two or more machining techniques that completely entail in
material removal action. Significant research outcomes are stated in
these methods combining various techniques through various
methods; some approaches are described.

In electro discharge micromachining (EDM), discharge energy
considerably influences the machining quality. The surface finish
reduces with greater voltage and current. The heating effect creates
microdefects, residual stresses, etc. in EDM. To avoid these
problems, innumerable studies are conveyed in hybrid electro-
discharge micromachining since last decades. In compound hybrid
micromachining processes, EDM is hybridized with other techniques,
i.e., abrasive electro-discharge grinding (AEDG), electro discharge
grinding (EDG), etc.

EDG confiscates from advanced materials by quick sparking
phenomena between substrate and revolving tool that are divided by
the dielectric fluid. This process utilizes a revolving tool, resulting in
improved flushing proficiency of the method. Consequently, the
material is efficiently removed from disparity and the unwanted
materials are not stored in the machining space, whereas the
accumulation of debris is a key difficulty with undesirable impact on
functioning of the method in EDM. Several investigators are reported
to find the significant parameters that influence the performances of
the EDG method. Material removal and surface integrity can be
enhanced by suitable input factors. To acquire greater material
removal, greater machining current and higher duty cycle with
positive polarity of electrode are utilized [7]. Researchers are



concentrated for machining of delicate materials using EDG because
no mechanical forces are applied through performance time, and it
provides better machining than EDM because of the rotary wheel

[8].

AEDG is a procedure in which the combined impact of grinding
method and EDM is applied to improve the machining characteristics
[9]. In this process, the grinding wheel is used instead of metallic or
graphite electrode. Therefore, mechanical abrasion and discharge
erosion take place for material removal. It is also known as electro-
discharge abrasive grinding (EDAG) in various research papers. This
procedure is suitable for machining engineering ceramics, and metal
composites. Minimum surface roughness values are compared using
three kinds of machining, i.e., electro-erosion grinding, hybrid
grinding (AEDG), and traditional grinding [10]. The surface textures
are associated with traditional grinding, and it is observed that
irregular peaks are more in micro level in AEDG than traditional
grinding method.

ECDM is a hybrid micromachining technique, where material ejection
takes place through electrical discharges and electrolysis. This
method is mostly used for microfabrication and micromachining of
fragile materials such as quartz, refractory bricks, etc. [11]. The
material removal is as much as 4 to 45 times than EDM and ECM.
The combined form of this method is utilized for hole drilling, which
is known as 3D micro structuring [12—-15]. This method is specifically
efficient for machining of HSTR alloys. This method is applied as
microgrinding to improve the quality of coarse surface on glass
material [16]. The procedure enhances the surface quality of ECDM
structures and decreases the total structuring time of hybrid
procedure compared to other traditional grinding procedure.

ECDG is a hybrid procedure of EDG and ECM, which merges the
electrolysis, electro-discharge erosion and mechanical abrasion of
the grinding procedure. Excess material is eliminated from the
substrate by the electrolysis, the mechanical action of abrasives, and
the erosion because of the spark phenomena. It is applied for



conductive material’s machining. This method can grind hard and
brittle materials for greater harder materials. The surface quality is
achieved up to 0.13 to 0.75 ym, and the dimensional precision is
obtained up to 0.0013 mm [17]. The grinding aided ECDM is used
for finishing of metal matrix composites and achieved the surface
roughness up to 10 times lower compared to that of the workpiece
machined exclusive of grinding assistance [18].

1.2.2 Methods Aided by Various Energy
Sources

(i) Thermally aided machining

The advanced materials have extensive uses in different areas, i.e,,
biomedical, aviation, etc. and their necessity is expanding; however,
they are very tricky to process because of their properties like higher
strength and lower thermal conductivity. Generation of précised 3D
structures is carried out by micromilling and micromachining. The
machining force at the microlevel is much greater compared to the
macro-level, which creates micromachining of advanced materials
[19]. The reduced surface finish of substrate and failure of the tool
are occurred due to higher cutting force. Thermally aided
micromachining assists for generating the high-aspect-ratio and
intricate 3D microfeatures in different advanced materials. This
assisted method uses exterior thermal resources to improve the
temperature of the machining area for assisting the machining of
material as decreases the residual stress of materials with higher
heat. This method lowers the powered processing energy on the
tool. The heat resources are pertinent for thermal assisted
machining, which have the subsequent features: (i) higher thermal
energy for quick heating of the material; (ii) easy controlling of the
heated areas; and (iii) satisfactory cost of traditional machines. Until
now, plasma [20, 21], induction coils [22, 23] and laser [24-36] are
employed. However, the characteristics, i.e., higher heating intensity
and controlling of heat resource become laser more favourite for
thermally assisted machining.



Laser-aided machining is a prominent procedure that affects the
rapid heating ability of laser with concentrated beam, challenging to
machining by mechanical machining method. It is extremely
concerned as stated by the progress of elevated power laser and
improved in its pertinency. Laser is utilized for aiding grinding,
electrochemical machining, and electro discharge machining
processes to enhance their functioning. The material removal and
laser heating occur concurrently in laser-assisted turning. This
method is applied in various types of numerous diverse materials. It
has demonstrated the effective way in lowering tool wear and forces
when utilized to machine the advanced materials, i.e., titanium
alloys, silicon nitride, Inconel, etc. Most of these findings are
performed by Nd:YAG laser and CO, lasers. Most of these research

explore that laser assisted turning procedure helps for reducing the
cutting forces, boosting the tool life and surface quality. In laser-
aided milling method, the combination of milling machine and laser
is occurred in which the tool is revolving. This occurrence of rotating
tool is a problematic task. This method utilizes lower laser power to
heat up the material, which is eliminated by the tool instantly behind
it. This method is carried out utilizing microball end-milling tool on
tool steel and demonstrated higher machining precision, and lower
surface roughness. The surface finish improves as the cutting speed
rises owing to the presence of laser heating. Improvement of
thermal assisted milling method is safer, reliable, and accessible for
engineering applications.

(ii) Media-aided machining

In this method, mechanical and heating characteristics of higher
pressurized jet of emulsion and water are focused into the
machining zone to enhance traditional machining of difficult
materials for aerospace and defence applications. The pressurized
liquid can offer advantages such as effective chip instability and
decrease in machining forces, particularly in advanced materials. It
can also enhance the lubricating characteristics and decrease heat
responses on the cutting tools [37]. The turning assisted method is
carried out with pressurized coolant for machining operation and



surface finishing investigation is conducted on steel, Inconel 718,
etc. [38]. The utilization of coolant with this method is responsible
for hydraulic pressure between the chip and the rake face of tool,
lowering the cutting forces and chip size and reducing tool erosion.
More understandings into the effect of contact length, and surface
finish in jet-aided turning of Inconel 718 are introduced. The
machining capability of Inconel 718 is experimentally investigated in
traditional and alternative higher pressurized cooling conditions [39].
The experimental outcomes demonstrate that the tool erosion and
cutting forces significantly reduce with the supply of pressurized
coolant to the machining zone. Cryogenic machining is utilized to
affect the performance and is applied to reduce the machining
temperature and improve the chemical constancy of the cutting tool
and workpiece and is anticipated to enhance the performance
capability of advanced materials [40—43].

(iii) Vibration-aided machining

This method is employed to different techniques from facing to
grinding. These combined method performs precision machining
with tool vibration and small amplitude. Here, the tool tip is moved
with slight reciprocating motion. The tool can intermittently drop
contact with the chip for proper sequences of frequency and cutting
velocity. As a result, machining forces are lowered, and tiny chips are
produced. This advances to enhance the surface quality, accuracy
and burr free compared to traditional machining [44]. The constant
flow of debris particles assists the stable performance in micro-EDM
because of the application of tubular type substrate. However, a
revolving spindle is not utilized in the creation of quadrilateral holes
[45]. Many researchers have concentrated on ultrasonically aided
micro-EDM to explore the influences of frequency on accuracy,
machining rate, and so on [46]. The utilization of quivering unit is
mostly used to improve dielectric movement, subsequent in efficient
elimination of metal from craters [47—49], succeeding in lowest
micro-racks and modifications of microstructure on substrate at
greater material removal [50]. The vibration assisted workpiece has
a substantial outcome on the machined characteristics of micro-EDM



technique [51]. This method is more prominent for higher depth
drilling on tungsten carbide [52]. The vibration assisted workpiece
suggestively improves material removal, geometric accuracy, surface
quality, and lower tool wear. Ultrasonic vibration-aided grinding is
also known as rotary ultrasonic machining (RUM), is applied to
investigate the machining capability of titanium [53], steels [54], etc.
and most findings are stated that enhanced surface finish and better
tool life are achieved at greater pulsation frequencies and smaller
feed rates.

(iv) Pulse-assisted machining

Pulse-assisted electrochemical machining [55-57] offers an
inexpensive and efficient technique for machining of advanced
materials to generate intricate profiles, i.e., micro cavities, die,
molds, etc. PECM improves the precision and machined quality
because of a pulsed voltage with greater current density compared
to electrochemical machining.

(v) Electromagnetic-aided machining

Many investigators are concentrated their attempts on magnetic
force applications to support the production method presently and
explored the advantageous consequences of magnetic force support
in material removal. The viability and consistency of the magnetic
media for machining are studied. This media is employed in different
areas of surface polishing. The magnetic abrasive polishing method
is applied to smooth the machined surface of steel [58]. Enhanced
characteristic of EDM-machined surface is followed because of
magnetic abrasive polishing technique [59]. The magnetic field
around the workpiece is applied to enhance the machining capability
in the abrasive flow machining (AFM) method [6Q]. The use of
magnetic field is responsible for enhancing debris flow in EDM [61].
The greater material removal is achieved due to improved debris
exclusion from gap in aid of magnetic fields [62, 63].



1.2.3 Processing Using a Hybrid Tool

A hybrid tool is used for machining of two or more planner surfaces.
The tools of inconsistent type, multifunctional tools and tools of
consistent type are distinguished for hybrid micromachining. These
hybrid tools are more intricate and costly than traditional tools and
may only be suggested for heavy production [64]. These tools of
incompatible type comprise different comprehensive tools. They
have excellent machining capability since they significantly improve
the efficiency. Consistent tools are created by sequence of different
cutting tools of several types. They are generally compound tools,
but one-piece production is feasible. These hybrid methods
accomplish two distinct types of cutting, deformation, and machining
in different classifications.

1.3 Challenges in Hybrid Micromachining

Requirements for improvement of better instruments for ability of
machining of précised intricate parts:

Hybrid micromachining techniques are evidently expanding for
production of complicated 3D microparts. The development of
precision instrument is very significant to gather requirements.

The microtool with précised movement with slight vibration will
generate the precise microproducts.

Précised controlling of machining factors is important since little
variation will affect the machining performance.

Improvement of accurate actuators and positioning mechanism

Actuators with high precision are incredibly significant. Efficient
evaluation, design techniques and modelling for positioning and
accurate high-speed actuators should be studied.

The capability of Piezoelectric actuators for précised positioning and
their design is studied. Moreover, study of thermal influences on
accuracy is important.



Advancement of receptive controller to meet higher functioning is
crucial. Precision operation is reliable for producing precise surfaces.

Advancement of multi-functional tool for meeting micromachining
requirements and improving research resources

While generating intricate parts, consumers incessantly require
higher accuracy with enhanced feature. To gather these
requirements, multi-operational tooling at decreased investment is
necessary.

Controlling of microtools and microcomponents are complicated and
required resources are supplied on machine tool.

On-machine production of electrode for hybrid electro discharge
machining processes

In this method, managing of micro tools is a challenging task
because of their possibility of twisting during assignments.

Moreover, precision of performance characteristics is influenced
owing to higher tool wear in EDM.

Advancement of multi-operational CAD tool supporting computer-
aided hybrid micromachining processes

CAD and CAM software enabling production through hybrid
micromachining and microfabrication processes are significant.

For production of intricate parts, a particular CAD/CAM method is
required for creating tool path and associated machining activity.

1.4 Conclusions

Hybrid micromachining and microfabrication is one of the dynamic
research areas in production of microcomponents. This manuscript
demonstrates a unique categorization of hybrid methods and
evaluations of literature review, specifically, hybrid approaches,
energy-aided methods, and procedures utilizing a hybrid tool. In
micro level, hybrid methods are developing as crucial techniques.
This methods demonstrate open new path of research for improving



method abilities, diminishing their limitations, and spreading
functional areas. The main limitations in the progress of hybrid
schemes are inadequate acquaintance about compatibilities in sizes,
and employing strategies associated to manufacturing products.
Additionally, the essential acquaintance will affect the product
superiority of different materials is still inadequate, and there is
sufficient possibility in studying concerns in material removal at
microlevel, and consequence of residual strains in the future.

1.5 Future Research Opportunities

Hybrid micromachining and microfabrication techniques require
several types of energy, concurrently which are affected at the same
fabrication area. Fundamental issues of material elimination
capability and the mechanism related with hybrid system are one of
the upcoming research purposes. Additional forthcoming research
opportunity is simulation and modeling of hybrid micromachining
and microfabrication procedures. Simulation of such procedures is
explored with dissimilar approaches, i.e., molecular simulation,
multiscale modeling, etc. Simulation and modeling support improved
fundamental aspects of the hybrid procedures. There is prerequisite
of ultraprecision machines that keeps high stiffness, control
mechanisms, accurate feed drives, and are furnished to recompense
for dynamic and static aligning faults. The accuracy of these
techniques is improved further with diminished holding and
rearrangement of tool faults.
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Abstract

The electrochemical discharge machining (ECDM) is a hybrid nontraditional process, which
precisely ideal for machining on conductive and nonconductive materials. Due to advanced
technologies, miniaturized products have specific demand in most of the fields, which can
easily be fulfilled by ECDM. The present study is a brief review of work done on ECDM in
various fields, which comprises history, design, workpiece, electrolyte, tool electrode, input
and output parameters used in ECDM. The conclusion gives a precise idea for enhancement
and efficiently working with ECDM for the future research study.

Keywords: ECDM, electrolyte, applied voltage, tool electrode, material removal rate, glass,
ceramic

2.1 Introduction

The machining has a special position in manufacturing industries due to its abilities, i.e., high
accuracy, better surface finish, and stable particular property of bulk work material. The
complex shapes can be manufactured by different machining processes [4]. The various
nonconventional machining processes like abrasive jet process, laser beam process, and
ultrasonic process are extensively used for machining of advanced materials [5].
Electrochemical machining (ECM), as well as electric discharge machining (EDM) processes
are very effective when they are used for micromachining with good precision, but they are
only applicable to electrically conductive and nonconductive materials. So, to solve this
problem, integration of ECM and EDM material removal processes has been invented, which
is called electrochemical discharge machining (ECDM). This non-traditional technology is
specially used to fabricate all types of materials at a microscale. The electrochemical
discharge machining (ECDM) process is also termed as electrochemical arc machining
(ECAM), spark-assisted chemical engraving (SACE), and electrochemical spark machining
(ECSM) [1-3, 6]. It shows combined ECM action, which is aided by the thermal erosive
influence of the electrical discharge process in the machining gap occupied with electrolyte
[Z]. This process has various machining characteristics, such as depth of machined hole and
microchannel, surface topography, machined surface accuracy, tool wear, material removal
rate, heat affected zone, etc. The ECDM process has advantages like productivity, quality, and
ultimately, cost efficiency. Hence, this process has a demand in the field of precision parts
manufacturing for automotive and biomedical components, which will lead to the advanced
manufacturing industry utilizing the micros-ECDM process more effectively [8]. In this



process, the applied voltage goes more than the critical voltage to an electrochemical
container, the discharge creates among one electrode and the nearby electrolyte, which is
named electrochemical discharge [9]. The material removal occurs because of the combined
process of localized sparks and electrolysis in an electrolytic cell [10].

2.2 Historical Background

The spark discharge machining was applied for the erosion of materials, which was
previously noticed by Priestley in 1762. This process was first utilized for the dissolution of
metals and to produce small particles achieved by Svedberg (1906) who worked on
oscillatory spark circuits to generate colloidal solutions using the electric pulverization of the
spark gap tool electrode, which was dipped in chemical [11]. Sir Humphry Davy (1778-1829)
first detected and recorded the occurrence of discharging the light. The electrochemical
discharge phenomenon indicates a major effect in the fabricating of nonconducting materials.
This phenomenon was prominent in the work of Fizeau and Foucault in 1844. Fizeau and
Foucault first worked on the intensity of light discharged by the carbon in the experiment of
Davy in the year 1844, and they recorded the experimental spectral results of light sources.
They relate the spectra initiated by electrical discharges among two carbon electrodes and
those from the sun. They also proposed a new approach by considering the phenomenon as
a stochastic process. In this model, they considered the process as a phase transition [12,
13]. The ECDM was first used by Kurafuji et al. in 1968 for producing microholes drilling in
glass material [14]. Cook et al. examined the influence of the electrolyte during the process
on nonconductive materials [15]. Tsuchiya et al. developed a new process called wire
electrochemical discharge machining in which a wire is used as a tool-electrode, and it is
used to cut the different ceramic, glass, and composite materials [16]. Esashi et al. first
made a MEMS device by utilizing the electrochemical discharge drilling process [17]. Basak et
al. made a model to calculate the physical characteristics of the MRR for changing the various
factors [9]. Skrabalak et al. scrutinized a model for investigation of the current of electro-
discharge machining and electrochemical dissolution of the ECDM. They had explored the
fuzzy-logic controller for the ECDM process [18]. The first review paper was published in the
year 2005 based on the ECDM process. In this report, they emphasized the electrochemical
characteristics and showed some limiting causes and their results [19]. Yang et al. observed
improvement in surface roughness and overcut when working with SiC abrasive particles,
which were added into the chemical in the wire ECDM process [20]. Didar et al. investigated
the modeling and characterization of 2D glass micromachining through constant velocity by
utilizing spark-assisted chemical engraving [21]. Cao et al. formed 3D microstructures on a
glass sample test piece by applying the ECDM process [22]. Yang et al. found a method to
solve problems observed during the drilling of the microhole using a spherical end tool, which
helped to enhance efficiency and accuracy [23]. Liu et al. designed a new process, i.e.,
grinding aided ECDM to raise the enactment of the conventional ECDM, which was used to
machine particulate reinforced metal matrix composites material [24]. Jiang et al.
experimented with a stochastic model for a spark energy assessment in which the FEM
model was developed to study a correlation between geometry and spark energy of eroded
material [25]. Ziki et al. had clarified the machining temperature, according to them the
temperature can be dependent on the machining structure geometry and drilling strategy
[26]. Goud et al. developed a 3D finite element model for the virtual simulation analysis of
material removal in ECDM drilling [27]. Hof et al. produced micropatterned glass templates
with the help of SACE to produce micropatterned glass templates. They invented a new



technique that has the potential of microfabrication, and it could be beneficial for MEMS
product developers [28]. Hof et al. have fabricated a low-cost SACE machine. This machine
was successfully used to fabricate glass material, which is also applicable for the fabrication
of optic telecommunications, smartphones, green energy devices, and advanced medical
devices such as Lab-on-Chip [29]. Goud et al. deeply reviewed past to present studies of the
ECDM process [30]. Table 2.1 shows developments in the ECDM process from past to
present.

2.3 Principle of Electrochemical Discharge Machining Process

In this process, the high voltage is provided to the cathode and anode, which was placed in
conductive chemical. The electrical discharges in an electrolyte chemical raised due to
confined areas of grown gas and electrolyte vapor [31]. The fine hole drilling achieved
through ECAM, and the inter-electrode gap width enhanced due to applied voltage [32]. In
ECDM, several intermediate processes like electrochemical reactions after that nucleate pool
boiling, and then the breakdown of hydrogen bubbles, producing the electrons and these
electrons drifting near the workpiece due to which the material removal get initiated [33]. In
this process, the quick creation of bubbles takes place because of the electrochemical
reaction between cathode and anode. Later on, these bubbles get burst because of a
collision that generates sparking. This process continuously happened because of contact
between a cathode and electrolyte [34]. The process of electrolysis in an aqueous solution
having a high current density is called the aqueous anode effect. When the anode
temperature reaches up to the boiling of electrolyte at that time the transition period gets
started. Later on, bubbles wall gets vaporized due to which electrical resistance gets
increased at the anode and voltage is also raised [35]. The dense and steady gas film can be
achieved at an extreme voltage known as transition voltage as a result of electrochemical
discharge action occurs [36]. Figure 2.1 shows the ECDM experimental setup.

2.4 Basic Mechanism of Electrochemical Discharge Machining
Process

In this process, the machining gap between the workpiece and cathode tool point is retained
for a steady electrochemical reaction and discharge mechanism inside the nonconducting
container. The anode and cathode electrodes are immersed in an electrolyte container and
DC voltage is given among them. The spark at the tooltip generates when voltage is greater
than critical voltage. The disintegration of metal occurs in the anode electrode, so it is larger
than the cathode. After that, the electrolysis initiates hydrogen bubbles formed nearby the
cathode and oxygen bubbles formed nearby the area of anode electrode. The bubble layer
produces nearby the cathode and anode tools, which integrate bubbles into a vapor layer.
The light release could be observed in electrical discharge and therefore named
electrochemical discharges. This discharge produces between the tool and electrolyte
boundary as a result of the maximum gradient established across the hydrogen bubbles. The
electrons transferred near the workpiece when the cathode moved towards the workpiece.
The workpiece material melts, and the removal of material occur in the form of small
particles [19, 37, 38]. The vital characteristics of this process are the local Joule heating,
variation in wettability of the tool, hydrodynamic inconsistency, hydrodynamic effects, and a
combination of wettability. The limitations of the ECDM are quality of machining, efficiency,
and precision [19]. The machining depends upon electrolyte properties like concentration,



electrical conductivity, viscosity, as well as the temperature of the electrolyte. Electrolytes are
generally specified into three types, i.e., alkaline, neutral, and acidic. The different
electrolytes like H,SO4, NaCl, NaOH, KCI, NaClO3 NaNO3, and KOH are mostly utilized. The

majority of the researchers used alkaline-based electrolytes because of high ions mobility and
improved superiority of etching. The maximum electrolyte concentration triggers the
formation of the dense gas film. The ECDM process causes health hazards because of fumes
generated during machining conditions [39]. In this process, the discharge activity across the
vapor bubble films produced on the workpiece and therefore erosion of material takes place
[40].

Table 2.1 Developments in the ECDM process from past to present.

Year Progressive developments in the ECDM process from past to present
1762 Spark discharge machining process detected by Priestley [11]

1778 Detected occurrence of emitting light for instance when electrical arcs between two
carbon electrodes by Sir Humphry Davy [13]

1844 Electrochemical discharge phenomenon identified by Fizeau and Foucault [12, 13]
1906 Dissolution of metals into small particles obtained by Svedberg [11]

1968 The first article conveyed based on electrical discharge drilling on glass by Kurafuji
and Suda [14]

1973 First characterizations by Cook et al. [15]

1985 Invented new modified traveling wire-ECDM by Tsuchiya et al. [16]

1990 First MEMS devices were formed by Esashi et al. [17]

1997 Invented first theoretical model by Basak et al. [9]

2004 Investigated fuzzy-logic controller for ECDM by Skrabalak et al. [18]

2005 A first review paper published by Wuthrich et al. [19]

2006 Added abrasive mixed into electrolyte by Yang et al. 2006 [20]

2008 2D-glass micromachining using SACE by Didar et al. 2008 [21]

2009 3D microstructures on glass surface by using ECDM by Cao et al. [22]

2011 Made spherical tool electrode by Yang et al. 2011 [23]

2013 New process Grinding aided ECDM by Liu et al., 2013 [24]

2014 Stochastic model for spark energy estimation by Jiang et al. [25]

2015 Clarification about the machining temperature by Abou Ziki et al. [26]

2016 3D FEM model for simulation of material erosion in ECDM by Goud et al. [27]
2017 Made micropatterned glass templates by Hof et al. 2017 [28]

2018 Invented novel SACE machine suitable for Industry 4.0., by Hof. et al. 2018 [29]
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Figure 2.1 ECDM experimental setup.

2.5 Application of ECDM Process

The different processes can be done by ECDM process, i.e., dressing of microgrinding tools,
machining of cylindrical parts, microdrilling, microdies, blind holes, machining of complex and
intricate microprofiles [1]. It offers enhanced accuracy and material removal in microscale
and meso-scale machining of hard materials. Nowadays, the industries show less interest in
ECDM due to low repeatability and controllability [41]. This process is applied to make



several channel surfaces texture on nonconducting ceramic materials in addition to composite
materials and micro-texturing on the glass surface etc. [42—45]. This process can be used to
machine very hard materials, like silicon carbide, diamond materials, etc. [46—48, 145].

2.6 Literature Review on ECDM

The work of literature from past to present, related to the ECDM machining process is deeply
reviewed, and based on it this literature, review is categorized into the following areas: past
work was done based on theoretical modeling in ECDM, internal behavioral studies of ECDM,
machine design of ECDM, materials used into the machine by using ECDM, tooling material
and its design of tooling in ECDM, electrolyte chemical used in ECDM, and optimization
techniques used in ECDM process.

2.6.1 Literature Review on Theoretical Modeling

McGeough et al. [7] developed a theoretical model and observed the effect on the metal
removal rate influenced by varying the machining voltage. They found that the sparking
element plays a key role in increasing the metal removal rate when the higher the voltage
and higher the feed rate. Khairy et al. [49] developed a theoretical model for the specific
MRR, power utilization factor. The specific MRR was directly calculated from the ratio
between the removed volume of workpiece material and the amount of Coulomb by using
Coulomb\meter during machining. Equation 2.1 shows a theoretical model for the specific
material removal rate.

smrr=23.55 d;‘/c (21)

where smrr is mm?3/KC, KC is specific energy or cutting pressure, ¢ is the total amount of
Coulomb on meter.

The power utilization factor (puf) model was to find out rate of the volume of metal eroded

from the die-cavity mm? to the total amount of power (g) counted by a power meter. The
equation 2.2 shows for power utilization factor.

puf =23.55d: /q (22)

Basak [50] studied the mechanism of electrochemical discharge, He developed a theoretical
model of electrochemical discharge (ECD) and developed a quantitative model of material
removal in ECDM. The model of ECD is based on the switching phenomenon. The switching
action among the electrolyte solution and tool electrode occurred because of the blanketing
of the tool electrode by a layer of gas. The water vapor is produced because of the interface
heating and the hydrogen gas generated from the electrochemical reactions, which assists in
blanking the electrode surface. The material removal rate increases considerably when the
total circuit inductance is increased. Basak and Ghosh [51] proposed a theoretical model
used for detecting voltage and current for investigating the discharge formed between
electrolyte and electrodes. A theoretical discharge phenomenon resulted in the tooltip. The
developed model is presented in equation 2.3.



V=LA [Rc+R+R,] 23)

where Vc sparking start voltage, Jc-current density, Ac-surface area of the electrode, Ry
Ry Rscare the critical values of Ry, Ry, R3, which are interfaced resistance among the tool
and the electrolyte.

Basak and Ghosh [9] developed a simplified model to calculate the characteristics of the
material erosion rate for altering input factors and to check the possibility of improving the

capability of the process. The theoretical model (equation 2.4) indicates an enhancement in
MRR, which can be succeeded due to additional inductance.

0.251%(V, - V.)*(R,—0.5R;.) - (24)
M= IR mg.min
Rlln =—=
R3L’

where M is the material erosion rate, Vj is applied voltage, V¢ is critical voltage, L is
inductance of circuit in Henry, R, is resistance of the larger electrode-electrolyte interface,
Rsc critical value of resistance, and R. =R, + Rj3e.

Jain et al. [37] have identified the electrochemical discharge model, which was related to the
arc discharge valves theory. This model is used for the analysis of the material erosion rate
by modeling the 3D unsteady state heat conduction. Mediliyegedara et al. [52] developed a
model of a cathode electrode location control system. The PID controller and ARX model
were designed and developed. Mediliyegedara et al. [53] invented the pulse classification of
the electrochemical discharge process by using Fuzzy Logic. The ECDM was developed by
integrating altering the control system and an electrolyte system. The different ECDM input
process factors are utilized for developing the pulse classification rule base. Simulation results
indicated that the suggested pulse classification system can be efficiently utilized in the pulse
classification of the ECDM process. Fascio et al. [54] investigated two models for SACE. The
first model was developed by using percolation theory, which identified current and voltage.
The second model was to investigate the spark’s features, i.e., duration and amplitude.
Bhondwe et al. [55] have investigated the FEM model for the evaluation of material erosion
rate. The mathematical formulation for mass MRR was also investigated, which is shown in
equation 2.5.

MRR_=MRR xp (25)

where MRRm = mass MRR, MRRv = voltage into a number of sparks per unit time, p =
density of the workpiece material.

Allagui and Wuthrich [56] developed a two-step algorithm, i.e., Meyer wavelet and center-
clipping method was given for the current signal. Liu et al. [57] developed a new method in
which they applied electric field acts on a hydrogen bubble. They also developed a model
shown in equation 2.6.
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where EQ is original electric field strength, Max Ein is the dielectric strength of hydrogen.

El-Haddad and Wuthrich [58] developed a model for the prediction of current-voltage
characteristics of two electrodes in which the dynamics of gas film form during the ECD
phenomenon. In this phenomenon, the mean-field version model denotes a good qualitative
covenant but overrates the hysteresis outcome and predicts enormous current densities for
the cell operation as soon as the gas film was made. Wei et al. [59] computed a FEM model
for identified depth of machined area in the electrochemical discharge machining process,
which is shown in equation 2.7.

B S (2.7)
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where u is the voltage, dis the cathode diameter, Zoo is the machinable depth, | is the tool
immersion depth, tis the time, ro and zo is the intercepts of the isotherm and coordinate
axes.

Panda and Yadava [60] developed two models of die-sink ECDM process by using the
artificial neural network and FEM. Krotz et al. [61] developed a model and simulated the heat
transfer into a workpiece in single discharges of ECDM. Kamaraj et al. [62] proposed a
mathematical model shown in equation 8 to estimate the overcut of a machined surface
having less variation and the tool diameter indicates a minor influence on overcut.

1 (2.8)
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where tis total machining time, Vs voltage, I, is the mean machining current, Kis thermal
conductivity, R is interelectrode resistance of the electrolyte, Cris the ratio of mean
machining current to peak current, p is density, cis heat capacity, ris overcut.

Paul and Korah [63] developed a model to investigate the MRR with pulsed DC and direct
current. They detected that the pulse DC was more significant than direct current with lesser
temperature and improved MRR. Goud and Sharma [27] proposed a 3D FEM simulation
model in which the variance of temperature distribution on the workpiece, as well as the
variance of MRR by input factors like electrolyte concentration and voltage. The soda-lime
glass and alumina materials were taken for the given simulation study. They observed that
the experimental results agreed with the shape of material removal. Ladeesh and Manu [64]
proposed a model for calculating the edge chipping thickness. The high-energy DC supply
can be utilized to enhance the MRR. Hajian et al. [65] assessed equivalent temperature in
ECD milling by utilizing a thermo-physical method, which was based on the FEM method. In
this investigation, they considered two temperatures, i.e., 600°C and 850°C, as the
temperature criterion for the material erosion temperature in the FEM modeling.



2.6.2 Literature Review on Internal Behavioral Studies

Crichton et al. [66] correlated electrochemical and electrodischarge machining to ECAM. The
effect of metal removal occurred because of electrical discharge in electrolytes. They
reviewed investigations of off-sparks in dielectric and electrolytes. De silva [67] has analyzed
the gap phenomena in electrochemical arc machining. They used radiofrequency emission
from the gap to distinguish between abnormal and normal discharges. The portable
electrochemical arc machining setup was designed and built. This machine was used to drill
holes in a nickel alloy, cobalt alloy, chrome steel, low alloy steel and titanium materials.
Raghuram et al. [68] have applied a separate circuit to electrolytes, current and voltage
intended for drilling experiments in quartz and analyzing the internal behavior process of
capacitance and inductance in electrolytes. Kulkarni et al. [69] found the temperature and
synchronized time-varying current in the ECDM process. They investigated the machine,
which creates the discharge and removes the material. The pyrometers were used to
measure the transient temperatures. The discharge was a discrete occurrence. It occurs in
bursts. Therefore, it enhances the temperature of the workpiece in response to these
discharge bursts in a localized zone causing the material removal. The advantage of
pyrometers is minimized uncertainties in measurements with a higher sensing temperature
range. Kulkarni and Karnik [70] executed temperature measurements in the machining
region of ECDM with different temperature sensing schemes. The temperature at various
radii of the workpiece was investigated. Mediliyegedara et al. [71] developed the algorithm in
a software system that can be advantageous to find out ideal factors. Wuthrich et al. [72]
examined the discharge regime and hydrodynamic regime during the SACE process. They
found that the results of needle-shaped tools showed marginally higher machining speeds.
Wuthrich and Hof [73] stated that the gas film made nearby cathode in SACE. The gas film
was not steady and frequently changing, which results in nonreproducible machining with
SACE. Wuthrich et al. [74] stated that the current signal with high bandwidth data on sparks
develops, which permits monitoring of the machining process. They observed that there was
no direct relation in MRR and actual spark activity. Kim et al. [75] observed the machining of
Pyrex glass by using rectangular voltage pulses, which cause decreasing heat affecting
zones. The MRR reduces and the microdrilled surface becomes smoother as the voltage pulse
frequency enhances. West and Jadhav [76] developed the ECDM setup, which was rapid, and
low cost to produce complete holes in thin and thick glass material. The K-type thermocouple
thermometers were operated for monitoring and to regulate the temperature of the
electrolyte. They create unique spherical cavity microstructures using this setup. Kulkarni
[44] studied the transient and synchronized measurements done in the ECDM process. The
synchronized study showed the increase in discharge temperature, which is due to the
bombardment of electrons in ECDM. Maillard et al. [77] obtained various types of microholes
in the SACE process, i.e., cylindrical holes having a fine surface, jagged outline holes, holes
with thermal cracks and holes having a heat-affected zone. They found out the relative
roundness error of the hole enhanced with drilling depth from 10% to 20%, which was
influenced by the applied voltage. Chak [78] found that the pulsed DC has improved the
performance of the process and decreased the tendency of cracking at the higher voltage as
a result of better control of spark steadiness. Sandison et al. [79] produced glass apertures
that were appropriate for the making of artificial bilayer lipid membranes by using SACE. The
glass apertures were meltdown hydrophobic with a silanization technique followed by a
combined microfluidic device. They achieved glass apertures having smooth and variability of
diameters. This process offers rapidity and simplicity during the creation of glass apertures.



Didar et al. [21] developed 2D machining on the glass such as well-defined linear
microchannel edges and jagged outline contours.

Cao et al. [22] produced a stable gas film by using a load cell and the slight dipping depth of
electrode, which helps to decrease the essential voltage. They observed the decreased hole
size as well as surface quality achieved by using pulse voltage. A feed rate that was too slow
creates and rougher surface. The microstructures less than 100 pym in sizes like 3D
microstructure 10pm-thin-wall and @ 60 um microholes were developed. Jalali et al. [80]
stated that material erosion happened because of a hybrid mechanism coalescing chemical
etching and local heating. Tastekin et al. [81] supplied low-loss electrical energy to EDM
process, as well as ECM process in addition to all these process combinations as ECDM
provides supply without the necessity for any circuit modifications. The mode of a process
was described for EDM, ECM, and ECDM, which indicates that the suggested electrical supply
was open-circuit and short-proof. Nandi et al. [82] determined the behavior of bubbles
created nearby cathode and anode in the ECDM process. They found out the voltage-current
characteristics produce the discharge, as well as create bubbles during this process. Sankar
et al. [83] enhanced the performance of the ECDM process in which the ECDM process was
coupled with an electroplating gold layer. Abou Ziki [43] found that the electrolyte viscosity
was the greatest dominant parameter influencing the microtexture on the glass surface.
Mochimaru et al. [84] developed a two-step method that was advantageous to achieve the
precise hole. They achieved microholes up to 12 um on borosilicate glass material. De Souza
[85] found that the machining time, tool-electrode wear and geometry of microholes were
strongly influenced by input factors such as electrolyte conductivity, the chemical composition
of the electrolyte, rotational speed of cathode. Abou Ziki and Wuthrich [86] observed that the
tool-glass bond was developed because of a chemical reaction during the microdrilling
process. Abou Ziki and Wuthrich [87] determined the tool-workpiece gap in constant velocity
feed microdrilling of glass material. In the case of tool thermal expansion, they observed the
machining gap smaller than 10 um and its size, which were influenced by the flushing and
local temperature. Abou Ziki et al. [26] observed that the local temperature was influenced
by the machined surface geometry and the machining configuration, which has impact on the
local flushing. Jiang et al. [88] investigated the modeling of a gas film in the ECDM process,
which contains departure on the electrode, gas film progression bubble growth, and
electrolysis characteristics transient performance. They found that the gas film behavior was
influenced by voltage, current, as well as physical properties of the electrolyte. Behroozfar
and Razfar [89] inspected the material removal and characteristics of the plasma channel in
ECDM of glass material. They detected the spark can be focused in the desired position by a
tapered tip electrode tool. Gupta et al. [90] examined the influence of pulse duration on the
aspect ratio of machined glass by the ECDM process. The aspect ratio increases with increase
in the duty factor. They noticed higher etching action attained for NaOH electrolyte as related
to NaCl. Gupta et al. [91] found that the duty ratio was the most remarkable factor, which
increased in heat-affected zone, depth of penetration, material removal rate, and surface
damage for drilling on the ceramic material.

2.6.3 Literature Review on Design of ECDM

Wuthrich et al. [92] developed the ECDM machine for micromachined glass substrates in
which the tool holder permits scanning the substrate surface and machining it in a closed
loop. Yang et al. [93] developed an innovative machine that integrated with microelectrical
discharge process and electrochemical discharge process to drill holes in the borosilicate



glass material. They observed that the machine improved surface roughness and MRR. The
diameter expansion of the microhole increases when increasing the machining time. Fascio et
al. [94] examined current/voltage measurements integrated with snaps of the cathode tool
under various regimes during the SACE process. Wuthrich et al. [95] manufactured gravity
feed assisted spark-assisted chemical engraving setup has a facility of observing the
movement of a tool electrode. The special actuator was used for the making of cathode tool
vibrations, which enhance the mean material removal. Chak and Rao [96] developed the
ECDM, which gives precise vertical feed movement to the cathode tool. The trepanning
technique was utilized to eradicate microcracks when drilling occurred, it also helps to
enhance the machining performance. Chak and Rao [97] made a setup applied for producing
deep holes in aluminum oxide ceramics by using a setup with pulsed DC connected with the
abrasive rotary tool, which improved the quality of the holes. Morrison et al. [98] applied a
feedback controller in the SACE micromachining process. The used controller decreases the
variability of the process considerably. Due to the decrease in variability, it improved the
quality of machined holes. Lal et al. [99] developed a process for producing metallic
nanoparticles by applying electrochemical discharges. Coteata et al. [100] invented a slotter
ram mechanism that helps to provide in-line motion to cathode tool for making smaller
diameter holes on steel material. Coteata et al. [101] modified a universal milling machine in
which the rotary motion of the shaft was transformed into linear alternate motion by a crank
mechanism. They experimentally observed that the higher MRR and improved quality of
holes rotary when supply voltage increases by rotary abrasive tool electrode. Han et al. [102]
invented ultrasonic vibration aided ECDM has offered an accurate electrolyte flow due to
which it enhanced the surface quality of the hole. Liu [103] invented a unique type of
grinding-assisted electrochemical discharge machining (G-ECDM). This machining process
has been successfully used for machining of MMCs with improved surface finish and the
smaller number of defects. Cheng et al. [104] observed that the magnetic field rises the flow
of electrolyte offers speed of higher machining accuracy and higher efficiency. Wei et al.
[105] developed a gravity feed aided ECDM machine in which tool rotation was controlled
through a stepper motor. They observed with microdrill tools give maximum MRR and
significantly increased machining depth at the same time radial overcut decreases. Wei et al.
[106] investigated a new process, i.e., the electrochemical discharge dressing process in
which the micro end grinding bit was applied. The output results showed that surface
roughness and normal grinding force were decreased by half after dressing. Coteata et al.
[107] modified the milling machine and transformed it into ECDM machine setup to cut steel
material. Kulkarni et al. [108] made innovative automated five degrees of freedom ECSM
machine, which can be beneficial for micromachining and surface modification. Doan [109]
developed a method for glass micromachining named as spark-assisted micromachining,
which was an integrated process of mechanical squeezing and electrochemical discharge
machining. The 2D and 3D structures were successfully done on glass material with high
surface quality due to the mechanical squeezing process. Lu et al. [110] integrated
micromilling technology with electrochemical discharge machining technology. The results
represent the best surface quality and machining efficiency could be achieved by using the
ECDM micromilling process on nonconductive materials. This setup required simple
equipment in the processing and hence, the cost was very low. Rusli and Furutani [111]
developed the ultrasonic vibration aided ECDM setup, which increases the electrolyte
circulation and fluctuates the discharge behavior resulting in reduced MRR and enhanced
surface quality. Abou Ziki and Wuthrich [112] used a PID controller to provide continuous
feed force to stainless steel cathode electrode between 0 and 5 N with dimensions of 500 pm



and 250 um in diameter for machining of glass material through the SACE process. Liu et al.
[24] have worked on conventional ECDM to G-ECDM technology performance for particulate
reinforced metal matrix composite material by utilizing a coated hard reinforcement phase of
a diamond particle cathode tool electrode. In G-ECDM, the grinding action can efficiently
eliminate recast material that was deposited on the machine surface. The G-ECDM provides
improved surface quality surface and greater machining efficiency than conventional ECDM.
Jiang et al. [113] developed vibration-assisted ECDM, which gives maximum machinable
depth compared to conventional ECDM. Paul and Hiremath [114] made a prototype of ECDM
setup with the attachment of microlinear actuators for cathode tool movement and X-Y
scanning mechanism used to machine hole in a silicon wafer workpiece material by applying
stainless steel wire. The material removal rate rises with increasing voltage. Paul et al. [115]
developed a setup in which cathode tool feed was controlled through stepper motor and
stepper motor rotation was regulated by Arduino controller, which was interfaced to the
computer. Paul and Hiremath [116] developed ECDM setup, which has automated control X-Y
axis of the workpiece, as well as tool feeding motion, is also controlled by a motor. Gao et al.
[117] fabricated the gravity feeding mechanism ECDM in which the workpiece was fixed on a
fixture and dipped in electrolyte cell, which gives a high aspect ratio. Krotz and Wegener
[118] investigated a new technique named as spark-assisted electrochemical machining
(SAEM), which integrates electrochemical arc machining with contact arcs and is used for the
microdrilled hole and finishing of a drilled hole. This machine improves the machining
efficiency. Kulkarni and Jain [119] fabricated and designed a modular electrochemical spark
micromachining setup. The motion control card on the LabVIEW platform was used for the
automation of machine axis. In this machine setup, they also provide an online data
recording of the process gap voltage and current. The machine was versatile and can be
used for machining, deposition, and surface modification purposes. Furutani and Kojima
[120] invented a new type of ECDM, i.e., electrochemical discharge machining with the lathe-
type machine. In this machine, a tool electrode was located with a two-axis rigid support and
provisions of a force sensor. This flexible force sensor conceives the friction among the
workpiece and cathode tool electrode deformed in its lateral direction. Zhang et al. [121]
developed the gravity feed mechanism ECDM setup in which the workpiece movement is
controlled by the gravity feed mechanism. The cathode tool downward, upward motion, and
rotation speeds are controlled by a computer control system. Hajian et al. [122] investigated
the impact of voltage, electrolyte concentrations and magnetic field orientation on ECDM
enactment of glass material. They occurred the effect of magnetic field on magneto
hydrodynamic convection by which bubbles motion get increased. The direction of bubbles
movement was influenced by the magnetic field orientation. Madhavi and Hiremath [123]
developed a new u-ECDM setup, which was efficiently used to make channels and holes on
borosilicate, as well as soda-lime glass. The maximum MRR was achieved for input
parameters of voltage 60 V, duty factor 70% and concentration 25 wt%. Ladeesh and Manu
[124] investigated the effect of machining factors during the process of borosilicate glass by
using G-ECDD, which gives accurate holes with better repeatability. They observed the
maximum MRR of 0.05896 g/min, which was attained by using optimum parameters, i.e.,
higher voltage 110 V, lower pulse on-time 0.0002 s and higher concentration 4 M. Ladeesh
and Manu [125] found the most important factor was duty cycle then voltage, concentration,
and cycle time for G-ECDD. The maximum tool wear was detected for a high voltage of 110 V
and a higher frequency beyond 5 kHz [126]. Similarly, the feed rate, voltage, duty factor, and
frequency were the utmost important factors for surface roughness in G-ECDM process. Jiang
[127] invented a hybrid machining technique, which was the integration of electrochemical



discharge as well as mechanical cutting named as electrochemical discharge assisted cutting.
The mechanical cutting can be advantageous as the material was softened due to the high
heat creation in electrochemical discharging, which enhances surface quality the material
removal rate was enhanced noticeably using the hybrid process. Singh and Dvivedi [128]
fabricated the fixture for ECDM in which a pressurized feeding mechanism was done through
compression springs. The pressurized feeding was utilized to control the constant working
gap in the workpiece and cathode tool. This machine has advantages to enhancement in
machining depth parameters. Elhami and Razfar [129] developed an ultrasonic-assisted
electrochemical discharge machine to make ultrasonic vibration, which causes an increase in
the number of discharges and cooling mechanism on the tool. The ultrasonic vibration
decreased the wear of tool in between 3% and 14% and improved the material removal up
to 35%. Xu et al. [130] investigated a new technique called counter-resistant microhole
drilling. The reducing contact force was applied at the tooltip by using the new setup with
flexure beams, which enriches the consistency and speed. In this setup, the electrolyte can
be certainly refilled to the machining point to improve the electrolyte flow in the
hydrodynamic regime. This setup assists in enhanced repeatability of machining with the new
fixture by reducing the deformation and clearance, which was better than the conventional
gravity-feed method. Hof and Wuthrich [29] investigated new manufacturing methods fitting
Industry 4.0, which can be used for inexpensive rapid prototyping technology and machining
setup. This approach can be useful for the fabrication of tool making, reducing lead times
and costs as related to the conventional SACE machining process.

2.6.4 Literature Review on Workpiece Materials Used in ECDM

Cook et al. [15] studied discharge machining of glass in which they observed the erosion of
glass that takes place due to discharges between a tool and an electrolyte. They achieved
drilling rates up to 0.1 in/min. They also observed bubbles that were formed during
electrolysis seem to be strongly charged. Tokura et al. [131] studied electrical discharge
hybrid processing on alumina and silicon nitride ceramic materials using a needle electrode.
The lower electrode wear and high removal rate were found when the needle tool electrode
was negative. When the high voltage was applied during the machining process the greater
volume gets removed. Tandon et al. [132] the cutting and drilling operation were done by
using ECDM to produce holes in composite materials. Singh et al. [133] the traveling wire
electrochemical spark machining was utilized for machined carbon fiber epoxy composites
and piezoelectric ceramic materials. Gautam and Jain [134] produced holes on quartz and
borosilicate glass materials with the help of a rotational tool, which enhanced the process
performance. The maximum depth of the machining hole can be achieved by an orbital
rotational tool. Doloi et al. [135] determined the drilling operation on zirconium oxide ceramic
workpiece by the ECDM process. The interelectrode gap, voltage, and concentration of
electrolyte were the three main factors that considerably influence the overcut and MRR.
Fascio et al. [136] produced the three-dimensional micropattering structure. This machine
can be useful to make 3D microstructuring on glass material and surface modification. Jain et
al. [137] used an abrasive cutting tool in the ECSM drilling process on alumina and
borosilicate glass materials. This process enhances the material removal and increases
machined depth. Lee et al. [138] fabricated the reversible interconnections for a glass-based
microfluidic device with the application of the ECDM process as well as it also produced the
three-dimensional vias in glass specimen. Peng and Liao [139] investigated the traveling wire
electrochemical discharge machine to cut the quartz bars and optical glass materials.



Wuthrich et al. [42] stated that the SACE process was used to obtain rapid prototyping of
fused silica material having a microcrack free surface and high aspect ratio. The conical hole
drilling of 450 um depth and 300 um diameter was acquired in nearly 30 s. This process does
not require a clean environment or heavy machinery. Sarkar et al. [140] machined silicon
nitride ceramic material by using the ECDM process. They observed that the voltage was the
utmost dominant parameter for radial overcut, heat-affected zone and material removal rate.
Zheng et al. [141] achieved complex three-dimensional microstructures on Pyrex glass
material by ECDM process. They found that the optimum combination factors of tool
rotational rate and pulse voltage were improved machining accuracy. Zheng et al. [142] the
pulse voltage was persuaded to enhance the spark steadiness to improve the accuracy. The
machining accuracy noticeably enhances as the rotational rate was increased. Jain and
Adhikary [143] observed that in electrochemical spark machining by using inverse polarity
slices the quartz material at a higher rate. However, results obtained by using reverse
polarity, i.e., tool wear, surface roughness and overcut were greater as related to the direct
polarity. Furutani and Maeda [144] verified the machining performance of a rotating glass rod
using ECDM. The surface roughness, as well as the width and depth of the machined grooves
of their bottom, were improved by increasing the voltage. Kudla [145] obtained microholes
partly in diamond crystals as well as in borosilicate glass through the ECDM process and
these produced microholes by using different shapes of the tool electrode tip. Didar et al.
[146] obtained the two-dimensional micromachining on the soda-lime glass material by
SACE. The density and hardness of the machined zones get decreased during this process.
Ozhikandathil et al. [147] machined material of silica layer on a silicon substrate by using
SACE. Manna and Narang [148] machined the e-glass-fiber-epoxy composite by newly
designed different shapes of cathode tool electrodes. Jawalkar et al. [149] produced
microchanneling on soda-lime glass by ECDM. Paul and Hiremath [150] machined borosilicate
glass to attain a blind hole by using a developed ECDM setup. Jain and Priyadarshini [6]
produced microchannel on quartz by using ECDM and achieved a high aspect ratio. Bhuyan
and Yadava [151] fabricated a tabletop traveling wire ECSM setup for cutting of borosilicate
glass. Coteata and Cretu [152] carried out drilling of spring steel using ECDM. For MRR and
TWR the density of electrolyte, voltage and capacitance of the capacitors were the most
influencing parameters. Pawar et al. [153] concluded that the various researchers have taken
workpiece materials as a variety of nonconducting materials, i.e., glass, ceramic, and
composites, as well as some conducting materials. Sarkar et al. [154] investigated
electrochemical discharge micromachining on silicon carbide material by using stainless steel
tool electrode. They found that radial overcut and MRR increased with increasing machining
voltage and decreased with the rise in the inter-electrode gap. He et al. [155] analyzed
processed products by applying SACE process on ZrO, ceramics. As a result, they observed

black crystalline debris as physical removal and white amorphous debris as chemical removal.
Wang et al. [156] integrated electrochemical discharge with a diamond wire sawing machine
have been used to improve the surface roughness and MRR of alumina material.

Figure 2.2 shows the percentage of materials used as workpieces during the present review
study. There are near about 22 types of materials that have been used for the ECDM study
including different types of glass and metals, which have conductive and nonconductive
properties in it. So, according to observations most of the glass materials is used as
workpiece followed by metals as a workpiece. Same observations have been noticed by Goud
et al. [30]. Due to specific properties such as chemical resistance and transparency as
compared to metals glass gives faster results when machining with ECDM. It is very easy to




obtain a precise result on glass material in less time as compared to other workpiece
materials. On the other hand, glass material has huge demands in various fields so most the
researcher prefers glass material followed by other metals workpiece.
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Figure 2.2 Percentage of materials used as workpiece in ECDM.



2.6.5 Literature Review on Tooling Materials and Its Design in
ECDM

Schopf et al. [157] used the ECDM process for trueing and dressing metal bonded diamond
grinding wheel tools, which offers better roundness and surface quality. Lim et al. [158]
combined two machining systems, i.e., first a tungsten tool made using an electrochemical
process (ECP), further, this tool is used for machining ceramic material in the ECDM process.
The blind holes and a through a hole on the ceramic material were machined by using the
tool made up of the ECP process. Wuthrich et al. [159] developed a setup based on atomic
force microscopy, which provides extremely sharp tool electrodes and gives the resolution
features in glass around 25 pm machining by using SACE. Yan et al. [160] improved the
ECDM quality of microhole by applying the electrophoretic deposition grinding (EPDG)
technique. In this technique first ECDM was utilized to drill a microhole and then EPDG was
used to polish the hole. Zheng et al. [161] the flat sidewall-flat front tool electrode was
fabricated, and this tool was used to decrease taper phenomena as a result of the sidewall
discharge, which improves the quality of the microhole as well as process performance of
ECDM. Han et al. [162] made a side-insulated tool that controlled a continuous contact
surface area with the electrolyte, this electrode was utilized in the ECDM. This electrode
forms steadier spark discharges as compared to conventional tool electrodes. The surface
roughness of the microchannel was increased by a side-insulated electrode. Han et al. [163]
Similarly, the side insulation tool was utilized to produce microgroove on the borosilicate
glass with the increase in machining resolution. Mousa et al. [164] studied the process
performance of stainless steel, tungsten, high carbon steel and copper tool electrodes. They
observed that the electrodes had properties of low heat capacity and high thermal
conductivity, which were given quicker drilling in the gravity-feed SACE drilling process. Yang
et al. [165] fabricated electrodes of different materials i.e., Tungsten, 304 Stainless steel as
well as Tungsten carbide by using wire electrical discharge grinding then these electrodes
were used in the ECDM process. Abou Ziki et al. [166] studied the effect of forces applied to
the cathode tool during steady velocity feed. They observed that the thermal expansion of
the cathode and the workpiece happened because of the pressure of gas film formation.
Yang et al. [23] produced through holes in quartz material by using a spherical end tool
electrode, which improved the shape accuracy of a hole. Han et al. [167] formed surface
textures on the brass wire tool by using the EDM process. Then this surface texture tool was
used for cutting soda-lime glass, which gives the smallest surface roughness. Abou Ziki and
Wuthrich [168] measured the tool wear of stainless steel, tungsten, and steel electrodes in
the SACE process. They found that the tungsten tool electrode has the maximum tool wear
compared to stainless steel and steel materials. Jui et al. [169] invented the high aspect ratio
microtools and these tools were used for obtaining the deep microhole on the glass by ECDM
process. Cao et al. [170] achieved 3D microstructures with high surface quality on glass
material by a polycrystalline diamond tool in the ECDM process. Huang et al. [171] developed
the high-speed tool rotation ECDM machine in which cathode tool electrode rotate at 42,000
rpm. They drilled the hole on stainless steel by using a rotational tool, which enhances the
circularity and reduces the tool wear. Abou Ziki [172] developed a methodology for
measuring the local machining zone factors by considering the force utilized on the tool. The
thermal expansion, tool bending, and wear were considered during measuring and analyzing
the machining forces. Jiang et al. [25] reported that the tapered cathode tool can improve
the steadiness of spark generation, which gives a maximum depth of machine holes
compared to conventional tool electrode.



Furutani et al. [173] machined holes and grooves on glass materials by using electrochemical
discharge machining with multiple electrodes were carried out. They found that many cracks
were frequently nearby a machined hole because of the accumulation of discharge by
switching the electrodes to decrease the number of cracks. The performance of ECDM was
related to those of several electrodes connected electrically in parallel and of a single
electrode. The machined roundness of holes was better electrically in parallel than those with
a single electrode. Razfar et al. [174] used a tungsten carbide tool electrode to produce holes
on soda-lime glass material through a gravity feed ECD drilling process. They observed that
vibration was not influenced greatly when a rotating tool electrode was used. Jiang et al.
[41] fabricated a conic tool electrode to provide steadier discharging. They found sparks
were steady and concentrated with conic tools therefore the temperature of the tip-point
increases quickly and could wear out the tool. Zhang et al. [175] developed a tube electrode
for a high-speed ECD drilling machine setup having a precise five-axis motion table and high
precision positioning, which gives an improvement in surface quality as machining accuracy.
Saranya and Sankar [176] analyzed the effects of feed rate and tool shape on quartz material
by the ECDM process. They found that a tool with a spherical tip offers a profile with a
decreased overcut and entrance diameter.

Behroozfar and Razfar [177] studied the influence of high voltage on the tool of three various
tool materials, i.e., steel, tungsten carbide, and brass. The tool wear is mostly dependent on
the chemical composition and melting point of the tool materials. Goud et al. [30] revealed
that copper, stainless steel, and brass materials are mostly used as tool electrodes in ECDM.
In recent, abrasive coated mild steel and coated tools like nickel-coated mild steel were used
to enhance the process performance of the ECDM. Guo et al. [178] fabricated micro/nano-
electrode for micro-ECDM using a focused-ion-beam chemical vapor deposition. The various
3D nano-electrodes containing pillar, horn, array types, and corners were fabricated. The
experimental observation showed that the unilateral discharge gap and the hole diameter
increased with increase in machining voltage. The complex 3D micro/nano-electrode for 3D
micro-ECDM can be fabricated by using the FIB-CVD phenomenon at the submicron scale.
Hajian et al. [179] evaluated the bending forces applied to the tool electrode. They found
that increasing the electrolyte concentrate and maximum machining voltage causes reducing
the bending force. Liu et al. [180] used a rotary helical tool in micro-WECDM during the
machining of glass material. They achieved pattern structure and kerf having a high aspect
ratio of complex closed structure. Tang et al. [181] stated that the side-insulated tool
electrode gives greater surface integrity and smaller hole diameter without a noticeable heat-
affected zone. Han et al. [182] used a surface textured tool in the ECDM process to produce
high-precision microgrooves on soda-lime glass. This tool has given the improved surface
quality and high edge linearity of microgrooves. Saranya and Sankar [183] coated thick
insulating film around the tool for increasing the quality of microchannels by the SACE
process. This insulated cathode tool restricts the spark discharges only at the tool’s bottom
surface. They fabricated a microchannel with the help of an insulated tool, which increase its
machining depth by 19.53 % and overcut decreased by 57.8 % and had a smooth surface
and regular edges.
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Figure 2.3 Percentage of cathode tools used in ECDM.

Figure 2.3 shows the percentage of cathode tools material used in ECDM. So, according to
the present observations stainless steel, Tungsten carbide is widely used as cathode tool
followed by copper, brass, and so on. Same observations have been found by Goud et al.
[30]. According to them, it has high wear and temperature resistance, chemical inertness, so
the temperature of the electrode rises immediately, which resulted in greater discharge
activity, so with this electrode material, removal is fast as compared to other materials.

2.6.6 Literature Review on Electrolyte Chemicals Used in ECDM

Yang et al. [20] observed better-overcut quality by the addition of SiC abrasive into the
electrolyte. They observed that the addition of abrasive into the electrolyte decreases the
surface roughness. Han et al. [184] studied the addition of the conductive particles in the
electrolyte, which resulted in the enhancement of machined surface integrity and surface
roughness. Laio et al. [185] investigated the influence of Sodium Dodecyl Sulfate surfactant
mixed into electrolyte chemical for making microhole on quartz material by using ECDM.
They observed that the current density was enhanced due to the addition of surfactant mixed
into the electrolyte. Jawalkar et al. [186] observed the MRR was maximum when NaOH was
utilized as an electrolyte as related to NaNO3 during the process of soda-lime glass material.
The voltage was found to be a major parameter with a contribution of 70.14 % towards
material removal. Dhanvijay et al. [187] investigated the machining of ceramics by electrolyte
flow and stagnant method with stainless steel and copper tool. They found that the constant



flow of electrolyte using stainless steel electrode provides the reduced diametric overcut and
maximum MRR. Gupta et al. [10] compared the results of different electrolytes in ECDM, i.e.,
NaOH, KOH and NaCl during the drilling of glass material. They found that the maximum
spark intensity was caused by the maximum peak voltage for NaOH electrolyte. Therefore,
hole overcut, and material removal rate was significantly influenced by spark characteristics.
They observed that the NaOH gives higher material removal rate than that KOH and NaCl
electrolytes. Pawar et al. [153] stated that most researchers have used NaOH as an
electrolyte followed by KOH, NaNO3, NaCl, and HCI etc. Nguyen et al. [188] The electrolyte

concentration, directly influences the creation of hydrogen films, was an important factor to
enhance the machining resolution. Zhang et al. [189] the very high-pressure interior flushing
rises the process efficiency, quality of surface, and material removal rate. Paul and Hiremath
[190] successfully machined silicon wafers by using mixed electrolytes of KOH and NaOH of
varying electrolyte concentrations with the help of a newly fabricated micro-ECDM setup.
They observed that the improvement in material removal rate occurred because of a mixed
electrolyte. Paul and Hiremath [191] revealed that many researchers have developed
experimental setups, used various cathode tools and auxiliary electrodes, different
workpieces and used NaOH and KOH as electrolytes. Saranya et al. [192] detected that the
KOH needs a higher critical voltage than the NaOH solution due to its relatively smaller
conductivity. Also, the precise channels with regular channel edges and smooth surfaces
were obtained at an applied voltage of 4V and the tool travel rate was between 1 to 2
mm/min. Sabahi et al. [193] used anionic and cationic surfactant used in different
concentrations was liquified in the 25 wt% NaOH and KOH alkaline chemicals for decreasing
the thickness of the gas film by influencing the physical and chemical properties of the
electrolyte. They observed that because of the existence of surfactant microchannels with
more MRR, lower heat-affected zone and increased the surface quality. Sabahi and Razfar
[194] investigated the effects of two alkaline electrolytes, i.e., NaOH and KOH individually
and these two electrolytes mixed in equal proportion. The fabrication of a deeper
microchannel having sharper sidewalls was created on the glass surface as compared to KOH
and NaOH independently. Sabahi et al. [195]. The microchannels were produced on the glass
surface by applying a magnetic field under NaOH and KOH electrolytes in the ECDM process.
They observed that because of a magnetic field in NaOH 15 wt.%, the hardness of the
microchannels edge was improved. Harugade and Waigaonkar [196] used three different
electrolytic solutions, i.e., H;SO4, NaOH, and NaNOs. They found that the MRR was greater

for NaOH, and it was reduced for NaNO3 and H,SO4. Also, they have used H,SO4 the
workpiece material became cracked because of unstable spark generation, therefore, H,SO4

can’t be used to machine soda-lime glass material. Gupta [197] investigated the effect of the
electrolyte level during the process of glass by using ECDM. They concluded that at the lower
electrolyte level conditions results obtained higher MRR, lower heat-affected zone, depth of
cut and overcut. Varghese and Paul [198] carried out experiments on Polypropylene materials
with graphite particle powder mixed in the electrolyte to enhance the machining
performance. Therefore, MRR can be improved because of conductive powder particles in the
electrolyte during the ECDM process.

Figure 2.4 shows a percentage pie chart for chemicals used as electrolytes in ECDM. It is
used as working media in this process. During these observations total eight electrolytes and
their combinations have been applied for the machining of different materials. The most
often used electrolytes are NaOH and KOH. Same observations have been noticed by Goud et
al. [30]. Due to the irritant nature and higher mobility of K+ ion in KOH and Na+ ion in



NaOH more MRR was yielded than the other electrolytes. While other electrolytes did not get
that much MRR as well as they produce toxic gases, which are harmful, they have less
contribution to the ECDM process.
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Figure 2.4 Percentage of electrolytes used in ECDM.

2.6.7 Literature Review on Optimization Techniques Used in
ECDM

Doloi et al. [135] the Taguchi technique of parametric optimization was used for the design
optimization of the process parameters. The maximum MRR obtained at the optimal level of



parametric conditions was an electrolyte concentration of 25 % aqueous KOH, a voltage of
70V, and an inter-electrode gap of 20 mm. Sarkar et al. [140] the response surface
methodology (RSM) used for developing mathematical modeling and optimization method for
processing on silicon nitride ceramics by using ECDM. They concluded that the voltage was a
more significant parameter. Bhuyan and Yadava [199] used a weighted principal component
methodology with RSM for multi-objective optimization of a fabricated traveling wire ECSM
process. The Taguchi methodology combined with weighted principal component
methodology approach has decreased surface roughness by 15 % and enhanced the material
removal rate by 222 % from the initial value. Also, as compared to the Taguchi methodology,
the hybrid approach improves the MRR by 46 % and decreases the surface roughness by 10
%. Razfar et al. [200] observed that applied voltage considerably increases the radial
overcut, heat affected zone, roundness error and material removal rate. Paul and Hiremath
[150] used the response surface modeling for optimization of input factors and developing a
mathematical model for the MRR and TWR. They obtained optimum input process factors by
the Taguchi method, and these were the voltage of 60 V, the duty factor of 70 % and
electrolyte concentration of 30 % wt. for reduced radial overcut. Paul and Hiremath [114]
The grey relational analysis results showed reducing diametrical overcut and heat-affected
zone, the optimum parameters should be voltage 45 V, duty factor 60 % and electrolyte
concentration 30 %. Paul and Hiremath [116] the experimental results were modeled using
response surface modeling. They found that the MRR enhanced with the rise in voltage and
temperature. Mallick et al. [201] used a multi-objective optimization technique to obtain the
optimal parametric combination for high machining depth, MRR and minimum overcut by
utilizing RSM. Ladeesh and Manu [125] investigated the effect of input process factors such
as cycle time, duty cycle, electrolyte concentration and voltage on MRR using response
surface methodology. The significant factors and their percentage contribution were
identified by using the analysis of variance. They observed that the duty cycle was the most
dominant factor followed by voltage, cycle time and concentration. Sarkar et al. [154] applied
L9 array Taguchi method for carried out experiments. They used single and multi-objective
optimal factors combination for higher MRR and lower radial overcut. Goud and Sharma
[202] used Taguchi’s L9 orthogonal array coupled with the Grey relational analysis method to
investigate the optimal process parameter conditions for rising the MRR and decreasing the
width overcut of microchannels. The optimal parameters for maximum MRR, lower width and
overcut were concentration of electrolyte of 20 %, voltage of 40 V, and feed rate of 5
mm/min. Antil et al. [203] optimized parameters for SiC reinforced polymer matrix composite
material by the grey relational analysis method. The results showed that the multi-response
optimization technique using grey relational analysis contributes to increasing MRR with the
least taper and overcut.

Figure 2.5 shows the percentage of input parameters used during ECDM. From the
observations, it was noticed that the voltage and electrolyte concentration are the most
frequently used parameters in ECDM followed by tool speed, feed rate and so on. As the
applied voltage is important to discharge energy during machining and finely it resulted in
vaporizing, melting, and thermally removal of the workpiece so that applied voltage is one of
the most considered input parameters. The properties of electrolytes play a key role in the
machining quality of this process. Cao et al. [22] fabricated glass having micro-structure
features less than 100 um by using ECDM process. As a result, they obtain high aspect ratio
structures. They observed, KOH electrolyte gives less machining gap as compared to NaOH.
According to Singh et al. [39] MRR is noticeably raised with the rise in voltage and
concentration of electrolyte.




Liu et al. [57] studied the effect of pulse duration, duty cycle, current, and electrolyte
concentration during the ECDM process. According to them increase in input parameters, the
sparking rate increases. The electrolyte concentration produces a higher machining rate
because of the rise in spark intensity and etching rate. So that the electrolyte concentration
is also the most important input parameter and used in ECDM. The tool speed input
parameter controls Surface characteristics of microchannels this observed by P. Maillard et al.
[Z7]. Goud et al. [30] reviewed concept of material removal mechanism in ECDM. According
them ECDM can successfully work on metal matrix materials and ceramics. They also stated
that NaOH and KOH are frequently used electrolyte for this process because they are less
hazardous. The tungsten carbide tools have high wear resistant properties so it is commonly
used in tool electrode ECDM.
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Figure 2.5 Percentage of input parameters used in ECDM.

Figure 2.6 presents the output parameters of ECDM observed during the current review. The
figure shows that the MRR, machining depth and hole overcut are the most valuable output
parameters followed by surface roughness, surface quality etc. Most of the existing research
studies have been focused on MRR and overcut. The machining performance is referred to as
the dimension of component, MRR and machining quality. The MRR is raised with the rise in
current supply of ECDM process. MRR is nothing but the final output result of the work done
so that’s directly connected to the input parameters used during experiments. So that




whatever the research is done in ECDM in this the key achievement is MRR with some
superior qualities. There are many evidences found during this investigation that shows the
positive or negative correlation between input and output parameters. Singh et al. [1]
discovered that MRR is noticeably raised with the rise in voltage and electrolyte
concentration. Yang et al. [93] stated that alkaline electrolytes like NaOH and KOH produce
maximum MRR as related to neutral electrolytes. Therefore, it is mostly used electrolytes.
Didar et al. observed that MRR and overcut rate significantly improved with the use of
spherical tool electrode. Yang et al. [165] studied those vibrations of tool electrode to
improve MRR due to better flushing action. Cheng et al. [36] observed that MRR and overcut
are directly related to the circulation of electrolyte. The electrolyte concentration was the
most significant factor that will affect MRR and spark gap width. Zhang et al. [175]
conclusions show a rise in MRR and improvement in taper angle with an increase in the inner
diameter of the electrode. The decrease in the rate of electrolyte concentration of the ECDM
process gives a low overcut rate. Hence the output parameters are the outcomes of input
parameters in ECDM. These are characteristics of surface quality influenced by input
parameters. In the present study, we observed many output parameters some of them are
demanding but some are unwanted impacts that we can't avoid so that this can be a future
The second most focused output parameter is machining depth it is nothing but one superior
quality of microhole. Wuthrich et al. [19] stated that machining depth is a surface
characteristic, and it is influenced by the change in voltage. Manna and Narang [148] stated
that during microdrilling, the diameter of the hole at starting was equal to tool diameter and
further it is reduced as the depth of the hole increases, which is also considered as
machining depth. Coteata et al. [100] studied that machining at higher depths is possible
with variation in the shape of a tool electrode.
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Figure 2.6 Percentage of output parameters used in ECDM.

The hole overcut is also one of the important output parameters, but it can be a negative
impact on input parameters. According to Singh and Singh [39], hole overcut is output
quality characteristic that is significantly affected by the applied voltage. According to him,
overcut rate can be minimized using abrasive coated tool electrode and side insulated tool
electrodes. The MRR and overcut rate is significantly improved with the use of a spherical
tool electrode. While according to Allagui and Wuthrich [56], side spark is an important
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aspect of controlling the overcut rate. Cheng et al. [36] stated that MRR and overcut are
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Figure 2.7 Number of experimental studies publications in ECDM from Table 2.2.

Figure 2.7 presents the number of experimental studies publications in ECDM for the period
1989 to 2018. This analysis is based on Table 2.2. it shows very less experimental work done
in past but after the year 2000, there is progress in this research area. It may be due to the
lack of experimental literature, which includes detailed information on machining design,
methodology and cost of material setup. ECDM is less time-consuming, efficient, and used
for the microfabrication of various materials in different fields. As ECDM has a wide range of
applications it gets high demand in various domains as well as its problems are a challenge
for new research trends. Hence these things are a motivation to do the experimental study
on ECDM and it will help to fulfill the lacunae in ECDM research.



Table 2.2 shows a brief overview of past research work with respect to workpiece material,
tool material, electrolyte chemical, input process parameters, and its output responses of
ECDM.



Table 2.2 Brief overview of past research work based on workpiece material, tool material,
electrolyte chemical, input process parameters and its output responses of ECDM by various

researchers.

S. Name of Year Workpiece Tool

no. researchers material material chemical
1 H. Tokura et 1989 Alumina, Ni- wire  NaOH
al. [131] ASN, MSN,
YASN
2. S.Tandon et 1990 Glass-fiber Brass NaCl
al. [132] epoxy,
Kevlar-fiber-
€epoxy
3 V. Raghuram 1995 Quartz Thoriated NaOH,
et al. [68] glass tungsten KOH, HCI
4 Singh etal. 1996 Piezoelectric Brass NaOH
[133] ceramic,
Carbon
fiber epoxy
5 1. Basak et al. 1997 Glass NaOH,
[9] KOH, NaCl,
KCI
6 N. Gautam et 1998 Borosilicate NaOH
al. [134] glass and
Quartz
7 V.Jainetal. 1999 Soda-lime NaOH
[37] glass and

Electrolyte Input

process
parameters
Applied
voltage,
electrolyte
conc., load,
dipping,
different
material
Specific
conductance,
fiber volume
fraction,
voltage

Applied
voltage,
different types
of electrolyte
material,
electrolyte
concentration

Voltage,
electrolyte
concentration,
feed rate

Applied
voltage, types
of electrolyte
matl.,
electrolyte
con., tool dia.

Voltage,
electrolyte
conc.,
electrolyte
temp., speed,
tool tip depth
in electrolyte

Voltage,
electrolyte
conc., tool

Output
process
parameters

Material
removal rate
(MRR)

MRR, Average
overcut, TWR,
Relative tool
wear

The effect of
different power
supply
configuration,
Through holes
obtained

MRR, Average
diametrical
overcut

MRR

Machining
depth, MRR,
hole circularity

MRR,
machining
efficiency



no.

10

11

Name of
researchers

B.
Bhattacharyya
et al. [40]

R. Wuthrich
et al. [92]

B. Doloi et al.
[135]

V. Fascio et
al. [136]

Year Workpiece Tool

material

Borosilicate

glass

1999
oxide
ceramic

1999 Pyrex and

Borosilicate

glass
material

1999 Zirconium
oxide

ceramic

1999 Soda-lime

glass, Glass

M,

Borosilicate

12 C.Yang etal. 2001 Cornings

[93]

7059 Glass

aluminium

material chemical
Copper NaOH
Stainless NaOH
steel

Copper KOH
Stainless NaOH
steel

Tungsten NaOH,
KOH, NaCl,
KCI

Electrolyte Input

Output
process process
parameters parameters

diameter, heat
transfer
coefficient,
depth of tool
inside
electrolyte
Voltage,
electrolyte
conc., shape
of tool tip
Applied
voltage, machining
electrolyte depth, surface
conc., applied quality

force, rotation

MRR, overcut

MRR,

of tool

Voltage, MRR, radial
interelectrode overcut

gap,

electrolyte

concentration,

Applied Machining
voltage, depth, surface
electrolyte quality

conc., working
distance, the
position of the

tool tip,

number of

machining

steps

Applied MRR,
voltage, machined hole
different diameter,
electrolyte surface
chemicals, roughness,
electrolyte surface
conc., integrity, hole
electrolyte roundness,
temperature,

speed of tool

electrode,

machine time



no.

13

14

15

16

17

18

Name of
researchers

H. Lim et al.
[158]

Year Workpiece Tool

material

2001 Ceramic
material

A. Kulkarni et 2002 Silicon,

al. [38]

V. Jain et al.
[137]

V. Fascio et
al. [94]

E. Lee et al.
[138]

Brass,
Copper, and
Tantalum

2002 Borosilicate
glass,
alumina

2003 Glass

2004 Borosilicate
glass

W. Peng et al. 2004 Optical

[139]

glass and

Tungsten KOH

Copper  HCI
Mild steel NaOH
&

Abrasive

tool

Stainless NaOH
Steel

Nickel, NaOH
Platinum
Stainless KOH
steel wire

Electrolyte Input
material chemical

process
parameters

Applied
voltage,
electrolyte
concentration,
tool electrode
various
positions,
Diameter, and
length of tools

Applied
voltage,
electrolyte
concentration,
time-varying
current

Applied
voltage,
electrolyte
concentration,
electrolyte
temperature,
tool speed,
tool
eccentricity,
machining
time

Applied
voltage,
electrolyte
concentration,
scan rate

Applied
voltage,
electrolyte
concentration,
electrode
diameter

Applied
voltage,

Output
process
parameters

Machining
depths, various
geometrical
shapes

Signature of
individual
discharges,
their size,
discharge-
affected
region,
material
removal

Material
removal and
machined
depth

Measured
current/
voltage of tool
electrode at
different
domain

Etch rate,
microfluidic
system
developed

Slicing of
workpiece



no.

19 C.Yang etal. 2006 Pyrex glass Brass wire NaOH, KOH

20

21

22

23

Name of
researchers

[20]

K. Bhondwe
[55]

R. Wuthrich
etal [72]

R. Wuthrich
et al. [73]

R. Wuthrich
etal [74]

material

Quartz

2006 Soda-lime
glass,
Alumina

2006 Glass

2006 Pyrex Glass

2006 Glass

Year Workpiece Tool
material chemical

316L
stainless
steel

Nickel

316L
stainless
steel

Electrolyte Input

NaOH

NaOH

NaOH

NaOH

process
parameters

electrolyte
conc., duty
factor,
efficiency,
wire tension,
wire diameter

Applied
voltage,
abrasive
concentration
and grit size,
power
frequency,
duty factor,
tension, wire
feed rate

Voltage, duty
factor
electrolyte
conc., energy
partition

Applied
voltage,
electrolyte
concentration,
applied force,
rotation of
tool electrode

Applied
voltage,
electrolyte
conc.,
electrolyte
conc. mixed
with soap,
rotation of
tool

Applied
voltage,
electrolyte
concentration,
electrolyte
level and

Output
process
parameters

material

Effects on
expansion,
MRR, surface
roughness

MRR

Drilling
discharge
regime
identified,
microhole
obtained, drill
depth
Reproducibility
of machining,
MRR,
Machined
surface quality

MRR and study
of current
signal



no.

24

25

26

27

28

29

30

Name of
researchers

D. Kim et al.
[Z5]

R. Wuthrich
et al. [95]

B. Sarkar et
al. [140]

A. kulkarni et
al. [44]

J. west et al.
[Z6]

P. Maillard et
al. [77]

S. Chak et al.
[96]

material

2006 Pyrex Glass

2006 Glass

2006 Silicon
nitride

2007 Copper,
Brass,
Tantalum,
and Silicon

2007 Borosilicate

glass

2007 Glass

2007 Aluminium
oxide

Year Workpiece Tool

material

Copper

Stainless
steel

Stainless
steel

Copper

Stainless
steel

316 L
Stainless
steel

Diamond
embedded
abrasive

Electrolyte Input

chemical

KOH

NaOH

NaOH

HCI

NaOH, KOH

NaOH

NaOH, KOH

process
parameters

electrolyte
temperature

Applied
voltage, pulse
frequency,
electrolyte
concentration,
duty ratio

voltage,
Electrolyte
Concentration,
Amplitude,
Frequency

Voltage,
interelectrode
gap,
electrolyte
conc.,

Voltage,
electrolyte
conc., pulse
current,
pulse-on time

Voltage,
Electrolyte
concentration,
Tool polarity,
Substrate
thickness

Voltage,
electrolyte
concentration,
mean
machining
time

Applied
voltage, duty
factor,
electrolyte
conductivity,

Output
process
parameters

TWR, MRR,
surface
roughness,
hole
roundness,
microdrilled
surface quality

Microhole
depth, Mean
MRR

Heat affected
zone, MRR,
radial overcut

Current
measurements,
temperature
measurement

Average
entrance
diameter,
Average depth,
Mean MRR

Various types
of microhole,
drilling depth,
roundness
error

Material
removed,
machining
depth,
diametric
overcut



no.

31

32

33

34

35

36

Name of Year Workpiece Tool
researchers material material
Z. Zheng et 2007 Pyrex glass Tungsten
al. [141] carbide
Z. Zheng 2007 Pyrex glass Tungsten
[142] carbide
rod
B. Yan etal. 2007 Pyrex glass Tungsten
[160]
Z. Zheng et 2007 Pyrex glass Tungsten
al. [161] carbide
M. Han et al. 2007 Borosilicate Tungsten
[184] glass carbide
T. Didar et al. 2008 Glass 316 L
[21] Stainless

steel

Electrolyte Input

chemical

KOH

KOH

KOH

KOH

NaOH

NaOH

process
parameters

rotation of
tool electrode

Rectangular
pulse voltage,
electrolyte
conc., tool
travel rate,
rotation of
tool electrode,

Voltage,
electrolyte
conc., tool
rotational

rate, tool
travel velocity,
pulse-off time,
pulse-on time

Voltage,
rotation speed
of tool
electrode,
electrolyte
conc.

Voltage,
electrolyte
conc., sidewall
thickness,
polarity, tool
speed,
machining
depth
Applied
voltage, peak
current,
electrolyte
conc.,
graphite
powder
concentration

Voltage,
electrolyte

Output
process
parameters

Machining
depth, groove
width, 3D
microstructure
on Pyrex glass

Groove width,
machining
depth, 3D
microstructure
on Pyrex glass

Surface
roughness,
surface
morphology,
expansion of
hole, hole
roundness

Effect on
geometrical
shape of tool
electrode,
microhole
accuracy,
machining time

Surface
roughness,
surface

integrity

Microchannel
depth,
obtained



S. Name of
no. researchers

37 S. Chak et al.
[97]

38 M. Coteata et 2008 High-speed

al. [100]

39 V. Jain et al.
[143]

40 K. Furutani et 2008 Soda lime

al. [144]

Year Workpiece Tool

material material
2008 Aluminum Hollow
oxide Brass and
Abrasive
electrode.
Chisel
steel steel
2008 Quartz Copper
Tungsten

glass

Electrolyte Input
chemical process
parameters

concentration,
tool speed

NaOH, KOH Applied
voltage, duty
factor,
electrolyte
conductivity,
spring feed to

tool electrode
Applied
voltage,
working liquid
density,
electrode tool
diameter,
capacity
Voltage,
Electrolyte
Conc.,
Electrolyte
temperature,
Feed rate to
work-piece,
polarity, Initial
gap between

Aqueous
sodium
Silicate

NaOH

workpiece and

tool, Tool tip
dipped into
electrolyte
Applied
voltage,
electrolyte
conc.,
rotational
speed of tool
electrode,
dipped depth
of electrode,
pressure

NadCl

Output
process
parameters

different types
of
microchannel,
machined
surface quality

Material
removed,
Improved
quality of holes

MRR, shape
accuracy of the
hole

MRR, Overcut,
Tool wear,
Machined
surface

integrity

Surface
roughness,
groove width
and depth



S. Name of

no. researchers

41 M. Han et al.

[162]

42 M. Han et al. 2008 Borosilicate

[163]

43 X. Cao et al.
[22]

Year Workpiece Tool

material

2008 Borosilicate

glass

glass

2009 Soda-lime
glass or

Pyrex glass

44 M, Jalali et al. 2009 Glass

[80]

45 M. coteata et 2009 Steel

al. [101]

material

Tungsten
carbide

Tungsten
rod

Tungsten
carbide

316 L
stainless
steel

Rapid
steel

Electrolyte Input

chemical

NaOH

NaOH

NaOH and
KOH

NaOH

Aqueous
solution of
sodium
silicate

process
parameters

Applied,
voltage,
electrolyte
conc., feed
rate,
conventional
and Side-
insulated tool
electrode

Voltage,
electrolyte
conc., feed
rate,
frequency,
pulse on time,
side-insulated
tool

Applied
voltage,
electrolyte
concentration,
machining
feed rate,
rotational
speed of tool
electrode

Applied
voltage,
electrolyte
conc.,
rotational
speed of tool
electrode,
force applied
to tool
electrode

Voltage,
electrodes
diameters.
Densities of
the work
liquid, tool
speed

Output
process
parameters

Surface
roughness,
geometric
accuracy,
surface

integrity

Machining
depth,
machining
width,
machined
surface
accuracy

Fabricated 3D
microstructure,
microhole and
groove
machined,
machined layer
depth

Material
removal
mechanism,
microhole
depth,
estimation of
the machining
temperature

MRR, electrode
tool wear



S. Name of

no. researchers

46 M. Han et al.

[102]

Year Workpiece Tool

material

2009 Borosilicate
glass

47 L. Kudla et al. 2009 Borosilicate

[145]

glass,
Diamond

48 T. Didar et al. 2009 Soda-lime

[146]

glass

49 M. Mousa et 2009 Borosilicate

al. [164]

50 C. Cheng et
al. [36]

51 J. Liu et al.
[57]

glass

2010 Pyrex glass

2010 Particulate Steel

reinforced

material

Tungsten
carbide

Tungsten,
Platinum

Stainless
steel tool

Steel
316L,
high
carbon
steel,
Tungsten,
Copper

Tungsten KOH
carbide

NaOH

NaOH, KNO
or HzSO4

NaOH

NaOH

NaNO3

Electrolyte Input
chemical

process
parameters

Applied
voltage,
voltage type,
electrolyte
concentration,
ultrasonic
frequency,
tool dia.

Applied
voltage,
electrolyte
conc., tool
shapes like
sharp conical
tip, sphere on
the end

Applied
Voltage,
Electrolyte
Concentration,
Machining
speed

Applied
voltage,
electrolyte
concentration,
rotational
speed of tool
electrode,
force applied
to tool
electrode

Applied
voltage,
electrolyte
Concentration,
tool rotating
speed, tool
shape

Output
process
parameters
Machining-
depth,
geometrical
accuracy,
surface quality,
overcut

Microgroove,
ring-shaped
groove,
machined
depth

Removed mass
during
machining,
hardness and
density of
machined
zones

Drilling depth,
machining
time,
comparative
study of
different tool
electrodes

Machining
depth,
Machining
efficiency and
accuracy

Applied voltage, Material
current,
electrolyte

removal
mechanism,



52 C. Wei et al.
[105]

53 C. Cheng et
al. [104]

54 C. Yang et al.
[165]

55 1. Ziki et al.
[166]

56 C. Yang et al.
[23]

57 C. Wei et al.
[39]

58 D. Nandi et
al. [82]

aluminum
alloy 359

2010 Soda-lime
glass

2010 Pyrex glass

2010 Quartz

2010 Glass

2011 Quartz

2011 Soda-lime
glass

2011 Glass

Tungsten
carbide

Tungsten
carbide

Stainless
steel,
Tungsten
carbide,
Tungsten

Stainless
steel

Tungsten
carbide

Tungsten
carbide

Copper

NaOH

KOH

KOH

NaOH

KOH

NaOH

NaCl,
NaOH and
HCI

concentration,
pulse duration,
duty cycle

Voltage,
electrolyte
conc., applied
force, rotational
and stationary
tools

Applied voltage,
electrolyte
concentration,
tool rotating

comparative
study of ECDM
and EDM

Hole, diameter,
machining
depth, radial
overcut

Machining
depth,
machining time,
geometry

speed, magnetic accuracy,

orientations

Applied voltage,
electrolyte
concentration,
machining
depth,

rotational speed
of tool electrode

Applied voltage,
electrolyte
concentration,
constant
velocity feed
rate

Applied voltage,
electrolyte
conc., tool
diameter,
rotational
speed, tool
shape

Voltage,
electrolyte
conc.,
electrolyte level,
machining time,
tool electrode
material

Voltage,
electrolyte
concentration,
tool diameter,

efficiency

Hole diameter,
Surface
roughness,
Machining
speed, Tool
wear

Machining
depth,
investigated
force exerted
on tool
electrode
Machining
depth,
machining time,
hole diameter

Machined hole
depth

Voltage-current
characteristics,



59 M. Coteata et 2011 Steel

al. [107]

60 J.
Ozhikandathil
et al. [147]

61 M. Han et al.
[167]

62 J. Ziki et al.
[43]

63 M. Panda et
al. [60]

64 Y. Mochimaru
et al. [84]

65 C. Lu et al.
[110]

66 M. Rusli et al.
[111]

2011 Silicon
substrate

2011 Soda-lime
glass

2012 Soda-lime
glass

2012 Silicon
nitride

2012 Borosilicate
glass

2012 Pyrex glass.

2012 Soda-lime
glass

immersion

depth
High Aqueous  Work liquid
speed solution of density,
steel sodium electrode tool

silicate

Stainless NaOH
steel

Brass wire NaOH

Stainless NaOH

steel

Stainless NaOH

steel

Tungsten NaOH

rod

Tungsten NaOH

rod

Tungsten NaCl

diameter,
electrode tool
strokes per
minute, voltage

Applied voltage,
electrolyte
conc.,
machining time
Voltage, tool
speed,
electrolyte
conc., pulse
frequency, duty
cycle, feed rate

Tool speed, gap
between tool
and glass
surface, duty
cycle

Supply voltage,
energy
partition,
electrolyte
conc., spark on-
time, duty
factor

Voltage,
electrolyte
conc., pulse
frequency, duty
factor

Applied voltage,
feed rate,
electrolyte
concentration

Voltage,
electrolyte
conc., pressure,
electrolyte level,

Tool axial wear,
machined hole
depth

Hole diameter,
machining hole
depth

2D contour
cutting, Surface
roughness

Surface textures
were obtained
porous spongy-
like textures to
feathery like

MRR, Average
surface
roughness

Microholes
obtained

Machining
efficiency,
surface quality

MRR, surface
integrity



67 A. Manna et
al. [148]

68 C. Jawalkar
et al. [149]

69 1. Ziki et al.
[168]

70 J. Liu et al.
[24]

71 H. Krotz et
al. [61]

72 3. Ziki et al.
[112]

73 L. Paul et al.
[150]

74 S. Jui et al.
[169]

2012 E-glass—
fiber—
epoxy
composite

2012 Soda-lime
glass

2012 Al,05

2013 Particulate
reinforced
aluminum
alloy 6061

2013 100Crg
steel

2013 Soda-lime
glass

2013 Borosilicate
glass

2013 Glass

1S-3748
steel

Stainless
steel

Stainless
steel,
Steel,
Tungsten

Diamond
coated
tool

Tungsten

Stainless
steel

Tungsten
carbide

Tungsten
carbide

NaOH

NaOH

NaOH

NaNO3

NaNO3

NaOH

NaOH

H,S04

time, ultrasonic
amplitude

Applied voltage,
gap between
tool and anode,

electrolyte conc.

Applied voltage,
work feed rate,

electrolyte conc.

Applied voltage,
electrolyte
conc., electrode
diameter, tool
electrode
vertical feed,
duty cycle
Voltage,
machining
depth
electrolyte
conc., pulse
duration, feed
speed, duty
cycle, spindle
speed

Voltage, pulse-
on time,
electrolyte
conc., the
pulse-off time

Voltage,
electrolyte
conc., tool feed-
rates, tool sizes

Voltage,
electrolyte
conc., duty
factor

MRR and
overcut

Material
removal and
tool wear

Thermal
expansion, TWR

MRR, surface
roughness

Heat-affected
zone

Investigated
forces exerted
on the tool-
electrode

MRR, radial
overcut, TWR

Voltage, forward Aspect ratio,

duty cycle,
pulse on-time,
electrolyte
conc., reverse
pulse time, tool
rotation

diametrical
overcut



75 X. Cao et al.
[170]

76 Y.S. Laio et
al. [185]

77 B. Bhuyan et
al. [199]

78 M. Razfar et
al. [200]

79 V. Jain et al.
[6]

80 B. Jiang et al.
[25]

81 A. De Souza
et al. [85]

82 B. Jiang et al.
[113]

2013 Glass

2013 Quartz

2013 Borosilicate
glass

2013 Soda-lime
glass

2014 Quartz

2014 Soda-lime
glass

2014 Stainless
steel

2014 Soda-lime
glass

Tungsten
carbide

Tungsten

Brass

Brass

Copper

Tungsten

Tungsten

Tungsten
carbide

KOH

Sodium
Dodecyl
Sulfate
surfactant
+ KOH

NaOH

NaOH

NaOH

NaOH

NaCl,
Nast4

NaOH

Voltage,
electrolyte
conc., pulse on/
off-time, feed
rate

Applied voltage,
electrolyte
concentration,
frequency, duty
factor,
machining
speed

Voltage, wire
feed velocity,
electrolyte
concentration,
workpiece
thickness

Applied voltage,
tool immersion
depth,
electrolyte conc.

Applied voltage,
electrolyte

conc., table feed

Applied voltage,
electrolyte
conc., tapered
tool electrode
with different
shape

Applied voltage,
electrolyte
conductivity,
tool rotation,
capacitor
capacitance

Voltage,
electrolyte
conc., feed
force, speed of
tool, vibration
waveform, duty

Average MRR,
depth of cut,
surface quality,
efficiency

Better quality
microhole

MRR, Surface
Roughness

Depth, average
hole diameter,
roundness error,
radial overcut,
heat-affected
zone

MRR, width of
channel

MRR, machining
depth

Machining time,
tool electrode
wear

MRR, machining
depth



83 L. Paul et al.
[114]

84 L. Paul et al.
[115]

85 L. Paul et al.
[116]

86 C. Gao et al.
[117]

87 B. Bhuyan et 2014 Borosilicate

al. [151]

88 M. Coteata et 2014 Spring steel

al. [152]

89 S. Huang et
al. [171]

2014 Stainless
steel wire

2014 P-type
silicon
wafer

2014 Soda-lime
glass

2014 Pyrex glass

glass

60CrMnSi

2014 304
stainless
steel

90 M. Razfar et 2014 Soda-lime

al. [174]

glass

Silicon NaOH

Wafer

Musical NaOH
string

steel wire

Copper NaOH

wire

Tungsten NaOH and
carbide  KOH

Brass wire NaOH

High
speed
steel

NaOH

Tungsten water
carbide

Tungsten NaOH
carbide

ratio, amplitude,
frequency

Voltage,
electrolyte
conc., duty
factor

Voltage,
electrolyte
conc., tool feed
rate, duty factor

Voltage,
electrolyte
conc., duty
factor, temp.

Voltage,
electrolyte
conc., contact
force, rotary
rate, rotary
direction,
specimen
thickness, time

Voltage,
electrolyte
conc.,
workpiece feed
rate, pulse-on
time, pulse-off
time

Applied voltage,
electrolyte
density, tool
diameter,
capacitance

Applied voltage,
tool speed and
electrode
diameters

Applied voltage,
electrolyte
conc., vibration
frequency,
vibration
amplitude

MRR,
diametrical
overcut, heat
affected zone

MRR, heat-
affected zone

MRR, surface
roughness, tool
wear rate

Hole diameter,
tool wear,
aspect ratio

MRR, Kerf
width, Surface
finish

MRR, electrode
wear, depth of
the drilled hole

Tool wear

MRR, machining
depth



91 C. Jawalkar 2014 Soda-lime Stainless NaOH Voltage, time of Material

et al. [186] glass steel (SS- current flow, removal, tool
304) electrode wear
spacing
92 M. Dhanvijay 2014 Alumina Copper  NaOH Voltage, MRR, diametric
et al. [187] and electrolyte overcut
stainless concentration,
steel pulse time, duty
factor
93 B. Mallick et 2014 Silica glass Stainless NaOH Voltage, Material
al. [201] steel electrolyte removal rate,
conc., overcut,
interelectrode, machining
gap depth,
94 P. Gupta et 2015 Glass Stainless NaCl, Voltage, pulse MRR, hole
al. [10] steel KOH, on time, overcut
NaOH electrolyte
concentration,
pulse off time
95 J. Abou zZiki 2015 Glass Stainless KOH Voltage, Machining
et al. [26] steel electrolyte temperature

conc., force
applied, pulse-
off-time, pulse-
on-time,
rotation speed
of tool

96 A. Kamaraj et 2015 Borosilicate Tungsten NaOH Voltage, Overcut, aspect
al. [62] glass immersion ratio
depth,
electrolyte
conc., tool
diameter,
machining time,
tool feed rate

97 J. Abou Ziki 2015 Glass Steel NaOH Applied voltage, Obtained tool-
et al. [86] electrolyte glass bond
concentration,  during drilling
feed rate
98 J. Abou Ziki 2015 Glass Stainless- NaOH Voltage, duty  Tool-electrode
etal. [87] steel cycle, temp., tool
electrolyte expansion,
conc., feed rate drilling depth
99 P. Gupta et 2015 Glass Stainless NaCl, Voltage, pulse  Surface

al. [90] steel NaOH on time, damage,



electrolyte machining
concentration, depth

pulse off time
100 H. Krotz et 2015 Steel 100Cr6 Tungsten  Sodium Voltage, pulse- Machining
al. [118] rod nitrate on-time, efficiency,
conductivity of surface and
electrolyte, heat-affected
pulse-off-time  zone
101 Y. Zhang 2015 Cobalt-based Brass Salt Applied MRR,
et al. superalloy, solution  voltage, machining
[175] Nickel-based solution speed,
superalloy conductivity,  Machining
pulse-off-time, accuracy
working fluid
pressure,

pulse-on-time,
tool rotation

102 S. Saranya 2015 Quartz Tungsten  NaOH Voltage, Machined
et al. carbide Electrolyte profile, Hole
[176] conc., Feed overcut
rate, Tool
shape, Tool
geometry
103 K. Nguyen 2015 Quartz Tungsten  KOH Voltage, Surface
et al. carbide Electrolyte roughness,
[188] alloy conc., Feed Groove width
rate, Pulse and depth
on/off-time,
Tool rotation
104 Y. Zhang 2015 Nickel-based Brass Sodium  Voltage, Pulse Average hole
et al. super-alloys nitrate duration, Pulse diameter,
[189] water interval, Material
solution Solution removal rate,

conductivity, = Taper angle
Tube electrode

diameter, Tube

electrode

rotation, Work

fluid pressure

105 A. 2016 Soda-lime Tungsten  NaOH Voltage, removed
Behroozfar glass carbide Electrolyte material,
et al. [89] conc., pulse off diameter and

time, duty depth of the
cycles, pulse  crater
on time,



106 P. Gupta
etal. [91]

2016 Alumina
ceramic

107 K.
Furutani et
al. [120]

2016 Silica glass,
Piezoelectric
ceramics

108 Z. Zhang 2016 Soda-lime
et al. glass
[121]

109 M. Hajian 2016 Soda-lime
et al. glass
[122]

110 J. Madhavi 2016 Borosilicate
et al. glass
[123]

111 V. Ladeesh 2016 Borosilicate
et al. glass
[124]

112 V. Ladeesh 2016 Soda-lime
et al. glass
[125]

Stainless  NaOH
steel
Tungsten  NaCl,
NaOH
tungsten  NaNOs,
carbide KOH, and
NaOH
HSS NaOH
Tungsten  NaOH
carbide
Diamond KOH
Diamond KOH
coated tool

Voltage, Pulse- Depth of

off-time,
Electrolyte
conc., Pulse-
on-time, Pulse
frequency,
Duty ratio

Voltage,
Electrolyte
conc., Feed

penetration,
MRR, Heat
affected zone
Surface
damage

Material
removal rate,
Machined

rate, Machining Surface

width,
Revolution of
workpiece,

Machining time

Voltage,
electrolyte
conc., tool

Quality

Investigated
critical
voltage,

rotation, dia. of Machining

electrode,
pulse

frequency, duty

cycle

Voltage,
electrolyte
conc., tool
speed,
magnetic field
orientations
Applied
voltage,
electrolyte
conc., duty
factor, feed
rate

Voltage,
electrolyte

conc., pulse on

time, tool
speed
Applied
voltage,
electrolyte
concec., duty
cycle, cycle

accuracy

Machining
depth, surface
roughness

MRR, tool
wear rate,
Taper angle,
Radial overcut

Material
removal rate,
tool wear

Material
removal, tool
wear



113 A.
Behroozfar
et al.

[177]

114 D. Guo et 2016 304 austenite
stainless steel

al. [178]

115 L. Paul et 2016 Silicon Wafers

al. [190]

116 V. Ladeesh 2017 Borosilicate

et al.
[126]

117 B. Sarkar
et al.
[154]

118 M. Hajian 2017 Soda lime

et al.
[179]

2016 Ceramic

glass

2017 Silicon
carbide

glass

119 W. Tang et 2017 Quartz

al. [181]

Brass,
Steel,
Tung.
carbide

Amorphous
Pt
deposited
microtool

Tungsten
carbide

Diamond
coated
solid tool

Stainless
steel

HSS

Tungsten
carbide,
diamond
coated

NaOH

Deionized

water

NaOH +

KOH

KOH

NaOH

NaOH

NaOH

Applied
voltage,
electrolyte
concentration,
different types
of tool
electrodes

Open voltage,
pulse duration,
pulse
separation,
working depth,
working step

Voltage,
electrolyte
conc., mixed
electrolyte,
duty factor

Voltage,
electrolyte
conc., duty
factor, feed
rate, rotation
speed of tool
electrode,
frequency

Voltage,
interelectrode

Tool wear

Hole diameter,
The unilateral
discharge gap

MRR

MRR, surface
roughness

Material
removal rate,

gap, electrolyte radial overcut

conc.

Voltage,
electrolyte
conc., tool,
feed rate,
magnetic field,
immersion
depth

Voltage,
electrolyte
conc., different
types of tool

Tool bending
force

Machining
depth, heat
affected zone,
taper angle,

electrodes, tool surface

electrode
diameter, tool
rotation, pulse

integrity



120 M. Han et 2017 Soda-lime
al. [182] glass

121 S. Saranya 2017 Glass
et al.
[192]

2017 Soda-lime
glass

122 N. Sabahi
et al.
[193]

123 M. Goud
et al.
[202]

124 V. Ladeesh 2018 Soda-lime
[64] glass

125 M. Hajian 2018 Soda lime
et al. [65] glass

2017 Quartz glass

Brass

Tungsten
carbide

Tungsten
carbide

Stainless
steel

Diamond
core drill
bit

Stainless
steel

NaOH

NaOH,
KOH

Surfactant-
mixed
KOH/
NaOH

NaOH

NaOH

NaOH

on time, pulse
off time

Applied
voltage,
electrolyte
concentration,
tool diameter,
shape of tool,
feed rate, tool
speed

Voltage,
electrolyte
conc.,
immersion
depths, tool
diameters, tool
travel rate

Voltage,
electrolyte
conc.,
electrolyte
type,
surfactant
type,
surfactant
conc.,
electrolyte
temp., tool
speed, tool
immersion

Voltage, feed
rate,
electrolyte
conc.

Voltage,
rotation speed
of tool
electrode,
electrolyte
conc., feed rate

Voltage, feed
rate,
electrolyte
conc., rotation
tool speed

Different
texture of
microgroove,
surface
quality, aspect
ratio

Geometric
accuracy,
Surface
smoothness,
channel
outlines

Depth of
microchannel,
surface
quality,
surface
roughness,
heat-affected
Zone,
hardness of
microchannel

Material
removal rate,
width overcut

MRR, edge-

chipping
thickness

Machining
depth



126 T. Singh et 2018 Borosilicate
al. [128] glass

127 S. Elhami 2018 Soda lime
et al. glass
[129]

128'Y. Xu et al. 2018 Soda-lime
[130] glass

129 S. He et
al. [155]

130 S. Saranya 2018 Fused quartz

et al.
[183]

131 N. Sabahi 2018 Soda-lime
et al. glass
[194]

132 N. Sabahi 2018 Soda-lime
et al. glass

[193]

2018 ZrO, Ceramic

Stainless
steel
coated
with SiC

Tungsten
carbide

Tungsten
carbide

Tungsten

Carbon
alloy steel

Tungsten
carbide

Tungsten
carbide

NaOH

NaOH

NaOH

NaOH

NaOH

NaOH,
KOH,
Mixed

KOH/
NaOH

Voltage,
electrolyte
conc., exerted
pressure,
pulse-on-time,
inter electrode
gap, pulse-off-
time,

Voltage,
electrolyte
conc.,
electrolyte
temp.,
amplitude
Voltage,
electrolyte
conc., feeding
method, tool
feed force,
rotation speed
of tool

Applied
voltage,
electrolyte
conc., tool
electrode
diameter,
machining gap,
spindle speed,
pulse duration,
pulse interval

Voltage,
electrolyte
conc., tool
diameter, initial
working gap,
tool travel rate

Voltage,
electrolyte
conc., mixed
electrolyte,
electrolyte
temp., speed

Voltage,
electrolyte
conc., speed,

MRR, hole
overcut, taper,
machining
depth

Material
removal, tool
wear

Machining
depth,
roundness,
machining
speed

Investigated
debris as
crystalline and
amorphous
forms,
different color
presence of
the processed
debris

Depth of
microchannel,
width of
microchannel,
surface quality

Tool wear,
Thermal
damages,
surface
quality, and
overcut

Hardness of
microchannel



133 M.
Harugade
et al.
[196]

134 P. Gupta
et al.
[197]

135 A.
Varghese
et al.
[198]

136 P. Antil et
al. [203]

2018 Soda-lime
glass

2018 Borosilicate

glass

2018 Polypropylene

Copper

Stainless
steel

2018 SiC reinforced Stainless

polymer
matrix

2.7 Conclusion

The present review includes the analytical study of various fields of ECDM, from this some
major conclusions have been reported. It is very easy to obtain a precise result of ECDM on
glass material due to its chemical resistance and transparency as well as it is less time-
consuming and has high demand in various fields as compared to other workpiece materials.
The lower depth and smooth surface on glass obtained for lower voltage and at higher
voltage, the higher depth and heat-affected zone with cracks obtained on a glass surface.

steel

NaOH,
NaNO3,

H,S0,4

NaOH

Graphite
powder +
NaOH

NaOH.
NaOH+
HCI

Lorentz force
direction,
immersion
depth

Voltage,
electrolyte
conc.,
interelectrode
gap,

Voltage,
machining
time, pulse-on-
time,
electrolyte
conc., pulse-
off-time
Voltage,
graphite
powder conc.,
duty factor

Inter-electrode
gap, applied
voltage, duty
factor,
electrolyte
concentration

edges, heat-
affected zone

Material
removal rate,
hole diameter,
machining
depth

MRR, overcut,
depth of cut,
heat-affected
zone

Material
removal rate

MRR, overcut,
taper

The stainless steel and Tungsten carbide is widely used as cathode tool as they have
significantly low specific heat capacity, high wear resistance, chemical inertness and
temperature resistance, which resulted in higher discharge activity than the other tool
material. The KOH and NaOH have irritant nature and higher mobility of K+ ion and Na+ ion,
which help to yield more MRR, so these are the most used electrolytes in ECDM. The high
electrolyte concentration gives high MRR, overcut and machined depth. The high applied
voltage leads to high MRR, high tool wear rate, increases heat-affected zone, reduce bending

force, increases hole diameter and radial overcut
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Abstract

With the development of materials with superior properties and
miniaturization requirement, conventional machining processes face
additional challenges due to tool wear, tool stiffness, which gives the
motivation for exploring hybrid/sequential machining techniques. In
this respect, laser machining has turned out to be one of the
wonders in the manufacturing area; however, it also comes with
issues, such as heat-affected zone. On the other hand, laser-assisted
machining techniques seem to elevate most of the heat-affected
zone issue along with severe tool wear issue faced by conventional
machining. This chapter discusses motivation, and overview of laser-
assisted micromilling. Hard to machine materials, such as, steel alloy,
Ti alloy, Ni alloy, cementite carbides, and other ceramics, are
investigated using laser-assisted micromilling.
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3.1 Introduction

Difficult to cut materials have found their applications in several
important industries, such as aerospace, biomedical, molding due to
their exotic properties. However, when it comes to applications,
superior properties are not the only thing to consider, but also cost
involved with materials processing has important roles to play. Most
of these desired but hard-to-cut materials come with the expenses
of higher materials processing cost due to the unavailability of the
cost-effective processing technology [1].

Nowadays, due to large-scale miniaturization, development in
micromachining becomes a top priority, which offers the fabrication
of microscale/ mesoscale structures made of large variety of
engineering materials. One of the micromachining techniques that
has been well researched compared to other techniques, such as
photolithography, is micromilling. Micromilling has proven its
competency in machining structures like micromolds [2]. However,
micromolds/dies undergo thermal and mechanical cycles, which is
repetitive in nature during the molding process, therefore material
choice must satisfy this requirement of withstanding thermal loading
cycle [3]. Eventually, hard to cut materials, such as nickel alloy,
hardened tool steel is one of the major choice for such kind of
application [4]. Nevertheless, dimensional accuracy and material
removal rate of such materials suffers negatively due to limited
machine tools and microtool stiffness, as well as rapid tool wear [5].

Therefore, external energy-assisted machining has become a popular
research trends for such kind of materials where work materials
undergo softening before machining using some kind of energy. The
whole idea is to reduce the yield strength, as well as hardness of the
concerned materials using some kind of heat source. Literature has
reported some of the energy-assisted machining, such as induction
preheating [6, 7], gas torch preheating [8], and plasma-assisted



machining [9], and laser-assisted machining [10, 11]. Among all of
these assisted machining, Laser-assisted machining has got special
attention due to controlled laser power, as well as controlled spot
size and speed, which provides rapid local rise of temperature when
it comes to microscale [12].

This chapter will address laser-assisted micromilling of application
oriented but difficult to machine materials, associated cutting force,
tool wear, and heat-affected zone. Contemporary research trends
and challenges will also be discussed.
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Figure 3.1 Illustration of laser-assisted micromilling.



3.2 Laser-Assisted Micromilling

Integration of continuous fiber laser with low power to micromilling
process aids in heating up localized area of workpiece intensely well
ahead of the cutting zone and therefore softens the cutting zone.
Machinability of difficult to machine materials gets enhanced in this
way due to strength reduction. Although it results in reduced cutting
force along with improved surface finish and accuracy, appearance of
crack in heat-affected zone may occur. Increasing temperature not
only increases the density of crack, but also deteriorates the tool life
leading to premature tool failure instead of tool life due to the
accelerated diffusion and adhesion tool wear. Figure 3.1 provides the
illustrations of laser-assisted micromilling setup.

3.2.1 Laser-Assisted Micromilling of Steel
Alloys

It is found that A-286 Steel is heavily used in aerospace industries
since it has favorable tensile strength and high-temperature
oxidation resistance property. However due to high nickel content its
machinability is not very worthy. Micromilling of A-286 Steel comes
with challenges, such as size effect, stiffness of miniature microtools,
ploughing, and rubbing. Therefore, micromilling of such alloys
experiences stresses and tool wear, which is extraordinary, compared
to traditional steel [13]. In order to elevate these shortcomings,
laser heating can be used to soften such high strength alloy to
improve its machinability. Here the main idea is to induce local
softening to facilitate the mechanical micromilling while reducing not
only the cutting force but also the tool wear.

Melkote et al. [14] in their study, proposed a unique laser-assisted
micromilling method where comparison of laser-assisted micromilling
with traditional micromilling of hardened A2 steel was investigated.
Their setup comes with low power (7.5 W) continuous wave fiber
laser without assisting gas ahead of the cutting tool to gain localized
thermal softening. Surface roughness and dimensional accurateness



of the micromilled grooves were measured as performance
parameters for variation of cutting speed. Experimental findings
suggested that rate of change in groove depth is reduced for laser-
assisted micromilling along the line of cutting with respect to
traditional micromilling which might be because of the lower rate of
tool wear. This fact is also verified using the optical image of tool
where microtool without laser demonstrated severe wear including
loose of round shape due to initial tool chipping followed by the
mechanical wearing. On the other hand, laser-assisted microtool
experienced less wear and wear mode is mostly gradual wearing. In
addition, there is also initial depth of groove difference between both
cases; due to predominant tool deflection which is less in case of
laser-assisted micromilling. It appears that assistive laser induced
thermal extension of tool as well as workpiece contravene the tool
deflection effect on groove depth and there-for aids in achieving
better dimensional accuracy [15]. Moreover, with increase of cutting
speed, laser-assisted micromilling offers better groove depth
accuracy. Cutting speed of 32 m/min demonstrated highest
dimensional accuracy for laser-assisted micromilled groove, which
might be due to the reduced tool wear because of decreased tool
cutting time. Whereas cutting speed of 14 m/min offers better
groove accuracy for traditional micromilling, which may be attributed
to the decreased tool wear, associated with the lower cutting speed.
Groove width also presented insignificant change along the cutting
line for laser-assisted case compared to traditional micromilling.
Laser-assisted micromilling also demonstrated more consistent and
reduced surface roughness along the line of cutting. Increasing
cutting speed comes with increasing surface roughness for laser-
assisted micromilling due to burnishing effect of microtool whereas
traditional micromilling shows no clear trends [14]. Kumar et al. [16]
conducted similar experiment on hardened A2 tool steel using
continuous wave fiber laser and reported on reduced cutting force,
surface roughness and tool wear with assisted micromilling. Ozel et
al. [17] reported on reduced cutting forces and increased cutting
tool temperature by conducting pulsed laser-assisted micromilling on
AISI 4340 steel. Ding et al. [18] attempted to model laser-assisted



micromilling for difficult to machine alloy and reported increased
workpiece temperature and flow stress along with reduced tool wear.

Feed Direction Feed Direction
R S R S

Figure 3.2 Illustration of laser-assisted micromilling along with (a)
softened area (b) structured area.

Mohammadali Kadivar et al. [19] also conducted two stage laser-
assisted micromilling of austenitic stainless steel X5CrNi18-10 where
ultra-short pulsed laser is employed for microstructure creation in
the first stage and then micromilling is used to get rid of the laser
induced structured area of the workpiece subsequently (Eigure 3.2).
Issue related to heat dissipation can be elevated due to the
ultrashort pulse since heat accumulation will be insignificant. Their



study suggested reduced cutting force and temperature with respect
to conventional milling. The reason behind this is twofold. First, due
to laser structuring, smaller volume of materials is removed by
second stage micromilling, which refers to lower contact length and
process that is more intermittent and therefore reduced force as well
as temperature. Second, comparatively shorter thinner and
segmented chips produced in laser-assisted milling may also
contribute to lower cutting forces. When the cutting speed rises from
50 to 250 m/ min, it causes 50% reduction in normal and tangential
cutting force, which is due to the higher stacking fault energy. This
eventually causes reduced strain hardening because of impedance to
the martensitic transformation. However, increasing feed per tooth
worsens not only the surface roughness but also the cutting forces.

3.2.2 Laser-Assisted Micromilling of Titanium
Alloys

Shelton et al. [20] has demonstrated the capabilities of laser-
assisted micromilling for difficult to cut materials, such as Ti6Al4V,
AISI 422, and AISI 316 using microslotting operation. In their study,
CO> laser having 30 kW peak power was used along with the inert

assist gases, which aid in blowing away the chips and prevent the
oxidation of the workpiece. Acoustic emission (AE) sensors were also
used for process monitoring purpose. As per their thermal modeling
result, increasing initial uniform temperature may aid in reducing
cutting force and flow stress for all conditions due to increased shear
temperature. It is also suggested that increasing cutting speed also
increases the shear plane temperature. Experimental results imply
that rate of increase in acoustic emission value is reduced along with
the increasing value of machining time for laser-assisted micromilling
(LAMM) case which suggests reduced tool wear and it is also agreed
with simulation result due to reduced contact pressure and low tool
temperature. LAMM provides reduced AE signal (15.9%), which
corresponds to reduced thrust force data (16.8%) given by finite



element model. In addition, significant surface finish improvement
was reported for LAMM for both Ti and steel alloy.

Micromilling with ball end mill tool can experience severe rubbing
phenomena due to the radial shape geometry of tool and it can get
worsen for ductile materials, such as Ti alloy. Therefore, laser-
assisted micromilling of titanium alloy(Ti6Al4V) by means of ball end
shaped milling tool was investigated by Mohid et al. [21]. Laser
heating parameters were chosen not to exceed the phase
transformation temperature of Ti6Al4V. A gap of 0.1 mm is
maintained between heated area and tool outer diameter to avoid
tool heating. Their study also simulated the tool-workpiece interface
temperature, which suggested the topmost surface area temperature
to be between 128°C and 178°C for various feed rate, cutting speed
and depth of cut. Experimental results reported reduced average
surface roughness for depth of cut of 0.02 mm along with feed per
tooth of 0.003 and 0.0042 mm, which gives about 12% to 20%
reduction of roughness for assisted milling. In addition, higher
cutting speed results in less reduction in surface roughness due to
lower temperature. Higher value of depth of cut also results in large
fluctuation in average roughness value due to larger volume of
produced chip, which is associated with large cutting force and
eventual rapid flank wear. Most consistent average roughness value
is achieved for depth of cut of 0.007 mm when feed rate increases
from 0.0021 mm/flute to 0.0042 mm/flute due to dominating
rubbing and ploughing mechanism at lower feed rate.

Xia et al. [22] proposed another novel method called laser-induced
oxidation-assisted micromilling for successful micromachining of
Ti6Al4V alloy where laser heating induced porous oxide layer along
with the subsequent dense sub-surface layer are removed with less
cutting force and reduced tool wear (Figure 3.3). Nanosecond pulse
Glass fiber laser with average power output of 20 W is used for laser
irradiation purpose. Microstructure suggested surface layer of 18.2
pum and subsurface layer of 2.3 pm contains anatase and rutile TiO.

Their study also reported 50% to 65% reduction in cutting force
with laser-induced oxidation-assisted micromilling when it is




compared against traditional micromilling for same cutting
parameters. In addition, reduced tool wear as well as reduced top
burr width is reported for this novel method. Tool wear mechanism
related to the proposed method is coating spalling, whereas
micromilling tool for conventional process experiences nose
breakage, adhesive wear in addition to spalling. This is due to
reduced cutting load associated with the removal of porous oxide
layer compared to conventional micromilling where greater cutting
load causes both adhesive wear and tool nose breakage. For the
very same reason of less cutting load and tool wear, proposed
assisted micromilling also offers reduced surface roughness
compared to conventional case.
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Figure 3.3 Schematic of Ilaser-induced oxidation-assisted
micromilling.

Hojati et al. [23] also investigated on laser microstructuring of
Ti6Al4V using picosecond laser before micromilling operation and
reported on the significant reduction of cutting force along x
direction. Their study also revealed higher reduction in cutting force
for higher density laser structures, which was done by reducing the
gap between the lines. Line gap and cutting force seemed to have



logarithmic relationship. It is also suggested that for higher feed
rate, tool deflection can be minimized by laser structuring. The
reasons behind the reduction in cutting forces are twofold. First,
amount of materials removed by micromilling becomes smaller due
to laser structuring and therefore reduced chip thickness can be
expected. Secondly, laser structuring induced materials alteration,
which contributes to around 30% reduction in materials strength.
However, contribution percentage from both factor is still subjected
to future investigation.

Shen et al. [24] proposed a 2D finite element model to predict the
flow stress and temperature distribution of LAAM of Ti6Al4V alloy.
Their results suggested less burr free surface with no heat-affected
zone for LAAM due to thermal softening. For tool rotation angle of 0°
to 90°, flow stress varies from 2464 MPa to 1922 MPa and
temperature varies from 401°C to 580°C.

3.2.3 Laser-Assisted Micromilling of Ni Alloys

Ni based alloys are considered super alloys although their
applications are limited due to the large tool wear and shortened
tool life experienced during conventional micromilling. Rahim et al.
[25] investigated Inconel 718 alloy using LAMM where AITiN coated
two flute carbide microball end mill was used. Their study reported
on the reduced cutting force for LAMM when it is benchmarked
against traditional micromilling which is due to the reduced materials
strength and shear resistance. It is also revealed that workpiece
reached to temperature of 800K where workpiece experiences
thermal softening. Although LAMM process reduces tool adhesion
wear; however, it also induces coating delamination due to
temperature exceeding coating melting temperature.

Kim et al. [26] derived prediction equations for estimating the
cutting force and preheating temperature associated with the LAAM
of Inconel 718 alloy using factorial and Box-Behnken design using
response surface method. Here absorptivity for Ni alloy was
confirmed using Diode laser. Their study showed good agreement



with experimental result and predicted result. Maximum error
reported for cutting force was 6% to 4%, and for preheating
temperature was about 0.5-1% respectively. Authors reported on
the applicability of prediction equations for similar process using
other materials. Alahmari et al. [27] also reported mathematical
modeling based on response surface method for predicting the
microchannel size micromilled on Inconel 718 using Nd:YAG pulsed
laser. Their study suggested optimized parameters for accurate
microchannel of 100 um width and they are 82% current intensity,
37.07 kHz pulse frequency and scan speed 300 mm/s. Optimized
setup yields in microchannel size of 102.34 um in Inconel 718. Low
current density is associated with narrow microchannel and vice
versa. On the other hand, increasing pulse frequency results in more
accurate size of microchannel. Experimental results are in good
agreement with predicted result, which yields in less than 2% of
error.

Ahmed et al. [28] reported on dimensional variation of microchannel
fabricated by LAAM on Inconel 718 while deploying Nd:YAG pulsed
laser. Their approach involved full factorial face-centered central
composite design and response surface methodology. Smaller
microchannel seems to have large dimensional variation compared to
large microchannel. While fabricating small microchannel, conical
shape microchannel was reported instead of flat bottom surface due
to wrong combination of laser parameters. In addition, average
taper angle of 10° to 15° was found for microchannel fabricated on
Inconel 718.

3.2.4 Laser-Assisted Micromilling of Cementite
Carbide

Although cementite carbide has excellent applications in mold
making and wear resistance part industries, machining of cementite
poses a greater challenge due to the generation of excessive tool
wear and subsequent reduced tool life. To address that issue, laser-
assisted micromilling was proposed where laser energy is exploited



to oxidize the part of the surface area of the workpiece ahead of
micromilling cutting path which in turn generates fully porous oxide
layer. The oxidized layer is micromilled mechanically easily in a
subsequent operation. Xian et al. [29] investigated LAAM on
cementite carbide as shown in Figure 3.4 and reported on improved
tool wear, reduced cutting force and better surface finish. As per
their study, laser beam irradiating vertically on the cementite carbide
surface well ahead of the micromilling tool made of diamond in a
smaller spot diameter facilitates the oxidation with the help of
supplied oxygen from a tube. This additional oxygen supply
enhances the oxidation more than that occurs in normal
atmosphere. This oxide layer offers less resistance in terms of
hardness due to less density compared to bulk materials and
therefore enhances the machinability of carbide material.
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Figure 3.4 Schematic representing material removal mechanism of
micromilling hybrid process.
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Figure 3.5 The Illustration of material removal procedure. (a)
Removal of oxide layer, (b) removal of heat-affected layer removal,
(c) Removal of base material layer removal.

Figure 3.5 demonstrates the associated three stages material
removal mechanism. During first stage, micromilling tool removes
oxidized layer and then heat-affected layer is removed without
further heating in second stage. During last stage, very small layer is
removed in a ductile manner to generate better surface finish. Since
only small layer of materials is removed directly by the tool, this
method offers reduced tool wear, and cutting force in addition to
decreased surface roughness. Wu et al. [30] conducted further
investigation and reported on 80% reduction of hardness of
cementite carbide workpiece along with more than 52% reduction in
cutting force. It was also suggested to keep some distance between
laser spot and outer diameter of the cutting tool to avoid laser



heating and thermal damage to the diamond micromilling tool, which
would otherwise experiences graphitizing at temperature exceeding
800 °C.

3.2.5 Laser-Assisted Micromilling of Ceramics

Brecher et al. [31] investigated laser-assisted milling for advanced
materials, such as SizNg4, using ytterbium YAG laser where local

softening was induced by laser prior to milling process and reported
on the reduction of 73%, 90%, and 90% cutting force along x, v,
and z direction respectively. They also reported on significant
improvement in material removal rate. Yang et al. [32] also
investigated on sintered TiB,—SiC ceramic using laser induced

oxidation micromilling with diamond coated micromill and reported
on 104% machining efficiency improvement with respect to
conventional micromilling. This is due to laser-induced oxidation,
which reduces the hardness of the sublayer to the half of the original
hardness. This in turn lessens the cutting forces and improves the
surface finish; however, increases of both depth of cut and feed per
tooth increases the thrust as well as cutting force. Xia et al. [33] also
investigated on TiB,—TiC ceramic using similar technique and their

finding supported the reduction of hardness of the porous layer to
half of original material. They also reported 106% improvement in
machining efficiency. Surface quality along with perpendicularity of
sidewall of microgroove resulted from laser-assisted micromilling
provides relatively superior outcomes.

3.3 Conclusion

This chapter deals with laser-assisted micromilling of difficult to cut
materials. Some of the interesting research highlights are given as
follows:

It appears that laser-assisted milling generally aids in reduced
cutting force, tool life and enhanced surface integrity. On average



15-50% reduction in cutting force are demonstrated by several
researchers.

In case of two-stage laser-assisted milling, the reasons behind the
reduction in cutting forces are twofold. First, amount of materials
removed by micromilling becomes smaller due to laser structuring
and therefore reduced chip thickness can be expected. Second, laser
structuring induced materials alteration, which may contribute to
around 30% reduction in materials strength.

Laser energy assists in increasing the machinability of the difficult to
cut materials by reducing both the yields strength and hardness of
materials.

Overall, lower tool wear compared to conventional milling was
reported; however, laser to tool tip distance must be maintained to
avoid the melting of tool tip.

Dimensional deviation using laser-assisted milling was reported
much more for small size microchannel compared to large size
microchannel.

Predictive statistical model can provide preheating temperature and
cutting force value with error percentage of 0.5-1% and 6—4%,
respectively.

While machining of cementite carbide, lasing action results in
oxidized layer which can be subsequently removed by diamond
micromilling tool due to reduced hardness without difficulty and
therefore this process offers reduced tool wear and cutting force in
addition to improved surface finish.

Laser-assisted micromilling of silicon nitride ceramics results in 50%
reduction of hardness for porous oxidized layer, improved

machinability by 104%. In case of TiB2-TiC ceramics, improvement
in terms of perpendicularity of sidewall and surface quality was
reported.
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Abstract

In this study, 301 stainless steel microholes are drilled using an
electrode with an ultrasonic vibration-integrated array. It is described
how various processing properties are affected by machining factors
including electrode feed rate, operating voltage, and ultrasonic
vibration amplitude. The outcomes of the experiment demonstrate
that the periodic pressure difference for the electrolyte is produced
by the vibrating electrode array supported by ultrasonics. Both a



cavitation effect and a pumping effect are created by the periodic
pressure difference. The two effects can efficiently remove the
reaction heat, reactive products, and gas from the machining gap, as
well as replenish the electrolyte in the machining gap. Machining
speed is enhanced by boosting ultrasonic amplitude.

Keywords: Ultrasonic aided, EMM, micropattern, pumping effect,
cavitation

4.1 Introduction

Electrochemical micromachining (EMM), etching micromachining,
abrasive jet micromachining, electro discharge micromachining,
water jet micromachining, etc. are examples of nontraditional
micromachining techniques. Electrochemical micromachining
characteristics involve machining performance that is unrestricted by
the material’s mechanical performance, nearly no tool electrode
wear, high machining speed, good surface quality after machining,
no heat-affected zone, no burrs, and minimal residual stress.
Consequently, it is frequently utilized in industrial operations in the
automotive, biomedical, and semiconductor industries. Research into
electrochemical micromachining has grown because of the rise in
processing requirements for sophisticated materials. Because the
tool electrode for electrochemical micromachining is so small, it is
challenging to build an electrolyte supply flow channel system in the
electrode. Electrolytes find it challenging to remove the gas bubbles,
metal oxide, and reaction heat in the small machining gap caused by
the electrochemical reaction. As a result, surface quality and
machining precision both decline. Additionally, the workpiece and
tool electrode may be harmed by the two poles’ short circuit.
According to the review of past researchers, researchers suggest
utilizing ultra-voltage mode [1—4], special feed mode [5], electrode
vibration [3, 6, Z], or a revolving electrode [8, 9] to resolve the
utilization of electrolyte in the machining gap. These techniques can
only slightly improve accuracy and surface quality and require more



expensive equipment. Additionally, these techniques result in less
practicability and economy.

However, it is not possible to rotate several electrodes at once.
Additionally, the electrode cannot be constructed with a flow channel
system. Renewal of the electrolyte is challenging [10—13]. In the
interelectrode gap, reactive by-products, such as metal oxide, and
reactive heat cannot be promptly discharged. The interelectrode
gap’s electric and flow fields vary, which reduce surface quality and
machining accuracy. As a result, two poles may short circuit, making
machining impossible. Studies about the benefits of ultrasonic-
assisted machining have been investigated to increase productivity in
the traditional machining of advanced materials [14—17]. Therefore,
a unique electrochemical micromachining technique is used to create
a microhole array using a high-frequency ultrasonic vibration
assisted tool electrode. The electrolyte experiences a pumping and
cavitation action because of ultrasonic vibration. With the former, the
overall machining gap experiences an extrusion effect, and with the
latter, @ microrange of microjets is produced. Two effects refresh the
electrolyte. As the electrolyte is replenished, additional reactive ions
are added. In the interelectrode gap, reaction by-products like metal
oxide, gas bubbles, and reaction heat can be promptly discharged. It
is possible to increase both machining accuracy and speed. Several
studies are carried out in this research.

4.2 Ultrasonic Effect

In this study, an ultrasonic tool holder vibrates the integrated
electrode array. A cavitation and pumping effects in the electrolyte
are encouraged by the vibrated electrode array. The following
provides an explanation for the first two effects.

4.2.1 Pumping Effect

The tool electrode extrudes the electrolyte while vibrating up and
down in the machining gap because the volume of the electrolyte is



incompressible. The electrolyte is drawn into the cutting gap and
released. The pumping effect is the name of this phenomena.

4.2.2 Cavitation Effect

An ultrasound’s propagation medium is fluid. Rapid pressure
fluctuations in the medium are caused by ultrasonography.
Microbubbles are created when a medium transitions from a boiling
liquid to a gas at a pressure lower than the saturated vapour
pressure. The bubbles burst, and the surrounding liquid rushes to
the center of the bubbles as the medium’s pressure rises.
Consequently, tiny but potent microjets are produced.

4.3 Experimental Procedure

For study, the investigational system is demonstrated in Figure 4.1. A
stepper motor is used to position the ultrasonic electrode holder on
the Z-axis, creating a high frequency vibration in that direction. The
workpiece and array of tool electrodes are both attached to the
pulsed power supply. An oscilloscope is used to track the waveforms
of the working voltage and current during the micromachining. The
electrolyte must cover the workpiece surface during the
experimentation process. The electrolyte is supplied by a snake tube
with a flat nozzle, and as a result, the entire array of electrodes is
covered by the range of electrolyte jet flow. The electrolyte
circulation system filters the electrolyte. Before being fed into the
electrolytic tank, the electrolyte’s temperature is kept under control
at room temperature. SUS 301 stainless steel is utilized in this
investigation. Varying input parameters are machining gap,
amplitude, feed rate, voltage, and frequency. Using a wire electrical
discharge machine, the integrated tool electrode array used in this
experiment is produced having tool electrode tip size of 0.8 mm x
0.8 mm and distance between two tips of 0.8 mm. Sodium nitrate is
utilized as electrolyte for investigation.
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Figure 4.1 Experimental setup [18].




4.4 Results and Discussion

4.4.1 Effect of Traditional Electrochemical
Micromachining

The investigation is conducted by electrochemical micromachining
during generation of microhole array without ultrasonic aid to
investigate the impact of ultrasonic help on the electrochemical
micromachining of various quality attributes. A picture of the
electrochemically machined workpiece without the use of ultrasonics
is shown in Figure 4.2. Without the help of ultrasonic technology, it
was revealed that all the parameters failed to completely build exact
microhole array. On the surface of the machined workpiece, a build-
up of dark brown metal oxide is visible. On the surface of the
workpiece after it had been cleaned by an ultrasonic cleaner, a
unique geometric feature is seen. Metal oxide builds up in the
machining gap at the tips of some electrodes during the
electrochemical micromachining of microhole array without the help
of an ultrasonic tool. It is challenging for the flow of electrolytes to
carry away the metal oxide in the core zone of these electrodes. Due
to this occurrence, the central zone of the single electrode has a
relatively larger electrolyte resistance than the periphery area. The
current moves along the least-resistance path. The single electrode’s
center zone lacks the necessary current density to dissolve the
substance. The workpiece surface exhibits a central protrusion. In
the machining gap, metal oxide finally thins out and forms a thin
coating. The thin coating causes an increase in the machining gaps
between the electrodes and the workpiece. These electrodes’ feed-
direction electric field strength is less intense. Reduced material
dissolution occurs in the feed direction. Finally, after the electrode
array’s stroke is complete, it is impossible to perform a whole
microhole array.






Figure 4.2 Machined micropattern without ultrasonic assistance
[18].

4.4.2 Effect of Electrolyte Jet During
Micropatterning

In this study, a microhole array is electrochemically machined using
an integrated tool electrode array vibrated by an ultrasonic tool
holder. It is challenging to get rid of a flow channel for providing the
electrolyte in the tool electrode because of how small they are.
Additionally, no two electrodes can be simultaneously rotated. The
flow of electrolytes and tool electrode vibration carry away the
machined products in the machining zone. An electrolyte jet provides
the new electrolyte. Ions are added to the cutting zone by the
vibration of the tool electrode. However, because the electrolyte jet
is supplied from the right, each row of the microhole array will have
a different electrochemical machining condition. As a result, the
array’s side with the microholes has varied diagonal lengths. An
experiment on the electrochemical micromachining of a microhole
array without an electrolyte jet is conducted first to examine the
impact of the electrolyte jet. There is no set distribution for the
length of microholes without using an electrolyte jet. Figure 4.3
depicts the outcome of the machining process when the electrolyte
jet is used to provide the electrolyte. The array’s microholes’
diagonal lengths roughly decrease from right to left. To discharge
the reaction products more efficiently from the machining gap, an
electrolyte jet flushes the right side of the microhole array. At these
holes, the rate of electrochemical disintegration is accelerated.






Figure 4.3 Array of microholes using electrolyte jet [18].

4.4.3 Effect of Ultrasonic Assistance During
Micropatterning

In this study, the electrode feed stroke is fixed, therefore the
machining time is shorter, and the electrode feed rate is greater. As
machining time is reduced, the diagonal length of microholes
typically reduces as well. The renewal of electrolyte in the machining
gap when ultrasonic amplitude level 1 is employed for the
experiment is poorer than the renewal of electrolyte under the other
ultrasonic level. This occurrence results in a short circuit or
perforation failure when the feed rate is greater than 1 pm/s. The
ultrasonic vibrated tool electrode has a stronger ability to discharge
the reaction products from the machining gap as the ultrasonic
amplitude increases from level 1 to level 3, therefore, the electrode
feed rate is permitted to be 3 um/s. The electrode feed rate is
permitted to be 5 pm/s because the ultrasonic amplitude is level 9.
Better machining capabilities can be found at ultrasonic amplitude
level 9.

4.4.4 Effect of Ultrasonic Amplitude During
Micropatterning

The cavitation impact increases as the ultrasonic amplitude
increases. The electrolyte’s electrical conductivity will decrease as
the volume of bubbles in the electrolyte increases. Additionally, the

rate of electrochemical disintegration is slowed down, which
shortens the array’s average diagonal length.

4.4.5 Influence of Working Voltage During
Micropatterning

The average diagonal length rises as the voltage increases. The
sidewall of microhole is disintegrated by a continuous



electrochemical reaction since the side face of the tool electrode
utilized in this experiment is not insulated. As the voltage rises, the
average diagonal length grows. Because the electrolyte has a lower
electrical conductivity than the voltage, the minimum value of
diagonal length slightly increases with voltage. When the operating
voltage rises, the maximum value of the diagonal length also rises
along with the amount of variation in the diagonal length.

4.4.6 Influence of Pulse-Off Time During
Micropatterning

Since the experiment’s pulse-on time is set at 50 seconds, the duty
ratio decreases as the pulse-off duration increases. This indicates
that there is less energy available from the power source for
electrochemical reactions. Consequently, when the pulse-off time
increases, the average diagonal length decreases. The amount of
fluctuation in diagonal length decreases when the pulse-off duration
rises from 20 us to 50 wus. The pulse duty ratio increases as the
pulse-off time decreases. With more machining time, there is more
diagonal length variance.

4.4.7 Influence of Electrode Feed Rate During
Micropatterning

When the feed rate is increased, the influence of stray currents is
lessened. The average diagonal length decreases as the electrode
input rate rises. The machining time in this experiment is inversely
proportional to the electrode feed rate because the cutting depth is
fixed. The average diagonal length and the extent of the stray
current influence area grow when the electrode feed rate falls for
the reason. The amount of variation in diagonal length decreases as
the electrode feed rate rises. As a result, the electrochemical process
requires less total energy as the electrode feed rate is greater. It is
possible to lessen the variation in the dissolving rate by the
electrolyte. Additionally, there is less variance in the diagonal length.



4.5 Conclusions

This study investigates the electrochemical micromachining of a
microhole array with ultrasonic assistance. The outcomes
demonstrate that ultrasonic-assisted electrochemical micromachining
can significantly increase machining capability and speed. It is also
possible to enhance the microaverage hole’s diagonal length and
tapered angles. The conclusions are as follows:

The electrolyte can be successfully refilled in the machining gap and
the reactive products can be discharged from the gap during
electrochemical micromachining of the microhole array with
ultrasonic assistance.

One of the important factors affecting the machining gap in the feed
direction and the lateral machining gap is the working voltage. The
average diagonal length rises from when the working voltage rises,
while the range of the diagonal length increases.

Machining accuracy can be raised by quickening the electrode feed
rate and shortening the time needed for an electrochemical reaction.
The average diagonal length reduces and the amount of variance in
diagonal length drops as the electrode input rate rises.
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Abstract

Micro-electrochemical piercing (micro-ECP) is a nonconventional micromachining
process used to obtain desired hole impression on the material with accurate
dimensional features. Materials get eroded by the chemical reaction process in
the machining zone. It is essential to get low tool wear and greater metal
removal for assembly practices of miniature products. The need of proper chosen
values of process parameters is essential to get the desired performance
characteristics for micromachining of alloys. In most of the micromachining
processes, one of the most important performance characteristic is the tool wear
rate. With excessive tool wear, it will affect the accuracy and shape of microholes.
So a need has evolved out to decrease the tool wear and radial overcut related to
micro-ECM process. In this research work, an effort has been made to reduce the
tool wear and overcut without addition of any external force. Concentration of
NaCl electrolyte played a vital role for improving the performance features of
microelectrochemical machining of SS 204. Highest MRR of 26.5 ug/min has been
recorded for 25 V and 60 Hz. Lowest TWR of 0.035 pg/min and radial overcut of
10 um of have been depicted for 0.5 M concentration of NaCl solution.

Keywords: Micromachining, JECM, MRR, TWR, overcut, RSM

5.1 Introduction

Micro-electro chemical machining (MECM) is a chemical erosion method in which
metals erode through chemical reaction with a very low current density in the
machining zone. An electrolytic salt solution is decomposed into cations and
anions, thus separating the material from the workpiece. It is a crucial machining
process concerning the micromilling of metals and its alloys with the necessary
dimensional accuracy. On the other hand, hindrances are there like tool wear,
radial overcut, etc., which openly affect the accuracy and precision of machined
surface during micro-ECM punching on SS 204. There must have provision to
remove such obstacles partially or completely. Madhusudan et al. [1] performed
developed and performed experiments on micro-ECM setup with applied voltage,



electrolytic concentration, and tool feed rate to examine their effects on
performances measures and validated furthermore. Aravind et al. [2] conducted
micro-ECM experiments on copper plate of 300 um with the stainless-steel tool
and NaNOs electrolyte with the developed provision to maintain constant inter

electrode gap. The input parameters were voltage, electrolytic concentration, and
duty factor. Madhankumar et al. [3] have put their prime focus on overcut to
compare between Inconel 625 and Inconel 718 alloys in the micro-ECM process.
He recorded the best possible value of overcut value of 0.021 ym by Inconel 718
alloy. Jung-Chou et al. [4] generated slot on nickel-based superalloy Rene 77
which is a difficult-to-cut material using micro-ECM process. Tayade et al. [5]
provided the impact on improvement of performance features during micro-
drilling on SS 304 including the micro-EDM and micro-ECM processes. Chuang et
al. [6] investigated the machining effects of micro-ECM process in terms of
material removal rate and accuracy of microholes on SS 304 stainless steel with
tungsten carbide tool electrode. Natsu et al. [7] incorporated the researches on
micro-ECM consisting of ultrashort pulse, wire ECM and electrolytic jet machining.
Kibria et al. [8] provided a brief history and fundamentals of micromachining
processes viz. micro-EDM, micro-ECM, laser micromachining, etc.

It is understood that very few works have been carried out on drilling-based
micro-ECM process on SS grade alloys in the past. A short exploration of the
effects of process parameters, like voltage, frequency, and electrolytic
Concentration on performance characteristics, i.e., metal removal rate (MRR),
tool wear rate (TWR), and radial overcut (DOC) for micro-ECM piercing of SS 204
using pure copper as tool electrode has been represented in the study related to
research work.

5.2 Experimentation on SS 204 Plates With Cu Tool
Electrodes

The experiments were designed for SS 204 (300 microns) plates, Cu (¢ 600
microns), and NaCl solution as workpiece, tool and electrolyte respectively using
unlocked central composite design-based response surface methodology
technique. At the very beginning, the limits of process parameters have been set
by undergoing some initial experiments using voltage (V), frequency (Hz), and
concentration (M) as variable parameters. Peak current of 5 A and duty factor of
50% were considered as fixed parameters.

A sum of 60 (20 x 3) the number of experiments was designed and performed
using the abovementioned technique for the desired tool-work-piece
combination. Weights of SS 204 plates and copper electrode tool were measured
using a weighing unit and dimensions of tool and SS 204 plates were measured
by the optical profile projector.



The considered values of process parameters for the design of experiments with
CCD-based RSM method has been shown in Table 5.1.

5.3 Results and Discussions

With respect to the design of experiments, experiments were conducted to find
the values of MRR, TWR, and radial overcut. The experimental results for micro-
ECM milling of SS 204 with Cu as tool electrode are shown in Table 5.2.

The formulae for calculations of MRR, TWR, and ROC are given as below in Eq.
5.1, Eq. 5.2, and Eq. 5.3.

W, — 5.1
MRR = bw Waw ( )
Tmh‘
o o= (5.2)
mic
ROC=R -R, (5.3)

where Wy,,, initial weight of workpiece before erosion; W,,,, final weight of
workpiece after erosion; Wy, initial weight of tool before wear; Wy, final weight
of tool after wear; Ty, machining time; Ry, tool tip radius; Ry, workpiece
radius.

Figure 5.1 shows a photograph of the micro-ECM machining setup used in the
experimentation on SS 204. Outcomes of the above experimental values have
been analyzed using surface plots obtained for MRR, TWR, and ROC as depicted
in Figure 5.2, Figure 5.3, and Figure 5.4, respectively.



Table 5.1 Values of process parameters for designing the experiments on ss 204

(M)

0.3
0.35
0.4
0.45

plates.
S1 Voltage Frequency Concentration Voltage Frequency Concentration
no. (V) (Hz)
Coded Values Uncoded Values
1 -1.68 5 20
2 -1 10 30
3 0 15 40
4 1 20 50
5 1.68 25 60

0.5



Table 5.2 Experimental Results for Micro-ECM Milling on SS 204.

Sl

O 0N O U WN =3
(=]

N = = = = ==
o VW O NOoOuUT A~ WDNH+H O

Voltage Frequency Concentration MRR

. (V)

15
15
15
15
25
20
20
20
15
15
15
15
5

10
15
10
20
10
10
15

(Hz)
40
40
40
40
40
50
50
30
40
40
20
60
40
50
40
50
30
30
30
40

(M)
0.5
0.4
0.3
0.4
0.4
0.45
0.35
0.45
0.4
0.4
0.4
0.4
0.4
0.45
0.4
0.35
0.35
0.35
0.45
0.4

(g/min)
0.01373
0.01523
0.01092
0.01502
0.02656
0.02423
0.01668
0.01674
0.01534
0.01510
0.01369
0.01348
0.00164
0.00675
0.01521
0.00671
0.01272
0.00845
0.00740
0.01523

TWR
(g/min)
0.000097
0.000085
0.000084
0.000085
0.000458
0.000198
0.000344
0.000049
0.000085
0.000127
0.000085
0.000212
0.000035
0.000046
0.000085
0.000190
0.000622
0.000125
0.000120
0.000127

ROC
(mm)

0.28
0.18
0.11
0.11
0.01
0.11
0.15
0.12
0.17
0.18
0.39
0.32
0.2

0.11
0.16
0.04
0.01
0.08
0.07
0.18
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Figure 5.1 Micro-ECM machining setup for SS 204.
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The regression analysis was carried out using the exploration of RSM analysis by
a suitable software, thereby forming equations for the performance features,
such as MRR, TWR, and radial overcut as shown below.

MRR, ¥ = 0.015213 + 0.00e075 V + 0.000638 F +
0.001119 C - 0.000546e V*V
0.0007Z8 F*F - 0.001174 C*C + 0.001730 V*F
+ 0.001573 V*C + 0.000577 E*C

TWR, ¥ = 0.0000%8 + 0.000106 VvV + 0.000006 F -
0.00006Z C + 0.000062 V*V
+ 0.000027 F*F+ 0.000007 C*C - 0.000015 V*F

- 0.,000071 V*C + 0.00003& F*C

ROC, ¥, = 0.1le77 - 0.01le8 V + 0.0009 F + 0.0305 C
- 0.04%2 V*V + 0.03%2 F*F - 0.0174 C*C
+ 0.0162 V*F + 0.0013 v*C - 0.0087 F*C

where V, voltage; F, frequency; C, concentration.

It is understood from Figure 5.2 that metal removal rate (MRR) increases
uniformly with increase in voltage, as well as frequency by keeping the value of
concentration fixed at 0.4 M. The reason behind this escalation is with increase in
voltage and frequency of pulses in the machining area, intensity of pressure and
thermal energy increases, resulting in wearing out of metals due to pressure
force and temperature produced in that region. Also, the transitive value of 0.4 M
concentration acts as a key role in the above extrapolation of slope.

From Figure 5.3, it is depicted that tool wear rate (TWR) started declining with
the increase in concentration, whereas it remains constant for low range of
frequency and started rising with the increase in frequency by keeping voltage
fixed at 15 V. This is due to the reason that with the rise in concentration, a
greater number of cations and anions of salt solution are being evolved which
forms a oxidized coating at the tip surface of tool instantaneously during the
duration of chemical reaction thus erosion of material gets reduced from tool.
With the rise in the values of frequency the behaviour of coating gets disturbed,
which affect the bonding between tool-tip surface and oxidized coating thus
causing increase in wear rate of tool.

Radial overcut (ROC) as determined from Figure 5.4 decreases for lower ranges
of frequency and higher values of concentration, i.e., at 0.5 M. However, it
increases for higher values of frequency and transitive values of concentration.
The main cause surrounding this behavior is with rise in concentration of NaCl, a




type of protective coating has been formed at the tip of tool after electrolysis of
NaCl salt solution, which prevents the further erosion of metals from the lowest
periphery of tooltip.

5.4 Conclusions

Based on the analysis from the experimental results of experimentation for
micro-ECM milling of SS 204 with Cu tool electrode in the NaCl electrolytic
solution, the conclusions have been noted down. It is seen that MRR is maximum
at its peak of voltage, i.e., 25 V and frequency of 60 Hz due to the increased
current density in the machining zone. On the other hand, TWR is at its minimum
value of 0.5 M concentration and frequency of 20 Hz. Also, radial overcut is
minimum at 0.5 M concentration, whereas it is at its peak of 60 Hz frequency.

So it can be concluded specifically that concentration of NaCl electrolyte played
an important role in minimizing effects of tool wear rate and radial overcut.
Whereas as usual the similar from earlier research works, metal removal rate
changes drastically with increase in voltage, as well as pulse waveform
frequency.

Therefore, the outcomes found hereby will help the researchers in the field of
micro-ECM and other hybridized process for SS 204 as workpiece and Cu as tool
electrode.
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Abstract

Emerging nontraditional micromachining techniques like
electrochemical discharge micromachining (ECDM) and laser
micromachining are ideal for micro-processing of nonconducting
brittle materials like glass. Glass’ low machinability is a significant
obstacle, though, and it needs to be overcome. The bottom surface
of the microgrooves produced by ECDM is typically irregular and
correlated with protrusion structures, while the frames, which



frequently have overcutting and apparent wave formed HAZs, are
not straight. Additionally, the cross segment created by the laser has
a considerable taper and a V-shape. This study suggested the laser
aided ECDM for glass microgrooving, which unites ECDM and laser
micromachining, to address these issues. The single and hybrid
processing techniques were examined for their morphological
characteristics in this study. The outcomes demonstrate that ECDM
produced tubular protrusions at the microgrooves’ base. The
cylindrical protrusions were repositioned after the laser processing of
these microgrooves. The microgrooves’ edge quality was still subpar,
though. So, to obtain microgrooves with superior edge quality, the
laser is employed to create them first. Then, ECDM is employed to
change the cross-sectional shape from a V-shape to a U-shape,
improving the taper of the microgrooves.

Keywords: ECDM, LBM, microgroove

6.1 Introduction

Glass is a common example of an insulating and hard-brittle material
that is utilized extensively in a variety of industries, including
communications, nuclear engineering electronics, and
instrumentation. The components composed of glass materials
exhibit remarkable rust resistance and high temperature steadiness,
particularly in some extreme, or complicated working situations.
Even though glass has many outstanding qualities, it is often hard
and brittle and hence challenging to mill using traditional methods,
which impacts the product quality and restricts its additional
application [1]. Water jet machining, mechanical grinding, and
microabrasive air jet are examples of conventional techniques that
are stated for glass machining. In these methods, the removal of
material is happened owing to the creation of brittle flaws brought
on by the squeeze or impingement of the cutting tool. Surface
quality and processing accuracy suffer due to defects, like chipping
and flaws, that are certainly created through machining [2, 3].



In recent years, unconventional technologies have been presented
for glass [4], and the usual techniques are LBM [5—7] and ECDM [8-
12], which are unconventional processes and remove materials
without stress. As a result, noncontact approaches can reduce
chipping and cracking [13], avoid stress damage, and considerably
improve surface quality and processing precision. The two
unconventional strategies each have unique traits. For LBM, the
beam concentrates on a minor space, the pulsation energy releases
inside a brief or ultrashort pulse duration, and as a result, the energy
intensity is extremely high, reaching up to even PW/cm?, resulting in
distinctive nonlinear light [14, 15]. When using an ultrashort laser
for processing, like a picosecond laser, the material’s ability to absorb
electrons determines how much laser energy is absorbed and by
how quickly. The workpiece’s ability to absorb energy is further
enhanced by the electrons that grip photons, move, and then
become excited to the conduction band. A Coulomb explosion may
happen when the conduction band’s electron density rises above a
certain level, which aids in the removal of more material.

The auxiliary and tool electrodes were submerged in the solution of
ECDM. A current loop developed once the DC power was switched
on. The bubbles would combine to form a gas layer as the reaction
continued, isolating the tool from the solution. The sparking is
started, discharging an incredible quantity of energy, when the
voltage grew up to the discharging that starts breakdown in the gas
film. The material may melt or even vaporise because of the high
pressure and temperature created by the discharge energy that was
released, and it is subsequently hurled away by high-pressure
influence. The alkaline solution on the workpiece was also chemically
corroded because of the temperature increase [16—18].

Research on the micromachining of nonconductive materials has
been done by academics from different nations, and a variety of
hybrid processing techniques have been put forth in the literature. It
was experimentally demonstrated [19] that a hybrid system
combines microgrinding and ECDM for diminution of surface quality



of structures. The research is carried out on the basic material
removal mechanisms of embrittle materials and the material removal
mechanisms between the hole wall and tool [20]. The viability of
ECDM on nonconductive quartz glass materials with an assisting flow
jet is also investigated [21]. An assist nozzle is increased penetrating
depth by confirming that there is an adequate electrolyte flow for
sparking and removal of debris. A magnetic field was applied to
ECDM [22]. Research was done on the magnetohydrodynamic effect
in ECDM. The performance of ECDM microhole drilling was greatly
enhanced by adopting this hybrid technique. But there is still a lot of
work to be done in the early stages of exploration and experimental
study. For brittle materials, the hybrid processing approach is even
based on spark discharge or laser, with vibration, inflation, or
rotation added as an assistance. To increase the processing quality,
there is still minimal study on etching glass using a combination of
two primary energies of spark discharge and laser. As a result, there
are numerous theoretical and technical challenges that must be
researched to process glass in an optoelectronic composite in steps.

This study concentrated on the sequential processing of glass
utilizing various laser and ECDM sequences. In this study, the
morphology characteristics of various machining techniques were
compared and studied based on thermal effect of laser and ECDM
impact. Additionally, it examined how laser preprocessing affected
the formation of an ECDM gas layer and material ablation.

6.2 Experimental Procedure

An ECDM system, including pulse power supply, auxiliary electrode,
tool electrode, oscilloscope, four-axis linkage processing platform,
current probe, microscope camera, response tank, etc., has been
built for this investigation, as shown in Figure 6.1. A computer-
operated motion controller device allows the solution tank, which is
composed of acrylic sheet and mounted to the machining platform,
to operate accurately along the X and Y axes. An electric motor spun
the vertical chuck holding the tool electrode while the main spin



moved the electrode up and down. The tool is attached to the
negative end, and the auxiliary electrode is attached to the positive
terminal of the DC power source. The oscilloscope is linked to
greater frequency current probe utilized to observe the current
through ECDM was used to show and save the signal acquired from
the current. The material selection for electrodes in ECDM [23-25] is
explored carefully. The tool must be able to survive strong alkali
corrosion and high temperatures associated with electric spark
discharge in addition to having adequate electrical conductivity. To
create the tool electrode for this analysis, tungsten carbide (WC)
was selected. Additionally, a cylindrical tool is employed in this
experiment because it is superior to a smooth electrode at ejecting
machining products and restoring the electrolyte close to the cutting
spot. Block graphite with high conductivity and great alkali resistance
was used to create the auxiliary electrode.

The computer control system, picosecond laser, four-axes accuracy
motion system, optical measurement system, optical path system,
and other auxiliary equipment are all displayed in Figure 6.2. In this
investigation, a Nd:YVO4 laser is used, working using 1064 nm
wavelength, 12-ps pulse duration, and good beam quality. While the
frequency varied from 0.2 to 1 MHz, subsequent highest pulse
energy up to 260 J and the highest output power was approximately
70 W. In this laser system, the output capacity was changed by
varying the high voltage (HV) level, which is advanced to adjusting
the pump current because the HV level has no impact on the laser
spot size. Additionally, a higher HV level causes a greater energy
emission, which increases laser power. The laser beam was directed
from the generator ultimately contacted the target specimen surface.
For further security, the light route also has a mechanical beam
blocker. The filtered water was looped within the laser machine to
eliminate the produced heat and so retain a consistent temperature
to maintain the laser in a steady working condition. This optical
system produced a 20 pm-diameter focused laser point in the focal
plane. The laser parameters are scanning speed, frequency, power,
etc.
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Figure 6.1 Experimental apparatus of ECDM [26].

In this experimental work, ECDM and laser micromachining were
initially done separately. The workpiece for the ECDM experiment
was quartz that was bracketed to the bottom side of the solution
container. The solution level was set to 2 mm above the job and was
kept in NaOH solution. The ECDM settings utilized in this experiment



are peak current, voltage, frequency, and feed speed. The layer was
served three times at a rate of 0.2 mm every time. The laser used to
heat the material in the laser micromachining procedure may result
in vaporization, melting, direct phase explosion, and plasma
production. The workpiece was mounted to the laser system’s
worktable and using the laser’s included CCD camera for precise
focusing, the laser was directed at the workpiece’s upper surface to
create microgrooves. The scanning space between two consecutive
corresponding lines in the experiment was 10 pm, there were 20
scanning lines having scanning length of 2 mm. The scanning path
was created by the computer laser system. The laser focus supplied
down by 20 um to scan a layer again after every scan, for a total of
10 feeds. This technique processed microgrooves with a width of
about 200 pm due to the 20 pym laser focus diameter, 10 ym
scanning space between nearby parallel lines, and 20 scanning lines.
Following the completion of the laser machining, the workpiece was
submerged in an alcohol solution for 10 minutes of ultrasonic
cleaning before being dried to eliminate products.
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Figure 6.2 Picosecond laser machining system [26]

Figure 6.3 depicts the cross-sectional area of microgrooves after
being subjected to laser and ECDM processing, respectively. The
findings demonstrate that while the cross-sectional taper produced
by laser exhibits a distinct V-shape, the edge profile is comparatively
wide, flat, and clean. The microgrooves produced by ECDM, on the
other hand, have essentially no taper but pronounced wave-shaped
HAZ along the margins.

Fixing the job to the laser fixturing system is the next step. After
that, use the CCD camera to see where the structure is located and
the computer’s software to concentrate on the microgroove’s centre.
This allows the microgrooves produced by the laser and the ECDM in
the first stage to entirely overlap. These two steps used the same



settings as those previously mentioned. However, in this ECDM
experimentation, there was only one layer feed, and the spinning
rate was 0 RPM. A laser was utilized in the first phase to machine
the workpiece’s microgrooves. The job is then dried after being
submerged in alcohol for 10 minutes to perform ultrasonic cleaning.
The ECDM platform must be fixed as the next stage. Then, using a
microscopic camera to determine the location of the microgroove,
align the tool with the microgroove’s center, and carry out the ECDM.
These two steps used the same settings as those previously
mentioned except that there is no rotational speed. The glass
underwent processing before being cleaned and dried. The surface
structures were analyzed using a scanning electron microscope
(SEM, Hitachi S-3400N). Because glass is an insulator by nature, it
must first be sprayed with a metal or carbon film to create a
conductive layer before being seen.
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Figure 6.3 Cross-sectional structures of  microgrooves
correspondingly produced by laser and ECDM [26].

6.3 Results and Discussion

6.3.1 ECDM Pre-Process

Figure 6.4 shows the SEM picture of an ECDM-processed
microgroove. The figure’s left side displays the structure of a
microgroove formed just by ECDM, whereas the right side
corresponds to the outcome of postprocessing by laser machining
followed by ECDM. In Figure 6.4a, at the rear of the microgroove,
protrusions are frequently observed; they are cylindrical and have



steep sidewalls. Furthermore, the bottoms of two nearby protrusions
are not joined, and the space between their peaks is around 70 pm.
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Figure 6.4 Protrusions difference of microgrooves processes by
ECDM and hybrid technique with laser machining. (a) 1000 Hz and
(b) 800 Hz [26].

Figure 6.4b displays the microgrooves that were treated using
various ECDM parameters (800 Hz and 0 RPM). The protrusions have
a soft sidewall and are almost cone-shaped. The bottoms of the two
adjacent protrusions are joined, and there is a 30- to 80-um gap
between their tops. Two factors could account for how this
protrusion structure formed. On the one hand, the tool electrode’s
flat-bottomed centre makes it harder to generate the discharge. The
current density of the tool electrode with this form was specifically
the subject of a finite element analysis [27, 28]. The current density
is higher close to the contour’s edge than it is in the tool electrode’s
centre. Given that sparks prefer to develop along the tool electrode’s
edge and have a harder time doing so towards the geometric centre
of the bottom, the material in this portion is more challenging to
eliminate if geometric imperfections are not considered. A crater is
made by the ECDM method employing a tubular tool with a diameter
of 0.5 mm and a 2-second discharge time. This crater shows that
material at the tool’s rim was removed, suggesting the release of
sparks that were dispersed across the rim. Alternatively, bubbles will
form at the tool electrode’s bottom during the ECDM. Due to the
higher viscosity of the solution and the fact that the bubbles are
mostly strained in the perpendicular direction, they tend to accrue at
the bottom side of the electrode and are challenging to sparking,
which prevents the electrolyte from entering the opening between
the electrodes, making it challenging to generate electrochemical
discharge [29] and making the material challenging to eliminate.
Consequently, the bottom-protruding structures are produced.

The structure makes it abundantly evident that the protrusions were
eliminated during laser machining, leaving a quieter surface.
Because ECDM preprocessing can encourage the high-energy pulsed
laser’s nonlinear absorption and generate plasma formation. It can
delete specific protrusion structures of various forms created in the



ECDM. Additionally, the high peak power of the picosecond pulsed
laser when it interacts with a transparent medium can cause a
robust curved effect within the translucent medium and efficiently
limit the HAZ, which significantly enhances the quality of the
morphology. However, this technique has clear disadvantages.
Although protrusion formations can be removed by laser scanning,
the surface finish was not excellent, and the eliminated products was
still present at the bottom side. The order of LBM and ECDM was
adapted to generate a laser aided ECDM structure machining
technique, as described in the facts of the following section, to more
enhance the structure superiority and merged consequence and to
investigate the impact of laser preprocessing on the gas film creation
and material removal in ECDM.

6.3.2 Laser Pre-Process

In the laser preprocess studies, the structure was first laser-
machined, and then ECDM was applied as a postprocess. The
diameter of the tool electrode was specifically chosen based on the
width of the microgroove produced by the laser premachining. To
ensure that ECDM and LBM outline overlapped precisely and
absolutely, the relative location of the tool tip and the pregroove
throughout the machining process was tracked by attaching the
microcamera to the computer.

Figure 6.5 shows a comparison of the 200 um-wide microgrooves
created using the combined approach and just the ECDM. In order
to avoid making direct contact with the sidewall, the tool was initially
lowered until its tip was just above the microgroove inlet level. To
get rid of burrs without creating HAZ on the microgroove’s edge,
ECDM was used. The tool kept diving until it reached to a particular
bottom position of microgroove. The tool and sidewall of the
microgroove should be in contact at this point. However, the
discharge caused this section to form a melting zone, which the
electrolyte’s activity will cause to further melt and erode. The tool
electrode eventually descended to a particular position, the



microgroove’s bottom, as it kept going down. As ECDM continued,
the cross-section steadily changed from V to U shape, and the taper
dramatically shrank. It is evident that the microgroove treated by
ECDM alone has sinuous edges. Additionally, the processing quality
is often subpar, and the edge has a wave-shaped HAZ. This is since
during processing, molten material overflowed due to thermal shock
and gas film agitation, cooled, hardened, and gathered on the edge
of the microgroove, finally producing a wave pattern that was
marginally greater than the material’s surface.
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Figure 6.5 Comparison of microgrooves processed by combination
method and ECDM only [26].

The combined method produces a microgroove with a flat edge, and
regular side walls, and no HAZ effect on the structure, which only
reveals the structure of laser machining. An essential component
that forms across the tool and triggers discharge actions in the gas
film. The amount of material removed, and the precision of the
microgrooves were greatly influenced by the size and stability of the
gas film. A more stable gas film creates the ideal environment for



consistent discharges. The microgrooves’ edges demonstrate the
morphology of laser machining as opposed to ECDM, demonstrating
how the microgrooves produced by laser preprocessing can improve
quality and prevent overcutting while also reducing gas film
thickness and electrical discharge erosion distance. Due to the
paucity of material created by laser processing, the liquid layer’s
thickness between the edge of microgroove and tool discharge area
increased, which improved the gas film’s stability. The gas film on
the tool electrode’s tip was squeezed by the processed microgrooves
at the same time, which had a standard and limiting impact on the
ECDM energy. The combined effect significantly increased machining
accuracy, decreased overcutting, and improved ECDM localization. As
a result, the discharge had no effect on the laser preprocessed
microgroove’s edge, which continues to show a clean laser edge.

While the bottom surface displays ECDM’s morphological traits rather
than those of laser machining. The width of microgrooves narrows
as the depth rises because the microgrooves processed by the laser
exhibit a particular taper. The material at that location will be
degraded by an electric discharge when the gap between the tool
and material is less than the significant distance for ECDM. Due to
the ultimate location of the tool electrode in the groove approaching
the efficient processing range and ECDM’s deeper cutting depth than
laser, the base surface exhibits the morphological traits of ECDM
rather than laser machining. ECDM only affects the middle and lower
sections, but laser-assisted ECDM can preserve the laser processing
on the upper border of the microgroove. As a result, the experiment
can produce high-quality microgrooves with minimal tapers and flat
edges. In general, the combined machining produces microgrooves
that are narrower than those produced by ECDM. The overcut
phenomenon brought on by ECDM was improved by the combined
technique in this study using various voltage parameters, which also
improved the machining quality.

In inference, the groove was initially laser-processed before a tool
electrode with the proper diameter was chosen for ECDM in
accordance with the groove’s width. Combining the two techniques



can successfully raise the quality of the microgrooves’ edges,
resulting in less overcutting and a more straight and tidy edge
morphology. At the similar time, the cross section is quicker to a U-
shape and the microgroove’s taper can be efficiently minimized.

6.4 Conclusions

This study investigated the morphological variations between single
machining technique and combined approach, comparing ECDM and
laser micromachining of quartz. These are the findings of the
experiment:

Laser micromachining can efficiently and arbitrarily eliminate the
protrusions at the bottom side as a postprocessing after ECDM.
There is not a noticeable heat-affected zone due to the picosecond
laser’s “cold processing” capability. As a result, the experiment
revealed a microgroove’s bottom structure to be more regular.

In the laser preprocessing, the pre-etched structure can improve
quality by reducing gas film thickness and electrical discharge
erosion distance. According to the results, the upper surface had a
laser structure, while the bottom side of the microgroove displayed
an ECDM structure, and there was no discernible wave-shaped HAZ.
The overcut phenomenon brought on by ECDM can be improved by
the combined processing approach.

The V-shaped microgrooves steadily change to the U-shape after the
postprocessing by ECDM, and the taper of the microgrooves is
decreased.
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Abstract

Multifunctional properties of miniatures within limited space attract
the attention of advanced industries to meet the current and
futuristic demands. The fabrication of miniatures at micro/nanoscale
is challenging for traditional processes because of size constraint and
tool hardness more than workpiece. In existing nontraditional
processes, laser is one of versatile shaping process that uses for
fabrication of miniatures at micron and submicron scales with precise
surface quality due to highly flexible nature with application of short
and ultrafast lasers. Such lasers are broadly used in microfabrication
of electrical, mechanical, and photonic devices for surface
structuring. Even though, laser machining suffers with several
drawbacks like spattering, burr formation, recast layer, and thermal
stresses. Instead of this, dimensional control and straight cut profiles
become challenging. To overcome these problems, laser is hybridized
with other processes (traditional/nontraditional) referred as laser-
assisted hybrid processes. Generally, performances of hybrid
processes are better than the individual one at similar conditions. In
present chapter, the various laser-based hybridized processes are
discussed with their applicability for shaping of materials at
micron/submicron level. Here, laser is considered as energy source
and their hybridization with other processes is presented with name
of laser-assisted hybrid micromachining processes (LA-HMMPs).



Instead of this, the present chapter covers the different types of LA-
HMMPs and their basic mechanism of material removal with
suitability for microfabrication in such a way that it becomes easier
for readers.

Keywords: Arc, machining, laser, hybrid, EDM, ECM, ECSM,
grinding

7.1 Introduction

Laser (light amplification by stimulated emission of radiation) is an
electromagnetic radiation that uses in various fields of
manufacturing, like cutting, welding, forming, sintering, heat
treatment, and surface coating. It has several unique features like
monochromic (same wavelength), coherent (same phase), focus in
small wavelength ranges (0.50-70 um), and high-power intensity (in

order to 1 MW/cm?) [1-3]. It shows their ability to travel long
distance without scattering and also focuses in very small and
narrow area, as well as inaccessible location with application of
focusing lens [3, 4]. The key element of laser is photons that
responsible for heat generation to make laser for practice
applications. Instead of this, the flexible nature of laser with low
heat input and high lateral resolution makes it a superior process for
fabrication of objects at micron and submicron scales.

In laser beam machining (LBM), the beam of laser is used as heat
source, which is generated by stimulated emission of photons.
Mostly, flash lamp, reflective mirrors, and laser source are required
for generation of laser (Eigure 7.1). In LBM, the laser source/medium
becomes important parameter for laser light generation. Generally,
solid, liquid, gas, or fiber lasers are used as laser medium. In solid
laser, the ruby is the first solid laser that used in different industrial
applications. Instead of this, neodymium doped yttrium-aluminium-
garnet (Nd-YAG), neodymium doped glass (Nd-glass) and
neodymium doped yttrium lithium fluoride (Nd-YLF) are also used as
solid laser for industrial applications [2, 3, 5]. Fiber lasers are also
one type of solid laser where optics fiber especially fiber glass, which



is used as laser medium. The carbon dioxide (CO,), carbon

monoxide (CO), nitrogen, hydrogen, argon, and excimer lasers are
common example of gaseous lasers [1—-3], while liquid die is
considered as laser medium for liquid laser [2]. Based on the pulse,
the laser may be millisecond (ms), microsecond (us), nanosecond
(ns), picosecond (ps), and femtosecond (fs). Generally, long pulse
(ms and ps) lasers are used for macromanufacturing, like cutting,
drilling, milling, and welding applications, while short pulse (ns) laser
and ultrashort pulse (ps/fs) lasers are applied for micromachining
and microfabrication.
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Figure 7.1 Laser generation system.

In simple, the melting and vaporization play important roles in
material removal when laser beam has been focused on workpiece
surface. In case of micromachining, the laser ablation is responsible
for material removal, which can be defined as removal of material
from workpiece by pulse laser [3, 5]. In Figure 7.2, a typical laser
ablation is presented for a pulse laser [5]. Due to ablation, high heat
is generated because of conversion of laser energy into heat energy
causes melting and subsequently vaporization of metal from work



surface. Such phenomena are completed in different phases, such as
heating, melting, vaporization, and ablation (Eigure 7.3). In laser
beam micromachining (LBMM), the rate of energy deposition is much
smaller than the energy transfer time and electron-photon coupling
time as which no collateral damages occur [3]. Due to this,
negligible heat-affected zone (HAZ) during micromachining by laser
radiation, which makes it suitable for processing of materials at
micron and submicron scales.
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Figure 7.2 Laser ablation phenomena [5].
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In LBMM, a variety of parameters (controllable/uncontrollable) are
significantly affected the performances of material processing at
micro and nanoscales. The controllable parameters are covered as
laser parameters (wavelength, pulse frequency, and width,), material
parameters (thickness and properties), beam parameters (power
source, beam diameter, focal length, standoff distance), and other
parameters (interaction time, spot diameter, focal spot length). On
other hand, the humidity, temperature, work environment, operator
skill and machine efficiency are also affected the performances of
process. These parameters are come in category of uncontrollable
because of challenges in controlling. The various controlled
parameters related the LBMM are graphically presented in Figure 7.4,
while Table 7.1 presents the effect of control factors on responses.

Off course, laser is wonderful tool for microfabrication with
application of short and ultrashort pulse lasers [3]. Due to their
unique characteristics, laser can be employed to machine all
materials including extremely hard like diamond, ceramic, sapphire
to soft like polymers [3, 6—8]. It is effectively applied for
manufacturing of microelectromechanical (MEM) devices for
biomedical, robotics, sensor, actuators, electronics, and computer

applications. It also shows their potential in fabrication of



microfluidic channels and tubes for drugs supply system. It is
significantly used for manufacturing of biomedical implantable items
especially cardiovascular stent for medical applications [9].
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Figure 7.4 Process and performance parameters of LBMM.

Table 7.1 Process parameters and their effects.

Sl. Process Effects

no. parameters

1 Pulse intensity Penetration depth, crater profile

2 Pulse width Ablation rate, crater profile, HAZ

3 Pulse interval Ejection rate, SQ, recast layer

4 Beam power Ablation, HAZ, crater geometry

5 Pulse frequency Penetration depth, SQ, ablation,
feature size

6 Gas pressure Ejection, recast layer, SQ

7 Focal length Ablation rate, feature size

8 Nozzle distance Ejection rate, profile of cut

9 Beam profile Feature shape, informality in

micromachining

10 Material thickness  Taper, kerf profile, feature at exit and
entry

The applications of laser in micromachining significantly meet the
demand of advanced industries but it suffers with several inherent
problems like taper profile and uneven diameter at entry and exit of
holes. The basic reason behind this is to divergence and
convergence nature of beam. Due to this, the straight profiles of
laser-drilled holes are difficult to achieve. Such phenomenon needs
secondary operation to get the straight and parallel profile of drilled
holes as which enhancement in cost and time. Instead of this, high-
aspect ratio holes drilling and recast layer formation also limits the
applicability of laser for microprocessing of materials. To overcome
these problems, laser has been combined with other processes to
enhance the machinability and reduce the deficiency of LBMM
process. In case of combined processes, the laser mostly assists the



performance of combined processes by thermal heating during
machining. Such combined process is known as laser-assisted hybrid
micromachining processes (LA-HMMPs).

7.2 Laser-Assisted Hybrid Micromachining

Hybrid micromachining processes (HMMPs) can be defined as
combination of two or more machining processes in such a way that
they utilize their merits and simultaneously minimize/eliminate the
demerits of constituent processes to achieve micromachining by
removal of material at micron level. On other hands, HMMPs can be
defined as an enhanced micromachining processes that aim to
achieve the significantly better machining effect by combining at
least two different forms of energies like mechanical, thermal,
chemical, electrochemical, magnetic, or electromagnetic. Based on
involvement, the HMPs (hybrid machining processes) are categorized
in two categories as associated HMPs and assisted HMPs [10, 11]. In
associated-HMPs, all integrated processes are involved in machining
to enhance the performance of process. On other hand, one process
involves in machining while other either assists/facilitates the
machining or material removal in case of assisted HMPs. The main
objectives of HMPs are to exploit the merits and simultaneous
eliminate/minimize the demerits of constituent processes. The HMPs
significantly enhance the material removal and SQ with reduction in
tool wears and specific energy consumption [10—14].

In simple, LA-HMMPs can be defined as combination of LBMM with
other (traditional/nontraditional) processes to enhance machinability
with combined effort of integrated processes. On other way, LA-
HMMPs can be defined as integration of various shaping processes
with LBM/LBMM that aim to achieve significantly better machining
effects by utilizing at least one or more forms of energies like
chemical, electrochemical, thermal, magnetic or mechanical. The
main objectives of LA-HMMPs are to utilize the merits with
simultaneous eliminate/minimize the demerits of individual process
during machining. The major benefits of LA-HMMPs are as higher



productivity and machining rate with better SQ, negligible recast
layer and lesser cracks formation.

Generally, laser is assisting in nature with integrated machining
processes and referred as LA-HMMPs, which are developed with
combination of LBM/LBMM with either traditional or nontraditional
processes. Hence, LA-HMMPs can be categorized as laser-assisted
traditional-HM-MPs and laser-assisted nontraditional-HMMPs as
presented in Figure 7.5. In laser-assisted traditional-HMMPs, mostly
cutting processes (turning, drilling, milling and grinding) are
combined with laser while electrodischarge machining (EDM),
electrochemical machining (ECM), electrochemical discharge
machining (ECSM) or water jet machining (WJM) are combined with
laser to achieve laser-assisted nontraditional-HMMPs.
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Figure 7.5 General classification of LA-HMMPs.

7.3 Laser-Assisted Traditional-HMMPs

Generally, laser light is employed for removal of material through
melting and vaporization in LBM/LBMM process. However, it can be
partially applied for heating and softening of materials when
combined with traditional metal cutting (turning, drilling or milling)
processes [15]. Here, laser energy is utilized for softening of objects




while traditional processes are responsible for machining. In
traditional machining, tool hardness is always greater (1.35-1.50
times) than workpiece hardness [16]. Hence, machining as well as
micromachining of extremely hard materials becomes difficult for
traditional processes due to excessive tool wears, poor SQ,
chattering and high vibration. The application of laser in traditional
machining/micromachining leads in material softening as a result
reduction in tool wears, better SQ, lower vibration and chattering at
low specific energy consumption. The common laser-assisted
traditional-HMMPs are summarized as:

Laser-assisted microturning process
Laser-assisted microdrilling process
Laser-assisted micromilling process
Laser-assisted microgrinding process

7.3.1 Laser-Assisted Microturning Process

Laser-assisted microturning (LAMT) is utilized laser as heat source
for softening of workpiece for turn cutting at macro/microscales as
shown in Eigure 7.6 (a) [17]. In simple, it can be defined as hybrid
cutting process where hardness of material decreases locally and
instantaneously with application of laser energy [17]. Here, rotating
object is preheated infront of cutting tool by means of laser energy
and soften material prior to removal of metal in form of chips
without phase transformation [15, 17]. It can be employed for turn
cutting of extremely hard materials like high hardness steels,
tungsten carbide (WC), silicon, ceramics, composites, glass,
sapphire, mold and die steels [17—20]. It effectively improves the
efficiency of integrated process and quality of products. It
significantly decreases in cutting forces and energy consumption
than normal turn cutting [17].
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Figure 7.6 Various modes of LAMT process; (a) application of laser
infront of tool; (b) application of laser through tool [17].

Generally, laser is employed for heating of material infront of tool
causes loss in heat energy due to heat transfer at actual cutting
point. Hence, excessive heat is required to achieve the desired
cutting efficiency. Due to extra heating means local bucking, phase
change, physicochemical interactions, and thermal cracking [21].
Hence, direct application of microlaser is tested by researchers to
overcome such limitations of LAMT process. Here, laser beam is
directly passed through cutting tools during turning as shown in
Figure 7.6 (b). For this, infrared (IR) diode laser has been integrated



with diamond tool to focus at desired point on workpiece passing
through diamond cutting tool.

Off course, direct application of laser enhances the machinability of
turn cutting process. However, it requires microcutting tools
(5um~1mm) made of diamond [19, 22]. The high cost and difficulty
in manufacturing limits the applicability of such integrated process.
In this situation, sapphire becomes an alternative of diamond tool
because of their unique properties as high hardness and
transmissivity. It can sustain hardness with small variations with
increase in temperature and also allow laser to easily pass through
it.

The performances of LAMT are always better than normal
microturning in term of better SQ at low specific energy
consumptions. The SQ of LAMT turned surface was found about
80% better than normal turning of silicon (Figure 7.7) [19]. The SEM
images of unturned and turned surfaces (normal/laser-assisted) are
presented in Figures 7.8 (a)—(c) respectively [19]. The application of
laser is not always beneficial and excessive heat transfer means
reduction in quality of turned surfaces. Hence, desired quantity of
laser heat input is always preferred for quality turning of materials.




79.9 nm

80 % improvement

SR

ow 20W
Laser Power (W)
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Figure 7.8 SEM images (a) unmachined surface; (b) turned surface
without laser; (c) laser-assisted turned surface [19].

7.3.2 Laser-Assisted Microdrilling Process

Drilling is an important method for making holes into transmission
systems of automotive at macro/microscales. Even though, it faces
challenges and becomes time consuming for difficult to cut metals
that limits the applicability of drilling. The process becomes more
difficult for drilling of holes at micron and submicron scales with high
aspect ratio into such difficult to cut metal and alloys. To overcome
the problems, laser energy is employed with conventional
microdrilling for softening of material. Such integrated process is
known as laser-assisted microdrilling (LAMD) as schematically
presented in Figure 7.9.



LAMD is one of powerful tool for making of holes at microscale with
application of laser during drilling process. In this process, a tiny
area is heated by laser just under tip of drill. Due to this,
temperature of workpiece increases, and material becomes softer
[23, 24]. Hence, drilling of softer material becomes easier because
of reduction in cutting forces and resistance. It gives better
performances than conventional drilling in term of higher
productivity, reduction in tool wears, precise geometrical controls
with significant reduction in cycle time related to machine and
manpower [23—-25]. The pre-heating by laser significantly reduces
drilling time as 16% to 40% in different conditions for drilling of cast
iron, stainless steel and alloy (C45) steel [25].

LAMD process is suitable for drilling of microholes into high hardness
materials, shafts, and other similar objects. It is mostly preferred in
automobile sectors for macro/microholes drilling into crank shafts,
connecting rods and other transmission systems [23, 25]. Even
though it suffers with several demerits, such as spike formation and
softening of drill bit for drilling of high aspect ratio holes into difficult
and hard metals.
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Figure 7.9 Schematic of LAMD process.

7.3.3 Laser-Assisted Micromilling Process

In traditional cutting processes, micromilling is more desirable and
flexible process for manufacturing of 3D complex profiles especially
for dies and mold steels with microfeatures. However, the
productivity of micromilling is limited due to rapid tool wears,
relatively low stiffness and bending as compared to traditional milling
cutter [26—30]. Instead of this, long length to width ratio leads in
probability of tool deflection and breakage in case of micromilling
[29]. To handle such limitations, the laser-assisted micromilling
(LAMM) becomes a promising method for 3D microstructuring.

LAMM process can be developed by combining the features of laser
with micromilling process. Here, workpiece is preheated ahead
milling tool by laser radiation causes of softening of material as
presented in Figures 7.10 (a)—(b) positively. Due to this,



enhancement in machinability of milling in term of reduction in
cutting forces and higher tool life with better SQ [28, 29]. The LAMM
process is suitable for creation of 3D microstructuring, microgrooves
and complex geometries. It is a suitable method to manufacture
complex profiles made of heat-treated alloys, nickel-based super
alloys, titanium alloys, tool steel, hot and cold rolled steels especially
for dies and molds with microfeatures [28—30]. It is significantly
used in microgrooving, microslotting, and microchannelling of
difficult to cut materials.

Off course, LAMM is a novel process for micromanufacturing but the
controlling of laser radiation with tool path accordance to profile of
object becomes difficult for manufacturers. The complex geometry
and path programming become also necessary for laser source that
makes it costly process. The smaller size of milling cutter and it
manufacturing at micron level becomes challenges for industries.
Instead of this, deformation of tool due to thermal softening also
limits the applicability of LAMM process.
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Figure 7.10 Schematic view of LAMM process; (a) softened area;
(b) structures area [30].

7.3.4 Laser-Assisted Microgrinding Process

Laser-assisted microgrinding (LAMG) comprises laser features with
mechanical grinding where ultra pulse laser is employed for pre-
heating of object and material removal occurs by microgrinding
phenomena [31, 32]. A typical schematic diagram of LAMG process
and experimental setup is shown in Figure 7.11 (a)—(b), respectively
[33]. The basic reason behind the development of LAMG process is



to difficulties in micromachining of difficult to hard materials with
high SQ by mechanical grinding process. Off course, conventional
microgrinding (CMG) is the most common method for super finishing
of objects at micro/nano scales, but high grinding forces causes of
tool deflection and rapid wears [32]. In such conditions, the
application of laser energy in CMG becomes an effective method to
remove such limitations of CMG process.

In LAMG process, the thermal heating by laser means softening of
material prior to grinding that assists the grinding process without
melting of material and altering of microstructures. Due to this, the
LAMG becomes an advantageous for microfabrication of hard and
difficult to shape materials such as carbide alloy, quartz, glass,
silicon nitride (Si3N4), aluminium oxide (Al,O3) and silicon carbide
(SiC) [32—34]. Mostly, performance of LAMG is always better than
CMG in term of lower in cutting forces and tool wears with better
SQ. Instead of this, the microtip of wheel may significantly sharpen
by laser during microgrinding without cracks and burr formation
[34]. The quality of machined surface by LAMG is much better than
CMG without any subsurface damages [31].



-
- —
™

b
f.I:
!
i
o
l
{
.I.

Heatffected

y Heat Grinding
. Minor 7 / wheel
i \ I/

RBSIC
ceramic
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With properly controlled parameters means significantly

enhancement in the SQ and reduction in cutting forces for LAMG
process. It effectively reduces the cutting forces about 40% [32]
while surface roughness and subsurface damages are by 37% to



40% and 22% to 50% respectively [33]. The subsurface damage for
grinding and laser-based grinding is presented in Figures 7.12 (a)—
(b) [33]. It also provides deeper groves than CMG process without
surface damage because of thermal softening of material [31].

The application of laser in microgrinding significantly assists the
performance of grinding but simultaneously dominates the melting
point of materials and bonding strength of wheel [34]. Due to
thermal softening, losses of abrasives particles without wears as a
result reduction in wheel life. It may also be possible that microchips
easily entrapped/bonded with bond materials causes wheel loading.
Even though application of laser is limited only for flat surfaces and
challenging for complex and deep holes grinding. Instead of this, the
initial setup cost and skill operator also limits the applicability of laser
in microgrinding.

7.4 Laser-Assisted Nontraditional HMMPs

In laser-assisted nontraditional HMMPs, the laser energy is utilized to
assist the advanced micromachining processes (EDM, ECM, or WIM).
The common laser-assisted nontraditional HMMPs are listed as
follows:

Laser-assisted electrodischarge micromachining
Laser-assisted electrochemical micromachining
Laser-assisted electrochemical spark micromachining
Laser-assisted water jet micromachining

7.4.1 Laser-Assisted Electrodischarge
Micromachining

In various noncontact machining processes, EDMM (electrical
discharge micromachining) broadly accepted for machining of hard
and difficult to cut metals at micro/nano scales. In this process,
material removal occurs due to melting and vaporization when spark
is created between electrodes in presence of electrolyte [35]. It



provides high quality products free from mechanical stresses
because of honcontact nature of process. Instead of this, it gives
less HAZ as compared to laser microprocessing of metals [36]. Even
though, low machining rate and high tool wear are major limitations
of EDMM process [35]. On other hand, thermal energy-based LBMM
is used to create desired profiles on workpiece surface through
various configurations (drilling, milling, grooving or turning) of laser.
Off course, LBMM is a quick material removal process but suffers
with poor SQ, tapered profiles and larger HAZ [36]. Hence, laser
combined with EDMM in sequentially and referred as laser-assisted
electrodischarge micromachining (LA-EDMM) process that able to
overcome the limitations of constituent processes.

LA-EDMM comprises the features of LBMM and EDMM processes in a
sequential manner as shown in Figure 7.13. In this process, laser
(short/ ultra short pulse) is utilized for pre-machining (drilling,
grooving, cutting etc.) or simply say rough cutting on base material.
Subsequently, EDMM process is applied to remove recast layer and
HAZ formed by laser processing [36—38]. It is an effective way to
finish the objects machined by LBM/LBMM to make them defects
free with effective elimination of recast layer and HAZ. It also
reduces the material processing time with quality products. Hence,
low material removal limitation of EDMM process can be eliminated
effectively [36, 38].
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Figure 7.13 Sequential application of LBM and EDMM in LA-EDMM
process.

LA-EDMM process is significantly reduced the machining time about
70% [38] and 50% to 65% [37] with better quality than microholes
drilled by EDMM process. The SEM images of drilled holes by EDMM
and LA-EDMM processes are presented in Figures 7.14 (a)—(b) [38].
Furthermore, Eigures 7.15 (a)—(c) [38] show that accuracy of LA-
EDMM machined hole (approx. 140um) is better than laser drilled
hole (100um) and EDMM drilled hole (approx. 146um) [38]. It is
applied for microdrilling into aeronautical and turbines parts like
combustion casing, vanes, and blades for effective cooling [39]. It
also becomes a unique method for drilling of holes of fuel injector
nozzle for diesel fuel engines [38].



Figure 7.14 SEM images drilled holes; (a) EDMM process; (b ) LA-
EDMM process [38].



0 b

Figure 7.15 Drilled holes by different processes; (Laser pilot hole);
(b) EDM drilled hole; (c) hole drilled by laser-EDMM processes [39].

LA-EDMM process has been found an appropriate method for
microdrilling and microfabrication, but it requires two separate
platforms for LBMM and EDMM operations. Due to this, increase in
the changeover time from one platform to another. Instead of this,
the initial cost for LA-EDMM process is higher and it requires well
skilled operator for laser as well as EDM process.

7.4.2 Laser-Assisted Electrochemical
Micromachining

Electrochemical micromachining (ECMM) is one the most prominent
method for shaping of electrically conductive materials at micron and



submicron levels where material removal occurs by metallic
dissolution in presence of electrolyte. The machined parts are highly
precise and stress free [40, 41]. The high material removal capability
without tool wear makes it wonderful technique for processing of
difficult to shape electrically conductive materials in different profiles
including complex geometry and 3D structures [40—42]. It is applied
in different manufacturing areas as aerospace, automobiles, defence
and medicals [40, 42]. The performance of ECMM depends on
chemical dissolution and high dissolution means high machining rate.
Hence, the controlling of dissolution becomes necessary for precise
and efficient machining which is a difficult task. Instead of this, the
stray losses surrounding tool also limits the applicability of ECMM
process.

To enhance the machinability of ECMM, various approaches are
tested such as minimize the IEG (inter electro gap), application of
insulated electrodes, rotating tool and low voltage for machining
[41]. Even though, the ionic dissolution is not shown significant
improvement in most of cases. Hence, another methodology refers
as hybridization of ECMM with laser that shows potential in fast and
rapid dissolution of metallic workpiece. As a result higher
productivity in term of material removal. Such process is known as
laser-assisted-ECMM (LA-ECMM) process.

In hybridization of laser with ECMM, low-power (375-570 mw) laser
energy is utilized for localized heating of electrolyte with effective
application of solid (Nd:YAG or fiber) laser into IEG [40, 43]. The
localised heating of electrolyte by laser leads to increase the
temperature resulting higher dissolution. Hence, higher material
removal can possible with precision and accuracy [40]. Here, laser
radiation also helpful for removal of oxide layers formed on
workpiece surface in presence of certain electrolyte. Furthermore,
another combination of laser with electrochemical jet
micromachining (ECJMM) is developed by researchers to enhance
the performance of exiting LA-ECMM process which is known as LA-
ECIJMM process.
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Figure 7.16 Hybridization of ECIMM and laser beam; (a) ECIMM
without laser process; (b) LA-ECIM/ECIMM process [44].

LA-ECIJMM comprises the laser with electrolyte jet where material
removal occurs due to electrochemical dissolution [44]. The typical
diagram of ECIJM/ECIMM and hybridized ECIMM with laser are
presented in Figures 7.16 (a)—(b). Laser energy significantly
enhances the precision machining with high material removal by
localized thermal heating of electrolyte resulting enhancement in
electrochemical dissolution at target area. It also prevents the
unwanted machining especially stray losses [40, 43—45]. The key
advantage of LA-ECIJMM is to accelerate the dissolution along with
flushing in any desired location. On another way, the application of
laser energy in ECMM/ECIMM is significantly raised the boiling
nature of electrolyte and electrical discharge that adverse effects on



performance of process. Generally, laser beam and electrolyte jet
must be coaxially in LA-ECIMM, but the hydrodynamic behaviour of
electrolyte jet disturbs the alignment in several cases. The evaluation
of gases at cathode also crates disturbance and turbulence for jet of
electrolyte near target area during machining of objects. However,
machining of miniatures (5-500 pm) made of ceramics, composites,
or alloys with high accuracy (1—-10 pm) is still challenges for it [40].

7.4.3 Laser-Assisted Electrochemical Spark
Micromachining

Electrochemical spark micromachining (ECSMM) is simply known as
ECSM (electrochemical spark machining) that shows their ability in
micromachining of ceramics materials including glass, quartz, and
Pyrex [46]. In general, it is hybridization of EDM and ECM to
eliminate the limitation of such processes as needs of electrically
conductive metal and alloys for processing. On other hand, ECSM
can be defined as a noncontact thermal energy-based method that
comprises features of EDM and ECM. Here, material removal occurs
due to melting and vaporization when spark is created between tool
electrode and gaseous (H, gas) layer with application of suitable

discharge voltage in presence of electrolyte [46, 47]. It is applicable
for micro/nano machining of variety of materials including ceramics
and electrically nonconductive as well as conductive materials [46].
Even though, it suffers with recast layer, HAZ and microcracks due to
rapid cooling [46]. In such situations, hybridization of ECSM/ECSMM
with laser in sequential manner is become an effective tool to
minimize the associated problems. Such combined process is
referred as laser-assisted-ECSMM (LA-ECSMM) process.

Like LA-EDM, laser and ECSM processes are applied sequentially for
processing of materials through LA-ECSMM. In this process, laser is
applied either pre-processing or post-processing [47]. Mostly, the
bottom surface microgrooves in glass ceramic consists with uneven
surface, protrusion like structures, over cutting, HAZ with taper
profile when processed by ECSMM. On other hand, microgrooves



straight edge profile is not possible when laser is used for processing
individually. Furthermore, the laser machining of microgrooves
shows V-profile with larger taper and HAZ [47]. The combined effort
of laser and ECSM effectively reduces the HAZ, recast layer and
taper formed by either LBMM or ECSM/ECSMM processes.

In LA-ECSMM process, either laser or ECSMM are applied
sequentially to improve the machinability of process. When laser is
applied as post processing for shaping of bottom of microgrooves
formed by ECSMM then the protrusions are significantly removed by
laser, but edge quality of grooves is still poor. On other way, when
ECSMM process is applied as post processing of microgrooves
formed by laser machining then the grooves obtained with better
edge quality with improvement in taper and V-shape profile
converted into U-shape profile of microgrooves [47]. Hence,
application of ECSMM for post operation after laser is better for
machining of microprofiles like grooves, chute, holes or other
microprocessing infon ceramic and nonconductive materials. Even
though, it requires separate platform for each process as which
enhancement in processing cost.

7.4.4 Laser-Assisted Water Jet Micromachining

Laser-assisted-water jet micromachining (LA-WIJMM) is a better
technique for microprocessing of brittle materials (ceramics, glass
and composites) without thermal damages of machined surfaces.
The extremely hard metals like diamond, cubic boron nitride (CBN)
and sapphire can be cut with better SQ by LA-WJMM process
[48—-50]. The basic objective for combining laser and WIM (water jet
machining) is to minimize the thermal damages occurs due to laser

machining. Mostly, high-power beam intensity (1 MW/cm?) is utilized
for laser machining where material removal occurs by melting and
vaporization causes of thermal damages [2]. On other way, less
thermal energy is required for LA-WJIMM process that utilizes for
softening of material resulting reduction in thermal damages of test



material. Such softened material is removed by expulsion of high-
pressure water jet.

The typical diagram of LA-WJMM is presented in Figure 7.17 [49]. In
this process, the laser and water jet moves simultaneously during
material removal process. Here, low-power laser (max. 1.5 kW) is
used for precise heating in a tiny area on workpiece surface as which
temperature gradient zone is created equal to depth of thermal
diffusion [48]. Hence, heated zone tends to expand that restrained
by surroundings resulting high compressive stresses in heated zone.
Subsequently, compressive nature of heated zone is changed into
tensile nature due to rapid cooling by low pressure water jet
resulting microcracks are formed on workpiece material [50]. Such
cracks may extend and run along thickness of material depending
upon fracture nature of material and tensile force [48].

In general, cracks follow the laser-water jet path along length of
workpiece because the tensile stresses only generated in such
location. Subsequently, the separation of material will be
accomplished along length of workpiece through controlled
propagation of cracks [48]. Due to this, material removal occurs and
machined zone expected to free from residual stresses, HAZ and
thermal damages. The machined surfaces are also free from visual
defects because tiny debris particles are washed out by water jet.
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Figure 7.17 LA-WJIMM process and process parameters [49].

Instead of LA-WIMM process, another combination of laser and
water jet is also come in existence for microprocessing of materials
where water jet is used to guide the laser beam. Such process is
known as water jet guided laser (WJGL) cutting process. It is an
effective way for precision cutting without burrs with less heat with
pollution free cutting than tradition processes [51—-55]. The basic
concept of water jet in laser machining is created to replace the
assist (inert) gas by water stream that broadly used in conventional
laser cutting process. The WIGL process shows superior
machinability than laser machining and varieties of material can be
machined such as brittle and ultra-hard, heat treated and
mechanically sensitive, electrically conductive/isolating materials
[52—-54]. The basic advantages of WIGL process are to transfer of
energy into water than material and cooling of cut edges by water
jet resulting less HAZ, thermal damages and thermal residual
stresses [52].

Figure 7.18 shows the typical diagram of WIGL cutting process and
their main components that affects the performance of process [52].
Here, laser is guided through high pressure (50—-80 MPa) water jet
and employed for cutting [52]. In WIGL process, the water jet is
worked as optic surface to reflect laser at work material. A focusing
lens is utilized to focus the laser into small diameter (diameter = 20—
150 pm) of nozzle [51]. The nozzle is fitted beneath the chamber of
de-ionized water. The laser gets reflected at interface of water and
air when comes in contact of pressurized water into nozzle. Hence,
ablation of laser beam occurs causes of melting and vaporization of
material. On other hand, the water jet cools the target material
resulting reduction in generation of harmful gases and smokes.
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Figure 7.18 Principle of WIGL process [52].



In WIGL cutting becomes beneficial in many ways as not
requirement of focal optics because water works as optics. Here, a
very small amount of mechanical force (<0.10 N) delivered by jet
unlike to conventional jet machining (1-5 N) causes of scathing of
material from the surface of workpiece [55]. Instead of this, the
controlling of laser within the guided water is difficult that affects the
precise machining and efficiency.

7.5 Capabilities and Shortfalls of LA-HMMPs

Off course, LA-HMMPs show there potential for microprocessing of
difficult to cut metals. It is widely utilized in precision manufacturing
and advanced industries especially aeronautical, aerospace,
automobile, military, dies and molds because of high hardness and
wear resistance characteristics in nature. In conventional LA-HMMPs,
the localized heating of material leads in thermal softening of
workpiece as which significant reduction in hardness, yield strength
and strain hardening. Subsequently, thermal softening causes
change the deformation nature of materials from brittle to ductile.
Hence, cutting becomes easier with better SQ, reduction in cutting
forces and tool wears.

In conventional LA-HMMPs, short/ultrashort lasers are applied infront
of cutting tool for thermal softening of work. Here, to maintain a
uniform temperature throughout cutting is difficult for turning as well
as other processes. Hence, application of two-lasers becomes a
novel approach but raises the initial cost and complexity. Instead of
this, other issues may also be raised (local buckling, thermal cracks
and phase changes) due to excessive heating [21]. To overcome the
problem, the direct heating-based LAMT is a unique technique where
microlaser directly applied at desired location throughout cutting tool
[17]. Off course, direct heated LAMT significantly reduces the heat
loss with reduction in cutting force by 9% to 15% and also reduction
in surface roughness by 0.34 to 10 um for turning of aluminium alloy
[17]. Even though, difficulties in manufacturing of microtool made of



diamond also limits the applicability of direct heating-based LAMT
process.

LAMD is one of popular method for making through, holes, blind
holes or partial holes into difficult to cut and hard materials with
precise geometry in minimum possible time than drilling process. It
significantly reduces the drilling time by 16% to 40% with reduction
in holes diameter by 85% to 140% in different conditions of
machining for chrome steel, high carbon steel and stainless steel
[25]. The spike like formation and application of laser beam for high
aspect hole drilling are major issues. The thermal softening of drill
affects the cutting ability of tool and leads in thermal deformation of
drill tools. Similarly, micromilling cutter and their manufacturing for
application of laser beam in desired location is always challenges in
case of LAMM process. Even though, the LAMM is applicable for 3D
structuring, grooves formation, complex geometry made of heat-
treated alloys, super alloys, titanium alloys, hot and cold rolled steels
[29, 30].

In category of finishing processes, CMG is the broadly accepted
process that applicable for hard and brittle materials. The application
of laser with CMG significantly enhances the machinability with
better SQ and low specific energy consumption [33]. The thermal
softening of workpiece infront of grinding wheel assists in deeper
grinding with high feed rate and better SQ without subsurface
damages. The effective application of laser with CMG improves the
surface roughness by 37% to 40% while reduction in subsurface
damages by 22% to 50% than CMG process with lesser (1.5 times)
processing duration for reaction bonded SiC workpiece [33]. The
thermal softening also affects the bonding strength and finally loss
of abrasive particles without wear at low cutting forces resulting
poor wheel life. Such phenomenon increases the cost of grinding
wheel. In some cases, chips particles easily entrap with softened
bond material and creates wheel loading problem. Instead of this,
the application of laser with CMG only limited to flat surface and not
suitable for complex geometry and deep holes grinding.



The sequential application of EDMM after LBM provides better
responses with better quality of machined object in term of SQ, HAZ,
taper and recast layer formation. The application of LA-EDMM in
microholes drilling significantly reduces the processing time about
50% to 65% without tempering of quality as compared to EDMM
process [37]. In some cases, reduction in processing time upto 70%
can possible with selection of appropriate parameters [38]. It is an
effective method for drilling of microholes into turbine casing and
aeronautical parts for cooling purposes and also drilling of fuel
injector nozzle of internal combustion engines [38, 39]. Though, it
requires separate platform for LBM/LBMM and EDMM that affects the
overall machining time and process becomes costly.

Similar to LA-EDMM, other laser-assisted unconventional process as
LA-ECMM s only applicable for micromachining of electrically
conductive hard and brittle materials in presence of electrolyte. In
ECMM, laser energy enhances the electrolysis process as which
improvement in material removal capacity of process. Here, laser
only assists the electrolysis process while machining occurs by
metallic dissolution due to electrochemical reaction. It is more
suitable process for 3D structuring, machining of complex profiles at
micro/nano scales and applicable in aerospace, automobiles,
defence, nuclear and medical industries [40, 41]. Here, controlling of
electrolysis process becomes necessary for precise machining which
is a difficult for manufacturing unit. In same way, the stray loss
surrounding the tool also affects the quality of machined objects. To
overcome the above limitations, LA-ECJMM becomes a powerful tool
where laser is applied with electrolyte jet at desired location only.
Hence, enhancement in electrochemical reaction of electrolysis and
reduction in stray losses that prevents the unwanted stray machining
[43, 44]. In some cases, hydrodynamic nature of electrolyte jet
disturbs the focusing direction of laser beam as which adverse effect
on machining performances. The formation of hydrogen gases also
creates turbulence in jet of electrolyte near target area. Such
phenomenon may also be responsible for declination of machinability
performances.



Noncontact based another process refers as ECSM significantly
eliminates the limitations of EDM, and ECM as needs of electrically
conducive metals. The application of laser with ECSM significantly
enhances the performance of LA-ECSMM process but boiling of
electrolyte and uncontrolled generation of hydrogen create issues
during machining. Off course, ECSM is a better machining method
for microfabrication of objects made of either electrically conductive
or nonconductive materials. Here, laser and ECSM/ECSMM processes
are applied in sequential modes and post application of ECSM
significantly provides better responses with less HAZ and recast
layer.

LA-WJIMM shows their potential for microprocessing of ceramic and
nonconductive materials. It is an effective process for shaping of
hard and brittle materials like diamond, cubic boron nitride (CBN)
and sapphire without HAZ, thermal damages along with residual
stress free surfaces [47—49]. In this process, the high pressure
water jet necessary for removal of material from target surface but
simultaneously creates disturbance for laser beam as which beam
may divert from desired location. To minimize the turbulence, WIGL
process shows better responses than LA-WJMM because laser heat is
transmitted to water not to workpiece material. Due to this, WIGL
becomes more suitable for precision machining of brittle, ultra-hard,
heat treated, electrically conductive or isolating materials [52—-54].
Even though, the controlling of laser with guided water is difficult
that affects the precise machining and efficiency of process.

7.6 Conclusion

Laser is a powerful source of energy that utilizes by advanced
industries to meet the current demands for micromanufacturing and
nanomanufacturing. In a simple way, LBMM has been suffered to
fulfil the demands of industries in present scenarios with high quality
miniatures. To overcome the situations, hybridization of laser energy
with mechanical, chemical, or electrical energies provides a better
platform for manufacturing industries. The present chapter covers



the various types of HMMPs that can be developed by combining of
laser energy. Here, various traditional and nontraditional processes
and their hybridization with laser are discussed and explained in
brief with merits, demerits, and applications. Instead of this, the
capabilities and shortfalls of LA-HMMPs are discussed briefly which
makes easier for readers. Overall, the present chapter provides a
platform for manufacturing industries to choose a better machining
process for fabrication of miniatures with application of laser-based
hybrid processes. The present chapter also provides a futuristic
direction for researchers to find an appropriate research field for
their works related to laser-based hybrid micromachining of
extremely hard and difficult to machine materials.

Acknowledgment

The authors gratefully acknowledge Elsevier publishers and Journals
for their kind reprint/reuse permission of Figures and Tables form
already published papers. The authors are also thankful to the
copyright center for their assistance to get reprint/reuse permission
quickly from desired location.

References

1. Jain, V.K., Introduction to Micromachining, Narosa Publishing
House, New Delhi, India, 2010.

2. Dubey, A.K. and Yadava, V., Laser beam machining-a review. Int.
J. Mach. Tools Manuf., 48, 609-628, 2008.

3. Mishra, S. and Yadava, V., Laser beam micromachining (LBMM)-a
review. Opt. Lasers Eng., 73, 89-112, 2015.

4. Sugioka, K., Meunier, M., Pique, A., Laser Precision
Microfabrication, Springer, Berlin Heidelberg, 2010.

5. Desbiens, J.P. and Masson, P., ArF excimer laser micromachining
of Pyrex, SiC and PZT for rapid prototyping of MEMS components.



Sens. Actuators A Phys., 136, 554-563, 2007.

6. Pan, C.T,, Hwang, Y.M., Hsieh, C.W., Dynamic characterization of
silicon-based microstructure of high aspect ratio by dual-prism UV
laser system. Sens. Actuators A Phys., 122, 45-54, 2005.

7. Ali, B., Litvinyuk, I1.V., Rybachuk, M., Femtosecond laser
micromachining of diamond: Current research status, applications
and challenges. Carbon, 179, 209-226, 2021.

8. Gower, M.C., Industrial applications of laser micromachining.
Optics Express, 7, 56—67, 2000.

9. Meng, H., Liao, J., Zhou, Y., Zhang, Q., Laser micro-processing of
cardiovascular stent with fiber laser cutting system. Opt. Laser
Technol., 41, 300-302, 2009.

10. Yadav, R.N., Yadava, V., Singh, G.K., Multi-objective optimization
of process parameters in electro-discharge diamond face grinding
based on ANN-NSGA-II hybrid technique. Front. Mech. Eng., 8,
319-332, 2013.

11. Rajurkar, K.P. and Gu, L., Resent research and developments in
hybrid machining processes. Proc. 3rd Int. 24th All India Manuf.
Technol. Des. Res. Conf, Vishakhapatnam, India, pp. 3944,
2010.

12. Srivastava, P. and Dubey, A.K., Electrical discharge machining-
based hybrid machining processes: A review. Proc. Inst. Mech.
Eng. B J. Eng. Manuf., 228, 799-825, 2014.

13. Chavoshi, S.Z. and Luo, X., Hybrid micro-machining processes: A
review. Precis. Eng., 41, 1-23, 2015.

14. Zhu, Z., Dhokia, V.G., Nassehi, A.,, Newman, S.T., A review of
hybrid manufacturing processes-state of the art and future
perspectives. Int. J. Comput. Integr. Manuf., 26, 596—615, 2013.



15. Lee, C.M., Woo, W.S., Kim, D.H., Oh, W.J., Oh, N.S., Laser-
assisted hybrid processes: A review. Int. J. Precis. Eng. Manuf.,
17, 257-267, 2016.

16. Ghosh, A. and Mallik, A.K., Manufacturing Science, East-West
Press, New Delhi, 1999.

17. Wei, Y., Park, C., Park, S.S., Experimental evaluation of direct
laser assisted turning through a sapphire tool. Proc. Manuf., 10,
546-556, 2017.

18. You, K., Fang, F, Yan, G., Zhang,Y., Experimental investigation on
laser assisted diamond turning of binderless tungsten carbide by
in-process heating. Micromachines, 11, 1104-15, 2020.

19. Mohammadi, H., Ravindra, D., Kode, S.K., Patten, J.A.,
Experimental work on micro laser-assisted diamond turning of
silicon (111). J. Manuf. Process., 19, 125-128, 2015.

20. Kim, J. and Kang, B., Machining characteristics of micro lens
mold in laser-assisted micro-turning. J. Mech. Sci. Technol., 32,
1769-1774, 2018.

21. Chryssolouris, G., Anifantis, N., Karagiannis, S., Laser assisted
machining: an overview. J. Manuf. Sci. Eng., 119, 766—769, 1997.

22. Mohammadi, H., Poyraz, H.B., Ravindra, D., Patten, J.A., Surface
finish improvement of an unpolished silicon wafer using micro-
laser assisted machining. Int. J. Abras. Technol., 7, 107-121,
2015.

23. Wang, Y., Zhang, G., Zheng, L., Ren, Y., Eichstaedt, O., Chen, X.,
Experimental study of laser assisted drilling and parameters
analysis. Proc. Int. Conf. Indus. Technol. Manag. Sci. (ITMS
2015), pp. 145-149, 2015.

24. Jen, T.C., Chen, Y.M., Tuchowski, F.,, Experimental and numerical
studies of laser-assisted drilling processes. Proc. Heat



Trans./Fluids Eng. Summer Conf, Charlotte, North Carolina, USA,
pp. 1-9, July 11-15, 2004.

25. Zhang, G,, Jiang, C., Zhang, S., Wang, Y., Chen, X., Yu, L., An
experimental investigation of laser assisted drilling process. Mater.
Res. Innov., 19, 889— 894, 2015.

26. Bissacco, G., Hansen, H.N., Chiffre, D.L., Micromilling of
hardened tool steel for mould making applications. J. Mater.
Process. Technol., 167, 201-207, 2005.

27. Bissacco, G., Hansen, H.N., Chiffre, D.L., Size effects on surface
generation in micro milling of hardened tool steel. CIRP Ann.-
Manuf. Technol., 55, 593— 596, 2006.

28. Melkote, S., Kumar, M., Hashimoto, F,, Lahoti, G., Laser assisted
micro-milling of hard-to-machine materials. CIRP Ann.-Manuf.
Technol., 58, 45—48, 2009.

29. Hojati, F, Azarhoushang, B., Daneshi, A., Biermann, D., Laser
prestructure-assisted micromilling of TigAl4V titanium alloy. Int. J.

Adv. Manuf. Technol., 120, 1765-1776, 2022.

30. Kadivar, M., Azrhoushang, B., Zahedi, A., Muller, C., Laser-
assisted micro-milling of austenitic stainless steel X5CrNi18-10. J.
Manuf. Process., 48, 174—184, 20109.

31. Chang, W,, Luo, X., Zhao, Q., Sun, 1., Zhao, Y., Laser assisted
micro grinding of high strength materials. Key Eng. Mater., 496,
44-49, 2012.

32. Kadivar, M., Shamray, S., Soltani, B., Daneshi, A., Azarhoushang,
B., Laser-assisted micro-grinding of Si3N4. Precis. Eng., 60, 394—
404, 20109.

33. Luo, X,, Li, Z., Chang, W., Cai, Y., Sun, J., Ding, F,, Zhang, F, Liu,
H., Sun, Y., Laser-assisted grinding of reaction-bonded SiC. J.
Micromanuf., 3, 93-98, 2020.



34. Hu, M.F, Xie, J., Su, H.H., Liu, J.N., Study on laser-assisted dry
micro-ground surface of difficult-to-cut materials. Int. J. Adv.
Manuf. Technol., 94, 2919-2928, 2018.

35. Yadav, R.N., Mishra, S., Yadav, S.K.S., Electro spark process for
microfabrication, in: Micro Electro-Fabrication, T. Saleh, K.
Takahata, M.S.M. Ali, (Eds.), pp. 1-31, Elsevier, Netherlands,
2021.

36. Rashid, M.A.N., Saleh, T., Noor, W.I,, Ali, M.S.M., Effect of Laser
parameters on sequential laser beam micromachining and micro
electro-discharge machining. Int. J. Adv. Manuf. Technol., 114,
709-723, 2021.

37. Ahmaria, A., Rasheed, M.S., Mohammed, M.K., Saleh, T., A hybrid
machining process combining micro-EDM and laser beam
machining of nickel-titanium based shape memory alloy. Mater.
Manuf. Process., 31, 447-455, 2016.

38. Li, L., Diver, C., Atkinson, J., Wagner, R.G., Helml, H.J., Sequential
laser and EDM micro-drilling for next generation fuel injection
nozzle manufacture. CIRP Ann., 55, 179-182, 2006.

39. Antar, M., Chantzis, D., Marimuthu, S., Hayward, P., High speed
EDM and laser drilling of aerospace alloys. Proc. CIRP, 42, 526—
531, 2016.

40. Mandal, I. and Doloi, B., State of the art on laser assisted
electrochemical machining. Mater. Sci. Eng., 653, 012030-6,
2019.

41. Skoczypiec, S., Application of laser and electrochemical
interaction in sequential and hybrid micromachining processes. B.
Pol. Acad. Sci. Tech., 63, 305—-314, 2015.

42. Bhattacharyya, B., Munda, J., Malapati, M., Advancement in
electrochemical micro-machining. Int. J. Mach. Tools Manuf., 44,
1577-1589, 2004.



43. Wyszynski, D., Skoczypiec, S., Grabowski, M., Ruszaj, A., Lipiec,
P., Electrochemical microprocessing assisted by diod pumped solid
state Nd:YAG pulse laser. J. Mach. Eng., 12, 131-142, 2012.

44. Pajak, P.T., Desilva, A.K.M., Harrison, D.K., Mcgeough, J.A.,
Precision and efficiency of laser assisted jet electrochemical
machining. Precis. Eng., 30, 288—-298, 2006.

45. Zhang, H., Gao, P, Xu, J., Yuan, L., Effect of electrochemical
dissolving in laser drilling assisted with jet electrochemical
machining. Int. J. Electrochem. Sci., 16, 1-16, 2021.

46. Yadav, R.N., Electro-chemical spark machining-based hybrid
machining processes: Research trends and opportunities. Proc.
Inst. Mech. Eng. B J. Eng. Manuf., 233, 1037-1061, 2019.

47. Zhao, D., Zhang, Z., Zhu, H., Cao, Z., Xu, K., An investigation into
laser-assisted electrochemical discharge machining of transparent
insulating hard-brittle material. Micromachines, 12, 1, 1-22, 2020.

48. Kalyanasundaram, D., Shehata, G., Neumann, C., Shrotriya, P.,
Molian, P., Design and validation of a hybrid laser/water-jet
machining system for brittle materials. J. Laser Appl., 20, 127-
134, 2008.

49. Wang, L., Huang, C., Wang, J., Zhu, H., Liang, X., An
experimental investigation on laser assisted water jet micro-
milling of silicon nitride ceramics. Ceram. Int., 44, 5636—-5645,
2018.

50. Elperin, T. and Kornilov, A., Formation of surface micro crack for
separation of nonmetallic wafers into chips. J. Electron. Packag.,
122, 317-322, 2000.

51. Tabie, V.M., Koranteng, M.O., Yunus, A., Kuuyine, F, Water-jet
guided laser cutting technology-an overview. Lasers Manuf. Mater.
Process., 6, 189-203, 20109.



52. Liu, Y., Wei, M., Zhang, T., Qiao, H., Li, H., Overview on the
development and critical issues of water jet guided laser
machining technology. Opt. Laser Technol., 137, 2021.

53. Sokotowski, Z. and Malinowski, I., Perspectives of applications of
micromachining utilizing water jet quided laser, pp. 365-369,
Springer, Singapore, 2007.

54. Levesque, T., Perrottet, B., Richerzhagen, B., Damage-free
cutting of medical devices using the water-jet-quided laser. Proc.
Mater. Process. Med. Dev. Conf, Boston, USA, pp. 73-76,
November 14-16, 2005.

55. Richmann, A. and Richerzhagen, B., Comparison study: Cutting
with the laser microjet© vs. well-established and new micro-
machining technologies for applications of the watch industry.
International Congress on Application of Lasers and Electro-
Optics, vol. 1, pp. 269-277, 2014.

Note

Email: mechrny@gmail.com



mailto:mechrny@gmail.com

8
Hybrid Laser-Assisted Jet
Electrochemical Micromachining

Process

Sivakumar M.*, J. Jerald, Shriram S., Jayanth S. and N. S.
Balaji

Department of Production Engineering, National Institute of
Technology, Tiruchirappalli, India

Abstract

Laser-assisted jet electrochemical micromachining (LAJECM) is a
process in which laser beam is combined with a jet of electrolyte to
create a hybrid cutting process. This technique is also known as
hybrid laser-assisted jet electrochemical micromachining. The jet
electrolyte and laser beam produce a noncontact tool electrode that
dissolves metal by electrochemical reactions. The laser beam can
direct the dissolution to particularly focused areas, which results in
an efficient improvement in the accuracy of the process. The
material removal mechanism and process energy distribution
mechanism of hybrid laser-assisted jet electrochemical
micromachining is discussed in this chapter. The material removal
depends on electrochemical dissolution and with assisted laser beam
offers an increase in both the precision and productivity of the
machining process. The workpiece surface is thermally activated by
the source of the laser. Hence, the geometry of the holes and
cavities is improved after the LAJECM process. The material removal
rate and reduction in tapper are enhanced with the assistance of the
laser in LAJECM for Hastelloy, Aluminium alloy, Titanium, and
Stainless steel.



Keywords: Hybrid laser-assisted jet electrochemical
micromachining, electrochemical machining, jet electrochemical
machining, reduction in taper, surface roughness, material removal
rate

8.1 Introduction

Machining processes have a high degree of accuracy and surface
quality in finished products. The tools which are harder than the
workpiece material is used in conventional machining. A relative
motion between the workpiece and tool is responsible for forming or
generating the required shape. But as the hardness of the workpiece
material increases, it became difficult to provide a proper tool for
machining. The demand for greater machining productivity with high
accuracy and surface quality paved the way for the hybrid machining
process. This hybrid machining process sometimes includes a
primary process that acts as a major material removal mechanism
and a secondary process that assists the primary in material
removal.

Micromachining is a term used to describe the minimal requirements
for microproducts or microcomponents, which typically range from a
few um to 1000 um [1, 2]. There are various types of nontraditional
machining processes, among those electrochemical machining (ECM)
seems to be promising, effective, and used commercially in several
industrial areas [4, 5]. A combination of traditional and non-
traditional processes are employed in the hybrid micro-machining
process in order to make machining energy from several processes
possible, either in an aided or sequential fashion [3]. Large metallic
items and intricately shaped parts are both machined using the ECM
technique. The small tool wear, burr-free machining, high MRR,
better surface finish, and the ability to manufacture complicated
forms regardless of their hardness are some of the benefits of ECM
over conventional machining methods.

A free jet of electrolyte that is used in jet-ECM sometimes referred to
as electro jet drilling, electro jet machining, or electrochemical jet



machining, dissolves material from an electrically conductive
workpiece on-site by anodic dissolution. In Jet-ECM, an electrolyte
jet is ejected via a nozzle under pressure to dissolve material just
where the jet makes contact with the workpiece [6]. Generally, the
jet-ECM is used to create microsize features independent of material
hardness without creating the heat-affected zone, surface tension,
microcracks, and burrs [Z].

Increasing the rate of material dissolution from certain places in an
axial direction is the primary goal of using laser beams. By thermally
heating the surface layer, laser beams to aid in the breakdown of
metal. It slows down the rate of lateral dissolution, which boosts the
machining rate while improving surface quality and dimensional
accuracy.

LAJECM is a combination of electrochemical dissolution and localized
heating by laser energy [8]. The merits of LAJECM is that the laser
beam may be conveniently directed on the material surface, allowing
dissolution to be accelerated in any required direction in conjunction
with the cleansing electrolyte jet [9]. The pace of electrochemical
processes is accelerated by the thermal energy from laser beams,
which accelerates material removal [10]. LAJECM has been widely
expanded in the area of micromachining applications in recent years.
LAJECMM goods can be made from a variety of materials, such as
ceramics, steels, specialty alloys, etc., and can have complicated 3D
geometries with surface roughness (Ra) values higher than 0.5 pm
and high tolerances generally below 1 pum for various applications in
automobile, aerospace and electronics industries. The book chapter
describes the hybrid laser-assisted jet electrochemical
micromachining working principle, material removal mechanism,
temperature distribution mechanism, and its applications.

8.2 Overview of Electrochemical Machining

ECM was parented by Gusseff in 1929. ECM has been used to shape,
mill, and finish large parts in the aircraft and aerospace industries.
The mechanism of anodic material removal was initially found by



Michael Faraday which played a significant role in the evolution of
electroplating, electropolishing, and other related techniques.
Material removal is done through a process called electrolysis, in
which atoms from the workpiece surface are taken off one by one.
In the ECM process, the electrodes are placed very close to each
other, which is different from the electrolysis process. This will make
the rate at which metal ions dissolve faster and easier to control.
The current flow and the metal removal rate from the anode will be
faster if the gap is smaller. The quick formation of metal hydroxide
and gas bubbles in this instance both impede the machining gap and
serve as a hindrance to the flow of the current as shown in Figure
8.1.
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Figure 8.1 Basic working principle of electrochemical machining.



ECM technique is independent of material hardness; however, the
dissolution rate is dependent on machining time, the valency of
generated ion, machining current and atomic weight of workpiece
metal. As a result, the numerous ECM process parameters include
applied voltage, electrolyte type, machining current, concentration,
inter-electrode, gap, and flow rate, etc. [1]. In recent years, ECM
has received a lot of attention in the fabrication of micro parts due to
its ability to solve existing problems. When the ECM process is used
in microscopic machining, it is referred to as electrochemical
micromachining (EMM) [2].

In electrically conductive materials of any physical characteristics,
EMM can remove material of highly complicated geometries with
high precision and accuracy without altering the size and shape of
the tool or creating a heat-affected zone on the final machined micro
product.

8.3 Importance of Electrochemical
Micromachining

The term micromachining refers to the removal of material in micron
levels between 1 pm and 999 ym. Chemical machining and
electrochemical machining are not thermal oriented when compared
to other nonconventional machining process, but chemical machining
offers a difficulty to control the process in the micromachining
domain. Electrochemical micromachining (EMM) has an advantage of
better precision control, flexible, high machining rate, reliable and
environmentally acceptable. EMM is used in machining of chemically
resistant material like stainless steels, super alloys, copper alloys and
titanium. EMM traces wide applications in the areas of electronic
industries, sensors, microelectron mechanical systems (MEMS) and
biomedical applications [4, 5]. EMM has a higher rate of controllable
machining and as well as have high precision. Electrochemical micro
machining provides the safer environment as it produces a sludge of
neutral salts during electrochemical dissolution. Here in EMM, an
interelectrode gap of order 20 um approximately are maintained to



modulate the process parameters. So, it has most of the applications
in micro machining of metallic parts.

8.4 Fundamentals of Electrochemical
Micromachining

EMM operates based on Faraday’s law of electrolysis. The negative
shape of the micro tool electrode forms the final shape of the
workpiece approximately. As the interelectrode gap decreases the
shape accuracy increases.

8.4.1 Electrochemistry of Electrochemical
Micromachining

In the EMM process, the workpiece acts as the anode and the micro
tool serves as the cathode, which are separated by a constant-
flowing electrolyte. Many electrochemical processes occur at the
cathode, the anode, and the electrolyte. Oxidation potential will
occur at the cathode and anode. The factors that increase the
oxidation potential depends on nature of metal being machined.

Nature of electrolyte

Electrolyte temperature

Current density

Type of materials

Reactions

Cathode reactions

As shown in Figure 8.1,

Reaction causing hydrogen gas at the cathode.



2H* + 2¢” --2 H,1 (acidic electrolyte)

2H,O +6e 2> 2 H,1 + O,1 (alkaline lectrolyte)

Neutralisation of positive charged metal ions

M +e =2 M
Anodic reactions
Reaction leading to the evolution of oxygen or hydrogen gases.

2H,0 =2 O,1 +4H" + 4e™ (acidic electrolyte)

4(OH)™ = 2H,0 + O,1 + 4e™ (alkaline electrolyte)

Dissolution of metal ions
M= M +e
M + (OH) = M(OH) + 2e

8.4.2 Mechanism of Material Removal

Faraday introduced two fundamentals’ laws, which govern their
phenomena of electrolysis. Those are as follows:

The rate of deposited or dissolved is directly proportional to the
quantity of electricity that is transmitted to the electrolyte.

The amount of material that is deposited or dissolved also depends
on the substance’s electrochemical equivalence (ECE), which is a
ratio of atomic weight to valency.

Material removal rate (MRR) is given by in Eq. (8.1),



Ita (8.1)

Qﬂ? — vF

Where, I - Current supply

a - atomic weight of the elements
v - valence of metal elements

t - machining time

F- Faraday’s constant.

8.5 Major Factors of EMM

The parameters which influence the EMM [6] are as follows,
Nature of power supply

Inter electrode gap

Temperature, concentration, and electrolyte flow

8.5.1 Nature of Power Supply

The EMM involves voltage in the range of 1 to 10 Volts. The ideal

current density for the EMM process is 100 A/cm?. Although
electrolyte can partially eliminate this contamination, this causes the
interelectrode gap to become contaminated with reaction products.
As a result, the contamination builds up on the microtool, changing
its form and impairing material removal from the workpiece.
Additionally, changes in electrical resistance, temperature rise, and
electrolyte composition all have an impact on machining precision
[Z]. Due to pulse current DC voltage, the interelectrode gap can be
effectively cleansed during the current intervals. The duration of the
time pulse ought to be sufficient to guarantee the successful
completion of the electrolyte’s removal from the small end gap,
hence the current efficiency is determined by the current density.
When the current density is decreased, this current efficiency drops
rapidly in pulsed DC voltage, which is much greater than in



continuous DC voltage, where the drop in current efficiency is slow.
When the current density is decreased, this current efficiency
decreases. As a result of this, the precision of the workpiece can be
improved when it is subjected to pulsed DC voltage.

8.5.2 Interelectrode Gap (IEG)

In the micromachining process, the interelectrode gap plays a critical
role in stable metal removal. However, the interelectrode gap in
micromachining is measured in microns. The primary factor, which
defines the accuracy and precision of micromachining is the gap
width. The interelectrode spacing should be kept between 15 and 20
KMm to help with excellent precision and surface smoothness. When
IEG and tool location are monitored in pulsed EMM systems, the gap
width is significantly reduced during the pulse-off period. The
magnitude of the interelectrode gap directly affects the accuracy of
machining.

8.5.3 Temperature, Concentration, and
Electrolyte Flow

Working material is properly dissolved during the EMM process when
the correct temperature concentration is maintained on the
electrolyte flow.

a) Temperature and pressure

The temperature of the electrolyte at the IEG’s entrance and exit
must be monitored. If the temperature rises, it indicates a decrease
in specific resistance. Insoluble sludge material can sometimes
increase the resistance between the workpiece and the micro tool.
This will have a direct impact on the flow rate or pressure. As a
result, as the temperature rises, the electrode reaction accelerates,
and the voltage requirement decreases.

b) Concentration



The resistance between the interelectrode gaps decreases as the
electrolyte concentration increases. However, raising the
concentration increases the possibility of salt crystallization, which
inhibits the passage of current between the interelectrode gap. As a
result, dilute electrolytes are used. The machining precision can be
improved by dilute electrolyte and EGG.

\ . Temperature (T)
v Bubble void ()
_.TooI, .
~. Conductivity (T)
. A 1etfra i
Workplece

»

Figure 8.2 Electrolyte characteristics vary by machining length.

c) Electrolyte flow

The electrolyte flows through the interelectrode gap between tool
and workpiece as shown in Figure 8.2. There are different delivery
systems for electrolyte such as electrolytic jet, slotted jet, channel
flow and multi nozzle systems. Hydrodynamics of the electrolyte flow
and cavitation processes are altered using a jet to create the
required shape forms. In IEG, laminar electrolyte flow is the better
option for improving surface quality.

d) Microtool feed rate

The inter electrode spacing should be kept consistent during the
EMM process for greater machining accuracy and precision. In order
to prevent a short circuit from happening during machining, the



micro tool feed rate should be selected. For this, this was always
kept equal to linear MRR. Minimizing sparks or short circuits between
the micro tool and workpiece determines the maximum micro tool
feed rate for a certain machining condition [8].

8.6 Jet Electrochemical Micromachining

The Jet EMM process is considered for this chapter from the various
classification as belonging to the category of maskless EMM since
there will not be any photo resist mask on the surface of the
material. The classification of electrochemical micromachining
process in Figure 8.3. Here, controlled localised metal dissolution is
feasible. Electrolyte jets are significant in jet EMM. The steam
containing the electrolyte passes through the nozzle, which in turn
produces the cathode as shown in Figure 8.4.

The electrolyte jet assembly as shown in Figure 8.5, it consists of
nozzle and the diameter of the nozzle is 50 to 200 um. Electrolyte is
pumped out after passing through a flow metre, pressure gauge,
filter, pH metre, and flow control valve. As it moves through the
nozzle, this flow maintains a high pressure throughout the process.
It moves across the surface of the workpiece at a very fast speed.
The nozzle can be moved in a z-direction because it is flexible.
Therefore, the inter electrode gap continues to be preserved all the
way through the machining process. The high voltage power supply
with a voltage range of 500 volts is used in the jet EMM. The
removal of metal and the precision of the profile are both affected by
factors such as nozzle diameter cell voltage, standoff distance,
electrolyte type, pressure, and concentration. Jet EMM can cut
tougher, thinner materials.
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Figure 8.3 Classification of electrochemical micromachining process.
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Figure 8.5 Schematic representation of jet EMM setup.

8.7 Laser as Assisting Process

In the case of micromachining, laser has been adaptively partnered
with other machining processes such as vibration, electric field,
external magnetic field, and fluids to increase quality and
characteristics. Laser improves MRR when utilised as a secondary
technique in conjunction with ECM. Both techniques are used in
laser-assisted ECM to overcome their individual limitations. Whereas



ECM has limited precision, thermal stress causes LBM defects.
LAECMMM makes use of photon energy, whereas ECM makes use of
ion energy. By using an electrolyte jet coincident with the laser beam
during laser drilling, the thickness of the recast layer (the layer
which is formed after the solidification, when the laser welding is
done) is reduced. LAJECM can quickly and precisely produce
micromachined holes. For noncontact machining applications like
LAJECM, the ECM technique, which employs an electrolyte jet and a
laser beam, is suitable because it can melt a small area without
generating thermal stress or surface defects.

Pajak [10] utilised an electrolyte and a laser beam that emerged
from a nozzle with a 0.1 mm diameter. By combining the energies of
the laser beam, electrolyte jet, and flow in this case, electrochemical
dissolution is accomplished. Separate studies on the temperature
distribution in the workpiece and IEG found that the electrolyte
temperature in various metal sections was 1.75 to 3.0 times greater
in the laser-heated zone. Wang [11] came up with an ECM method
that uses both a laser and a shaped tube. In this technique, a hole
in a specifically designed tubular electrode directs the electrolyte jet
and laser beam to the machining zone. The laser beam must first
pass through a sequence of reflections within this tubular electrode
before it can reach the machining zone. The aspect ratio, precision
and MRR of the holes are produced by this approach, which is
significantly higher than those produced by standard ECM methods.

8.8 Laser-Assisted Jet Electrochemical
Micromachining (LA-JECM)

8.8.1 Working Principles of LAJECM

Energy from ions (as in ECM process) and energy from photons (as
in laser beam process) are combined concurrently by LAJECM. An
electrolyte jet and laser are coupled to help with electrochemical
dissolution at a particular material surface. The jet of electrolyte and
the laser beam are oriented coaxially, which results in a tool-



electrode that does not require physical contact. The primary
method of material removal is electrochemical dissolution, which also
is assisted by the simultaneous action of a low power laser beam.
The laser utilizes its thermal activation to facilitate disintegration
rather than remove any material. The kinetics of electrochemical
reactions are sped up by the application of thermal energy, which
results in a quicker dissolution. Additionally, it helps dissolve the
oxide layer that is present on some materials in some electrolytes
and prevents effective dissolving. The basics of hybrid LAJECM are
shown in FEigure 8.6.

As a result of the direct contact that the electrolytic jet has with the
surface of the workpiece, the material starts to dissolve from a
significant area of the surface. On the other hand, the rate of the
process of dissolution is sped up at the region where the laser beam
and the electrolytic jet are in contact with one another. The main
purpose of using lasers in electrochemistry is to help and direct the
electrochemical energy, which allows rapid electrochemical
dissolution. Electrochemical dissolution is by far the most common
method of material removal. This method is aided by thermal energy
from a laser that is delivered to the workpiece, and it is the most
prevalent method. This electrolytic jet also contributes to the process
of clearing away the reaction products from the inter-electrode gap
where it is located.
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Figure 8.6 Electrolyte jet and laser functions in LAJECM.

The laser beam may be readily focused on the surface of the

workpiece, which is one of the benefits of the LAJECM technique. As
a result, dissolution can be expedited in any direction that is desired,
in combination with the cleansing electrolyte jet. Because it reduces



the amount of stray machining action, the so-called “localization
effect” improves accuracy [10].

When it comes to machining holes or slots, LAJECM does a more
thorough job of removing material along the axis than it does in the
radial direction as shown in Figure 8.7. According to Arrhenius law,
the electrolyte temperature rises in the machining region directly
under the focused laser spot, increasing electrolyte conductivity and
resulting in increased current and current density, which promote the
reaction in the localised area [7]. Second, because an increase in
temperature reduces the amount of energy required to activate a
process, electrochemical reactions can be started more easily.
Decreased electrode polarisation potential improves the diffusion
process for transporting reaction products and allows for larger
current densities. Reduced electrode polarisation potential improves
the diffusion process for transporting reaction products and permits
for larger current densities.
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However, LAJECM itself has some drawbacks. Fundamentally, it is
necessary to keep the laser beam coaxial with the jet of electrolyte
and always focused on a single point on the workpiece. The
hydrodynamic characteristics of electrolytic jet and bubbles
formation at the cathode are difficult factors in LAJECM. As increase
the turbulence in the electrolyte due to gas formation at the
cathode, which causes the laser-jet position to shift. Flow variations
can cause a jet to no longer be coaxial with the laser beam. Due to



localization impact not occurring at the required position, the
process has to be realigned. However, it is difficult to focus the
required spot size when laser beam is subjected to scattering and
diffraction.

In order for LAJECM to be effective, the properties of workpiece,
such as its electrical conductivity, absorption and thermal
conductivity, must be present. When used to materials with strong
electrical conductivity, a high absorption factor, and low thermal
conductivity, the LAJECM method performs well.

8.8.2 Mechanism of Material Removal

The primary material removal methods of LA-JECM are shown in
Figure 8.8. The workpiece’s surface is greatly affected by the laser
beam’s effect on it in terms of both chemical reactions. The energy
of the incident laser beam reaches the workpiece as a second source
of heat [12].
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Figure 8.8 LAJECM process.

As a result, the workpiece’s surface where the laser beam energy
hits it becomes thermally activated. This increases the current
density in the affected area and speeds up the dissolving of metallic
materials. The localization effect caused by the laser beam has an
impact on electrochemical machining.

Figures 8.9 and 8.10, respectively, describe the localisation effect
and the processes of material dissolution in the LAJECM. The
following reasons are provided below to support that [12]:



The laser pulse hits the outside workpiece surface, transmitting heat
energy and raising the temperature (T1). The current density (J1)

increases as the temperature rises. In Arrhenius’ law, a greater

current density results in a faster rate of electrochemical dissolution
as well as material removal.
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Laser source is raising the electrolyte temperature (T1) and improve
the conductivity (K1). High current is produced by increased

conductivity, which raises the density of the current. Rise in current
density speeds up electrochemical processes and enhances material
removal rate.
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The required of activation energy (Ea;) for electrochemical

processes is decrease as temperature rises with the aid of a laser
beam, resulting in the quick initiation of electrochemical reactions.

Due to diffusion in the machining area, the temperature rises at
machining zone.

LA-JECM has greater machining rates than JECM because of the laser
beam’s effect on localization. In addition to increasing the quality
and accuracy of machining, laser beam aided JECM also allows for
more efficient machining in some regions. Due to the higher density
of current in the machining zone, the LAJECM procedure is more
precise than the JECM method. The laser exposed the region with a
larger electric field as a result, greatly reducing the stray machining
impact. Since more material is removed in the longitudinal direction
than in the lateral direction, the taper is consequently reduced.

8.8.3 Materials

The electrical conductivity, thermal conductivity, absorption factor,
and oxidation tendency are significant material properties for
LAJECM process. The material properties of few materials are given
in Table 8.1.



Table 8.1 Significant material properties for LAJECM process [13].

Materials Absorption Electrical Thermal
factor (At conductivity conductivity
20°C) [mQ 1cm™1] [wm™1K~1](At

25°C)

Stainless  0.8-0.9 11.4-13 14-17

Steel

Aluminium 0.03-0.1 217.3-222.2 144-150

Alloy

Hastelloy 0.88-0.95 8.26-8.70 10.4-11.2

C276

High 0.8-0.9 50-58.8 47-53

Carbon

Steel

Titanium  0.3-0.5 5.88-5.95 7.1-7.3

Alloy

8.8.4 Theoretical and Experimental Method for
Process Energy Distribution

Assuming that electrochemical reactions of dissolution are carried
out by the energy obtained through the workpiece. The heat energy
from the laser causes the temperature to rise, which in turn speeds
up the reaction [14]. However, this also causes an increase in the
standard enthalpy, which effects the change in thermodynamic
potential [10]. Finally, it decreases the activation energy of the
process. In Figure 8.11, the energy distribution in the LAJECM is
depicted graphically.

Assuming an electric field that is constant in space and time, the £;
component represents the ions energy (ECM process).
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Gaussian distribution of laser beam energy in a single mode makes
up the E, component.

(8.3)

B, = ‘BJ‘:{J‘D qexp(—kr’)2mr dr

E3 component is thermal energy that the electrolyte convectively
absorbs from the workpiece.

ty (8.4)
E, = j QAT UJ' dAj dt
] A

Where,



V- Voltage supply

J- Current density

[7- workpiece heat absorption factor
A- Area under machining

AT- Temperature difference between an electrolyte layer and
material surface

g- Laser power distribution (single mode)
t- Time

- Final time

Is- Laser spot radius

k- Gaussian distribution factor (k=rs~2)

a- convection coefficient.
r-Laser dot radius

The rate of a reaction depends on the energy AE (AE = AE1 + AE2
— AE3) that is provided to the process.

AE =AU = AH
AH => AG => AE,

where AE - Total Energy

AU - Change of internal energy in workpiece
AH - Change of enthalpy

AG - Change of Gibbs’ energy

AE, - Activation energy

Convection from the workpiece raises the temperature of the
electrolyte. Newton’s law simplifies the convection component even



when electrolyte cleanses the workpiece through forced turbulent
flow. When the appropriate convection coefficient (a) is included,
analysis of the electrolyte turbulent flow proves that Newton’s Law
accurately predicts electrolyte temperature growth. The E3 energy
component plays an important role in increasing the electrolyte
temperature, which increases its conductivity even if it is lost from
the aspect of the workpiece.

The equation of Arrhenius’s Law which relates the direct process
parameters such as activation energy and current density is given in
Eq. (8.5). Again, a higher absolute amount of activation energy and
higher temperature lead to a higher current density, which speeds
up the dissolving process.

E, (8.5)
=K e
J RERD =

Where,
J Current density
Kr- Reductor concentration

C5- Anode process constant.

8.8.5 LAJECM Process Temperature

Locally increasing the machining zone temperature improves
LAJECM's efficiency and accuracy. In a different study, FEA modelling
is used to investigate the distribution of temperature in the
workpiece and Interelectrode gap for localised heating [15]. The
laser localized heating zone in different materials, the temperature is
1.75 to 3.25 % higher than the electrolyte temperature as shown in
Figure 8.12. Temperature rises in a localised are is influenced by the
thermal conductivity coefficient of the material. The formation of
bubbles in the electrolyte is caused by temperatures higher than
100°C. A higher MRR is the direct result of a higher temperature in
the localised area. Generally, the higher material removal rate and



precision may be accomplished the higher temperature at the
localised area.

8.8.6 Material Removal Rate and Taper Angle

The Material removal rate is determined by comparing the sample’s
weight before and during the machining process. The material
removal rate (MRR), expressed in milligrams per minute, is
calculated using the relationship shown in Eq. (8.8). From the
collected reading, taper angle is determined [12] based on the
connection described in Eq. (8.7).
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Figure 8.12 Electrolyte temperature and laser-localized area
temperature as a function of machining time [15].

W, — W, 8.6
Material Removal Rate(MRR) = —>——* (8.6)

Im

D;-D 8.7

Taper Angle(TA) tan6 = % (87)
t

Where,

T~ Machining Time

W Weight of the sample after micromachining

t- sample thickness
Wy~ Weight of the sample before micromachining

D+ diameter of machined hole at top cross section

Dg diameter of machined hole at bottom at bottom cross section.

8.8.7 LAJECM and JECM Comparison

It can be seen quite clearly from Figure 8.13 that the rate of
material removal accelerates with increasing electrolyte
concentration. The concentration of the electrolyte significantly
affects the rate at which material is removed from the workpiece in
both the LAJECM and the JECM machining processes. The number of
charge carriers grows as electrolyte concentration rises, speeding up
the material removal rate. Figure 8.13 makes it abundantly evident
that the laser’s aid speeds up electrochemical reactions, which
speeds up material removal.
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Figure 8.13 Influences of electrolyte concentration of LAJECM on
MRR [12].

It can be seen rather clearly from Figure 8.14 that the taper gets
steeper as the duty cycle gets higher. As the duty cycle is increased,
the current density in the machining region also increases. This leads
to an increase in the rate of dissolution as the length of the
dissolving process also increases. The effect of laser assistance is far
more significant at low duty cycles than at high duty cycles, as seen
in Figure 8.4. Therefore, LA-JECM machining at low duty cycles is
advised.

8.8.8 Machining Precision

8.8.8.1 Geometry Precision

The effectiveness of machining localization affects shape precision in
LAJECM. The LAJECM taper is narrower than the JECM taper. Due to
a greater material removal rate, LAJECM may generate bigger holes
in the same machining time [14].
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Figure 8.14 Influences of duty cycles of LAJECM on taper angle
[12].

Dt—Dsg (8.8)

Taper =
P D,

THPETJE(:M - THPPETLMEGM

Taperjrcum

Taper reduction for LAJECM =

(8.9)
(Dt +Dg) (8.10)

-5,
D

Overcut =

The method of measuring the taper and the overcut is illustrated in
Figure 8.15. The taper, taper reduction for LAJECM and overcut are
calculated from Eq. (8.8) to (8.9). LAJECM dissolution is faster in the
axial direction. However, the laser-heated electrolyte causes
increased overcut when it exits the cavity by striking the cavity walls.
Considering overcut, taper and the same machining time for the
process, the hole formed in LAJECM is typically larger; the entry and
exit diameters are also closer, resulting in a smaller taper.
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Figure 8.15 Measurements of taper and overcut.

8.8.8.2 Profile Surface Roughness

In Figure 8.16, a variety of SEM images of surface roughness profile
and cross section of hole for Titanium alloy and Hastelloy are
displayed. When compared in terms of profile roughness, these two
materials are very different from one another. The surface of the
titanium alloy is rough, whereas the surface of the Hastelloy is
electropolished, thus the Hastelloy surface is shining. The brittle
oxide that develops on the titanium’s surface breaks apart during the
machining process, leaving sharp holes open to the flow of the
electrolyte. When compared to the surface of titanium alloy, the
Hastelloy material has a substantially smoother texture.

The mean values of the surface roughness (Ra) are compared for
both JECM and LAJECM as shown in Figure 8.17. According to the



results, the typical profile roughness in LAJECM is significantly lower
than that of JECM. Localization causes more concentrated, accurate
dissolution and enhanced smoothness in LAJECM.

8.9 Applications of LAJECM

Generally, the LAJECM uses to create holes and cavities in the field
of automobile and aerospace applications. Due to enhanced laser
beam guidance and its higher absorption, the LAJECM utilize in
Microgroove shaping [8].
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Figure 8.16 SEM analysis for cross-section views of hole and
surface roughness profile (a) LAJECM for Ti alloy (b) JECM Ti alloy
(c) LAJECM for Hastelloy (d) JECM for Hastelloy (Reproduced with
permission) [14].
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Figure 8.17 Surface roughness for titanium alloy, hastelloy,
stainless steel, and aluminum alloys [14].
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Abstract

The necessity for glass microstructure is rising as
microelectromechanical systems (MEMSs) develop so quickly.
Ultrasonic vibration is used in the microwire electrochemical
discharge machining (WEDM) to attain superior quality of machining
for glass microstructures. This means that by increasing the
appropriate ultrasonic amplitude, the width of the gas film was
decreased, lowering the critical voltage, and improving the
machining stability. Then, a series of tests are performed using a
micro helical electrode with 100 um diameter to examine the
influence of duty factor, ultrasonic amplitude, voltage, and frequency
on the micro slit width. The investigational findings demonstrate that



by including an appropriate ultrasonic amplitude and machining
quality are greatly enhanced. The average slit width was decreased
to 128.63 pm when the amplitude was 5.25 pm. Finally, using the
ideal machining conditions, high-aspect ratio microcantilever and
micro planar coil structures were successfully created on the glass
plate. It has been demonstrated that microstructure with high-aspect
ratio on brittle materials can be accomplished using ultrasonic
vibration-assisted micro wire WEDM.

Keywords: WEDM, helical electrode, ultrasonic vibration, glass
microstructures, high-aspect ratio

9.1 Introduction

Due to their superior qualities, glass microstructures are becoming
more and more in demand as microelectromechanical systems
(MEMSs) evolve quickly. However, it is extremely challenging to
machine complicated microstructure owing to the rigidity, fragility,
and nonconducting qualities of glass [1—3]. A type of noncontact
machining known as wire electrochemical discharge machining can
overcome the rigidity, breakability, and nonconductive properties of
glass [4, 5]. Numerous academics have been actively working in
electrochemical discharge machining (ECDM) recently and have
shown some success. By measuring and documenting the current
signal, the mechanism of increasing temperature and material loss
were analysed [6]. The effects of duty factor and frequency by
ECDM were investigated during glass machining [7Z]. According to
the experimental findings, thermal damage decreases as pulse
frequency and duty factor increase. The microstructure of ECDM
ceramics was investigated to explore the effects of tool feed rate,
pulse closure and opening duration on the output performance [8].
The effect of electrolyte concentration, and field orientation was
investigated on the output performance during glass micro
structuring using ECDM [9]. It was revealed that the way of bubble
movement was prejudiced by the direction of magnetic field.
Electrochemical drilling using ultra voltage was utilized to show the



impact of rotating electrode on the gap flow field [10]. ECDM is
explored utilizing an ultrasonic tool electrode, studied the
parameters influencing the thickness of the gas film and formed a
mathematical model [11]. A list of the techniques researched and
compiled for enhancing the machining rate in ECDM [12]. The high-
speed rotated electrodes can significantly increase machining
accuracy and efficiency by boosting electrolyte performance [13]. A
new technique for rotational electrochemical etching is used to
describe the etching mechanism using the helical electrode [14]. The
tube electrode tool was used to distribute the reactive products in
the narrow gap and the experimental results demonstrated the
mechanism of elimination of products from the narrow gap [15].

WEDM, a subfield of ECDM, has received extensive scholarly study
and has a significant impact on the micromachining of
nonconductive and brittle materials. The global WEDM research
landscape improved the WEDM machining settings [16]. Brass wire
having 200 pm diameter was exploited to machine the glass fibre
composite with size of machined slit ranging from 220 to 223 um
[17]. The glass is cut by diamond wire with the assistance of WEDM
[18]. The coated steel wire having 0.15 mm is used to cut quartz.
The effect of line speed, and voltage is investigated on slit width and
material removal [19]. The machining of silica nanocomposites was
investigated and deliberated the influences of wire speed and pulse
width on the roughness and machining rate. There has been
important advancement in the study of both WEDM and ECDM, but
no study was done on the utilization of accelerated vibration in
WEDM [20]. To increase the drilling depth and intake quality,
ultrasonic vibration is used to directly apprise the electrolyte
movement during drilling [21]. To enhance surface smoothness and
machining rate during ECDM drilling, ultrasonic vibration support was
implemented [22].

The creation of gas film on the helical electrode surface during
WEDM method was first simulated, demonstrating that the gas film
thickness was reduced by combining an appropriate ultrasonic
amplitude, thereby dropping the critical voltage. Next, the machining



capability was improved. Then, many studies were conducted
utilizing micro helical electrode having 100 um diameter to
determine how the duty factor, feed rate pulse frequency, and
ultrasonic amplitude impacted the slit width. According to the
investigational findings, applying ultrasonic amplitude significantly
improved the machining quality. Lastly, utilizing the standard
machining conditions, high-aspect ratio microplanar coil and
microcantilever structures were effectively produced on the glass
plate.

9.2 Experimental Setup

In this study, micro-WEDM is subjected to ultrasonic vibration, and
the experimental platform exhibits great stability, antivibration, and
motion control precision. Figure 9.1 depicts the experimental
platform’s physical layout. The ultrasonic generator, ultrasonic
motorised spindle, machine body, power unit, electrode system,
frequency converter, testing system, and monitoring system make up
the experimental platform. Granite, a material that can withstand
corrosion and absorb vibration, serves as the machine’s basis. The
machine tool has a motion accuracy of 0.1um per step, which is
sufficient for micromachining. The ultrasonic generator produces the
vibration, which has the range of frequency between 20,000 and
31,000 Hz and a constantly variable amplitude. The ultrasonic
generator allows for measurement and controls the vibration
amplitude. When cutting, the power supply serves as a crucial
energy control terminal. A rectangular pulse power unit was used in
this experiment. The duty factor, voltage, and frequency are all
regulated to regulate the output energy. The machining speed of
helical electrode is regulated by the frequency converter to precisely
regulate the spindle speed. The tool, auxiliary fixture manual lifting
table, electrolyzer, and auxiliary anode graphite are the primary
components of the electrode system. The tool electrode has a
diameter of 0.1 mm and is made of helical electrode and tungsten
wire. The circuit’s Hall current sensor captures the current signal,
which can then be seen online using an oscilloscope to view the




cutting state of the machine. After machining, the morphology and
size were measured and examined using a laser confocal microscope
and electron scanning microscope.
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Figure 9.1 Experimental platform [23].

9.3 Results and Discussion

With the aid of ultrasonic vibration, the electrode was used to
conduct the investigational work on the glass using WEDM. The
focus of the following research is the impact of ultrasonic vibration
during generation of slit width. Analysis is done on how the cutting
slit width is affected by frequency, feed rate, ultrasonic amplitude,
voltage, and duty factor. Finally, utilising the optimised machining
settings, the machining of glass complicated microcantilever beam
structure and micro planar coil structure is finished by the selection
of constant machining settings, including spindle speed, electrolyte
concentration, and others.

For ECDM, the creation of a gas film is a crucial procedure.
Electrolysis creates hydrogen bubbles, which gather, mix, and
expand on the cathode tool’s surface before forming bubble films.
Another theory holds that the electrolyte will also evaporate and
generate bubbles due to the high temperature that results from the
tool electrode’s discharge. This research focuses on the gas film
created by electrolyzed hydrogen bubbles. The gas film’s quality and
thickness significantly influence the micro ECDM’s quality and rate of
material removal. The reproducibility of ECDM can also be enhanced
by a steady gas film.

9.3.1 Influence of Ultrasonic Amplitude on
Micro Slit Width

Figure 9.2 illustrates the difference between the machining outcome
without and with ultrasonic pulsation aid. It is revealed that the
ultrasonic vibration decreases the diameter of the micro slit. The
effect of various amplitudes on slit width is investigated considering
the advantageous effects of ultrasonic vibration. Only the amplitude
is altered in the experiment with other constant machining
parameters i.e., spindle speed of 3000 r/min, feed rate of 1 um/s,



frequency of 1000 Hz, voltage of 35V, and duty ratio of 70% and
the amplitude is 7 ym at its highest. Figure 9.3 displays the average
slit width for various amplitudes. When the ultrasonic pulsation is not
applied until the amplitude raises up to 5.25 ym, the average slit
width steadily declines from 162.38 to 128.63 pm. The slit width
grows to 161.68 pm when the amplitude exceeds 5.25 pym and rises
to 7 um. This demonstrates that vibration decreases the slit width
after machining in the slight amplitude range, and it enhances the
slit width when the amplitude surpasses the critical value.
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Figure 9.2 Effect of amplitude on micro slit [23].



Entrance




Figure 9.3 Micro slits (a) without ultrasonic vibration and (b) with
ultrasonic vibration [23].

The impact of various amplitudes on the slit width after machining
reveals that the ultrasonic amplitude does not necessarily correlate
with higher machining quality, but rather can enhance it within a
given range. When the amplitude is zero, it is revealed that the
number of single pulse spark discharges is significantly lower than
ultrasonic-assisted sparks. Additionally, the highest current of a
spark discharge with ultrasonic vibration is greater than it is without
it. The gas sheet can be made uniformly thin by applying ultrasonic
pulsation to the tool electrode. The critical voltage of the breakdown
film lowers as the thickness of the gas film does, and consequently,
so does the highest current of spark discharge. A greater frequency
and more stable discharge are made possible by a superior film
condition. The narrower slit with greater dimensional accuracy is
then machined.

The peak current progressively declines as the amplitude rises from
1.75 pm to 5.25 pym. The layer thickness reduces as the amplitude
rises. Both the peak discharge current and the related critical
discharge voltage fall. Thus, the cutting slit width is decreased in the
modest energy and high-density spark discharge. However, the slit
width grows as the amplitude rises from 5.25 ym to 7 um. The
creation of the gas film will degrade with increasing amplitude, as
seen by the current waveforms with amplitudes of 5.25 ym and 7
MM, lengthening the time until the gas film first forms.

9.3.2 Influence of Voltage on Micro Slit Width

In WEDM, machining voltage is a crucial factor. To fuel the many
bubbles produced by electrolysis, pressure is required on the one
hand, and voltage is required to fuel the spark discharge caused by
the breaking of the gas film. The single variable technique is utilised
to conduct the investigation to examine how pulse voltage affects
the slit width after machining. Each workpiece in the experiment has



a thickness of 300 um and is composed of quartz glass. The

parameters are used in the experiments i.e., frequency of 1000 Hz,
voltage of 33 V to 38 V, duty factor of 70%, spindle speed of 3000
rpm, tool electrode amplitude of 5.25 ym, and feed rate of 1 um/s.

Figure 9.4 displays the average slit width for various machining
voltages. In the experiment, there are two groups: one that receives
support from ultrasonic vibration, and the other that does not.
Whether or not there is ultrasonic aid, the average slit width grows
as the voltage increases. The outcomes demonstrate that, after
employing ultrasonic vibration to the electrode, the average slit
width may be decreased; the drop is near to 10 um. In addition, the
lowest voltage that can be machined without ultrasonic vibration is
34 V, whereas the lowest voltage that can be machined with
ultrasonic vibration is 1 V lower. The critical value of WEDM can be
lowered with the aid of ultrasonic vibration. Even though there is
just a 1 V reduction in the lowest machinable voltage, the quality of
the machining will be higher if less discharge energy is utilized to
eliminate the material.
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Figure 9.4 Influence of voltage on micro slit [23].

9.3.3 Effect of Duty Ratio on Micro Slit Width

The duty factor, frequency, and voltage serve as the primary heat
sources that determine how much material is removed from WEDM
during discharge. Experiments were conducted on glass with a
thickness of 300 um at a fixed 1000 Hz frequency to investigate the
impact of the duty ratio on the slit width. Figure 9.5 illustrates the
average slit width after machining under various duty ratios.

Due to the ideal conditions that an increase in duty factor will create
to produce a gas film and an increase in spark discharges, a single
pulse’s discharge times will increase dramatically. Since spark
discharge produces heat for only a very brief period, cutting glass is
mostly done to eliminate that heat. The heat transfer to the glass
surface is incredibly restricted since it dissipates in the surrounding
electrolyte in such a brief period. Therefore, a single pulse must
have adequate discharge periods to deliver heat to the workpiece
constantly. Consequently, the cutting machining has a minimum duty
factor. In this experiment, if the duty ratio is less than 50%, the tool
will immediately break. When duty ratio is considered for its impact
on slit width, it can be determined that a duty ratio shouldn't be too
high to prevent the slit width from growing. If the duty ratio is too
low, the tool electrodes may fracture because not enough heat can
build up to constantly remove the workpiece material.
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9.3.4 Influence of Frequency on Slit Width

It has been revealed via numerous studies that regulating the length
and width of a single pulse allows one to achieve the influence of
duty factor and frequency on machining condition. The duty factor in
the experiment is set at 70% with the intention of examining the
impact of pulse frequency. Glass is 300um thick with parameters i.e.,
feed rate of 1 p/s, amplitude of 5.25 ym, spindle speed of 3000 rpm,
and voltage of 35 V. Considering that the easier the machining is,
the greater the matching pulse period is, the lower the frequency. As
a result, the regular cutting cannot be done because the frequency
range starts at 500 Hz and enhances by 500 Hz until it extends 2500
Hz. Figure 9.6 depicts the average slit width at various frequencies in
accordance with the experimental investigation.
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Figure 9.6 Effect of frequency on micro slit [23].

9.3.5 Analysis of Micro Slits

The primary machining parameters are designed to carry out the
usual structural cutting considering different parameters affect the



slit width. After parameter adjustment, 300 um thick glass was used
for the micro array slit cutting with the following parameters: 34 V
voltage, 5.25 ym amplitude, 70% duty factor, 1000 Hz frequency, 1
m/s feed rate, and 3000 rpm spindle speed. The entrance slit
diameter of the intricate micro planar coil construction, as depicted
in Figure 9.7, is 124.1 pym.

To validate the machining capability using ultra-sonic vibration-
assisted micro wire WEDM, the microcantilever structure is
generated with greater aspect ratio, as revealed in Figure 9.8. The
structure has a span of 1500 ym and an aspect ratio of 42, as
displayed in Figure 9.8(a), and the structure has a span of 1194 um
and aspect ratio of 13 as revealed in Figure 9.8(b).






Figure 9.7 Microplanar coil structure and entrance slit width. (a)
Front view; (b) enlarged view of spiral part; (¢) enlarged view of
entrance; (d) rear view [23].






Figure 9.8 Structure of glass microcantilever (a) columnar
microcantilever (b) disc-free end microcantilever [23].

9.4 Conclusions

In this study, simulation and experiment are used to examine the
microstructure of glass cut by helical electrode WEDM assisted by
ultrasonic vibration. The following are the conclusions:

When employing ultrasonic pulsation to the tool, the thickness of the
gas film at electrode surface is enhanced and reduced, which lowers
the voltage for electrochemical discharge, improves machining
condition, and boosts localization. The gas layer thickness may not
be consistent if the amplitude is too great because the bubbles are
difficult to cling to.

The cutting test was conducted using a micro helical electrode that
had 100 pm diameter. Deep analysis was done on how the current
waveform affected the key input parameters. Finally, under the
impact of the primary machining parameters, the parameter
combination is optimized.

The microcantilever structure with a higher aspect ratio of 42 and 13
and the micro planar coil structure with a 124.1-um entrance slit
width are both cut utilizing the optimum machining settings. The
findings demonstrate that hard and brittle materials may essentially
be machined with high-aspect ratios using ultrasonic vibration-
assisted WEDM cutting.
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Abstract

The electrochemical discharge machining (ECDM) is a nontraditional integrated method can be useful
for cutting all types of materials. In this chapter, the influence of input factors, i.e., concentration of
electrolyte, voltage, and rotation speed on average material removal rate (MRR), average hole diameter,
as well as average machined depth on drilling on soda-lime glass is analyzed. The gunmetal material
tool electrode was used as cathode in electrochemical discharge machining for experimentation, and it
is optimized by Taguchi methodology in addition with Grey relational analysis. Based on the current
investigation, the optimum input factors were determined. The results illustrate the maximum average
material removal rate, raised average hole diameter as well as maximum average machined depth which
were found to be 75 V applied voltage, 20% concentration of electrolyte, and 50 rpm rotational speed.

Keywords: ECDM, soda-lime glass, gunmetal, grey relational analysis, Taguchi, optimization

10.1 Introduction

The soda-lime glass is widely utilized for circuit substrates, mirrors, filters, photo masks, data storage
disks, chemical apparatus, microelectromechanical systems, touch screens, microfluidic devices,
microcapillary electrophoresis, and camera lens [1]. Due to its wide applications, it is required to
process by using traditional or nontraditional removal processes. The material removal process on soda-
lime glass is a tough task by conventional material removal processes because of its properties. It has
noteworthy properties like brittleness, nonporosity, optical transparency, durability, high chemical
homogeneity, biocompatibility, various reflective indices, high hardness, corrosion resistance, isotropy,
attractive appearance, temperature stability, and high electrical resistivity [1, 2]. The ECDM (EDM+ECM)
is an amalgam nontraditional material removal technology useful for cutting of all types of material [3]
Kurafuji et al. first used the ECDM process to cut glass material in the year 1968 [4]. This machining
process is used for micromachining of microelectromechanical systems, texturing in microfluidic devices,
making of micro-filters and digital micro-mirror devices [5]. The drawbacks of this process are accuracy,
quality, and machining efficiency [6]. In this process high applied voltage machining conditions and
higher concentration of electrolyte can give higher material removal rate [7]. Arab et al. found that
lesser surface roughness cathode electrode showed a smaller gas film therefore it creates hole with
small overcut [8]. Singh et al. observed that overcut and taper of hole increases when machining
voltage is increased [9]. Laio et al. detected inclusion of sodium dodecyl sulfate in the chemical solution
which conceivable improve the intensity of current due to this reason the superior quality of holes made
on quartz material [10]. Similarly, Dhanvijay et al. found that flowing electrolyte has given continuous
stream of electrolyte which causes the rise in hydrogen vapor bubbles and hence rise in MRR [11].
Sarkar et al. observed concentration of electrolyte that was the utmost significant parameter for MRR
[12]. Pawar et al. previously experimented on workpiece, i.e., soda-lime glass in the ECDM process by



using brass and copper tool materials and optimized parameters, which were investigated with the help
of response surface methodology [13, 14] A gravity feed ECDM fabricated machine setup has been
utilized to machined soda-lime glass through gunmetal cathode electrode [15]. The average material
removal rate, average machining depth, as well as average hole diameter were examined through input
parameters like tool rotation, concentration of electrolyte, and voltage. The experiments were carried
out by using the Taguchi L7 method, as well as optimized input factors by grey relational analysis.

10.2 Experimental Conditions

The fabricated ECDM setup (Figure 10.1) is utilized to make holes on workpiece (soda-lime glass)
through gunmetal electrode. The X, Y, and Z axes slide were controlled through handle and workpiece
material is transferred upward direction due to counterweight. The gunmetal electrode was coupled to
the Z-axis single slide table. This tool electrode was attached to the motor shaft which is located on the
Z axis single slide table, and its rotational motion is operated by the Arduino Uno board which was
interfaced to the notebook computer. The DC voltage is provided among two electrodes, i.e., anode and
cathode [15]. The conical-shaped gunmetal electrode (Cathode) with a diameter of 3-mm diameter and
anode electrode (stainless steel 416 material) is having size of 7.5 mm radius and 100 mm length
electrodes, which were utilized for this work. The NaOH was utilized as a working chemical (electrolyte),
the size of the workpiece material (soda-lime glass) is 150x150x3 mm3 and the machining time is 25
minutes for one experiment. The Taguchi L7 method is employed for experimentation, and the reason
behind this is three input factors and its three different levels having two ways of correlation therefore it
has eighteen all degrees of freedom. Hence, Taguchi L, technique was utilized for the current study
which gives 26 degrees of freedom [16]. The removal of material observed because of high heat
produced among the workpiece and the cathode electrode. The process parameters with their levels
shown in Table 10.1.
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Figure 10.1 Electrochemical discharge (ECDM) machine setup.

Table 10.1 Input parameters and different levels.

Levels 123
Parameters Voltage (V) 5565 75
Rotation (RPM) 0 2050

Electrolyte Concentration (%) 10 15 20

The signal denotes the impact of each factor on the output responses and noise denotes the degree of
the influence of uncertainty on average output results. For the current study, the diameter of hole
criteria is nominal the best. The targeted nominal value is considered for hole diameter is 3.25 mm.
Likewise, average material removal rate and average machined depth were considered as large is better
criteria and following equaxstions were used for calculations [17].

For higher the better:
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where, y; is the measured value and n denotes the number of the measurements

Figure 10.2 and Figure 10.3 show experimental results of 1 and replicated results 2 on soda-lime glass
through gunmetal electrode (cathode). Table 10.2 represents the microscopic images of machined
workpiece material (soda-lime glass) by gunmetal electrode. The Average material removal rate,
Average machined depth as well as Average diameter of hole were investigated by varying input
parameters. The experimental observations are depicted in Table 10.3.




Figure 10.2 Experiments results 1 of soda-lime glass through gunmetal electrode.



Figure 10.3 Experiments results 2 of soda-lime glass through gunmetal electrode.

10.3 Analysis of Average MRR of Workpiece (Soda-Lime Glass)
Through Gunmetal Electrode

The ANOVA statistical method is utilized for analyzing the importance of each input factor. The response
table shows that S/N ratio criteria is higher the better for Average MRR is applied to investigate rank of
each process parameter.



Table 10.2 Microscopic images of each experimental condition results.
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10.3.1 ANOVA for Average MRR

Table 10.4 illustrates the ANOVA table of Average MRR of gunmetal tool electrode in which desirability
criteria of larger is better. The maximum F-value 58.19 is observed for concentration of electrolyte
therefore this is an utmost important factor as related to voltage and tool rotation speed. Due to
increasing concentration which cause rapid electron ions movement between cathode and anode.
Hence, it creates more hydrogen bubbles developed nearby the cathode electrode and therefore more
sparks generated and higher local temperature and hence MRR increases [18]. The p values of voltage,
tool rotation speed and conc. of electrolyte are lower than 0.05 which means all parameters are
significant. The present results show that good agreement with the previously available results, which
were reported for silicon wafer and glass materials [19, 20].

Table 10.3 Observations of soda-lime glass material through gunmetal electrode.

Run Elec. Voltage Rotation MRR MRR Average Hole Hole Average Machined Machined A
conc. (V) (rpm) 1 2 MRR dia. 1 dia.2 hole depthl depth2 n

(%) (mg/ (mg/ (mg/ (mm)(mm)dia. (mm) (mm) d
min) min) min) (mm) (

1 10 55 0 0.1 0 0.05 1.12 1.08 1.1 0.07 0.06 0
2 10 55 20 0.15 0.1 0.125 2.12 138 1.75 0.09 0.08 0
3 10 55 50 0.17 0.15 0.16 2.38 2.67 2.525 0.10 0.11 0
4 10 65 0 0.14 0.14 0.14 1.51 1.59 1.55 0.12 0.14 0
5 10 65 20 0.25 0.26 0.255 2.94 3.07 3.005 0.20 0.22 0
6 10 65 50 0.27 0.27 0.27 3.07 3.18 3.125 0.29 0.28 0
7 10 75 0 0.17 0.18 0.175 1.82 1.95 1.885 0.21 0.20 0
8 10 75 20 0.31 0.33 0.32 3.21 347 3.34 0.32 0.39 0
9 10 75 50 0.32 0.35 0.335 3.37 371 3.54 0.35 0.37 0
10 15 55 0 0.16 0.13 0.145 176 190 1.83 0.15 0.11 0
11 15 55 20 0.20 0.20 0.2 2.71 292 2.815 0.26 0.23 0
12 15 55 50 0.21 0.22 0.215 2.83 3.09 2.96 0.24 0.21 0
13 15 65 0 0.20 0.20 0.2 191 1.83 1.87 0.21 0.19 0
14 15 65 20 0.28 0.30 0.29 3.04 347 3.255 0.35 0.37 0
15 15 65 50 0.30 0.33 0.315 3.29 3.61 3.45 0.41 0.42 0
16 15 75 0 0.22 0.21 0.215 2.13 2.04 2.085 0.25 0.20 0
17 15 75 20 0.32 0.39 0.355 3.36 3.88 3.62 0.39 0.50 0
18 15 75 50 0.35 0.42 0.385 3.58 4.02 3.8 0.46 0.52 0
19 20 55 0 0.23 0.21 0.22 2.19 212 2.155 0.27 0.20 0
20 20 55 20 0.33 0.28 0.305 3.14 3.08 3.11 0.39 0.31 0
21 20 55 50 0.34 0.33 0.335 3.58 3.94 3.76 0.42 0.38 0
22 20 65 0 0.26 0.25 0.255 2,26 2.61 2.435 0.37 0.31 0
23 20 65 20 0.51 049 0.5 391 439 4.15 0.98 0.83 0
24 20 65 50 0.50 0.48 0.49 4.02 4.50 4.26 0.92 0.75 0
25 20 75 0 0.34 0.30 0.32 294 332 3.13 0.61 0.42 0
26 20 75 20 0.61 0.58 0.595 448 4.68 4.58 1.21 1.04 1
27 20 75 50 0.55 0.62 0.585 432 4.80 4.56 1.08 1.17 1



Table 10.4 ANOVA for Average MRR of Soda-Lime Glass Workpiece by Gunmetal Electrode.

Source DF Adj SS Adj MS F-value P-value % Contribution
Voltage (V) 2 0.13287 0.066433 41.41 0.000 27.82

Electrolyte concentration (%) 2 0.18674 0.093369 58.19 0.000 39.10

Rotation speed (rpm) 2 0.12587 0.062936 39.23 0.000 26.36

Error 20 0.03209 0.001604 6.72

Total 26 0.47757 100

Table 10.5 Response table for Average MRR.

Level Voltage (V) Electrolyte concentration (%) Tool speed (rpm)

Level 1 —15.230 —-14.984 —-15.251
Level 2 —11.019 -12.167 —-10.489
Level 3 —9.360 —-8.457 -9.869
Delta 5.870 6.527 5.382
Rank 2 1 3

Table 10.5 shows, larger the better (criteria) of Average MRR represents the first rank or concentration
of electrolyte then afterward the voltage and tool speed.

10.3.2 Influence of Input Factors on Average MRR

Eigure 10.4 states the graphical representation of the Average MRR rises markedly with the raise in
machining voltage, conc. of electrolyte and electrode speed. The higher Average MRR is achieved at a
condition of voltage is 75 V, Conc. of electrolyte is 20%, and tool speed is 50 rpm. The same type of
results for MRR were obtained previously for silicon wafer and quartz glass materials [19, 21].

10.4 Analysis of Average Depth of Machined Hole on Soda-Lime Glass
Through Gunmetal Electrode

The statistical analysis is done by using an ANOVA table for Average machined depth and larger is
better criteria is applied for Average machined depth and results which are shown in the response table.



Main Effects Plot for SN ratios of Average MRR
Data Means
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Figure 10.4 Average MRR of soda-lime glass workpiece by gunmetal electrode.

10.4.1 ANOVA for Average Machined Depth

Table 10.6 illustrates the analyzed results of Average machined depth in which desirability criteria is
larger the better. It denotes the highest F value 26.30 was found for the concentration of electrolyte;
therefore, it is the utmost significant factor related to voltage and tool speed. The machining depth was
enhanced with rise in conc. of electrolyte from 10% to 20%. The increasing trend of the electrolyte
rises the conductivity of electrolytes which causes the chemical etching process. Therefore, it helps to
produce more bubbles formation and thus, more sparks and high temperatures generate and thus
material removal takes place [22—-24]. The p-values of voltage, tool rotation speed and conc. of
electrolyte are lower than 0.05 which means they all are significant. Table 10.7 indicates the Conc. of
electrolyte is the first rank after that machining voltage and electrode speed.



Table 10.6 ANOVA table for Average machined depth.

Source DF Adj SS Adj MS F-value P-value Percentage contribution
Voltage (V) 2 0.5101 0.25505 13.57 0.000 23.11

Electrolyte concentration (%) 2 0.9887 0.49434 26.30 0.000 44.79

Rotation speed (rpm) 2 10.3328 0.16639 8.85 0.002 15.08

Error 20 10.3760 0.01880 17.03

Total 26 2.2075 100

Table 10.7 Response table of Average machined depth.
Level Voltage (V) Electrolyte conc. (%) Rotation speed (rpm)

Level 1 —15.253 —-15.394 -14.178
Level 2 —9.386 —-11.064 —-9.005
Level 3 —-6.837 -5.020 -8.294
Delta 5.870 10.374 5.883
Rank 2 1 3

10.4.2 Influence of Input Factors on Average Machined Depth

Eigure 10.5 represents the Average machined depth which is enhanced considerably with the enhance
in voltage, Conc. of electrolyte and speed of electrode. The higher Average machined depths were
achieved at the machining voltage 75 V, conc. electrolyte 20%, and electrode speed 50 rpm. The same
output responses were observed in previous literature for glass materials [19, 21].




Main Effects Plot for SN ratios of Machined Depth

Data Means

ﬁ Voltage (V) Electrolyte Concentration (%) Rotation Speed (RPM)
Q

w '5.0
(a]

T

¢

‘e -1.5
V)

(1’

2

°
©.100
R

el

g

2

Z 125
Y=

o]

=

g 15.0
E i [

55 65 73 10 15 20 0 20 50

Signal-to-noise: Larger is better
Figure 10.5 Main effect plot for average machined depth.

10.5 Analysis of Average Diameter of Hole of Soda-Lime Glass Through
Gunmetal Electrode

The statistical analysis is explained with the help of ANOVA Table 10.8 for Average hole diameter and
nominal is better criteria are set for Average hole diameter.

10.5.1 ANOVA for Average Hole Diameter

Table 10.8 represents the higher F value 141.05 is found for tool speed (rpm) which denotes it is the
most significant parameter related to voltage and concentration of electrolyte. The p-values of voltage,
tool rotation speed and conc. of electrolyte are smaller than 0.05 which means all parameters are
significant. The experimental results of the current research work match earlier published article results
on diameter of hole for glass material [20, 23, 25, 26]. Table 10.9 shows tool speed is the first rank
then after conc. of electrolyte and voltage.



10.5.2 Influence of Input Factors on Average Hole Diameter

Figure 10.6 represents the Average hole dia. of is enhanced considerably with the raise in tool speed,
electrolyte Conc., and voltage. The same output responses were observed in previous literature for glass

materials [20, 24].

Table 10.8 ANOVA table for Average hole diameter.

Source DF Adj SS Adj MS F-value P-value Percentage contribution
Voltage (V) 2 4.0977 2.04887 46.71 0.000 17.52

Electrolyte concentration (%) 2 6.0410 3.02051 68.86 0.000 25.83

Rotation speed (rpm) 2 12.3734 6.18670 141.05 0.000 52.90

Error 20 0.8773 0.04386 3.75

Total 26 23.3894 100

Table 10.9 Response table for Average hole diameter (Nominal is better).

Level Voltage (V) Electrolyte conc. (%) Rotation speed (rpm)

Level 1 2.445
Level 2 3.011
Level 3 3.393
Delta 0.948
Rank 3

2.424
2.854
3.571
1.147
2

2.004
3.292
3.553
1.549
1



Main Effects Plot for Means of Average Hole Diameter
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Figure 10.6 Main effect plot for Average hole diameter.

10.6 Grey Relational Analysis Optimization of Soda-Lime Glass Results
by Gunmetal Electrode

Prof. Deng firstly presented the grey relational analysis theory in the year 1982. It is used in an
incomplete, uncertain information for multi-objective optimization of parameters [27, 28]. The “grey”
term is nothing but the combination of black and white. Hence, black designates required information is
neither exactly obtainable on the other hand white expresses anticipated data is exactly obtainable.
Grey theory indicates the correlation among white with black [29, 30]. In this research work, the
desirability criterion *higher the better’ is set of average MRR and average machined depth because
higher values are required. For average hole diameter “nominal the best” criterion is chosen.

10.6.1 Methodology of Grey Relational Analysis

Step i: Determine the calculated data and convert into the new data. After that, remove the different
measurements of the new data and convert into data that can be associated with all data.



Step ii: Compute the data order for reference. After that reference order was selected based on the
actual application.

Step iii: Calculate the comprehensive variance and the minimum and maximum values of the related
parameter.

Step iv: Find out the grey correlation degree.
Step v: Find out grey degrees in the order from smaller to larger or larger to smaller [31].

10.6.2 Data Pre-Processing

The data are transferred from initial order to a proportionate order. Therefore, the result values are
normalized in the extent of zero to one. The following equations are utilized to find out value of grey
relational analysis [32].

10.6.3 Grey Relational Generating

The experimental data order and its analyzed data order in the form of as xy (k) and x; (k), i = 1, 2,
3...., m; k=1, 2, 3...,, n consequently. Whereas, m is the number of total experiments, n is the no. of all

investigational data. The x; (k) is the grey relation generating number. If the aim of experimental
results value order is larger is better therefore the original experimental results order is normalized with
reference to equation 3 is shown below [27, 29, 32]. Equation 3 is utilized for to find out normalized
results for average material removal rate and average machined depth. Equation 10.5 is utilized to find
out normalized results of diameter of hole.

x! (k) —minx? (k) (10.3)

max x (k) — min x_ (k)

xi (k)=
Likewise, if it is lower the better criteria, the original order is hormalized as equation 10.4.

e maxx;(k)—x;(k) (104)

xi (

" max x’(k)— min x? (k)

However, if target value the original order is normalized is calculated using equation 10.5. OB is known
as target value.

x?(k)—OB‘ (10.5)

(k)=1-
% (%) max{x?(k)—OB;OB—minx?(k)}

10.6.4 Deviation Sequence

Here, Ag; (K) is a deviation order among Xo(k) reference sequence and *: (k) corresponding sequence.
The deviation order is evaluated by using equation 10.6.

Aoi (k) = |%5 (k) — %7 (k) (10.6)

The greatest deviation and the lowest deviation are assessed as in equation 10.7 and equation 10.8.



A o= IDAX max‘x{‘;(k) = x;(k)‘ (10.7)
vjei vk

Anes = max max | x (k) — x} (k) (10.8)

Wiei  Vk

pi-

Here, the Grey relational grade }’(-‘73 4 ) represents the level of relationship among the reference
sequence and corresponding sequence. The greatest grey relational grade represents improve product
quality and hence grey relational grade gives information about the influencing factor [33, 34].

10.6.5 Grey Relational Coefficient

It gives information about how close x0(k) to xi (k) The greater the grey relational coefficient the
nearer Xo(k) and Xi (k) It is assessed by using eq. 10.9 and identification coefficient ¢ considering a
value 0.5 is put in equation 10.9.

Amin+ EAmax (10.9)
Ax; (k) + EAmax

whereas, € is the distinguishing coefficient in [0, 1].

y [ x5k, % (k) | =

0 <y [xs(k),x; (k)] <1 (10.10)

10.6.6 Grey Relational Grade

It is the summation of grey relational coefficients and these values are determined using equation
10.11.

(10.11)

y(x5,x)= Y By [i (k). (k)]
k=1

The rank of each experiment was assessed with the help of grey relational grade equation number 11.
The grey relational analysis values of voltage, electrolyte conc. and speed of electrode at level 1 to level
3 were determined and illustrates in Table 10.10. The mean of selected grey relational grade for
electrolyte concentration level 1 was assessed by using following equation 10.12 similarly find out all
values of voltage and tool speed of level 1 to level 3, which are depicted in Table 10.11. The greatest
values of average grey relational grade indicate the most influencing factor [33, 34].

Electrolyte..Conc..(L.1) = (10.12)

0.3333+0.3618 +0.3952 + 0.3623 + 0.4455+ 0.4625 + 0.3838 + 0.4964 + 0.5156

9

The Average grey relational grades values are representing in Table 10.11, which shows optimized
parameters for all output responses of gunmetal tool material are level 3 of voltage, the concentration
of electrolyte and tool speed for output responses of Average material removal rate, Average machining
depth and Average hole diameter. The most dominating factor for all responses using gunmetal tool
material is electrolyte concentration followed by machining voltage and tool speed.



Table 10.10 Grey relational analysis table for soda-lime glass material through gunmetal electrode.

No. Normalised value

O 0O N O Ul WIN -

N NN DNNNDNRFR PR P 2 222
OO Ul A WN - O WOOONO VDD, WDN = O

27

MRR

(mg/

min)

0.0000
0.1376
0.2018
0.1651
0.3761
0.4037
0.2294
0.4954
0.5229
0.1743
0.2752
0.3028
0.2752
0.4404
0.4862
0.3028
0.5596
0.6147
0.3119
0.4679
0.5229
0.3761
0.8257
0.8073
0.4954
1.0000
0.9817

machined
depth
(mm)

0.0000
0.0189
0.0377
0.0613
0.1368
0.2075
0.1321
0.2736
0.2783
0.0613
0.1698
0.1509
0.1274
0.2783
0.3302
0.1509
0.3585
0.4009
0.1604
0.2689
0.3160
0.2594
0.7925
0.7264
0.4245
1.0000
1.0000

hole
diameter
(mm)

0.0000
0.1868
0.4095
0.1293
0.5474
0.5819
0.2256
0.6437
0.7011
0.2098
0.4928
0.5345
0.2213
0.6193
0.6753
0.2830
0.7241
0.7759
0.3032
0.5776
0.7644
0.3836
0.8764
0.9080
0.5833
1.0000
0.9943

Deviation sequence

MRR

(mg/

min)

1.0000
0.8624
0.7982
0.8349
0.6239
0.5963
0.7706
0.5046
0.4771
0.8257
0.7248
0.6972
0.7248
0.5596
0.5138
0.6972
0.4404
0.3853
0.6881
0.5321
0.4771
0.6239
0.1743
0.1927
0.5046
0.0000
0.0183

depth
(mm)

1.0000
0.9811
0.9623
0.9387
0.8632
0.7925
0.8679
0.7264
0.7217
0.9387
0.8302
0.8491
0.8726
0.7217
0.6698
0.8491
0.6415
0.5991
0.8396
0.7311
0.6840
0.7406
0.2075
0.2736
0.5755
0.0000
0.0000

diameter
(mm)

1.0000
0.8132
0.5905
0.8707
0.4526
0.4181
0.7744
0.3563
0.2989
0.7902
0.5072
0.4655
0.7787
0.3807
0.3247
0.7170
0.2759
0.2241
0.6968
0.4224
0.2356
0.6164
0.1236
0.0920
0.4167
0.0000
0.0057

Table 10.11 Response table for the average grey relational grade.

Voltage (V)

Rotation speed (rpm)

Level 1 Level 2 Level 3 Max-min Rank
0.4159 0.5077 0.5990 0.1831
Electrolyte concentration (%) 0.4174 0.4578 0.6473 0.2299
0.3974 0.5532 0.5720 0.1746

Grey relation coefficient

Average Average Average Average Average Average Average Average Average
machined hole

MRR

(mg/

min)

0.3333
0.3670
0.3852
0.3746
0.4449
0.4561
0.3935
0.4977
0.5117
0.3772
0.4082
0.4176
0.4082
0.4719
0.4932
0.4176
0.5317
0.5648
0.4208
0.4844
0.5117
0.4449
0.7415
0.7219
0.4977
1.0000
0.9646

machined hole

depth
(mm)

0.3333
0.3376
0.3419
0.3475
0.3668
0.3869
0.3655
0.4077
0.4093
0.3475
0.3759
0.3706
0.3643
0.4093
0.4274
0.3706
0.4380
0.4549
0.3732
0.4061
0.4223
0.4030
0.7067
0.6463
0.4649
1.0000
1.0000

2
1
3

diameter
(mm)

0.3333
0.3807
0.4585
0.3648
0.5249
0.5446
0.3923
0.5839
0.6259
0.3875
0.4964
0.5179
0.3910
0.5677
0.6063
0.4109
0.6444
0.6905
0.4178
0.5421
0.6797
0.4479
0.8018
0.8447
0.5455
1.0000
0.9886

c

O O O 0O 0O 0O 0O 0000000000 o oo oo o o oo



10.7 Conclusion

The developed ECDM machine was utilized to drill holes on soda-lime glass through gunmetal tool
material. From current research work, the grey relational multiobjective optimization method outcomes
confirmed that the electrolyte concentration was the utmost powerful parameter for the average
material removal rate, average machined depth and average diameter of hole. The optimum process
factors for the average material removal rate, average depth of hole and average hole diameter are tool
rotation speed 50 rpm, voltage 75V, the electrolyte conc. is 20%.
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Abstract

With the advent of the Internet of Things (IoT) society, demand for
miniature power generator to drive communication devices and
sensors of IoT module is increasing. Energy-harvesting generators
are being actively researched; however, each of these technologies
has its own problems to solve with a single fabrication technology. In
the case of thermal cycles that use waste heat, organic Rankine
cycle power generation systems have been developed that can use
lower-grade heat by changing the conventional working fluid to a
low boiling point material. However, these systems are based on
machining process. In this research, a miniature electromagnetic
induction type generator by combining the microelectromechanical
systems (MEMS) process, a microfabrication technology, and the
multilayer ceramic technology, a miniature electronic components
fabrication technology was developed. The result was an output of 3
mVA in a size of less than 10 mm square. In addition, the rotational
behavior and phase change of the turbine were observed as the
result of using a low boiling point material as the working fluid for
the purpose of waste heat harvesting. The results suggest the
usefulness of combining different fabrication techniques and
materials in realizing miniature power generation systems.



Keywords: Microelectromechanical systems (MEMS), multilayer
ceramic technology, Internet of Things (IoT), energy harvesting,
electromagnetic induction type generator, turbine, organic rankine
cycle, silicon

11.1 Introduction

Miniaturization of communication equipment has dramatically
progressed with the progress of miniaturization of electronic
components. Contemporaneously, the development and
popularization of wearable devices as communication terminals have
progressed. The wearable devices not only function as general
communication terminals but also enable the measurement of body
temperature and heart rate for the management of the owner’s
health condition. Furthermore, the miniaturization of electronic
components not only enriches the lives of individuals but also
increases the affluence and safety of society. For example, various
things are exchanging information, so it is called the Internet of
Things (IoT) society has arrived [1]. Machine to Machine (M2M), a
system in which machines exchange data directly, has been used. A
confined communication machine is frequently used in this system.
And it uses a built-in system for automatic data processing and
automatic control. However, in the IoT system, the one that did not
have a communication function in the past is now connected to the
Internet. This enables remote operation, monitoring, data collection,
and analysis. Therefore, the fields of utilization are not limited to the
industrial field and medical fields. There are also personal uses such
as household electrical appliances and the wearable devices
mentioned above. It is required to mount many machines
communication devices and sensors to realize the IoT society.
Moreover, driving the small communication module requires a
miniature power source. Because case size is influenced by weight
and volume, wearable devices require a high-power density.
Currently, button batteries and lithium-ion secondary batteries are
commonly used. The button battery scrap is released as a waste
product. The lithium-ion secondary battery shows high power



density, but miniaturization is difficult and has limitation of
theoretical power density. Furthermore, when the battery becomes
empty, these batteries require the replaced. Therefore, IoT
communication modules require a miniature generator that do not
need to be replaced or recharging.

Various research uses the microelectromechanical systems (MEMS)
process, which is a silicon microfabrication technology to achieve a
miniature power source. The MEMS process is based on the
Integrated Circuit (IC) manufacturing process. Also, the miniature
components that have a fine and high aspect ratio structure is
formed by a photolithography process and a dry etching process [2,
3]. The Massachusetts Institute of Technology group reported on
one of the MEMS generator researches, ultra micro gas turbine
(UMGT) [4—-6]. Many MEMS generators have been researched since
then [Z, 8]. The UMGT used an electrostatic type, which is the most
of power generation method for MEMS power generators. Because
the MEMS process has a planar structure, therefore it is suitable to
the electrostatic type. Much research on electrostatic MEMS
generators is published, and all of them have miniature structures.
On another front, the electrostatic generators have the problems of
charge saturation and high internal impedance. Therefore, the
output current is low. Moreover, the area affected electrostatic
capacitance.

For the IoT communication module, at least a milliwatt level output
power is required. To respond to the high output power and
miniature structure, electromagnetic induction MEMS generators are
also being researched [9—12]. The electromagnetic induction
generator has the advantage of high output power due to their low
output impedance. Conventionally, the electromagnetic induction
generator is often employed in main power generation systems. It
has a turbine structure as a moving part, a magnet and a magnetic
circuit for power generation. Furthermore, a magnetic material core
and a winding wire coil are required to construct the magnetic
circuit. However, the winding coil is unsuitable for mounting in
communication modules. Therefore, development a monolithic



miniature magnetic circuit is important. It is difficult to form a three-
dimensional structure like the winding coil and using the magnetic
material for the core material in the MEMS process. Therefore, the
magnetic circuit had been employed planer patterns such as a
meandering, a spiral. As an example, the complex three-phase
copper conductor coil pattern on a flat surface has reached from the
milliwatt to watt level [13, 14]. While planar coils are suitable for
MEMS processes, the coil pattern extends in the planar direction.
Therefore, the radial area increases as the number of coils increases.
Without the magnetic material, a long-length coil is required to catch
the magnetic flux. Therefore, the formed coil pattern has small
output power by high internal resistance.

A continuous power supply that does not require replacement or
charging work is important for the IoT communication module.
Therefore, it is required to consider the input energy. Energy
harvesting technology is currently receiving the most attention on
this issue. This is a power-generating method that uses waste
energy in the environment. Various methods such as solar power,
heat, and vibration are being researched [15, 16]. However, solar
power generation requires a large area, and it is easy to store heat.
The vibration power generator has a small-scale structure, but it
shows nano-watt level output power [17]. The reuse of waste heat
energy is attracting attention because factory waste heat can be
used. In one of the waste heat energy harvesting systems, a
thermoelectric element is researched [18, 19]. It uses the Seebeck
effect and produces no noise or vibration. However, it requires a
temperature difference, and it has the problem of keeping the
temperature difference. Another approach to utilizing waste heat is a
thermodynamic cycle generation system. The Rankine cycle
undergoes a phase change mechanically, so it is easy to maintain
the thermal cycle. The large one is the method used in thermal
power plants, etc., and water is used as the working fluid. Most of
the waste heat energy that has not been used yet is below 300°C
[20], and research on an organic Rankine cycle (ORC) system that
uses a low boiling point material as a working fluid to utilize this has



been reported [20—22]. However, the commercial size is meter
scale, which is too large to be applied to the IoT device. Research on
miniaturization is underway, but it is manufactured by a machining
process, and little research has been reported on microfabrication
processes.

Some energy issues in IoT communication modules have been listed.
The following is a summary of them.

It is important to develop a sustainable miniature power generation
system to replace batteries.

Although many small generators have been developed using silicon
microfabrication technology that uses the MEMS process, milliwatt
level power generation is a major barrier.

It is desirable to use low-grade (300°C or less) thermal energy as
input energy, but the structure size is a problem at the ORC power
generation using a thermal cycle.

To solve the energy problems of the IoT communication module, it
can be said that the key is to combine the technologies and
materials that have been researched separately so far.

This chapter suggests a combining of the silicon microfabrication
technology and the multilayer ceramic technology. By the
combination, a miniature generator with the electromagnetic
induction type is realized. Magnetic circuits are designed and
fabricated for single-phase and three-phase structures, respectively.
Moreover, assuming that it will be utilized as a part of the ORC
power generation system, which is the thermal cycle system. The
rotation experiments using a working fluid of low boiling point
material are demonstrated, and a phase change is observed.

11.2 Concept

The ORC generating system is shown in Figure 11.1. The proposed
miniature electromagnetic induction type generator will be applied to
a turbine part and power generation part in this figure. The low



boiling point material is the working fluid of the turbine that rotates
a rotor blade.

Turbine

Working fluid /

\ Generator

(Magnetic circut)

Heat source Evaporator Condenser | > | Cooling water

4
NV

Figure 11.1 Schematic illustration of ORC power generation
system.

The developed turbine part is made from a single crystal silicon
wafer. The photolithography and dry etching processes are used to
fabricate the miniature and fine pattern [23]. Furthermore, a carbide
shaft through the rotor and structural parts is supported by a



miniature mechanical ball bearing. The ball bearing shows a stable
rotational motion. The bearing arrangements are changed for each
combination of the turbine and magnetic circuit. Moreover, a ring-
shape magnet is attached to the shaft, and the magnet is rotated by
the rotational motion of the rotor. Through this motion, the magnetic
field changes.

The magnetic circuit is made from a magnetic ceramic of Ni-Cu-Zn
ferrite and conductive paste of silver. The monolithic three-
dimensional coil pattern is fabricated by the multilayer ceramic
technology that is usually used for the production process of ceramic
electronic elements. Therefore, the mountable magnetic circuit will
be realized on the small communication module. The shape of the
magnetic core is designed for single-phase and three-phase,
respectively.

11.3 Fabrication Technology

11.3.1 Microfabrication Technology of Silicon
Material

The MEMS process makes the miniature turbine components. A
starting material is a single crystal silicon wafer. Thicknesses are
selected for each function. In the first step, for patterns with a deep
etching depth, aluminum is deposited on the silicon wafer. A
photosensitive resist is coated onto the silicon wafer using a spin
coater. Coated wafers are dried in a baking furnace to stabilize the
photoresist. The coated silicon wafer is exposed through a designed
mask pattern. Patterned wafers are developed by soaking the
developer. After development, the residual developer solution on the
surface is rinsed and the wafer is baked again. The aluminum
deposited design is through an aluminum etching process to obtain a
wafer with a mask of an arbitrary pattern on its surface. And then,
the wafer with a microstructure is dry etching process using a
combination of high-aspect-ratio inductively coupled plasma etching
and the Bosch process [23]. To make more complex structures, the



same process is applied to the reverse side. The schematic
illustration of the fabrication process is shown in Figure 11.2.
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Figure 11.2 Schematic illustration of the fabrication process for the
silicon components.

11.3.2 Multilayer Ceramic Technology

Multilayer ceramic technology is a technology that realizes three-
dimensional wiring and high-density wiring by laminating ceramic
sheets before firing. Various ceramic and wiring materials are used.
In this research, the magnetic circuit is made from a magnetic
ceramic of low-temperature co-fired Ni-Cu-Zn ferrite with a
permeability of 900. By introducing the magnetic ceramic material,



the magnetic core is formed simultaneously. In addition, firing
temperature of Ni-Cu-Zn ferrite is around 900°C. Therefore, silver, a
low-resistance conductive material with a low sintering temperature,
can be used in the coil pattern.

In the first step, the ferrite slurry that is liquid condition ceramic is
formed into a ceramic sheet using the doctor blade. The ferrite
slurry is made from the ferrite ceramic powder, dispersing agent,
plasticizer, toluene, xylene, isopropyl alcohol, and binder. These
materials are mixed with the ball-mill method. After the dried
ceramic sheets are formed through holes, the coil patterns are
screen printed. Silver paste is printed for patterning the electrode
and conductive coil. The patterned ceramic sheets are achieved by
this process. Patterned sheets are laminated to construct the three-
dimensional coil and magnetic core inside the magnetic circuit.
Through a dicing process, the laminated ceramic shapes into the
designed structure. A schematic illustration of the fabrication process
is shown in Figure 11.3.
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Figure 11.3 Fabrication process of multilayer ceramic technology.

For the single-phase magnetic circuit, the diced coil structure is fired.
Moreover, ferrite sheets without printed coil patterns are laminated
and fired to form the magnetic material that serves as the magnetic
flux path. The coil and the ferrite structures are combined for
shaped complex circuit structures like the separated-type magnetic
circuit.



Each coil is connected in a Y-connection pattern on the connecting
layer to achieve the three-phase multilayer magnetic circuit. The
connected layer is stacked. The connecting wire is printed ferrite
sheets and blank pattern sheets. Figure 11.4 shows the combined
process.

11.4 Designs and Experiments

11.4.1 Designs of Turbine and Magnetic Circuit
for Single-Phase Type

Figure 11.5 shows the single-phase type miniature power generation
part that combines the silicon turbine and ceramic magnetic circuit.
The ring-shape magnet is neodymium with a magnet 2-pole radial
direction. Its dimensions are 3.0 mm (outer diameter), 1.0 mm
(inner diameter), and 0.5 mm (height), respectively. Therefore, the
single-phase type has a shape in which a magnet is placed outside
the turbine structure and covered with a magnetic circuit. The
overall size is less than 10 mm square.
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Figure 11.5 Design of single-phase type miniature power
generation part that combines the silicon turbine and ceramic
magnetic circuit (a) overall view (b) cross-section view.

Figure 11.6 shows the turbine design for the single-phase. The
turbine is constructed of seven layers. The turbine is assembled by a
laminating process, and an assembled error is suppressed by a pin
alignment pattern. Inside the turbine, a ball bearing made from
martensitic stainless steel are placed up and down the rotor blade.
Dimensions of the ball bearing are as follows, inner diameter 0.6



mm, outer diameter 2.0 mm, and height 0.8 mm. Ball bearings are
fixed in the top and middle layers. In Figure 11.6 (b), the rotor blade
and a flow path are shown. The rotor shape is rim structure,
diameter and thickness are 3.0 mm and 850 pm. Rotational motion
is generated by the working fluid. A brass tube for the inflow of the
working fluid is fixed at the inlet portion of the turbine. The fluid
passes through the channels formed on the silicon layer, rotates the
rotor blades, and is discharged through an outlet port formed on the
side.

a (b)

Working fluid
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Figure 11.6 Designed single-phase turbine (a) arrangement of
parts (b) rotor blade and a flow path pattern.

The radial magnetizing type 2-pole magnet is arranged at a distance
downward from the turbine case. The rim-type rotor is putted in the



center of the turbine, the channels form around it. The external
dimensions of the turbine are 5.0 mm square and height of 4.6 mm.

Figure 11.7 shows the single-phase type of multilayer ceramic
magnetic circuit. The designed circuit has a coil pattern and a
magnetic core. The turn number is 50 turns on one coil, and two coil
structures are arranged on both sides. Therefore, the total turn
number is 100 turns. The dimensions of coil parts are 2.0 mm and
2.4 mm. Magnetic ceramic structures with a complex shape to
introduce magnetic flux connected each coil component. The
magnetic circuit is an enclosed type and has a bump structure to be
gapless for the magnet arranged in the center.
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Figure 11.7 Multilayer ceramic magnetic circuit of single-phase.
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11.4.2 Designs of Turbine and Magnetic Circuit
for Three-Phase Type

To facilitate mounting of the ceramic magnetic circuit on the module
substrate in the three-phase type, the coil patterns in the magnetic

circuit are arranged upward. And then, an axial direction magnetized
ring-shape magnet is employed. The three-phase generator has the



turbine structure at the top and the magnetic circuit at the bottom.
Figure 11.8 shows the combined three-phase type turbine and
magnetic circuit. The dimensions of the combined turbine and
magnetic circuit are 5.0 mm (L), 5.0 mm (W), and 7.0 mm (H).

Figure 11.9 shows the designed three-phase turbine. The basic
design is the same as the single-phase turbine. The turbine structure
has 5.0 mm square, and the height including the magnet is 4.7 mm.
Two ball bearings are located above and below the rotor. The shaft
has a 2-pole axial direction magnetized ring-shape magnet placed at
the tip. In addition, the magnet has a magnetic yoke on the top. And
it captures magnetic flux diverging upward. The silicone case around
the magnet adjusts the gap between the magnet and the magnetic
circuit.

Figure 11.10 shows a designed three-phase type magnetic circuit.
Three-phase magnetic circuits are expected to have higher output
with fewer turns than single-phase circuits. The developed magnetic
circuit has three coil parts with 27 turns each and a connection layer.
The three coils are provided with an air gap when they are arranged
because it suppresses the magnetic flux leakage. The three-phase
circuit is connected with Y-connection. A closed magnetic path is
formed by the ceramic magnetic circuit and the magnetic yoke with
the rotating magnet combined. Designed dimensions of the
magnetic circuit are 5.0 mm (D) and 2.5 mm (H). The three-phase
magnetic circuit is adjusted by combining three sintered coil
structures so that the DC resistance of each coil is comparable. Gaps
are formed between adjacent coils. This design balances the
collection of the magnetic flux from the magnet and the suppression
of the effects of magnetic flux.
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Figure 11.8 Design of combined three-phase type turbine and
magnetic circuit (a) overall view (b) cross-section view.
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Figure 11.10 Designed three-phase type magnetic circuit.

11.4.3 Rotational Experiment and Rotor Blade
Design

The fabricated turbine structures demonstrate rotational motion by
compressed nitrogen gas. A schematic illustration of the rotational
experiment is shown in Figure 11.11. The compressed nitrogen gas
filled in a cylinder enters the turbine structure through a flowmeter.
Then, the gas rotated the rotor passes out through the outlet path.
The rotational motion is observed by the rotating magnet and a
combined hall-sensor.



In addition, two types of rotor blade shapes are compared in the
rotational experiment because the rotor blade shape affects the
operating duration of the turbine generator. Each rotor is proposed
for the shape of the blade tip that receives the most load from the
working fluid. Figure 11.12 shows the designs of the proposed rotor.
One is a type with a sharp tip on the rotor blade, width is 20 pm.
Another one has a blunt angle and a width of 180 um. The diameter
and height of each rotor are 3 mm and 0.85 mm, respectively. The
flow path is designed for each rotor.
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Figure 11.11 Schematic diagram of the experimentation of the
rotation.
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Figure 11.12 Designs of the proposed rotor (a) sharp design (b)
blunt angle design.
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Figure 11.13 State of the rotation experiment using a low boiling

point medium.

11.4.4 Low Boiling Point Fluid and Experiment

The proposed silicon turbine and ceramic magnetic circuit are being



researched as components of the miniature ORC power generation
system. Therefore, HFE7000 (NovecTM7000, 3M) with a boiling point
of 34°C as the low boiling point fluid is employed for the rotating
experiment. HFE7000 is a fluorine-based solvent that is also used as
a heating medium. In addition, HFE7000 is an environmentally
friendly material with a low global warming coefficient. Figure 11.13
shows the state of the rotation experiment when a low boiling point
material is flowed. The low boiling point material filled in the cylinder
is heated from outside the cylinder. The low boiling point fluid
expanded by the phase change inside the cylinder flows into the
turbine through the piping connected to the turbine and rotates the
rotor. The fluid that contributed to the rotation is recovered after
being discharged from the turbine, and the inflow amount and the
recovered amount are measured. Further, since the thermal cycle is
a cycle accompanied by a phase change, a phase change is
observed for the low boiling point fluid passing through the turbine.

11.5 Results and Discussion

11.5.1 Fabricated Evaluation

Fabricated silicon components were assembled. Silicon components
and the assembled turbine structures of single-phase and three-
phase are shown in Figures 11.14 and 11.15. The dimension errors
of the components were less than 10 ym. By achieved parts, the
high-accuracy components were formed. The length and width of
the assembled single-phase type of turbine were 6.2 mm, 5.6 mm,
and the height was 4.8 mm. The ring-shaped magnet was arranged
under the turbine structure in the single-phase type of turbine, the
magnetic flux generated by the magnet is efficiently induced in the
magnetic circuit placed around them. Dimensions of the three-phase
type turbine structure were 6.2 mm (L), 5.6 mm (W), and 4.5 mm
(H). The three-phase turbine had a silicon layer covering the
magnet, which kept a 130 um distance of the magnetic circuit from
the magnet.



The single-phase ceramic magnetic circuit is shown in Figure 11.16.
The complex monolithic structure that a three-dimensional wiring
coil containing a magnetic core was achieved. The sizes of the circuit
were 7.4 mm (L), 8.5 mm (W), and 2.4 mm (H). Internal DC
resistance at 100 turns was 1.6 Q. Figure 11.17 shows the three-
phase ceramic magnetic circuit. The achieved circuit had an air gap
between the coil patterns. And each coil pattern was connected to
the magnetic material that was placed at the bottom. Dimensions
were 5.5 mm of diameter and 2.6 mm of height. Each fabricated coil
had the internal resistance between 0.85 Q and 0.86 Q. Inductance
values in each phase A, B, C at 1 MHz were 84 pH, 70 pH, and 53
MH. External electrodes were formed on achieved coils, and wires
were connected for output power measurement. The miniature
electromagnetic induction generator was achieved by combining
turbine structures and ceramic magnetic circuits. Figure 11.18 shows
the combined generators of single-phase and three-phase. These
generators realized the millimetre-scale structure by combining
silicon microfabrication technology and multilayer ceramic
technology.
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Figure 11.14 Silicon components of MEMS turbine for the single-
phase and three-phase.
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Figure 11.15 Assembled turbine structures of the single-phase and
three-phase.
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Figure 11.16 Ceramic single-phase magnetic circuit.



Figure 11.17 Ceramic three-phase magnetic circuit.
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Figure 11.18 Combined turbine generators (a) single-phase
generator (b) three-phase generator.

11.5.2 Rotational Result

For evaluating the turbine generator, compressed nitrogen gas was
flowed to generate rotational motion. A metal tube for gas injection
was attached to the turbine structure and the injected gas was
regulated with a flow meter. The output voltage and rotation speed
were read by the output waveform of the oscilloscope. The



maximum speed of the turbine rotor of the single-phase generator
was 290,135 rpm, and the experimental conditions at this time were
an inlet flow rate of 2.4 I/min and a pressure of 0.3 MPa. The output
voltage and output power when the maximum rotational speed
conditions were applied at each load resistance are shown in Figure
11.19. As a result, when 8 Q as load resistance was added, the
maximum output power of 2.41 mVA was achieved. In Figure 11.20,
each output waveform in the load resistance values of 8 Q and 1 kQ
are shown. In the three-phase generator, the maximum speed of the
turbine rotor was 228,484 rpm, and the experimental conditions at
this time were an inlet flow rate of 2.9 I/min and a pressure of 0.3
MPa. Figure 11.21 is the output results that apply various load
resistance values and condition of maximum rotation speed. The
output phase power then reached its maximum value at load
resistance 3 Q, which was 3.01 mVA. Figure 11.22 shows the
respective output waveforms when load resistors 3 Q and 1 kQ are
connected. By these power generation results, the output power of
milliwatts was achieved in millimeter-scale structure by combining
the silicon microfabrication technology and a multilayer ceramic
technology.
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load resistance.
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Figure 11.21 Output results that apply each load resistance and
maximum rotational speed.

The result of the comparison of the theoretical output voltage values
and the achieved output voltage values was following. The output
value was calculated from equation (11.1). The magnetic flux of the



designed multilayer ceramic circuits was analysed. The interlinkage-
magnetic-flux from the FEM analysis is denoted by BS in equation
(11.1).

e = NBSwsinmt (11.1)

(electromotive force: e, turn number: N, angular velocity: w)
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Figure 11.22 Output waveform of three-phase type generator.

From equation (11.1), the single-phase generator had a voltage
value of 479 mV, and the measured value at 1 k load resistance was
43% of the calculated value in comparison. One of the causes of the
loss is the leakage flux between the flux-introducing structure and
the magnet. Figure 11.23 is the analysis results of the designed
magnetic structures. Figure 11.23 (a) shows the results of a circuit
with a square shape bump and (b) shows the results of a circuit with
a round shape bump. In (a), the leakage flux was observed from the



corner portion at a distance to the ring-shaped magnet. However, in
(b), the distance to the magnet was equally narrow due to the round
shape, indicating that the magnetic flux loss was reduced.

In the three-phase type generator, calculation indicated the output
of one phase was 149 mV. Phase C showed maximum output voltage
of 104 mV when the load resistance was 1 k< in the measurement
result. Therefore, the fabricated generator achieved about 70% of
the calculated value. The output values of the experiments and the
calculated values were compared. Equation (11.2) shows the output
power at one phase. The interlinkage-magnetic-flux indicated by
FEM analysis was assigned to BS. Figure 11.24 shows the analysed
three-phase circuit model, and Table 11.1 shows analysing
parameters. The analytical result of 0.231 yWb was used in the
calculation.
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Figure 11.23 Analysis result of designed magnetic structures (a)
square shape bump (b) round shape bump.
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Figure 11.24 Analysis model of three-phase circuit and magnet.

Table 11.1 Each parameter of the analysis.

Magnetic flux Permeability Distance (Magnet-
density Ni-Cu-Zn Magnetic Magnetic cicuit)
ferrite yoke

150 mT 900 4000 130 pm



R(NBSw)* (11.2)
(n+R)*+(wLy)

(load resistance: R, turn number: N, angular velocity: w, internal
resistance: rq, inductance, Lg)

P=

The maximum power at three-phase was compared, the calculation
result was 7.18 mVA and the experiment result was 3.01 mVA. The
obtained output power in the experiment was 42% of the calculated
value.

The difference in the ratio of voltage and power to the calculated
value is the balance of the coil arrangement. Coils with similar
resistance values were selected in this experiment and connected to
fabricate the three-phase magnetic circuit. The power was calculated
by adding the three single-phase powers together. However,
experimental results showed different output voltage values for each
coil. The maximum output voltage was 104 mV at phase C, but the
minimum output voltage at phase A showed under 90 mV. In
addition, the differences in inductance values at 1 MHz were shown.
Therefore, differences in output values due to differences in these
occurred.
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Figure 11.25 Phase difference error of three-phase output
waveform.

In Figure 11.25, the phase difference error is observed. 120° is ideal
phase difference for three-phase. In Figure 11.25, a maximum error
of the phase difference was 13°. For realizing high output power,
assembly process requires the alignment pattern.



11.5.3 Comparison of Rotor Shape and
Rotational Motion

Figure 11.26 shows the fabricated rotors. Each of the fabricated
rotors was mounted in the three-phase turbine structure, and the
rotation rates were compared. The compressed nitrogen gas was
employed as working fluid, and it was not combined with the
magnetic circuit. Figure 11.27 shows the result of rotational speeds
at each rotor design. The maximum rotational rates of each
designed rotor were 348,840 rpm (sharp design) and 306,120 rpm
(blunt angle design), respectively. The experiment conditions were
pressure of 0.3 MPa and flow rate of 2.4 |/min. As a result, the
difference in the rotational speed of the two rotors was acceptable.
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Figure 11.26 Fabricated two type shape rotor (a) sharp design (b)
blunt angle design.
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Figure 11.27 Result of rotational speeds at each rotor design.

Moreover, the sharp design rotor damage was observed when the
turbine was continuously rotated at the maximum speed by
compressed nitrogen gas during the turbine rotation experiment.
Figure 11.28 shows the results of the observation of the damaged
rotor. However, no damage was observed in the rotor with a blunt
angle design. The length of operating time is also important for the



miniature ORC power generation system. Therefore, the blunt angle
designed rotor was used for the rotating experiment with the low
boiling point fluid.

Figure 11.28 Results of the observation of the damaged rotor.



11.5.4 Phase Change

A rotational experiment was conducted on a fabricated silicon
turbine with low boiling point material for the development of the
miniature ORC power generation system. The fluid that contributed
to the rotational motion was recovered and the results are shown in
Tables 11.2 and 11.3. The tables show the measured weights of the
inlet and recovery cylinders, from which the recovery rates were
calculated.

Figure 11.29 shows the output waveform observed on the
oscilloscope during the experiment. From Figure 11.29, it was
observed that the silicon turbine rotated at 41,096 rpm when heated
at 55°C from the outside to a low boiling fluid. In addition, from
Tables 11.2 and 11.3, about 96% of the low boiling fluid that flowed
into the turbine was recovered. The low boiling fluid discharged from
the turbine during the experiment was in a gas-liquid two-phase
state. The uncollected low boiling material was found to remain at
the bottom of the acrylic pipe in a liquid phase after the experiment.
The weight of the low boiling material remaining in the pipe and the
weight of the recovered medium in the cylinder on the recovery side
were combined and found to be the same as the weight of the
inflow.

The fact that the working fluid discharged from the turbine exhibited
a gas-liquid two-phase behavior indicated that a phase change was
occurring in the turbine. As a result, we confirmed the phase change
using the model and experimental arrangement shown in Figure
11.30. The rotor was removed from the previous turbine, and an
acrylic window was formed for the model. A lid was also placed on
the bottom. As in the rotational experiment, the low boiling material
enclosed in the cylinder was heated from the outside. Heating was
also performed using a ribbon heater to maintain the gas phase until
just before it flowed into the turbine. The flow path from the cylinder
to the turbine was installed so that only the gas phase flowed into
the turbine during the inflow. The working fluid was discharged into
the atmosphere, and the temperature change was observed with a



thermo-graphic camera along with the observation of the phase
change.

Table 11.2 The measurement result of the inlet side.

Inlet Weight Gage pressure Temperature
side [g] [MPa] [°C]
Before 1012 0.09 554
After 964 0.05 51.0

Table 11.3 The measurement result of the recovery side.
Recovery Weight Gage pressure Temperature
side [g] [MPa] [°C]

Before 1129 -0.1 10.4

After 1175 —-0.02 8.2
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Figure 11.29 Output waveform with low boiling point material.

At an inflow pressure of 0.04 MPa, an applied temperature of 47°C,
and room temperature of 22°C, the phase change, and temperature
change were observed. Figure 11.31 shows the observed results. “a
in the image is the point where the fluid through the inflow path is
injected into the rotor blades.

n

Figure 11.31 shows that temperature changes were observed before
inflow, immediately after inflow, and at point “a” during inflow. This



suggests that adiabatic expansion of the low boiling fluid during
injection into the rotor lowers the temperature. When comparing the
temperatures immediately after the inflow and 40 seconds after the
inflow, it was observed that the temperature of the entire turbine
compartment was lower immediately after the inflow, whereas only
the lower part of the turbine was cooler 40 seconds after the inflow.
The gas-liquid two-phase fluid in the turbine could adversely affect
the rotation of the rotor in the miniature ORC power generation
system. However, because the working fluid is in the liquid phase
when it is discharged from the turbine allows the condenser to be
omitted in the ORC, leading to higher efficiency. It is desirable for
the development of a miniature ORC power generation system for
the fluid to be in the gas phase when the turbine is rotated and in
the liquid phase when the turbine is discharged. To achieve this, the
current design, in which the flow velocity is increased by gradually
narrowing the inlet path just before it acts on the rotor, should be
reviewed, and the turbine should be placed near the heat source to
maintain the gas phase and prevent rapid temperature changes
inside the turbine. In addition, the design of the flow path to liquefy
the working fluid only at the outlet will eliminate the condenser and
allow the turbine to rotate at higher speeds, thereby increasing the
efficiency of the Rankine cycle.
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Figure 11.30 Schematic illustration of phase change observation
(a) model (b) experimental arrangement.






Figure 11.31 Temperature changes results.

11.6 Conclusions

The millimeter-scale compact generator that employed the
electromagnetic induction type was realized by combining silicon
microfabrication technology and multilayer ceramic technology in this
research. The power generation method employed the revolving-
field type, in which the magnet is rotated by the rotation of the
turbine. The turbine mechanism, which was a component of the
generator, used silicon microfabrication technology that enables
high-precision, high-aspect-ratio patterns to be formed. Therefore, a
miniature turbine with a rotor and flow channels of about 5 mm
square was obtained. The optimal shape of the rotor was also
studied. For the magnetic circuit, multilayer ceramic technology,
which is a mountable passive components fabrication technology,
was employed. Two types of ceramic circuits, the single-phase, and
the three-phase were obtained. The fabricated magnetic circuits
realized the three-dimensional wiring pattern and the complex
structure to induce magnetic flux and exhibited low resistance. The
single-phase magnetic circuit had a total of 100 coils, with 50 coils
on each side, and the resistance was 1.6 Q. The overall size was less
than 10 mm square. The three-phase magnetic circuit was
connected by combining three coils of 27 turns in each phase.
Resistance values ranged from 0.85 to 0.86 Q, and the diameter was
less than 6 mm. The silicon turbine and ceramic magnetic circuit
were combined with compressed nitrogen gas as the working fluid
for power generation experiments. Therefore, 2.41 mVA at load
resistance of 8 Q was obtained for the single-phase generator. The
three-phase generator produced 3.01 mVA when the load
resistances of 3 Q were connected to each phase. Furthermore,
since the system is intended to be used as part of the ORC power
generation system, which is a thermal cycle system, the rotational
motion using a low boiling working fluid was demonstrated. When
the heat of about 50°C was applied externally, the rotational speed
of 4,1096 rpm and 96% recovery of the working fluid was realized.



These results demonstrate the potential of the miniature ORC power
generation system for IoT modules by combining the technologies
and materials.
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Abstract

Materials always in demand in everyday life of human beings and
industries need as per applications. Every material has its properties.
As per the demand for the desired object, raw materials changed
through different manufacturing processes (shown in Figure 12.1).
The manufacturing process also plays an important role, and today’s
improvement and development prospects in the manufacturing
process help in energy-efficient manufacturing processes. An
advanced method was developed for hybrid-micromachining
operations per desired object shapes. And still, a researcher is
researching to improve the manufacturing and machining process to
improve its limitations during work. To maintain a sustainable hybrid-
micromachining and hybrid-microfabrication process for industries.
This study provides an overview analysis in detail of the various
hybrid-micromachining process bibliometric survey, classification and
machining mechanisms and their effective utilization of process



parameters in the hybrid-micromachining (nanolevel, macrolevel,
and microlevel) domain with particular emphasis.

Keywords: Hybrid-micromachining, bibliometric survey, process
development, material, applications, types, analysis
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Figure 12.1 Different classes of manufacturing processes.

12.1 Introduction

Manufacturing can be done through 5M processes from the raw
materials to the final product [1], as shown in Figure 12.1. Most of



the components’ desired shapes can be achieved after the primary
processes (i.e., casting, forging, smithy, drawing, etc.) [2]. As per
the material properties, few materials need one or more hybrid-
micromachining and hybrid-microfabrication processes to get the
final shapes [3]. Manufacturing maybe consists of conventional
manufacturing or non-conventional manufacturing processes [4].
The machining process is vital in getting the final product’s desired
shape. As per the working principle with the equipment setup, the
machining process has a different material removal rate mechanism
with energy sources used for material removal, as shown in Figure
12.2 [5]. Machining process as per specific industrial application
massive humber of various micromachining process invented by the
researcher with the help of industrial as per demand [6—13]. Hybrid-
micromachining process help to improve the mechanism of material
removal rate, improve its performance, and provide relative
advantages over traditional and as well as micromachining process
and equipment setup.

12.2 Characteristics of Hybrid-Micromachining

Micromachining also known as mechanical micromachining, is a
subtractive fabrication or manufacturing technology in the
micrometer dimensions range which help to maintains the
metallurgical properties. The concept of the material removal
process at a micro level with micro tools (i.e., micrometer equal to
one-millionth of a 1x107® m) by hybrid-micromachining is a
relatively new/modern or advanced manufacturing process by
researchers, engineers, and industries in its work. In recent years,
hybrid-micromachining has mainly been used where difficult-to-
machine materials, such as materials that are harder, brittle, more
rigid or heat-sensitive materials, to meet the required field demands
of extreme applications in the machining process [14—17]
(microholes, probes and needle shapes can be created) in the
aerospace, nuclear weapons, rocket launchers, defense, automotive,
etc.
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Figure 12.2 Different classes of machining processes.

12.3 Bibliometric Survey of Micromachining to
Hybrid-Micromachining

Micromachining to hybrid-micromachining technologies allow
engineers to work at nanolevel, macrolevel, and microlevel (as
shown in Figure 12.6) [14], intricate parts with micro-EDM, micro-
USM, micro-EBM, micro-ECM, micro-LASER—assisted machining, and



ASJ. The bibliometric survey recognizes the effective utilization of
both micromachining and hybrid-micromachining over another
machining process to work with complex and brittle materials.
Researchers, scientists, and engineers with industries R&D cells
developed and modified traditional machining to nonconventional
machining. This micromachining to hybrid-micromachining, which
work at nanolevel, macrolevel, and microlevel. According to the
present bibliometric survey analysis (shown in Eigure 12.3(a) and
(b)) has been done from the Scopus publication database result
regarding micromachining is 30,937 research published from 1955 to
2022; for combine hybrid and micromachining is 10,001 from 1969
to 2022 and for hybrid-micromachining is 37 from 2000 to 2022
research papers published [18]. It has been analyzed that the
maximum research work regarding hybrid-micromachining was done
in the countries—India, China, Singapore, the US, Belgium, the UK,
and other countries, as shown in Figure 12.4. Figure 12.5 shows the
documents published on the subject area of hybrid-micromachining
uses, which means hybrid-micromachining is very effective in all
domains.



b

Figure 12.3 Bibliometric analysis of (a) micromachining processes
and (b) hybrid-micromachining processes.
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12.4 Material Removal in Microsizes



It has been observed, from bibliometric analysis, that advanced and
hybrid-micromachining is used in all fields of science and
engineering. It has excellent advantages on the micromachining area
in all materials as shown in Figure 12.3, and Figure 12.6 shows the
range of operation and surface quality of different machining range
[14]. The recent development and achievements in hybrid-
micromachining focus on ultraprecision machining and the necessity
of a deeper physical understanding of hybrid-machining with range.
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Figure 12.7 Micromachining (Taniguchi equivalent for cutting
processes) accuracy and capability over time.

12.5 Nontraditional Hybrid-Micromachining
Technologies

To hybrid-micromachining actual 3D-object complex shape and
difficult components, machining is possible in non-traditional
machining techniques are also being developed at the tiny level.
Figure 12.7 shows the machining accuracy [19-21] that will be
helpful for hybrid-micromachining with laser de-burring and
micromachining, micro milling, micro EDM, micro-ECM, and ECDM,
microgrinding and microultrasonic machining are particularly
intriguing techniques [19-29, 36—45].

12.6 Classification of Techniques Used for
Micromachining to Hybrid-Micromachining

Machining process can be classified by traditional machining and
non-traditional or non-conventional machining and hybrid used for
all engineering materials [30]. The word “micromachining” refers to
small microscopic pieces of material removal or subtractive. And the
word “hybrid-micro-machining” refers to two and more combination
of micromachining. It is particularly suited for the
micromanufacturing levels at microstructures and microparts, and
hybrid-micromachining roughness tolerances can be high
geometrical accuracy at manufacturing. Depending on the accuracy
of hybrid-micromachining achieved by different machining processes,
referred to as precision machining [31].
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Hybrid-micromachining processes can be classified according to the
combination of micromachining and removal process, i.e., physical,
chemical, and mechanical nature (as shown in Figure 12.8). Hybrid-
micromachining techniques are primarily used to manufacture small
objects and can be classified according to bulk micromachining (i.e.,
used to create microelectrome-chanical systems [MEMS]) and
surface micromachining (i.e., used to builds within a surface-layer
that has been deposited on top of a silicon wafer). Both are used to
manufacture a wide array of exceedingly small devices [32—-45].



12.6.1 Classification According to Material
Removal Hybrid-Micromachining Phenomena

Mechanical Force.
Ablation.
Dissolution.

Plastic Deformation.

12.6.2 Classification According to Categories
Based on Material Removal Accuracy

Conventional Machining.
Precision Machining.
Ultra-Precision Machining.

12.6.3 Classification According to Hybrid-
Micromachining Purposes

AMMPs (Advanced Micro-Machining Processes)—where different
processes are involved for shaping the sizing a part with mechanical,
thermal, and electro-chemical AMMPs.

ANFPs (Advanced Nano-Finishing Processes)—where different
processes are involved for surface finishing a part with (i) AFF
(Abrasive Flow Finishing), CMP (Chemo-Mechanical Polishing) and
elastic-emission machining (EMM) in this all no external control
forces required; (ii) M-AF & FP (magnetic—abrasive finishing and
float polishing), MR-F & - AFF (magneto rheological—finishing and
abrasive flow finishing) in this all external control forces required.



12.6.4 Classification of Hybrid
Micromanufacturing Processes

Combination of two or more machining processes.
Further usage of energy sources assists in material removal.

Maybe use of universal tools that can machine two or more different
surfaces.

12.7 Materials Are Used and Application of
Hybrid-Micromachining

Advanced materials are used to remove the material in the hybrid-
micromachining process at high precision, finishing with special tools
and fluid materials which have such properties which improve the
quality and controlled wear-tear life of devices. Such materials have
high strength, corrosion resistance, miniature features, heat
resistance, high-hardness, etc., with micro & nano level [14] surface
finish from 1um to 500um approx. Hybrid-micromachining is used for
various materials, including polymers, metals, alloys, and other hard
materials. Many of these materials have the drawback of using only
single-use and do not allow for easy duplication. Hybrid-
micromachining applications include micromilling, microgrinding,
microdrilling, chemical-etching, micropunching, manufacturing of
injection nozzles, microsurgical-tools, electric circuits, etc.

12.8 Conclusions

Out of several hybrid-micromachining processes, only a few are
discussed here because many modern techniques still exist to do the
hybrid-micromachining process to the respective material. However,
critical shape-precision and dimensional accuracy are required for
specific material-to-material with appropriate tools and machining
parameters. The proposed hybrid-micromachining processes would
be applicable to any particular material based on their limitations,



cutting forces, cutting speed, feed rate, surface quality, size effect,
economics, temperatures, and environmental impacts to maintain
sustainable micromachining processes in the industry.
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Abstract

The fundamental principles underlying the material removal
mechanism in Spark-Assisted Chemical Engraving (SACE) are
outlined in this chapter. In this process, energy required for
machining is provided by electrochemical discharges. Till recent past,
material removal in SACE p-machining was attributed to melting of
workpiece. However, recent state-of-art studies underline the
important contribution of etching in electrochemical discharge on
glass and other amorphous substrates. SACE-assisted
micromachining uses either an active cathode (or anode) as tool,
respectively in direct (reverse) polarity machining. As the discharge
mechanism differs for these machining modes, the machining
features and performance also vary significantly. This warrants
fundamental understanding of the underlying mechanisms of the
material removal processes. Experimental and analytical
investigations indicate that several processes contribute to this
micromachining mode, which includes electrochemical discharge-
assisted melting and vaporization, etching at elevated temperatures,
differential thermal expansion of components, random thermal stress
cycles, as well as thermomechanical shocks attributed to expanding
gases and movement of electrolyte.
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13.1 Introduction

Humanity has put in significant efforts into mastering the art of
material processing since the dawn of history and, possibly, even
earlier. The fundamental technological significance of the machine as
an instrument of human progress is well accepted. Any new
technology calls for updating of machining infrastructure and
abilities. In particular, increased use of specialized materials (silicon,
ceramics, and composites) for customized applications has
significantly expanded the vast know-how of machining technology.

The techniques for micromachining (p-machining) on silicon
substrates were developed in the last century. In particular, a wide
range of economically affordable silicon p-machining methods is
currently accessible on a global scale. Similar scenarios apply to
materials that conduct electricity, where two particularly potent
methods are available: electrical discharge machining (EDM) and
electrochemical machining (ECM). As a wide variety of electrically
nonconducting materials (glass, composites) are useful for various
technological applications, the machinability perspective of these
materials evokes interest. More and more technically intricate
applications of glass are being implemented in the fields of
microfluidics and microscaled systems. The use of biocompatible
materials in miniaturized medical equipment, or specially textured
glass surfaces for car wind shields, are but two of countless allied
examples.

The application areas of glass, in the realm of MEMS applications are
on the rise. The acronym MEMS (u-electromechanical) is used for a
group of microsensors and actuators. The development of integrated
circuit fabrication technologies in the 1990s led to emergence of
MEMS applications. Applying electrostatic bonding or field-assisted
thermal bonding to silicon makes Pyrex® glass a preferred choice
for MEMS-fabrication. In these applications, Pyrex® glass is



connected to the silicon matrix through anodic bonding, as in bulk
micromachined accelerometers [1]. In addition, glass possesses a
number of favourable attributes, which include biocompatibility and
corrosion resistance. Due to its amorphous nature, it is amenable to
chemical treatment. Being transparent, glass is frequently employed
in situations where optical visualization of processes is necessary, or
in (MEMS-based) optical applications.

Medical equipment (e.g. drug delivery devices, flow sensors), micro-
reactors, micropumps, and microaccelerometers are some novel
MEMS glass applications. In all of these applications, glass performs
several tasks, which includes (a) providing a seal and requisite
damping, (b) functioning as a capacitor when kept between
electrically charged metal plates, and (c) providing overload
protection when required. Other than accelerometers, glass is
frequently used in capacitive sensors [2].

13.2 Essentials of SACE

Various technologies are available for micromachining glass.
However, its low machinability presents significant hindrance in
fabrication of glass-based p-devices. Other materials (e.g. ceramics
and composites) are also difficult to machine. Spark-assisted
chemical engraving (SACE), also known as electrochemical discharge
machining (ECDM), presents a possible solution to these problems.

The underlying physical and electrochemical phenomena for
machining glass by the SACE technique are outlined in [2, 3]. The
workpiece is submerged in typically potassium hydroxide (KOH) or
sodium hydroxide (NaOH) electrolytic solution. Between the
machine-tool (also known as the tool-electrode) and the counter-
electrode, a uniform DC voltage is applied. The tool-electrode is
submerged in the electrolytic solution to a depth of a few
millimetres. The counter-electrode is typically a sizable flat plate.
The tool-electrode typically has a cathode polarization; however, it
can be oppositely polarized as well.



Electrolysis takes place by conventional mode for low values of the
cell terminal voltage, typically below the critical voltage (which
normally ranges between). Depending on the electrolyte being
employed as well as the polarization of the machine-tool and
counter-electrodes, formation of H, and O, gas bubbles occur at the

electrodes. More and more bubbles are created as the terminal
voltage is raised. Around the electrodes, a bubble layer is gradually
formed. Rising values of the current density increases the
(volumetric) density of the bubbles and their average radius. When
the terminal voltage is increased beyond a critical value, the bubbles
eventually coalesce as a gas film, which surrounds the tool-
electrode. Light emission can be observed (within this gas film),
when electrical discharges occur between the tool and the
electrolyte medium surrounding it. In the area adjoining the tool-
electrode, the average temperature of the electrolytic solution rises
to ~80 — 90°C. If the tool-electrode is placed in proximity to the
glass sample, machining is feasible. When the separation distance
between the tool-electrode and the workpiece gets below ~25 mm,
glass can be machined [2, 3].

Nonetheless, the technology is more intricate than it apparently
appears. The gas film that envelops the tool-electrode tends to
become unstable in an environment of rapid rates of heat transfer.
Microexplosions may result owing to film-collapse, which can locally
destroy the machined surface. The local temperature can rise so
much during hole-drilling that thermal-induced cracking may result in
(undesirable) heat-affected zones.

13.2.1 Instances of SACE Micromachining

As mentioned above, flexible p-structuring of glass can be done
using SACE technology. It is possible to create p-holes and channel-
like microstructures. Published literature [4] cites machining of a
channel p-structure at an applied voltage of 30 V, with a cylindrical
90 mm tool-electrode, where single-step p-machining operation is

completed with a tool speed of ~0,05 mms~1. The depth and width



of the machined channels are ~200 pm and ~100 pm respectively.
The possibility of machining structures with sufficient depth (slender
aspect ratios) is demonstrated by the machinability of p-holes cited
in [3].

The adaptability and flexibility of the SACE technology is a primary
advantageous feature. The desired structure can be carved out
without the need for a mask. There are typically two processing
units in a four-axis SACE machining set-up. A prototype of the same
is outlined in [2, 5]. Using wire electrical discharge grinding (WEDG)
technology, the first unit (known as the WEDG unit) of this prototype
enabled the production of tools in a variety of shapes [6]. The SACE-
unit (or the second processing unit) is where glass machining is
done. Glass wafers up to thickness can be machined in this SACE
subsystem. This machining prototype annuls misalignment problems
by offering flexibility in machining both glass as well as necessary
tool-electrodes within the same facility.

13.3 Genesis of SACE Acronym: A Brief
Historical Survey

Historically, the initial developments of SACE took place in late 1950s
for die workshops applications in Japan [7]. Among the benchmark
studies conducted on this novel technique, called electrical discharge
drilling at that time, was the one conducted in [7]. Drilling tiny p-
holes in glass was demonstrated, and the authors investigated the
influence of parameters like as chemical composition of the
electrolyte and the material of the tool-electrode. However, the
underlying mechanisms that govern the machining process were yet
to be properly understood. Also, scientific concerns on similarity with
prevalent ECM and/or EDM technology were raised, until the seminal
publication by Cook et al. [8] about five years later. The authors of
this study emphasized the distinction between the method (as
described by [7Z]) and EDM (or ECM). A new name discharge
machining of non-conductors was also proposed for the process. The
authors not only probed the impact of the electrolyte in greater



detail, but also demonstrated that the method can be used with a
variety of non-conductive materials. Although the method for
material removal still remained unclear, the drilling rates were
quantified as a function of the depth of the py-holes. The study also
evaluated the machining rates of positively and negatively charged
tool-electrodes.

By utilizing a wire as a tool-electrode, the experimental study [9]
demonstrated a novel variation of the procedure outlined in [2]. The
authors demonstrated that this procedure can be used to cut glass
and various grades of ceramics, and named it wire electrochemical
discharge machining. Jain et al. [10—12] presented a more refined
version of this variant, and coined the process name as
“electrochemical spark machining”. The authors reckoned scientific
resemblance (of this novel machining method) with a variant of ECM
called the “electrochemical arc machining”.

The initial studies on MEMS applications were published in the 1990s
[13]. Several investigations on the fundamental principles that
govern p-scaled machining methods were reported as published
literature concurrently [11-16]. For example, Ghosh et al. [17]
established a direct connection between the electrochemical
discharge phenomenon and the machining process, which countered
the perception that melting of the workpiece was the only process
for material removal. At the start of this century, a thorough
investigation of the physicochemical aspects of material removal
mechanism was conducted by Yang et al. [18, 19]. Their research
findings proved as ground-breaking study in this field, as they
identified the mechanism of material removal as an etching process
associated with large temperature gradients. Fascio et al. [4, 6] also
conducted research on this etching process induced by
electrochemical effects. Based on their findings, and to distinguish
this machining method from ECM or EDM, the acronym “SACE"” was
finally suggested. This abbreviation underlines the fundamental role
that chemical etching plays in the machining process, and is used
throughout the present book chapter. The same research group
reported more studies on the underlying processes that govern the



generation and dynamics of the gas film, with a view to optimize the
machining parameters. Their research suggested the use of SACE
technology in microfabrication [2], following which the first review
paper on the procedure was released in 2005. Since 2006, literature
review indicates a noticeable resurgence of interest in the
technology, and substantial volume of research findings on the
basics of the process has been published. Improvements to the
process have also been suggested, based on systematic
characterizations of various machining methods. The use of pulsed
voltage-assisted machining proves to be promising technology,
among much other advancement [20—22]. It has been shown how
the SACE method can produce structures that are less than in size
[23]. The incorporation of electrochemical discharges in
nanofabrication is a more recent advancement in the field [2].

13.4 SACE: A Viable Micromachining
Technology

The craft of microstructuring workpieces is possible using a variety
of machining techniques. These various (machining) methods,
classified either as mechanical, chemical, or thermal technologies,
are seldom stand-alone in operation, and frequently complement
each other. Occasionally, they are implemented in tandem. A concise
overview of some of the most popular p-machining methods can be
found in the sections below.

13.4.1 Mechanical p-Machining Techniques

Glass can be machined by diamond cutting, which is essentially
mechanical u-drilling (with a diamond tool) with typical diameters
~400 um. In diamond cutting, the tool size is a key limitation. As
only drilling or cutting operations can be implemented (3D
microstructuring not achievable as yet), this method is sometimes
not included within the micromachining domain.



In water jet u-machining, abrasive materials are mixed with water to
form a slurry, and projected on the workpiece at high pressure
(usually ~0.7 MPa).

Abrasive jet u-machining, also known as powder blasting, is a
process that uses a particle-laden jet to erode material from a
target. The (particle) jet commonly contains Al;03 particles that

range in size from ~3 to 30 um. For brittle materials (silicon, glass,

and ceramics) powder blasting is a low-cost, quick (~25 pm min~1)
and directionally-precise etching process. A mask can be used to
machine structures that are either intricate in shape and/or small in
dimensions.

The tool used in ultrasonic p-machining operation oscillates at a high
frequency (~20 kHz) and amplitude of ~25 um. It is made of softer
material than the workpiece. Ultrasonic machining removes material
by grinding or eroding workpieces made of extremely hard ceramics.
A liquid slurry consisting of loose, abrasive particles surrounds the
drill bit. The latter are smashed against the hard workpiece surface
by the high-frequency vibrations, thereby producing more and more
loose, abrasive particles and enabling material removal.

13.4.2 Chemical p-Machining Methods

Photoforming: Photoforming or photofabrication is an optical p-
forming technique, similar to stereolithography (technique of
layering of photomasks, which enables the solidification of photo-
sensitive resins through light exposure).

Chemical etching: Dry and wet etching are two methods of chemical
u-etching for glass. Wet etching is typically carried out using
hydrofluoric acid (etching rate ~6pmmin~1 using 50 wt% HF at

40°C) or potassium hydroxide (etching rate ~80 nmhr~1 using 35
wt% KOH at 40°C). Selective etching can also be accomplished
(using masks).



ECM: Through electrochemical dissolution of an electrically
conductive workpiece, the ECM technique achieves material removal
at the desired rate. This mode of chemical machining enables to
achieve excellent surface qualities.

13.4.3 Thermal p-Machining Methods

Laser machining: Localized energy supply (to generate sufficient
heat) that enables material removal is the foundation of the craft of
laser machining. The coherent laser light dissipates as thermal
energy at the material’s surface, which can then be processed for
machining. This heat-assisted machining process allows for
sufficiently accurate p-machining of glass.

EDM: One of the popular non-conventional p-machining techniques
is EDM. Only materials that are electrically conductive can be
processed. To remove material via melting and evaporation,
controlled electrical discharges are generated between the tool and
workpiece.

Chemical machining techniques often produce surfaces with great
surface quality, but their limitation lies in sluggish machining rates,
or machining high aspect-ratio structures. They are more suitable for
batch processes. Although mechanical and thermal machining
typically provide lower-quality surfaces, they are more flexible when
it comes to processing high aspect-ratio components. SACE is an
instance of hybrid technology, where removal of material
accomplished by dual action of heat and chemical processes. As
electrochemical dissolution of the workpiece does not take place,
SACE warrants recognition as a novel machining mode instead of
(incorrect) description as an amalgam of EDM and ECM.

13.5 Material Removal Mechanism in SACE p-
Machining

The preceding sections on electrochemical discharge py-machining
provided some glimpses of the material removal mechanism.



Although electrochemical discharge was correctly reckoned as the
energy source for machining, it was long held that melting the job
(locally) accomplished the task of material removal (as in spark
erosion-assisted EDM). Only recently has the important contribution
of etching to SACE p-processing of (mainly) glass substrates been
recognized. This section addresses both aspects.

The following are some common terms associated with SACE. The
cell terminal voltage is known as the machining voltage, the active
electrode is known as the tool electrode, and the current flowing
between the active electrode and the counter electrode is known as
the machining current in connection to machining.

13.5.1 General Aspects

Since the benchmark work on glass p-drilling by Kurafuiji et al. [7], it
is well known that electrochemical discharge can be used for
machining. This innovation is not limited to glass substrates; some
non-conductive materials (e.g. refractory brick, granite, alumina,
quartz, and plexiglass) and some ceramics (e.g. Al,O3, Siz N, MgO,

Y,03) can also be machined [8]. Using a variety of electrolytes and
salts (NaNO3, NaF, NaOH, NaCl, etc.), holes (~1 mm in diameter)

are commonly created in ceramic substrates with rather high
processing voltages (about ~80 V as compared to ~30 V for glass
and quartz). Compared to quartz and glass, the MRR (material
removal rate) for ceramics is about an order of magnitude lower

(~0.1 — 0.4 mgmin~1); the quality of surface is also poor [24].

Active cathode (for direct polarity machining) or active anode (for
reverse polarity machining) can also be used as tools [25], although
the former is more common. The machining performance differs
between the active cathode and the active anode due to differences
in the discharge activity, particularly the discharge mechanism.

(i) Processes involved



Investigations into the material-removal mechanism by SACE
technique is still an area of active research. A number of procedures
can facilitate material removal, including (a) electrochemical
discharge-induced melting and vaporization, (b) etching at high-
temperatures, (c) thermal strains of components and weathering,
(d) randomized distribution of thermal stress and p-cracking, and (e)
mechanical strains induced by expansion of evolved gases and
electrolyte movement [2].

Review of published literature indicates, till date, only the thermal
effects and corrosion processes have been systematically studied,
mainly for active cathode-machined glass.

It is generally accepted that local heating by electrochemical
discharge is at the origin of the p-machining process. Depending on
the substrate, melting (and eventual vaporization) or high-
temperature corrosion facilitates removal of material.

The significance of thermal mechanism in y-machining is supported
by an increasing body of empirical research. For instance, during p-
drilling, the tool electrode can attain temperatures of up to ~500°C
[16, 26]. Experimental demonstration by Allesu et al. [14, 15]
showed that the thermal energy produced during electrochemical
discharges is capable of etching glass. In their seminal work, the
authors employed an electrolysis cell with two compartments divided
by a glass wall. This partition has a small hole (1.5 mm ¢) punched
into it. A terminal potential difference (of 60 V) causes the
electrolyte to evaporate locally, generating gas bubbles that quickly
fill the perforation in the glass wall The bore diameter gradually
enlarges from 1.5 mm to 2.5 mm owing to electrochemical
discharges inside the gas.

By conducting various measurements, Kulkarni et al. [27] has shown
that, after each discharge, localized heating elevates the surface
temperature (of workpiece) above its melting (or even the
vaporization) point. The study also estimates that only ~2 — 6% is
used to heat the part; nearly ~77 — 96% of energy is used up to
heat the electrolyte and the tool-electrode; It should be noted that



the experiments in [27] were performed on metallic workpieces with
very different thermophysical properties than those traditionally
machined (e.g. ceramics or glass).

At high machining voltages, experimental evidence of thermal cracks
formed within the machined material verifies the thermal mechanism
in SACE p-machining [28].

There is clear evidence of chemical contribution as well. For
example, smooth machined surfaces are achievable in glass
substrates even at low machining voltages. The bulk electrolyte also
contains products from the etching reaction, as confirmed from
chemical analysis. Based on the machining strategy, the temperature
within the machining zone (for glass p-machining) can be reduced to
~200°C, which is quite low as compared to usual values of ~500°C
— 600°C. Within this temperature range, glass still remains highly
viscous. Therefore, material removal is rendered possible only by
etching [2, 25].

(ii) Modeling challenges

Various attempts in the form of analytical [29] and experimental [30]
studies have been made to theoretically predict MRR as a function of
SACE p-process parameters. Two major technological challenges are
posed when setting up working models.

Firstly, the machining temperature (= Ty) necessary for machining
to take place must be known. A precise estimate of Ty, however,

warrants knowledge of the exact mechanism of machining. For
instance, Ty may be taken as the melting point of the job material if
machining occurs by virtue of melting. However, amorphous
materials (e.g. glass) that exhibit gradually decrease of viscosity with
rising temperature and do not present a clear phase transition, this
yardstick cannot be applied.

Where etching at high temperatures plays the dominant role,
estimation of Ty is even more difficult. Although etching occurs at

room temperature, the etching rate is very poor (at this



temperature). Also, the process remains largely non-localized to
sustain machining. The technical issue to be addressed is the
estimation of local temperature that primarily determines the etch
rate, and not just Ty. The rate of electrochemical corrosion is also

influenced by mass transfer through (a) effective removal of already-
etched material, and (b) introduction of fresh electrolyte to the
machined area. To summarize, the estimation value of temperature
required for p-machining is still an open question.

The rate of energy release during discharge and the fraction (of
energy) consumed for the machining process must both be
considered for accurate prediction of MRR. Basak and Ghosh [29]
estimated that each discharge has a duration of ~0.1 ms, and

carries an average energy of ~2000 J/ cm2. Depending on the
geometry of the tool electrode, the average energy release for each
discharge varies between ~3 — 10 mJ, as estimated by Jiang et al.
[30].

The estimation of the average heat released (= Pg) during
discharge, in terms of the water decomposition potential (Ug), the

machining voltage (U), inter-electrode resistance (R) of the
electrolyte, and the average current (I), is as follows [4, 11, 31]:

o = T — T2 13.1
Pe=(U-Uy)T- RI (13.1)

Mean v:z lue of Joule heating
energy supplied of electrolyte

The mean energy and the average duration of spark can also be
estimated from statistical analysis of current signal [4, 6]. The latter
approach provides an improved estimate of Pg (as compared to Eq.

(13.1)). The experimental observations of MRR corroborates fairly
well with the proposed models, except for voltages below ~30 V
where actual machining rates exceed the predicted (machining) rate.
This shows that the chemical contribution (to machining) at low
voltages cannot be ignored [2]. These aspects are taken up in the
following sections.



(i) Glass p-machining: material removal mechanism

In y-machining of glass, the high-energy discharge sublimates
material and forms p-pits on striking the surface of glass [2, 32].
This process is dia-grammatically illustrated and vividly explained in
[33]. The major fraction of substrate surface is attacked OH radicals,
with sodium silicate as probable etchant. In addition, local heating
due to electrochemical discharge results in the formation of low-
viscous vitreous region. The gap between heat source and job, the
intensity of the source of power, the tool-electrode form, and the
mass transport dynamics will all have an influence on the
temperature of the machined region.

Presently, the influence of the first two factors on SACE pmachining
performance is scientifically well-known. The feeding mechanism of
tool-electrode determines the gap between the heat source and
workpiece. The strength of the heat source can be regulated by the
machining voltage. The influence of mass transport and geometry on
metal erosion rates is still an open problem; only some known
aspects are outlined here. Based on machining-zone temperature,
the electrolyte exists either as molten salt or aqueous solution; the
electrolyte’s physical state, however, decides the machining mode.
Therefore, depending on the machining conditions, there are
multiple machining temperatures for glass.

Machining at low or high depths are both influenced by the local
temperature and (temperature-dependent) corrosion rates; the
latter, in turn, is influenced by mass transport. With increasing
depth, the discharge activity and etching are observed to reduce, as
the flow of electrolyte near the tip of tool-electrode is progressively
hindered (when drilling p-holes). Both effects lead to significant
reduction in MRR. Thus, the depth of machining adversely affects
the MRR. Two limiting situations are discussed. The first case is one
of shallow-depth machining, where the rate of heat transfer inside
the part delimits pmachining. The availability of electrolyte in the
machining region and the technical challenges of removing material



from the machining site delimits the machining rate in deep
machining.

13.5.2 Micromachining at Shallow Depths

If the electrolyte can easily reach the machining zone during SACE
M-machining, the process is referred to as low-depth machining. In
this instance, the electrochemical discharges happen when the tool
is submerged in a non-confined electrolytic medium without a
workpiece. Depending on the job material, material is removed by
melting and/or chemical etching as soon as the machining
temperature is reached. The models outlined in this section are
applicable to situations where machining is constrained by heat
transfer in the workpiece. Such circumstances are typical for a
number of SACE pmachining techniques.

(i) Heat transfer modeling

In line with EDM, a simplified model is discussed here, where the
thermal energy imparted by discharge is approximated by a
constant-power source (= Pg) within a homogeneous material [34].

The temperature at far-off distance (infinity) is assumed constant (=
To). The geometry of heat source depends on the tool geometry as

well as the p-machining mode [35]. Two cases of primary relevance
are discussed here.

The first case employs a cylindrical tool electrode, as during gravity-
feed drilling. The machining mode ensures that the workpiece is
always pressed against the electrode. The heat source is modeled as
a disk heat source with the following boundary conditions:

/'LaT(r z=0,t)= i -
oz = —P”,,rﬂ_ib
mb”

b: Radius of cylindrical tool-electrode



A second case discussed here is valid for cylindrical tool-electrode
(as in 2D-machining or constant velocity-feed drilling), where
electrochemical discharges originate at its sharp edges. In this
strategy, the (constant) speed of advancement of the tool-electrode
is lower than the average value of MRR. This creates a gap between
the tool and the job during p-machining:

0 r> b) (ﬁ)
/'Lg(r,zz 0,t)= P,

0z —— — p=b
m[b”—(b—e)’]

b: Radius of cylindrical tool-electrode; e: Thickness of cylindrical
tool-electrode In both cases (Eg. (13.2) and Eqg. (13.3)), the spatial
solution outside the domain of heat source satisfies the following
temperature field T:

pc dT (13.4)

= —=VT
A Ot

(p: Density, k: Thermal conductivity, c: Specific heat capacity

For the disk source, the solution of temperature distribution presents
cylindrical symmetry. The spatial-temporal distribution of
temperature [T = T(z, t)] is solved:

13.5
2Pﬁ\/; , z : Vz* + b’ (13:53)
T(z,t)-T, = —| ierfc —ierfc —
«J dat +/4at

ATb®
2 13.5b
ierfc(x) = %E_x — xerfc(x) ( )
Tt

a = A/pc: Thermal diffusivity; erfc (x): Complementary error
function;



z: Distance measures along the axis of symmetry of the cylinder
from the heat source

As t — oo, the steady-state solution is given by:

To(2)=Ty =—2-(J2Z + b2 —2) (13.6)

Artb?
T(z,t > o) =T..(2)

The point of maximum temperature lies on the axis of symmetry.
Therefore, etching can only occur if the following conditions are met:

13.7
Tu—T, < lPﬂ (Ty: Machining temperature) e

T

If uniform spark distribution is assumed, the heat source radius is
same as the tool radius.

Equation (13.7) is only an approximation. The uniformity in spark
distribution and the hypothesis of cylindrical shape is not always
fulfilled. Also, the various thermo-physical properties of the job
depends on temperature. In addition, the temperature required to
perform machining (Ty) is difficult to estimate.

For estimation of Py, the thermal power (= Pg) generated from

discharge must be known. The slope of the average I-V
characteristics in the linear portion of the curve (range ~5 — 15V)
measures the inter-electrode resistance (= R).

Out of the total heat (= Pg) generated, only a portion is imparted to
the job (Pg = €Pg). This fraction (= €) depends on the ratio of the

thermal conductivity of the electrolyte and the substrate as well as
geometrical parameters. The thermal conductivity of the tool-
electrode also influences €, as most of the heat is dissipated through
the tool electrode. In addition € is influenced by the gap between
the tool electrode and the job.



(ii) Estimation of MRR
The evolution of isotherms (in temperature field) T (z, t) = Ty and

to estimate the rate of material removal (or MRR) during p-
machining. Material removal is very rapid (occurs as soon as the
value of Ty is reached), according to the technological standards of

low-depth machining. In this case, the plate heat source (Eq. (13.2))
is considered.

Equation (13.4) is conveniently presented in non-dimensional form.
The dimensionless temperature is defined by:

T T-T, (13.8)
Py /(Amb)
T = b?/4a (1: Characteristic time scale) (13.9)

The dimensionless length Z =z /b and the normalized time t=t/1
are also defined. Making use of these variables, the solution for Eq.
(13.4), with the set of boundary conditions specified by Eq. (13.2), is
written as follows:

- . =gy (13.10)
T(Z,t) =+t | ierfc| —= |—ierfc| ———
‘ (F e

The distance reached by Ty (isotherm), or the evolution of z (t), is
evaluated by solving Eq. (13.11):

o - 13.11

P,/(Anb) x

The number k (in Eg. (13.11)) can have multiple interpretations,
depending on the mode of material removal. The value of Ty is the



same as the melting temperature of the substrate, if material
removal is due to melting. The number K, in this case, is expressed
as in Eq. (13.12):

P P,
P Anb(Ty —T)

The value for Ty is no longer well-defined if machining is due (
to etching of the job (the etch-rate is determined by Ty. At

sufficiently high temperatures, the etching rate is faster than the
heat conduction rate within the workpiece, so that the heat transfer
rate becomes the limiting factor. In this case, k is the reciprocal of

(k: Normalized thermal power)

13.12)

the normalized temperature. The starting time of machining (= tn) is
indicated by the moment when the workpiece temperature attains
Ty (machining temperature):

_aowew 13.13
T(Urt{})=_K_ ( :

s — v
T(E Ortﬂ):\/; %—Lﬂe /“4-\/1:,311};[\/1?} :é
0 0

As soon as Ty is reached, material removal occurs for low-

depth machining. The MRR is governed by the temporal rate of
propagation of T (z, t) = Ty through the material of the job. This

propagation rate is numerically same as the slope of the curve
—(~y 1
[T(O, ty) = —
K./ . Equation (13.15) is thus obtained, by applying the
theorem of implicit functions:

(13.14)



dz(t) 1 1-e® 1315
dt  2Jn g,
Equation (13.14) and Eq. (13.15) together yield the estimate of rate
of material removal (or MRR). Two limiting situations are discussed

(to =06 >1) o MRR is

here. For large power dissipation
approximated as:

df(rc): K (I_E_Kz;ﬂ) (13.16)
dt 2nm
Ezl (13.17)
2

On the other hand, for small values of power dissipation

(k=1,t,>1), the material removal rate (as quantified in Eq.
(13.15)) is estimated by:

dz(x) _ x—{ (—n(lc—nzﬂ (13.18)
= 1—-exp

T 2

dt 2K K

— 1{ - T (13.19)
toz—| ——

mLK—1

The value of k must be estimated as a function of cell terminal
voltage. A qualitative approximation can be obtained by assuming
that each discharge imparts an identical thermal flux (= gg) to the

job. The power (Pg) is equated to the average number of discharges
by means of the following equation:



Py= %[{N(t)}-qE] = AqAq:(A: Surface on which discharges occur)

Discharges usually occur on the lateral surface of the tool- (13.20)

electrode. It follows that:

K= }L’dﬂbhqu - ?'ud hqu ,(A - bhd)
Amb(Ty —T) MTy - Tp)

(13.21)

hg: Height at which discharges are visible

Equation (13.21) provides a rough estimate for k. It shows that k «
Ng (Ag: average number of discharges per unit time, a function of
terminal voltage U).

(iii) SACE application in glass micromachining

Review of published studies presents the case of a circular heat
source for glass p-machining application [36]. This experimental
study showcases machined glass parts at a specified machine
voltage (29 V) in 50 wt% KOH, for different durations of machining.
The cylindrical tool used has a diameter of 500 um. The initial gap
between the tool and the workpiece is a couple of microns, with the
former held at a constant height. Cylindrical rings are machined for
machining of short durations (less than 500 ms), which then develop
as a perfect circular disc on the job surface. Comparison of ring
diameters with different values of isotherms, as obtained from
numerical solution of Eq. (13.4) (together with the boundary
conditions (2)), indicates that the glass machining temperature (Ty)

should be ~ 185°C. The power (Pg) was then estimated from Eq.
(13.1), with ring thickness taken as e = 10 pm.
According to estimate provided in Eq. (13.7), glass p-machining

requires low thermal power (less than ~1 W). Thus, Eq. (13.21) and
Eg. (13.16) (written in dimensional form) can be used, respectively,



to estimate the time required (= ty) to attain Ty and to quantify the
processing speed (= dz (k)/dt):

o b2 P, 2 (13.22)
*" 4a| P, - Amb(T-T,,)
g o iea (13.23)
dz(k) _4dax {l—exp[ ']I(Kj 1) H
dt b 2k K*

The discharge activity is observed to be lower with an active anode.
Due to different discharge mechanisms, a wide range of machined
forms and surface roughness (with sometimes even higher values of
MRR) are observed for glass and quartz y-machining [8, 25, 36]. In
case of active anode, as pointed out earlier, the Hickling and Ingram
mechanism produces a large number of OH radicals as a result of
(electrochemical) discharges, which additionally contribute to etching
of (glass or quartz) workpieces.

(iv) SACE application in ceramic pmachining

Ceramic micromachining requires much higher energy. As predicted
by Eq. (13.7), alumina usually requires ~40 W. Although these
energies can be reached at high values of voltages (typically ~50 V),
large values of k cannot be obtained (in fact k = 1). In this case, Eq.

(13.23) can be further approximated as follows:

2a (13.24)

dalic) _ 2a n(xk—1) = Fﬂ(,&af

dt b

Ae: Ratio of excess energy supplied, as compared to the minimum
heat output (= Ppyiny) required for processing

As an example for aluminium oxide, assuming a few percent of Ag,
one can expect a drilling speed of a few pms~1, and this estimate



agrees well with experimental observations [37—-39].

13.5.3 Micromachining at High Depths

When the electrolyte is not able to reach the machining zone as
easily as at shallow depths, SACE p-processing is termed as high-
depth machining. This adversely affects material removal from the
workpiece, either by melting or by chemical etching. The process is
delimited by the ability to transport the electrolyte into the
processing zone as well as flush out the machined material. Both of
these processes are significantly geometrically-dependent.

As compared to machining at shallower depths, machining at greater
depths yields significantly low values of MRR. Therefore, in order to
develop an initial idea about the process, one can consider steady
temperature distributions in the discharge zone.

Drilling of glass surfaces at high depths is considered as an example
in [2]. The geometries of the tool and the (drilled) hole are
adequately described. The steady-state heat equation is solved to
obtain an initial estimate of the temperature distribution:

V2T=0 (13.25)

Jalali et al. [31] have provided the numerical solution for this
equation under various sets of boundary conditions.

The heat flux (= ¢) of the gas film is approximated by Eq. (13.26)
(Pg: electrical energy; Ag: cross-sectional area of gas film around the

cylindrical tool electrode; A.: cross-sectional area of cylindrical tool
electrode):

P (13.26)
A +A,

(p:

Electrochemical discharges can be modeled as constant-flux heat
source at the bottom of the tool-electrode. The strength of the



power source is estimated by Eq. (13.1). The model takes into
account the thermal con-ductivities of the tool-electrode, the job and
the gas film. As verified by calculations, a significant part of heat
generated (by discharges) is removed through the tool-electrode.
The gas film (homogeneous mixture of H, and steam) apparently

plays a key role in thermal energy concentration in the vicinity of
tool tip [2, 16, 26, 40].

This foregoing discussion suggests that thermal mechanism is not
the only mode of material removal. In fact, the temperature at the
bottom surface of the tool-electrode is insufficient to cause melting
at greater depths. Possibly, machining is aided by etching due to
small amounts of electrolyte that creeps into the machining zone.

As elaborated in [2], the temperature below the circumference of the
tool exceeds that of the job beneath the bottom surface of the tool-
electrode (the temperature difference exceeds 100°C).

Consequently, the depth of SACE machining is more in vicinity of the
edge of the tool-electrode.

At the edge of the tool-electrode, the heat near the gas film melts
glass and sets up a crater. At large drilling depths, the molten
electrolyte reaches this machining zone and assists chemical
reactions to occur. This causes electrochemical erosion of the viscous
glass material. The etching gradually proceeds towards the zone
where the electrolyte progressively penetrates. The tool electrode
move deeper into the workpiece as the underlying material gets
removed. The contact force is a drag or shear force, and arises due
to the penetration of tool into the viscous region [41].

13.5.4 Micromachining by Chemical Reaction

The effect of electrolyte on machining efficiency has been a focus of
study, ever since the first set of published studies on p-machining by
electrochemical discharge. A benchmark study on the influence of
parameters such as machining voltage, electrolytic properties, and
others, on MRR has been conducted in [8]. In particular, the



experimental study describes how the MRR enhances with the
machining voltage, electrolyte concentration, as well as its
temperature.

The effect of electrolyte on the machining process is complex, and
the temperature and concentration of the electrolyte are not the sole
parameters. In particular, the nature of the electrolyte influences
machining behavior. Relative to other electrolytes (KOH, NaCl, NaF,
NaNO3, HCI, etc.), NaOH presents the most conducive properties [3,

7-9, 18]. Generally, acid electrolytes result in very low values of
MRR, as compared to alkaline counterparts. The electrolyte
influences the surface roughness of the machined job. In particular,
electrolysis of molten salts can significantly improve the surface
smoothness of machined parts.

In case of glass py-machining with NaOH, the piece may be engraved
by the following electrochemical reaction:

2NaOH + SiO, — Na, SiO, + H O (13.27)

The Na, SiO3 formed is removed by the flow of electrolyte. The rate

of chemical reaction is augmented with increasing temperature.
Similar results have also been reported for ceramic materials [25].
Yang et al. [19] have defined the process as a high-temperature
assisted corrosion process. The experimental study has concluded
that SACE p-machining is most probably a combined thermo-
chemical attack on the surfaces of workpieces. Energy-dispersive X-
ray analysis of the structures machined on soda lime glass

substrates shows a decrease in Na™ concentration, with an increase
in H concentration in the machined region [16, 36].

Didar et al. [42] has demonstrated that 2D p-machining with
electrochemical discharges can create (local) changes in surface
topology of glass. Nano-indentation tests confirm that the density
and hardness of a SACE-machined glass surface get increased. Even
during machining, as the tool electrode moves over the glass
surface, the surfaces (of machined grooves) are cooled by bulk



electrolyte volume that reaches maximum temperatures of only ~80
— 90°C. Experimental tests also confirm that, irrespective of
electrolyte concentrations, the density of machined glass increases.
Studies confirm, for all electrolyte concentrations, the increase in
density is ~20%. For more details, the interested reader is referred
to [2].

13.6 SACE p-Machining Process Control

An outline for controlling electrochemical discharge-assisted p-
machining process is outlined in this introductory treatise. For full
information, the interested reader is referred to [2].

There has not been sizeable published literature on active control of
micromachining with electrochemical discharges. There are two key
problems that account for this trend. The primary challenge lies in
the fact that the process cannot be vividly observed. It is still unclear
how real machining states and/or parameters may be determined
with limited amount of extractable data. Another challenge is to
ascertain the optimum route for machining procedure. For instance,
altering the machining voltage (= U) is observed to have limited
impact on machining procedure. In addition, local parameters such
as chemical composition or temperature are not solely dependent on
U.

Given the challenges, a number of passive control techniques have
been proposed and implemented. Some of these strategies, as
described in this section, work well and produce outcomes that are
quite promising. Using appropriate electrode shapes and motions,
the first set of (control) strategies aims to promote electrolyte flow.
The second group of control schemes aim to achieve localized heat
generation. The most sophisticated methods use pulsed voltage
processing, which combines optimization of heat generation and
promotion of local sputtering through electrochemical discharges.



13.6.1 Analysis of Process

SACE assisted p-machining involves mix of softening, melting, and
etching of a substrate. Relative contributions of the respective
processes depend on the workpiece material. Locally, the machining
zone is heated up due to electrochemical discharges.
Softening/melting and/or etching aids in material removal.

In order to optimize machining by electrochemical discharges, the
aspects of stable discharge activity, localized heating, etching, and
mass transport must be effectively monitored. On one hand,
maximizing the etching yields the best surface quality; on the other,
concurrent reduction of local heating prevents the creation of heat-
affected zones. Satisfying both the above criteria requires optimal
electrolyte supply to the machining zone.

The technological significance of the chemical contribution and, by
natural extension, the implications of the local electrolyte flow, has
only lately been realized. Only a few strategies have been tested and
validated so far for SACE, as compared to other machining
technologies such as electrical discharge machining (EDM) or
electrochemical machining (ECM). Although the latter techniques
meet similar concerns, a number of strategies have been developed
to address these challenges. In addition, SACE machining presents a
major difficulty in active control of separation distance between the
tool-electrode and the workpiece (called the machining gap). This
limitation makes it difficult to implement control mechanisms
(developed in EDM and ECM) to modulate local flows. The influence
of the discharges also presents a notable distinction. Each discharge
in EDM locally melts the workpiece; keeping track on the current
pulses thereby makes it possible to regulate machining rates (in
EDM). In addition, as anodic erosion (of workpiece) serves as the
material removal mechanism in ECM, p-machining can be directly
controlled by the current. Electrochemical discharges in SACE
machining provide the heat required to enhance local etching;
however, the impact of a single electrochemical discharge is yet to
be clearly demonstrated. Significant obstacles to create effect control



techniques for SACE machining stems out of this knowledge gap.
The force applied to the tool-electrode during SACE drilling has
recently been attempted to function as a control signal [2].

13.6.2 Etch Promotion

Etch promotion during machining is achieved by optimizing the local
electrolyte supply to the machining area. This aspect is especially
important during drilling, where the deeper the hole, the more
difficult it is for the electrolyte to flow into the processing area. It
can be noted that the quality of microcircuits deteriorates during
drilling in hydrodynamic mode.

The supply of electrolytes to the processing area can be increased
by using electrolytes of low viscosity (e.g. KOH). Selection of
appropriate tool-electrode kinetics, tool-electrode shapes, or
electrolyte flow also promote better etching rates. These strategies
are briefly discussed below.

(i) Shape of tool-electrode

Published studies indicate that the electrode of the needle-shaped
tool significantly increases the drilling speed at low values of voltage
(typically less than ~30 V), compared to drilling with a cylindrical
tool, [2]. However, for both the tools, drilling speeds increase at
higher voltages. This follows from the fact that with the tool-
electrode of needle-shaped geometry, the discharges are
concentrated at its tip. The discharge density is higher for smaller
sections, resulting in higher values of MRR (compare Eq. (13.12) and
Eg. (13.23)). This effect is significant in the discharge zone (up to a
depth of ~200 — 300 mm) at low voltage. The drill speed becomes
almost independent of voltage after reaching the hydrodynamic
regime at high voltages. When compared with the tool-electrode of
cylindrical shape, the average speed of drilling for a needle-shaped
tool in the hydrodynamic mode is ~10 times higher.

Different shapes of tool electrodes have different effects. The
concentrated discharge at the electrode tip for needle-shaped tool



electrodes leads to an increase of the discharge regime. It is possible
to enhance the discharge zone by choosing a tool electrode
geometry that facilitates electrolyte flow within the microholes [43,
44]. Further improvements can be achieved by (a) increasing the
rotation speed of the tool electrode, or (b) using pulsed voltage
treatment. The effect of augmented flushing is observed in current
signals. When drilling takes place at shallow depths, and voltages
close to the transient voltage are applied, the current signal
predominantly presents discharge spikes. As the drilling depth is
increased, the signal indicates more gas film formation, which
indicates that the discharge activity switches from the arc state to
the unstable state. From ~300 mm depth onward, machining with a
cylindrical tool initiates instability in the gas film (in 6 M KOH at 38
V).

Yang et al. [18, 19] have investigated analogous tool geometries in
gravity-feed drilling of quartz work pieces. For this study, the
research group used a tool with 150 mm diameter spherical end
attached to a 10 — mm cylindrical body. For quartz drilling in 5M
KOH at 40 V, as reviewed in [2], the problems associated with the
hydrodynamic regime can mostly be resolved. Drilling time is
significantly reduced compared to using pure cylindrical tools. This
also reduces the inlet diameter. This effect is attributed to the shape
of the tool. In spherical tools, the tool body is significantly thinner
than the tool edges, and the p-hole inlet walls are much less heated
than in cylindrical tools. This is detailed in treatise [2], referred to
the interested reader.

(ii) Vibration of tool electrode

Electrolyte flow inside the holes during p-drilling can be induced by
appropriate vibration modes of the tool. This processing strategy is
sometimes called tapping mode machining [2].

An example of the effect of tool-electrode vibration is discussed in
[2, 3]. The amplitude and frequency (of vibration) were respectively
varied between 0-30 pm and 0-30 Hz.



For each mode of tool oscillation, 15 p-holes were drilled at 33 V.
Drilling is mainly done in discharge zone up to a depth of ~100 um;
the hydrodynamic modes trigger beyond ~200 um.

In the frequency range (0 — 30Hz) and amplitude range (0 — 30 um)
of tool vibrations used in the above study, a clear dependence on the
vibration amplitude can be observed; the effect of frequency is
secondary.

The nature of variation of the average drilling time versus vibration
amplitude, as reported in [2], is due to relative weightage between
the two aforementioned effects. Increasing the amplitude of
vibration favours enhancement in the drilling speed, promoting
electrolyte-flow inside the p-hole and also removal of material from
machining site. However, the higher the amplitude of vibration, the
farther the heat source is (locally) from the surface of the part. It
should be noted that if the distance between the tool and the job
exceeds 20 to 25 um, the p-machining of glass ceases to take place.
This is why increasing the tool vibration beyond an amplitude of 10
MM makes no significant improvements in the drilling speed.

An alternative method to constant vibration of the tool is vertical
oscillatory motion of the tool-electrode at specific moments (during
W-drilling) so that fresh electrolyte can flow into the hole. A possible
algorithm could be designed on measuring the contact force
between the job and the tool-electrode. The tool-electrode is pre-set
to move up and flush the p-hole, if this force is greater than some
threshold level. However, this strategy does not enhance the drilling
times. With larger gaps, the effect proves detrimental as the surface
of the workpiece is no longer heated up effectively. A better strategy
is creating a gap and vibrating the tool-electrode simultaneously (as
the gap is created), to flush the machining zone. The vibration
amplitude must slightly exceed the formed gap, so that they can
periodically touch the workpiece and heat it effectively [2].

(iii) Rotation of tool electrode



Tool-electrode rotation also promotes flow of electrolyte. An example
of tool-electrode rotation induced gravity-feed p-drilling is presented
in [45]. Two different regimes can be identified for a tool electrode
of cylindrical symmetry. At low rotation speeds (not exceeding ~500
rpm), rotation of tool promotes p-drilling. As rotational speeds
increase, the effect proves detrimental. The machining zone is likely
to cool down as the hot electrolyte is pushed away from the site.
However, this effect is not observed with a flat sidewall tool-
electrode fed with pulsed voltage; the interested reader is referred
to [2] for greater details.

The MRR and cylindrical shape of the machined holes can also be
improved by rotating the tool electrode. The effects of tool rotation
speed is briefly touched upon. In the case of slow rotation (not
exceeding ~25 rpm), machining efficiency increases. At rotational
speeds exceeding 25 rpm, machining performance decreases and
worsens compared to a non-rotary tool. This observation can be
attributed to the instability of electrochemical discharge as the speed
increases. Noticeable variations in efficiency are observed when
eccentric rotation is employed for the tool; for a full discussion, the
reader is referred to [2].

(iv) Motion of electrolyte

As viable alternatives to promote flushing of the machining site,
appropriate kinetics can be imparted to the tool-electrode. To
achieve this, different energy sources can be employed to trigger
motion of the electrolyte. Two approaches have been proposed and
investigated thus far: promotion of flow inside the p-hole by means
of MHD effects, and the use of acoustic waves.

By applying an external magnetic field near the tool electrode by
using a permanent magnet, Cheng et al. [46—48] has demonstrated
that the discharge regime over the substrate surface could be
expanded.

Localized flow of electrolyte inside the p-holes must be promoted by
acoustic waves, and ultrasonic waves prove suitable due to their



suitability to propagate through obstacles [49],
(v) Electrolyte with dispersed abrasives

The addition of an abrasive material to the bulk electrolyte does not
in itself promote local etching. However, etching can be enhanced in
conjunction with rotation or vibration of tool-electrode. In this way,
the machining quality is improved by reducing the surface roughness
[18, 19, 50]. As mentioned above, during the p-machining process,
addition of abrasives can help enhance heat transport rates.

13.7 Conclusion and Scope for Future Work

So far, ymachining aided by electrochemical discharges (or SACE)
has been discussed as a novel technique for various materials that
are hard to machine. Knowledge of glass p-machining has reached
sufficiently high levels of attainment to enable interesting
engineering applications. Although some possible process-control
strategies have recently been explored, there is still much to do in
this field.

Also, there is much to investigate in exploiting the behavior of
electrochemical discharges. Only the thermal energy produced by
discharges has been effectively used. But more applications can be
harnessed; for instance, electrochemical discharge transport
electrons and reactions can be carried out at targeted sites for
tailored applications, as in contact glow-discharge electrolysis.
Localized surface modifications of machined surfaces offer just one
of many possible applications.

The mechanism of particle growth is not yet clearly understood.
However, the particles are thought to form at the interface between
the gas film and the electrolyte. The size is possibly determined by
the concentration of metal ions near the gas film and the amount of
charge carried by each discharge. But, it is quite unlikely that
formation of a large particle (~300 nm) happens in one step.
Nucleation discharges, progressive over time, that reduce metal ions
could be a probable growth mechanism. Some of these ions (born



out of this discharge) form stable nuclei, and they continue to add
atoms during successive discharges to grow in size. Another
suggested mechanism of particle growth is reduction of metal ions in
an atmosphere of hydrogen gas film. When the nanoparticles attain
a certain critical mass, they stop growing any further and leave the
reaction zone.

The potential of electrochemical discharges in p-machining is
immense. Full exploitation of this enormous potential is still quite far.
Electrochemical discharges offer dual advantages of supplying
thermal energy and highly energized free electrons over a localized
zone. Synergistic combination of these effects and judicious use can
open up novel and exciting avenues of research and applications.
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