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ABSTRACT 

 

Emerging trends towards miniaturization and growing demands have led to 

fabricating components having nanoscale features for electronics, robotics, aeronautics, 

biomedical, automobile, and bio-micro-electro-mechanical system (Bio-MEMS) sectors. This 

thesis covers an approach to downsize the resolution limits of electrical discharge machining 

(EDM) to a nanometric scale, bridging the gap between micro and nanoscale machining 

considering the thermal impact of electrical discharge. Nano-electrical discharge machining 

(Nano-EDM) technology may offer nanosized features, for instance, complex 3D nano-

grooves, nanocavities, nanopores, nanotools, nano-painless needles for drug delivery, etc. 

Later on, the thesis identified the research issues and perspective solutions for the 

advancement of nano-EDM technology. The research gap, constraints, and opportunities are 

critically examined through state-of-the-art knowledge in the second chapter i.e., the 

literature review. The impact of advancements in pulse power technology upon the 

realization of nano-EDM is also briefly reviewed.  

For developing any micro/nanoscale features, a stable machine tool is always 

required, hence the third chapter proposed a novel servo gap control mechanism for the 

micro-EDM process and tested its machining feasibility and performance on difficult-to-cut 

materials such as duplex stainless steel (DSS-2205). The interelectrode gap control 

mechanism is based on magnetic levitation using a unipolar linear motor. Here, the 

electromagnetic force (Fem) is made balanced to gravitational force (Fg) and spring restoring 

force (Frs) to achieve a stable and uniform discharge. The equilibrium state of these forces 

provides the essential condition for better machine stability and fast positioning response. 

The system is empowered with a pure DC power source and triggered with innovative 

actuator arm technology. The swinging of the actuator arm facilitates the essential condition 

for dielectric straining within the small interelectrode gap. The machining feasibility and 
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performance were tested first by conducting preliminary experiments on duplex stainless 

steel (DSS-2205) in deionized water. It was found that the material removal rate (MRR), tool 

wear rate (TWR), and surface roughness (SR) is lies in the range of 117.6-223.8 μg/min, 10-

29 μg/min, and average surface roughness (Ra) of 1.823-2.693 μm respectively. The system 

stability was tested in terms of the voltage-current (V-I) discharge characteristic curve. It was 

found that the system maintains the proper gap efficiently and stably for the occurrence of 

normal discharge. The proposed solution may be a good alternative for servo gap control 

strategy in EDM or micro-EDM. The same micro-EDM system was used further utilized for 

the nano-EDM machining work using a scale-down approach via ZnO nanorods as 

nanotools.  

Fabrication and handing of the micro and nanotools are one of the great challenges 

for the commencement of nano-EDM. It is expected that the tool with a nanometric tip may 

deliver discharge energy at the nanoscale due to the size effect. Hence, the fourth chapter 

deals with the three different approaches for the fabrication of micro and nanotool for the 

commencement of nano-EDM. In the first approach, micro-tools of diameter 90-95µm were 

fabricated first using an electrochemical micro-turning process. Here, due to the anodic 

dissociation and ion exchange phenomenon, the material was eroded from the job to develop 

the cylindrical microtools. The vicinity of the rotating tool applied voltage, concentration, 

gravitational, and mass diffusion impact is a substantial factor that defines the geometry of 

the fabricated microtools. In the second approach, 2D nanoplates like ZnO nanostructured 

tools were developed on the tip of the microelectrodes. Here, the combination of zinc nitrate 

hexahydrate [Zn(NO3)2·6H2O] and hexamethylenetetramine (HMTA) is employed as a 

growth solution with a PH value of 6.0. The assembly of 2D nanostructures grown on 

microtip is accelerated by introducing the ultrafine discharge in the chemical growth 

solution. The synthesis, deposition, and growth time were limited to 20 seconds only. After 
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deposition and growth, annealing heat treatment was applied at 950C for 45 minutes to 

eliminate any impurities or crystal defects. The structural/morphological characterization 

through field emission scanning electron microscopy (FESEM) confirms that the fabricated 

nanostructure is 2D nanosheet-like at a lower molar concentration. Nevertheless, at higher 

concentrations, the grown morphology changes to a marigold flower-like structure with 

porousness in its crystal structure. The chemical characterization through energy dispersive 

spectroscopy (EDS) confirms the dominance of the ZnO in the fabricated nanostructured 

tools. The X-ray diffraction (XRD) results confirm the phase pure hexagonal wurtzite 

structure of ZnO with an average crystalline thickness of 27 nm. The availability of 

functional group and molecular fingerprint corresponding to ZnO stretching is identified by 

Fourier transform infrared spectroscopy (FTIR) while the elemental composition and their 

chemical states were analyzed by X-ray photoelectron spectroscopy (XPS). The development 

of 2D ZnO nanoplate-like structure on the microprobe tip has not been used as nanotools and 

it is limited only to the optical and chemical characterization. It was the first attempt towards 

the fabrication of nanoplates/nanorods-like tools formation.  

Literature on nano-EDM indicates that normally atomic force microscopy 

(AFM)/scanning tunneling microscopy (STM) nanoprobes/nanoindenter are used as 

nanotools for the nano-electro-machining process. These nanoprobes are quite expensive and 

handling these nanoprobes needs a special tool holder which is also very costly. ZnO 

nanorods which are lies in the same dimension as these nanoprobes may be tested as 

nanotools for nano-EDM experimentation. Hence, in the third approach, ZnO nanorods were 

fabricated on the microprobe tip through a low-temperature hydrothermal process and tested 

its machining feasibility towards nano-EDM. The basic mechanism of ZnO nanorods 

formation and the chemical reaction associated with active nuclei formation in seed solution 

and morphological transformation in growth solution has been elaborated briefly. The 
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fabricated ZnO nanorods were further used as nanotools for fabricating nano-patterned 

features on super-finished titanium alloy (Ti-6Al-4V) and Inconel-625 using the scale-down 

approach of micro-EDM.  

The machining setup and nanotools are now available for testing the feasibility of 

nano-EDM. Hence, the fifth chapter deals with a scale-down approach for fabricating the 

nanopatterned features on super-finished titanium alloy (Ti-6Al-4V) using vertically aligned 

ZnO nanorods grown on the apex of the microtip. On the apex of the micro tools, the ZnO 

nanorods were grown by the low-temperature hydrothermal process by dipping the apex of 

the tip in seed and growth solution followed by essential heat treatment at 900C. It was found 

that the grown nanorods were well-defined in shape and size and further utilized as nanotools 

during long-duration discharge (5ms) micro-EDM experiments. It was expected that by 

downsizing the tooltip, the discharge energy per unit pulse may be reduced due to the 

localization and size effect. Field emission scanning electron microscopy (FESEM) 

micrographs were utilized for the morphological characterization of formed nanopatterned 

cavities, microtools, and nanorods while the chemical characterization of the same is carried 

out by electron diffraction X-ray (EDX) spectroscopy. Additionally, the stability of the 

machining process was tested first for multiple discharge energy pulses then after a long 

duration discharge energy pulse has been characterized by voltage-current (V-I) waveforms. 

Finally, the supporting results of this experimental investigation show the feasibility of the 

approach toward nano-EDM. 

The sixth chapter deals with a top-down approach that is applied to the novel maglev 

micro-electric discharge machining process to reduce the size of the feature down to the 

nanometric scale. ZnO nanorods, which are grown on the copper tooltip apex, were used as 

nanotools for this. The nanorods were fabricated by a low-temperature hydrothermal process 

that involved dipping the tooltip (Copper wire, ø100µm) in seed and growth solution 
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followed by critical heat treatment (950C). The morphological characterization of the tooltip 

indicates that the nanorods on the top surface of the tip are well-grown in shape and size, with 

uniform distribution. Experiments with long-duration discharge (4.5 ms) were carried out in 

an open-air environment on the super-polished Inconel-625 work surface using ZnO 

nanorods as nanotools. The intensity of discharge energy per unit pulse is expected to 

decrease as a result of the nanotools’ localization effect. The appearance of geometrically 

irregular nanopatterned cavities on the super-finished work surface supported this. The 

nanopatterned cavities are the negative impression of the bundles of nanorods that developed 

due to the thermal impact of electrical discharge, according to the field emission scanning 

electron microscopy (FESEM) micrograph. Voltage-current waveforms were used to 

characterize the discharge stability for long periods/multiple discharge energy pulses. The 

energy dispersive X-ray (EDX) spectroscopy technique was also used to characterize the 

tooltip and produce nanocavities on an elemental level. Finally, the results of this top-down 

approach reveal that nano-EDM is feasible and may pose a wide range of applications in 

micro/nanomanufacturing. 

The seventh chapter deals with the conclusion and contribution and future work 

opportunities related to nano-EDM.  
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Chapter-1: Introduction  

 

1.0 Introduction 

 

Micromachined and nanomachined components are widely used in the electronic, 

aviation, biomedical, optics, and communications industries [1,2]. In recent years, 

nanomachining through non-conventional processes has become the key technology for the 

processing of exotic materials [3]. Electrical discharge machining (EDM) is one of the non-

traditional machining processes in which material is removed due to the thermal impact of 

electrical discharge. Here, the material is removed in the form of microscale debris due to the 

controlled erosion of the tool and workpiece material under the dielectric media in a micro-

confined gap (spark gap) via discharge energy. The machining process is unaffected by 

material properties like hardness and toughness, and it can handle a wide range of complex 

structures and features. The major advantage of this technology is that the machining process 

is of the non-contact type which means there is a complete elimination of mechanical 

disturbance, stress, chatter, etc. Recently, nano-EDM has gained traction as an important 

technology for nanomachining applications. Miniaturized products with features having 

nanoscale size can be easily formed through this process [4,5], which is one reason for 

increased interest in the use of EDM at the nanoscale [6]. The process is suitable for the 

fabrication of geometrically complex 3D nanostructures on any electrically conducting exotic 

materials that pose poor machinability. Burr-free and crack-free surfaces with close 

tolerances can be easily formed through this process at the nanoscale [6]. Also, the 

contactless-type process mechanism makes this process free from any mechanical vibration, 

chatter, and independent of tool rigidity [7]. Fabrication of nanopores for DNA detection, 
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nanovias, nanojets for controlled drug delivery, nano-fluidics channel, interconnects for 

electronic devices, nanowires, nanorods, nanosieves for molecular sorting and future 

atomizers for nozzles, etc. are some noted application of nano-EDM [8,9]. Fig. 1.1 shows the 

verities of industrial component features where the nano-EDM application is realized. To 

bring the machining technology to the nanoscale, Liu et al. [10] studied the impact of scaling 

for macro and micro-EDM systems in terms of influencing factors, dimensional tolerance 

(thermally), material microstructure, etc. They identified grain size, pulse duration, discharge 

frequency, and material microstructure as critical parameters in the scaling effect. 

Additionally, to feel the scaling effect, the fundamental differences among macro, micro, and 

nano-EDM are highlighted in Table 1.1. 
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Figure 1. 1 Industrial component where the need for nano-EDM technology is realized. 

Reproduced with permission [11–19].  

Table 1. 1 Highlighted comparison between macro-EDM, micro-EDM, and nano-EDM. 

Reproduced with modification [20–25]. 

Points of distinction Macro-EDM Micro-EDM Nano-EDM 

Machine Industrially available 
Modifications of 

industrially available 

STM/AFM 

machining platform 

or high-resolution 

positioning stage 

Electrode material 
Copper, tungsten, 

graphite 

Tungsten, tungsten 

carbide 

Pt-Ir, Tungsten, 

AFM, STM probes 

Dielectric medium EDM oil 
De-ionized water 

and mineral oil 

High dielectric 

constant medium and 

EDM oil (optional) 

Operating voltage 40-400 V 40-200 V 300 mV-30 V 

Current density 103-104A/mm2 103-104 A/mm2 103-105 A/mm2 

Electrode diameter ̴ few mms ̴5 µm 15-25 nm 

Discharge gap 0.0127-0.0508 mm 1-10 µm 2-10 nm 

Electric field 

strength 
107-108 V/m 107-108 V/m 108-109 V/m 

Flushing Yes Yes Optional 

Electrode polarity +/- +/- +/- 

Pulse duration 0.5 µs-8 ms ns-ms ns-ms 

Total cycle time µs-ms ns-ms ns-ms 

 

1.1 Nano-EM/EDM - An overview  

Nano-machining is recently identified as an emerging technology for machining 

difficult-to-cut or exotics material with undeformed chip thickness on the nanometric scale 

[26]. This technology can achieve ductile mode cutting with crack-free and smooth surfaces 
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in brittle materials. Nano-electrical discharge machining (nano-EDM) is an emerging 

processing tool for nano-level device and component fabrication. Its processing mechanism 

of material erosion is analogous to traditional EDM. However, the dimensions of the tool 

utilized, the character of pulse discharge, and the resolution of the movement within the 

subsequent direction signify the elemental difference in nano-EDM, micro-EDM, and EDM 

[27–29].  

1.2 Theories in micro/nano-EDM 

The material ablation theory in nano-EDM is quite complex due to the dynamic 

behavior of electrical discharge in nanoconfined space. Moreover, the discharge phenomenon 

in nanoconfined space covers multiple disciplines such as thermodynamics, electrodynamics, 

fluid dynamics, electromagnetics, etc. [30]. It is very challenging to understand the nature of 

the process considering a single stream. Hence, only the theoretical and mathematical 

modeling approach may help to understand the material erosion mechanism approximately in 

nano-EDM. Three theories are generally opted by the various researcher to understand the 

theory behind the discharge.      

Electro-mechanical theory: This theory explains that the concentric electric fluid is 

responsible for material particle abrasion. The theory suggests that the forces of cohesion 

bind the material particle in lattice space and as the electric fields exceed the cohesive force 

of the lattice, the material gets eroded. The thermal impact is ignored in this theory [31,32]. 

Moreover, there is a lack of experimental evidence to judge this theory. 

Thermo-mechanical theory: In this theory, a thermal flame jet causes material erosion, and 

these flame jets are formed due to the electrical impact of discharge. The evidence of 

experimental data does not support this theory efficiently. Moreover, the theory fails to 

provide a reasonable cause of spark erosion. 

Thermo-electrical theory: The theory is well supported by theoretical as well as experimental 
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evidence. As per this theory, the material is eroded by the thermal impact of electrical 

discharge in highly ionized plasma [33]. 

1.3 Mechanism of Nano-EM/EDM 

The fundamental of material processing and erosion in nano-EDM is much like that of 

micro-EDM. However, gap motoring via servo control with a nanotip size tool, discharge 

energy (nJ) in nano-confined space through nanosecond pulse power supply, and types of 

dielectrics with a flushing mode decides the condition for dimensional accuracy in the 

tolerance zone. In nano-EDM, the discharge is happening in similar phases to micro-EDM. 

The major portion of the supplied energy is consumed by the plasma channel in the build-up 

phase, discharge phase, and interval phase [34]. The build-up phase is nothing but the pre-

breakdown phase of nano-EDM in which the foundation of the plasma channel occurs. In this 

phase, the breakdown of the insulating property of dielectric leads to bubble nucleation. 

Bubble nucleation takes place by bubble formation mechanism while its propagation occurs 

due to the electron impact mechanism. Later on, the impact mechanism leads to local 

ionization as an electron avalanche in the channel. The second phase denotes the plasma 

expansion phase where the vapor bubble is continuously expanding due to the pressure 

gradient between the vapor bubble and dielectric fluid. This further leads to a mass flow of 

liquid due to vaporization in the dielectric medium. Thermo-physical properties of the water 

vapor drastically change in this phase at high temperatures. This is due to the dissociation of 

molecules and ionization into charged particles. These charged particles are important 

because it plays a significant role in heat transfer between the anode and cathode. In the last 

phase, temperature increases abruptly and heat transfer takes place by radiation. Radiation 

heat transfer is overseen by Stefan- Boltzmann law while ion and electron bombardment is 

governed by the kinetic theory of ions [35]. Jahan et al. [23] bifurcated the material removal 

mechanism in dry and wet conditions of the dielectric medium through the nano electro-
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machining process. The basic mechanics of material ablation in wet and dry nano-EM is 

represented in Fig. 1.2. As the nano pulse bias voltage is applied in the nanoconfined gap (2 

nm) in dielectric medium (n-decane), the electrons and ions start to migrate towards each 

other. This movement of field-emitted electrons and ions causes ionization in the gap and 

provides a path to flow the current at minimum resistance. This avalanche motion of current 

(flow of electrons) causes local heating, melting, and evaporation of the tool and work part, 

which seems like a material erosion process in nano-EM. 

 

Figure 1. 2 Mechanism of material erosion in nano electro-machining (nano-EM) process 

under (a) wet (b) dry conditions of the dielectric. Reproduced with modification [36]. 

In dry nano electro machining, as the bias voltage is applied, the current starts to 

increase, which ends up in field-induced evaporation of electrode materials within 

the nanoconfined gap. Further, this field-induced evaporation reconditions the tooltip to build 

a new tool for creating sharper and more consistent nano features during machining. Hence, 

dry nano-EM material processing is directly related to field-induced evaporation, which 
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comes into the picture due to the breakdown of dielectric air. The dry nano-EM performance 

efficiency and stability were found much better compared to wet nano-EM due to the 

resharpening ability of the tool under dry conditions. The avalanche motion of electrons and 

ions employing plasma characteristics and breakdown mechanisms in dry/wet nano-EM is 

demonstrated in Fig. 1.3. 

 

Figure 1. 3 Avalanche motion of electrons and ions in nano-EDM for building plasma. 

1.4 Trends toward miniaturization in nanomachining 

As scaling down in size of components, there is a need for improvement in 

technology. Miniaturization in the device is the fastest-growing technology in micro and nano 

machining industries [26]. To understand the concept of miniaturization, the size comparison 

of natural and manmade entities on a length scale is illustrated in Fig. 1.4 and Fig. 1.5. The 
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component such as micro nozzles [37–40], micro moulds [41–44], microsurgical instruments 

in biomedical applications [45–48], bio-implants [49,50], various automotive and avionic 

parts [1] lie in the category of micro-electro-mechanical system (MEMS) and nano-electro-

mechanical system (NEMS). These all are being increasingly designed with features that are 

of micro to nanometer scale. Developments in these nanoscale features consume low power 

and material which causes improvement in functionality without space constraints. Moreover, 

a reduction in the mass of any components significantly enhances the performance efficiency 

of the device. Hence, it is very essential to bring microscale machining technology to the 

nanoscale. The need for miniaturization in technology for the industrial revolution is 

illustrated in Fig. 1.6. 

 

Figure 1. 4 Figure 1. 4 Size comparison of several natural entities on a length scale to understand the 

concept of miniaturization. Reproduced with modification [51].  
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Figure 1. 5 Size comparison of manmade entities on a length scale to understand the concept 

of miniaturization.  

 

Figure 1. 6 Need for miniaturization in machining technology. 

1.5 Need for Nano Electrical Discharge Machining Technology 

Micro and nano-manufacturing industries are facing lots of challenges with the 

processing of exotic materials such as superalloys, composites, and non-conductive ceramics. 

Components made of these materials usually require high precision and excellent surface 

finish to perform the tasks for which they are designed. However, the manufacturing cost 

must still be maintained at an economic level. Nano-EDM is one technology that is suitable 

for the processing of such materials at the nanometric scale. This technology can be used to 

create nano-features such as nano-texturing on bio-implants, nanoindentation, nanocavity, 

nanoparticle synthesis, nanotools, nanoholes, nano-3D geometries, etc. Benilov et al. [52] 

used an electrochemically etched Pt-Ir tool to create micro and nano features by EDM in 

microfluidics. They reported that the balancing between open and short circuit modes (spark 

gap monitoring) creates favorable conditions for the uniform and stable spark in the gap 

width. Rajurkar et al. [53] presented a state-of-the-art knowledge of micro and nano 
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machining processes via electrophysical and chemical methods. In this study, they examined 

the impact of material behavior, residual stresses, environmental condition, and dielectric 

properties on machining performance. They further suggested that before processing any 

material through electro-physical-chemical machining, the material properties (grain size, 

crystallographic straining, and defects), thermal effect, residual stress, and machining 

condition must be checked. They also presented a table (Table 1.2) to display nano-EDM 

applications at the industrial level. 

Table 1. 2 Potential application of nano-EDM in industrial components. Reproduced with 

permission [53]. 

Industry Application samples 

Aerospace Transducers, gyroscopes 

Automotive Pressure sensors, nanojets nozzle, accelerometers 

Electronics Nanowires, nanogroove, flexible (paper-like) displays 

Biomedical 

Protein sorting molecular sieves, nano-dimples, DNA 

detection/separation devices 

Healthcare 

Catheters, intrauterine products, Nano therapeutic devices, infusion 

pumps 

 

Nano-EDM technology has terrific potential to bring significant changes in 

nanomanufacturing. Nano-EDM technology is an open area of research, having little work 

available in the literature. Development in piezo driving technology with the advanced 

motion controller, development in an iso-pulse generator, and advancement in nanoprobes 

have almost solved the major issues of nano-EDM. Improvement in the servo control system 

(self-retraction) has solved the problem of gap monitoring. It is expected that the nano EDM 

technology will fulfill all the machining requirements at the nanoscale in the nearby future.  
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Chapter 2: Literature Review 
 

2.0 Introduction 

 

With trends towards miniaturization and growing demands for high-precision 

micro/nano components, advancements in technology are always required. The improvement 

in machining accuracy and precision must be there. High positioning accuracy and precision 

enhance the device's performance and make the product more reliable and exchangeable for 

human comfort [54]. In the past few decades, amazing development has been noted in 

ultraprecision machining where form accuracy and surface roughness are achieved at the 

nanometric scale or atomic scale. Currently, optical and nearby optical surface finish in 

micro/nanostructure components in geometrically irregular cavities can be easily achieved in 

multi-axis high-precision machining techniques. Applications for ultra-precise machining 

have included astronomy, light vehicles, biomedical devices, and a variety of other fields. 

The progress in ultraprecision machining technologies significantly affects the economy and 

construction of a nation. Ultra-precision diamond turning, ultra-precision milling, 

ultraprecision form finishing, ultraprecision polishing, and diamond stretching are coming in 

the category of ultraprecision machining techniques [55]. These ultraprecision machining 

techniques normally utilized the single crystal diamond tool for machining the difficult-to-cut 

material. In ultra-precision technology, the form accuracy and surface roughness can be 

achieved in the order of 0.1 μm and 1 nm. Although, ultraprecision machining techniques 

offer a very promising solution for micro-structured functional surfaces however fast tool 

servo response, burr dynamics, and depth of cut dynamics need to be studied more 

2 
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comprehensively for intrinsic knowledge. High aspect ratio micro/nanofabrication, 3D 

features fabrication, and surface measurement and its characterization remain the challenge in 

ultraprecision machining techniques.  

  Product miniaturization and industrial realization significantly advance conventional 

micromachining techniques such as turning, milling, drilling, and grinding. Improvement in 

non-conventional techniques such as electrical discharge machining (EDM), electrochemical 

machining, laser beam machining (LBM), and ion beam machining (IBM) is also noted in 

current trends. Energy beam-based micromachining techniques pose the limitation of poor 3D 

features control, poor surface finish, low aspect ratio, and low material removal. In 

mechanical micromachining techniques, the material removal rate (MRR) is quite high and is 

capable of fabricating the 2D and 3D microfeatures in a broad range of stimulating materials. 

However, high tool wear, force transmissibility (vibration and chatter), instability at high 

temperatures, and high heat generation at the tool-workpiece interface region limit the 

process capability. The above issues in the conventional micromachining techniques are not 

involved in non-conventional micromachining techniques such as electrical discharge 

machining techniques. It is free from force transmissibility (vibration, chatter), mechanical 

instability at high temperatures, etc., however, its capability has been limited to the 

microscale level and not tested yet at the nanoscale level.            

The technology capable of machining on the nanometric scale is still in a nascent 

stage. There is limited published literature available. The primary area covered in this section 

is a recent development in nano-EDM technology. It offers nanoscale machining with 

reasonable accuracy and precision. 

Zhang et al. [56] applied a hybrid simulation technique, i.e., molecular dynamic 

simulation (MDS) combined with a two-temperature model to identify the processing 

mechanism in a single discharge nano-EDM system. This hybrid model was useful in the 
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thermal aspect because it comprehended the underlying machining mechanism in nano-EDM. 

The paper reported a tensile type of stress (>3GPa) during the cooling of the molten material, 

which further resulted in the breakdown of the material. The heterogeneous solidification was 

initiated at 1100 K followed by homogeneous solidification at 700 K. The white layer (re-

solidified layer) and residual stress were also identified during the homogeneous 

solidification. The formation of white layer thickness was indicated as the result of quenching 

media however, the cooling effect was completely ignored for the model.  

Yue and Yang [57] studied the material erosion mechanism by simulating a nano 

crater through molecular dynamic simulation and a two-temperature model. In this model, the 

concept of lattice vibration and free-electron movement was applied along with the heat 

conduction equation. Fig. 2.1 indicates the schematic of the two-temperature model and 

material ablation mechanism at varying pulse on time. The simulation results indicate that the 

inside pressure of the molten pool due to bubble formation is responsible for material erosion. 

As the inside pressure of the molten pool exceeds the binding force of the atoms, it explodes 

and the material gets eroded. Additionally, it was also observed that smaller grain sizes cause 

more denatured layers and structural defects. Xiao et al. [58] proposed a scaling approach to 

minimize the tungsten electrode tip size in the nanoscale patterning of carbon nanotubes 

(CNT) forests. This downsizing in the electrode tip (radius 3µm) helps to reduce the 

discharge energy on the tip, which supports nano-EDM. The experimental results on CNT 

forests with various electrode tip sizes show that the minimum discharge energy can be easily 

attained on the tip to remove the material at the submicron level. 
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Figure 2. 1 (a) Schematic for a two-temperature model (TTM) (b) simulated nano crater 

showing material ablation mechanism at varying pulse on time in MDS. Reproduced with 

permission [57]. 

A multifunction miniature machine had been designed and developed at the National 

University of Singapore (NUS) for fabricating the nano features parts and devices. The 

micromachining setup was energized by a metal oxide semiconductor field-effect transistor 

(MOSFET) as well as resistance-capacitance (RC-type) pulse generators. The setup was 

supported by a feedback (close loop) control mechanism that gives dimensional accuracy 

within the sub-micron level. A resistance capacitance (RC-type) pulse power supply was 

utilized during the operation to get the desired level of nano finishing. It was capable of 

producing nano-discharge pulses for a long-duration [59]. These low discharge energy pulses 

fabricate the high aspect ratio microstructures like microelectrodes, micro slots, 

microgrooves, etc. It was concluded that the low discharge energy pulses may be beneficial 

for micro/nano features in micro-EDM. 

A capacity-coupled pulse generator was proposed by Kunieda et al. [20] for nano-

EDM machining work. Using this pulse generator, they achieved a nanometric crater of 
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diameter 0.43µm by coupling the tool electrode via a capacitor. In this setup, they used a 

servo control mechanism to regulate the motion of the piezo table, the Z-axis tool, and the 

combined motion of the Z-axis and piezo table. The difference between gap voltage and 

reference servo voltage was used as the input to drive the Piezo table. The movable range of 

the Z-axis was 18 µm. Jung et al. [60] studied the modeling-based condition monitoring of 

pulse power supply via a discharge pulse counting approach. They reported the interaction 

between workpiece erosion and discharge pulses. It established the relationship between 

pulse frequency and spark gap via real-time gap monitoring control. 

A highly precise micro-nano-EDM set-up had been developed by Beltrami et al. [61] 

for micro as well as nano-machining work at EPFL, named as Delta3 (Prototype III) (Fig. 2.2 

(a)). The system was made using parallel kinematics with flexible joints. Mechanical 

disturbance such as friction, wear, and the backlash were eliminated to acquire the high 

resolution (5 nm) (Fig. 2.2 (b)). Three linear electromagnetic motors were provided for 

mechanical actuation in three different axes. Moreover, the inclusion of a high-frequency 

AGIE pulse generator facilitates the essential energy for discharge in the nanometric gap. The 

setup was capable of eroding material as debris up to 100 nm through ultra-short discharge 

energy pulses. Moreover, the high dynamic stability of the machine offers better flushing 

efficiency and accurate motion control over the gap. 
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Figure 2. 2 (a) Delta3 micro-EDM (b) resolution and repeatability measurement. Reproduced 

with permission [61]. 

2.1 Characterization of the features manufactured using nano-EDM 

Nano electrical discharge machining enables the potential to construct nano features at 

the nanoscale level. This section shows the emerging report on nano electro-discharge 

machining techniques. The basic characterization of nano-EDM with the other nano 

machining technique has been demonstrated in Table 2.1. Moreover, the important features 

that had been created either through nano electro-machining or nano electro-discharge 

machining have been also included in Table 2.2. Malshe et al. [8] generated 10 nm 

nanofeatures over flat gold by platinum-iridium scanning probe (radius 15-20 nm). They 

noted resonant tunneling current as a significant factor that decides the material erosion rate 

under the dielectric medium of oil. K. R. Virwani et al. [62] examined the behavior of 

dielectric breakdown and tool erosion characteristics in nanoscale confinement via electrical 

discharge. Due to very high electric field intensity within the nanoconfinement gap, tungsten 

nanoparticles move towards the workpiece material (gold), which caused re-sharpening of the 

tooltip and consequently increases the material removal efficiency and durability of the 

process. 

Table 2. 1 Comparative characteristic of various nano-machining processes. Reproduced 

with permission [53]. 

Process Speed 

Scalabilit

y 

Work 

material 

Minimum 

3D 

feature 

Contamination/R

edeposition/pileu

p 

Cost 

Nano electro 

machining  

Fast Yes 

All 

conducting 

~ 20-80 

nm 

Redeposition Low 
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materials 

Nanoimprintin

g [63,64] 

Fast Yes 

Polymers 

and 

silicon 

10 nm 

Residue buildup/ 

contamination 

Low 

SPM based 

indentation and 

mechanical 

machining [65] 

Fast Yes All > 20 nm 

Pileup 

 

Low 

X-ray 

lithography  

Slow No All 1 nm No High 

UV lithography 

[66,67] 

Slow Yes  90 nm  High 

Electron beam 

lithography 

[66,68] 

Slow No All 5 nm No High 

Focused ion 

beam [69,70] 

Slow No All 30 nm 

Ga+ ion 

implantation/ 

redeposition 

High 

Femtosecond 

laser [71,72] 

Fast Yes All 100 nm - High 

 

Table 2. 2 Features created by the various researcher through nano-EDM. (Reproduced with 

permission) [8,23,62,73,74]. 



18 

 

Author’s Features created Images 

Jahan et al., 

2012 

Nanoholes of an average diameter of 7.5 

nm created using dry and wet nano electro-

machining (EM). STM probes are used to 

remove the material at the nano-level via 

tunneling current. 

 

Virwani et 

al., 2007 

TEM image of etched nano tool (after the 

breakdown of field strength on 0.8V/nm) 

fabricated through nano EM. The square 

box represents the scanning area at high 

resolution. 
 

Virwani et 

al., 2007b 

SEM image of tungsten cathode (a) before 

(flat end) and (b) after breakdown increased 

shank diameter). The end radius of the 

cathode increased 35 nm before breakdown.  

Alkhaleel et 

al., 2006 

Nano-groove formed through atomic force 

microscopy in copper of dimension 1000 x 

150 x 2.4 nm. The nano features created 

through tunneling current rather than 

discharge current. 
 

Malshe et al., 

2005 

Nano features created by applying 10V 

with 60, 90, 120 seconds on atomically flat 

gold grown on mica using nano EM. 
 

  

Jahan et al. [23] applied dry nano-electro-machining to generate nanofeatures on the 

50nm

X 0.500 μm/div
Z 10.000 nm/divμm

Nano groove

Nano EM 
features



19 

 

atomically flat gold substrate. STM was used as the nanomachining platform, while platinum-

iridium was used as the tool electrode. The spark gap of 1-2 nm was maintained in the 

dielectric medium of air. The wear and tool quality were analyzed and explained through 

current-displacement (I-Z) characteristic curves after machining (Fig. 2.3). The confirmation 

test (nano-holes of 3-4 nm features size) was conducted on graphene to check the feasibility 

of the dry nano-EDM. Further on, comparative studies were conducted between dry and wet 

nano-EM to evaluate the erosion mechanism, dimensional repeatability, machining 

efficiency, and consistency of nanoholes. The dry nano-EM processing mechanism is allied 

with field-induced evaporation, where improvement in tool life was noted due to the re-

sharpening ability of the tool. The wet nano-EM mechanism is based on the field-induced 

emission of the electron, which creates the low resistance path to the flow of high current 

within the nanogap. This low resistance path exhibits due to the dielectric breakdown and 

avalanche motion of ions and electrons within the confined gap. In wet nano-EM, there is a 

re-sharpening of the tool; hence machining efficiency is less compared to dry nano-EM [36]. 
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Figure 2. 3 (a) Current displacement (I-Z) curve attained at the various tooltip quality (b) I-Z 

curve by Pt-Ir tooltip before machining (c) after machining. Reproduced with permission 

[23]. 

Cheng et al. [75] achieved an average surface roughness lower than 10 nm by fabricated 

nano-tool in nano-EDM. A nanogroove was created using atomic force microscopy on copper 

[73]. Kalyanasundaram et al. [76] examined the interaction of the machining interface and 

dielectric breakdown in the nano electro-machining process within a nanoconfined space of 3 

nm. They explored the quasi-solid behavior of fluid dielectric (n-decane) through the 

molecular dynamics simulation (MDS) method with a boundary condition. They reported that 

the dielectric in nanoconfined space results quasi-solid dense medium, which significantly 
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influences the work function of the sample material. 

2.2 Nano-EDM system development issues and perspective solutions 

Achieving accurate control within the tiny interelectrode gap in EDM is a challenging 

task. In this section special attention is paid to those sources which are directly associated 

with motion control (piezo actuation technology), power supply (discharge energy control), 

dielectric flushing, tool category, and their material, servo mechanism (discharge gap 

control), debris and fumes management, in-process fabrication and measurement tools. 

Advancement in precision technology has almost solved the major structural issues related to 

nano-EDM (Table 2.3). Moreover, the major system development issues and the perspective 

solution has been identified and discussed briefly in the ahead section. 

Table 2. 3 Major structural challenges and perspective solutions for the development of 

nano-EDM technology. 

Major structural challenges Perspective solutions 

Precise motion control 

Piezo driving nanopositioning stage or piezo 

actuators [77–79] 

Discharge energy (pulse power supply) 

High-frequency iso-pulse generator [80], 

capacity coupled [20], induction feeding 

power supply [81] 

Servo control mechanism/ gap monitoring 

LabVIEW, DAQ and advanced motion 

controller, and software [82], Arduino-based 

programming for adaptive control [83]  

Dielectrics /flushing media 

Diffused air (dry machining) [53], n-decane 

[76], bio-sustainable dielectrics [84] 

Pulse characterization and control Digital storage oscilloscope (DSO) [85] 
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Plasma characterization 

High-speed imaging camera and spectrometer 

[86] 

Current or voltage measurement 

Highly sensitive voltage and current sensors 

(probes) [85] 

Tool and workpiece wear monitoring and 

control 

Online and off-line wear measurement and 

compensation techniques [87], cryogenic 

treatment [88] 

 

2.2.1 Precise motion control for accurate positioning  

The dimensional accuracy of any fabricated nano product significantly depends on 

precise motion control [89]. The piezo-driving nanopositioner and microactuator can offer 

control over the motion up to the nanometric scale [77]. This is essential for the accurate 

positioning of the tool electrode within the gap for nanomachining [90–92]. The highly 

precise positioning stage controls the effective number of discharge pulses within the smaller 

interelectrode gap by avoiding short-circuiting, arcing phenomena, etc. Fig. 2.4 showed the 

schematic of nano-EM fabricated by Malshe et al. [24] where a highly precise 

nanopositioning stage and the nano-tipped tool are used for precise motion control and 

nanofeatures fabrication. A maglev (Magnetic-levitation) microactuator arm is another option 

through which high positioning accuracy can be easily gained for micro and nano-EDM in 5 

degrees of freedom [93–97]. He et al. [98] used the maglev micro-actuator arm for sub-

micron positioning accuracy in a 5-DOF direction. Similarly, Fujiki et al. [99] used the high-

speed piezo-driving microactuator to regulate the gap distance in real-time. Moreover, the 

fast retraction of the tool electrode in the axial direction was attained to enlarge the gap for 

fast recovery of average voltage which further causes improvement in machining efficiency 

and stability.  
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Figure 2. 4 (a) Nano-embossing through nanotip to create nanopattern (b) nanopositioning 

stage with their key elements (c) schematic of nano-EM setup for nano features fabrication. 

Reproduced with permission [24]. 

Perfilov et al. [83] used the piezo driving actuator (P-843.20, PI) to get a high 

dynamic response in the small interelectrode gap during EDM milling (Fig. 2.5). Especially 

designed kinematic pairs (flexure hinges) were used to get the free movement in work axes 

enabling with linear encoder for the stepper motor. Recently available nanopositioner, piezo 

driving micro-actuators may solve the issues related to positioning control. The discharge 

energy monitoring and control can be easily attainable in these stages within the specified 

gap. Furthermore, nanopositioning stages take less space for installation which reduces the 

overall size of the equipment and hence solves the problem associated with space constraints. 
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Figure 2. 5 Piezo-driving unit to control the gap width in micro-EDM. Reproduced with 

permission [83]. 

2.2.2 Servo mechanism for gap monitoring  

           Achieving high positional accuracy within the small gap is a challenging task for nano 

EDM. The servo mechanism plays an important role in the nano-EDM system since it 

predetermined the interelectrode gap for executing the electrical spark within the constant gap 

and thus, preventing short-circuiting, arcing, and contact. Moreover, a brief list of gap control 

strategies adopted by various researchers for servo control is represented in Table 2.4. 

Table 2. 4 Review of gap control strategies and servomechanism criteria in micro/nano-

EDM. Reproduced with modification. 

Gap control 

strategy 

Key remark References 

Adaptive control 

system 

The error signal has been measured by comparing the 

reference signal with actual signal and fed the servo 

drive. 

[100] 

Real-time self-

tuning regulator 

Real-time gap states have been detected for self-tuning. [101] 

Adaptive control 

optimization 

(online) 

Detect machining trends that lead to unnecessary 

conditions and to take appropriate action before the 

condition actually occurred. 

[102] 

Fuzzy control 

system 

Self-adjusting the fuzzy inferences by reducing the 

temporal unstable conditions. 

[103] 

Fuzzy logic control Irregular and short circuit discharge has been suspended 

to offer stable EDM machining 

[104] 
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Self-adjusting fuzzy 

control 

Self-adjusting the fuzzy inferences by reducing the 

temporal unstable conditions. 

[105] 

Tunable fuzzy logic Dealing with the nonlinear and time-varying nature of 

electrical discharge through pulse discrimination 

[106] 

Fuzzy PI/PID Linear feedback control theory in order to construct an 

asymptotically stable position feedback loop. 

[107], 

[108], 

[109], [110] 

Voltage threshold 

method 

Pulse discrimination via microcomputer-based 

instrumentation 

[111], [112] 

Radiofrequency 

signal detection 

method 

Gap monitoring via radio frequency signal [113] 

Waveform 

transform detection 

Discharge waveform monitoring via wavelet transforms. [114] 

Fuzzy identification Pulse discrimination by fuzzy control [115] 

Neural network 

identification 

Online monitoring of discharge condition through 

neural network identification 

[116], [117] 

Ignition delay-

based servo control 

The average breakdown delay time is used for 

monitoring the gap in transistor iso-pulse power supply. 

[118] 

Voltage threshold 

method 

Gap status has been recognized by comparing gap 

voltage with preset voltage. 

[119] 

 

The servo-controlled feed mechanism ensures the right spark gap [120] and 

consequently offers efficient machining in nano-EDM. Ignition delay is one of the important 

criteria to develop the servo control mechanism. Generally, a longer ignition delay time 
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indicates the larger gap condition between the two electrodes, and where the required gap 

voltage is a little bit high. In this situation, feed increases if the applied gap voltage is found 

more than the preset servo voltage. Similarly, feed decreases or electrodes retracted if the gap 

voltage is found less compared to servo voltage. Moreover, a short gap distance results in 

lower ignition delay which may further results in short-circuiting. Sometimes, the average 

delay time is used instead of gap voltage to control the gap state and discharge characteristics 

[121]. The ignition delay-based servo feed control strategy for gap monitoring and control is 

represented in Fig. 2.6. The stability and efficiency of the process significantly depend on the 

discharge state and servo control criteria. A stable gap monitoring system ensures a higher 

dimensional tolerance for the machined parts [122]. During the discharge phenomenon 

between two electrodes, it is highly recommended to control the spark gap distance [53]. 

Ideally, the servo system responds well to every effective pulse with the same frequency of 

discharge to avoid non-effective or bad pulses.  

 

Figure 2. 6 Ignition delay criteria for the servo feed control mechanism. Reproduced with 

permission [9]. 
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Han et al. [80] introduced the servo-control feedback system for resistance-

capacitance (RC) and transistor-type iso-pulse type generators to study the machining 

characteristic of micro EDM (Fig. 2.7). The ignition delay time was taken as a critical factor 

to control the gap width and servo mechanism. The transistor-type iso-pulse generator was 

found more efficient in finishing due to its ultra-short discharge duration (30 ns). A piezo-

driving electric actuator is generally preferred for shorter strokes while the motorized linear 

stage is utilized for longer strokes in a servo system. These actuators responded very fast with 

greater accuracy and stability in a few microseconds. Bani Melhem et al. [78] use a piezo 

driving actuator with a linear encoder motor to develop a dual-stage servo mechanism. They 

further applied a fuzzy control algorithm to control the gap width. Similarly, Wang et al. 

[123] introduced an equivalent circuit model to control the active gap during the processing 

of polycrystalline diamonds. Ten times better material erosion rate was noted compared to 

normal EDM with improved tool life. Xin et al. [124] studied the interaction between 

discharge energy and interelectrode gap through mathematical modeling. Also, the inter-

electrode gap was controlled through self- tuning. They also suggested that the gap current, 

gap voltage, and plasma properties are key factors that decide the energy level for material 

erosion in the interelectrode gap. Similarly, Yang et al. [125] used the microcontroller to 

control the servo feed mechanism (based on voltage measurement) in micro-EDM. 

 

Figure 2. 7 Servo feed control criterion (a) resistance-capacitance (RC) (b) transistor iso-

pulse generator. Reproduced with permission [80]. 
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In contrast, the A/D module was used for conditioning the signal sent by the servo 

control system. A PWM module was used to drive the servo motor while the metal oxide 

semiconductor field-effect transistor (MOSFET) type generator was used as the power source 

unit to facilitate the essential energy for the discharge in the working gap. Mahendran et al. 

[126] developed micro-EDM by using the APA400MML actuator as a tool feed mechanism. 

A piezoelectric microactuator driver (PZT actuator) was used as a self-retraction system, 

while a rectifier was used to switch the signal from AC to DC obtained from the sensor. 

Metal oxide semiconductor field-effect transistor (MOSFET) type pulse generator was used 

for machining work. In this paper, they studied the impact of peak current, discharge voltage; 

pulse period, etc. on MRR, TWR, and SR. They further developed the tool wear 

compensation technique through the tool feed mechanism. 

Three servo feed control mechanisms were used by Kunieda et al. [20] to regulate the 

movement of the Piezo table, machine Z-axis and cooperative movement of the Z-axis and 

Piezo table (Fig. 2.8). The difference between the open-circuit voltage and reference servo 

voltage was used as the input to drive the Piezo table. The movable range of the Z-axis was 

found to be 18 µm. Its fast response was noted in the Piezo table compared to the Z–stage 

during the operation. By applying this overall approach, they were ready to bring the EDM 

technology down to the nanoscale. In recent, a LabVIEW written control program with DAQ 

(I/P & O/P modules), and advanced Arduino-based programming may also resolve the 

problems related to gap monitoring and servo control for nano EDM. 
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Figure 2. 8 Servo feed control mechanism applied by Kunieda for nano-EDM. Reproduced 

with permission [20]. 

2.2.3 Dielectrics and flushing methods  

The dielectric in the interelectrode gap works as the insulator for a defined range of 

voltage potential. However, in further stages, it becomes a conductor to offer the low 

resistance path to flow the current. This further causes erosion in the material due to local 

heating, melting, and evaporation. After machining, it cools the discharge gap and provides 

the path to drive away the debris particle for creating the next spark in a cycle [127]. Roy et 

al. [128] segregated the discharge energy pulses based on debris nature via current and 

voltage characteristics. The gathering of nano debris may create problems likes arcing, short-

circuiting, micro-welding, etc. Hence, proper dielectric fluids with proper flushing systems 

are essential in these stages [129]. Usually, hydrocarbon-based dielectric fluids are mostly 

preferred due to their low conductivity, better flushing ability in small discharge gaps, etc. 

[130]. The decomposition of dielectric fluid due to high-temperature plasma increases the 

debris concentration in the gap, which causes unstable sparking. Deionized water may be 

preferred over there as a dielectric medium compared to mineral oil due to its higher MRR 
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[131–133]. However, due to the contaminated nature of this liquid, short-circuiting and 

arcing may be expected in further stages. Meanwhile, the adoption of wet dielectric fluid 

within the working gap creates environment and operator health safety questions [134,135]. 

Replacing the wet dielectric with a gaseous medium (diffused air/inert gas) may be beneficial 

as it is hazardous-free and environmentally friendly [136–138]. Near dry condition is another 

option through which bio-sustainability and green manufacturing issues can be solved for 

nano-EDM [139–141]. In near-dry conditions, the mixture of liquid dielectric and air (gas) is 

used as a dielectric medium. This approach facilitates stable machining with better flushing 

ability. Further, developing a bio-sustainable dielectric fluid for nano-EDM technology is a 

major issue. Neem oil [142,143], jatropha oil [144], water-oil emulsion [145–147], mixed air 

vapor (mist) [148], soybean oil, canola oil, sunflower oil [149], glycol [150], glycerin [151], 

compressed air, and are some bio-sustainable fluid [84,142,152–155] which may be tested for 

nano-EDM operation where sustainability issues are concerned.   

2.2.4 Pulse discrimination and control 

The nature of electrical discharge decides machining performance and stability. 

Generally, the occurrence of discharge is measured by connecting current and voltage probes 

(Hall Effect sensor) through a digital storage oscilloscope. The digital oscilloscope displays 

the different nature of waveforms for instance open circuits, regular discharge, arcing and 

short circuits during machining [9,156,157]. The electrical information and effectiveness of 

the waveform can be easily analyzed through this technique. The electrical information in 

terms of the current-voltage characteristic curve for different stages of discharge is shown in 

Fig. 2.9. This electrical information is essential to study the process capability and its 

effectiveness in the discharge system. Sometimes, a variation of the waveform is found in 

both directions from ground level which indicates the discharge of bipolar type [20]. Wu et 

al. [158] identified the various states of electrical discharge via the voltage-current (VI) 
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characteristic curve developed through the particle swarm optimization-support vector 

machine (PSO-SVM) algorithm in wire EDM. Moreover, the nature of electrical discharge in 

the interelectrode gap decides the cutting speed and process efficiency of the machining. 

Hence, it is very essential to monitor the current and voltage curve during discharge. Self-

sustaining conditions of electrical discharge, power required, plasma formation voltage, 

machining voltage, discharge frequency, and amplitude variation can be easily understood by 

the voltage-current curve [85]. The study of the current-voltage characteristic curve reveals 

the actual mechanism of EDM and provides the guidelines for the design and development of 

pulse power supply and servo mechanism.  

   

Figure 2. 9 Variation in voltage and current pulse (V-I) at different stages of electrical 

discharge. Reproduced with modification [159,160]. 
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2.2.5 Measurement and characterization devices 

Measurement is the key technique to ensure the product features at the nanoscale. In 

this section, the focus was made on the measurement of surface integrity (surface texture, 

roughness, and forms). The various types of nanoscale measurement tools (profilometers) and 

their working capabilities were analyzed and discussed.   

Measurement device - The Alicona make microscope (Fig. 2.10(a)) is a device that is widely 

used to measure the surface texture using the focus variation principle. This machine has high 

repeatability and high resolution (vertical) to 10 nm. The data is acquired through vertical 

scanning within the objects, which is further converted into 3-D information via internal 

algorithms. Similarly, the Leica make DCM 3D (Fig. 2.10(b)) is one type of 3D profilometer 

which uses the principle of white light interferometry and confocal microscopy. The machine 

can measure to a resolution up to 0.1 nm. Similarly, the FE-SEM Supra 55 model microscope 

(Carl Zeiss make) uses the field effect scanning electron microscopy (FESEM) principle to 

acquire high-resolution images. Atomic force microscope (AFM), scanning tunneling 

microscope (STM), and transmission electron microscope (TEM) are some other 

sophisticated microscopy techniques that are extensively used to examine the nano-features 

and their characteristics at the nanoscale. 
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Figure 2. 10 (a) Alicona (infinite focus) microscope (b) A Leica DCM 3D white light 

interferometer Reproduced with permission [161,162]. 

High-speed imaging camera – The discharge that occurs in a small interelectrode gap is a 

complex phenomenon that involves cavitation, adhesion, and short-circuiting as key factors 

[163,164]. Moreover, understanding the breakdown behavior within the small interelectrode 

gap is quite challenging. A high-speed camera is recently in trend for measuring and 

analyzing the discharge phenomenon in a small gap because it provides direct observation of 

the process [165,166]. Moreover, high-speed imaging cameras [167] and digital oscilloscopes 

[86] offer visual and electrical statistics for analyzing the spark location within the plasma 

region. A high-speed camera captures a large number of images in a few seconds depending 

on the memory and sampling rate. Analyzing each image manually is a tedious and time-

consuming task. Hence, MATLAB programming may sort out this problem by identifying the 

good and bad discharge from the image video database. Kumar et al. [168] utilized the high-

speed camera for analyzing the bubble size and interelectrode gap under varying conditions 

of the dielectric in powder-mixed EDM. The sparking behavior, bubble formation, and gap 
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condition were explicitly explained by the image database. Further, the complex phenomenon 

of plasma growth and the occurrence of electrical discharge location can be easily obtained 

by this image processing technique [169,170]. 

2.3 Advancement in discharge power technology and their characterization to launch nano-

EDM 

The nano-EDM processing mechanism of material erosion is founded on the thermal 

impact of ultra-fine pulse discharge in the nanoconfined interelectrode gap. Nano EDM offers 

a crater size of less than 100 nm due to improvements in pulse generator technology [22]. 

Tahmasebipour et al. [6] developed a finite-volume heat transfer model based on CFD. It 

helps to understand the effect of heat flux and temperature in the formation of nano-craters at 

the duration of the pulse. The model investigated the impact of process variables such as 

discharge power, effective pulse duration, and workpiece thickness on the temperature 

distribution in a workpiece. A higher pulse duration causes a reduction in the final 

temperature of the workpiece. Moreover, the heat flux is exponentially distributed within the 

specified duration of the pulse. The nanofilm thickness was another factor that decides the 

condition for volumetric material removal and nano crater formation.    

2.3.1 Transistor-type iso-pulse generator 

Transistor-based pulse power generators are getting popular in recent trends because 

of their high discharge frequency of material erosion [171]. Discharge current and pulse 

width can easily be managed according to the requirement of machining characteristics. 

The main problem associated with transistor-type pulse power is its delay time. It affects the 

machining time due to its long detection time after transmission of the signal. The transistor-

type isopulse generator can reduce this delay time [80]. Fig. 2.11 shows the developed setup 

of the transistor-type isopulse generator. Points P1 and P2 were representing the short-

circuiting point for roughing and semi-finishing operations, respectively. Finishing is done by 
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attaching an auxiliary circuit. FET1 was used to fix the cut-off discharge current during 

roughing and semi-finishing operations. Pulse current was used for the detection of discharge. 

The output provided by the current sensor (<5V) was directly used as input in the pulse 

control circuit. As a result of this, a short pulse duration of 80 ns was attained. Pulse duration 

was further reduced by switching off the discharge current from the pulse discharge circuit. 

Rapid switch off of discharge current was done by disintegrating the two short-circuit points 

P1 and P2 and adding a new channel between them. Transistors Tr1, Tr2and Tr4, were made 

turned on to make the discharge current flow for machining. FET2 was made turned off to 

make the condition of no discharge current flow within the gap. Getting FET2 turned on by 

switching off Tr1, Tr2, and Tr4 will initialize the discharge circuit [80]. Using this technique, 

minimum discharge energy at minimum pulse duration can be obtained, which results in 

removing the material at the micron level.   

 

Figure 2. 11 Diagram of a transistor-based iso-pulse generator. Reproduced with permission 

[80]. 

2.3.2 Capacity – coupled pulse generator 

The RC-type pulse power generator is still widely preferred for finishing and semi-



36 

 

finishing operations. It has a constant pulse discharge energy capacity at a concise duration. 

The RC-type pulse generator is capable of producing a small discharge by reducing the 

capacitance of the circuit [172]. The capacity capacitance and wire inductance are two key 

factors that elect the intensity of discharge power in the relaxation-type pulse power supply 

[53]. The discharge frequency significantly lies in the charge storage capacity of the capacitor 

and resistance within the circuit. However, resistance cannot be brought up to zero because it 

may create more arcing rather than sparking [173]. The stray capacitance decides the 

availability of minimum discharge power per unit pulse within the gap. Sometimes, this stray 

capacitance is highly recommended for final finishing [53] in any EDM operation. 

In the RC-type pulse generator, a low material erosion rate at a low discharge 

frequency is the major limitation. It takes time to store the charge for every sparking. Due to 

discharge variation, it is sometimes hard to achieve an excellent surface finish as it depends 

on the stored charge capacity. It creates thermal damage to the electrode surface because it 

cannot recover the dielectric strength without charging the capacitor [174]. Han et al. [175] 

reported that it is hard to reduce the crater diameter to less than 0.2µm in a traditional EDM 

power supply. The reason is that even after complete discharge, there is some residual 

capacitance available in the capacitor, which is known as stray capacitance which may affect 

the machining process. Kawakami and Kunieda [176] observed that stray capacitance is 

essential to regulate the intensity of discharge within a single pulse. 

Further on, Egashira  K [177] fabricated the microholes by lowering the gap voltage 

to smaller than 20 V. In this experiment, the electric feeder wire was shortened to avoid the 

effect of stray capacitance, and the desired level of accuracy of the machined part was 

maintained. Kunieda et al. [20] introduced a novel type of power generator for machining at 

the nanoscale level called a capacity-coupled pulse generator. They regulated the discharge 

energy by connecting a capacitor to the working electrode. The impact of stray capacitance 
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was eliminated through this technique. The required dimension was achieved within the 

nanoscale level to feel the execution of work through nano-EDM. A nanometric crater of 

diameter 0.43 µm was the achievement of this work. 

2.3.3 Electrostatic induction feeding (ESIF) pulse generator 

Yang et al. [81] proposed an induction-feeding type pulse generator. It could 

overcome some issues faced in the conventional pulse generator, such as the negative impact 

of stray capacitance. Fig. 2.12 displays the principle of the ESIF pulse generator in which C1 

indicates the capacitance of the tool electrode and the feeding electrode. Further, C2 indicates 

the capacitance capacity lies in the tool electrode and work part. Additionally, C1 was taken 

ten times more than that of C2. When the pulse voltage approaches V, then C1 and C2 get 

charged. This creates a negative polarity impact within the working gap, causing 

development of a strong electric field. Subsequently, discharge occurs, and electrons get 

delivered between two electrodes. After the discharge phase, the working voltage and 

discharge voltage become equal and no flow of current was noted within the circuit. The 

discharge was extinguished as the supply voltage approaches zero. Using this ESIF pulse 

generator, the stray capacitance impact was minimized within the discharge circuit due to the 

non-contact type feeding mechanism. This was helpful in constant discharge energy per unit 

voltage pulse, thereby realizing low discharge energy for nano craters formation. 
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Figure 2. 12 Electrostatic induction feeding principle in nano-EDM. Reproduced with 

permission [81]. 

In addition to this, Yang et al. [178] used this ESIF method for obtaining 

microfeatures using wire electrical discharge machining (WEDM) with improved machining 

stability and lower consumption of discharge energy. The residual capacitance of the circuit 

was minimized to maintain the discharge energy at a low level within the gap. Through this 

strategy, they successfully attained micro slit of width 32.4 µm (narrow slot) and micro-beam 

of thickness 3.8 µm and a length of 100 µm. Koyano and Kunieda [179] eliminated the 
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problem, such as low discharge energy pulse interval, localized sparking, and abnormal 

arcing by introducing the electrostatic induction feeding method during the fabrication of 

micro-beams. In this experimental work, they created a single discharge energy pulse at 

regular intervals of pulse voltage for each cycle in the working gap. This offers enough 

cooling and lower thermal damage to the machined surface, which results in an improvement 

in machining accuracy and speed. Zhao et al. [180] proposed EDM coring through an 

electrostatic induction feeding method on a silicon carbide (SiC) ingot. They studied the 

impact of multiple discharges on surface integrity and machining efficiency. They found 

significant improvement in material utilization and discharge frequency in induction-feeding 

pulse generators compared to conventional ones. The technique reports a substantial increase 

in surface integrity and the machining rate of the process. 

2.3.4 Insulated gate bipolar transistor (IGBT) type pulse generator  

The nano discharge energy pulses are essential to remove the material at the nanoscale. In 

recent years, the insulated gate bipolar transistor type pulse generator is getting popular. The 

main advantage of this pulse generator is that it provides ultra-short discharge pulses with 

very fast rise and fall time. It comes with a gate drive system of metal oxide semiconductor 

field-effect transistor (MOSFET) and a bipolar transistor which offers low saturation voltage 

with high current. The fast on-and-off switching mechanism prompt this pulse generator to 

use in EDM. Controlling voltage pulse in nanosecond width is a challenging task in the 

transistor-based power supply because resistance can’t be made completely zero. 

Muthuramalingam and Mohan [181] used the insulated gate bipolar transistor-supported 

power supply to carry out the EDM work at the nanoscale. However, they were unable to 

bring the discharge frequency to more than 20 kHz. Modification in gate capacitance in these 

types of pulse generators may assist to bring the discharge frequency to the nanoscale. 

Moreover, proper design of the discharge drive circuit may control the frequent rise and fall 
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time of metal oxide semiconductor field-effect transistors (MOSFET). Further investigation 

is required to bring the discharge frequency at the nanoscale in the transistor-based pulse 

power supply. 

2.4 Research statements and objectives 

From the literature survey, it is clear that the technology developed for nanomachining 

through electrical discharge is limited. Based on the outcomes of the literature survey 

following techniques have been developed and implemented in the current study to achieve 

the nano features using the EDM principle which is novel in terms of gap control strategy, 

tools development, and nano-features fabrication: Hence, the present work research statement 

is “technology development for high precision micro/nano-EDM”.   

To achieve the above research statement following are predefined objectives. 

1. Maglev micro-EDM experimental setup (prototype) and testing its machining 

feasibility and performance analysis on difficult-to-cut materials (DSS-2205).  

2. Development of micro- and nanotools through chemical growth and mechanical 

methods (ECM) for nano-EDM.  

3. Achieving nano-patterned features through the maglev micro-EDM process using 

ZnO nanorods as nanotools on Ti-6Al-4V. 

4. Geometrically irregular nanofeatures fabrication through maglev micro-EDM using 

ZnO nanorods as a tool on Inconel-625: A top-to-down approach. 

2.5 Innovation and originality in research 

The research carried out is new, Nano-EDM technology is in the developing stage and very 

limited resources are available in free literature. The research carried out shows the feasibility 

and the possibilities of electrical discharge machining at the nanoscale. The current state of 

art knowledge, key issues, and future research possibilities for nano EDM technology 

development are identified. The basic definition of nano EDM, related theories, and in-
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process mechanisms are organized. The technological gap, the need for nano EDM 

technology development, and the characterization of the features that are made using nano 

EDM are covered explicitly. The technological challenges along with feasible solutions for 

accurate motion control, gap monitoring (servo system), discharge energy control, nanotools 

and fabrication techniques, metrology, and measurement, are covered briefly. The potential 

application of nano-EDM technology in various fields is identified and presented. 

Nevertheless, discharge energy has an immense impact on machining accuracy hence, 

advancement in discharge power technology upon realization of nano-EDM is covered 

separately. The development of a novel servo gap control mechanism, the development of 

nano tools, and the fabrication of the nano features using the electrical discharge energy 

principle is the major contribution of this research. A scaled-down approach has been used 

for achieving the nano-scale features using the electrical discharge machining principle. ZnO 

nanorods are used as nanotools which are grown on the microprobe tip. Due to the 

localization effect of the tool, it is expected to reduce the discharge energy level down to the 

nanometric scale. With the reduction in the discharge energy in the nanoconfined gap, nano 

features can be made. 

2.6 Structure of the thesis  

The complete thesis is divided into seven chapters. The flow chart of the research work 

carried out is separated into various chapters which are illustrated in fig. 2.13. 

Chapter: 1 deal with the concept of miniaturization and its need for nanomachining. The 

classification of the human-made and nature-made entities are denoted on the length scale to 

clear the concept of miniaturization. The overview of micro nano-EDM along with the related 

theories are covered briefly in the initial part of the thesis. The mechanism related to dry and 

wet nano-EM/EDM is covered briefly in the introduction section. 
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Chapter: 2 covers the state-of-the-art review on micro as well as nano-EDM. The need for 

nano electrical discharge machining and its application area are denoted in the literature 

section. The characterization of the features that have been made previously through nano-

EM and EDM has been presented. A comparative characteristic of nano-EM machining along 

with other nano-machining techniques has been denoted. The nano features that have been 

previously made by either nano EM or nano-EDM principle have been covered explicitly. 

The major development issues of nano EDM along with the perspective solution are 

identified. Moreover, the advancement in discharge power technology and their 

characterization to launch nano-EDM at the industrial level is also denoted briefly. 

Chapter: 3 deals with the experimental setup of maglev micro-EDM and its peripheral 

components. The feasibility and performance of this machining setup were tested and 

compared to the existing literature in terms of specific energy. The material erosion rate, tool 

erosion rate, and surface roughness were also evaluated. The stability of the machining 

process was confirmed in terms of discharge characteristic curve i.e., voltage current 

waveforms. 

Chapter: 4 deals with three different methods of micro and nanotools fabrication for nano-

EDM. Nanoplatelets like tools on microprobe tips and fabrication of the microelectrode 

through the electrochemical discharge deposition process were demonstrated along with 

process physics. The fabrication of ZnO nanorods-like structure (nanotools) for nano-EDM 

operation and the growth mechanism is briefly explained. 

Chapter: 5 deals with the fabrication of nanofeatures through a micro-EDM scale-down 

approach on Ti-6Al-4V. ZnO nanorods were used as nanotools for achieving the nanofeatures 

using the EDM principle. The stability of the machining process was tested for multiple 

discharge energy pulses in terms of the voltage-current curve. 
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Chapter: 6 deals with the fabrication of geometrically irregular type nanocavities on super-

finished Inconel-625 surface. ZnO nanorods are used as nanotools electrodes. During 

nanomachining work, the machining stability was tested in terms of voltage current 

waveform. A top to down approach has been incorporated with the micro-EDM to achieve 

nano features 

Chapter: 7 illustrated the conclusion, contribution, and future scope of the nano-EDM 

technology. 

 

Figure 2. 13 Flow chart of the research work on micro- to nano-EDM 
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Chapter- 3: Maglev micro-EDM experimental setup and its 

machining feasibility and performance analysis on DSS-2205  

 

3.0 Introduction  

Micro-electrical discharge machining is a promising machining tool for electrically 

conducting materials, in which material is eroded in form of microscale debris by a 

succession of electrical discharges in a narrow-confined gap. Jahan et al. [182] discovered the 

numerous abilities of micro-EDM for processing complex shapes and features on electrically 

conductive materials. They identified the various aspect of tungsten carbide (WC) for 

processing composite materials by utilizing the EDM principle at micro- to nano-scale levels. 

In micro-EDM, the material removal process mechanism is based on the thermal impact of 

electrical discharge in a micro-confined called spark gap under a dielectric circulation 

medium. When the applied voltage potential crosses the threshold value (breakdown), there is 

the generation of ultrafine discharge in the gap. This discharge occurs due to the complete 

ionization of the dielectric fluid at the closest point [183]. The flow of discharge current in 

the gap developed a huge amount of heat and pressure which removes the material via 

melting and evaporation. By monitoring the flow of discharge energy (voltage, current, and 

duty factor) in the confined gap, various types of typical features and structures can be 

formed with better dimensional accuracy and stability [160]. 

In micro-EDM, as the discharge occurs in a very tiny interelectrode gap (≤10 µm), the 

gap condition is the most influential factor for machining stability [184]. Monitoring the gap 

condition under varying process variables is the hotspot for research in micro-EDM [185]. 

Generally, the average gap voltage reflects the gap condition in micro-EDM and is easily 

3 
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accessible through pulse characterization (V-I curve) as quantified by Yeo et al. [186]. Wang 

et al. [187] studied the alternating behavior of discharge current through the real-time pulse 

counting method. In this method, they have taken the effective number of discharge pulses 

that are responsible for material erosion and tool wear. Wu et al. [158] developed an online 

discharge state monitoring system for high-speed wire-EDM processing. They proposed a 

particle swarm optimization - support vector machine (PSO-SVM) algorithm for detecting 

the different stages of discharge such as open circuit, normal discharge, short-circuiting and 

transient arcing. It was found that the proposed methodology has an accuracy rate of 98.917% 

for a running time of 0.84 seconds for identifying the discharge state. Identifying the real-

time gap condition is essential to design the best servo feed control mechanism. The ideal 

servo mechanism helps to identify the good and bad discharge energy pulses during effective 

pulse on time [188]. Moreover, a well-defined servo control mechanism adjusts the process 

variables accurately for the occurrence of normal discharge which consequently increases the 

process efficiency and stability. Since the interelectrode gap in micro-EDM is very small 

(≤10µm) and continuously varying in nature with respect to time, monitoring spark behavior 

in real-time is quite challenging. Moreover, the machining process is complex and stochastic 

due to the time-transient behavior of discharge. A small deviation in design parameters may 

significantly differ the machining performance up to a great extent [189]. 

In micro-EDM, the servo control mechanism automatically adjusts the action of the 

mechanism by sensing the error in the feedback signal. Normally for positioning control 

(displacement), a linear in-built encoder with a position feedback sensor is used to get the 

desired output effect in terms of positioning accuracy, speed, and attitude [83]. Servo 

commonly utilized electric, pneumatic and hydraulic action to control the position of motion 

traditionally. Moreover, the error signals measured by the transducer at the output end are 

amplified to drive the system. However, this type of servo-controlled mechanism responded 
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slowly due to the inherent property of mass inertia, backlash, windup, hysteresis, etc., [190]. 

Moreover, governors are utilized in some cases to speed up the machining speed which 

further faces similar types of issues as mentioned above. But the recently developed servo 

motion controller is capable of adjusting the backlash in the lead screw drive system. The 

installation of a high-quality lead screw improves the machining accuracy while the finest nut 

design eliminates the backlash during the execution of the process [191]. In recent years, the 

typical type of gap controllers such as fuzzy logic controllers [192], PID controllers [193], 

self-tuning controllers [124], radio frequency (RF) signal-based controllers [194], neural 

network identification [195], wavelet transform detection [114], voltage thresholding [119] 

and machine learning (ML) and artificial intelligence (AI) [196] system, etc. are mostly in 

trends for interelectrode gap monitoring. This type of gap controller has certain limitations in 

terms of speed, feed, and positioning response. Moreover, these systems contain a complex 

type of drive and control unit which are designed considering nonlinear time-varying 

equations and complex algorithms.  

3.1 Motivation and Research gap  

In micro-EDM, the machining speed and the accuracy are critical issues that are 

limited by the probability of occurrence of normal discharge. Normal discharge is essential 

because it ensures good machining stability and the surface finish of the machined parts. A 

well-defined servo control mechanism responded well to ensure the occurrence of normal 

discharge because it restores the initial gap in the repeated cycle [197]. Additionally, the 

removal of debris particles from the machining gap should happen frequently to stabilize the 

machining process. During electrical discharge machining, the gap condition continuously 

changes to acquire a stable position [184]. Hence, Rapid retraction of the tool electrode 

promotes the effective removal of the debris particles in a small interelectrode gap in a low 

stroke length (mm) positioning system. Amouzegar et al. [198] proposed a centrifugal servo 
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control mechanism for the micro-EDM drilling process. Using this control mechanism, they 

successfully fabricated the micro holes, blind holes, and taper holes with a high aspect ratio. 

Moreover, the plunging action and the tool rotation improve the flushing condition by 

avoiding the occurrence of secondary discharge. This improves the machining speed, 

productivity, and machining quality.  

In conventional micro-EDM technology, normally the lead screw-based/ball screw-

based mechanism is used for the tool positioning. The positioning response of a such type of 

mechanism is slow due to mass inertia and the backlash problem. Due to the slow positioning 

response of the traditional servo head, this further causes arcing and short-circuiting. The 

phenomenon of arcing and short-circuiting is not good for the machine's health. It heavily 

affects the process efficiency, machining stability, performance, and surface integrity parts of 

the machined surface. Hence, there is a need for technology development for a high 

positioning response for the servo head. Magnetic levitation is one of the best alternatives 

through which a high-positioning servo response system can be attained. It is free from mass 

inertia and backlash problems and can facilitate quick response (fast retraction) in terms of 

positioning and gap control. 

To improve the positioning response and machining accuracy, a high-speed actuator 

arm is required which can levitate stably and be positioned precisely during electrical 

discharge situations [199]. The frictionless pivot-bearing supported micro actuator arm may 

offer to accommodate the rapid retraction of tool electrodes for a millimeter stroke length 

positioning system. Moreover, the rapid retraction of the tool electrode during machining 

may help to strain the fresh dielectric by removing the debris particle by the action of 

jumping. The frequent jumping action improves the machining condition by avoiding the 

gathering of debris particles inside the spark gap. Imai et al [92] used the local actuator 

module for improving the micro EDM processing speed and accuracy in terms of micro-holes 
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drilling. Moreover, it was claimed that the use of a local actuator module in micro-EDM 

enables the system to do the microholes fabrication three times faster than the conventional 

one with 10-20% less electrode wear. Guo et al. [200] developed a magnetically levitated 

spindle for fabricating microholes through EDM. They achieved a fast axial response 

(>150Hz) of the spindle which was faster than the conventional ball screw servo head. The 

fast response frequency of the servo head improves the machining speed with better control 

over the accuracy of the machined part. He et al. [98] developed a 5-DOF-controlled local 

actuator arm for high-speed micro-EDM processing using a magnetic coupling mechanism. 

Using this technique, they attained the positional resolution of submicron level in the thrust 

direction (positioning stroke length 2mm), 180µm in radial, and 3.6 mrad in the tilt direction. 

The bandwidth frequency of the actuator arm was noted as greater than 200Hz. Moreover, the 

spindle shaft rotated at 2000min-1 with low vibrational amplitude (1.5 µm in radial and 

30µrad in tilt direction). It was found that the precise movements of the actuator arm in three 

orthogonal directions offer a suitable interelectrode gap for the EDM contouring operation. 

The tilting direction motion was compensated by compensating the attitude error of the 

maglev actuator arm. The precise movements of the actuator arm in three orthogonal 

directions offer the suitable interelectrode gap for the EDM contouring operation while tilting 

direction motion-compensated the attitude error of the maglev actuator arm. Zhang et al. [93] 

developed a millimeter-stroke length local actuator and tested their potential for micro-EDM 

process using the magnetic levitation principle. The actuator arm achieved the positioning 

resolution of submicron (axial) and micro radian level (radial) for the stroke length of 2 mm 

in thrust direction with a positioning response frequency more than 100Hz. It was noted that 

the system offered better control over multi-directional microholes fabrication (stable and 

uniform). Additionally, rapid retraction of tool electrodes improved the machining condition 

by flushing out the debris particle from the discharge zone effectively. The reported 
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machining speed was enhanced by 21.8% compared to the conventional EDM system with 

better discharge stability. Later on, Tong et al. [201] developed a high-frequency micro dual-

feed spindle for servo scanning 3D micro EDM process. The system was integrated with an 

ultrasonic linear motor (macro drive) and piezoelectric actuator (PZT) for servo feed control 

with real-time software such as LABVIEW and visual C++. The servo feed drive facilitates 

the proper discharge gap condition for EDM processing while the macro drive motor converts 

the motion into feed. The experimental results on this setup indicate that the machining 

process stability has been improved with a higher discharge ratio. The MRR, SR, and 

machining repeatability were observed around 1.58 x104 µm3/s, 0.37 µm, and <0.7% 

respectively. Shafik et al. [202] utilized the piezoelectric servo feed drive (PZT) incorporated 

with a linear ultrasonic motor (USM) for developing the micro EDM servo system. The 

experimental results on this system indicate that the surface finish improves with the 

reduction in machining stability, processing time, MRR, arcing and short-circuiting 

phenomenon. Fujiki et al. [99] developed a novel gap control strategy for high-speed micro 

EDM milling operation. The developed gap controller facilitates the fast retraction of the tool 

electrode in the subsequent direction of orientation. An improvement of 30% is noted in 

MRR without losing the tool erosion and surface roughness. Melham et al. [78] designed a 

dual-stage servo feeding system using a fuzzy control algorithm via piezo driving actuator 

with linear motor (hybrid positioning). The linear motor facilitates the macro drive feeding 

while the piezoelectric actuator provides the micro feeding for positioning the gap control at 

high frequency. Using this fuzzy control algorithm, they improved the MRR 1.6 times better 

than the conventional EDM process. 

In micro-EDM, machining characteristic is significantly affected by the process 

variable, dielectric fluid, and nature of discharge energy pulses. The nature of discharge 

energy is significantly reliant on the types of power supply. Normally two types of power 
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supply units are opted for discharging phenomenon in the micro-EDM system. One is 

resistance-capacitance (RC) type while the other is transistor type power supply [80]. 

Resistance-capacitance (RC-type) power faces the shortcoming in terms of a low material 

rate due to low discharge frequency. The frequent charging and discharging and variation in 

charge storing capacity of the capacitor is the major limitation of the RC-type power supply 

[203]. Transistor-type power supply overcomes the limitation of RC-type pulse power supply 

due to improved discharge frequency. Moreover, it facilitates fast triggering of the pulse (fast 

on-off) due to some delay in the circuit. The delay avoids abnormal discharge like arcing and 

short-circuiting by switching off the circuit for an ultrashort period which improves the 

material removal rate [85]. Nevertheless, the transistor type of power is also facing challenges 

in terms of resistance reduction. Ripple and attenuation (noise) in the deliberated signal due 

to internal resistance are the other issues that limit its potential for frequent use. The use of 

pure DC power may be a good option for facilitating the essential discharge energy in the 

spark gap because it is free from disturbance and attenuation (noise). Son et al. [204] 

explored the impact of pulsated DC power conditions (voltage, current, spark ratio) on 

machining performance (MRR, tool wear) in micro-EDM. They observed that voltage, 

current, and effective pulse on-time significantly influenced the machining performance. It 

was also noted that the shorter discharge energy pulses were more efficient in high material 

removal rates compared to longer discharge energy pulses. Yeo et al. [186] studied the 

behavior of pulse discharge in real-time through the pulse discrimination technique. This 

technique was further utilized for the development of a high-speed servo mechanism in 

micro-EDM. Similarly, Gostimirovic et al. [205] deliberated on the influence of discharge 

energy on machining characteristics via theoretical and experimental approaches. They 

further reported that the machining efficiency is predominantly affected by the thermal state 

of electrical discharge in the machining zone. Real-time power consumption efficiency for 
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efficient machining in micro-EDM milling is reported by Tristo et al. [206]. In this study, 

they employed open-access software, a data acquisition system, sensor, and microcontroller 

to record the data in the host computer. The analysis of data indicates that process efficiency 

significantly depends on machine input parameters. Proper adjustment of the interelectrode 

gap through fast servo control (self-retraction) mechanism is essential to overcome the issue 

in the micro-EDM system. Moreover, it directly affects the machining stability and 

performance efficiency hence, it must be the area of interest for upcoming advancing servo 

control technology [201]. Kumar et al. [207] demonstrated the various gap control strategies 

and servo control criteria for micro as well as nano EDM. In this paper, they briefly enclosed 

the recent advancement in piezo driving technology (positioning control), discharge power 

technology, gap monitoring technology, tooling system, and flushing system for achieving 

the nanoscale machining through electrical discharge phenomenon. 

Hence, this chapter reports an innovative idea for controlling the interelectrode gap 

more precisely and accurately. The gap control mechanism is based on magnetic levitation 

where the electromagnetic force is made balanced with the restoring force and the 

gravitational force exhibited by the tool electrode. The equilibrium state of these forces 

facilitates a condition where the stability of the machining process has been achieved. The 

stability of the machining process during discharge is evaluated by the signal processing of 

the voltage-current discharge characteristic curve. The unavailability of the undesired signal 

such as arcing and short-circuiting signals indicates that most of the discharge energy pulses 

are highly stable. Most of the discharge energy pulses pose a uniform pulse width which 

means the energy delivered by each pulse is almost the same or const. Later on, the 

machining feasibility and performance were evaluated in terms of performance measures 

such as material removal rate, tool wear rate, and surface roughness on duplex stainless steel 

(DSS-2205). The morphological and chemical characterization was evaluated by field 
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emission scanning electron micrograph (FESEM) and electron diffraction spectroscopy 

(EDS) techniques respectively which is discussed in a further section.  

3.2 Working principle of Maglev μ-EDM  

 The gap control mechanism of maglev μ-EDM is based on the concept of balancing 

three forces i.e., the electromagnetic force (Fem), gravitational force (Fg), and restoring force 

(Fs). The electromagnetic force acts in the upward direction while the other two forces are 

acting in the downward direction to levitate the tool by attaining the equilibrium state of these 

forces. The configuration of the setup is created using a unipolar linear motor (electromagnet) 

with an extended actuator arm. The actuator arm of the linear motor can move freely in the 

vertical direction as per the voltage and current applied. The tool electrode is thus connected 

to one end of the moving actuator arm. Now, as the power is applied through a DC power 

source, the tool electrode moves upward, and as the power is disconnected the tool electrode 

freely falls to touch the workpiece due to the loss in magnetization or due to the gravity 

effect. It was observed that when the tool electrode is moving upward, the spring attached to 

the actuator arm restores some force called spring restoring force (Fs). This restoring force 

aids in preserving the machining process's stability during discharge. Now, for EDM 

operation, unipolar linear motor one end is connected to the power source while another end 

is connected to the tool electrode. The positive terminal of the power source is connected to 

the work material. The complete configuration of the EDM circuit with the actual 

representation of the system is illustrated in fig. 3.1. As power is switched on, there is a 

current flow between the linear motor, tool electrode, and workpiece. This current retracted 

the tool electrode in an upward direction which means the tool electrode is getting separated 

from the workpiece. This separation facilitates the minimal optimal distance to induce a 

spark. This spark is known as an electrical discharge that erodes the material from both 

electrodes in the form of microscale debris via melting and evaporation under a dielectric 
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medium. The occurrence of a spark reduces the applied voltage potential of the power source. 

This reduction causes magnetic strength to be weak for the linear motor. In the presence of 

weak magnetic strength, the tool will try to fall to touch the work material. Nevertheless, 

when it falls it will again obtain an optimal discharge for the electrical spark to occur. The 

complete system is arranged in such a manner that the system automatically adjusts the 

interelectrode gap by balancing the three above-mentioned forces (Fem=Fg+Fs) for the 

occurrence of normal discharge. Based on this concept, the cycle repeats continuously and 

discharge occurs within the optimum electrode gap for maglev μ-EDM. The interelectrode 

gap was initially adjusted using XYZ linear micro-positioner (resolution 10 µm) to control 

the discharge voltage. 

3.3 Experimentation and methodology   

3.3.1 Workpiece and tool material  

A duplex stainless steel of grade 2205 (dimension: 30 mm x 30mm x 2mm) and 

tungsten rod of diameter (ø 0.650 mm) and length (L) 10 mm were chosen as work and tool 

material respectively. The work material was preferably chosen as it falls in the category of 

exotic material and poses the research challenge in terms of machinability by the traditional 

methods. Furthermore, the material offers exceptional properties such as good corrosion and 

wear resistance at elevated temperatures and pressures, making it popular in industrial 

applications. The elemental composition of the work material along with the thermos-

physical properties of the tool electrode is presented in table 3.1 and table 3.2 respectively.  

The dielectric medium utilized in the experiment was commercial-grade deionized water.  

Table 3. 1 Elemental constituent (% weight) of duplex stainless steel (grade 2205) 

workpiece. 
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Elemental 

compositio

n 

Ni Cr Mo Ti Fe Mn Nb Si C V W 

% Weight  4.81 22.81 3.05 0.006 66.9 1.43 0.03 0.50 0.028 0.12 0.21 

Mass 

density  

7.8 

g/cm3 

          

Melting 

point  

14400

C 

          

  

Table 3. 2Thermomechanical property of tool electrode (Tungsten)  

Thermophysical properties Value 

Composition  99.95% 

Density  19.3 g/cm3 

Melting point  33700C 

Hardness (HB) 2570 MPa  

Electrical resistivity 52.8 Ωm at 200C 

 

3.3.2 Experimental Setup and its peripheral components  

The newly developed maglev micro-EDM consists of a unipolar linear motor with a 

movable actuator arm and tool holding flair, linear power output DC source for facilitating 

essential discharge energy, XYZ manual micro-positioner for workpiece movement, 

dielectric flushing system, dielectric circulation tank with honeycomb features inside for 

workpiece tightening facility. The digital storage oscilloscope (Tektronix, TDS2012C, 2-

channel, 100MHz bandwidth) is connected to the machining system for capturing the 

voltage-current (V-I) signal during the discharge. A differential-type voltage (TPP0201, 

Tektronix) and a current probe (65A-Hantek, BNC type) are connected to the circuit. The 

voltage probe is connected parallel to the load resistance i.e., across the tool and workpiece 

while the current probe is connected in series to the wire nearest to the workpiece. To 
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eliminates any residual magnetization or inductance, the degaussing button is pressed 4-5 

times which shifted the current signal near the ground (GND) state. 

 

Figure 3. 1 Maglev Micro-EDM machining experimental setup with their peripheral 

components. 

(a) Multi-output DC power supply (Model: APLAB-LQ6324P)  

The essential energy for discharge is supplied through a multioutput pure DC power 

source as shown in fig. 3.2. It is an integral part of the maglev micro-EDM system. Its circuit 

is fully protected against overload and short-circuiting. This power source unit has an 

electrically floating voltage with respect to the ground is 500V DC. It facilitates precise 

regulation with low ripple and noise in constant voltage (CV) and constant current (CC) 

modes. The technical specification of the programmable multi-output DC power source is 

represented in table 3.3. 

Table 3. 3 Technical features and specifications of the multi-output programmable DC power 

source 

Features  Specification 

Input voltage  220-240V AC, 50Hz, single phase (1-ø) 

Output voltage (CV mode)  0-32 V 
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Output current (CC mode) 0-2A 

Line Regulation CV * ±0.01% ±2mV 

Line Regulation CC * ±0.1% ±250µA 

Output Ripple CV 1mV rms 

Operating environment temperature  0-500C 

Output Ripple CC 0.04% rms 

Display Accuracy ±3 counts 

Indication (LED) CV/CC 

Protection Overload (OV)/short circuit (SC) 

 

 

Figure 3. 2 Multi-output programmable DC power source 

(b) Current probe (Hantek 65A AC/DC, 20kHz bandwidth) 

The current probe used in the present maglev EDM system is of a non-contact type 

with a BNC connector. It is a type of transducer that permit the measurement of the current 

data in form of waveforms. The current transducer is made of permalloy and hall sensing 

elements which linearly transform the AC/DC signal to the corresponding AC/DC voltage 

signal. It can measure the AC as well as DC signal in a digital manner without breaking the 

actual circuit. The current probe is allied in series with the circuit. When the current probe is 



58 

 

connected to the circuit it identifies the magnetic field by sensing the current flowing through 

the coil or conductor and converting it into a voltage signal which can be digitally seen in the 

digital storage oscilloscope. The technical features of the current probe are listed in table 3.4. 

The basic mechanism of the current clamp is indicated in fig. 3.3(a) while the actual figure of 

the current clamp is denoted in fig. 3.3(b). 

Table 3. 4 Technical features and specifications of the current clamp 

Features  Specification  

Frequency measurement (AC/DC) 

range 

up to 20kHz 

Effective current measurement range 20mA to 65A DC 

Accuracy (DCA range, 1mV/10mA) ±(1.5%±5mA) 10mA ~ 20A 

Accuracy (ACA range, 1mV/10mA) ±(6%±30mA) 100mA ~ 10A (10KHz ~ 

20KHz); ±(8%±30mA) 10A ~ 15A (40Hz ~ 

20KHz) 

Battery 9V DC (6F22) 

Connector BNC type 

 



59 

 

 

Figure 3. 3 (a) Current clamp working mechanism (b) Current clamp with BNC type 

connector. 

(c) Voltage probe (Tektronix: TPP0201, Attenuation 10:1) 

The voltage oscilloscope probe measures the high voltage by changing the input 

impedance of the circuit via attenuation of the signal by either 1X, 10X, and 100X factors. It 

is a passive-type voltage probe with a BNC connector (see fig. 3.4). It measures the voltage 

signal by reducing its amplitude to a safe and measurable range via a voltage divider circuit 

within the probe body. The technical specification of the voltage probe is presented in table 

3.5.   

Table 3. 5 Technical features and specifications of the voltage probe 

Features  Specification 

Bandwidth 100MHz 

Probe type Passive voltage probe 

Maximum input voltage 300Vrms 
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Probe attenuation 10:1 

Input resistance 10MΩ/20pF ±1.5% 

Rise time <2.3 ns (typical) 

Compensation range 15 pF to 25 pF 

Propagation delay ~6.1 ns 

 

 

Figure 3. 4 Passive type voltage probe with BNC type connector 

(d) XYZ manual micro-positioning linear stage 

It is the three degrees of freedom, linear micro-positioning displacement platform for 

the precise motion of the work material in subsequent XYZ direction. Fig. 3.5 indicates the 

actual image of the XYZ linear micro-positioning stage. The technical specifications of the 

XYZ linear micro-positioning stage are tabulated in table 3.6. 

Table 3. 6 Technical specifications of XYZ linear micro-positioning stage 

Features  Specification 

Degree of freedom (XYZ) 3 (V-type rail) 

Travel range (X-axis), YZ axis 25 mm; 10mm 

Positioning accuracy 0.001mm 
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Minimum scale 0.001mm 

Top size 90 x 90 mm 

Load capacity 5Kg 

Mounting hole M6 

  

 

Figure 3. 5 Manual linear XYZ micro-positioning displacement platform 

(e) Digital storage oscilloscope (DSO) 

It is one type of oscilloscope that takes the input signal in form of an analog and 

processes it into digital output. It stores and analyzes the signal digitally. It has an advanced 

triggering, storage, display, and measurement option for accurate analysis. The technical 

specification of the digital storage oscilloscope (DSO) with its operating range is illustrated 

in table 3.7. The fig. 3.6 denotes the actual image of the digital storage oscilloscope. 

 

 

 



62 

 

Table 3. 7 Technical features and specifications of digital storage oscilloscope (DSO) 

(Tektronix: TDS2012C) 

Features  Specification  

Number of channels 2 

Bandwidth 100MHz 

Sampling rate 2GS/s 

Display monitor (LCD) TFT 

Input voltage 100-240VAC 

Interface type USB and GPIB type 

Vertical resolution 8 bits 

Vertical sensitivity 2 mV to 5 V/div 

DC vertical accuracy ±3% 

Input coupling AC, DC, GND 

Input impedance 1MΩ in parallel with 20 pF 

Time base range 2.5ns to 50s/div 

Rise time 3.5 ns 
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Figure 3. 6 Digital storage oscilloscope (DSO) with BNC type connector 

(f) Dielectric circulation system (DCS) 

The dielectric circulation system is an important part of the maglev micro-EDM 

system. It provides a favorable condition for the flow of dielectric during machining. The 

dielectric flow system flushes out the debris particles from the discharge zone and offers the 

ideal condition for the generation of the next stable discharge. It assists to avoid the arcing 

and short circuit phenomenon during discharge for stable and efficient machining. The 

current dielectric circulation system consists of a water booster pump (24V) with 

SMPS/adapter (DC), a normal cartridge filter filled with deionizing sand, a glass filter with 

spun filter inside, a flow control valve, and flexible pipe hose with an adjustable nozzle. The 

dielectric circulation system with its peripheral components is illustrated in fig. 3.7.    

 

Figure 3. 7 Dielectric circulation system (DCS) with its peripheral components 

3.3.3 Experimental Procedure 

Prior to machining, the cross-section of the tool and workpiece were refined on a disc 

polishing machine (Chennai Metco) with emery polishing paper of grades 1800 and 2000. 

After that, a velvet cloth with diamond paste is used to create a mirror-like sheen. It's 
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necessary for a clear view of the crater generated on the machined surface. 

Pilots’ experiments were conducted initially to identify the level of the machining 

condition in terms of no-load voltage, discharge voltage, discharge current, machine on time, 

and duty factors. It was noted that the machine runs well in all voltage range between 20-32V 

(open circuit voltage) and a max peak current of 300mA-2A. Based on the pilot’s 

experiments, the level of experimental conditions was determined which is registered in table 

3.8.  

 

Table 3. 8 The measured gap voltage, gap current, and duty factor in four iterations during 

the processing of duplex stainless steel (DSS-2205).   

 

Open circuit 

voltage (V) 

Applied 

current (A) 

Discharge 

voltage (V) 

Discharge 

current (A) 

Duty factor Machining time  

 

 

30 

0.40 15.3 0.140 0.75  

 

10 minutes 

0.45 15.9 0.170 0.80 

0.50 15.6 0.130 0.75 

0.55 16.3 0.150 0.81 

 

The experiments were conducted in straight polarity i.e., the workpiece is connected 

to the positive terminal while the tool electrode is allied to the negative terminal of the power 

source. The workpiece is dipped in deionized water, and a 30 V open-circuit voltage is 

applied across the load, with a variable peak current setting (400mA-550mA). To maintain a 

constant interelectrode spacing, the tool begins to oscillate in the vertical direction. The 

machining begins with an electrical discharge voltage of 15.3-16.3 V and a discharge current 

of 140mA-180mA. During machining, the discharge characteristic in terms of voltage current 

waveform is captured in a digital storage oscilloscope (DSO) using a voltage and current 
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probe. This information is further utilized for calculating the discharge power and the specific 

energy of the system during machining. The material erosion rate (MER), and tool erosion 

rate (TER) is determined using the weight reduction method (Mettler Toledo, accuracy 1µg). 

Prior to characterization, the machined samples were ultrasonicated in distilled water to 

remove any adhering debris and dust particles. 

3.4. Results and Discussions   

3.4.1 Machine health monitoring through volt-ampere (V-I) characteristic curve   

In micro-EDM, the nature of the electrical discharge and its machining stability 

significantly depends on the servo gap control mechanism and its positioning response. The 

essential energy for the discharge is supplied in the form voltage-current signal from the 

power source unit as electrical input. The supplied voltage current signals ionized the channel 

by breaking the dielectric strength of the medium and establishing a time-varying electric 

field between the electrodes. As plasma forms, the channel becomes conductive and poses the 

minimum resistance for the flow of discharge current. The thermal impact of electrical 

discharge current causes melting and evaporation of the electrode’s material in the form of 

microscale debris. Additionally, gas bubbles that contain the ions and compounds of the 

molten metal are formed around the plasma channel. The voltage and current signals 

suddenly drop to zero at the end of the discharge which is referred to as pulse interval time or 

pulse off time. After discharge, the plasma channel and surrounding gas bubbles abruptly 

collapsed, creating a tremendous explosive pressure that forced the eroded material out of the 

discharge gap. Due to insufficient pressure and flushing, some of the molten material was 

reattached to the surface and formed the recast layer, a re-solidified layer. 

The gap condition and type of discharge waveforms are considerably revealed by the 

examination of the current and voltage pulses. In order to start the ionization, the voltage 

must first increase to the dielectric's breakdown strength. The voltage pulses stabilize during 
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the ionization process for a certain period (known as the ignition delay), after which it begins 

to decline. Current starts to increase as voltage decreases. There comes a point where the 

voltage cannot be lowered any further. The generated plasma channel is now fully ionized 

and has the lowest possible impedance to flow discharge current. Discharge voltage, which is 

proven to be accountable for the actual erosion of the material, is the voltage at which the 

discharge occurs. 

The most crucial factor determining the stability of the discharge phenomenon in the 

EDM process is the ignition delay since during this period that dielectric ionization occurs for 

short period. Discharge can sometimes occur immediately without any ignition delay, which 

can then result in the formation of a transient arc. These transient arcs should be avoided 

during machining since they are a bad signal for the surface finish and process efficiency. 

Another occurrence that frequently happens in traditional EDM is short-circuiting. This is 

brought on by the servo head's low response frequency and insufficient flushing of the debris 

from the discharge zone. Both electrodes make contact in this scenario. The massive amount 

of current can flow without discharging due to the direct connection between the electrodes.  

The circuit diagram of the maglev micro-EDM system is illustrated in fig. 3.8. The 

maglev micro-EDM system is made with a unipolar linear motor (electromagnet) and spring-

supported actuator arm technology. The linear motor consists of an inductor (L) circuit and 

due to the coil, it poses some internal resistance (R1). The second resistance (R2) is one type 

of variable resistance which referred to the resistance between the two electrodes due to the 

interelectrode gap. So, the complete arrangement of the maglev-EDM system is based on the 

inductance-resistance (L-R) circuit. The current maglev-EDM system is empowered with a 

pure DC power source having an electrically floating voltage with respect to ground up to 

500V. It was observed that during the electrical discharge machining (EDM) operation, it 

varies between the 180-200V as voltage probe is connected across the gap resistance in 
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parallel and the current probe is connected to the circuit in a series nearby workpiece (case-1 

in fig 3.8). For the DC power source, the inductor circuit acts as a short circuit, and the 

voltage drop across the L-R circuit is only due to the internal winding resistance. For the 

open circuit voltage of 30V, the short circuit voltage across the L-R1 circuit was varying 

between 8.5-10.6V according to the process parameter variation. This voltage is deducted 

from the discharge voltage (23.8-26.9V) to get the actual machining voltage across the 

interelectrode gap. The actual discharge voltage was found in the range of 15.3 V to 16.3 V. 

The observed duty factor was varying in the range of 0.75-0.81 during the machining process.  

 

Figure 3. 8 Circuit diagram of the maglev micro-EDM system for servo gap control 

The time transient discharge characteristic curve of the maglev micro-EDM is 

depicted in fig. 3.9 in the form of a voltage-current (V-I) waveform. The machining takes 

place when the open circuit voltage (30V) drops to the discharge voltage. As there is a 

voltage drop, there is a rise in the current during the pulse on time. A situation where voltage 

cannot be reduced and voltage and the current signal become stable. The presence of low 

ignition delay in the voltage-current curve indicates that the ionization is happening very fast 

indicating short ionization. The duty factor recorded in the digital storage oscilloscope (DSO) 

was found in the range of 0.75-0.81. Most of the discharge energy pulses are involved in 

removing the material during an effective pulse of time. Fig. 3.9 provided an illustration of 
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the real-time voltage current discharge energy pulse on maglev micro-EDM. The majority of 

the discharge energy pulses are stable and uniform, as seen in Fig. 3.9(a). The low ignition 

delay in the curve suggests that ionization is occurring quickly. The three discharge energy 

pulses at a time scale of 1ms are shown in Fig. 3.9(b). The majority of discharge energy 

pulses exhibit consistent pulse widths which are free from any undesirable signals like arcing 

and short-circuiting. The overall analysis of the voltage-current waveform indicates that the 

process is highly efficient and stable. This also suggests that the servo system discussed 

earlier effectively controls the gap condition during machining. 

 

Figure 3. 9 Real-time voltage and current waveform at (a) peak current setting of 450 mA 

and (b) 550 mA at the time scale of 5ms and (b) 1ms. 

3.4.2 Material erosion rate (MER) and tool erosion rate (TER) analysis  

Material erosion rate (MER) is one of the prime output responses which significantly 
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depends on the availability of discharge energy in the spark gap. This discharge energy 

further relies on the discharge voltage, discharge current and effective pulse on time. During 

effective pulse on time, actual erosion occurs due to the thermal impact of electrical 

discharge. This electrical removes the material in the form of microscale particles called 

debris. Here, the material erosion rate is evaluated using the weight reduction method i.e., a 

difference between the initial weight and final weight of work material for a particular given 

time. The equation used for calculating MER using the weight loss method is illustrated 

below.    

( ) ( )i f w

m m
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Where, wW : weight reduced in given machining time (µg), mT : machining time in seconds. 

In the current maglev micro-EDM system, the maximum material erosion rate (MER) 

was found to be 223.8 µg/min corresponding to a discharge power of 1.9344 j/sec while the 

minimum MER was 117.6 µg/min corresponding to the discharge power of 1.8359 j/sec. It 

was noted as the discharge power increases the MER increases first but after achieving the 

maximum material erosion rate it starts decreasing despite increasing power output. At higher 

output power, the material erosion rate is decreasing, this may be due to the low plasma 

strength or may be due to insufficient flushing pressure. It was also noticed that once the 

discharge voltage and discharge current for an effective pulse on time are achieved, the 

further increase in power input does not influence much material erosion rate. Additionally, 

as the discharge voltage becomes higher, the interelectrode gap becomes wider. The wider 

interelectrode gap indicates a reduction in the intensity of the flow of current for a longer 

pulse. The reduction in the intensity of the discharge current consequently reduces the 

material removal rate to a great extent. 

Tool wear is always exhibited with any machining process whether it is thermal 
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machining or any other machining process. It is an unavoidable phenomenon that 

significantly influences machining efficiency and accuracy. Moreover, frequent tool wear 

may affect the economics of the machining process. Literature indicates that tool wear 

decreases with increasing conductivity. The tool material density and the availability of 

discharge energy in the machining gap are the other two factors that significantly influence 

the tool wear rate. The experimental study on tool wear rate indicates that as the discharge 

power increases the tool wear rate increases up to a certain extent. Meanwhile, after 

achieving the maximum tool wear rate, it starts declining. The tool wear rate follows similar 

trends as the material erosion rate (MER). The reduction in tool wear rate may be due to 

improper flushing or may be due to the deposition of the electrode material on the tool 

surface which raised the issues of electrical conductivity. The maximum tool wear rate of 29 

µg/min was noted corresponding to the discharge power of 1.9334 while the minimum tool 

wear rate of 10 µg/min was noted corresponding to the discharge power of 2.5469 j/sec. The 

impact of discharge power on the material erosion rate and tool erosion rate is represented in 

fig. 3.10. The tool erosion rate was calculated using the weight reduction method (WRM) 

which is represented in equation 3.2. 

( )wi wf

m
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Where, wiT : initial tool weight before machining, wfT : final tool weight after machining, mT  

machining time in minutes.  
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Figure 3. 10 Effect of discharge power on material erosion rate (MER) and tool erosion rate 

(TER) in three repetitions of experiments.  

3.4.3 Specific energy consumption (SEC)- A common performance index (CPI)  

The specific energy is the common performance index to evaluate the efficiency of 

any machine. It is defined as the amount of discharge energy required to remove a single unit 

of mass/volume. Here, the discharge power has been calculated using the captured voltage, 

current, and pulse on-time data (excel file) from the digital storage oscilloscope. Further, this 

discharge power has been divided by the material erosion rate which offers the specific 

energy of the system during machining. It was noticed that as the discharge power increases 

the specific energy increases. The maximum specific energy of the system was found to be 

0.9367 J/µg corresponding to discharge power 1.83 J/sec while the minimum specific energy 

was 0.5173 J/µg corresponding to discharge power 2.54 J/sec. The equation used for 

calculating discharge power and specific energy is illustrated in equation 3.3 and equation 

3.4. To compare the performance of the newly developed maglev micro-EDM system, its 
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common performance index i.e., specific energy is compared with the existing literature. 

According to Vishwanthvalet et al. [208], the specific energy of the micro-EDM system 

varying in between 0.133-0.647 J/µg for the varying discharge power range of 293.87-

1145.45 J/s. The selected work material was super duplex grade 2507 while the working fluid 

was EDM oil. Bharat Singh, 2020 [209] reported that the specific energy of the EDM system 

ranges between 0.154-0.9656 J/µg for discharge powers of 12-270 J/sec. Similarly, Srinivas 

et al. [210] found that the specific energy lies in the range of 0.037-0.1107 J/µg for the 

discharge power range of 28-72 J/sec. The chosen workpiece was DSS-2205 while the 

working medium was air. Form the literature survey, it can be noted that the specific energy 

lies in between 0.037-0.9656 J/µg. The specific energy of the current maglev micro-EDM 

also lies in the same range as reported in previous literature. This indicates that the current 

maglev micro-EDM is as efficient as other available commercials micro-EDM systems. The 

comparative study of the specific energy of the current maglev micro-EDM system with the 

existing micro-EDM system is illustrated in fig. 3.11.      

. .d d avP V I = …………………………………………………. (3.3) 

dP
SEC

MRR
= ………………………………………………… (3.4) 

Where dP  represents the discharge power, dV  indicates the discharge voltage during 

machining, avI  is the average discharge current,  represents the duty factor, SEC denotes 

the specific energy consumption. 
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Figure 3. 11 Comparison of the specific energy (SEC) of the current system with the existing 

literature. 

3.4.4 Surface integrity (SI) analysis 

Surface roughness is one of the prime output responses in the micro-EDM process. 

This indicates the quality and finishing of the machining surface. The presence of micro 

craters, micropores, micro debris, and recast layers on the machining surface contributes to 

the formation of surface roughness. In the current work, the area surface parameters (Sa, Sq, 

and Sz) were measured using a non-contact type profilometer (Zygo, NewView 9k). Fig. 3.12 

(a) indicates the geometry of the crater formed over the machined surface for the scanned 

area of 1562.870 x 1562.870 µm2. Fig. 3.12 (b) represents the area surface roughness value 

over the machined surface. It was noted that the range of area surface roughness Sa, Sq, and 

Sz were 2.347-2.794 µm, 2.875-3.469 µm, and 15.365-26.379 µm respectively. Additionally, 

the variation in linear surface integrity parameters (Ra, Rq, Rz) was studied over six to eight 

different slices over the machined surface (see fig. 3.13). It was found that the Ra, Rq, and 

Rz, were varying in the range of 1.829-2.693 µm, 2.386-3.042 µm, and 5.678-7.493 µm 
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respectively. The overall evaluation of the surface integrity parameters indicates that the 

average roughness value is low. The lower surface roughness indicates a better surface finish. 

The low surface roughness value may be due to the availability of low discharge energy in 

the machining gap. As the discharge energy increases, it forms a bigger surface crater over 

the machining surface which increases the surface roughness value. The discharge current 

was found to be the most influencing parameter compared to discharge voltage and discharge 

on time. Another essential criterion that enhances the surface roughness rating is proper 

flushing. The action of the tool electrode hopping enhances the flushing condition, resulting 

in a decreased surface roughness value.  
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Figure 3. 12 (a-d) 3D geometry of the machined surface (a1-d1) variation in area surface 

roughness parameters.  
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Figure 3. 13 variations in linear surface integrity parameters over six to eight slices (Ra, Rq, 

and Rz) at lower (450 mA) and higher current (550 mA) settings. 

3.4.5 Surface topography analysis through FESEM 

The surface topography of the machined surface was examined through the high-

resolution field emission scanning electron microscopy technique. The surface morphology 

under different peak current settings is indicated in fig. 3.14. The morphology indicates there 

is the presence of microholes, micropores, microcavity, lumps of reattached debris particles, 

and micro globules on the machined surface. The pinholes and micropores were formed due 

to the trapping of the vapors and bubbles during solidification. The lumps of debris particles 

were formed to the reattachment of three or more three debris particles at a time during pulse 

interval time. The micro-globules were formed due to the complete evaporation of the 

working materteral into vapor clouds. These micro globules were attached to the machined 

surface due to the improper flushing pressure or may be due to mass density inertia property. 

The enrichment of microcavity, micro-globules, micropores, and pinholes was noted at a 

higher discharge current setting. The shape and size of the micro globules were found a little 

bit bigger at a higher current setting. Higher discharge current results in deeper crater 

formation which may deteriorate the surface finish of the machining surface. additionally, the 
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formation of some recast layer thickness was found near the edge of the machined surface as 

well as the interface region. This recast layer was formed due to insufficient flushing pressure 

or due to the inappropriate splashing of the molten material during the pulse interval state. 

This resolidified layer was found hard and contain a fine-grain structure of carbon due to the 

cracked dielectric. The resolidified layer was white in appearance and unaffected by the 

etching process. The recast layer thickness was mainly affected by the presence of carbon 

composition in the work material, types of dielectrics (especially hydrocarbon), and 

magnitude of discharge current and pulse on time.        
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Figure 3. 14 Surface topography analysis of machined workpiece parts through FESEM with 

constant voltage (30V) and at varying currents (a) 400mA, (b) 450mA, (c) 500mA, and (d) 

550mA. 

3.4.6 Material migration and diffusion analysis through EDX 

The compositional analysis of the machined surface was carried out using the energy-

dispersive X-ray spectroscopy (EDS) technique. It is a quantitative method for evaluating the 

elements present on the machined surface. It facilitates the information about the availability 

of the elements in a particular material at a particular location in terms of either weight 

percentage or in terms of atomic percentage. In EDS, secondary and backscattered electrons 

are utilized in image formation for morphological analysis, as well as X-rays used for the 

identification and quantification of compounds present at measurable amounts. The detection 
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limit of EDS is determined by the smoothness of the sample surface; the smoother the 

surface, the lower the detection limit. It can detect major and minor elements with 

concentrations higher than 10 wt% (major) and minor concentrations (concentrations between 

1 and 10 wt%). Fig. 15 (a & b) illustrate the elemental composition of the parent workpiece 

material (DSS-2205) and tool material (tungsten). In Fig. 15(a), it was found that terbium 

(24.14 wt%) is available in higher quantities which came as impurities during handing or due 

to oxide formation in an open environment. In Fig. 15(b), the presence of tungsten (84.88, 

wt%) EDS spectra indicates that the tool is made of pure tungsten. Fig. 3.15 (c & d) indicates 

the EDX spectrum of the various elements available on the work machined surface cross-

sectional area. The exitance of ferrous (38.05-41.18 wt.%), chromium (18.37-18.95 wt.%), 

nickel (2.56-3.29 wt.%), manganese (2.63-2.92, wt.%), nitrogen (0.74, wt.%), Si (0.51-0.78, 

wt.%) on the work machined surface comes from the compositional part of the parent 

material. The availability of tungsten (2.34-2.67, wt.%) on the work machined surface 

indicates the bidirectional material migration and diffusion phenomenon. This also indicates 

that there is a surface alloying phenomenon that happens under the high temperature and 

high-pressure plasma region and due to insufficient flushing, they are deposited over the 

machined surface. Surface alloying causes the creation of various compounds in various 

phases, which may be investigated via X-ray diffraction (XRD) analysis. Furthermore, this 

surface alloying process enhances the machined part's surface quality and wear resistance. 

This occurs due to the mixing of two distinct elements in a high-temperature plasma region, 

resulting in the formation of an intermetallic compound that is dispersed as a metallic powder 

in the dielectric media. Due to the high-density mass inertia, this dispersed metallic powder 

settled on the machined surface. The settlement of the dispersed particles on the machined 

surface forms an intermetallic connection that improves the surface's wear resistance. The 

deep and shallow craters were filled with these particles, resulting in improved surface 
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roughness. The presence of carbon in a slightly larger quantity shows that the carbon is 

derived both from the carbon stub (sample linked to it) and from the decomposition of 

hydrocarbon oil in high-temperature plasma. The presence of oxygen implies that the surface 

has been oxidized, which could be due to ambient air contact. 

  

  

 

Figure 3. 15 Chemical characterization of (a) parent material (DSS-2205), (b) tool material 

(tungsten rod), (c) material migration, and elemental diffusion analysis through EDX 

spectrum at 400mA and (d) 550mA at the similar location of the machined workpiece.    

3.5 Conclusions   

This chapter provided a quick overview of the magnetic levitation-based servo stabilized 

gap control mechanism for micro-EDM and tested its feasibility for micro-machining. An 

actuator arm added to the system considerably enhances the flushing condition by action of 
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quick jumping or oscillating. The results of the current study and experimental examination 

are as follows. 

• The innovative actuator arm technology and magnetic levitation have solved the slow 

positioning response of the traditional servo head caused by mass inertia and 

backlash. 

• According to the time transient voltage-current (V-I) waveform, most discharge 

energy pulses are stable and uniform with low ignition delay. The short ignition delay 

indicates that the ionization is happening very fast. 

• The maglev micro-EDM system's specific energy ranged from 0.5396-0.9356 J/µg, 

which is consistent with earlier literature (0.037-0.9656 J/µg). This indicates that the 

proposed system is just as effective as other available commercial EDM systems. 

• According to the feasibility study, performance indicators like material erosion rate 

(MER), tool erosion rate (TER), and surface roughness (SR) change between 117.6-

223.8 µg/min, 10-29 µg/min, and 1.829-2.693µm, respectively, throughout three 

iterations. 

• Examining the surface topography and morphology using FESEM images reveals that 

there are small amounts of melted debris, micropores, pinholes, micro craters, and 

micro-globules. This indicates that the surface is sufficiently smooth due to low 

discharge energy. Although re-solidification (white layer/recast layer) of melted 

debris was discovered close to the interface region, no microcracks were discovered 

across the machined surface. This can be the result of insufficient flushing pressure. 

• According to chemical characterization by EDX analysis, there is material diffusion 

and there is bidirectional material transfer. Due to the phenomena of surface alloying, 

this further causes the formation of various compounds in various stages. 
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• The proposed technology might be a substitute for micro-servo EDM's gap control. 

The system is entirely autonomous and doesn't need a complicated drive or motion 

controller.  
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Chapter- 4: Development of micro- and nanotools for Nano-

EDM 

 

 

4.0 Introduction 

Fabricating the nanotip size tool may be a challenging task for the commencement of 

nano-EDM. It is expected that the nanotip size tool may deliver the discharge energy at the 

nanoscale due to size effect. STM/FIM probes are coming with nanometric tip diameter and 

high aspect ratio apex length which increases their durability and uniformity for ions 

emission [211–213]. Tungsten is mostly preferred in STM tip fabrication because it poses 

high mechanical strength, low electrical resistivity, and high thermal stability and durability 

[214–218]. These nanotips may be tested as tools to find the possibilities of nano-EDM. 

Electrochemical etching is the most preferred method for fabricating nanosized tips. The 

method of applying electrochemical etching and a sequence of fabricating nanotips is 

illustrated in Fig. 4.1. Cheng et al. [219] developed an ultraprecise machine tool to fabricate 

the micro-nanotools via EDM. The fabricated nanotools offer a surface roughness of less than 

10 nm. Alkhaleel et al. [73] generated nanocavities of varying depth 17 to 53 nm using single 

tip AFM probes via nano-electro machining principle. Multimode AFM machine was used as 

the machining platform while, copper and gold were the sample materials. In this 

experimental work, they studied the effect of the hammering act of electrostatic forces within 

the machining region. The created nanocavities from this hammering action were found 

stable within a time range of 48h. The gap distance in terms of gap voltage and scanning 

motion of the stage was identified as an important factor that decides the condition for the 

4 
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fabrication of nano features at the nanoscale. The role of the electrostatic force was found less 

compared to the factor mentioned above.

 

Figure 4. 1 (a) Electrochemical etching method (b) sequence of nanotip tool fabrication in 

the electrochemical process (c) fabricated nano tipped tool. Reproduced with permission 

[220–222]. 

Benilov et al. [223] used the Pt-Ir etched tool in scanning tunneling microscopy to 

create the nano features via the nano-EM principle. The measured tip dia was approx. 300 nm 

while the conic dia of the necking part was 1-10 µm. It is expected that development in 

nanotools like nanoprobes, nano-indenter, and nanotips may support the advancement of 

nano EDM technology [224]. Electrochemical etching [225–227], Chemical vapor deposition 

[228,229], molecular self-assembly [230], electrochemical deposition [231], nano growth 

techniques [232], and reverse micro-EDM [233,234] are some suggested techniques through 

which nano-tip-sized tools may be fabricated for nano-EDM. Normally, gold, silver, 

tungsten, Pt-Ir, and platinum are favorable materials for the fabrication of nano-size tipped 

tools [235]. Fig. 4.2 shows the various types of micro/nanotips fabricated by various methods 

by different researchers. However, before machining, the feasibility of these kinds of 

fabricated tools must be checked.  
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Figure 4. 2 Tipped tool fabricated through various methods by the various researcher for 

micro and nano-EDM. Reproduced with modification [236–242].  

For achieving nano features through the nano-EDM principle, fabricating the nano 

tips is one of the important tasks. Literature indicates that in past years normally tip-induced 

lithography techniques are used for achieving the nano features on typical materials. 

Moreover, AFM/STM and SPM probes are used for fabricating the nanofeatures using the 

nano-electro machining (nano-EMM) process. Generally, these probe tip diameter lies in the 

range of 2-10nm and needed special attention during operation. These nano-tipped tools and 

its holder are very costly and not favorable from the economic point of view for nano 

machining. 

Hence, in this chapter, three different techniques have been described for fabricating 

the micro and nanotools.  

I. Fabrication of microelectrode (microtool) through the electrochemical micro-

turning process for growing nanorods and nanoplates like a tool on its micro 

tip. 
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II. Fabrication of nanoplatelets like nanotools and their optical and chemical 

characterization.  

III. Fabrication of ZnO nanorods as nanotools grown on microprobe tip. 

4.1 Fabrication of microtool through the electrochemical micro-turning process  

The tungsten micro-electrodes of diameter 90-95 µm were fabricated by the 

electrochemical micro-turning process as mentioned in [243]. For this, the tungsten rod of 

diameter 0.65mm and truncated graphite rod (ø5 mm) was used as electrode materials. The 

tungsten rod is coated with non-conducting paraffin wax to make the job chemically inert. It 

also ensures the uniform distribution of current density in the working gap. The experiments 

were carried out in KOH electrolytic solution at a concentration of 2.5 M and 3.0 M with an 

applied voltage potential of 15 V and 18V respectively. The tool feed towards the job and 

uniform inter-electrodes distance was maintained through a manually operated X-Y stage 

(precision 5μm). The machining time was limited to 5 minutes only. Due to the anodic 

dissociation and mass transfer phenomenon in the interelectrode gap, the materials get eroded 

from the rotating tool [244]. Close vicinity and tool feed motion towards the job plays a 

significant role in initiating the ionic dissociation or transfer of ions in the inter-electrode gap 

at the applied potential. Here, the uniform electric field is maintained by controlling the 

uniform gap. The tool is fed uniformly and material is removed due to chemical reaction. Due 

to the ion transfer phenomenon, this process ensures a better surface finish without any 

residual stress, cracks, and burr. Moreover, the cylindricity was monitored by controlling the 

interelectrode through a manually operated XY micro-positioning stage. The diameter of the 

job is reduced gradually at a uniform rate due to the electrochemical reaction. The fabricated 

microrods were initially dumbbell in shape due to mass diffusion layer effect and gravity 

effect. The neck formation (conical shape) can also be observed in some images which 

indicates the vicinity of the rotating tool, gravitational and mass diffusion impact on the 
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geometry of the tool electrode. Mass diffusion is nothing but the dissolving of ions 

(movement) within the electrolytic solution due to an applied potential difference and 

concentration difference. While gravity impact is the settling of suspended heavy particles 

due to gravity pull. 

The schematic for fabricating the cylindrical microelectrodes through the electrochemical 

micro-turning process is shown in fig. 4.3 while the morphological image of the fabricated 

microtools at varying concentrations of 2.5 M and 3.0 M were represented in fig. 4.4. 

 

Figure 4. 3 Schematic for fabricating the microelectrode in the electrochemical micro-turning 

process. 
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Figure 4. 4 Fabricated microelectrode (micro rods) for growing ZnO nanorods on the apex of 

the microprobe tip at 2.5M @ 15V and 3.0 M@ 18V. 

4.2 Fabrication of nanoplatelets like nanotool on microprobe tip and its chemical and optical 

characterization  

4.2.1 Experimental setup 

The schematic and actual image of an indigenously developed micro-electrochemical 

discharge machining setup was utilized for the fabrication of 2D assembly of ZnO 

nanostructures as shown in fig. 4.5 (a & b). The setup contains a columnar angular structure, 

CNC motorized Z-stage, XY micro-positioning platform, pulsated DC power source, glass 

bowl, and host computer. The Z-stage motion was controlled using a motion control card, 

data acquisition system (NI), and LabVIEW software. The Z-stage (resolution 5 µm) 

regulates the motion of the tool in micro-stepping rates in a lateral (vertical) direction. A 

manual displacement positioning platform controls the motion of the workpiece and 

maintains the proper gap width via axial feed.  
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Figure 4. 5 (a) Schematic of the experimental setup for 2D fabrication of ZnO nanostructure 

along with key components, (b) Actual representation of the experimental setup. 

4.2.2 Materials and procedure 

The analytical grade chemicals reagents (zinc nitrate hexahydrate, hexamine (HMTA), 

acetone, ethanol, 99.0% pure) were utilized for the experimentation. Initially, a growth 

solution of zinc nitrate hexahydrate and hexamine (HMTA) was prepared at varying molar 
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concentrations (0.10M, 0.15M, 0.20M) by mixing them on a magnetic stirrer (500 rpm) at 

600C for 30 minutes. The flowchart of nanoplates fabrication is illustrated in fig. 4.6. 

 

Figure 4. 6  Stepwise by flowchart for the fabrication of 2D nanoplates of zinc oxide (ZnO) 

The experiments were conducted according to the condition listed in Table 4.1. A 

mechanically prepared conical tipped electrode (ø150-200µm) and counter electrode (zinc 

sheet) of dimension 30mm x 10mm x 0.5mm were utilized as cathode and anode materials in 

straight polarity. Prior to the experiments, these materials were ultra-sonicated in acetone (15 

min), cleaned with ultrapure distilled water, and dehydrated in a hot air furnace. A motion-

controlled program developed in LabVIEW software regulates the tool motion through Z-

stage in the vertical direction. The proper interelectrode gap and axial feed were controlled by 

XYZ micro-positioning displacement platform (resolution 5 µm).  A constant voltage 

potential of 50 V is applied through a transistor-based DC pulse power supply while growth 

solution concentration is varying from 0.10 M to 0.20 M. A well-defined nanocluster was 

deposited over the tip with porousness in its crystal structure. 
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Table 4. 1 Selected process parameters for fabrication of 2D nanostructure (ZnO) 

In-process variables Values 

Selected molar concentration (M) 0.10, 0.15, 0.20 

Deposition and growth time (seconds) 20 

Precursor solution (growth) Zinc nitrate hexahydrate + Methenamine 

(HMTA) 

Applied voltage potential (DC) 50V 

Conical microtip electrode diameter (µm) 150-200 

Pulse period (µs) 50 

Duty factor (%) 50 

Pulse frequency (kHz) 10 (constant) 

Counter electrode (dimension) Zinc sheet (30 x10 x 0.5 mm
3
) 

 

4.2.3 Heat treatment (annealing) 

Immediately after the deposition and growth, the deposited nanosheet cluster was rinsed 

in ultrapure distilled water and ethanol 3-4 times. After washing, the sample was kept inside 

the muffle furnace (hot air furnace) for heat treatment (annealing) at 950 C for 45 minutes. 

Annealing heat treatment is essential because it eliminates moisture and crystal impurities. 

After heat treatment, the morphological/structural characterization of the deposited 

nanomaterials was assessed through various microscopic and optical methods.  

4.2.4 Results and Discussion  

4.2.4.1 Structural and morphological characterization 

The structural and morphological characterization of synthesized ZnO nanostructure (2D) 
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was evaluated via the high-resolution field emission scanning electron microscopy technique 

(TESCAN, MIRA-3 LMH Model). At lower concentration (0.10M) the 2D nanosheet-like 

morphology was observed while at higher concentration (0.20M) 2D morphology changes to 

a marigold flower-like structure with porousness in its crystal structure. The morphology 

changes from 2D to flower-like nanostructure are not fully understood in the open literature. 

But here, the involvement of discharge energy within the interface region may be the one 

factor that accelerates the deposition and growth mechanics of nanocrystal sites. At lower 

concentrations, a few hydroxyl ions (OH-) react with Zn2+ to generate zinc hydroxyl ions (Zn 

(OH)4
2- that are finally dehydrated into the ZnO nanosheet. The individual nanosheet poses 

high surface energy with their exposed plane. Hence, they tried to aggregate to reduce surface 

energy by dropping the exposed surface areas. This drop in surface energy caused 

agglomeration of the nanosheets [245]. This agglomeration of nanosheets decreased the 

vacancies and interconnected at the edge to form the nanoflower (marigold) like structure. 

The complete morphological evolution/transformation from the 2D nanosheet to the 

nanoflower-like structure is illustrated in fig. 4.7. 
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Figure 4. 7 Morphology evolution from 2D nanostructure to 3D nanoporous cluster (flower-

like structure) under varying molar concentrations at different scale bars. 

4.2.4.2 Role of microtip in nanostructure growth control  

The tip-substrate interface plays a vital role in nanocluster fabrication. The high voltage 

potential within the tip-substrate interface sometimes led to mechanical contact which retards 

the formation of the nanocluster. Hence, a proper gap condition must be maintained to exhibit 

the condition for better jump-to-contact transfer of atoms or molecules within the interface 

[246]. The introduction of a microtip in the chemical growth solution promotes the localized 

deposition and controlled growth of active nuclei in 2D forms. The dissociation reaction will 

be more prominent at the microtip due to the high polarization effect. Moreover, the apex of 

the tip exhibits high capillary pressure within the interface region which increases the correct 

alignment, positioning, and assembly of grown nanosheets. Hu et al. [247] demonstrated the 
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role of a tip in tip-based nanomanufacturing systems (TBNS). They reported that when the tip 

and substrate are kept at a specific distance under the influence of polarization, it endorses 

certain events such as the joule heating effect, local reactions, molecular diffusion, and 

localized deposition. The significance of introducing the microtip for controlling deposition 

and growth mechanics is shown in fig. 4.8. 

 

Figure 4. 8 Deposition and growth mechanism for the 2D assembly of ZnO nanostructure. 

4.2.4.3 Mechanism of crystal growth  

Under the influence of ultrafine discharge in chemical growth solution, the deposition and 

growth mechanics may be understood in two stages (a) nucleus (sites) forming stage and (b) 

growth stage [248]. In the nucleation stage, a large number of unstable active nuclei are 

formed due to prominent voltage potential. Here, the nucleation process occurs in three zones 

such as bulk solution zone, molecular transfer and diffusion zone, and compact layer zone. 

Moreover, the growth mechanics is determined by the solvent dipole moment which is 

prominently influenced by the molecular diffusion rate and electron transfer rate in the 

solution [249]. Ultimately, the oxidation and reduction state-run of the chemical reaction 

decides the growth morphology of active sites on the electrode surface. 

In the current work, the deliberation of OH- ions significantly influence the growth 

direction of the ZnO nanostructure. The tetrahedral coordination of Zn2+ and O2- poses a 
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stacked layer along the c-axis during growth [250]. Here, Hexamine reacts with water 

molecules to develop formaldehyde (HCHO) and ammonia (NH3) at retarded rate. The slow 

release of ammonia (NH3) generates fewer numbers of OH- ions which affect the nucleation 

rate of Zn+ ions during hydrolysis [251]. Moreover, the existence of ammonia (NH3) limited 

the growth of zinc hydroxide ions along the c-axis by absorbing the amine molecules on the 

surface [252]. The zincate ions combine with hydroxyl ions (OH-) to form the Zn(OH)2 

colloids and growth unit as tetrahedral zincate ions Zn(OH)4
2- radicals. This tetrahedral 

zincate ion was finally dehydrated to form zinc oxide (ZnO) under heated conditions [253]. 

To understand the morphological evolution and growth mechanics, the spontaneous chemical 

reaction associated with the fabrication of 2D ZnO nanosheet is elaborated below. 

𝐶6𝐻12𝑁4 + 6𝐻2𝑂 ↔ 4𝑁𝐻3 + 6HCHO  ……………………………………………. (4.1)             

𝑁𝐻3 + 𝐻2𝑂 ↔ 𝑁𝐻4
 + +  𝑂𝐻−  …………………………………………………….. (4.2) 

𝑍𝑛2+ + 2𝑂𝐻− ↔ 𝑍𝑛(𝑂𝐻)2 ………………………………………………………... (4.3)    

𝑍𝑛(𝑂𝐻)2 + 4𝑂𝐻− ↔ Zn(𝑂𝐻)4
2−………….……………………………………….. (4.4)        

 Zn(𝑂𝐻)4
2− ↔ ZnO + 𝐻2𝑂 + 𝑂𝐻−…………………………………………………. (4.5) 

4.2.4.4 Chemical characterization through EDX 

The elemental composition of the fabricated nanomaterial is determined by energy-

dispersive X-ray spectroscopy. The existence of zinc and oxygen in appreciable amount 

(100%) in the EDX spectrum indicates that the fabricated nanostructure is of zinc oxide. Fig. 

4.9 shows the chemical composition of the fabricated nanostructure along with their 

elemental color mapping.  
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Figure 4. 9 Chemical composition of fabricated nanostructure with their elemental color 

mapping via EDX spectroscopy. 

4.2.4.5 X-Ray diffraction (XRD) analysis 

 The diffraction pattern (fig. 4.10 (a)) was taken under copper source (Cu) radiation of 

wavelength K-Alpha1 (1.540598 Å) & K-Alpha2 (1.544426 Å), ratio K-Alpha2/K- 

Alpha1=0.5 in the scan range of 200 to 800 (2θ) at accelerating voltage of 40kV. It was noted 
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that all the sample contains the same phase structure, which was indexed in the hexagonal 

wurtzite structure posing a lattice constant parameter (a=0.32498 nm and c=0.52066 nm 

(Reference code: 00-036-1451). The high-intensity peak for the plane (101) and (100) 

corresponds to 2θ=36.1649 and 2θ=31.6506 indicating 2D formation of ZnO nanostructure 

with crystallinity in phase purity. The low-intensity peak for the plane (002) indicates the 

retarded nature of growth in the vertical direction. The unavailability of any unwanted peak in 

the diffraction pattern confirms the phase pure crystalline structure of ZnO. 

The crystallite size of the 2D nanosheet was estimated by X-ray line broadening 

(FWHM) using the Debye-Scherrer equation [254] i.e. 

                                      𝐷𝑃 =
𝐾𝜆

𝛽𝐶𝑜𝑠𝜃
……………………………………………… (4.6) 

Where, DP (average crystallite size), K=0.94 (shape factor constant), λ (X-ray wavelength, Cu 

Kα:0.15406 nm), β (line broadening or FWHM in radian), θ (Bragg’s diffraction angle). The 

mean crystallite size (thickness) of the ZnO nanosheet was noted about 27 nm (fig. 4.10 (b)) 

while the width of the nanosheet was varying between 1400 nm to 1600 nm.  

 

Figure 4. 10 (a) X-ray diffraction pattern of the fabricated 2D nanostructure (b) size 

distribution of nanosheets.    
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4.2.4.6 FTIR and XPS analysis 

The availability of functional group and molecular fingerprint corresponding to ZnO 

stretching is identified by Fourier transforms infrared spectroscopy (FTIR) as shown in Fig. 

4.11 (a). The availability of two strong absorption peaks (590.57 cm-1 & 645.02 cm-1) in the 

fingerprint region might be associated with ZnO stretching. Ghosh et al. [255] noted the two 

strong absorption peaks corresponding to wavenumber 425 cm-1 & 570 cm-1 for 2D ZnO 

nanoflakes structure. The absorption peak of 1462.39 cm-1 may be associated with C-N 

stretching indicating the presence of the amide-I group. The O-H stretching may be raised 

due to the existence of alcohols/phenols corresponding to wavenumber 3350.90 cm-1. The 

intensive peak of C-H (sp2) might be associated with wavenumber 3137.90 cm-1 which 

indicates the presence of an alkenyl group. The H-O-H vibration corresponds to wavenumber 

1666.91 cm-1 may indicate dehydration of water molecules under heated conditions. 

The surface-sensitive quantification of fabricated ZnO nanosheets was analyzed 

through X-ray photoelectron spectroscopy (XPS) to identify the elemental composition and 

their oxidation states within the material. A broad survey scan was taken in a wide range of 

energy as shown in fig. 4.11 (b). Strong intensities of Zn, and O were detected in survey 

spectra of XPS. Fig. 4.11 (c) and Fig. 4.11 (d) indicate the -Zn2p and -O1s spectra at high 

resolution. The presence of a doublet pair peak of Zn2p corresponds to binding energy 1022.5 

eV and 1045.5 eV indicating the Zn2p3 and Zn2p1. These two-core level also indicates the 

oxidation states (+2) for ZnO surface. The deviation in binding energy between these two 

core states (Zn2p3 & Zn2p1) was found approximately 23.0 eV for ZnO morphology which 

is consistent with as reported previously [256]. Moreover, the binding energy (532 eV) 

corresponding to peak -O1s might be associated with the absorption of water molecules (-

OH). 
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Figure 4. 11 (a) Infrared spectrum (FTIR) (b) XPS survey spectra (c) high-resolution XPS -

Zn2p3 and -Zn2p1 (d) -O1s of the grown nanosheet at 50V and concentration 0.10 M 

4.2.5 Conclusions 

A systematic accelerated growth method for the fabrication of zinc oxide (ZnO) 

nanostructure especially 2D nanosheet is briefly covered on the microprobe tip. The 

introduction of ultrafine arc discharge accelerates the chemical reaction and promotes the 

rapid fabrication of the ZnO nanostructure. Different stages of nanostructure growth with 

their basic mechanism are elaborated briefly. A varying growth morphology from the 

nanosheet-like structure to the flower-like structure is found at concentrations of 0.15 M and 

0.20M. The experimental results clearly show that the lower concentration is the best 

condition for 2D nanosheet formation. Moreover, the crystallinity and chemical 

characterization through XRD and EDX ensured that the varying concentration does not 

significantly influence the quality of the fabricated nanomaterial. Further, the availability of 

the functional group corresponding to ZnO stretching confirms the good transmittance 
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behavior of the fabricated nanosheets. The existence of doublet pairs in their core-shell in 

XPS spectra confirms the oxidation states of ZnO. With an excellent morphological structure 

and improved surface-to-volume ratio, its potential may be extended to energy harvesting 

devices, bio-sensing, optoelectronics, luminance industries, etc. However, this was the first 

attempt towards the fabrication of nanorods like a tool but this method provides 2D 

nanoplates-like tool on the microprobe tip. 

4.3 Fabrication of ZnO nanorods as nanotools grown on microprobe tip through low-

temperature hydrothermal process. 

 

Developing the nanotools for the nano-EDM process is critical work. Moreover, 

holding the nanotools in the tool holder is very a very tedious task. Hence, here first of all 

micro-electrodes of diameter 90-95 µm were fabricated using the electrochemical micro-

turning process as mentioned in previous section 4.1 and which can be held easily. On the tip 

of the microelectrodes, ZnO nanorods were developed using a low-temperature hydrothermal 

process. These nanorods were further used as nanotools for nano-EDM. For growing the 

nanorods, two solutions were prepared, one is a seed solution while the other is a growth 

solution. The seed solution was prepared by dissolving the zinc acetate dehydrate [62.5mg, 

Zn(CH3COO)2.2H2O] in 100 ml of ethanol and stirring it on a magnetic stirrer (400rpm) at 

600C for 15 minutes. Another solution of sodium hydroxide (20mg, NaOH) was prepared in 

20ml of ethanol and stirred at 400 rpm at 600C for 15 minutes. This second solution was 

transferred to the seed solution and an additional 80ml of ethanol was added to complete the 

seed solution of 200 ml. This complete solution was stirred again under heated conditions 

(600C) for another 20 minutes. This complete seed solution was further used for the 

formation of active nucleation sites. Now, the tip of the electrode is dipped into the seed 

solution for 15 minutes and then transferred to the hot air oven (900C) for drying for another 
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15 minutes. This half an hour cycle was repeated 8 times continuously. A thin film of 

unstable nucleation sites is formed over the tip which further grows into nanorods after 

essential heat treatment. The list of chemicals used for preparing seed and growth solutions is 

presented in table 4.2. 

Table 4. 2 List of chemicals that have been used for fabricating the ZnO nanorods on the 

tooltip 

S. 

No. 

Chemical used Chemical formula Utilization 

1 Acetone 𝐶3𝐻6𝑂 

For washing/cleaning the 

samples 

2 Water (distilled) 𝐻2O 

For preparing the growth 

solution/rinsed the 

samples/substrate 

3 

Ethyl alcohol 

(ethanol) 

𝐶𝐻3-𝐶𝐻2-OH 

For preparing seed 

solution/cleaning samples 

4 Sodium hydroxide NaOH pH controlling in seed solution 

5 Zinc acetate dihydrate Zn(𝐶𝐻3𝐶𝑂𝑂)2. 2𝐻2O) For seed solution preparation 

6 

Zinc nitrate 

hexahydrate 

Zn(𝑁𝑂3)
2
.6𝐻2O Growth solution preparation 

7 Hexamine 𝐶6𝐻12𝑁4 Growth solution preparation 

 

 After seeding the tooltip, a growth solution was prepared by mixing the 10mM of zinc 

nitrate hexahydrate and hexamine (HMTA) in 630ml of distilled water. This mixture was 

stirred on a magnetic stirrer for 15 minutes under normal environmental temperature (270C). 

The pH of the growth solution was also maintained within 6.5-7. Now, for the hydrothermal 
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growth of ZnO nanorods, the seeded tip is dipped into the growth solution and kept inside the 

hot air furnace at 900C for 8 hours. After 8 hours of heat treatment, the sample was taken out 

and rinsed with distilled water 6-8 times to hold any further growth. After washing, the 

sample was again kept inside the hot air furnace for another 24 hours for drying purposes at 

300C. The schematic for seeding on the tooltip and growing of nanorods through a low-

temperature hydrothermal process is illustrated in fig. 4.12. Fig. 4. 13 (a) shows the 

morphology of the fabricated microelectrode (tungsten) while 4.13 (b) indicates the 

morphology of the grown ZnO nanorods on the top surface of the microprobe tip. 

 

Figure 4. 12 Method of seeding on tooltip and growth of ZnO nanorods through the low-

temperature hydrothermal process. 
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Figure 4. 13 (a) Morphology of the fabricated microelectrode (tungsten) (b) grown ZnO 

nanorods on the top surface of the microprobe tip. 

4.3.1 Mechanism of nanorods growth 

The growth mechanism of nanorods can be described in two stages (a) active 

nucleation stage (growth site formation) and (b) growth stage. In the current work, the 

nucleation stage is activated by dipping the tooltip in the seed solution followed by essential 

heat treatment at 900C. The seeding treatment forms a thin film over the tip with an enormous 

number of unstable active nuclei. This large number of active nuclei acts as growth sites in a 

further stage. Here, during seeding, the Zn2+ ions are formed due to zinc acetate while OH- 

ions are liberated from sodium hydroxide [252]. This combined effect caused the formation 

of zinc hydroxyl ions. Likewise, the liberation of a large amount of OH- ions significantly 

dominates the growth direction of ZnO nanorods. Due to the tetrahedral coordination of Zn2+ 

and O2- ions, it poses a stacked layer along the c-axis about which it has more tendency to 

grow [257]. The chemical reaction involved during seeding on the tooltip can be represented 

by the following reactions (Eqn. 4.7-4.9). 

𝑍𝑛2+ + 2𝑂𝐻− → 𝑍𝑛(𝑂𝐻)2 … … … … … … … … … . . (4.7) 

𝑍𝑛(𝑂𝐻)2 + 2𝑂𝐻− → 𝑍𝑛(𝑂𝐻)4
2− … … … … … … … . (4.8) 

𝑍𝑛(𝑂𝐻)4
2− → 𝑍𝑛𝑂 + 𝐻2𝑂 + 2𝑂𝐻− … … … … … … (4.9) 

Just after the seeding, the tooltip is dipped in growth solution for 8 hours at 900C. This 

provides the essential environment for growing the active nucleation sites into nanorods. 

Here, hexamine (HMTA) reacts with water to form formaldehyde (H-CHO) and ammonia 

(NH3). Later on, in an aqueous solution, ammonia hydrolyzed to create 𝑁𝐻4
 + and  𝑂𝐻− 

which significantly affects the growth rate of Zn+ ions during hydrolysis. Zn2+ ions and 

ammonia (𝑁𝐻3) ions combined to form 𝑍𝑛(𝑁𝐻3)4
2+, a new complex ion. ZnO nanorods were 

formed when these complex ions were mixed with water molecules [258]. To understand the 
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morphological evolution and growth mechanics, the spontaneous chemical reaction 

associated with the fabrication of ZnO nanorods is elaborated below (Eqn. 4.10-4.13) [253]. 

𝐶6𝐻12𝑁4 + 6𝐻2𝑂 → 4𝑁𝐻3 + 6HCHO … … … … … … … … … … … (4.10) 

𝑁𝐻3 + 𝐻2𝑂 → 𝑁𝐻4
 + +  𝑂𝐻− … … … … … … … … … … … … … … . . (4.11) 

𝐶6𝐻12𝑁4 + 𝑍𝑛+2 → [𝑍𝑛(𝐶6𝐻12𝑁4)]2+ … … … … … … … … … … … (4.12) 

𝑍𝑛(𝑁𝐻3)4
2+ + 2𝑂𝐻− → 𝑍𝑛𝑂 + 4𝑁𝐻3 + 𝐻2𝑂 … … … … … … … . . (4.13) 

Through the above growth mechanism i.e., low-temperature hydrothermal process 

bundles of well-defined ZnO nanorods were developed on the apex of the microprobe tip 

which is used as nanotools for the nano-EDM process. The fabrication of geometrically 

irregular nano-patterned features was developed on the super-finished titanium alloy (grade-

5) which will be discussed in chapter -5. Here, chapter 4 deals only with the various methods 

for the fabrication of 2D nanoplates like tools or nanorods (ZnO) like tools for achieving 

nanofeatures using the EDM principle. 
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Chapter- 5: Achieving nano-patterned features through micro-

EDM process using ZnO nanorods as nanotools on Ti-6Al-4V 

 

5.0 Introduction 

With advances in technology, there is a need for modification in the machining process 

[259]. Miniaturization in device parts, components, and systems has achieved tremendous 

attention in recent years due to its wide applicability of features in electronics, bi-medical, 

automotive, and avionics industries [58]. Nano-fabrication is the fastest-growing field for 

nano-electro-mechanical systems (NEMS) in manufacturing industries due to the emergence 

of the features at the nanoscale [207]. Replicating the nanopatterned features on any typical 

material through some specific machining process is one of the great challenges facing 

current micro-electro-mechanical system (MEMS)/ nano-electro-mechanical system (NEMS) 

industries [260]. The integrated circuit, memory chips, display elements, bio-chips, and bio-

sensors have extensively identified the potential of these nanofeatures for improving the 

performance of the device [261]. Additionally, these nano features are also required in 

nanopores for Deoxyribonucleic acid (DNA) detection [262], nanovias for interconnects, 

nanojets for controlled drug release [263], fuel atomizer injectors, nozzle for nanofluidic 

devices, molecular sorting sieve [264], and nanowires templates [8], etc. The extensively 

recognized technique for fabricating these nano features are tip-induced lithography, scanning 

probe microscopy (SPM), laser nano-machining, etc. [24]. Probe-based nanomanufacturing 

techniques such as atomic force microscope (AFM)/scanning tunneling microscope (STM) 

tip based nano-electro-machining (nano-EM) [8], nano-electrochemical machining [265], dip-

pen nanolithography (DPN) [266], etc. are very famous these days for producing 

5 
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nanostructured features [76]. Some other techniques such as nano-imprinting [267], electron 

beam lithography (EBL)[68], X-ray lithography, UV-lithography [268], and scanning probe 

microscope (SPM) based indentation and scratching [269] are achieving much attention in 

recent times because these are capable to write the nanopatterned features by removing the 

material at the nanoscale. Most of the above-reported techniques for fabricating nanoscale 

features are primarily used for the removal of silicon and polymeric materials with certain 

limitations [270]. From the author's point of view, there is very less machining process that is 

eligible for writing precise nanoscale features and structures on exotic materials under non-

vacuum conditions (open atmosphere) at low cost via electrical discharge. Most of the 

reported techniques such as AFM/STM/SPM based tip induced nano-electro machining 

(nano-EM) technique generally uses tunnelling current for removing the material at nanoscale 

rather than discharge current [8]. 

5.1 Research gap and motivation        

Micro-electro-discharge machining (micro-EDM) is one of the prominent methods for 

fabricating the microscale features on any electrically conductive material irrespective of its 

mechanical properties such as strength and hardness. Here, the material is eroded in form of 

microscale debris due to the thermal effect of electrical sparks in the micro-confined gap (5-

10µm). The typical gap phenomenon involves the formation of plasma channels, flow, and 

interaction of ions and electrons, melting, and evaporation due to heat transfer [53]. By 

controlling the rate of flow of discharge energy in the micro-confined gap, various typical 

micro-features such as microcavity, microholes, micro dimples, etc., can be easily fabricated. 

The gap voltage, gap current, and pulse on time are prime factors that decide the gap 

condition for the flow of discharge energy. For a confined gap, a certain level of voltage 

potential called threshold voltage is applied between the electrodes to overcome the 

insulating strength of the dielectric to induce an electrical spark. This spark has sufficient 
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energy to make vaporized the solid metal directly into vapor. The vaporization of the metal 

forms the micro/nano cavity as a negative imprint of the tool which is known as features.  

It is well-known fact that the size of the nanocavity formed through controlled electric 

discharge is governed by the size of the tool and availability of discharge energy in the 

micro/nanoconfined gap. Hence, to develop the nanofeatures at the nano-regime, the tooltip 

size must bring out to be at the nanoscale. It was expected that the reduction in the tooltip 

size will reduce the flow of discharge energy per unit pulse due to the localization effect 

(R=ρ.L/A). Yeo and Yap [271] indicated that the discharge energy of a single spark is lying 

in the range of 100nJ to 10 µJ in the conventional micro-EDM process. In carbon nanotubes 

(CNT) machining via field emission technique in dry micro-EDM, the discharge energy can 

be brought into nanojoules [272]. Khalid et al. [273] lowered the discharge energy to 

microjoule through the scaling approach. They fabricated the long aspect ratio geometrically 

irregular micropatterns on carbon nanotubes forest using the micro-EDM principle. They 

achieved the smallest feature size of 5 µm with an aspect ratio of 20 by using the high-

frequency discharge energy pulses locally. The optimum voltage potential and peak currents 

were 30V and 60mA in a micro-confined discharge gap of ~10 µm. A similar type of scaling 

approach was applied by Xiao et al. [58] for fabricating the nano grating-like structure 

through the micro-EDM process on carbon nanotubes (CNT) forest. They reported that the 

locality of the electrode tip significantly affects the breakdown potential of the fluid 

dielectric. Moreover, it was claimed that the reduction in the tooltip size is an effective 

method for reducing the discharge energy (1nJ) per unit pulse. Jahan et al. [36] tested the 

machining capability of STM-based tip-induced nano-electro-machining (nano-EM) process 

under dry (air) and wet conditions (n-decane) of dielectric in a nano-confined gap of 1-2 nm. 

It was reported that the wet nano-EM process erodes the material by field-induced emission 

while dry nano-EM erodes the material by field-induced evaporation via tunneling current. 
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Additionally, the machined nanoholes were found much more stable and consistent in dry 

conditions compared to the wet condition due to the self-tip-sharpening ability of the tooltip. 

They also recommended that the dry nano-EM may be scaled up for fabricating the mass 

number of nano features due to self-sharpening ability and enhanced tool life. In another 

investigation, Jahan et al. [23] fabricated the nanofeatures of dimension 7.5-10 nm on an 

atomically flat gold substrate using platinum-iridium (ratio:80:20, Pt-Ir) wire as tool electrode 

and STM as machining platform through nano-EM in an open environment. It was reported 

that the heat generated via local field-induced evaporation in the nano-confined gap is the 

major source of energy for eroding the work material under dry nano-EM conditions. They 

suggested that the process may be used for nanopatterning on the atomically flat conductive 

surface due to the self-conditioning ability (auto-sharpening) of the tooltip. Kunieda et al. 

[20] brought the discharge energy level down to the nanometric level by coupling a capacitor 

to the tool electrode via a pulse generator. They fabricated a nanocavity of diameter 0.43 µm 

by eliminating the effect of stray capacitance in the circuit. Likewise, they achieved the 

material removal rate 3.5 times much better in servo-controlled feed compared to manual 

feed. The obtained surface roughness (peak to valley, Rz) of the machined surface was 0.23 

µm. Kalyanasundaram et al. [76] studied the dielectric behavior in a nanoconfined gap of less 

than 3nm during fabrication of 20nm features size in a nano-electro-machining (nano-EM) 

process performed on an STM platform. The quasi-solid behavior of normal decane was 

observed at a higher density under a nanometric interface of 20nm which enhances the charge 

transport facility between the nanometric tool tip and workpiece. Finally, it was concluded 

that the breakdown and recovery of the dielectric strength are highly associated with the 

confinement of the nanometric gap and the applied electric potential (field stress). From the 

above literature, it is clear that there is the almost negligible method where discharge current 

has been used for fabricating the nanopatterned features on any electrically conductive 
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materials under non-vacuum environment.  

The current work reported a scale-down approach for fabricating the nanopatterned 

features through a tip-induced nanomachining technique. For this, first of all, a magnetic 

levitation-based gap control mechanism has been developed for the micro-EDM process. The 

working mechanism of maglev micro-EDM is briefly explained in the article. Later on, the 

stability of the machining process was tested first in terms of voltage-current discharge 

characteristic curve for long-duration discharge (5ms) and multiple discharge energy pulses. 

It was found that the machining process was very stable without any lags or abnormal 

discharge such as arcing and short-circuiting. Thereafter, microtools (tungsten) of diameter 

90-95 µm were fabricated through the micro-electrochemical turning process. On the tip of 

the micro tools, ZnO nanorods were grown through a low-temperature hydrothermal process. 

The mechanism of nano-growth of ZnO nanorods is enclosed briefly in the article. The 

morphological characterization of micro tools and the apex of the tooltip indicates that the 

nanorod is well-grown on the tip and poses a wurtzite (hexagonal) structure as it naturally 

exists. These nanorods acted as nanotools in long-duration discharge (5ms) micro-EDM 

experiments. The analysis of the FESEM micrograph indicates that the nanotools are 

producing a negative imprint on the work surface. The formation of nanopatterned cavities 

over the super-finished work surface confirmed the fact that by downsizing the tooltip, the 

discharge energy can be lowered due to the localization effect. Finally, the auxiliary results of 

this experimental investigation show the possibility of the approach toward nano-EDM with 

widespread potential/applications in micro/nanofabrication devices. The geometrically 

irregular type nanopatterned features may identify its potential in high-density memory 

devices, bio-sensing, electronics chips, wettability control [274], improving the cell behavior 

of bioimplants and antibacterial activities [275], enhancing the tribological performance by 

dropping the specific contact area in the interpillar regions, improving the biocompatibility of 
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the interfaces [276], etc.    

5.2 Material and Methods 

5.2.1 Experimental setup 

A newly developed maglev micro-EDM system was used for the experimentation. 

The setup is controlling the interelectrode gap by using the principle of electromagnetic 

levitation. The major elements of the setup are a unipolar linear electromagnetic motor, an 

actuator arm for holding tool electrodes, a programmable multioutput DC power supply, and 

a dielectric tank. A special honeycomb feature is made inside the dielectric tank to hold the 

workpiece tightly. The dielectric tank is fixed on the micro-positioning stages for the 

subsequent movement of the workpiece in XYZ direction. A 100MHz bandwidth and 2GS/s 

sampling rate digital storage oscilloscope (DSO, Tektronix, TDS2012C, 2-channel) with 

differential type voltage (TPP0201, Tektronix) and current probe (65A-Hantek, BNC type) is 

attached with the setup to capture the real-time voltage and current waveform. The current 

probe is clamped in one of the wires which are closer to the workpiece and degaussing button 

is pressed 3-4 times to eliminate any residual magnetization of the wire. The actual 

experimental setup of maglev micro-EDM with their peripheral components is illustrated in 

fig. 5.1.         
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Figure 5. 1 Actual experimental setup of maglev micro-EDM with their peripheral 

components. 

5.2.2 Maglev micro-EDM principle  

 The maglev micro-EDM works on the principle of magnetic levitation. Here, a precise gap 

control mechanism is developed by balancing the electromagnetic force (Fem) to the 

gravitational force (Fg) and spring force (Fs). A solenoid-based unipolar linear 

electromagnetic motor has been used with an extended actuator arm to develop the setup. The 

actuator arm can move freely up and down as per the applied current and voltage potential. 

Hence, the tool is attached to the movable actuator arm. When the voltage potential is applied 

through the DC power source, the actuator arm pulls the tool electrode upward and as power 

is switched off, the tool electrode freely falls to touch the workpiece due to mass gravity or 

loss of magnetic strength. It was also noted that during pulling, the spring restores some force 

called spring restoring force (Fs). This restoring force assists in maintaining the stability of 
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the machining process during discharge. Now, for the EDM process, the positive terminal of 

the DC power source is attached to the workpiece while the negative terminal is attached to 

the one terminal of the linear motor. The other terminal of the linear motor is attached to the 

tool electrode. The complete configuration of the circuit and attachment of the tool and 

workpiece electrode in maglev micro-EDM is illustrated in fig. 5.2. When the power is turned 

on, there is a flow of current through the linear motor, tool, and workpiece. The flow of 

current will energize the linear motor which retracts the tool electrode upward. As the tool 

electrode retracted upward it get separated from the workpiece. During separation, it will 

pose a minimum optimal distance (spark gap) to generate the spark. This spark is known as 

an electric discharge which removes the material via thermal evaporation. As a spark occurs, 

there is a reduction in the voltage potential of the power supply, the reduction in the voltage 

potential reduces the magnetic field strength of the linear motor and the tool will try to fall to 

touch the workpiece but again optimum distance will be maintained for the occurrence of 

electrical discharge. The whole arrangement is made in such a way that the system attained 

the equilibrium state where electromagnetic force is equal to the gravitational force and 

spring force i.e., (Fem=Fg+Fs). This equilibrium condition facilitates the optimum distance for 

the occurrence of normal electrical discharge. Based on this concept, the maglev micro-EDM 

is working. Later on, the linear micro-positioning stage (XYZ, resolution 5µm) is used for 

setting the initial gap condition. Moreover, this manual positioning stage controls the 

discharge voltage by setting the interelectrode gap (δ) precisely.   
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Figure 5. 2 Schematic for maglev micro-EDM with discharge circuit and actual 

representation. 

5.3 Materials and procedure 

The nanorods that are developed on the microprobe tip through a low-temperature 

hydrothermal process are used as nanotools for fabricating the geometrically irregular 

nanopatterned features. The fabrication of ZnO nanorods and their growth mechanism is 

already mentioned in previous section 4.3 in chapter 4. 

5.3.1 Fabrication of nanopatterned cavity through a long-duration discharge energy pulse 

Now, after fabricating the micro-electrodes and growing nanorods on the apex of the 

tooltip, these nanorods are acted as nanotools in long-duration discharge micro-EDM 

experiments. Nevertheless, before processing through the micro-EDM process, the work 

surface was polished with high-grade polishing paper (Grade:1500, 2000) on a disc polishing 



114 

 

machine (Chennai Metco). Additionally, the surface of the work material was made super-

finished (mirror-like) using velvet cloth with diamond paste and aerosol. The sample was 

washed in acetone and distilled water using an ultra-sonicator to remove any impurities and 

dust particles from the work surface. 

 Pilot experiments were conducted first to check the stability of the machining process 

and for the identification of initial process parameters. It was found the machining process is 

stable enough with uniform pulse width. Moreover, servo-mechanism developed in maglev 

micro-EDM is controlling the interelectrode gap well to do the micromachining work without 

any lags. 

 After testing the stability of the machining process in multiple discharge energy 

pulses, now the actual long-duration discharge experiment was conducted using the 

nanorods-grown microprobe tip. The work material was cylindrical titanium alloy (Ti-6Al-

4V) with a diameter of 10mm and a height of 5mm. The connection was made in straight 

polarity i.e., the workpiece was coupled to the positive terminal while the tipped tool 

electrode was connected to the negative side of the DC power supply. The experiment was 

conducted in dry conditions to avoid any contamination due to the dielectric breakdown 

because the ionization of dielectric may generate OH- ions as free radicals due to chemical 

reactions. Also, the wet dielectric may absorb dirt as contamination which may affect the 

surface morphology [8]. The micro-positioning stages (XYZ) are used for setting the initial 

gap distance. An open gap voltage of 24 V was applied by setting the peak current at three 

different levels i.e., 300mA, 350mA, and 400mA. Later on, the long-duration discharge pulse 

characteristic was captured using a current and voltage probe (BNC type) in a digital storage 

oscilloscope (DSO) which is analyzed and discussed in a further section. The details of the 

experimental condition and material selected are arranged in table 5.1. 
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Table 5. 1 Material and applied experimental condition for fabrication of nanopatterned 

features.         

a. Material selected for machining  

Workpiece  Superfinished Ti-6Al-4V (Grade-5) 

Tool  ≈100 µm tungsten rod with grown ZnO nanorods on 

the tip 

Dielectric media Open-air (dry micro-EDM)  

Polarity  Straight  

b. Machining condition  

Open circuit voltage (applied)  24V 

Set peak current  300mA, 350 mA, 400mA 

Duty factor  More than 90% 

Pulse-type  Long-duration discharge (5ms) pure DC pulse  

 

5.4 Results and Discussion  

5.4.1 Morphological characterization  

The surface morphology of the microtool with grown nanorods was tested first 

through a high-resolution field emission scanning electron microscope (FESEM, SUPRA-55, 

ZEISS). It was found that the microtool was almost cylindrical in length and ZnO nanorods 

were well-grown over the tip of the microtool in bulk amounts. The surface integrity of the 

upper cross-section of the tool electrode may affect the random distribution of the grown ZnO 

rods formation because, in the initial phase of formation of active nuclei on the surface, the 

better will be the surface finish, the better will be the distribution of the active nuclei and 

consequently, less will be disruption in the orientation of the ZnO nanorods. With less 
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randomization and less orientation distortion of ZnO nanorods, better will be the imprint 

quality of the nanocavities. Fig. 5.3 represents the morphology of the microtool with grown 

ZnO nanorods on the apex of the tip. It was noted that most of the nanorods are uniformly 

dispersed over the surface of the tooltip. However, some nanorods were coalited to each other 

and grown as a single unit while some are very close to each other. Later on, there is some 

variation noted in the diameter and length of nanorods which may be due to the varying 

calcination temperature and unstable growth of active nucleation sites. The majority of the 

ZnO nanorods posed a wurtzite structure that naturally exists in the environment. The 

diametral length was varying between 50nm-850 nm which was measured via Image J 

software. This diameter was enough to imprint the negative impression over the smooth 

surface through a long-duration discharge micro-EDM process. Fig. 5.4 represents the 

wurtzite morphology of the fabricated ZnO nanorods on the apex of the tip at four varying 

locations.  

 

Figure 5. 3 (a) Micro tool electrode fabricated through the electrochemical micro-turning 

process (inset: morphology of the microelectrode), (b) grown nanorods (ZnO) on the apex of 

the tooltip (inset: nanorods act as nanotool). 
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Figure 5. 4 (a-d) Morphology (wurtzite structure) of the grown nanorods on the apex of the 

microprobe tip at four varying locations. 

The long-duration discharge experiments through ZnO nanorods were repeated 2-3 

times at constant applied open-circuit voltage (24V) and varying peak current settings (0.30 

A, 0.35 A, 0.40A) on a maglev micro-EDM setup. After long-duration discharge 

experiments, the formed nanopatterned cavities were examined through a FESEM 

micrograph. The surface morphology of the fabricated nanopatterned cavities at three 

different peak current settings (0.30 A, 0.35 A, 0.40A) is illustrated in fig. 5.5. It was found 

that most of the geometrically irregular nanocavities are a negative impression of the 

nanorods as it is dispersed over the apex of the tip surface (fig. 5.5(a)). As ZnO nanorods are 

randomly distributed with varying lengths and diameters. So, the features (nanocavities) 

fabricated are geometrically not uniform and there is randomness in the nanocavities. The 
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repeatability of the process has been tested with varying currents (0.30 A, 0.35 A, 0.40A) 

however in every result there is non-uniformity found in the shape and size of the 

nanocavities. Some trenches of the nanocavity overlapped with each other, this may be due to 

the coalited nanorods (fig. 5.5(b)). Additionally, the measured diameter of the formed 

nanocavities (50-850nm) almost lies in the same range as the diameter of the nanorods. 

However, some over-diameter nano-cavities are formed due to the overcut phenomenon. Fig. 

5.5(c) indicates that touching two or more trenches at a time or may be formed due to the 

alliance of two or more two nanorods. Furthermore, it was also observed that after a certain 

number of repetitions of long-duration discharge experiments, the nanorods were losing their 

bonding and mechanical strength and fell on the machined surface as broken nanorods. Fig. 

5.5(d) indicates the broken nanorods over the surface of formed nanocavities after a certain 

repetition of cycles. A series of formed nano-patterned cavities can also be seen in the same 

figure which indicates the imprint of nanorods under long-duration discharge conditions. 

Overall evaluation of all the morphology of the formed nanocavities, can be indicated that the 

higher flow of discharge energy (due to high current) forms deep trenches of nanocavity. By 

controlling the flow of discharge current at a lower state, much better nano-patterned cavities 

can be obtained. 
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Figure 5. 5 (a, b) geometrically irregular series of nanocavity (c) overlapping trenches of 

nanocavity (d) broken nanorods on the machined surface.  

After the morphological examination of the formed nanocavity, the depth of the 

nanocavities was measured using a white light interferometer (WLI) based profilometer 

(Zygo, NewView 9000). The positioning resolution of the profilometer is 80nm. Fig. 5.6 (a) 

indicates the 3D profile of a nanocavity while Fig. 5.6 (b) denotes the measured depth of the 

corresponding nanocavity formed during a long-duration discharge energy pulse at a high 

peak current setting (400mA). It came in observation that the average depth of the nanocavity 

was lying in the range of 340nm-440nm. The lower current setting contributes towards lower 

depth due to the availability of lower discharge energy while the higher current setting forms 

the deep trenches of nanocavity. By controlling the flow of discharge energy more precisely, 
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the shape, size, and depth can be controlled.   

  

Figure 5. 6 (a) 3D- profile of a nanocavity (b) depth of the corresponding nanocavity formed 

at a high peak current setting (400mA).          

5.5 Reason for growing the nanorods on microtip  

Tip-based nanomachining is very popular these days for fabricating the 

nanostructured features on the substrate materials [24]. Most of the reported literature used 

sophisticated instruments for fabricating the nanopatterned features [277]. Here, a very 

simple scaling approach is implemented for replicating the nanopatterned features, although 

the fabricated nano features are geometrically irregular type and the process needs 

improvement. The reason for growing the nanorods on the microprobe tip is localizing the tip 

and surface interaction. It was expected that the reduction in the tooltip will reduce the 

discharge energy per unit pulse due to the localization effect. Reduction in the discharge 

energy can generate a nano feature as the negative impression of the tooltip during a long-

duration discharge. To take the advantage of localization effect, the tool tip sizes reduce to 

nanometric level by growing the nanorods. A conductor with a reduced cross-sectional area 

has a higher resistance which results (for a constant voltage) in a reduced current, and 

therefore a reduced discharge energy. The effect of localization and reduction in the 

discharge energy can be understood by following equations. 

𝑅 = (𝜌
𝐿

𝐴
) … … … … … … … … … … … … . (5.1) 
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𝐸 = (𝑉𝑑. 𝐼𝑑 . 𝑇𝑜𝑛) … … … … … … … … … … (5.2) 

Where, ρ: resistivity of the tool material, L: length of the tool, A: cross-sectional area of the 

tool, R: resistance, Id: discharge current, Vd: discharge voltage, Ton: effective pulse on time.  

5.5 Voltage-current (V-I) characteristic curve of the machine  

In micro-EDM, the essential energy for discharge is provided in the form of electrical 

input such as voltage, current, and effective pulse-on-time in the micro-confined gap. This 

discharge energy ionizes the medium (dielectric) to form the plasma channel in the 

interelectrode gap. The nature of the plasma channel is purely conductive which means the 

current can easily flow through the medium at minimum resistance. The flow of current 

appears as an electrical discharge which produces a thermal impact on the work surface and 

materials are eroded in the form of micro-scale debris. By controlling the flow of discharge 

energy in the micro-confined gap, various types of micro/nano features (dimples, texture, 

grooves) can be fabricated.  

The analysis of voltage and current pulses is significantly important to understand the 

gap condition and flow of discharge energy because these are directly associated with the 

actual erosion mechanism of the process. The voltage-current waveform facilitates various 

electrical information such as ionization voltage, discharge voltage, transient arc voltage, 

short-circuiting condition, etc., [185]. Moreover, discharge frequency and pulse on-off time 

can be easily calculated through this voltage-current curve. Normally ionization voltage is 

known as breakdown voltage because at this voltage the dielectric strength of the dielectric 

breaks down. As breakdown happens there is a sudden drop in voltage potential. This drop-in 

voltage potential leads to the formation of the plasma channel due to ionization. The plasma 

channel offers the minimum resistance to the flow of the current and discharge occurs. The 

corresponding voltage and current are known as discharge voltage and discharge current 

which is responsible for the actual erosion of the material. Normally, ideal discharge happens 
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when there is an ignition delay. Ignition delay is important because during this time dielectric 

ionization happens. If the dielectric is not fully ionized, it may further cause the formation of 

a transient arc during discharge which reduces the stability and accuracy of the machining 

process. Short-circuiting is another condition that is harmful to the machined surface integrity 

and stability of the machine. Due to the mass inertia and backlash problem of the lead screw-

based conventional servo head, the positioning response becomes slow. The slow positioning 

response and improper flushing in the machining gap sometimes result in direct contact 

between the two electrodes. This direct contact of electrodes causes a heavy amount of 

current to flow without any discharge. This type of condition is known as short-circuiting. 

This must be avoided during machining because it affects the surface integrity and formed 

surface features heavily. Fig. 5.7 illustrates the real-time time transient voltage-current (V-I) 

waveform of maglev micro-EDM during multiple discharge energy pulses. The presented 

voltage-current curve includes the voltage drop across the inductance-resistance (L-R) circuit 

as well as the voltage drop across the interelectrode gap resistance. By making the short 

circuit between the electrodes, it came into noticed that the voltage drop across the L-R 

circuit is approximately 6.5-7V. Hence, this voltage drop has been not included in the 

discharge power calculation. The only voltage drop across the interelectrode gap has been 

considered in the discharge power calculation. Later on, the extra signal suppressed by the 

ground line (GND) is neglected and not taken in the discharge power calculation. The current 

signal is bipolar type (varying in both directions) which may be due to the residual 

magnetization or due to the short-term swapping of the ions and electrons [20]. It was found 

that voltage-current signals are stable and the pulse widths are uniform (5ms) and identical. 

The voltage is dropping very fast which means ionization is happening quickly without any 

ignition delay. This also means that the process is continuous type micro-EDM. No arcing 

and short-circuiting are observed in the discharge curve, this means the process is stable and 
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efficient without any lags in servo control. Here, despite no ignition delay, the mechanism is 

balancing the open gap condition and short circuit condition very well for stable and efficient 

discharge.   

 

Figure 5. 7 (a) Stable discharge energy pulses (b) Uniformity in the pulse width (5ms) during 

multiple discharges on the maglev micro-EDM system. 

Capturing the single energy pulse during a long-duration discharge (5ms) is very 

critical work because it instantly changes its nature within microseconds. Hence, an ultra-

short discharge pulse was captured and a time scale was brought on nano/micro-scale (100ns, 

1µs) to see the nature of a single energy pulse. Fig. 5.8 represents the voltage-current curve in 

real-time during the fabrication of nano features at the time scale of 100ns and 1µs. The 

open-circuit voltage was 24V while the set peak current was varying between 300-400mA at 

the interval of 50 mA. Fig. 5.8(a) indicates that there is a current rise corresponding to 

voltage rise, this reverse trend may be due to the fact that at some instant of time, the spark 

creates a cavity, and due to the cavity there is enlargement in the gap. The enlargement in the 

gap increases the voltage or there may exist a vacuum condition (in place of a cavity), to fill 

that vacuum, the flow of electrons may occur towards the vacuum, the flow of electrons 

indicating the presence of current rise at that situation. Fig. 5.8(b) indicates that there is a 

current rise corresponds to a voltage drop. This represents an ideal situation for the 
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occurrence of normal discharge. Later, the discharge power has been calculated with the help 

of the voltage-current curve. The observed average discharge voltage and current (excluding 

voltage drop across the L-R circuit) in the digital storage oscilloscope (DSO) were 6.5-7 V 

and 50-60mA with a duty factor of more than 90%. This means total discharge power was 

varied approximately 0.2925-0.378 joule/sec. This discharge power has been distributed 

among a large number of nanotips. The distribution of discharge power over a large number 

of nanotips reduces the intensity of discharge energy and reaches micro/nanojoules energy 

per unit tip due to the localization effect. The liberation of nanojoules energy from the 

nanotips produces the nanopatterned features on the substrate material as the negative 

impression in a long-duration discharge energy pulse. By reducing the tool size and lowering 

the discharge energy, it is possible to generate nanopatterned features via micro-EDM. 

 

Figure 5. 8 Time transient voltage-current waveform at time scales of (a) 100ns and (b) 

1.00µs.  

5.5 Chemical characterization through EDX 

First of all, the elemental characterization of the fabricated microelectrode having the 

grown nanorods on the apex of the tip is characterized by energy-dispersive X-ray 

spectroscopy. The presence of zinc (5.88, wt.%) and oxygen (11.40, wt.%) on the tip indicate 

that there is the formation of ZnO nanorods. The presence of tungsten (70.30, wt.%) in an 
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appreciable amount in the EDX spectrum referred that the parent material as tungsten. The 

EDX spectrum for elemental analysis of the fabricated microelectrode with grown nanorods 

is illustrated in Fig. 5.9 (a).  

The elemental characterization of the grown nanorods was also carried out to verify 

the presence of zinc oxide. The EDX spectrum of the fabricated ZnO nanorods is represented 

in fig. 5.9(b). The spectrum indicates that zinc (57.97, wt.%) and oxygen (23.86, wt.%) is 

present in heavy amount. This means most of the nanorods are of zinc oxide (ZnO). The 

presence of carbon in the spectrum may be due to the carbon tape as the sample is pasted over 

it.   

 

Figure 5. 9 Chemical characterization of the (a) fabricated microelectrode (b) grown 

nanorods on the apex of the microelectrode tooltip.  

Fig. 5.10 (a & b) illustrate the chemical composition of the machined surface 

fabricated through ZnO nanorods at two different locations. It can be seen in the EDX 
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spectrum that titanium is the major element (44.95-47.56, wt. %) present on the machined 

surface which represents its compositional parts. The presence of aluminum (3.22-3.51, wt. 

%) and vanadium (0.13-0.43, wt. %) comes from the constituent of the base material. The 

availability of tungsten (5.65-6.36, wt. %) on the machined surface indicates that the material 

is transferred from the tool electrode as ZnO nanorods are grown on the apex of the tungsten 

tip. This material migration and molecular diffusion phenomenon come into the picture due 

to the plasma interaction within the small interelectrode gap.  

 

Figure 5. 10 (a & b) Compositional analysis of the machined surface (nanopatterned cavity) 

through EDX spectroscopy at two varying locations. 

5.6 Conclusions 

A scaling approach is successfully implemented in micro-EDM configuration for 

replicating the nanopatterned features on a super-finished work surface (Ti-6Al-4V). Here, 

the micro-EDM principle facilitates the essential discharge energy for tool electrodes while 
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tip-induced nanomachining helps in forming the nanopatterned cavities. The experimental 

results of this study indicate that the size of the tooltip significantly affects the breaking down 

the potential of the dielectric. Moreover, it was also noted that the reduction in the tooltip size 

is an effective method for decreasing the discharge energy. The reduction in the discharged 

energy forms the nanopatterned features due to the localization effect. The formation of 

geometrically irregular nanopatterned features on typical work material confirmed the same. 

The mechanism of novel maglev micro-EDM and the mechanism of the nano growth is 

explicitly covered in the manuscript. Additionally, the morphological characterization of 

micro tools and grown nanorods on the apex of the tip indicates that nanorods are well-

defined in shape and acted as nanotools very well during the long-duration discharge (5ms) 

micro-EDM experiments. The availability of broken nanorods on the machined surface 

indicates that after certain repetitions of a long-duration discharge, the attached nanorods lose 

their mechanical and bonding strength. The characterization of single/multiple discharge 

energy pulses in terms of the voltage-current waveform indicates that magnetic levitation is 

controlling the interelectrode gap very well for stable and efficient discharge. Finally, the 

auxiliary outcomes of this experimental investigation show the feasibility of the approach 

toward nano-EDM with widespread potential/application in micro/nanodevices in 

nanofabrication industries.  
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Chapter-6: Geometrically irregular nano-patterning using maglev-EDM via ZnO 

nanorods on Inconel-625: A feasibility study towards nano-EDM  

 

6.0 Introduction 

To address the current need for cutting-edge technology, technological advancement is 

always required. Nanomachining, which deals with the size of features at the nanoscale, is the 

fastest-growing technology [207]. In recent years, the use of nano features size 

products/components has spread widely across the global market. Nano features are urgently 

required in biomedical, electronics, healthcare, automotive, aerospace, and 

telecommunications to improve device performance within a limited space [53]. 

Nanostructured features in electronics and medicinal applications are gaining popularity. 

Nano-vias for interconnects [5], nano-jets for controlled drug emission [263], nanopores 

DNA detection devices [262], fuel injectors for next-generation atomizers, nozzle for 

nanofluidic devices [8], and molecular sorting sieve [278], for example. Nanostructured 

features are typically fabricated on heterogeneous materials using a limited choice of 

machining processes. Major micro-electro-mechanical system (MEMS) and nano-electro-

mechanical system (NEMS) firms are also exploring the vast potential of nano features in 

integrated circuits, memory devices, display units, biochips, and biosensors, among other 

applications [277], etc. Laser-based nanomachining [279], tip-induced lithography [280], and 

scanning probe microscopy technique [281] are commonly utilized to fabricate nano features 

on difficult-to-machine materials/substrates in the current environment. However, from a 

financial standpoint, these approaches are prohibitively expensive and demand a significant 

upfront investment. 

6 
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6.1 Motivation for research and technological gaps 

Micro-electro-discharge machining (micro-EDM) is a well-known and well-accepted 

technology for micromachining electrically conductive materials with limited precision down 

to the micrometer scale. By adjusting the discharge energy level, it can create a variety of 

microfeatures such as micro holes, microchannels, microcavities, micro patterns, micro 

dimples, and so on [282]. However, its potential for generating nanopatterned features using a 

regulated flow of discharge energy via a scale-down technique has yet to be fully explored. In 

general, the material removal mechanism in micro-EDM is based on the thermal impact of 

electrical discharge in a micro-confined gap. As the machining process is free from 

mechanical contact hence, no physical disturbances such as vibration, chatter, or stress have 

occurred throughout the machining process [7]. Here, the typical gap phenomenon completes 

in three stages (a) ignition stage (b) discharge stage, and (c) interval stage [160]. Due to 

dielectric breakdown, the plasma channel forms near the two nearest points of the electrodes 

during the ignition stage. The breakdown results in a drop in voltage potential and a sharp 

rise in current. During the discharge stage, the current remained constant due to the constant 

bombardment of electrons and ions on the electrode’s surface. Rapid heating and evaporation 

of both materials occur as a result of the bombardment, resulting in material erosion. In the 

last stage i.e., the interval stage, the voltage, and current signals decline to near zero where 

heat generation stops and pressure is released due to collapsing vapor bubbles and debris 

ejected. For each discharge pulse, the entire cycle repeats [282]. The destructive tendency of 

electrical sparks can be employed for constructive activity by controlling the flow of 

discharge energy more precisely at the nanoscale.  

 The ability of the micro-EDM to fabricate microstructures larger than 5 µm is widely 

recognized. Efforts are being made to get micro-EDM downsizing technology down to the 

nanometric scale, but it is still a difficult task. The micro-EDM system's machining efficiency 
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is highly dependent on the energy level of a single discharge, which can range from 100nJ to 

10J [271]. Although CNT machining with a discharge energy of up to 1nJ has been achieved 

using field emission scanning probe microscopy (SPM) [272]. For producing nanoscale 

features, the localization effect of the tooltip is explored to reduce the discharge energy down 

to the nanometric level. The advantages of using a tip in the nanomachining process were 

noted by Malshe et al. [24]. They claimed that the tip plays an important role in the 

atomic/molecular level interaction of two surfaces at a localized position. The nanoscale tip's 

localization effect is used in nanoindentation, nano electrical machining, and scanning probes 

microscopy techniques like SPM and AFM. On the STM machining platform, Jahan et al. 

[23,270] employed the tip-based nano-electro-machining (dry nano-EM) approach to 

fabricate nanoscale features of size 7.5-10 nm. They found that in the dry nano-EM process, 

the nanoconfined gap (1-2nm) and field-induced evaporation effect play a significant role in 

modulating heat liberation and, as a result, MRR. Khalid et al. [273] used a dry micro-EDM 

technique with a potential range of 20-35V and a peak current of 60mA to fabricate 

geometrically irregular micropatterned features on CNT forest with a discharge gap of 10 µm. 

They were able to create a 3D micropattern with an aspect ratio of 20 and the smallest feature 

size of 5 µm without disrupting the nanotube orientation. Finally, micro-EDM was 

recommended as a viable approach for generating 3D micropatterned on CNT forest to 

MEMS. Additionally, it is suggested that it can be used in other micromachined components 

such as a scanning probe microarray, a microprocessor heat sink, bio-sensor devices, and 

super-hydrophobic for micro/nanofluidic devices, optical antennas and lenses, and light-

efficient energy devices, among others. For fabricating the micropatterned features on the 

CNT forest grown on the silicon wafer, Saleh et al. [272] used a reversed dry-EDM 

technique. To take advantage of the field emission phenomenon, they used a low voltage 

potential of 10V at a gap distance of 2.5 µm. The processed micropatterned features were 



132 

 

found to be free of crystalline defects and contamination, showing that the method is more 

stable and cleaner than traditional micro-EDM. Xiao et al. [58] applied a scaling approach to 

bring the micro-EDM resolution to a nanometric scale by fabricating the nanopatterned 

features on the CNT forest. The use of different sized pointed tool electrodes on a CNT forest 

indicated that the tool's scaling effect had a considerable impact on the working voltage and, 

as a result, the dielectric breakdown strength. Also, due to the localization effect, the 

reduction of the tooltip aids in minimizing the discharge energy. They were able to 

successfully manufacture a grating-like structure with a height of 200 nm and discharge 

energy of 1nJ, demonstrating the effectiveness of their approach towards nano-EDM. 

Kalyanasundaram et al. [76] used a nano electro machining technique (nano-EM) on an STM 

platform to investigate the breakdown behavior of n-decane in a nanoconfined gap of 3 nm. 

The effect of tunneling current (1nA) and bias voltage (100mV) on the device has been 

investigated. The dielectric breakdown and recovery were shown to be linked to the 

nanoconfined gap and applied electric potential. Later on, it was discovered that the density 

in the nanoconfined has a considerable impact on the dielectric's quasi-static behavior. 

According to the literature, there is a gap in bringing micro-EDM technology down to the 

nanometric scale. Almost negligible method for generating nanopatterned features on any 

electrically conductive materials using discharge current in a non-vacuum environment is 

disclosed. Hence,   

This work reported a breakthrough approach for fabricating the nanoscale features 

through a long-duration discharge maglev micro-EDM process. The top-to-down approach 

has been applied by growing the nanorods on the microprobe tip. The growth mechanism of 

nanorods formation through the low-temperature hydrothermal process has been discussed in 

the article. During the long-duration discharge (4.5 ms) micro-EDM process, these nanorods 

serve as nanotools. The discharge energy per unit pulse has been lowered due to the tool's 
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localization effect. This decrease in discharge energy was found to be effective in the 

fabrication of nanopatterned structures. Later, field emission scanning electron micrographs 

were used to evaluate the morphological characterization of the tooltip, grown nanorods, and 

created nanopatterned cavities. The electron diffraction X-ray spectroscopy (EDX) 

technology is used to characterize the chemical composition of the machined surface. The 

machining stability was also examined using a voltage-current (V-I) discharge characteristic 

curve for long-duration discharge and multiple discharge energy pulses. 

6.2 Material and Methods 

6.2.1 Experimental system 

Nanoscale features were created using a servo-stabilized electromagnetic levitation-

based micro-EDM device. A unipolar linear motor, linear actuator arm (LAA) for holding the 

tipped tool electrode, programmable DC power source for long-duration discharge output 

power, XYZ micro-positioning displacement platform (resolution: 5µm) for positioning the 

workpiece in the subsequent direction, and a dielectric circulation tank are all part of the 

experimental setup. The workpiece is held tightly in the dielectric tank by unique honeycomb 

features. A digital storage oscilloscope (Tektronix, TDS2012C, 2-channel, 100MHz 

bandwidth) was also employed with a differential type voltage (TPP0201, Tektronix) and 

current probe (65A-Hantek, BNC type) to capture long-duration discharge/multiple discharge 

energy pulses. To get real-time current-voltage waveforms, the current probe and voltage 

probe is connected to the circuit. Before collecting the voltage and current waveform, the 

degaussing bottom (current clamp) is squeezed 4-5 times to remove any residual magnetism. 

Fig. 6.1 depicts the genuine image of the experimental setup, including peripheral 

components. 
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Figure 6. 1 Experimental setup of maglev micro-EDM with their peripheral components. 

6.2.2 Materials and procedure 

The work surface was polished with high-grade emery polishing paper (Grade 1800, 

2000) on a disc polishing machine (Chennai Metco) prior to long-duration discharge 

machining through a nano-tipped tool electrode on Inconel-625. The velvet fabric with 

diamond paste is then used to finish the mirror-like surface (super finished). Before starting 

the experiment, the work sample was cleaned with acetone and distilled water to eliminate 

any dirt (impurities) and foreign particles in the ultra-sonicator. 

Under dry conditions, trial experiments were carried out to determine the initial 

process parameters and the stability of the machining with multiple discharge energy pulses 

on maglev micro-EDM. The majority of the discharge energy pulses were determined to be 

steady, with uniform pulse width. The actual long-duration discharge experiments were then 

carried out in dry conditions with a nano-tipped tool. 
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All of the chemicals used to make nanorods on the tooltip were analytical grade and 

didn't need to be purified further. First and foremost, hydrothermally produced seed and 

growth solutions were prepared. 62.5mg zinc acetate dihydrate [Zn(CH3COO)2.2H2O] was 

mixed in 100ml ethanol on a magnetic stirrer (500 rpm) at 600C for 15 minutes to make the 

seed solution. A second solution was made by combining 20mg NaOH with 20 ml ethanol 

and rapidly agitating (500 rpm) for 15 minutes at 600C. This second solution was added to the 

seed solution, along with an additional 80 ml of ethanol, to form a total solution volume of 

200 ml. This entire solution was agitated for another 30 minutes under heating conditions. 

This seed solution was used for the formation of active nuclei on a micron-level tooltip. The 

tool's tip was dipped in seed solution for 15 minutes before being dried in a hot air oven at 

950C for 15 minutes. To finish the seeding procedure on the tooltip, this half-hour cycle was 

repeated eight times. The seeding of the tooltip allows active nuclei to form, which then act 

as growth sites for nanorod production [283].  

A growth solution was made by dissolving 10mM zinc nitrate hexahydrate and 

hexamine (HMTA) in 630mL distilled water and stirring it for 15 minutes at room 

temperature (250C) while maintaining a pH of 6-7. 

The seeded tip of the tool is dipped in growth solution and heated for 8 hours in a hot 

air oven at 950°C for hydrothermal growth of nanorods. The sample was rinsed 5-8 times 

with distilled water after heat treatment to prevent any further growth. For drying reasons, the 

sample is placed back inside the hot air oven at room temperature (300C). Fig. 6.2 shows the 

scheme for seeding on the tooltip and the development of nanorods through the hydrothermal 

process. 
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Figure 6. 2 (a) Active nucleation sites are seeded on the tooltip (b) the seeded tooltip is 

dipped in the growing solution for nanorod formation. 

6.2.3 Growth mechanism of ZnO nanorods 

One of the most widely used procedures for fabricating nanostructures on any 

substrate material is the hydrothermal process. The growth mechanism for the production of 

nanorods on the tooltip can be understood in two steps in the current study. The nucleation 

stage is the first, and the growth stage is the second [258]. The deposition and growth 

dynamics of ZnO nanorods formation on the tooltip are depicted in Fig. 6.3. The stable active 

nuclei are produced from the solution during the nucleation stage, when ions, atoms, and 

molecules begin to arrange themselves in a crystalline fashion. These nucleation sites are 

propagated outwards during the growth stage by absorbing free particles like ions and 

molecules under certain conditions to form a well-defined crystalline structure. The seed 

solution for the nucleation stage activation is prepared here. For the seeding and production 

of ZnO nuclei, the tooltip is dipped in the seed solution. The presence of zinc acetate 

dehydrate enhances the production of Zn2+ ions during seeding, whereas sodium hydroxide 

(NaOH) deduces free radicals as OH- ions [284]. The development direction of ZnO nanorods 
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is mostly influenced by the liberation of OH- ions. The combined impact resulted in the 

creation of zinc hydroxyl ions (𝑍𝑛(𝑂𝐻)4
2−) which served as the nanorods' growth unit [285]. 

Due to the tetrahedral coordination of Zn2+ and O2- ions, ZnO has a wurtzite structure and has 

a more tendency to grow along the c-axis (polar axis) [286]. The reactions involved in the 

production of active ZnO nuclei at an early stage are mentioned in the earlier section 4.3.1 

(see equation 4.7-4.9).   

After seeding, a thin film layer forms over the tip; now it's time to grow into 

nanorods. The seeded tooltip is dipped in growth solution and kept in the hot air furnace for 8 

hours at 950C to achieve this. The growth solution provides the necessary conditions for the 

active ZnO nuclei to propagate into nanorods [287]. The formaldehyde (H-CHO) group and 

ammonia (NH3) were formed when HMTA (𝐶6𝐻12𝑁4) reacted with water (𝐻2𝑂) molecules. 

Later, in an aqueous solution, ammonia hydrolyzed to create 𝑁𝐻4
 + and  𝑂𝐻−. Zn2+ ions and 

ammonia (𝑁𝐻3) ions combined to form 𝑍𝑛(𝑁𝐻3)4
2+, a new complex ion. ZnO nanorods were 

formed when these complicated ions were mixed with water molecules. The reactions 

involved in the evolution and chemical events for the production of nanorods are mentioned 

in the earlier section 4.3.1 (see equation 4.10-4.13). 

 

Figure 6. 3 Growth mechanism of ZnO nanorods in the low-temperature hydrothermal 

process.  
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6.2.4 Geometrically irregular nanocavity fabrication  

On a maglev-EDM system, ZnO nanorods produced on microprobe-tipped electrodes 

were used in a long-duration discharge experiment. Straight polarity was employed for this, 

which means the pointed tool was connected to the power supply's negative terminal while 

the work material was linked to the positive terminal. No liquid dielectric was utilized since it 

could produce OH- ions as oxidants during ionization, causing a chemical reaction. 

Furthermore, the dielectric can absorb dirt and free radicals as contamination, which can lead 

to alterations in the morphology of machined surfaces [8]. Later, using an XYZ micro-

positioning displacement platform (resolution 5 µm), the work material and discharge gap 

were adjusted. By fixing the three peak current values (300mA, 350 mA, 400mA), a 30V 

open-circuit voltage was applied. Table 6.1 shows the actual experimental conditions used to 

fabricate nanopatterned features utilizing a long-duration discharge dry maglev micro-EDM 

technique. 

Table 6. 1 Fabrication of nano features: materials and working environment 

a. Material selected for machining  

Work material  Superfinished Inconel-625 surface 

Tool  Grown ZnO nanorods on the 100-µm copper wire 

tip   

Dielectric fluid Open-air (dry condition) 

Polarity  Straight  

b. Machining environment 

No-load voltage (open) 30V 

Set peak current  300mA, 350 mA, 400mA 

Duty factor  Over 75% 

Pulse-type  Long duration energy pulse (DC) 
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6.3 Results and Discussion  

6.3.1 Nanorods and machined surfaces morphological characterization 

High-resolution field emission scanning electron microscopy (FESEM, SUPRA-55, 

ZEISS) images were used to analyze the morphological characteristics of the produced 

nanorods. On the apex of the tip, the nanorods were found to be well-defined in shape and 

size. All of the nanorods are chemically stable, and their diameter and length vary somewhat. 

The top surface of the microtool and the generated nanorods on the top surface of the tooltip 

are shown in Fig. 6.4. The ZnO nanorods were found to be posing the wurtzite structure as it 

exists naturally in nature.  

 

Figure 6. 4 (a) 100 µm copper wire as tool electrode (inset: the top surface of copper wire), 

(b) morphology of grown ZnO nanorods on the top surface.  

 The morphology of the ZnO nanorods and their distribution at two different positions 

on the apex of the tooltip is depicted in Fig. 6.5. The dimensions of all the nanorods are not 

equal, and their form and size vary, as shown in the images. This could be owing to the 

nucleation and crystal growth rates changing [288]. Some nanorods were also discovered to 

be branched, while others were formed with aggregated nucleus points. During the growth 

phase, the aggregated nucleus point developed anisotropically along the polar axis (c-axis) 

and formed a columnar-like structure [289]. The formation of branching-type nanorods is 
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caused by a change in the reaction rate of two complex ions, 𝑍𝑛(𝑁𝐻3)4
2+and 𝑂𝐻− [258]. As 

a result of the negative imprint of the nanorods, variation in the morphology of the nanorods 

causes variation in the dimension of the nanopatterned cavities. 

 

Figure 6. 5 Morphology of the grown nanorods on the tip-top surface at two varying 

locations. 

FESEM micrographs are used to examine the morphology of the nanorod's negative 

impression on the Inconel-625 super-finished work surface. Fig. 6.6 shows the morphology 

of geometrically irregular nanocavities generated using a long-duration discharge micro-

EDM technique with different peak current settings (300mA, 350mA, 400mA) and a constant 

voltage potential (30V). The nanocavities generated at the lower current setting (300mA) 

were found to be stable as noted in fig. 6.6(a). The dimensions of geometrically irregular 

nanocavities (20-750nm) vary in a similar range as the dimensions of nanorods (20-800nm). 

Some deep trenches of the cavity were found which may be formed due to the overlapping of 

certain nanocavities. Additionally, during the long-period discharge phenomena, nanocavities 

formed in the areas where the nearest gap is established. It was noted that the nanorods lose 

their mechanical and bonding strength after a few repetitions of the long-duration discharge 

phenomena at a higher current (400mA) setting, and they fall on the work surface as shattered 

nanorods. Fig. 6.6 (b) indicates the morphology of the nanocavities at a medium current 
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setting of 350mA. Fig. 6.6 (c) shows the shattered nanorods on the machined surface at a 

higher current setting. Overall, the morphology of the geometrically irregular nanocavities 

suggests that a lower current may be a good alternative for creating nanostructured features 

and may demonstrate the effectiveness of the approach toward nano-EDM. This could be 

owing to the nanoconfined gap and the availability of low-discharge energy.      

 

Figure 6. 6 Morphology of the fabricated geometrically irregular nanocavities in long-

duration discharge experiments through ZnO nanorods at (a)300mA, (b) 350mA, (c)400mA. 

6.3.2 Discharge characteristic curve (V-I) of maglev μ-EDM  

The study of voltage-current characteristics is critical in micro-EDM because they are 

linked to the availability of discharge energy for the occurrence of electrical discharge in the 

micro-confined gap. The voltage-current curve makes it easier to perceive the important 

details like the open-circuit voltage, discharge voltage, transient arc voltage, short-circuiting 
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time, pulse on time, dielectric recovery time, voltage rise time, voltage fall time, pulse 

frequency, and so on [85]. The availability of discharge energy in the micro-confined gap 

may be simply computed using the above values. When the gap between the two electrodes is 

significant, the process usually starts with open-circuit voltage. There isn't any current 

flowing in this condition. When the applied voltage potential reaches the threshold value, the 

insulating strength of the dielectric between the electrodes begins to deteriorate. The 

corresponding voltage at which the dielectric loses its dielectric strength is known as the 

ionization voltage. The voltage drops suddenly as a result of the ionization, and a conducting 

plasma channel forms. For the flow of electric current, the plasma channel has the lowest 

resistance. The flow of current appears as an electrical discharge in the micro-confined gap. 

The corresponding voltage and current during discharge are called discharge voltage and 

discharge current. These two electrical quantities during effective pulse on time are 

responsible for the actual erosion of material in micro-EDM.               

The normal discharge occurs in traditional micro-EDM with some ignition delay time 

and pulse interval time. Ionization requires an ignition delay, while fresh dielectric with full 

insulating strength requires a pulse interval time. During machining, lags in the recovery of 

actual dielectric strength might result in the production of a transient arc, affecting machining 

stability and performance [290]. Another condition is short-circuiting, which occurs when 

two electrodes come into contact without causing a discharge. Because significant current 

runs between the electrodes without any voltage drop, this sort of pulse is damaging to 

machining accuracy and surface integrity [291]. The three real-time voltage-current 

characteristic curves of the maglev micro-EDM are shown in Fig. 6.7. The voltage-current 

curves include the voltage drop across the inductor circuit (L-R circuit) as well as voltage 

drop due to the interelectrode gap resistance. The voltage drop across the inductive load (L-R 

circuit) was found approximately 12V. This fact was tested by making the short circuit 
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between the two electrodes. However, in the calculation of discharge power, the voltage drop 

across the inductive load (L-R circuit) was not considered. Only voltage drop across the 

interelectrode gap resistance was taken into account. The first V-I curve indicates the 

machining process is stable during multiple discharge energy pulses. Moreover, the absence 

of ignition delay in the curve represents the quick ionization of the dielectric fluid without 

any discharge stability issues. Due to fast ionization, the discharge happens quickly, 

indicating that the process is of continuous type micro-EDM. The second V-I curve indicates 

that there is no transient arc and short-circuiting. Most of the discharge energy pulses follow 

the uniform pulse width (10ms). The long-duration discharge energy pulse during the 

production of nanopatterned features is represented by the third V-I curve. The open-circuit 

voltage (30V) was observed to drop to the discharge voltage (7-11V) while the discharge 

current was 180-200 mA. The voltage drops across the inductive load (12V) ignored. The 

duty factor measured in the digital storage oscilloscope (DSO) was over 75 %. The discharge 

power was computed using the voltage-current curve excel file (.xls) and was determined to 

be between 1.575-3.465 joule/sec. This low discharge power has been attributed to nanotips, 

and it is on the nanoscale (nJ) level. The liberation of nanojoules energy from the locales (due 

to small size) of the nanotips assists in fabricating the geometrically irregular nanopatterned 

features on the substrate material.   
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Figure 6. 7  (a) Stable discharge energy pulse (b) uniform pulse width (4.5 ms) (c) long 

duration discharge energy pulse during nanofeatures fabrication.   

6.3.3 Elemental characterization through EDX  

Energy-dispersive X-ray spectroscopy is used to analyze the elemental 

characterization of the manufactured ZnO nanorods on the microtip's apex, as shown in fig. 

6.8. The presence of zinc and oxygen (in significant amounts) in the spectrum shows that zinc 

oxide makes up the majority of the component (ZnO). The presence of copper (3.36 wt.%) in 

the spectrum, on the other hand, suggests that the ZnO nanorods are developed on the copper 

micro-tip. 
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Figure 6. 8 Chemical characterization of the fabricated ZnO nanorods on the apex of the 

microtip. 

The chemical characterization of the machined surface created using ZnO nanorods is 

shown in Fig. 6.9. The inclusion of components like ferrous (Fe), nickel (Ni), and chromium 

(Cr) originates from Inconel-625's compositional section. The exitance of copper (57.33, wt. 

%) in the spectrum indicates that the material is transferred from the tool electrode (copper 

microtip). The material migration and diffusion may take place under the plasma region due 

to temperature gradient. The availability of carbon and oxygen may come from the carbon 

tape and the environment respectively. 
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Figure 6. 9 Chemical characterization of the machined surface fabricated by grown nanorods. 

6.4 Conclusions 

For generating nanopatterned features with a long-duration discharge, a top-to-down 

technique has been successfully combined with a unique maglev micro-EDM technology. 

The servo gap control mechanism, as well as the process mechanics of nanostructure 

formation, are discussed in detail in the study. Even though the manufactured nano features 

are of the geometrically irregular type, the technique has to be improved. The creation of 

nanorods on the apex of tooltips demonstrates the efficacy of the nano-EDM technique. In the 

micro-confined gap, the nanotools localization effect was found to be effective in lowering 

the discharge power (1.575 J/sec) per unit pulse. Nanoscale morphological characterization of 

nanorods and manufactured cavities has been discovered. In the scaling technique using 

nanotools, a low current value was shown to be effective for generating nanopatterned 

features. Further, even at modest discharge energy power (1.575-3.465 J/sec), the EDX 
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spectrum of the machined surface shows material migration and diffusion. The absence of 

undesirable signals such as arcing and short-circuiting demonstrates the machining process's 

stability in long-period discharge and multiple discharge energy pulses. Finally, the findings 

of this study show that nano-EDM is feasible and may pose a wide range of potential 

applications in micro/nanodevices in the micro-electro-mechanical system (MEMS)/ nano-

electro-mechanical system (NEMS) sectors. 
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Chapter- 7: Conclusions, Contribution, and Future Scopes 

 

7.1 Conclusion  

The presented research work focused on the fabrication of laboratory-scale maglev micro-

EDM setup and testing its machining capabilities in the micro and nanodomains. The 

achievement of nano-patterned features (geometrically irregular type) through the scale-down 

approach of the micro-EDM system is the main target of this research. The consequences of 

the present study can be elaborated in the following sections: 

• Fabrication of maglev micro-EDM Setup and its machining feasibility and 

performance analysis on Duplex Stainless Steel (DSS-2205)  

• Development of micro/nanotools for the nano-EDM process 

• Achieving nano-patterned features through a micro-EDM process using ZnO 

nanorods as nanotools on Ti-6Al-4V 

• Geometrically irregular nano-patterning using maglev-EDM using ZnO nanorods on 

Inconel-625: A feasibility towards nano-EDM 

7.1.1 Fabrication of maglev micro-EDM Setup and its machining feasibility and performance 

analysis on Duplex Stainless Steel (DSS-2205) 

A novel servo gap control strategy for the micro-EDM process has been introduced 

for machining electrically conductive materials. The novel gap control strategy is based on 

magnetic levitation. Here, the electromagnetic force (Fem) is made balanced to gravitational 

force (Fg) and spring restoring force (Frs) to achieve the equilibrium state. The equilibrium 

state of these forces provides the essential condition for the machine's stability and fast 

7 
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positioning response. The system is empowered with a pure DC power source and triggered 

with innovative actuator arm technology. The swinging of the actuator arm facilitates the 

essential condition for dielectric straining within the small interelectrode gap. Later on, the 

machining feasibility and performance were tested by conducting preliminary experiments on 

duplex stainless steel (DSS-2205) in deionized water. It was found that the material removal 

rate (MRR), tool wear rate (TWR), and surface roughness (SR) is lies in the range of 117.6-

223.8 μg/min, 10-29 μg/min, and average surface roughness of 1.823-2.2356 μm 

respectively. Finally, the system stability was tested in terms of the voltage-current (V-I) 

discharge characteristic curve through signal processing. It was found that the system 

maintains the proper gap efficiently and stably for the occurrence of normal discharge. The 

proposed solution may be a good alternative for servo gap control strategy in EDM or μ-

EDM. 

7.1.2 Development of micro/nanotools for nano-EDM process 

In this section, 2D platelets (nanotools) like nanostructure have been developed on the 

microprobe tip, and investigation has been done for varying morphology under varying 

concentrations. The combination of zinc nitrate hexahydrate [Zn (NO3)2·6H2O] and 

hexamethylenetetramine (HMTA) is employed as a growth solution having a PH value of 6.0. 

The assembly of 2D nanostructures grown on microtip is accelerated by introducing the 

ultrafine discharge in the chemical growth solution. The synthesis, deposition, and growth 

time were limited to 20 seconds only. After deposition and growth, annealing heat treatment 

was applied at 950C for 45 minutes to eliminate any impurities or crystal defects. The 

structural/morphological characterization through FESEM confirms that the fabricated 

nanostructure is 2D nanosheet-like at a lower molar concentration (0.10M). Nevertheless, at 

higher concentrations (0.20M), the grown morphology changes to a marigold flower-like 

structure with porousness in its crystal structure. The chemical characterization through EDX 
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confirms the dominance of the ZnO in the fabricated nanostructure. The XRD results confirm 

the phase pure hexagonal wurtzite structure of ZnO with an average crystalline thickness of ≈ 

27 nm. 

7.1.3 Achieving nano-patterned features through a micro-EDM process using ZnO nanorods 

as nanotools on Ti-6Al-4V 

Fabricating the nanopatterned features through a cost-effective nanomachining 

technique is one of the great challenges in nano-electro-mechanical system (NEMS) 

industries. The micro-electrical-discharge machining process is one of the promising 

machining technologies which is capable to write the micro-scale features on any electrically 

conductive materials. However, its potential has not been tested yet for replicating the 

nanoscale features through the scaling approach. Hence, this article addresses a scaling 

approach for fabricating the nanopatterned features on super-finished titanium alloy (Ti-6Al-

4V) using vertically aligned ZnO nanorods grown on the apex of the microtip. For achieving 

this, first of all, cylindrical micro-tools of diameter (ø) 90-95 µm (tungsten) were fabricated 

through a micro-electrochemical turning process under KOH (2.5M) electrolyte medium. On 

the apex of the micro tools, the ZnO nanorods were grown by the low-temperature 

hydrothermal process by dipping the apex of the tip in seed and growth solution followed by 

essential heat treatment at 900C. It was found that the grown nanorods were well-defined in 

shape and size and further utilized as nanotools during long-duration discharge (5ms) micro-

EDM experiments. It was expected that by downsizing the tooltip, the discharge energy per 

unit pulse may be reduced due to the localization effect. Moreover, it is well-known fact that 

the discharge happens only in the nearest established gap in the micro-EDM process. The 

experimental results of this study confirmed the same. The FESEM micrographs were 

utilized for the morphological characterization of formed nanopatterned cavities, microtools, 

and nanorods while the chemical characterization of the same is carried out by EDX 
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spectroscopy. Additionally, the stability of the machining process was tested first for multiple 

discharge energy pulses then after a long-duration discharge energy pulse has been 

characterized by voltage-current (V-I) waveforms during nanocavity fabrication. Finally, the 

supporting results of this experimental investigation show the feasibility of the approach 

toward nano-EDM with extensive potential/applications in micro/nanofabrication devices. 

7.1.4 Geometrically irregular nano-patterning using maglev-EDM using ZnO nanorods on 

Inconel-625: A feasibility study towards nano-EDM 

Developing a cost-effective novel method for replicating nanoscale features on a wide 

range of stimulating materials is one of the great challenges. Hence, the present research used 

a unique maglev micro-electric discharge machining process to reduce the size of the feature 

towards the nanoscale. ZnO nanorods, which are grown on the tooltip apex, were used as 

nanotools for this. The nanorods were fabricated by a low-temperature hydrothermal process 

that involved dipping the tooltip (Copper wire, ø100µm) in seed and growth solution 

followed by critical heat treatment (950C). The morphological characterization of the tooltip 

indicates that the nanorods on the top surface of the tip are well-grown in shape and size, with 

uniform distribution. Experiments with long-duration discharge (10ms) were carried out in an 

open-air environment on the super-polished Inconel-625 work surface using ZnO nanorods as 

nanotools. The intensity of discharge energy per unit pulse is expected to decrease as a result 

of the nanotools’ localization effect. Furthermore, it is a well-known fact that the discharge 

occurs only where the nearest gap has been established. The appearance of geometrically 

irregular nanopatterned cavities on the super-finished work surface supported this. The 

nanopatterned cavities are the negative impression of the bundles of nanorods that developed 

due to the thermal impact of electrical discharge, according to the FESEM micrograph. 

Voltage-current waveforms were used to characterize the discharge stability of the machining 

process for long-period discharge/multiple discharge energy pulses. The EDX spectroscopy 
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technique was also used to characterize the tooltip and produce nanocavities on an elemental 

level. Finally, the results of this top-down approach reveal that nano-EDM is feasible and 

may pose a wide range of applications in micro/nano manufacturing industries such as micro-

electro-mechanical system (MEMS)/ nano-electro-mechanical system (NEMS) in upcoming 

years. 

7.2 Research Contribution 

A novel servo gap control strategy based on magnetic levitation and electromagnetic 

induction feeding has been reported. The discharge energy pulses of the developed setup 

were identical and uniform. The absence of any arcing and short-circuiting signal in the 

discharge characteristic curve indicates that the process is highly stable and efficient. The 

specific energy of the current system also lies in the same as reported in the literature means 

its efficiency is almost similar to other available commercial EDM. The system is empowered 

with a pure DC power supply which reduces the complexity of the transistor and capacitive 

pulse power supply as utilized in commercially available micro-EDM. Further, the disclosed 

technology is anticipated to replace traditional servo mechanisms due to its ease of use, low 

cost, ease of maintenance, and availability of local components. 

For the commencement of nano-EDM, fabricating a tool with a nanotip size could be 

challenging. The discharge energy at the nanoscale is expected to be delivered by a tool with 

a nanometric tip due to the size effect. Tungsten is mostly preferred in nano tip fabrication 

(nanoindenter) as it poses high mechanical strength, low electrical resistivity, and high 

thermal stability and durability. Three different approaches such as electrochemical micro 

turning (micro-ECM), electrochemical deposition for nanoplates like tools, and hydrothermal 

process for nanorods like nanotools are described briefly.  

A scaled-down approach has been implemented to check the feasibility of the 

developed setup for the fabrication of nanoscale features using the principle of electrical 
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discharge machining (Nano-EDM). The preliminary results indicate that the nano-EDM is 

achievable and can be applied for a wide range of applications for nanofabrication work. The 

process capabilities and its repeatability has been tested with titanium and nickel-based 

superalloy which indicates that the process needs improvement in terms of process and 

features control. The fabricated geometrically irregular nanocavities may identify its potential 

in high-density memory devices, bio-sensing, electronics chips, wettability control, 

improving the cell behavior of bio-implant and antibacterial activities, enhancing the 

tribological performance by dropping the specific contact area in the interpillar regions, 

improving the biocompatibility of the interface, etc.   

7.3 Future scope of the reported work 

Nano electrical discharge machining is in the developing stage and very limited work 

has been carried out for achieving the nanofeatures using the discharge energy. Developing 

the nanotools for fabricating nanofeatures is a challenging task, a novel method may be 

introduced to develop the nanotool other than the growth or deposition technique. The 

nanotool's sustainability and the repeatability of the process for fabricating nanofeatures 

through electrical discharge on other conductive materials are open for future research work. 

The nanofabrication using the nano-EDM principle with other nanotools like nanotubes such 

as carbon nanotubes and titanium nanotubes needs to be investigated in upcoming work.    

The prototype and the technologies now under development are still in their early 

phases. Testing under the different dielectric media (hydrocarbon and gases) and machining 

of hard and typical materials like Ti-6Al-4V, commercially pure titanium alloy (CPTI), 

Nimonic alloy, and nickel aluminum-based superalloy with various nanotool material (carbon 

nanotubes, titanium nanotubes, and other material nanorods) are being studied. The results 

are in line with the earlier studies. Improvements have been noted, and the results will be 

reported in the upcoming publication. Further, the disclosed technology is anticipated to 
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replace the traditional servo control mechanisms due to its simplicity, low cost, ease of 

maintenance, and component availability.    
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