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ABSTRACT: Polymer Nanocomposites development and research are taking great attention 

in worldwide research. The reason for intense research on the development of PNCs is to have 

attractive properties with a wide range of applicability. PNCs are being developed with various 

combinations of fillers and resins depending upon the usage in different applications. In this 

article, Alumina Epoxy Nanocomposite (AENC) is considered as work material which is a 

highly acceptable polymer nanocomposite material due to insulating and acoustic properties. 

These materials are difficult to shape because of their mixed material properties. Therefore, for 

effective and stable machining of these materials, Wire Electrochemical Spark Cutting 

(WECSC) has been found suitable technique with desired outcomes. The aim of this study is to 

analyze the effect of various parameters while machining AENC. The investigating parameters 

were applied voltage, electrolyte concentration, pulse on-time, wire velocity, and pulse off-time, 

and the performance measures were taken as material removal rate (MRR) and surface 

roughness (SR). From the experimental observation, applied voltage has been considered the 

most significant parameter for MRR 
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1 INTRODUCTION  

Polymer nanocomposites (PNCs) are becoming 

very popular engineering materials due to their 

acceptability in leading manufacturing industries. 

Reinforcements of nano-metric inclusions (fibers, 

whiskers, or particles) of oxides, carbides, or 

nitrides make them more suitable for various 

applications and also offer a potential weight-saving 

design in industrial sectors. Researchers have 

reported improvement in various engineering 

properties of polymers with nano-metric 

reinforcements (Mohanty et al. 2014). Alumina 

Epoxy Nanocomposites (AENCs) are a new class of 

composite materials exhibiting mixed material 

properties of hard nano-metric alumina particles and 

soft epoxy matrix. AENCs are composed of an 

epoxy matrix with the reinforcement of nano-sized 

alumina particles to enhance the engineering 

properties of epoxy material. Being popular in 

various industries, precision machining of AENCs 

materials is an immediate requirement for various 

industrial applications, but these materials are 

difficult to shape using traditional techniques due to 

their hard and brittle nature. Wire Electrochemical 

Spark Cutting (WECSC) is considered an 

appropriate machining technique for cutting sheets 

and plates of electrically non-conducting materials 

(Yadav et al. 2018). WECSC is a combination of 

ECM and wire-EDM processes. This technique was 

first time presented by Tsuchiya et al. (1985) for 

cutting glasses and ceramics materials. Researchers 

have been reported the machining behavior of 

various nonconductive engineering materials such 

as ceramics composites by using the WECSC 

process (Manna and Kundal 2015; Nesarikar et al. 

1994; Yadav et al. 2019). Jain et al. (1991) 

conducted experiments on Kevlar epoxy and glass 

epoxy composite materials by using the TW-ECSM 

process. They investigated the various machining 

conditions for MRR and reported the presence of 

irregular machined surfaces, thermal crack, and 

HAZ with an increase in voltage applied. Kuo et al. 

(2015) investigated the effect of adding SiC powder 

in an electrolyte solution to enhance the surface 

quality of quartz glass work material due to 

WECDM. They also reported the influence of the 

titrated flow of electrolyte solution for improving 

the process performance. Manna and Malik (2014) 

examined the parametric effects during the slicing 

of e-glass fiber epoxy composite materials using the 

TW-ECSM process. Mitra et al. (2014) conducted 

experiments for analyzing the effects of voltage, 

wire feeding rate, frequency of pulses, pulse on-
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time, and concentration of electrolyte on MRR and 

ROC (radial overcut) due to machining of hylam 

based fiber-reinforced composite using TW-ECDM 

process. Jain et al. (2002) conducted experiments 

using abrasive tool as well as a conventional tool 

for the machining of alumina and glass materials. 

They found that the abrasive tool provides 

improved process performance. Yang et al. (2006) 

reported the variation in MRR, roughness, and slit 

expansion by analyzing the effect of NaOH and 

KOH electrolyte for machining of Pyrex glass 

material using the WECDM process. They reported 

improvement in the quality of overcut with the 

addition of SiC into an electrolyte solution. Peng 

and Liao (2004) examined the effect of pulsed DC 

power for the slicing of quartz and optical glass 

using the TW-ECDM process. They analyzed that 

pulsed DC provides better spark stability. Cheng et 

al. (2010) applied magnetohydrodynamic (MHD) 

convection during drilling of Pyrex glass by using 

the ECDM process and reported that the electrolyte 

circulation was enhanced with (MHD) convection 

which improves machining accuracy and efficiency 

of the process. Han et al. (2009) examined the effect 

of electrolyte vibration during the drilling of 

borosilicate glass by using ECDM. They reported 

the enhancement in machining depth along with 

ultrasonic-vibrated electrolytes. They also applied a 

side-insulated electrode and a pulse-power 

generator for fabricating micro-holes. They 

concluded that stray electrolysis is prevented by 

using a side-insulated electrode and pulse voltage 

reduces thermal damage of workpiece surface. Chen 

et al. (2021) examined about ultrasonic vibration-

assisted WECDM process. They also reported the 

effect of the helical electrode and improvement in 

machining stability and quality by applying suitable 

ultrasonic amplitude. The above-published literature 

shows that most of the research work highlighted 

the machining of advanced material. However still, 

there is very little work has been found for 

machining of PNCs by using this hybrid technique. 

In this research paper, a parametric study has 

been performed for machining of AENC material, 

and the effect of voltage (V), the concentration of 

electrolyte (Ce), pulse on-time (Ton), wire velocity 

(Wv), and pulse off-time (Toff) on the machining 

characteristics such as MRR and surface roughness 

has been examined experimentally. 

2 MATERIALS AND METHODS 

The photographic diagram of the WECSC setup 

is described in Figure 1. The WECSC setup consists 

of a machining chamber unit, controlled workpiece 

feeding unit, wire traveling unit, and power supply 

unit. The description of each unit is summarized 

below. 

2.1 Experimental setup 

The rectangular chamber of plexyglass material 

having dimensions of 400mm x 250mm x 110mm is 

used as a reservoir for containing the electrolyte 

solution. The acrylic frame used for holding pulleys 

is attached to the machining chamber. An auxiliary 

electrode is kept in the machining chamber by 

maintaining a proper inter-electrode gap. A 

cylindrical rod of graphite material is used as an 

auxiliary electrode and remains at a constant 

distance from the workpiece. A passage is provided 

at the bottom of the rectangular chamber for 

draining out electrolytes. 

 

Figure1: Photographic view of WECSC setup [5] 

The wire traveling unit includes a stepper motor, 

motor controller, take-up spool, feed spool, set of 

Teflon, and metal pulleys. These units ensure the 

controlled movement of traveling wire in the 

WECSC setup. Stepper motor drives the take-up 

spool for pulling out the wire electrode from the 

feed spool towards the workpiece through a set of 

pulleys. Take up spool pulls the wire electrode at a 

set speed which can be varied by the motor 

controller depending on the requirement of the 

process. An Automatic workpiece feeding unit 

consists of a stepper motor, stepper motor 

controller, and compound gear arrangement. The 

minimum feed motion in the range of 0.001 mm/sec 

to 0.01 mm/sec has been achieved by using a 

controlled feeding unit. The pulsating D.C. power 

source was used for providing power supply. The 

auxiliary electrode (graphite) was connected with 

positive, and the active electrode (wire) was 
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connected with the negative terminal of the supply. 

The voltage supplied between two electrodes can be 

varied depending on the machining requirements. 

The range of voltage can be varied from 1 V to 

100V and current of 1A to 3A. The range of pulses 

can be varied from 1 to 9999µs. Experimental 

details are mentioned in Table 1. 

Table1. Detail of experimental conditions. 

Workpiece Alumina Epoxy Nanocomposite 

(30 mm x 25 mm x 3 mm) 

Cathode(tool) Brass wire (diameter 0.20 mm) 

Anode Graphite rod (70 mm length and 

8 mm diameter) 

Machining time 7- 10 min 

Workpiece feed 

rate 

0.01mm/s 

Electrolyte type Sodium hydroxide (NaOH) 

 

AENC was used as a workpiece specimen. The 

range of input process parameters was selected by 

conducting pilot experiments. The gap between 

electrodes was taken as 60 mm for experimentation. 

The workpiece feed rate was considered as 

0.01mm/sec. NaOH solution was taken as an 

electrolyte for experimentation due to its higher 

specific conductance than other electrolytes. During 

the experiments was noted that wire was broken 

frequently at low velocity. It might be because of 

overheating as it seems like a stationary tool and 

higher velocity of wire, found to be uneconomical. 

Therefore, the range of wire velocity was selected 

as 1.7 m/min- 2.5 m/min. The time of straight 

cutting of sample was taken as 7-10 minutes for 

each experimental run. The specimen to be analyzed 

is cleaned carefully before being weighed in on 

precision weighing equipment. MRR is calculated 

using the following formula: 

 

            
     

 
     (1) 

 

Where, w1 and w2 are weight measured using 

electronic microbalance (CAS India Private Ltd.) 

before and after machining, t is cutting time. The 

average surface roughness is measured using 

surface roughness tester (Taylor Hobson, UK). The 

micrographs of machined samples at different 

machining conditions have been shown in Figure 2. 

 

 

Figure 2: Macrographs of machined samples 

 

3 RESULTS AND DISCUSSION 

The influence of different input parameters on 

machining performance has been observed in this 

section. Figure 3 exhibits the influence of applied 

voltage on MRR at various wire velocities. 

 

Figure 3: Effect of applied voltage on MRR for 

different wire velocity with Ton = 350µs, Toff = 300 µs 

and Ce = 250g/L 

Fig. 3 shows that MRR increases with variation 

in applied voltage. The value of material removal 

rate increases by 52% and 34% when the voltage 

increases from 40V to 45V and 45V to 50V, 

respectively, at 1.7 m/min wire velocity. This is 

because of the increase in current density at the tool 

electrolyte interface with voltage which further 

increases the generation of hydrogen gas bubbles 

near the machining zone. Due to this, the rate of 

sparking increases, and higher energy of discharge 

is obtained, which increases MRR. The effect of 

wire velocity is shown in the same figure. As wire 

velocity increases, the amount of material removal 

reduces because the hydrogen bubbles are swept 

away with the high-velocity wire. Due to this, less 

discharge energy is generated for material removal, 

and MRR decreases [2]. 

Figure 4 demonstrates the influence of voltage 

on Ra. Here Ra increases with variation in voltage 

from 40V to 50V at different wire velocities. The 

reason for this behavior is that more discharge 
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energy is produced for the melting of material 

which leads to more material being removed from 

the specimen. Therefore, larger craters are 

developed, which increases the roughness of the 

workpiece surface. The material re-deposition on 

the machined surface may be one of the major 

factors for poor surfaces at higher voltage values. 

 

Figure 4: Effect of applied voltage on Ra for different 

wire velocity with Ton = 350µs, Toff = 300 µs and Ce = 

250g/L 

 

 

Figure 5: Effect of electrolyte concentration (Ce) for 

different wire velocity on MRR with Ton = 350µs, Toff 

= 300µs and applied voltage = 45V 

The variation of concentration of electrolyte on 

MRR is shown in Figure 5. From Fig.5 it can be 

observed that the value of MRR is higher at the 

electrolyte concentration of 250g/L. The MRR 

increases when the concentration increases from 

200g/L to 250g/L. Beyond this concentration, it 

starts to reduce. The reason for this curve behavior 

is that the value of specific conductance of 

electrolyte solution is higher at 250g/L, and after 

this value, it starts to decrease. The circuit current 

increases due to increases in conductivity of a 

solution, which leads to accelerating the electrolysis 

process, therefore the large number of H2 gas 

bubbles generated around the tool surface (wire). 

More H2 gas bubbles increase the rate of spark 

generation; therefore, higher energy is produced and 

a large amount of material removal takes place. 

 

Figure 6: Effect of electrolyte concentration on Ra for 

different wire velocity with Ton = 350 µs, Toff = 300µs 

and applied voltage = 45V 

Figure 6 exhibits the variation in Ra values with 

concentration of electrolyte for machining of 

AENC. The Ra value increases by 46% at 2.5 m/min 

wire velocity with concentration of electrolyte upto 

250g/L and beyond this value it reduces by 18% at 

same wire velocity. 

 

Figure 7: Effect of pulse on-time on MRR for 

different wire velocity with Ce = 250g/L, Toff = 300µs 

and applied voltage = 45V 

For the high values of electrolyte concentrations, 

larger craters may form on the machining surface, 

which leads to higher Ra. In this graph, as the 

concentration of the electrolytic solution increases 

from 200g/L to 250g/L, the value of Ra increases 

rapidly because of more energy content generated 

as an increase in specific conductivity of the 

solution, which results in larger removal of material 

from the workpiece surface therefore uneven 

surface generated. The effect of wire velocity can 

also be observed in the same figure. As wire 

velocity increases, interaction time for spark on 

workpiece sample decreases, thus less material 

removed from specimen resulting in less Ra. 
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Figure 7 demonstrates the influence of pulse on-

time on MRR for cutting of AENC. Increases in 

pulse-on from 250µs to 300µs shows the material 

removal rate increases by 22 %, and from 300µs to 

350µs material removal rate increases by 6% at 1.7 

m/min wire velocity. As pulse-on increases, more 

time of spark interaction is available for the 

workpiece, so higher discharge energy is obtained 

for melting of workpiece material, and higher MRR 

is obtained. The same graph shows the variation of 

wire velocities. 

 

Figure 8: Effect of pulse on-time on Ra for different 

wire velocity with Ce = 250g/l, Toff = 300 µs and 

applied voltage = 45V 

 

Figure 9: Effect of pulse off-time on MRR for 

different wire velocity with Ton = 350µs, Ce = 250g/L 

and applied voltage = 45V 

Figure 8 indicates the variation in Ra values with 

larger pulse-on. Interaction time of spark increases 

for larger pulse-on, resulting in more removal of 

material takes place thus increase in Ra can be 

observed. 

The variation in MRR with respect to pulse off-

time is shown in Figure 9. During the experiments, 

pulse off-time was considered as 250µs, 300µs, and 

350µs. The variation of Pulse off-time, keeping 

other parameters constant for different wire 

velocities, is explained in the graph. As pulse off-

time increases, MRR starts to reduce for all wire 

velocities. It can be observed that the effect of 

cooling increases between wire and workpiece 

specimen when the value of pulse off-time 

increases. Due to this, more discharge energy is 

required for continuing the machining action. 

 

Figure 10: Effect of pulse off-time on Ra for different 

wire velocity with Ton = 350µs, Ce = 250g/L and 

applied voltage = 45V 

Figure 10 shows the variation of Ra with various 

wire velocities for observing the effect of pulse off-

time. Surface roughness reduces when pulse off-

time increases due to a reduction in discharge 

energy per spark. Reduction in Ra was observed as a 

result of less energy; therefore, less material 

removal took place from the specimen. 

 

Figure 11: SEM of machined AENC workpiece with 

Ton = 350µs, applied voltage = 45V   and electrolyte 

concentration = 250g/L 

In Figure 11, SEM image of the AENC 

machined surface has been shown with machining 

conditions Ton = 350µs, applied voltage = 45V, and 

Ce = 250g/L. In Fig.11, large size craters can be 

observed on the machined surface, which shows the 

poor surfaces are obtained at higher voltage and 

concentration values. 

4 CONCLUSIONS 

From the above experimental analysis, the 

following results can be summarized 
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• WECSC process has been found effective 

machining technique for polymer 

nanocomposites materials. 

• Applied voltage, wire velocity, and 

electrolyte concentration are observed as 

significant factors for the WECSC process 

in terms of MRR.  

• It is observed that at a higher value of 

applied voltage, higher MRR is obtained. 

From the results, it is clear that by adopting 

suitable wire velocity, effective machining 

can be obtained. 

• From the results, it is clear that higher 

voltage values produce uneven surfaces. 

The material re-deposition can be 

considered a major factor for poor surface 

production 
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