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Abstract
Monel 400 is a nickel–copper alloy utilized in marine and oil refining industries owing to its high corrosion resistance and fire 
withstanding property. The machining of such higher strength material with complex shapes is possible with electrochemi-
cal micromachining (ECMM) process, since it can machine with less wear, better precision, micro-level hole profiles, no 
heat-affected zone and no thermal stresses. The present study was performed with machining of Monel 400 alloy in ECMM 
process with copper–beryllium wire electrode under various heat treatments, such as annealing, quenching and normalizing. 
The lower overcut can be obtained using quenched tool electrode when compared to the other treated tools and untreated 
tool electrode owing to its fine grain structure which restricts the flow of electrons to side of the tool. The conicity with 
normalized tool electrode is lower, since it exhibits high electrical conductivity by decreasing the distraction of electrons. 
Circularity with quenched tool electrode is lower due to its fine grain structure and higher electrical conductivity, since its 
localization effect increases causing uniform stray current.

Keywords  Monel · ECMM · Circularity · Conicity · Quenching

1  Introduction

Monel 400 is a nickel–copper alloy utilized in marine and 
oil refining industries owing to its high corrosion resistance 
and fire withstanding property. It is very tedious to machine 
since it can be work-hardened very quickly. The unconven-
tional machining processes can easily cut the engineering 
materials. The laser beam machining (LBM) process can 
be easily utilized for the machining process. Nevertheless it 
produces more heat affected zone (HAZ) on the specimens. 
The abrasive water jet machining (AWJM) process could 

produce more taperness during the machining process. The 
electrical discharge machining (EDM) can remove the mate-
rial very slowly. Hence, electro-chemical micro-machining 
(ECMM) can be used for machining Monel 400 alloy. The 
efficiency of current in electrochemical processing was 
determined using an electrochemical current determina-
tion of HSS from sodium nitrate. The tests are carried out 
without feeding speed and at several voltages between the 
electrodes [1]. The different between the electrodes and 
the electric current is measured with relative to function 
of time. Dissolution efficiency was determined which was 
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influenced by flow rate, electrolyte concentration, electro-
lyte temperature and current density. The electrochemical 
micromachining is preferred to other non-conventional 
machining techniques like laser beam machining, ultra-
sonic machining, electro-discharge machining are thermal 
processes and causes excessive deformation on heat affected 
zones and micro-cracks on the work piece [2]. It was inferred 
that machining rate could depend on the atomic weight, cur-
rent and time for dissolution and it does not depends on the 
hardness and other characteristics of the material. It was dis-
cussed about analyzing the influence of parameters like volt-
age, current, electrolyte concentration, feed rate, flow rate 
on material removal rate (MRR) and surface roughness (Ra) 
[3]. The machining was performed on SS304 using a copper 
tool and NaCl electrolyte. Irregular MRR was observed at 
high current and increase in current results in decrease of 
surface roughness. As electrolyte flow rate increases, the 
ion mobility between work piece and electrolyte increases, 
thus increasing the chemical reaction speed and results in 
increased MRR. An effort was taken in ECMM of titanium 
alloy (Ti–6Al–4V) with three different electrolytes con-
centrations which are capable for drilling accurate micro-
holes [4]. The circular cross-sectional hole produced shows 
very small circularity error using hybrid electrolyte. The 
ECMM process can be considered to be among the few more 
effective advanced micro-machining process using which a 
wide range of applications are calculated. This investiga-
tion indicates most predominant parameters like frequency, 
voltage, duty cycle and electrolyte concentration provide 
better MRR with low overcut [5]. The ECMM can be used 
in making advanced and complex shapes in aeronautical 
industries and its capability to machine macro- and micro-
features for biomedical applications [6]. The research and 
development in the process capabilities, tool, electrolytes 
and hybrid processes were presented. It was noted that ECM 
was used to fabricate micro-electrodes and these tools have 
been used in ECM or EDM processes. The technological 
advances were studied in electrochemical machining pro-
cesses [7]. It was concluded that electrolyte concentration 
and voltage were the most influencing parameter on overcut 
and material removal rate using gray relational analysis. It 
was noted that rate of machining and overcut were directly 
proportional to electrolyte concentration and applied volt-
age. The experiment analysis was performed in Micro-ECM 
setup for fabrication of micro-channel in hydrodynamic 
bearing [8]. It was found that 2 electrolytes, water mixed 
sodium nitrate and NaOH are used in this experiment to 
find better results. The current identification method was 
highlighted to find inter electrode gap characteristics, elec-
trolyte concentration, pulse current and voltage based on 
model and experiments. A study was performed on the effect 

of electrochemical micro-machining process parameters 
on material removal rate of the α–β titanium alloy (work 
piece). The process parameters considered were electro-
lyte concentration, machining voltage and feed rate [9]. An 
electro-chemical framework was framed with the advance-
ment of smaller scale, miniaturized scaling methods have 
turned into a hot issue in current industries. The smaller-
scale metal opening with high caliber is generally utilized 
in pieces of center types gear in fields of vitality control, 
conveying and therapeutic apparatus [10]. It was suggested 
that the insulated film on silicon-based tool micro-electrodes 
is a critical process to restrict the stray current and improve 
the machining localization [11]. As electrolyte flow rate and 
electrolyte concentration increases, the chemical reaction at 
the machining area gets speed up and result high material 
removal rate. From the experiment, it was also observed 
that the surface roughness and electrolyte concentration are 
directly proportional to each other [12]. The performance of 
different sized tool, shape and design in ECMM was studied. 
Flat, conical with rounded and wedged tool electrodes were 
used to determine the overcut and material removal rate by 
various parameters of electrolyte concentration [13]. On heat 
treating, the grains of the material get altered and thus cause 
the material to restrict the range of elastic limit in ECM 
process [14]. The electrical conductivity of the electrode 
increases due to increase in grain boundaries that restrict 
the dispersion of ions [15]. A machining was performed on 
SS304 using a copper tool and NaCl electrolyte in ECMM 
process. It was found that increase in flow rate of electrolyte 
increases the MRR, thus increasing the chemical reaction 
speed between work piece and electrolyte [16]. Genetic algo-
rithm can be used to enhance the ECMM process through 
optimization [17]. The design of experimentation method 
could improve the output parameters efficiently by select-
ing the minimum concentration, voltage, electrode cap and 
tool feed rate favorable for machining based on various 
trial and error methods [18]. In ECMM process, duty cycle 
was the most influencing parameter to contribute material 
removal rate [19]. The MRR was found to be non-uniform 
due to increased generation of heat in ECMM process. It 
can be refined by improving with duty cycle and electrolyte 
percentage. The tool erosion was observed to reduce with 
increasing the gram per liter of electrolyte and duty cycle 
[20].

From the survey, it was inferred that only small amount 
research works were available to analyze the influence of 
heat treatment tool electrode in ECMM process. The micro-
machining of Monel 400 alloy was not performed consider-
ably. Hence the present investigation was made. The present 
study was performed with machining of Monel 400 alloy in 
ECMM process with various heat-treated electrodes.
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2 � Experimental methodology

2.1 � Selection of workpiece

Monel 400 alloy finds its applications in brine heaters, 
pumps, propeller shafts, and in other marine applications 
due to their high corrosion resistant. Monel 400 alloy has 
high repetitive life cycle and relatively low cost. Monel 400 
alloy has good resistance to acids and alkalis. The work 
piece Monel alloy was selected based on several factors, 
such as hardness, electrical conductivity, etc., and Monel 
400 alloy is stronger than pure nickel. Hence, it was chosen 
as the workpiece specimen. The dimension of workpiece 
specimens was chosen as 50 mm × 50 mm with the thickness 
of 2 mm. The chemical composition consists of iron, copper 
(cu), nickel (Ni), manganese (Mn), carbon, sulfur and silicon 
at different percentages by weight shown in Table 1.

2.2 � Selection of tool electrode

The tool electrodes were selected based upon certain 
requirements, such as easy fabrication, high electrical con-
ductivity and high corrosion resistance. The tool electrode 
must possess high wear resistance and have high repetitive 
cycles. Based on these criteria, copper–beryllium (Cu–Be) 
has been selected as the tool electrode with the diameter of 
0.5 mm. The chemical composition of the electrode is shown 
in Table 1. The tool electrode was heat-treated into three 
different methods which are annealing, quenching and nor-
malizing as shown in Fig. 1. The tool electrodes were placed 
in the muffle furnace and heated up to 790 °C for a time 
period of 3 h. The copper–beryllium tool electrode pieces 
are placed in three different containers for three methods of 
heat treatment (annealing, quenching and normalizing). The 
heat-treated Cu–Be tool electrode have been directly pro-
cured from Mahalakshmi metallurgical corporation, Chen-
nai, India. The heat treatment process takes place in three 
stages, such as heating period, soaking period and cooling 
period. In quenching, the heated tool was rapidly quenched 
by dipping it in water. The tool was kept at room temperature 

after heating for normalizing process. Annealing was done 
by furnace cooling for a time period of 24 h.

2.3 � ECMM setup

The drilling operations were performed using TTECM-10 
ECMM setup manufactured by Sinergy Nano System, India 
as shown in Fig. 2. ECMM is a controlled process where the 
material is removed from the metal due to the dissolution 
of anode in the electrolyte in which the anode is the mate-
rial to be machined and the cathode is the tool electrode 
[21]. The electrolyte was supplied to the inner electrode gap 
(IEG) between the anode and the cathode and the dissolu-
tion takes place when current is supplied through the elec-
trodes. The positive current was supplied to the work piece 
and the negative current is supplied to the tool electrode. 
It involves the use of a pulsed power supply unit, in which 
the frequency, duty cycle and voltage can be varied. IEG 
was maintained less than 50 microns. When the tool and the 
work piece come into contact, the tool holder returns back 
to its initial position to prevent electrical component dam-
age. The ECMM setup consists of several components, such 
as frequency modulator, voltage and current regulator, tool 
holder, electrolyte filter tank, filter pump and an machining 
chamber made up of acrylic. The frequency modulator and 
voltage regulator together makes up the pulsed power supply 
unit. The frequency and the duty cycle can be varied using 
the frequency modulator.

2.4 � Selection of electrolyte

The electrolyte washes away the precipitates that are formed 
due to the chemical reactions. The electrolytes used in 
ECMM are passivating and non-passivating electrolytes. 
Electrolytes are used in ECMM process to fill the IEG 
between the tool and the work piece by proving free ions to 
carry the electric current for anodic dissolution. Non-pas-
sivating electrolyte was chosen for their aggressive anions. 
The electrolyte used in the process was Sodium chloride 
(NaCl)—Analytical reagent grade [22].

Table 1   Chemical composition of materials

Workpiece specimen

Material Nickel Copper Iron Manganese Carbon Silicon sulfur

MONEL 400 64.95% 32.37% 1.42% 0.71% 0.0001% 0.15% 0.010%

Tool

Material Beryllium Copper Iron Aluminum Silicon

Copper Beryllium 1.92% 97.36% 0.008% 0.010% 0.03%
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2.5 � Selection of process parameters

The parameters which can be varied are applied voltage 
(AV), duty cycle (DC), electrolyte concentration (EC) and 
frequency (F). The electrolyte temperature was maintained to 

Fig. 1   Cu–Be tool electrodes used in the present study

room temperature. The process variables have been chosen 
based on the ranges available in ECMM setup under higher, 
medium and lower levels as shown in Table 2 [21, 22]. Since 
the present study was performed with four factors and three 
levels with no factors interaction, Taguchi L9 method was used 
to generate the value table to get better results [23–25]. All 
the trials were conducted three times and the average of those 
experimental values was considered as final response value to 
enhance the measurement accuracy.

2.6 � Measurement of performance measures

Overcut (OC) is defined as the gap formed between the tool 
electrodes used for machining and the machined hole and 
denoted in mm.

The circularity determines how much each circular section 
of a cylinder, sphere or cone may deviate from its ideal circular 
form. The maximum diameter is the circumscribed circle of 
machined hole and minimum diameter is the diameter of the 
inscribed circle. It is determined using the vision measuring 
system and denoted in mm. The machine vision system was 
measured to measure the circularity using 3 point method—
Least Square Method.

(1)Overcut =
(Average diameter of the work piece −External tool diameter)

2
.
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The conicity defines how much a cylindrical profile varies 
from an ideal cylinder and denoted in mm.

(2)
Circularity error = (Minimum circumscribing circle

−Maximum inscribing circle)

(3)Conicity =
Diameter at entry − Diameter at exit

2 × hole thickness

3 � Results and discussion

3.1 � Surface morphology of heat‑treated Cu–Be tool 
electrode

Heat treatment of Cu–Be tool electrode above 790 °C 
causes the beryllium in Cu–Be to dissolve in the alpha 
solid solution phase and on rapid quench, it maintains 
beryllium in solid state. Figure 3 shows the surface mor-
phology image of the annealed tool electrode before heat 
treatment, after heat treatment and after machining. From 
these surface morphology images, it can be seen that 
after heat treatment the cracks on the surface of tool gets 
reduced and formation of uniform surface throughout. The 
grain size can be modified in the annealed specimen due 
to low rate of cooling which leads to relieve the internal 
stress and causing the tool electrode to become soft.

Fig. 2   ECMM process arrange-
ment used in the present study

Table 2   Selection of input parameters

S.No Input factors Unit Ranges

1 Voltage V 10, 12, 14
2 Electrolyte concentra-

tion
g/l 20, 25, 30

3 Frequency Hz 50, 60, 70
4 Duty cycle % 33, 50, 66
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In quenching heat treatment process the specimen is 
heated up to 790 °C with the soaking time of 2 h and it dif-
fers from other heat treatment process by the method of cool-
ing. In quenching the specimen is rapid cooled by dipping 
the specimen in the brine solution (salt water). Quenching 
heat treatment process increases the growth of grain bounda-
ries and thus causing fine grain structure. Figure 3 shows the 
surface morphology image of the quenched tool electrode 
before heat treatment, after heat treatment and after machin-
ing. From the surface morphology image, it can be observed 
that after heat treatment process the crack on surface gets 
reduced. In the after machining surface morphology image, 
more pits and pores can be observed this is due to the inter-
change of the ions from the tool to the work piece.

Normalized heat treatment process is similar to the other 
heat treatment processes which differ by the method the 
cooling. In normalizing process the specimen is allowed to 
cool in the normal atmospheric temperature. In after heat 
treatment surface morphology image, occurrence of pit and 
cracks were observed. This was due to the reduction of the 
pitting resistance owing to the exposure of material to the 
atmosphere during cooling. In the after machining surface 

morphology image, it was observed that more electron dis-
charge occurred from the crack and pits.

3.2 � Electrical conductivity analysis of heat‑treated 
Cu–Be Tool electrode

The electrical conductivity of the electrode can determine 
the machinability in ECMM process. It was determined 
using desktop multi-meter. It can be observed that the con-
ductivity of the tool electrode got increased after the heat 
treatment process. It was also observed that the conductivity 

Fig. 3   Surface Morphology of tool electrodes under heat treatment

Table 3   Conductivity of the tool electrodes under heat treatment

Heat treatment Conductivity (Ω−1/mm)

Before machining After machining

Untreated tool 36.63 3.90
Annealed tool 32.12 2.7
Quenched tool 37.06 4.21
Normalized tool 36.94 3.01
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of the quenched tool electrode was greater among all other 
tool electrode. This is because of the effect of heat treatment 
where the grain structures gets altered and increase in the 
growth of grain boundaries. Due to more grain boundaries 
the electron distraction gets reduced thus results in increased 
conductivity.

From Table 3, it was observed that the conductivity of 
annealed tool was least among the four tool electrodes. 
The migration of atoms in the crystal lattice occurs which 
increases the ductility and decreases hardness, thereby 
reducing the conductivity in the tool electrode. In ECMM 
process, the machining measures may be affected by the 
electrical conductivity of the tool electrode. The electrical 
conductivity of the tool may be affected with the heat treat-
ment, since the electrical resistance is proportional to the 
change in temperature owing to the migration of atoms in 

the crystal lattice. The conductivity value after machining 
gets drastically reduced due to the higher temperature of the 
tool electrode caused during machining. With increase in 
temperature, the electrical resistance of metal gets increases 
thus causes the atoms to vibrate and collide with moving 
electrons. Hindrance of moving electrons reduces the con-
ductivity of tool electrode.

3.3 � Influence of process parameters on overcut

Figure 4 shows electrolyte concentration was the most influ-
encing parameter for the normalized tool electrode where the 
overcut deceases with increase in the electrolyte concentra-
tion. Maximum overcut is obtained at 25 g/l while minimum 
overcut is obtained at 30 g/l. When supplied voltage passes 
through tool electrode, it tends to form a stray current around 

Fig. 4   Main effect plot for overcut
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the tool electrode. Since the size of the bubble formed is 
small, the stray current machines more material around the 
hole. In case of higher electrolyte concentration, the size of 
bubble formed is large which blocks the stray current thus 
results in low overcut. In case of the untreated tool elec-
trode, it is inferred that the frequency is the most influencing 
parameter where the overcut decreases with increase in the 
frequency. This was due to generation of high frequency 
pulses per unit time than the low frequency pulses. This 
leads to increase of localization with decrease in the stray 
current which results in low overcut.

Duty cycle shows the most deviation for annealing 
and quenched tool electrode. It was observed that the 
increase in the duty cycle leads to the decrease in overcut. 
In case of the heat-treated tool electrode the conductivity 
is affected thereby restricting the dispersion of electrons, 
thus increase the localization effect. In ECMM process, 
the machining measures may be affected by the electrical 
conductivity of the tool electrode. As you aware, the elec-
trical conductivity of the tool may be affected with the heat 
treatment, since the electrical resistance is proportional to 
the change in temperature owing to the migration of atoms 
in the crystal lattice. So that, during load-on time in high 
duty ratio the rate of dissolution of ions is greater in the 
localized area thereby decrease in overcut. Using differ-
ent input parameters, the work pieces were machined and 

were analyzed using machine vision measurement system. 
For overcut, when the duty cycle is at 66% and lesser the 
applied voltage results in better overcut for all the tool 
electrodes. The overcut is poor when the duty cycle is at 
33% and also when the applied voltage is high. There-
fore, the increase in applied voltage and decreased duty 
cycle leads to the increase in overcut as shown in Fig. 5 
using vision measuring system (VMS). Untreated tool 
electrode possesses the maximum overcut among the four 
tool electrodes.

It can be inferred that the normalized tool has the least 
overcut as shown in Table 4. It was observed that the overcut 
of quenched tool is 3.65% lesser than untreated tool. This 
was due to the fine grain structure which could restrict the 
flow of electrons to side of the tool. Thus the current avail-
able at the frontal gap between the work piece and tool get 
increased. Also it was observed that the normalized tool 
has the highest overcut among the four tools. It has 19.73% 
higher than untreated tool and annealed tool has 4.06% 
higher than untreated tool.

3.4 � Influence of process parameters on conicity

For quenched tool and normalized tool electrode the most 
influential parameter was electrolyte concentration as 
shown in Fig. 6. The maximum and minimum conicity were 

Fig. 5   VMS image for Overcut
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obtained at 20 g/l and 25 g/l respectively. This was because 
at low concentration the bubbles formed during machining 
are smaller which allow the side current to machine out more 
material resulting high conicity. When electrolyte concen-
tration was high the bubbles formed were large and this 
vacuum space block the side current from machining more 
material from the work piece resulting to a low conicity.

In the case of untreated tool, it was inferred that the duty 
cycle was the most influencing parameter for the conic-
ity. From the graph, it can be observed that the conicity 
increases with increase in the duty cycle ratio. Minimum 
conicity obtained for the duty ratio 50% and maximum at 
66% duty ratio. This is because at 66% the pulse-on time 
is more compared to pulse-off time. Due to less pulse-off 
time the removed material or sludge which formed were not 
washed or flushed away fully and the by-products start to 
clog to the electrode thus produces spark due to which more 
material is removed hence by minimizing these around the 
machining area reduces conicity. In the case of annealed tool 
electrode, it was inferred that the frequency was the most 
influencing parameter for the conicity. From the graph, it can 
be inferred that the maximum conicity is obtained at 60 Hz 
and minimum conicity at 70 Hz. An increase in frequency 
implies a decrease in pulse duration. It was also noted that 
the duty cycle ratio is also high when frequency is high. This 
results in lower as faster removal of material takes place.

By using different input parameters, the work piece was 
machined and analyzed. The lower applied voltage and fre-
quency could reduce the conicity. When the applied voltage 
was 10 V, the conicity was lesser for normalized tool and 
annealed tool. When the applied voltage was 12 V and the 
duty cycle was 33%, the conicity was lower for untreated and 
quenched tool electrode as shown in Table 5. The increase in 
frequency results in increasing the conicity of the untreated 
and annealed tool electrodes. However with quenched tool 
electrode, the increase in duty cycle leads to poor conicity. 

It can be inferred that the normalized tool has the less conic-
ity. This was because the heat-treated tool electrode exhibits 
high conductivity by decreasing the dislocation of electrode 
thus results in faster rate of machining reduces conicity. It 
was found that the conicity of normalized tool is 28.65% and 
quenched tool is 19.05% lesser than untreated tool. Annealed 
tool has the highest conicity among the four tools. Annealed 
tool has 6.61% higher conicity than untreated tool.

3.5 � Influence of process parameters on circularity 
at entry

From the Fig. 7, it was inferred that the frequency was the 
most influencing parameter for circularity at entry. As the fre-
quency increases, the circularity error at entry gets decreased. 
The increase in frequency implies a decrease in pulse duration 
and an increase in the ionization which improves the circular-
ity. Better results are obtained when the circularity error was 
minimum. It was observed that the electrolyte concentration 
was the most influencing parameter for the annealed tool elec-
trode. Also as the applied voltage increases, the circularity 
error decreases. When the electrolyte concentration is less, 
then the ionization rate is reduced in annealed tool which in 
turn increases the circularity of the hole machined. In case of 
quenched tool electrode, applied voltage is the most influenc-
ing parameter. As the applied voltage increases, the circularity 
error gets decreased. When the voltage is high the amount of 
current passing through the electrode is high which means that 
the stray current through the sides of the tool is high and uni-
form, resulting to low circularity error of the hole machined. 
In case of normalized tool electrode, electrolyte concentration 
is the most influencing parameter. An increase in electrolyte 
concentration results in the increase of circularity error. The 
circularity error is minimum at lower concentration. Also 
the circularity error reduces with increase in applied voltage. 
When the electrolyte concentration is high, the number of ions 

Table 4   Effect of heat-treated tools on overcut

S.no Voltage (v) Electrolyte con-
centration (g/l)

Frequency 
(Hz)

Duty 
cycle (%)

Overcut

Untreated tool Annealed tool Quenched tool Normalized tool

(mm)

1 10 20 50 33 0.6842 0.3325 0.5058 0.3947
2 10 25 60 50 0.2342 0.2908 0.2996 0.5181
3 10 30 70 66 0.1202 0.2376 0.2367 0.4246
4 12 20 60 66 0.3842 0.2796 0.1819 0.301
5 12 25 70 33 0.2263 0.4812 0.3445 0.4707
6 12 30 50 50 0.2562 0.3981 0.4443 0.3063
7 14 20 70 50 0.2799 0.3679 0.4133 0.505
8 14 25 50 66 0.8543 0.3899 0.1211 0.4775
9 14 30 60 33 0.3045 0.4565 0.5481 0.4064
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available for dissolution is higher which results in non-uniform 
distribution of ions, thereby increasing circularity error.

Using different input parameters, the work piece was 
machined and was analyzed using VMS as shown in Fig. 8. 
For the annealed, quenched and normalized tool electrodes, 
greater the applied voltage and lesser the electrolyte concentra-
tion lead to lower circularity error at entry as shown in Table 6. 
The lower applied voltage and electrolyte concentration leads 
to poor circularity error at entry. For untreated tool electrode, 
it was just an opposite way. The lower applied voltage could 
reduce the circularity error. Whereas the higher applied volt-
age could increase the circularity error. It can be inferred that 
the quenched tool has the least circularity error with 39.57% 

lesser than the untreated tool electrode. Quenched tool has fine 
grain structure which when subjected to high applied voltage 
possess uniform dissolution. Thus it could result on reducing 
circularity error than the other tool electrode. The annealed 
tool electrode has 1.36% lesser circularity error than untreated 
tool electrode and normalized tool has 2.8% lesser circularity 
error than the untreated tool electrode.

3.6 � Influence of process parameters on circularity 
at exit

From Fig. 9, it was inferred that the frequency was the most 
influencing parameter for the circularity at exit for untreated 

Fig. 6   Main effect plot for conicity
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Table 5   Effect of heat-treated tools on conicity

S.no Voltage (v) Electrolyte con-
centration (g/l)

Frequency 
(Hz)

Duty 
cycle (%)

Conicity

Untreated tool Annealed tool Quenched tool Normalized tool

(degree)

1 10 20 50 33 0.2635 0.0114 1.24 0.968
2 10 25 60 50 1.0827 2.77 0.86 0.206
3 10 30 70 66 1.329 1.523 1.88 0.825
4 12 20 60 66 1.9415 2.17 2.26 1.134
5 12 25 70 33 2.679 1.099 0.24 0.808
6 12 30 50 50 0.189 1.4 0.5099 0.813
7 14 20 70 50 0.813 0.378 1.036 1.31
8 14 25 50 66 2.525 2.067 0.515 0.8
9 14 30 60 33 0.704 0.8708 0.79 1.36

Fig. 7   Main effect plot for circularity at entry
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tool electrode. As the frequency increases, the time duration 
of power supply was increased. It could lead to produce the 
uniform hole throughout the work piece, thus resulting in 
lower circularity error at the exit. In case of annealed tool 

electrode, frequency was the most influencing parameter for 
the circularity at exit. The circularity at exit increases for fre-
quency at 50 Hz and again reduces at 66 Hz, whereas it con-
stantly decreases for increase in duty cycle. The increased 

Fig. 8   VMS image for circularity at entry

Table 6   Effect of heat-treated tools on circularity at entry

S.no Voltage (v) Electrolyte con-
centration (g/l)

Frequency 
(Hz)

Duty 
cycle (%)

Circularity error at entry

Untreated tool Annealed tool Quenched tool Normalized tool

(mm)

1 10 20 50 33 0.2337 0.4187 0.2094 0.1453
2 10 25 60 50 0.0699 0.1949 0.0964 0.3035
3 10 30 70 66 0.1004 0.163 0.1915 0.331
4 12 20 60 66 0.2186 0.3128 0.0934 0.1042
5 12 25 70 33 0.1264 0.1774 0.1666 0.2629
6 12 30 50 50 0.1267 0.2173 0.1469 0.2542
7 14 20 70 50 0.1372 0.1256 0.0896 0.1506
8 14 25 50 66 0.8352 0.1301 0.069 0.1414
9 14 30 60 33 0.1531 0.2342 0.1465 0.2519
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duty cycle refers to increased pulse on time. The increased 
frequency helps in flushing of the slurry formed during 
the operation, which results in uniform machining of hole 
throughout. In case of quenched tool electrode, frequency 
was the most influencing parameter for the circularity at 
exit. Also as the applied voltage increases, the circularity 
error at exit decreases. The higher the voltage supplied to 
the tool, the uniform machining taking places throughout 
the process with sufficient ions present to pass the electric 
current. The presence of more ions than required tends to 
increase the circularity error. As the electrolyte concentra-
tion increases, the circularity error also tends to increase. 
In case of normalized tool electrode, electrolyte concentra-
tion is the most influencing parameter for the circularity at 
exit. Also in this tool electrode, the increase in duty cycle 
and frequency also results in increase in circularity error at 
exit. The increase in applied voltage results in decrease in 
circularity error. The presence of sufficient voltage supply 

and required ions results in uniform machining throughout 
the hole which results in lesser circularity error. The lower 
electrolyte concentration and higher applied voltages could 
result in lower circularity error at exit for quenched, normal-
ized and annealed tool electrodes. For untreated tool elec-
trode, the greater the electrolyte concentration, the better the 
circularity error at exit. The higher duty cycle with lower 
applied voltage has resulted in higher circularity error at the 
exit for quenched, normalized and annealed tool electrodes. 
The increase in voltage and duty cycle caused a poor circu-
larity error at exit in the untreated tool electrode.

From Table 7, it can be inferred that the quenched tool 
has the lower circularity error at exit. The quenched tool 
has 43.41% lower circularity error than the untreated tool 
electrode. The untreated tool electrode has the highest cir-
cularity error among the four electrodes. The annealed tool 
has 32.56% lesser and normalized tool has 8.12% lower cir-
cularity error at exit than the untreated tool electrode. The 

Fig. 9   Main Effect Plot for circularity at entry
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quenched tool electrode has fine grain structure and good 
conductivity values even after machining. It could lead to 
uniform machining throughout the process for reducing the 
circularity error at exit.

4 � Conclusion

In the present study, Monel 400 alloy was machined using 
ECMM process parameters with untreated and various 
heat-treated tool electrodes. The input characteristics, such 
as applied voltage, electrolyte concentration, frequency 
and duty cycle, were varied suitably to get the optimum 
values of response parameters like overcut, conicity and 
circularity. From the experimental investigations carried 
out using untreated and heat-treated tool electrodes, the 
following conclusions have been drawn.

•	 The lower overcut can be obtained using quenched tool 
electrode when compared to the other treated tools and 
untreated tool electrode owing to its fine grain structure 
which restricts the flow of electrons to side of the tool.

•	 The conicity is better with normalized tool electrode, 
since it exhibits high electrical conductivity by decreas-
ing the distraction of electrons.

•	 The circularity is better with quenched tool electrode 
due to its fine grain structure and higher electrical con-
ductivity, since its localization effect increases causing 
uniform stray current.
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