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Abstract Electrochemical discharge machining (ECDM) is a
cost-effective machining process used to shape non-
conductive materials such as glass and ceramics. The process
can overcome poor machinability of hard and brittle materials.
Different types of physical phenomena can be added to the
ECDM components to improve the machining efficiency. As
the main target of this paper, ultrasonic vibration was integrat-
ed to the cathode of the ECDM process (UAECDM), which
resulted in vibration concentration only to the machining
zone. In order to design the experimental configuration, modal
analysis was used. Machining speed was the main output of
this investigation. Gas film and electric discharge were two
main physical phenomena during ECDM. The thickness of
gas film, location, and pattern of discharges were determined,
experimentally. Also, current signal was a useful tool that
could record significant details of involved mechanisms and
phenomena during machining. Images of gas film showed that
the application of ultrasonic vibration decreased the thickness
of gas film by 65%. In addition, the vibration amplitude of
10 um created the most uniform current signal, which had a
considerable effect on the material removal rate (MRR).
Results showed that all levels of vibration amplitude increased
the machining speed during discharge and hydrodynamic re-
gimes of the machining process.
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1 Introduction

Thermal and chemical resistances in high temperature as well
as transparency are properties gathered in glass materials,
which provide advanced industrial applications such as fabri-
cation of micro pumps, micro reactors, micro fuel cells [1],
micro fluidic devices [2], and several biomedical devices [3].
However, poor machinability is a significant drawback of a
glass, due to its brittle behavior.

Ultrasonic machining (USM) [4] and abrasive water jet
machining (AJM) are the two most important processes used
to shape non-conductive materials [5]. These processes suffer
from serious limitations such as low machining speed. The
application of a thermal mechanism by the employment of a
concentrated heat source is an important solution to shape
non-conductive materials. Laser beam machining (LBM) is
the major process that employs an external concentrated heat
source. In addition to wide applications, this process has lim-
itations such as extensive equipment requirement and high
electrical consumption. Also, the laser beam, as a concentrated
heat source, creates microstructural defects, which have a con-
siderable effect on the application of fabricated features. Heat-
affected zone (HAZ) and micro cracks are defects which
should be avoided in industrial applications [6]. Electric dis-
charge machining (EDM) is another machining process which
uses the thermal mechanism [7, 8], but the nature of this pro-
cess limits its application to conductive materials.

ECDM, introduced by Kura Fuji in 1968 [9], is an ad-
vanced machining process which can be used to shape non-
conductive, hard, and brittle materials with a low cost and an
acceptable efficiency.

An ECDM experimental configuration consists of two
electrodes with different sizes. The cathode is much smaller
than the anode. While the anode is completely immersed in
the electrolyte, only a few millimeters (1-3 mm) of the
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cathode is immersed. The DC electric current is applied on the
electrodes, and a gravity feed mechanism positions the glass
workpiece close to the cathode [10].

ECDM is a combination of electrochemical, discharge, and
chemical phenomena. Electrolysis is an electrochemical phe-
nomenon which produces hydrogen bubbles around the cath-
ode. The smaller size of the cathode, in comparison to the
anode, leads to coalesce of hydrogen bubbles and the forma-
tion of gas film (around the cathode), which play an important
role in the efficiency and accuracy of the ECDM process. The
completed gas film insulates the tool from the electrolyte, and
hence, electric discharge takes place between the cathode and
electrolyte. Positioning the workpiece close to the tool trans-
fers some portions of the discharge power to the workpiece.
The transferred power, consequently, melts and vaporizes a
small part of the workpiece. ECDM includes many discharges
which remove the material significantly and make a noticeable
contribution to the total material removal rate (MRR). On the
other hand, a small portion of the MRR is made by the chem-
ical mechanism between the electrolyte and glass [11].

In recent years, many lines of research have been done to
improve the efficiency of the ECDM process. For this pur-
pose, mechanical, chemical, and some other physical phenom-
ena have been applied to different components of the ECDM
configuration. Tool movement, for instance, is an appropriate
method which can be used to improve the efficiency of the
ECDM process. In this method, different types of vibration
can be applied to the tool, electrolyte, and workpiece. Low-
frequency vibration mainly affects the electrolyte circulation
in the hole. In other words, this type of vibration flushes elec-
trolyte to the hole; hence, the MRR significantly increases in a
hydrodynamic regime. This type of vibration does not change
the nature of physical and chemical phenomena of the ECDM
process. Critical events such as the discharge pattern and the
gas film characteristics (size and stability) are not affected by
the low-frequency vibration.

Wautrich et al. applied a low-frequency vibration (5-30 Hz)
to the tool which resulted in 50% reduction in the machining
time for the vibration amplitude of 10 pm. Vibration ampli-
tudes larger than 10 pwm, however, did not significantly affect
the MRR [12]. Razfar et al. studied the effect of vibration
frequency (<500 Hz), amplitude (<27 um), longitudinal
waveform (sinusoidal and square), and tool shape (cylindrical
or drilling tool) on machining speed and hole depth. Results
showed that the drilling tool shape achieved more efficiency
in comparison to the cylindrical tool shape [13].

Han et al. applied a high-frequency ultrasonic vibration
(1.7 MHz) to the electrolyte in the drilling process. In that
work, the ultrasonic vibration created acoustic pressure, which
resulted in a more uniform gas film and deeper holes with
larger values of overcut. As another solution, a tool with an
insulated wall and pulse voltage was employed to improve the
accuracy of holes. Finally, the hole diameter was decreased

@ Springer

from 426 to 328 pum and the machining depth was improved
from 320 to 550 um [14]. One of the main advantages of the
ultrasonic vibration is circulating the electrolyte into the hole,
especially in the hydrodynamic regime (depth >300 pum). In
this research, ultrasonic vibration was applied to the entire
electrolyte during the machining of a blind hole. For this pur-
pose, the drilling of a blind hole was done on one side of the
workpiece while ultrasonic vibration was applied to the elec-
trolyte placed on the another side of the workpiece. It seems
that this method for application of ultrasonic vibration cannot
be effective, especially when the electrolyte was circulated in
a hole with a depth more than 300 pum. On the other hand,
applying ultrasonic vibration to the entire electrolyte may lead
to undesirable events, such as decomposition of the electrolyte
on the anode surface, variation of conductivity and electrical
properties, and cavitation phenomenon which make the
ECDM process uncontrollable.

Rusli et al. applied high-frequency ultrasonic vibration
(27-28 kHz) to a glass workpiece in a drilling process.
Results showed that ultrasonic vibration with an amplitude
lower than 2 pum created consecutive discharges which finally
achieved a greater MRR. On the other hand, ultrasonic vibra-
tion with amplitudes of 2 to 3.5 um resulted in a smaller
MRR, with an improvement in the surface quality. Three types
of current waveform were observed. In the case of large am-
plitudes, dense and wide current pulses had sporadic thermal
energy compared to consecutive discharges which were found
for smaller amplitude. Therefore, increasing the amplitude
more than 2 um reduced the MRR [15]. Similarly, it was
observed that ultrasonic vibration was applied to a large area
of the workpiece causing undesirable events [14]. For exam-
ple, cavitation phenomenon occurred across the top surface of
the workpiece and hole bottom. Cavitation on the top surface
close to the hole could interrupt electrolyte circulation to the
hole. On the other hand, cavitation on the bottom of the hole
created a layer of bubbles between the electrolyte and the
workpiece, which acted as an insulator and reduced the ther-
mal energy transferred to the workpiece.

Various methods for application of ultrasonic vibration af-
fected a large area of configuration components and increased
the cleaning procedure of the machining zone. On the other
hand, during a practical drilling process, especially in the deep
section of the hole, these methods did not affect the material
removal mechanisms in the machining area. To avoid unde-
sirable and uncontrollable events, vibration should be concen-
trated directly on the machining area in such a way that it does
not affect other components. Between all of the machining
components, tool tip is the best location for this purpose.

In this research, ultrasonic vibration has assisted the
ECDM process (UAECDM) in a manner that directly affects
the machining zone. In order to design the experimental con-
figuration, modal analysis is used. Current signal is a useful
tool which can record significant details of involved
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mechanisms and phenomena during machining. Current sig-
nal for both ECDM and UAECDM is employed to obtain a
clear understanding of the effect of the ultrasonic vibration on
the involved mechanisms of the UAECDM process. In order
to present capabilities of UAECDM to fabricate deeper holes
compared to ECDM, the machining speed is considered to be
the main output of this research. Gas film and the electric
discharge are the two main physical phenomena involved in
the ECDM. The thickness of the gas film, the location, and the
pattern of discharges are determined, experimentally.

2 Experimental details
2.1 Equipment

A microscopic slide of soda lime glass with a thickness of
1 mm was selected as a workpiece. The composition of soda
lime is presented in Table 1. Technical details of ECDM com-
ponents are provided in Table 2. An optical microscope was
used to capture images from the axial section of the hole. An
ultrasonic generator with the maximum power of 1.5 kW pro-
vided ultrasonic vibration for the experiments. The gravity
feed mechanism and dial indicator, made by Mitutoyo™, with
the resolution of 1 wm were used to adjust the vertical position
of the workpiece. Also, the horizontal position was set by one
axis movement mechanism with a resolution of 2 pum.

2.2 Experimental procedure

The ultrasonic unit is shown with blue color in Fig. 1a and
consists of the tool, the tool holder, the rotating mechanism,
and the transducer. It was designed to produce the maximum
vibration on the tool tip. The transducer was clamped to the
cylindrical part (the inner cylinder). The inner cylinder was
attached to the outer cylinder by two ball bearings, and the
outer cylinder was attached to the DC motor.

Modal analysis was performed in the ABAQUS software
to design the transducer and obtained a desired mode shape.
The axisymmetric model of the transducer is shown in Fig. 1b.
It is clear that the tool tip has the maximum vibration ampli-
tude while there are three nodes without displacement. The
middle node is the best location to attach the transducer to the
rotating mechanism. One node is placed between two piezo-
electrics, which reduces the induced stresses. The other node
is suitable to attach the tooling system to the transducer via a
clamping collet.

Table 1  Chemical composition of a soda lime glass
Composition SiO, Na,O CaO MgO Al,O4 K,0
Wt% 73 14 9 4 0.15 0.03

Table 2 Technical details of ECDM components

Component Technical details
Anode Material: stainless steel
Dimensions 50 mm x 30 mm X 5 mm
Cathode Material: HSS
Shape: drilling tool
Diameter 0.5 mm
Electrolyte NaOH concentration 30%
DC power supply Max. voltage 60 V

Max. current 3 A

In order to study the gas film, a special electric board was
designed to control the electric pulse, precisely. An actual
view of UAECDM experimental configuration is shown in
Fig. 2. The ultrasonic unit is completely fixed, and the work-
piece moves vertically by the gravity feed mechanism.

During every experiment, the workpiece was moved,
smoothly until it came into contact with the tool, and then,
its position was fixed. The contact position can be determined
from the variation of a dial indicator. After adjustment of other
parameters, the workpiece was released to move freely under
the force of the gravity feed mechanism.

In order to study the effect of ultrasonic vibration on the
ECDM characteristics, three levels of ultrasonic amplitude
were considered and compared to the conventional ECDM.
Experimental parameters and their values for experiments are
summarized in Table 3.

3 Results and discussion

One of the important characteristics of every machining pro-
cess is the possible capability to fabricate a deeper hole in a
faster way (machining speed). In this research, this important
characteristic was compared between ECDM and UAECDM
processes. Key effective elements on the machining speed
were the gas film thickness, the discharge location, and the
discharge pattern. These elements were studied experimental-
ly to reach a better understanding of affecting mechanisms
during the application of the ultrasonic vibration. Also, the
current signal, as a powerful tool to monitor the behavior of
key elements, is presented for different regimes of the
machining.

3.1 Effect of ultrasonic vibration on the gas film thickness

Experimental images of the gas film during ECDM and
UAECDM are shown in Fig. 3 for different vibration ampli-
tudes. In general, the application of the ultrasonic vibration
reduces the thickness of the gas film. Also, the vibration am-
plitude has an inverse relationship with the gas film thickness.
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Fig. 1 a Results of FE modal
analysis. b The ultrasonic unit
(sectioned view of the 3D model)
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The minimum thickness was achieved at the vibration ampli-
tude of 10 um, which shows 65% reduction compared to the
ECDM. Application of large vibration amplitude (15 pm) led
to excessive turbulence in the gas film and electrolyte, which
resulted in unpredictable and uncontrollable events.

3.2 Discharge pattern

In the ECDM process, the machining time is mainly
due to two factors including the gas film formation
and discharge activities. A considerable part of the ma-

chining time is due to the gas film formation. Hence,
changing the nature of the ECDM process to have lower

mechanism

~—,

_Workpiece .

Fig. 2 The experimental configuration of UAECDM
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time for the film formation can provide more time for
discharge activities. It was observed that ultrasonic vi-
bration changed the nature of bubble departure and
made the gas film thinner. In order to carry out an
experimental study of discharge activities, a pulse volt-
age was applied to the tool, and the discharge activities
at the beginning and end of a time period of 4 ms were
captured (Fig. 4). Up to time ¢, three cases have the
same discharge activities, while after 4 ms, the activities
are different for every case. It should be noticed that in
the vibration amplitude of 15 pum, due to the excessive
turbulence of bubbles and electrolyte, discharge activi-
ties were not recorded. In ECDM, discharges were fin-
ished after 4 ms, while in UAECDM, discharges con-
tinued for more than 4 ms. Comparing the three cases,
UAECDM with the amplitude of 10 um had the longest
discharge activities, which could improve the material
removal of the machining process.

3.3 Discharge location
In the ECDM process, discharges take place after the gas film

formation and in the locations with a high potential of electric
field. Equation (1) describes an electric field on a surface. The

Table 3  Considered parameters in the experiments

Parameter Value

Ultrasonic amplitude
DC voltage

0, 5,10, and 15 pum
32and 37 V

Electrolyte temperature 25 °C
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UAECDM

Drilling tool

Fig. 3 The gas film thickness during ECDM and UAECDM

highest value of an electric field occurs in sharp points or
sharp edges of the given surface.

—2) 1)

4mey r

E=-VV = —v(

where r represents the surface radius. Sharpe edges have
smaller values of r; hence, they have a large electric field
and discharges take place in these locations. In this research,
experimental images were used to compare the location of
discharges in the cases of cylindrical and drilling tools.
Discharges in three cases of (a) the cylindrical tool, (b) the
drilling tool with DC voltages of 32, and (c) the drilling tool
with DC voltages of 37 V were captured (Fig. 5). As can be

Fig. 4 Discharge activities at the
beginning and end of a period
with the length of 4 ms

t;+4 ms

ECDM

seen in Fig. 5b, in the case of a cylindrical tool, discharges
only take place on the ring of the tool tip. Therefore, when the
tool tip enters the hole, a discharge does not take place on the
sidewall of the cylindrical tool. As can be seen, in the DC
voltage of 32 V, discharges mainly take place on the major
cutting edges. By increasing the applied voltage to 37 V, some
discharges appear on the minor cutting edge (flute edge).

3.4 Current signal

In order to have a comprehensive study of the current signal,
experimental results were presented in two different classifi-
cations. In the first one, the variation of the current signal
versus ultrasonic amplitude (all levels) is shown in Fig. 6a, b

UAECDM
Amp. =5 um

UAECDM
Amp. =10 pm
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Fig.5 a The cylindrical tool. b Discharges on the ring of the cylindrical tool tip. ¢ The drilling tool. d Discharges on the major cutting edge of the drilling
tool in DC voltage of 32 V. e Discharges on the major and minor cutting edges of the drilling tool in DC voltage of 37 V

in the discharge regime of machining. In Fig. 6a, special re-  are generated by electrolysis and discharge, respectively. The
sults of a single discharge for ECDM and UAECDM are  E-type local maximum in the current signal diagram presents
shown, and Fig. 6b depicts the case in which a continuous  the situation in which hydrogen bubbles, produced by the
voltage was applied in the experiments. In the second classi-  electrolysis process, coalesce together and form the gas film.
fication, the variation of current signal versus ultrasonic am-  After formation of the gas film, a discharge takes place be-
plitude (0 and 10 um) is shown in Fig. 7 for the discharge and ~ tween the cathode and electrolyte, which creates a D-type
hydrodynamic regimes of machining. local maximum in the current signal diagram. Generally, a

To generate a single discharge, special experiments were ~ D-type maximum point obtains a smaller value com-
devised by using a pulse generator electric board. For this  pared to an E-type maximum point. Results show that
purpose, the film formation and discharge specifications for ~ both E-type and D-type maximum values decrease in
both ECDM and UAECDM with the amplitude of 10 pum are ~ the case of UAECDM. The current signal for continu-
presented in Fig. 6a. Two types of local maximum can be  ous current versus ultrasonic amplitude, as shown in
found in which E-type and D-type local maximum values  Fig. 6b, presents the following results:

a
Without vibration UAECDM amp. =10 pm

120

\E-Typc Local

Maximum

100
80
60

“ D-Type Local

Maximum
20

0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000

ECDM UAECDM UAECDM UAECDM
Amp.=5 pm Amp.= 10 um Amp.= 15 um

Fig. 6 Current signals of ECDM and UAECDM (37 V). a Single discharge. b Continuous current
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Fig. 7 The effect of ultrasonic
vibration on the current signal in

different machining regimes
32V)
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1. Similar to the single discharge, two types of local maxi-
mum (E-type and D-type) could be found in Fig. 6b.
Application of ultrasonic vibration (amplitudes of 5 and
10 um) reduced E-type local maximum values. Therefore,
the produced volume of hydrogen gas decreased, which
led to a thinner gas film.

Comparison of UAECDM to ECDM showed that the ap-
plication of ultrasonic vibration increased the total num-
ber of local maximum values. Considering the previous
discussion, a thinner gas film was formed in a lower time;
hence, a greater time was specified to discharge activities.
By the application of the ultrasonic vibration, the current
signal diagram found a uniform trend and avoided large
and sporadic discharges; therefore, the accuracy and
speed of machining were improved simultaneously. In
the ultrasonic amplitude of 15 wm, a non-uniform current

signal led to a deteriorated hole accuracy compared to the
amplitude of 10 um

A comparison of current signal variation in the discharge
and hydrodynamic regimes showed that the uniform shape of
the diagram became non-uniform when the machining oc-
curred in the hydrodynamic regime. In the hydrodynamic re-
gime, the circulation of the electrolyte was more difficult and
the gas film was not easily formed. As a result, the upper limit
of the diagram was reduced, and the total number of dis-
charges decreased simultaneously. On the other hand, some
low-frequency patterns can be found on the current signal in
the hydrodynamic regime for both ECDM and UAECDM. In
the hydrodynamic regime and the deep section of the hole, the
electrolyte was surrounded and could not flow easily towards
the fresh electrolyte. In this situation, discharges and tool
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rotating perturbed all surrounding electrolyte in the deep sec-
tion of the hole which resulted in low-frequency variations in
the current signal diagram. This behavior was against the dis-
charge regime in which only electrolyte boundaries fluctuate.
One of the main effects of ultrasonic vibration was increasing
the total number of local maximum values while the variation
range of the value of E-type local maximum was reduced. A
comparison of Fig. 7 (2) with Fig. 7 (5) shows that this effect
continues in the hydrodynamic regime. A comparison of
Fig. 7 (3) with Fig. 7 (6) presents the same results.

3.5 Machining speed

Details of the machining speed for four levels of ultrasonic
amplitude under DC voltage of 32 V are shown in Fig. 8b.
Also, the machining time is considered to be 150 s. The
variation of the machining regime, from the discharge to
hydrodynamic regime, can be determined according to
the diagram slope.

For example, in the case of ECDM, the slope of the dia-
gram changed in the depth of 230 um, which indicated the
transition point from the discharge regime (high slope) to the
hydrodynamic regime (low slop). The application of ultrason-
ic vibration expanded the discharge regime and changed the
transition point to higher values of drilling depth. Considering
the larger MRR during the discharge regime compared to the
hydrodynamic regime, a faster drilling process was achieved.
In the hydrodynamic regime, UAECDM was able to drill as
fast as ECDM, but the operational depth of the hydrodynamic
regime in UAECDM was twice larger than ECDM.

Fig. 8 a The entrance overcut
after the machining time of 60 s. b
The machining speed for four
levels of the ultrasonic amplitude
under the DC voltage of 32 V

However, the examination of UAECDM with the ampli-
tude of 15 pum presented a different pattern. Below the depth
of 250 um (discharge regime), UAECDM with the amplitude
of 10 pm resulted in a faster process in comparison to the
amplitude of 15 um. But, for a depth of more than 250 um
(hydrodynamic regime), UAECDM with the amplitude of
15 um performed faster in comparison to UAECDM with
the amplitude of 10 um. The application of ultrasonic vibra-
tion led to a thinner gas film. However, the thin gas film was
not stable when large amplitudes of ultrasonic vibration were
applied. High vibration amplitudes created great mechanical
shocks that fluctuated and destroyed the gas film and conse-
quently resulted in a low MRR. On the other hand, high vi-
bration amplitudes signified the mechanical mechanism of
material removal. Material removal mechanisms of ECDM
overcame the mechanical mechanism when the gas film was
thin and stable. Moreover, the ultrasonic amplitude of 10 um
made a thin stable gas film while the ultrasonic amplitude of
15 um produced a fluctuated gas film. As a result, the ultra-
sonic amplitude of 10 pm performed faster in the discharge
regime in comparison to the amplitude of 15 pm. By increas-
ing the machining depth to more than 300 pm, the hydrody-
namic regime of the drilling process was initiated. In this
regime, the performance of material removal mechanisms of
ECDM decreased compared to the mechanical mechanism.
Thus, the machining speed of UAECDM with the amplitude
of 10 um decreased; however, the machining speed of
UAECDM with the amplitude of 15 pm did not decrease
significantly, due to the great contribution of the mechanical
mechanism on MRR.

Machining time (s)
0 25 50 75 100 125 150

— ECDM
—— UAECDM(Amp.=5 pm)
= UAECDM(Amp.=10 pm)
—— UAECDM(Amp.=15 ym)
200+
3
2 300
c
a
]
B 400
500
600 -
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Figure 8a shows the effect of UAECDM with the ampli-
tudes of 10 and 15 um on the entrance overcut compared to
the ECDM. The entrance overcut is one of the main indicators
of the machining accuracy. The vibration amplitude of 15 pm
increased the machining speed slightly compared to the am-
plitude of 10 um. However, the application of ultrasonic vi-
bration of 15 um increased the entrance overcut compared to
the amplitude of 10 wm because of the deactivation of ultra-
sonic improvement mechanisms. Hence, the results of en-
trance overcut during ECDM and UAECDM with the vibra-
tion amplitude of 15 um were close and larger than UAECDM
with the vibration amplitude of 10 pum. This behavior can be
explained by the variation of current signal and discharge
pattern during ECDM and UAECDM. A more uniform cur-
rent signal produced a more accurate entrance profile. The
lowest overcut was achieved during UAECDM with the am-
plitude of 10 um that was consistent with the results of the
current signal (the most uniform current signal in the same
condition).

4 Conclusions

In this research, a new process of ultrasonic-assisted electro-
chemical discharge machining (UAECDM) was developed by
the employment of a drilling tool shape. The effects of ultra-
sonic vibration on the drilling speed, current signal, and in-
volved mechanisms were studied. Key mechanisms were gas
film thickness, discharge location, and pattern.

Experimental measurements of gas film thickness showed
the ability of the UAECDM process to produce a noticeable
thinner gas film compared to ECDM, which was an interesting
variation to achieve a more efficient process. Ultrasonic am-
plitude of 10 um reduced the thickness of gas film about 65%
and achieved the minimum value of gas film thickness. Larger
vibration amplitude resulted in uncontrollable events, which
finally led to a thick gas film.

The application of ultrasonic vibration, due to a thin-
ner gas film, provided more time for discharge activities
in comparison to ECDM. Material removal often took
place by the thermal mechanism (discharges); hence,
more spare time of discharge activities was a great ad-
vantage that improved MRR.

The application of ultrasonic vibration with different am-
plitudes increased the machining speed in different regimes of
the machining. Between the discharge and hydrodynamic ma-
chining regimes, the ultrasonic vibration significantly affected
the discharge regime and improved machining characteristics.
Considering the noticeable contribution of the discharge re-
gime to the total MRR, this variation had a great effect on the
machining speed.

Variations of the gas film and discharge activities in the
discharge and hydrodynamic regimes were presented by the
current signal diagrams of ECDM and UAECDM. Increasing
the total number of local maximum points in the current signal
showed numerous small discharges during UAECDM. Also,
these diagrams showed that in the hydrodynamic regime, ul-
trasonic vibration caused the discharge generation, and ma-
chining speed did not reduce, significantly.
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