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Abstract

This study presents a novel structure for electrochemical discharge machining (WECDM) of nonconductive quartz wafers with
continuous electrolyte flow. A small and stable insulating gas film was formed in the gap between the wire electrode and
workpiece to achieve improved WECDM in a small area. A pulsed power supply and ultrasonic-assisted processing were
combined to machine the quartz workpiece. This approach can considerably reduce unstable discharge phenomena and discharge
heat generation. Furthermore, it can avoid easy breakage and subsequent loss of the wire electrode. The machining accuracy and
the machining speed can be improved using appropriate WECDM parameters. Experimental results revealed that a minimum slot
width of 0.208 mm was obtained at a voltage of 44 V, duration time of 100 ps, duty factor of 40%, feed rate of 20 pm/s, and
ultrasonic power level of 2. Accordingly, the proposed design can obtain a smaller slot width, which improves processing

accuracy.

Keywords WECDM - Pulsed power assistance - Ultrasonic assistance - Quartz - Continuous electrolyte flow

1 Introduction

The increasing demand for 5G communication and Internet of
Things systems has stimulated research into materials that are
used in such systems. Quartz is a key material for such sys-
tems because of its piezoelectric properties, small temperature
coefficient, excellent chemical stability, and unique optical
properties. To satisfy the specific functions of various compo-
nents, a quartz material is typically cut into small parts or
fabricated into two-dimensional or three-dimensional micro-
structures such as micro-holes and micro-slots. Because of the
rapid miniaturization of quartz wafers, the development of
innovative wafer-cutting techniques is imperative. Quartz
products, such as quartz oscillators, are expected to be proc-
essed with improving quality and reducing production costs
and processing times. For this reason, the scale of micro-
fabrication of thin quartz wafers is expected to increase con-
siderably. However, the use of conventional methods for
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machining quartz materials, especially in micro-fabrication,
is difficult because of the hardness and brittleness of such
materials. Existing wafer-cutting systems were limited by
the cutting edge of cutting tools. For example, if the width
of the cutting edge is wide, the slot width becomes large,
resulting in a substantial loss of wafer material and thus an
increase in production costs for micro-quartz wafers.
Accordingly, nontraditional processing methods that use heat,
light, and electrical and chemical energy to remove materials
were expected to become the most effective techniques for
processing hard and brittle materials.

Nontraditional machining methods for nonconductive ma-
terials include electrochemical discharge machining, abrasive
jet machining, water jet machining, etching machining, ultra-
sonic machining, and laser machining. In laser processing, a
laser power system is applied to produce a high temperature to
melt materials, thus removing them from the surface of the
workpiece. However, the high temperature may cause residual
thermal stress and material deterioration on the surface of the
workpiece, which affects the quality of the processed work-
piece. Furthermore, it has several limitations due to the exis-
tence of a heat-affected zone (HAZ) surrounding the cutting
area [1]. Water-jet processing involves applying high-speed
water jets to the workpiece for material removal. It is not
limited by material conductivity, strength, or hardness.
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However, the cutting slot is not so precise. Abrasive jet pro-
cessing primarily entails the use of high-speed and high—
pressure abrasives for material removal. This method is main-
ly applied for workpiece surface treatment [2]; in addition,
workpiece surface needs a mask if the method is used for
micro-processing or free-standing structures [3]. However,
abrasive jet processing is cumbersome and generates consid-
erable dust, which needs the suction system. Etching machin-
ing can be classified into two categories: dry etching and wet
etching. Wet etching is difficult because obtaining a precise
processing shape through isotropic etching is difficult.
Although nonisotropic etching provides superior precision,
the etching speed is slow. Moreover, etching of micro-
structures with large aspect ratios is particularly difficult.
Ultrasonic processing is not limited by material conductivity,
strength, or hardness. However, its speed is slow when used
for micro-processing; tool deflection not only affects process-
ing accuracy but may also result in the breakage of the tool.
Electrochemical discharge machining (ECDM) is an emerg-
ing nontraditional processing technology that has attracted
considerable attention. In this method, material removal is
achieved through chemical etching executed using spark dis-
charge to heat up the electrolyte. This method is aimed at
processing nonconductive materials. ECDM is a promising
method because of its excellent processing speed and
flexibility.

A number of academics have done ECDM-related re-
search. Jain et al. experimentally observed that the gas film
formed by bubbles could not create an insulation that
completely coats electrodes; they proposed a theoretical mod-
el to explain the experimental data [4]. Bhattacharyya et al.
proposed the best parameters for processing various noncon-
ductive materials; their experimental results revealed that var-
ious electrode geometric features were associated with obvi-
ous differences in material removal rates [5]. Yang et al. used
high-speed photography to study ECDM and demonstrated
that the spark-generation mechanism in ECDM involves four
stages [6]. Because of the absence of discharge sparks on the
top of the electrode, the surfaces of the micro-holes and the
grooves were severely tapered at the entrance. However, this
method engenders severe tool wear. In 2005, Wiithrich et al.
performed ECDM for micro-drilling and micro-channel ma-
chining of glass materials. The experimental results revealed
that the stability of the bubble-film structure was the most
critical factor affecting discharge current efficiency. The dis-
charge energy and electrolyte-cycle characteristics at various
machining depths were summarized [7-9]. Kim et al. explored
the effects of various voltage pulse frequencies and duty ratios
on the material removal rate and tool wear in the ECDM of a
Pyrex glass. According to the experimental results, more ma-
terial was removed when the duty ratio was high; however, a
higher duty ratio increased tool wear [10]. Yang et al. have
studied the influence of various tool-electrode materials and
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shapes on gas film formation and processing characteristics;
their results revealed that wettability is key to gas film forma-
tion and that tungsten carbide exhibited the best processing
stability. A spherical tool electrode can promote the flow of
electrolytes to the electrode end, increasing the processing
speed and stability [11, 12]. Cao et al. proposed a hybrid
micro-grinding technique comprising ECDM and
polycrystalline-diamond tools. It is suggested that this tech-
nique could affect the quality and efficiency of glass-micro-
structure processing; they indicated that for the fabrication of
50-pum-deep micro-grooves, this technique has a total process-
ing time of less than 30% of that of conventional grinding and
can produce superior surfaces [13]. Elhami and Razfar per-
formed ultrasonic-assisted ECDM and achieved a high mate-
rial removal rate (MRR) and low overcut [14]. Singh and
Dvivedi have proposed that using textured tools during
micro-channeling with ECDM can improve the material re-
moval rate and decrease surface roughness. Textured surface
provides micro-gaps resulting in thin and stable gas films [15].
Singh and Dvivedi proposed that using titrated flow of elec-
trolyte in ECDM process drilled micro through holes could
form a thin and stable gas film, which could improve machin-
ing accuracy [16].

On the basis of results obtained from studies on ECDM,
several scholars have proposed substituting the tool electrode
with a wire, thus engendering wire ECDM (WECDM). Some
scholars used immersion processing which sinks the wire elec-
trode into electrolyte during cutting. Peng and Liao have ap-
plied traveling wire electrochemical spark machining (TW-
ECSM) to process engineering ceramics, quartz, and optical
glass. It is observed that the slot width increased with the
voltage. Different energy density levels are required for cut-
ting different materials [17]. Yang et al. have proposed that
adding silicon carbide powder to the electrolyte can increase
the critical voltage. The powder interferes with the formation
of the insulating gas film, thus reducing the discharge energy
and resulting in a superior slot width and surface quality [18,
19]. Liu et al. used WECDM to process a 6061 aluminum
alloy; the experimental results indicated that the magnitude
of the applied current is a crucial parameter for increasing
the MRR [20]. Manna and Kundal performed TW-ECSM
using steel wires to cut alumina ceramics, and they analyzed
the MRR and processing slot width [21]. Singh et al. have
studied wire breakage in WECDM and the influence of pa-
rameters on the MRR, surface roughness, and slot width. They
conducted gray correlation analysis and discovered that the
MRR increased with the increasing of the voltage and electro-
lyte concentration, and the probability of wire breakage also
increased [22, 23]. Some scholars used workpiece to press the
wire electrode into the electrolyte. This can avoid larger reac-
tion area but cause in friction between the wire electrode and
workpiece. However, it will let the slot curved. Mitra et al.
employed TW-ECDM to cut composites’ reinforced material.
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They observed that the MRR increased at high voltages.
Furthermore, they used artificial neural networks for quality
prediction, and the prediction results agreed with the experi-
mental results [24]. Rattan et al. have analyzed the influence
of a magnetic field on TW-ECSM and found that adding a
magnetic field could increase the smoothness of electrolyte
flow. Setting an appropriate magnetic field could increase
the MRR from 9 to 200% [25, 26]. Wang et al. used electro-
chemical discharge assisted diamond wire saw. The experi-
mental result shows that MRR can be improved by electro-
chemical discharge assisted [27]. Wang et al. proposed an oil
film-assisted WECDM. Because the oil film on the tool wire is
online covered, the electrolysis occurs only where the oil film
is absent [28].

In WECDM, immersion processing involves sinking a wire
electrode into the electrolyte during cutting [17-23]. This pro-
cessing method requires a large quantity of electrolytes, and
the wire electrode reaction area is larger and breaks easily.
Another method is to press the wire electrode into the electro-
lyte with a workpiece, which reduces the reaction area but
increases friction between the wire electrode and the work-
piece [24-27]. This method was simulate by COMSOL to
develop the electric field distribution in Fig. 1. The wire elec-
trode also breaks easily in the gap between the wire electrode
and workpiece due to friction and discharge spark. Kumar
et al. performed TW-ECDM to process quartz and used a
zinc-coated brass wire as the wire electrode. The experimental
results revealed that the zinc-coated brass wire could increase
the MRR and reduce the probability of wire breakage; how-
ever, wires still break occasionally [29].

In this study, a dented copper structure was established on a
304 stainless steel auxiliary electrode and under a quartz test
piece and wire electrode. Insulating tape was placed between

Fig. 1 Simulation of electric field
distribution with contacting

Wire electrode

the dented copper structure and the auxiliary electrode. A
potassium hydroxide (KOH) electrolyte was supplied by an
electrolyte supply tube. The electric field was simulated by
COMSOL in Fig. 2. As compared to Fig. 1, the electric field
distribution is the same; however, the reaction area is much
smaller. The workpiece will have no contact with the wire
electrode. This design can promote the formation of a small
area and stable insulating gas film structure between the wire
electrode and the quartz workpiece to create a small area con-
ducive for WECDM. A pulsed DC power supply and ultra-
sonic vibrator were applied to machine a 70-pum-thick quartz
wafer. This design could markedly reduce unstable discharge
phenomena and discharge heat generation. There was also no
friction between the wire electrode and the workpiece. Based
on the above innovative design, it can avoid easy breakage of
the wire electrode and loss of a considerable quantity of
electrodes. The use of appropriate WECDM parameters
can also improve machining accuracy and speed.
Figure 3 shows the comparison of the conventional
WECDM and WECDM with continuous flow. In conven-
tional WCEDM, the bubble will accumulate at the wire
electrode and the electrolyte surface [25]. The discharge
spark will appear on the wire electrode that has been im-
mersed in the electrolyte. The reaction area will be very
large. The wire electrode suffers a large amount of dis-
charge spark energy. It will cause the breakage of the wire
electrode. However, excess bubbles were flushed away in
the continuous flow WECDM by the electrolyte. This
phenomenon facilitated to form a thin and stable gas film.
Furthermore, the discharge spark will just focus on the
button of the workpiece. The wire electrode did not suffer
a large amount of discharge spark energy. Easy breakage
and loss of the wire electrode could be avoided.

Workpiece

/ Voltage

WECDM

T——— o

Auxiliary electrode

Smm
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Fig. 2 Simulation of electric field
distribution in this study
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2 Experimental design
2.1 Experimental setup

The experimental setup is displayed in Fig. 4, and the sche-
matic of the ultrasonic-assisted WECDM with dented copper
structure is illustrated in Fig. 5. The ultrasonic vibrator was
mounted on a Z-axis sliding platform with a stepping
motor. A 70-um-thick quartz workpiece was held on the

X Auxiliary electrode

(3]

o (V)

Smm

copper rod, which is clamped on the ultrasonic vibrator
(ACROW SL32-OLNRO06-150). The dented copper struc-
ture was established on the 304 stainless steel auxiliary
electrode and under the quartz test piece and wire elec-
trode to let the electrolyte flow smoothly. Insulating tape
was placed between the dented copper structure and the
auxiliary electrode. Furthermore, a zinc-coated brass wire
was established on a self-designed wire tension apparatus.
The surface of the wire electrode was coated with zinc for

Conventional WECDM [22]

WECDM with continuous electrolyte
flow

Workpiece Workpiece feed direction

Discharge spark
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Fig. 3 Comparison of conventional WECDM and WECDM with continuous electrolyte flow
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Fig. 4 Schematic of experimental
setup Controller

protection [29]. The electrolyte supply tube was used to
supply KOH liquid. The pulsed power supply was con-
nected to the zinc-coated brass wire (negative electrode)
and the stainless steel auxiliary electrode (positive
electrode).

In ECDM, the bubbles wrap around the wire electrode,
which is produced by the electrolysis. The bubbles will form

Ultrasonic controller Ultrasonic vibrator

Quartz

Stepper motor

$6mm copper

Wire traveling direction

| Ultrasonic controller

Ultrasonic vibg Electrolyte

inc coated brass
wire(cathode)

Electrolyte riircle tank

a gas film when the bubbles were more enough. The sparks
will start to heat up the electrolyte when the gas film formed.
The high-temperature electrolyte will accelerate the etching
rate of the workpiece. According to the design of the experi-
ment, a stable insulating gas film structure was formed be-
tween the wire electrode and the workpiece as presented in
Fig. 5.

*  Signal generator

!

Insulating tape

Stainless steel(auxiliary electrode)

Fig. 5 Schematic of the ultrasonic-assisted WECDM

G
&—— 1 D MOSFET

S

Oscilloscope

+
_ DC power supply
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2.2 Material

Figure 6 shows the 2-in single-crystal quartz wafer with a
thickness of 70 um used in the experiment. The wafer was
cut into test pieces measuring 8 mm in length and 6 mm in
width.

Deionized water was mixed with KOH to obtain a 5 M
electrolyte. Deionized water was used instead of tap water
because tap water contains other ions that could interfere with
the experiment. The auxiliary electrode was a 304-stainless
steel plate with a length, width, and thickness of 60, 30, and
0.3 mm, respectively. This electrode was placed under the
wire electrode (Fig. 4). A 200-um zinc-coated brass wire
was used for cutting.

2.3 Experimental method

A novel structure was created for micro-area WECDM. A
pulsed DC power supply and ultrasonic-assisted vibration
were applied to the structure. The experimental parameters
were as follows: open voltage, processing time, duty fac-
tor, feed rate, and ultrasonic power. After the experiment,
the slot widths of the quartz test pieces were measured
using an optical measuring instrument. Scanning electron
microscopy (SEM) was performed to observe the surface
topography of the test pieces. An oscilloscope was used to
measure the current value during processing. Table 1 pre-
sents parameters that were kept constant in the experi-
ment, and Table 2 presents the variable experimental pa-
rameters. The current signal was measured by oscillo-
scope. The slot width was measured by optical micro-
scope after experiment. SEM was used for observing the
surface of the workpiece.

Fig. 6 Photograph of a single-crystal quartz wafer

@ Springer

Table 1 Constant experimental parameters

Parameter Description
Total stroke (pum) 2000
Electrolyte KOH (5 M)
Zinc-coated brass wire diameter (pm) 200

Initial gap (um) 20
Ultrasonic vibration frequency (kHz) 24
Electrolyte flow rate (ml/min) 66

3 Results and discussion
3.1 Effect of open voltage on WECDM

3.1.1 Effect of open voltage on slot width for WECDM with DC
power supply

The blue line in Fig. 7 illustrates the relationship between
open voltage and slot width for WECDM executed with a
DC power supply. The slot width increased with the open
voltage increasing. A stable and thick insulating gas film
formed at higher open voltages because bubbles could be
easily generated at such voltages, increasing the discharge
energy.

The maximum open voltage was 44 V. Any further in-
crease in the open voltage could lead to wire breakage due
to the excessive density of energy and lack of rest time.

3.1.2 Effect of open voltage on slot width for WECDM
with pulsed power supply

The black line in Fig. 7 displays the relationship between the
open voltage and slot width for WECDM executed using a
pulsed power supply. When the open voltage was 38 V, the
slot width was 0.217 mm. Moreover, when the open voltage
was increased to 50 V, the slot width increased to 0.330 mm.
The slot width associated with the 50 V voltage was 56.5%
greater than that associated with the 38 V voltage. Further
increasing the open voltage engendered the greater discharge

Table 2  Variable experimental parameters

Variable parameter Setting value

Open voltage (V) 38,41, 44, 47, 50
Duration time (is) 10, 10% 103, 10%, 10°
Duty factor (%) 30, 40, 50, 60, 70
Feed rate (um/s) 5, 10, 15, 20, 25
Ultrasonic power (level) 2,4,6,8,10
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Fig. 7 Schematic of relationship

between open voltage and slot
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energy. This phenomenon can result in low processing quality
and large overcut.

3.1.3 Effect of open voltage on slot width for WECDM
with pulsed power combined with ultrasonic assistance

An experiment was performed using pulsed power and ultra-
sonic vibration executed at a power level of 6. According to
the red line in Fig. 7, the slot width compared with previous
experiment decreases considerably as the open voltage in-
creased from 38 to 47 V. The slot width did not decrease
considerably at 50 V because of the thick gas film. The

Fig. 8 SEM images of structures
processed with or without
ultrasonic assistance (open
voltage, 44 V; duration time, 10
us; duty factor, 50%; feed rate, 5
pumy/s): a structure without
ultrasonic assistance and b
structure with ultrasonic
assistance

SEI

Open Voltage (V)

electrolysis energy generated at 50 V was so large that the
thickness of the gas film was not considerably affected by
ultrasonic vibration.

Figure 8 depicts an SEM image of structures processed
with (Fig. 8a) or without (Fig. 8b) ultrasonic assistance. The
sidewall without ultrasonic assistance was rugged and exhib-
ited no obvious flat surface. The sidewall of the surface with
ultrasonic assistance was relatively flat.

In this study, an oscilloscope was used to measure the
current wave during the processing. The ultrasonic-assisted
vibration drove some of the bubbles away from the bubble
film, as can be seen in Fig. 9. This phenomenon could let

100KV X50  100pm WD 12.4mn 100KV X300  10pm WD 12.7mm

100ym WD 12.3mm

10.0kv x50
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Fig. 9 Current wave diagram
under 44 V in WECDM. a With
ultrasonic assistance. b Without
ultrasonic assistance

electrolyte contact the electrode. The electrode should form a
gas film again. There have much more electrolysis current
signal with ultrasonic assist compared to without ultrasonic
assist. Therefore, the discharge was reduced. Figure 10 shows
the photos of continuous electrolyte flow WECDM.
Figure 10a shows the setup of the workpiece and the wire
electrode. The wire electrode was placed under the workpiece.
Figure 10b shows the WECDM without ultrasonic vibration
assistance. The gas film will form around the wire electrode.
The spark appears in the gas film. Figure 10c shows the
WECDM with ultrasonic vibration assistance. The bubbles
had been separated by ultrasonic vibration. The gas film was
looser than without ultrasonic vibration. The gas film with
ultrasonic vibration assistance will be thinner than the gas film
without ultrasonic vibration assistance.

Fig. 10 Photos of continuous
electrolyte flow WECDM. a The
setup of the workpiece and the
wire electrode. b WECDM
without ultrasonic assistance. ¢
WECDM with ultrasonic
assistance

X: 10us/div
Y: 200mA/div

The schematic diagram of WECDM with ultrasonic vibra-
tion is shown in Fig. 11. The ultrasonic vibration will disturb
the gas film and cause the gas film to be thinner. Therefore, the
machined slot under ultrasonic vibration-assisted WECDM
will be smaller. The simulation of WECDM is shown in
Fig. 12. Figure 12a shows the WECDM without ultrason-
ic vibration assistance. The gas film is wrapped around
the wire electrode. Figure 12b shows the WECDM with
ultrasonic vibration assistance. The ultrasonic vibration
disturbed the gas film, which causes the electric field dis-
tortion. The discharge prefers to hit the thinner gas film.
The discharging gap without ultrasonic vibration assis-
tance is thicker than the discharging gap with ultrasonic
vibration assistance. Therefore, the discharge energy of
WECDM with ultrasonic vibration assistance will be

@ Springer
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Fig. 11 Schematic diagram of
WECDM with ultrasonic
vibration assistance

Quartz

Loy

Discharge area

Separated bubbles é B

M Ultrasonic Vibration

Disturbed gas film

KOH Electrolyte

smaller than the discharge energy without ultrasonic vi-
bration assistance.

Figure 13 displays the current wave at various open volt-
ages in the process executed with ultrasonic assistance.
Wiithrich reported that the electrolysis current is typically
more than 400 mA, which signifies that the gas film is not
sufficiently stable to envelop the electrode [7]. The electrode
often encounters the electrolyte, which results in a short circuit
and thus generates a relatively high current. This study re-
vealed that many electrolysis currents existed at the open volt-
ages of 38 and 41 V (Fig. 13). By contrast, when the open
voltage was 44 V, almost no electrolysis phenomenon was
observed. Thus, according to the current wave diagram, the
current was stable at 44 V. Accordingly, 44 V was used as the
open voltage for subsequent experiments.

3.2 Effect of duration time on WECDM

3.2.1 Effect of duration time on slot width in WECDM
without ultrasonic assistance

Figure 14 shows the relationship between duration time and
slot width. The slot width increased with the duration time
increasing (Fig. 14, black line). Discharge-induced heat accu-
mulation also increased, leading to over corrosion and severe
slot overcut. When the duration time was 100 s, a minimum
slot width of 0.249 mm was obtained. When the duration time
was 100,000 ps, a maximum slot width of 0.321 mm was
obtained, which was 36% larger than that obtained when the
duration time was 100 ps. When the duration time was 10 us,
the slot width was 0.260 mm, which was 5.5% more than that

Z
Y ‘ 0.Imm

Voltage

0.1mm
‘ o(v)

Fig. 12 The simulation of continuous electrolyte flow WECDM. a WECDM without ultrasonic vibration assistance. b WECDM with ultrasonic
vibration assistance
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Fig. 13 Current wave diagram
under various open voltages in |

WECDM with ultrasonic
assistance: a38 V,b41V,c44V (a) il Ly

I‘J MM, sl

|_'} m | [ L

observed at 100 us. The 10-us time was so short that the
insulating gas film continuously and steadily covered the elec-
trode. It could be explained by the current signal (Fig. 15). In
Fig. 15a, there is almost no electrolysis signal. However, there
are some of the electrolysis signals in Fig. 15b. This thus
obviated the necessity of reforming the gas film to induce
discharge; consequently, the slot width was increased.

3.2.2 Effect of duration time on slot width in WECDM
with ultrasonic assistance

The red line in Fig. 14 presents the effect of duration time on
slot width in WECDM executed with ultrasonic assistance. At
each duration time, the slot width observed under ultrasonic
assistance was considerably smaller than that observed in

Open voltage:44V
Electrolyte concentration:5M
Duty factor:50%
Feed rate:5um/s
Ultrasonic power:6
Wire diameter:0.2mm

X: Ims/div
Y: 500mA/div

machining without ultrasonic assistance because the ultrason-
ic vibration moved some of the bubbles away from the gas
film. This phenomenon reduced the thickness of the gas film,
resulting in a decrease in the slot width.

Figure 16 depicts SEM images for structures produced at
various duration times with ultrasonic assistance. The side
walls of the slot produced with a duration time of 100 us are
vertical and relatively flat (Fig. 16a). A fish-bone etching
mark was observed on the surface of the sidewalls, which
was caused by the flow of the electrolytes from left to right.
The sidewall is overcut severely when the duration time is
100,000 us (Fig. 16b). The surface of the sidewall was also
jagged.

When the duration time was 100 us, the minimum slot
width was 0.222 mm. When the duration time was 100,000

—a— Without Ultrasonic Assistance
—— With Ultrasonic Assistance

Fig. 14 Schematic of the 0.35 -
relationship between the duration
time and slot width
— 0.30 4
IS
E
£
o
3
ko)
@ 0.25
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Fig. 15 Current wave diagram
under different duration times in

WECDM: a 10 us, b 100 ps

us, the maximum slot width was 0.295 mm, which was 36.5%
larger than that observed at 100 ps. When the duration time
was 10 s, the slot width was 0.236 mm, which was 7% larger
than that observed at 100 ps. The smallest slot width was
obtained at 100 ps. Therefore, 100 s was used as the duration
time for subsequent experiments.

3.3 Effect of duty factor on WECDM

3.3.1 Effect of duty factor on slot width in WECDM
without ultrasonic assistance

Figure 17 displays the relationship between duty factor and
slot width. The slot width increased with the duty factor in-
creasing (Fig. 17, black line). A high amount of energy was

Fig. 16 SEM images of structures
processed at various duration
times with ultrasonic assistance
(open voltage, 44 V; duty factor,
50%; feed rate, 5 wm/s; ultrasonic
power level, 6): a duration time of
100 ps and b duration time of
100,000 ps

X: 200us/div
Y: 500mA/div

accumulated due to the relatively high duty factor. This result-
ed in the etching of the workpiece surface by hot electrolytes,
thus producing a relatively large slot width [10]. When the
duty factor was 30%, the smallest slot width was 0.244 mm.
When the duty factor was 70%, the largest slot width was
0.261 mm, which was 10% larger than that observed at the
duty factor of 30%.

3.3.2 Effect of duty factor on slot width in WECDM
with ultrasonic assistance

The red line in Fig. 17 illustrates the effect of duty factor on
slot width in WECDM with ultrasonic assistance. At each
duty factor, the slot width observed under ultrasonic assis-
tance was smaller than that observed in machining without

100KV X50 100m WD 12.4mm 10.0kV X300 10um WD 12.4mm

|
i

100KV X50  100pm WD 13.1mm Sl 100KV X300  10pm WD 13.1mm
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Fig. 17 Schematic of the 0.28 4
relationship between duty factor
and slot width
0.26
3
E
s
S 0.24
=
5
(2]
0.22

Open voltage:44V
Electrolyte concentration:5M
Feed rate:5um/s

Duration time:100us

Wire diameter:0.2mm
Ultrasonic power:6

—a— Without Ultrasonic Assistance
—— With Ultrasonic Assistance

30

ultrasonic assistance. Furthermore, wire-electrode breakage
was not observed in this series of experiments. When the duty
factor was 30%, the smallest slot width was 0.211 mm, which
was 16.5% lower than that observed in machining without
ultrasonic assistance. When the duty factor was 70%, the
largest slot width was 0.224 mm, which was 6.5% higher
than that observed at the 30% duty factor; it was also
18.5% lower than that observed in machining without
ultrasonic assistance.

However, at a duty factor of 30%, the electrochemical dis-
charge time was short and the accumulated processing energy
was low. Therefore, the etching rate could not keep up with
the feed rate. The wire electrode thus rubbed against the

Fig. 18 SEM images of structures
processed at various duty factors
with ultrasonic assistance (open
voltage, 44 V; duration time, 100
us; feed rate, 5 um/s; and
ultrasonic power level, 6): a duty
factor of40% and b duty factor of
70%

SEI

SEI
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workpiece. The low etching rate caused the wire electrode to
exert excessive pressure on the workpiece, resulting in work-
piece breakage. At a duty factor of 70%, the electrochemical
discharge was high. Consequently, the accumulated process-
ing energy was high, which increased the etching rate.
Therefore, the slot width was relatively large.

Figure 18 depicts SEM images of structures processed at
various duty factors with ultrasonic assistance. At the duty
factor of 40%, the sidewalls of the slot were relatively flat
and straighter than the sidewalls observed at a duty factor of
70%. Preferable processing could be achieved at the 40% duty
factor. Therefore, 40% was used as the duty factor for subse-
quent experiments.

100KV X50  100pm WD 12.8mm SEI 100KV X300  10um WD 128mm

100KV X50

100ym WD 12.9mm SEI

100KV X300  10um WD 12.8mm
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3.4 Effect of feed rate on WECDM

3.4.1 Effect of feed rate on slot width in WECDM
without ultrasonic assistance

Figure 19 displays the relationship between feed rate and slot
width. The time for which the wire electrode remained in the
same area decreased as the feed rate increased. If this time
were shorter, the etching action on the slot would be lower.
In WECDM without ultrasonic assistance, the largest slot
width was 0.248 mm at a feed rate of 5 um/s. The smallest
slot width was 0.211 mm at a feed rate of 25 wm/s, which was
18.5% lower than that observed at 5 wm/s.

3.4.2 Effect of feed rate on slot width in WECDM
with ultrasonic assistance

When ultrasonic vibration was included in the experiment, the
feed rate could only be up to 20 wm/s. A feed rate higher than
20 um/s may cause the workpiece to rupture because the etch-
ing speed cannot keep up with the feed rate, causing the wire
electrode to rub against the workpiece. The wire electrode
exerted excessive pressure on the workpiece, which resulted
in the rupture of the workpiece. In the experiment with ultra-
sonic assistance, the largest slot width was 0.213 mm at a feed
rate of 5 um/s. The smallest slot width was 0.209 mm at a feed
rate of 20 um/s. The slot width obtained at 20 pum/s was
reduced by 2% when compared with that obtained at 5 pm/s.

Figure 20 presents SEM of structures processed at various
feed rates with ultrasonic assistance. As indicated in this fig-
ure, the etching mark on the surface of the slot sidewall de-
creased as the feed rate increased. When the time for which the
wire electrode remained intact was shorter, the etching action

on the slot was lower. Reduced etching time decreases the
etching marks on the surface of the slot sidewall.

The smallest slot width was obtained at a feed rate of 20
pum/s. Therefore, 20 um/s was used as the feed rate to perform
subsequent experiments.

3.5 Effect of ultrasonic power on WECDM

Figure 21 displays the relationship between ultrasonic power
and slot width. The wire electrode was not broken in this series
of experiments. When the experiment was performed without
ultrasonic vibration, the slot width was 0.212 mm, which was
higher than that observed in the experiments performed with
ultrasonic vibration. Furthermore, the slot width observed in
the experiments with ultrasonic assistance increased slightly
with the ultrasonic power increasing. The primary reason for
this increase is that the gas film on top of the wire electrode
was more likely to be disturbed by the vibration of the work-
piece when the ultrasonic vibration amplitude was large.
Hence, the gas film tended to be formed horizontally, and
the slot width became larger. Elhami and Razfar reported that
when ultrasonic vibration was applied to the electrode, the
thickness of the gas film decreased. However, when the am-
plitude was excessively large, the horizontal gas film thick-
ness increased [14]. The slot width was 0.211 mm when the
ultrasonic power level was 10. A minimum slot width of
0.208 mm was obtained when the ultrasonic power level
was 2. This slot width was 1.5% smaller than that obtained
at the ultrasonic power level of 10 and was 2% smaller
than that obtained in the experiments without ultrasonic
assistance.

Figure 22 depicts SEM images of surface structures proc-
essed at various ultrasonic power levels. Figure 22 a displays
the SEM image for the fish-bone etching mark processed at a

Fig. 19 Schematic of the —m— Without Ultrasonic Assistance
relationship between feed rate and 0.25 e With Ultrasonic Assistance
slot width
Open voltage:44V
0.24 4 Electrolyte concentration:5M
. Duty factor:40%
E Duration time:100us
£ 023+ Wire diameter:0.2mm
% Ultrasonic power:6
2
5 0224
%)
*— —
0.21 - - . o
0.20 y . y . .
0 10 20 30

Feed rate (um/s)

@ Springer



1074

Int J Adv Manuf Technol (2022) 118:1061-1076

Fig.20 SEM images of structures
processed at various feed rates
with ultrasonic assistance (open
voltage, 44 V; processing time,
100 ps; duty factor, 40%; and
ultrasonic power level, 6): a feed
rate of 5 pm/s and b feed rate of
20 um/s

power level of 2, and Fig. 22 b displays the SEM image of the
fish-bone etching mark processed at a power level 10. Fish-
bone etching marks were fewer on the surface of the sidewall
processed at the ultrasonic power level of 2 compared with
that processed at the ultrasonic power level of 10.

4 Conclusion
This study used ultrasonic-assisted WECDM with continuous

electrolyte flow to machine nonconductive quartz wafer. Easy
breakage and loss of the wire electrode could be avoided by

0.220 4 Open voltage:44V
Electrolyte concentration:5M
Duty factor:40%
Duration time:100us
Wire diameter:0.2mm
= 0.215 Feed rate:20um/s
E
<
k)
2
3 —
? 0.210 1 /
/+\I
0.205 T T T T T T T T T T T

Ultrasonic power (Level)

Fig. 21 Schematic of the relationship between ultrasonic power and slot
width

@ Springer
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this method. The machining accuracy and speed can be im-
proved using appropriate WECDM parameters. Relevant re-
sults obtained in this study were summarized as follows:

1. Ultrasonic vibration considerably affected the gas film.
The slot width decreased considerably as the open voltage
increased from 38 to 47 V under ultrasonic vibration.
Furthermore, the current was relatively stable at an open
voltage of 44 V.

2. At all duration times, the slot width in WECDM with
ultrasonic assistance was considerably smaller than that
in WECDM without ultrasonic assistance. When the pro-
cessing time was 100 ps, the smallest slot width was
0.222 mm. The surface of the slot sidewalls was vertical
and relatively flat.

3. At each duty factor, the slot width obtained in WECDM
with ultrasonic assistance was smaller than that obtained
in WECDM without ultrasonic assistance. A smaller slot
width and stable processing could be achieved at an im-
pact factor of 40%.

4. The slot width decreased as the feed rate increased. The
feed rate could only be up to 20 wm/s under ultrasonic
assistance.

5. When the experiment was performed without ultrasonic
vibration, the slot width was 0.212 mm, which was larger
than all other slot widths obtained from the experiments
with ultrasonic vibration. Furthermore, the slot width
obtained from the experiments with ultrasonic assis-
tance slightly increased with the ultrasonic power
increasing.
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Fig.22 SEM images of structures
processed at various ultrasonic
power levels (open voltage, 44 V;
duration time, 100 us; duty factor,
40%; and feed rate, 20 pum/s): a
level 2 and b level 10

SEI

M s - m—

SEI

6. The smallest slot width was 0.208 mm when the open
voltage was 44 V, duration time was 100 us, duty factor
was 40%, feed rate was 20 um/s, and ultrasonic power
level was 2.
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