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Abstract

The machining of quartz due to hard, non-conducting and brittle behavior with desired accuracy and precision is always a
challenge. Quartz is widely used in MEMS/MOEMS applications. However, wire electrochemical discharge machining
(WECDM) has great potential to machine hard and brittle materials like quartz, glass FRP, etc. The WECDM process is a hybrid
non-conventional manufacturing process which combines characteristics of electrochemical machining (ECM) and wire-
electrical discharge machining (W-EDM). The present study discusses the investigation of the effect of the governing process
parameters such as voltage, electrolyte concentration, and wire speed (feed) on material removal rate (MRR) and surface
roughness (Ra) during the micro-machining of quartz using self-developed tabletop desktop WECDM setup. The hybrid meth-
odology of Taguchi orthogonal arrays and Analysis of variance (ANOVA) is used to find the optimum parameters and their
significant contribution to response parameters respectively. Experimental results reveal that a better surface finish and high
material removal rate was obtained by zinc layered brass wire (150 pm diameter). The machining of quartz under the zinc layered
brass wire can indeed enhance the surface quality characteristics and material removal rate. Also, the mathematical models were
established in order to derive the relationship between input and response parameters which was successfully validated by the
confirmation experiment. Furthermore, the machining quality observed by a Scanning electron microscope (SEM), reveals the
presence shallow cracks at higher-end input parameters.
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1 Introduction

Glass and its variants (soda-lime, borosilicate, pyrex glass,
etc.) are used in the daily use applications such as mirrors,
bottles, vehicle/window glasses to advance scientific applica-
tions such as telescope lenses, fibre optics, radiation protec-
tors, etc. Glass material is widely used in the Micro-Electro-
Mechanical System (MEMS)/Micro-Optical-Electro-
Mechanical System (MOEMS) which are used as sensors in
electronics, aerospace, life science, optics, imaging, lighting,
and home appliance. Quartz glass is a pure form of silica
having SiO, content more than 99.9%. Due to this, it pos-
sesses better working properties such as high hardness, corro-
sion resistance, stability under atomic bombardment and bet-
ter optical transmission over other glass materials. It can work
at higher temperature, therefor can be used in the optical fiber,
EPROM (erasable programmable read-only memory),
benthoscope, special lenses such as in telescope, Nikon and
various optical measuring devices. Due to these qualities ma-
chining characteristics and performance of quartz glass is
needed to study [1].

Quartz has high hardness, this makes quartz glass difficult
to machine by conventional machining process as it leads to
higher cutting forces that result in brittle fracture. However,
the quartz glass can be machined by a single-point cutting tool
in ductile regime with good surface roughness and crack-free
surface [2] but the high cost of diamond tool and wear limits
the use of the process. The non-conventional machining pro-
cess such as ultrasonic machining can machine the quartz
glass but the tool wear and effectiveness of abrasive powder
deteriorates after a certain duration of machining time [3]. The
kerf width (taper) [4], complexity and environment issues are
the main barriers of abrasive water jet machining (AWJM)
process. The laser machining of quartz glass is possible [5]
but energy consumption and cost are very high. Being a non-
conducting material, other advance machining processes such
as wire or electric discharge machining (W-EDM or EDM)
and electric chemical machining (ECM) cannot machine
quartz material directly.

Wire electrochemical discharge machining (WECDM)
process, a variant of electrochemical discharge machining
(ECDM) which is a further hybrid process of ECM and
WEDM, can cut non-conducting materials. WECDM has
established itself as a cost-effective alternative solution to ear-
lier existing processes such as USM, AWJM and laser ma-
chining. The process was developed in 1985, so the process
is still limited to research and has not commercialized due to
few limitations. Consistent research has been going on to de-
velop the process. Therefore, this study is an attempt to ex-
plore the possibilities and difficulties arisen during the micro-
slicing of quartz glass using developed WECDM setup. Some
past research data has been found which is discussed as
follows.

@ Springer

Jain et al. [6] machined the composites (kevlar epoxy
and glass epoxy) using traveling wire electrochemical dis-
charge machining TW-ECDM process. Material removal
rate (MRR) was increased by supplying the bubble exter-
nally around the cathode. To improve the performance of
the process, Oza et al. [7] investigated the characteristics
like Material removal rate and kerf width for traveling wire
electrochemical discharge machining process using zinc-
coated brass wire of 0.15 mm diameter and concluded that
voltage and electrolyte concentration are main significant
parameters of the process. Yang et al. [8] used the pulsed
DC voltage and weight loading mechanism for feeding of
the workpiece with the SiC abrasive in the electrolyte and
found that the surface roughness improves with the addition
of abrasives. Kuo et al. [9] suggested that the surface rough-
ness (SR) and average slit deviation can be improved by
adding SiC abrasives to the electrolyte. However, SiC abra-
sive disturbs the gas film formation. Bhuyan and Yadava
[10] studied the WECDM process by conducting the exper-
iments using Taguchi method gray relation analysis
(TMGRA) for optimization, The improvement in the re-
sponse parameters surface roughness and material removal
rate was found to be 10% and 117% respectively. Rattan
and Mulik [11] conducted the experiments by applying the
magnetic field in WECDM using the permanent magnet.
After using the regression model, the optimal value obtain-
ed for material removal rate and surface roughness was
0.50 mg/min and 9.60 pwm respectively. Rattan and Mulik
[12] improved the electrolyte circulation by enriching the
magnetohydrodynamic (MHD) convection. The material
removal rate increases from 9.09% to 200% under different
experimental conditions. Bhuyan and Yadava [13] per-
formed the experimentation using the borosilicate glass
for material removal rate and kerf width. Microscopic im-
ages were taken, suggest that at high voltage and low wire
tension. There is problem of unusual irregular shape of the
heat-affected zone (HAZ) at the bottom side kerf width
along with tiny crater sand shallow cracks due to high elec-
trolyte concentration. Bhuyan and Yadava [14] developed
the mathematical model for WECDM process during the
experimentation of pyrex glass and claimed that there is
an improvement in material removal rate, surface rough-
ness and kerf width is obtained by 154%, 21%, and 11%
respectively. Peng et al. [15] performed different experi-
ments to find suitable parameters for machining of optical
glass and quartz bars. It was reported that pulsed DC power
supply has better spark stability than regular DC power
supply. Mitra et al. [16] predicted the response parameters
using an artificial neural network (feed forward back prop-
agation) for machining the hylam composite. The error pre-
diction for material removal rate was high compared to
radial overcut (ROC). Table 1 shows the summary of liter-
ature survey in WECDM process.
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1.1 Principle & Mechanism of Material Removal Rate

In the WECDM process, the material is removed by the ther-
mal spark as well as the chemical action of electrolyte. The
spark is generated between tool wire (cathode) and electrolyte.
When there is sufficient potential difference between cathode
and anode (auxiliary electrode), this thermal spark generates a
high temperature. As the workpiece (quartz) is kept in the
vicinity of thermal spark, melting and vaporization of work-
piece take place.

Basak and Ghosh [21] proposed the theoretical model to
explain the discharge by modeling the process as switching
phenomena in an electrical circuit. As the DC voltage in-
creases beyond the critical voltage, under the action of elec-
trochemical reaction, the hydrogen gas evolves at cathode and
oxygen at anode, which leads to bubble formation. The bub-
bles grow in size with time and coalescence to bigger ones,
which shield the cathode in the electrolyte. Due to the con-
striction effect, the resistance across the tool and electrode
interface increases. The induced emf (E) is given by Eq. 1.

dl
E=-1L— 1
= (1)

Where I is the instantaneous current, L is the inductance of
the circuit.

This leads to breaking the current supply for a short time
that is analogues to switching off mechanism. Later, Basak
and Ghosh [22] mathematically derived the equation for the
material removal rate. The theoretical results were closely
matched with experimental results. McGeough et al. [23] stud-
ied the single pulse discharge with the help of high-speed
imaging and oscilloscope and reported the four different
stages namely high-frequency oscillation, high rate ECM,
low rate ECM and EDM action in which discharge proceeds.
Jain et al. [24] proposed valve theory to explain the discharge
mechanism by neglecting the inductive effect. When the gas
pressure is different at inside as well as outside the tube, then
breakdown results in electric discharge under high potential
gradient.

2 Experimental Methodology
2.1 Experimental Setup

WECDM setup is fabricated in-house to study the process
experimentally and to evaluate the effect of governing param-
eters on machining performance. Figure 1 shows the schemat-
ic diagram of the setup consisting of machine structure (body),
power supply, motion controller system and other components
such as tool wire, electrolyte, auxiliary electrode.
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Fig. 1 Experimental setup for WECDM setup [1]

The outer structure was made up of a nylon sheet of 20 mm
thickness which consists of four pulleys to provide proper
tension to tool wire. A small hollow cylindrical rod was at-
tached to it at the right mid-end of the setup to provide the
conductivity to wire. The workpiece fixture of the same ma-
terial was fabricated, the motion of which was regulated by a
lead screw mechanism. The machining electrolyte tank of
18 x 100 x 50 mm dimensions were made up of insulating
and non-corrosive acrylic sheet. One sidewall of the tank
was calibrated to check the electrolyte level, further, at the
bottom side, a small tap was also enclosed for cleaning and
discharging purposes.

The motion system of the setup consists of the stepper
motor which is used to feed the wire spool, which was further
controlled by micro-stepping drivers through the electronic
circuit board. The CNC MACHS3 software package was used
to precisely control the motions. The switch-mode power sys-
tem (SMPS) was used which provides the power requirements
of the stepper motors.

To convert the 230 V AC normal household power supply
to usable DC power, a separate DC power system consisting
of a step-down transformer, rectifier, and other subcompo-
nents was used having a voltage output of 0—120 Vand current
0-10 A range. The DC power system was used to avoid the
cycling effect of AC across both the electrodes. The output
terminals i.e. positive and negative points of DC power system
were connected to the auxiliary electrode (anode) and the tool

wire (cathode) respectively for straight polarity. A small rating
UPS was also employed for the backup of 25 minutes dura-
tion. The rectangular quartz material and zinc layered brass
wire were used as workpiece and tool wire respectively. The
detailed specifications of the workpiece (quartz) and tool wire
are shown in Tables 2 and 3.

2.2 Experimental Plan

In the present research work, material removal rate and surface
roughness are studied for machining the quartz by Taguchi
design of experiment. Based on the initial trial experiments,
the levels of the input parameters were selected. Table 4 shows
the input process parameters and their levels. The input volt-
age, electrolyte concentration, and wire speed (feed) were
considered as input parameters. Taguchi orthogonal (Lg) de-
sign was used to analyze the parameters. In the Taguchi de-
sign, Signal to Noise (S/N) ratio is used to find the optimum
parameters for machining both the response parameters. Also,
the S/N ratio is used to measure the quality characteristics
deviating from the desired value. Table 5 shows the S/N ratio
for response parameters as per Taguchi L9 orthogonal array.
The ANOVA was used to find the relative contribution of each
input machining parameters on the response parameters.
Tables 6 and 7 shows ANOVA tables for Material removal
rate and surface roughness. The contribution (%) of each input

Table 2 Quartz material specifications Table 3  Tool wire specification

Dimensions 75%25x1 mm Material Zn layered brass wire (grade- hard)
Silica content >99.995% Diameter 0.15 mm

Density 22x10° Kg/m® Diameter tolerance +0.00/—0.002 mm

Hardness (Mohr’s scale) 6 Tensile strength 900 N/mm?

Melting point 1650 °C Elongation 3%

Tensile strength 70 N/mm? Conductivity 12-14%

@ Springer
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Table 4  Process parameters and levels Table 6 ANOVA table for material removal rate (MRR)
Factors levels Source DF Adj. SS Adj. MS F- Contribution (%)
Value
1 2 3

A 2 0.03229 0.016145 99.13 78.58
Volfage (A) 36 41 46 B 2 0008315 00041575 2552  20.24
(volt)
Electrolyte concentration (B) 35 40 45 C 2 0.00016 0.00008 0.49 0.39
(%) (g/L) Error 2 0.000326  0.000163 0.79
Wire speed (C) 2 7 12 Total 8 0.041091 100
(m/min)

parameter on the material removal rate (MRR) and surface
roughness (R,) is evaluated by Eq. 2. Where SS4 and SSt
are the sums of squared deviation and total sum of squared
deviation respectively.

Contribution (%) = ( %) (2)
T

Material removal is evaluated as a change in the weight of
the workpiece during the machining. The Material removal
rate (MRR) is calculated by means of Eq. 3. The Weight of
the workpiece is measured by Denver SI 234 having a digital
balance with an accuracy of 0.01 mg. The surface roughness
(Ry) is determined by Mitutoyo SJ-400. The mean of the two
readings was taken as the final reading for evaluation.

()
MRR = ——~ (3)
Where,

M, weight of workpiece before the investigation (mg)
M, weight of workpiece after the investigation (mg)
t machining time during micro-slicing (min)
Table 5 S/N values of MRR and R,
Experiment Nos. Factors (S/N) Ratio

A B C MRR R,
1 1 1 1 —14.7747 —16.8784
2 1 2 2 —13.2949 —16.6935
3 1 3 3 —12.7015 —16.8071
4 2 1 2 —12.1355 —17.196
5 2 2 3 —10.354 —17.3352
6 2 3 1 —9.7436 -17.7197
7 3 1 3 —10.2601 —18.2306
8 3 2 1 —8.7637 —18.4794
9 3 3 2 —7.998 —18.8521

3 Results and Discussions

Figure 2a, b show the main effect and surface plot for Material
removal rate. From Fig. 2a and Table 6 it was clear that ap-
plied voltage plays a vital role during machining followed by
electrolyte concentration and wire speed (feed) for material
removal rate. As the applied input voltage increases, the elec-
trolysis process (electrochemical reaction) also increases and
therefore more bubbles are formed at the tool electrode and
large intensive spark is produced which is responsible to re-
moval of a large amount of material from the quartz material.
Also, higher electrolytic concentration gives a better electrol-
ysis process and more strong bubbles are produced which is
also responsible to increase the material removal rate. Wire
speed plays a negligible role during the process. Figure 2b
shows the surface plot of voltage and electrolyte concentration
vs material removal rate. From the S/N plot, optimum para-
metric set for material removal rate is A3;B;Cs.

Figure 3a, b show the main effect and surface plot for
surface roughness. From Fig. 3a and Table 7, it is clear that
applied voltage plays an important role (about 92%) during
machining followed by electrolyte concentration and wire
speed for surface roughness. As the applied voltage increases,
the electrolysis process also increases and therefore more bub-
bles are formed at the tool electrode and large intensive spark
is produced which is responsible for removal of a large
amount of material from the quartz material. Also, a higher
electrolytic concentration gives better electrolysis process and
produces much stronger bubbles are produced which is re-
sponsible for increasing the material removal rate. Wire speed
plays a negligible role during the process. The Electrolysis

Table 7 ANOVA table for surface roughness (R,)

Source DF Adj.SS  Adj. MS F- Contribution (%)
Value

A 2 3.60729  1.803645 67.01 92.18

B 2 0.18495  0.092475 3.44 4.73

C 2 0.06711  0.033555 1.25 1.72

Error 2 0.05383  0.026915 1.37

Total 8 391318 100

@ Springer
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Fig. 2 (a) Main effect plot for MRR. (b) Surface plot for MRR

process increases with the applied voltage and therefore more
conducting electrolyte is available for machining. Hence the
gas bubble formation rate is also increased which is responsi-
ble to produce a large spark. This spark produces a rough
surface on the workpiece, therefore at a higher voltage more
surface roughness is found. To reduce the surface roughness,
applied voltage and electrolyte concentration should be less
with higher wire speed. Figure 3b shows the surface plot of
voltage and electrolyte concentration vs R,. From the S/N
plot, optimum parametric set for R, was A;B;C;.

4 Scanning Electronic Microscope (SEM)
Analysis

Figure 4a shows the SEM image of quartz glass machined with
input parameters: voltage 36 V, wire speed 2 m/min and 35%
electrolyte concentration (35 g/L). Figure 4a is the result of
continuous machining for 25 min with 0.15-mm-diameter Zn

Main Effects Plot for SN ratios
Data Means
1Voltage (V) 2. % concentration (g/L) 3. Wire Speed (m/min)

-17.0-|
"
.2
=1
c
= -17.5-
wv
ks
c
©
3
= g0

-18.5-

36 a 46 35 40 45 2 7 2

Signal-to-noise: Smaller is better

Fig. 3 (a) Main effect plot for SR(R,). (b) Surface plot for SR(R,)

Surface Plot of MRR vs Voltage (V), % concentration (g/L)

45

< 40 Voltage (V)
P

40
45
% concentration (g/L)

layered brass wire. At lower levels of input parameters, the low
energy available at the tool-electrolyte interface, governed by
Eq. 1. There is low rate of bubble formation, as the electro-
chemical reaction rate is low at lower levels. This leads to
smooth and controlled machining of the workpiece. However,
small debris has been observed at machined surface. This might
be due to improper melting and vaporization of the workpiece.

Figure 4b shows the SEM image of material machined at
input parameters: voltage 46 V, wire speed 7 m/min, and 45%
electrolyte concentration (45 g/L). For higher levels of input
parameters, the rate of bubble formation is high as the electro-
chemical reaction rate is high which leads to sparking. The
intensity of sparking is so high that it leaves the micro-cracks
and uneven surface which appears as contour edges. Edge
necking is observed at the beginning of micro-slot, which
might be due to stray erosion as quartz glass offers initial
resistance because of fractural toughness.

Furthermore, it has been observed that the length of cut
(LOC) is increased with voltage and electrolyte concentration.

b

Surface Plot of ROUGHNESS vs 1.Voltage (V), 2. % concentration (g/L)

85

ROUGHNESS 80

75
45

70

- 40 1.Voltage (V)
35

40

35
45

2. % concentration (g/L)
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Contour
edges

Fig. 4 SEM image for experimental condition (a) Voltage 36 V, Electrolyte concentration 35% (g/L) and wire speed 2 m/min (b) SEM image for
experimental condition Voltage 46 V, Electrolyte concentration 45% (g/L) and wire speed 7 m/min

5 Mathematical Models

The multiple regression model was used to derive the relation-
ship among the governing input parameters to response char-
acteristics by fitting the linear equation for experimentally
observed values. The interaction of input parameters is not
considered due to selected Ly orthogonal array. However,
the fixed parameters such as tool wire, workpiece, auxiliary
electrode, electrolyte were considered as the constraint while
developing the mathematical model. The following mathe-
matical equations can be used for machining the quartz glass
using wire electrochemical discharge machining process at
different operating conditions keeping the other constant pa-
rameters in knowledge. Eq. 4 and 5 show the mathematical
model for MRR and R, respectively.

A mathematical model for material removal rate (mg/min) is

(4)

MRR = —0.5985 + 0.01464 x V 4 0.00730 x £~0.00102 x W
R? (MRR) = 98%

A mathematical model for surface roughness (micrometer)
is
R, =0.1588 + 0.1525 x V + 0.0333 x £E—0.0209 x W,
R? (Ra) = 95%
(5)

Table 8  Additivity test

Where V is the voltage (Volt), E is the electrolyte concen-
tration (g/1), Wy is the wire speed (m/min) and R? is the coef-
ficient of determination.

6 Additivity Test

It is necessary to validate the developed mathematical model
whether it holds good for an intermediate combination of in-
put parameters other than an orthogonal array. Therefore, ex-
periments are performed to confirm its validity. Table 8 rep-
resents the combination of input parameters and response
values obtained experimentally. The percentage error shows
the deviation of experimental values from predicted mathe-
matical values. From Table 8, it is evident that the error per-
centage always less than 6%. The results show the developed
mathematical model is valid with experimental values.

7 Conclusions

In the present study, zinc-layered brass wire is utilized during
the machining of hard and brittle quartz material. An experi-
mental investigation is carried out to study the influence of
input process parameters. The following conclusions are

WECDM Parameters ~ Material removal rate (MRR) Surface roughness (SR)

A B C Experimental Values Predicted Value based on  Error (%) Experimental Values Predicted Value based on  Error (%)
Mathematical equation Mathematical equation

39 38 0.24071 0.24578 2.06 6.9272 7.2881 495

43 41 8 0.32157 0.32216 0.18 7.4523 7.9144 5.83

45 44 11 0.36082 0.37028 2.55 7.9561 8.2566 3.79

@ Springer



Silicon (2020) 12:2211-2220

2219

drawn after the experimental study on the material removal
rate and surface roughness characteristics for micro-
machining of quartz material.

1)

2)

3)

4)

5)

6)

7)

An in-house WECDM setup can successfully machine
the non-conducting quartz material with considerable ac-
curacy and precision.

Layered wire provides better machining characteristics in
terms of surface roughness and material removal rate.
Also, it improves the machining performance by reducing
the wire breakage.

SEM images show the regular and smooth surface obtain-
ed at the lower levels of input parameters compared to
higher-end levels. At a higher level, shallow cracks with
slight necking at the beginning of the machined surface
and higher length cuts are observed.

Based on a signal to noise (S/N) ratio, higher voltage and
electrolyte concentration are suggested for higher material
removal rate as ANOVA result reveals that they contrib-
ute 78.58% and 20.23% respectively.

For a lower surface finish, voltage and electrolyte concen-
tration are the most significant factors. An ANOVA result
reveals that voltage and electrolyte concentration contri-
butions are 92.18% and 4.72% respectively.

The developed mathematical model is in agreement with
experimental results, therefore, it has immense potential
to calculate the surface roughness and material removal
rate under different parametric combinations.

It is also observed that during machining of quartz, debris
gets embedded at the workpiece and in the wire gap (ma-
chining gap). This might be due to the improper flushing
across the machined surface. This can be improved by
deploying the flushing pump with a suitable discharge.
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