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Abstract This paper aims to perform an experimental study of drilling micro-holes
on titanium grade 2 alloy using micro-electrical discharge machining (WEDM) pro-
cess. Key process parameters such as capacitance, feed rate (FR) and tool rotation
speed (TRS) are varied during machining. Machining time, diameter at entry and
diameter at exit are the response measures evaluated to examine the effect of chosen
process parameters on them. A Taguchi L-9 orthogonal array design of experiment
has been employed to frame the parametric combination of the process parame-
ters, based on which experiments are conducted. Furthermore, analysis of variance
(ANOVA) is carried out to find significant process parameters. Deviation of 14.16,
0.03 and 2.14% is observed between the experimental and predicted results at opti-
mum condition of machining time (10* pF, 15 pm/s and 1000 rpm), diameter at entry
(102 pF, 5 wm/s and 500 rpm) and diameter at exit (10% pF, 10 wm/s and 1500 rpm),
respectively.
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17.1 Introduction

Nowadays, micromachining is the most demanding manufacturing practice due to
the upsurge in the use of micro-devices and components. As a result of this, microma-
chining technique such as micro-drilling is finding tremendous importance. Conven-
tional micro-drilling process requires tool material of superior hardness and strength
to inhibit self-wear and actuate removal of material from the workpiece. Such per-
plexity restricts the variety of materials that can be machined by conventional micro-
drilling process. Furthermore, manufacturing of micro-drill bit is also a tedious task
which requires high amount of cost and advanced technology. Electrical discharge
machining (EDM) process has the potential to negate all these issues, wherein it can
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machine any material which is a conductor of electricity regardless of its hardness
[1]. It is a non-contact machining process, where the material is removed by melting
and vaporization due to a series of discharges occurring between the tool electrode
and workpiece. Micro-electrical discharge machining (WLEDM) process works on
the same principle as EDM with the exception of less amount of energy supplied
(compared to macro-EDM process) in the inter-electrode gap (IEG) between the
two electrodes (tool and workpiece). The use of lower energy allows fabrication of
micro-features with superior accuracy and precision [2]. Over the last few decades,
WEDM has been highly used for drilling micro-holes in components of superior
strength and hardness such as inkjet and nozzle. Several researches have been car-
ried out and are still ongoing on drilling of such materials using wEDM. However,
the fundamental concern is optimizing the various process parameters of WEDM to
achieve superior quality of micro-holes (which would possess dimensional accuracy
and precision) along with higher machining efficiency. Generally, resistance—capac-
itance (RC) pulse generator is used in wEDM to provide lower discharge energy in
the IEG. Apart from discharge energy, other parameters such as feed rate (FR), tool
rotation speed (TRS) and polarity also play a vital role in WEDM process. At present,
titanium and its alloys are in high demand due to their distinctive properties such
as high stiffness, strength, outstanding toughness and lower density [1]. Moreover,
these materials offer corrosion resistance at very low to high temperatures and are
biocompatible in nature, which enhances their applicability in biomedical implants
and devices.

Conventional machining methods are not suitable to machine titanium and its
alloys due to their high hardness. Therefore, several researchers have chosen some
alternative approach to machine such materials. EDM process has been one of
those alternatives which has been successfully utilized for machining such mate-
rials of higher hardness. Wansheng et al. [3] successfully fabricated micro-holes of
diameter < 200 wm and aspect ratio > 15 in Ti-6Al-4V using ultrasonic vibration
and single-notch rotating tool in WEDM. Hasc¢alik and Caydas [4] executed EDM
of Ti-6Al1-4V with diverse electrode materials (copper, graphite and aluminium) and
varied process parameters such as current and pulse duration to investigate surface
integrity of the machined workpiece. They observed increase in surface roughness
(SR), tool wear and material removal rate (MRR) with increase in process parame-
ters with an exception in case of lengthy pulse duration of 200 ws. Graphite yielded
highest MRR and tool wear, whereas aluminium exhibited lowest SR. Pradhan et al.
[5] studied the effect of current, pulse duration, duty ratio and flushing pressure on
MRR, tool wear rate (TWR), overcut and taper in W.EDM of Ti-6Al-4V. They found
pulse duration to be most influential in case of MRR, overcut and taper, whereas
current to be most influential in TWR. Kibria et al. [6] examined the use of differ-
ent dielectrics on MRR, TWR, overcut, variation of entry and exit diameters and
surface topography in WEDM of Ti-6Al1-4V. MRR was high with deionized water
in comparison to kerosene. Accuracy of the micro-holes was higher with the use of
lower discharge energy in deionized water as compared to the use of higher discharge
energy in kerosene. Azad and Puri [7] performed simultaneous optimization of MRR,
TWR and overcut in WEDM of Ti-6Al-4V, wherein the process parameters varied
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were pulse duration, current, voltage and frequency. Among all the process parame-
ters, voltage and current were the most significant, affecting each response measure.
In another study, Meena and Azad [8] utilized grey relational analysis to optimize
multiple responses such as TWR, MRR and overcut in W.EDM of Ti-6Al-4V. They
found voltage to be the most crucial process parameter affecting the overall process
followed by current, pulse duration and frequency. Kumar et al. [9] performed pow-
der mixed EDM of titanium grade 2 with the use of cryogenic treated tool electrodes.
Further, they also explored the effect of current and pulse duration on MRR, TWR,
SR and microhardness. They found current to be the most important parameter fol-
lowed by pulse duration, whereas tool electrode material had negligible effect. Baroi
etal. [10] investigated MRR, TWR and SR in EDM of titanium grade 2 alloy. MRR,
TWR and SR increased with an increment in current. Elsewhere, TWR exhibited a
decreasing trend, SR exhibited an increasing trend and MRR initially increased up
to a critical limit, then decreased with increment in pulse duration.

In regards to the existing literature, it can be seen that proper value of the pro-
cess parameters is the foremost to achieve higher machining efficiency and superior
quality of holes in titanium alloy. As per the literature, very limited works have been
reported on micro-hole drilling of titanium and its alloy, which possesses a potential
to play a significant role in aerospace and biomedical industries. Thus, in the present
work, micro-holes are drilled on titanium grade 2 alloy using WEDM process which is
very hard to machine by conventional machining processes. Key process parameters
such as capacitance, FR and TRS are varied to investigate their effect on response
measures such as machining time and hole diameter (at entry and exit).

17.2 Materials and Methods

The experimentation is done on a WEDM setup which is of table top type (Make:
Sinergy Nano Systems; Model: Hyper-15). Through pilot experiments, it has been
inferred that negative polarity of tool electrode incurs higher material removal from
the workpiece as compared to positive polarity. Therefore, polarity of the tool is con-
nected to the negative terminal throughout the experimentation. Moreover, voltage
is kept fixed at 180 V, whereas capacitance is varied in three levels due to the higher
impact of the latter as observed by Jahan et al. [11]. FR and TRS are also varied in
three levels throughout the experimentation. Taguchi L-9 orthogonal array is used to
frame the design of the experiment based on which the experimentation is carried out.
The process parameters consisting of both variable parameters and fixed parameters
are depicted in Table 17.1. The response measures evaluated are machining time and
hole diameter (at entry and exit). In each experiment, the tool electrode is penetrated
to a depth of 2 mm, which is significantly higher than the thickness of titanium sheet
(0.7 mm) to ensure drilling of holes.
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Table 17.1 Experimental condition
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Variable parameters

Parameters Level Values
Capacitance (pF) 3 102, 103, 104
FR (pm/s) 3 5,10, 15

TRS (rpm) 3 500, 1000, 1500

Fixed parameters

Workpiece

Titanium sheet, 0. 7 mm thick

Tool electrode

Tungsten (518 pm diameter)

Polarity Tool (—ve); Workpiece (+ve)
Voltage 180V

Dielectric medium Hydrocarbon oil

Flushing type Jet

Machining time is observed by a stopwatch from the initiation of spark till the
fixed depth is achieved by the tool electrode. Thereafter, the diameter of the micro-
holes is observed by an optical microscope from which the overcut (at entry and
exit) can also be calculated. The mathematical formulation of overcut is depicted by
Eq. (17.1) and its corresponding schematic diagram is shown in Fig. 17.1.

Overcut =

Diameter of hole — Diameter of tool

Fig. 17.1 Schematic
diagram showing overcut

5 17.1)
= < di::lger
Tool
—_ Overcut
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17.3 Results and Discussion

The experimental results of machining time and hole diameter (at entry and exit)
are shown in Table 17.2. The photographic image of the fabricated micro-holes on
titanium using WEDM is shown in Fig. 17.2.

The outcome of the response measures due to change in process parameters is
discussed in the subsequent subsections.

17.3.1 Machining Time

The mean effect of process parameters on machining time is shown in Fig. 17.3.
Increment in capacitance gives rise to the discharge energy, which leads to a decrease
in machining time. With an increment in FR, the speed of retraction and forward
movements of the tool increases (after encountering short circuit), which reduces
the idle time and consequently reduces the machining time. With an increment in
TRS from 500 to 1000 rpm and then to 1500 rpm, there is no significant change in

Table 17.2 Taguchi L-9 design of experiment with the corresponding result

Exp. No. | Cap (pF) | FR (wm/s) | TRS (rpm) | Machining Diameter at | Diameter at
time (s) entry (ium) exit (jum)
1 107 5 500 1842 547.40 515.48
2 102 10 1000 1772 552.14 524.64
3 102 15 1500 1455 552.28 525.82
4 103 5 1000 1470 596.58 562.02
5 103 10 1500 1646 600.90 542.78
6 103 15 500 1389 595.08 577.54
7 10* 5 1500 722 633.72 579.02
8 10* 10 500 538 633.08 580.04
9 10* 15 1000 510 633.90 581.50
Note Cap—Capacitance

Fig. 17.2 Micro-holes
drilled on titanium Drilled micro holes
on titanium

Scale (in mm)

. ‘ 4
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Fig. 17.3 Mean effect Of 1750 Capacitance (pF) Feed rate (um/s) Tool rotation speed (rpm)
process parameters on
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the machining time. From Fig. 17.3, the optimum condition of machining time is
observed at capacitance of 10* pF, FR of 15 pm/s and TRS of 1000 rpm.

17.3.2 Diameter at Entry and Exit

The mean effect of process parameters on diameter at entry and exit is depicted
in Figs. 17.4 and 17.5, respectively. With an increment in capacitance, diameter at
both entry and exit increases. The increase in diameter can be attributed to rise in
plasma channel radius due to higher discharge energy. With the rise in FR from 5 to
10 pwm/s, diameter at exit decreases, but further rise in FR from 10 to 15 pwm/s causes
a slight increment in diameter due to secondary sparking. In case of entry diameter,
no significant variation is observed with change in FR. With increment in TRS, the
entry diameter increases but the exit diameter decreases. The variation of increment
in case of entry diameter is very less as evident from Fig. 17.4. The decrement in exit
diameter with rise in TRS may be attributed to reduction in the wobbling effect due
to higher spin stability at higher TRS. In each parametric combination, it can be seen

Flg. 17.4 Mean effect of Capacitance (pF) Feed rate (pm/s) Tool rotation speed (rpm)
process parameters on 640
diameter at entry
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Fig. 17.5 Mean effect of process parameters on diameter at exit

that the exit diameters are less than the entry diameters. Tool wear can be attributed
for such deviation in entry and exit diameter which is inevitable in any variant of
EDM [2].

From Fig. 17.4, the optimum condition of diameter at entry is observed at a
capacitance of 10? pF, FR of 5 pum/s and TRS of 500 rpm. Similarly, the optimum
condition of diameter at exit observed from Fig. 17.5 is capacitance of 10 pF, FR of
10 wm/s and TRS of 1500 rpm. The microscopic images of the lowest diameter at
entry (547.40 pum) and exit (515.48 wm) are depicted in Fig. 17.6a and b, respectively.

Fig. 17.6 Microscopic image of the lowest diameter (180 V, 10 pF, 5 wm/s, 500 rpm) a at entry
and b at exit
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Table 17.3 ANOVA of response measures
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Source ‘ DOF ‘ Sum of square | Mean square | F-ratio ‘ P value ‘ Contribution (%)
1. Machining time

Cap 2 2,075,747 1,037,873 39.26 0.025 93.42
FR 2 92,321 46,160 1.75 0.364 4.16
TRS 2 916 458 0.02 0.983 0.04
Error 2 52,872 26,436 - - 2.38
Total 8 2,221,856 - - - 100
R? = 97.62%, R*(adj) = 90.48%

2. Diameter at entry

Cap 2 10382.6 5191.29 35192.55 | 0.000 99.67
FR 2 11.9 5.95 40.37 0.024 0.11
TRS 2 21.9 10.93 74.10 0.013 0.21
Error 2 0.3 0.15 - - 0.00
Total 8 10416.7 - - - 100
R? = 100%, R?(adj) = 99.99%

3. Diameter at exit

Cap 2 5270.1 2635.04 17.66 0.054 88.67
FR 2 253.8 126.89 0.85 0.540 4.27
TRS 2 121.5 60.73 0.41 0.711 2.04
Error 2 298.4 149.19 - - 5.02
Total 8 5943.7 - - - 100
R? = 94.98%, R?(adj) = 79.92%

Note Cap—Capacitance; DOF—Degree of freedom

17.3.3 Analysis of Variance

Analysis of variance (ANOVA) is carried out for all the response measures to find
the importance of process parameters. The result of ANOVA is shown in Table 17.3.
Capacitance is the most significant process parameter affecting all the response mea-
sures. The correlation coefficient (R?) and adjusted correlation coefficient (R*(adj))
values are higher for all the three responses, with the diameter at exit possessing the
lowest R? = 94.98% and R?(adj) = 79.92% values. Such high R? and R?(adj) values

indicate that the models are fairly significant.

17.3.4 Confirmation Test

Test is conducted at optimum setting of all the response measures and compared
to the predicted values. Table 17.4 depicts the optimum condition, predicted and
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Table 17.4 Confirmation test result

Response Optimum condition Predicted | Experimental| Observed
Cap (pF) | FR (um/s) | TRS (rpm) deviation%
Machining | 10* 15 1000 437.78 510 14.16
time (s)
Diameter at | 10? 5 500 547.23 547.40 0.03
entry (jum)
Diameter at | 10? 10 1500 511.71 522.90 2.14
exit (jum)
Note Cap—Capacitance

experimental values and deviation between experimental and predicted values. In
case of machining time and diameter at entry, their optimum condition matches with
Exp.no.9and Exp. no. 1, respectively, from initial set of Taguchi L-9 experiments. So,
no separate tests are conducted and their initial values are taken as the experimental
ones to calculate deviation from the predicted values. Deviation of 14.16% and
0.03% 1is observed between experimental and predicted values of machining time
and diameter at entry, respectively. In case of diameter at exit, confirmation test is
conducted at optimum condition (10% pF, 10 um/s and 1500 rpm), wherein deviation
of 2.14% is achieved between the experimental and predicted value. Thus, overcut
of 14.7 and 2.45 pm is observed at optimum condition of diameter at entry and exit,
respectively.

17.4 Conclusions

Micro-holes have been successfully drilled in titanium by WEDM process. Process
parameters such as capacitance, FR and TRS have been varied during experimen-
tation to investigate their effect on response measures such as machining time and
diameter at entry and exit. Within the range of parameters considered in this study,
the following conclusions are drawn.

e With increase in capacitance, machining time decreases, whereas both diameter
at entry and exit increases due to rise in discharge energy.

e With increase in FR, the machining time decreases due to faster movement of the
tool. But, there is no significant change in machining time with increase in TRS.

e In case of diameter at entry, the effect of FR and TRS is very low.

e The exit diameter initially decreases with increase in FR up to a certain limit, then
it increases with further increase in FR due to secondary sparking.

e With increase in TRS, the exit diameter decreases due to decrement in wobbling
effect.
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e From ANOVA, capacitance unfolded as the most significant process parameter
impacting all the response measures.

e At the optimum condition of machining time, diameter at entry and diameter at
exit, deviation of 14.16%, 0.03% and 2.14% is observed between the experimental
and predicted results, respectively.
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