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Abstract
Demand for drilled micro-holes on difficult to machine materials have increased over the past years and non-traditional drilling
processes are commonly used to fabricate such micro-holes on difficult to machine materials. This research investigates different
non-traditional drilling processes, such as electro discharge, laser beam, abrasive water jet, electrochemical and electrochemical
discharge drilling methods. Drilling mechanism, material removal rate/machining speed and surface finish have been analysed
for every process. These analyses clearly show that vaporisation, melting, chemical dissolution and mechanical erosion are
dominant material removal mechanism during non-traditional drilling. The understanding on electro discharge, laser beam and
abrasive water jet drilling are more developed than that of electrochemical, electrochemical discharge and hybrid drilling
processes.
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1 Introduction

Drilling is a basic processing step in manufacturing industries to
fabricate different parts as well as for numerous structural appli-
cations [1, 2]. With the advance of manufacturing technologies,
demand for holes smaller than 0.1 mm has been high in automo-
bile and aerospace industries on applications such as turbine
blades, injection nozzles, etc. On the other hand, medical appli-
ances require accurate micro-holes [2]. Drilling micro-holes on
materials with high hardness and brittleness can be a challenge
for most conventional drilling methods or impossible in some
occasions [1]. The key problems with conventional drilling
methods include tool wear, burr formations and lower material

removal rates. In addition to that, hard to machinematerials incur
high cost by conventional means due to frequent replacement of
tools and high cost of skilled labour. Therefore, in order to in-
crease the capability to drill holes in complicated shapes and hard
to machine materials, non-conventional drilling processes were
introduced [3]. Manufacturing companies have adapted non-
conventional drilling methods for their attractive features like
absent of burrs, high material removal rate, high precision holes,
ability to drill into hard materials such as, titanium alloys, metal
matrix composites (MMC), absence of mechanical stresses from
conventional tools and ability to produce non-circular holes [4].
Drilling of holes in materials using non-conventional methods
involve removal of materials not by the action of applied force
but by the action of thermal, chemical, electrical and abrasive
effects; or even combined effects (hybrid) of these methods [2].

Many researches focusing on non-traditional drilling pro-
cesses are available in the literature. However, the available
information is not properly linked, and a complete picture of
the processes is not available, though these are imperatively
required to advance the knowledge and proper selection of
suitable drilling method. To address these issues, this paper
investigates the appropriateness of different non-traditional
drilling processes. Every non-traditional drilling process be-
low has been analysed based on (a) material removal mecha-
nism, (b) cutting speed/material removal rate and (c) surface
finish and dimensional accuracy and other parameters which
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are important for a given method. All parameters considered
in this study are important scientifically, economically and
assessing the latest developments, performance and efficiency
of the considered non-traditional machining methods.
Material removal mechanism describes the up to date under-
standing of the specified methods and reveals if there are any
underlying issues related to that methods. Cutting speed/
material removal rate is very much related to how quickly a
method can perform a given task. Cutting speed tells us about
the efficiency of the method as well as its suitability for a
given application. Surface finish and dimensional accuracy
is a measure of performance of any method. If any method
gives inferior surface and dimensional accuracy compare to
other methods at similar machining conditions, then the per-
formance of the first method is worse than that of other
methods. Thus, the method needs to be fixed and more re-
searches are required to improve it. Having said that, this
paper provides the contribution of many research works, ad-
vancement of process understanding, current state of the art
knowledge and trends in research to advance the technologies
through the discussions on several output parameters of dif-
ferent methods. The aim of the present work is to link all the
understanding achieved by different researchers and analyses
those facts scientifically and systematically to provide a global
scenario on machining of materials by non-traditional
processes.

2 Different types of non-conventional drilling
methods

There are number of non-conventional drilling methods avail-
able to drill holes in different materials ranging from common
metallic alloys to hard-to-cut materials. The reason behind the
evolution of number of non-conventional method is that, each
of the developed method has its own pros and cons and thus,
no single method can satisfy all the required objectives of the
given situation. The most common non-conventional drilling
methods are as follows:

(i) Abrasive water jet drilling (AWJD): This method in-
cludes abrasives mixed in water jet where materials are
removed by high pressure through a slurry medium.
Abrasive water jet drilling on the other hand is a process
with the absence of heat and abrasive particles are com-
bined with water at high speed and pressure to erode
material from workpiece [5]. Ultrasonic drilling is a
non-traditional drilling process used these days for con-
ductive and non-conductive workpiece material and able
to drilling workpiece with a hardness higher than 40HRC
[6].

(ii) Thermal drilling: In this technique, a heat source is used
to remove material by melting and vaporising. Example

of this is laser drilling (LD) that uses a focused laser to
generate heat at a given point [7]. Heat source can also be
applied from on electrical sparks-such as electrical dis-
charge drilling (EDD) involve material removal through
the generation of a sparks between the tool and work-
piece gap in the presence of dielectric fluid [2]. Micro-
EDD is commonly used in industries that desire holes
with high precision and tolerances mainly for materials
such as titanium [8].

(iii) Chemical form of drilling: Examples of such techniques
are electrochemical drilling (ECD) that involve anodic
dissolution where a tool (cathode) and workpiece
(anode) forms an electrolytic cell with appropriate elec-
trolyte circulating through the middle of the anode and
cathode. Based on Faraday’s law, small holes are created
by dissolving the anode when adequate amount of volt-
age is fed between the minute spaces of the tool and
workpiece in the electrolyte. Electrochemical process
uses a weak acidic solution known as an electrolyte to
produce small holes that utilizes a fixed amount of an-
odic dissolution [9]. Shaped tube electrolytic drilling
(STED) is a modified version of ECD, where holes are
created by using controlled depleting that can only be
conducted on a workpiece that is an electrical conductor.
The depleting action occurs in an electrolytic cell that is
created by a cathode (i.e. a metal electrode charged neg-
atively) and an anode (i.e. the workpiece) that is charged
positively. The anode and cathode are divided by an
electrolyte which is an electrically conductive fluid [9].
Capillary drilling consists of a drill tube which is actu-
ally a glass capillary, where electrolyte flows through
with a pressure of 3–20 bar [9]. Material is removed
by the inner diameter of capillary that acts as an elec-
trode. As for electro stream drilling, material is removed
by electrolytic dissolution as the flow of electrolyte im-
pinges the workpiece [9]. Lastly, in jet electrolytic dril-
ling, the hole is created by a jet electrolyte with a pres-
sure of 10–60 bar that strikes the workpiece [9].

(iv) Ultrasonic drilling (USD): This method utilizes the en-
ergy of ultrasound that is used to vibrate cutting medium
to drill relatively shallow holes in low ductile materials.
It is a form of mechanical drilling that fabricated holes
without any recast layer and alteration of microstructure
of workpiece materials.

Different aspects of above-mentioned drilling techniques
are explained in details in subsequent sections.

3 Abrasive water jet drilling

Abrasive water jet is a non-conventional drilling method pro-
cess that erodes material out of the workpiece through a
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stream of water at high velocity that consists of abrasive par-
ticles which are added through the outlet tip of the nozzle [10].
The addition of abrasive particles increases the range of ma-
terials that can be drilled such as materials with high hardness
[11]. The different types of abrasive particles are aluminium
oxide, silicon carbide, sodium bicarbonate, dolomite or glass
beads with different sizes are used [12]. The typical abrasive
particles used for drilling is garnet of size mesh 80 to 220 [11,
13], which are around 66–177 μm [14] with a mass flow rate
of around 1.36 kg/min [11, 13]. As shown in Fig. 1, water at a
high pressure and velocity enters the mixing chamber while
the abrasive particles simultaneously enter the mixing cham-
ber. Air, water and abrasive particles form a mixture that exits
the nozzle with high kinetic energy that erode the workpiece
[10, 12, 15]. Abrasive water jet drilling (AWJD) is capable to
obtain good quality holes without any thermal damage when
compared to other non-conventional drilling process that in-
volve the application of heat (EDM or LBM). For holes hav-
ing diameter larger than the jet, the jet moves in a circular path
to machine the hole [16]. Holes at different angles can also be
drilled using AWJ [11, 16]. This process allows the drilling of
non-conductive and reflective materials as well [17].

3.1 Mechanisms

Asmentioned above, the mixture containing abrasive particles
and water acts as cutting tools that aids the erosion of the
workpiece. Three different steps in AWJD are (a) piercing,
(b) trepanning and (c) drilling steps [18, 19]. During piercing
step, waterjet containing abrasives moves at a high velocity to
pierce into the workpiece. Following that, the return flow in-
terrupts the input jet flow which travels radially outward at

high pressure and erodes the materials on the inner side wall of
the hole through abrasion. Figure 2 below illustrates the pierc-
ing process by AWJD. After piercing process, waterjet cuts
through the material following a circular path based on the
diameter required by the manufacturer [13, 18]. The second
step increases the size of the holes that were produced in
piercing and this process is known as the trepanning step.
The drilling step produces blind holes where the interior shape
of the holes as well as depth is not easily controlled [19].

In addition to the slurry mixture, high-pressure air is like-
wise added into the tank which excites the jet flow to allow
high-pressure abrasive particles to erode the workpiece at a
high impact force. Ductile erosion and brittle erosion are the
two different types of erosion process. Ductile erosion is
where the abrasive particles gradually remove the workpiece
material which will then lead to volumetric material removal.
Brittle erosion is also known as a cracking process, whereby
the fragments of the workpiece are removed by the joining
point of the lines of cracks surrounding the abrasive particles
[20]. A ring-shaped backflow area covering the flow by the jet
is turbulent, (disordered jet with high pressure), will then aid
the removal process by abrasion. The jet fluid consists of both
water, air and abrasive particles as well as the fragments of the
workpiece [19]. It can be observed that a cavity is formed by
the abrasive particles that erodes the workpiece at the desired
pressure. Following the formation of the cavity, the jet will be
able to extend to a definite depth. The abrasive particles are
accelerated by the waterjet to a high speed so that the thrust
force and change in motion of the abrasive particle can erode
the workpiece [12]. Figure 3 shows the different parameters
that affect the material removal rate and generation of surface
roughness of drilling process of AWJD process.

Fig. 1 Schematic diagram of abrasive water jet drilling process [10]

Int J Adv Manuf Technol (2020) 106:2133–2166 2135



3.2 Material removal rates

The drill speed during AWJD is influenced by key parameters
such as workpiece type, pressure level of the water and the
mass flow rate of the abrasives as shown in Fig. 3. To decrease
the time taken for drilling, increase of pressure and abrasives
flow rate are required [11, 13, 16]. Though Hashish and
Whalen [11] did not reported any trend between drilling rate
and abrasive flow rates, however, it can be seen that the dril-
ling speed is directly proportional to abrasive flow rate. Other
parameters such as standoff distance affects the drilling rate;
the larger the standoff distance, the slower is the drilling rate
[21]. A study conducted by Akkurt [16] report that drill time

taken for different materials with different thickness where the
processing parameters were unchanged as shown in Fig. 4. It
shows that different materials have different drilling time and
that pure aluminium is able to be drilled at the fastest com-
pared to AISI 304 stainless steel. As the thickness increases
from 5 to 10 mm, drilling time increases by 255% and 300%
for aluminium and steel, respectively. Reason for the increase
in drilling time is because of the pressure loss, decrease in the
abrasive performance and build-up of chips and abrasives in
the cutting zone. Hunt, Burnham and Kim [22] noted the
effect of pressure, flow rate and type of abrasive used to con-
trol the duration taken to pierce the workpiece. It was evident
that piercing time decreases with higher abrasive mass flow

Fig. 3 Parameters influencing abrasive water jet drilling [10]

Fig. 2 Illustration of abrasive
water jet drilling mechanism
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rate and higher pressure because of the higher mass momen-
tum that increases the impact force responsible for the erosion
of the workpiece as presented in Fig. 5. Hashish [11] found
that the denser abrasives such as WC had slower drill rate
compared to olivine and garnet due to the lack of high accel-
eration needed to reach high speeds. Olivine was found to
have a faster drill rate compared to garnet and also the coarser
olivine was found to have higher drill rates than finer olivine,
as larger the abrasive particle, larger is the surface area of the
particles, hence increasing the area of erosion.

3.3 Hole characteristics and surface finish

Key parameters such as type of workpiece, pump pressure, tra-
verse speed and standoff distance affects hole taper [23, 24]. A
study conducted by Hamatani et al. [23] showed that stand-off
distance is a function of hole taper ratio for both silicon carbide
and titanium diboride where the stand-off distance is directly
proportional to hole taper ratio. The possible reason is that the
larger the distance, the larger is the area of jet flow onworkpiece,
hence increasing hole taper ratio. Another study [25] conducted
on drilling with abrasive waterjet in titanium shows that taper
angle increases with traverse speed as shown in Fig. 6. At lower
traverse speed, optimal machining of jet varies, which is possibly
due to low traverse speed of the waterjet, as fewer abrasives
would impinge onto the workpiece surface to cause erosion;
hence, the initial interior taper hole surface reduces [25]. The
quality and shape of holes drilled by abrasive water jet relies
on the duration needed for drilling and the shape of the jet where
drilling rate refers to the duration of piercing and the jet structure
refers to the hydraulic, mixing and abrasive factors while also
taking to consideration the return flow that also affects the hole
shape [11]. Liu [13] stated that special profile holes can be drilled
by AWJD as shown in Fig. 7 where elliptical holes drilled in
Nickel aluminide vane.

Liu and Schubert [26] drilled holes in phenolic composite
by using abrasive water jet as shown in Fig. 8, where surface
cracks are observed. The experiment was conducted using
0.25 mm nozzle diameter at 276 MPa pump pressure with
120 mesh garnet. Note that tensile strength of phenolic com-
posite is relatively low which is about 60 MPa. A study con-
ducted by Liu [13] showed that materials with low tensile
strength are prone to cracking.

Fig. 5 Influence of (a) pump pressure with constant abrasive flow rate at 11.3 g/s and (b) abrasive mass flow rate on the drilling time of various materials
[22]

Fig. 4 Drilling time of aluminium and AISI 304 stainless steel with
various thickness [16]
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Phapale et al. [27] conducted AWJ drilling in CFRP where
both holes were drilled with abrasive garnet with a mass flow
rate at 5.4 g/s and standoff distance of 1 mm at water pressures
of 1000 and 2000 bar for holes presented in Fig. 9a, b respec-
tively. Delamination extent can be calculated by subtracting
the drilled exit hole size from the maximum diameter of the
damaged region. The hole shown in Fig. 9a did not suffer any
cracks of delamination however the hole in Fig. 9b suffered
delamination extent of 2.30 mm. The suspected reason for the
increase in delamination extent is because of the water pres-
sure which contributes to a higher thrust force striking onto the
workpiece and causes a slight deformation at the exit of the
hole. The standoff distance was found to be directly

proportional to the delamination extend. But only a minor
increase of the delamination extent is discovered with the rise
of abrasive flow rate in this study [27].

The common issues encountered during the drilling of
holes by AWJ are shadow hole, teardrop, crack, chip, goug-
ing, pit and delamination [11]. The shadow hole is caused by
an overstated type of tear drop where two holes show up on a
surface. Both teardrop and gouging occur due to the rebound
effect of the jet. Pitting happens on the interior surface of the
wall due to the large abrasive impact. Delamination happens
most commonly on ceramic-bond-metal interface [11].

Hashish [28] reported that damage occurs due to quick and
sudden loading of water, and hydrodynamic pressure. This

Fig. 7 Elliptical holes drilled by
waterjet on Ni/Al vane [13]

Fig. 6 Effect of transverse speed
on taper angle [25]
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can be prevented by decreasing the pressure or the diameter of
the jet. Materials that have low tensile strength are prone to
cracks and delamination [13, 26]. Delamination appears to be
a huge problem in abrasive water drilling in composites.
Phapale et al. [27] suggested few methods to reduce delami-
nation such as by using backup plates, pre-drilled holes and
conduct drilling after submerging workpiece fully under wa-
ter. Results show that the best method to regulate delamination
is the backup plate as it is the most successful way as the
deflection at the bottom hole decreases and, hence decreasing
delamination.

Phapale et al. [27] reported that the roughness of drilled
hole in CFRP is directly proportional to water pressure,
stand-off distance and abrasive flow rate. The surface rough-
ness of the drilled hole is shown in Fig. 10 with a backup plate
and without backup plate, where at 2000 bar, the flow rate of
the abrasive slurry was at 8.87 g/s with a standoff distance of
2 mm and at 2500 bar, the abrasive flow rate was at 9.7 g/s
with a standoff distance of 3 mm. The surface roughness ap-
peared to be lower for the hole with backup plate. Zhang et al.

[25] also achieved similar outcomes. Surface roughness is
heavily dependent on drill speed, which is possibly because,
when the speed is low, surface quality is better as abrasive
particle would not cause high abrasion on the surface which
will then reduce surface roughness [25, 29]. Abrasive waterjet
drilling does not change the microstructure of the materials
[16]. Figure 11 shows an example of microstructure image
taken of 1030 low-carbon steel after AWJD.

4 Laser drilling

Laser drilling process removes materials by thermal energy. It
is a contactless drilling process with no tool wear and not
restricted to only conductive materials. Laser drilling uses a
thermal heating source to melt and vaporize the workpiece
[30]. Laser drilling is a great choice for creating holes with
minimum hole taper and great roundness as these two

Fig. 9 Back hole of carbon fibre
reinforced plastic (CFRP) with
different pressures: a 1000 bar
and b 2000 bar [27]

Fig. 10 Surface roughness of drilled hole: a no back up plate and b with
back up plate [27]

Fig. 8 Top of hole pierced on phenolic composite [26]
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characteristics are always desired when drilling holes [31].
Figure 12 shows the schematic of a typical set-up of a laser
drilling process. The advantages of using laser drilling are
contactless drilling, high precision holes can be drilled, repeat-
ability, high flexibility, no chip or burr problems, high produc-
tion rates, large aspect ratio of holes achievable, able to drill a
range of materials from hard to soft and hole diameters range
from 0.2 μm to 1.5 mm holes by percussion drilling [33, 34].
Laser drilling process is normally for drilling tiny holes at fast
drilling rates and used in aerospace industries for aerospace
component such as turbine blades, guide vanes and casings
[30, 31, 33]. However, laser beam heating on materials are
generally influenced by the thermal properties of the work-
piece rather than the material mechanical characteristics and
laser beam energy density [35]. Hence, materials with low
conductor of heat are much preferred. Brittleness and hardness
of material do not really have much effect on laser drilling

[36]. Heat energy from laser strikes onto the surface of work-
piece through irradiation [34]. CO2 and Nd:YAG are two typ-
ically used lasers in the industry; however, Nd:YAG has been
reported to drill faster compared to CO2 laser system [34, 37].

4.1 Drilling mechanism

Material removal mechanism during laser drilling can be divided
in following stages: (i) melting/vaporization of material and
break down of chemical bonds, (ii) cooling down of material
[36]. The difference between laser beam and normal light is the
existence of photon energy in laser beam [36, 38]. When laser
radiation strikes on workpiece, electrons that are present in laser
are triggered by the photons which then produces heat and
absorbed by the material that follows Lambert’s law, causing
ablation of the material [39]. The Beer-Lambert law explains
the absorption of light on material and influenced by distance

Fig. 12 Nd:YAG laser drilling
schematic diagram [32]

Fig. 11 Microstructure captured
at the side of the hole surface of
S1030 low-carbon steel [16] with
comparison of initial state
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of which the workpiece is moved when laser beam concentration
[39] (R.E. Wagner). Figure 12 represents the schematic diagram
of laser drilling systemwhere the incident laser beam is transmit-
ted through focusing lens onto target material in the form of
thermal energy to heat up the surface. As a result, the target
material melts and vaporizes, which are influenced by target
material and concentration of laser beam. Cooling unit is used
to cool the machine to prevent overheating of the lamp and
Nd:YAG rod. Melted metal is then cleared away by assist gas
[34]. However, different types of material have different absorp-
tion of heat energy from laser beam. For example, opaque mate-
rials absorb the energy at top layer of workpiece and the heat
travels to other zones of the work piece through conduction.
Vaporisation of material is heavily influenced by material con-
ductivity andmass to volume ratio of laser-beam energy. In order
for the material to be vaporized, material first will absorb heat
from laser till the temperature of the material rises to its melting
point. Subsequently, heat will be absorbed at a steady rate till it
reaches the entire material and finally heated up again at a steady
rate till vaporization temperature is achieved [35].

Ready [40] proposed that in order to achieve continuous
vaporization of workpiece, energy of the laser beam has to be
at a steady-state condition with high energy density, acting on
the top layer of workpiece. The surface will then recede at
fixed velocity. Whereas for translucent materials, only partial
heat energy from laser will be consumed by the surface, while
rest of the layers will be heated through absorption. This de-
pends on how well the surface can absorb heat energy that is
the materials’ thermal absorption coefficient. Dabby and Paek
[41] found that ablation occurs on top surface of the work-
piece. The layers of the workpiece below top surface will
increase in temperature through absorption over vaporization
temperature, which will allow the expulsion of materials dur-
ing laser drilling process.

The different techniques used in laser beam drilling can
be separated into static and dynamic drilling. Single pulse
drilling and percussion drilling can be classified under static
drilling while trepanning and helical drilling are classified
under dynamic drilling [34, 38]. In static drilling, substrate
and laser beam is at a fixed position and the expulsion of
workpiece is caused by number of pulses. The difference
between single pulse drilling and percussion drilling is the
number of successive pulses in contact with workpiece,
where only one pulse is used for single pulse drilling and
multiple pulses are used for percussion drilling. Figure 13
illustrates drilling mechanism using percussion drilling.
Dynamic drilling focuses on laser motion from the middle
of the hole to circumference. Dynamic drilling consists of
trepanning and helical drilling, where erosion of the sub-
strate occurs by vaporisation and material is removed from
helical drilling is similar to trepanning except that helical
drilling consists of optical wedges for the inclination of laser
beam of up to 5° [34, 38].

4.2 Material removal rate

Material removal rate (MRR) of laser drilling is mainly de-
pendent on the energy of laser beam, and thickness and work-
piece type. The various parameters shown in Fig. 14 affects
surface roughness and material removal rate during drilling
process. The thermal diffusivity and absorption coefficient
of the materials are the main effects on drill speed. On the
other hand, how fast or effective the heat can transfer in the
substrate is important for ablation process [42]. For example, a
study conducted in [43] using pulsed Nd:YAG laser shows
that with increased pulse energy, drill speed increases. This
is fair because laser with higher energy will result in higher
pressure striking on the workpiece surface and hence increase
material removal rate. Figure 15 shows linear effect of pulse
energy on mean drilling speed and it is evident that titanium
can be drilled fastest as compared with nickel, EN58B (steel)
and tantalum. This is because titanium has lower thermal dif-
fusivity and higher absorption coefficient, and hence temper-
ature gained will be higher as compared with the other mate-
rials [43]. Yilbas [44] also did another experiment and obtain-
ed similar results that with increased energy, drilling rate in-
creases. Figure 15 shows the effect of pulse length on mean
drilling speed. As pulse length increases, drill speed decreases.
This is because with low pulse, at pulse off time, there will be
no laser emitted, hence temperature of the workpiece will cool
down and hence will not be as effective as a high pulse fre-
quency where temperature of the work piece will keep in-
creasing leading to higher material removal rate of titanium,
nickel, tantalum and EN58B. Similar results were obtained by
Ghoreishi et al. [31] using Nd:YAG laser. Tam et al. [30] also
found that with increased pulse energy, drilling time reduces
and with longer pulse duration, drilling time of Inconel 718
increases.

Yilbas [43] concluded that with greater thickness of mate-
rial, material removal rate increases due to the increase in
pressure impinging on crater; however, different materials
act differently on how the thickness affect drill speed based
on their properties. Similar results were obtained by Mishra
and Yadava [45] where drilling speed increased with the rise
of material thickness. Tam et al. [30] noted that pulse shape
affects the drilling speed. Double and triple pulse is preferred
compared to single pulses due to better performance. This is
because the spiked pulse gives out higher peak powers than
continuous pulse, hence materials removed by double and
triple pulse are higher [30]. However, focal position did not
affect drilling time. Another study conducted by Roos et al.
[46] obtained similar results and achieved better quality holes
when drilling using normal pulse and pulse train. Better results
were obtained using pulse train, it is because during short
intervals of normal pulse, material cools down and solidifies
and hence molten material chokes the hole. However, for
pulse train, every spike interval is at 0.5 μs, whereas for
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normal pulse it is at 200 μs. Hence during pulse train, vapour
in the hole will leave before the next pulse. The effect of pulse
energy and pulse length on mean drilling speed is presented in
Fig. 17.

4.3 Hole characteristics and surface finish

The hole quality drilled by laser drilling depends on the pa-
rameters listed in Fig. 14. The quality of the holes can be
characterized as hole taper, inlet and exit cone, barrelling,
surface roughness and extent of heat affected zones [34].
The main parameters such as workpiece material and its thick-
ness, pulse energy and pulse frequency seem to have signifi-
cant effect on the holes based on the studies conducted. The
holes drilled are normally not impeccably conical shaped as
the taper depends on hole depth [47]. An example of an ordi-
nary hole is shown in Fig. 16. Barrelling is caused by the

existence of confined hot plasma from vaporized material.
Taper is present because of the erosion caused by vaporization
of material. Recast is the original material that was not fully
vaporized, usually located around the hole or the interior sur-
face of hole [33].

According to Wagner [35], depth of hole is approximately
proportional to laser-beam energy density, as with higher en-
ergy density, faster the vaporization temperature of the mate-
rial is reached hence material removal will increase. A similar
trend between energy of the pulse and hole depth was ob-
served [34]. Both studies conducted by Gautam et al. [34]
and Yilbas et al. [42] discovered that hole taper increases
when the energy increases. Wang et al. [48] performed laser
drilling on structural ceramics using Nd:YAG laser and found
the effect of pulse energy on the circularity of hole. Figure 17
depicts the relationship between pulse energy and rate of
which material is removed.

Fig. 13 Material removal
illustration during laser drilling

Fig. 14 Parameters affecting surface roughness and material removal rate during laser drilling [30]
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Wang et al. [48] discovered that laser power is directly
proportional to taper angle. As laser power surges, hole taper
angle decreases. Ghoreishi et al. [31] obtained similar results
where hole taper can be reduced with higher peak power. This
is because laser beam penetrates throughmaterial and enlarges
exit hole resulting in exit hole being larger than entrance hole.
Ghoreishi et al. [31] also discovered that with higher pulse
frequency, hole taper can also be reduced due to consistent
pressure striking on workpiece surface enlarging exit hole.
However, with lower frequency, circularity of hole can be
improved; this is because during pulse off time, material has
a longer time to cool down and solidify which avoids irritation
and any irregular movement of fragments during drilling. The
hole taper differs for different materials due to their thermal
properties, as some material transfer’s heat through their

layers faster than other materials [31]. Similar results were
found in Bandyopadhyay et al. [47], where the taper angle
reduces with growing pulse frequency.

Yilbas et al. [42] found that with increased focus setting,
geometry of hole can be enhanced; however, ideal focus on
workpiece is different for different materials due to different
thermal properties. Another similar study was conducted by
Ghoreishi et al. [31] where the focal position affects the size of
holes, where larger holes can be achieved when nozzle is
nearer to substrate with higher intensity, as mechanical load
applied on work piece is higher with higher laser intensity.

Extend of heat affected zone (HAZ) allows to determine the
extent of damage caused by heat onworkpiece produced by high
energy beam [49]. Studies conducted by Mishra et al. [45, 49]
showed that the extent of heat-affected zone is proportional to

Fig. 16 Typical characteristics of
hole drilled using laser beam [34]

Fig. 15 Effect of pulse energy
and pulse length on mean drilling
speed [43]
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pulse width and frequency but inversely proportional to peak
power. As pulse frequency increases, heat-affected zone in-
creases because the interval between the pulses are short, hence
large diffusion will form a large HAZ region. However, extent of
heat-affected zone decreases when peak power increases is be-
causewhen peak power is high, thermal energy striking onwork-
piece is high and heat will be accumulated on substrate surface.
According to the study conducted by Wang et al. [48], it is
possible to reduce heat-affected zones by increasing pulse fre-
quency. Another method to reduce heat-affected zones is [50]
underwater drilling revealed absence of debris, heat-affected
zones and cracking.

With high pulse energy, drill speed and circularity of holes
are found to be excellent. However, a study by Vora et al. [51]
discovered that surface roughness is directly proportional to

laser beam energy. Kamlage et al. [52] experimented deep
drilling holes of metals on stainless-steel plate using sapphire
laser system and discovered the relationship between rough-
ness and number of laser-passes as illustrated in Fig. 18. It is
evident that roughness profile decreased with increased laser
passes; this could be because of consistent impact of irradia-
tion from laser beam and rapid vaporization of materials not
allowing material to resolidify or cause structural changes on
workpiece surface.

Micro cracking is also an issue induced by material prop-
erties after laser drilling. Studies [33, 34, 53] found that the
cause ofmicro cracking is because of mechanical properties of
workpiece, which is caused by cooling down process. As
workpiece cools down, tensile stresses are formed by structur-
al contraction which restricts the material to relax and hence

Fig. 17 Effect of energy
concentration on circularity of
holes (Wang et al. 2017)
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causing micro cracking [53]. An example of micro cracking
developed on inner-outmost layer of a drilled hole of Inconel-
718 is shown in Fig. 19. However, Wang et al. [48] discovered
that by adding localized plasma heating to laser drilling, micro
cracking can be decreased by 1.2 times.

Spatter is one of the flaws of laser drilling and it happens
when molten material is dispersed round the circumference of
hole. It is occurred during initial pulse from laser and is increased
mainly with higher energy density of laser beam [34, 54].

5 Electrochemical drilling

Electrochemical drilling is an unconventional drilling process
that removes material, which is generally metal, from the work-
piece by electrochemical dissolution accordingly to Faraday’s
law. Electrochemical drilling includes an anode and a cathode
that are surrounded by electrolyte. Figure 20 shows a standard

set-up for an electrochemical drilling process, where the tool is
directed to the workpiece by Z-axis, the tool and workpiece are
both connected to the power source on the negative and positive
terminal respectively, and constant electrolyte fed into the sys-
tem. Lastly, the sludge is removed from the tank through an
additional pipe [56]. With adequate potential difference, drilling
of the workpiece can then be carried out [55–57]. The electrolyte
is driven in between the space of the tool and workpiece, where
electric current flows through electrolyte and corrodes the work-
piece [58]. Electrochemical drilling process has been advanced to
drill materials with high hardness, conductive materials and
metals, semiconductors and hybrid materials [55]. Different ma-
terials will respond differently to this process due to grain struc-
ture and passivation of material [59]. Electrochemical drilling
was also established to produce holes with high aspect ratio.
Since the process involves the dissolution of material, great qual-
ity surface can be obtained on a compound surface. Unlike
EDM, ECM process is absent from tool wear and heat affected

Fig. 18 Quantity of laser passes
that effect hole surface roughness
[52]

Fig. 19 Micro-cracks on the inner
surface of a drilled hole on
Inconel718 [34]
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zones [60]. Furthermore, there are many advantages for ECM
that makes it unique and they are (i) drilling rates can easily be
controlled by electric current, (ii) type of electrolytes that do not
harm environment, (iii) absence of heat affected zones and me-
chanical stresses, (iv) does not alter work piece properties, (v)
materials able to withstand chemical reactions such as stainless
steel or titanium can be drilled and (vi) able to drill multiple holes
at one instance. Besides the difficulty of creating holes lesser than
0.8 mm in diameter, electrochemical drilling generates a good
quality surface and is known for high material removal rate [61].
Due to its excellent traits, ECD is widely used in aerospace
industries for jet turbine blades, space and automobile industry,
electronics industry and many others [9, 62, 63].

5.1 Mechanism

The basic principles of material removal follow Faraday’s law
where the workpiece is liquefied with adequate amount of
voltage being applied between the opening of electrode and
substrate that is occupied by electrolyte. The substrate dis-
solves when the path of electric current flowing through the
electrolytic cell is opened (Fig. 21). The ECD process gener-
ally utilizes a concentrated salt solution known as electrolyte.

The electrolyte is supplied between the electrode gap at high
pressure in order to eliminate reacted materials of workpieces
and permit high material dissolution. Figure 22 illustrates ma-
terial erosion during electrochemical drilling process. The tool
used for this process is normally shaped as a tube and the
materials commonly used for tools are made of stainless steel,
copper or brass [9, 58, 59]. The tool external surface is nor-
mally insulated apart from the tip [9]. The tool chosen for
drilling should have the following characteristics: (i) excellent
mechanical and electrical properties, (ii) adequate stiffness to
overcome electrolyte compression, (iii) able to withstand cor-
rosive solutions and (iv) conductor of heat and poses excellent
machinability. The choice of tool should be appropriate for the
material properties of the workpiece [55].

The type of solution generally favoured for electrolytes are
sodium chloride, sodium nitrate, sodium chlorate or a combi-
nation of these. The purpose of acidic electrolytes is to corrode
and dissolve the workpiece and also used for draining frag-
ments in the form of metal ions from workpiece surface to
achieve good surface finish with small tolerances and high
aspect ratio holes [9]. The electrolyte also prevents heat from
building up in the machining area. In addition, electrolyte
creates anodic films on substrate to ease the process [55,

Fig. 20 Schematic diagram of electrochemical drilling [55]

Fig. 21 Factors affecting the quality of hole and drilling rate
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58]. The ions motion in electrolyte is the reason why the
current is able to circulate in electrolyte. The ions are charged
transporters that create electric field due to the potential dif-
ference between the tool and workpiece [64]. The purpose of
pulsed electric current is to stimulate the electrolyte to create
electrical reaction between the tool and workpiece. In an event
of drilling using DC-voltage, used electrolyte will start to boil
because of the increase in machining current. As a result,
waste products are formed which may stick onto substrate
and tool. During this circumstance, further drilling may not
be simple. But these difficulties can be tackled by using pulsed
voltage in electrochemical drilling. As temperature drops dur-
ing pulse off time, the waste products will be removed easily.
[55].

The drilling performance of electrochemical drilling is con-
trolled by the way the anode reacts in electrolyte. Sharma [58]
et al. found that when drilling copper rod on copper strip,
electrode colour changes to black. This is due to the compo-
sition transformation of the electrolyte. The quality of hole
and drilling rate are influenced by the parameters as shown
in Fig. 21.

Constant electrolyte flow was implemented by Wang et al.
[63] to improve the capabilities of ECD, where continuous
feed of electrolyte results in constant refreshment of electro-
lyte. As drilling depth deepens, electrolyte stream will get
clogged easily [9]. The heat that is formed in drilling process
will build up around drilling region. These issues will disrupt
electrolyte flow and with time, drilling will have to come to a
halt due to short circuit or the machining process will not be
suitable to carry on. Hence, large holes cannot be drilled if the

replenishment of electrolyte is inadequate. Hence the impor-
tance of constant refreshment of electrolytes is essential [63].

5.2 Material removal rate

Material removal rate is defined as the feed rate that governs
the current flow between anode and cathode. As the tool de-
scends closer to workpiece, the gap narrows and the current
increases; hence, raising material removal rate. Material re-
moval rate is proportional to voltage, electrolyte concentration
and temperature [65–67]. Figure 21 shows the various param-
eters affecting the surface roughness and material removal
rate. Several studies found that major parameters influencing
MRR are the concentration and type of electrolyte, current
density, applied frequency and feed rate.

Manikandan et al. [56] used titanium alloy as workpiece with
sodium nitrate as electrolyte. The main parameters affecting
MMR in this study are feed rate and electrolyte concentration.
The results show these two parameters are directly proportional
to MRR. The trends can be found in Figs. 23. MRR increases
due to increase of feed rate as when the electrode reaches closer
to the workpiece, higher volume of negative ions transfers to
electrode and removed by electrolyte. This will stop happening
if feed rate gets too high till the contact between the electrode and
substrate lead to short circuits. The reason why MRR increases
when feed rate increases from 0.15 to 0.2 is because in this range,
voltage in the interior space of the electrode is sufficient enough
to remove the material from substrate. It was shown that MRR
increases with electrolyte concentration as electrolyte solution
strength increases, electrochemical reaction between the

Fig. 22 Electrochemical drilling
process [64]
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workpiece and electrolyte increases; hence, the rate at which the
ions are carried away by the electrolyte flow increases, which
increases MRR [56]. A similar result was found by Manna and
Malik [69] where MMR increased with higher concentration of
electrolyte. Rao [70] et al. obtained similar results by using
Taguchi methods and ANOVA for optimization of the parame-
ters affecting MRR and found that feed rate and concentration
level of electrolyte are directly proportional to MRR.

MMR depends on faradaic current, whereby an increase in
current increases MRR as increase in ions took place in the
middle of inter-electrode gap which increases the dissolution
of workpiece [71]. Goswami [72] performed ECM on mild
steel and aluminium and also reported that current affects
MRR and surface roughness. In this study, the frequency ef-
fect onMRRwas investigated and the results show thatMMR
decreases when the applied frequency increases. The trend can
be observed in Fig. 23 [68]. Another study also [73] reported
similar results where MRR decreases with higher frequency.
This is because with higher applied frequency, current density
decreases which results in low MRR.

Da Silva [74] et al. reported that process temperature is
proportional to MRR as the conductivity of electrolyte chang-
es with temperature, and that the higher the temperature, the
faster is electrolyte evaporation. Hence, the temperature of
electrolyte is normally maintained roughly between 25 and
60 °C. It was found in this study [3] that machining rate was

faster when drilled with rotating edge-cut electrode as com-
pared with rotating cylindrical electrode. This is possibly due
to the increase in surface area on the bottom of tool tip that
contributes to a larger amount of material removed, thus in-
creasing machining speed.

5.3 Hole characteristics and surface finish

Hole quality and surface roughness are generally influenced
by factors like pulse current, frequency, inter-electrode gap,
type and tool shape, flow rate of electrolyte and of course the
concentration of electrolyte. Common types of circular hole
features achieved from electrochemical drilling are overcut,
aspect ratio and hole taper. Overcut is defined as half the size
after deducting hole diameter from tool diameter. Taper angle
can be measured using hole entrance diameter and the size of
the exit of holes [55].

Sen and Shan [9] experimented on the difference of a dual
pole tool and an insulated tool, and reported that when using
the dual pole tool, stray removal at the interior side surface of
hole and hole taper decreases. The drilling reliability and pre-
cision increase when using dual pole tool. An example of the
difference in both tools is shown in the graph in Fig. 24.

One of the greatest issues faced in ECD is the formation of
taper. Taper angle for blind hole is normally greater than
through hole. This is firstly, it is not easy for the electrolyte

Fig. 23 Relationship between the a concentration of electrolyte, b feed rate and c applied frequency on MRR [56, 68]
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to penetrate deep into hole as is difficult to dissolute the metal.
The second reason is due to boiling of electrolyte; bubbles are
formed that are stuck in small machining opening which raises
the resistance against dissolve of subtract. This will then cause
the current to flow from the side to entrance of the hole which
will cause the hole to be enlarged. The third reason is due to
chemical reaction to dissolve subtract. As during that process,
chromium oxide layer is developed which will then stop the
dissolution process. Lastly, taper is created because of the gap
in between the drilling time in the middle of both top and
bottom hole, as taper reduces as tool feeds through the holes
[60]. A study conducted in [59] by Chryssolouris et al. found
that hole taper and overcutting increased, when voltage and
concentration of electrolyte increased. This is possibly due to
rise in the number of ions present in the solution as concen-
tration of electrolyte increases; which then increases the
amount of material removed at the top hole and thus the hole
taper is increased. The increase in voltage would increase
electric current density and hence, speed up material removal
process at top hole.

Manikandan [56] et al. found that when feed rate increases,
the overcut increases as shown in Fig. 25. The reason why
there is no change between 0.15 and 0.2 mm/min is because as
electrode moves at high rate;MMR at lateral direction is not as
effective as when it moves at a low speed. Hence the overcut is
larger between feed rate range of 0.1–0.15 mm/min.
Manikandan et al. also reported that electrolyte flow rate is
inversely proportional to overcut as rise in electrolyte flow

rate results in decreasing the flow of ions from substrate in
lateral direction. The overcut is also inversely proportional to
electrolyte concentration [56].

The type of tool used affects the quality of hole achieved.
Figure 26 shows different type of holes drilled by different
tools: (a) a flat bottom tool was feed, and the middle section
of the hole was not eroded; and (b) a rotating edge-cutting tool
was used. This was because when using flat-ended tool, sup-
ply of electrolyte solution was irregular [55]. Wang [63] et al.
found that flow rate is proportional to circularity and hole
quality. The effect of circularity of hole with flow rate and
constant pressure is shown in Fig. 27. Under constant flow

Fig. 24 Comparison between dual pole and single insulated pole [75]

Fig. 25 Feed rate influence on mean overcut [56]
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rate, hole circularity is a little out of shape because of insuffi-
cient electrolyte to wash away the fragments. In addition, heat
accumulated from hole depth as pressure decreases during the
flow which disrupts the flow rate and conductivity of electro-
lyte. Additionally with higher electrolyte flow rate, higher rate
of waste products disposal enhance hole circularity [63].

To obtain good surface quality and smooth surface, ECM
performance can be enhanced by reducing pulse current [55].
A similar study conducted by Qu et al. [76] also found that
surface roughness increases with pulse current. During pulse
off time, it gives time for the electrolyte to wash away any
waste products on workpiece and also the heat produced due
to the effect from inter-electrode spacing. Hence, surface qual-
ity can be improved. Figure 28 illustrates the relationship be-
tween pulse amplitude and surface roughness.

6 Electro discharge drilling

Electro discharge drilling (EDD) is a process which includes a
combination effect of thermal and electrical operations. Holes
are normally achieved when electrical energy is being used to
create sparks which produces thermal energy to remove ma-
terials. The space in between two electrodes placed close to

each other, which creates a spark in a dielectric solution. The
potential difference applied between the electrodes is signifi-
cantly high. Hence at that particular zone, temperature is high
enough causing ablation of the material [2, 77]. Figure 29
shows the schematic diagram of EDD system, where both tool
and the workpiece are connected to the power source to neg-
ative and positive side of power supply, respectively. The tool
is controlled by controller and dielectric feeder constantly
feeds drilling zone with dielectric. According to Lim et al.
[79], the cost of set-up of micro EDD machine is low where
non-contact feature needs less force between electrode and
workpiece to drill hard and brittle material. The non-contact
process for EDD makes it advantageous as compared to con-
ventional machining as it eliminates any mechanical stresses
that occur during machining processes. However, pitfall of
this technique is that materials have to be electrically conduc-
tive regardless of its hardness [80]. Furthermore, speed at
which material is removed fromworkpiece is lower than other
non-traditional techniques and the tool experiences wear [1].
Hence longer electrode or constant replacement of electrode
will be needed to improve drilling efficiency. Micro-EDD
drilling is believed to be an efficient method for creating holes
in micro-components as compared to other unconventional
drilling methods. EDD is also known for fabricating

Fig. 27 Entrance drilled hole on Inconel 718 under different flow rate: a 140 and b 245 ml/min [63]

Fig. 26 Morphology of hole surface formed by using different shaped tools (Ø 4 μm) [60]
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complicated shapes and moulds for the moulding industry.
EDD is commonly used in aerospace and automobile compa-
nies on turbine blades and injection nozzles [81].

6.1 Mechanism

The stages of material removal from EDD can be summarized
into three stages: (i) melting of material, (ii) evaporation of
material and (iii) washed away by a suitable dielectric fluid.
EDD is a mixture of both thermal and electric process where
the erosion of the workpiece is due to high energy discharged
from electricity. Drilling of holes by EDD is possible because
of the spark produced when electrode is close to the work-
piece. Sparks normally occur in a dielectric mediumwhich act

as an insulator and prevents electrolysis during drilling pro-
cess. Discharge energy is produced from the voltage in power
supply overpowering the dielectric degradation over small
space. At this stage, plasma is generated, and temperature
can rise up to 20,000 °C. Thermal energy from sparks melt
and evaporate the substrate as well as wear in electrode took
place due to material removal. After sparks are produced,
plasma channel breaks down and hence the pressure acting
on the surface of the crater reduces. Material removal process
occurs in spark zone which is a complex process in EDM and
consists of several physical procedures. Removal of the erod-
ed workpiece can be expelled in two ways: (i) through abla-
tion and (ii) bubble explosion. After evaporated materials
cools down, it forms debris that are flushed out by dielectric
fluid [82–85]. An illustration of the drilling process is shown
in Fig. 30.

A number of papers [86–88] that carried out different exper-
iments have reported that there are factors that affect the efficien-
cy of micro EDD process. Those parameters are voltage, pulse
duration, peak current, spark gap and system parameters such as
properties of the tool, dielectric fluid as well as physical and
chemical properties of workpiece. Different types of dielectrics
influence the performance of EDD drilling due to various chem-
ical compositions, viscosity, strength and cooling rates [86].
Because of difference in viscosity, behaviour of flushing is af-
fected. As boiling temperature for hydrocarbon oil is compara-
tively higher than water-based dielectrics, this influences in more
discharge energies and increase discharge duration. In water-
based dielectrics, breakdown strength in electrode gap is large
hence improving flushing and better cooling conditions as

Fig. 29 Schematic diagram of
electro discharge drilling [78]

Fig. 28 Relationship between pulse current and surface roughness [76]
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compared with hydrocarbon oil [88]. Jilani and Pandey [87]
reported that for metal removal rate, tap water was a better option
than distilled water and on contrary, electrode wear on brass tools
were higher when using tap water as compared to distilled water.
Hole quality and drilling rates are dependent on the factors
shown in Fig. 31.

6.2 Tool wear

Electrode wear contributes towards the irregularity of holes
achieved by micro EDD. As the electrode continues to drill into
workpiece, severe wear will occur on electrode as compared to
other parts. It has been investigated that micro EDD is able to
generate features that are less than 5 μm in dimension with
surface roughness lower than 0.1 μm. During micro EDD, elec-
trode implants into material and hence erosion of electrode oc-
curs massively [89]. The electrode’s bottom end wears at initial
stage of drilling followed by the edge of the electrode. Carbon oil
reduces tool wear after a certain period as carbon itself started to
form a protective layer on electrode surface which helps the
prevention of additional tool wear [89].

Electrode wear occurs mainly on side and bottom end of
electrode, where bottom wear affects the length of electrode
and side wear affects hole accuracy, which cannot be
disregarded in most occasions [77]. Major parameters such
as voltage, current, pulse time, material properties and types
of dielectric uses should be understood before executing dril-
ling process. Different workpieces such as tool steel, brass and
aluminium were examined to see if tool wear varies with dif-
ferent materials. The electrode material used was tungsten
carbide. The result concluded that for soft materials like alu-
minium and brass, tool wear rate was lower as compared with
tool steel as melting points for tool steel is much higher com-
pared to aluminium and brass and hence, material removal for
brass and aluminium is easier. In addition, smaller grain size
of workpiece material forms smaller debris and hence, higher
wear occurs on tool when drilling tool steel [77]. The results
also showed that tool wear rate was higher after using deion-
ized water as compared with kerosene as decomposition of
kerosene occurs when heated up to a certain temperature and
hence, gives out carbon particles that bond with the surface of
electrode surface and hence preventing rapid tool wear during
drilling process [86].

Fig. 30 Electro discharge drilling
process illustration

Fig. 31 Parameters influencing the surface roughness and material removal rate during EDD
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Kibria [86] et al. reported that tool wear, when using de-
ionized water as dielectric fluid, was highest when compared
with kerosene and kerosene mixture with abrasive particles.
The trend can be observed in Fig. 32 and the reason why
deionized water contributes to a higher tool wear rate is at
high temperatures, degradation of kerosene occurs, and car-
bon is produced as a result. Carbon particles will then stick
onto tool surface and act as a protective layer against erosion,
hence tool wear is lower. However, carbon is not released by
deionized water during the process and hence no defensive
layer will be created on tool. In addition, burning happens
more in drilling area which results in higher wear when using
deionized water as dielectric.

6.3 Material removal rate

Generally, material removal rate (MRR) is the most essential
target during EDD. MRR of two different types of electrodes

were investigated by Yilmaz et al. [78]. Single-channel and
multi-channel electrodes made of copper and brass were stud-
ied. Highest MRR recorded was from an individual channel
brass electrode. The single-channel copper electrode was
found to have a higher MRR than multi-channel electrode of
both brass and copper. Hence it is obvious that single-channel
electrode is superior as compared to multi-channel electrode.
The reason why multi-channel has a lower material removal
rate is mainly because of the flushing process which is also
known as cooling process. It is common that excessive
cleaning of the gap decreases expelled frequency due to rapid
replenishment of insulation. The outcome of this is that melt-
ing of material due from generated heat is lowered and hence,
lesser material is eroded from workpiece and washed away
[78].

The rate at which material is removed when using brass
electrode is higher than tungsten carbide electrode as electrical
conductivity seems to be significantly higher for brass

Fig. 32 Influence of dielectric
type on tool wear rate [86]

Fig. 33 Relationship between
discharge energy and MRR for
different materials [90]
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electrode [85]. Jahan et al. [90] reported that electrical resis-
tivity of both materials affects MRR. Electrical resistivity for
SUS 304 is significantly higher than WC-Co. As electrical
resistance is high, this limits the conversion of material energy
from electrical to thermal, hence melting and evaporation ac-
tion decreases. Figure 33 shows material removal rate of both
materials and it can be observed that material removal rate
varies with different material corresponding with same dis-
charge energy and for this case, MRR rate for WC-Co is
higher than SUS 304 [90]. Similar results were reported by
Yilmaz et al. [78] who used titanium alloy and Inconel 718 as
workpiece and wanted to find out the variance in MRR. They
reported that material is removed at a faster rate from Inconel
718 than titanium, due to the higher electrical resistivity of
titanium alloy [78].

Kibria et al. [86] investigated the influence of dielectric
fluid on material removal rate on titanium alloy and

reported that when deionized water is used, material was
removed faster than when pure kerosene was used. This is
due to formation of oxide (TiO2) layer that developed on
the outer surface of workpiece that melts on low discharge
energy as compared with melting of carbide (TiC) created
due to kerosene. Furthermore, deionized water can act as a
mild electrolyte which assists in removing larger amount of
material as shown in Fig. 34. Boron carbide powder was
mixed with kerosene to be used as abrasives and the MRR
rate improved slightly as boron carbide particles assist ker-
osene by producing even supply of discharge energy and
improve electrical conductivity which results higher ma-
chining performance. Various studies [85, 91, 92] also
agree that MRR increases with higher discharge current
as shown in Fig. 35. The reason is, at higher current, spark
energy created between electrode and workpiece gap is
large, hence material removal is higher [92].

Fig. 34 Type of dielectric’s
influence onmaterial removal rate
[86]

Fig. 35 Influence of discharge
current on material removal rate
with different electrode speed
[92]
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6.4 Hole characteristics and surface roughness

Hole circularity, accuracy and smooth surface are desired
by the manufacturers. Studies have revealed that signifi-
cant factors such as discharge energy, workpiece properties
and electrode type influences the characteristics of holes
formed by machining. A study conducted by Jahan et al.
[90] shows the effects of workpiece material properties and
discharge energy as shown on Fig. 36 on both cemented
carbide (WC-Co) and stainless steel (SUS 304) workpiece.
As it can be seen with the increase of aspect ratio and
discharge energy, size of holes increases. However, with
same aspect ratio and discharge energy, it can be seen that
hole size for SUS 304 expands more at the top hole.
Overcuts produced on SUS 304 are greater as well, hence
the accuracy of holes are reduced. However, for WC-Co, it
can be seen that the hole created expanded lower than SUS
304 at the absent of burrs and slightly affected by heat.
Debris found on hole surface on SUS 304 are not burrs
but they are the excessive amount of carbon released from
dielectric oil that increases after drilling process and solid-
ifies on the rim of hole. The quality of surface at the rim of
WC-Co is good enough [90]. This can be explained as
WC-Co is a higher conductor of heat than SUS 304, hence
lower expansion of holes was realized. It was also found
that taper hole was directly proportional to e hole taper as
with higher discharge energy, size of the crater on work-
piece enlarges and as a result, accumulate and induces
sparks occur rarely. Hence, it will be difficult for dielectric
to wash away accumulated removed materials which then

cause the top hole to be larger than bottom [93]. Another
possible reason is that, during drilling process, fragments
removed from workpiece travels from the exit to hole en-
trance, which as a result generate secondary sparks and
cause larger hole at hole entrance [94].

D’Urso et al. [85] investigated the influence of dis-
charge energy and electrode material on hole surface qual-
ity of AISI 304 as presented in Fig. 37. The energy is the
product of peak current and voltage. The higher the energy,
the larger is the diameter of the drilled hole. When using
brass electrode, reason for the difference in texture of holes
and burr like formation is because of solidified melted ma-
terial [85]. A similar study was done by Ay et al. [80]
where higher discharge energy resulted in burr-like forma-
tion on the circumference of holes. The reason for that is
because of aggressive sparks caused with higher energy
and cooling down process after drilling where residues
are formed. Figure 38 shows the entrance hole variance
from low discharge energy to high discharge energy drilled
on Inconel 718. From the figure, heat-affected zone on hole
appears under high discharge energy and forms around the
circumference of hole. Yilmaz and Okka [78] also reported
that heat-affected zone occurs on the circumference of hole
and mainly because of high level of discharge energy.
Heat-affected zone occurs over various thicknesses of
workpiece depending on materials’ properties and machin-
ing conditions. Yilmaz et al. [78] also found that EDD
drilling produces a small round particle of a substance on
surface, pockmarks and melted drops. Surface finish for
multi-channel brass electrode is better than single-channel

Fig. 36 Effect of discharge energy (DE) and aspect ratio (AR) on hole quality: a DE = 7.04 μJ and AR= 5 on WC-Co, b DE= 7.04 μJ and AR = 5 on
SUS 304, c DE= 11 μJ and AR= 7.5 on WC-Co and d DE = 11 μJ and AR = 7.5 on SUS 304 [90]

Fig. 37 The entrance of drilled holes on AISI 304: a, b using tungsten carbide electrode, c, d by brass electrode, a, c drilled under low energy and b, d
drilled under high energy [85]
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brass electrode as flushing effect of multi-channel brass
electrode is stronger and aids the removal of molten or
small particles without instant re-solidification.

Kibria et al. [86] found that recast layer on workpiece
surface is lesser when using abrasive mixed dielectrics as
abrasive removes solidified fragments by friction on work-
piece. Lower overcut of hole was found in deionized water
as dielectric in comparison to kerosene dielectric at low
discharge energy. However, higher overcut was produced
when deionized water was used as dielectric under high
energy. This is due to larger degradation of deionized water
at high temperatures due to high energy where deionized
water produces oxygen and hence, assist spark to increase
overcut compared with kerosene where no oxygen is

produced to assist spark. At low discharge energy, machin-
ing effect is slower on inner wall surface of hole when
using kerosene which results in higher contact to second-
ary sparking and hence, overcut will be larger with deion-
ized water as dielectric [86].

Kuppan [92] et al. reported that an increase in either current
or pulse would increase surface roughness of drilled holes.
The reason is because, as pulse-on time increase, spark density
becomes more concentrated and hence, increasing the depth
of boundary which will raise roughness value [95]. The reason
for roughness increases with current is because, with higher
current produced frommachine, spark energy increases which
then raises discharge power. Therefore, increasing the size of
crater and roughness.

Fig. 38 Increasing effect of discharge current and pulse duration on hole quality [80]

Fig. 39 Schematic diagram of
ultrasonic drilling [102]
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7 Ultrasonic drilling

Ultrasonic drilling (USD) is a non-conventional drilling
process, and unlike EDM or ECM, this process can be
used to drill materials that are non-conductor as well as
low ductility and hardness [96, 97]. However, compared
with EDM and ECM, if tool wear is required to be
reduced such as drilling of hard steels, EDM and
ECM would be a better option [98]. This process does
not cause chemical effects, thermal effects or metallur-
gical effects on workpiece. Ultrasonic drilling is a me-
chanical process that does not form recast layer, absence

of cracks and straight profiled holes can be achieved
[99]. In USD, electrical energy is transformed into me-
chanical vibrations which are transferred over to the
tool [6]. As a result, tool vibrates at high frequency
along linear axis, normally in the range of 20 kHz
and amplitude vary from 5 to 50 μm. Power consump-
tion normally lies between 50 and 3000 W. USD pro-
duces a static load and vibration to tool together with
abrasive slurry. Abrasive fluid mixture contains particles
like silicon carbide and boron carbide that are released
by either water or oil and fed in drilling area. Tool
vibration excites the abrasive particles in liquid carrier

Fig. 40 Illustration of ultrasonic
drilling process

Fig. 41 Parameters influencing hole quality and drilling speed during ultrasonic drilling [99]
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that flows under the tool and on substrate, to strike the
top layer of workpiece and erode workpiece by
microchipping. According to Moreland et al. [100], hole

dimensions as small as 76 μm can be achieved using
ultrasonic drilling process but depth to diameter ratio
can only be achieved up to 3:1 [101].

Fig. 42 Effect of abrasive and
tool materials on tool wear [105]

Fig. 43 Workpiece materials’
influence on tool wear [109]
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7.1 Mechanism

Drilling mechanism of ultrasonic drilling can be divided
into three stages: (i) mechanical erosion from direct impact
of abrasive particles in liquid carrier on substrate, (ii) abra-
sion due to impinging force by abrasive particles and (iii)
removal of material from substrate due to cavitation caused
by slurry filled with abrasive particles [6]. Due to the pres-
ence of impinging force of abrasive particle on workpiece
surface, fractures occur on hard and brittle like ceramics.
Power supply stimulates piezoelectric transducer as shown
in Fig. 39 which is attached to the horn and drives the tool
at a high frequency. The tool then impinges onto substrate
which is covered with abrasive slurry. Abrasive slurry will
then erode workpiece and create a negative image of the

tool onto workpiece. Hence, profile of the workpiece relies
mainly on geometrical tool profile [103]. The purpose of
USD is to erode the top layer of workpiece in first stage.
Development of cracks on workpiece is governed by me-
chanical characteristics of the material, original condition
of workpiece and the magnitude of static load. The mech-
anisms discussed can take place individually or together,
material is eroded by shear, fracture and plastic deforma-
tion of workpiece that will take place on top layer of the
material. Material removal due to cavitation erosion is
prone to occur on porous materials such as graphite com-
pared with hardened steels. The fragments are later re-
moved by liquid carrier [6, 104].

Abrasive particle raises tensile stress of workpiece when it
impinges on top layer. Hence, micro cracks are located around

Fig. 44 Influence of abrasive
particle size on drilling rate [113]

Fig. 45 Influence of tool diameter
on MRR [106]
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the contact region gets aggravated. As soon as tensile stress
elevates, tension acting on material increases, and crack locat-
ed on contact region will begin to spread around drilling zone
and form under top layers of the material to a certain depth.
The depressed area depends on the magnitude of load, where-
by an increase in load will increase crack around drilling zone
and spread progressively in deeper layers of material. As soon
as stress value reaches materials’ failure point, round crack
impinged by abrasive particle forms into a cone-shaped crack.
As static load increases, crack continues to progress deeper in
workpiece and contact area will then be bounded with cone
shaped cracks. With constant impinge force and unloading,
crack will start to get tighter and gradually form a round
groove [104]. Figure 40 illustrates the erosion process by

ultrasonic drilling and Fig. 41 presents parameters which in-
fluence hole quality and drilling speed during ultrasonic
drilling.

7.2 Tool wear

Tool wear is an important issue for ultrasonic drilling as the
performance and efficiency of drilling depends on it [105].
Tool wear is caused due to abrasive. As abrasive particle
strikes on tool, cracking of tool material will start to occur
followed by erosion and results in tool wear [106]. Cronjlger
[107] in lateral and longitudinal directions. Where longitudi-
nal wear decreases the length of tool due to consistent impact
forces by abrasive particles, lateral or side wear decreases the
diameter of tool from its initial condition because of the scrap-
ing of abrasive particles that occurs in the tiny space in the
middle of tool and workpiece. Cavitation wear [108] might
also occur due to quick return motion of tool that develops
aggressive cavitation around bottom and side of tool. Bubbles
consist of absorbed gases which creates strong currents that
travel diagonally towards bottom of the tool and around the
workpiece and causes cavitation wear. Factors like workpiece
material and thickness, tool material and dimensions, size and
type of abrasive particle, speed and technique of feeding slurry
and cutting duration influence tool wear. Tools made of mar-
tensite steel were found to be superior than other materials in
terms of wear resistance. Tool wear was found to be inversely
proportion to tool hardness for tempered metals [109].
Adithan et al. [109] found that with same tool size, tool wear
rate was higher when using boron carbide as compared with
silicon carbide particles. Figure 42 shows how tool wear is
affected by abrasive type. The reason is probably because of
the hardness of grits, as metal removal rate depends on grit
hardness. Furthermore, boron carbide damps quicker than sil-
icon carbide, and dampness is a crucial factor for the devel-
opment and breakdown of cavitation bubble which causes
cavitation wear. Thus, tool wear will be higher when using
boron carbide opposed to silicon carbide. Larger particles

Fig. 46 Morphology of hole exit under high static load [102]

Fig. 47 Exit of holes machined at
a 250 rpm and feed rate if
0.8 mm/s and a 350 rpm and
0.5 mm/s feed rate [119]
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create greater tool wear as opposed to finer particles as contact
area of particle is larger for large particles and hence, fragmen-
tation increases as compared to a smaller particle. Figure 42
presents the effect of tool material on tool wear where mild
steel tool experienced highest wear as compared with the rest
of the materials. On the other hand, stainless steel experienced
least wear as stainless steel has greatest cavitation corrosion
resistance compared to rest of the materials. A similar study
was conducted by Dvivedi and Kumar [99] where the influ-
ence of tool materials such as high-speed steel, tungsten car-
bide and high carbon steel on wear resistance was investigat-
ed. Tools with high carbon content were reported to have
higher resistance to wear. Komaraiah and Reddy [110] report-
ed that mild steel tool experienced highest wear among titani-
um, stainless steel and silver steel tools.

Adithan [109] experimented on different materials such as
plate glass and porcelain, with different abrasive type and size
and different static loads to observe the influence on tool wear.
The results indicated that tool wear increases with higher static

loads for tools with smaller bottom surface area. As static load
increases, pressure applied by tool increases, furthermore with
smaller area, pressure is larger, hence tool wear rate increases.
Similar results were obtained by Yu [106] where tool wear was
reported to increase as the force applied on tool increases. Tool
wear rate is dependent by the tool itself, as if wear has already
taken place, then additional wear will take place which is also
influenced by the initial surface condition of the tool [106].

A trend between different materials and tool wear rate was
also investigated by Adithan [109] and found that when dril-
ling porcelain and glass, tool wear rate was higher for porce-
lain than glass. As hardness of workpiece increases, tool wear
rate was greater. This is probably because of the ease of de-
formation of workpiece and the force needed to deform work-
piece. Porcelain has a higher resistance of deformation than
glass, hence force needed from tool is higher which increases
tool wear rate as shown in Fig. 43.

7.3 Material removal rate

Several factors affecting material removal rate of ultrasonic
drilling have been analysed. Several studies found that
main parameters affecting MMR include workpiece mate-
rial and thickness, size and concentration of abrasive slur-
ry, applied pressure, static load applied by tool and power
of the machine.

Pandey and Shan [111] found that pressure of slurry
flowing in cutting zone has an incredible influence on removal
rate of both workpieces as with high pressure comes higher
forces, abrasive particles will strike workpiece, hence increas-
ing material removal rate. Hocheng et al. [102] investigated
how different types of abrasive influences MRR. Experiment
was conducted on carbon fibre-reinforced silicon carbide as
workpiece material. Three different type of abrasive of same
size (#220) were used namely B4C, SiC and Al2O3. They also
reported that material removal rate was highest when B4C
grits were used as it has highest hardness compared with other

Fig. 48 Abrasive size influence on surface roughness of borosilicate glass workpiece [121]

Fig. 49 Abrasive size influence on average surface roughness [120]
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two abrasives. Abrasive size also affects material removal rate
as coarser grits causes higher damage due to hammering effect
of abrasives and hence increasing MRR [102]. Similar results
were reported by Singh et al. [112] that the larger the size of
grits, the higher is material removal rate as shown in Fig. 44
where abrasive particle size is approximately directly propor-
tional to drilling speed.

Anantha et al. [114] investigated the influence of two dif-
ferent ceramic materials namely compact Alumina (Al2O3)
and Zirconia (ZrO2) on productivity of USD. It was reported
that ZrO2 with a higher hardness than Al2O3 resulted in lower
material removal rate because of greater “bounce back” effect
of abrasives that resulted in lesser erosion of workpiece [114].
Yu et al. [106] investigated the influence of tungsten tool size
on material removal rate of silicon wafer where diameters of

the tool were 50, 100 and 150 mm. It was found that MRR
increased when the diameter of tool increase, as large surface
area of tool increases the size of working area and hence, more
abrasive grain can join to remove the material. An example of
the trend is shown in Fig. 45. Anantha et al. [114] reported that
penetration rate is different for different type of materials. For
this study, tool materials that were investigated were mild
steel, stainless steel and high-speed steel, where stainless steel
showed higher penetration rate compared to other two
materials.

Number of studies [6, 115] reported linear relationships
between material removal rate and tool frequency. This is
possibly due to increase in amplitude. As vibration amplitude
increases, rate at which material is removed also increases.
This is because, with higher vibration, excitation energy of
abrasive particles will be large, hence the impinging force on
top layer of workpiece increases, resulting in higher rate of
chipping of workpiece [6, 116]. Static load influencesMRR as
reported byYu et al. [106], where static load increases material
removal rate as the pressure that is applied on grits increases.
Similar results were found by Hocheng et al. [102] where the
increase in static load increases material removal rate as ex-
citement force on abrasive increases with the rise of static
load. Hence the impact force on workpiece exerted by abra-
sives increases. Studies conducted by various researchers [99,
117] also agree to a linear relationship with power rating of
machine and material removal rate, where increase in power
increases material removal rate as when power is surged, en-
ergy and momentum of abrasives are higher [117].

7.4 Hole characteristics and surface roughness

Accuracy and surface roughness of holes are based on major
factors such as static load, slurry concentration, abrasive size

Fig. 50 Effect of abrasive slurry volume concentration on average
surface roughness [120]

Table 1 Aspects of different drilling techniques [1, 2, 6, 9]

Drilling
techniques
characteristics

Electro discharge
drilling

Electrochemical
drilling

Ultrasonic drilling Abrasive waterjet drilling Laser drilling

Hole surface
damage

Presence of heat
affected zones
and recast layer

Absence of
heat-affected
zones and recast
layer

Absence of heat-affected zones
and recast layer

Absence of heat-affected
zones and recast layer

Heat-affected zones and recast
layer present

Costs High tool costs Low set-up costs Expensive equipment costs High maintenance costs,
high tool costs and high
labour costs

Expensive machine and
maintenance costs

Material
removal
rate

Slowest Fast Slow Fast Fast

Type of
materials
can be
drilled

Only electrically
conductive

Only electrically
conductive

Materials with hardness above
40HRC, including electrically
conductive materials

Soft and hard materials,
including electrically
conductive materials

Non-reflective surface
workpiece, including
electrically conductive
materials

Tool wear Present Absent Present Absent Absent
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and feed rate. Accuracy of hole can be assessed by their out-of-
roundness and conical shape by measures taken at top and bot-
tom diameters of hole. Adithan et al. [118] reported that size of
abrasive particles had the most influence on drilling accuracy
where finer particles result in higher accuracy holes with good
improvement in circularity. This is because, when a large static
load is applied, abrasive particles breakdown and reduces in size
due to large force. As a result of the wear on abrasive particles,
oversize of holes will decrease due to smaller abrasive particles.
Hocheng et al. [102] found that delamination at the bottom hole
increases with higher load. It is because during drilling process,
size of exit hole is not big enough to push the material out from
exit, hence deformations occur at exit hole. Best quality holes
were found when using boron carbide as compared to silicon
carbide and aluminium oxide as hardness of boron carbide is
the highest compared to other two. An example of exit hole
produced on carbon fibre reinforced with silicon carbide abrasive
at high static load is shown in Fig. 46. Azarhoushang et al. [119]
conducted ultrasonic drilling on Inconel 738-LC and found that
influence of tool speed and feed rate has a small impact on hole
quality as shown in Fig. 47.

Hocheng et al. [120] found that the main parameters affect-
ing surface roughness of the holes are abrasive size, supplied
current responsible for tool oscillations and slurry concentra-
tion. Surface roughness is proportional to abrasive as indent
force will be greater. Hence, bigger area of crater will be
formed on substrate. Thus, smoother surface was obtained
with finer abrasive as compared to coarser ones. Examples
of micro-hole surface with abrasive size of 3 and 1.2 μm is
presented in Fig. 48. A similar trend was observed by Thoe
et al. [6], where abrasive particle size and surface roughness
are directly proportional as presented in Fig. 49. Figure 50
shows that with higher concentration of slurry, surface rough-
ness increases due to higher dynamic energy of abrasives and
hence larger shear force acting on substrate to generate higher
roughness. The direction of fibres in workpiece in relation of
drilling direction has an effect on surface as shown in Fig. 49.
The reason for slight variation is because the direction in
which abrasive is flowing influences fibres break out.

8 Conclusions

Many industries require to drill micro-holes with high dimen-
sional accuracy together with high efficiency and speed.
Mechanical stresses or burr formation on workpiece is unde-
sired by many applications. The non-conventional drilling
processes discussed in this paper are able to meet the demands
of specific manufacturing industries. However, each process
has its own advantages and disadvantages. In order to drill a
hole with high accuracy, certain parameters of each process
have to be optimized. The characteristics of different non-
traditional drilling processes are summarized in Table 1.

Absence of materials’ microstructure change, heat-
affected zones and tool wear makes abrasive waterjet dril-
ling preferable compared to other non-conventional
methods such as EDM and laser beam drilling. Pressure
of water, mass flow rates of abrasives, stand-off distance,
material type and workpiece thickness affect drill time. The
quality of holes and surface finish are affected by the pres-
sure of jet, stand-off distance and type of material. The
highest contribution to heat damage and micro cracking
in laser drilling was due to the energy density of the beam.
However, at higher energy, the material removal rate and
the circularity of the hole was better. The current and the
electrolyte concentration and flow rate were the most in-
fluential parameters in electrochemical drilling in terms of
material removal and hole quality. Electric discharge has
the largest contribution on hole quality during EDM dril-
ling where the hole quality reduces with the increase of
current. Desired hole characteristics can be achieved by
controlling current, frequency, dielectric and electrode. In
ultrasonic drilling, the load and abrasives are main contrib-
utor to the surface quality and the type of damage on the
hole, when controlled, desired hole quality can be
achieved.

9 Future work

The literature review presented in this paper has covered most
of the non-conventional drilling methods. However, not all
non-conventional drilling methods have been covered, such
as electron beam drilling and some hybrid methods, due to the
lack of studies and limited available research papers in this
area. Thus, from future work aspects, looking into electron
beam drilling and hybrid methods will be a potential area of
interest, with the advancement of new systems.
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