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Abstract: This study investigates the laser beam machining mechanism, surface formation mech-
anisms, heat-affected zone, taper formation, and the dimensional deviation of the titanium alloy,
based on the information available in literature. The heat induced by the laser beam melts and
vaporises titanium alloy, which is removed by a high pressure-assisted gas. The machined titanium
alloy surface is expected to have craters and resolidified materials which were contributed by the
low thermal conductivity of the titanium alloy. Taper and circularity error can be minimised by
optimising the laser parameter, but it cannot be avoided in the laser beam machining of titanium
alloy. Laser beam machining induces a non-diffusion phase transformation, which slightly changes
the surface mechanical properties of the titanium alloys. Laser beam machining is gaining popularity
as a way to improve the surface finish quality and properties of titanium components manufactured
by additive manufacturing processes. To enhance the machining efficacy of titanium alloys, several
hybrid machining processes were proposed.

Keywords: laser beam machining; material removal rate; titanium alloy; surface integrity; hybrid
machining

1. Introduction

Machining of materials is an integral part of the components in the manufacturing
process, where desired final shape, size, and surface requirements are achieved. Traditional
or conventional machining of metals and alloys cuts materials by the generation of shear
force that plastically deforms the materials, for instance, formation of chip (turning milling,
etc.), micro-chipping (blasting, etc.), and abrasion (grinding, lapping, etc.). Nevertheless,
conventional machining techniques are expensive to apply for hard-to-machine materials,
for example, metal matrix composites, and alloys of titanium and nickel in particular [1].
This is because of extended machining time, higher tool wear, and difficulties in shaping
parts with complex geometry. Usually, titanium and its alloys possess higher strength-
to-weight proportion, better protection from corrosion, greater fatigue performance, and
endure moderately higher temperatures without creeping [2], which are categorised as hard-
to-machine materials. Furthermore, small elastic modulus, lower heat conductivity, and
greater chemical acuteness at higher temperatures increase the machining cost of titanium
alloy. Metallurgical uniqueness of these materials make it more difficult and expensive for
machining, compared to that of steel with comparable hardness range [3]. The biphasic
α/β Ti-6Al-4V alloy exhibits boosted mechanical and metallurgical behaviours, which are
added advantages to numerous fields amongst other Ti-alloys, due to its greater strength at
higher temperature, toughness, and resistance against abrasion and corrosion [4,5]. Table 1
shows a comparison of the conventional machinability of several Ti-alloys compared to
other metals. The rating of machinability of a material is the ease of machining to obtain the
expected finish. The American Iron and Steel Institute (AISI) proposed the machinability
rating depending on the weighted average of cutting speed, surface finish, and tool life
for turning of respective material. It is based on turning tests at speed 180 rpm where
160 Brinell B-1112 steel is assigned as 100% machinability rating [6]. Despite reduced
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machinability, Ti-alloys are employed broadly in medicinal, space engineering, maritime,
chemical treating, and automobile industries [7].

Table 1. Rating of machinability of some common materials including titanium alloys [8].

Materials Treatment Conditions Machinability

Aluminum Alloy Solution treated and aged 300

Re-sulfurized Steel (B1112) Hot rolled 100

Carbon steel (1020) Cold drawn 70

Alloy steel (4340) Annealed 45

Titanium (pure) Annealed 40

Stainless steel (302) Annealed 35

Titanium alloy (Grade 6) Annealed 30

Titanium alloy (Grade 5) Annealed 22

Titanium alloy (Ti-6-6-2) Annealed 20

Titanium alloy (Grade 5) Solution treated and aged 18

Co-based alloys (HS25) Annealed 10

Ni-based alloys (Rene 41) Solution treated and aged 6

The rising demand of Ti-alloys in high-tech fields inevitably requires non-conventional
machining techniques for shaping parts of these materials. There is much research on many
technologies for improving machinability of difficult-to-machine materials [9–11]. Among
different non-conventional machining of Ti-alloys, electro discharge machining (EDM) is
widely employed which is, in principle, a heat-assisted process [12–14]. In some instances,
laser beam machining of Ti-alloys was also reported, however, to a much lesser extent.

Thus, the aim of the present review is to obtain a comprehensive understanding
of the machinability of Ti-alloy via laser beam machining. This review will provide an
understanding about the beam–material interaction, the effect of beam characteristics on the
surface generated by the laser beam, the recast layer formation, and the material removal
mechanism. Together with the critical analysis of the information available in the literature,
several recommendations for future work were also reported to fill the present knowledge
gap. This comprehensive overview will guide the researchers to make future contributions
in this field to make it more applicable for different bespoke applications.

2. Laser Beam Machining (LBM)

LBM is an extensively applied non-contact non-conventional material removal tech-
nique that uses thermal energy. As the name suggests, in this method a beam of laser is
concentrated on the workpiece where heat is generated and material is detached through
vaporising and melting [1,15]. Therefore, machining forces, tool wear, mechanically in-
duced surface damage, vibration, and electro-related factors (such as voltage, electrodes,
spark, electrolyte, etc.) are absent in this case [16]. LBM can be employed for drilling and
cutting of different workpieces, such as non-metals, metals, and composites which are
appropriate to produce shapes and tiny holes in sheet metal with cut opening (kerf width)
as low as 0.25 mm [17]. Laser drilling could be performed by percussion, trepanning, or
single shot drilling methods. High strength laser pulses vaporise and melt the workpiece
in the percussion drilling. Conversely, a focused laser beam is applied in trepanning to
remove the required region of the workpiece which is more appropriate for creating holes
with larger diameter [18]. Generally, several pulses might be essential to complete thorough
drilling of workpieces which depends on pulse energy, material properties, and workpiece
thickness. Improved quality holes are machined efficiently by using multiple laser pulses
of low energy rather than one pulse of high energy [19].
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2.1. Type of Laser Beam

Laser machining affects the material removal rate and quality of the machined surface.
The key factors include laser type, laser beam property, substrate material, debris removal
system, and laser procedure variables.

The most commonly used lasers are Nd: YAG and CO2 types in the LBM process [1].
The gas laser CO2 releases light in the infrared region which has pulse and is continuous in
forms. This laser has a wavelength of 10 µm in the infrared area, good quality beam, large
beam power (average), and decent efficacy that are appropriate for satisfactory machining
of sheet metal efficiently [20]. The solid-state Nd: YAG laser delivers light through a
fiber-optic cable. This laser has lower mean power, but during its use in pulsed mode
offers great peak power, improved focusing features, thin width of kerf, and reduced
heat-affected region. However, the beam of CO2 laser is generally applied for machining
metal sheets in productions whereas Nd: YAG is applied for high-accuracy machining [1].
Due to the shorter wavelength (1.064 µm) of Nd:YAG laser, it reflects from a smaller area
of the workpiece surfaces which empowers machining of reflective materials. Materials
with higher thermal conductivity provide holes of worse characteristics while drilling
by CO2 laser. Because of a briefer thermal interface period, Nd: YAG laser provides
improved outcomes. In pulsed form, large instance peak power enables drilling of a thicker
workpiece [21,22]. There are only a few reports available in literature on the laser beam
machining of titanium alloy. The machinability in this method primarily relies on the
thermal and optical characteristics instead of the tensile behaviour of workpieces [23].
Thermal conductivity, reflectiveness, specific and latent heats are significant properties of
the workpiece that affect the efficiency of the LBM process. Therefore, brittle and hard
materials could be machined by LBM [7]. However, this process becomes complex due to
the poor heat conduction and excessive chemical acuteness of titanium alloys at elevated
temperatures [7].

Figure 1 shows a graphic presentation of a laser beam which is produced by a laser
source as mentioned above. After that, the laser beam passes through a focusing lens
to converge the laser. This lens also determines the spot size and focal distance of the
laser. By varying the power of the lens, the focal length and spot size can be varied
accordingly to serve the need. The tapers on laser machined parts exist because of the
diverging–converging form of the laser beam (Figure 1).
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Figure 1. Schematic of a beam profile in laser beam machining applications [1].

2.2. Principal of LBM

There are three process stages during LBM processing of any materials: (a) melting,
vaporising, and chemical degradation, (b) removal of degraded materials, and (c) cool down
of the workpiece material after the process. Thermal energy of the laser beam increases the
temperature and changes the workpiece into semi-molten and vaporised stages, locally [1].
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The jet of air/gas at high pressure is applied to take away the molten/semi-molten materials
from the machining zone and it also prevents oxidation [1,24]. Then, the machined parts
cool down to room temperature. In the case of titanium alloys, localised high temperature
takes a longer time to cool down as these alloys have very low thermal conductivity. Laser
machining could be attached to a robot or multiple-axis machine while machining complex
parts [23,25]. This facilitates the application of LBM with high precision at higher speed.
Figure 2 presents a schematic diagram of a complex LBM system. The efficiency of LBM is
controlled by the thermal and optical behaviour of the workpiece instead of the deformation
behaviours of the material itself. Thus, brittle and hard materials which exhibit lower heat
conductivity and diffusivity are predominantly suitable for LBM. The transfer of energy
between the laser beam and workpieces happens by irradiation, where machining forces
are not present. These prevent mechanically produced damage in the workpiece, wear of
cutting tool, and vibrations. Furthermore, the rate of material removal during LBM is not
restricted by the highest machining forces, built-up-edge, and chatter. LBM is an adaptable
procedure which can be applied to fabricate groove, cut, drill, weld, and heat treatment in
one step [26].
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Figure 2. Schematic of Nd:YAG laser beam machining system [1].

Drilling by laser beam is recognised as a cost-effective procedure for producing hun-
dreds of narrowly spread-out holes in workpieces. Trepan and percussion are two types
of laser beam drilling. The cutting takes place along the perimeter to produce the hole in
trepan drilling while percussion punches across the workpiece without any relative motion
between the workpiece and laser. The main characteristic of the percussion-type hole is the
reduced machining time [25]. The grooving and cutting processes are applied in cut-off,
punching, and making pattern on composites, non-metals, and metals. The cutting process
by laser beam has advantages over any traditional or non-traditional cutting techniques
due to workpiece flexibility and machining efficiency.

2.3. Characteristics of the Surface Generated by LBM

The laser beam removes material by ablation and generates craters on the surface. The
crater size and material removal depend on the distribution of laser energy [15]. A part of
the melted material resolidifies as recast layer on the machined surface. The layer of material
existing just below the recast layer is significantly affected by the process which is known
as the heat-affected zone (HAZ) [27]. Increased laser power and reduced nozzle distance
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give a higher surface finish due to the generation of smaller craters and reduced particle
adhesion [28]. The laser micro-milling technique is used to manufacture microchannels
on metals and nonmetals. Microfeatures ≤ 100 µm on titanium can be produced through
micromachining by employing a nanosecond fiber laser [29]. Femtosecond fiber lasers (5 W
with 1032 nm wavelength and 500 fs pulse duration) can be applied for micromachining to
provide superior final finish (Ra = 0.8 µm) of additively manufactured titanium parts [30].
Obeidi et al. [31] polished additively manufactured flat and cylindrical Ti-6Al-4V parts
using a low-power CO2 laser for a smoother surface and improved fatigue resistance. The
laser polishing process reduced roughness (Ra) and peak-to-valley distance (Rz) by 80%
and 90%, respectively. Lee et al. [32] noted improved high-cycle fatigue performance of the
laser polished parts because of improved surface finish.

LBM of titanium alloys generates heat-affected zone (HAZ) at the machined surface
where the structure of titanium alloys changes significantly [33]. The HAZ forms in the
region of the disintegration front because of the high temperature and cooling rate in
the top layer of the machined surface. Figure 3a shows a typical surface generated from
argon-assisted LAM of titanium alloy where the kerf width and HAZ thickness are 160 and
20 µm, respectively [33].
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Figure 3. SEM micrograph of representative laser cut: (a) kerf with HAZ, and (b) metastable acicular
martensite in HAZ region [33] during argon-assisted Nd:YAG LBM (2 J; 25 Hz; 1 mm/s; 0.6 MPa).

In this case, the temperature reached in between the melting point and beta-
transformation temperature during LBM [33]. The machined surface experiences a high
cooling rate as the laser beam travels away because of the cooling due to gas jet and heat
conduction to the workpiece material. A non-diffusion change of phase happens ensuing
metastable acicular martensite structure as presented in Figure 3b when the temperature
reduces to that of beta-transformation temperature. Although martensitic changes in steel
cause severe lattice distortion with substantial rise of stiffness and hardness, it results in
the consequence of only an insignificant rise of hardness in the case of titanium alloys [33].
The plasma energy at nozzle diameter 1.2 mm, laser power 2 kw, focal length +2 mm, and
O2 gas pressure of 4 bar gives decreased residual stress and fewer micro-cracks on the
machined surface [27].

A surface machined by laser commonly has three regions: (a) top, (b) intermediate,
and (c) bottom zone as shown in Figure 4 [33]. The initialization region of machining is the
top zone which is a few microns in width. The top zone inclines to be widespread with the
rise of pulse energy as it is comparatively flat with slight stripe undulations.
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Figure 4. Cross-section morphology of surface generated from argon-assisted LBM (1 mm/s; 25 Hz;
2.0 J) [33].

The intermediate zone consists of primary striations which are consistent and exhibit
the rate of recurrence like that of laser pulses. These do not spread to the bottom of the kerf.
The laser pulses weaken, and gas flow dominates surface morphology with the deepening
of the metal sheet thickness. Thus, the bottom zone owns a surface of uneven waves.
The bottom zone narrows down, and the top zone widens as the pulse energy rises. The
top zone width increases from 28 to 100 µm as the pulse energy rises from 1.5 to 3.0 J,
keeping other parameters constant at 20 Hz pulse rate, 0.8 MPa Ar pressure, and 1 mm/s
machining speed. Insignificant undulation of machined surface was attained at 20–30 Hz
pulse frequency; however, significant ripple appeared at 40 and 10 Hz pulse energy [33].

The quality of the LBM-generated surface depends largely on assisting gas as shown
in Figure 5. Ar-supported laser machining generates a ripple of primary striations, and the
surface of which stretches with micro-ripples as presented in Figure 5a. These micro-ripples
are generated from the collective influences of aiding gas and the capillary force of melted
material. When the laser cut is air-assisted, the number of micro-cracks could be detected
on the surface of the titanium alloy, as given in Figure 5b. The lengths of the micro cracks
reduce as the cutting speed rises. The prime causes of these micro-cracks’ generation are as
follows: (a) the brittle by-products, for example, titanium oxide and titanium nitride, and
(2) the tensile residual stress generated on the machined surface [15].
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It has already been mentioned that the fast heating up and cooling down induce a
quenching effect, and the machined surface cools down much quicker than the matrix and
thus generates tensile residual stress. Furthermore, chemical reactions of titanium with
nitrogen and oxygen embrittle the machined surface. The cracks are generated as soon as
the tensile stress exceeds yield stress [15]. The surfaces generated from nitrogen-aided laser
machining appear as light yellow and contain numerous micro-grains demonstrating the
reaction between titanium and nitrogen (Figure 5c). The grain number of titanium nitride
decreased with the rise of gas pressure, and surfaces generally comprise only primary
striations when the pressure of gas goes beyond 0.8 MPa.

Air- and nitrogen-assisted LBM meaningfully degrade the corrosion and mechanical
properties of titanium parts. The frequency of pulses, which increases with the increase
in pulse energy, is the utmost influential parameter trailed by machining speed on the
quality of the machined surface during N2-assisted pulsed Nd:YAG LBM of Ti-6Al-4V
alloy [7]. The irregularity in the surface machined by laser rises by raising the speed at a
lesser frequency of pulses but at greater frequency, roughness reduces with the increase
speed. The ‘spot overlapping extent’ affects more on roughness during the pulsed mode of
laser cutting. Larger spot overlapping induces better surface finish. The amalgamation of
cutting speed and frequency of laser pulses primarily controls the ‘spot overlapping extent’.
Slower machining speed generates a higher degree of spot overlapping, and unceasing
density of power per unit distance provides an even smoother surface finish. In contrast, at
a faster speed when pulse frequencies are shorter, it generates lower overlapping of spots,
intermittent density of power, and lesser melting time which gives a rougher surface [7].

Ahmed et al. [34] investigated the influence of scanning speed, pulse frequency, laser
intensity, thickness of laser scan, and displacement of succeeding laser tracks on surface
roughness and material removal rate during laser milling of Ti-6Al-4V. The optimum
milling for 100% MRR and least surface finish (Ra = 0.965 µm) occurred at pulse frequency
of 10.33 kHz; scanning speed of 250 mm/s; laser intensity of 75%; layer thickness of
1.11 µm, and track displacement of 12 µm [34]. Pramanik et al. [15] investigated pulsed
diode pumped fiber laser sawing of titanium alloy sheet at low power (50 watt) at varied
sawing angle. It was noted that the least 0.4244◦ kerf taper and 2.29 µm surface roughness
(Ra) can be obtained at 0.3462◦ sawing angle, 46.98 W power, 95.06% duty cycle, and
52.90 kHz pulse frequency at 0.56 mm/s scanning speed.

2.4. Role of Input Parameters during LBM on Surface Characteristics
2.4.1. Heat-Affected Zone (HAZ)

Laser pulse energy, laser mode, laser type, assisted gas pressure and machining speed
significantly influence the HAZ thickness during the process. The impact of energy of
pulse on HAZ thickness is presented in Figure 6a. Pulse energies of 1.5 and 2.5 J generated
around 10 µm thick HAZ. A thicker HAZ was noted under and above 1.5 and 2.5 J,
correspondingly. At lower energy, narrow kerf width limits the cleaning ability of assisted
gas which let additional melt materials stick on kerf surfaces, thus more heat conducted
to the workpiece. Consequently, pulse energy lower than 1.5 J is likely to produce thicker
HAZ layer. Higher energy is accumulated on the material at increased pulse energy above
2.5 J. This transmits more energy to the material and results in thicker HAZ [33]. Figure 6b
presents that the thickness of HAZ decreases as the machining speed rises, irrespective of
gas used for cleaning and cooling. However, the application of argon gas generated thinner
HAZ compared to that of compressed air. A lower energy density is experienced by the
workpiece at higher cutting speeds which transmits less heat in the workpiece and thus
reduces the HAZ thickness. Argon gas keeps the HAZ cleaner due to its chemical inertness
compared to compressed air. Figure 6c presents the influence of pressure of various gases
on the thickness of HAZ. The high-pressure gas decreases the thickness of HAZ through a
cooling effect [33]. Oxygen induces an uncontrollable burning at the cutting front which
gives wider kerfs. Thus, oxygen is unsuitable for the pulsed laser machining of titanium
alloys even at lower pressure. A thinner layer of brittle and hard nitride and oxide is formed
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in air-assisted laser cutting because of reactions of titanium with nitrogen and oxygen, and
gives thicker HAZ at higher heat input. An evaluation of HAZ thickness with compressed
air, argon, and nitrogen is presented in Figure 6c. Nitrogen-aided laser gives a light-yellow
machined surface due to the presence of titanium nitride which forms due to a chemical
reaction between titanium and nitrogen. On the other hand, argon-assisted LBM gives a
silver-white surface appearance [33,35]. The surfaces generated from He, Ar, and mixture
of those assisted LBM do not contain nitrides and probably do not experience significant
change in hardness [35].
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Pulse width and the pressure of aided gas affect the kerf taper considerably during N2-
assisted pulsed Nd:YAG LBM of Ti-6Al-4V alloy [7]. As titanium alloys have lower thermal
conductivity, the top surface burnt during LBM. This causes higher material removal from
the top surface, and nitride forms because of the strong chemical affinity of titanium alloy
at an elevated temperature. This nitride is deposited at the bottom of the cut and gives
a narrower kerf compared to that at the top. Eventually, the variation amongst exit and
entry widths of kerf rise and exhibit a larger taper in the slot [7]. The taper reduces as the
pressure of aided gas rises at lesser width of the pulses. The kerf taper initially reduces
and then rises as assisted gas pressure rises at a larger pulse width. The melted substance
might be eliminated from the kerf at a lesser width of pulses and increased gas pressure.
Greater penetration depth gives a wider kerf at the bottom at a lesser pulse and higher
peak power [7]. Lower trepanning speed and pulse width together with higher assisted
gas pressure and pulse frequency generate the least taper hole in 1.4 mm thick Ti-6Al-4V
alloy during N2-assisted pulsed Nd:YAG laser LBM [36].

The lower rank of focal locations is advantageous during producing finer holes having
smaller taper. However, drilling at lesser pulse energy necessitates many shots for drilling
through the workpiece where lower removal of material occurs by each pulse as compared
to that of higher pulse energy and subsequently, lesser hole-wall erosion. Shorter pulse
duration also decreases taper compared to a prolonged pulse period. The latter extends
the time of workpiece–laser contact and enhances the conduction of heat laterally which
generates bigger hole diameter at the entry. More significantly, longer interaction time
produces a larger volume of melt material and, hereafter, greater melt expulsion. This is
accountable for higher wearing away of the hole wall close to the entrance. This results in a
bigger hole diameter at the entrance [18,37].

2.4.2. Taper Formation

The dissimilarity in laser beam plasma arose due to the discharge deviation inside
the holes. This gives improved geometrical accuracy at the hole entry. It was observed
that the entry profiles of the holes have a better geometrical accuracy than the exit profiles
of drilled holes [27]. The reduced laser power and nozzle distance with reasonable gas
pressure increase accuracy and reduce taper [28].
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The hole taper reduces as the frequency of pulse rises at lesser currents; in contrast,
the taper of hole rises as the frequency of pulse rises at higher currents when the plate
thickness and air pressure are persistent at 0.58 mm and 1.5 kg/cm2, respectively. This was
the case during drilling holes in gamma-titanium aluminide plate by pulsed Nd:YAG laser
during LBM and shown in Figure 7 [38]. The taper of hole rises significantly as the current
rises regardless of the values of the frequency of pulse. Larger lamp current produces
higher heat and consequently, the upper plane of the material, where the beam of laser
is aimed, became vaporised and melted instantaneously. Therefore, a greater amount of
material is removed from the surface at the top which gives larger diameter at the top and
holes with larger taper. Nevertheless, lesser lamp current produces a lower taper. Increased
pulse frequency and reduced off time of pulse provide too much pulse break through the
workpiece at a lower lamp current. This causes the increase in diameter of the hole at the
bottom and produces a hole with lesser taper. The gap between two consecutive laser beam
incidents is smaller for a higher frequency of pulse. This removes more materials from the
upper plane and produces holes with bigger taper at a higher lamp current. When the plate
depth and frequency of pulse remain steady at 0.58 mm and 1.2 kHz, the taper rises with
the rise of the lamp current. Initially, the taper reduces and then rises as a parabolic curve
trend with the rise of assisted air pressure regardless of the lamp current. The increased
assisted air pressure removes additional heat and as a result, the melted material solidifies
at the entry of the hole. This allows lesser removal of material from the upper plane
and reduces the taper of the hole with the rise of air pressure until a specific threshold is
reached. Additional rise of pressure of air removes the molten workpiece material from
the upper layers quickly, and accordingly, a hole with a bigger taper was produced [38].
Lamp current most significantly influences all outputs’ parameters during micro-drilling
of gamma-titanium aluminide alloy by air-assisted Nd:YAG laser LBM. Pulse frequency
dominates hole diameters; specimen thickness and air pressure dominate taper and hole
size at bottom. The optimal hole size at bottom, at entry and taper of hole might be attained
at greater frequency of pulse, moderate lamp current, higher pressure of air, and lower
workpiece thickness [21]. The similar trends of the width of kerf with the variation of
gas type, power, pressure, and machining speed as discussed earlier was observed when
1.2 mm austenitic stainless-steel sheet was cut by an Nd:YAG laser [39].
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Reduced hole size or width of kerf lowers the taper. While investigating width of
kerf, Chen et al. [40] applied argon, nitrogen, and oxygen as aided gases at a pressure as
high as 10 bar while machining a 3 mm-thick mild steel sheet by CO2 laser. The width
of the kerf was found to rise with the rise of power of the laser and reduced by lowering
machining speed. The narrower kerf was produced when inert gas was used compared to
those produced by using air or oxygen. The identical influence of machining speed and
power of the laser on kerf width was observed while cutting steel sheet of varied thickness
by CO2 laser [41–44]. Refs. [35,45,46] also found deviation of kerf width with power of
laser and cut speed for CO2 laser cut of different fiber composites. Karatas et al. [47] noted
minimum kerf width when the focus was set on the surface of thin sheets (1.5 mm) and it
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should be inside for the thicker sheets (3.5 mm) in case of pickled (HSLA) and hot-rolled
steel LBM by CO2 laser. A specific metal–lens–laser combination yields identical width
of kerf regardless of the changes in procedure when coated sheet steel (1 mm thick) was
cut by laser [48]. Bandyopadhyay et al. [19] also reported that taper and diameter of holes
depend on the thickness and type of workpiece material, and usually increase with the
decreasing in thickness. Hole taper reduces as the frequency of pulse rises, but it is not
noticeably influenced by the energy of pulse for titanium alloy LBM by Nd:YAG laser.

2.4.3. Circularity Formation

The circularity at the bottom of the hole decreased nearly proportionately as the lamp
current rises for holes drilled in gamma-titanium aluminide plate by pulsed Nd:YAG
laser LBM at a constant plate thickness and air pressure of 0.58 mm and 1.5 kg/cm2,
respectively [38]. The higher lamp current produces greater thermal energy that vaporises
and melts material instantly as shown in Figure 8. This induces disorders in the material
removal process and reduces the circularity. It increases initially and subsequently reduces
as a parabolic curvature with the rise of frequency of pulse. First, pulse off time (time
between two consecutive laser beam incidents) shortens, and energy of beam is reduced
when frequency of pulse rises. This induces less agitation and disorder when material is
melted and solidified which improves circularity. Afterwards, when frequency of pulse
rises, pulse off time becomes shorter which allows lesser time to solidify, induce disorder
and agitation in the melted material. This contributes to reduced circularity [38]. At thinner
plates, circularity rises progressively as a non-linear curvature, as the lamp current rises.
Similarly, circularity reduces as the lamp current rises in thicker plates when frequency
of pulse and pressure of air were steady at 1.2 kHz and 1.5 kg/cm2, correspondingly.
Once more, circularity rises as the thickness reduces at higher lamp current. On the
contrary, circularity rises as the thickness rises at low lamp currents. Higher lamp current
produces larger thermal energy. The entire thickness of workpiece material vaporised and
melted immediately which gives a larger hole circularity with rising lamp current when
the workpiece thickness is low. For thicker workpiece, the surface at the top vaporised
and melted, and it was removed by the pressurised air focusing on the top surface. The
removal rate of material reduces and re-solidification might occur at the exit of the hole as
workpiece thickness rises, which gives lesser circularity at the exit [38].
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2.4.4. Surface Roughness

It was already mentioned that LBM generates different features on machined titanium
surface. The severity of the features depends on concentration and distribution of laser
energy during the machining process. Muthuramalingam et al. [28] reported that lower
(Ra = 2.87 µm) surface roughness is attainable at 2 Kw power, 0.7 mm nozzle distance,
−1 mm focal length, and 4 bar of gas pressure for LBM of Ti-alloy. This medium power,
lower nozzle distance and higher gas pressure contribute to moderate heat influx and
cleanliness of surface, and generate cleaner surface with lower roughness. On the other
hand, higher surface roughness (Ra = 21.7 µm) was obtained at power 3 kw, nozzle
distance 1.5 mm, focal length −1 mm, and gas pressure of 2 bar. The higher laser power,
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greater nozzle distance, and lower gas pressure provide low laser energy, temperature,
and cleanliness which contribute to higher surface roughness. Ahmed et al. [34] reported
that lower current intensity (75–80%) offers good surface roughness (Ra ~ 1.25 µm) at
all the levels of scanning speed during laser milling. The pulse frequency of 15 kHz
provided the lowest surface finish (Ra ~ 1.15 µm) at the considered levels of scanning
speed. The roughness is minimum (Ra ~ 1.05 µm) at scanning speed of 300 mm/s and track
displacement of 10 µm regardless of the variations of other variables. The surface finish is
more favoured at 2 µm layer thickness [34].

2.4.5. Effect of Scanning Speed

Higher scanning speed means less time for the laser beam to heat up the material
and consequently causes lower material removal rate. The density of laser beam energy
is inversely proportional to the speed of laser cutting which controls surface integrity in
terms of HAZ, hardness, and residual stress [33]. Ahmed et al. [34] reported that regardless
of scanning speed, the reduced pulse frequency reduces the percent material removal rate
and the 8 µm track displacement gives a higher rate of material removal compared to that
of 10 and 12 µm track displacements during laser milling.

3. Laser Beam-Assisted Hybrid Machining

Material removal rate for a given material, where more than one technique is com-
bined, increases greatly for the machining of sophisticated materials. These procedures
are formed to utilise the prospective advantages and to curb the drawbacks accompany-
ing a particular single procedure as indicated in Figure 9 schematically. Generally, the
effectiveness of the hybrid procedure is superior to the aggregate performance, when
identical variables are utilised. In such procedures, irrespective of the benefits of individual
module, a supplementary input might also arrive from the collaboration of the constituent
procedures [49]. Nearly all hybrid machining procedures have been established through
the combination of traditional or non-traditional machining procedures.
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Some of the attempts to combine LBM with other machining processes have become
very successful. The energy (thermal) of laser beam was exploited to make workpiece
material softer when it is amalgamated with traditional machining procedures, for instance,
turning, shaping, and grinding. In laser-aided turning (Figure 9), the laser beam is directed
on the workpiece straight before the cutting tool. Laser heating makes the surface layer of
difficult-to-machine materials softer. This facilitates ductile deformation instead of brittle
deformation while machining. This gives greater material removal rates (MRRs), reduced
tool wear, better surface quality, and improved accuracy. It also significantly lowers the cost
by dropping machine and man times for each part [50]. Hybridisation of LBM and non-
traditional machining procedures is also beneficial for increasing the machining efficiency.
Laser-aided etching, laser-aided electro-discharge machining, laser-aided electrochemical
machining, and ultrasonic-aided LBM are examples of laser hybrid machining processes.
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Yue et al. [51] reported producing deeper holes with reduced recast layer in ultrasonic-
aided laser drilling in comparison in the absence of ultrasonication. In laser-aided elec-
trochemical machining, the radiation of laser speeds up the electrochemical reactions and
confines the machining into a few microns area which facilitates the improved efficiency
and accuracy [52]. Li and Achara [53] noted that chemical-aided (salt solution) machining
by laser substantially decreases the recast layer and heat-affected zone along with greater
MRR when compared to that of in-air machining by laser beam. Li et al. [54] used LBM and
EDM in sequence to produce micro-hole in fuel injecting nozzle. This hybrid methodology
eradicated the heat-affected zones and recast layer usually generated in laser drilling which
is a kind of nanostructured composite [55,56] as it contains the elements from the base
material along with surrounding medium. This hybrid procedure reduced drilling time
by 70% compared to that by EDM drilling alone. A laser beam combined with chemical
or electro-chemical etching procedures facilitate discerning material removal during local
etching [57].

4. Discussions

The leading advantage of the LBM procedure is its potential to machine nearly all
classes of materials compared to other broadly employed machining techniques such as
USM, ECM, and EDM. If compared with jet machining procedures, it is appropriate for
machining smaller and thinner material at higher speed and suitable to machine tiny parts
contrasting jet machining procedures, for instance, abrasive water and water jet techniques.
Although LBM is a non-contact style non-traditional approach with superior flexibility,
the thermal nature of the procedure needs sensitive management of the laser beam to
prevent any unsought thermal impact. Among distinctive differences, only cutting and
drilling by laser beam were employed broadly whilst 3-D LBM procedures have yet to be
advanced and plenty of exploration is necessary beforehand to apply them in industrial
applications. This non-traditional technique is also employed in traditional machining of
difficult-to-machine materials. The laser-aided hybrid machining procedures are better
than a solo non-traditional machining method in numerous uses.

Compared to conventional machining, the striking difference of the non-conventional
machining process is that there is no need for any cutting tools to remove materials. Further-
more, the absence of interaction of cutting tools with the materials also causes the absence
of shear deformation of material—the primary material deformation mechanisms during
conventional machining [58]. Thus, the whole scenario is different in non-conventional
machining compared to conventional machining both in terms of physical as well as the
material removal mechanism point of view. For example, during EDM, electrical current
flow though the workpiece and fast flow of electrolyte flushes the molten/semi-molten
materials during the process. Electrical energy converted into heat energy and applied
to a small portion of the workpiece fused and/or vaporised the local site. In jet-type
machining, erosion is attained by the impact from a high-speed fluid stream or abrasives or
amalgamation of both. In addition to that, if the process involves any specific chemical,
then preferential chemical etching takes place and removal of materials from a designated
zone of the workpiece happens, whereas the rest of the area is sheltered under a cover.
Thus, residual stress and chatter problems after machining can be overcome [59].

It is well known that heating-based non-traditional machining processes are not
affected by the hardness, strength, and strain hardening of the materials. However, the
performance of this machining process is mainly controlled by thermal behaviours of the
materials, for instance, thermal conductivity, phase transfer temperature, and melting
temperature of materials. Qualitatively, all metallic materials experience recast layer,
cracks, craters, globules, diffusion of other materials, and thus alter the machined surface
compared to that of bulk material properties [60] and it varies from material to material
depending on their respective thermal and electrical properties [61]. The eminent properties
of titanium, for example, lower thermal conductivity, higher melting point, and greater
strength clearly affect the mechanism of non-traditional machining. The mechanisms of
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non-traditional machining procedures of titanium alloys are very similar to that of other
materials qualitatively but significantly differ quantitatively.

5. Future Aspects/Direction

Ti-alloy is reasonably expensive and particularly popular in biomedical and aerospace
fields because of its remarkably preferred properties. The parts made from this alloy needed
to be free from flaws for the mentioned applications which are primarily manufactured
by traditional machining procedures. Although there are benefits, for instance, low cost
and ease of generating complicated forms compared to those of the traditional procedures,
these alter the surface properties negatively with little or no control. Despite massive
research in this area, numerous problems are yet to be solved. Advanced processes need
to be developed, and the existing methods require a comprehensive understanding to
enhance quality of parts and techniques, such as efficiency, sustainability, life expectancy,
performance, flexible automation, robustness, etc.

The foremost investigated topics in LBM are reviewed in the preceding sections. The
available research focused on laser machining such as micromachining and drilling, but
3-D LBM, such as milling and turning, are yet to be used in industries. It is difficult to
manipulate more than one laser beam at diverse orientation concurrently in 3-D LBM
technique. Workpiece thickness is another restriction in LBM that can be tackled by
increasing the quality of the beam. Presently, LBM is used to cut complex shapes in
sheet metallic alloys. With the development of advanced materials, LBM needs to be
capable of machining difficult-to-machine materials. This development in LBM is a field of
future investigation.

Most of the investigations on LBM studied the influence of different parameters on
various output characteristics. A few studies used designs of experiments to correlate
input and output parameters. Investigators did not consider several vital variables, for
instance, heat conductivity, beam spot diameter, material reflectiveness, and the collabora-
tive influences amongst these variables which would influence the outcomes in a different
way. Therefore, theoretical models are required to be developed to obtain the predictive
capacity of the LBM difficulties quantitatively. The LBM outputs examined by investi-
gators are associated with geometry, metallurgy, and surface characteristics, for instance,
surface finish, amount of taper, and HAZ. Residual stresses, micro-hardness and fatigue
performance are also vital performance parameters that are necessary to consider. Several
essential investigation fields are required to be identified for the forthcoming activities as
presented below:

1. To establish theoretical equations for predicting the performance of LBM of
titanium alloys.

2. To evaluate and compare the performance of existing techniques together.
3. To extend the developments of hybrid procedures by combining several approaches so

that the disadvantages of discrete procedures can be diminished, and the advantages
of the considered techniques are super-positioned to strengthen the performance.

6. Conclusions

The non-traditional machining of Ti-alloy is still in the developing stage, though good
progress has been made in several areas. The greatly appealing characteristics of this
procedure introduced additional complications. The methods have varied mechanisms to
remove materials and perform nicely to the specific applications. However, there are short-
comings even in these methods to regulate the output factors as necessary. The discussion
above provides the latest developments of LBM and guidance for future investigations.
After the above analysis, it can be summarised as follows:

1. LBM is a compelling machining approach for producing complicated shapes and
holes in various materials. Nevertheless, the major drawbacks are (a) the lower energy
efficacy and (b) diverging/converging profile of the beam.
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2. This method is also appropriate for accurate production of miniature parts. The
miniature holes of smaller radius (up to 2.5 mm) and higher aspect ratio (above 20)
are possible to produce precisely, utilizing tripled lasers of nanosecond frequency.

3. The quality of LBM is controlled by (a) mode of operation, wavelength, and laser
power, (b) material thickness and type, and (c) speed, position of focal plane, energy,
frequency, pulse interval, aided gas type, and pressure. The output qualities of concern
for LBM are hole or kerf taper, HAZ, recast layer, surface finish, dross, and cracks.

4. The investigators optimised the procedure through experimental and statistical opti-
misation. It is necessary to develop the modelling procedures to identify optimum or
close to optimum procedure variables.

5. Substantial investigation is required in the two utmost application fields, for instance,
machining of micro-parts and machining thick workpieces.
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