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Abstract

Due to their inherent physical-mechanical qualities, advanced materials such
as Ti6Al4V, Inconel, and sophisticated technical materials like composites and
ceramics are explored and utilized extensively in biomedicine, nuclear power, etc.
However, machining is always involved in turning these novel materials into engi-
neered goods. These substances are regarded as advanced materials due to their
machinability features, which include greater machining temperature, reduced
surface quality, and less tool life expectancy. These substances are proven to be
economically unfeasible to machines using conventional techniques. Recently,
there have been numerous attempts to use external energy-aided machining to
better these materials’ machinability. Scientists in the field of material removal
mechanism have recently concentrated their attention on laser-assisted machining
(LAM), one of the various externally aided machining methods. The aim of this
research article is to explore and describe the prospective applications of LAM for
advanced materials, as well as the advantages and drawbacks of this technology.
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1.1 Introduction

In the industrial sector, the usage of advanced materials including tool
steels, semiconductors, biomaterials, and smart materials is rising [1].
To fulfill the growing demand for greater heat and strength resistance,
particularly in the aerospace industry, they are still being investigated
and developed [2, 3]. These cutting-edge materials are often machinable
because of higher thermal stress of the machining zone. The materials
are challenging to manufacture because of characteristics like higher
thermal effect and large machining forces. Thus, an innovative approach
known as thermally aided machining was established. Plasma-assisted
machining, induction and furnace preheating method, and gas torch are
a few examples [4].

Although hard-to-cut materials have good qualities, their physi-
cal and chemical traits make them challenging to manufacture with
standard machinery [5]. A brand-new and cutting-edge method for
machining materials with high wear resistance is called laser-assisted
machining. For softening the material during the cutting time, the laser
is employed as a heating resource with the laser beam directed on the
unmachined portion of the job. Heat is added to the substance, soft-
ening the surface layer and causing ductile deformation as opposed to
delicate deformation during machining [6]. The most significant ben-
efit of laser-aided cutting is its ability to generate job surfaces that are
considerably improved compared with those generated by traditional
machining, along with a superior material removal rate and low tool
erosion [7]. LAM is suitable due to its greater laser beam intensity at less
beam power, good concentrating features brought on by extremely brief
pulse duration, simplified manufacturing process, eco-friendliness, and
improved surface finish [8].

For applications requiring high strength and heat resistance, includ-
ing those in the aerospace, medical, and electronic industries, advanced
materials have been developed in recent decades. These materials include
ferrous alloys, cobalt-chromium alloys, and composites [9, 15]. These
materials have significant corrosion resistance and the capacity to main-
tain superior strength at high temperatures. These materials outperform
more traditional engineering materials in terms of strength and toughness.
However, since converting a final component costs half of the product’s
final cost, applications of these materials are currently not expanding [9,
10]. Low cutting speed and reduced cut depth because of increased tool
wear are to blame for this. As a result, these materials are regarded as being
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tough to cut. Numerous issues arise during machining, including excessive
heat creation during cutting time, a propensity for BUE creation, and cat-
astrophic cutting tool failure [11-14]. Due to these machining processes,
poor capability of machinability, higher capital cost, and low efficiency
may be substantially affected. The intrinsic properties of hard-to-cut mate-
rials make traditional machining techniques like milling or turning inef-
fective. These materials are currently being machined using a variety of
cutting-edge techniques, including electrochemical machining, plasma
machining, and thermally aided machining techniques like laser machin-
ing. Due to its greater advantages, significant technological advancement,
and commercial viability, laser-aided machining (LAM), one of the various
techniques, is becoming more and more popular with advanced materials.
The current state of LAM and its problems are highlighted in this research
with respect to the impact of laser machining factors on the productivity
of smart materials.

1.2 Laser-Assisted Machining—Overview

A high-power laser is utilized in laser-aided machining, a hybrid process,
to heat the job before material removal using a traditional machine tool.
The yield strength of fragile material drops down below its rupture strength
at high temperatures, transforming the material’s distortion behavior from
fragile to ductile. Also, strong, ductile materials lose some of their yield
strength at high temperatures, which lowers tool erosion and cutting abil-
ity while also enhancing surface quality.

Nd:YAG and CO, laser are two primary laser sources that are fre-
quently utilized in LAM studies. The latter has superior absorptivity
because it has a shorter wavelength. Because the CO, laser absorbs less
laser energy than Nd:YAG, it is less effective in cutting the most advanced
materials including titanium and composite materials. Most of the study
has addressed the difficulties in traditional machining while concen-
trating on the advantages of LAM. However, the laser machining fac-
tors affect the LAM consequences. Feed rate, spot diameter, and cutting
speed are the primary operational aspects associated with LAM. Due to
the multiplicity of control factors and how they interact, finding the ideal
LAM setting is challenging. Additionally, a numerical analysis based on
experimental design is required to explore how the ideal LAM parameter
affects other variables and how they interact. Figure 1.1 shows the sche-
matic setup of LAM.
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Figure 1.1 Schematic setup of LAM.

1.3 Machining of Advanced Materials

The adoption of advanced materials has accelerated with applications in
automotive, shipbuilding, and semiconductors in recent years because they
outperform standard metals in terms of high-temperature strength, dura-
bility, and corrosion resistance [16-19]. Titanium alloy [20], Inconel 718
alloy [21], compacted graphite iron [22], mullite [23], §i,N, ceramic [24-
26], Waspaloy [27], and A359 aluminum matrix [28] are a few examples
of materials that are challenging to cut. Hard-to-cut materials also include
magnesium AZ91 [29], stainless steel P550 [30], and AISI D2 steel [31].

1.3.1 Titanium Alloys

This is mainly because titanium alloys have properties like high creep, high
wear resistance, fine biocompatibility, and high corrosion resistivity, which
make them interesting materials in a variety of manufacturing areas like
biomedical, nuclear, etc. Owing to their greater chemical attraction and
less heat conductivity, titanium alloys are regarded as advanced materials.
The tool life is decreased during the machining of titanium alloys.

S. Sun et al. [32] turned titanium alloy dry at various cutting speeds,
feed rates, and cut depths to see how the repeated force frequency altered
in relation to the cutting speed and feed rate. With greater cutting speed,
the cutting force rises due to the strain rate hardening at higher and lower
strain rates correspondingly. Outside of these cutting speed ranges, the
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cutting force reduces with boosting cutting speed because of the thermal
tempering of material. Some investigations on titanium alloys demonstrate
that cryogenic machining outperforms dry machining in terms of tool life.
The impact of cryogenic machining was examined by M.]. Bermingham
et al. [33] using various combinations of feed rate and depth of cut at fixed
material removal rate and cutting speed. In dry machining, the combi-
nation of lower cutting speed and higher depth of cut improved tool life
1.6 times more than the combined lower depth of cut and higher speed.
Tool life at the specified machining conditions is 13 min for dry machining
and 20 min for cryogenic machining. Hybrid machining and laser-aided
machining (LAM) were utilized to enhance metal removal and tool life.
Surface finish, microstructure, and tool wear are assessed as output param-
eters from the two processes. The input parameters for the two methods
are tool material and material removal temperature. LAM enhanced the
lifespan of the cutting tool more than 1.8 times compared with traditional
machining for cutting speed below 1,120 m/min, whereas hybrid machin-
ing improved the lifespan of the tool more than 3 times for machining
speed below 155 m/min at material removal temperature of 255°C. For
identical machining circumstances, dry, laser-aided, and hybrid machining
have tool lives of 28.62 min, 48.78 min, and 55.10 min, respectively. Using
thermally assisted machining, M.]. Bermingham et al. [34] described the
wear mechanism and tool lifespan for uninsulated carbide tools. By heat-
ing the job to 350°C, this technique minimizes the cutting forces by up to
35%. Rahman Rashid et al. [35] explored how the laser affected the cutting
force and temperature studied at different cutting speeds and feed rates.
Over the entire range of feed rates and cutting speeds, the cutting forces are
lowered by 16%. The ideal feed rates for industrial applications are between
0.16 mm/rev and 0.26 mm/rev for a laser power of 1,205 W. Cutting energy
is only slightly reduced below a feed rate of 0.16 mm/rev; however, erosion
of the tool develops quickly above 0.26 mm/rev. The ideal cutting speed
range for titanium alloy when using a 1,210-W laser is between 26 and
105 m/min. Below 30 m/min, high thermal energy induces chip tool weld-
ing, which compromises the machined quality of the surface, and beyond
105 m/min, tool erosion is maximized. To significantly reduce the cutting
forces during the milling of titanium alloys using laser power, the tempera-
ture range should be between 1,055°C and 1,255°C.

1.3.2 Nickel-Based Alloys

Due to their benefits over titanium alloys, nickel-based alloys including
Udimet and Waspaloy among others have gained popularity in gas turbine
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and aerospace, owing to their wide operating temperature range in harsh
environments. Improved hot strength, hardness, high melting tempera-
ture, high resistance to erosion, and resilience to thermal shock are just
a few of the features that nickel-based alloys exhibit. Because of the great
strength of nickel alloys, higher cutting forces and temperatures are gen-
erated during machining. Extreme tool erosion and poor machined qual-
ity are caused by a sharp rise in cutting temperature. Additionally, as the
temperature drops below 650°C, nickel alloys become harder. These are
referred to as tough-to-manufacture materials due to their poor surface
polish, low cutting speeds, and limited tool life [15].

By assessing tool erosion, surface roughness, and cutting pressures, Mark
Anderson et al. [21] assessed the machining capability of Inconel 718 under
different conditions, i.e., feed rate and depth of cut. While the machining
temperature rises from ambient temperature to 650°C, the explicit cutting
energy reduces, the surface finish is improved, and the ceramic tool life
exceeds traditional machining by 150%-250%. When cutting Inconel 718
at 4 m/s, the cost is reduced by 55% for traditional ceramic machining and
66% for traditional carbide machining. These are LAM’s advantages. The
laser-assisted machining of Inconel 718 with ceramic and carbide inserts
was exhibited by G. Germain et al. in their publication [36]. Independent
of the insert of the cutting tool, LAM drastically reduces the cutting pres-
sures by about 42%. In contrast to traditional machining, LAM improves
the tool lifespan of ceramic inserts by up to 26%. In LAM, carbide inserts
have a shorter tool life than in traditional machining. Under laser-aided,
dry conditions, H. Attia et al. [37] investigated the high-speed machining
capability of superalloy Inconel 718. The tests were performed utilizing a
ceramic cutting tool with Nd:YAG laser for feed up to 0.6 mm/rev and
cutting speed up to 550 m/min. In comparison to traditional machining,
the surface quality is enhanced by over 25%, the material removal capa-
bility was improved by about 850%, and the cutting forces were substan-
tially lower at the ideal cutting circumstances. By assessing tool wear and
surface finish, Hongtao Ding et al. [27] assess the machining capability of
Waspaloy at different machining conditions, i.e., feed and cutting speed.
For optimal cutting conditions while working with Waspaloy and WG-300
tools, the machining temperature range is 300°C to 400°C. In comparison
to traditional machining, tool life is enhanced by 55% while using LAM.
When the temperature is raised to 405°C during metal removal, there is
a 21% decrease in cutting forces. For the same machining circumstances,
the cutting forces for traditional machining and LAM are 200 N and 160 N
correspondingly.
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1.3.3 Ceramics

Sophisticated ceramics, i.e., alumina, zirconia, etc., are utilized for the
fabrication of industrial components like rotors, artificial hip joints, etc.
owing to their properties, i.e., high corrosion resistance, no wear, etc. Due
to higher hardness and brittleness, the machining of ceramics is incredi-
bly problematic. Diamond grinding is one of the machining methods to
obtain precise components utilized in advanced fields. When the oxyacet-
ylene flame is utilized as the heat source, mullite and Si,N, undergo plastic
deformation, whereas alumina and zirconia experience thermal fracture.
This improves surface roughness and tool wear. Si,N, LAM offers substan-
tial benefits over traditional machining.

The output parameters, i.e., laser power and preheating time, are mea-
sured along with the performing qualities such as tool wear, metal removal
mechanism, and surface quality. When compared with traditional machin-
ing, LAM improves tool life. Adhesion, the principal cause of tool wear, is
reduced by keeping the machining zone at a temperature that facilitates
quick material release. The thickness of grinding is more than the thickness
of the LAM-affected layer of the job. On a machined surface, there is no
chance of underlying cracks, and LAM material strength does not deteri-
orate. The evaluation of pressureless sintered mullite ceramics using LAM
was published by Patrick A. Rebro et al. [38]. To achieve the best perfor-
mance indicators, i.e., surface temperature and specific cutting energy, dif-
ferent machining conditions are decided from the input factors, i.e., depth
of cut, beam diameter, and feed rate. A reduction in the precise cutting
pressures, a sizable enhancement in the lifespan of a tool, and improved
job surface qualities are all made possible by laser power levels between
170 and 190 W. The depth of incision should be about 0.75 mm to reduce
thermal fractures. If there is sufficient laser energy absorption, the feed
varies from 0.013 to 0.017 mm/rev to retain proper temperature gradients
and prevent thermal rupture. The resulting extreme temperature gradients
brought on by greater feed rates are what cause the thermal fracture of the
job. When using a polycrystalline cubic boron nitride (PCBN) cutting tool,
Frank E. Pfefferkorn et al. [39] studied the LAM of magnesia moderately
stabilized zirconia (PSZ) to ascertain the impact of heating on perform-
ing measures like tool wear, surface integrity, and metal removal mecha-
nism. By raising the material removal temperature from 530°C to 1,210°C,
the specific cutting energy decreases from 6.7 to 2.7 J/mm’ and tool life
improves from 2 to 122 min. Despite a significant decrease in material
removal temperature, the specific cutting energy decreases with higher
feed. For this matrix, temperatures between 900°C and 1,100°C are ideal
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for material removal. Aluminum oxide (Al,O,) ceramic materials were
subjected to laser-assisted machining tests under a variety of operating
parameters, including depth of cut, pulsed frequency, and feed. Both sur-
face finish and material removal are performance indicators. To achieve an
appropriate surface finish, higher rotating speeds are necessary. When the
temperature of the material being removed is more than 850°C, the laser
power gives adequate energy to allow the workpiece to be easily machined
and attain glass transition temperature.

1.3.4 Ferrous Alloys

Stainless steels and hardened steels are the categories of iron-based,
advanced alloys utilized in automotive, food processing industries, and
aerospace. Low carbon steels, in particular AISI 1008, have a problem
during machining that results in continual coiled chips that can damage
the surface being machined, jam an automated machine tool, and shut
down the machine. Low carbon steels have a propensity to stick to the cut-
ting tool and create built-up edges, which can have an impact on the sur-
face finish and tool life of the machined surface. Due to their higher heat
capacity and lower thermal conductivity, stainless steels are challenging to
cut. When machining steels that are harder than 45 HRC, the term “hard
machining” is used.

Utilizing a high-power laser in longitudinal and orthogonal turning
procedures, the LAM of completely hardened AISI D2 tool steel is demon-
strated. When compared with traditional machining, LAM eliminates
catastrophic carbide cutting tool breakage, minimizes saw tooth chip for-
mation, and nearly doubles tool life. Because of its limited power density, the
high-power laser system is suitable for milling instead of turning. Surface
roughness, cutting pressures, and tool erosion are assessed by adjusting
material removal, depth of cut, and feed rate. In comparison to traditional
machining at a feed rate of 0.3 mm/rev, the tool span is improved by 61%
at a cutting speed of 1.8 m/s, feed rate of 0.17 mm/rev, and metal removal
temperature of 402°C. At a feed rate of 0.155 mm/rev, surface quality is
enhanced by 5.2% in comparison to traditional machining. Surface finish
is 2.43 um for conventional machining and 2.26 pm for LAM. Additionally,
LAM lowers the cost of cutting an engine cylinder liner by about 25%.
By adjusting the operating settings for the feed rate, cutting speed, and
heating, the investigation is carried out utilizing laser-aided machining of
an AISI 4130 shaft [40]. When compared with the traditional hard turn-
ing technique, the particular cutting energy and cutting force are lowered
by 21% at a material removal temperature exceeding 200°C. In traditional
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machining, the surface finish is 1.7 pum, whereas in LAM, it is between 0.3
and 0.5 um under similar cutting circumstances. The component’s hardness
following LAM is typically between 48 and 49.5 HRC, which is comparable
to traditional machining. LAM generates a compressive surface axial resid-
ual stress that is roughly 155 MPa higher than traditional machining. LAM
is utilized to machine high chromium white cast iron [41]. Surface profile,
temperature, and hardness are all significantly influenced by laser power.
LAM can only decrease the feed and cutting forces by a combined 25% and
23%, respectively.

1.3.5 Composites

Due to the existence of strong reinforcement fibers in a brittle matrix,
composites typically have an inhomogeneous and anisotropic character.
Uncut fibers, excessive dimensional deviation, and fiber pullout all con-
tribute to poor surface quality. SiC, ALO,, and other hard abrasive particles
included in the composite create a significant tool wear that is harder than
that caused by WC tools. Metal matrix composites are advantageous for
structural applications because of their high rigidity and strong damage
resistance under a variety of operating situations [42]. Despite having out-
standing performance, composites are difficult to machine, which results
in significant tool erosion and trouble obtaining good surface quality [43].

The LAM of aluminum matrix composite is investigated. Feed rate,
cutting speed, and depth of cut are input parameters. Tool life, tool wear,
and cutting force are performance metrics. The LAM strengthens wear
resistance, extends tool life, and decreases tool wear. The cutting forces are
also decreased by LAM to a range of 32% to 52%. The LAM is used for the
advancement of metal removal and tool life with less surface damage. By
adjusting the material removal temperature, performance indicators, i.e.,
surface finish, tool wear, and cutting pressures, are evaluated. When com-
pared with traditional machining, LAM minimizes tool wear and fiber
pullout. The ideal metal removal temperature was determined to be 300°C
at a feed rate of 0.03 mm/rev, depth of cut of 0.6 mm, and speed of 30 m/min.
In comparison to traditional machining under the same cutting conditions,
LAM offers a 65% decrease in surface finish and tool wear. Additionally,
LAM demonstrates an improvement in the machining of the long fiber by
higher material removal rate, decreased damage, and longer tool life. The
ideal metal removal temperature with carbide tooling was determined
to be 300°C at 0.3 mm/rev feed, 0.75 mm of cut depth, and 155 m/min
speed. When employing LAM instead of traditional machining under the
same machining conditions, the specific cutting energy and surface finish
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are lowered by 13% and 26% correspondingly. When the surface finish is
2 um, the eflicient tool span is enhanced 1.8-2.36 times compared with
traditional machining based on cutting speed. LAM reduces surface finish
and tool wear at all cutting speeds (55-205 m/min) compared with tradi-
tional machining.

1.4 Machining Requirements

Industries typically experience poor surface quality, high capital costs, and
less tool life while cutting innovative engineered materials. Due to these
materials’ poor thermal conductivity, it is challenging to disperse the heat
produced at the machining zone. By lowering the cutting temperature, the
application of cutting fluids increased machinability; nevertheless, inap-
propriate treatment of these cutting fluids might have an adverse environ-
mental impact. As the chips slide on the rack face of the tool and eliminate
the job material during machining, the cutting tool is exposed to different
stresses [44].

1.5 Tools to be Used

When cutting materials that are challenging to cut, cutting tools utilized in
laser-aided machining should be able to withstand significant mechanical
and thermal loads. Laser-assisted machining uses a variety of cutting tools,
including coated carbide inserts, cubic boron nitride, and ceramics. Tools
lose their hardness at temperatures exceeding the softening threshold.
High-speed steel has a softening point of 605°C, carbide 1,110°C, A1203
1,400°C, and diamond and cubic boron nitride tool material 1,505°C [45,
46]. When cutting silicon nitride and zirconia, LAM employs PCBN inserts
instead of carbide inserts [47]. For better surface roughness, titanium
alloys are machined using carbide inserts. For the machining of superal-
loys, ceramic inserts are used to increase tool life, but these are not suitable
for titanium alloys due to their poor hardness, lack of chemical affinity, and
poor thermal conductivity. Carbide inserts are utilized with LAM of com-
posites to get superior outcomes in terms of enhanced surface quality and
greater tool life at higher cutting rates. Hardened AISI D2 steel is machined
using carbide cutting tools. Since tool wear is a significant determinant of
the workpiece’s surface roughness, extending tool life would decrease tool
wear and generally enhance the workpiece’s surface quality.



INTRODUCTION TO LASER-ASSISTED MACHINING 11

1.6 Lasers for Machining

A coherent, converging, and monochromatic electromagnetic radiation
beam is the hallmark of laser. It is made up of three main parts, i.e., a res-
onator, an optical delivery, and a path to stimulate the lasing medium into
an amplifying condition. The laser state may be solid (such as Nd:YAG),
liquid (dye), or gas (e.g., He, CO,, etc.).

Nd:YAG, excimer, and carbon dioxide lasers are categorized into three
main types, which are utilized for the machining of advanced materials.
Gas lasers known as CO, lasers use the lasing medium of gas molecules,
such as helium and carbon dioxide. The excitement of CO, is accomplished
by raising the molecule’s vibrational energy [48]. With a wavelength of
10 um in the infrared range, CO, laser offers good beam quality and greater
efficiency [49]. Nd:YAG is a solid-state laser that produces laser light by
dispersing dopants like neodymium in a crystalline matrix of yttrium-
aluminum-garnet. Krypton or xenon flash lamps are used to excite these
sorts of lasers [50]. These lasers’ shorter wavelengths (1 um) may penetrate
highly reflecting materials, which CO, lasers find challenging to work with
[51].

Gas lasers include excimer lasers. Excited dimer, a combination of two
similar kinds that only exists in a stimulated state, is where the word “exci-
mer” first appeared. The output wavelengths of excimer complexes range
from 0.194 to 0.352 pum in the ultraviolet to near-ultraviolet spectrum. The
length of the laser emission, either pulsed or continuous wave laser, also
serves to distinguish lasers. While CW lasers operate with a constant aver-
age beam power, pulsed mode lasers typically have pulse duration. Because
the process parameters are more precisely controlled, pulsed lasers are
desirable to continuous wave lasers for machining ceramics [52]. A frame-
work is developed to study the micromilling abilities on thick poly-methyl-
methacrylate utilizing several input responses and a soft computing
technique, i.e., the Gaussian process regression is applied to prepare width,
surface roughness, and depth prediction models using a CO, laser machine
[53]. A unique approach is applied for the physical mechanism of gold film
using laser machining of diamond microgroove [54].

1.7 Machining Requirements

A CNC lathe and dynamometer are used in the setup to measure the cut-
ting forces applied to the tool. Using a charge amplifier, these cutting forces
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are augmented. During machining, a pyrometer is utilized to gauge the
workpiece’s temperature operation. For machining, a laser generator pro-
duces the necessary laser power, which is then discharged by a laser gun
onto the workpiece. A computer controller oversees all of these. In contrast
to traditional turning and milling, laser-assisted machining utilizes laser
energy to locally heat the workpiece. The method of removing material
differs from traditional machining.

1.8 Conclusion

According to the review, it is evident that adding heat to the LAM method
causes the surface layer of advanced materials to become softer, caus-
ing ductile distortion rather than brittle deformation to happen during
machining. Due to the decrease in flow stress, cutting forces, and rubbing
between the chip and tool, this makes machining simple. LAM has been
proven to enhance surface quality and other surface properties.
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