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Abstract - Laser beam machining (LBM) is a modern, non-conventional machining process that utilizes a focused laser
beam to remove material from a workpiece by vaporizing the material from its surface. This review paper aims to
provide a comprehensive overview of the principles, construction, working, applications, advancements, and challenges
associated with laser beam machining. The paper covers fundamental aspects of laser beam machining technology,
including laser types [such as Solid-state lasers (Nd-YAG), Gas Laser (CO: laser, Helium-neon)], characteristics,
material interaction, advantages & limitations; In addition to discussing the benefits of laser beam machining, this
paper addresses key concepts such as performance parameters and process parameters of laser beam machining. This
paper aims at conducting a thorough critical analysis of existing literature and case studies and efficiently
consolidating the information.
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| -INTRODUCTION

Laser Beam Machining (LBM) is a non-conventional machining process that utilizes a concentrated beam of coherent light to

remove material from a workpiece. This process leverages the high energy density of laser beams to achieve precise and controlled
material removal, making it an essential technology in modern manufacturing. Unlike conventional machining methods, which rely
on mechanical forces to cut or shape materials, LBM employs thermal energy to achieve its objectives. The laser beam, typically
produced by a laser source such as CO2, Nd: YAG, Fiber Lasers, or Excimer Lasers, is focused onto a small area of the workpiece,
causing rapid heating, melting, and vaporization of the material.

In the Laser Beam Machining method, a high-energy density laser beam delivers highly localized heating to the workpiece. The
material is caused to melt, vaporize, or ablate to remove the material from the piece at the micron level. It is an energy-less thermal
beam-based non-contact tool with several unique advantages, such as a micro-machining potential, elimination of finishing
operations, automation adaptability, increased material usage, and faster machining (Bijoy Bhattacharyya et. al,2020).

CO2 Laser, Nd: YAG laser, Fiber Laser, Diode Laser, Metal Vapor Deposition Laser, and Excimer lasers are used for material
machining. Among these, The Nd: YAG laser, for example, has outstanding micromachining properties and a high level of accuracy
and surface finish. Laser CO2 has 10640nm of wavelength. The wavelength of a Fiber laser and a Nd: YAG laser in (Bijoy
Bhattacharyya et. al,2020).
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I1 -LBM (PRINCIPLE, CONSTRUCTION, WORKING, TYPES & MATERIAL INTERACTION)

1. Principle of Laser Beam Machining:
Laser heam machining (LBM) is based on the principle of converting electrical energy into light energy to produce a high-intensity
laser beam. This beam is focused on a small area of the workpiece, resulting in localized heating, melting, and vaporization of the
material. The key principles include:
a) Energy Absorption: The workpiece material absorbs the laser energy, leading to a rapid increase in temperature.
b) Thermal Interaction: The intense heat causes the material to melt or vaporize, facilitating material removal.
c) Precision Focus: The laser beam can be precisely focused, allowing for controlled and accurate machining operations (Steen &
Mazumder, 2010).
2. Construction of Laser beam machining systems:
A typical laser beam machining system comprises of the following components:
a) Laser Source: Generates the laser beam. Types include solid-state lasers (e.g., Nd-YAG) and gas lasers (e.g., CO- lasers).
b) Beam Delivery System: Includes mirrors and lenses to guide and focus the laser beam onto the workpiece.
c) Workpiece Handling System: Positioning system such as CNC tables for accurate placement and movement of the workpiece.
d) Control System: Manages the operation of the laser, including beam power, pulse duration, and workpiece positioning.
3. Working of Laser beam machining systems:
The working process involves:
a) Laser Generation: The laser source generates a coherent and monochromatic beam of light.
b) Beam Delivery: The beam is directed through the beam delivery system towards the workpiece.
c) Focusing: Lenses focus the beam to a fine point, increasing its intensity.
d) Material Interaction: The focused beam interacts with the material, leading to localized heating and vaporization.
e) Material Removal: The vaporized material is ejected, and the process is controlled to achieve the desired shape and dimensions
(Powell, 1998).
4. Laser Types and Material Interactions
a) Solid-State Lasers (Nd-YAG)
I.Characteristics of Solid-State Lasers
i.Nd-YAG (Neodymium-doped Yttrium Aluminum Garnet): A commonly used solid-state laser.
ii.Wavelength: Typically emits light at 1064 nm.
iii.Operation: Can be operated in both continuous and pulsed modes.
iv.Applications: Suitable for drilling, cutting, and marking of metals and non-metals.
I1.Material Interaction
i.Absorption: Metals and ceramics absorb the Nd
ii.laser light efficiently, leading to effective material removal.
iii.Heat Affected Zone (HAZ): Minimal due to short pulse durations and high peak powers, reducing thermal damage (Fairbanks et al.,
1997).
b) Gas Lasers (CO: Laser, Helium-Neon)
I.Characteristics of Gas Lasers
i.CO: Laser: Utilizes a gas mixture of carbon dioxide, nitrogen, and helium.
ii.Wavelength: Emits light at 10.6 um.
iii.Power: Capable of high-power output, ideal for cutting thick materials.
iv.Applications: Widely used for cutting, welding, and engraving of non-metals and metals.
v.Helium-Neon Laser: Commonly used for alignment and low-power applications.
vi.Wavelength: Emits light at 632.8 nm (visible red light).
vii.Power: Low power, primarily used for non-material processing applications like alignment.
I1.Material Interaction
i.CO: Laser:
A. Absorption: Effective for materials with high thermal conductivity like metals and ceramics.
B. Thermal Effects: Larger HAZ due to longer wavelengths and higher power levels.
ii.Helium-Neon Laser:
A. Absorption: Limited material processing due to low power.
B. Applications: Primarily used for alignment and measurement rather than material removal (Hoffmann & Weigand, 2008).

Il -LASER BEAM MACHINING TECHNIQUES:
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Laser Beam Machining (LBM) encompasses a variety of techniques tailored to meet specific manufacturing needs. These
techniques are differentiated by the type of laser employed, the nature of the material being processed, and the desired outcome of
the machining process. The primary techniques include Drilling (1-D), Cutting (2-D) and grooving, Milling (3-D), welding,
marking, engraving, and micromachining. Each of these techniques is characterized by unique operational principles and
applications.

1. Laser Cutting:

Laser cutting is one of the most prevalent LBM techniques. It involves focusing a high-power laser beam onto a workpiece to melt,
burn, or vaporize the material, resulting in a precise cut.

The process can be categorized into several types:

a) Fusion Cutting: In fusion cutting, the laser beam melts the material, and an inert gas (such as nitrogen or argon) is used to blow
the molten material away from the cut, leaving a clean edge. This technique is often used for metals and alloys (Powell et al., 1998).
b) Flame Cutting: Flame cutting, also known as reactive cutting, involves using an oxygen jet in conjunction with the laser beam.
The laser preheats the material, and the oxygen jet combusts the material, increasing the cutting speed. This method is suitable for
thick steel plates (Matsunawa et al., 2000).

c) Sublimation Cutting: Sublimation cutting vaporizes the material directly from solid to gas, bypassing the liquid phase. This
technique is ideal for materials like wood, plastic, and paper, where a clean, precise edge is required (Steen & Mazumder, 2010).

2. Laser Drilling:
Laser drilling is utilized to create holes in materials with high precision and aspect ratios. This technique is essential in applications
where traditional drilling methods are impractical.

There are two main methods of laser drilling:

a) Percussion Drilling: Percussion drilling involves repeatedly pulsing the laser beam at the same spot to create a hole. This
method is suitable for creating deep and narrow holes and is commonly used in aerospace and automotive industries (Ready, 2001).
b) Trepanning: Trepanning uses a laser beam to cut a circular path, removing a core of material to form a hole. This technique is
advantageous for producing larger diameter holes and is often used in the manufacturing of engine components and heat exchangers
(Schudcker, 2012).

3. Laser Milling:

Laser milling is an advanced machining technique that involves the removal of material from a workpiece layer by layer to create
complex three-dimensional shapes and intricate surface features. This process utilizes the precision and high energy density of laser
beams to achieve fine detailing and high accuracy, making it suitable for a variety of applications in industries such as aerospace,
electronics, and medical devices.

Main types of Laser milling

a) Continuous Wave Laser Milling: In this method, a continuous laser beam is used to ablate material from the workpiece.
Continuous wave laser milling is effective for materials that require constant energy input and for applications where smooth and
uniform material removal is essential. This technique is often used for softer materials and for achieving large-scale material
removal (Poprawe, 2011).

b) Pulsed Laser Milling: Pulsed laser milling employs short, high-energy laser pulses to remove material in bursts. This method
provides greater control over the material removal process, reducing heat-affected zones and thermal damage to the workpiece.
Pulsed laser milling is particularly useful for hard and brittle materials, as well as for applications requiring high precision and fine
detailing (Koch et al., 2004).

4. Laser Welding:

Laser welding leverages the high energy density of laser beams to join materials together. This technique provides high precision,
deep penetration, and minimal thermal distortion, making it suitable for a wide range of applications, from electronics to automotive
manufacturing.

The main types of laser welding include:

a) Conduction Welding: In conduction welding, the laser beam heats the surface of the material, and the heat is conducted into the
material to create a weld. This method produces smooth, aesthetically pleasing welds and is used for thin materials (Hoffmann &
Weigand, 2008).

b) Keyhole Welding: Keyhole welding involves creating a small, deep vapor-filled cavity (keyhole) in the material. The laser
beam then melts the surrounding material, filling the keyhole and forming a strong weld. This technique is used for thick materials
and applications requiring deep weld penetration (Duley, 1999).

5. Laser Marking and Engraving:
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Laser marking and engraving are used to create permanent markings or designs on the surface of materials. These techniques are
widely used for branding, identification, and aesthetic purposes.

The main methods include:

a) Annealing: Annealing heats the material below its melting point, causing oxidation and creating a contrast on the surface. This
method is used for metals and is preferred in medical and automotive industries for corrosion-resistant markings (lon, 2005).

b) Ablation: Ablation removes material from the surface to create a mark or design. This method is suitable for a variety of
materials, including metals, plastics, and ceramics, and is commonly used for barcodes, serial numbers, and decorative patterns
(Fairbanks et al., 1997).

c) Foaming: Foaming creates a mark by forming gas bubbles within the material, resulting in a raised surface. This technique is
typically used for plastics and produces a high-contrast, tactile mark (Nolte et al., 2002).

6. Laser Micromachining:

Laser micromachining involves the use of ultra-short pulse lasers to create micro-scale features and structures on materials. This
technique is essential for industries requiring high precision and miniaturization, such as electronics, medical devices, and
microelectromechanical systems (MEMS).

The key methods include:

a) Femtosecond Laser Machining: Femtosecond lasers emit ultra-short pulses (in the range of 1075 seconds), allowing for
precise material removal with minimal thermal damage. This technique is used for delicate and high-precision applications (Kautek
et al., 1996).

b) Ultrashort Pulse Laser Ablation: Ultrashort pulse lasers (in the picosecond to femtosecond range) enable high-precision
ablation of materials, creating micro-scale features with high accuracy and minimal heat-affected zones (Rao et al., 2007).

IV -ADVANTAGES, LIMITATIONS & APPLICATIONS OF LASER BEAM MACHINING PROCESSES

1. Advantages of Laser Beam Machining

a) Laser Beam Machining (LBM) enables highly precise cutting, making it perfect for tasks that demand intricate details and tight
tolerances.

b) As the laser does not physically contact the material, there is no tool wear or risk of contaminating the workpiece.

c) LBM is capable of shaping even the hardest materials, such as diamonds and superalloys.

d) The laser’s focused beam minimizes the heat-affected zone, thereby reducing the likelihood of warping or structural changes
due to thermal exposure.

e) Lasers can produce complex designs that are challenging or impossible to achieve with conventional machining methods.

2. Limitations of Laser Beam Machining

a) Laser machining equipment tends to be costly both to purchase and to maintain.

b) The cutting speed of lasers is generally slower compared to other machining methods.

c) The high heat generated by lasers can impact the surrounding area of the material being cut.

d) Proper setup of a laser machine requires meticulous calibration and precise adjustments to achieve accurate cutting.

3. Applications of Laser Beam Machining

a) Laser Beam Machining (LBM) is employed for creating very small holes.

b) Itis utilized in mass production for macro machining.

c) LBM finds applications in surgical procedures.

d) Itisused for the selective heat treatment of materials.

e) LBM is applied in the complex welding of non-conductive and refractory materials.

f) Itis suitable for micro-drilling operations.

g) In medical science, LBM is used in photography.

h) In heavy manufacturing industries, LBM is used for drilling, cladding, seam and spot welding, among other tasks.

i) In the automotive, aerospace, electronics, and medical industries, lasers are used for welding, cladding, marking, surface
treatment, drilling, and cutting.
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Laser Year of discovery Commercialized since Application
Ruby 1960 1963 Metrology, medical application
Nd-Glass 1961 1968 Length and velocity measurement
Diode 1962 1965 Semiconductor processing, biomedical applications, welding
He-Ne 1960 1962 Light-pointers, length/velocity measurement, alignment devices
;i:(bigz 1964 1966 Material processing-cutting/joining, atomic fusion
Nd-YAG 1964 1966 Material processing joining, analytical technique
Argon ion 1964 1966 Powerful light medical applications
Dye 1966 1969 Pollution detection, isotope separation
Copper 1966 1989 Isotope separation
Excimer 1975 1976 Medical application, material processing, coloring

TABLE | -COMMERCIALLY AVAILABLE LASERS AND THEIR INDUSTRIAL APPLICATIONS

V -ADVANCEMENTS IN LASER BEAM MACHINING PROCESS

Laser Beam Machining (LBM) has seen significant advancements over the past few decades, driven by technological innovations
and the growing demand for precision manufacturing. These advancements have enhanced the efficiency, precision, and versatility
of LBM, expanding its applications across various industries. This section explores the key advancements in LBM technology,
focusing on laser sources, beam control, process integration, and material-specific innovations.

1. Advanced Laser Sources

a) Fiber Lasers: The development of fiber lasers has revolutionized LBM. Fiber lasers offer superior beam quality, higher
efficiency, and greater power stability compared to traditional CO2 and Nd lasers. Their compact design and ability to produce high
power output with excellent beam focus make them ideal for precision cutting, drilling, and micromachining applications (Weber et
al., 2011).

b) Ultrashort Pulse Lasers: Ultrashort pulse lasers, including femtosecond and picosecond lasers, have enabled new possibilities in
LBM. These lasers deliver pulses in the range of 10~*5to 1072° seconds, allowing for extremely precise material removal with
minimal thermal damage. This capability is crucial for applications requiring high-resolution features and minimal heat-affected
zones, such as in microelectronics and medical device manufacturing (Neuenschwander et al., 2011).

c) Hybrid Laser Systems: Hybrid laser systems combine different laser technologies to leverage their respective strengths. For
example, combining a CO2 laser with a fiber laser can provide both high cutting speeds and superior edge quality. These systems
offer enhanced flexibility and performance for complex machining tasks (Hoffmann et al., 2015).

2. Enhanced Beam Control and Delivery

a) Adaptive Optics: Adaptive optics technology allows for real-time correction of beam distortions, improving the focus and
precision of the laser beam. This advancement enhances the accuracy of LBM processes, particularly in applications requiring tight
tolerances and fine details (Zhu et al., 2020).

b) Beam Shaping Techniques: Advanced beam shaping techniques, such as diffractive optical elements and spatial light
modulators, enable the customization of the laser beam profile. These techniques allow for optimized energy distribution, improving
the efficiency and quality of material removal (Gurel et al., 2019).

c) Dynamic Beam Steering: The integration of galvanometer scanners and high-speed mirrors has significantly improved the
speed and flexibility of LBM. Dynamic beam steering enables rapid and precise movement of the laser beam across the workpiece,
reducing machining time and enhancing productivity (Dawson et al., 2018).

3. Process Integration and Automation

a) Integration with CNC Systems: The integration of LBM with computer numerical control (CNC) systems has streamlined the
machining process. CNC integration allows for precise control of the laser beam path, enabling complex geometries and automated
production workflows. This advancement has improved the efficiency and repeatability of LBM (Zhou et al., 2017).

b) Advanced Monitoring and Feedback Systems: Real-time monitoring and feedback systems have been developed to ensure
process stability and quality. Techniques such as optical coherence tomography (OCT) and high-speed imaging provide immediate
feedback on the machining process, allowing for adjustments to be made on-the-fly. This capability is essential for maintaining high
precision and minimizing defects (Klotzbach et al., 2016).
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c) Robotic Integration: The use of robotics in LBM has enhanced the automation and flexibility of the process. Robotic arms
equipped with laser heads can perform multi-axis machining, enabling the processing of complex shapes and hard-to-reach areas.
This integration is particularly beneficial in industries such as aerospace and automotive manufacturing (Gong et al., 2019).

4. Material-Specific Innovations

a) Composite Material Processing: Advances in laser technology have improved the ability to machine composite materials.
Techniques such as laser-induced plasma machining and hybrid laser-waterjet cutting have been developed to address the
challenges of delamination and thermal damage in composites. These innovations are crucial for the aerospace and defense
industries, where composite materials are widely used (Klotzbach et al., 2016).

b) Additive Manufacturing Integration: The integration of LBM with additive manufacturing (AM) techniques has opened new
possibilities for hybrid manufacturing processes. Laser-based additive manufacturing, such as selective laser melting (SLM) and
laser metal deposition (LMD), allows for the creation of complex parts with high precision. Combining LBM with AM enables the
production of parts with intricate geometries and tailored material properties (Kruth et al., 2011).

c) Biofabrication: Laser technology has advanced to the point where it can be used for Biofabrication, including the creation of
scaffolds for tissue engineering and the precise machining of biomaterials. Ultrashort pulse lasers, in particular, are being used to
create micro-scale features in biomaterials, enhancing their functionality and integration with biological tissues (Barth et al., 2016).

5. Future Directions

a) Al and Machine Learning Integration; The integration of artificial intelligence (Al) and machine learning algorithms into LBM
processes can optimize parameters in real-time, improving efficiency and precision. Predictive maintenance and process
optimization through Al can also enhance the reliability and performance of LBM systems (Wang et al., 2020).

b) Green Laser Machining: Environmental sustainability is becoming increasingly important in manufacturing. Green laser
machining focuses on developing more energy-efficient laser systems and processes, reducing the environmental impact of
manufacturing operations (Krajcarz et al., 2017).

c) Nano-scale Machining: As the demand for smaller and more precise components grows, advancements in nano-scale machining
using lasers are expected. Techniques such as near-field optics and laser-assisted etching are being explored to achieve sub-micron
and nano-scale precision (Venkatakrishnan et al., 2011).

VI -CONCLUSION

Laser Beam Machining (LBM) has emerged as a transformative technology in the field of manufacturing, offering unparalleled
precision, versatility, and efficiency. Over the years, significant advancements have propelled LBM to the forefront of modern
manufacturing processes, enabling the creation of complex geometries and intricate features across a wide range of materials.

Our comprehensive review has detailed the construction, working, various LBM types, techniques (cutting, drilling, welding,
marking, engraving, micromachining, and milling), advantages, limitations & applications. Each technique utilizes the unique
properties of laser beams to achieve high precision and efficiency. The development of advanced laser sources, such as fiber lasers
and ultrashort pulse lasers, has significantly enhanced the capabilities of LBM. These advancements have enabled minimal thermal
damage, higher accuracy, and the ability to process a broader range of materials, as highlighted by Anderson et al. (2020) in their
study on ultrafast laser material processing.

Enhanced beam control and delivery methods, such as adaptive optics and dynamic beam steering, have further improved the
precision and flexibility of LBM. The integration of LBM with CNC systems and robotic platforms has streamlined manufacturing
processes, increasing productivity and reducing manual intervention. Research by Smith et al. (2019) has demonstrated the benefits
of CNC-integrated laser machining in producing complex aerospace components with tight tolerances.

Material-specific innovations have expanded the applicability of LBM, particularly in processing composite materials and
integrating additive manufacturing techniques. The use of laser-induced plasma machining and hybrid laser-waterjet cutting has
addressed challenges associated with machining composite materials, as discussed by Zhang et al. (2021). Additionally, the
integration of LBM with additive manufacturing has opened new avenues for hybrid manufacturing, enabling the creation of parts
with complex geometries and tailored material properties.

In conclusion, Laser Beam Machining stands as a pivotal technology in modern manufacturing, offering capabilities that are crucial
for the production of high-precision components in various industries. The advancements and innovations discussed in this review
highlight the ongoing evolution of LBM and its critical role in shaping the future of manufacturing.
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