
 
 

High-Throughput, High-Quality Laser Engraving Using Nanosecond 

Pulsed Fibre Lasers 

 

 

Stephen Donbai Dondieu 

 

 

A dissertation submitted for the degree of Doctor of Philosophy 

 

 

Heriot-Watt University 

School of Engineering and Physical Sciences 

October 2021 

 

 

 

 

 

 

 

The copyright in this thesis is owned by the author. Any quotation from the thesis or use 

of any of the information contained in it must acknowledge this thesis as the source of 

the quotation or information. 



ii 

 

Abstract  

The work presented in this thesis investigates the use of 100 W and 200 W nanosecond 

pulsed fibre lasers for high-throughput and high-quality engraving of metals. The use of 

these lasers for most applications is a challenge, owing to laser-induced thermal 

accumulation within the workpiece. Over the years, researchers have tackled this issue, 

but focused on ultrashort pulsed lasers, leaving a research gap in terms of nanosecond 

pulsed lasers, which was the motivation for this thesis.   

This study features a single line machining technique, to aid understanding of the 

fundamental laser-material interactions in the high-power nanosecond regime, and to 

establish a phenomenological model through which an outline parameter space for area 

engraving can be deduced. Full factorial and Taguchi experimental methods are then used 

to optimise process parameters during area engraving.  

The influence of pulse duration, energy dose (i.e. total energy deposited per unit area), 

pulse repetition frequency, spot size, and laser beam scanning strategies during the 

engraving of aluminium (5251), brass (508L), and stainless steel (316L) were examined. 

Analysis of the material removal rate, surface quality, surface elemental composition, and 

microstructural changes, was conducted using an Alicona surface profilometer, optical 

microscope, SEM-EDX, and XRD.  

The study has found that the pulse duration, pulse repetition frequency, spot size, energy 

dose, and scanning strategies significantly influence process performance. In particular, 

the use of interlaced laser beam scanning reduces thermal accumulation and offers higher 

throughput and better surface quality when compared to conventional scanning methods. 

It was found that there is a trade-off between throughput and surface quality, and hence 

the optimised parameters will to some extent always depend on the application 

requirements.   

Ultimately, this study demonstrates high-throughput, high-quality laser engraving using 

higher average power pulse tuneable nanosecond fibre lasers, whilst discussing existing 

challenges and proposing potential remedies.  
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Chapter 1 – Introduction 

1.1 Rationale 

1.1.1 Laser Engraving 

Laser engraving is the gradual removal of a material to produce a desired feature, using 

the laser as a tool. Engraving is extensively used in the automotive, aerospace, jewellery, 

electronics, and medical industries, where the process is used for product identification, 

traceability, bar codes etc. It is also an ideal production route for the rapid prototyping of 

tools for injection moulds, embossing, and coin dies [1]. The use of lasers for applications 

such as engraving has gained industrial attention due to many advantages such as: high 

precision, repeatability, ability to process a variety of materials, and no tool contact, when 

compared to conventional machining techniques.  

In the field of laser engraving, the use of nanosecond (ns)  pulsed fibre lasers is an 

established process which offers: low costs of production and maintenance, high material 

removal rate (MRR), and good machining quality if parameters are fine-tuned [2,3].  In 

terms of higher quality and precision, femtosecond (fs) and picosecond (ps) lasers are 

preferred, however, they are cost-intensive to purchase, operate, and maintain. For 

example, in 2017, it was reported that it costs less than $1k/watt for an ns laser, compared 

to a ps laser which costs $7k/watt [4].  

A key industry demand is the combination of high productivity, high-quality, and low-

cost during laser applications; therefore, if ns lasers can produce comparable quality to 

ps or fs lasers, they become an ideal choice for industrial applications. 

1.1.2 High-Throughput 

The industrial demand for high-throughput laser applications has propelled many 

researchers and laser companies to develop high average power (> 50 W) fs, ps and ns 

lasers. Trumpf Laser UK Ltd (formally SPI Lasers), for instance, has introduced to the 

market high average power (50 –250 W) ns pulsed fibre lasers based on Master Oscillator 

Power Amplifier (MOPA) technology. These lasers are characterised by high pulse 

repetition frequencies and several pulse durations with unique temporal profiles. SPI’s 

100 W EP-Z laser, for example, has adjustable pulse repetition frequency in the range of 

1–1000 kHz, pulse energy up to 1 mJ and pulse durations in the range of 7– 500 ns. The 

versatility offered by these lasers, in terms of their wide range of pulse durations and 
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pulse repetition frequencies makes them suitable for a wide range of applications and 

allows for parametric optimisation [5].  

1.1.3 Problem Statement 

Thus far, the use of moderate average power (20–40 W) ns pulsed fibre lasers for 

engraving has been well established and industrially accepted. For example, an 

experiment conducted by Trumpf Lasers shows that a 20 W EP-S ns fibre laser provides 

high-quality results shown in Fig. 1-1, where an average surface roughness (Sa) of 1.5 µm 

at material removal rate (MRR) of 1.2 mm3/min is obtained when engraving stainless 

steel.  

 

Fig. 1-1. Laser engraving of stainless steel using 20 W SPI EP-S, MRR = 1.2 mm3/min, Sa = 1.5 μm 

(a) engraved area, (b) measured surface height profile, and (c) cross-section of engraved area 

To increase throughput, there is a desire to use the more recently developed higher 

average power (100–200 W) nanosecond pulsed lasers. However, a simple parameter 

scale up from low to high average power does not lead to similar or improved process 

quality. The illustration in Fig. 1-2 demonstrates this, where the average laser power 

scaled up from 20 W to 100 W produces a factor of 6 increase in MRR (7.3 mm3/min) at 

an increased Sa (4.4 μm), predominately characterised by burr formation, uneven bottom 

profile, and charred surface.  
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Fig. 1-2. Laser engraving of stainless steel using 100 W SPI EP-Z, MRR = 7.3 mm3/min, Sa = 4.4 μm 

(a) engraved area, (b) measured surface height profile, and (c) cross-section of engraved area 

This effect is a well-known issue in the laser industry, and it is generally attributed to the 

effect of thermal accumulation in a workpiece, owing to the increase in average power. 

The issue of thermal accumulation is exacerbated with ns lasers, due to the longer pulse 

durations which facilitate thermal equilibrium between the electrons and the lattice of the 

bulk material during material interaction [2]. This causes uncontrolled melting, which 

deteriorates the surface quality due to ineffective melt ejection, and the formation of 

recast layers [6].  

The available research on how to mitigate this quality issue has been focused on ultrashort 

pulsed lasers (fs and ps), rather than seeking to find a suitable solution with a much lower 

cost 100–200 W average power ns laser. For this reason, Trumpf Lasers has supported 

work at Heriot-Watt University to investigate and develop solutions that can mitigate 

thermal accumulation in a workpiece with high average power (≥ 100 W) ns lasers, and 

hence provide high-throughput, high-quality, and low-cost engraving.  

1.2 Aims and Objectives 

This research aims to achieve high-throughput of high-quality laser engraving, using high 

average power (100 W and 200 W) ns pulsed fibre lasers. To achieve the aim of this 

project, the following objectives were addressed: 
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▪ Examine the range of physical effects and material removal mechanisms that 

occur when using ns pulsed fibre lasers with defined pulse shapes (so-called 

waveforms). This information is provided using a single line machining and an 

area engraving technique for the 100 W (see Chapter 4) and 200 W lasers (see 

Chapter 6).  

 

▪ Investigate engraving strategies using combinations of laser pulses with defined 

temporal shapes, peak power, and pulse repetition frequency. The details of this 

are provided in Chapter 5 for the 100 W lasers, and Chapter 6 for the 200 W lasers.  

The experiment set up and results for this are captured in Chapters 4, 5 and 6. 

 

▪ Propose parametric combinations and scanning strategies to achieve fast and high-

quality machining results.  This is presented and discussed in Chapter 5 for the 

100 W lasers, and Chapter 6 for the 200 W lasers. 

 

▪ Understand the differences between low average power (20 W) and high average 

power (100 W and 200 W) engraving, particularly when the increase in average 

power is achieved through higher pulse repetition frequency. The details of this 

are presented in Chapter 6. 

1.3 Synopsis 

▪ Chapter 1 establishes the motivation for the research and also specifies various 

objectives required to achieve the overall project goal. 

 

▪ Chapter 2 provides background on laser machining. It takes into consideration the 

different types of lasers available for laser micro-machining. The chapter focuses 

on laser engraving and discusses potential industrial applications. It then considers 

the fundamental mechanisms during laser and material interaction in both 

ultrashort (ps and fs) and short (ns) pulsed regimes. The influence of laser process 

parameters during engraving using ns pulsed lasers is also presented. The pros 

and cons of using high average power laser for engraving are discussed. Finally, 

techniques to mitigate the thermal load presented in recent publications are 

discussed, and gaps in the current knowledge are highlighted. 
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▪ Chapter 3 presents the experimental setup and introduces the types of lasers and 

materials used in the thesis. It also outlines the methodologies used to characterise 

the laser system and investigate laser-material interactions. It discusses the results 

for the laser characterisation, as well as post-processing techniques and 

instruments used for sample analysis.  

 

▪ Chapter 4 establishes the fundamental laser-material interactions from single line 

machining. Results from the single line experiment are scaled up for area 

engraving, to investigate the impact of laser process parameters (such as pulse 

duration, energy dose, and pulse repetition frequency) on MRR and Sa. It also 

investigates the influence of scanning strategies, i.e., interlacing method and 

sequential method of laser beam scanning, on: MRR and Sa, surface elemental 

composition, and microstructural changes.  

 

▪ Chapter 5 is focused on optimising the laser beam interlacing technique, to 

maximise MRR whilst minimising Sa. The influences of different scanning 

patterns and focused spot size are also examined. The Taguchi design of 

experiment has been used to optimise parametric combinations for high-

throughput and surface quality. Using optimised parameters, this chapter proposes 

scanning strategies and parametric combinations for high-throughput at high 

surface quality. 

 

▪ Chapter 6 uses a similar experimental approach to that highlighted in Chapter 3, 

together with experimental findings from Chapter 5, to conduct a study on laser 

engraving using a newly developed 200 W laser system. This chapter also draws 

comparisons between 20 W, 100 W, and 200 W laser engraving. 

 

▪ Chapter 7 provides a qualitative thermal model that seeks to explain the 

differences in the thermal distribution for both sequential and interlacing methods 

of laser beam scanning during laser material interaction.  

 

▪ Chapter 8 summarises the findings from the thesis, by discussing in detail the 

contributions and conclusions from each chapter. It then proposes 

recommendations for future work. 
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Chapter 2 – Background & Review 

This chapter presents a general concept of lasers and laser-material interactions during 

engraving. It establishes the importance of laser engraving, whilst discussing the need for 

higher average power laser applications and the accompanying challenges. The current 

research on the use of high average power (> 50 W) lasers is discussed, along with the 

available remedies to mitigate the effect of thermal load in a workpiece. Lastly, the gap 

in the literature is disclosed.  

2.1 Micro-machining  

Micro-machining encompasses a whole range of machining processes in which much 

emphasis is placed on the fineness of features resulting from the interaction between the 

target material and the machining tool [7]. Drilling, milling, marking, engraving, and 

cutting are various industrial processes that benefit from micro-machining. In recent 

times, micro-machining has been used extensively in areas such as: aviation, tooling 

electronics, bio-medical, automotive, and optics fields. Applications extend to 

microanalysis, microvolume reactors, and micro-electro-mechanical systems (MEMS), 

to mention a few [8]. This vast range of industrial applications of micro-machining has 

led to the processing of an array of materials, some of which are difficult to machine with 

conventional machining processes such as milling and turning [9,10].  

Throughout the years, non-conventional machining processes have been developed to 

serve as a remedy for the limitations of conventional micro-machining routes, offering 

high precision, flexibility, applicability to a wide range of materials (metals, ceramics, 

polymers, semiconductors), no tool wear, high repeatability, and the ability to produce 

complex 3D shapes [7,11]. These non-conventional micro-machining processes are 

classified as mechanical, thermal, chemical, electrochemical and hybrid as extensively 

discussed by Debnath et al. [9]. Thermal micro-machining has been the most popular 

fabrication route which fulfils many modern industrial demands. Broadly, thermal micro-

machining processes are categorised as: (i) electron-based (electro-discharge machining 

(EDM) and electro-chemical machining (ECM)), and (ii) photon-based (laser machining). 

The admittedly minimal repulsive force of photons [12], coupled with their ability to be 

focused on a spot with dimensions in the range of sub micrometres, makes the photon-

based systems ideal for ultra-precision machining [8,12,13]. 
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2.2 Lasers for Micro-machining 

The use of lasers for material processing has, in recent times, seen a significant transition: 

from carbon dioxide (CO2) lasers, through the advent of lamp-pumped, diode-pumped 

solid-state (DPSS) lasers, to the recent fibre lasers. The advancements have been 

propelled by the limitations posed by the previous technologies. CO2 lasers are preferred 

for micro-machining of glass, because of strong light absorption at their wavelength. They 

are also widely used for flatbed cutting [14], welding of metals [15], surgical operations 

[16], and processing of polymers [17]. However, issues with achievable spot size, low 

absorptivity when used to process some materials (such as aluminium, silver, and copper), 

and the challenge in producing short pulse durations pose limitations on their usage.  

Solid-state lasers, on the other hand, have high-beam quality and efficient systems; but 

again, power scale-up becomes a challenge due to pump energy delivery and thermal 

management.  

Recent developments have led to the production of fibre lasers, which serve as highly 

competitive alternatives to previously mentioned lasers [18]. In comparison to CO2 lasers, 

fibre lasers: have higher electrical efficiency (e.g. a 3 kW fibre laser uses a third of the 

power of a 4 kW CO2 laser [19]), are better at processing reflective metals, can produce 

smaller laser spots (owing to the wavelength being a factor of 10 shorter), are easier to 

cool (long and thin therefore easy to extract excess heat energy), and offer longer service 

life and lower cost of operation. Currently, fibre lasers have been developed to attain high 

reliability, robustness, and peak powers, and are therefore highly in demand in the area 

of photonics [20]. They are important industrial optical sources, with $2.7B annual sales 

in 2019 [21]. 

Fibre laser refers to a laser system which has an optical fibre doped with rare-earth 

elements (such as erbium, neodymium, and ytterbium) which act as a gain medium [22]. 

As illustrated in Fig. 2-1, a pump source is coupled into the cladding of the laser system, 

and the outer sheath confines the laser beam, which consequently facilitates the excitation 

of active ions within the core. A Bragg grating system within the fibre serves as the laser’s 

feedback mechanism, and the laser beam generated within the fibre exits through the core 

of the fibre.  
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Fig. 2-1. A diagram indicating how the pump source activates the rare-earth element to generate 

laser within the core of the fibre using Bragg gratings as a feedback mechanism [23] 

Fibre lasers operate in two modes, namely the continuous wave (CW) and the pulsed 

mode [24]. In the CW mode, the laser emits a laser beam of constant optical power. The 

CW mode is most suitable for applications such as: laser welding, flatbed cutting, laser 

polishing, and laser drilling. The pulse mode, on the other hand, emits laser pulses of 

constant energy spaced in time. These pulses could either be in the short (ns) regime if 

generated using an active or passive Q-switching method, or the ultrashort (fs and ps) 

regime whereby pulses are generated using the mode-locking method. Optical pulses are 

flashes of laser beam capable of producing extremely high peak powers (tens of kilowatts 

to megawatt for an ns pulse regime) at moderate pulse energies [25].  Pulsed mode lasers 

are beneficial for locally confined energy deposition, and therefore used extensively in 

applications such as: laser marking [26], laser cutting [27], laser milling [2], laser drilling 

[2], selective laser erosion [28], and laser engraving [11,29].  

2.3 Engraving 

2.3.1 Introduction 

Engraving as an art dates to ancient times, when humans were hunters and gatherers. It 

remained relevant through the Bronze Age and then the Iron Age. However old the art of 

engraving may be, its fundamental concept has always been the same. The basic principle 

is the gradual removal of a piece of material using a special tool, to produce an imprint 

which is noticeable to touch and serves an intended purpose. Specifically, traditional 

engraving served as a means of: recording history, honouring gods (e.g. Venus of 

Willendorf) and rulers (e.g. cameos of Alexander the Great), decorating precious items, 

identification, and communication [30]. The art of engraving has significantly influenced 
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our knowledge of ancient civilisations, as shown in Fig. 2-2, and will continue to chart 

historical events for future generations. 

   

Fig. 2-2. Egyptian hieroglyphs [31] 

Engraving has evolved from earlier times, when primitive drawings were inscribed on 

walls using sharp tools and gouges, to sophisticated tools such as computer numerical 

control (CNC) machines equipped with a diamond stylus, and now the state-of-the-art 

lasers.  

2.3.2 Laser Engraving  

Laser engraving is a manufacturing process which utilises high pulse energy from the 

laser to physically vaporise material from surfaces in a sequential manner, such that a 

cavity is formed, which reveals an image at eye level and is noticeable to touch. Laser 

engraving, laser etching, and laser (colour) marking are processes used to permanently 

mark the surface of materials. These process terms are sometimes used interchangeably, 

however, there are differences, as discussed below. 

• Laser etching is a subset of laser engraving [32]. The process utilises a low energy 

laser beam to remove thin layers, thereby producing shallow marks on the surface 

of a material. An example is depicted in Fig. 2-3. 
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Fig. 2-3. Laser etched aluminium part [33] 

• Laser marking/colour marking, as illustrated in Fig. 2-4, differs from laser 

engraving and etching, because the process uses a low energy laser beam to 

modify the surface of the material through oxidation and controlled annealing, 

and therefore generates contrast marks with minimal physical damage to the 

material. 

 

Fig. 2-4. Images depicting (a) laser colour marking, and (b) laser marking courtesy of SPI Lasers 

• Laser engraving, unlike etching and marking, uses a high energy laser beam to 

evaporate and remove material, thereby producing a permanent marking.  

Laser engraving, as presented by Jundt and Junghans [34], is complex because various 

processes such as laser absorption, melting, vaporisation, and plasma generation are 

involved during the laser-material interaction. Nonetheless, the high process speed, 

precision, cost-effectiveness, repeatability, versatility, and the ability to process different 

materials, offer tremendous advantages when compared to conventional processes like 

manual (hand engraving) and CNC engraving (lathe, milling and winding machines). The 

effectiveness of laser engraving depends on the laser source characteristics, the physical 

properties of the target material, and the process parameters used [11,29]. 
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Engraving is classified into shallow and deep engraving, where shallow engraving ranges 

from 5-25 µm [35], whilst deep engraving falls in the range >25 µm. The depth of an 

engraving is dependent on the laser energy, laser absorptivity, laser dwell time, and finally 

on the number of passes on the target material during laser material interaction [35]. Laser 

engraving offers a wide range of applications in various materials, such as wood, 

ceramics, polymers, glass, metals, and semiconductors. Therefore, it is not surprising that 

laser engraving serves as a promising technology in the rapid prototyping of tools for 

moulds, coin dies, and jewellery production [36]. In modern applications, engraving is 

instrumental in aerospace, automotive, electronics, medical, jewellery, and artistic 

industries. Some common applications of engraving are the generation of:   

▪ Serial numbers  

▪ Bar codes  

▪ Data matrices 

▪ Mould cavities  

▪ Vehicle Identification Numbers (VIN)  

▪ Raised Marks 

Fig. 2-5 shows some images of these applications, where the purpose for engraving is for 

mould cavities, part identification, and traceability. 

 

Fig. 2-5. Some applications of laser engraving: (a) deep engraving of mould cavities [37], (b) 

engraving of gold [38], (c) QR tagging of steel [39], and (d) engraving of a gear knob [38] 
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Although various materials are suitable for engraving, metals remain the most engraved 

material due to their extensive use in the automotive, jewellery and aerospace industries. 

Metals have numerous advantages such as high durability, workability, high thermal 

resistance, high strength, high conductivity, and light weight which are critical for most 

industrial applications.  

2.3.3 Laser-Metal Interaction 

When the laser interacts with the surface of a metal, some physical phenomena such as 

reflection, transmission and absorption take place as shown in Fig. 2-6(i). This interaction 

induces electronic vibrations which are either re-emitted as reflected or transmitted 

radiation [9,24]. Likewise, these vibrations may be retained by the lattice phonon as 

absorbed radiation which generates heat.  The absorption of laser radiation is governed 

by Beer-Lambert’s law [24].  

𝐼 = 𝐼0𝑒
−𝛽𝑧 

Eq. 2-1 

where, 𝐼0 is the laser intensity, 𝛽 is the absorption coefficient and 𝑧 is the depth into the 

metal. 

During the interaction, the absorbed heat energy is transferred into the lattice through 

conduction which is described by Fourier’s law. An increase in absorption increases heat 

energy which transforms the solid metal into melt (see Fig. 2-6(ii)) and vapour (see Fig. 

2-6(iii)) [40]. A further increment in absorption within the vapour phase liberates bound 

electrons thereby producing the plasma phase (see Fig. 2-6(iv)).  

 

Fig. 2-6. A schematic diagram depicting the process dynamics in laser-metal interaction, varying with 

absorbed power 

To determine the dominant stage during laser-metal interaction depends on the laser 

intensity, absorptivity, which is a function of material property and wavelength of the 

laser.  
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2.3.4 Influence of Material Property 

In laser material processing, some material properties are significantly affected as the 

temperature rises and are therefore termed temperature-dependent properties. These 

properties are generally classified into two groups: thermo-optical properties 

(absorptivity and thermal penetration), and thermo-physical properties (density, thermal 

conductivity, and specific heat). Laser absorptivity as a thermo-optical property is an 

important parameter, because it indicates the amount of laser energy absorbed by the 

target material [3,13]. Absorptivity is material dependent and influenced by temperature 

(see Fig. 2-7) [41], laser wavelength (see Fig. 2-8) [42] and initial surface condition [40].   

 

Fig. 2-7. Absorptance as a function of temperature up to the melting point for stainless steel, 

aluminium, and titanium at a wavelength of 1.06 µm. Adapted from [43] 
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Fig. 2-8. The reflectivity of selected materials as a function of wavelength. Adapted from [44]  

For opaque materials such as metals, the laser absorptivity relates to reflectivity as shown 

in Eq. 2-2 [24].  

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑣𝑖𝑡𝑦 = 1 − 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 Eq. 2-2 

Low absorptivity renders laser processing inefficient due to the significant loss in energy 

which can be rectified through appropriate selection of laser wavelength, and surface 

texturisation or surface roughing [45].  

The thermo-physical properties as a function of temperature, for both stainless steel grade 

316L [46] and aluminium (AA5083) [47], are presented in Fig. 2-9 and Table 2-1 

respectively. The availability of such data allows researchers to account for the variations 

in material properties, especially during numerical modelling. A caution, however, is the 

reliability of the methodologies used to gather such data, since most literature does not 

disclose such information. Also, there is a limited temperature range, as seen in Table 

2-1, and for many material grades this information is simply not available.  



Chapter 2 – Background & Review 

15 

 

 

Fig. 2-9. Temperature-dependent properties for 316L. Data from [46] 

Table 2-1. Temperature-dependent properties for AA5083 [47] 

Temperature 

(℃) 

Conductivity 

(W/m℃) 

Specific heat 

(J/kg℃) 

Density 

(kg/m3) 

-20 112.5 924.1 2673.9 

80 122.7 984.2 2642.7 

180 131.6 1039.6 2629.4 

280 142.3 1081.2 2611.5 

380 152.5 1136.6 2589.3 

480 159.5 1178.2 2567 

580 177.2 1261.4 2549.2 

2.3.5 Laser Process Parameters 

The unique capabilities of pulsed lasers introduce a lot of complexities in their interaction 

with metals [48]. This is because of the numerous process parameters that must be 

effectively combined to produce the desired features. Pulsed lasers, therefore, demand a 

wide range of parametric survey, to find and tune the process parameters; this requires 

good knowledge of the fundamental laser properties and how these properties interrelate.  

2.3.5.1 Laser Spot Size, and Rayleigh Range  

The laser spot size is a critical parameter that determines the laser power density and 

fluence during laser application. To determine the spot size requires knowledge of the 

laser beam quality (M2 factor) and operating wavelength. The M2 compares the quality 

of a laser system relative to a diffraction-limited beam (M2 =1) and also determines the 

focus-ability of a laser system [49]. In a typical laser setup, the collimated laser beam 
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passes through a focusing lens, such as the F-theta lens, which focuses the laser beam 

onto the target material. When given the beam quality, collimated beam diameter (DL), 

focal length (F), and wavelength (λ), the nominal spot size at focus (do) (defined at 1/e2 

of the maximum intensity) can be calculated using Eq. 2-3 [50]. 

𝑑𝑜 =
4𝑀2𝐹𝜆

𝜋𝐷𝐿
 

Eq. 2-3 

Alternatively, the spot size can be obtained using several methods, such as the use of 

pinhole scanners, the knife-edge method, and slit scanners, as extensively discussed 

elsewhere [51]. A typically focused laser beam diverges from the beam waist in the 

direction of propagation as shown in Fig. 2-10.  

 

Fig. 2-10. Schematic representation of the focused laser beam, highlighting the Rayleigh range  

This illustration implies a gradual change in spot size along the beam propagation. This 

can lead to a significant change in spot size during deep laser engraving if the focal 

position is not adjusted in-process. During laser application, the so-called Rayleigh range 

(see Fig. 2-10) is an important parameter, which represents the distance from the focal 

position beyond which the beam diverges significantly. It is defined as the distance from 

the focal plane where the spot size increases by a factor of √2 (i.e. intensity drops by a 

factor of 2) [52]. The spot size at any distance along the beam path (Dz) can be calculated 

using the beam propagation equation in Eq. 2-4 [24]. By substituting Dz with √2 do, the 

Rayleigh range is calculated using Eq. 2-5.  
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𝐷𝑧 = 𝑑𝑜  [1 + (
4𝑀2𝜆𝑧

𝜋𝑑𝑜
2 )

2

]

1
2

 
Eq. 2-4 

𝑧𝑅 = 
𝜋𝑑𝑜

2

4𝑀2𝜆
 

Eq. 2-5 

2.3.5.2 Parametric Relations  

In the various laser machining research reported using pulsed lasers, the influence of the 

main process parameters (as listed below) is usually investigated.  

▪ Average power  ▪ Pulse energy 

▪ Pulse duration  ▪ Fluence  

▪ Pulse repetition frequency  ▪ Line energy dose  

These process parameters are interrelated in several ways, as highlighted in Table 2-2. 

Table 2-2 Laser process parameter correlations 

Parameter Relations Equation 

Pulse energy 
𝑃𝑎𝑣

PRF
 (𝐽) 

Eq. 2-6 

 Fluence 
𝐸𝑝

𝜋𝜔𝑜
2
 (

𝐽

𝑐𝑚2
) 

Eq. 2-7 

 Line energy dose 
𝑃𝑎𝑣

𝜈
 ≡

1

𝛥𝑆
× 𝐸𝑝 (

𝐽

𝑚𝑚
) 

Eq. 2-8 

where 𝜔𝑜 refers to the focal spot radius, 𝑃𝑎𝑣 is the average power, PRF is pulse repetition 

frequency, 𝐸𝑝 is pulse energy, τ is the pulse duration, 𝛥𝑆 =
𝜈

𝑃𝑅𝐹
, is the spot-spot distance, 

and ν is the scan speed.  

In addition to the above parameters, pulse overlap (Po), and hatch overlap (Ho) are other 

key operating parameters during laser material processing. The relationships between 

these parameters are provided in Eq. 2-9 and Eq. 2-10.  

𝑃𝑢𝑙𝑠𝑒 𝑜𝑣𝑒𝑟𝑙𝑎𝑝 (Po) = (1 − (
𝑣

𝑃𝑅𝐹 × 𝑑𝑜
)) × 100 (%) 

Eq. 2-9 

𝐻𝑎𝑡𝑐ℎ 𝑜𝑣𝑒𝑟𝑙𝑎𝑝 (Ho) = (1 − (
𝛥𝐻

𝑑𝑜
)) × 100 (%) Eq. 2-10 

The Po represents the fraction of the laser spot size that overlaps with the previous pulse 

in the scan direction, the distance matching the overlapped region is referred to as spot-

spot distance (ΔS) as shown in Fig. 2-11, the Ho depicts the fraction of the spot size that 

overlaps transverse to the scan direction, the corresponding distance is the hatch distance 
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(ΔH), as schematised in Fig. 2-11. The laser spot size, pulse and hatch overlaps, and 

corresponding distances are shown in Fig. 2-11. 

 

Fig. 2-11. Illustration of the concept of laser spot overlapping in the scan direction (black arrowhead) 

as pulse overlap, and in the hatch direction (red arrowhead) as hatch overlap. The spot-spot distance 

and hatch distance respectively produce the pulse overlap and hatch overlap 

2.4 Laser Process Regimes  

2.4.1 Introduction 

The use of ultrashort pulsed (100 s of fs to 100 s of ps) and short-pulsed (typically 1-

500 ns) lasers has led to significant debate amongst researchers in terms of which pulse 

regime is most suitable for laser machining. The answer to this question, however, is 

related to the choice of material to be used, the quality desired, cost, and productivity. In 

a survey conducted by Patel, Bovatsek, and Chui [53], respondents reported that for high-

throughput and low cost of operation, the ns pulse duration is preferred, whilst, for 

precision and quality, the ultrashort pulse duration is sought. 

Yasa and Kruth [28] report that the high-quality and low removal rates of ultrashort pulses 

result from lower penetration depth. This reduces the interaction volume and therefore 

slows down the removal process devoid of thermal damage. It is worth mentioning that 

operating in the ns pulse regime induces a thermal effect on the target material, which 

makes it more efficient, however sets a limit on the process quality [29].  

Despite this drawback, it is important to note that these lasers are also capable of 

producing high-quality engravings, in particular when process parameters are finely tuned 

[2,22,28,54]. Short-pulsed lasers are mostly characterised by higher pulse energy, and 

therefore provide faster machining compared to their competitors [28]. Finally, 

processing in the ns regime is an established process, and can offer high-quality at a 

reduced cost: enough to justify their industrial acceptance [29]. 
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2.4.2 Laser Engraving Mechanisms 

Different ablation mechanisms occur when engraving with short and ultrashort laser 

pulses, as extensively discussed by [55–58]. The mechanisms exhibited by these laser 

pulse regimes determine the precision, throughput, and quality of the engraving process, 

as demonstrated by Momma et al. [57]. The laser ablation mechanism is characterised by 

three vital time-dependent constants [55], which are:  

▪ Electron cooling time, 𝜏𝑒  

▪ Lattice heating time, 𝜏𝐿   

▪ Pulse duration, 𝜏  

Based on the above time characteristics, three different operation regimes are presented, 

as elaborated below, according to the different pulse durations. 

▪ fs range, 𝜏 < 𝜏𝑒 < 𝜏𝐿 

▪ ps range, 𝜏𝑒 < 𝜏 < 𝜏𝐿 

▪ ns range, 𝜏𝑒 < 𝜏𝐿 < 𝜏 

The ultrashort pulse durations (fs and ps) are shorter than the lattice heating time (~10-12 

s) [24], whilst the short-pulse duration (ns) is greater than the lattice heating time. This 

suggests that the time in the fs and ps range is too short to initiate thermalisation in a 

workpiece [55,59]. As a result, the material irradiated with the ultrashort pulsed laser 

undergoes sublimation with almost no traces of heat-affected zone (HAZ), popularly 

known as a cold process [57,60], as shown in Fig. 2-12(a). Contrary to this view, Knowles 

et al., have the opinion that in practice, the ultrashort regime experiences lattice heating 

which produces melt layer within sub-micron thickness, and therefore the process is not 

entirely devoid of melt formation [2].   

 

Fig. 2-12. Pictorial representation of (a) short, and (b) ultrashort pulse laser interaction with matter. 

Adapted from [61] 

Short pulse durations, on the other hand, have enough time for the electrons to interact 

with the lattice to attain a thermal equilibrium, and are hence typified by melting and 
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evaporation [2,57,62]. In metals, the thermal penetration depth (𝑙𝑡ℎ) of the interaction 

zone is dependent on the thermal diffusivity (𝛼), and pulse duration (𝜏), expressed as: 

𝑙𝑡ℎ = √𝛼𝜏 Eq. 2-11 

𝛼 =
𝑘

𝜌𝐶𝑝
 Eq. 2-12 

where, 𝜌 is the density, 𝐶𝑝 is the specific heat. 

The thermal penetration depth defines the thermally modified region (HAZ) [59]. The 

presence of this HAZ affects process quality during laser processing.  

The material removal mechanism during short pulse interaction is through vaporisation, 

melt expulsion, and explosive melt ejection [63,64]. At very high laser intensity, a vapour 

plume is formed which exerts pressure (vapour pressure and recoil pressure from light)  

on molten metal to aid material ejection [40,62,65,66]. During material ejection, melt 

deposits occur (see Fig. 2-12 (b)) which subsequently forms recast due to rapid heat 

dissipation. 

At high average powers, the proposed mechanism could change. Lu et al., for instance, 

have the view that the phenomena behind high power ns material removal are far more 

complex, and believe that the fundamental mechanism is not yet fully understood [67]. 

However, the authors (together with other researchers like Kelly et al.[68]; Bulgakova 

and Bulgakov [69]; Dömer and Bostanjoglo [70]; Chen, Bogaerts and Vertes [71] and 

Fishburn et al. [72], concur with regard to three photothermal components: vaporisation, 

melt displacement, and phase explosion. Miotello and Kelly; and Fishburn et al. indicate 

that the dominant process is usually dependent on the pulse duration, fluence, and 

temperature attained during laser irradiations [72,73].  

2.5 Parametric Studies in Laser Engraving 

2.5.1 Methodologies  

Several researchers have employed different methodologies to investigate laser-material 

interactions. These have been used to understand parametric influences during engraving. 

Broadly, these methodologies are categorised into three types: crater formation (see Fig. 

2-13(a)) [74], single line machining (see Fig. 2-13(b)) [1], and area machining (see Fig. 

2-13(c)) [6].  
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Fig. 2-13. Showing the different methodologies used to investigate laser parametric interactions: (a) 

crater formation [74], (b) single line machining [1], and (c) area engraving [6] 

Fundamentally, the laser beam interacts with the target material during these processes, 

after which an appropriate surface characterisation (surface profiling, SEM analysis) is 

conducted to quantify the effect of the process parameters, based on the morphology of 

the features produced. For the methodologies listed above, the characteristic features used 

to ascertain the efficacy of the laser interaction are: depth, width, burr formation (rim), 

MRR, and Sa. Although crater formation and single line machining seem to be simple 

approaches to investigate parametric influences, the scaling up of such findings to the 

more industrially relevant area engraving has not been reported in the literature.  

2.5.2 Design of Experiment  

There are times in experimental parametric study where, due to the novelty of the process 

of interest, a full parametric study is required to establish an in-depth understanding of a 

subject area. However, during pulsed laser parametric study, the parametric map could 

be very vast. For example, to investigate the influences of pulse duration, scan speed, 

pulse repetition frequency, and hatch overlap, assuming each factor has 4 levels, would 

require 256 sets of experiments; hence conducting a full parametric survey (full factorials) 

is time-consuming as well as very costly. 

In such instances, use of the design of experiment (DoE) approach, such as Taguchi 

method [22], response surface methodology [75], and other mathematical models like the 

Artificial Neural Networks (ANN) [76] is preferred. These methods have been 

extensively used to optimise and predict the outcomes of process parameters during laser 

micro-machining. The underlying principle of these methods is to carry out a limited 

range of experiments using a few carefully chosen parameter sets, to critically observe 

and produce credible information about process dynamics. A prerequisite to the use of 

such methods, however, is a solid understanding of influential process parameters, either 

through literature survey or single-factor experiments. Amongst the DoE techniques, the 
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Taguchi method is widely used in optimisation and predictive studies during laser 

material processing. 

Genichi Taguchi developed this DoE technique to aid process optimisation in 

manufacturing. A major premise of this method is the use of a quality loss function, which 

conceptualises and quantifies the impact of deviation from a target value. With this 

approach, all process parameters of interest (e.g. scan speed, pulse duration, pulse 

repetition frequency) are termed control factors. The number of quantities under each 

control factor is referred to as levels.  The measured output parameters (e.g. Sa and MRR) 

are called the response variables.  

The Taguchi method presents 18 standard sets of parametric design, called the orthogonal 

array (OA), which is used to reduce larger experimental matrices into a selected few. The 

selection of an appropriate OA depends on the number of control factors and their 

respective levels. Finally, each experimental combination from the OA is repeated three 

times, and the response variables are recorded and analysed. 

During the experimental analysis, a signal to noise ratio (S/N) is used to suppress the 

noise (deviation) in the experiment, and at the same time maximise the effect of the 

control factors. For response variables where lower values are required then the S/N is 

calculated using Eq. 2-13. If the value of the response variable must be large, then the 

S/N is calculated using Eq. 2-14. 

𝑆 𝑁 = −10log (
1

𝑛
∑ 𝑦𝑖

2) 𝑛
𝑖=1⁄ – The smaller the better  Eq. 2-13 

𝑆 𝑁 = −10log (
1

𝑛
∑

1

𝑦𝑖
2) 

𝑛
𝑖=1⁄  – The larger the better Eq. 2-14 

where n is the number of replicates, yi = response variable 

With regards to material processing, the smaller the better is used to determine the optimal 

value for Sa, and the larger the better is used for MRR [22,63]. For optimal parametric 

combinations, the highest mean S/N for each level of the control factor is sought. The 

obtained optimal parametric combination is then used to estimate the S/N using Eq. 2-15, 

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = ƞ𝑚 + ∑(ƞ0 − ƞ𝑚)

ℎ

𝑖=1

 Eq. 2-15 

where ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 is the predicted S/N ratio, ƞ𝑚 is the mean value of the S/N ratios, ƞ0 is 

the S/N ratio of the optimal parameters, and ℎ is the number of control factors.  
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From the ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑, the predicted optimum (𝑦𝑜) Sa and MRR are calculated by 

rearranging Eq. 2-13 and Eq. 2-14 respectively, to produce Eq. 2-16 and Eq. 2-17. 

𝑦𝑜(𝑆𝑎) = √10−ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 10⁄  
Eq. 2-16 

𝑦𝑜(𝑀𝑅𝑅) = √1 10−ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 10⁄⁄  Eq. 2-17 

When the predicted optimal parametric combinations are not captured during the OA 

design, a subsequent experiment is required using the proposed optimal conditions in 

order to validate the predicted process outcome.  

2.5.3 Surface Quality and Material Removal Rate 

Surface quality remains a critical process requirement in laser engraving. Quality is 

difficult to quantify since it is highly dependent on the customer. Despite this, there are 

some key factors (such as surface roughness, edge quality, heat-affected zones, bottom 

flatness, and vertical walls) that ought to be considered when quantifying surface quality. 

In laser engraving, the factors that affect the surface quality are: pulse duration, 

wavelength, laser average power, spatial and temporal beam profiles, etc. There are 

several techniques to quantify surface quality; one of these is the use of a direct 

measurement method using a stylus surface profilometer. In operation, the movement of 

the stylus on the surface registers the surface profile, from which the roughness is 

calculated. Through this approach, the surface roughness is recorded as Ra or Rq, 

representing the arithmetic average of the absolute value, and the root of the mean of the 

absolute values respectively. Limitations to this technique, however, are: the introduction 

of scratches on the surface during profiling, stylus wear, and the limited radius of stylus 

tips [77].  

Non-contact profiling has become a preferred route for measuring surface roughness in 

recent times. The Alicona infinite focus 4G, for example, has been used by some 

researchers to measure the surface roughness and removal depth [78–80]. The 

profilometer works on the principle of focus variation. During its operation, the focal 

plane of an objective lens is moved through the surface of the sample under study, using 

flashing light at a pace determined by the lateral and vertical resolutions. In the process, 

the reflected light is received by a sensor and then used to generate a 3D model of the 

surface, as shown in Fig. 2-14.  
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Fig. 2-14. A typical 3D surface profile for obtaining surface roughness (Sa) value [81] 

The 3D data obtained allows for the calculation of Sa using Eq. 2-18. 

𝑆𝑎 =
1

𝐴
∬|𝑍(𝑥, 𝑦)|𝑑𝑥𝑑𝑦

𝐴

 
Eq. 2-18 

Other surface quality criteria such as burr formation, edge quality, vertical walls, and so 

forth can be quantified using visual inspection, 3D surface profiling, and scanning 

electron microscope (SEM) analysis. 

2.5.3.1 Characterising Surface Roughness 

All machined surfaces are characterised by three major surface profiles: the primary 

profile, roughness, and waviness, as shown in Fig. 2-15. The primary profile represents 

the unprocessed surface data of the profiled surface. Surface roughness and waviness 

depict the filtered surface profile at higher frequencies and lower frequencies, 

respectively.  
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Fig. 2-15. Illustrating the conceptual profiling method of both surface roughness and waviness [82] 

The process of filtering an unprocessed surface demands the use of a cut-off wavelength. 

As presented in Fig. 2-15, a frequency with a wavelength equal to the cut-off wavelength 

has a 50% reduction in amplitude, therefore a 50% transmission. In general, there are 

three cut-off filters, namely: 𝜆𝑠 which designates the threshold between the shortest 

wavelength and roughness component, 𝜆𝑐 which denotes the threshold between 

roughness and waviness, and finally 𝜆𝑓 which designates the threshold between waviness 

and the longest wavelength.  

When a cut off is selected e.g. at 𝜆c, as shown in Fig. 2-15, the roughness component 

increases in transmissions, whilst the waviness component is drastically reduced. This 

allows for the Sa to be calculated. For surface waviness, any wavelength above the cut-

off wavelength increases in transmission, whilst the lower wavelength reduces in 

transmission. The selection of the cut off wavelength depends on the spacing of profile 

features. For areal profiling, the cut off value is chosen according to DIN EN ISO 16610-

21:2011.  

2.5.4 Nanosecond Engraving of Metals 

A comprehensive summary of some parametric influences on laser engraving, using 

different laser sources in the ns regime and methodologies, is presented in Table 3. In the 
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literature, the methodology employed determines the measured response parameter, for 

example, single line machining characterises parametric influence in terms of the width, 

depth, and area of the groove. The area engraving also considers the MRR and the Sa of 

the machined area. Direct comparison of these approaches is however a challenge, owing 

to the differences in the laser source, methodology, materials, and process parameters 

used. Despite this, the authors unanimously concur that there is an increase in productivity 

as pulse energy and average power increases. Studies that investigated the influence of 

pulse durations, such as Manninen et al. [29], Hendow and Shakir [83], and Eleri [63], 

reported that the longer pulse durations produced higher MRR. They attributed this 

outcome to the longer interaction time and thermal penetration depth of longer pulses, 

which consequently increases the temperature of the surface, causing melting and melt 

ejection through shockwaves. The shorter pulse durations, on the other hand, provide high 

peak powers which produce shallow grooves and high-quality engraving.  

The results presented by Gabzdyl and Brodsky [84] highlight the interplay of material 

properties during laser engraving. In their submission, the longest pulse duration did not 

produce the highest MRR for aluminium, and higher pulse repetition frequency had a 

minimal effect on MRR. On the contrary, the longest pulse duration at a higher pulse 

repetition frequency produced the highest MRR for stainless steel. This suggests that the 

influence of laser parameters on process outcome is dependent on the thermo-physical 

properties of the target material. 

Also, an increase in pulse repetition frequency has the potential of increasing the MRR 

until a point where the pulse energy reduces and therefore changes the removal 

mechanism from engraving to laser melting. With regards to scanning patterns, Kasman 

and Saklakoglu [22], and Yasa and Kruth [28] agree that using alternating angles reduces 

Sa during engraving. Kasman and Saklakoglu proposed a perpendicular scan (90°/0°), 

whilst Yasa and Kruth recommended the use of four different angles: namely 0°, 45°, 

90°, and 135°. It has also been observed that a reduction in the hatch distance produces 

high material removal rates and significantly increases Sa, especially when the distance 

chosen is not greater than the laser spot size. Furthermore, an increase in the laser spot 

size produces a high milling depth for AISI 1045 steel [28].  For high-quality engraving, 

lower pulse energies, shorter pulses, and higher scan speed are recommended, however, 

this reduces productivity. Therefore, for high-throughput and high-quality engraving, a 

combination of laser process parameters is recommended. Along these lines, Manninen 



Chapter 2 – Background & Review 

27 

 

et al., for instance, have proposed a multi-pass engraving strategy that combines different 

pulse durations using lasers with beam shaping abilities [29].  
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Table 3. A summary of available literature on the use of ns lasers for engraving: pulse repetition frequency (PRF), average power (Pav), scan speed (ν), pulse energy (Ep), 

hatch overlap (Ho), wavelength (λ), spot size (do), pulse duration (τ), pulse overlap (Po)  

  

Authors Materials Laser parameters Process parameters Methodology Results 

Mladenovic et 

al.[75] 

Cold rolled AISI 

304 stainless steel 

 

▪ 300 FL (Gravograph) 

Fibre laser 

▪ Max Pav =30 W 

▪ λ = 1064 nm 

▪ do = 20 µm 

▪ τ = 90–120 ns 

 

 

 

▪ PRF 

▪ Pav 

▪ ν 

▪ Laser beam Focus 

Single line machining 

& DoE (Taguchi 

analysis, ANOVA 

and Response surface 

model) 

 

▪ Lower ν and higher Pav 

produces higher cross-

sectional area, deeper and 

wider grooves. 

Leone et al.[54] 

AISI 304 stainless 

steel 

 

 

▪ Q-switched diode-

pumped Nd: YAG laser 

▪ Max Pav = 20 W 

▪ PRF ≤ 50 kHz 

▪ do = 80 µm 

▪ τ = 150 ns 

 

 

 

▪ PRF 

▪ Ep 

▪ ν 

▪ Number of 

repetitions 

▪ Ho 

Area engraving 

 

▪ PRF, Ep and Pav strongly 

affect the MRR. 

 

▪ Surface quality is 

significantly influenced by 

Ho, PRF, Pav and Ep, and is 

less dependent on ν. 

 

▪ The number of repetitions had 

no significant impact on the 

removal rate. 
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Kasman and 

Saklakoglu. [22] 

 

 

 

 

AISI H13 tool steel 

 

▪ Ytterbium doped fibre 

laser 

▪ Max Pav = 30 W 

▪ λ = 1064 nm 

▪ do = 100 µm 

 

 

 

▪ PRF 

▪ ν 

▪ Scan strategy 

▪ Ho 

Area engraving & 

DoE (Taguchi 

analysis and 

ANOVA) 

 

▪ Lower ν and higher Ho hatch 

distance significantly increase 

milling depth. 

 

▪ The PRF has less influence on 

milling depth. 

 

▪ The higher ν, perpendicular 

scans (90º/0º) give better 

surface roughness. 

 

Yasa and Kruth [28] 

 

 

 

 

AISI 1045 steel 

 

▪ Concept M3 Nd: YAG 

laser 

▪ λ = 1064 nm 

▪ Max Pav = 100 W 

▪ do = 53 µm & 133 µm 

▪  τ = N/A 

 

 

 

▪ Scan strategy 

▪ ν 

▪ Pav 

▪ Spot size 

▪ Ho 

▪ PRF 

Area engraving 

 

▪ Alternating layers and higher 

ν improve surface roughness. 

 

▪ Depth of engraving is 

independent of scan strategy. 

 

▪ Lower ν and higher Ho 

increase the depth of the 

engraving. 

 

▪ Larger do produce a high 

depth of engraving at lower 

surface roughness. 

 

▪ Higher PRF increases the 

depth of erosion until a 

critical value. 
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Hendow and Shakir 

[83] 
Aluminium 

 

▪ Pulsed fibre laser 

(MOPA) 

▪ Max. Pav = 10 W 

▪ λ = 1064 nm 

▪ τ = 10–250 ns 

▪ PRF = 1–500 kHz 

 

 

▪ τ 

▪ Peak power 

 

 

Single line machining 

 

▪ Higher peak powers (shorter 

τ) produce shallow depths. 

 

▪ Longer τ generates higher 

MRR. 

Manninen et al. [29] 304 stainless steel 

▪ Ytterbium pulsed fibre 

laser 

▪ Max. Pav = 20 W 

▪ τ = 4-200 ns 

▪ PRF = 16–1000 kHz 

▪ do = 40 μm 

 

▪ τ 

Area engraving 
 

▪ Longer τs give high MRR 

(2.3 mm3/min). 

 

▪ Shorter τs give better Sa. 

Eleri [63] Aluminium 

▪ Pulse fibre laser 

(MOPA) 

▪ Max. Pav = 20 W 

▪ τ = 15–220 ns 

▪ PRF = 1–500 kHz 

▪ τ 

▪ PRF 

▪ Po 

▪ Ho 

 

Area engraving 

 

▪ Higher MRR occurs at longer 

τs at PRF0. 

 

▪ Hatch distance significantly 

affects the MRR and surface 

roughness. 

Gabzdyl and  

Brodsky [84] 

Aluminium & 

stainless steel 

▪ MOPA ns pulsed fibre 

laser 

▪ Max. Pav = 20 W 

▪ τ = 220–490 ns 

▪ PRF = 28–55 kHz 

▪ τ 

▪ PRF 

 

Area engraving 

 

▪ The highest τ (490 ns) at 40 

kHz gives high MRR for 

stainless steel 

(5 mm3/min). 

 

▪ 280 ns at 55 kHz give high 

MRR for aluminium  

(12 mm3/min). 
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Šugár et al.[85] 
62SiMnCr4 cold-

work tool steel  

 

▪ ns ytterbium-doped 

fibre laser 

▪ λ = 1064 nm 

▪ Pav = 100 W 

▪ τ = 120 ns 

▪ PRF = 80 kHz 

▪ do = 50 μm 

 

▪ Laser pulse 

intensity 

▪ Po 

▪ Ho 

 

Area engraving 

 

▪ Higher laser pulse intensity 

produces higher MRR at 

lower surface quality. 

 

▪ Lower Po reduces MRR and 

offers a better surface quality. 

 

▪ Ho has a minimal effect on 

process performance. 
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2.6 High Average Power Lasers 

2.6.1 Introduction  

The demand for increasingly high-throughput should be answered by scaling-up 

processes, using higher average power lasers (100 W–200 W). In recent times, laser 

companies have made advances in producing high average power lasers to match 

industrial requests. In terms of applications, Schille et al. have demonstrated that high 

productivity is achievable using 187 W high average power ps lasers [86]. In their 

submission, they reported an MRR of 29 mm3/min for aluminium, 21.4 mm3/min for 

copper, 15 mm3/min for stainless steel, and 129 mm3/min for aluminium oxide. Similarly, 

in a comparative study during laser cutting of brass, Gabzdyl and Brodsky reported a 

110% increase in cutting speed when power was scaled up from 50 W to 70 W [84].  

Clearly, high average power lasers have the potential to increase process productivity. 

Despite this, the available literature does not correlate this high-throughput to surface 

quality during engraving. Again, there is a lack of literature on the use of high average 

power ns lasers for laser applications. Based on this premise, this section will focus on 

high average power ns lasers, whilst discussing the general issues and remedies with high 

average power laser applications.  

2.6.2 High Average Power Nanosecond Lasers  

The use of ns lasers has been revolutionised, especially with the introduction of MOPA 

systems with pulse shaping capabilities. A typical configuration entails a seed laser, an 

optical amplifier that serves as a boost to the output power, and pulse shaping optics such 

as the Electro-Optic Modulator (EOM) or an Acousto-Optic Modular (AOM) as shown 

in Fig. 2-16(a). Aside from the increase in average power, these MOPA lasers are very 

versatile, due to their ability to independently adjust pulse duration, pulse repetition 

frequency, and pulse energy. This makes them very flexible and ideal for micro-

machining applications [18,63,74,87]. Fig. 2-16 shows the schematics of a pulse tunable 

MOPA configuration where the power amplification is based on SPI’s proprietary GT-

Wave®
 fibre coupling technology. Using an AOM, several pulse shapes (so-called 

“waveforms”) are available which have defined pulse duration (see Fig. 2-16(b)), pulse 

energy, pulse repetition frequency and peak power [87]. The temporal profile of these 

waveforms has a fast rise time peak, which overcomes the high reflectivity of metals, and 

a decaying tail as shown in Fig. 2-16(b).    
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Fig. 2-16. (a) Schematics of a MOPA configuration [87], and (b) temporal profiles for different 

waveforms, courtesy of SPI lasers  

Several authors have demonstrated that high average power ns pulses can be achieved 

using the MOPA system configuration [88–92]. Currently, SPI Lasers offer average 

power lasers in the range of 50 W–250 W with pulse durations of 3 ns–2 ms. Each pulse 

duration has a unique pulse repetition frequency (called PRF0) at which the maximum 

pulse energy and average power are obtained, as shown in Fig. 2-17. When operating 

below the PRF0, the maximum pulse energy is maintained as the average power reduces. 

Similarly, operating above the PRF0 maintains a maximum average power as pulse 

energy reduces.  
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Fig. 2-17. Change in pulse energy and average power as a function of pulse repetition frequency, 

PRF0 represents the pulse repetition frequency where the maximum average power and pulse energy 

occur 

These lasers can produce high average power with pulse energy ≤ 1.55 mJ at a high pulse 

repetition frequency (up to 4.16 MHz). The invention of such lasers, coupled with the 

pulse shaping ability of the MOPA based ns lasers, potentially broadens their capabilities 

in the micro-machining industry.  

2.7 Challenges  

Regardless of the laser operation regime, higher average power (>50 W) lasers have 

similar challenges when used for material processing. These challenges include: thermal 

instabilities of delivery optics, thermal accumulations, particle shielding, and erratic 

phase explosions, as discussed below. 

2.7.1 Laser Optics Limitations 

In the development of high average power lasers, measures are put in place to manage 

thermal distribution in laser components; a typical example is the use of fibre lasers. 

However, when configuring the laser system with deflection systems such as mirrors, F-

theta lenses, and beam collimators, the issue of thermal lensing arises. Thermal lensing is 

the change in the refractive index and thermal expansion coefficient due to laser-induced 

thermal gradients within the optics. The consequence of this is a change in the focal plane 

during laser applications, as shown in Fig. 2-18.  
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Fig. 2-18. An illustration of a change in focal position due to thermal lensing in F-theta lens 

In the literature, Subenvoll et al. acknowledged the issues of thermal lensing [93]. In their 

study, they demonstrated that a classified novel anti-reflective coating reduced laser 

absorption, hence minimising thermal lensing. Nonetheless, the authors recommended 

passive compensation to fully mitigate thermal lensing. Acting on this recommendation, 

piezo actuator based adaptive mirrors are an effective compensation remedy, however, 

stability over time and configuring complexities are a challenge. Several authors have 

also resorted to the use of bulk materials with a negative temperature coefficient of the 

refractive index (dn/dT). The most popular optical materials for laser applications, such 

as the fused silica lens and BK7, have a positive dn/dT; this implies that, in the event of 

thermal lensing, the focal length shortens as shown in Fig. 2-18. However, when such 

materials are coupled with a negative dn/dT like CaF2 [94] and N-PK51 Schott [95], the 

focal length is passively reverted. To date, the range of average power necessary to trigger 

thermal lensing is not clearly stated in the literature, and the integration of the proposed 

remedies in current laser systems is not available. Finally, the mitigation of thermal 

lensing and the stability of available optics for higher average power laser applications is 

still under investigation. 

2.7.2 Thermal Load and Plasma Shielding 

The high fluence and pulse repetition frequency characteristics of high average power 

lasers result in heat accumulation during laser processing [3], since residual heat is not 

dissipated before the next laser pulse. Heat accumulation improves the MRR, albeit 

typically with a detrimental effect on the surface quality [96]. Also, even though the laser 
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pulses may have fluences below the threshold fluence, an increase in the number of such 

pulses leads to an accumulation of structural defects, making it possible for a low energy 

pulse with fluence below the threshold to initiate material removal. However, plasma 

shielding can be a process limitation with high average power lasers. For a ps laser, 

Raciukaitis et al. found that laser intensity rises above the metal plasma ignition intensity 

of 2×1013 W/m2 [96]. The presence of this plasma attenuates the laser intensity, and in 

extreme cases defocuses the laser beam, which is synchronous to the reduction in process 

efficiency [97].   

2.7.3 Phase Explosions 

High average power lasers are mainly characterised by high pulse energies, and therefore 

have a high chance of removing material via phase explosion. Phase explosion occurs due 

to superheating of the melt pool, resulting in density fluctuations. This increases the Gibbs 

free energy, causing homogeneous nucleation of bubbles. When these bubbles attain a 

critical radius, they rapidly grow, leading to phase explosions [72,98]. Phase explosion is 

considered an efficient way for material removal and this happens at laser power densities 

≥ 5×1010 W/cm2 for aluminium [99], and at 2.2×1010  W/cm2 for silicon [100]. The 

underpinning mechanism enhances material removal, but at the expense of surface 

quality. 

2.8 Proposed Remedies 

The highlighted issues of high average power lasers impede their industrial acceptance. 

Researchers in recent years have therefore conducted extensive work to find remedies to 

these limitations. Most of the remedies cover laser system modifications, beam 

manipulations, process optimisation, and beam scanning strategies, as discussed below. 

2.8.1 Ultrafast Beam Deflection Systems 

To compensate for the increase in pulse repetition frequency, some researchers suggest 

the use of a fast rotating cylinder, assisted by acoustic-optic deflectors or polygon line 

scanners, which can be effectively synchronised with the laser system [1,86,101]. Lopez 

et al., for instance, demonstrated a parametric scale up from 9 W at 0.5 MHz to 70 W at 

8 MHz using an ultrafast fs laser [1]. They investigated the use of a galvoscanner for the 

9 W and a polygon scanner for the 70 W. The study showed that it is possible to scale up 

high-throughput and quality using the polygon scanner, as shown in Fig. 2-19.  
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Fig. 2-19. Comparing the groove quality for both galvoscanner and polygon scanner [1] 

This is because the polygon scanner offers a high scanning speed of 100 m/s which 

maintains an optimum pulse overlap (67%), thereby minimising heat accumulation and 

plasma shielding. It is worth noting that the polygon scanner is limited to parallel 

scanning, which could be a limitation with some applications.  

2.8.2 Spot Size 

Neuenschwander et al. acknowledged the effect of thermal accumulation owing to an 

increase in PRF [102]. The study showed that a way to remediate this issue is to increase 

the spot size at a constant fluence, average power, and pulse overlap. This will demand 

an increase in pulse energy at a reduced pulse repetition frequency and scan speed. 

Maintaining these conditions will contribute to a reduction in heat accumulation. In as 

much as an increase in spot size could avert thermal accumulation, there is a limitation in 

terms of the precision and feature size achievable. Again, obtaining a larger spot size 

requires a smaller collimated laser beam which has high intensities and could damage 

optical components such as the scanner mirrors and the F-theta lens. 

2.8.3 Multi-Spot/Beam Splitting 

Raciukaitis et al.[96] and Neuenschwander et al.[103] both recommend the use of multi-

spot approaches, in which the laser beam is modified into an array of beamlets, using a 

diffractive optical element (DOE) or a spatial light modulator. This allows the operation 

of high average power lasers at a lower pulse repetition frequency and higher pulse 

energy. Aside from the complexity of incorporating such devices to a polygon scanner, 

and the restriction to parallel processing of identical patterns, the authors believe it has 
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great potential to reduce heat accumulation and at the same time produce high-quality 

engraving.   

2.8.4 Process Optimisation 

Raciukaitis et al. hold the opinion that intelligent control of process could be employed 

in laser applications to identify the optimal operating parameters needed for process 

requirements [96]. Further to this suggestion, Weber et al. proposed an analytical 

treatment of multi-pulse processing, which highlights the critical temperature regime 

necessary to initiate heat accumulation [104]. Based on this critical temperature, an 

appropriate average power needed for high-quality is determined. DoE approaches such 

as Taguchi designs can be used to optimise process parameters in high average power 

cases, as demonstrated by Kasman and Saklakoglu [22]. Neuenschwander et al. have used 

a numerical simulation to investigate the influence of laser power scale-up, pulse overlap 

(pitch), spot size, and multi spots during laser processing. The outcomes of such studies 

serve as a fast way to streamline process parameters for laser applications [102]. 

2.8.5 Burst Mode 

The discretisation of pulse energy into a determined number of micro pulses or bursts, 

popularly known as burst mode, has been identified as an alternative route to increase 

productivity and alleviate thermal load during laser applications [105,106]. Recent 

studies have shown that laser processing using the burst mode produces an incubation 

effect which decreases the ablation threshold progressively, such that a critical point is 

reached where the sub-pulses energy becomes enough to ablate the material [106]. 

Despite the potential of the burst mode, the studies conducted so far have mostly been 

restricted to drilling applications, therefore the reported high efficiency might not be 

transferable during milling and laser engraving, due to the difference in material removal 

mechanisms. It is, however, not surprising that Remund et al. observed no increase in 

MRR during the laser milling of copper using the GHz burst, however, it provided a better 

surface quality [107]. 
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2.8.6 Adapting Scanning Strategies 

2.8.6.1 Laser Beam Scanning Strategy  

One technique worth mentioning is the interlacing method of scanning, where delays are 

deliberately introduced during laser scanning (see Fig. 2-20 (c) and (d)).  

 

Fig. 2-20. Schematic representation of the two scanning methods (a) and (b) sequential method, (c) 

and (d) interlacing method. (c) type (i): interlacing in the hatch direction illustrated with hatch 

distance of half the spot size (d) type (ii): interlacing of laser spots in the scan direction illustrated 

with spot-spot direction equivalent to the spot size. The colours represent the different number of 

passes: red (1st pass), blue (2nd pass), green (3rd pass) and black (4th pass) [102]  

It differs from conventional raster scanning: sequential method where scanning is 

performed progressively (see Fig. 2-20 (a) and (b)). When using the interlacing method, 

two approaches may be used. Type (i): interlacing in the hatch direction (see Fig. 2-20 

(c)) [80,108], or  type (ii): interlacing laser spots in the scan direction (see Fig. 2-20 (d)) 

[87]. For type (ii) interlacing method, non-standard high-speed scanning systems such as 

polygon scanners are required, which adds costs to the laser system. Neuenschwander et 

al. have compared the type (i) interlacing method to the sequential method [102]. They 

reported cavity formation for the sequential method in comparison to the interlacing 

method, which showed a good surface quality for the machining of steel 1.4301, as 

demonstrated in Fig. 2-21.  
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Fig. 2-21. A comparison between surfaces machined with (a) sequential method with a spot-spot 

distance of 3.05 µm, and (b) interlacing method at an interlacing distance of 12.2 µm [102] 

Wlodarczyk et al., also investigated the use of type (ii) interlacing method for the 

machining of borosilicate glass (Borofloat®33) [80]. The study demonstrated that the 

interlacing method provides an MRR twice that obtained with the sequential method 

whilst maintaining similar surface roughness. To explain the differences in removal 

mechanism during the use of the interlacing method and sequential method, Wlodarczyk 

et al. used a Phantom V2512 high-speed monochrome camera to observe the removal 

mechanism during the engraving of glass [79]. As presented in Fig. 2-22, the sequential 

method showed redeposition of debris close to the scanning path (see Fig. 2-22 (h) for 

both the sequential method and interlacing method). This observation suggests ineffective 

material ejection for the sequential method and could therefore explain the lower MRR.  
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Fig. 2-22. Snapshots comparing the mechanism of removal for both interlacing method and 

sequential method of  machining glass at different processing times, using the phantom V2512 high-

speed camera [79] 

The authors also emphasised that the smaller angle of incidence of the laser beam for the 

sequential method, due to steeper walls, could result in a reduction in laser intensity, 

which can reduce the MRR. In the study, the authors indicated the presence of HAZ with 

the sequential method of machining. This means that the difference observed between the 

interlacing method and the sequential method could also be thermally motivated.  

2.8.6.2 Combining Different Pulse durations 

Another alternative strategy is to adapt a dual engraving strategy (deep engraving and 

cleaning pass) by combining different pulse durations, scan speed, and pulse repetition 

frequency [29,109]. This proposed procedure favours laser systems with pulse shaping 

abilities, such that numerous pulse durations at different pulse repetition frequencies are 

available for process optimisation. Consequently, in the past years, Trumpf lasers has 

successfully coupled the unique parameters of various pulse durations to produce 

engravings with the desired process quality and productivity. A typical example is to use 

a longer pulse duration (WF1) for deep engraving, and shorter pulse durations (WF5) at 
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high pulse repetition frequency for cleaning, using different scanning patterns as shown 

in Fig. 2-23 [84]. 

 

Fig. 2-23. A representation of the different combinations of waveforms that have a different pulse 

duration and pulse energy used for high-quality engraving [84] 

Using different scanning angles reduces conspicuous patterns, such as the well known 

Moirè patterns (see Fig. 2-24 (a)), due to the superimposition of some scanning angles. 

Although these can produce interesting patterns, they degrade the surface quality, 

especially during deep engraving. The use of the popularly known halftone angles (0, 

45, 18.43, and 71.56) has been proven to reduce the effect of Moirè patterns (see Fig. 

2-24(b)). In laser polishing, Gora et al. have demonstrated that these angles produced a 

better surface finish compared to other scanning angles [78].  

 

Fig. 2-24. (a) 2D image of Moirè patterns generated with 0, 30, and 60angles, and (b) reducing 

Moirè patterns using halftone angles (0, 45, 18.43, and 71.56 ) 
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2.9 Summary and Conclusion 

The demand for high-throughput in laser micro-machining requires the use of high 

average power lasers (> 50 W). These lasers produce high thermal accumulation in a 

workpiece, which increases process productivity and also accounts for the degradation in 

surface quality owing to pronounced melt formation and inadequate ejection. This 

challenges the use of high average power lasers for industrial applications. Therefore, in 

recent times, several researchers have proposed and implemented remedies that seek to 

mitigate the effect of thermal load, in order to make high average power lasers industrially 

accepted. Unfortunately, in the literature, not much is known about the use of high 

average power ns pulsed lasers, despite their availability. Based on this premise, the work 

detailed in this study aims to bridge the gap in the literature by investigating the use of a 

pulse tunable high average power (100 W–200 W) ns pulsed fibre lasers during engraving 

of metals, to identify the challenges and devise remedies to demonstrate high-quality 

engraving.
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Chapter 3 – Methodology 

The experimental setup, and the main equipment used for this project, are discussed in 

this chapter. This will cover the laser systems, equipment used to characterise the laser 

systems, and equipment used to measure process performance. This chapter also 

discusses the systematic experimental approach used to investigate laser material 

interactions during laser engraving. The material elemental compositions and sample 

preparation routes before and after engraving are discussed.  More specific experimental 

methodologies for the various phases of the experiment are discussed in the respective 

chapters. 

3.1 Experimental Setup 

An experimental setup was configured for the laser engraving, as shown in Fig. 3-1.  

 

Fig. 3-1. Experimental setup for laser engraving: (a) photographic, and (b) schematic illustrations 
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In this setup, the laser beam is fibre delivered to a galvanometer scan head (RLA-1504 

[Y] D2) after it has been collimated through a beam expander collimator (BEC). The 

galvoscanner head, in turn, deflects the collimated beam onto an F-theta lens, which 

focuses the laser on the surface of the workpiece, as illustrated in Fig. 3-1(b). Using the 

SCAPS® hardware controller and SAMLight 2D® software, the laser and the 

galvanometric scan head are synchronised. The focal length (F) of the F-theta lens is 160 

mm. Compressed air is delivered through a side jet to aid melt ejection and to provide 

cooling during the engraving process. There is a cross jet installed beside the F-theta lens 

to shield it from spatters. The workstation has an enclosure made of aluminium and 

PMMA to contain the particulate matter produced as by-products of the engraving. Lastly, 

the particulate matter is extracted from the enclosure using a fume extractor positioned 

across the side jet. 

3.2 Laser 

Three different “extended performance” (EP) SPI pulsed fibre lasers were used in this 

project, namely: 20 W EP-S (model: SP-020P-A-EP-S-A-Y), 100 W EP-Z (model: SP-

100P-W-EP-Z-F-N), and 200 W EP-Z (model: SP-200P-A-EP-Z-L-Y). These lasers are 

characterised by several optimised pulse tune waveforms, which have different pulse 

durations and unique temporal profiles. The term “waveform” (WFM) refers to a 

particular pulse duration as indicated on the laser specification sheet. Each waveform has 

a unique pulse repetition frequency (called PRF0) at which the maximum pulse energy 

and average power are obtained. The laser systems differ in terms of average power (Pav), 

beam quality (M2), available pulse durations (τ), wavelength (λ), pulse repetition 

frequency (PRF), pulse energy (Ep), collimated beam diameter (DL) and nominal 

(calculated) spot sizes (do) (using Eq. 2-3), as presented in Table 3-1. 
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Table 3-1. Comparison of some selected laser parameters for different SPI laser models used (detailed 

specifications are provided in Appendix A). The nominal spot size (do) respectively corresponds with 

the DL.  

 

Laser Model 

 

20 W EP-S 100 W EP-Z 200 W EP-Z 

Pav 20 100 200 

λ 1064 1062 1059–1065 

M2 <1.3 1.43 1–1.6 

τ (ns) 3–490 17–500 13–2020 

Ep (mJ) 0.71 >1 1.55 

PRF (kHz) 1–1000 1–1000 1–4160 

Number of WFM 39 31 63 

DL (mm) 5, 8, 10 5, 8, 10 10 

do (µm) ~31, ~38, ~62 ~31, ~38, ~62 ~27 

 

The 200 W laser has a fixed beam expander and therefore can only produce a collimated 

beam diameter (DL) of 10 mm. The 20 W and 100 W lasers, on the other hand, can operate 

with different beam expanders, and hence have a range of achievable nominal spot sizes, 

as shown in Table 3-1. For all the experiments conducted in this study, the laser simmer 

current was set at 85% as advised by the laser manufacturer (Trumpf lasers). 

3.3 Material 

The materials used are: 316L stainless steel (SS), 508L brass, and 5251 aluminium (Al), 

with respective thicknesses of 1.5, 0.9, and 1 mm. These samples were laser cut into 

coupons sized 80 mm × 50 mm. The initial Sa for each sample was: 1.2 μm (Al), 1.2 μm 

(brass), and 0.64 μm (SS), obtained using the Alicona profilometer. These metals were 

chosen as per the request of the industrial partners owing to their popularity in industrial 

cutting and engraving applications. They also exhibit significant differences in 

thermophysical properties, as presented in Appendix B. Later in the project, high-quality 

deep engraving was demonstrated, and thicker samples (6.0 mm (SS and Al) and 4.0 mm 

(brass)) were used. 
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3.4 Research Approach 

The experimental protocol detailed in this work was classified into four phases, as 

illustrated in Fig. 3-2.  

 

Fig. 3-2.  A flowchart for investigating laser engraving with ns pulsed fibre lasers  

In phase one, the lasers were characterised to compare the recorded values with the laser 

specifications of the manufacturer. The 20 W EP-S laser was not characterised, since this 

had already been done by Dunn [74]. In this phase, the stability of laser delivery optics 

was also investigated: in particular, the impact of using different F-theta lenses during 

laser engraving with high average power lasers. The second and third phases both 

concerned investigation of the laser material interactions during laser engraving using ns 

lasers.  

Phase two focused on a simplistic approach, using a single line machining method, similar 

to the work conducted by Lopez et al. [1], and phase three scaled up observations to 

conduct more industrially relevant area engraving, similar to work conducted by Yasa 

and Kruth [28], and Audouard et al. [6].  Phase four, on the other hand, optimised laser 

process parameters by investigating the influence of different interlacing scanning 

strategies, scanning patterns, spot sizes, and scanning orientations (see details in Chapter 

5). The Taguchi experimental method was used to investigate the influence of other laser 
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parameters. Finally, optimised process parameters were proposed, in order to achieve 

high-throughput at high-quality engraving for the different materials used.  

3.4.1 Equipment for Laser Characterisation  

The output average power for the 100 W EP-Z laser was measured using a 150 W 

thermopile power meter (Ophir FL150A-BB-SH-26), see Fig. 3-3(a), and the 200 W EP-

Z was characterised with a 250 W power meter (Ophir FL250A-LP2-35), see Fig. 3-3(b).  

 

Fig. 3-3. Power meter for power characterisation: (a) 150 W (Ophir FL150A-BB-SH-26), and (b) 250 

W (Ophir FL250A-LP2-35) 

To measure the temporal profiles for different waveforms, the setup in Fig. 3-4 was used. 

For the 100 W laser, a non-polarising beam splitter (BS 029,700–1100 nm) was used to 

split the average power in a ratio of 90:10, where 90% of the power was dumped, whilst 

10% was further attenuated using neutral density filters. The 100 W laser was 

characterised at 70 W to avoid damaging the beam splitter. 

 

Fig. 3-4. Schematic setup for waveform characterisation of the 100 W and 200 W EP-Z SPI laser 
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During the 200 W laser characterisation, the beam splitter was replaced with a highly 

reflective mirror (typically R>99.5% at an angle of incidence of 45°) to transmit 4% of 

the power onto the neutral density filters. The attenuated beam (~4 W) was then focused 

onto a fast photodiode detector (FPD, Thorlabs DET210 (see Fig. 3-5(a)).  

 

Fig. 3-5. (a) Photodiode, and (b) oscilloscope for waveform characterisation 

The spectral response of the photodiode ranges from 200–1100 nm and has a rise and fall 

time of 1 ns. The signal from the photodiode was recorded employing a Tektronix 

oscilloscope (DPO 3014 phosphor oscilloscope 100 MHz–2.5Gs/s), see Fig. 3-5(b).  

3.4.2 Single Line Machining 

For the single line machining, the laser was focused on the workpiece as illustrated in 

Fig. 3-1. Several parallel lines of length 10 mm were machined on the surface using 

different laser process parameters, such as: line energy dose (EDL), pulse repetition 

frequency and pulse duration. The line energy dose represents the total amount of energy 

deposited per unit length, which is calculated from Eq. 2-8. This parameter was chosen 

for this study because each waveform has different pulse energy and pulse repetition 

frequency (see Appendix A).  

During this phase, two sets of experiments were performed: the first investigated the 

influence of line energy dose for different pulse duration (see Fig. 3-6(a) where each line 

corresponds to different line energy dose and pulse duration using parameters in 

Appendix C.1.1 and D.2.1 for the 100 W and 200 W lasers respectively. The second 

experiment investigated the influence of change in pulse repetition frequency and pulse 

duration at constant line energy dose (see Fig. 3-6(b)), using parameters as detailed in 

Appendix C.1.2 and D.2.2 for the 100 W and 200 W lasers respectively.  
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Fig. 3-6. Single line machined SS samples to investigate: (a) influence of line energy dose at different 

pulse durations, and (b) influence of change in pulse repetition frequency at a constant line energy 

dose 

3.4.3 Laser Scanning Strategy 

Two different laser beam scanning strategies were investigated, namely: (i) sequential 

method as shown in Fig. 3-7(a), and (ii) interlacing method as shown in Fig. 3-7(b).  

 

Fig. 3-7. Schematics of the bidirectional mode of scanning: (a) sequential method, and (b) 2-skip 

interlacing method. (∆IL - interlaced distance). For clarity, the ∆H is illustrated with a hatch distance 

of half the spot size  

The sequential method represents the progressive movement of the laser beam in the 

hatch direction at a distance equivalent to the hatch overlap. For the interlacing method, 

there is a deliberate skipping of lines in the hatch direction, based on the interlaced 

distance. During subsequent passes, the previously skipped lines are completed to obtain 

the desired hatch overlap. Details of these scanning strategies, coupled with the reported 

benefits for different laser systems and materials, are provided in the literature (see 

Section 2.8.6.1). The interlacing method has several modes, based on the number of lines 

skipped during interlacing, which offer opportunities for process optimisation; this aspect 

of interlacing is discussed in Chapter 5. 
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3.4.4 Area Engraving  

A 5 x 5 mm2 shaped area was engraved on the test materials (see Fig. 3-8(a)). Here, the 

laser pulses overlapped in both the scan direction and hatch direction, as illustrated in Fig. 

3-8(b).  

 

Fig. 3-8. Schematics of: (a) the area square-shaped engraving, and (b) the pulse and hatch overlap. 

(do – nominal spot size, ∆H – hatch distance, ∆S – spot-spot distance) 

For the area engraving, the ‘area energy dose’ (EDA), which is the total amount of energy 

deposited per unit area, was used instead of the line energy dose. The two parameters 

however relate through the hatch distance (∆H) using Eq. 3-1. 

𝐸𝐷𝐴 = 𝐸𝐷𝐿 ×((1 mm)/∆H)      (J/𝑚𝑚2) Eq. 3-1 

A hatch overlap of 67% was chosen for the initial studies, based on research conducted 

by Lopez et al. [1]. The engraving was conducted using the bidirectional method of 

scanning (see yellow arrows in Fig. 3-7). To prevent a possible Moiré effect during area 

engraving, the laser beam scanning angles were changed after each full machining pass, 

to give four different angles (0°, 45°, 18.43°, and 71.58°), popularly known as “halftone 

angles”, as illustrated in Fig. 3-9. 

 

Fig. 3-9. Illustrating halftone scanning at different layers, comprising angles 0º, 45º, 18.43º, 71.58º 

respectively from layer 1 to layer 4 
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3.5 Sample Preparation 

3.5.1 Before Engraving  

The edges of the laser cut samples were deburred to obtain a flat surface for laser 

processing. A thin film of polymer protecting the surface of the samples was removed. 

The surfaces were then cleaned thoroughly with acetone, to remove any surface 

contamination. 

3.5.2 After Engraving 

The laser processed samples were cleaned with deionised water in an ultrasonic bath at 

25°C for 10 minutes, to remove loose particles. After cleaning, the sample surfaces were 

dried using oxygen-free nitrogen gas.  

3.5.3 Cross-section Preparation  

An abrasive cut off saw (Struers Labotom-3, see Fig. 3-10(a)) was used to section the 

samples for cross-sectional surface topology analysis. The sectioned samples were then 

cold mounted in resin (see Fig. 3-10(b)), before being ground through a multi-stage 

process with a sequence of 240, 600, 1200, 2000, and 2500 grades of SiC abrasive papers 

on a lapping machine (Labotom-3, see Fig. 3-10(c)).     

 

Fig. 3-10. Photographs of: (a) cut off saw, (b) cold mounted sample in resin, and (c) lapping machining 

for grinding and polishing  

Once the majority of scratches had been removed, there followed a polishing stage, in 

which a 1μm water-based diamond suspension was used with a polishing cloth, until a 

mirror-like surface finish was obtained.   
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3.6 Measurement and Analysis 

3.6.1 Surface Profilometry 

The Alicona surface profilometer (InfiniteFocus®, Alicona Imaging GmbH, Raaba/Graz, 

Austria), as shown in Fig. 3-11(a), was used to obtain three-dimensional (3D) data of the 

machined surfaces.  

 

Fig. 3-11. (a) Alicona infinite focus surface profilometer used to obtain 3D images, and (b) Leica 

microscope for cross-sectional analysis 

During its operation, the focal plane of an objective lens is moved through the surface of 

the sample under study, whilst it is illuminated from a variety of directions. The lens 

moves at a pace determined by the lateral and vertical resolutions. The reflected light is 

received by a camera sensor and used to generate a 3D model of the surface. This 

instrument has inbuilt software which can provide qualitative and quantitative 

information on machined surfaces. The Leica optical microscope (DM6000M), as shown 

in Fig. 3-11(b), was used at 20X magnification to examine the morphology of the cross-

sectioned grooves and area engraving. 

3.6.2 SEM-EDX and XRD Analysis 

An SEM was used to observe surface topology, process quality, and elemental 

composition. Specifically, the Quanta 3D FEG was used for high magnification imaging, 

and the Quanta FEG 650 Suite (which has an electron dispersive X-ray (EDX)) was used 

to conduct elemental compositional analysis.  
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The Bruker D8 Advance X-Ray Diffractometer (XRD) was used to analyse the crystalline 

phases resulting from the laser processing. The analysis was carried out using Cu Kα1 

radiation with wavelength (1.5406 Å). The data were obtained over an angular range of 

5-85° in 2θ with a step size of 0.009° and a step time of 61.6 s. The generator settings 

were 40 kV, 40 mA, and the sample rotation was 30 rpm. Using the Bruker EVA software, 

qualitative pattern matching (Powder Diffraction file PDF2), and available literature, the 

phases were identified.  

3.6.3 Other Equipment 

▪ A pico data logger (model USB TC-80) was used, together with a K type 

thermocouple (RS stock No.: 123-6306), for thermal cycle analysis. 

▪ An infrared thermal camera (model i7) was used to measure the surface temperature 

during engraving. 

3.6.4 Single Line Machining Analysis 

For the phase one experiments, 3D data for the central section of the grooves was obtained 

using a sample length (L) of 2.7 mm (see Fig. 3-12(b)).  

 

Fig. 3-12. (a) Surface height map of lines machined using 280 ns at different line energy doses (EDL), 

(b) extracted full profile, (c) extracted groove profile (material removed), and (d) extracted burr 

profile (displaced material) [units in μm]. The extracted 3D profiles were obtained from the 

highlighted region 

Using a written MATLAB® script, each single groove was extracted and analysed. The 

obtained 3D data was levelled, then the data above the surface (z > 0) was extracted as 
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burr (redeposited material)-(see Fig. 3-12(d)), and the data below the surface (z < 0) 

classified as the groove (material removed)-(see Fig. 3-12(c)). Using Eq. 3-2, the data 

points were integrated to determine the area (A); and finally, the volume of the groove 

and burr (V) was calculated based on the sampling length, using Eq. 3-3. 

𝐴 = ∬ 𝑧(𝑥, 𝑦). 𝑑𝑥. 𝑑𝑦
𝑥,𝑦

 Eq. 3-2 

𝑉 = 𝐴 × 𝐿 Eq. 3-3 

3.6.5 Area Analysis  

Similarly, the area engraved samples were analysed using the Alicona infinite Focus 

profilometer. A 3D profile of the area was obtained with lateral and vertical resolutions 

of 7.02 μm and 3.62 μm respectively, using an objective lens at 5X magnification. The 

depth of engraving (∆𝑧) was obtained from the 3D profile (see Fig. 3-13) and used to 

calculate the MRR using Eq. 3-4. 

𝑀𝑅𝑅 = (
𝐴𝐸 × ∆𝑧

𝑇𝐸
) Eq. 3-4 

(AE - Area engraved, and TE - processing time). 

 

Fig. 3-13. Image showing the post-processing of 3D data for area engraving, to obtain the depth of 

engraving using the Alicona surface profilometer 

For Sa analysis, the central portion of the engraved area was acquired at 10X 

magnification, using lateral and vertical resolutions of 2.0 μm and 200 nm respectively. 
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The 3D profile generated was subsequently processed using the in-built software package 

from Alicona, to determine the arithmetic average of absolute Sa at a cut-off wavelength 

of 284 μm.  

3.7 Summary and Conclusion 

In this chapter, the experimental setup, lasers, materials, experimental protocol, and 

equipment used for the work conducted in this project, are described. Three different 

lasers were used: all “extended performance” SPI fibre lasers, namely the 20 W EP-S, 

100 W EP-Z, and 200 W EP-Z. Appendix A provides the average power, pulse energy, 

pulse repetition frequencies, and the available waveforms for the different lasers used. 

The materials used were SS, Al, and brass. These materials differ in elemental 

compositions and thermophysical properties as provided in Appendix B. 

The experimental protocol features four phases: phase one – laser characterisation and 

optics stability; phase two  single line machining; phase three – area engraving; and phase 

four – process optimisation. The protocol used aims to establish the stability and usage 

of high average power lasers, as well as to understand the fundamental laser-material 

interactions. In addition, the sample preparation process was described, and the sample 

measurement and sample analysis techniques for the various experiments were 

introduced. The specific methodologies and results for the experiments conducted in 

phases one, two, and three, using the 100W EP-Z laser, are discussed in Chapter 4. 
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Chapter 4 – 100 W Laser Engraving 

Despite the availability of high average power (> 50 W) ns pulsed lasers, there is a lack 

of published information on their use for laser engraving. Although 20 W ns laser 

engraving is an established process, preliminary studies reveal that simply scaling up of 

process parameters for 100 W applications does not yield similar process quality (see 

Chapter 1 (Section 1.1.3)). This challenge is attributed to uncontrolled melt formation 

due to thermal accumulation in the workpiece. As a result, a systematic experimental 

design is sought to understand the fundamental laser-material interactions, as well as to 

investigate strategies to mitigate thermal accumulation during high average power 

applications.  

The work conducted in this chapter, therefore, investigates the influence of process 

parameters such as line energy dose, pulse repetition frequency, and pulse duration, using 

a 100 W average power laser. The work conducted characterises the laser system, and 

also features a single line and an area engraving technique; the single line experiment 

provides a basic understanding of the removal mechanism and serves as a 

phenomenological model to shortlist parameters for area engraving. The process 

performance of the engraving is discussed in terms of the groove morphology, material 

removal rate (MRR) and surface roughness (Sa). In addition, the impact of different laser 

beam scanning strategies (namely: sequential method and interlacing method) on MRR, 

Sa, surface elemental composition, and microstructure modifications, is investigated.   

4.1 Laser Characterisation 

First, a few waveforms were chosen to represent shorter pulse duration (17–60 ns), 

intermediate pulse duration (150–280 ns), and longer pulse duration (380–500 ns), as 

presented in Table 4-1.  
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Table 4-1. Selected waveforms for initial laser characterisation, showing the waveform number, pulse 

duration, and the PRF0 value for the 100 W EP-Z laser 

100 W EP-Z 

Waveform # Pulse duration (ns) PRF0 (kHz) 

23 17 1000 

14 60 340 

5 150 175 

0 280 100 

28 380 100 

31 500 100 

4.1.1 Power Characterisation 

For the power characterisation, the power meter (see details in Section 3.4.1) was placed 

under the galvoscanner (substituted with the sample as shown in Fig. 3-1(b)) without the 

F-theta lens. The pulse repetition frequency was then varied from the minimum to the 

maximum for the selected waveforms (WFM0 and WFM31), and the average power was 

measured for each change in pulse repetition frequency. Using Eq. 2-6, the pulse energy 

was calculated from the measured average power and pulse repetition frequency. 

Fig. 4-1 shows the dependence of pulse energy and average power on pulse repetition 

frequency for the 100 W laser system. In general, the measured pulse energy increases 

gradually as the pulse repetition frequency increases.  

 

Fig. 4-1. Average power and pulse energy as a function of pulse repetition frequency for 100 W EP- Z: 

(a) WFM0, 280 ns, 100 kHz (b) WFM31, 500 ns, 100 kHz. The black line represents the PRF0 value  
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This trend continues until the maximum pulse energy is recorded at the PRF0; however, 

beyond the PRF0, it declines. The observed reduction in pulse energy below the PRF0 is 

inconsistent with the manufacturer’s specifications. A similar trend was reported by Dunn 

during the characterisation of the 20 W EP-S laser [74]. The author attributed this 

observation to a reduction in population inversion due to the 85% simmer current used. 

This could also simply be due to the insensitivity of the power meter at such low pulse 

energies.  

The measured average power also increases as pulse repetition frequency increases and 

records its maximum value at the PRF0. However, contrary to the pulse energy, the 

average power remains constant at pulse repetition frequencies beyond the PRF0.  It is 

worth noting that the maximum average power recorded for the 100 W EP-Z was 8% 

higher (108 W) than the specification. For the work conducted in this study, the calculated 

energy dose, fluence and pulse energy are based on the measured average power, rather 

than the values specified by the supplier. 

4.1.2 Waveform Characterisation 

In general, the longer pulse durations (150–500 ns) have temporal profiles typified by an 

initial peak and then a gradual fall in intensity as it tails off, as shown in Fig. 4-2.  

 

Fig. 4-2. The temporal profile of 100 W EP-Z: (a) selected waveforms profiled at PRF0 for each 

waveform, and (b) temporal profile as a function of pulse repetition frequency; WFM0, 280 ns 

As per the laser specification, the pulse duration is calculated as the time corresponding 

to a 10% rise and fall in laser peak intensity. The initial peak delivers high intensity, 

which enhances laser coupling and subsequently facilitates the material transition from 

the solid to the liquid phase. The tail portion retains heat over a longer time scale, and in 
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most cases offers preheating for incoming pulses during material processing. In contrast 

to the longer pulse durations, the shorter pulse duration (WFM23,17 ns) has a no decaying 

tail. It is observed that the temporal pulse shapes obtained during the laser characterisation 

are consistent with the temporal profiles presented in the specification datasheet by the 

laser manufacturer. 

In addition, an increase in pulse repetition frequency above the PRF0 generally alters the 

temporal pulse shape, as shown in Fig. 4-2(b). Increasing the pulse repetition frequency 

has the effect of suppressing the initial peak, giving a near top-hat profile. Again, this 

agrees with the laser specifications. 

4.2 Thermal Lensing 

4.2.1 Investigating Thermal Lensing 

Thermal lensing was investigated using a beam expander (FL75 BEC) and a BK7 F-theta 

lens (VON.JAN Technology: part number (f-160B-1064)) with a focal length of 160 mm 

and designed for a wavelength of 1064 nm. Two sets of experiments were conducted on 

SS, using the area engraving approach (5×5 mm2) to allow time for heating up of the lens. 

The first experiment was conducted at focus (see Fig. 4-3(a)), whilst the second was 

conducted by defocusing the laser spot size at 3 mm above the initial focal plane (see Fig. 

4-3 (b)).  

 

Fig. 4-3. Experimental setups: (a) at focus, and (b) 3 mm above focus  
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The initial focal plane was obtained by measuring the crater diameter (Do) as a function 

of the z-direction using an average power of 20 W, where the plane corresponding to the 

smallest crater diameter was chosen as the focal plane. During the experiment, the 

average power was varied from 20 W to 100 W using the same laser process parameters.  

It was expected that, at the focal plane, the increase in average power would have 

increased the depth of engraving, whilst producing a polishing effect at the 3 mm above 

the focal plane due to the large spot size. From Fig. 4-4, it is seen that, in the power range 

of 20– 40 W, the sample is engraved at focus as expected; however, beyond 40 W the 

mechanism changes from engraving to laser polishing.  

 

Fig. 4-4. Laser processing at a different focal position and average power for SS, engraved at 

Po = 60%, Ho = 67%, τ = 280 ns, ν = 1520 mm/s, PRF =100 kHz, number of passes = 20   

In contrast, in the second experiment, the power range of 20–40 W produces a polishing 

effect, and at average power beyond 40 W, the sample was engraved. This results from 

the shift in the focal plane, as the average power increases due to thermal lensing [94,110]. 

In the first experiment, for high average power (> 40 W), the lensing causes the focal 

plane to shift above the surface of the sample. This defocuses the spot size, resulting in a 

lower laser fluence and hence a polishing effect as observed.  

Meanwhile, at the compensated distance of 3 mm above the surface (as seen in the second 

experiment), thermal lensing at high average power moves the focal plane close to the 

sample surface, producing an engraving effect. However, at lower average power 

(< 40 W) thermal lensing is minimal, therefore the compensated distance rather enlarges 

the spot size, causing the polishing effect. Even though a compensation of 3 mm was 

made in the second experiment, this does not suggest that the shift in focus was exactly 

3 mm. Nonetheless, it indicates that there is a focus shift that must be quantified in order 

to rectify the change in focal position at high average power (> 40 W).  
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4.2.2 Effect of Different F-theta Lenses 

To remediate the observed focus shifting with the use of the BK7 lens, an alternative 

fused silica F-theta lens (Wavelength Opto-Electronics: part number (SL-1064-112-160-

Q)) was compared to the BK7 F-theta lens when using the same beam expander. The 

fused silica was chosen because it has a lower absorption coefficient, a lower thermal 

coefficient of expansion, and higher transmission in the near-infrared wavelength when 

compared with the BK7, as presented in Table 4-2.  

Table 4-2. Thermal properties for BK7 and fused silica lenses at a wavelength of 1064 nm [95,111,112] 

Material 
Refractive 

index(n) 

Thermal 

coefficient of 

refractive index 

(dn/dT) 

Thermal 

coefficient of 

expansion 

Absorption 

coefficient at 

1064 nm 

Fused 

silica lens 
1.46 10×10-6/K 0.5 ×10-6/K 10-4–10-5/cm 

BK7 1.52 2.4×10-6/K 7.1×10-6/K 10-3/cm 

 

Both F-theta lenses operated at the focal length of 160 mm, at a wavelength of 1062 nm. 

Using the same processing parameters, the Al and SS were area engraved using both F-

theta lenses. The experiment was conducted at the focal position, and the process 

performance was based on the depth of the engraving. It is evident from the results 

presented in Fig. 4-5 that, for all the parameter combinations studied, the fused silica 

produces deep engraving, whereas the BK7 predominately produces a polishing effect for 

both SS (Fig. 4-5(a)) and Al (Fig. 4-5(b)).  

 

Fig. 4-5. Comparing BK7 and fused silica lenses during the engraving of (a) SS and (b)Al at different 

pulse durations; Pav = 108 W, Po = 60%, Ho = 67%, ν =1520 mm/s, PRF = 250 kHz 
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This polishing effect results from a greater shift in the focal plane, due to thermal lensing 

in the BK7 lens, as discussed in Section 4.2.1. The fused silica lens, on the other hand, 

has higher laser transmission owing to its physical properties. This minimises the effect 

of focal shift, leading to a smaller spot size that enhances material removal. This 

observation aligns with the work reported by Yurevich et al., where the authors 

investigated the effect of shift during laser processing [113].  

4.2.3 Stability of the Fused Silica F-theta Lens 

Even though the fused silica lens reduces the effect of thermal lensing, the dependence 

of the refractive index as a function of temperature still suggests a possible change in the 

focal position at high average powers. As a result, a further experiment was conducted to 

investigate the stability of the fused silica lens as a function of processing time over a 

period of time. The experiment featured single line machining and area engraving, as 

shown in Fig. 4-6.   

 

Fig. 4-6.  Highlighting the protocol for investigating thermal lensing at 100 W 

Firstly, a single line was marked on the sample at the focus. The line was made up of 

craters that did not overlap, as shown in Fig. 4-6. The area engraving was performed using 

average powers of 20 W and 100 W at different process times (number of passes). After 

each area engraving, a line was marked. This was done with the view that, for a given 

processing time, the lens would have heated up and hence the presence of thermal lensing 

would be manifested in the line marking via the enlarging of the crater diameter. The 

crater diameter at each process time was analysed using the Leica optical microscope at 

a magnification of 20X.  
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Fig. 4-7 presents the change in crater diameter at different processing times for the 20 W 

and 100 W laser engraving of SS.  

 

Fig. 4-7. Evolution of crater diameter as a function of processing time for 20 W and 100 W engravings  

The graph shows that the initial crater diameter, which is approximately 52 µm, changes 

as the processing time increases for the 100 W engraving. It is seen that within ~ 0.6 s of 

process time, there is a change in the crater diameter which signifies the initiation of 

thermal lensing. At ~1.5 s, there is a rapid increase of the crater diameter to ~63 µm, 

however, the subsequent plateau indicates that thermal equilibrium is quickly reached. 

This observation is consistent with studies conducted by Suder  [110], and Scaggs and 

Haas [94]. This experiment was repeated after 12 months, and it was found that the crater 

diameter increased to ~93 μm at ~24 s. This may be due to contamination of the protective 

window on the F-theta lens, or deterioration of the F-theta anti reflective coating over 

time. For these reasons, the crater diameter was constantly monitored in order to 

appropriately compensate for any progressive change in the focal plane. 

Conversely, the crater diameter created by the 20 W laser remained constant throughout 

the investigation, showing that the optics were stable at lower average power. By 

comparing the values of crater diameter obtained at thermal equilibrium (stabilised crater 

diameter (𝐷𝑧) with the initial crater diameter (Do), it is possible to theoretically estimate 

the focal position compensation required (z) as shown in Eq.4-1, by substituting Eq. 2-5 

into Eq. 2-4.  
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𝑧 = (√(
𝐷𝑍

𝐷0
 )

2

− 1)) × 𝑧𝑅) Eq.4-1 

where, 𝑧𝑅 is the Rayleigh distance and Do is equivalent to the spot size at focus. 

The z was calculated to be 0.54 mm for the measurement made in 2019, increasing to 

1.1 mm for the 2020 measurement.  

4.2.4 Effect of Focal Shift on MRR and Sa 

To quantify the effect of focus shift on MRR and Sa, engraving was carried out using the 

fused silica F-theta lens for different positions of the sample surface relative to the focal 

plane, as shown in Fig. 4-8, using identical process parameters (280 ns, PRF=100 kHz, 

ν = 1900 mm/s). The MRR and Sa were obtained from the Alicona profilometer 

measurements, as discussed in the methodology (see Section 3.6.1). It was expected that, 

by moving the sample upwards as seen in Case III, the sample would coincide with the 

compensated value of 0.54 mm, as reported in Section 4.2.3.  

 

Fig. 4-8. Engraving at different focal planes. Case I (initial focus is above the sample); Case II (initial 

focus on the surface); Case III (initial focus is inside the sample). A-A represents the new focal plane 

A general trend is observed, as seen in Fig. 4-9, in which the maximum MRR is observed 

at ~1.2 mm above the initial focus. Generally, the effect of thermal lensing moves the 

focus upwards (see A-A in Fig. 4-9), so in the Case III scenario, the increase in the 

distance above the initial focus causes the sample to progressively approach the new focal 

position, hence increasing the MRR.  
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This regime, however, produces high Sa due to high laser fluence (see Fig. 4-9(b)). The 

subsequent drop in MRR in Case III signifies a drop in laser fluence, owing to the increase 

in spot size at distances above the new focal plane. In the same way, when engraving 

within Case I, the spot size further increases, hence reducing the laser intensity.  With 

sufficient defocusing, engraving ceases and instead surface polishing occurs. It is 

therefore not surprising that the Sa decreases significantly. 

 

Fig. 4-9. The influence of working at different distances from the focus on: (a) MRR, and (b) Sa, on 

SS, brass, and Al; 280 ns, PRF=100 kHz, ν = 1900 mm/s, number of passes = 20  

Interestingly, brass is less sensitive to the effect of change in focus on MRR and Sa. A 

possible explanation for this might be the high reflectivity of brass [114]. A reflective 

material such as brass requires high laser intensity in order to increase the temperature 

which enhances the energy absorption [42]. However, the change in distance from focus 

enlarges the spot size, which reduces the laser intensity hence the observed reduction in 

MRR and Sa. The highlighted green zone represents the typical MRR, and Sa values 

expected when processing at the compensated focal plane (0.54 mm). 

4.3 Single Line Machining 

The experimental protocol and sample analysis for the single line machining are discussed 

in Chapter 3 (Section 3.4.2 and Section 3.6.4 respectively). In this experiment, the 

compensation discussed in Section 4.2.3 was not made, since the time to engrave each 

groove was shorter than that required for thermal lensing to become established. The 
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machining was conducted at focus, using a fused silica F-theta lens and a 75 mm beam 

expander at a nominal spot size of ~38 μm, different pulse durations and line energy 

doses. 

4.3.1 Groove Classification 

During the single line machining, four classes of grooves were identified, as illustrated in 

Fig. 4-10.  

 

Fig. 4-10. (a) 3D profiles of various classes of groove produced on SS during the single-line machining, 

and (b) corresponding cross-sectional profiles 

Class I (see Fig. 4-10 (a,b)) denotes a closed-up groove, owing to the combination of high 

energy dose (0.28 J/mm) at higher pulse overlap (99%) for the shortest pulse 

duration (17 ns). This parameter combination results in heat accumulation which causes 

significant melt formation in a narrow groove. Consequently, the ratio of the volume of 

melt to vapour pressure becomes high, causing the melt to collapse back into the groove. 

Class II (see Fig. 4-10) represents shallow grooves resulting from lower energy dose 

(≤ 0.05 J/mm) at lower pulse durations. The nature of this groove suggests that there was 

insufficient energy to cause significant melt formation and subsequent removal. The 

shallow nature of Class II makes it inappropriate for high productivity, however, it could 

be useful for burr-free marking and periodic cleaning passes during deep engraving.  

Class III (see Fig. 4-10) depicts grooves with high burr formation, in this case resulting 

from deeper grooves, which suggests inefficient removal of melt from the process area. 

During a multi-pass process, the Class III could easily become an unstable groove since 

multiple reflections within the groove would generate deeper grooves, thereby 

compromising melt ejection as seen in Class I. The morphology of this class obstructs 

proper surface profiling, as seen in Class III in Fig. 4-10 (a). Class IV (see Fig. 4-10), 

classified as a perfect groove, represents deep grooves that are characterised by the 
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confined burr at the edge and have an opened groove suitable for surface profiling, as 

shown in Fig. 4-10(b). The general groove classification confirms results published by 

Leone et al., where an investigation was conducted to optimise parameters for laser direct 

part marking of Inconel 718 [115]. 

Consequently, the Class IV groove was used as the selection criterion, to shortlist the 

initial parameters listed in Appendix C.1.1, and shortlisted parameters presented in Table 

4-3. Even though the groove classification was based on the machining of SS, the Al and 

brass both exhibited similar groove profiles and therefore the identified classes 

encompass all the three materials used in the study.  

Table 4-3. Shortlisted parameters for single line machining analysis: pulse duration (τ), pulse energy 

(Ep), scan speed (ν), line energy dose (EDL), spot-spot distance (∆S), pulse overlap (Po), pulse 

repetition frequency (PRF) 

ν  

[mm/s] 

 

EDL 

[J/mm] 

 

 

τ, PRF0, Ep 

60 ns 

340 kHz 

0.32 mJ 

150 ns 

175 kHz 

0.62 mJ 

280 ns 

100 kHz 

1.1 mJ 

380 ns 

100 kHz 

1.1 mJ 

500 ns 

100 kHz 

1.1 mJ 

759 0.14 ∆S = 2.2µm 

Po = 94% 

∆S = 4.3µm 

Po = 89% 

∆S =7.6µm 

Po = 80% 

∆S =7.6µm 

Po = 80% 

∆S =7.6µm 

Po = 80% 

1140 0.09 ∆S =3.4µm 

Po = 91% 

∆S = 6.5µm 

Po = 82% 

∆S =11.4µm 

Po =70% 

∆S=11.4µm 

Po =70% 

∆S =11.4µm 

Po =70% 

1520 0.07 ∆S = 4.5µm 

Po = 88% 

∆S = 8.7µm 

Po =77% 

∆S =15.2µm 

Po =60% 

∆S =15.2µm 

Po =60% 

∆S =15.2µm 

Po = 60% 

1900 0.06 ∆S = 5.6µm 

Po = 85% 

∆S = 10.9µm 

Po = 71% 

∆S=19µm 

Po = 50% 

∆S = 19µm 

Po = 50% 

∆S =19µm 

Po = 50% 

2280 0.05 ∆S = 6.7µm 

Po = 82% 

∆S =13.0µm 

Po = 66% 

∆S = 22.8µm 

Po = 40% 

∆S =22.8µm 

Po = 40% 

∆S = 22.8µm 

Po = 40% 

4.3.2 Influence of Energy Dose and Pulse Duration on Groove Morphology  

4.3.2.1 Stainless Steel (SS) 

As expected, an increase in energy dose increases the volume of the groove (see Fig. 

4-11(a)). Fundamentally, an increase in energy enhances the transition of the metal from 

the solid phase into the liquid phase, and subsequently into the gaseous phase through 

evaporation. The evaporation induces a recoil pressure which acts downwards on the 

molten pool to eject material [24,65,66]. However, during melt ejection, some portion of 

melt adheres to the edges of the groove and subsequently solidifies as a burr.  
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Fig. 4-11. (a) Extracted volume of groove, (b) extracted volume of burr produced as a function of 

energy dose for different pulse durations at PRF0 (SS); cross-section of grooves produced at (c) 60 

ns and (d) 500 ns pulse durations for different energy doses. The parameter combinations highlighted 

in red have been excluded from further experiments as the quality of machining is poor 

The volume of this burr is proportional to the volume of melt and the depth of the groove 

produced during the laser interaction. The deeper the groove, the more difficult it is to 

remove a large proportion of the melt, leading to a pile-up of melt at the edges. Hence an 

increase in energy dose not only increases the volume of the groove, but also the volume 

of burr (see Fig. 4-11(b)).  

It is apparent from Fig. 4-11(b) that a substantial amount of material is removed through 

ejection. For instance, at 0.14 J/mm for 500 ns, the volume of burr represents 75% of the 

ejected material, and hence only 25% is fully removed from the process area via 

spattering or evaporation. Again, it is clear that the longer pulse duration produces a 

higher volume of groove and burr formation, as seen in Fig. 4-11(a,b) when compared to 

the shorter pulse duration. However, at a lower energy dose, the effect of pulse duration 

seems not to be obvious, especially from 60–280 ns; this observation is due to the higher 

pulse overlap for shorter pulse duration at lower energy dose as shown in Table 4-3. The 

higher pulse overlap implies much heat accumulation which enhances melt formation and 

subsequent ejection. 
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The longer pulse duration retains a greater amount of heat within the material, which 

enhances material removal. As presented in Fig. 4-12(c,d), the morphology of grooves 

produced at 0.28 J/mm for 60 ns and 500 ns represents Class I and Class III respectively, 

and therefore were not included during analysis. The observed unstable grooves produced 

at EDL ≥ 0.28 J/mm2 were inconsistent with a previously published work by Lopez et al., 

where the authors reported a critical EDL ≥ 0.06 J/mm for SS [116]. Their investigation 

was however conducted using a 16 W fs laser (PRF = 2 MHz, τ = 400 fs, ν = 250 mm/s). 

This discrepancy indicates that the critical energy dose is dependent on the laser regime 

and operating parameters. 

4.3.2.2 Brass  

The influence of energy dose and pulse duration for the brass machining follows a similar 

trend as that for SS, where larger values of energy dose and pulse duration generate a 

higher volume of grooves and burrs, as shown in Fig. 4-12(a-d).  

 

Fig. 4-12. (a) Extracted volume of groove, (b) extracted volume of burr produced as a function of 

energy dose for different pulse durations at PRF0 (brass); cross-section of grooves produced at (c) 

60 ns and (d) 500 ns pulse durations for different energy doses. The parameter combinations 

highlighted in red have been excluded from further experiments as the quality of machining is poor 
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It is also observed that the shortest pulse duration (60 ns) resulted in the largest burr 

volume at each energy dose investigated. This is due to the increase in pulse overlap 

causing more thermal load, which leads to an increased depth of the groove and a 

consequential compromise to melt ejection. Also, the brass has a lower melting point 

(1173–1213 K [117]) compared to SS (1700 K [46]), which could explain the increase in 

the volume of a burr at shorter pulse durations (see Fig. 4-12(b)). Once again, the 

instability of the Class III groove is highlighted in Fig. 4-12(c, d) at EDL ≥ 0.28 J/mm.   

4.3.2.3 Aluminium (Al)  

Generally, the increase in energy dose increases the volume of the groove (see Fig. 

4-13(a)) and the volume of the burr (see Fig. 4-13(b). In comparison to SS and brass, Al 

has the lowest melting point (933 K [117] ), therefore the depth and volume of the groove 

are greater. This increment in the depth could obstruct melt ejection, hence it is not 

surprising that more burr is formed, and a pronounced groove closing-up effect is 

observed, as shown in Fig. 4-13(c,d).  

 

Fig. 4-13. (a) Extracted volume of groove, (b) extracted volume of burr produced as a function of 

energy dose for different pulse durations at PRF0 (Al); cross-section of grooves produced at (c) 60 ns 

and (d) 500 ns pulse durations for different energy doses. The parameter combinations highlighted 

in red have been excluded from further experiments as the quality of machining is poor 
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Also, due to the extremely high latent heat of vaporisation (10,900 kJ/kg [118]), a lower 

recoil pressure is expected for Al, which results in earlier initiation of the closing-up 

effect at 0.09 J/mm, as shown in Fig. 4-13(c,d). Suder compared the recoil pressure for 

SS and Al using several hypotheses during laser welding [110]. In the study, the author 

reported a lower recoil pressure for Al compared to the SS, which corroborates the 

discussion above. 

An increased pulse duration increases the volume of the groove, for reasons such as the 

increase in interaction time and penetration depth. However, the pronounced melting 

observed for this longer pulse duration compromises the material removal, and for this 

reason, the longest pulse duration (500 ns) is not ideal for high removal, especially at a 

high energy dose (see Fig. 4-13).  

4.3.3 Influence of Pulse Repetition Frequency and Pulse Duration 

The study here investigates the effect of a change in pulse repetition frequency and pulse 

duration at a constant energy dose, as discussed in Chapter 3 (Section 3.4.2), using 

parameters in Appendix C.1.2. For this experiment, the study focuses on values of pulse 

duration (280 ns, 380 ns and 500 ns) which have the same pulse energy and PRF0 (see 

Appendix A). The influence of the change in pulse repetition frequency and pulse 

duration at constant energy dose on groove morphology for the different materials is 

discussed. 

4.3.3.1 Stainless Steel (SS) 

The increase in pulse repetition frequency causes an increase in the volumes of the groove 

and the burr, as shown Fig. 4-14(a) and (b) respectively. The cross-sectional analysis in 

Fig. 4-14(c-d) highlights this trend as well. The increase in pulse repetition frequency 

means that the delay between successive pulses is shorter. Therefore, conductive heat 

dissipation during processing is reduced, resulting in the thermal build-up, and hence 

more melt formation and subsequent removal. A similar trend was reported by Schille et 

al.[86] and Wu et al. [119], during ultrashort pulse processing of SS and Cr12MoV cold 

work, mould steel respectively. 
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Fig. 4-14. (a) Volume of groove, (b) volume of the burr as a function of pulse repetition frequency at 

a constant energy dose of 0.09 J/mm, and (c-e) cross-sectional views of the influence of change in 

pulse repetition frequency at 280 ns, 380 ns, and 500 ns for SS 

As shown in Fig. 4-14, a critical regime is reached beyond which the volume of groove 

declines, leading to a closing up effect, as demarcated in Fig. 4-14(c,d). This observation 

could result from the reduction in pulse energy at high pulse repetition frequency (see 

Appendix C.1.3), which lowers the overall energy needed for melt formation and ejection. 

It is important to also emphasise that a high pulse repetition frequency alters the temporal 

profile, as discussed in Section 4.1.2, reducing the initial peak intensity, hence less 

energetic pulse for a high volume of the groove and melt ejection. From Fig. 4-14, it can 

be observed once again that the longest pulse duration (500 ns) results in the largest 

volumes of groove and burr.  

4.3.3.2 Brass  

With brass, larger values of pulse repetition frequency result in larger volumes of groove, 

until a critical pulse repetition frequency is reached. Beyond the critical point, the volume 

of the groove decreases, as seen in Fig. 4-15(a). This critical pulse repetition frequency 
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value is dependent on the pulse duration, where generally the longest pulse duration gives 

the lowest critical pulse repetition frequency.  

 

Fig. 4-15. (a) Volume of groove, (b) volume of the burr as a function of pulse repetition frequency at 

a constant EDL of 0.09 J/mm, and (c-e) cross-sectional views of the influence of change in pulse 

repetition frequency at 280 ns, 380 ns, and 500 ns for brass 

Despite the apparent rise and fall in the volume of the groove, the volume of burr increases 

linearly as the pulse repetition frequency increases. The increase in the volume of the 

groove before the critical pulse repetition frequency, and the increase in the volume of 

burr, are attributed to heat accumulation, as explained in Section 4.3.3.1. However, there 

is a subsequent reduction in the volume of the groove beyond 250 kHz for the 280 ns, and 

beyond 150 kHz for the 500 ns. As discussed, the initial peak, which delivers high-

intensity energy to rapidly overcome surface reflectivity, diminishes at high pulse 

repetition frequency, which reduces the efficiency of pulses, especially for brass with a 

high surface reflectivity. In some instances (for shallow grooves and suspended burr 

profiles), the volume of the burr appears to exceed the volume of the groove, as observed 

in Fig. 4-15, which is unrealistic. This is caused by voids that are obscured by suspended 

burr. 
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4.3.3.3 Aluminium (Al) 

As presented in Fig. 4-16, an increase in pulse repetition frequency produces a slight 

increase in the volume of the groove at 280 ns, however, at 380 ns and 500 ns, the volume 

of the groove reduces as the pulse repetition frequency increases.  

 

Fig. 4-16. Cross-sectional view for the influence of change in pulse repetition frequencies at 280 ns, 

380 ns, and 500 ns on groove morphology for Al 

It is observed that the higher pulse repetition frequencies mostly produce unstable grooves 

characterised by high burr formation. This results from the relatively low melting point 

of Al, such that the melt formed due to heat accumulation is not effectively ejected from 

the process area. In addition, Al is reflective, and therefore requires high pulse intensity 

for material removal and ejection, however, this is not attained at high pulse repetition 

frequencies (due to the change in temporal pulse shape). The cross-sectional views, as 

presented in Fig. 4-16, show the closing up effect (melt solidification within the groove) 

and overall groove instabilities at high pulse repetition frequencies. The narrow nature of 

the grooves produced obstructs surface profiling, which explains the unavailable data on 

the impact of change in pulse repetition frequency on the volume of groove and burr. 

4.3.4 Hypothesis 

From the groove classification, it can be hypothesised that using Class I and II grooves 

would reduce the MRR and surface quality, especially during a multi-pass process. A 

proof of this concept is illustrated in Fig. 4-17, where parameters for Class I and II 

grooves are scaled up for area engraving. As hypothesised, the surface quality 

deteriorated significantly in the Class I (see Fig. 4-17(a) scale up, whilst the Class II 

groove produced a lower MRR and better surface quality (Fig. 4-17(b)).  
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Fig. 4-17. A 3D image depicting proof of concept for (a) Class I (17 ns at 0.05 J/mm), and (b) Class II 

(17 ns at 0.28 J/mm) for area engraving of SS (Ho = 67% and number of passes = 12) 

Also, it can be inferred from the parametric influence on groove morphology in Section 

4.3.2 that parametric combinations that produce a high volume of the groove (in this case 

higher energy dose at longer pulse duration (≥ 280 ns)) would produce high MRR during 

a parametric scale up for an area engraving (see Fig. 4-18(a)), whilst process parameters 

for shallow grooves (for instance, lower energy dose (≤ 0.07 J/mm) and shorter pulse 

duration (≤ 150 ns)) would produce a lower MRR (see Fig. 4-18(b)).  

 

Fig. 4-18.  Correlating the single line machining to area engraving during parametric scale-up  

Despite the increase in MRR with the use of a high volume of grooves, a low surface and 

edge quality is expected due to the associated increase in the volume of burr. A high burr 
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volume suggests that the laser beam could be scattered, which reduces the laser intensity 

(assuming the burr solidifies before the next pass). This might introduce uneven features 

at the bottom of the engraved part, therefore increasing the Sa. On the other hand, for 

high-quality, a lower energy dose (EDL ≤ 0.07 J/mm) at lower pulse overlap would be 

preferred, however, the accompanying reduction in the volume of the groove would imply 

a lower MRR (see Fig. 4-18(b)).  

Additionally, operating at some pulse repetition frequencies above the PRF0 could further 

increase the volume of the groove, however, this observation is material dependent. Al 

and brass are deemed less sensitive to the increase in the volume of the groove at high 

pulse repetition frequency. It can therefore be assumed that the highest MRR will be 

attained using high pulse repetition frequency, especially for SS. Also, this proposed 

increase in MRR would imply an increase in Sa and a subsequent compromise in surface 

quality. The surface melting effect observed for longer pulse durations at high pulse 

repetition frequency could be ideal for laser polishing during area engraving, due to the 

observed pronounced melting with less ejection.  

4.4 Influence of Laser Scanning Strategies 

Two scanning strategies (sequential method and interlacing method, as discussed in the 

methodology (Section 3.4.3)) were investigated: During the experiment, the outcomes for 

the two scanning strategies at different pulse durations and energy dose (EDA) were 

examined. A hatch overlap of 67%, and a hatch distance of 12.54 μm were maintained 

for both scanning strategies. For this study, the interlacing distance was 38 μm, where 

two lines were skipped in the first pass, and subsequently filled in. The same process 

parameters (as shown in Table 4-4) and processing time were used. Unless otherwise 

stated, the halftone angles and the bidirectional method of scanning were used for all the 

area engraving conducted in this section. Since the area engraving approach was used in 

this section, the appropriate focal compensation as discussed in Section 4.2 was taken 

into consideration.  
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Table 4-4. Listing the parameters used to investigate the difference between the sequential method 

and interlacing method of scanning. Total number of pulses per 1mm2 (NT), pulse overlap (Po), area 

energy dose (EDA) 

ν (mm/s) 
EDA 

(J/mm2) 

280 ns 

100 kHz 
500 ns 

100 kHz 

 

1520 

 

5.7 

NT  = 5246 pulses/mm2 

Po = 60 % 
NT  = 5246 pulses/mm2 

Po = 60 % 

 

1900 
4.5 

NT  = 4197 pulses/mm2 

Po = 50 % 
NT  = 4197 pulses/mm2 

Po = 50 % 

 

2280 
3.8 

NT  = 3498 pulses/mm2 

Po = 40 % 
NT  = 3498 pulses/mm2 

Po = 40 % 

 

2660 

 

3.2 

NT  = 2998 pulses/mm2 

Po = 30 % 
NT  = 2998 pulses/mm2 

Po = 30 % 

For the preliminary study, the effect of the sequential method and interlacing method on 

MRR and Sa at different pulse durations was investigated as presented in Fig. 4-19.  

 

Fig. 4-19. Photographs of Al, brass, and SS engraved at EDA = 4.5 J/mm2 and PRF = 100 kHz, using 

sequential method (upper rows labelled as PROG) and interlacing method (lower rows labelled as 

INTER). The left column of squares of each material was machined with 500 ns, and the right column 

with 280 ns  

First, the visual observation revealed that the sequential method produced a blackened 

surface (in comparison to the interlacing method) for all the materials investigated. The 

nature of the sequential method suggests a subsequent post-processing route is required 

to make the surface aesthetically appealing during laser engraving.  

With regards to the quantitative effect of scanning strategy, it is observed from Fig. 4-20 

that, irrespective of the pulse duration used, the interlacing method provides a higher 

MRR (see Fig. 4-20(a)) at a better surface quality (see Fig. 4-20(a)), when compared to 

sequential method at a constant energy dose. 
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Fig. 4-20. Comparing the material removal rate and surface roughness for both sequential method 

(SM) and interlacing method (IM) for Al, SS, and brass at different pulse durations and energy dose 

of 4.5 J/mm2  

4.4.1 Effect of Different Energy Dose at Constant Pulse Duration 

The three different materials are discussed in turn below, showing significant differences, 

which can be attributed to their different thermophysical material properties: in particular, 

melting point and thermal diffusivity as provided in Appendix B. 

4.4.1.1 Aluminium (Al) 

Generally, there is a significant increase in MRR (see Fig. 4-21(a)) and reduction in Sa 

(see Fig. 4-21(b)) at each energy dose when using the interlacing method. At 5.7 J/mm2, 

the interlacing method offers a 46% higher MRR, coupled with a 28% reduction in Sa. 

The SEM analysis, as shown in Fig. 4-21 (c,d), highlights the differences in surface 

topology between the scanning strategies.  
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Fig. 4-21. Comparing (a) material removal rate, and (b) surface roughness as a function of energy 

dose, presented for both sequential method and interlacing method for engraving Al; SEM 

micrographs of: (c) sequential method, and (d) interlacing method at 5.7 J/mm2 

The surface of the sequential method is characterised by a series of clustered structures 

produced from the solidified melt (see Fig. 4-21(c)), whereas the interlacing method 

surface has less pronounced features and shows melt coalescence, which explains the 

reduction in Sa (see Fig. 4-21(d)). The increase in MRR with the interlacing method is 

likely to result from effective heat dissipation, thus avoiding excessive melting, unlike 

the sequential method, where there is more melt formation due to progressive thermal 

accumulation. This increase in melt formation might have suggested an increase in MRR, 

however, the rather lower MRR affirms the discussion in Section 4.3.2, where it was 

found that the increase in melt does not necessarily enhance MRR, owing to ineffective 

melt ejection as further highlighted in Fig. 4-17.  

Another possible explanation for the differences in MRR is the variance in laser beam 

interactions with the surface of the material as illustrated in Fig. 4-22. During the 

interlacing method, the laser beam is incident perpendicular to the surface, as opposed to 
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the sequential method where the laser beam interacts with the steep wall of the previously 

machined groove, which reduces the laser coupling efficiency, thereby reducing the 

MRR. A similar observation has been reported by Wlodarczyk et al. [80]. 

 

Fig. 4-22. Tracking the effective laser interaction zone for both sequential and interlacing scanning 

methods, (red arrow highlights the effective interaction zone relative to the surface of the material) 

4.4.1.2 Brass  

Like Al, with brass, the interlacing method produces a higher MRR (see Fig. 4-23(a)) and 

lower Sa (see Fig. 4-23(b)) than the sequential method. At 5.7 J/mm2, the MRR for the 

interlacing method is 23% larger, coupled with a 37% reduction in Sa in comparison to 

the sequential method.  
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Fig. 4-23. Comparing (a) material removal rate, and (b) surface roughness as a function of energy 

dose, presented for both sequential method and interlacing method for engraving brass; SEM 

micrographs: (c) sequential method, and (d) interlacing method at 5.7 J/mm2 

Again, from the SEM images (Fig. 4-23(c)), the sequential method of the engraving 

shows a dense clustered structure, which results from the solidification of the melt, and 

increases the Sa compared to the interlacing method.  

4.4.1.3 Stainless Steel (SS) 

With SS, as shown in Fig. 4-24(a), the MRR is almost the same for both interlacing and 

sequential methods. Despite this, there is a massive improvement in the Sa at high energy 

dose (see Fig. 4-24(b)). For instance, at 5.7 J/mm2 the interlacing method provides an 

86% reduction in Sa. 
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Fig. 4-24. Comparing (a) material removal rate, and (b) surface roughness as a function of area 

energy dose, presented for both sequential method and interlacing method for engraving SS; SEM 

micrographs of (c) sequential method, and (d) interlacing method at 5.7 J/mm2 

The cross-sectional profile further highlights the differences between the interlacing 

method and sequential method, as provided in Fig. 4-25. Here, the sequential method 

reveals a non-uniform profile with periodic valleys and closing-up effects, whilst the 

interlacing method shows a uniform surface structure.  

 

Fig. 4-25. Cross-sectional profile of surface produced by (a) sequential method and (b) interlacing 

method of scanning 
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4.4.2 Thermal Analysis 

To examine the thermal build-up during the interlacing method and sequential method, 

the residual heat during scanning was measured using a K type thermocouple. In the 

measurement, an area was engraved using both scanning strategies at 4.5 J/mm2, 100 kHz, 

280 ns at 12 passes and a processing time of ~16 s. The thermocouple was fastened 

beneath the sample with thermal tape, as shown in Fig. 4-26.  

 

Fig. 4-26. Experimental setup for thermal analysis 

Using a Pico™ data logger (model USB TC-80), the thermal cycle during engraving was 

recorded and presented in Fig. 4-27(a). An infrared thermal camera (model i7) was 

positioned above the sample to measure the surface temperature during the engraving, as 

shown in Fig. 4-26. 
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Fig. 4-27. (a) Temperature as a function of time for both sequential method and interlacing method 

for brass, Al, and SS; IR camera image showing the maximum temperature recorded for (b) 

sequential method, and (c) interlacing method  

As shown in Fig. 4-27(a), the sequential method process resulted in the highest surface 

temperature for the three materials investigated. This aligns with the discussion in Section 

4.4.1, where the interlacing method was reported to alleviate thermal build-up due to the 

skipping of lines during the scanning process. In addition to the thermocouple results, the 

infrared camera recorded a maximum surface temperature of 543 K for the sequential 

method, as shown in Fig. 4-27(b). The interlacing method, on the other hand, resulted in 

a maximum temperature of 446 K (see Fig. 4-27(c)).  
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4.4.3 SEM-EDX and XRD Surface Analysis 

Surface elemental composition analysis was conducted on the parent metal (unprocessed 

metal), together with interlacing method and sequential method engraved samples, using 

an SEM (Quanta FEG 650 Suite). In the comparison as shown in Fig. 4-28, sequential 

method samples showed a reduction in the major and trace elements for all three 

materials.  

 

Fig. 4-28. Elemental composition analysis for unprocessed, sequential method, and interlacing 

method engraved surfaces for brass, Al, and SS 

Also, the percentage of oxygen is higher for the sequential method samples, which 

suggests significant oxide formation. Since the engraving was conducted in air, oxide 

formation was expected, however, the larger percentage of oxygen with sequential 

method compared to interlacing method could result from the reported high temperatures, 

which increase the rate of oxygen diffusion into the melt pool. Similarly, the increase in 

temperature could account for the reduction in the trace and major elements. The observed 

high concentration of carbon is attributed to surface contamination of the samples. 

The difference in elemental composition for both scanning strategies could also result in 

different microstructures. Since the SEM-EDX can provide only elemental composition, 

glancing angle XRD was subsequently used to determine the types of oxides and 

microstructural phases on the engraved and unprocessed surfaces. The higher temperature 

difference recorded for SS, as reported in Fig. 4-27(a), suggested a possible change in the 

overall microstructure when using both the interlacing method and sequential method, 

therefore SS was used for this study.  
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The results presented in Fig. 4-29 show the normalised intensity as a function of the 2θ 

(angle between the transmitted x-ray beam and the reflected beam) for different 

characteristic peaks. 

 

Fig. 4-29. Intensity versus 2θ for SS: parent metal, sequential, and interlacing methods of scanning 

Firstly, there is an observed discrepancy in the measured intensities for the parent and 

laser processed samples. The surface texturing exhibited by the laser processed samples 

may have produced insufficient crystallites to get the precise intensity ratios. Also, there 

is a possibility that the crystallite orientation may be altered, which could account for the 

difference in the measured intensities. Despite this limitation, there is a characteristic peak 

at 44.5° (see highlight in Fig. 4-29), which is unique to the interlacing method of 

scanning. This corresponds to a body-centred cubic α-martensitic phase. It is formed due 

to the partial transformation of primary austenite during cooling, which results in the 

formation of a carbon supersaturated lattice [120]. The formation of this phase may have 

resulted from two factors: elemental compositional change (due to vaporisation and oxide 

formation) as reported Weng et al. [121], and a laser-induced transformation to austenite 

during laser heating and subsequent transformation due to rapid rate of cooling, popularly 

known as transformation hardening [122]. 

The presence of the martensitic phase in the interlacing method (but not the sequential 

method) processed sample correlates with the expectation that the interlacing method 
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scanning pattern results in a more rapid cooling effect. This suppresses the diffusion of 

carbon atoms, therefore forming α-martensitic phases which could offer some unique 

mechanical properties, such as an increase in the hardness of the material.  

4.5 Parametric Influence in Laser Area Engraving 

Thus far, the basic understanding of laser material interactions has been established using 

the single line experiment. Similarly, through the study conducted in Section 4.4, the 

interlacing method is identified as an appropriate scanning strategy that offers high-

throughput at better Sa during area engraving. Based on this knowledge, the work 

presented in this section explores the parameter space to develop a better-optimised 

approach for high-throughput and high-quality during area engraving. In addition, a 

correlation is established between single line machining and area engraving, by 

investigating the effect of energy dose (EDA), pulse repetition frequency, and pulse 

duration on MRR and Sa. 

4.5.1 Methodology  

As with the single line machining presented in Section 4.3, two sets of parametric studies 

were conducted during the area engraving. The first investigated the effect of energy dose 

at different pulse durations (Fig. 4-30(a)), using parameters provided in Appendix C.2.1. 

 

Fig. 4-30. Photographs illustrating area engraving: (a) change in energy dose for different pulse 

durations, and (b) change in pulse repetition frequency at constant energy dose for Al 

The second focused on the effect of change in pulse repetition frequency and pulse 

durations at constant energy dose (see Fig. 4-30(b)), using parameters in Appendix C.2.2. 

The parameters used for the area engraving were obtained from the shortlisted parameters 

in Section 4.3.1. Due to the industrial requirement to avoid significant focal changes 

during engraving, the typical depth required was no more than 500 µm. During the 
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engraving, the number of passes was 20 for SS and brass, whereas the Al had 12 passes 

due to the lower melting point. For the scanning approach, the 2-skip interlacing method 

used in Section 4.4, the halftone scanning, and the bidirectional scanning method (as 

discussed in Section 3.4.4) were used. The engraved samples were post processed in an 

ultrasonic bath (see Section 3.5.2) and analysed using the Alicona surface profilometer 

(see Section 3.6.5).  
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4.5.2 Effect of Energy Dose and Pulse Duration on MRR and Sa 

4.5.2.1 Stainless Steel (SS) 

As expected from the single line experiment, an increase in energy dose increased the 

depth of engraving (see Fig. 4-31(a)), the MRR (see Fig. 4-31(c)), and the Sa (see Fig. 

4-31(b)).  

 

Fig. 4-31. (a) Depth of engraving, (b) surface roughness, and (c) material removal rate as a function 

of area energy dose and pulse duration on SS; Pav =108 W, hatch overlap = 67%, 2-skip interlacing 

method, number of passes = 20, halftone angles, bidirectional scanning  

The increase in energy enhances the transition of the metal into the liquid phase, which 

is subsequently removed through melt ejection and evaporation. Also, the associated 

increase in Sa is due to the pronounced melt formation, which prevents effective material 

removal, therefore reducing the surface quality.  
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The observations made with regards to the parametric influence corroborate the 

hypothesis established in Section 4.3.4, where the longer pulse duration at high energy 

dose produced high MRR at higher Sa. To maintain a suitably low Sa, the parameters in 

the highlighted region in Fig. 4-31 are recommended. The typical MRR within this region 

is 4–16 mm3/min, corresponding to a depth range of 50–300 µm at Sa of 2–14 µm. Since 

the parameters for high MRR do not give a lower Sa, a strategy that uses two different 

combinations of different pulse durations and energy doses is proposed. For example, 

using higher pulse durations (380 ns) at moderate energy dose (4.5 J/mm2) for deep 

engraving, whilst using moderate pulse duration (150 ns) at lower energy dose (≤ 2.5 

J/mm2) for periodic fine machining during engraving. 
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4.5.2.2 Brass  

An increase in energy dose and pulse duration increases the MRR and Sa, as shown in 

Fig. 4-32.  

 

Fig. 4-32. (a) Depth of engraving, (b) surface roughness, and (c) material removal rate as a function 

of energy dose and pulse duration on brass; Pav =108 W, hatch overlap = 67%, 2-skip interlacing 

method, number of passes = 20, halftone angles, bidirectional scanning  

Unfortunately, a lower MRR produces the lowest Sa. Therefore, for a higher MRR at 

lower Sa, a multi-stage laser parametric combination is required. From the highlighted 

zone in Fig. 4-32, a Sa as low as 1.9–5.5 µm, corresponding to an MRR within the range 

of 10–26 mm3/min and depth of 120–450 µm, falls in the regime of suitable process 

parameters. With regards to a potential combination for high-throughput and high-
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quality, first deep engraving could be carried out with a pulse duration of 380 ns at an 

energy dose of 4.5 J/mm2, followed by fine machining with 150 ns at < 2.7 J/mm2
.  

4.5.2.3 Aluminium (Al) 

Similarly, the depth of engraving, MRR, and Sa increase with the increase in energy dose, 

as observed in Fig. 4-33.  

 

Fig. 4-33. (a) Depth of engraving, (b) surface roughness, and (c) material removal rate as a function 

of area energy dose and pulse duration on Al; 2-skip interlacing method, number of passes = 12, 

halftone angles, bidirectional scanning  

The pulse duration significantly influences the MRR and Sa; generally, longer pulse 

durations improve the MRR, whilst lower pulse durations provide lower Sa values. 

Interestingly, for Al, the longest pulse duration (500 ns) does not produce the highest 

MRR, correlating with the single groove results in Section 4.3.2. This is attributed to high 
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melt formation, which collapses the single groove, therefore compromising the melt 

removal through melt ejection during the area engraving. 

The highlighted region from the graph represents a range of MRR of 30–50 mm3/min, 

with depth in the range of 200–500 μm, which can be obtained at a reasonably low Sa 

(3.8–12 µm). To achieve high-throughput at high-quality will demand the use of 280 ns 

at 4.5 J/mm2 whilst using a periodic smoothing pass with lower pulse duration (≤ 60 ns) 

at a lower energy dose (< 2.5 J/mm2). 
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4.5.3 Effect of Pulse Repetition Frequency and Pulse Duration at Constant Energy 

Dose 

From Section 4.5.2, an energy dose of 4.5 J/mm2 provides a moderate MRR at lower Sa. 

Therefore, using this energy dose, the influence of pulse repetition frequency and pulse 

duration on MRR and Sa is investigated for SS, brass, and Al.  

4.5.3.1 Stainless Steel (SS) 

It is clear from Fig. 4-34 that the increase in pulse repetition frequency causes an increase 

in the MRR, until a critical pulse repetition frequency (60 ns at 325 kHz, 150 ns at 475 

kHz, 280 ns at 250 kHz, 380 ns and 500 ns at 150 kHz) is reached where the MRR 

declines, as presented in Fig. 4-34.  

 

Fig. 4-34. Material removal rate and surface roughness as a function of pulse duration and pulse 

repetition frequency for SS; Pav = 108 W, 2-skip interlacing method, number of passes = 20, halftone 

angles, bidirectional scanning  
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This increase in MRR is due to an increase in heat accumulation because of the short 

delay between successive pulses. Again, maintaining a constant energy dose implies an 

increase in pulse overlap as pulse repetition frequency increases. This enhances thermal 

accumulation, leading to the formation of more melt, and its subsequent removal. 

However, at a certain pulse repetition frequency above the PRF0, there is a decline in 

MRR.  This results from the reduction in pulse energy at high pulse repetition frequency, 

which lowers the laser pulse intensity. Also, the increase in pulse repetition frequency, 

changes the temporal profile as discussed in Section 4.1.2, which diminishes the peak 

intensity, therefore reducing the laser energy coupling efficiency.  

With regards to the Sa, it is shown that the increase in pulse repetition frequency increases 

Sa until a certain pulse repetition frequency above the PRF0 value, after which the Sa 

declines, as shown in Fig. 4-34. This results from the aforementioned factors which 

reduce MRR. It was observed that operating at high pulse repetition frequency produced 

polished surfaces, especially for longer pulse durations. This prompted an SEM analysis 

to examine the change in surface topology as a function of pulse repetition frequency, as 

presented in  Fig. 4-35 (280 ns) and Fig. 4-36 (500 ns).  

 

Fig. 4-35. SEM micrographs of the surface morphology processed at different pulse repetition 

frequencies at an energy dose of 4.5 J/mm2 at 280 ns, 2-skip interlacing method, number of 

passes = 20, halftone angles, bidirectional scanning  
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Fig. 4-36. SEM micrographs of the surface morphology processed at different pulse repetition 

frequencies at an energy dose of 4.5 J/mm2 at 500 ns, 2-skip interlacing method, number of 

passes = 20, halftone angles, bidirectional scanning  

Generally, the increase in pulse repetition frequency initially generates lower surface 

quality, which is attributed to the ineffective melt ejection at high melt formations, 

resulting in the formation of splashes and pores on the surface. At ~250 kHz, melt 

formation and coalescence become predominant, in which case the melt flows gently 

under the influence of surface tension to produce a smooth surface, which could have 

applications in laser polishing. Comparing the 280 ns to the 500 ns, it is evident that the 

longer pulse duration is more sensitive to the polishing effect, which is consistent with 

the work reported by Temmler et al. [123]. 
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4.5.3.2 Aluminium (Al) 

Aside from the longest pulse duration (which has a downward trend as pulse repetition 

frequency increases), the other pulse durations are generally characterised by an initial 

rise in MRR and then a decline at the critical pulse repetition frequency above the PRF0 

(60 ns at 275 kHz, 150 ns at 475 kHz, 280 ns at 175 kHz,380 ns at 150 kHz), as shown in 

Fig. 4-37.  

 

Fig. 4-37. Material removal rate and surface roughness as a function of pulse duration and pulse 

repetition frequency for Al; Pav = 108 W, 2-skip interlacing method, number of passes = 12, halftone 

angles, bidirectional scanning  

The Sa continuously deteriorates at high pulse repetition frequencies, which reduces the 

surface quality (see Fig. 4-37). This is because Al is highly reflective and therefore 

demands high laser fluence, however, at high pulse repetition frequency, the pulse energy 

reduces, hence reducing the laser intensity. Also, the lower melting of Al suggests that 
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more melt is formed at high pulse repetition frequency, which consequently leads to an 

increase in Sa, as seen in Fig. 4-37. 

4.5.3.3 Brass   

The MRR increases slightly above the PRF0 (60 ns at 225 kHz, 150 ns at 475 kHz, 280 

ns at 175 kHz, 380 ns at 150 kHz), and from there it declines, whilst the Sa increases, as 

shown in Fig. 4-38.  

 

Fig. 4-38. Material removal rate and surface roughness as a function of pulse duration and pulse 

repetition frequency for brass; Pav = 108 W, 2-skip interlacing method, number of passes = 12, 

halftone angles, bidirectional scanning 

The increase in MRR at high pulse repetition frequency does not improve the surface 

quality during laser engraving. This observation corroborates the hypothesis made in 

Section 4.3.4, which predicted an increase in Sa at a high pulse repetition frequency due 

to the increase in the volume of the burr, as a result of heat accumulation.  
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4.6 Summary and Conclusion 

The work presented in this chapter concerns the use of the 100 W laser for engraving. It 

features single line and area engraving techniques to investigate the influence of process 

parameters such as pulse duration, pulse repetition frequency, and energy dose (line 

energy dose and area energy dose) during engraving in the ns regime. It was found that 

thermal lensing was a problem due to the change in focal position during engraving, 

therefore a study was conducted to examine and experimentally develop a focal 

compensation solution. In addition, two different scanning strategies (interlacing method 

and sequential method) were investigated to determine the best approach for laser 

engraving. Finally, parameter combinations for high-throughput and quality were 

investigated, and practical solutions were proposed. 

Despite the availability of several pulse durations, just a few were shortlisted for the 

experimental work, based on the shortest pulse duration (17 ns), through an intermediate 

pulse duration (60–150 ns), and then the longest pulse durations (280–500 ns). Due to the 

differences in pulse energy and pulse repetition frequency for the various pulse durations, 

the energy dose (which defines the amount of energy per unit length or area) was used as 

a comparative parameter.  

Through the experiment conducted in Section 4.2, it was observed that thermal lensing 

was present at high average power applications (≥ 40 W). This is reduced (but not 

eliminated) by using a fused silica lens, which has a lower laser absorptivity and thermal 

coefficient of expansion compared with the BK7 lens. The remaining thermal lensing was 

quantified and subsequently compensated for by moving the initial focus a distance of 

0.54 mm below the material surface. Over time, it was observed that the performance of 

the delivery optics deteriorated, hence additional compensation was required. For all the 

area engraving experiments presented, appropriate compensation was made before the 

engraving. The single line machining was not compensated, due to the shorter laser-on 

time for engraving, which meant that the thermal lensing did not occur.   

The groove machining results, presented in Section 4.3, show that material removal is 

predominately through melt formation and subsequent ejection. Also, the pulse duration, 

energy dose, and pulse repetition frequency were observed to significantly affect the 

morphology of the groove. At high energy doses, longer pulse durations remove much 

more material than shorter pulse durations. A higher pulse repetition frequency increases 

the volume of the groove, but to the detriment of edge quality, owing to the effect of 
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thermal accumulation. These trends were consistent for the three materials used in the 

study.  

Results presented in Section 4.4 show that the interlacing method of scanning reduces 

thermal accumulation and can provide a combination of high MRR and better surface 

quality. The influence of the interlacing method was, however, material dependent. For 

instance, Al and brass show increases of 46% and 23% in MRR (for interlacing method 

compared with the sequential method) respectively, and better surface quality. SS, 

meanwhile, whilst showing no significant improvement in MRR, can provide an 86% 

reduction in Sa. The performance of the interlacing method is attributed to the reduction 

in heat accumulation, which minimises the volume of melt formation, which is effectively 

ejected from the process area. Again, the lower angle of incidence during the interlacing 

method increases the energy coupling efficiency which maximises MRR.  

SEM-EDX analysis was used to examine the elemental composition of the machined 

surfaces compared with the parent metal, and the sequential method showed a significant 

reduction in major and trace elements when compared to the interlacing method and the 

parent metal. Interestingly, the oxygen content for the sequential method sample was high 

for all the materials investigated. Subsequent analysis using the XRD showed a change 

in the microstructure with the interlacing method for SS, associated with the formation of 

an α-martensite phase, which suggests a rapid cooling effect during the interlacing 

method. The presence of an α-martensite phase offers some mechanical benefits, such as 

an increase in surface hardness.  

In Section 4.5, area engraving tests were carried out based on shortlisted parameters from 

Section 4.3, using interlacing method of scanning. It was found that the parametric 

influence and hypothesis established in Section 4.3.4 for single groove machining was 

consistent with the parametric influence during area engraving. The higher pulse 

durations in most cases produced higher MRR, albeit, at a lower surface quality. The 

longer pulse durations (280–380 ns) provide longer laser interaction times and hence 

produce higher thermal penetration depth. This promotes the formation of more melt and 

subsequent ejection; however, at energy dose > 4.5 J/mm2, the surface quality produced 

is lower than that required for most industrial applications. 

In a similar experiment to investigate the influence of pulse repetition frequency at a 

constant energy dose, as discussed in Section 4.5.3, it was observed that MRR could 

further increase at pulse repetition frequency above the PRF0.  However, this increase in 
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MRR produces high Sa.  Also, at the high pulse repetition frequency, it was observed that 

500 ns produces a polishing effect, which could be beneficial for finishing passes during 

engraving. Even though a similar trend of parametric influence was observed for the 

different materials, it is obvious that the thermophysical material properties (melting 

point, thermal conductivity, and reflectivity) were critical in determining the MRR and 

Sa. For example, for the same amount of energy dose, Al produced the highest MRR due 

to lower melting temperature, and the volume of melt produced translated into high Sa 

values. Also, due to the lower thermal conductivity of SS, thermal distribution was 

limited, which results in a pronounced difference in surface quality when the sequential 

method is compared to the interlacing method. Ultimately, the single-line approach 

predicted the parameter influence during engraving, and even though it did not consider 

the multi-pass approach it serves as a phenomenological model to streamline parameters 

for area engraving.   

The parametric study conducted in this chapter does not cover all possible laser process 

parameters, however, it does provide a better understanding of the parameters influencing 

MRR and Sa. It is important to also investigate other process parameters, such as using 

different interlacing distances, spot sizes, and scanning patterns, which is addressed in 

Chapter 5. 
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 – Process Optimisation 

The work presented in this chapter investigates alternative process parameters to 

maximise throughput and surface quality during laser engraving. It expands the scope of 

the interlacing method discussed in Chapter 4 (Section 4.4) by investigating the influence 

of different types of interlacing on MRR and Sa. Again, two other scanning patterns are 

compared to the halftone scanning (see Section 3.4.4). The influence of different spot 

sizes and scanning orientations is also examined. In addition, it investigates laser-

galvoscanner system synchronisation techniques, in order to mitigate edge effect during 

engraving. An alternative approach to optimising the effect of change in pulse repetition 

frequency is conducted and discussed, using the Taguchi design of experiment approach. 

A detailed description of the methods employed is provided in the respective sections. 

Ultimately, the chapter combines optimised process parameters to demonstrate high-

throughput and high-quality engraving. 

5.1 Optimising Interlacing 

5.1.1 Introduction 

Thus far, Section 4.4 has shown that the interlacing method offers higher MRR at a better 

surface quality in comparison to the sequential method during laser engraving. 

Interestingly, the concept of the interlacing method presents an opportunity for 

optimisation based on the number of lines skipped. For example, in Fig. 5-1(b), a 1-skip 

approach was used, where the first pass produces the lines (1,3,5,7,9,11), and the second 

pass produces the lines (2,4,6,8,10,12), which differs from Fig. 5-1(f) where a 5-skips 

approach was used; here, the first pass produces the lines (1,7), second pass (2,8), third 

pass (3,9), fourth pass (4,10), fifth pass (5,11), and final pass (6,12). The various 

interlacing method modes differ in terms of the interlacing distance and the number of 

skips, as shown in Table 5-1. Since the initial experiment discussed in Section 4.4 

maintained the 2-skip interlacing method approach (see Fig. 5-1(c)), it became necessary 

to investigate the influence of other skipping strategies (Fig. 5-1(b, d-f)).  
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Fig. 5-1. Schematic representation of (a) bidirectional sequential method ((b)-(f) are bidirectional 

interlacing method), (b) interlacing with one line skip (∆IL = 2∆H), (c) interlacing with 2-line skips 

(∆IL = 3∆H), (d) interlacing with 3-line skips (∆IL = 4∆H), (e) interlacing with 4-line skips (∆IL = 

5∆H), and (f) interlacing with 5-line skips (∆IL= 6∆H). In all these scanning modes, the total process 

time is identical 

Table 5-1. Interlacing distances (∆IL), hatch overlap (Ho), and number of skips for optimising 

interlacing method (PRF = 100 kHz, τ = 280 ns, do ~38 μm) 

 Hatch overlap (%) 

 55 60 65 70 80 

Lines skipped Interlacing distance (∆IL) (μm) 

0 17.1 15.2 13.3 11.4 7.6 

1 34.2 30.4 26.6 22.8 15.2 

2 51.3 45.6 39.9 34.2 22.8 

3 68.4 60.8 53.2 45.6 30.4 

4 85.5 76 66.5 57 38 

5 102.6 91.2 79.8 68.4 45.6 
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5.1.2 Methodology  

The experiment described in this section features the single line and area engraving 

methodologies, as detailed in Chapter 3. Before the area engraving test, a single line was 

machined using the process parameters: ν = 1900 mm/s, τ = 280 ns, and PRF = 100 kHz. 

This was done to examine and characterise the width of a single groove for the different 

metals. Characterising the width of a single line is vital to understanding the influence of 

a change in interlacing distance, since the interlacing was done in the hatch direction. The 

different definitions of width for a groove with burr formation are shown in Fig. 5-2. 

 

Fig. 5-2. Profile of single line depicting the different groove widths (w): w0 (reference from the 

surface); w1 (distance between the burrs); and w2 (distance between the edges of burr)   

The area engraving was subsequently conducted, using the same laser process parameters 

used for the line machining, to investigate the influence of different interlacing distances 

on the MRR and Sa. During the study, several hatch overlaps (as presented in Fig. 5-1) 

were considered to examine the impact of hatch overlap on process performance during 

IM. For this study, the three metals (Al, SS, and brass) were used. The process parameters 

used were: the bidirectional-halftone scanning mode (see Section 3.5); the number of 

passes = 20 for SS and brass, whilst the Al had 12 passes, owing to the higher removal 

rate for the same process parameters which results in a higher depth of engraving than the 

Rayleigh distance.  

5.1.3 Effect of Interlacing Distance and Hatch Overlap on MRR and Sa 

The 3D image of the preliminary single line engraving, together with the measured groove 

width, is presented in Fig. 5-3. The groove width with reference to the surface of the 

sample (wo) was 55 µm for Al and SS, and 44 µm for brass. The discrepancy between the 

width of the groove and the nominal spot size (38 µm) is due to the effect of temperature 

rise in the substrate, a similar observation has been reported by Zhao et al. on titanium 
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[124]. Therefore, the smaller groove width reported for brass may be due to its high 

reflectivity and high thermal conductivity, which reduce localised heating. In the 

forthcoming discussions, the influence of interlacing distance is correlated with the 

measured groove width. 

 

Fig. 5-3. 3D image of a single line engraving showing different width (a) SS, (b) Al, and (c) brass; 

process parameter: ν = 1900 mm/s, τ = 280 ns, PRF = 100 kHz, and do ~38 µm 

Generally, three process zones were identified during this study, based on the nature of 

the surface topology and Sa: (i) initial critical zone within the interlacing distance of 7.6 –

17.1 μm, (ii) green zone with interlacing distance in the range 22.8–55 μm, and (iii) final 

critical zone for interlacing distance > 55 μm. The initial critical zone corresponds to the 

sequential method where no lines are skipped, the green zone denotes suitable parameters 

for high MRR and good surface quality, and the final critical zone represents an 

unsuitable regime: in which the MRR is high, but the surface quality is low, owing to the 

appearance of periodic patterns corresponding to the interlacing distance.  

  



Chapter 5 – Process Optimisation 

107 

 

5.1.3.1 Aluminium (Al) 

For Al, an increase in the interlacing distance significantly increased the MRR, as shown 

in Fig. 5-4(a). At a higher interlacing distance, the productivity and efficiency increased 

by a factor of 3, which is consistent with the observation made in Section 4.4.  

 

Fig. 5-4. Influence of change in interlacing distance and hatch overlap on the (a) material removal 

rate and (b) surface roughness for Al, colour code (yellow: initial critical zone, green: green zone, 

red: final critical zone); process parameters: ν = 1900 mm/s, τ = 280 ns, PRF = 100 kHz, halftone 

angle, bidirectional scanning, number of passes = 12, and do ~38 µm 

A visual observation during the engraving of the Al shows the production of a substantial 

amount of particulate matter, due to its low melting point. Interestingly, during the 

interlacing method, these particles are dispersed, unlike the sequential method where the 

sequential movement ejects material towards the laser beam. When this happens, most of 

the energy from the laser beam is used to vaporise the ejected particulate matter, hence 

reducing the laser intensity reaching the sample surface  [125,126]. Therefore, it is not 

surprising that the increase in interlacing distance during the interlacing method produces 

such high MRR.  

Another possible explanation might be the increase in laser coupling efficiency, due to 

the smaller angle of incidence with the surface during the scanning process as illustrated 

in Fig. 4-22. At interlacing distance ≥ w2 (see Fig. 5-3(b)), there is a drop in the MRR 

owing to the rapid dissipation of residual heat. Unfortunately, the increase in MRR 

beyond the green zone does not produce good quality engraving, as shown in Fig. 5-4(b), 

and further highlighted in Fig. 5-5(d-f).   
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Fig. 5-5. Surface topology at different interlacing distance for Al; process parameters: ν = 1900 mm/s, 

τ = 280 ns and Ho = 65% 

Also, the MRR and Sa appeared to be unaffected by the change in hatch overlap when the 

interlacing distance is within the green zone, however, within the final critical zone the 

lower hatch overlap (55–60%) generated high Sa values, owing to the comparatively 

higher interlacing distances used. The findings suggest that, for a higher MRR at a better 

surface quality, the highlighted green zone which predominantly corresponds to the 2-

skip interlacing method (interlacing within the w0) is recommended.  
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5.1.3.2 Stainless steel (SS) 

There is a small percentage increase in MRR as the interlacing distance increases, as 

shown in Fig. 5-6(a), for similar reasons to those discussed in Section 4.4 and Section 

5.1.3.1. 

 

Fig. 5-6. Influence of change in interlacing distance and hatch overlap on the (a) material removal 

rate and (b) surface roughness for SS, colour code (yellow: initial critical zone, green: green zone, 

red: final critical zone); process parameters: ν = 1900 mm/s, τ = 280 ns, PRF = 100 kHz, halftone 

angle, bidirectional scanning, number of passes = 20, and do ~38 µm 

Fig. 5-7. Surface topology at different interlacing distance for SS; process parameters: ν = 1900 mm/s, 

τ = 280 ns and Ho= 65% 

For surface quality, there is an initial reduction in Sa which remains constant within the 

green zone, however, at higher interlacing distance (within the final critical zone) the Sa 

increases significantly. To further elucidate the effect of change in interlacing distance on 
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the surface quality, a 3D image is provided in Fig. 5-7 for different interlacing distances 

at 65% hatch overlap. Melt solidification is observed within the initial critical zone (see 

Fig. 5-7(a)), which degrades the surface quality. The initial critical zone corresponds to 

the sequential method and therefore this observation was expected, as presented, and 

discussed in Section 4.4. Fig. 5-7(b-e) shows an improved surface quality and represents 

the green zone, where the interlacing distance is within the wo (see Fig. 5-3(a)). However, 

as the interlacing distance exceeds w2, melt redeposition was observed, possibly due to 

the increased fluence, which triggered an erratic melt ejection and solidification. This 

results in a reduced surface quality (see Fig. 5-7(f)).  

The observations made suggest that the quality reduces significantly when the interlacing 

distance ≤ w1 (see Fig. 5-3(a)), and therefore for a higher MRR at better Sa the interlacing 

distance should be within the range of 15–45 µm, where the interlacing distance is less 

than the wo groove diameter. It is also observed that changes in hatch overlap do not 

significantly affect the process performance, due to the identical values of MRR and Sa, 

as shown in Fig. 5-6. Overall, the results indicate that the 2-skip approach offers the best 

combination of MRR and Sa.  
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5.1.3.3 Brass  

Increasing interlacing distance results in a small percentage increase in MRR for brass, 

as shown in Fig. 5-8(a). However, there is a drop in the MRR when the interlacing 

distance exceeds the w1 (see Fig. 5-2(d)). This is likely due to the laser beam interaction 

with the previously formed burr at such high interlacing distances, which reduces the 

intensity of the laser beam and hence produces a lower MRR. 

 

Fig. 5-8. Influence of change in interlacing distance and hatch overlap on the (a) material removal 

rate and (b) surface roughness for brass, colour code (yellow: initial critical zone, green: green zone, 

red: final critical zone); process parameters: ν = 1900 mm/s, τ = 280 ns, PRF = 100 kHz, halftone 

angle, bidirectional scanning, number of passes = 20, and do ~38 µm 

 

Fig. 5-9. Surface topology at different interlacing distance for brass; process parameters: ν = 1900 

mm/s, τ = 280 ns and Ho = 65% 
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In addition, the surface quality reduces significantly within the final critical zone, as 

shown in Fig. 5-8(b) and Fig. 5-9 (d-f), due to the conspicuous patterns which correspond 

to the interlacing distance. Once again, it is observed that the hatch overlap does not 

significantly affect the MRR and Sa, although the hatch overlaps in the range of 55–70% 

seems to produce a better Sa within the green zone (when the interlacing distance is within 

the wo). These results, therefore, suggest using the 2-skip interlacing method at hatch 

overlap within the range of 55–70% as the optimised scanning condition for processing 

brass. 

5.2 Dependence on Spot Size  

The work presented by Neueuschwander et al. [102], Brandi et al. [127], and Yuan et al. 

[128], suggests that the laser spot size significantly affects ablation efficiency, and in 

some cases could remediate the issues of heat accumulation during laser ablation. 

Nevertheless, such studies were conducted with lower average power lasers, and the 

findings did not report the influence of spot size on surface quality. Therefore, in this 

section, the influence of spot size is investigated for different metals with emphasis on 

the impact on MRR and Sa. The FL75 BEC, which has a collimated beam diameter of 8 

mm and a nominal spot size of ~38 µm, was used for all the engraving experiments 

described so far. To investigate the influence of spot size, two additional beam expanders 

were tested: namely the FL50 BEC and FL100 BEC, which produce a collimated beam 

diameter of 5 mm and 10 mm respectively, as presented in Table 5-2.  

Table 5-2. Comparing different beam expanders (Ep = 1.08 mJ, τ = 280 ns, M2= 1.42, λ =1062 nm, 

F = 160 mm) 

BEC 
Collimated 

Diameter (mm) 

Spot size 

µm 

Fluence 

(J/cm2) 

FL50 5 ~62 36 

FL75 8 ~38 95 

FL100 10 ~31 143 

 

Using the same F-theta lens (focal length = 160 mm) and laser source (M2 = 1.42, λ = 

1062 nm), the spot size for each beam expander was calculated using Eq. 2-3, and the 

values are presented in Table 5-2. The change in collimated beam diameter implies a 

change in the spot size, as schematised in Fig. 5-10. Also, the change in spot size alters 
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the laser fluence (energy density per pulse) for each beam collimator, given the same 

pulse energy, as provided in Table 5-2.  

 

Fig. 5-10. Schematic representation of laser beam propagation in different beam expander optics 

It was also observed that the beam divergence differs for each beam expander since the 

divergence is inversely proportional to spot size. As such, the largest spot size produces 

the lowest divergence, as shown in Fig. 5-10. 

5.2.1 Methodology 

First, the shift in focus due to thermal lensing (discussed in Section 4.2) was investigated 

for the different beam expanders, and duly compensated. This was followed by the area 

engraving experimental approach discussed in Section 3.4.4. Here, the effect of energy 

dose on MRR and Sa is investigated at different spot sizes. The parameters used in Section 

4.5 (2-skip IM, Ho = 67%, and halftone angle scanning) were used for the engraving test. 

The engraved samples were analysed using the Alicona surface profilometer. It is worth 

noting that the change in spot size changes the fluence, therefore a direct comparison 

could not be made for different spot sizes. Due to this, area engraving was carried out to 

ensure that the energy dose, pulse overlap, and process time per area were the same for 

all the different spot sizes. The general rule was to increase the number of passes for the 

larger spot size, to obtain the same process time and the total number of pulses per area.  

5.2.2 Results and Discussion 

The analysed engraved samples showed a general trend: where the smallest spot size 

(31 µm) produces the highest MRR, whilst the largest spot size (62 µm) produces the 
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lowest MRR at each energy dose investigated, as reported for SS (see Fig. 5-11(a)), Al 

(see Fig. 5-12(a)), and brass (see Fig. 5-13(a)).  

  

Fig. 5-11. Influence of spot size on the material removal rate and surface roughness at different area 

energy doses for SS; process parameter: τ = 280 ns, PRF = 100 kHz, Po = 67%, halftone angle, and 

bidirectional scanning 

This is consistent with the study conducted by Vlădoiu et al. which showed that 

decreasing the spot size increased the ablation efficiency for Al [129]. This observation 

is attributed to the increase in laser fluence due to the reduction in the laser spot size. This 

implies that the laser fluence significantly affects the MRR for a fixed energy dose. brass 

and SS have MRR that are independent of energy dose at the largest spot size, but this is 

not the case for Al. The thermophysical properties, such as the high melting point of SS 

coupled with the high reflectivity of brass, account for this observation. The higher 

melting point and high reflectivity require high laser intensities, which are lower for the 

larger spot size.  
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Fig. 5-12. Influence of spot size on the material removal rate and surface roughness at different area 

energy doses for Al; process parameter: τ = 280 ns, PRF = 100 kHz, Po = 67%, halftone angle, and 

bidirectional scanning 

 

Fig. 5-13. Influence of spot size on the material removal rate and surface roughness at different area 

energy doses for brass; process parameter: τ = 280 ns, PRF = 100 kHz, Po = 67%, halftone angle, and 

bidirectional scanning 

With regards to surface quality, the largest spot size produces the lowest Sa, whilst the 

smallest spot size produces the highest Sa, as shown for SS (see Fig. 5-11(b)), Al (see Fig. 

5-12(b)), and brass (see Fig. 5-13(b)). The increase in laser fluence at a smaller spot size 

results in more melt formation and erratic ejections, which leads to a reduction in surface 

quality. Contrarily, a reduction in fluence at the largest spot size produces less melt 

formation and a smoothing effect, which accounts for the lower Sa. A study presented by 

Yuan et al. investigated ablation morphology for different spot sizes, where the authors 
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reported a morphology with minimal burr formation when using a larger spot size [128]. 

This reduction in burr formation could explain the observed lower Sa of the largest spot 

size. 

From the above discussions, higher throughput is achieved with the 31 µm (FL100 BEC) 

due to the increase in fluence. However, the corresponding increase in melt formation 

and subsequent ejection compromise the surface quality. In addition, the lowest Sa was 

achieved using the 62 µm (FL50 BEC), albeit at a lower throughput. Ideally, the desire 

for high-throughput at high-quality would demand the use of flexible variable beam 

expander optics, which alternate between spot sizes during engraving. In that case, the 

smallest spot size would produce higher MRR, whilst a larger spot size could be used to 

produce a clean surface finish during engraving. However, since such a variable beam 

expander was not available for this study, the 38 µm (FL75 BEC) which offers high MRR 

at a moderate Sa, must be recommended as the optimised spot size. 

5.3 Effect of Scanning Patterns 

In Chapter 4, scanning halftone angles were used during the area engraving, due to the 

reported reduction in Sa during laser polishing [78]. In this section, the influence of other 

alternative patterns (a perpendicular scanning pattern (90°/0°) (see Fig. 5-14(a)), and 

golden angles (see Fig. 5-14(b))) on depth of engraving and Sa are investigated. 

 

Fig. 5-14. (a) Perpendicular scan (0°, 90°), and (b) golden angle (137.5°) [130] 

The golden angle is a natural phenomenon in plants, where leaves spread around the stem 

by maintaining an angle of ~137.5° between each successive leaf. As shown in Fig. 

5-14(b), the angle between leaf 1 and 2 is the same as the angle between 2 and 3, and so 

forth. The concept of the golden angle in plants prevents overlapping, so that each leaf 

receives enough sunlight. It was anticipated that this pattern could produce a uniform 

pattern during laser engraving, hence improving the surface quality. In a multi-pass 

engraving process, the golden angle is repeated, such that the angular difference is 137.5°. 
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For example, for a 5-pass engraving, the set of angles is: 137.5°, 275°, 412.5°, 550°, and 

687.5°. 

5.3.1 Methodology 

The three metals were engraved using the area engraving methodology at different energy 

doses for τ = 280 ns, PRF = 100 kHz, Ho = 67%, and the 2- skip interlacing method, using 

the different scanning patterns.  For SS and brass, the total number of passes was 20, 

which means that the perpendicular scanning pattern required 10 passes, the halftone 5 

passes, and 20 passes for the repeated golden angle. Due to the lower melting point of Al, 

the number of passes was reduced to 12, where the perpendicular pattern had 6 passes, 

halftone angles had 3 passes, and the golden angle had 12 passes. After the engraving, 

the depth of engraving and Sa were obtained using the Alicona surface profilometer. 

Additionally, SEM images were obtained for the lowest energy dose to examine the 

surface topology at different scanning patterns. 
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5.3.2 Results and Discussion  

5.3.2.1 Stainless Steel (SS) 

In the study, it was found that the change in the scanning pattern does not significantly 

affect the depth of engraving (see Fig. 5-15(a)) or Sa (see Fig. 5-15(b)).  

 

Fig. 5-15. (a) Depth of engraving, and (b) surface roughness, as a function of scanning pattern for SS 

at different area energy doses; (c) SEM images of surfaces produced at different scanning patterns, 

process parameter: ν = 3000 mm/s, τ = 280 ns, Ho = 67%, 2-skip interlacing method, bidirectional 

scanning, and do ~38 µm 

Despite the similarities in process performance, the halftone pattern produces a slightly 

better surface quality. The SEM images, presented in Fig. 5-15(c), revealed a conspicuous 

ripple-like pattern for the perpendicular angles, which may increase the waviness of the 

surface. 

5.3.2.2 Aluminium (Al) 

It is seen that the halftone pattern produces slightly deeper engraving in Al (see Fig. 

5-16(a)) at a better Sa (see Fig. 5-16(b)), in comparison to the perpendicular and golden 

angle patterns. The surface topology, as presented in Fig. 5-16(c), reveals micropores 
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predominant with the golden angles and the perpendicular angles, which degrade the 

surface quality. Based on the comparison made, the halftone angle is proposed as an 

optimised scanning pattern for the engraving of Al. 

 

Fig. 5-16. (a) Depth of engraving, and (b) surface roughness, as a function of scanning pattern for Al 

at different area energy doses; (c) SEM images of surfaces produced at different scanning patterns; 

process parameter: ν = 3000 mm/s, τ = 280 ns, Ho = 67%, 2-skip interlacing method, bidirectional 

scanning, and do ~38 µm 

5.3.2.3 Brass  

Again, the halftone patterns produced deeper engraving, as shown in Fig. 5-17, whereas 

an almost similar depth of engraving is observed for both the golden angle and the 

perpendicular pattern. In terms of surface quality, the halftone angle offers a better Sa, 

especially at an energy dose ≥ of 3 J/mm2
. 
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Fig. 5-17. (a) Depth of engraving, and (b) Sa, as a function of scanning pattern for brass at different 

area energy doses; (c) SEM images of surfaces produced at different scanning patterns; process 

parameter: ν = 3000 mm/s, τ = 280 ns, Ho = 67%, 2-Skip interlacing method, bidirectional scanning, 

and do ~38 µm 

5.4 Effect of Scanning Directions 

Two different scanning approaches were investigated: the bidirectional method (see Fig. 

5-18(a)), and the unidirectional method (see Fig. 5-18(b)). The unidirectional scanning 

method effectively introduces delays during scanning, which could alleviate the thermal 

load, as with the interlacing approach. 

 

Fig. 5-18. (a) Bidirectional and (b) unidirectional scanning methods 
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The fundamental difference between the two scanning directions is the mirror deflection 

and travel time. For instance, in Fig. 5-18(a), the mirror scans from left to right, and then 

begins its next scan from right to left, whereas in Fig. 5-18(b) the mirror only scans to the 

right, hence after each scan, the laser turns off and the mirror resumes its position on the 

left to initiate the next scan.  

5.4.1 Methodology 

The area engraving was carried out with both unidirectional and bidirectional scanning 

methods at identical process parameters: ν = 1900 mm/s, τ = 280 ns, Ho = 67%, using the 

halftone pattern and the 2-skip interlacing method, and spot size ~38 µm. The brass and 

SS were engraved at the number of passes = 20. For the same processing parameters, the 

processing time was 26.5 s for the bidirectional method, and 46 s for the unidirectional 

method. Al, on the other hand, was engraved at the number of passes =12 and processing 

time of 15.9 s for the bidirectional method, and 28 s for the unidirectional method. The 

engraved samples were then analysed as per the methodology in Section 3.5.2 and 3.6.5, 

and a comparison was made based on the MRR, Sa, and edge quality. 

5.4.2 Results and Discussion 

As shown in Fig. 5-19(a), the bidirectional method provides higher MRR, as seen for all 

three metals. In terms of Sa, the unidirectional method produces lower values for SS and 

brass (see Fig. 5-19(b)).  

 

Fig. 5-19. Material removal rate and surface roughness at different scanning directions for SS, brass, 

and Al: process parameter: ν = 1900 mm/s, τ = 280 ns, Ho = 67%, halftone angle, 2-skip interlacing 

method, and do ~38 µm  
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It is observed that the same depth of engraving was achieved with both scanning methods 

for SS (see Fig. 5-21) and brass (see Fig. 5-22), whereas a much higher depth of 

engraving, was observed with the bidirectional method for Al, as shown in Fig. 5-20. The 

unidirectional method introduces further delays between passes, which increases the 

depth of engraving and Sa, as discussed in section 5.1.3.1. Based on the observations 

made, the bidirectional method is recommended as the optimised scanning method, which 

offers high MRR at similar or even better process quality. 

 

 

Fig. 5-20. Comparison between bidirectional and unidirectional scanning for Al; process parameter: 

ν = 1900 mm/s, τ = 280 ns, Ho = 67%, halftone angle, 2-skip interlacing method, and do ~38 µm  

 

 

Fig. 5-21. Comparison between bidirectional and unidirectional scanning for SS; process parameter: 

ν = 1900 mm/s, τ = 280 ns, Ho = 67%, halftone angle, 2-skip interlacing method, and do ~38 µm  
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Fig. 5-22. Comparison between bidirectional and unidirectional scanning for brass; process 

parameter: ν = 1900 mm/s, τ = 280 ns, Ho = 67%, halftone angle, 2-skip interlacing method, and 

do ~38 µm  

A few issues were identified from the engraved morphology presented above, such as the 

burr formation and edge effects which compromise process quality. In particular, the edge 

effect seems to be material-dependent, since, for the same process parameters and 

scanning conditions, it is only noticeable with SS (see highlighted zone in Fig. 5-21). This 

could be due to the inability of SS to cope with thermal load (lower thermal conductivity 

see Appendix B) from the overlapping of pulses at the edges. The observed edge effect 

and burr formation may be attributed to laser process parameters and improper laser and 

galvoscanner system synchronisation, which is discussed in the next section.  

5.5 Edge Effect 

As indicated in Section 3.1, the galvoscanner was used to steer the laser beam on the 

workpiece, according to a predetermined geometry from the control software during 

engraving. During laser applications, the scanner system and laser need to be 

synchronised such that the laser is turned on and off when the mirrors are in the correct 

position. However, this is usually a challenge due to the influence of inertia, owing to the 

acceleration and deceleration of the mirrors during the scanning process. As shown in 

Fig. 5-23, the regime within the acceleration and deceleration is deemed unstable, because 

when the laser is turned on within this regime, the pulses will overlap more due to the lag 

effect initiated by inertia.  
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Fig. 5-23. Illustrating mirror movement with its corresponding effect on the laser pulse to pulse 

spacing (a) mark produced due to lack of synchronisation 

This leads to a non-uniform laser density distribution across the surface area, which 

consequently results in edge effect and burr formation due to excessive heat accumulation 

at the edges, as observed in Section 5.4.2. However, within the stable regime (AA-BB), 

the laser moves at a constant velocity, providing the correct pulse overlap. The issue of 

the edge effect has been reported in several studies [131–133], and various compensation 

methods have been proposed. Luo et.al., for instance, propose modulation of the laser 

power as a function of ν during the unstable regime, using the “ScanPack-Algorithm” 

[133]. This approach reduces the edge effect, however, it is not compatible with all laser 

sources. Other available techniques, like the “scan delay” (see Fig. 5-24(a)) and the 

“skywriting” (see Fig. 5-24(b)), have been reported to reduce edge effect [134].  

 

Fig. 5-24. (a) Scan delay, and (b) skywriting techniques. The green and red symbols represent laser 

on and laser off delays. The triangular patterns are the extended vectors at the beginning and end of 

the mark 

Both techniques are widely available in commercial scanning application software, and 

compatible with conventional scanning systems. The laser “scan delay” technique 

introduces a time lag within unstable regimes. Specifically, the lasing is delayed during 

the mirror acceleration by using the “Laser-on-delay’’ setting and, at the point of mirror 
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deceleration, the “Laser-off-delay” is initiated. This is to ensure that the lasing only 

occurs within the stable regime during laser processing. The “skywriting” on the other 

hand employs two delay tactics to ensure that the laser is active in the region of mirror 

stability. The two delay tactics are the “Startlength” and “Endlength”, which are normally 

equal to the scanner lag time (delay between the actual XY coordinates and the mirror 

movement). For this technique, the mark vector is extended at both ends using the 

Startlength and Endlength delays, as seen in Fig. 5-24(b). Using this approach, the 

deceleration and acceleration of mirrors take place within the extended portions, and 

therefore the lasing only occurs in the stable regime. It is important to note that identifying 

the appropriate delays for both techniques is mostly based on trial and error, and could be 

time-consuming. In this section, the use of the scan delay and skywriting scanning 

techniques to reduce edge effect during engraving is investigated.   

5.5.1 Methodology 

For this study, the same process parameters were used to conduct an area engraving. Here, 

SS was used as a case study, since it is prone to edge effect, as reported in Section 5.4.2. 

First, the engraving was conducted without proper delay setting, to enable comparison 

with the scan delay and skywriting techniques. After this, the delays were investigated 

for each technique and the appropriate compensations made. The performance of both 

scanning techniques was ascertained based on the MRR, Sa, engraved morphology, and 

edge effect, using the methodology discussed in Section 3.5.2 and Section 3.6.5. 

5.5.2 Results and Discussion 

The 3D and cross-sectional profiles presented in Fig. 5-25 are of an area engraving 

conducted: (a) without proper laser-galvoscanner synchronisation, (b) using the 

skywriting technique, and (c) using the scan delay technique. As observed, the edge effect 

is prominent when the engraving was conducted without the proper delay settings.  
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Fig. 5-25. Laser engraving with (a) no delay setting, (b) skywriting, and (c) scan delay techniques for 

SS  

This results from the shorter laser-on-delay and the longer laser-off-delay used. The 

shorter laser on delay means the lasing occurs whilst the mirror is in the acceleration 

regime, whereas the longer laser off delay implies that the lasing occurs during the 

deceleration regime. Comparatively, the engraving conducted using both compensation 

methods eliminated the edge effect. Despite the performance of both techniques, there is 

an observed shallow sidewall, which is much more pronounced with the skywriting, 

possibly due to the longer laser on and shorter laser off delays used. Additionally, Table 



Chapter 5 – Process Optimisation 

127 

 

5-3 provides the differences in depth of engraving, process time, MRR, and Sa for all 

three scenarios.  

Table 5-3. Comparing the differences between skywriting and scan delays 

Technique Process time (s) 
Depth 

(mm) 

MRR 

(mm3/min) 

Sa 

(µm) 

Edge 

effect 

No scan delay 95 0.36 5.7 2.2 High 

Scan delay 95 0.45 7.1 1.9 N/A 

Skywriting 122 0.48 5.9 1.8 N/A 

 

The scan delay offers a 22% reduction in processing time in comparison to skywriting, 

which consequently accounts for the 20% increment in MRR. This observation is 

consistent with the work reported by Mincuzzi et al. [135]. Also, the uncompensated 

engraved area reported the lowest MRR and the highest Sa. Thus, even though the scan 

delay and skywriting are both valid alternatives for eliminating the edge effect, the scan 

delay offers a lower processing time, which boosts throughput, at similar process quality 

and with a steeper sidewall. A caveat to the use of both compensation methods is the 

sensitivity to pulse repetition frequency and scan speed used during engraving. Therefore, 

any change in these process parameters would demand a different set of delay settings.  

5.6 Optimising the Effect of Change in Pulse Repetition Frequency  

In Chapter 4, a parametric study was conducted to investigate the influence of energy 

dose, pulse duration, and pulse repetition frequency during engraving. During the 

experiment, not all possible combinations were considered. For instance, investigating 

the change in pulse repetition frequency at constant energy dose could have been 

conducted using two approaches, as illustrated in Fig. 5-26.  
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Fig. 5-26. Schematics of techniques to investigate the effect of change in pulse repetition frequency 

(A = arbitrary number, Np = total number of passes)  

The increase in pulse repetition frequency, from 100 kHz to 200 kHz at a constant energy 

dose, could be conducted by maintaining the same scan speed, in which case a higher 

pulse overlap (more pulses) is observed for the 200 kHz, as shown in Fig. 5-26(b). 

Alternatively, the pulse overlap could be maintained, in which case the scan speed will 

have to increase (see Fig. 5-26 (c)). The second option, however, demands the use of 

multiple passes to account for the consequent reduction in pulse energy at high pulse 

repetition frequency (200 kHz). 

In the study conducted in Section 4.3.3 and Section 4.5.3, the option in Fig. 5-26(b) was 

used to maintain a constant energy dose. However, it is of interest to know the effect of 

using the alternative approach illustrated in Fig. 5-26(c) for process optimisation. 

Besides, the influence of a change in pulse repetition frequency at different energy doses 

has not been investigated. Therefore, in this section, the alternative option indicated in 

Fig. 5-26(b) is used to investigate the influence of energy dose, pulse duration, and pulse 

repetition frequency on MRR and Sa. To conduct this experiment, several parametric 

combinations are required, if using the full factorial experiment approach, which could 

be time-consuming.  Alternatively, the Taguchi method can be used to reduce the number 

of experiments, as described by Kasman and Saklakoglu [22], and Williams [63]. 

Regarding the observation made in Section 4.5.3, it is evident that the influence of pulse 

repetition frequency on MRR and Sa is more pronounced with SS than with brass and Al. 

This observation is due to the lower thermal conductivity, which enhances thermal 

accumulation, thereby promoting higher MRR and a reduction in Sa at higher pulse 
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repetition frequency, therefore SS is used as a case study to investigate the influence of a 

change in pulse repetition frequency on process performance.  

5.6.1 Methodology  

The terminologies, concept, and use of the Taguchi technique during laser engraving, as 

reported by  Kasman and Saklakoglu [22], Williams [63], and Šugár et al. [85], has been 

discussed in detail in the literature section (see Chapter 2 (Section 2.5.2)). Based on this 

premise, the parameters of interest (control factors) are the energy dose, pulse repetition 

frequency, and pulse duration, due to their significant influence on the process 

performance, as established in Chapter 4. The levels of the control factors are presented 

in Table 5-4. Specifically, the levels of the pulse duration (280 ns, 380 ns, and 500 ns), 

were chosen because these have the same pulse energies and PRF0 (see Appendix A), 

and also produce higher MRR. The levels for the pulse repetition frequency range from 

PRF0 to more than twice the PRF0 value. Finally, the energy dose was chosen for a higher 

value (5.3 J/mm2), moderate (3.5 J/mm2), and lower value (2.6 J/mm2) (see Section 

4.5.2.1). Other process parameters used were: the 2-skip interlacing method, 67% hatch 

overlap, halftone scanning pattern, and the bidirectional scanning. The response variable 

(process performance) was based on the MRR, and Sa obtained using the analysis 

technique established in Chapter 3 (Section 3.6.5). 

The Minitab® v.18 software was used to design and analyse the process performance 

during laser engraving. Taking into consideration the different number of control factors 

and their respective levels, the L18 OA was used, which comprises 18 sets of experiments, 

as detailed in Appendix C.3. All experimental combinations are repeated three times to 

provide statistical accuracy. The average values of the process variables are presented in 

Appendix C.3.  

Table 5-4. List of control factors and their respective levels chosen for the Taguchi experiment; pulse 

repetition frequency (PRF), pulse duration (τ), energy dose (EDA) 

Control Factors 
Number 

of Levels 

Level 

1 

Level 

2 

Level 

3 

Level 

4 

Level 

5 

Level 

6 

PRF (kHz) 6 100 125 150 175 200 230 

τ (ns) 3 280 380 500 - - - 

EDA (J/mm2) 3 2.6 3.5 5.3 - - - 
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5.6.2 Results and Discussion 

The measured response variables from the experiment were transformed into S/N ratios 

(see Section 2.5.2), where a larger value is better (see Eq. 2-10) is used for the MRR, and 

a smaller value is better (see Eq. 2-9) is used for the Sa. The calculated S/N ratio for each 

parametric combination is presented in Appendix C.3 . The mean S/N ratios of levels for 

each control factor were obtained from Appendix C.3 and summarised in Table 5-5, the 

plot of the main effect for S/N ratios are presented in  Fig. 5-27 and Fig. 5-28 for MRR 

and Sa respectively.  

Table 5-5. Mean S/N ratios for optimal MRR and Sa 

Level 

S/N MRR S/N Sa 

PRF 

(kHz) 

τ 

(ns) 

EDA 

(J/mm2) 

PRF 

(kHz) 

τ 

(ns) 

EDA 

(J/mm2) 

1 21.64 21.01 22.10 -17.86* -18.55* -20.97* 

2 22.25 22.41 21.73 -18.77 -21.79 -21.46 

3 22.85* 23.76* 23.34* -23.15 -24.04 -21.95 

4 22.82   -20.20   

5 22.73   -23.25   

6 22.06   -25.53   

*Optimal value 

   

Fig. 5-27. S/N ratios for material removal rate (SS). Highlighted regions represent optimal process 

parameters 
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Fig. 5-28. S/N ratios for surface roughness (SS). Highlighted regions represent optimal process 

parameters 

The highlighted regions in Fig. 5-27 and Fig. 5-28 respectively represent the optimal 

process combination for higher MRR and lower Sa. These optimal values for the MRR 

and Sa are highlighted in Table 5-5. 

The parametric combination for higher MRR is identified as PRF = 150 kHz (PRF3), 

τ = 500 ns (τ3), and EDA = 5.3 J/mm2 (EDA3). Similarly, for lower Sa, the proposed 

parameters are: PRF = 100 kHz (PRF1), τ = 280 ns (τ1), and EDA = 2.6 J/mm2 (EDA1). The 

optimal levels for MRR imply that the highest MRR occurs at pulse repetition frequencies 

above PRF0 at longer pulse durations and higher energy doses; this is consistent with the 

observation made in Section 4.5.3.1. Additionally, the condition for lower Sa indicates 

that a shorter pulse duration, at a lower PRF0 and moderate energy dose, produces a better 

Sa, which also agrees with the observation in Section 4.5.3.1 with regards to surface 

quality. The influence of energy dose on MRR also corroborates the results established 

in Section 4.5.2.1, where the higher energy dose produced higher MRR, whilst the lower 

energy dose produced a lower Sa. 

5.6.2.1 Predictive model 

The proposed parametric combination for lower Sa was tested during the experimental 

design (Appendix C.3 (Exp 1)), with a value of 4.6 μm. On the other hand, the parametric 

combination for higher MRR was not captured during the Taguchi experiment. Therefore, 
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using the optimal process parameters indicated in Table 5-5, the estimated MRR was 

calculated using Eq. 2-14, and the estimated value is presented in Table 5-6. 

Ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑀𝑅𝑅) = 𝑃𝑅𝐹3 + 𝜏3 + 𝐸𝐷𝐴 3 − 2ƞ
𝑀𝑅𝑅

 

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑀𝑅𝑅) = 22.85 + 23.76 + 23.34 − 2 × (22.39) = 25.17 𝑑𝐵  

𝑦𝑜(𝑀𝑅𝑅) = √1 10(−25.17 10)⁄⁄ = 18.1𝑚𝑚3 𝑚𝑖𝑛⁄  

Table 5-6. Predicted MRR value and experimental validation 

Response variable (𝒚𝒐) 
Predicted value 

(𝒚𝒐(𝐌𝐑𝐑) 
Experiment 

MRR (mm3/min) 18.1 18.5 

 

To validate the estimated MRR, an experiment was conducted using the proposed 

parametric combination for higher MRR, and the results were compared with the 

predicted value, as shown in Table 5-6. The results indicate an almost precise estimated 

MRR value using the predictive model. What stands out in the parametric influence is 

that the proposed optimal process combination for higher quality does not result in a 

higher MRR, and so the optimal process condition for higher MRR does not produce 

higher quality. Due to this antagonistic relationship between the optimal process 

parameters, a strategic engraving protocol is sought to combine the process parameters to 

produce high-quality at high-speed engravings. 

5.7 High-Quality and High-Speed Engraving 

To demonstrate high-quality engraving, a square and a pyramidal shape (as shown in Fig. 

5-29) were produced. The quality requirement was to produce engravings with steep 

walls, lower Sa, lack of edge effect, reduced burr formation, and a flat floor finish. The 

engraving depth was in the range of 0.25–1 mm, which is classified as deep engraving. 

For the pyramidal shape, a periodic height compensation was made during the engraving 

process, to keep the engraving in focus.  
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Fig. 5-29. 3D CAD image of a typical demonstration sample 

5.7.1 Engraving Strategy  

Based on the parametric influence conducted in Chapter 4, and the subsequent 

optimisation in Chapter 5, a strategy is proposed which features a three-stage multi-pass 

engraving approach i.e. deep engraving pass, cleaning pass, and final cleaning pass 

(polishing stage). During the deep engraving, the Sa deteriorates, consequently, the 

cleaning pass is used to reduce the Sa. This sequence is then repeated several times, until 

the required engraving depth is obtained. After this, more cleaning passes are used to 

produce the desired engraving quality. In the final stage, a smoothing pass is used to 

remove any oxide formed during the engraving process. 

Specifically, the longer pulse durations (280–500 ns) at EDA = 4–4.5 J/mm2 were used 

for deep engraving, whereas moderate pulse durations (60–150 ns) at EDA ≤ 3.5 J/mm2 

were used for periodic cleaning, during the engraving of SS (see Appendix C.4.1 ). For 

Al, 3.5 J/mm2 was used for deep engraving, using the 280 ns, and cleaning and final 

passes were performed at EDA ≤ 0.8 J/mm2 using 60–150 ns (see Appendix C.4.2). For 

brass, the longest pulse duration (500 ns) at EDA = 4.5 J/mm2 was used for deep engraving, 

150 ns at EDA = 1.6 J/mm2
 for cleaning, and 500 ns at EDA = 0.4 J/mm2

 for the final 

cleaning pass (see Appendix C.4.3).  

In addition to these parameters, other process strategies were implemented, such as: type 

of spot size, scanning directions, interlacing method, scanning patterns, hatch overlap, 

and laser-galvoscanner synchronisation, as summarised in Table 5-7.  
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Table 5-7. Optimised process parameters and scanning strategies 

Scan pattern Halftone angle 

Synchronisation Scan delay 

Hatch overlap 60–67 % 

Scan strategy (Deep engraving) 2-skip interlacing method 

Scan strategy (Final engraving) Sequential method 

Spot size ~38 µm 

Scanning orientation Bidirectional 

 

For these multistage engraving strategies, it was important to conduct each parametric 

combination at the focal plane to avoid defocusing of the laser beam during engraving. 

Also, in the final stage of engraving, the sequential method was used to offset visible 

tracks produced by the interlacing sequence. 

Using the optimised laser processing parameters and engraving strategies provided in 

Appendix C.4, an MRR of 30–32 mm3/min at Sa = 1.4–1.9 µm is demonstrated, as shown 

in  Fig. 5-30, for Al. Also, Fig. 5-31 shows a high-quality engraving of SS at MRR in the 

range of 11–13 mm3/min at Sa =1–1.4 µm, and similarly, in Fig. 5-32, high-quality 

engravings of brass are presented with an MRR of 20–22 mm3/min at Sa = 1–1.3 µm.  
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Fig. 5-30. High-quality engravings of Al using optimised process parameters (each square is engraved at MRR = 30–32 mm3/min, at Sa = 1–1.9 µm) 
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Fig. 5-31. High-quality engravings of SS using optimised process parameters: (a) pyramidal shape engraving ~0.8 mm depth per square, (b) single square at 0.65 mm, and 

(c) square at 0.35–0.5 mm (each square is engraved at MRR ~11–13 mm3/min, at Sa = 1–1.4 µm) 
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Fig. 5-32. High-quality engravings of brass using optimised process parameters. Depth of engraving per square ~0.5 mm (each square is engraved at MRR = 20–22 mm3/min 

at Sa = 1–1.3 µm) 
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5.8 Summary and Conclusion 

Given the results presented in chapter 4, the work presented in this chapter aimed to 

explore alternative laser process parameters, to maximise throughput and surface quality 

during laser engraving. In so doing, different interlacing strategies, spot size, scanning 

orientations, scanning patterns, and laser-galvoscanner synchronisation techniques were 

investigated. The Taguchi approach was used to investigate parametric interactions as 

well as optimised process parameters.  

Firstly, the effect of different interlacing distances on MRR and Sa was investigated and 

discussed. Generally, it was observed that the increase in the interlacing distance (i.e. 

increasing the number of skips) increased productivity significantly. For instance, the 

productivity increased by a factor of 3 at a higher interlacing distance for Al. Similarly, 

the increase in interlacing distance resulted in a better Sa, especially when the interlacing 

distance was less than the groove width. However, for interlacing distance > groove 

width, the surface quality deteriorated significantly, due to the generation of visible 

tracks, and in some instances melt redeposition, during the scanning pattern. From the 

observations, the optimised interlacing distance for higher MRR at better surface quality 

was within the range of 15–46 µm. Also, the investigation of different hatch overlaps 

showed that the change in hatch overlap has no significant influence on MRR and Sa. 

It is evident from the study that the laser spot size significantly influences the process 

performance during laser engraving. Specifically, it was found that the smallest spot size 

gives the highest MRR, but with a higher Sa value, whereas the largest spot size produces 

a lower MRR at a better Sa value. The observations made suggest that laser fluence is a 

key component in determining the process performance. To achieve high-throughput at a 

lower Sa, the intermediate spot size (38 µm) was considered optimum. 

Whilst scanning patterns did not significantly affect the process performance for SS, Al 

and brass experienced a slightly increased depth of engraving, at a better Sa, when 

engraved with the halftone angles.   

Similarly, the unidirectional scanning method offered higher MRR at an almost similar 

Sa. This increase in MRR is attributable to the shorter processing time in comparison to 

the bidirectional scanning. This study has also shown that the unidirectional scanning 

method could offer deeper engraving for Al: a trait that is identified with the interlacing 

method of scanning. 
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It was apparent that the presence of edge effect compromises surface quality; a primary 

cause of this is a lack of laser-galvoscanner synchronisation. In the study, it was observed 

that the use of scan delay and skywriting eliminated this effect. Despite the capabilities 

of both scanning techniques to mitigate edge effect, scan delay was preferred due to the 

lower processing time compared to the skywriting technique.  

The experiment conducted using Taguchi DoE showed that change in pulse repetition 

frequency at a constant pulse overlap produces a higher MRR at higher pulse repetition 

frequency, energy dose and pulse duration. Also, for better surface quality, lower pulse 

duration, pulse repetition frequency, and energy dose are needed. The observation made 

indicates that, irrespective of the change in the experimental protocol, the MRR increases 

significantly when the pulse repetition frequency increases above the PRF0 (however 

with a correspondingly higher Sa). Using the Taguchi method, the optimum MRR and Sa 

were predicted and subsequently validated. The experimental result was almost the same 

as the predicted value. This experimental approach reduces the number of experiments 

required, and therefore will be used extensively to investigate the use of the 200 W laser 

for laser engraving in the next chapter  

Overall, these results suggest that parameters that give higher MRR produce higher Sa, 

whereas parameters that give lower MRR offer lower Sa. Based on this, a strategy was 

proposed to combine various process parameters, namely: deep engraving, cleaning, and 

smoothing passes. Using this approach, high-quality engraving is demonstrated for all 

three metals (Al, SS, and brass). In particular, a maximum MRR of 13 mm3/min at 

Sa =1.4 µm is reported for SS, MRR of 32 mm3/min at Sa = 1.9 µm for Al, and finally an 

MRR of 22 mm3/min at Sa = 1.3 µm for brass



Chapter 6 – 200 W Engraving and Scalability Study  

140 

 

Chapter 6 – 200 W Engraving and Scalability Study 

Even though optimised process parameters are established for the 100 W laser engraving 

(see Section 5.7.1), simply scaling up the parameters for high-quality engraving using the 

200 W laser does not work. This is due to some limitations, such as the differences in 

spot size, the lower scanning speed of the deflection system, thermal accumulations from 

the use of higher pulse repetition frequencies (as presented in Chapter 1), and also the 

change in pulse energy and waveform (WFM) for the different laser systems (see 

Appendix A). For these reasons, the fundamental laser-material interactions during the 

200 W laser engraving of Al, brass, and SS were examined, using the single line 

machining and area engraving protocols discussed in Chapter 3, to fine-tune process 

parameters for high-quality at high-throughput engraving. The results from Section 5.6.2 

indicate the validity of the Taguchi method (which significantly reduces the number of 

required experiments) for this process development. This method is hence applied here 

for the 200 W laser area engraving.  

The study begins by comparing the measured output power and temporal profiles to the 

laser specifications. Following the laser characterisation, the single line machining 

approach was used to investigate the effect of pulse duration, energy dose, and pulse 

repetition frequency on groove morphology, and suitable parameters were shortlisted for 

area engraving. Also, the influence of scanning strategies (i.e. sequential method and 

interlacing method) on process performance is discussed. During the area engraving, the 

Taguchi method, as discussed in Section 5.6, was used to investigate the influence of 

process parameters, namely: scanning patterns, pulse repetition frequency, area energy 

dose, and pulse duration on MRR and Sa. Optimised process parameters for higher 

throughput and better Sa were predicted and subsequently validated. Throughout the 

study, the limitations and possibilities of obtaining high-quality at high-throughput 

engraving using the 200 W are discussed.  

In addition, the fundamental issue of process scalability from lower (20 W) to higher 

(100–200 W) average power lasers is examined on a smaller scale, using the single line 

machining approach. Finally, the differences in material interactions when using different 

laser systems are investigated, and the underpinning mechanisms are discussed.   
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6.1 Laser Characterisation  

The 200 W EP-Z G4 SPI pulsed fibre laser was used for this study. This laser is one of 

SPI’s extended performance lasers, which have pulse tuneable functionality; it operates 

at 63 different waveforms, pulse energy, pulse duration, and pulse repetition frequency, 

as presented in Appendix A.3. The laser parameters, such as the wavelength, beam 

quality, and nominal spot size (~27 µm), are all provided in Section 3.2. Also, the 

methodology used to characterise the output power and temporal profiles is presented in 

Section 3.4.1.  

6.1.1 Laser Power Characterisation 

Following the power characterisation, the recorded output average power, as a function 

of power demand and pulse repetition frequency, were obtained as presented in Fig. 

6-19(a) and (b) respectively.  

 

Fig. 6-1. (a) Laser output average power  as a function of power demand, and (b) average power and 

pulse energy as a function of pulse repetition frequency; PRF0 (frequency at which average power 

and pulse energy are maximum)  

From Fig. 6-1(a), it is found that the measured average power as a function of power 

demand is lower than that in the laser specification. For instance, at 100% power demand, 

the measured average power is 188 W, compared to the expected value of 200 W.  Also, 

regarding the effect of pulse repetition frequency on average power and pulse energy, Fig. 

6-1(b) shows a gradual increase in pulse energy when increasing the pulse repetition 

frequency towards the PRF0 (200 kHz), followed by a subsequent exponential decline 

after the PRF0. This finding deviates from the specification, where a constant pulse 

energy is expected for pulse repetition frequency below the PRF0. A similar observation 
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is reported in Chapter 4 (characterisation of the 100 W EP-Z SPI laser), as well as in the 

work conducted by Dunn (characterisation of the 20 W EP-S) [74]. The measured average 

power, on the other hand, increases gradually as pulse repetition frequency increases, 

recording the maximum average power at the PRF0, and then maintaining this value 

beyond the PRF0. The observed discrepancies between the specified and the measured 

values may result from unavoidable power losses during laser transmission through 

delivery optics such as the fibres, mirrors, and the beam expander system. In the following 

pages, the calculated laser parameters such as the pulse energy, energy dose (line energy 

dose and area energy dose) will be based on the measured average power rather than the 

specified value of the manufacturer.   

6.1.2 Laser Temporal Profile 

The temporal profiles for some selected waveforms are presented in Fig. 6-2(a). These 

were chosen to represent the longest pulse durations (300–900 ns), intermediate pulse 

durations (157–200 ns), and shortest (62 ns) pulse duration. From the measurements, the 

temporal profiles and the corresponding pulse durations of the selected waveforms agree 

with the laser specifications. Likewise, the effect of a change in pulse repetition frequency 

on the temporal profile, as shown in Fig. 6-2(b), shows a gradual diminishing of the peak 

as the pulse repetition frequency increases, which is also consistent with the laser 

specification.  

 

Fig. 6-2. (a) Temporal profile for selected waveforms, and (b) the change in temporal profile as a 

function of pulse duration 
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6.2 Parametric Influence – Single Line Approach 

Having characterised the laser system, the single line experiment was conducted to 

examine the fundamental parametric influences during engraving. Out of the 63 available 

pulse durations, only 6 waveforms (see Appendix D.1) were chosen for the preliminary 

studies. These were selected to represent the different ranges of pulse durations provided, 

as discussed in Section 6.1.2. During the study, all three metals (i.e., SS, Al, and brass) 

were used. The methodology for the single line machining is detailed in Section 3.4.2, 

and the processing parameters are provided in Appendix D.2. The grooves generated were 

analysed using the protocol stipulated in Section 3.6.4, and the grooves were classified 

into stable and unstable grooves, as discussed in Section 4.3.1. The grooves deemed as 

stable were subsequently analysed based on the volumes of groove and burr formed. The 

effects of parameters such as energy dose, pulse duration, and pulse repetition frequency 

on the groove morphology were examined and are discussed below.  

6.2.1 Effect of Change in Energy Dose and Pulse Duration 

The results of the effect of change in energy dose on the volume of groove and burr are 

shown in Fig. 6-3, Fig. 6-4, and Fig. 6-5 for SS, Al, and brass respectively.  

 

Fig. 6-3. (a) Volume of groove, and (b) volume of burr, as a function of energy dose for SS 
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Fig. 6-4. (a) Volume of groove, and (b) volume of burr, as a function of energy dose for brass 

 

Fig. 6-5. (a) Volume of groove, and (b) volume of burr, as a function of energy dose for Al 

It is generally observed that the increases in energy dose and pulse duration increase both 

the volume of groove and burr formation, just as reported in Section 4.3.2 during the 

single line experiment with the 100 W laser. As previously discussed in Section 4.3.2.1, 

the longer pulse durations create more melt and melt ejection, which explains the 

observed increase in groove volume and consequential increase in the volume of burr. 

However, at energy dose > 0.06 J/mm, there is a reduction in groove volume for longer 

pulse durations (> 286 ns) with Al (see Fig. 6-5), just as reported in Section 4.3.3.3. This 

results from the larger quantity of melt not being efficiently ejected from the groove, due 

to the low melting point of Al.  
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It can be hypothesised from the above parametric interaction that, during area engraving, 

longer pulse durations (>500 ns) at higher energy dose will produce higher throughput 

engravings for SS and brass, whilst for Al, a higher energy dose at moderate pulse 

duration (286 ns) would be preferred. Additionally, the increase in burr formation that 

accompanies an increase in the volume of the groove would reduce the surface and edge 

quality during parametric scale up for area engraving. Overall, energy dose greater than 

0.07 J/mm exhibited higher burr formation and, in some cases, produced unstable 

grooves, therefore energy dose ≤ 0.07 J/mm are shortlisted (see highlight zones in Fig. 

6-3, Fig. 6-4, and Fig. 6-5) for the multi-pass area engraving experiment. 

6.2.2 Effect of Change in Pulse Repetition Frequency and Pulse Durations at 

Constant Energy Dose  

To investigate the influence of pulse repetition frequency and pulse durations on groove 

morphology, an energy dose of 0.06 J/mm was maintained for different pulse durations 

and pulse repetition frequencies. This energy dose was chosen because it offered an 

appreciable volume of the groove at a lower volume of burr. 

For this study, intermediate and longer pulse durations (200–1220 ns) were selected, due 

to their high groove volumes, as established in Section 6.2.1. The study investigates the 

changes in groove morphology as pulse repetition frequency increases at different pulse 

durations. The outcomes of this experiment are shown in Fig. 6-6, Fig. 6-7, and Fig. 6-8 

for SS, Al, and brass respectively.  

 

Fig. 6-6.  Influence of change in pulse repetition frequency on the (a) volume of groove, and (b) 

volume of burr for SS 
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Fig. 6-7. Influence of change in pulse repetition frequency on the (a) volume of groove, and (b) volume 

of burr for brass 

 

Fig. 6-8. Influence of change in pulse repetition frequency on the (a) volume of groove, and (b) volume 

of burr for Al 

Generally, there is an increase in the volume of groove and burr as the pulse repetition 

frequency increases, which is more pronounced for SS and brass. The increase in the 

volume of groove and burr as pulse repetition frequency increases is due to thermal 

accumulations, as discussed in Section 4.3.3. However, a critical pulse repetition 

frequency is reported for the 508 ns and 620 ns at 316 kHz for brass, where the volume 

of the groove begins to decline. A similar trend is seen for Al, where at the longer pulse 

durations (>286 ns) there is a decline in the volume of the groove as the pulse repetition 

frequency increases. The high reflectivity of both Al and brass, and the reduction in pulse 



Chapter 6 – 200 W Engraving and Scalability Study  

147 

 

energy as pulse repetition frequency increases, may have reduced the available energy for 

material removal at high pulse repetition frequency. In addition, the change in pulse 

repetition frequency alters the temporal profiles, as shown in Fig. 6-2(b), which 

diminishes the characteristic high peak intensity, thereby reducing the laser coupling 

efficiency. Lastly, the less energetic pulses at high pulse repetition frequency may have 

caused a splashing effect, which increased the volume of burr at high pulse repetition 

frequency.  

It can be inferred from the above observations and discussion that higher throughput is 

achievable at a certain pulse repetition frequency above PRF0. However, the overall 

surface quality will be compromised due to the increase in the volume of burr. 

Interestingly, most of the observations made in this section align with the results 

presented for the 100 W EP-Z single line experiment in Chapter 4. The difference, 

however, is the higher volume of groove and burr produced with the 200 W EP-Z laser 

for similar process parameters.  

6.3 Area Engraving 

To investigate the hypothesis established in the previous section, the shortlisted energy 

doses in Section 6.2.1 were used to calculate the area energy dose at hatch overlap of 67% 

(∆H = 9.01 µm), using Eq.3-2 as shown in Table 6-1.  

Table 6-1. Shortlisted line energy dose (EDL) and corresponding area energy dose (EDA) 

Scan speed (mm/s) EDL(J/mm) EDA (J/mm2) 

2857 0.07 7.3 

3333 0.06 6.3 

4000 0.05 5.2 

5000 0.04 4.2 

 

The choice of the hatch overlap is influenced by the study reported in Section 5.1.3. To 

achieve the optimum energy doses, high scan speeds were required as seen in Table 6-1, 

which could affect stability during scanning as discussed in Section 5.5.  

Prior to the area engraving experiment, thermally induced focus shifting was examined, 

and duly compensated, using a similar protocol discussed in Section 4.2.3. For the 200 W 

laser, F-theta lens, and beam expander used in the study, the calculated Rayleigh range is 

0.44 mm, and therefore the sample was repositioned when the depth of engraving 

exceeded ~0.4 mm during deep engraving. 



Chapter 6 – 200 W Engraving and Scalability Study  

148 

 

6.3.1 Influence of Scanning Strategies  

A preliminary study was conducted to investigate the influence of scanning strategies: 

interlacing method and sequential method during a 5×5 mm2 area engraving of Al, brass, 

and SS. The effect of different energy doses, in this case, using moderate value 

(5.6 J/mm2) and high value (7.8 J/mm2) at constant pulse duration (261 ns) on process 

performance was investigated. For this study, the 2-skip interlacing method, halftone 

scanning angles, and the bidirectional scanning direction discussed in Chapter 5 were 

used. After the engraving, a comparison was made based on the aesthetics, MRR, Sa, and 

edge quality.  

From the analysis, it was observed that the sequential method produces blackened 

surfaces, compared to a cleaner surface finish for the interlacing method, especially for 

Al and brass, as respectively shown in Fig. 6-9 and Fig. 6-10. A similar observation was 

made during the study conducted in Section 4.4, where the observed darker surface was 

attributed to significant surface oxidation associated with thermal accumulation when 

processing with the sequential method. 

 

Fig. 6-9. Aesthetics and 3D surface topology for interlacing method (IM) and sequential method 

(SM); process parameter: ν = 2686 mm/s (EDA = 7.8 J./mm2), ν = 3760 mm/s (5.6 J/mm2), number of 

pass = 8, τ = 261 ns, PRF = 200 kHz, halftone angle, do ~27 µm,  and bidirectional scanning (Al) 
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Fig. 6-10. Aesthetics and 3D surface topology for interlacing method (IM) and sequential method 

(SM); process parameter: ν = 2686 mm/s (EDA = 7.8 J./mm2), ν = 3760 mm/s (5.6 J/mm2), number of 

pass = 12, τ = 261 ns, PRF = 200 kHz, halftone angle, do ~27 µm,  and bidirectional scanning (brass) 

 

Fig. 6-11. Aesthetics and 3D surface topology for interlacing method (IM) and sequential method 

(SM); process parameter: ν = 2686 mm/s (EDA = 7.8 J./mm2), ν = 3760 mm/s (5.6 J/mm2), number of 

pass = 12, τ = 261 ns, PRF = 200 kHz, halftone angle, do ~27 µm,  and bidirectional scanning (SS) 

The surface topology exhibited by the sequential method (see Al (Fig. 6-9) and brass (Fig. 

6-10) and both interlacing method and sequential method (SS (Fig. 6-11)) suggest 

significant melt formation due to higher thermal load. This results in ineffective melt 

ejection and resolidification, which compromises the surface quality. Furthermore, the 

quantitative influences of the interlacing method and sequential method on MRR and Sa 
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for each energy dose investigated, are shown in Fig. 6-9, Fig. 6-10, and Fig. 6-11 for Al, 

brass, and SS respectively.  

Overall, it is observed that the interlacing method produced a higher MRR at a better Sa, 

compared with the sequential method, especially for Al and brass. In particular, for Al, at 

7.8 J/mm2 the interlacing method offers an almost ×2 improvement in MRR, coupled with 

a 36% reduction in Sa. The observed low Sa may have resulted from the high depth of 

engraving, which exceeded the Rayleigh range and therefore produced a cleaning effect 

due to the large spot size. Even though the interlacing method produces a lower Sa at 

better edge quality for SS, as highlighted in Fig. 6-11, poor surface quality is observed 

for both the interlacing method and the sequential method. The interlacing method, as 

implemented, is insufficient for alleviation of the thermal accumulation in SS, due to its 

low thermal conductivity, and contrary to the observation in Section 4.4.1.3.  

6.3.2 Parametric Influence and Optimisation 

The parametric influence on MRR and Sa during area engraving was investigated using 

the Taguchi experimental design, as discussed in Section 5.6. Here, four control factors: 

pulse duration, pulse repetition frequency, energy dose, and scan patterns (SP) were 

chosen for the study. The pulse duration, pulse repetition frequency, and energy dose 

were chosen because they significantly impact the process performance, as previously 

discussed in Section 4.5, and as observed in Section 6.2. The use of perpendicular 

scanning and halftone patterns was observed to affect the process performance (see 

Section 5.3.2), and these were therefore considered during this study. The other constant 

process parameters were: 2-skip interlacing method, hatch overlap of 67% (∆H = 9.01 

µm), and the bidirectional scanning technique. These parameters were obtained through 

the optimisation study conducted in Chapter 5. Finally, each control factor was analysed 

at different levels, as shown in Table 6-2.  

Table 6-2. Laser engraving parameters: scan pattern (SP), pulse repetition frequency (PRF), pulse 

duration (τ), area energy dose (EDA) 

Control factors 
Number of 

levels 
Level 1 Level 2 Level 3 

SP 2 Perpendicular Halftone - 

PRF (kHz) 3 PRF0 1.3PRF0 1.4PRF0 

τ (ns) 3 286 680 1220 

EDA (J/mm2) 3 4.2 5.2 6.3 



Chapter 6 – 200 W Engraving and Scalability Study  

151 

 

Specifically, three different pulse durations were chosen within the intermediate pulse 

duration (286 ns) and longer pulse durations (680 ns and 1220 ns), to maximise 

throughput, as hypothesised in Section 6.2.1. Also, three levels of pulse repetition 

frequencies were selected (the PRF0 and two other pulse repetition frequencies above the 

PRF0), and the shortlisted line energy doses in Table 6-1 were used to obtain the area 

energy doses. Finally, two levels of scanning patterns were used, namely: the 

perpendicular and the halftone scanning patterns (see Section 5.3 for details). To maintain 

the depth of engraving within the Rayleigh range, the number of passes was 12 for brass 

and SS, whereas Al had 8 passes. The measured response variables are the MRR and Sa.  

The experiment was conducted using the L18 orthogonal array, meaning that 18 sets of 

experiments were performed, which combined the different control factors and levels, as 

shown in Appendix D.3.  Each parametric combination was performed three times, and 

the average values for the MRR and Sa were obtained and then transformed into S/N 

ratios, using a protocol similar to the one discussed in Section 5.6.1. Throughout the 

analysis, optimised process conditions were identified, from which optimum MRR and 

Sa were predicted and experimentally validated. 
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6.3.2.1 Results and Discussion  

Stainless steel (SS) 

The measured response variables and the corresponding S/N ratios recorded for SS are 

presented in Appendix D.3.1. A summary of the main effects of the control factors on the 

response variables, which is extracted from Appendix D.3.1, is provided in Table 6-3.  

Table 6-3. Main effects of S/N ratios for material removal rate and surface roughness (SS) 

Level 

S/NMRR S/N Sa 

SP 
τ 

(ns) 

PRF 

(kHz) 

EDA 

(J/mm2) 
SP τ (ns) 

PRF 

(kHz) 

EDA 

(J/mm2) 

1 32.39 29.99 32.61 31.65 -30.39 -30.78 -29.81 -27.56* 

2 33.34* 33.65 33.77* 33.03 -28.75* -29.67 -29.91 -30.15 

3  
34.95

* 
32.20 33.91*  -28.25* -28.99* -30.99 

 

Rank 
4 1 3 2 3 2 4 1 

* Optimal value 

From the table, the effect of control factors on the response variables is identified by their 

rankings. In this case, the pulse duration has the largest effect on MRR, followed by the 

energy dose, then the pulse repetition frequency, and finally the scanning pattern. In terms 

of Sa, the energy has the largest effect, followed by the pulse duration, scanning pattern, 

and lastly the pulse repetition frequency. 

Using the values provided in Table 6-3, a plot of the mean effects of the control factors 

on the response variables at each level is presented in Fig. 6-12 and Fig. 6-13, for MRR 

and Sa respectively. From Fig. 6-12, it is seen that the MRR is higher when using the 

perpendicular scanning pattern (SP2), 1220 ns (τ3), 1.4PRF0 (PRF02), and 6.3 J/mm2 

(EDA3)
 (see the highlighted zones in Fig. 6-12). Similarly, for the lowest Sa, the 

perpendicular scanning pattern (SP1), 1220 ns (τ3), PRF0, and 4.2 J/mm2 (EDA1) are 

proposed, as highlighted in Fig. 6-13. 
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Fig. 6-12. Mean of S/N ratios of control factors for material removal rate. Highlighted zones represent 

optimal S/N values (SS) 

  

Fig. 6-13 Mean of S/N ratios of control factors for surface roughness. Highlighted zones represent 

optimal S/N values (SS) 

The above discussions suggest that, for higher MRR, longer pulse durations, at higher 

energy dose, and pulse repetition frequency using the perpendicular scanning are 
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recommended, whereas, for lower Sa, the perpendicular scanning, at longer pulse 

durations, PRF0, and lower energy dose are required. This observation is consistent with 

the observations in Section 6.2, as well as the study conducted in Section 4.5.2.  

Predictive model 

Using the optimal S/N ratios presented in Table 6-3, the expected maximum MRR and 

minimum Sa were predicted, using Eq. 2-16 and Eq. 2-17, for the Sa and MRR 

respectively.  

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑀𝑅𝑅) = 𝑆𝑃2 + 𝜏3 + 𝑃𝑅𝐹02 + 𝐸𝐷𝐴 3 − 3ƞ
𝑀𝑅𝑅

 

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑀𝑅𝑅) = 33.34 + 34.95 + 33.77 + 33.91 − 3 × (32.86) = 37.38 𝑑𝐵  

𝑦𝑜(𝑀𝑅𝑅) = √1 10(−37.38 10)⁄⁄ = 74𝑚𝑚3 𝑚𝑖𝑛⁄  

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑆𝑎) = 𝑆𝑃2 + 𝜏3 + 𝑃𝑅𝐹03 + 𝐸𝐷𝐴 1 − 3ƞ
𝑆𝑎

 

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑆𝑎) = −28.75 − 28.25 − 28.91 − 27.56 − 3 × (−29.57) = −24.77 𝑑𝐵 

𝑦𝑜(𝑆𝑎) = √10−(−14.12) 10⁄ = 17 µ𝑚 

Unfortunately, the proposed optimal combinations were not captured during the initial 

parametric design presented in Appendix D.3.1, therefore a new set of experiments was 

designed to test the predicted values, and the outcomes are presented in Table 6-4. 

Table 6-4. Predicted values and experimental validation for material removal rate and surface 

roughness (SS) 

Material 
Response 

Variable 
Predicted Experimental 

Stainless steel (SS) 

MRR (mm3/min) 74 68 

Sa (µm) 17 20 

 

As shown, the experimental values closely align with the predicted values; despite this 

observation, both the predicted and the experimental optimal Sa are too high for most 

industrial applications. The smaller spot size used for the study may have accounted for 

the drastic reduction in Sa for SS. As discussed in Section 5.2, the use of a smaller spot 

size (31 µm) produces higher Sa, which is attributable to the higher laser fluence.  Since 

the thermal conductivity of SS is low, the thermal accumulation is enhanced, which 

increases MRR at the expense of Sa.   
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Brass 

Similarly, Appendix D.3.2 presents the experimental design, response variables, and 

corresponding S/N ratios for brass during the area engraving. The main effects of control 

factors, as extracted from Appendix D.3.2, are summarised in Table 6-5.  

Table 6-5. Main effects for S/N ratios for material removal rate and surface roughness (brass) 

Level 

S/NMRR S/N Sa 

SP τ (ns) 
PRF 

(kHz) 

EDA 

(J/mm2) 
SP τ (ns) 

PRF 

(kHz) 

EDA 

(J/mm2) 

1 32.19 31.54 32.88 32.89 -8.29* -8.61* -9.26 -7.30* 

2 33.75* 33.61 33.13* 32.58 -10.29 -8.69 -9.22* -9.67 

3  33.76* 32.89 33.44*  -10.57 -9.39 -10.9 

Rank 2 1 4 3 2 3 4 1 

 * Optimal value 

The rankings provided in the table show that the pulse duration has the highest impact on 

the MRR, followed by the scanning pattern, energy dose, and then the pulse repetition 

frequency. With regards to Sa, the energy dose provides the highest effect, followed by 

the scanning pattern, then the pulse duration, and finally the pulse repetition frequency. 

From the values presented in Table 6-5, the mean S/N ratios for MRR and Sa, as a function 

of the levels investigated, are shown in Fig. 6-14 and Fig. 6-15 respectively.  
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Fig. 6-14. Mean of S/N ratios of control factors for material removal rate. Highlighted zones represent 

optimal S/N values (brass) 

 

Fig. 6-15.  Mean of S/N ratios of control factors for surface roughness. Highlighted zones represent 

optimal S/N values (brass) 
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Predictive model 

As seen from Fig. 6-14, the highest MRR is obtained using the perpendicular scanning 

(SP2), at 1220 ns (τ3), 1.4PRF0 (PRF02), and 6.3 J/mm2 (EDA3). Likewise, the lowest Sa 

is obtained using the halftone patterns (SP1), at 286 ns (τ1), 1.4PRF0 (PRF02), and 4.2 

J/mm2
 (EDA1). Using the highlighted optimal S/N ratios in Table 6-5, Fig. 6-14, and Fig. 

6-15, the predicted MRR and Sa are calculated and presented in Table 6-6. 

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑀𝑅𝑅) = 𝑆𝑃2 + 𝜏3 + 𝑃𝑅𝐹02 + 𝐸𝐷𝐴 3 − 3ƞ
𝑀𝑅𝑅

 

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑀𝑅𝑅) = 33.75 + 33.76 + 33.13 + 33.44 − 3 × (32.97) = 35.17 𝑑𝐵  

𝑦𝑜(𝑀𝑅𝑅) = √1 10(−35.17 10)⁄⁄ = 57.4 𝑚𝑚3 𝑚𝑖𝑛⁄  

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑆𝑎) = 𝑆𝑃1 + 𝜏1 + 𝑃𝑅𝐹02 + 𝐸𝐷𝐴 1 − 3ƞ
𝑺𝒂

 

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑆𝑎) = −8.29 − 8.61 − 9.22 − 7.3 − 3 × (−9.29) = −5.55 𝑑𝐵 

𝑦𝑜(𝑆𝑎) = √10−(−5.55) 10⁄ = 2 µ𝑚 

From the results presented in Table 6-6, there is a strong correlation between the predicted 

and experimental values.  

Table 6-6. Predicted values and experimental validation for material removal rate and surface 

roughness (brass) 

Material Response 

Variable 

Predicted Experimental 

Brass  
MRR (mm3/min) 57.4 59 

Sa (µm) 2 2 

 

Aluminium (Al) 

In Appendix D.3.3, the measured response variables and calculated S/N ratios for the 

experiments conducted on Al are provided. The main effect of control factors on MRR 

and Sa as obtained from Appendix D.3.3, are provided in Table 6-7. Here, the ranking 

indicates that pulse duration has the greatest effect on MRR, followed by the scanning 

pattern, energy dose, and pulse repetition frequency. For the Sa, the energy dose has the 

greatest effect, followed by the pulse repetition frequency, pulse duration, and the 

scanning pattern.   
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Table 6-7. Main effects for S/N ratios for material removal rate and surface roughness (Al) 

Level 

S/NMRR S/N Sa 

SP τ (ns) 
PRF 

(kHz) 

EDA 

(J/mm2) 
SP τ (ns) 

PRF 

(kHz) 

EDA 

(J/mm2) 

1 37.09 39.14 * 37.56 37.39 -15.47 -15.01 * -14.77 -12.80 * 

2 38.18 * 37.07 37.73 * 37.65 -15.42 * -15.16 -16.95 -15.41 

3  36.69 37.62 37.86 *  -16.17 -14.63 * -18.14 

Rank 2 1 4 3 4 3 2 1 

* Optimal value 

Using the data provided in Table 6-7, the mean S/N ratios, as a function of the levels 

investigated for each control factor, are shown for the MRR (see Fig. 6-16) and Sa (see 

Fig. 6-17). It is found from Fig. 6-16 that the perpendicular scanning pattern (SP2), 286 

ns (τ1), 1.4PRF0 (PRF02), and 6.3 J/mm2
 (EDA3), provides the optimal combinations for 

higher MRR, whereas the perpendicular scanning pattern (SP2), 286 ns, 1.4PRF0 

(PRF03), and 4.2 J/mm2 (EDA1), are identified as the optimal combinations for lower Sa. 

Again, this observation corroborates the hypothesis established in Section 6.2. 

 

Fig. 6-16. Mean of S/N ratios of control factors for material removal rate. The red circle represents 

optimal values (Al) 
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Fig. 6-17. Mean of S/N ratios of control factors for surface roughness. The red circle represents 

optimal values (Al) 

Predictive model 

Based on the optimal S/N ratios presented above, the predicted optimal MRR and Sa were 

calculated, as indicated below, and presented in Table 6-8. 

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑀𝑅𝑅) = 𝑆𝑃2 + 𝜏1 + 𝑃𝑅𝐹2 + 𝐸𝐷𝐴 3 − 3ƞ
𝑀𝑅𝑅

 

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑀𝑅𝑅) = 38.18 + 39.14 + 37.73 + 37.86 − 3 × (37.63) = 40.01 𝑑𝐵  

𝑦𝑜(𝑀𝑅𝑅) = √1 10(−40.01 10)⁄⁄ = 100.1𝑚𝑚3 𝑚𝑖𝑛⁄  

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑆𝑎) = 𝑆𝑃2 + 𝜏1 + 𝑃𝑅𝐹3 + 𝐸𝐷𝐴 1 − 3ƞ
𝑺𝒂

 

ƞ𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑(𝑆𝑎) = −15.42 − 15.01 − 14.63 − 12.80 − 3 × (−15.45) = −11.52 𝑑𝐵 

𝑦𝑜(𝑆𝑎) = √10−(−11.52) 10⁄ = 4 µ𝑚 

Table 6-8. Predicted values and experimental validation for material removal rate and surface 

roughness (Al) 

Material 
Response 

Variable 
Predicted Experimental 

Al 
MRR (mm3/min) 100.1 101.6 

Sa (µm) 4 7 
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The experimental validation of the predicted optimal MRR and Sa are provided in Table 

6-8 for comparison. Although there is a slight difference in Sa, it is seen that the predicted 

MRR agrees well with the experimental value.  

6.4 Demonstrating High-Quality Engraving 

In Section 6.3.2, quality factors such as aesthetic appeal, edge quality (minimum burr 

formation), and vertical walls were not included in the analysis. For this reason, the 

optimal process parameters for low Sa engravings, as proposed for all the three metals 

(i.e. Al, brass, and SS) do not give the expected quality for many industrial applications. 

To match high-quality with high-throughput demands a multistage engraving process, 

using the acquired knowledge on parametric influence as established in Section 6.3.2. 

The study focuses on Al and brass since the discussions in Sections 6.2 and 6.3 both 

suggest extremely high Sa value and burr formation when engraving SS with the 200 W 

laser, irrespective of the parametric combination and scanning strategy used. 

It is also worth noting that the optimal process conditions from the Taguchi approach can 

be extrapolated to include conditions outside the initial parameters provided in Table 6-2. 

For instance, energy dose < 4.2 J/mm2
 and pulse duration < 286 ns could be explored to 

further improve the surface quality. Based on this, low energy dose and shorter pulse 

durations were included in the parametric design to maximise quality at the expense of 

MRR, as demonstrated in the next section. 

6.4.1 200 W High-Quality Engraving Strategy 

The results provided above indicate that it could be beneficial to use an approach that 

consists of two distinct sets of parameter combinations. The primary set provides high 

MRR engraving (but poor surface quality), whilst the second set provides good surface 

quality but low MRR. The primary set is then periodically interspersed by the second set, 

to provide overall good surface quality and high MRR. For this study, the optimised 

process parameters listed in Table 6-9 were used to maximise the throughput and quality. 

After engraving, the samples were cleaned using the ultrasonic bath to remove any loose 

particles on the edges and surfaces (see Section 3.5.2). 
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Table 6-9. Optimised process parameters and scanning strategies for high-quality 200 W laser 

engraving   

Process parameter  Optimised strategies 

Synchronisation Technique Scan delay 

Hatch overlap 60–67 % 

Scan strategy (Deep engraving) 2-skip interlacing method 

Scanning orientation Bidirectional 

 

Brass  

For high-quality engraving of brass, the halftone scanning pattern, EDA = 4.1 J/mm2, and 

pulse duration = 286 ns were selected to produce deep engraving with minimal burr 

formation, followed by an EDA = 3.59 J/mm2, and pulse duration = 177 ns at 

PRF = 628 kHz for deep engraving. Finally, three passes comprising of shorter pulse 

durations < 177 ns at energy dose ≥ 2.31 J/mm2 were used: to improve the Sa and also 

provide a good aesthetic appearance (see Appendix E.1 for detailed scanning strategy). 

The resulting high-quality, high-throughput engraving is shown in Fig. 6-18, where the 

reported MRR and Sa for the area of engraving are 27 mm3/min and 1.9 µm.  

Aluminium (Al) 

Similarly, for Al, a much lower energy dose (2.65 J/mm2) at 600 kHz and perpendicular 

scanning were used to generate deep engraving with good edge quality, followed by a 

cleaning pass using 1.48 J/mm2
 at 80 ns to reduce the initial Sa. After this, subsequent 

laser passes were made with energy dose ≤ 1.24 at high pulse repetition frequency and 

shorter pulse durations, to provide a decent surface quality (see Appendix E.2 for details). 

The protocol used for engraving Al produced an MRR of 45 mm3/min at Sa of 2 µm, as 

shown in Fig. 6-19. 

Despite the low burr formation, aesthetic appeal, and low Sa reported for the high-quality 

results, there is an observed edge effect, as highlighted in Fig. 6-18 and Fig. 6-19. This 

occurrence is due to the high scan speeds (4000–6300 mm/s) used to maximise process 

performance. The presence of inertia at high scan speed impacts the acceleration and 

deceleration, as discussed in Section 5.5, which is difficult to compensate for using the 

scan delay technique.  
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Fig. 6-18. High-quality engravings of brass using optimised process parameters. Depth of each square ~0.5 mm (each square is engraved at ~ 27 mm3/min, at Sa = 1.9 µm) 
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Fig. 6-19. High-quality engravings of Al using optimised process parameters. Depth of each square ~0.5 mm (each square is engraved at ~45 mm3/min, at Sa = 2 µm) 
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6.5 Comparing Different Laser Systems  

In Chapter 1 (Section 1.1.3), it was established that simply scaling up the process 

parameters that provide high-quality engraving with an average power of 20 W to a 

100 W laser system does not work; although throughput is increased, this is at the expense 

of surface quality. A similar observation is made with regards to scaling up process 

parameters from the 100 W to the 200 W lasers. It is therefore important to understand 

the fundamental change in material removal when using different lasers operating at 

similar process parameters. However, conducting such an experiment with area engraving 

is challenging, due to the complexities introduced by melt formation and the use of 

multiple pass processing. The single line machining approach, on the other hand, provides 

a simple alternative to understand the basic differences in material melting, vaporisation, 

and removal, by comparing the changes in groove morphologies, as presented in this 

section.  

6.5.1 Methodology 

The 20 W EP-S, 100 W EP-Z, and 200 W EP-Z ns pulsed fibre SPI lasers were used for 

this study. The differences between these laser systems have been summarised in Section 

3.2, and also in Appendix A. Despite the differences between the laser systems, a 

reasonable comparison can be made when a similar energy dose is used in each case. The 

experimental protocol and sample analysis techniques employed in this section are 

discussed in Chapter 3 (Sections 3.4.2 and 3.6.4). The experiments conducted in this 

section are categorised into two phases, as detailed below.  

In phase one, the 20 W high-quality engraving parameters (provided by SPI Lasers) are 

scaled up (same pulse energy, but higher pulse repetition frequency and scanning speed) 

for 100 W engraving of SS (see Table 6-10 ). This study was conducted to understand the 

basic differences in groove morphology associated with the significant change in process 

quality during the area engraving of SS, as presented in Chapter 1 (Section 1.1.3). 
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Table 6-10. Parameters for 20 W laser high-quality engraving (courtesy of SPI Lasers), and a scaled 

up version for 100 W engraving 

ID 20 W EP-S 100 W EP-Z 

A 
20 W, 90 kHz, 0.2 mJ, 600 mm/s, 221 

ns 

100 W, 450 kHz, 0.2 mJ, 3000 mm/s, 230 

ns 

B 
12 W, 200 kHz, 0.1 mJ, 500 mm/s, 241 

ns 

60 W, 1000 kHz, 0.1 mJ, 2500 mm/s, 280 

ns 

C 
12 W, 250 kHz, 0.08 mJ,1250 mm/s, 

144 ns 

60 W, 1000 kHz, 0.1 mJ, 6250 mm/s, 150 

ns 

D 
20 W, 50 kHz, 0.4 mJ, 400 mm/s, 241 

ns 

100 W, 250 kHz, 0.4 mJ, 2000 mm/s, 280 

ns 

E 
12 W, 200 kHz, 0.1 mJ, 500 mm/s, 241 

ns 

60 W, 1000 kHz, 0.1 mJ, 2500 mm/s, 280 

ns 

F 
12 W, 250 kHz, 0.08 mJ,1250 mm/s, 

144 ns 

60 W, 1000 kHz, 0.1 mJ, 6250 mm/s, 150 

ns 

 

Both the 20 W high-quality parameters and the scaled-up version were used for single-

line machining on SS. This study does not include the 200 W laser, due to the scan speed 

limitation and lower maximum pulse repetition frequency for some waveforms. For 

example, to scale up parameter C in Table 6-10, the 200 W laser would demand a pulse 

repetition frequency of 2500 kHz at 12500 mm/s scan speed. From the laser specification 

in Appendix A.3, a similar pulse duration (142 ns) has a maximum pulse repetition 

frequency of 1920 kHz, whilst the maximum scan speed of the deflection system is 

7000 mm/s, hence the required scan speed and pulse repetition frequency are not 

achievable.  To maintain a similar spot size (~38 µm), the same beam expander (FL75 

BEC), F-theta lens, and experimental setup as discussed in Section 3.1 were used.   

In the second phase, a more general experiment is conducted, to directly compare all three 

laser systems (20 W EP-S, 100 W EP-Z, and 200 W EP-Z). For the study, a constant 

energy dose of 0.06 J/mm was chosen, since it produces an appreciable volume of groove 

with minimal burr formation, as established in Sections 4.3.2 and 6.2.1. Six similar pulse 

durations were selected, and the experiment was conducted at a constant energy dose of 

0.06 J/mm, as shown in Appendix F. Given that the 200 W EP-Z has a fixed spot size of 

~ 27 µm, the FL100 BEC (see Section 5.2) was used for both the 20 W and 100 W lasers, 

to produce a spot size of ~ 31 µm. Here, the groove morphologies for all three metals (i.e. 

Al, brass, and SS) are examined when engraving with each different laser system.  
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6.5.2 Results and Discussion 

6.5.2.1 Phase 1 

The 3D profiles and corresponding cross-sectional profiles of the grooves produced using 

the 20 W and 100 W laser systems are presented in Fig. 6-20. From the figure, there is a 

clear difference in the groove morphology.  In particular, the grooves produced at A, C, 

and D were generally narrower and shallower for the 20 W lasers, as compared to wider 

and deeper grooves produced by the 200 W. The B, E, and F parameters are cleaning 

passes, and therefore only slightly modify the surface through controlled melt formation 

and solidification (see B and E) and very shallow grooves (see F).  

 

Fig. 6-20. 3D profiles and cross-sectional view of grooves produced for the 20 W and 100 W lasers 

A close-up comparison and a quantitative analysis of the deeper grooves (A and D), as 

highlighted in Fig. 6-20, are provided in Fig. 6-21 and Fig. 6-23 for A and D respectively. 

From the groove analysis, it is evident that, for the same energy dose, the 100 W produces 

greater volumes of groove and burr in comparison to the 20 W. 
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Fig. 6-21. 3D comparisons of extracted grooves produced using parameters A  for both 20 W and 100 W laser systems 
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Fig. 6-22. 3D comparisons of extracted grooves produced using parameters  D for both 20 W and 100 W laser systems 
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The impact of the observed differences in the groove morphology for multi-pass area 

engraving is shown in Chapter 1 (Section 1.1.3), where an MRR of 1.2 mm3/min at 

Sa = 1.5 µm is reported for the 20 W (see Fig. 1-1), whereas the 100 W produced 

7.3 mm3/min at Sa = 4.4 µm (see Fig. 1-2).  

The differences in process performance may be attributed to the change in the 

fundamental groove morphology. Here, the deeper groove (as reported for the 200 W) 

accounts for the increase in MRR, whereas the consequential increase in burr formation 

and depth of the groove compromise effective melt ejection, which reduces the Sa.  

6.5.2.2 Phase 2 

The effects of different pulse durations at constant energy dose for the three different laser 

systems are provided in Fig. 6-23 (SS), Fig. 6-24 (Al), and Fig. 6-25 (brass). Generally, 

the increase in pulse duration increases the depth and volume of the groove for the 

different lasers and metals. Conversely, the shortest pulse duration at higher average 

power (100–200 W) shows an increased volume of the groove. This is because of the 

higher pulse repetition frequency of higher average power lasers (see Appendix F); the 

high pulse repetition frequency enhances heat accumulation due to the shorter delay 

between successive pulses, hence the increase in the volume of the groove as observed. 

However, due to the low thermal conductivity of SS, the thermal load results in groove 

closure, as highlighted in Fig. 6-23(b), and therefore explains why the volume of the 

groove is not represented in Fig. 6-23(a).  
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Fig. 6-23. (a) Volume of the groove as a function of pulse duration for different laser systems, and (b) 

cross-sectional profiles of grooves produced using different laser systems at 0.06 J/mm (SS) 
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Fig. 6-24. (a) Volume of the groove as a function of pulse duration for different laser systems, and 

(b) cross-sectional profiles of grooves produced using different laser systems at 0.06 J/mm (Al) 

 

 



Chapter 6 – 200 W Engraving and Scalability Study 

172 

 

 

Fig. 6-25. (a) Volume of the groove as a function of pulse duration for different laser systems, and (b) 

cross-sectional profiles of grooves produced using different laser systems at 0.06 J/mm (brass) 

For the same energy dose, the 200 W produces the highest volume of groove, followed 

by the 100 W, and then the 20 W for all three metals. The differences in the morphology 

stem from several factors, such as differences in temporal profiles, pulse repetition 

frequency, and pulse overlap. It is also worth noting that the differences in pulse energy 

change the fluence per pulse, which may also have contributed to the difference in groove 

morphology.  

This study provides evidence that the scaling up works well for single line machining. 

However, the increase in the volume of the groove may compromise effective ejection 

during area engraving. This explains why obtaining similar process quality during process 

scale-up is a challenge.   
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6.6 Summary and Conclusion 

This chapter discussed the experimental work used to investigate 200 W EP-Z SPI pulsed 

fibre laser engraving, whilst providing a basic explanation of the challenges inherent to 

the process of scaling up. Firstly, an experiment was conducted to compare the measured 

output power and temporal profile to the laser specifications. To understand the basic 

laser-material interactions during the 200 W laser engraving, single line machining was 

used to investigate the influence of pulse duration, energy dose, and pulse repetition 

frequency on groove morphology. The influence of different scanning strategies (namely 

interlacing method and sequential method) on MRR and Sa was also investigated, to 

obtain an appropriate scanning strategy for engraving. During the area engraving, the 

Taguchi experimental design was used to reduce the number of experiments, monitor the 

influence of process parameters on MRR and Sa, and optimise process combinations for 

higher throughput and lower Sa.  

Finally, a comparative study was conducted using the single line machining technique, to 

investigate the underpinning material removal mechanisms that prevent a simple scale-

up of parameters being suitable for area engraving when moving from 20 W to 100 W 

and 200 W systems. 

Looking at the influence of scanning strategies on MRR and Sa, it was found that the 

interlacing method performs better than sequential method in terms of providing a good 

surface quality at high-throughput. This confirms the observations made in Section 4.4, 

where the interlacing method was observed to enhance thermal dissipation, and hence 

resulted in controlled melt formation and effective ejection. Unfortunately, the interlacing 

method was incapable of remediating the thermal effect during the 200 W engraving of 

SS. This is due to the low thermal conductivity of SS, which implies that heat is retained 

for longer, resulting in significantly increased melt formation and resolidification.  

Additionally, the increase in pulse repetition frequency, pulse duration, and energy dose 

was found to increase the MRR, albeit with a detrimental effect on Sa, which agrees with 

the study in Section 4.5.2. A predictive model was therefore proposed using the Taguchi 

experimental design, which predicted optimal MRR and Sa. These predictions were 

subsequently tested by experiments, and the results show a good correlation with the 

estimated values. Unfortunately, the proposed parametric combinations for higher MRR 

do not produce lower Sa, whilst parametric combinations for lower Sa do not produce 

higher MRR. Also, it was found that the predicted lower Sa was marred by burr 

formations, edge effects, and lower aesthetic appeal.  
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Following this observation, a multistage engraving strategy was proposed which 

comprises several parametric combinations. Using this approach, MRR of 27 mm3/min 

at Sa = 1.9 µm (brass), and MRR of 45 mm3/min at 2 µm (Al) area engraving was 

demonstrated. The issue, however, is the formation of the edge effect, which reduces the 

edge quality.  

Through the scalability study, it was shown that heat accumulation resulting from the 

scale-up of parameters accounts for the increase in the groove and burr volumes. This 

observation is analogous to an increase in productivity at the expense of process quality 

during parametric scale up. This outcome elucidates the fundamental issue with 

parametric scale-up, as well as justifying the use of scanning strategies and techniques to 

produce high productivity and high-quality engravings for each laser system. 
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Chapter 7 – Thermal Modelling  

7.1 Introduction  

A key result to emerge from this study is the impact of scanning strategies (namely 

sequential method and interlacing method) on MRR and Sa during laser engraving. The 

interlacing method was observed to offer a higher MRR at better Sa in comparison with 

the sequential method. A more likely contributory factor was the difference in thermal 

distribution during laser beam scanning. To investigate this, a thermocouple with infrared 

camera thermal analysis was used (see Section 4.4.2) to examine the changes in 

temperature for both scanning strategies during laser engraving. Even though the results 

showed a higher temperature for the sequential method, the analysis techniques employed 

were incapable of monitoring the thermal distribution, thermal accumulation, and single 

point thermal history during laser beam scanning. This limitation was due to the lower 

sensitivity of the measuring devices used, and the inaccessibility of the thermocouple into 

the sample domain.  

Over the years, extensive studies have been conducted in the field of laser and material 

interactions, using numerical models: modelling heat flow during laser surface hardening 

[122], simulating the effect of laser process parameters during micro-machining [136],  

thermal modelling of non-penetrative bead-on-plate welds [137], and investigating the 

effect of scanning strategies on residual stress and mechanical properties during selective 

laser melting of Ti6Al4V [138]. The results from such studies indicate that three-

dimensional computational models provide an understanding of laser-material 

interactions, and therefore proffer a comprehensive view of the influence of different 

scanning strategies during laser processing. In this regard, this section reports the 

development of a three-dimensional model using a finite element analysis, based on the 

heat transfer module in the COMSOL® Multiphysics 5.5, to investigate the influence of 

scanning strategies (interlacing method and sequential method) during laser processing.  

The model presented here does not consider the material removal mechanism, due to the 

complexities involved in such models, therefore no consideration is given to the 

hydrodynamic processes and phase changes during the laser interactions. This study is 

hence limited to the laser heating of the surface of a material using the different scanning 

strategies. It provides a qualitative analysis of the influences of scanning strategy in order 

to corroborate the quantitative effect of the scanning strategy demonstrated in Section 

4.4. Through this model, the thermal distribution, single point thermal evolution, thermal 
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penetration, and thermal accumulation are examined for both the interlacing and 

sequential methods of laser beam scanning.  

7.2 Governing Equations  

When the laser beam interacts with the metal, it transfers its energy in the form of heat 

energy to the metal. This heat energy is dissipated through conduction, convection, and 

radiation, as illustrated in Fig. 7-1.  

 

Fig. 7-1. Schematics of laser heat input, heat loss, and boundary conditions 

The theoretical approach to thermal modelling is detailed in the literature [122,136,137]. 

First, the heat generated from the incident laser beam is given by the Gaussian intensity 

distribution as shown in Eq. 7-1, 

𝑄(𝑥, 𝑦) =
2𝑃𝑎𝑣

𝜋𝜔0
2
𝑒

−(
2(𝑥2+𝑦2)

𝜔0
2 )

 

Eq. 7-1 

where Q is the laser heat energy, 𝑃av is the laser operating average power, and 𝜔0is the 

spot radius based on the point the laser intensity falls to 1/e2. Most importantly, the 

amount of energy transmitted by the incident laser beam to the workpiece (QL) is given 

by Eq. 7-2,   

𝑄𝐿 = (1 − 𝑅) × 𝑄 Eq. 7-2 

where 𝑅 is the reflectivity at the laser wavelength. In addition, the heat transfer in the 

workpiece is modelled using Eq. 7-3, 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
= ∇.⃗⃗⃗  (𝑘∇⃗⃗ 𝑇) + 𝑄𝐿 

Eq. 7-3 

where ρ is the density, Cp is the specific heat, k is the thermal conductivity of the 

workpiece, T is the temperature, and t is the time.  
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7.3 Boundary Conditions 

The boundary conditions were chosen such that a portion of the laser energy irradiated 

onto the top surface of the material was loss through convection (Qconv) and radiation 

(Qrad), using Eq. 7-4 and Eq. 7-5 respectively, 

𝑄𝑐𝑜𝑛𝑣 = ℎ(𝑇∞ − 𝑇) Eq. 7-4 

𝑄𝑟𝑎𝑑 = 𝜀𝜎(𝑇4
𝑟𝑜𝑜𝑚 − 𝑇4) Eq. 7-5 

where h is the convective heat transfer coefficient, 𝑇∞ and 𝑇𝑟𝑜𝑜𝑚 are the gas medium and 

initial surface temperature respectively, 𝜀 is the emissivity, and 𝜎 is the Stefan-Boltzmann 

constant.  The 𝑇𝑟𝑜𝑜𝑚 was assumed to be 293 K. Aside from the top surface, all other 

surfaces (as illustrated in Fig. 7-1) were treated as thermally insulated, using an open 

boundary condition given by Eq. 7-6. Intuitively, this equation assumes a zero-thermal 

gradient at the boundary, therefore no heat transfers across it,  

𝑘∇⃗⃗ 𝑇. �̂� = 0 Eq. 7-6 

where �̂� represents the unit normal vector at the boundary.   

7.4 Material Property 

SS (316L) and Al (5251) were chosen for this study since these materials possess extreme 

material properties. For example, Al has the lowest melting point and highest thermal 

conductivity, whereas SS has the highest melting point and lowest thermal conductivity. 

Material properties such as the density (ρ), specific heat (Cp), and thermal conductivity 

(k) were assumed to be temperature independent. The values for the thermophysical 

material properties, as specified in the material data sheet and the literature, are presented 

in Table 7-1. The physical properties, as provided in the material datasheet, were obtained 

at room temperature. Thermal diffusivity (𝛼), which represents the ability of a material 

to conduct thermal energy as opposed to storing it, is calculated using Eq. 2-12, and is 

presented in Table 7-1. 

The optical properties, such as the reflectivity and emissivity, were made temperature 

independent. The values for reflectivity were considered at the melting point and 

wavelength of 1064 nm for both Al and SS.  
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Table 7-1. Thermophysical properties of SS and Al  

Material Property 

SS (316L) Al (5251) 

Value Reference Value Reference 

Density [ kg/m3] 8000  App.B.1 2680 App.B.2 

Thermal 

conductivity 

[W/(m×K)] 

15 App.B.1 134 App.B.2 

Specific heat 

[J/(kg×K)] 
500  App.B.1 870 [139] 

Thermal diffusivity 

 [m2/s] 
3.75 × 10−6  57.5 × 10−6  

Reflectivity (%) 60 [43] 80 [43] 

Emissivity 0.8 [140] 0.15 [141] 

Convective heat 

transfer coefficient 

[W/(m2×K)] 

 

160 
[140] 30 [142] 

 

7.5 Sample Geometry and Meshing 

The model sample comprised of two domains, namely: the outer domain (D1), and a 

centrally positioned inner domain (D2), as shown in Fig. 7-2.   

 

Fig. 7-2. Meshed sample domains (D1 is the outer domain, D2 is the inner domain) 
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D1 had dimensions: 5 mm long, 5 mm wide, and 1.5 mm thick; whereas D2 had 

dimensions: 2 mm long, 2 mm wide, and 0.4 mm thick, and it was centrally positioned in 

the D1 domain. To improve the consistency of the model, the D2 domain, which represents 

the laser interaction zone, had a finer mesh size of 20 µm. The D1 domain was made up 

of a free tetrahedral mesh type with a coarser mesh size of 500 µm, in order to reduce the 

simulation time. 

7.6 Modelling Procedure  

7.6.1 Process Parameters 

A 2 x 2 mm area (see D2 in Fig. 7-2) was processed, using the laser parameters indicated 

in Table 7-2. The laser spot size, process area, scanning angles, and the number of passes 

differ from the protocol employed during the study conducted in Section 4.4.2. The reason 

for this discrepancy is the prolonged simulation time (~5 days) when the ideal process 

parameters are used, and also there is a limitation on the part of the computer specification 

to cope with such models. 

Table 7-2. Laser process parameters 

Laser parameter Value 

Average power 100 W 

Hatch overlap 50% 

Hatch distance 50 µm 

Pulse overlap 50% 

Pulse repetition frequency 100 kHz 

Spot radius 50 µm 

Scan speed 5000 mm/s 

Interlacing distance 0.15 mm 

 

In this regard, a simple approach is used, where the laser beam scans at 0°, with pulse and 

hatch overlaps of 50%, using a single pass processing technique (number of passes = 1). 

The mode of the interlacing method used for the study was the 2-skip (see Section 

5.1.1, ∆𝐼𝐿 = 3∆𝐻).  
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7.6.2 Laser Beam Translation Motion 

A script was written in MATLAB® to generate the laser spot temporal and spatial position 

during the interlacing and sequential method. A text file was generated in MATLAB® 

and exported into the COMSOL® software for the simulation. Based on the laser 

parameters used, the laser scanning time was 16.8 ms, however, after the laser was turned 

off, the sample was allowed to cool for 3.2 ms, making a total simulation time of 20 ms. 

Finally, the model used a time step of 2 µs, therefore generating 104
 sampling points for 

the subsequent analysis.  

7.6.3 Thermal Analysis 

To understand the effect of the scanning strategy on thermal accumulation, the maximum 

temperature within the entire domain was acquired during the scanning process. 

Similarly, domain probes that are synonymous with thermocouples were used to acquire 

the thermal evolution at the site of interest. For instance, during the simulation, a probe 

was inserted at coordinates x = 1.65 mm, y = 2.5 mm, at different depths, as shown in 

Fig. 7-3, to monitor the temperature change. This position was chosen because it 

represents the site where heat accumulation is likely to be significant for both scanning 

strategies.  

 

Fig. 7-3. Schematic representation of probe position for thermal profiling 

In addition, isothermal plots were created from the model output, to display thermal 

dissipation during laser scanning. For this analysis, thermal distribution in the YZ plane 

at x = 2.5 mm (to track thermal distribution within the sample), and in the XY plane at 

z = 0 (to track thermal distribution on the surface of the sample), at a simulation time of 
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17.8 ms (1 ms after the laser is turned off). Also, snapshots of the simulation are obtained 

to examine the thermal accumulation and thermal dissipation resulting from the use of 

different scanning patterns.  

7.7 Results and Discussion 

7.7.1 Maximum Temperature in Domain 

The maximum temperature within the sample as a function of time is presented in Fig. 

7-4 and Fig. 7-5 for Al and SS respectively.  

 

Fig. 7-4. Maximum temperature in the entire domain as a function of time for interlacing method 

(IM) and sequential method (SM) (Al) 
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Fig. 7-5. Maximum temperature in the entire domain as a function of time for interlacing method 

(IM) and sequential method (SM) (SS) 

From the plots, it is evident that the sequential method produces a higher temperature 

than the interlacing method. The figures presented for the sequential method show 

characteristic spikes in temperature, which correspond to the accumulation of heat (owing 

to the progressive scanning pattern). Similarly, the interlacing method produces periodic 

drops in temperature, which are attributable to the cooling effect due to the skipping of 

lines.  

Overall, the temperature recorded for SS was higher than for Al. This can be explained 

by the differences in thermophysical properties. The observed difference may be 

associated with the higher reflectivity of Al (see Table 7-1), which lowers the laser 

coupling efficiency, consequently reducing the temperature. Again, Al has a higher 

specific heat (see Table 7-1), hence a higher amount of energy is needed to increase its 

temperature. 

7.7.2 Monitoring Thermal Evolution 

A sampling coordinate of x =1.65 mm, y = 2.5 mm, and z = 0.02 mm was selected to 

monitor the thermal evolution during laser processing with the interlacing method and 

the sequential method, as presented in Fig. 7-6 and Fig. 7-7 for Al and SS respectively.  
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Fig. 7-6. Comparison of thermal history at a single point of interest (x =1.65 mm, y = 2.5 mm, and 

z = 0.02 mm) for both interlacing method (IM) and sequential method (SM) (Al) 

 

Fig. 7-7. Comparison of thermal history at the point of interest (x = 1.65 mm, y = 2.5 mm, and 

z = 0.02 mm) for both interlacing method (IM) and sequential method (SM) (SS) 
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Generally, the interlacing method shows three distinctive peaks (see Fig. 7-6 and Fig. 

7-7), which correspond to the number of passes during interlacing, as discussed in Section 

5.1. The first two peaks represent the conducted temperature from the first two scans near 

the point of interest (x = 1.65 mm, y = 2.5 mm, z = 0.02 mm), whereas the third denotes 

the exact intersection of the laser beam with the point of interest at ~14 ms, and therefore 

reports the highest peak temperature. Additionally, the interlacing method exhibits a rapid 

heating and cooling effect prior to the point of interest, which facilitates thermal 

dissipation within the sample. The sequential method (see Fig. 7-6 and Fig. 7-7), on the 

other hand, depicts a gradual build-up of temperature prior to the point of interest, and a 

decline afterwards. This build-up of residual heat causes the sequential method to produce 

a higher peak temperature at ~ 8.2 ms.  

To further highlight the difference in thermal evolutions, snapshots in the XY plane are 

provided for different simulation times, as shown in Fig. 7-8 and Fig. 7-9 for Al and SS 

respectively. To visualise the thermal cycle, the minimum temperatures were set at 330 

K (Al) and 380 K (SS), therefore any temperature lower than the minimum value was 

represented by a white background. 

 

Fig. 7-8. Snapshots of the simulation highlighting thermal build-up and thermal dissipation for both 

interlacing method and sequential method (Al) 
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Fig. 7-9. Snapshots of the simulation highlighting thermal build-up and thermal dissipation for both 

interlacing method and sequential method (SS) 

From the snapshots, the sequential method is observed to benefit from the residual heat, 

especially at 10 ms; the sample is preheated before the laser interaction (laser spot is 

embedded within the heated zone see red arrows), contrary to the interlacing method, 

where the laser spot escapes the conducted heat due to the skipping effect, therefore 

minimising thermal accumulation. Additionally, at the simulation time of 5.91 ms and 

11.6 ms, where the interlacing method initiates the second and third passes respectively, 

the thermal trailing from the snapshots suggests that, by the time the next scan begins, the 

sample would have had sufficient time to dissipate heat.   
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7.7.3 Thermal Distribution  

The isothermal surface temperature plots, as presented in Fig. 7-10 and Fig. 7-11, show 

the thermal distribution on the surface (XY plane) and within the sample (YZ plane) when 

scanning with both strategies.  

 

Fig. 7-10. Thermal distribution in the XY and YZ plane for both interlacing method and sequential 

method, acquired at a simulation time of 17.8 ms (Al) 

 

Fig. 7-11. Thermal distribution in the XY and YZ plane for both interlacing method and sequential 

method, acquired at a simulation time of 17.8 ms (SS) 

There is an observed symmetrical thermal distribution when using the interlacing method, 

whilst the sequential method is typified by a drag outward and lag in thermal gradient 

behind the laser beam, which results in an elongated temperature field. Apart from the 
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difference in the thermal distribution, it is also observed that the sequential method shows 

a higher temperature than the interlacing method during the cooling stage, which aligns 

with the findings discussed in Section 7.7.1. Further to the observations made, the 

influence of material properties is highlighted, where Al is observed to have a higher heat 

transfer (see Fig. 7-10) due to the higher thermal conductivity, as indicated in Table 7-1. 

7.7.4 Thermal Penetration  

The results from isothermal plots (see Section 7.7.3) suggest a difference in thermal 

penetration during the laser beam scanning. To quantify this effect, the temperatures at 

different sample depths were analysed, as described in Section 7.6.3. The maximum 

temperature at each depth is plotted for both scanning strategies in Fig. 7-12 and Fig. 

7-13, for Al and SS respectively.  

 

Fig. 7-12. Maximum temperature as a function of depth at the point of interest (x = 1.65 mm, y = 2.5 

mm) for interlacing method and sequential method (Al) 
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Fig. 7-13. Maximum temperature as a function of depth at the point of interest (x = 1.65 mm, y = 2.5 

mm) for interlacing method and sequential method (SS) 

Comparing the temperature difference between the interlacing method and sequential 

method at each depth, it is clear that, irrespective of the material investigated, the 

sequential method results in higher temperatures. As discussed in the previous section, 

the observed difference is due to the cumulative thermal effect during the sequential 

method, as opposed to the effective cooling exhibited by the interlacing method. At the 

sample depth of 1.5 mm, SS ( see Fig. 7-5) shows no temperature rise in comparison to 

Al (see Fig. 7-4). This observation is due to the lower thermal conductivity, as discussed 

in Section 7.7.3.    

7.8 Summary and Conclusion  

The chapter summarises an investigation of the thermal distribution and heat 

accumulation with both scanning strategies, using a finite element analysis through a heat 

transfer model in COMSOL Multiphysics. The model assumed a Gaussian laser beam 

intensity distribution, large spot size, and a single pass scanning approach.  Although the 

model does not address the material removal mechanisms using different scanning 

strategies, it provides a qualitative analysis of the impact of scanning strategy on thermal 

distribution and heat accumulation. In particular, it is shown that the sequential scanning 



Chapter 7 – Thermal Modelling 

189 

 

approach results in greater thermal accumulation than the interlacing scanning, and hence 

produces a higher maximum temperature.  

Despite the differences in processing parameters for the simulation and actual 

experiment, the trend in the thermal difference between the interlacing method and 

sequential method agrees with the thermal cycle analysis conducted in Section 4.4.2. In 

addition, the localised rapid heating and cooling effects observed with the interlacing 

method may explain why this scanning approach produces a martensitic microstructure 

during the engraving of SS, as reported in Section 4.4.3.   
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Chapter 8 – Conclusions and Outlook 

8.1 General Discussion  

The work presented in this thesis investigates laser engraving using high average power 

(100 W–200 W) ns pulsed fibre lasers.  Through the study, the physical effect and laser-

material interactions were examined using a single line and an area engraving 

methodology. The study investigates the influence of laser process parameters and 

scanning strategies on process performance. A strategy to obtain high-throughput and 

high-quality engraving using optimised process parameters and scanning strategies has 

been presented and discussed. Although high average power pulse tuneable ns lasers are 

routinely available, the use of such lasers for high-quality laser engraving applications 

has not yet been reported. This gap in the literature highlights the novelty of the work 

presented in this thesis. In this chapter, the general discussions, key conclusions, and 

future recommendations are reviewed.  

8.1.1 Single Line Machining  

Investigating the fundamental laser-material interactions using the single line machining 

approach confirmed that material removal in the ns regime is predominantly through melt 

formation, melt ejection, and vaporisation. This is predicated on the groove morphology, 

where in most cases the volume of the groove closely matched the volume of the burr. 

From the discussion, it was suggested that an induced recoil pressure from evaporation 

enhanced melt ejection during the laser engraving. However, when the energy dose 

exceeded 0.28 J/mm, an unstable groove was produced, which was typified by groove 

closure and pronounced burr formation. This was due to the higher laser intensity, which 

results in a keyhole effect, thereby obstructing effective melt ejection within the groove.  

In one part of the study, the effects of pulse duration, pulse repetition frequency, and 

energy dose on groove morphology were examined. The study has shown that longer 

pulse durations, higher pulse repetition frequencies and higher energy dose generated 

deeper and wider grooves, and higher volume of burr. The analysis from the single line 

machining provided a phenomenological model to shortlist parameters and as well 

forecast parametric influences during area engraving. Specifically, the model suggested 

that parametric combinations that generate a high volume of groove would produce higher 

MRR, and also that the increase in the volume of burr was synonymous with high Sa and 

lower edge quality.  
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8.1.2 Effect of Scanning Strategies 

Laser beam scanning strategies were found to have a great impact on MRR and Sa. 

Notably, it was demonstrated that the interlacing method offered higher MRR at a better 

surface quality when compared to the conventional sequential method. The advantages 

offered by the interlacing method were attributed to the alleviation of thermal 

accumulation, due to the periodic cooling effect exhibited by the scanning pattern. The 

study further identified pronounced oxide formation on surfaces produced using the 

sequential method, which mars the aesthetic appeal. Again, it was revealed that MRR 

could be further enhanced by skipping several lines during the interlacing strategy. 

However, there is an accompanying reduction in Sa, which serves as a limitation for high-

quality engraving. Despite this limitation, the concept of interlacing could be beneficial 

for laser processes where high-throughput milling is desired without much emphasis on 

process quality. Finally, the interlacing method generated hardened surfaces in SS 

through the formation of α-martensitic phases which improves the mechanical properties 

on the surface.  

8.1.3 Parametric and Process Influence – Area Engraving 

The research has shown that laser operating parameters such as pulse repetition 

frequency, pulse duration, and area energy dose, and process parameters – namely the 

spot size, scanning patterns, and scanning orientations – affect MRR and Sa. In particular, 

the study has shown that longer pulse durations, higher energy dose, smaller spot size 

(~27-38 μm), higher pulse repetition frequency (>PRF0), the bidirectional scanning, and 

scan delay technique, produced higher MRR. Conversely, for better Sa, lower pulse 

durations (< 200 ns), at lower energy dose (< 4.5 J/mm2), and larger spot size were ideal.  

8.1.4 Process Optimisation  

The use of the Taguchi experimental protocol has proven to be an effective process route 

to optimise process parameters for higher MRR and lower Sa. Specifically, the general 

effect of process parameters on process performance was established using a relatively 

small set of experiments. The observations with regards to parametric influence aligned 

with the results from the full factorial experiments. Through the Taguchi method, 

optimised parametric combinations for higher MRR and lower Sa were proposed. When 

the optimised combinations were tested, it was found that the experimental values 

matched closely (and in some cases perfectly) with the predicted values. Despite these 

advantages, it was observed that parameters that gave higher MRR resulted in high Sa, 

whereas those that offered lower Sa produced lower MRR. Also, the surface quality was 
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limited to the Sa without considering other factors, namely: vertical walls, burr, and 

aesthetic appearance. Therefore, the quality produced was not good enough for most 

industrial applications. 

8.1.5 Engraving Strategies 

The study has shown that the desire for high-throughput at high-quality demands the use 

of a strategy that encompasses optimised parametric selection and scanning strategies. 

Consequently, a strategy was employed to feature the use of longer pulse durations for 

deep engraving at a moderate energy dose (2.5–4 J/mm2), followed by a cleaning pass 

using the shorter pulse durations at lower energy dose (< 2 J/mm2), in such a sequence as 

to produce the desired depth of the engraving. Following this, a final polishing pass was 

used to remove the oxide layer and produce an aesthetically appealing surface. This 

strategy was possible due to the tuneable pulse capabilities of the MOPA system, 

providing a unique combination of different temporal profiles.  

8.1.6 Influence of Material Property  

It was evident during the preliminary single line and area engraving experiments that 

material properties had an impact on process performance. As established from the 

material datasheet, SS has the lowest thermal conductivity, followed by brass and Al. 

This property of SS enhances thermal accumulation, generating more melt, which later 

solidified to produce a lower surface quality. For this reason, the increase in pulse 

repetition frequency produced higher MRR and higher Sa for SS, when compared to Al 

and brass. In addition, the higher reflectivity (at 1064 nm) of brass and Al means that the 

required peak power to ensure sufficient coupling of energy into the material is higher, 

and hence the use of high pulse repetition frequency (and associated reduced peak power) 

is not suitable for high MRR.  

Al has the lowest melting point and therefore in general more material can be removed 

for the same energy dose (EDL or EDA), resulting in deeper grooves and higher MRR; 

however, the ejection mechanism is important, and too much melt will result in poor 

removal and low Sa. This explains why the longest pulse duration does not produce higher 

MRR for Al. The brass on the other hand produced lower Sa, likely due to the higher 

reflectivity (reduces energy input), high melting point (controlled melt formation), and 

high thermal conductivity (preventing thermal accumulation).  
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8.1.7 Influence of Different Laser Systems  

The fundamental issues of process scalability using higher average power laser systems 

have been demonstrated. It was found that the higher average power (200 W) produced 

wider and deeper grooves at high burr formations when using similar process parameters. 

A correlation was made where the observed deeper groove and burr formation accounted 

for an increase in MRR at the lower Sa when scaling process parameters. Factors such as 

the lower scan speed, pulse repetition frequency limitations, and achievable spot size were 

identified as challenges during process scale-up. The results highlight the effect of 

thermal accumulation owing to the use of higher pulse repetition frequency, high pulse 

energy, and smaller spot size (high fluence) for the higher average power lasers. This 

observation explains why, for each laser system, a systematic approach was required to 

understand the parametric influence: to fine-tune process parameters for higher 

throughput and quality results. 

8.1.8 Thermal Modelling  

A thermal analysis was conducted to examine thermal penetration, distribution, and 

overall heat accumulations during interlacing and sequential scanning strategy, using the 

heat transfer model in COMSOL. The trends associated with the temperature fields output 

from the model agreed with the experimental observations, where the interlacing method 

was found to result in a lower maximum temperature and reduced thermal accumulation 

compared to the sequential method. Similarly, the reported thermal evolution from the 

interlacing method provides evidence for the rapid heating and cooling effect which aided 

the transformation hardening in SS. 

8.2 Key Conclusions 

Several key conclusions can be drawn from the results presented in this thesis:  

Effect of Pulse Duration and Pulse Repetition Frequency  

Pulse duration has a significant impact on MRR and Sa. The use of longer pulse duration 

generates higher throughput, due to the longer interaction time, provided that excessive 

melting is avoided. This suggests that higher peak power typical of shorter pulse duration 

does not, in general, improve MRR, but this is dependent on the material. In addition, 

operating slightly beyond the PRF0 further increases the MRR due to thermal 

accumulation. However, as pulse repetition frequency increases, there is a reduction in 

pulse energy and a change in temporal profile, therefore the removal mechanism becomes 
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dominated by melt formation and coalescence, which offers a polishing effect, especially 

with longer pulse durations.  

Significance of scanning strategies  

The interlacing method offers significant advantages during laser engraving. For instance, 

it was found that using the 100 W EP-Z at 5.7 J/mm2, the interlacing method provides a 

46% increase in MRR (in comparison with the sequential method), coupled with a 28% 

reduction in Sa with Al; with brass, a 23% increase in MRR and 37% reduction in Sa; and 

with SS 86% improvement in Sa. Similarly, using the 200 W EP-Z at 5.6 J/mm2, the 

interlacing method provides a 72% increase in MRR combined with a 36% reduction in 

Sa for Al, and a 33.3% increase in MRR combined with a 13.3% reduction in Sa for brass. 

Also, the study has shown that the interlacing method provides uniform heating, which 

reduces unwanted melt formation. Despite these advantages, the interlacing method 

generates visible tracks when used during the final cleaning pass. This can be rectified 

using the sequential scanning approach at a lower energy dose.  

Typical MRR and Sa using 100 W EP-Z and 200 W EP-Z laser systems 

The research has shown that it is possible to engrave metal at high removal rates, for 

instance, the 100 W EP-Z and the 200 W EP-Z reported typical MRR, and Sa as shown 

in Table 8-1. 

Table 8-1. Typical MRR and Sa for higher average power ns laser engraving 

Material 100 W EP-Z (Section 4.5.2) 200 W EP-Z (Section 6.3.2) 

Al MRR = 31– 63 mm3/min 

Sa = 3.8–15.8 μm 

MRR = 102 mm3/min 

Sa = 9.8 µm 

Brass MRR = 10.7– 27.3 mm3/ min 

Sa = 1.8–8.1 µm   

MRR = 59 mm3/min  

Sa = 5.2 µm  

SS MRR = 4.9–22.3 mm3/min 

Sa = 2.6–26.9 µm 

MRR = 68 mm3/min 

Sa = 46 µm 

 

High-quality Engraving 

This study has reported high-quality engraving using both the 100 W EP-Z and 200 W 

EP-Z lasers. Specifically, it has been shown that the listed MRR and Sa in Table 8-2 are 

achievable.  
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Table 8-2. List of MRR and Sa for both the 100 W and 200 W EP-Z lasers 

Material 100 W EP-Z (Section 5.7.1) 200 W EP-Z (Section 6.4.1) 

Al MRR = 30 – 32 mm3/min 

Sa = 1–1.9 µm 

MRR = 45 mm3/min 

Sa = 2 µm 

Brass MRR = 20 – 22 mm3/min Sa = 

1–1.3 µm 

MRR = 27 mm3/min 

 Sa = 1.9 µm 

SS MRR = 11–13 mm3/min 

Sa = 1–1.4 µm 
N/A 

 

The 200 W laser engravings were characterised by edge effect, due to improper laser 

galvoscanner synchronisation, mirror acceleration, and deceleration, owing to the use of 

high scanning speeds. It was also found that engraving SS at high-quality was a challenge 

using the 200 W laser. This was attributed to the low thermal conductivity, which 

facilitated heat accumulation and resulted in uncontrolled melt formation.  

8.2.1 Outlook 

In addition to the interesting and industrially useful results reported in this thesis, some 

key observations were made which provide the following insights for future research.  

Pertaining the results from the single line machining: 

In as much as single line machining could serve as a simple approach to investigate 

fundamental laser-material interactions, it provides useful parameters for other laser 

applications. For instance, the process observed at energy dose ≥ 0.28 J/mm at 280 ns, as 

shown in Fig. 8-1, is laser keyhole welding. This could be used for laser ultrathin welding 

of similar/dissimilar materials for automotive and electronic applications.   

 

Fig. 8-1. Suitable parameters for keyhole welding of Al during a preliminary bead on plate 

experiment (EDL ≥ 0.28 J/mm, τ = 280 ns, PRF = 100 kHz, and do ~38 µm) 
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Also, even though a high volume of burr (see Fig. 8-2(a)) is problematic with regards to 

laser engraving process quality, it could be beneficial for dissimilar welding of polymer 

to Al, as illustrated in Fig. 8-2 (b).  

 

Fig. 8-2. (a) Cross-sectional view of a groove with high burr formation (500 ns, PRF= 100 kHz, EDL = 

0.28 J/mm, and do ~38 µm), and (b) potential experiment setup for dissimilar welding of polymer to 

metals 

Here, external pressure is used to embed polymer into the burr generated, as shown in 

Fig. 8-2(a). The burr could provide an interlock that strengthens the bond at the faying 

face.  

Also, in the automotive industry, some applications require laser marking that maintains 

its visibility after painting. These marks are termed raised marking (see Fig. 8-3(a)); the 

general characteristics of such grooves are high burr formation, such as shown in  Fig. 

8-3(b).  

 

Fig. 8-3. (a) Raised marking courtesy of SPI lasers, and (b) cross-sectional view of a suitable groove 

morphology for raised marking (500 ns, PRF= 100 kHz, EDL = 0.28 J/mm) 
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With regards to laser beam scanning strategies, future studies could:  

i. Perform further analysis to obtain an in-depth understanding of the material 

removal mechanism with the use of interlacing method and sequential method, 

using a high-speed camera as demonstrated for the machining of glass [79]. 

Similarly, the mechanism underpinning the increase in MRR as interlacing 

distance increases could be established through this approach.  

ii. Apply the concept of interlacing during laser engraving using lower average 

power (≤ 20 W). Such studies would determine if throughput can be enhanced 

without necessarily demanding higher average power lasers. 

iii. Compare the surface hardness of metals produced using both the interlacing 

method and the sequential method. This could provide information on grain 

refinement due to the differences in the thermal cycle.  

iv. Perform corrosion tests on laser engraved samples in order to investigate the 

impact of engraving on corrosion performance. Additionally, compositional 

change of laser engraved samples could be examined to draw a correlation with 

the corrosion performance.  

 

Concerning the use of the 200 W laser engraving:  

i. Generate larger spot sizes for the 200 W laser engraving of SS. This will reduce 

the fluence per pulse, thereby preventing excessive melting during the use of 

higher average power.  

ii. Optimise process performance using high-speed deflection systems, such as 

polygon scanners. This will enable the use of higher pulse repetition frequency at 

low pulse energy whilst maintaining low pulse overlap. 

iii. With the current laser system, increasing pulse repetition frequency alters the 

temporal profile, which consequently changes the mechanism of material 

removal; therefore, it would be interesting if future laser systems could operate at 

high pulse repetition frequency without changing the temporal profile. 

iv. The demand for higher average power lasers requires more thermally stable laser 

delivery optics, therefore further work could investigate other potential materials 

for optic delivery. Also, future work could examine the use of intelligent software 

packages (as reported elsewhere [132,133,135]) that would facilitate laser scanner 

synchronisation. 
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Finally, the current thermal model could be modified to include melt flow. This could 

enable a correlation between the thermal accumulation and melt flow during the use of 

the interlacing method and sequential method. 
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Appendix A – SPI Laser Waveform Tables 

A.1 SPI 20 W G4 EP-S 

Waveform (#) Pulse Duration at 10% (ns) PRF0 (kHz) Emax (mJ) 

0 241 33 0.61 

1 221 35 0.57 

2 202 38 0.53 

3 177 40 0.50 

4 161 42 0.48 

5 144 44 0.45 

6 131 47 0.43 

7 118 50 0.40 

8 113 52 0.38 

9 103 54 0.37 

10 100 57 0.35 

11 90 60 0.33 

12 80 63 0.32 

13 65 67 0.30 

14 58 71 0.28 

15 60 75 0.27 

16 55 80 0.25 

17 50 85 0.24 

18 45 90 0.22 

19 40 98 0.20 

20 36 110 0.18 

21 33 115 0.17 

22 30 125 0.16 

23 26 140 0.14 

24 23 150 0.13 

25 20 175 0.11 

26 16 220 0.09 

27 13 300 0.07 

28 10 400 0.05 

29 7 500 0.04 
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30 5 700 0.03 

31 3 1000 0.02 

32 220 28 0.71 

33 245 28 0.71 

34 270 28 0.71 

35 320 28 0.71 

36 350 28 0.71 

37 390 28 0.71 

38 440 28 0.71 

39 490 28 0.71 
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A.2 SPI 100 W G4 EP-Z 

Wave

form 

(#) 

PRF0 

(kHz) 

PRF_max 

(kHz) 

Max Pulse 

energy(mJ) 

Pulse Duration 

at 10% (ns) 

Typ. Peak Power 

at Emax (kW) 

0 100 1000 1.00 280 10 

1 130 1000 0.77 230 10 

2 140 1000 0.71 210 10 

3 156 1000 0.64 183 10 

4 165 1000 0.61 157 10 

5 175 1000 0.57 150 10 

6 189 1000 0.53 127 10 

7 199 1000 0.50 120 10 

8 220 1000 0.45 110 9 

9 250 1000 0.40 100 9 

10 260 1000 0.38 90 9 

11 270 1000 0.37 80 9 

12 300 1000 0.33 73 8 

13 320 1000 0.31 67 8 

14 340 1000 0.29 60 8 

15 380 1000 0.26 55 8 

16 400 1000 0.25 50 8 

17 450 1000 0.22 45 8 

18 460 1000 0.22 37 8 

19 550 1000 0.18 30 8 

20 600 1000 0.17 27 8 

21 680 1000 0.15 23 8 

22 780 1000 0.13 20 8 

23 1000 1000 0.10 17 7 

24 110 940 0.91 270 7 

25 110 940 0.91 290 7 

26 100 835 1.00 320 8 

27 100 625 1.00 350 7 

28 100 625 1.00 380 7 

29 100 625 1.00 420 7 
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30 100 520 1.00 460 7 

31 100 520 1.00 500 7 

 

A.3 SPI 200 W G4 EP-Z  

Wavefo

rm 

(#) 

PRF0 

(kHz) 

PRF_

max 

(kHz) 

Max Pulse 

energy 

(mJ) 

Pulse duration at 

10% (ns) 

Typ. Peak 

Power  

at Emax 

(kW) 

0 200 1000 1.03 261 10 

1 250 1130 0.82 237 9 

2 270 1240 0.76 217 9 

3 290 1420 0.71 197 9 

4 300 1560 0.69 177 9 

5 320 1720 0.64 157 9 

6 340 1920 0.61 142 9 

7 360 2080 0.57 132 9 

8 370 2170 0.56 122 9 

9 390 2375 0.53 117 9 

10 410 2490 0.50 108 9 

11 430 2770 0.48 96 9 

12 450 3120 0.46 88 9 

13 480 3840 0.43 80 9 

14 510 4160 0.40 72 9 

15 540 4160 0.38 68 9 

16 570 4160 0.36 62 9 

17 610 4160 0.34 58 9 

18 650 4160 0.32 53 9 

19 700 4160 0.29 48 9 

20 760 4160 0.27 43 9 

21 830 4160 0.25 37 9 

22 900 4160 0.23 32 9 

23 1000 4160 0.21 29 9 

24 1160 4160 0.18 26 9 
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25 1420 4160 0.15 23 9 

26 1720 4160 0.12 20 8 

27 2170 4160 0.09 16 8 

28 2940 4160 0.07 12 8 

29 200 900 1.03 286 10 

30 195 800 1.06 310 10 

31 190 600 1.08 330 10 

32 185 600 1.11 360 10 

33 180 600 1.14 390 10 

34 174 600 1.18 430 10 

35 168 500 1.23 480 10 

36 166 500 1.24 508 9 

37-55 Duplicates of waveform 36 

56 166 415 1.24 620 10 

57 151 310 1.36 820 10 

58 141 250 1.46 1020 10 

59 135 205 1.53 1220 10 

60 133 175 1.55 1420 8 

61 133 155 1.55 1620 7 

62 133 135 1.55 1820 6 

63 133 135 1.55 2020 5 
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Appendix B – Chemical Compositions and Generic Thermal and 

Optical Properties 

B.1 Standard Cr-Ni-Mo Stainless Steel 1.4404 (SS 316L): Courtesy of Richard 

Austin Alloys (Scotland) Ltd. 

Elemental Composition 

Chemical Elements Percentage (%) 

Carbon (C) 0.02 

Chromium (Cr) 17.2 

Nickel (Ni) 10.1 

Molybdenum (Mo) 2.1 

Iron (Fe) Balance 

 

Thermal and Optical Properties of SS 

Physical Properties Value Unit Reference 

Density 8000 kg/m3 

Richard Austin 

Alloys 
Thermal conductivity 15 W/(m×K) 

Specific heat 500 J/(kg×K) 

Melting point 1700 K [46] 

Thermal diffusivity 3.75×10-6 m2/s  

Latent heat of fusion 260 kJ/kg [139] 

Latent heat of 

vaporisation 
6090 kJ/kg 

[118] 

Reflectivity 60 % [43] 

Emissivity 0.8  [140] 

Convective heat transfer 

coefficient 

 

160 W/(m2×K) [140] 
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B.2 Aluminium (Al) Alloy-5251-H22: Courtesy of Richard Austin Alloys (Scotland) 

Ltd. 

Elemental Composition 

Chemical Element Percentage (%) 

Magnesium (Mg) 1.70 - 2.40 

Manganese (Mn) 0.10 - 0.50 

Iron (Fe) 0.0 - 0.50 

Silicon (Si) 0.0 - 0.40 

Titanium (Ti) 0.0 - 0.15 

Others (Total) 0.0 - 0.15 

Chromium (Cr) 0.0 - 0.15 

Copper (Cu) 0.0 - 0.15 

Zinc (Zn) 0.0 - 0.15 

Other (Each) 0.0 - 0.05 

Aluminium (Al) Balance 

 

Thermal and Optical Properties of Al 

Property Value Unit Reference 

Density 2690 kg/m3 

Richard Austin 

Alloys 

Melting point 898 K 

Thermal expansion 25×10-6 1/K 

Thermal conductivity 134 W/m×K 

Specific heat 870  J/kg×K [139] 

Thermal diffusivity 57.5×10-6 m2/s  

Latent heat of fusion 397 kJ/kg [118] 

Latent heat of vapourisation 10900 kJ/kg [118] 

Reflectivity 80 % [43] 

Emissivity 0.15  [141] 

Convective heat transfer 

coefficient 

 

30 W/ (m2×K 

[142] 
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B.3 Brass CW508L (CuZn37): Courtesy of Smith Metal Centers Ltd. 

Elemental Composition 

Chemical Element Percentage (%) 

Copper (Cu) 63.76 

Lead (Pd) 0.0079 

Nickel (Ni) 0.0014 

Iron (Fe) 0.0160 

Aluminium 0.0013 

Tin (Sn) 0.0058 

Cadmium <0.001 

Other impurities 0.0078 

Zinc (Zn) Balance 

 

Thermal physical and Optical Properties of Brass 

Property Value Unit Reference 

Density 8.44 kg/m3 [143] 

Melting point 1173 K [139] 

Thermal conductivity 121 W/m×K [143] 

Specific heat 377 J/kg×K [143] 

Thermal diffusivity 38×10-6 m2/s [143] 

Latent heat of fusion 160.1 kJ/kg [139] 

Reflectivity  94.7 % [114] 
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Appendix C – 100 W Engraving Parameters 

C.1 Single Line Machining 

C.1.1 100 W EP-Z – Effect of Energy Dose and Pulse Duration 

List of parameters for single-line machining study at Pav = 108 W: (pulse duration (τ), pulse energy 

(Ep), scan speed (ν), line energy dose (EDL), spot–spot distance (∆S), pulse overlap (Po) 

 

ν 

[mm/s] 

 

EDL 

[J/mm] 

 

τ, PRF0, Ep  

17 ns 

1000 kHz 

0.11 mJ 

60 ns 

340 kHz 

0.32 mJ 

150 ns 

175 kHz 

0.62 mJ 

280 ns 

100 kHz 

1.1 mJ 

380 ns 

100 kHz 

1.1 mJ 

500 ns 

100 kHz 

1.1 mJ 

379 0.28 
∆S=0.4µm 

Po = 99% 

∆S=1.1µm 

Po =97% 

∆S=2.2µm 

Po =94% 

∆S=3.8 µm 

Po = 90% 

∆S = 3.8µm 

 Po = 90% 

∆S=3.8µm 

 Po= 90% 

759 0.14 
∆S=0.8µm 

Po = 98% 

∆S=2.2µm 

Po=94% 

∆S=4.3µm 

Po=89% 

∆S=7.6µm 

Po = 80% 

∆S=7.6µm 

Po = 80% 

∆S=7.6µm 

Po = 80% 

1140 0.09 
∆S=1.1µm 

Po=97% 

∆S=3.4µm 

Po=91% 

∆S=6.5µm 

Po= 82% 

∆S=11.4µm 

Po =70% 

∆S=11.4µm 

Po=70% 

∆S=11.4µm 

Po =70% 

1520 0.07 
∆S=1.5µm 

Po = 96% 

∆S=4.5µm 

Po=88% 

∆S=8.7µm 

Po=77% 

∆S=15.2µm 

Po =60% 

∆S=15.2µm 

Po =60% 

∆S=15.2µm 

Po =60% 

1900 0.06 
∆S=1.9µm 

Po = 95% 

∆S=5.6µm 

Po=85% 

∆S=10.9µm 

Po= 71% 

∆S=19µm 

Po = 50% 

∆S=19µm 

Po = 50% 

∆S=19µm 

Po = 50% 

2280 0.05 
∆S=2.3µm 

Po=94% 

∆S=6.7µm 

Po=82% 

∆S=13.0µm 

Po=66% 

∆S=22.8µm 

Po =40% 

∆S=22.8µm 

Po = 40% 

∆S=22.8µm 

Po = 40% 

3000 0.04 
∆S=3.0µm,  

Po = 92% 

∆S=8.8µm 

Po = 77% 

∆S=17.1µm 

Po= 55% 

∆S =30µm 

Po = 21% 

∆S =30µm 

Po = 21% 

∆S =30µm 

Po = 21% 

3420 0.03 
∆S=3.4 µm 

Po = 91% 

∆S=10.1µm  

Po = 74% 

∆S=19.5µm 

Po = 49% 

∆S=34.2µm 

Po = 10% 

∆S=34.2µm 

Po = 10% 

∆S=34.2µm 

Po =10% 
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C.1.2 100 W EP-Z – Effect of Pulse Repetition Frequency and Pulse Duration at 

Constant Energy Dose  

List of parameters for investigating the influence of pulse repetition frequency (PRF) and pulse 

duration(τ) on single-line machining at a constant EDL = 0.09 J/mm at ν =1140 mm/s, Pav = 108 W  

τ (ns) 

PRF (kHz) 

100 150 200 250 300 350 400 

280, 380, 500 
1.08 mJ 

70% 
 

0.72 mJ 

80% 
 

0.54 mJ 

85% 

0.43 mJ 

88% 

0.36 mJ 

90% 

0.31mJ 

91% 

0.27 mJ 

93% 

C.2 Area Engraving  

C.2.1 100 W EP-Z – Effect of Energy Dose and Pulse duration 

List of parameters for area engraving at Pav = 108 W; pulse duration (τ), pulse energy (Ep), scan speed 

(ν), area energy dose (EDA), spot–spot distance (∆S), pulse overlap (Po), pulse repetition frequency 

(PRF) 

ν 

[mm/s] 

 

EDA 

[J/mm2] 

 

τ, PRF0, Ep 

60 ns 

340 kHz 

0.32 mJ 

150 ns 

175 kHz 

0.62 mJ 

280 ns 

100 kHz 

1.1 mJ 

380 ns 

100 kHz 

1.1 mJ 

500 ns 

100 kHz 

1.1 mJ 

1140 7.6 ∆S=3.4µm 

Po=91% 

∆S=6.5µm 

Po= 82% 

∆S=11.4µm 

Po=70% 

∆S=11.4µm 

Po=70% 

∆S=11.4µm 

Po=70% 

1520 5.7 

 

∆S=4.5µm 

Po=88% 

∆S=8.7µm 

Po=77% 

∆S =15.2µm 

Po=60% 

∆S=15.2µm 

Po=60% 

∆S=15.2µm 

Po =60% 

1900 4.5 ∆S=5.6µm 

Po=85% 

∆S=10.9µm 

Po = 71% 

∆S=19µm 

Po = 50% 

∆S=19µm 

Po=50% 

∆S=19µm 

Po=50% 

2280 3.8 ∆S=6.7µm 

Po =82% 

∆S=13.0µm 

Po=66% 

∆S=22.8µm 

Po=40% 

∆S=22.8µm 

Po=40% 

∆S=22.8µm 

Po =40% 

3000 2.9 ∆S=8.8µm 

Po=77% 

∆S=17.1µm 

Po =55% 

∆S=30µm 

Po =21% 

∆S=30µm 

Po=21% 

∆S=30µm 

Po=21% 
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C.2.2 100 W EP-Z – Effect of Pulse Repetition Frequency and Pulse Duration at 

Constant Energy Dose  

Parameters for investigating the effect of pulse repetition frequency (PRF) and pulse duration (τ) at 

4.5 J/mm2 (ν = 1900 mm/s), and Pav = 108 W for SS 

τ (ns) PRF (kHz) 

60 340  390 440 490 540 

150 175 225 275 325 375 

280 100 150 200 250 300 

C.2.3 Brass and Aluminium (Al) 

Parameters for investigating the effect of pulse repetition frequency (PRF) and pulse duration(τ) at 

4.5 J/mm2 (ν = 1900 mm/s), and Pav = 108 W for Al 

τ (ns) PRF (kHz) 

60 340 390 440 490 540 

150 175 225 275 325 375 

280, 380 and 500  100 125 150 175 200 
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C.3 Taguchi Experimental Design 

 Measured response variables and calculated S/N ratios (pulse duration (τ), area energy dose (EDA), 

pulse repetition frequency (PRF), material removal rate (MRR), surface roughness (Sa)) 

No 
PRF 

(kHz) 

τ 

(ns) 

EDA 

(kHz) 

MRR 

(mm3/min) 
S/N MRR 

Sa 

(μm) 
S/N Sa 

1 100 280 2.6 9.47 19.53 4.60 -13.26 

2 100 380 3.5 11.43 21.16 6.70 -16.52 

3 100 500 5.3 16.25 24.22 15.50 -23.81 

4 125 280 2.6 10.75 20.63 6.02 -15.59 

5 125 380 3.5 11.29 21.06 9.02 -19.10 

6 125 500 5.3 17.95 25.08 12.03 -21.61 

7 150 280 3.5 9.75 19.78 12.30 -21.80 

8 150 380 5.3 15.38 23.74 16.10 -24.14 

9 150 500 2.6 17.86 25.04 15.00 -23.52 

10 175 280 5.3 11.91 21.52 7.20 -17.15 

11 175 380 2.6 14.72 23.36 12.50 -21.94 

12 175 500 3.5 15.08 23.57 11.90 -21.51 

13 200 280 3.5 13.30 22.48 11.80 -21.44 

14 200 380 5.3 14.78 23.39 14.00 -22.92 

15 200 500 2.6 13.07 22.32 18.60 -25.39 

16 230 280 5.3 12.75 22.11 12.70 -22.08 

17 230 380 2.6 12.22 21.74 20.22 -26.12 

18 230 500 3.5 13.09 22.34 26.26 -28.39 

     

𝐌𝐞𝐚𝐧(ƞ𝑴𝑹𝑹) 

= 22.39  

𝐌𝐞𝐚𝐧(ƞ𝑺𝒂) 

= 21.46 
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C.4 High-Quality and High-Throughput Strategy  

C.4.1  Stainless Steel (SS) 

Deep Engraving Pass (A): 108 W, 1800 mm/s, 4.8 J/mm2, 150 kHz, 380 ns, 

[0°,45°,18.43°,71.56°], ∆H = 0.0125 mm (Ho = 67%), Laser on: 200 µs, Laser off delay: 

300 µs, 2-skip interlacing method   

Deep Cleaning Pass (B): 108 W,1900 mm/s, 4.5 J/mm2, 250 kHz, 380 ns, [0°, 90°], ∆H 

= 0.0125 mm (Ho = 67%), Laser on: 200 µs, Laser off delay: 300 µs, 2-skip interlacing 

method 

Cleaning Pass (C): 108 W, 2280 mm/s, 3.8 J/mm2, 200 kHz, 280 ns, [0°, 90°], ∆H 

= 0.0125 mm (Ho = 67%), Laser on: 200 µs, Laser off delay: 300 µs, 2-skip interlacing 

method 

Cleaning Pass (D): 40 W, 3600 mm/s, 0.9 J/mm2, 200 kHz, 280 ns, 

[0°,45°,18.43°,71.56°], ∆H = 0.0125 mm (Ho = 67%), Laser on: 200 µs, Laser off delay: 

300 µs, sequential method 

Cleaning Pass (E): 30 W, 3600 mm/s, 0.7 J/mm2, 200 kHz, 150 ns, 

[0°,45°,18.43°,71.56°], ∆H = 0.0125 mm (Ho = 67%), Laser on: 200 µs, Laser off delay: 

300 µs, sequential method  

Final Cleaning Pass (E): 20 W, 3600 mm/s, 0.4 J/mm2 ,200 kHz, 280 ns, 

[0°,45°,18.43°,71.56°], ∆H = 0.0125 mm (Ho = 67%), Laser on: 200 µs, Laser off delay: 

300 µs, sequential method  

Scanning Sequence 

Parameter ID Number of Pass  

B 1 

A 1 

C 5 

B 1 

A 1 

C 5 

D 2 

E 2 

F 2 

C.4.2  Aluminium (Al) 

Deep Engraving Pass (A): 108 W, 2280 mm/s, 3.8 J/mm2, 120 kHz, 280 ns, ∆H = 0.0125 

mm (Ho = 67%), [0°,45°,18.43°,71.56°], Laser on: 210 µs, Laser off delay: 300 µs, 

2- skip interlacing method.  

Cleaning Pass (B): 50 W, 5000 mm/s, 0.8 J/mm2, 240 kHz, 60 ns, ∆H = 0.0125 mm 

(Ho = 67%), [0°,45°,18.43°,71.56°], Laser on:200 µs, Laser off delay: 300 µs, 2-skip 

interlacing method. 
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Final Cleaning Pass (C): 20 W, 3000 mm/s, 0.5 J/mm2, 175 kHz,150 ns, ∆H = 0.0125 

mm (Ho = 67%), [0°,45°,18.43°,71.56°], Laser on: 200 µs Laser off delay: 300 µs, 

sequential method. 

Scanning Sequence 

Parameter ID Number of Pass 

A 1 

B 2 

A 1 

B 2 

C 1 

C.4.3  Brass 

Deep engraving pass (A): 108 W, 1900 mm/s, 4.5 J/mm2, 100 kHz, 500 ns, ∆H = 0.0125 

mm (Ho = 67%), [0°,45°,18.43°,71.56°], Laser on:200 µs Laser off delay: 290 µs, 2-skip 

interlacing method. 

Cleaning pass (B): 60 W, 3000 mm/s, 1.6 J/mm2, 175 kHz,150 ns, ∆H = 0.0125 mm (Ho 

= 67%), [0°,45°,18.43°,71.56°], Laser on:200 µs Laser off delay: 300 µs, 2-skip 

interlacing method.  

Final Cleaning Pass (C): 25 W, 3000 mm/s, 0.4 J/mm2, 175 kHz, 500 ns, ∆H = 0.0125 

mm (Ho = 67%), [0°,45°,18.43°,71.56°], Laser on:200 µs Laser off delay: 300 µs, 2-skip 

interlacing method.  

Scanning Sequence 

Parameter ID Number of Pass  

A 1 

B 1 

A 1 

B 1 

A 1 

B 1 

A 1 

B 1 

C 1 
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Appendix D – 200 W Engraving Parameters 

D.1 Selected Waveforms  

 Selected waveforms for the single line machining; pulse duration (τ), pulse energy (Ep) 

Waveforms τ (ns) PRF0 (kHz) Ep (mJ) 

16 62 570 0.33 

5 157 320 0.59 

29 286 200 0.94 

57 820 151 1.25 

61 1620 133 1.41 

63 2020 133 1.41 

D.2 Parameters for Single Line Machining 

D.2.1 200 W EP-Z – Effect of Energy Dose and Pulse Duration 

List of parameters for single line machining at Pav = 188 W; pulse duration (τ), pulse energy (Ep), 

scan speed (ν), line energy dose (EDL), spot–spot distance (∆S), pulse overlap (Po)  

ν 

[mm/s] 

 

EDL 

[J/mm] 

 

 

τ, PRF0, Ep 

 

62 ns 

570 kHz 

0.33 mJ 

 

157 ns 

320 kHz 

0.59 mJ 

286 ns 

200 kHz 

0.94 mJ 

820 ns 

151 kHz 

1.25 mJ 

1620 ns 

133 kHz 

1.41 mJ 

2020 ns 

133 kHz 

1.41 mJ 

1429 0.13 
∆S=2.5µm 

Po = 91% 

∆S=4.5µm 

Po =84% 

∆S=7.1µm 

Po =74% 

∆S=9.5µm 

Po = 65% 

∆S=10.7µm 

Po = 61% 

∆S=10.7µm 

Po = 61% 

2222 0.08 
∆S=3.9µm 

Po = 86% 

∆S=6.9µm 

Po =75% 

∆S=11.1µm 

Po =59% 

∆S=14.7µm 

Po = 46% 

∆S=16.7µm 

Po =39% 

∆S=16.7µm 

Po = 39% 

2857 0.07 
∆S=5µm 

Po =82% 

∆S=8.9µm 

Po =67% 

∆S=14.3µm 

Po = 48% 

∆S=18.9µm 

Po =31% 

∆S=21.5µm 

Po =21% 

∆S=21.5µm 

Po =21% 

3333 0.06 
∆S=5.8µm 

Po=79% 

∆S=10.4µm 

Po =62% 

∆S=16.7µm 

Po =39% 

∆S =22.1µm 

Po =19% 

∆S=25.1µm 

Po =8% 

∆S=25.1µm 

Po =8% 

4000 0.05 
∆S=7µm 

Po=74% 

∆S=12.5µm 

Po =54% 

∆S=20µm 

Po =27% 

∆S=26.5µm 

Po =3% 

∆S=30.1µm 

Po = -10% 

∆S=30.1µm 

Po = -10% 

5000 0.04 
∆S=8.8µm 

Po =68% 

∆S=15.6µm 

Po =45% 

∆S=25µm 

Po =8% 

∆S=33.1µm 

Po =-21% 

∆S=37.6µm 

Po = -38% 

∆S=37.6µm 

Po = -38% 
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D.2.2 200 W EP-Z – Effect of Pulse Repetition Frequency and Pulse Duration at 

Constant Energy Dose 

List of parameters for investigating the influence of pulse repetition frequency (PRF) and pulse 

duration (τ) on single-line machining at a constant EDL = 0.06 J/mm (v = 3333 mm/s) at Pav = 188 W  

τ (ns) PRF (kHz) 

286  200  300  400  500  600  

508 and 620  166  216  266  316  366  

1220  135 145 153 163 175 
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D.3 200 W Area Engraving – (Taguchi Experimental Design) 

D.3.1 L18 orthogonal array with response variables, and the corresponding S/N 

ratios (SS) 

No SP τ (ns) 
PRF 

(kHz) 

EDA 

(J/mm2) 
MRR 

S/N for 

MRR 
Sa 

S/N for 

Sa 

1 Perpendicular 286 PRF0 4.2 26.3 28.41 10 -20.00 

2 Perpendicular 286 1.3PRF0 5.2 36.6 31.28 41 -32.26 

3 Perpendicular 286 1.4PRF0 6.3 46.3 33.32 43 -32.67 

4 Perpendicular 620 PRF0 4.2 43.2 32.70 30 -29.54 

5 Perpendicular 620 1.3PRF0 5.2 48.8 33.77 27 -28.63 

6 Perpendicular 620 1.4PRF0 6.3 55.9 34.95 34 -30.63 

7 Perpendicular 1220 PRF0 5.2 50.1 33.99 28 -28.94 

8 Perpendicular 1220 1.3PRF0 6.3 64.5 36.20 28 -28.94 

9 Perpendicular 1220 1.4PRF0 4.2 59.1 35.43 22.7 -27.12 

10 Halftone 286 PRF0 6.3 29.4 29.38 52 -34.32 

11 Halftone 286 1.3PRF0 4.2 19.9 25.98 39 -31.82 

12 Halftone 286 1.4PRF0 5.2 38.0 31.60 48 -33.62 

13 Halftone 620 PRF0 5.2 46.1 33.26 35.5 -31.00 

14 Halftone 620 1.3PRF0 6.3 50.9 34.13 29 -29.25 

15 Halftone 620 1.4PRF0 4.2 45.0 33.07 28 -28.94 

16 Halftone 1220 PRF0 6.3 59.4 35.47 32 -30.10 

17 Halftone 1220 1.3PRF0 4.2 52.0 34.32 25 -27.96 

18 Halftone 1220 1.4PRF0 5.2 51.6 34.25 21 -26.44 

 

Mean 

(ƞ𝑀𝑅𝑅) 

= 32.86 

 

Mean 

(ƞ𝑆𝑎) 

= -29.57 
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D.3.2 L18 orthogonal array with response variables, and the corresponding S/N 

ratios (brass) 

No SP τ (ns) 
PRF 

(kHz) 

EDA 

(J/mm2) 
MRR 

S/N for 

MRR 
Sa S/N for Sa 

1 Perpendicular 286 PRF0 4.2 38 31.62 2.1 -6.44 

2 Perpendicular 286 1.3PRF0 5.2 42 32.37 3.1 -9.83 

3 Perpendicular 286 1.4PRF0 6.3 46 33.28 3.7 -11.36 

4 Perpendicular 620 PRF0 4.2 52 34.26 2.7 -8.63 

5 Perpendicular 620 1.3PRF0 5.2 46 33.23 3.4 -10.63 

6 Perpendicular 620 1.4PRF0 6.3 54 34.61 3.6 -11.13 

7 Perpendicular 1220 PRF0 5.2 48 33.71 4.1 -12.26 

8 Perpendicular 1220 1.3PRF0 6.3 59 35.38 4.4 -12.87 

9 Perpendicular 1220 1.4PRF0 4.2 58 35.31 3 -9.54 

10 Halftone 286 PRF0 6.3 34 30.56 3.1 -9.83 

11 Halftone 286 1.3PRF0 4.2 32 30.11 1.6 -4.08 

12 Halftone 286 1.4PRF0 5.2 37 31.30 3.2 -10.10 

13 Halftone 620 PRF0 5.2 47 33.50 2.4 -7.60 

14 Halftone 620 1.3PRF0 6.3 45 33.13 2.7 -8.63 

15 Halftone 620 1.4PRF0 4.2 44 32.95 1.9 -5.58 

16 Halftone 1220 PRF0 6.3 48 33.70 3.8 -11.60 

17 Halftone 1220 1.3PRF0 4.2 45 33.09 3 -9.54 

18 Halftone 1220 1.4PRF0 5.2 37 31.36 2.4 -7.60 

 Mean 

(ƞ𝑀𝑅𝑅) 

= 32.97 

 

Mean 

(ƞ𝑆𝑎) = 

-9.29 
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D.3.3 L18 orthogonal array with response variables, and the corresponding S/N 

ratios (Al) 

No SP τ (ns) 
PRF 

(kHz) 

EDA 

(J/mm2) 
MRR 

S/N for 

MRR 
Sa 

S/N for 

Sa 

1 Perpendicular 286 PRF0 4.2 84.1 38.49 4.1 -12.15 

2 Perpendicular 286 1.3PRF0 5.2 93.5 39.42 5.1 -14.10 

3 Perpendicular 286 1.4PRF0 6.3 101.6 40.14 9.6 -19.65 

4 Perpendicular 620 PRF0 4.2 68.3 36.69 3.0 -9.54 

5 Perpendicular 620 1.3PRF0 5.2 78.2 37.86 5.2 -14.32 

6 Perpendicular 620 1.4PRF0 6.3 82.1 38.28 10.1 -20.09 

7 Perpendicular 1220 PRF0 5.2 67.5 36.59 5.8 -15.30 

8 Perpendicular 1220 1.3PRF0 6.3 74.1 37.40 6.7 -16.52 

9 Perpendicular 1220 1.4PRF0 4.2 86.3 38.72 7.2 -17.15 

10 Halftone 286 PRF0 6.3 81.8 38.25 7.0 -16.90 

11 Halftone 286 1.3PRF0 4.2 87.0 38.79 3.3 -10.37 

12 Halftone 286 1.4PRF0 5.2 97.4 39.77 7.0 -16.91 

13 Halftone 620 PRF0 5.2 82.5 38.33 6.6 -16.39 

14 Halftone 620 1.3PRF0 6.3 61.3 35.75 8.1 -18.17 

15 Halftone 620 1.4PRF0 4.2 59.7 35.52 4.2 -12.46 

16 Halftone 1220 PRF0 6.3 73.7 37.35 7.5 -17.50 

17 Halftone 1220 1.3PRF0 4.2 64.1 36.13 5.7 -15.12 

18 Halftone 1220 1.4PRF0 5.2 49.8 33.95 5.9 -15.42 

 

Mean 

(ƞ𝑴𝑹𝑹) 

=37.63 

 

Mean 

(ƞ𝑺𝒂) = 

-15.45 
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Appendix E – 200 W High-Quality Engraving 

E.1 Brass  

Deep Engraving Pass (A): 188 W, 5000 mm/s, 4.1 J/mm2, 280 kHz, 286 ns, 

[0°,45°,18.43°,71.56°], ∆H = 9.009 μm (Ho= 67%), Laser on: 185 µs, Laser off delay: 

280 µs, 2-skip interlacing method.    

Deep Engraving Pass (B): 188 W, 5800 mm/s, 3.59 J/mm2, 630 kHz, 177 ns, 

[0°,45°,18.43°,71.56°], ∆H = 9.009 μm (Ho= 67%), Laser on: 185 µs, Laser off delay: 

300 µs, 2-skip interlacing method.   

Cleaning pass (C): 100 W, 4800 mm/s, 2.31 J/mm2, 435 kHz, 157 ns, 

[0°,45°,18.43°,71.56°], ∆H = 9.009 μm (Ho= 67%), Laser on: 190 µs, Laser off delay: 

290 µs, 2-skip interlacing method.   

Cleaning Pass (D): 50 W, 4000 mm/s, 1.39 J/mm2, 200 kHz, 80 ns, 

[0°,45°,18.43°,71.56°], ∆H = 9.009 μm (Ho= 67%), Laser on: 170 µs, Laser off delay: 

300 µs, 2-skip interlacing method.   

Final Cleaning Pass (E): 25 W, 6000 mm/s, 0.46 J/mm2, 400 kHz, 108 ns, 

[0°,45°,18.43°,71.56°], ∆H = 9.009 μm (Ho= 67%), Laser on: 170 µs, Laser off delay: 

300 µs, sequential method.  

Engraving Sequence 

Parameter ID Number of Pass  

A 1 

B 1 

C 1 

D 1 

E 1 

  

E.2 Aluminium (Al) 

Deep Engraving Pass (A): 188 W, 6500 mm/s, 2.65 J/mm2, 600 kHz, 197 ns, [0°,90°], 

∆H = 10.92 μm (Ho= 60%), Laser on: 180 µs, Laser off delay: 280 µs, 2-skip interlacing 

method.    

Cleaning Pass (B): 100 W, 6200 mm/s, 1.48 J/mm2, 600 kHz, 80 ns, [0°, 90°,0°, 90°], 

∆H = 10.92 μm (Ho = 60%), Laser on: 180 µs, Laser off delay: 280 µs, 2-skip interlacing 

method. 

Cleaning Pass (C): 85 W, 6267 mm/s, 1.24 J/mm2, 650 kHz, 62 ns, 

[0°,45°,18.43°,71.56°], ∆H = 10.92 μm (Ho = 60%), Laser on: 180 µs, Laser off delay: 

280 µs, 2-skip interlacing method. 
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Cleaning Pass (D): 40 W, 6200 mm/s, 0.59 J/mm2, 650 kHz, 72 ns, 

[0°,45°,18.43°,71.56°], ∆H = 10.92 μm (Ho = 60%), Laser on: 180 µs, Laser off delay: 

280 µs, 2-skip interlacing method.   

Final Cleaning Pass (E): 25 W, 6200 mm/s, 0.38 J/mm2, 650 kHz, 72 ns, 

[0°,45°,18.43°,71.56°], ∆H = 10.92 μm (Ho= 60%), Laser on: 180 µs, Laser off delay: 

280 µs, 2-skip interlacing method. 

Engraving Sequence 

Parameter ID Number of Pass  

A 2 

B 2 

A 2 

B 2 

C 1 

D 1 

E 1 
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Appendix F – Comparative Study  

Parameters for phase two comparative study at EDL = 0.06 J/mm for different laser systems; pulse 

duration (τ), pulse energy (Ep), scan speed (ν), pulse overlap (Po) 

 

20 W EP-S 

ID A B C D E F 

Waveform # 26 15 5 34 37 39 

τ (ns) 16 60 144 270 390 490 

Ep (mJ) 0.09 0.27 0.45 0.71 0.71 0.71 

PRF0 (kHz) 220 75 44 28 28 28 

ν (mm/s) 333 333 333 333 333 333 

Po (%) 95 86 76 62 62 62 

 

100 W EP-Z 

Waveform # 23 14 5 0 28 31 

τ (ns) 17 60 150 280 380 500 

Ep (mJ) 0.11 0.32 0.62 1.08 1.08 1.08 

PRF0 (kHz) 1000 340 175 100 100 100 

ν (mm/s) 1800 1800 1800 1800 1800 1800 

Po (%) 94 83 67 42 42 42 

 

200 W EP-Z 

Waveform # 27 16 5 29 33 36 

τ (ns) 16 62 157 286 390 508 

Ep (mJ) 0.1 0.33 0.59 0.94 1.04 1.13 

PRF0 (kHz) 2000 570 320 200 180 166 

ν (mm/s) 3133 3133 3133 3133 3133 3133 

Po (%) 94 80 64 43 36 31 
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