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i Abstract

Abstract

Laser Powder Bed Fusion (LPBF)dsmiptive manufacturing technique widely
used in aerospace, automotive, and energy industries, enabling the creation of
intricate structures from various metallic alloys with minimal waste. However,
LPBF systems face limitations in processing efficieseatability, and thermal
control.

The main constraint is singfére laser productivity, hindering larggcale
adoption due to galvescanning method limitations. Muitaser integration shows
potential but presents challenges in design and control complexity. Innovations
are sought to efctively incorporate multiple lasers while ensuring efficiency and
scalability.

LPBF systems use higbwer fibre lasers at 1064 nm wavelength, but their low
materialspecific absorption efficiency (<60%) demands high laser power,
resulting in challengesn processing higiperformance alloys with limited
weldability and high crack susceptibility. Enhanced thermal management with in
situ control and slower cooling rates are necessary to mitigate these issues,
although they increase production costs daide.

On the other hand, lowower diode lasers are emerging as a promising
alternative. They are compact, energificient, and durable and emit shorter
wavelengths ranging from 45@m to 3300nm, making them suitable for various
industrial processes. Research efforts are currently focused on developing Diode
Area Melting (DAM) systems where multiple diode lasers selectively melt powder
beds, offering a highesolution and energefficient soluton. However,
challenges still exist in beam quality, power outpand system design.

Integrating multifibre coupled diode laseras a 2D arrayin LPBF can offer
significant advantages, including improved productivity, enhanced material
absorption, and reduced energy consumption. The ability to individually control
each laser allows for customized intensity distributions, enabling the fabrication
of complex parts. Further research is needed to optimize system design, increase
power output, and explore scalability to larger write areas suitable for production
environments. The use of fibreupled diode laser and optical systerman
potentially create efficient and scalable LPBF systems that can enhance the
microstructure of final parts. This, in turn, can significantly improve the
mechanical properties at an industrial level without incurring excessive costs or
time investment.

This research investigates the influence of laser wavelength on the efficiency and
scalability of the Powder Bed Fusion (PBF) process using a 2D array head
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comprising a scalable, lepower (4.5W) 808nm fibre-coupled diode laser. The
individual control of multiple short wavelengths (808 nm) diode lasers enhances
absorption and processing efficiency, enabling the fabrication of intricate parts
with better thermal control. The research delves into howabeprofiles, laser
power, scanning speed, and wavelength affect microstructure, mechanical
properties, and melt pool morphology when manufacturing thmensional
Ti6AI4V parts.

The study reveals that lowower diode lasers generate energy densities
comparable to traditional selective laser melting due to shorter laser
wavelengths, increasing metallic powdabsorption,and enhancing processing
efficiency. Moreover, the investigation highlights the impact of laser wavelength
on keyhole formation, melt pool characteristics, and microstructural evolution.
The 2D array laser head produces parts with mechanical propertiesaathose
manufactured using selective laser melting systemdicating the potential of

this technigue to optimize PBF manufacturing efficiency. These findings are
valuable to researchers and industry professionals seeking to enhance the quality,
scalability, and costffectiveness of the PBF process.
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Chapter 1: Introduction

1.1 Motivation

Advanced manufacturing technologjesuch as powder bed fusion (PBF),
includingselectivdasermelting SLM) and electron beamelting(EBM), are now
considered disruptive and viable alternatives to traditional manufacturing
methods. PBF is increasingly employed in aerospace, automotive, and energy
industries to manufacture highalue enduse components. The growing
utilization and acceptance of PBF in the industry can be attributed to its ability to
produce customized, geometrically efficient structures and reduce material
waste from variog metallic alloys. These alloys would otherwise be challenging
or impossible to produce using conventional manufacturing technologies.

The LPBF process, exemplified by SLM, employspkigbrmance fiber lasers
(usually 2061000 W) with a spot size of approximately0i 1 >Y Ay RAI YS{GSNJ
melt a thin layer of metallic powder feedstock layer by layer. These lasers utilize
mechanical galvanirrors to selectively melt sections of powder beds based on
sliced 3D CAD daf,2]. The final product produced using SLM can achieve-near
full density without requiring additional processes. The mechanical properties of
built components are comparable to those created using traditional
manufacturing methods. Moreover, the mechanical properties of SLM
components can be customized as neededdoljusting process parameters,
influencing the final microstructure of the components. Overall, SLM offers
several advantages over conventional manufacturing techniques.

Similarly, nodaserbased powder bed fusion methods, such as electron beam
melting (EBM), utilize vacuum electron guns6(8 kW) to scan and melt the
powder bed. Compared to other BPF technologies, EBM produces fewer residual
thermal stresses becauseist possible to prdneat the surface with the electron
beam. Additionally, EBM boasts a higher manufacturing rate due to its ability to
scan faster and split/control multiple electron beams on the powder bed.

However, EBM is typically more expensive than SLM systems and yields
components with lower resolution and surface finish. For this reason, Selective
Laser Melting (SLM) is the most prevalent and researched metal additive
manufacturing technology, renownefbr its versatility in processing a broad
range of materials.



2 Chapter 1: Introduction

The methodology for manufacturing components using LPBF has not
fundamentally evolved in over two decades. The use of-pigler fibre laser
sources, creating higimtensity laser spots that rapidly deflect across guavder

bed using galvwnirrors, creates a number of challenges f@LM These
challenges include limitations for processing efficiency, scalability,
thermal/microstructural control and range of processable all@®y4]. Therefore,

any methodthat increases the build rate will likeliind some commercial
applications. Likewise, delivering a technology that reduces costs and overcomes
the drawbacks of SLM technology is also expected to be welcomed.

1.2 Novelty Statement

The lasers employed in SLM systems are primarily chosen for their high power
and beam quality, regardless of the absorption spectrum of the material being
processed. Theurrent laser systematilize fiber lasers operating at wavelengths

of approximately 1070 nm. Depending on the material being processed at this
wavelength, only a portion of the laser energy is absorbed or converted to heat.
This further contributes to energy loss due to the high reflectivity of metals at this
wavelength5]. CurrentSLMlasers are already inefficierttypically 2630% wal

plug efficiency, requiring higher power to process the more reflective materials
such as coppesnd aluminium([5,6].

The galvescanning method, which involves the deflection of fiber laser sources
over a limited working area, has inherent implications for system productivity and
scalability. Low productivity has been identified as one of the limiting factors
preventing te wider adoption of SLM by the industry, especially when

manufacturing in higher volumes or when serial production is reqyirgd

The build rate of SLM is betweemP cm?3/h for a single laser, depending on the
material being processefB]. Literature suggests that optimizing processing
parameters for a single laser source generates limited practical productivity
increases for LPHB]. Because the LPBF approach usestasting (up to 7000
mm/s), highly focused melting sources, the process generally exhibits poor
thermal control over the melt pool with high cooling rates (up to’Xs),
generating microstructures that are fine dendritic and difficult to altesiin. The
rapid cooling rate also createsgnificantthermal residual stresses within the
manufactured part that need to be relieved pgstocesg10]. Occasionally, the
stress can be saignificantthat it causes a part to crack or geometrically
distort/fail within a build.Rapid solidification can limit material processability,
making it challenging to process higharformance, intermetallic forming alloys
that exhibit limited weldability, leading to a high crack susceptibility (e.g.,
CM247LC, TiAl, Al6000 serigsEL3].
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To overcome SLM productivity limitations, system manufacturers (e.g., Renishaw,
EOS, SLM Solutions) have developed systems that include up to foyodwegi
(5001000 W) fiber lasers (with one system having up to twelve lasers, SLM
Solutions NXG XII 600¢ading to increased build speeds but also significant
increases in hardware costs, energy consumption, and overall system size
[7,8,14E16].

The use of multiple galvecanning systems has future potential to enhance in situ
thermal control. However, this control enhancement is likely to be small, with
only marginally altered coolingtes due to the continued use of highly focused,
rapidly scanning laser beams. It has been reported that the build rate for Ti6AI4V
of a fourlaser SLM system is 105 cm3/h compared with 18 cm3/h for a siasge
system.

A cost model developed by Kopf et @l7] showed that implementing 27 lasers

of 1 kW power each would increase the build platform from 1400 cm? to 3540
cmz, therefore, reducing the production cost by 43% compared to a system with
two lasers of 700 W. However, the authors state that implementunthsa large
number of lasers is not technically feasible. Integrating multiple fiber lasers
involves practical space considerations, as each laser requires an individual galvo
scanning mirror, cooling system, optics, and control.

Essentially, the cost of an SLM system scales duqgarly with the number of
lasers, while the scanning speed of each laser is still restricted by the mechanical
movement of the galvenirror system. Furthermore, the processing area is
limited by the aMity of the Ftheta lens to provide a consistent beam profile and
laser power across the processing area. Lasers consume approximately 68% of
the electrical energy in SLM systems due to the low conversion efficiency of
electrical to optical energy, whichk at least 309418,19]

HighPower Diode Lasers (HPDL) are being explored as alternative laser sources
for use within LPBF; they are more compact and eneffjgient than fiber lasers

and have longer lifetimel20]. HPDL has the capability to emit short wavelengths
ranging from 450 nm to 3300 nm with a wplug efficiency of up to 60%. As a
result, it has been used for material processing applications, including soldering,
cutting, surface treatments, and weldif8,19] Recently, research has tried to
overcome the limitations of PBF by utilizing diode lasers for multiple spot
processing21'E27]. However, these attempts have not successfully produced
high-density metallic parts due to poor beam quality.

Furthermore, high laser power (ranging from 50 W to 5 kW) is still being used, as
none of the studies considered using a short wavelength (808 A&® nm) to
increase the absorptivity of the metallic powder. This gives the ability to use a
low-power laser, therefore improving the process efficiency. Fdmepled diode
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lasers are a superior option to HPDLs due to their excellent beam quality,
flexibility, and scalability. Optical fibers ensure a uniform output, enhancing
cooling capacity for improved efficiency and reliability. Additionally, multiple
modules can be combed to increase power output and scalability without
adding complexity.

The direct use of fibrecoupled laser diode sources has not been explored. This
work presents developing, testing, and investigating a new methodofogy
processing metallic powder using a mii#tser array head that implementibre-
coupled diode laser sources with a short wavelength and low povier.
investigate the feasibility of utilizing up to ten lggower diode lasers, each with

a power of less than %/, in a scalable configuration to achieve large write areas
without compromising speed, resolutioar, causing deformation in final samples.

A short laser wavelength of 808m is usedto achieve high absorption and
processing efficiencyFurthermore, individual control of each laser allows the
management of intensity distributions across the linear array of laser beams,
enabling complex custormadeparts to be built. Thevork ains to realise a high
resolution and higkenergyefficiency AM system with improved process thermal
control, which has the potential to be scalable to write areathefappropriae
dimension for production.

1.3 ResearchAims and Objectives

This research aims to develop a novel PBF approach to overcome SLM limitations
using a commercial fibreoupled diode laser (low power 4.5 W, short wavelength
808 nm- 450 nm). In order to achieve this goal, a new powder bed system has
been designed, developed, and built for conducting experimental studies.
Additionally, the research involves developing and characterizing the laser head
that combines several diode lasein linear arrays to create a higésolution,
energyefficient PBF system. The objeetiis to enhance processing efficiency,
thermal gradient, and scalability. The specific objectives are:

1. Develop solid knowledge about the laser characteristics and the effect of
the absorptivity of wavelength spectrum on the process efficiency.

2. Design, develop and build a novel diode area system to conduct the
experimental research.

3. Characterise the muHaser array head and identify the optimal beam
configuration to enhance the process efficacy.

4. Adopt the normalised energy density approach to identify the processing
windows and develop this approach for multiple laser processes.
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5. Optimise the processing parameters and understand the effects of the
process on built components by investigating their mechanical and
structural properties.

6. Evaluate the Diode Area Melting AM) processes to make
recommendations for nexgeneration systems of PBF.
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1.4 Thesis Outline
Chapter2:

This chapter delves into the constraints of Powder Bed Fusion (PEFinm of
efficiency, productivity, and scalability, beginning with an understanding of
Additive Manufacturing. It discusses the limitations of traditional PBF systems and
highlights the significant role of wavelength in process efficiency. The adoption of
diode lasers in PBF systems is emphasized, illustrating how they enhance process
efficiency. The chapter further covers Energy Density in the PBF process and its
role in defining the processing area through ardapth review.

Chapter3:

This chapter outlines the methodology and setup of a research shulgducing

the innovative Diode Area Melting (DAM) approach using multiple toregpled
diode lasers 2D arrays with short wavelengths andpower. The chapter details

the characteristics of laser systems, sindgiede modules, and muHaser heads.

It also outlines modifications to the system and requisite equipment for DAM
processing. The chapter concludes by overviewing characterisation techniques
employed to analyse the mechaniaaid microstructural properties of the final
manufactured parts.

Chapter4:

This chapteinvestigates key factors influencing metallic powder characteristics
(material type, particle size, and quality) to optimize process efficienBBmhlt
presents absorptivity measurements conducted on copper, Ti6Al4V, and AlSi12
with varied particle sizes and quality levels.

Chapter5:

This chapter investigates the influence of lpawer, shortwavelengthsingle
fiber-coupled diode laser$808 nm and 450nm) on material absorption and
processing efficiencysinga Diode Area Melting (DAM) approach with Ti6AI4V.
Highlighting the impact of wavelength on absorption rates, it focuses on the
increased efficiency achieved with shorter wavelengths.

Chapter®6:

This chapter focuses on using multiple addressable ftbtgpled diode lasers
(808nm) to improve the efficiency and scalability of Powder Bed Fusion (PBF).
Investigate the effect of 3 different beam profiles using a 2D laser head array on
resolution, procasing efficiency, and scalable PBF system for precise, repeatable
parts production with desired mechanical characteristics.
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Chapter7

This chapter summarises and concludes this research project (thesis) and
provides limitations and recommendations for future studies.
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Summary

This chapter presents a comprehensive literature review of the limitations in
process efficiency, including productivity and scalability, associated with Powder
Bed Fusion (PBF). It begins with a fundamental understanding of Additive
Manufacturing (AM) technologies, focusing on conventional PBF systems and
their associated limitations. Next, it explains the importance of wavelength and
highlights the adoption of diod&asers in PBF systems to improve the efficiency
of the process.

The review elaborately explores the enduring factors related to productivity and
scalability in the PBF process. A concise introduction to additive manufacturing
sets the stage, followed by a detailed discussion of the challenges within the PBF
process. Té chapter then explores various laser systems employed in PBF,
presenting their benefits and drawbacks.

Special emphasis is placed on Diode lasers, discussing their properties and
cutting-edge applications in PBF. The chapter elaborates on how efficiency can be
improved by integrating a fibecoupled diode laser as a muttiode array
package, providing a kdion to PBF limitations.

Lastly, the chapter covers the concept of Energy Density, a crucial aspect of the
PBF process. The discussion explores énsvgy density is utilized to determine
the processing area.
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2.1 Additive Manufacturing: Overview

Additive Manufacturing (AM) is a general term that encompasses a variety of
processes used to create thremensional (3D) parts directly from a computer
aided design (CAD) modg8]. In a typical AM process, a part is formed by
applying a layer of material upon another layer in the vertical direction. Unlike
conventional manufacturing techniques (e.g., casting, forging, and machining),
AM technologies use solid CAD model data todomilltiple thin crosssectional
layers[28]. This has several advantages over conventional processes, such as
manufacturable complex part geometries, fully functionally graded materials, and
improved and tailorable mechanical properti$9].

AM is an efficient process in terms of material usage due to the small amount of
raw material used during manufacturing and the recyclability of leftover material.
Another advantage of AM is that no special tooling is required, reducing
manufacturing timedesign iterations, cost, and material waste while increasing
the flexibility of production volume[29,30] AM eliminates most physical
manufacturing restrictions, enabling the production of parts that were virtually
impossible to manufacture befor9]. AM has seen a significant improvement

in product development because it does not require special tools. For instance,
the total development cost of a nuid decreases as the production rate
increases, making it costly for low production volumes using conventional
technologies. In contrast, there are no tooling costs for using AM technologies,
and the build volume of the machine can contain several parth ditferent
geometries and sizes, reduciegstfurther (as shown irFigure2.1) and aiding
product development by increasing design freedom compared with conventional
technologieq31].

The freedom of design given by building with sequential layers is another
significant benefit of AM. It is as easy to build a geometrically complex design as
it is to build simple cubes, offering a financial benefit over standard techniques
where the compaent is difficult to produce and thus expensive, as shown in
Figure2.1.
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Figure2.1: Costcomparison using AM over conventional technologisterm
of number of parts and complexity of pafB1].

Therefore, it opens up a new avenue for the optimization and deliverance of
organic shapes (i.e., customized biomedical implants), weight reduction (i.e.,
aerospace components), better performance (i.e., heat exchangers), and a wide
variety of material selction like polymers (nylon 12 and nylon 66), ceramics
(yttria-stabilized zirconia and silicon carbide), and metals (different grades of
steel, titanium, and nickdbased superalloy$30,32]

These features have attracted significant attention and led major industries (i.e.,
aerospace, automotive, and healthcare) to invest in AM. AM technologies are
classified into seven categories, according to A$I8}| as illustratedn Table

2.1.



12

Chapter 2: Literature Review

Table2.1: ASTM International classification of AM Technologi2@s].

CATEGORIES

Material Extrusion

TECHNOLOGIES

Fused Deposition
Modeling (FDM)

Contour Crafting

PRINTED “INK”

Thermoplastics,
Ceramic slurries,
Metal pastes

POWER
SOURCE

Thermal Energy

STRENGTHS / DOWNSIDES

« Inexpensive extrusion machine
* Multi-material printing

+ Limited part resolution

» Poor surface finish

Powder Bed Fusion

Selective Laser
Sintering (SLS)

Polyamides
/Polymer

Direct Metal Laser
Sintering (DMLS)

Selective Laser Melting

Electron Beam Melting

Atomized metal
powder (17-4 PH
stainless steel,
cobalt chromium,
titanium Ti6AI-
av),
ceramic powder

High-powered
Laser Beam

Electron Beam

* High Accuracy and Details

« Fully dense parts

+ High specific strength & stiffness

» Powder handling & recycling

» Support and anchor structure

+ Fully dense parts

+ High specific strength and stiffness

Vat
Photopolymerization

Stereolithography
(SLA)

Photopolymer,
Ceramics
(alumina,

zirconia, PZT)

Ultraviolet Laser

+ High building speed

« Good part resolution

» Overcuring, scanned line shape

+ High cost for supplies and materials

Material Jetting

Polyjet / Inkjet Printing

Photopolymer,
Wax

Thermal Energy
/ Photocuring

* Multi-material printing
+ High surface finish
+ Low-strength material

Binder Jetting

Indirect Inkjet Printing
(Binder 3DP)

Polymer Powder

(Plaster, Resin ),

Ceramic powder,
Metal powder

Thermal Energy

+ Full-color objects printing
+ Require infiltration during post-

processing

+ Wide material selection
« High porosites on finished parts

Welding (EBW)

. . Plastic Film, + High surface finish
Sheet Lamination Lammale§ Object Metallic Sheet, Laser Beam + Low material, machine, process cost
Manufacturing (LOM) s R
Ceramic Tape + Decubing issues
Laser Engineered Net
" + Repair of damaged / worn parts
Directed Energy Shaping (LENS) Molten metal . = 5 A
Deposition Electronic Beam powder Laser Beam Functionally graded material printing

» Require post-processing machine

2.2 Selective Laser Melting(SLM)

Among the various AM techniques, Selective Laser Melting (SLM), classified as a
powder bed fusion process (PBF), is the most widespread process for metal
industries and has been in high demand in recent yd88]. This can be
attributed to the high accuracy (down to ~f0n n
compared with Electron Beam Melting (EBM) or Direct Laser Deposition (DLD)
[32,34] SLM is capable of melting metallic powders to produce fully dense parts
without the need for expensive pogtrocessing, such as heat treatment and/or
infiltration, which is the case with Selective Laser Sintering (SLS), more than

> YO0

detaching the parts anthe support structure from the platfornB5].

The design of the part is provided in a CAD model, and then it is divided into a

series of twedimensional layers to prepare for construction. The feedstock
fra8SN)2F YSGFIfEtAO LI2SRSNI I
then moves ovethe powder bed to selectively melt and bind the required two

dimensional geometry to the previous surface. After that, the processing

substrate is lowered to a distance equal to the thickness of the layer, and the

process is repeated until all layers am®pessed, and the thredimensional part

is made, as shown iRigure2.2. SLM can produce a dense part comparable to

ALINBI RA

I GKAY

bulk material mechanical properties.

lyR SEOStf Syl
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Figure2.2: lllustrating the sequences of gerations inselective laser melting
(SLM)[36].

In SLM systems, the laser is the heat source fusing metallic powder. The
technology concept was commercialized in 1993 using a l@s&r with a

gl gSESYyaidkK 2F mndc >Y3I gKAOK O2dzZ R y2i

and costly posprocessing. SLS sinters the mixture of plastic as a binder with
metallic powder to create a green pd@5]. The green part requires additional
post-process treatment, including heat treatment to remove the plastic binder
and then infiltration to produce metallibased parts. Researchers later realized
the importance of the effect of the wavelength spectrum thie absorptivity of

the materials, which increases in metals with shorter wavelengths. Therefore,
SLM was developed to be equipped with an Nd: YAG fiber laser with a wavelength
2F mMdnc >YP® ! aAy3a | aK2NI ¢l 9SSt Sy3aiGK
power needed to melt metal powders from kilowatts in SLS to watts in SidM.
YAdiber laser delivers enough hightensity energy to melt the metallic powder

and produce fully dense, precise, and reliable parts compared with other metal
AM technigues or conventional processes. The mechanical properties (e.g.,
ultimate tensile strendt, hardness), surface quality, and processing time of SLM
parts can be customized by changing key parameters such as laser power,
scanning speed, hatching, and layer thicknéssa result, SLM is one of the most
promising AM technologies for metal manufacturing the aerospace,
automotive, and healthcare sectors, and it is of special interest to researchers and
developerd30].

KT

LINE
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Nevertheless, SLM has several disadvantages that inhibit its wider industry
adoption [34]. The SLM system's laser source determines the final part's
mechanical properties, geometric precision, and internal residual stresses.
Usually, there is a compromise between build rate and feature size. This may
involve adjusting the laser power, scan spe layer thickness, and other
parameters to achieve the desired balance between build rate and feature size.

For mass production, SLM is relatively slow, expensive, and has a rough surface
finish compared with conventional machining. In terms of scalability, although
SLM systems are large, giving the impression that the machine should be able to
produce huge pag, the build volume is still limited (maximum build 600 x 400 x
500 mn¥) and requires high power, resulting in high energy consumtieih

This limitation arises because SLM systems use a single laser, which is constrained
by the galvo scanner's ability to cover a limited processing area. A miitjala

galvo scanning methodology has been introduced to address this scalability issue.
Howe\er, implementing the additional galMaser system results in a significant
increase in system and operational costs.

Furthermore, the high power and low wall plug efficiency of the lasers used in the
SLM system lead to more extraordinary operational expenses. The surface finish
is low on a level of mechanical properties compared to machined parts. The
fabricated parts sffer from internal stresses, resulting in reduced mechanical
properties. The use of higipowered lasers and the physical properties of
materials induce rapid melting and subsequent solidification, leading to
undesirable defects such as cracking, warpagd,rasidual stresg87]. SLM is still
behind conventional methods in terms of productivity, production costs and
surface quality

2.3 Challengesassociated withthe SLM process.

SLM consistof multiple parametersaffecting productivity, repeatability, and
guality, such as energybsorption, thermodynamicmicrostructural changes,
fluid dynamics, evaporation, and chemical reactiodederstandinghe causes
and effects of physical aspects associatgtth the SLM process will hefgptimise
processing parameters, minimise defects in paatsjincrease th@ density and
dimensional precisiorSLMmanufactured components can suffer from localized
inconsistenciesleadingto undesirable voids angoor mechanical properties.
These inconsistencies can be caused by various factors, including badltig, c
the heataffected zone (HAZ), atmospheric conditions, and remaining stress. It is
essentialto carefully investigate these challenges to improve the quality and
lifespan of SLMproduced parts.
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2.3.1 Part porosity and balling defects.

Porosity in SLM is defined as voids within the fabricated part, which reduces the
part's mechanical properties and qualif$8]. Figure2.3 shows two types of
pores found in samples: gasapped and laclof-fusion poreq39]. Gas pores are
dispersed randomly within the material and often have a spherical or elliptical
shape, ranging in diameter fromZD>m, as shown irFigure2.3 (b). These pores

form when gas is trapped in the molten pool and fails to escape in time, becoming
trapped within the bulk material. Optimizing the packing density of the deposited
layer and finetuning processing parameters, such as scanning speed and power,
can reduce porosity. Even though decreasing the incidence of gas pores by
slowing down the scan speed and increasing laser power is possible, eliminating
them remains a significant challenge.

In contrast, laclof-fusion pores are typically larger and present an irregular
wedge or band shape with pointed tips on either emith a typical size of 5800

>m, as shown inFigure2.3 (a). These pores are often found at the boundary
between two contiguous layers, creating thin, flat interfacial fractures. dofick
fusion pores primarily result from deviations from ideal melting conditions, such
as inadequate laser energy in melting an esce$ powders. This leads to
insufficient melting and poor interlayer bonding. The minor axis of these pores is
typically oriented in the building direction. Under loading, particularly uniaxial
tensile loading parallel to the building direction, the poidteps of these pores

are susceptible to concentrated local stresses, which may cause premature
material failure[40,41]

Figure2.3: Type of porosity including(a) Entrapped gas poreand (b) Lack of
fusion pores(Gas porosity]39].
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Kasperovich et al[40] carried out a study to examine the effect of process
parameters on the porosity characteristics of SpiMcessed Ti6Al4V. The
experimental results revealed that the scan speed was the most crucial factor,
followed by laser powerwhich significantly impactedhe process, where the
hatch distance was found to have the most negligible influeiteyconfirmed

that the impact of energy densiton SLMed samples showed two main types of
porosity defectsCircular pores are formed when excessive energy is megypl
attributed to the keyhole effect. These pores have a fine ribbed surface due to
surface tension forces. However, insufficient energy leads to the formation of
elongated voids that are perpendicular to the build direction. These voids are over
100>Y f2y3 YR NS OFdzZASR o6& AyO2YLX SGS YSt
known as the balling effect.

On the other hand, balling is known as the formation of discontinuous molten
material (droplets) during laser scanning. Poroaitgballing have similar causes
and porosity can usualbye considered symptomatic of ballifig2]. There are two
factors responsible for the formation of balling in the SLM; one is the lack of fusion
with the previous surface due @lack of wettability as shown ifrigure2.4, and

the second is related to the Marangoni effect, where tielten materiahashigh
surface tension and low viscosity during the SLM prodd&% During the
interaction between laser radiation and metallic powder, capillary force is
manifested in the molten powder, resulting in the redistributiconduction,and
fusion of powder particles. Capillary forces play a crucial role in achieving a
consistent and homogeneous melt accumulation and ensuring the proper flow of
molten material between powder particles /and the substrate. This
consequently affects the mechanical properties of the finished part, the level of
its porosity and overall qualityBalling occurs due to insufficient energy or/and
time factors related to laser radiation and properties of powder layers, such as
particle size, layer thickness, and powder size distribution, causing an unstable
melt pool [43]. Low laser power may lead to limited liquid formation and
insufficient cooling of the melt pool, resulting in the formationbadils with high
roughness and weak structures. Also, a high scanning speed may result in
instability in the melting capillaries, causing the melting caused by the laser to be
scattered and a large number of small balls along the laser scanninglipadit.
optimised, laser energy and time variables (scanning speed/hatch distance), as
well as powder properties (particle size, layer thickness, powder size distribution),
and processing environment (oxygen level, ambient temperatcag)se balling,
resulting inan insufficient distribution of the energy input as showrkigure2.5

[38].
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Figure2.4: Optical image showing the lack of fusion defect within the layers'
boundary, exhibiting unmelted particlef4].
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Figure2.5: The optical microscope reveals multiple singi@ck morphologies
under varying processingarameters: (a) scanning speeds, (b) laser power,

and (c) layer thickness (with layer thickness gradually increasing from left to
right) [43].
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Balling occurs when the melted metallic powdails to fuse with the previous
layer. In this case, spherical droplets tend to form due to surface tension effects,
particularly high surface tension. Balling can also be induced by using a high
scanning speedgcreating unstable melting pools that fail due to Rayleigh
instabilities. Rayleigh instabilities cause the cylindrical solidified melt pool to
disintegrate in an attempt to minimize surface energy. This phenomenon typically
occurs when the lengtio-radius ratio exceeds approximately 445], as shown

in Figure2.6.
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Figure2.6: Acceptance (a) contact angle between liquid and surface (b) ratio of
the cylindrical melt pool before breakup45].

Rombouts et al[46] concluded that balling is a process that depends on time,
which means if solidification can take place faster than breakup ,titne
propensity of balling can be reduced. The author ug&gdation 2.1, which
identifies the minimum time to break, to calculate the minimum time for Fe
before its breakup, where represents the cylinder radiug, 0 &epresents
surface tension, anghrepresents the material density.

O RN R (2.1)

Assuming a diameter of 0.4 mm, they calculated the breakup time (0.5 ms), which
was significantly lower than the time required for solidification. They concluded
that the melting pool could be stabilised by reducing the leAgtitycle ratio or
increasingthe contact between the melting pool and the previous layer
(wettability). Furthermorewetting can improe whenthe oxygen level inside the
processing environment is reduced

The Marangonilow is defined as the minimagion of surface energy in the event
of surface tension gradients, resultingrrelt flow from regions with low surface
tension to regions with high surface tensj@s shown irFigure2.7 [47].
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Figure2.7: Marangoniflow (A) Outer Convection Currents Caused by Negative
Surface Tension Gradients, (B) Inner Currents Driven by Positive Surface Tension
Gradients[48].

Generally, melt flows from the centre, where laser irradiation reduces the surface
tension, towards the edges of the melt pool, where the surface tension remains
high. This dynamic results in a broad, shallow melt pool with limited penetration,
as demonstated in Figure2.7 (A), a phenomenon called "outward flow". In
contrast, an "inward flow", illustrated ifigure2.7 (B), leads to a deep, narrow
melt pool[48].

The gradient of surface tension in relation to temperature is typically negative for
pure metals and several alloyldowever, alloys containing a significantmber

of elements that influence the surface show a positive gradient. For example, iron
with high concentrations of sulphur or oxygen exhibits this charactef#gic The
introduction of oxygen can reverse this gradient, subsequently altering the
direction of convection within the melt pool. In research conducted by Niu et al.
[49], it was observed that steel powders processed at high laser speeds and
containing 0.10 wt% of oxygen had a heightened propensity for balling compared
to those with only 0.02 Wit Thistendencytowards balling was ascribed to a
more dominant inward Marangoni flow, stemming from the increased surface
tension gradient in Fe with higher dissolved oxygen concentrations.
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To prevent ballingselecting an appropriate balance between power and scanning
speedand monitoring the oxygen concentration during the procesessentigl
ensuring sufficient energy input to the material while considering each material's
processing windoy45].

2.3.2 Residualstresses and crackswarpage/buckling)

SLM parts are more likely to be subject to high residual stresses and distortion
owing to high thermal gradients and fast heating and coollngthe Selective
Laser Melting (SLM) process, metal powders are melted and solidified rapidly by
a laser. This causes a high cooling rate of up ta@6 [10], resulting in significant
residual thermal stress and a steep temperature gradient in the final product.
Residual stresses tend to increase as more layers are added, with the highest
stress values often occurring at or near the surface of the final |djerresidual
stress profile usually contains high levels of tensile stress in the upper part of the
workpiece, which can reach values equal to the yield strength of the[p@aft
Themethodology of building parts layer upon layer in S the length of the
tracksignificantly impacthe residual stress leveh studyshows residual stresses

are higher in the scanning direction than in the perpendicular direction due to the
more significanthermal gradient in the formej51]. This results in a neaniform
distribution of stress in the final piece. Moreover, the increase in scan length
leads to an amplification of residual stres$g2].

Residual stresses are known to considerably impact the development of cracks
and warping in a componenthis often leads to the detachment of builds from
the build plateand the emergence of cracks in the final prodyEigure2.8 (a).

Figure2.8: Defects in the SLM process caused by residual stress include (a)
crack formation and (b) warpaggb3].

Qacks often form and grow in the finished piece, particularly from partially
melted metal powders on the asuilt surface. The microstructure on both sides
of the crack reveals elongated crystal grains that suggest a transgranat&ing



21

Chapter 2: Literature Review

mode. This is especially problematic for materials with low thermal conductivity
and high thermal expansion coefficient, like stainless steel and riclssd
superalloys.

On the other handWarpage and buckling defects occdue to the thermal
gradient between thelayers andthe rapid variation in temperature gradient
(heating/cooling) during the proce$45], as shown ifrigure2.8 (b). This kind of
aberrances results frondifferential cooling,contributing to thermal stress.
Specifically, the cooling rate at the higher end of the part is not the same as the
cooling rate at the lower end, which is typically the result of localised rapid
heating by laser.Given these considerations, it is clear that processing
parameters and material properties significantly influetieermal disruption and
stress in the final parf52]. During coolingelastic deformations restrairrést),

but the plastic deformations remain, causing residual strasshown inFigure

2.9. These stresses accumulate during the huéger by layer [45]. However,
they can be reduced by reducing the cooling rate by heating the substrate or
preheating the powder feedarsing an optical heat sour¢42,52,54] It has been
reported that reduing the accumulated stress during the build helps to relieve
stress and reduce part cUs4].

Recently, several researchers used multiple fogtvered lasers (simultaneously
laser processing) to heat the surfgsB]. This helped to reduce stress, control
graingrowth, or avoid recrystallisation. Another approach is to use two lasers in
series to reduce the cooling rates, which heipduce the thermal stresses and
enhance the mechanical properties or improve productivity by reducing the
required energy inpuf56].

A research project addressing thermal stress indicated thateéing nickel alloy
parts lowered stress by 33.6967]. The scanning strategy, where surface
geometries are divided into small areas, notatgdgiuces thermal stred$8].
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Cooling
(b)

Figure2.9: Residual stress during (a) heatimgd (b) cooling[52].

In addition to reducing the geometric quality of the part, thermal stress can cause
warpage which leads to failure to complete the build because the wiper fails to
pass over the warped layéWarpage can be prevented by attaching parts to the
substratum during buildinganchorles$ [54], as shown irFigure2.10.

Nun&o_us supports
required

Partfail due to warpage

Yt

. Geometry with
o g{ﬂ : supports

.

Geometry without
supports

Figure2.10: showsthe final SLM parts with and without support structures,
illustrating the importanceof support structures in reducing warping during the
Selective Laser Melting (SLM) procg54].
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2.3.3 Separationdelamination

In addition to previous defectsgracks,and gaps within the layers lead to
delamination, causing separation in the horizontal direction of the bualsl
shown in Figure 2.11. Separation (delamination) occurs between the layers
(horizontal direction of the build)Thelow scanning speed of the laser over a thick
layer (>100>m) of metallic powder leads to heat dissipation on the surface of the
powder, causing more of an increase in the heaaffected surface than
penetration through the layer, whiglin turn, increases stress #m the tendency

of separation (dEmination) between layetsHence, a thin layer (<56m)
produces more extensive bonding between laydE&9].

‘separation ' " Crackings

Figure2.11: Samples produced using the SLM process showing cracks, base
plate separation and warpag0].

In order to achieve a clear surface melting between the melt and the previously
consolidated material t&nhancethe wettability, it is important to remelt the
previous layer to break down and remoaay oxide layeto produce a clean
surface for the new melting procegsccording to research conducted by Osakada
and Shiomi, it was found that implementing rescanning techniques led to a 55%
reduction in thermal stress for nickel alloy pajéd].

Preheating the base plate has emerged as a highly effective approach for
mitigating cracking and enhancing densification dutimgSLM process. A study

by Liu et al. [60] has shown a significant improvement in crack formation,
eliminating the separation during the process. By preheating the base plate to
temperatures of approximately 200°Gu et al. significantly reduced thermal
gradients between the molten metal and the surrounding solidified material.
Consequently, this reduction in thermal gradients leads to a decrease in the
magnitude of residual stresses generated. Similar results haga reported by

Ji et al[62]. Figure2.12demonstrated a considerable reductiamsidecracks and
delamination when the base plate was preheated to temperatures ranging from
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100 to 250°C, compared to lower preheating temperatures of around 100°C. In
conclusion, implementing base plate preheating offers an effective strategy for
minimizing the detrimental effects of residual stresses.

(a) (b) | (©)

I M M
b 5

wl 2|B 7 819 10 11

1 LT

Figure2.12 Side view of samples producadsing SLM processnder various
substrate temperatures: (a) 1005() 150°C, (c) 200°C, (d) 2508¢€].

2.3.4 Evaporation and Spattering

In selective laser melting (SLM), a highly focused laser beam rapidly and intensely
heats the material, causing a portion of it to reach boiling temperature and
leading to evaporation as a significant driving force in the SLM process. This
significantly inpacts the characteristics of the melt pool and spatterj@g]. The
guality and integrity of the final product during the selective laser melting (SLM)
process can be significantly impacted by vibrations. Vibrations cause spattering,
the ejection of molten particles from the melt pool, resulting in defects such as
porosity and surface roughned$3]. Additionally, vibrations can disrupt the
stability of the melt pool, leading to inconsistent heat distribution and inadequate
fusion between layers, ultimately reducing the mechanical properties of the
printed part[64].

The main cause of evaporation is the higtensities generated by the laser beam,
typically around 1®W/cm?, leadingto intense and localized evaporation. This
createspressurepushingdown on the surface of the melt pool, which can be
more than five times atmospheric pressure (5 bar). This pressure creates a
keyhole shape, mainly influenced by laser power and scan speed. The evaporated
material exits the irradiation zone as a vapour jgith its direction determined

by the shape of the melt pophs shown irFigure2.13 [65]. Bidareet al. [65]
obsenedfrom singleline scans indicate thatarticle ejection paths shift forward

to backwarg as laser power and scan speed increaBlee ejection direction
becomes entirely backwards at higher speeds and laser pad&mupting the
underlying powder layer. The upward motion of particles draws them towards
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the laser spot due to the aerodynamic drag effect. Upon approaching the plume,
particles experience sintering or melting, followed by ejection, depending on the
heat and momentum theyhave gathered. After multiple layerspowder
availabilityis lessimpacted by denudation compared to the first layer dudhe
increased thickness and roughness of the powder 1@} Due to the Bernoulli
effect, the vapour jet generates a strong flow within the surrounding gas, with
velocities reaching 10 m/s or highg7]. This gas flow causes powder particles
near the melt pool to be displaced or even drawn into the vapour jet and
accelerated up to m/s?. Three types of spatter particles are commonly
distinguishednelt pool spatter, cold powder spatter, and hot powder spatter.

Figure2.13. Shows highspeed images during the scanning of single tracks at
different scanning speeds: (a) 50 W at 0.1 m/s and (c) 100 W at 0.5 m/s, where
the vaporized material emerging from the irradiation zone in the form of a
vapour jet(spatter), which is influenced by the geometry of the melt pdél5].

Melt pool spatter consists of droplets that escape due to high fluid flow velocities;
they are significantly larger than the original powder and can cause issues when
redeposited into the powder bed. Cold powder spatter consists of loose powder
particles fom around the melt pool that get entrained into the vapojet-
induced gas flowsA hot powder spatter isa powder that gets sucked into the
high-speed vapar jet itself, causing rapidintense heating, and can be
problematic when redeposited. Spatter pafes can become oxidized or have
altered grain structuresdisruptingthe powder bed. By altering laser power
profiles and optimizing build chamber pressure, spatter generation can be
reduced, and its related effects minimized. In summary, controlling and
minimizing spatter is essential in the SLM process.

Ly et al.[67] have determined that the spatter produced during selective laser
melting (SLM)mainly comprise60% hot powder spatter, 25% cold powder
spatter, and 15% melt pool spatter. The velocity of these spatter particles is
influenced by various factors, including particle size, particle type, and the
strength of the vapour jet, whighin turn, is affected by different process
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parameters. Previous studi¢®3,67,68]have reported that cold powder spatter

can reach velocities below 5 m/s while melt pool spattsas reach up to 10 m/s.

On theother hand, a hot powder spatter can reach velocities as high as 20 m/s
due to its smaller size thaamelt pool spatter. Studies conducted by Simonelli et
al.[69] and Liu et al[70] have focused oispatter particles' shape and chemical
composition It was found that spatter particles of materials that contain alloying
elements prone to oxidatioriend to develop oxide layers on their surfaces,
despite efforts to reduce residual oxygen levels. These oxide layers are typically
found on the outer surface of the particlegshile the core can experience changes
such as larger grain sizes due to the relatively slow cooling during the particle's
flight in the gas atmosphere. Most spatter pates maintain a spherical shape,
though some particles may have small satellites on the outside as a result of
collisions during mighir or when landing on the powder bed.

Minimizing vibrations during SLM is crucial to ensure {gjgality and reliable
components Several strategies can be employed to minimize the adverse effects
of vibrations and spattering in Selective Laser Melting (SLM). These include
optimizing processing parameters Bducingthe volumetric energy densityia
increasing the laser spot sig#&l]. Alternatively employing a multbeam strategy,
where a defocused laser beam for remelting follows a processing laser, which, as
reported, heating the powder after it has melted can reduce the tendency for
spattering[16,56]

2.3.5 Absorption, thermal conductivity of powder

SLM is considered to be a thermomechanical process. The interaction of the laser
emission and material powder, which always includes a complex thermodynamic
activity, is the first step towards creating a path, layer or even a complete part
production. Thusmaterial thermal properties such as absorption and thermal
conductivity are important parameters that affect laser absorptivity, melting
formation and other processes related to heat transfer mechaniga®.
Compared with bulk materials, powder particles have comparatively high
absorbability due to the voids between the packed powder partigiswing the

laser source to penetratthe powder bed with multpropagation effect$72]. In

other words, when the higipower laser interacts with packed powder on the
substrate, the laser beams divide into a miléam consisting of the transmitted
beamthrough the materialthe reflected beam (forward/backwards), and the
absorbed beam by the powder particles and the substrate, as showgure

2.14.
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Table2.2 The absorptivity of various materials in PBF systems

Material Nd: YAGlaser (1.06um) CQ laser (10.6um)
Metals
Cu 59% 26%
Fe 64% 45%
Sn 66% 23%
Ti 7% 59%
Pb 79% -
Ceramics
ZnO 2% 94%
Al203 3% 96%
CuO 11% 76%
SiC 78% 66%
TiC 82% 46%
wC 82% 48%
Polymers
Polytetrafluoroethylene 5% 73%
Polymethyl acrylate 6% 75%
Epoxy polyether polymer 9% 94%

% ﬁ Reflection

Absorption
PL’& Scattering

Laser beam

powder parucles

R T N Y " VoY Y s "
D R e R PR

powder bed

Figure2.14: illustrates the interaction of the laser with a powder particle, which
can be either absorbed or reflected.
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The beam transmission in metals is neglected; thus, the tigfiad spectrum will

be absorbed (A) or reflected (R). Tladsorption phenomean occurs if the
spectrum wavelength of light and absorptivity properties of the atom are
compatible. Therefore, depending on the level of compatihitityy unabsorbed
beam will be reflected. Metal generally shows a strong reflection to the infrared
and visible spectrum wavelengths, where it transmits the light of the ultraviolet
wavelength. SLM metal powders have bettabsorptivity under shorter
wavelengths (NdYAG laser), as shownTiable2.2. compared to long wavelength
laser (CQ laser), which is suitable for nemetallic powder (polymers and
ceramics). As illustrated iRigure2.15, the shorter wavelength improves the
absorptivity of metallic powder during the SLM process.
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Figure2.15: Absorptivity of different materialg73].

However, the material setup in SLM, i.e., the powdered material deposited on a
previously solidified layer with a specific packing density, makes it challenging to
use the known absorptivity of bulk materials. This implies that not only the
thickness of te layer and absorption of the bulk are important, kbey also
require more significant consideration of influenced parameters such as material
morphology, powder particle size, packaging densities, and material evaporated,
as well as spatter. For thataeon, previous works conducted to measure thermal
absorptivity were mostly complicated and costly to be repeated. Even with
numerical simulations such as Ray tracing, which helped predict the thermal
absorptivity behaviar in SLM processes, the accuracy was limited when
simulating powder materials with high surface roughness or where oxidation was
present.
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Recently, Rubenchik et dl74] developed an experimental measurement to
validate the Ray tracing model using a calorimetric method to measure the
absorptivity of several materials (316L SS,-FB¥4, Al) under different powder
distribution and layer thicknesses comparable to SLMesyst The experiment

was conducted on a thin refractory disk coated with the targeted powder, where
thermocouples measured the temperature changes during exposure to\& 50
VCSEL laser at a wavelength of 1 um. The results were reported to be well in
accordance with the Ray tracing model for 316L SS, while there was a 15% and
5% variation with Ti6AlV4 and pure aluminium, respectively, due to surface
oxides.

Similarly, Trapp et a[72] used an improved calorimetric method to study the
effect of laser absorptivity over various SLM processing parameters, which
included two levels of laser power (F30W) and three levels of scanning speed
(100, 500, 1500nm/s) with 316L SS and aluminium.

Trapp et al. concluded that in the case of laser power, the absorptivity increases
until it reaches complete melt and increases once again when the beam
penetrates through the molten track to create a keyhole because of the increases
in the scattering of e beam inside the keyhole. The initial absorptivity is
significantly higher in the case of a powder layer compared with the bulk material.
The author reported that the absorptivity of 316L SS was constan(@)6vhen
using the same SLM energy input littie melt pool solidified. To summarize the
previous works of literature which help implement these findings when using
energy density:

U0 A short wavelength will increase the absorption of metallic powder;
therefore, the required laser powes reduced.

U Thermodynamics ithe melt poolis influenced bythe material® properties
(absorption, thermal conductivitigndmaterial morphologypacking density,
particle size, particle average range).

U Multiple reflections during the SLM process increase the absorptivity in
metallic powder two times higher tham bulk metals. For that reason,
materials with a reasonab¢ absorption spectrum(such asnickel alloys,
titanium, and steglare less likelyo increase the absorptivity during laser
processing thamore reflectivemetals such asluminium, copper and silver.

U The absorptivity is influenced significantly by layer thickness @mader
morphology Hence, increasing the thickness and powder packing and
reducing the particle size leads to improved absorptijid).

U The fluctuation of absorptivity during the SLM process can be reduced using
a wide range of particle sige
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Considering the energy input during the SLM process, absorptivity is classified
into three regions. Itow energy inpu{<35W), absorptivity remains constant
due to the absence of melt pool formation. In the case of medium to high
energy input (86210 W), absorptivity increases significantly due ttoe
formation of a keyhole, resulting in increased absorption from multiple
reflections within it. Asorptivity reaches its maximum value at high energy
inputs, primarily because of the reflections inside the keyhake shown in
Figure2.16[72].
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Figure2.16: The absorption of a flat 316L vi@saccording to the power of the

i

laser at scanning speeds of 100, 500, and 1500 mini&3.

In SLM, absorptivity fluctuation is found to be tirdependent, categorised

into two distinct phases based on the energy density leveth&svnin Figure

2.17, the first phase involves the laser beam penetrating the powder bed,
leading to multireflection. This process increases absorptivity until it peaks.
Subsequently, the specific energy density plays a role: a lower energy density
induces a heat equilibriuprhalting the melting and stabilising absorptivity in
the second phase. Conversely, with high energy density, the fusion persists,
and the growing presence of porosity and keyholes elevates absorptivity. This
continues until thereis a reduction in porosit culminating in complete
solidification and a corresponding decrease in absorpfr@).
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Figure2.17: Absorptivity during SLM process at (a) lepower laser 100V/cm?
and (b) highpower 200W/cm? [72].

Thermal conductivity is the ability of a material to transfer heat efficiently
between the particles when exposed to the intense heat generated by the laser
in SLM or the electron beam in EBM. This property plays a crucial role in
determining the temperatte distribution within the material during the process,
affecting the final parts' overall qualityiaterials with high thermal conductivity
can effectively disperse heat and reduce the likelihood of thermal gradients,
warping, and defects. On the otherd, materials with low thermal conductivity
require more thermal energymakingthe process less efficiefr5]. Thermal
conductivity differs significantly from absorptivityThermal conductivity
increases notably in bulk materials compared to powders. Porosity in the material
or low packing density can reduce thermal conductivity due to limited particle
contact.

Becauseof differences in thermal conductivity between loose powder and
solidified material, the conductivity of a powder bed significantly affects the
development of high thermal gradients during the melting process. In powder
bed fusion systems, effective thermabraluctivity depends primarily on the
quality of powder packing densitidlowever, powder beds with irregular particles
and wide size distribution tend to be more conductive at the same density as
regular spherical particles.
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2.3.6 Environment duri ng the SLM process

The quality and repeatability of fabricated parts in SLM depend highly on the
processing environment, including factors such as gas flow through the building
area and the platform's heating. To mitigate the formation of oxidation during
the interaction betveen the laser and the material, the processing chamber
should be filled with an inert g443,46,76] Generally, oxygen reacts with molten
metal, producing a thin oxide surfadbat negatively impactingwvettability,
bonding, and the final part's properties. Oxidation reduces the wettability of
molten material, hindering sufficient fusion within the tracks and between layers
leading to defects like porosity, balling, delamination, and tearing due to cairfa
stress[43].

Maintaining oxygen levels below 0.2% during the process is recommeded
minimize oxygen reactions within the melting pool. This ensures a stable
convection flux of Marangoni and promotes strong bonding between the melted
particles[76]. In addition to an oxygefree atmosphere, a continuous flow of
inert gas over the processing area is essential to prevent residual melting,
including vaporized material. Residual melting can affect laser characteristics,
reducing power intensity and absativity during the process.

A detailed study on balling behaviour in SLM by Li ¢43]revealed a significant
increase in oxygen content in fabricated parts when the oxygen level was raised
from 0.1% to 10% during the SLM process, as depictEdjure2.18.

Figure2.18: The effect of oxygen content during the SLM process influences
balling formation at three levels: (a) 0.1%, (b) 2%, and (c) 10%}.
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Different types of inert gases, such as argon (Ar), nitrogen (N2), helium (He), or
carbon dioxide (C£, have beenusedto reduce oxygen levels during metal
processing. The choice of gas is crucial, as some gases have the potential to react
with alloy elements, leading to undesirable defects. For example, titanium,
manganese, vanadium, and chromium can react with nitrageorm nitrides or

cause micreporosity when used with carbon ste¢f7]. Understanding the
properties of gases is also important; gases with a lower mass than air, such as
helium and nitrogen, are lighter than air, making it challenging to protect the
processing area in SLM. Consequently, many SLM systems preferentially use
argon due to its coseffectiveness, lack of reactivity, and heavikan-air
properties.

Another environmental aspect researchers consplasitively influencingurface
roughness, thermal distortion, and the required energy input is heating the
platform during the SLM proced$5]. However, some studies indicate that
heating the substrate may not necessarily enhance the part properties since the
heating is limited to 10@50°C, while the melting temperature of metals exceeds
1000°d42]. Nonetheless, heating the platform does improve powder flowability
by reducing moisture content in the powdeFhe spreading behaviour can also
be slightly improved due to the lotemperature variation between the substrate
and melt pool
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2.4 Material characteristicsin the PBF process

2.4.1 The influence of particle size

The rapid development and growth of powder bed fusion systéae made
metal powder the largest material grouip continuous developmentamong
other materials[78]. SLM technology started by processing pure materials such
as aluminium, titanium, iron, silver and copper;the processed material has
recentlyexpanded to include composite alloys suchiakel aluminium andiron
alloys.Most of themetal powder is directly suitable for producing fully functional
parts; however, processing difficulties may arise and increase with highly
reflective metals such as coppand silver. Therefore, the process parameters
should be optimised before processiras powder charaeristics, such as the
packingdensity, melting temperature, energy absorptivity, thermal properties,
and particulate sizesignificantly affect the process and, therefotbe quality

and mechanical properties of fabricated parfhe most important factor in
powder properties is thenorphology andlistribution of particlepowder[79]. It
significantly impactspacking density and flowability over the powder bed.
Furthermore,the density and surface quality of producearts, aswell asthe
resolution of layer thicknessare affected by particle size distributioA high
guality packing density can be achieved with a wide range of particle distribution
since the fine particles canlfijaps between bigger particleslsing a broad
distribution rangesmaller than (<37 Y 0 bigg&tkhan(>140> Y0 = ftkel Ra (2
produdion of highly defectve structures with pores and rough surfesd@9].

Niu et al[79] found that oxidation was morkkelywhenafiner particle size (<38
pum) was usedAs a result of oxidation, an incomplete fusion between the layers
and tracks occurs, which leads to incredgmorosity. The material type and
powder composition also contribute significantly to the development of oxidation
during the processfor instance,aluminium ismore susceptiblethan steel to
forming an oxide surface when processed by lasEnerefore,improving
wettability can only be achieved if the energy inputingreased to disrupt
oxidation.

On theother hand, using large partideeducesheat transfer into the powder
layer; thus, more energy input is neededdenetrate andmelt. Theparticles' size
and morphology directly impacthe powder bed packaging density, whjdh
turn, will impact the absorptivity and thermal conductivity of the powder basl
discussed in sectioR.35.

It has been reported that an average partisige distributionof 20-50 >m can
accomplish the necessary acceptance level of fully functional, dense components
in SLM.Generally, the small particle size distribution hehgsluce the staw
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stepping effect in SLM because it caleposit and process thin layers.
Furthermore, it allows a small beam diameter (88) to be used which helps to
increase the intensity and precision of the SLM pro¢28s80,81]

2.4.2 Microstructure in SLM parts

As manyphysical and mechanical characteristics are structurally sensitiie,
essential to understandhe development of the microstructure in a material
during the SLM processe., grain size, grain formation, phase distributi@nd
volume fraction in a systematic manner. Several studiegshe fundamental
effects associated with the microstructural formation and features of SLM
components are reviewed below. In the SLM process, the microstructure of the
produced part is determined by solidification condits such as the cooling rate.
When the laser moves away from the melt pool, disordered material in kquid
phase changes into an orderly solid phagegcompaniedby a thermal energy
discharge.Crystalline nuclei develop and grow @eermal energy is removed
during solidification proceduresAs a general rule, few crystalline nuclei form
independently at random points in the bulk of the molten metabwever, fast
cooling rates in SLM procedures decrease the time to form nuclei and can create
non-equilibrium nucleation. Several materials have more than ocwystal
structure. Thetemperature chang is indeed capable of effectively managing
the crystal structure. This can change material properties as various crystal
structures have different mechanical properties. Rapid cooling (H0€CQ's)
hightemperature gradients reinforce SLM component microstructy8?],
formingfine grains in the solidified structure. Although they are usually equiaxed
in the build plane, such grains display extreme elongation along the build
direction, owing to epitaxial development, resulting in a strong anisotropic
microstructure asshownin Figure2.19.
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Figure2.19: Demonstrates the general trends in SLM microstructures. While
these grains are typically equiaxed in the build plane, they exhibit significant
elongation along the build direction due to epitaxial development, leading to a
pronounced anisotropic microstrucire [82].

This behaviour was addressed by Riemer ef88l} on stainless steel 316L. The
columnar development of grains across several layers was demonstratetheand
minimisation of this anisotropy via heat treatment was explored. Due to grain
developmentthe anisotropy grade was increased by heat treatment at 650°C for
two hours, whilst anisotropy was markedly diminished when the grain structure
was reorganised owing to a hot isostatic pressing (HIP) treatment at 1150°C and
1000 bar. The impact of process parameters on stainless steel 316L
microstructure was eamined by Niendorf et al[84]. Results indicatedhat
greater layer thicknesses and higher energy densities promoted columnar
development of grais. Due to norequilibrium solidification at high cooling
speeds and higkemperature gradients, the shift in liquidus and solidus
temperatures and a significant increase in thebgtween temperature range
make it more likely for minor alloying elementsdeparate[85]. Thijs et al[86]
demonstrated that columnar development for AISi1OMg occurred from the melt
pool edges to the middle of the superior surface of the melt pool, where an
equiaxed grain was present. This hindered columnar development across
multiple layers with a powerful pallel to the build directionQuch features of
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and yield strength aréower, while elongation at break is higher when loading is

applied along the direction of the elongated grains. The opposite is true when

loading is applied at right angles to the elongated direction, but since SLM parts

have smaller grain dimensions owesiage, the yield strength is higher, and

elongation at break is lower, asftine case of cast material. The implementation

of HIP treatment as a pogirocessing phase helps to attenuate such anisotropic

mechanical behaviour. Hence, as indicated by some studies, it is possible to

achieve mechanical properties similar to cast compuae

2.4.3 TI6AL4V Microstructure in PBF

Ti6Al4Viswell y26y a4 hbi GAGEYAdzY Fff28 GKIG FTAY
industrial applications such as aerospace, automotive, and medical fields due to

its excellent properties. These include a high strergthveight ratio, competent

fatigue andfracture resistance, biocompatibility, higemperature resistance,

andcorrosion resistance
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Figure2.20: Two distinct crystal structures: a hexagonal clepacked (HCP)
structure and a bodycentred cubic (BCC) structuf87].

At room temperature, titanium is in its-phase which isa hexagonal, clospacked
(HCP) structuré oM’z 0 | Y Rhageddowever? When the temperature reaches
above 900C, known as thé transus temperature, the titanium atoms rearrange
themselves into the phase with a bodgentred-cubic (BCC) structur&igure2.20
[87,88] The transformation temperature and stability regions can be modified by
addingstabiliseralloying metals. For instance, aluminium can act a8 atabilizer,
increasing the transformation temperature fromto i , while vanadium can serve as
al stabilizer, reducing the transformation temperatyras shown irfrigure2.21.
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Figure2.21:h andi stabilizers along with the associated phase diagrams for
Ti6AI4V[8T7].

Based on the phase diagramRigure2.22 (a), the martensitg€Ms) temperature

statsN} y3Sa o0SG6SSy ynnc/ YR ptpc/ ® LG Aa @
OGN yaAT2N¥Ya (G2 hbi RdNAyYy3I | atz2g 022t Ay3a NI
process leadstothenef Ij dzA f A 0 NA dzY YI NI SyaAdGA O h LKI &S
Slj dzA f A Opldised89]. h b i

The influence of cooling rate on the phase transformation of Ti6AI4V was

investigated by Ahmad et &\t cooling rates above 410°C/s, a mainly martensitic

h YA ONER & ( NUzO (i ArNiB same time Nding da®@s hetween 410

20°C/syield a microstructureo formo 2 i K h Y| NI Sy aA & |yR h b
shown inFigure2.22 (b) [89].

In contrast,a slow cooling rate dess than 20°C/eesults ina significantime to

LISNXY¥A O RAFTFdzAAZ2Y L f LINRPOSaasSa G2 200dzNE | f f
Slj dzA £ A 6 NRA dz¥microstrcture Ultinhatél$, byfrddidihg the cooling rate

to the lowest value investigated in this study, 1.5°C per second, the grain

boundary Widmanstatteh plates continued to grow towards the grain cess.

This led to the development of the 'basketweave' Widmanstatten pattern.
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Figure2.22: Shows the Influence of Cooling Rate on Phase Transformation in
Ti6Al4V. (a) Phase diagram of Ti6Al4M0]. (b) Phase transformation as a
function of cooling rate489].

The comparative analysis of the microstructure of Ti6Al4V fabricated by SLM) and
EBM reveals a pronounced divergence arising from the varied thermal conditions
within each proces§3,97B03]. In SLM, the rapid cooling rates of 41007°C/s

F2aGSNJ | YENIGSYaAidAO YAONRAGNUHZOGdzZNE R2Y)

microstructure. Conversely, EBMs a lower cooling rate (BaL05°C/9 due to a
higher build temperature (60@50°C) resulinginh bi YA ONER & (i NHzO (i dzNB @

LK &S | LIISENB Ay | fFYSEEtFN 2N olalSausSl o

matrix, with larger grains and a coarser microstruct(@etm ® n tharySLM
(0.2-n ®m), as shown inFigure 2.23. The microstructural phases strongly

correlate with hardness and mechanical properties Y I NI SyaA dS LINRJARS

KAIKSad adNBy3adK:s gKAES hbi 2FFSNER | o0SGdS

Figure2.23: Microstructures of sanples produced using SLM-3 and EBM (d
) [93].
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The research carried out by Zaho et [@4], utilising XRay Diffraction (XRD)

analysis, provides experimental support to the previous discussion on the
microstructure of THAF4V fabricated via SLM and EBNFigure 2.24

demonstrates thatmost peaksare G G NA 6 dzi SR (2 GKS hkhd LK
manufacturing techniques. Neverthelessdescernibledifference is identified

with the detection of a peak commensurate with the bedyS Yy 1 NS R Odzo A O 66 OC
LIKFaS Ay GKS 9.a alyYLXtSaz AYyRAOFGAYy3a GKS L
the microstructure of the sample8. KSy O2 YLI NAy3I GKS SARGK 27
between the SLM and EBM samples, it was found that the peaks were broader in

the SLM samples. This suggests that SLM produces a finer grainaided G KS h ¢

phase.
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Figure2.24: XRD pattern for samples ¢f) SLM andb) EBM[94].

SLM and EBM Ti6AI4V's microstructure and mechanical performance can be
improved in various ways kgptimizing the building temperatureeducing the

cooling rate, optimizinghe scanpattern, or/ and applying hot isostatic pressing

(HIP), and annealing heat treatmeni89,93,95,96] These strategies aim to

control microstructural features like grain siaedh  f I G K GKAOlySaa |y
defects, improving the balance of strength, ductility, and fatigue lifeHerPBF

process

X«
r MmN
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2.5 Laser types and applications

In SLM the laser beam is therimary thermal energy source responsible for
melting the metal powdel8]. Providing high beam quality enswrefficient,
precise, andhigh-qualitymaterial deposition during the procesBhelaserquality
dependson beamproperties which are affectedby manyvariables includng
wavelength, spot size, mode, beam profdad transfer medium.In most SLM
systems, the laser wavelength is fixed to 1064 nm. However, specific parameters
can be adjusted based on the processed material to achievedeghity parts,
depending on the selected laser mode (continuous or pulsed). Continuous mode
systemsadjust parameters surcas spot size, focal plane, and laser power, while
pulse systems offer adjustable parameters like peak power, frequency, spot size,
and pulse duration[97]. The lasercharacterisationis determined by three
significant elementgngaged in producing laser lighhe active medium (gain)

the pumping energy source and the optical resonaf@8]. The laser beans
generatal by amplifying the light emanating from thactive medium whichis
placed inside the optical generator using pumping energy. Therefore, the laser is
classified by a gain medium to a solid stagas lasers, liquid lasergnd
semiconductos, & shownin Figure2.25. Gaslasess (CQ) and solidstate lasers

(Nd: YAG laserybdoped fibre laserare the most extensivg usedin SLM8,99].

(a) High voltage (b) (C)
g Pump LD
./ power supply Laser Diode 3
B Lens \\\.b o
Eup &9 o WDM %
beam &, A '\xﬂ\o‘ mirror ~ Coupler "\ / Isolator
o mRSTST TTT
mirror & ey - ;
\' A ~ } > f P
: : N = ’\\)\‘V < Gain 4
HR mirror < Y 7 foer \
Discharge  /~ ' g Laser \_ Directional
QC Laser g beam coupler
mirror beam

Figure2.25: Schematics of different types of lasers with different gasifa) Gas
(b) Solid State (c) fibre las¢t9].
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2.5.1 CO2 laser

The earliest gas laser, th€Q laser, was developedn 1964[100]. CQ is used as
a gain medium inside a discharge tuiichisactivated usingnelectrical pump
source and amplified using optigmirrors and lensesas showrin Figure2.26.

Laser beam
Gas

’ Anode Cathode )
Back mirror Front mirror

Power supply

Figure2.26: The foundation of the CO2 laser module consists of a back mirror,
a gas power supply to excite the gas, and a front mirfd®].

This process generates an infrared wavelength from 9.0 up goni1Due to its
efficiency (5%25%) andthe power rangs (0.1-20 kW), the CQ laser is used
widely in material processingguch as cuttingwelding, surfacdreatment and
drilling) where the power quantitynot the quality is important. The CQaseris
considered avorkhorse of precision manufacturing due to its loast, reliability,
and simplicity However, the long wavelength of €@mits the material
processingespecially with metalsdue to the lack of absorption coefficient. In
AM, a wavelength of 10.5um is the most commonlyusedin SLA systemt®
processpolymers ora mixture of metal with polymer due to high absorptivity by
polymers. Another obstruction is the beam qualitytkeé CQ laser, which cannot
be improved or delivered by an opticébre [19]. Another downside of the GO
laser is theoutput power instabilitycaused by thermal expansiatue to the
massive heat generated by pumping energy into a large volume of&0In
addition, the opticsmustbe examined every 2000 hours fiatigue[19].

2.5.2 Solid-state laser (Nd: YAG)

TheNd: YAG laser (NeodymiuDoped yttrium aluminium garnet laser) is a type
of crystal used as a gain medium in a seliate lasef19]. In addition to C®
lasers, the industry ordinarily uséhese two types of lasers asigh-power
sources[101]. However, one of the advantages over @&3ess is thatNd: YAG
lasersare nearinfrared (NIR)with a wavelength of 1064m, which can be
delivered using fibre optichd: YAGasers have output powesf up to 20kW in
continuous mode ath 120 Jin pulsed modeNd: YAG uss a flash lamp as an
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energy pump sourcewhich is the primary factor responsible for poor beam
quality [19], as shown irFigure2.27.

Total
Reflector Flash L. Output
- Aash Lamp Coupler
Nd:YAG Crystal —?
ser
Output
1 S —
"\ Flash Lamp
Power
Supply

Figure2.27: Fundamental ofNd: YAG laser modul§l9].

As a result of the low power conversigelectrical to opticdl, the unabsorbed
energy is dissipated as heathich affects the beam quality. Another weakness is
the short lifetime of the flash lampvhich can be improved usingleode-pumped
solid-state (DPSS) as an energy pump source to lead to better beam quality and
longer hser lifetime five times more than befor§l9]. In SLM systemshe Yb

laser has replacedd: YAGo achieve higher efficiencyowever, the accessibility

of the Nd: YAGasermeansresearchers commonly usetd study the parametric

and optimising key factors @M.

2.5.3 Yb-Doped Fibre Laser

Rareearth-doped fibre lases areused as an active medium in a fibeser. In the
earliest years offibre lases, their output power performance was limited
compared to bulkasers. Thaise ofa diode laser (950980 nm) asa pumping
source as illustrated inFigure 2.28, improves beam quality, efficiency, and
produces near-IR laser beams (103M70nm)[19].

Fiber Bragg gratings f.aser beam
Multimode (| n/ \n 1 Multimode
coupler 1Tl @ 111 coupler

Laser generated Ytterbium doped fiber

Multimode
pump diodes
stacks

VvVYVYY

Figure2.28: Concept of Ytterbium fibre laser modul§l9].

Ybfibreshave the ability tgoroduce high power due ttheir high stable efficiency
(94%)compared with the other types of rarearth-doped fibres.Ybfibre-lases

can produce constant energy of several kilowatts with a high beam efficiency
optical to optical output (7880%) and an electrical to optical effectiveness of up
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to 30%[19]. Optical fibreallows the YHibre laserto deliver the beam t@longer
distance or connect to a movable optical system withaffecting the original
beam characterisation(beam quality, output power) andimprove system
compactnessYbfibre lasers are extensively applied in the material process and
have almostlisplaced NdYAG lasers iBLM systemfl9].

2.5.4 Diodelaser

A diode laser is classified asolid-statelaser where electrical powes converted
into optical energy.The dode laser consists of a thin layer of semiconductor
material (PN junction) sandwiched between the identical semiconductor
material on both sides of the junctipas shown irFigure2.29 (a).

a

Metal Contact ——|

GaAs substrate
AIGaAs (n) \/ ‘ e
GaAs (n) i
Active layer / §~04-03pm
AlGaAs (p) / | ot
GaAs (p) /

Metal Contact

</

Figure2.29: Structureof diode lase{102].

The internal surfaces of the junction are highly polished to be a medeurface
where the back is coated to a highly reflective surfaamed the front is also
partially coated to allow the laser module to emit light. Once the current starts
flowing by applying the voltage, tlaepletion regon narrows and the PN Fermi
level becomes excited to generate radiation (Rigure2.29 (b).
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Figure 2.30: Diagram showing diode lasecharacteristics and operational
fundamentals[102].
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Because of current flows through theNPjunction, the N region injects electrons,
and the P region injects holes into the depletion region, which increases the
population of the photons by thénversion due to mirror recombination and
stimulation in the depletion regignas shownin Figure 2.30. Photons start
emitting at a specific wavelength from the partially coated surfaceating a
monochromatic laser bearf102]. A combination of factors, including the band
gap energy, cavity length, and refractive index of the semiconductor material,
determines the wavelength of a diode laser. As a result, it is subject to variations
depending on the material, temperature, andwdrig current. Higipower diode
lasers operating in the IR spectrum typically utilize AlGaAs and InGaAs
semiconductor material, as ihable2.3 [103].

Conversely a shorter wavelength (ultraviolet to infrared) can be achieved by
combining two different materials, known as heterostructural laser diodes. These
diodes have a gain profile that varies depending on the semiconductor material
used. The table below displa the gain profiles for the most commonly used
material combinationsHighpower diode lasers generaliyave wider wavelength
bands than C&and Nd:YAG laserg 03].

Table 2.3: Commonly used semiconductor materials and their central
wavelengths[103].

Materials Central Wavelengths (nm)
AlGaAs 720-880
InGaAs 940-990
AlGalnP 630-690
GaN/InGaNGaN/AlGaN 0.30.5
GaAs/GaAlAs 0.52:0.98
InP/InGaAsP 0.91.65

The diode offes wavelength rangesof 3753500 nm, offering a notable
advantage over Cr Nd: YAQGasers in that many metallic materials commonly
used in industry (such as Al, Cu, Ag and Au) have a higher absorption coefficient
in this wavelength spectrum. Thegre commonly powered by a continuous
current source with low voltage, making theelectrically efficient as laser
sources. HPDlhave an electrical to optical conversion efficiency 0f3B0%6, with

a maximum of65%, exceeding other highower lasers such as @sers (10
15%)Nd: YAGasers lamp pump: 13% /diode pump: 1£20%, andYbfibre laser
(30%).Table2.4 summarises the technical characteristics of laser sources used in
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PBH19]. In comparison to alternative laser sources, diode lasers stand out as the
superior choice owing to their remarkable electrical efficiency, compact size of
millimetres, long lifetime, low operating costs, and wide range of wavelengths
employed in the lasgprocessing industrigd.02]. The advantages of diode lasers
have encouraged their widespread adoption in material processing applications,
including soldering, cutting, surface treatments, and weldidgwever, diode
lasers face two main challenges: limitations on output power and poor beam
quality. These limitationsbstructthe widespread adoption of diode lasers in PBF
manufacturing processg403].
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Table2.4: Summarizing laser types and specifications used in different PBF syqtEdits

Laser COz2 laser Nd: YAG laser Yb-fibre laser Diode laser
AM Applications SLA, SLM, SLS, LENS SLM, SLS,LENS SLM, SLS, LENS SLM
Operation wavelength 10. 6 &m 1.06 &m 1. 07 ¢ 375nm ta3500nm
.. Lamp pump: 13 %
0 0 0,
Efficiency 15 % Diode pump20-30 % 30 % 65%
Laser power Up to 25 kW Up to 16 kW Up to 8 kW Average power 50 W
Pump source Directelectrical source Flashllail(r)r;p;or == Laser diode Direct electrical source
Operation mode CW & Pulse CW & Pulse CW & Pulse CW & Pulse
Beam quality factor 3t05 0.4 to 20 0.3t0 17 10 to 60
(mm-mrad)
Fibre delivery Not possible Possible Possible Possi 2 Im? (1
Maintenance periods 2000 hrs AU (3119 1) (25,000 hrs) MEITETEES IEE

10,000 hrs (diode life)

(1000000 hrs)

Industrial Applications

Cutting, welding, surface

treatments, material
processindAM -polymers
Ceramics)

Metal marking, drilling,
welding (robotics),
Materials processing (AM
Metallics)

Cutting, welding, (AM
Metallics)

Medical, soldering,
marking, Micraesoldering,
heat treatment, pump
source.

Disadvantages

Beam cannot delivarsing Fibre.

Not suitable for metallic
application.

not compactness (need more

space).

Requires constant maintenanc

Poor beam quality
Not suitable for nonmetallic
application.

High cost to operate
and install

Low average power
Poor beam quality
Poor coherent
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2.5.4.1 Multi-Emitter Diode Lasers: Power Enhancement and Limitations

Typically, the output power of a single laser diode generates a few watts§max
W). Additional carriers and photons are required to increase the power of single
laser Achieving this involves increasing the volume of the active layer. However,
it is important to maintain a high carrier density within the active layer to ensure
high lasing efficiency. Therefore, increasing the thickness of the active layer is not
a feagble option. Instead, the most straightforward approach to increg$aser
power is to ncrease the width of the active laydraser diodes usually do not
exceed a power of a few milliwatts because they have active layer widths ranging
from tens to hundreds of microns, as illustratedFigure2.31. alternatively, to
increase the output power to around 100, multremitters are combined on the

top of a substrate as a single Ha03].

active layer

subarray of 10 ... 20
stripe emitters or
single broad-area emitter

typ. dimensions
of gain-guided
stripe emitters

=10 pm HEF Hm
=3.5 uym

Figure2.31: Typical single bar of multiple emitters of highower diode laser
[104].

As shown inFigure2.31, a diode bar linear array typically consists of520
subarrays, with each subarray containing-2M individual emitters. Another
possible configuration is a linear setup of20 broadarea active layer emitters
with widths varying between 5Q00 >m [104]. Several HPDL modules can be
stacked horizontally or vertically to increase the output power to Kilowatts, as
shown inFigure2.32. Therefore, higkpower diode laser (HPDL) stacks have no
limit to the maximum power, which has been reported to be a 4 kW continuous
laser as direct output or a 2.5 kW fibeeupled diode lasgl05].
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Figure2.32 Multi-mode diode lasers stack.03]

Vidal et al[106] demonstrated a welding system that utilised a edienensional
diode laser consisting of 19 emitterSVemiter=1501m; Dpiteh=500m; 2.5 watts),
radiating a totapower of 60W [106]. The diode laser module was integrated into

a welding machine with a horizontalyxtable and a vertical carriage mechanism
to position the laser head. A similar approach has been demonstrated by Zavala
et al. for BPF processing. Zavataal. [24]used an 808 nm single diode module
(19 emitters/ 2.5W) to create a single stripe processing area of 4.75 mm x 0.25
mm with a total power of 5@0. Nonetheless, these studies do not demonstrate
the ability to focus the laser beam to a spot size equivalent to those in SLM
systems or control each lasspotindependently due to the high divergence of
diode lasers, the beam quality can be poor, which limits the potential to print
small features, such as micracale latticelike structures, compared tSLMaser
systems

2.5.4.2 Different Approaches for Improving Beam Quality: Free Distance Optics vs
Fiber OpticDelivery.

Whenthe beam travelsawaya few microns from the emitterthe size of every
single mode diverges until it combines and creates a Antile beam As the
0SFYa (NI @St FIENIKSNI Fgle ORA&GEHYOS
beams diverge significantly, resulting in an incoherent rectangular beam profile
and a 70% loss of powgt03]. The beam profile distribution of fivemitters at

three different locationgNearfiled, Mid-filed, and Farfield) is shown inFigure

2.33. It can be observed that each emitter radiates a singlede beam,
exhibiting coherent propagation and uniform power intensity distribution at the
diode laser output. However, as the beams travel away, the size of each mode
expands, and they merg€igure2.33b). Eventually, the intensity distributions of

the five singlemodes combine to create a muttode single laser beankigure

Mnn
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2.33¢). Due to this, the diode laser has poor beam quality, causing the beam to
diverge significantly after exiting the laser module. This limits its direct use in
material applications, including PBF technologies.

T T

(a) (b)

- —

Figure2.33: laser profilga) nearfield, (b) midfield, (c) farfield [103].

Increasing the power density and impiog the beam quality can be done using
two different optical methodsfree distance opticsnficrolenses arrayor fibre
optics delivery, as shown Figure2.34.

(@) (b)

micro-optics

focusing optics
micro-optics

fiber - coupling

focusing system

Figure2.34: Different approaclesfor collection and focusing Diode lasers (a)
free distance optics (microlenses arragihd (b) fibre optics delivery{107].

Commercial diode lasers (DLs) employed in material processing typically have a
beam quality factor (¥) ranging betweed0and60([19]. The emitted laser beam

is generated when a part of the laser field passes through one facet of the active
layer. Even though the active layer is rectangular, some of the laser radiation will
escape due to limited confinement, leading to an elliptslahpeal beam instead

of a circular shape compared to other laser sources.
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Figure2.35: Illustration of the beam characteristics from a single emitter in two
directions: the fast axis ( ¢ 4 ¢ % and the slow axis (¢ j ¢ ¢ The fast axis is
perpendicular to the active layer, while the slow axis runs parallel to the active
layer[102].

Figure2.35 showcases how the output beam of a single emitter is split into two
directions: the fast axis and the slow axis. The fast axis, or perpendicular
transverse mod€g ), is perpendicular to the active layer. On the other
hand, the slow axis, or parallel transverse mdge ), runs parallel to the
active layer and displays 2.5 times less divergence than the fast 4£i83]. The
beam size athe emitter is roughly >m on the fast axis and several microos

the slow axis. The fulvidth half magnitude (FWHM) divergent angle typically
measures around 150 40° and 6%0 12° in the fast and slow axis directions,
respectively. In terms of 1fe intensity divergence, these values are
approximately 26t0 68° and 10to 20° for the fast and slow axis directions,
respectively{103].

Due to the high Mfactor, utilising a microlens array with a short focal length,
which restricts the distance between the lens and the processing area, is
important. Achieving high beam quality and maximum laser irradiance depends
mainly on the optical performance of the faaxis collimator (cylindrical
microlenses). Collimation optics convert a divergent beaguP ¢ into a
collimated beam while maintaining its Gaussian intensity distribution and
elliptical beam profile witlcollimateddiameters.
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The M factor for beam quality isnconsistent between the two transverse
modes. In order to collimate a highly divergent diode laser beam, a cylindrical fast
axis collimator (FAC) and slow axis (SAC) micra@lensquired as shown in
Figure 2.36 (a). Attaching the fast axis first is imperativdue to its higher
divergenceFigure2.36 (b) showsthe geometry of a typical FAC midems, where

the Planeconcave lens has an aspherical contour that is precisely proportioned
to the diode bar. P1 and P2 represent the thick lens's paraxial principal planes.
The paraxial focal length is represented bwhile d represents the beam walist,
shows radial beam divergence of the fast axis is given, and r represents the radius
2T OdzNBI Gdz2NBE 2F G(KS LI NFEAFE &ALKSNB® ¢KS
0 for a nonextended source. The first principal plane is situated at a distance of
t/n from the laser emitter, where t represents the centre thickness of the lens,
and n is the refractive index. As a result of the plane entrance surface, the second
principal plane is located at the lens exit. However, thi@imum divergence of a
collimated beam is limited by diffraction. Therefore, th@aussian beam
divergence U and waist dare affected[104]. The slow axis divergence can be
reduced by employing a slow axis collimator (SAC), which is a monolithic array of
cylindrical micrdensesFigure2.36 (a). The collimated beam diameter, given at
the intensity of 13.5% (1/e2), is determined by the focal length (f) of the
collimating lens and the divergence of the laser diode

(@) (b)

13 mmy |e—— t(1.2mm) ———»

diode laser
NA =0.77
\ %
{

|
l‘ (0.2 mm) ™~ Ggussian beam
/4 fast axis I

/ 5 : d ~ /
slow axis | 4 = N
—————»
FAC / k: f (0.88 mm) r (0.68 mm)

SAC

ray tracing

Figure2.36: (a) Microlens array (FAC) and (SA23], (b) The dimensions of a
typical FAC aspherical cylindrical mielens[104].

For diode lasers where thiél? value is large, reducing tHens's focal lengtlis
necessary to achieve a smaller spot diameter and higher energy denbgy.
diameter of the collimated beams for both transverse modas<- can be
calculated usindquation 2.2 for FAC andguation 2.3 for SAC, where f is the
focal length of the collimatiolens

n ¢ BE1 g & 2.2)

- ¢ BEtg P (2.3)
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A collimated beam is characterized by parallel light waves with minimal
divergence, resulting in limited divergence as they propagate over a disfainee.
beam diameter and radiation wavelength influence the divergence of the
collimated beam.Therefore, the divergence of diffractielimited Gaussian
beams is equal to twice the beam's haligle divergence, which is represented
0 & ‘. Euation 2.4 can calculate the total divergences of the fast and slow
transverse modes, whereas Equati@5 candetermine the focused spot

diameters of the elliptical beam produc¢tiO3].

A E (2.9

A g (2.5)

Following the collimation of the fast and slow axis, the resulting beams with
diameters ofny - and total beam divergencesy,- (radial beam divergence
' kv 0 Yodosdilby w8 cylindrical Planaonvex lenses. These lenses,
corresponding to each transverse mode, are necessary to createirtgyhsity
focused beamsDue to astigmatism and the divergences of the fast and slow axis,
the lensesareemployed to focus both modes different focal lengths (flasseen
in Figure2.37. The focal length of the lens and the beam quality factot, May
crucial roles in determining the diameter of the focused beamA smaller d
results from lower values of Mand shorter focal lengths, which leads hagh
beam intensity.
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Figure2.37 Lens setup for focusing the fast and slow beam mod24].

Zavala et al[24] developed a diode laser system utilizing bulk optics for (PBF)
process. Their study employed a diode module that operates at a 50 W power
output with a laser wavelength of 808 nm. The module comprises 19 emitters,
SIOK aLIlyyAy3a I gaRGKOZ T2 Mopn » Y> YR (OKS RIAl &
divergence in the fasaxis direction (FWHM of 27°) and the stawis (FWHM of

7°), creating an elliptical beam with significant asymmetry. To manage this, the
authors incorporated a Fagtxis Collimating (FAC) andsbowAxis Collimating
(SAC) micrtens, as shown ifigure2.38. Using short focal length mictenses
during the collimation process, they achievad3 and 0.097 divergencegor

the fast and slow axes, respectively. The focal lengths for focusing were 50 mm
and 25 mm, resulting il mm and 0.5 mm beam diameter§he focused spot
diameters for both axes were 0.25 memabling a processing area of 4/mMbn x
0.25mm and generating a total power of 4\/8.
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f

Fast axis
Slow axis focusing

focusing lens
Z lens

Figure2.38: lllustration of the optical system used by Zavala et al. to correct the
19 emitters of a highpower diode laser bar and the general beam p§24].

DAM presented the ability to produce a dense single layer of steel 316L at a
scanning speed of Inm/s. However, the PBF process generatesa high
temperature inside the chaber (70Cto 200 O to reduce the thermal stress in

the fabricated parts, which is considered one of the challenges of operating the
diode laser using free distance optics. The short focal distance in DAM increases
the potential of damaginghe optics and increasebe operation costs due to the
need for a highly efficient cooling system to avoid wavelength shifting.
Additionally, the standard spacing of commercial diode modules is an important
factor limiting the focus mechanisiiny using thebulk opticsapproach As Zavala

et al. reported, the free distance optics have a limited working distance; non
uniform Gaussian profile, and lack of individual control over every enjR@r

Figure2.39 shows the structural layout dhe fiber-coupled multimode diode
laser.Fibercoupled modules with multiple emitters generally consist of multiple
individual emitters, an optical system, and a pigtdihese focusing lenses
facilitate efficient light capture and guidance through the optical fiber, ensuring
the accurate delivery of laser energy to the powder bEke diode laser output

is directed into the glass tube (fiber) by utilising fibre optic delivalpwing for
remote positioning over long distances and typically resulting in a circular spot
just a few millimetes insize.
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Fiber ferrule assembly

.

Figure2.39 Typical construction of a fibecoupled diode laser, which consists
of diode bar lasers, FAC microlenses, a fiber bundle, and a fiber ferrule
assembly{108].

The main role of the optical system is to improve the begmality and support
the coupling of laser beams into an optical fib&@he fiber coupling process
involvesfast-axis and slovaxis collimation lenses to minimize divergence and
focus the multimode beantn) into a spot smaller than the fiber cor@,), as
shown inFigure2.40.

Acceptance Reﬁ'a;::ed ray
cone il my Cladding
Reflected ray
n<m : ——— ]
n Core
‘ ny Cladding :
Entrance rays

Figure2.40: lllustration of Laser Beam Propagation within an Optical FipEd9].

A key aspect of this process is the Numerical Aperture [DN0®), which indicates
the lightgathering capacity of a lens or optical fiber. The NA is calculated as the
product of the refractive index of the medium in which the light travels (
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approximately 1 for air) and the sine of the halfy 3¢ S o6‘ 0 2F GKS YIF EAY
cone that carenter fiber, as showrby Equation 2.6.

1 ¢OE (2.6)

A larger NA corresponds to a wider light comaplying that the optical fiber
system can accept or emit modaser modes. This, however, is not without
challengesFor instance, an optical fiber with a high Ba#n guide more light into

the fiber, but it might also lead to a higher mode volume, causing increased modal
dispersion in multimode fibers. When applied to the Powder Bed Fusion (PBF)
process that utilizes a diode laser, the NA can impact the focusithg dleam in
several waysA large NA value gahigh as 0.6) can lead to high beam divergence
at the fiber's exits, which affects the focusability of the beam and, therefore, the
precision of the PBF process. In addition, it impacts the working distance, defined
as the space between the focusing learsl the focal spot. Typically, a larger NA
equates to a shorter working distance, which could influence the design and
operation of the PBF setups suggested by Karp et[dl10], it is optimal to have

a lower Numerical Aperture (NA), typically around 0.1 to 0.22, as this range is an
efficient coupling of the laser light into the fiber, ensuring a more precise and
effective PBF procedaurthermore, accept sufficient laser power, a critical aspect
for the successful execution of the PBF process. Using an optical set at the end of
the fibre helps to increase the power density and ensure precise processing over
the powder bed processing area

The eam qualityof fibre coupled diode lases typically characterised by the
beam parameter product (BPR20], which is defined as the results of the beam
radius and the beam divergence halfigle, calculated at the beam waist and in
the far field respectively, and is expressed in millimetres times milliradians
(mm-mrad, as shown irEquation 2.7 [111].

"000 [ - AT1TO00AT O 2.7

BPPsignificantly correlateswith power density and impacts manufacturing
resolution as low BPP is equivalent to highietensity and perfect Gaussian
distribution. Wavelength determines the minimum BPP limit, as shown in
Equation 2.7 [111], representing the diffraction limitlictated by the operating
wavelength. Forexample the minimum value of the BPP fohe GO, laser
(wavelength 1@ pm) is 33 mm-mrad and for Nd:YAG laser (wavelength 1.064
pm) is 0.3nm-mrad which means théaser withshorterwavelengths wilfesult

in higher focusability, thus, higher intensity, as showRigure2.41.
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Laser 1 = CO, laser, Laser 2 = Nd:YAG laser = —+ = ~ 10

1.064 um

Figure2.41 Beam characterisation for different lasers: (a) at same beam waist
(b) at same beam angle.

Power distribution is an important factdhat demonstrates the beam's quality
and ensures the delivery of a uniform distributionpmiwer over the powder bed.

By the Transversal Electromagnetic modes (TEM) of the cavity, the intensity
distribution of the laser is specified as showrFigure2.42[111]. The Gaussian
distribution is the most popular laser intensity distribution modskd to define

the laser intensity throughout the laser beam with symmetrical distitouf19].

TEMoo TEMoy+ TEM1o

Figure2.42: lllustrates different transverseelectromagnetic modes (TEM}11].

Beam quality can be characterised independently of laser wavelength viathe M
FLFEOU2NE gKAOK Aa (KS .t tlfoRapefdcRBURSIam e <
laser beanf111]. Equation 2.8 gives the dimensionsf the minimum diameter of

the waist for a Gaussian beam, which illustrates that energy density can be



59 Chapter 2: Literature Review

improved using a short focal length of the focusing lens or by increasing the
diameter of the original beam.

v — (2.8)

2.5.4.3 Multimode print-head optical fibersasa potential solution

Although there is a preference for fibiupled diode lasers over higlower

diode lasers, the former still lacks the necessary power for PBF processes. To
address this issue, it is possible to leverage the flexibility of fibres by combining
multiple fibres in a 1D or 2D array configuration within a laser haadhown in
Figure2.43.

Diode lasers

;)

Cooling Optical V-groove Printing
block fibers mount lens

Figure2.43: lllustration of 1D Array Configuration of Multi Fibr€oupled
Diode Lasers in a Laser Hedd7].

Creating multimode prirhead optical fibers involvaguinga multi-fibre coupled
diodeinto a \fgrooves substrate with specific spacing between centres in 1D or
2D, as shown irFigure2.44. A printing lens is then attached to the end of the v
grove array, providing focused muléiser spots at a particular focal length
determined by the printing lenses used. This ensures a high and precise output
by imaging the array of fibers over the pessing area.
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Figure2.44: Front view of multiibre-coupled diode lasers attached to aV
groove substratg107].

Theapplication of addressed arraysrmodilti-lasersources was primarily confined

to the printing industry, as these processes did not require a high energy output.
This focused use stemmed from the fact that the intensity of energy required for
printing applications is typically lower compared to othedustries. The lack of
necessity for extreme energy input made the utilization of these light source
arrays particularly suitable for print media.

The KODAK APPROVAL Dig@itdburProofing System, developed by Eastman
Kodak Company, features a unique print head that utilizes laser emitters directly
onto the media. The print head is equipped with replaceable laser diodes,
compactly arranged in contiguous-gvooves, each attached tsinglemode
optical fibers with a 5 um core enabling highecision image printing. The images
are projected onto the media through a print lens, forming a series of print spots.
The image quality is further improved by rexing the optical fibers' core
diameter from 125 pym to 18 ui07].

Despite its advanced technology, tlptical setupfaces some challenges. The
poor connectionpoint betweenfiber lasers and fiber laser head reduces beam
efficiency to approximately 10% and causes irregularities in power output at each
fiber end. The system is also sensitive to fiber noise from fiber movements during
print-head movements, inconsistencies bewvefibers, crimps, and sharp bends,
potentially dispersing energy into higherder modes. Laser mode hopping, a
type of lasing instability, may also cause similar disruptions.
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To enhance coupling reliability and to reduce power loss, the core size of the
fibre-coupled diode lasemust be smaller than the fibre of the print head or
similar, with zero gaps between the connection. Furthermore, to reduce fiber
noise, it is recommended to use higherder modes with high NA fiber optics.
The large fiber NA (0.24) enables sustained lighthiesse modes without
automatic attenuation. Iraddition, optical lenses with high NA (0.48) can also be
utilized to eliminate unstable higherder modes, allowing for most of the
higherorder-mode light and power to reach their intended destination.

The first use of this technology in PBF is presented by Karp[£1@]. This paper
present multiple edgeemitting lasers focused into a large core multimode fiber
array. The system utilizes 16 fibre channels in a laser head with a total power of
690W (60W/diode laser) at976nm. The fibre's numerical aperture (NA) is 0.22,
and the system uses agroove block to arrange the fibers in a linear patteas
shown inFigure2.45. The relay lens system is designed for a 0.15 NA direct diode
laser and provides a clogmcked, wide field of viewlhe downside of this work

is that the power limitations at each spot and laser divergence limited linear print
speeds to a fewmillimetresper second, and the technique has yet to realize build
speed benefits.

Multi-mode
Driver 1 Laser 1 fibers

V-groove
Arra

Driver 2 Laser 2

Driver 16 Laser 16

Relay
lens pair

Machine Motlon control

Figure2.45 Schematic of multiple edgemitting lasers coupled into \groove
fibers Array developed by Karp et al[110].
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The study does not provide a comprehensive view of the beam profile of the
optical system. The beam profile is crucial in understanding the interaction
between the laser and the material being processed. Detailed beam profile
characterisation is necessdaxy evaluate the system's performance and potential
limitations. Furthermore, the work lacks idepth information about the impact

of using a multaser array head on the microstructure of the final parts.
Understanding how the laser system affects the nwstructure is vital for
assessing the quality of the final product and determining whether the process
can be optimised for better result$he work showed the use of this technology
with low melting temperature material. While this may simplify the process, it
raises questions about the technique's applicability to materials with higher
melting points, a factor crucial in many reabrld applcations.

Moreover, a 980vm wavelength laser presents absorption limitations, restricting
the process's efficiency. To enhance the system's performance, a shift to a shorter
wavelength, such as 808n or 450nm, could significantly improve absorption,
contributing to better process efficiencyOverall, while the study provides
valuable insights, there is still room for improvement and further investigation in
the field.
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2.5.5 The Stateof-the-Art use of Diode Lasers irraditional LPBF

Highpower diode lasers (HPDL) are being explored as alternative laser sources
for use within LPBRhey are more compact and energjfficient than fibre lasers

and have longer lifetimg0]. The ability of HPDib emit short wavelengths (450

nm- 3300 nm) with up to 60% watllug efficiency has promoted their use within
material processing applications such as soldering, cutting, surface treatments,
and welding[20]. Matthews et al. used addressable sindlede lasers as heat
sources in an attempt to increase LPBF productivity. The researchers applied a
diode-based additive manufacturing (DIAM) method to four 1.25 kW stacked
diode arrays (comprising 60 individual laser bars) to provide a total of 5 k\Wabptic
power at a wavelength of 1007 nif21]. The incoherent output beam was
homogenized by a liquid crystal light valve along with@a@ched Nd: YAG Laser
Beam as a hybrid laser with a wavelength of 1064 nm. This was used to melt an
area of 23 mm for each layer in a single exposure. Howeves,dbmplexity of

the optical system and the short laser pulse through the photomask restricted the
processing field to 2 mn¥.

Furthermore, the long wavelength of the lasers used in DIAM and the available
output power of 20 J/crhincident on the powder bed limited the process to low
melting temperature metals (Sn powder). Studies of part density and processing
efficiency have not yet been reported. Another midgiot LPBF system has been
developed by Fraunhofer ILT that does nequire galvemirrors to direct the
irradiated laser energy onto a powder bed. Instead, it uses a fixed array of
multiple laser spots moving on a gantrysggm[22]. These multiple high power
laser spots create a controllable intensity distribution to create 3D structures with
high flexibility in terms of productivity and building space. However, to generate
high-power multiHlaser spots with a wavelength of 976 nnpaaleof meltingthe
powdered feedstock, several laser diode modules need to be incorporated to
form a single spot of 200 Y23]. A multidiode laser approach named Diode Area
Melting (DAM) was introduced by investigators at The University of Shei2iglld
designed to use low laser powers with more efficient absorption profiles for LPBF.
An 808nm single diode module comprising 19 emitters was focused using
cylindrical micreenses and used to cover a processing area 4.75 mm x 0.25 mm
as a linear stripe. [EA emitter contributed an output power of 2.5 W, which
supplied a total of 50 W (power density of 4.21 x 103 Wicand a 99% dense
component of 316L stainless steel powder was fabricated. This work was able to
initially prove that utilisation of wavelength optimised lasers could efficiently
YStG LR26RSNER 6AGK GSYLISNI (dzNB&a SEOSSRAy3I
power per emitter and reduction in overall component residual strE27].
However, high laser power is still being used, ranging from 200 BkW. In
addition, the poor beam quality of the HPDL used limited the ability to generate
a spot size comparable to the SLM systems¥600 X f AYAGAY 3 GKS LINE
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efficiency and scalability. Fibeoupled diode lasers offer several advantages
over HPDL4.€.,beam quality, flexibilitylifetime, performance, and scalability).
Using optical fibre to deliver the beam will improve the beam quality by delivering
a uniform beam and consistent output. In addition, the optical fibre provides
more freedom to the laser module by separating tl@sdr module from the
processing area, which enhances the cooling capability of the laser module,
leading to better efficiency, longdifetimes, and increased system reliability,
which has been reported to be the most prominent challenge to adopt diode laser
in PBF. Furthermore, the fibimoupled diode laser allows combining multiple
diode modules to increase power output, making it more convenierscale up

the processing area without significantly increasing size or complexity.
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2.6 ProcessParameters Associatedvith Energy Input

2.6.1 Laser power

Laser power is the primary energy source responsible for fusing the powder
particles in powder bed fusion systems. In St processing parametefsuch

as scanning speed, layer thicknemsd hatch spacingare adjusted according to
the laser power and beam characteristi€r instance, using a higilower laser
increases the prospegirocessspeed rate, with is limited when using a low
powerlaser[112]. The spot size&ontrolsthe hatch spacing, whidls suggested to

be 70% of the spot size, to ensure overlapping between the scanned {&&ks

In addition, the layer thickness is adjusted based on the laser intensity and its
ability to penetrate through the materidlLl12]. The intensity must exceed the
energy threshold to reach a targeted material's required melting temperature
For materials with high reflectivity ecvighthermal conductivitysuch as silveaind
aluminium, the intensitymust be higher than the threshold to overcomestblow
temperature gradient during the process.

Furthermore, increasinghe laser power (intensity) influences thgoductivity

and the relative density of the built parts in S[M3]. However, it needs to be
taken into consideratiorthat increasing the build rate has limitatisr{laser
power, scanning speed, and material properti@s)dexceedngthese limitations

to increase the build rate may cause undesirable properfsegh as porosity,
keyhole)in printed parts Figure2.46 depicts how the Selective Laser Melting
(SLM) process is affected by laser pofldr4]. It shows that increasing the laser
power from 100W to 500W raises the maximum temperature of the powder
bed, resulting in changes in the tracks formed. When the laser powesased
over 200W, the Volumetric Energy Density (VED) goes beyond the typical
threshold of 10Q)/mm3,causing changes in the morphology of the tracks leads to
defects in the final parts. This leads to a change from uniform continuous to
irregular tracks, resulting in a phenomenon known as "balling”.
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Figure 2.46. Demonstrate the effect of increasing the laser power under
constant scanning speed within the range of (400 mm/s to 2000 mm/s) on the
morphology of forming single tracks alifferent laser powers: (a) 100 W, (b) 200
W, (c) 300 W, (d) 400 W, and (e) 500 W, in order to investigate the limitations
of using VED (Volumetric Energy Density14].

Therefore, the laser power shoutbe carefully determine to reach the maximum

build rateand,at the same timethe required part quality. Increasing the intensity

is proportional tothe laser power and spot size, (reducing the spot size will
increase the intensity), which has a minimum size specified by the wavelength of
the beam. For instance, usia@Q laser and Ydibre laserwith equivalent power

will generatea different intensity, whch is a hundred times higher in ¥ibre

than CQ, due to the aliity to reducethe spot size.The shorter wavelength
enables achieving a smaller spot size with the same beam quality, as shown in
Equation 2.8. This, in turn, reduces the required laser povi@ar material
processing in SLM systems.

2.6.2 Scanning speed

Scanning speets the second most important parameter controllinige energy
input in selective laser meltindt directly impactsthe morphology of the melt
pool since it controls the time interaction between the laser and the materials.
Several group projeststudied the effect of the scanning speed over the quality
of the tracks to optimise the processing parameters in $1\2,115,116] They
concluded that reducing the scanning speed leadstancreasein the time
interaction, and asaresult, the temperature will grow to exceethe material®
requirement which leads to undesirable defects in fabricated parts.
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In contrast, exceeding the optimal scanning speed reduces the interaction time
between the laser and the material, leading to insufficient energy input for fusing
the powder particles. Researchersad scanning speed to determine optimal
energy input parameters for various laser types, considering each laser's power
level and beam characteristics. For example, Sun et[Hl3] investigated
enhancing the productivity of 316L SS using different laser systems (100 W, 380
W) by adjusting the scanning speed to optimize energy input. They found that the
scanning speed could be increased up to 3.8 times when using a 380 W lager. The
concludedthat increasing laser power necessitates a higher scanning speed,
accelerating the SLM process and consequently boosting productivity. In separate
studies, Yadroitsey112] and Bertoli et al.[114] explored the limitations of
processing parameters on energy densifpey found that laser power and
scanning speed are subject to limitations; these parameters cannot be increased
indefinitely as they depend on other factors like material properties and
wavelength.

2.6.3 Layer thickness

Layer thickness is aertical direction (Z&xis) processing parameter that
significantly influences the resolutiordensity, and mechanical features of
manufactured components during the SLM procd$soptimum layer thickness
depends on the laser energy and the size and distribution of the powder patrticle.
A thick layer may prevent the laser beam from penetrating through the layer,
leading to defects (déamination, porosity, and reducethechanical strength)
due toalack of fusion between layerB contrast, using a thin layer may lead to
reduced packing density quality, producimgugh surfaces.

Sufiiarov et al[117] investigated thempact of changing the layer thickness on
the mechanical properties by varying the layer thickness f80mm to 50 um on
nickelsuperalloys. The author found that tf80 um enhanced the mechanical
strength of the fabricated parts, whered&® um increased the elongation but
reduced the mechanical strength due porosity,which developed cracks in the
fabricated parts.Similarly, Zhang et aJ118] studied the impact of the layer
thickness on porosity and microstructurand, therefore on mechanical
properties.Thelayer thicknessvas changed from 2@mto 80 umwhile the other
processing parameters remained constant. They fothad increasing the layer
thickness increased the porosity and cracks in fabricated parts.

Wang et al[119] successfully fabricated 316L parts wathighdensityof 99.99%,
using a 400V laser with a layer thickness of 1M, improvingproductivity ten
times compared to commercial SLM sysgithis success is due to the use of fine
particles, reportedto be 18 um, which helpedimprove the packing density
quality.
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Yadroitsev et al[112] found 50 um to be the optimal layer thickness for 904L
powder with an average particle size2f# um. He reportedhat the value of the
maximum layer thicknessuringthe build ofthe first layers should not pass 120
pm. Therefore, as shown by the collected data inTable 2.6, most 3M
investigators worked within the rangg 20- 70 um to ensure sufficient bonding
between layers, redue porosity, ancenhance the mechanicalkoperties.

2.6.4 Hatch distance and scanning pattern

Previous studies have emphasised that hatch distancB) (slgnificantly
influencesthe heat accumulation between the tracks, surface morphology, and
overlap rate[120]. Furthermore, thehatch distance defines the relative density
and building rag, as the partis a layermanner constructedand each layer is
produced in anulti-track fashion. Therefore, optimising the HD is critical because
a small HD may lead to accumulating temperature aboventaterial threshold,
which leads to evaporation, thermadlistortions, or keyhole phenomena.
Moreover, increasing the hatch distance above the laser interaction zone leads to
insufficient melting between the tracks, as showrkigure2.47.

= 100 pm

Figure2.47 Qurface morphology at different hatch distansga) 75um (b)
100pm (c)150um (d) 200 pum.
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One of the methods to increase the productivity of SLM systetosnsreasethe
hatch distance by defocusing the laser beam. Metelkova ¢t 2l]increased the
productivity of the SLM system to 18% by uan@00W laser, and the spot size
defocused td242um. The previous studshad almost exclusively focused on the
ability to increase productivitigy changing the beam focal point; thus, the quality
and the surface morphology kianot been investigated, which is essential since
part resolution decreases with increasing melt pool size.

Dong et al. [120] conducted a numerical modelling and experimental
investigation on the effects of the hatch distance on heat transfer and the melt
pool morphology of 316L SS parts using the SLM system. The processing
parameters for this work ere varied for 75, 1001500, and 200 um, whereas
other parameters kepa fixed laserpower (200W), layer thickness (50m), and
spot size {5 um). It was reported in the literature that increasing the hatch
distance from 75um to 200 um led to a reduction in the accumulated heat,
decreasing the melt pool width and increasing the laser penetratiowas found
that the surface roughness and part densitgre strongly affected by the value

of the hatch distance, where 10QAm (54% overlaprate) was found to be an
optimal value which produceda highkquality surface finishing and 99.%éns
parts. In addition using considerable hatch distanasgarse microstructure
developed due to the reduction in the cooling rate.

Another study[43] investigated the influence of the processing parameters on
the balling phenomean. It wasreported that HD had not shown a significant
impact onthe balling phenomenn once the key parameter ltbbeen optimised
(laser power,scanning speed), especially with lengthy tracks, due to rapid
solidification in the SLM procesemphasisg the importance of scanning
strategies during the SLM process.

The scanning strategy (ST) dictates how much energy each layer receives. Thus,
the cooling rate and the heat gradient change by varying the length of the
scanned vectors, the pattern and direction of each patid the rotation of layers
during the build process, which influences the microstructure formation and the
properties of the part. The scanning strategies can be classified into three
techniques asollows:

U The singldine scanning strategy, which can be either unidirectiomabi-
directional, is seen as the most direct approa€his methodestablishes a
continuous parallel line pathllustrated inFigure2.48 (b). Thijs et al[122]
found that shifting from a unidirectionab a bidirectional strategy resulted
in better part density.

U Spiral Strategyirf-out/out-in): where the laser moves in a loop direction from
the edge to the centre or from the centre to the edge, as showfignire2.48



70

Chapter 2: Literature Review

(g/h). Nickel et al]123] conducted a numerical modelling followed lay
experimental investigation fathe spiral scanning strategyl'heyconcluded

that the outin spiral pattern had the lowest anaost uniform stresses and
assumed that the last scanned track generated the most significant stresses
due to theshort-scannedine at the end.

U Islands strategyrlhis approach involves the laser moving over a short distance
in either a unidirectionabr bi-directional manner, covering a target area in
square blocksas shown inFigure2.48 (a). Lu et al.[58] comprehensively
analysed the effect of varying the size of the island strategy on Inconel 718. It
was reported that island sizsmaller than 3« 3 mm tended to increase the
formation of cracks ipart due toincreasediunctions between the islands,
which led to weak bonding.
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Figure2.48: Different techniques of scanning strategie&) island (b) single
line (g)spiral (in-out) (h) spiral (out-in).

Finally it is important to rotate thescanningpattern to increase the bonding
betweenthe layersand reducadefects,stress,and distortion.
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2.7 Productivity and Scalability

Compared with conventional production technologies, the different fundamental
relation of cost, batch size, and product complexity distinguishes AM technology
in general, particularly PBF systenThere is no additional cost for small batch
sizes comparedto mould technologiesand there are no design restrictions
comparedto subtractive techniques. Selective laser melting (SLM) and electron
beam melting (EBM) are methhsed technologiethat have witnessed a rapid
rise in use bymajor industries such as aerospace, automotimad medical.
However, the problems presented in the above subsections (power consumption,
thermal stress,scalability,and processing time) limit the potential of these
technologies to benore widelyadopted by other industry sectors, especially in a
high production volume. Productivity is one of the problems associated with the
economic aspect of SLM and plays a key role as a competitive manufacturing
technology in future applications.

Most SLM devices are equipped with a MIDW laser beam source focused into
75 pm, which limits the processing time due to the small processing area of the
laser (16 -10° mm?) with a relatively slow speed (felwindred to thousand
mm/s) to ensure reliability and repeatdaity of produced parts. In addition, the
optical scanning systemSLM uses for metal processing, the Galvo scanner,
consistingof the doubleaxis mirror scanning system and a focal lenfgtheta,

have limited the construction area to50x 250x 300 mm?,

Three main processing parametenfluencingthe build rate in SLM are scanning
speed, hatch distance and layer thickness, as presentBquation 2.9.

" OET BEDE YO (2.9)

Fromthe literature, the scanning speed and layer thickness depamthe laser
power; however hatch distancéslimited by laser specificatioResearchers have
employed various methods to boost the productivity and scalability of SLM
machines:

U Increasingthe laser power can lead to a faster scannspmeed|[113].
Additionally,multi-beam techniques for thicker layer penetration [69] can
expand the spot diameter, enlarging the scanning area lami¢t rate
[121]. However, there are constraints whencreasingthe laser power
due to material characteristicfl14], potentially resulting in thermal
defects, as elaborated in section 2.6.1. Furthermore, higher laser power
systems require significaelectricalpowerand efficient cooling systems,
which could escalate production costs.
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U Using topology optimisation (TO) is key to enhancing the product's
structure. This method aims to reduce the volume that needs melting,
which in turn minimises both the processing time and material da24].

One of the primarybenefits of additive manufacturing (AM) is the
freedom it offers in design. Therefore, for TO to be effective, mechanical
models and simulations are vital to ensure that the optimised product
retains the mechanical properties of the original design. Howexarent
topology optimisation softwarg¢e.g., ABAQUEL25], Magicd126], ANSYS
Mechanical and Alta[d27]) primarily focuses on static load scenarios and
does not cater for applications that demand a dynamic (nonlinear) study.
Moreover, specific orientations in additive processing can influence the
quality of lattice structures, especially horizongéuts,and bridges. Some
research suggests that lattice structures might not be idealsfmcific
metals, such as titanium. Furthermore, TO does not offer solutions to
enhance the scalability of SLM systems.

U In parallelisation SLM systems, multiple scanning laser heads are
incorporated within a singléSLM systen|128]. This approach helps
reduce processing time, usingeveral laser beamsimultaneously or
sequentiallyto melt and cover different sections while maintaining
consistent parameters like scanning speed and layer thickiressever,
the laser unit is known to be the mopbwer-consuming, especiallgs
most SLM systesequipped with lasers have electrieaptical efficiency
of 45%. For instance, the laser unit in SLM need%®/ to generate 100
W output, which consumeg0% of the total power of the machine tool
[14]. In addition,each laser source needs italvo scanning system,
cooling systems, and power supplier, which incredke system cost and
the energy consumption of the process. Besides, the further a laser spot
has to move from the centre of the focusing lerike greater the
probability of beam profile deterioration and energy waste, thiimiting
the area that can be reliably melted by a single deflected laser source or
repeatability of the system.

U Alternative methods have been explored, including defocusing the laser
beam [123] and employing a preheated optical system rieduce the
required energy input[68], aiming toimprove productivity. However,
these methods can result in higher production costs oe@ducedquality
of the manufactured parts.

By reviewing Additive Manufacturing technologies, Higeed Sintering (HSS)
was deemed the fastest anaost scalable AM technologyl29]. As a result of
dispensing infrared absorbable ink onto the powder bed, the material can be
selectively sintered when the infrared lamp moves across. HSS is not suitable for
processing metallic powderbut the concept was found to be inspirational to
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foster a novel AM process applicabte producing metallic parts. Using
simultaneous multiple laser beams directly over the powder bed will help
improve scalability, raise productivity, and overcorseme inherent drawbacks
of the SLM and BEM proces$2%,24,56,119]

Efforts have been made to explottee challengesand potential ofimplemening

this technique to process a metallic powdBocusing a 19 emitter diode module

to cover an area of 0.264.75mm?, known as diode area melting (DAR&Y], or
creating an optically addressable laser in a wide area using\& faser diode

with a 1MW Qswitch[21] are the two representable approaches. However, it
appears that theywere unable to controeachbeamsourceindividually, which
reduced the feature resolution of the produced parts. In addition, the influence
of each laser array on the processing parameters has not been evaluated.
Recently, using a fibreoupled diode laser of 974m with a power of 42N
focusedinto15¢ Y 3AAPSa (GKS FoAfAGe (G2 O2y GNPt
the beam qualityf130].

Nevertheless, the pitch between each laser was approximately 800 ®
Therefore, the absence of overlapping between beam spots preveinect
interaction between the individual beams (remelting, uniform temperature
gradient) andsignificantly negatively impacts the part quality and densitiyich

has been reported to ba maximumof 61%. The inappropriate pitch distance
leads to poor surface quality and increased porosity due to the formation of every
single trackwhich pulls the surrounding powder and ates areas of denudation
[130]. Furthermore, using a shorter wavelength can theoretically imprinee
energy efficiency and absorption of certain materials

Overall, research work reported in the literature has confirmed the positive
influence of using a laser array on the processing parameters and produced parts.
The energy efficiency has been significantly improved by [24% The easef
adoption andthe availability of better fibres facilitate the improvement of laser
beam quality, making easier to retrofitthe laserinto the system with a shorter
wavelength. This allows for better energy absorptivity, expanding the availability
of the range of processable materigl9][131]. Apart from the above, thermal
stress can also be reduced gyaduallyelevating the temperature, meltinthe

laser sourcgfollowed by annealing lasers, which can be done by controlling each
laser individually withithe help of scanning strategiest was reportedthat using
parallel lasers in the SLM system has increased productivity and reduced thermal
stress[56]. Series laser array has significantly overcome the spatter effect, which
is common in a single spot process du@ireased recoil pressure and negatively
influencesmechanical properties such as ultimate tensile strength, strength and
fatigue[132].

4dKS
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Up to now, using an addressable lpower laser to process metallic powders by
additive means has not beeachieved This work lies innvestigatinga new laser
head using &fibre-coupled diode laser to increase the beam quality and a
microlens array to minimise the pitch distance between spots, by which both part
guality and density can be significantly improved. This work will investigate the
influence of the short wavelength (4350n-808 nm) over processing parameters
and processing new materialsuch ascopperand silver, which are difficult to
processusingcommercial SLM systemshe range of processable PBF materials
will increase by taking advantage of the short wavelength of the fiogpled
diode laser, which significantly impacts the reflectivity of metallic materigiss

will influenceinitial costs, lower energy consumption, increase processing speed,
and lead to innovation iPBF

2.8 Energy Density Overview

The eaergy density (ED) is a groupinflependent parametes(i.e.,laser power,

scan speed, layer thickness, hatch distapajch is applied as an energy metric

to quantify the required energy input to melt metallic powder under different
conditions in (SLM). Each parameter significantly affects the final quality of the
produced parts andheir mechanical properties. There are extensive correlated
studies (simulation as well as experimental) among some of these parameters
and the undesirable phenomena in SLM. Depending on the research study,
whether it is optimising th@rocessing parameteifd16,133,134pr studying the
effects of the parameters on specific phenomena sucmasrostructure,balling,

and thermal behaviour) in SLN¥3,71,135,136] a mathematical relatioship
between key parameters is formed to identify the amount of energy input. In
general, laser power is tuned based on material properties and optical delivery;
the layer thickness is adapted to ensure complete solidification of each kyer,
hatch distance is determined to ensure overlapping between tracks and
remelting, where the scanning speed is adjusted accordingly. The production of
high-density metal parts with higlquality surfaces depends on the quality of
every single rack then each layer. Therefore, researchers quantify the energy
density at various dimensiondinear energy density (dim), surface energy
density (Jlm?) and volumetric energy density dh?®), as illustrated ifrable2.5.
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Table2.5: A different mathematical approach to identify the Enerdgput.

Eq. number  Energy density Equation References
Linear energy
, %% - [116][112][115]
(2.10) density
0 [137][138]
%$ ~ o~
(2.11) Surface energy 6°0 [139]
density
%$ o [140][141][142]
(2.12) ° 6%
[133][114][143]
6 %% ——
2.13) _ 600 [144][145][122]
Volumetric energy
density .
(2.14) 6 %% TS [71][59][27]
. 5
Normalised energy O —
0T [146]
(2.15) : ov
density O omB YV

2.8.1 Linear energy density

The most important parameters to quantify the amount of energy inptien
performingasingle track are laser power @)d scanning speed (\s presented

in Equation(2.10) and known aslinear energydensity {ED)Researchers have
used (LED) to evaluate the combined effect of laser power and scan spéeel on
solidification behaviour and morpholo@yf a single trackPrevious studies have
shownthat increasing the laser power allows faster processing speeds and higher
thermal penetration depth$112,115,116] Furthermore, using a fast scan speed
results in less hedteing transferredand less time to diffuse the powder patrticles,
which reduces the melting width and the heaffected areaFor instance, Wang

et al. [116] used LED to study the influence of processing parameters on the
morphology of single tracks. The experiment was conducted on In&&teby
varying the laser power (10/-200W) and the scanning speed (#0n/s to 200
mm/s), providingLED between 0.3/mmand5 J/mm; the layer thickness was set

to 0.05mm. The author observed three morphologiesdéterent energy input
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levels(lackof fusion, sufficient melt, excessive melting). The optimal, WEixh
provided constantmelt, was reported to be between 1 and.5 Jmm.
Furthermore, the author statethat the track widthandheight decreased as the
LED ratio increased.

Similarly, Yadroitsev et aJ112] used linear energy density to predicate a
processing map for depositing ste&)4Landto study the stability of the melting
pool by measuring the width and depth of single tragdksluding penetration
depth into the substrateSingle tracks were formed using a constant energy input
Plv =227J/mm at two levels of power (250 W) and varying scanning speed
(0.060.22 and 0.03.11) respectively. It has been reported that providing the
same energy density at a different power led to a different formatdrsingle
track patterns as shown irFigure2.49.

(a) stability zone instability zone

I ] drops formation

0.06 0.10 0.14 0.18 0.22
0.03 0.05 007 0.09 0.11 scanning speed [m/s]

instability zone stability zone instability zone
non-continuous drops formation
vectors

Figure2.49: Showsthe changes in the optimal processing window resalgin a
consistent single track using two different laser powers: (a) B0and (b) 25V
[112].

The advantages of high laser power over low power wkeancreagd stability
zone and the penetration deptf.hestudy of forming multilayesconcluded that
more energy is required to form stable tracks for the first layer due to the higher
thermal conductivity of bulk material (substrate) compared to powder, thus
requiring more energy to heat the substrate. Kusuetaal. [115] presumed a
similarconclusion"The threshold energy density for the powder case samples is
much lower than that for nospowder case samples"Accordingly, the linear
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energy density isnore sensitive to laser power than scanning speed. The laser
source is not correlated with the P/A ratio but rather with the square root velocity
and wavelength absorption. AlthoudtED cannot determine the specific melt
poolgeometryat different processing conditiong can be useful when combined
with other processing parameters

2.8.2 Surface energy density

Surface energy density is an alternative approadted to calculate and
investigate the effect of the energy input for fabricating multiglacks or
multiple layers which are defined ifequation 2.11 and Eguation 2.12.
Researchers use laser spot diameter instead of the hatch distanc8gB&hen

the investigationsrelated to the effect of the beam characteristwhichismore
connected to the heat flow of thebeam power. In both equations the
fundamental concept isimilar; thehatch distance should be controlled by the
spot size of the laser to manage the same overlapping rhtitheir study, Liu et

al. [141] used EquatioB.12, spot diameter, to investigate the impact laker
intensity by changing the spot size on a different range of particle sizes and
measuring theultimate tensile strength and surface finishhe author reported

that increasing the spot size reduced the energy input, which reduced the relative
density and surface finishing of fabricated parts. For instance, using laser power
of 50 W at 100 mm/s at different focal lengthof 0.026mm and 0.48nm will
reduce the energy density from 1@mm?to 5 J/mn¥. This variation in energy
density due to the change meam characterisation cannot be predicted using the
linear energy density equatiohiu et al. concluded that the wider particle ranges
decreased the required energy density and improved the mechanical properties
of the part.

Similarly, Okunkova et dlL41] analysel the influenceof different laser modes
(Gaussian distribution, top hat, Donut (inveiGaussian) on the melt pool
formation on the spatters and the melt pool solidificationlhe researcher
investigatedthe surface energy density threshold under different processing
parameters in order to obtain a stable zone. Employed surface energy density
helped the researcher predict changes in the morphology of the single track at
different laser modsand comparable energy density.

On the other hand,using the hatch distance inEquation 2.12 assisted the
researcheiin studyingthe effect on the surface roughness and porosity. Hu et al.
[137]reportedthat the hatch distance had not significantly impacted porosity
until the scanning speeexceeded 60n/min due to rapid solidification between
scans dmilarly stated by Maeda et a[138].
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2.8.3 Volumetric energy density (VED)

Volumetric energy density is the most current energy input expression
researchers usé¢o study various phenomena in selective laser melting. VED
employed the most effective independent parameters which are represented in
Equation2.13as laser power, hatch distan@ganning speed, arldyer thickness.
Most prior research haconcluded that VED has a specific range, which can
reduce the impurities of the manufactured parts, control tiérostructure,and
improve the mechanical propertiegroviding VED below the threshold of the
processed material leads to increaggorosity, redudngthe tensile strength and
fatigue resistance due to insufficient energy input. In contrast, increasing the VED
causeghe metallic powdertto vaporise warpage defects or balling phenomena
due to excessive energy input. Ciurana et al. [30] useastomised powder bed

to study the influence of VED on CoCrMo powder. The substrate was
manufactured to provide a sloped surface at4@ to 500um. Laser power was
varied from 25W to 500W, and the scanning speed from 3323m/s to 83.3
mm/s, where the hatch distance remained equal to the spot size of the laser
which was 15Qum. The combination of laser power and scanning speedahad
more significant effect than layer thickness on the shape of the tracks. VED of 151
J/mm? was optimal for producinga continwus track ofCoCrMo Yakout et al.
[143]identified the optimal processing parameters to produce dense parts from
Invar 36 using VEDhe processing window to achieve 99% density was between
60-75 J/mm?, where high thermal stresses were observed when the V@D
increasedabove 75J/mm?. The author observed similar grain structure and
density values when similar VERs providedoy varying the combination of the
process parametersThijs et al. (2010]J122] studied the influence of VED
parameterson the microstructure of T6AF4V by varying only the scanning
parameters (hatch distancegcanning speedand scanning strategyhe scanning
A0NY GS3IASA aK26SR || AAIAYATFAOFYyd AYLI OO 2y
combination of the processing parameters was used to provide a fixed VED of 93
J/mn?; the relative densityvasimproved from 99.35,99.6 to 99.9% by emphay
different scanning strategies(unidirectional] zigzag and crodstching,
respectively. This improvement in part density is related to theoling rate,
which differs between the strategies and cannot be indicated using VED. Another
study by Gu et alf144] concluded that VED has limitatisfor predicting the
porosity and morphology of SLM parts, even when applying similar energy
density. Gu et al. stated that the relative density improved by increasingaiue

of VED but processing undea similar value of VED (&lmn?) by varying the
processing parameters (laser power, scanning speed) laditop in the relative
density once the laser power dropped below \ROor the scanning speed below
389mm/s as shown irFigure2.50.
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Figure2.50: Relative density under (a3ame laser powewith different
scanning speesi(b) Same VED by varyirfgower/speed) [114].

Thisled Bertoli et al.[114] to investigate the reliability and limitati@of using

the VEDto predict the optimal processing parametensSLMBertoli et al. varied

the processing parametergaer power and scanning speed) to produce single
tracks ata similar VED 242 J/mhvalue As illustrated inFigure2.51, the result
varied from defedwe tracks to continuous smooth trackshe author concluded
that VED is typically a thermodynamic quantity, which means it cannot predict
the complex physics involved, including the flow of Marangoni, hydrodynamic
fluctuations, and recoil pressure, which drive heat and mass transfer in dinsctio
different from the molten bath, ultimately influencing the final morphology.
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Figure2.51: Single track morphology ahe same VED (242/mm?3) under
different processing parameters.

In conclusion, energy density generally has an impact on thermal history,
microstructure, and mechanical characteristics. The microstructure and
mechanical properties can be optisad by controlling the significant processing
parameters which impact the energy input on an opsea process window. The
optimum energy density for different metals reported in the literature has been
summarsed inTable2.6.
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Table2.6: Summarisesthe optimal processing parameters from previous wior

Heat source

Processingparameter

Eq. . Optimal Ref.
Material . . ED
Laser system Wavelength Velocity Thickness Hatch
. Power (W)
(spot size- mm) (um) (mm/s) (mm) (mm)
S'}L\"Rm?h'”e N/A IN625 1007 200 407 200 0.05 : 1-1.5/mm) | [116]
o
LU PM 100 1.075 904L 25- 50 60-240 0.05 - 0.4 1.1(3/mm) | [112]
Hoﬁgelg%')'*'” 1.064 CPTi 100-180 1507 600 0.05 ; 0.21.2(J/mm) | [115]
= House buik in 10.6 WC-CO 60-200 1.5-200 - 0.18 2-200 (I/mrd) | [138]
o
w IPG YLR-200 107 17-4PH 200 0.161.6  0.020.04 0.090.13 | Not specified | [137]
House buikin
o (0.0480.28) 1.064 316L 50 200 0.05 0.08 62.5(3/mm) | [140]
0 Nd: YAG
= (0.200) 1.064 | 18Ni300 stee 100 180220 0.03 ; >2.00(/mn?) | [142]
Nd: YAG
(0.15) 1.080 CoCrMo 25500 33.383.3  0.040.5 0.150 151J/mn?) | [133]
a) .
W YB(‘;')bggé‘;‘ser 1.07 316L 100500 100-2500 0.075 0.055 2420imn?) | [114]
N/A N/A Invar36 285300 880960 0.04 0.10 60-75(J/mn?) | [143]
Diode bar .
. (0.25%4.75) 0.808 316L 50W 15 - 0.25*4.75) | 42(/mn?) [27]
uoj YB ‘Eg’rfS')aser 1.070 316L 200 444 0.058 - 60.1-73.33/mn?) | [147]
> =)
House buikin 1.08 316L 800 250 0.03 - 60.377(imn?) | [121]

(0.262
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2.8.4 Normalised energy density (NED)

The thermodynamic cyclen SLM contains a large number of parameters which
were not employed inenergyinput equations For that reasonoptimising the
processing parameters BLM, whiclusesdifferent laser systers) are not directly
transferable.Oncethe laser beam penetratethe surface of the powdebed, it
induces a thermodynamic cycle which depends maimyaser characteristics:
power (P), scanningpeed(v) and spot size diameter)( material properties:
spectrum absorptivity @), thermal conductivity 'Q, thermal diftisivity O);
different transformation phases in energy andmperature; as well as the
geometry and size of th&vorkpiece.The temperature level delivered to the
material surface defines the processing characteristics (heating, melting or
vaporgation). Several efforts have beemadeto develop mathematical models
to predict theformation of impurities (porosity, keyholes, vaporisation, lack of
fusion) during the SLNrocess.Althoughthese numerical models offer a high
precision standardthey are considered to be expensive and require lengthy
experimental validationlon et al.[148] developed a practical alternative to
numerical process modellingvhich depends analytically @ thermodynamic
variablesby simplifying them into dimensionless groukisown asnormalised
energydensity, Equation2.15. The particular advantage of lon et al. approach is
that it can identify the processing mafor a specific materiainderdifferent PBF
systens by avoiding excessive experiments that inevitably lead to the
identification of incomplete laser parameter3he normalised energy input
definedin Equation 2.15 normalised the most effectivprocessing parameters in
SLM processas follows:

U Normalised the beam power as follows:

62 ———— 2.16
% (219

U Normalised scanning speed as follows:

N Z

U — (2.17)
U Normalised layer thickness as follows:

d - (2.18)

U Normalised hatch distance as follows:

Q- (2.19)
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Where 0°f0°hf AT '8 are the normalised primary SLM parameters. The
normalisation approach is more comprehensive than VED as it is taking into
account the material properties and processing parameters such(As
Absorptivity, (") material density, (G specific heat, (D) thermal diffusivit¢i)
thermal conductivity,("Y) ambient temperature,(d) layer thickness(Q hatch
distance(0) scanning speedi ) Beam Radius an@Y ) powder bed temperature

Thomas et al[146] have developed th@ormalisationapproach to generate a
processing map for various metallic powdgi6AF4V, 316L, Inconel 625,
DuplexSS$S CM247, and FeCoCriNa¥y shown ifrigure2.52.
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Figure2.52 Normalised Energy Density for various EBM materials developed
by Tomas etl. [146].

The ratio betweenO and 1/Q presentsthe normalised heat input for every
scanned vector, which is used to define the variation in energy efficiency during
the processes. For instance, a high valuéOoimeans the combination of the
processing parameters has exposed the system to high heat input; in contrast,
the low values lead to insufficient heat to fuse the powdaraddition the use of

1/7Q is related to the spot diameter of the laser, whishconsideredto be an
important processing parameter that controls the overlap between two adjacent
melting pools. The choice of a large hatch distance can be faster in the production
of a part, but the overlap between adjacent scanning linesy result inless
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melting if there is not enough laser power. In contrast, a narrow hatch distance
value increases the entire production time of the part by introducing more
remelting and therefore, unnecessary heat input.

This study will use the normalised energy density approtacitheoretically
identify the processing regioand practicallyvalidate the optimised processing
usingvolumetric energy densitysupportedby previous literature data.

2.9 Literature Review Conclusions

The literature shows that Powder Bed Fusion (PBF) faces significant challenges,
such as low processing efficiency, a restrictive scanning mechanism (galvo
system), scalability issues, and low wall plug efficiency, particularly with highly
reflective materal. These challenges limit process efficiency, raising the fuged

a solution to enhanceerformance.

The existing galvo system exacerbates the challenges by constricting the
processing area. Incorporating multiple galvo techniques to mitigate this problem
increases the system's cost, which adds financial constraints to technical ones. In
addition, increasg the scanning laser system or laser power can lead to cracks
and internal stress due to high thermal gradients, adding additional costs by post
processing the final parts. Instead, we should focus on the wavelength, the key
factor in boosting process fefiency.

Currently used lasers in SLM have limitations that diode lasers can overcome.
Various research works have endeavoured to surpass the constraints of the SLM
process, which araliscussedin section 2.5.5 and summarized irable 2.7.
However, these attempts are restricted in their ability to incorporate short
wavelengths, enhance beam quality, and consolidate multiple diode lasers as an
individually controllabléneat source. These improvements have the potential to
enhance the PBF process. Moreover, none of the related workshastigatel

the abilityto processhigh melting temperature materials such as Ti6Al4V, copper,
or Aluminium, nor have they comprehensively characterised the final psuith

as mcrostructure and mechanical analysidichare crucial taunderstandinghe
influenceof employing multlaser beams.

Therefore highpower diode lasers that increase PBF process efficiency need
better beam quality. Optical approaches for PBF also have room for improvement
as they come with limitations, such as a short focal length and inability to
individually control each beamwhich can hinder the construction of finer
features. A configuration of fibreoupled diode lasers can enhance processing
efficacy and scalability. Nevertheless, additional research is required to validate
these findings and optimise such a system
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To evaluate the performance of the newly developed laser, the energy density for
the process needs to be calculated and optimidéolwever, the current methods

to calculate the energy density have limitatgynas they donot include the
material properties and the laser, which are part of the processaadot meant

to be for multiindividual spotsA new method of calculating energy density for
multi-spot processes is needed to address these challenigesiddition, this
method can facilitate a deeper understanding of the processing parameters in
relation to the morphology of the melt pool, microstructures, and the mechanical
properties of the final parts.

In conclusion, while PBF presents promising possibilities in additive
manufacturing, several crucial limitations must be addressed, including
absorbability and the laser system, to achieve its full potential. Therefore, a
combination of novel approaches @artechnological advancements guided by
rigorous scientific exploration is necessary to move forward.
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Table2.7 Summary of Systems and Limitations in the Staifthe-Art of Diode Lasers in Traditional Laser Powder Bed Fusion (LPBF).
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Chapter 3: Experimental
M ethodology
Summary

This chapter provides a comprehensive account of the methodology and
experimental setup utilized in the research study. First, it presents the need to
develop a new approach in PBF to process metallic powder called Diode Area
Melting (DAM). This method engys multiple fibrecoupled diode lasers
customised with a short wavelength and low power for parallel processing
metallic feedstock at high speed. Moreover, the chapter briefly describes the
characterisation of laser systems, single diode modules (80&%50mm) and the
multi-laser head (CTPYhen, it explains the special modifications to the system
and the characteristics of the equipment needed for DAM proceskinglly the
chapter provides a brief overview of the characterization techniques used to
analyse the mechanical and microstructural properties of the final parts.
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3.1 Introduction

The need to enhance productivity and efficiency while reducing production costs

in developingoowder bed fusion (PBF) is evident. PBF system manufacturers and
research institutions have been continuously improving the productivity and
efficiency of PBF. Among the metal component fabrication techniques, Selective
Laser Melting (SLM) is most commynised in the aerospace, automotive, and
medical sectors. It is classified as a Powder Bed Fusion Process (PBF) and can
produce neanet-shape metal components byelting and depositing thin metal
powder layers using a higtower, highly focused scanning laser.

However, SLM has been criticised for limitations on productivity, specifically, the
rate at which material can be processed per second. As discusseditetatire
section, to overcome this challenge, researchers have explored two methods:
using highpower lasers to maintain higher energy densities while scanning the
powder surface faster and integrating multiple laser sources within the build
chamber to increase the surface area of the powder that can be processed
simultaneously. Unfortunately, neitherof these methods can increase
productivity while maintaining part quality (density, surface quality, internal
stress) without requiring a pogirocess, which adds extra cost and time to the
overall processing time.

This research will focus on two key aspects: wavelength and the use of multiple
addressable fibreoupled diode lasers, which have yet to be widely investigated.
The development of a novel approach will be considered in this research. In
addition, investigte the effect of the new approach on the quality of the parts.

The experimental work developed in the present research is structured by two
general stages; each focused on specific objectives as described below:

U First stageAn experimental investigation will be carried out to define the
importance of the short wavelength in the PBF procddss investigation
will study the effect of using loypower 450 nm and 808 nm diode lasers
during the PBF of Ti6Al4V, one thfe most widely/commonly used
materials in SLM processing. A DAM methodology will be employed, with
the diode laser physically traversing in the x/y plane to raster scan the
surface of the powder bed. However, compared with the work of Zavala
et al.[27], an optical fibrecoupled diode laser will be used to deliver a
flexible and improved beam quality within the PBF testagyexplained in
the previous section The effect of laser wavelength on melt pool
characteristics will be studied for comparable energy densities.
Consequently, if the technique is effectively demonstrated in Ti6AI4V,
then a wide range of materials can also be expected to be processed
effectively.
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U Second stage: Parametric investigation on the effect of using a multiple

laser arrayhead, which is calleda coherent combination of multiple
transverse pathsQTH, in PBFprocessesin this study, up to ten low
power diode lasers (less than 5 W each) are usexpotentially scalable
configurationto large write areas without speed/resolution/deformation
penalty. A short laser wavelength of 808 nm is usedachieve high
absorption and processing efficiendyurthermore, individual control of
each laserllows the management of intensity distributions across the
linear array of laser beams, enabling complex custom parts to be Dt.
effect of laser power, scanning speed and beam profiles during DAM
processing of BAl4v has been investigateA.normalisedenergy density
approachhas been developetb identify the processonditions required

to producehigh density componentd.he microstructureand mechanical
analysis hee been conducted to understand the effect of the selected
processing parameters on the final parf$e research aimed to develop

a highresolution, energyefficient powder bed fusion system with
enhanced process thermal control that can be scaled up for high
production. The study employed diode area melting of Ti6AI4V utilizing
808nm laser sources and variable midgam profiles.

3.2 Brief description of the Diode area meltingsystem

At the beginning of the research project, it was found necessary to construct an
integrated system to conduct the required experiments to complete the research.
Therefore, the keycomponents requirements for developing a system
encompassing essential elements of the Powder Bed Fusion (PBF) process,
including the control unit, cooling, movement stage, and enclosure chamber,
were discussed. An overview of this system is provided to contextualize
subsequent sections, each detailing individoamponents,and their functions.

The system overview consists of two sections: one outlithegcomponent and
another providing a concise explanation of its operatida.shown irFigure3.1

the Diode area melting system consists of the following components:

(1) A personal computer (PC): To generateso@es, control the laser Head's

movement, record the process temperature, and monitor the
temperature.

(2) Laser power drive: To control the diode laser modules in line with the

geometry of the final parts, a #aser power driver is used. The driver
operates at a constant voltage of 3\5while the current is adjusted to
ensure consistenoptical power throughout the process for each laser.
This technique ensures that the laser output power is stabilized and
prevents any fluctuations in the output power due to changes in current.
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(3) Laser cooling systeriio ensure optimal performance of diode lasers, it is
critical to maintain a temperature below 8 using a cooling unit
specifically designed for this purpose. The output power, wavelength, and
beam quality of the laser are all significantly impacted by changes in
operating temperature, which can cause the laser to drift out of range
and negatively déct its performance. Therefore, consistently
maintaining the appropriate temperature is also essential for prolonging
the lifespan of tke laser.

(4) A two-axis gantry movement systeimused to move laser head modules
over the powder bed in both X and Y directions. The laser head can either
be a single emitter of 808m or450nm or a laser head array.

(5) A customised powdehandling system with a 208m diameter builthg
area.

(6) The enclosed chambeis equipped with an oxygen sensor for monitoring
the environment.

(7) A CTLM2H1SF30@3 model pyrometer from MICREPSILON UK Ltd was
utilised inside the chamber to measure the surface temperature when the
laser passes a specific processing area. The pyrometer can detect
temperaturesfromo pnx/ G2 wnnnx/ ® ¢KS FASER
>m. The transmission spectrum's central wavelength is>16 ®

’ 2-Laser Driver ‘ ’ 3-Cooling system ‘

‘ 4-Laser Head Array ‘

[EmE: ) @19 ) “‘w / ‘ 5-customised powder bed ‘
eS|

] 6-custom build system ‘

Figure3.1 Schematic of the main component of the diodeea melting (DAM)
used in this research project.
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3.3 Brief description of the Diode Area Melting process

TheBPF procesm the current research project is shownkigure3.2. In stage

(1), the research focuses on designing key processing parameters for a given build
structure, such as laser power, scanning speed, and hatch distance. This is done
by applying the design of the experimental method and calculating the energy
density using the normalized energy density in advance. Next, a CAD file of the
3D modelis sliced into 2D images representing a single layer using an SLM system.
Next, the Lightburn CNC program (Lightburn Software LLC., Verdion04
generates a &ode to control the laser driver, cooling system, and gantry)(X
motion. This &ode is sent to the microcontroller unit in the machine, which
sends positional commands to the twoemxmotors to prepare the system for
creating the required structure.

In stage (2), the software sends a command to the laser driver unit, which flows
electrical current to all ten diodes to be turned on or off based on the 2D
geometry. It is important not to exceed the laser's maximum power oda®id

3 V. Each of the ten diodes can be activated individually or simultaneously. A
thermistor individually measures the temperature of the ten diode lasers,
controlled by the thermoelectric (TEC) cooler, as shown in stage (4). The
temperature of the lasers shouldni SEOSSR Hpx/ (2 YIFIAYyGlFAYy i
of the lasers during the process. An-amroling mechanism assists the TEC cooling
process by using copper plates as heat dissipatdssthe laser head traverses
across the powder bed, the emitters of the ladead (CTP) are turnemh and off

as required tcselectively melt particular areas of the powder b&@the pyrometer
measuresthe temperature by pointing it at the middle of the processing area

where the laser interacts with the powder.

In stage (4), a new layer of powder is applied to the top of the completed layer,
and the process is repeated until the final part is manufactured.

In stage (5), the final parts are hotounted and characterized to investigate the
effect of the processing parameters such as beam profiles, laser power, scanning
speed, and hatch distance.
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1| ==« % (3D CLD drawing » Designing 3D model, sliced into layers, and
) ‘J . ' generate a G-code.
» Activate the lasers based on the according to
2 Laserbeam o oD sliced layer.

» Dunng the process, the temperature of the
lasers 1s monitored by the cooling system.

-~ Paeeter » Recording the temperature of a specific point
mn the processing area using the Pyrometer.

» Repeat the process by lowerning the build
platform and spreading new layer. until
complete the final part

» Remove and characterise the final part
(SEM. XRD, Microstructure and

EBSD).

Figure3.2: Stepby-Step Breakdown of the Diode Area Melting Process
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3.4 Diode Area Melting SystemDevelopment

3.4.1 Movementstages

Thesystem has been designed to provide an ideal PBF environment. Therefore,
due to the high tendency to form an oxidation layer during the PBF process, the
system is designed to be an enclosed chamber purged with inert .g@kes
processing area will be vacuumed and pumped with argon gas; The oxygen level
is continuously measured to maintain the oxygen level down to 0.2% during the
process. Two glove ports were constructed to give accessibility to tools inside the
vacuumed chaber or to support any actions nded during the build process.
One of the advantages of the new DAM system is the movement of the key
components, which is controlled by a computer automaticdllyegantry system

has amovement rangeof 400 an on the Y axisand 200 cmon the X axis The
optical system (single or multiple lasersmounted on the motorised stage for
transverse movements in-X planes. In Addition, 4 Stepper motors automatically
control most of the mechanical moving (wiper, powder bed, powder container
and laser head)ys siown inFigure3.3. The new DAM system considered the uses

of different laser heads (Fibre Laser, Edge Emitter, Galvano system) during the
design stage to allow us to examine different laser scanning methods and
wavelengths.A monitor board was created to regulate the environmental
parameters in the chamber, such as the temperature of pistons, pressure, and
oxygen level This allowed for constant monitoring and control of the
experimental environment, which was crucial durthg PBF process.
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Laser head

Figure3.3: View of the Processing Area, lllustrating Integral Components within
the Inert Chamber jncluding Laser Head, Build Area, Powder Wiper, Air Flow
Gas, and X Gantry.

3.4.2 Powder handling unit

For the purposes of this research, a custbmlt powderhandling unit was built
specifically to meet the needs of the study. The system employed a fully
automated powder bed with a 200 mm diameter building area. The build piston
was embedded with a condtice heater which can raise the temperature to
300C. Powder layer as thin as Hin (x 20um) can be deposited by usiagilicon
wiper.

Our investigation revolves around applying a relatively low laser power &W4.5
which may be insufficient to melt metallic powder such as Ti6Al4V, as mentioned
by Yadroitsev et a[112]. This energy level may lead to the first layer failing to
adhereappropriatelyto the substrate, instigating issues in subsequent printing
layers. This adverse outcome can compromise the structural density, precision,
and overall quality of the produced parts. Ensuring strong attachment of the
initial layer is thus important to prent any displacement or misalignment during
the subsequent deposition process. Early trials conducted under varying
processing parameters, as shownTiable3.1, did not yield a successful bond
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between the first layer and the substrate, complicating the PBF process, as shown
in Figure3.4.

Table3.1 Impact of processingparameters (lifferent scanningspeed,) on the
adhesion of the first layer in the PBF process.

r?uammbp;? P(0V\</v)e ' SC?r:z??nsiE?ed Observed results

1 4.5 20 vaporisation

2 4.5 50 vaporisation

3 4.5 75 Balling

4 4.5 100 Balling

5 4.5 150 Balling

6 4.5 200 Balling

7 4.5 300 Unmelted

8 4.5 400 Unmelted

Figure3.4 shows that the metallic powder vaporized at a maximum power of 4.5
W with a scanning speed range of 20 to 50 mm/min, indicating excessive energy.
Meanwhile, a scanning speed increase from 75 mm/min to 200 mm/min balling
phenomenonrstarted to form due to insufficient power, as most energy dissipated
through the substrateExceeding 00 mm/min scanning spea@sulted inlow
energy to melt the powder. This challenge requires rectification to improve the
fabrication process. These observations highlight the necessity for devising a
robust technique to progress the researamdaachieve optimal results.
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Figure3.4 Lack of fusion (adherent) and balling phenomena under different
scanning speeds (26 mm/min (B)50mm/min (C)75 mm/min (D)150mm/min
(E) deposited second layer.

One of the methods we tested was a Ti6Al4V foil with a thickness of 100 um as a
substrate. A single layer of Titanium powdg®d, pmthick, was applied to the foil
substrate and scanned using lasers. Nevertheless, this approach did not result in
a successful fusion of Titanium powder with foil. Furthermore, the high thermal
conductivity of the Ti6Al4V alloy caused rapid cooling anilifoation, which
made the 100 um foil of Ti6AI4V crumble, complicating the fusion process even
more.

Mushtaq Kharet al. [149] presented a method to build 3D parts made of gold
successfully. This technique involved drilling holes with a diameter and depth of
1 mm and subsequently filling these holes with powder. The laser was then used
to melt the powder. This melting formed a pillar structure, anchoring the
subsequent layer. These structures formed the base layer, which acted as a
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substrate. Adopting thisapproachdemonstrated a strong bond in the areas
covered by these holeas shown irFigure3.5 (c, € showsthat areas not covered
by holes were subject to balling phenomena and veayp Thismethod ensures
the stable and successful construction of 3D parts.

Warpage at uncovered areas

Figure 3.5 The images demonstrate the enhancements achieved when
employing a substrate with holes: (A) stage one, where the material is melted
inside the holes, (B) stage two, involving the deposition of a second layer, (C)
after multiple layers, a smooth melt isliservable on the area covered by holes
while balling occurs on the flat surface, (D) a top view of the final nidtyer
samples, and (E) a side view where warping is apparent on the area not covered
by holes.

A steel substrateof 60 x 60 mm was manufacturedThe substrate has a
processing area of 4040 mm, with a pattern of precisely drilled holes, as shown
in Figure3.6; each hole has a diameter ofrhm and a depth of 0.5 mm. This
uniquely designed substrate adopted played a critical role in successfully
achieving the goal of this project of using the {pawer diode laser as a PBF
process.
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Laser Off

Figure3.6: Substrate configuration employed in the current study.

3.4.3 cooling system

Diode lasers are sensitive to temperature changes; as a result, the output power
and wavelength of théaser can change with temperature chan@®d8]. This can
affect the overall performance of the PBF process, especially in this research,
where multiple lasers will be usedo mitigate this, diode lasers often have
temperature stabilization systems in place to keep the temperature of the laser
constant duringthe process One of the most straightforward techniques to
control the temperature of a diode laser is to use a thermoelectric cooler (TEC).
Other techniques, such as usihguid coolingMicro-channeland spray cooling

also useful to control theéemperature of the diode laser, but TEC is more
common due to its simplicity, reliability and low cd460]. The TEC can be
attached directly to the diode laser package, and the temperature can be
controlled by adjusting the current passing through the TEC. This method is
simple effective, and widely used in diodelaser systems. As a result, A
thermoelectric cooler (TEC) is being considered due to its ability to control the
temperature inside the laser module or the mounteligure 3.7 shows the
necessary components of (TEC) whiagt be used in this projedio control the
temperature ofl2lasers
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. 4.5W
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TEC Controller \ | LD
Power to TEC + l_ | TEC |

Computer Feedback = Copper
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!

Figure3.7 Schematic of the cooling system setup used for controlling the
temperature of the diode laseshown (computer, TEC controller, TEC ,and fan
heat seatsink)

A typical TEC cooling system compristgamoelectric cooler (TEC), a heat sink,

a fan, thermistors, and a temperature controller. The TE@ade up of two
dissimilar metalssandwiched between two ceramic plates. When an electric
current passes through the TEC, one side absorbs heat while the other releases
it, creating a temperature gradient. The heat sink is in direct contact with the hot
side of the TEC and facilitates hedissipation. Meanwhile, the temperature
controller regulates the current delivered to the TEC, thereby controlling the
temperature of the laser diode mounted onto the cold side of the TEC. The
temperature controller monitors the temperature of the diode laser and adjusts
the current applied to the thermoelectric cooler to maintain a constant
temperature.

It is important to identify the Heat load ¢Qthe heat generated by the laser. The
heat load must be lowered by 2.5 times TEGrsxgnaximum cooling capacity)
to ensure effective cooling under worstise scenarios. The calculation of Qc
usingEquation 3.1 considerghe optical efficiency, which reflects the amount of
electrical energy converted into light energy. This efficiency includes the electrical
power used for the desired output and the wasted power not contributing to the
output. As specified by the laserquider, the electrical power is 14.34 (4.78A
x3V), and the optical output is 4\W; therefore, Q equals 9.84N for each laser.
Since we havé2 diode lasers, eacbf the two lasers is attached to a singI&C,
whereall the TECs share a single heat saskshown ifrigure3.8. Then, the total
Qc=19.68W.

1 0 -0 3.1)
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(a) Side view

Diode lasers

/ \ Copper plate

R TS

(b) Isometric view

Y

Fan with a maximum
airflow rate of 80m¥h

Figure3.8: Final cooling system design to control up to 12 lasers.

When selecting a TEC module, it is important to consider its maximum cooling
capacity (Qal X
the maximum current it can drawn{dy. After reviewing the specifications from
the supplier (Thorlabsh Table3.2, the TECH4 module is the optimal choice for
managing the heat load. The TECH4 modhasa Qnax 0f 44.82 3 Inax gl ¢
66.3°C, and anmhx0f 4.6 A at a Whaxof 15V.

GKS YFEAYdzY GSYLISNI G dzMBandRA FFSNByYy O

Table3.2 TEC data provided from supplied (Thorlabs).
































































































































































































































































































