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i Abstract

Abstract

Developed at the University of Sheffield, Diode Area Melting (DAM)
represents a novel development in Laser Powder Bed Fusion ({PBF)
technologies. This method diverges from traditional mirror galvanometer
controlled laser techniques byemploying an array of lowpowered diode lasers,
each with a power output of less than 5 wattsin contrast to traditional L-PBF,
which employs high-powered fibre lasers with outputs exceedinglO0 watts at
speeds ranging from 300 to 3000 mm/s, DAM operates these diode lasers at

significantly reduced speeds of 1 to 10 mm/s.

The essence of this research involves exploring the interactions between
multiple diode lasers and powder materials within the DAM process. It focuses
on forming single tracks and twedimensional layers, crucial for constructing
three-dimensional final parts. The study investigates how the quantity of lasers
affects the melt pool size and cooling rates, utding multiple lasers arranged in a
linear array. In the modelling phase, the study utilises up to six lasers arranged
in a linear array and employs Fiite Element Method (FEM) simulations,
analytical approaches, and thermal camera measurements to analyse the
intricate dynamics of the multiple laser-powder interactions within the DAM

process.

In the processing of Ti6Al4V, he experimental findingsshowsthat a single
laser achieves a cooling rate of 778 K/s, which decreases to 191 K/s when
employing six lasers, closely resembling the slower cooling rates observed in
some casting processes:urthermore, a single layer of Ti6Al4V processed using
DAM demonstrates lower residual stresses, with a reduction in stress noted as
the number of lasers is increased and the scanning speed is decreased
Microstructural analysis indicates the presence ofbothy C | AOUOOAI 00O
with variations mainly influenced by scanning speed. These enhancements, along
with the ability of DAM to process larger areas through the use of multiple lasers,
potentially improve both efficiency and throughput, marking & important shift
from conventional L-PBF methods ConsequentlyJeading to important benefits
for large-scale production with enhanced part quality and reduced need for post

processing
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Laser Powder Bed Fusion ({PBF) has become a leading technology in the
field of Additive Manufacturing (AM), representing the most widelyused and
extensively researched technique for the production of metallic components. The
process generally employs fibre lasers with a wavelength of 70 nm, providing
power outputs that range from 100 to 1000 watts. Through the years,
enhancements in EPBF technology havencorporated the addition of multiple
lasers, increased laser power, and larger build volumes. Tovercome the
inherent productivity challenges of L-PBF, manufacturers such as Renishaw, EOS,
and SLM Solutions havenitiated the development of systems equipped with
multiple high-power fibre lasers, typically with a quad 500 - 1000 watt laser
arrangement Notably, one model from SLM Solutions, the NXG XII 600,
incorporates up to twelve lasers and achieves an actual build rate of up to 1000
cmd/h , a substantialincrease fromthe earlier systemsthat achievedbuild rate of
only 25 cm3/h using a single 400 Waser. These enhancements have resulted in
increased build speeds, but they also entail significant rises in hardware costs,

energy consumption, and the overalsize of the systemsg[1].

Despite these advancements,L-PBF continues to be constrained by
significant intrinsic challenges such as high residual stresses and warpage.
Moreover, the throughput of L-PBF systems has not yet attained a level that is
viable for mass production Additionally, the high acquisition and operational
costs associated with these systems furtheninder the widespread adoption of
this technology across various industries. For instancejntegrating each
additional laser into an L-PBF system results in a cost inetase of several hundred
thousand. These challenges havemotivated the exploration of alternative
technologies within this sector, aiming toreducethese barriers and enhance the

applicability of AM processes.

In response tothese challenges associated witH_-PBF, researchers at the
University of Sheffield have developed Diode Area Melting (DAM), a novel
approach that represents a shift from conventional {PBF techniques.Unlike
traditional methods that rely on galvo scanning mirror-deflected fibre lasers,
DAM utilises an array of low-powered diode lasers, each with a power output of

less than 5 watts.This new method varies significantly from traditional L-PBF as
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it operates at considerably slower speeds of 1 to 10 mm/s using a gantry system,
in contrast to the 300 to 3000 mm/s speeds typical in standard {PBF systems
Preliminary outcomes with Ti6Al4V alloy indicate that the current DAM
equipment has the theoretical capability to achieve a build rate of 1000m3/h
using an assembly of~4000 individual diode lasers arrangedin a singular row.
The cost perdiode laserin DAMis estimated to be less than £30, and an entire
laser system comprising 4000 lasersandits lens assemblycan beobtained for a
sum below £20. This stands in contrast to thehigh purchasecosts associated
with L-PBF machinery, which may escalate by£175K with the addition of each
laser, with a proportional increase in energy consumption. Moreover, thieigher
residual stresses and thancreased surface roughness characteristic of IPBF
parts require additional post-processing, which in turnincreasesthe overall cost

of the final component

The DAM development is set to overcome some of the principal challenges
inherent in existing L-PBF technologies, including the high residual stresses and
substantial costs associated with {PBF. This advancement is anticipated to not
only improve the quality of manufactured components but also to potentially
decrease both the cost per part and the overall cost of ownership for the
machinery. Nonetheless, the DAM approach presents its own set of challenges,
particularly the increased complexity caused by the integration of multiple
lasers. Furthermore, the effectiveness of lovpowered diode lasers in processing
metals and alloys with high melting points and densities remains to be
demonstrated. These aspectsequires further researchto fully determine the

capabilities and boundaries of the DANMnethodology.

1.1 Novelty Statement

The mirror galvanometers controlled single fibre laser in the L-PBF system
has limitations in scalability due to beam quality deterioration with distance,
restricting its operational area and causing difficulties in maintaining consistent
performance. This is a major factor limiting the use of the L-PBF process,
particularly for higher-volume manufacturing or when serial production is
required. Multi-laser-based L-PBF systems are employed to solve this problem
by using individual galvo-mirrors for each lasa to ensure consistent beam

quality acrossa large work area, but this also increases the cost and complexity
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of the system The direct use of fibrecoupled multiple laser diode sources on a
gantry system could solve this issue, which has not been exploré@fore. The
diode lasers are coseffective, and a gantry system would provide reachability
for the laser source to process a wider area without losing beam qualitiorming

the basis of the DAM process.

This work presents modelling, testing, and investigatinddAM methodology
for processingof Ti6Al4V powder using a multi-laser array. While l-PBF models
have been extensively explored, a significant gap remains in modelling processes
like DAM. Additionally, understanding residual stress formation in the context of
DAM's unique laser array requires further stug. We expect a cooling rateower
than L-PBFfor DAM, making it crucial to quantify residual stresg a topic that
has not been addressed before. Such search can provide insights into the
specific dynamics of DAM, leading to better control and optimisation of the
process. In essence, this research seeks to model and understand the specific
dynamics of DAM, addressing critical gaps imodelling, process optimisationand

residual stress formation.

Ti6Al4V is one of the most widely used titanium alloys, especially popular for
its high specific strength, light weight, and outstanding corrosion resistance. Its
versatility and excellent mechanical properties make it a preferred material in a
diverse array of industries. The widespread L-PBF technique has been noted to
ET AOGAA OEA A& Oi A Griartdnsité plasds withih DEAGWAldyd | <
a direct consequence of the rapid cooling of the melt pof#] . This phase reduces
ductility, often resulting in a product that falls short of the minimum percentage
elongation specified by ATM standards (examples:ASTM F13613 and ASTM
F1108-14)[3]18 4EA 1 DOEI Al 1T EAOT OOOOAOOO0AT ATl E
basketweave microstructure. Interestingly, preliminary experiments conducted
by ZavalaArredondo et al. have suggested that the DAM process inherently
produces a slower cooling rate for Stainless Steel, estimated at 31&/s,
significantly lower than the 10 to 108 K/s cooling rate typical of LPBF[4], [5].
Validating this finding, our initial experiments with DAM have yielded promising
OAOOI OO6h AAIT1 OOOAOET ¢ OEA & Of AGETT 1T &
Ti6Al4V due to the lower cooling rate, as documented bplsaddah et al [6].
However,their study on the DAM processing of Ti6Al4V is incomplete, lacking in

areas such as modelling and realising the residual stress within the samples, as
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well as calculating or finding the cooling rate for various laser configurations
employed in DAM. This has motivated me to explore Ti6AI4V further, aiming to

close the gaps left by the previous study.

1.2 Thesis Overview and Structure

A concise overview of each chapter is provided in the following sectioim
practice, multiple steps were conducted simultaneously; however, for clarity,

they are presented sequentially in a flow diagranm Figure 1.1.

Chapter 2

This chapter examines the current state df-PBFtechnology, focusing on its
efficiency, productivity, and scalability, as well as the limitations of this
technology. It explores the use of diode lasers within the-PBF sector and
assesses the benefits and drawbacks of their use. The chapter then deligs
the modelling of the LPBF process, discussing both its statef-the-art
developments and inherent limitations. It concludes by investigating the
formation of residual stresses during EPBF and the measurement techniques

used to assess them.

Chapter 3:

This chapter details the methodology and setup of the research study. It
describes the DAM setup, which features multiple diode laser arrangement
consisting of a 2D array CTP head assembly, and outlinesll developments
carried out to the system. Additionally, this chapter provides an overview of the
characterisation techniques employed to analge the mechanical and

microstructural properties including residual stressof the produced samples.

Chapter 4:

This chapter develops and validates analytical, Finite Element Modelling
(FEM), and Volume of Fluid (VoF) models by comparing them against a well
documented L-PBF study on the processing of Ti6Al4V. It provides an
opportunity to develop and benchmark these three modes, exploring their
benefits and limitations. This evaluation sets the stage for potentially adopting

useful models to simulate the DAM process. Ths benchmarking serves as a
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foundational reference for the modelling work in DAM, where currently very
limited models are available. Particularly for the fibrecoupled laser arrayused

in this research there are no existing modelsavailable.

Chapter 5:

This chapter builds on the analytical andFEM frameworks developed in
Chapter 4, applying these models to various muHaser configurations in the
DAM process, involving up tosix lasers in a row. It examines the melt pool width
and depth resulting from single line scanning and validates these findings against
the models. Additionally, the average melt pool temperature and cooling rates

deduced from the models are validated usinghermal camera data.

Chapter 6:

This chapter examines the formation of residual stress in samples produced
by different laser configurations, activated by each diode laser, and at various
scanning speedsThe Xray Diffraction (XRD) method isused to quantify the
residual stresses, and the chapter outlines this methodology. It also discusses
how residual stress formation correlates with the cooling rates predicted bfFEM
models.Additionally, the chapter covers the use of XRD and Electron Backscatter
Diffraction (EBSD) for characterisingthe samples, providing insights into their

microstructural properties.

Chapter 7:

This chapter presents the conclusions of this research and details the

recommendations for future work.
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2.1 Additive Manufacturing (AM)

Since the Industrial Revolution, there have been several disruptive changes
to the landscape of manufacturing technology7]. Over recent decades, the
computerisation of traditional mechanical machinery has set the stage for more
sophisticated Computer Numerical Controlled (CNC) machines, which can
communicate within a digitally controlled environment. Similarly, a growing
process in the field of rapid manufacturing and product prototyping is Additive
Manufacturing (AM). AM holds the promise to revolutionise current
conventional manufacturing towards a datadriven and on-demand Digital
Thread (DT) technology[8], [9] . More widely recognised as threelimensional
(3D) printing, AM constructs parts layer by layer, drawing from digitally
interpreted 3D model data in whichcomponents are fabricated by consecutively
layering crosssectional slices. To initiate this process, a solid model is designed
in CAD or is translated into a digital CAD representation. Once established, the
design is partitioned into layers using build peparation software, the precision
of which is determined by the inherent resolution of the chosen nteod.
Following this, each material layer is strategically placednd processed to form
a final 3D geometry{10].

Various processes qualify a®AM when considering the standard of digital
layered production. Nevertheless, the American Society for Testing and Materials
(ASTM) has classified AM techniques into seven distinct categories, as described
in the ISO/ASTM529002021 standard [11]. The establishment of these seven
categories is imperative, given the diverse requirements in materials, processes,
geometry, surface finishes, and costs associated with this emerging technology
ASTM categorised these AM processes as Binder Jett{BgT),Directed Energy
Deposition (DED) Material Extrusion (MEX), Material Jetting(MJT), Powder Bed
Fusion (PBF), Sheet LaminatiofiSHL),and VAT Photopolymerization (VPP). A
brief description of eachAM process, its strength and weaknesses aghown in
Table2.1.
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AM Process

Technology

Strengths/Weaknesses

Binder Jetting (BJT)

Liquid bonding agent is
selectively deposited to join
powder materials.

1 Full-colour object printing
and wider material
selection.

1 Post-processingneededfor
fully dense metal parts and
high porosities.

Direct ed Energy
Deposition (DED)

Focused thermal energyis
used to fuse materials by
melting as they arebeing
deposited.

1 High deposition rateand
repair of damaged parts
possible.

1 Low resolution and
requires machining to get
high geometrical accuracy.

Material Extrusion
(MEX)

Material is selectively
deposited through a nozzle
or orifice.

1 Relatively Inexpensive
machinesand multi -
material printing.

i Limited part resolution
and poor surface finish.

Material Jetting
(MJT)

Droplets of build material
are selectively deposited,
materials include
photopolymers, resins and
waxes.

1 Multi-material printing,
high deposition rate and
high surface finish.

1 Low-strength materials

Powder Bed Fusion
(PBF)

Thermal energy selectively
fuses regions of a powder
bed.

1 High accuracy and details
fully dense partsand high
strength.

1 High machine cost,
expensive row material
(powder) and health and
safety concerns due to
powder handling.

Sheet Lamination

Sheet of materiat are

1 High surface finish and

(SHL) bonded to form an object. lower machine cost.
1 Complex shapes are
difficult make.
VAT Liquid photopolymer in avat |  High build rate and high
Photopolymerization is selectively cured by light resolution.
(VPP) activated polymerization.

T Not suitable for metals &
alloys.

Table2.1: ASTM classified AM processes, brief description of technology involved and its
strengths and weaknesses.

In AM, constructing parts layer by layer offers several advantages over
conventional manufacturing processes such as casting, forging, machining, and
injection moulding. Firstly, it facilitates the production of highly complex parts
layer by layer, which is ofte not feasible with conventional methods, and this
can be achieved without the need for specialised tooling such as moulds, jigs, and

fixtures. This lack of tooling also significantly reduces the design cycle time,
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allowing for quicker production of parts, which in turn reduces the overall
product development cycle. Secondly, compared to subtractive processes, only a
small amount of material is required to build these intricate shapes, and any
leftover materials canbe recycled. Finally, many parts can be consolidated into a
single part using AM processes, which can reduce the product cost and also
improve the function and quality of the final part. This layerby-layer approach
not only enhances design flexibility butalso contributes to material efficiency

and waste reduction in the manufacturing proces§l2].

Despite its numerous advantagesAM also has several limitations. One
significant drawback is the relatively slow production speed compared to
traditional manufacturing methods, making it less suitable for mass production.
The initial cost of AM equipment and materials can be high, which mabe
prohibitive for small businesses or individual users. Additionally, the range of
materials available for AM is more limited than for conventional processes,
potentially restricting the types of products that can be manufactured. AM parts
can also have lower strength and durability compared to those produced by
traditional methods, due to issues such as porosity and anisotropic mechanical
properties. Furthermore, the surface finish of AM parts often requires post
processing to achieve the desired smoothness and accuracy, adding time and cost
to the production process. Finally, there are also concerns regarding the
reproducibility and consistency of AM parts, particularly for critical applications

in industries such as arospace and healthcar¢l?2] .

In AM, creating intricate geometrical designs is most often as
straightforward as producing simple shapes, which can provide a cost advantage
over traditional methods where complex components are challenging and costly
to manufacture. This capability has attractd significant attention and led major
industries, such as aerospace, automotive, and healthcare, to invest heavily in AM
technology. This has increased the demand for metal AM processes and
equipment. Among the various AM techniquesPBF is the most widespread

process for metal industries and has been in high demand in recent years.

2.2 Powder Bed Fusion (PBF) Process

In PBF techniques, a fine layer of powder material selectively fused using

a targeted energy source. This process involves laying down a thin layer of
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powder, which is then selectively melted and bonded to the previously fused
layer. The process repeats layer by layer until the desired structure is complete.
Among PBF techniquesl.aser Powder Bed Fusior(L-PBF) and Electron Beam
Melting (EB-PBF) are prominent, particularly in processing metals and alloys-L
PBF employs lasers, whereaEB-PBF uses electron beams as their respective

energy sources.

L-PBFoffers distinct advantages over othelAM processes, particularly when
working with metals and alloys. It achieves higher resolution and superior detail
due to its use of finely powdered material (15 45 um) coupled with a small laser
beam. This combination enables the production of complex geaatries that are
challenging or even impossible to fabricate with other AM techniques. The
process stands out for its material efficiency compared to methods likBED or
MJT. It selectively melts only the powderrequired to build the part, significantly
reducing waste. Additionally, unused powder can typically be recycled and
reused, lowering material costs and minimising environmental impact. Parts
produced through this method also exhibit superior mechanical pperties, such
as enhanced strength. Moreover, it is versatile in terms of the materials it can
process, capable of handling a wide range of substances, including metals,

polymers, ceramics, and composites.

The work in this research predominantly investigates a lasebased additive
manufacturing process similar to L-PBF. To establish a foundational
understanding of this technology, a brief review is undertaken. The review
covers the essential principlesof L-PBF, including the laser energy source used,
its limitations, and the potential of alternative diode lasers in such processes.
This review aims to build upon the established knowledge and explore

advancements in lasetbased additive manufacturing techniqus.

2.2.1 Laser Powder Bed Fusion (L-PBF)

L-PBFhas dominated the PBF field largelybecause of its adaptability and
capacity to handle an extensive array of materialsincluding Aluminium,
Maraging Steel, Stainless SteelCopper, Titanium, Cobalt Chrome, Nickel
Superalloys, and precious metalskurthermore, L-PBF has been more widely
adpoted compared to EB-PBF within high-value manufacturing such as

aerospace, automotive and medical sectofd3].
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In L-PBF, the base materialis in the form of spherical powders with an
approximate diameter of 15 - 45 um. Ideally, these powder particles should
exhibit a homogenous composition and be spherically shaped, ensuring optimal
morphological attributes. An optimal powder mophology aids in creating
consistent melt pools, thereby facilitating superior build quality. To initiate the
build process, tre metal powder is deposited onto abuild plate with the aid of a
powder coater, which delivers a powder layer with a thickness ranging from
approximately 30 to 100 um. Once settled, a lasescans the powder layer usin@
galvanometer mirror and f-thera lens toselectively melt specific regions of the
powder bed,crafting a 2D shape based on the crossectional dataof the design
The build plate lowers each time to produce a new layer, and the melting process
repeats until the desired 3D shape isealised [14]. A schematic diagram of the

process is shown inFigure2.1.

Figure2.1: A schematic diagram of the-PBFProcesg14]

The processing conditions applied duringL-PBFcreate molten pools with
high temperatures and steep temperature gradients during the formationf each
layer. Most often, L-PBF promotes the generation of finer microstructures
leading to higher strength and reduced ductility compared to the same materials
produced using conventional methods[2]. L-PBF can produce parts with
excellent mechanical properties and demonstrates promising results in

achievable density and mechanical properties within the produced partd5] .

The laser usedn L-PBFpredominantly influences the output of the process,

and requires careful tailoring of a range of parameters called process variables,
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some of which are grouped inFigure 2.2. Due to the broad spectrum of-PBF
machines available from various OEMshere are thought to be in the range of
150 different process parameters available acoss commercial machines[16].
The most investigated process variables araser power or energy density, layer
thickness, hatch distance and scanning strateghl7]. These studies generally
indicate that in L-PBF, certain metallurgical conditions like rapid solidification,
directional heat flux, and temperature gradients can be adjusted by tweaking
process variables[18]. However, minor alterations in the process can introduce
metallurgical flaws such as gas entrapment porosities, oxide layers, and residual
unmelted materials, which compromise the performance of the final
components. Thus, comprehending the physical phentena inherent to laser
processing and the impact of these process variablesimportant for pioneering

a new process centered around the laser energy source. The ultimate aim in AM
is the costeffective creation of components that are both fully dense anfitee

from defects.

Scan Spacing
Layer Thickness }............
Laser & Sc.nnlng
i

-
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vvvvv 3 ’ ‘ Chamber Pressure )
"""""

Figure 2.2: Depictingkey 'Process Variablemifluencing theoutcome of an_-PBFprocess.
2.2.2 Challengesin L-PBF

In L-PBF, high power lasers (100z 1kW) travelling at speeds of
approximately 300 z 3000 mm/s fuse powder materials into molten pools with
high temperatures, rapid cooling rates, and steep temperature gradients, which
are crucial in shaping the microstructure, grain size, and mechanical properties
of the final parts. These uninterruged melt tracks formed by the moving high

energy laser beam create grooves of melt pools, potentially leading to the
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vaporisation of alloying elements, particularly in cases like Ti6Al4V where
excessive laser energy density (over 126 J/mm3) can cause significant
vaporisation loss of Al (> 0.15%), altering the compositionof the part and
resulting in variable microstructures and degraded mechanical propertie$19].
Conversely, lower energy densities can lead to defects such as balling effects and
lack of fusion, highlighting the challenges in controlling the localised temperature

of the melt pool during the l-PBF process.

L-PBF parts are particularly susceptible toto high residual stresses and
distortion due to the significant thermal gradients and rapid heating and cooling
involved in the process. Residual stresses tend to accumulate with each added
layer, with the highest stress values often occurring at or neahe surface of the
final layer. These tensile stresses near the surface critically affect the fatigue
strength of the component, serving as precursors for micrarack initiation and
propagation under cyclic loading conditions typical in fatigue scenarioSurface
imperfections, such as voids or inclusions, coupled with tensile stress, act as
stress concentrators, lowering the fatigue threshold. Additionally, the near
surface region is more exposed to operational conditions like corrosion, wear,
and high cortact stresses. Residual tensile stress in this area can interact with
these environmental factors, further accelerating fatigue crack initiation and
propagation. Consequently, the tensile stresses remaining near the surface after
the processnot only compromise the immediate mechanical integrity of the
component but also significantly degrade its longerm fatigue performance[20],
[21], [22], [23]. The magnitudes ofthis stress are influenced by an array of
factors, some of which arediscussed in detailin Section2.8. Some of he key
challenges associated with the {PBF processand the issues they cause are

summarised in Table2.2.
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Challenge

Description /Issue

Cause

Porosity and
balling effect

1 Porosity is the presence of

small voids within the
solidified materials.

1 Balling effectis the formation

of metal spherical droplets
on the surface of the melt
instead of a smooth layer.

Porosity isformed due to
insufficient melting of
powder, rapid cooling, or gas
entrapment.

Balling effectoccurs when
high surface tension causes
molten material to form
spherical droplets instead of
spreading evenly.

Warpage and

f Warpage occurs when parts

Warpageis caused by

buckling deform. BucKing happens thermal gradients that lead to
when built structures uneven cooling and residual
collapse during thelayering stresses in the material.
process Buckling results from
excessive compressive
stresses that exceed the
structural stability of the
material during the build
process.
Spattering 1 Spattering refers to the Spattering is caused by the
and expulsion of molten particles rapid vaporisation of metal

evaporation

away from the melt pool due
to vapor pressure or gas
release Evaporation involves
the vaporisation of some
metal components under the
intense laser heat

or trapped gases ejecting
molten material from the

melt pool. Evaporation occurs
due to the high laser power,
which can vaporise volatile
components of the metal
powder.

Processing
Highly
Reflective
Materials

1 In L-PBF highly reflective

materials include aluminium,
copper, and gold tend to
reflect a significant portion of
the laser energy,
complicating the melting
process.

The causds their intrinsic
property of reflecting a
significant portion of the
laser energy, which hinders
effective melting and bonding
of the powder particles.

Productivity

1 L-PBF has &low build rate.

Additionally, the requirement
for post-processing steps
further impacts overall
productivity.

This is caused bythe slow
layer-by-layer build process,
the precise and time
consuming laser scanning
required, and the necessity
for post-processing to
achieve the desired final part
quality.

Cost

1 Acquisition of L-PBF

technology is expensive This
includes the machinery,
powder materials, operating
expenses and training.

Expensive due to the high
costs of advanced laser
systems, specialised metal
powders, and extensive post
processing requirements

Table2.2: Keychallenges in EPBF andheir cause.
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Several recent developments have significantly enhanced the capabilities
and applications of L-PBF technology. These advancements are designed to
improve the efficiency, quality, and diversity of materials that can be utilised, as
well as addressing some of the inherent limitation®f this technology. Notable
areas of recent progress include the incorporation of multiple lasers in modern
L-PBF machines, which accelerates build speeds and enhances productivity.
These systems reduce production times by enabling the simultaneouselting of
multiple sections of a layer. Moreover, the adoption of advanced Iser
technologies, such as blue lasers, has enhanced the absorption ratesHighly
reflective metals like aluminium, copper and gold, which are traditionally
difficult to work with due to their lower absorptivity . This improvement has led
to increased energy efficiency and better material utilisation. The application of

different lasers in L-PBF will be further discussed in the subsequent sections.

2.2.3 Lasers in L-PBF

Since their introduction in 1960, lasers have seen extensive research
applications, leading to their widespread industrial use. Early production
applications involved drilling hard materials such as diamond and sapphire,
joining microelectronics components and cutting steel sheets. The -BBF
technology was commercialised in 199 using a CQ laser with a 10.6 um
wavelength. However, this wavelength struggled to melt metallic parts with
sufficient density because metals have very low absorptivity at this walength,
requiring higher laser power and making the process much more inefficierji].
During the initial phases of LPBF development,CQ lasers were widely
employed. Today,CQ lasers are primarily used for processing polymers.
Significant advancements in higkpower fibre lasers, particularly fibre lasers
with ~1 pm wavelength, have transformed their application, especially in
melting metals and alloys These fibre lasers are preferred for metals and alloys

due to their higher absorptivity and efficiency[24].

In laser technology, two principal types argopular: Continuous Wave (CW)
and Pulse lasers. CW lasers emit a consistent beam, suitable for applications that
require continuous exposure, whereas Pulse lasers emit light in controlled
bursts, perfect for precise energy delivery without overheating the materia The

choice between them depends on the specific needs of their applications.



16 Chapter 2: Literature Review

Parameters such as spot size, focal plane, and laser power can be adjusted in CW
for re-melting applications, whereas pulse systems allow for adjustments in peak
power, frequency, spot size, and pulse durationTypically, CW lasers are

employed in commercialL-PBFequipment.

A modern L-PBF system typically utilises fibre laser sources, each ranging
from 400 W to 1000 W, capable of processing areas up to 800 x 400 mmz2. The
commonly used CW Ytterbiurdoped fibre laser operates at 1070 nm,
resembling the operational principle of an amplification unit in fibreoptic
systems, where a doped silica fibre, excited by a diode laser source, generates
lasing action. Continuous lasermission is maintained by two Bragg gratings that
act as mirrors within the linear laser cavity. Laser characterisation is based on
three critical elements: the active medium (gain), the pumping energy source,
and the optical resonator, which collectively étermine the efficiency and quality

of the laser beam produced25].

Diode Lasers (DLs) are increasingly beingused in various industrial
applications. These semiconductor lasers operate at various wavelengths,
typically ranging from the visible to the infrared spectrum, making them highly
versatile across different materials. DLs work by passing an electric current
through a specially desgned semiconductor material. This process generates
light at specific wavelengths through the recombination of electrons and holes
within the semiconductor, producing coherent and highly dcused light that is
suitable for precise applications.DL is discussed inSection2.4. Furthermore,
Table 2.3 summerises the comparison between CQO Yiterbium -dopped fibre
lasers and diode alsers highlighting the key differences in their wavelength,

operation, efficiencyand suitability for spefic applcaitions.
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Parameter CQ Lasers Yb-fibre Lasers Diode Lasers
Wavelength 10.6 pm 1.07 pm 300z 3500 nm

Pump Direct electrical source Diode laser Direct electrical
Source source
Mode of CW and Rilse CW and Pulse CW and Pulse
Operation
Laser Power Upto 25 kw Up to 10 kW Up to 100 W
Efficiency 15% 30% 65%
Applications | AM,Material processing, | AM, Welding and | Heat treatment, Pump
Welding and Cutting Cutting source for other
lasers, Medical and
Soldering
Maintenance 2,000 h 20,000 h 200,000 h

Merits & 1 Not suitable for 9 Suitable for  Suitable for metals
Demerits metallic applications. metals and and alloys.
alloys.

1 High maintenance. Highly efficient.
1 High cost to
acquire. Low cost

Poor beam quality.

Table2.3: Comparison between CO2,-fitre anddiode lasers.
2.3 Enhancing L-PBFwith Diode Laser Technology

The use of diode lasers in material processing applications has been
increasing primarily due to their advantages such as energy efficiency, cest
effectiveness, low maintenance, and low wavelength suitability for many metals
and alloys, compared to conventnal CQ and fibre lasers. However, high
divergence and low beam quality still limit the direct application of these lasers
in L-PBF processes. Despite these challenges, there have been significant
developments in the industry where High Power Diode Laser (HPDLS) have
been successfully used forAM. These advancements aim to mitigate the
limitations of the L-PBFprocess, primarily arising from the use of fibre lasers, by
improving beam quality and reducing divergenceHPDLsare becoming more
suitable for precise applications in AM, demonstrating their potential to
overcome the inherent drawbacks of diode laserslable 2.4 summarises these
key developments in LPBF using diode lasers, providing an overview of the
technological progress made.Some of the latest developments in -PBF

technology involving diode lasers are commercially sensitive, resulting in limited
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been reviewed and is presented in this section.

Innovation

Description

Benefit

Diode Area Melting
(DAM)

DAM methodology developed at
the University of Sheffielduses
an array of low power diode laser
to selectively melt a larger area.
A gantry system is used to
traverse the laser array for
selective scanning4], [5], [6],
[26].

Process larger area.

Low power diode
lasers

Low spatter due to
slower speed.

Low cooling rateand
residual stress

HPDL Enhanced L-
PBF Process

Fraunhofer ILT has developed a
new HPDL-based multi-spot
system that achieves 200 W
power per melting spot,
comparable to standardL-PBF
systems. To reach this high
power, multiple laser diode bars
are stacked and combined, with
several emitters multiplexed to
form each 200 W laser spatA
gantry system is used to traverse
this single beam to selectively
scan the power bed27], [28].

This low cost HPDL
could replace the fibre
lasers in LPBF.

HPDLs can be stacked
to achieve even higher
power levels.

More efficient than L-
PBF lasers

Longer operational life
span.

Area Melting with
Multi -laser Array

GE global research had develope
amethodology utilising 16 edge
emitting HPDLsbars, each
delivering 60 W at a wavelength
of 976 nm for a total irradiation
of 960 W. Connected via
multimode fibres, the laser
beams produced are about 100
um in diameter and spaced 127
pm apart, focused using a relay
lens for precise application[29].

Like DAM, it processes
a larger area,
specifically 2.01 mm.

Faster build ratethan
DAM but uses HPDLs.

More efficient than L-
PBF lasers.

Longer operational life
span.

Diode based
Additive
Manufacturing
(DIAM)

Developed at the Lawrence
Livermore National Laboratory,
the DiAM hybrid method employs
four 1.25 kW stacked diode
arrays, each comprising 60
individual bars, delivering a total
of 4.8 kW power from a
combined incoherent beam. An
optically addressablephotomask
captures this incoherent light to
selectively melta larger area of
using a ~10 mm wide hybrid
laser beam that integrates these
diode laser beams with Q
switched Nd: YAGaser pulses
[30].

Processes larger area.

Allows scaling to
increaseproductivity.

Potentially controls
residual stress and
microstructure.

Hybrid approach
potentially provides
benefit of both Fibre
and HPDL lasers.

Table2.4: A summarnyof thekey developments in-PBF using diode lasers
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The Area Melting techniquewith multi-laser array, demonstrated using
multiple lasers at GE Global Research, closely mirrors the DAM methodology.

Both are elaborated upon in detail in the subsequent section.

2.3.1 The Diode Area Melting (DAM)

Diode Area Melting (DAM) is a novel-PBF method conceptualisedat the
University of Sheffield In principle, DAM can employ hundreds (or potentially
thousands) of lowpowered and undeflected diode emitters, as illustrated in
Figure 2.3. Thesereplaces the highpower laser and mirror galvanometer
mechanism used in the_-PBE DAM is a slower process due to the low power of
the energy source but attains productivity through its use of multiple laser beams
to simultaneously process a larger aredn the early development of DAM, Zavala
Arredondo et al.used an array of multiple undeflected 808 nm wavelength diode
lasers (2.63 W each)with a total output power of up to 50 W to selectively melt
the powder materials[26]. TheDL array acted as a print head and consisted of 19
emitters with a 135 um beam diameter placed across a 500 pm pitch producing
a 10mm broad stripe of laser radiation before focusing. The linear stripe of laser
radiation reduced to 4.5mm in length and 0.25 mnin width after focusing and
produced enough energy density to melt BiZn2.7 and Stainless Steet4d powder
materials. Unlike L-PBF, the wide stripe of laser radiation in DAM creates a layer

with the help of a parallel scanning regime as shown iRigure 2.4.

Figure 2.3: Schematic illustrating the foundational Diode Area Melting concept, depicting
individually adjustable emitters within a mobile diode laser bar, selectively
activated/deactivated to define shapes across the powder Fd].
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The parallel scanning path of the DAM not only scans a broader area but also
allows the activation of individual emitters in order to control the shape of the
geometry.Furthermore, this arrangement can be scaled to process a much larger
area.ZavalaArredondo et al. argued thata theoretical build rate of >2.8 mni/s
could be achieved for Stainless Steel by scaling the DAM system by stacking up
seven DL modules featuring 19 emitters eaclThis theoretical arrangementis
potentially further scalable for processing even more extensive areas leading to
considerable productivity improvements [4], [26]. Dur to the anticipated low
cooling rate, the DAM process could potentially reduce residual stress formation
within the built parts. Furthermore, a mathematical model predicted DAM's
temperature gradients and cooling rates to be comparable to optimised pre
heated L-PBF methodg5].

Figure 2.4: A typical scanning path used in the DAM procigs.

Though the initial DAM approachsuccessfully demonstrated use of low
powered multiple-diode lasers as an alternative to galvanometer mirror
deflected high-power lasers in L-PBF, it had a number of limitations. Firstly, the
lack of precise independent control of the 19 emitters of the dide laser bar
constrained the use of multiple lasers. Secondly, the diode laser bar and its
cooling system were positioned inside the build chamber, causing thermal
management, and overheating issues, severely restricting the potential to scale
the system b larger number of lasers Finally, this work demonstrated the
feasibility of using wavelength optimised lower power diode lasers to melt
powders with temperatures exceeding 1300°C, but was insufficient to process
engineering alloys such as Ti6Al4VTable 25 compares the key differences
between the DAM and tPBF process.
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DAM

L-PBF

DAM Advantages

1 Independently
controllable
emitters.

Galvanomirror
controlled single
laser beam.

Diode laser and control units
are relatively inexpensive than
L-PBF laser systems.

The nondeflected beam in the
DAM provides a scanning
regime where laser beams can
be switched on and off to
produce various geometries.

1 Laser
arrangement is
scalable to a
larger scanning
area.

The scalability is
limited as the cost
and complexity
increase with the
number of laser
beams.

Multiple diode lasers can
provide a much larger scanning
area leading to faster build rate.

1 DLhas high walt
plug efficiency.

T Tuneableand low
wavelength.

Solid-state and fibre
lasers used in LPBF
have 20-30% wall-
plug efficiency.

Due to a 1,060
10600nm
wavelength, L-PBF
lasers provide
lower laser
absorption.

Up to 60-80% wall-plug
efficiency can be achieved with
DLs.

DLs aretuneable and available
in wavelengths from 400-
1060nm. The lower wavelength
increases laser absorption for
most metals.

1 Small beam
diameter (135
pm). It is possible
to reduce the
beam diameter
even further to 65
pm.

L-PBF lasers have a
larger beam
diameter compared
to DLs.

Small beam diameter provides
higher resolutions in the
produced parts.

Higher energy densities can be
achieved at low laser power due
to the small beam diameter.

1 Optical pre-heat

In some cases,
substrate pre-
heating is provided

DAM can provide accurate
surface heating, which improves
the material's laser absorptivity
and reduces the thermal
gradient.

Table2.5: Comparison of the fundamental distinctions between DAM &r@BF

processes.
2.3.2 Use of fibre-coupled lasers in DAM:

The initial scheme demonstrated byZavalaArredondo et al. was improved
upon through the use of multiple individually addressable fibrecoupled DLs,
which replaced the laser bar system initially used. This system evolution
introduced a fibre head assembly consisting of a 2D array of 50 multimode fibre
channels. Alsaddatet al. demonstrated this new setup by using up to ten laser
beams with 808 nm wavelength to process Ti6Al4V powders and produced

samples with more than 95% density. Those samples provided a hardness value
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between 4 and 5 GPa and a modulus of elasticity up to 120 GPa. Experiments
were conducted with two laser profiles, one with two rows, LP1 and the other
with a single row, LP2, with scanning speeds between 75300 mm/min. Both
the LP1 and LP2 laser profile produced samples with | phase. Scanning
speeds faster than 100 mm/min encouraged the growth of a finet f
Widmanstatten, whereas slower speeds produced a coarser phase. Though both
laser profiles showed a similar temperature rise, the cooling rate of LP1 was 600
0C/s compared with 1086°C/s for LP2.Moreover, the samples did not show any
evidence of variations in aluminium and vanadium elements, indicating an
insignificant amount of elemental evaporation during the process. Furthermore,
the DAM process has demonstrated its pential to manipulate the
microstructure formation by controlling the cooling rate from thef z transus
(994 °C) temperature in the case of Ti6AI4\[6].

2.3.3 Area Melting with Multi -Laser Array

At GE Global Research, J. H. Karp and colleagues showcased a process
utilising 16 edge-emitting High Power Diode Lasers (HPDLs) bars. Each operated
at a 976 nm wavelength and provided 60 W power, culminating in a maximum
irradiation of 960 W [29]. Every diode packagecombined numerous edge
emitting lasers, connected with a multimode fibre, resulting in approximately
100A1T AEATI AOGAO 1 AGAO AAAI 08 4EAOA AAAI Oh
using a relay lens, depicted ifrigure 2.5. This configuration effectively processed
the CoCr alloy, achieving a density of over 99%. The laser array described could
fabricate components at 28 cm3/h, aided by a 2.01 mm radiation stripe. The
lensing system has the potential to house a laser array apning 30mm in width,
which could enhance thebuilding speed to a rate surpassing conventional single
beamL-PBFsystems by up to 20 times. Nevertheless, this raises the laser power
close to 10 kW, which could pose thermal challenges. The study omitted details

on microstructure, mechanical properties, and melt pool dynamics.
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Figure 2.5: System layout of muliaser array-based AM developed at GE global research
[29].

Both DAM andArea Melting with multi-laser array have highlighted the
potential of DLs for AM applications. These approaches have shown the
feasibility of additively manufacturing engineering metals to a high density using
energy-efficient and costeffective DLs. However, claims of enhanced
productivity compared to traditional L-PBF systems warrant deeper scrutiny.
There is also a pressing need for irdepth analysesinto melt pool dynamics,
temperature gradient variations, microstructural development, mechaical
characteristics, and the potential constraints of integrating Dbased -PBFin AM

contexts.

2.4 Diode Lasers (DL5s)

Diode Lasers (DLspperate differently to the CQ and fibre lasers as shown
in Figure 2.6 (a). Theproduction of radiative energy transitions between distinct
energy bands is achieved by processing @mpound semiconductor material,
such asGallium Arsenide (GaAs), a direct bandgap material. This material is
treated to form a doped junction, encompassing both-doping (negative doping)
and p-doping (positive doping). DLsare widely acknowledged for their superior
efficiency compared to C@or fiber lasers. Their operation is situated within an
active region described by a g junction. In this context, the excited state is
characterised by the presence of electrons occupying the conduction band, while
the lower energy state corresponds to the absence of electrons, resulting in holes
within the valence band. Upon the application of voltage, it instigates a flow of
current, inducing electrons to transition from the conduction band to the valence

band. During this process, they release energy equivalent to the disparity
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between the Fermi levels of these two bands, manifesting as radiatio/hen an
external pumping voltage is channelled in the conduction direction, lasing
commences only after the current breaches a specific threshold valueas
depcited inFigure 2.6 (d). The necessary ingredidents for a DL (two mirrors and
a gain medium) is as shown irFigure 2.6 (b). The special characteristics of laser
elements that get supeimposed for single mode operation is shown Kigure 2.6
(c). Increasingly, DLs are being recognised and favoured in direct material
processing endeavours, notably in applications pertaining to surface heating and
welding [31].

Figure 2.6: An example of a simple diode laser (a). Schematic of necessary parts required
for the operation of a DL (b). Spatial characteristics of laser elements (c) and an
illustration of a typical Current vs Power curve for a DL ((B1].

A defining characteristic that differentiates DLs from their solidstate
counterparts is their remarkable electical to opticalconversion efficiency, which
typically ranges between 50-70%. This elevated efficiency stems from the DL's
innate characteristic of direct operation, which removes the need for any
intermediate energy-transferring stages commonly seen in other laser types.
However, there exists an inherent limitationin DLs: the total volume of their
active material is condensed to a span of a fewilimetres. This spatial constraint
effectively limits the output power of an individual DL to a handful ofWatts.
Thereis an accompanying thermal challenge; a significammount of heat needs
to be swiftly dissipated from this compact zone. In the absence of adequate
thermal management, the consequences can be severe: heightened temperatures

trigger the DL to increase its current uptake, which can be a precursor to an
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accelerated failure [31]. In scenarios demanding elevated output power, a
solution often adopted is the alignment and combination of several individual
DLs, resulting in the formation of HighPower Diode Lasers (HPDLS). For context,
a singlebar HPDL, dimensioned at 10 mm in width, 1 mm in resonator length,
and 0.1 mm in thickness, cageneratea laser power in the vicinity of 60 W when

operating in aCWmode. These bars, when systematically arrayed in a vertical
configuration and supplemented with active water cooling, are instrumental in

orchestrating high-powered kW laser systems, greatly expanding the
possibilities of laser applications [32], [33]. In the early stages of DAM

development, a HPDL was initially employed. However, as the technology

evolved, there was a transition to using multiplemuli-mode DLswith lower

power ratings, specifically around 3V each.

Due to the miniature scale of the resonator, emitter width and its subsequent
diffraction, the divergence of the laser beam produced by DLs differ from that of
other solid-state lasers. In some cases, up to 8@ivergence angles in the vertical
axis and P in the lateral direction are observed by each emitter on the bar. The
beam divergence in the fast axis can be compensated by a collimating cylindrical
lens which keeps the beam parallel while compensating at the slow axi34].
Fibre coupling is another standard laser delivery method from the source to the
processing area. However, beam collimation and focusing through microlenses
or mirror plates are necessary to achieve enough power density for metal
processing. The DLs useuh this work are coupled to the fibres before collimating
and focusing through a tailormade Computer to Plate (CTP) mirror plate

arrangement.

2.4.1 Gaussian Beam (TEMy)

In conventional L-PBF processes, the employment of a singieode fibre
laser is widespread. Characterised by its Gaussian beam profile, when this laser
is collimated, it generates a beam with an exceptionally highuality output. As
depicted in Figure 2.7 (a), the complete power density distribution range of the
beam within contour sections is illustrated via colour maps. Additionally, a three
dimensional representation showcases the power density at the focal point of the
laser beam. Commonly, the diameter ofhe focal point is referred to as its

Gaussian diameter. Specifically, this represents the diameter at which intensity
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of the beam is equivalent to 1/é x Imax, where lax stands for the peak intensity
of the laser beam, as illustrated irfFigure 2.7 (c). A representation of a Gaussian

beam with an 80 um diameter can be observed iRigure 2.7 (b).

An alternative method to ascertain the beam diameter is by measuring the
beam width at the halfintensity point, termed Full Width Half Maxima (FWHM).
This offers a more universal definition, encompassing any beam intensity profile,
not merely the GaussianIn the context of laser simulations, determining the
exact power within a specific area is crucial and often employs the 17@alue. To

explain, when a circular Gaussian beam profile is integrated down to 17ef its

peak value hax, it encompasses 86% fothe entire power [1].

Figure2.7: lllustrates laser beam spatial profile at different locations (a), power density
distribution of a fibre laser with a focal spot diameter of 80 um (b), and a Gaussian beam
diameter definition (c)[1].

2.5 Physical Phenomena in L -PBF

In general, -PBF process stability and outcome are driven by the
temperature field in the melt pool. Hence, understanding the behaviour of the
melt pool and its temperature evolution is vital in controlling the process
outcome.In L-PBF, the small sizeof the melt pooland the transient temperature
field make it challenging. Many efforts are undertaken to measure the
temperature of the melt pool;, however, only measurements of the readily
accessible areas at the surface, not the interior locations, seem b@ most
successful[35]. The detailed understanding of the melt pool dynamics comes
from the transient three-dimensional (3D) mathematical modelsFor example,
Bartlett et al. combined a fulifield infrared thermographic technique with a

numerical tool and developed a helpful model to predict the defects during thHe
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PBFof AlISi10Mg[36]. Although process modelling and thermographic analysis
via various methods have been researched to understandPBF and EB-PBF
processes, little attention has been given to the process modelling of DANMhich
is one of the objective of this research. However, before tackling process
modelling, the physical phenomena associated with the laser interactions with

the powder material must be explored first.

2.5.1 Laser Absorptivity

The physical phenomena inL-PBF are affected predominantly by the
interaction between the laser beam and the material. A largeroportion of the
laser energy from electromagnetic radiationincident upon the material is
reflected from the surface, leaving a fraction of photons interacting with the
matter within it. The temperature process inL-PBFconsists of heating, melting
and resolidification, which is influenced by various physical phenomena such as
absorption, reflection, radiation, heat transfer, phase transformation, fluid flow
due to surface tension gradients and mass transformation. In ¢hcase olL-PBF,
the absorption of the laser beam in the material depends on the wavelength
dependent materialproperties and morphological characteristics of the powder.
The absorbed radiation causes heating, initiating a conduction process within a
specific region. The conduction causes the material to melt. Shear stresses and
surface forces drive this, and condering wavelength-dependent material
properties, the temperature produced (T) in the workpiece from the absorbed

laser energy can be expressed as below @guation 1and equation 2[37].

N 4

"Y YO IR i hcho (1)
"0 & 00 (2)

Where the term 'O is the absorbed intensity of laser irradiation, {is the
layer thickness, B is the laser beam radius] Trjs the velocity of the workpiece
relative to the laser beam, k is the thermal conductivity, c is the heat capacity of
the material, 0 O is the intensity and wavelengthdependent absorption

coefficient and"Ois space and timedependentintensity at the wavelength_.

The power absorbed within the materials determines the resultand the
measure of this available power is known as absorptivity, which depends on

many factors, such as the wavelength of the laser source, powder particle
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morphology, layer thickness and temperature of the powder bed. Generally, the
absorption increases witha decreasein the wavelength of laser irradiation. Ref
[38] indicated a notable increase in the absorptivity of materials such as TiAl4V,
AlSi12, and Cu when transitioning from the conventional 1064m wavelength of
L-PBFfibre lasers to shorter wavelengths provided by DLs, spanning between
450 to 850 nm. Within the context of this research, the DAMsesDLs at an
808nm wavelength, which consequentially enhances the absorptivity, leading to
an optimised optical efficiency throughout theprocess Figure 2.8 illustrates the
absorption of Ti6Al4V, AlSi12 and Cu within the wavelength ranges between 400
to 1100nm. It should be highlighted that the peak absorptivityfor Ti6Al4V and

Cuis observed at 450nm, after which it commences a declijd8].

Figure 2.8: lllustrates the absorption of Ti6AI4V, AlSi12 and Cu within the wavelength
ranges between 400 to 1100n{i38].

The laser radiation absorbed by the material is primarily converted into
thermal energy. This energy transition is noruniform and is influenced by
several factors, including the irregular thickness of the material layer, the
morphology of powder particles and the characteristics of the Gaussian beam,
which result in temperature gradient-induced heat flux. At this stage, heat
conduction becomes the predominant mechanism; therefore, understanding
heat transfer is crucial. However, terminologies such as laspower density and
energy density are frequently used inL.-PBFduring the parameter optimisation
process to correlate laser power, scanning speed, and layer thickness with the

process outcome.
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2.5.2 Laser Power Density

In order to explain the effect of a stationary laser beam with a circular cross
section, the process variables beam power (P) and beam radiuss)rare
conveniently grouped to form a relationship known as power density, PD in

equation 3

00 — 3)

PD is a principle process variable for laser processing as the behaviour of the
process will be manipulated by varying it. For example, changing the power
densities of a C®@laser in the order of 10, 100, 10000 W/mma produces three
different processes namely surface heating (3a), surface melting (3b) and surface
vaporisation 3(c) respectively as shown inFigure 2.9 [39]. This variable has the
most significant effect on the principle processing mechanisms. An example
might be the way that very high PD could evaporate the material, whereas low

PD may not produce fully dense parts due to lack of melting.

(a) (b) (c)

Surface heating Surface melting Surface vaporization
(keyholing)

Figure 2.9: lllustrates thedifferenceof varying power density resulting in the workpiece
[39].

Considering the temporal effect of the process and thgpeedat which the
laser beam traver®es speed,] the heating time can be expressed ahe beam
interaction time. The product of power density and beam interaction times the
Energy Density (ED), which profoundly influences thelL-PBF process.
Researchers previously represented ED in various ways and correlated its
influence on the process outcome. Ciuranet al.defined ED by combining laser
power with the beam diameter, layer thickness and scanning sed to suggest
151 J/mm3 as theoptimum ED required to process CoCrMo efficientlfj40]. This
was done by comparing various single melt tracks formed by varying these

parameters, whereasC. Y. Yagt al. combined laser power (P) scanning speed
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( , hatch spacing (h) and layer thickness(j to form volumetric energy density
as shown inequation 4 [41]. This study proposes a useful analytical model for
predicting the energy input required to process different metalsusing L-PBF
However, in practice, the average energy supplied in thePBFprocess to achieve
full density is about four times the calculated value. This may be due to the
assumptionsof made to arrive at this analytical model in which the melt track is
assumed to be a semtircular cross-section. Also,the heat losses to the

surroundings are ignored in the mode[41].
00 — (J/mm3) 4

M. ZavalaArredondo et al. compared the densification mechanism in
AlISi10Mg using continuous and pulsed laser systesn This model introduced
three different parameters, namely volumetric (J/mn?), areal (J/mn¥®) and linear
(J/mm) energy density as a power factor mode[42]. Though it managed to
characterise the melt pool dimensions against specific point energy, it fell short
of accurately predicting it. U. Scipioni Bertoliet al. concluded thatsince ED is
being a thermodynamic quantity, it is impossible to fully capture complex physics
in laser melting, such as Marangoni flow, hydrodynamic instabilities and recoil
pressure [43]. Given that the melt pool and its characterisation determine the
final track morphology, process optimisation inL-PBFwould be improved if this
morphology could be forecasthrough mathematical modellingand simulation.
In order to understand the modelling of thelL.-PBFprocess, it is essential to first
understand the heat and mass transfer during the interaction between the laser

and the powdermaterials.

2.5.3 Heat and Mass Transfer

The absorption of laser energy takes place inthin layer at the surface of the
powder bed. Incident electromagnetic radiation prompts the release offree
electrons andinduces lattice vibrations, yielding heat. The bulk of this heat is
conveyed through a conduction method within the material. As the metal powder
reaches its melting point, a melt pool is formed, which shifts the energy transfer
to a convection mechanism within the melt pool. During laser material
processing, the workpiece and the laser be&a often move relative to each other.

This relative motion makes heat conductiortiime-dependent, when viewed from
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the perspective of the workpiece. However, from the laser beam's reference
frame, it remains stationary, with an added conduction heat flow term.
Consequently, the energy transport equation can be expressed as follgugere

T is the temperature,” mass density, ¢ specific heaty heat capacity for constant

volume,] absorbed energy per volume® velocity, © heat flux density and K

heat conductivity [37], [44] .
— 08" ® "YO o® 1 © (5)
o ’Q?l T (6)

For virtually incompressible fluids, the difference in 6 can often be
overlooked. The heat conduction problem is solvable only if the right initial and
boundary conditions are applied toequation 5and equation & At a specific time,
to, the temperature must be defined throughout the entire area of interest. The

heat conduction equation is quasiinear since variablessuch as”, ¢, and K can

depend on temperature, but the highest derivative is linear. The velocit{

typically varies with space. When the material is molten, the heat conduction
equation generally needs to be solved alongside the Navi&tokes equation and
the mass transport equation. Solving the linear problem for spaedependent
flow velocity typically requires numerical methods. For precise results, one must
solve the NavierStokes and mass transport equations in tandem with the
conduction equation, considering suitable boundary conditions and
temperature-dependent variables.This highlights the importance of numerical

simulation in laser interactions [44].

2.5.4 Melt Pool Dynamic s

Single melt tracks are crucial for thelL-PBF process, where repeated
deposition of these tracks builds layers to form a 3D object. Studying single tracks
Is essential for optimising any new lasembased processes. PBF resembles a
welding process, where a moving laser creates fusion zones along its path.
Energy transfer in the material occurs through heat conduction and convection
within the melt pool. Incident laser radiation generates high tempeatures in the
powdered materials, spreading initially via trermal conduction. As the material

heats, molten pools form along the patbf the laser beamand solidify as the laser
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moves away. Subsequent formation of adjacent melt tracks causes remelting of
the earlier solidified tracks, a cycle that continues through the layering process.
These melting, solidification, and remelting processes are critical to the-RBF

melting regime.

The result of absorption and heat conduction is th&rmation of a melt pool.
A convection flow initiates within the melt pool induced by the temperature
gradients from the intense laser radiation. For a Gaussidoeam, the intensity
distribution is at the centre of the laser beamlIt manifests a temperature gradient
in the radial direction since the temperature at the centre of the melt pool is
higher than at the edges.A temperature gradient induces a surface tension
gradient, ,, given that surface tension is temperaturalependent The free
surface on the melt pool and subsequent surface tension gradient caused by this
temperature gradient result in a flow of molten metal from the centre to the
edges of the melt pool, as shown iRigure2.10 (a), and the gradient of,, in the y-
direction shown in equation 7. Shear stresses lead to material flow along the

solid-liquid boundary at the edgesof the melt pool moving downwards. For
metals and alloys, if— < 0 the material flow is generally from the centre to the

edges, but in some cases even a positive gradient reverses the flow. Either way,
the material flow causes deformation of the melt pool, as shown iRigure 2.10

(b). This convection flow behaviour is known as Marangoni convectiof22] .

- —8 ™

Figure 2.10: lllustrating Marangoni convection driven by the surface tension gradient
[22].

Convection is a vital part of the heat and mass transfer mechanism of laser

based AM, as the magnitude and direction of the molten metal ultimately define



33 Chapter 2: Literature Review

the fusion zone geometry. A study at the Lawrence Livermore National
Laboratory demonstrated the importance of Marangoni convection in shaping
the melt pool flow and its influence on the spattering and pore defects in the
PBF [45]. Factors other than energy density influence the behaviour of
Marangoni convection, a<C. X. Zhaet al. pointed out that in laser welding, flow
reversal in the melt pool was observed due to the dissolution of oxygen in the
liquid metal [46]. This means that the surface tension and its temperature
dependence are also determined by the alloying elements or the presence of

oxidation agents.

A prerequisite for Marangoni convection is a free surface on the melt pool.
The presence of a solid layer, often resulting from an oxide layer, inhibits the
development of convective flow. Thus, shielding the melt pool is very important
in this context. The alloying elements in the powder material and the oxide layer
on the surface of the molten pool also dictate the convective flow along with the
temperature gradient [44]. This phenomenon is significant for maintaining the
shape, size and stability of the molten pool. Furthermore, Marangoni flows
greatly enhance heat and mass transfer, influencing the solidification rate,

microstructure and overall part properties [47].

2.5.5 An Insightinto Melt Pool and Single-Track Formation

A melt pool in L-PBF is a transient, minute feature formed when a
concentrated laser beam melts powdered material. The size and stability of the
melt pool are determined by factors such as the power and speed the laser
beam, as well as the thermal characteristics of the material. The edges of the melt
pool, adjacent to the unmelted powder, constitute the heaaffected zone.
Research indicates that, given a consistent thickness of the powder layer, the
depth of the melt poolincreases with laser power. Conversely, the widtlof the
melt pool is strongly influenced by the diameter of the laser beam, the scanning
speed, and the laser power, as referenced in studiggl8] and [49]. The
continuous formation of a melt pool results in the creation of a single track, with
the development of this track progressing in accordance with the scanning

direction of the laser beam.

The principal characteristics of single tracks include their width, penetration

depth, and height. When the laser power and interaction time are increased, the
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track width significantly exceeds the size of the laser spot. The depth of the track
is affected by the laser power density, with higher power densities resulting in
deeper melt tracks. Typically, a melt track possesses a sespherical shape in its
cross-section, and the aspect ratio of depth to width of the melt pool generally
does not exceed 1:41]. For example,Figure 2.11 illustrates a typical cross
section of a melt track formed during theL.-PBFof SS grade 904L powder on a

steel substrate[50].

Figure2.11: A typical cross section of a melt track formed during®BF[50].

At a mesoscopic level, the interaction between the laser and powder material
can yield more complex outcomes. Bidaret al. observed an intensive jetlike
flow in the gas phase under different conditions, using Schlieren imaging to
capture these dynamicsFigure2.12 displays images of the laser beam interacting
with the powder. Throughout this process, the laser energy can overheat the
material to the point of boiling, leading to intensive evaporation. This
phenomenon significantly affects the stability and morphology of the melt pool,
influencing the microstructural properties of the fabricated part. Additionally,
this intense evaporation can lead to spattering, where molten particles are
ejected from the melt pool, potentially causing defects in the build and affecting

the overall quality and density of the final produc{51].
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Figure2.12:The figureshowsa sequence of composite schlieren images captured at the
specified times following the initial exposure of the powder to the laser durirgingle-
track scan[51].

To determine the optimal melt track parameters, an optimisation process is
carried out tailored to the specific machinematerial configuration. The ideal
energy density, or process window, for achieving the optimal melt track is
identified from the study. Bertoli et al. investigated the deposition of 316L
stainless steel with varying parameters and found that increasing laser power or
scan speed led to a degradation in track shape, ultimately progressing to the
balling regime. Thesetracks were deposited atthe same energy density (242
J/mm3), but achieved different results with increased laser power and speed,
demonstrating a transition from the continuous to the irregular and balling
regimes, as illustrated inFigure 2.13. It is crucial to acknowledge that while
energy density is a significant thermodynamic measure, it fails to fully represent
the intricate physics involved, such as Marangoni flow, hydrodynamic
instabilities, and recoil pressure. These dynamics are responséfor driving heat
and mass transport throughout various sections of the melt pool and ultimately

dictate the final track morphology[52].

Figure 2.13: Figure displaying five tracks deposited at the same energy density, with
increasing laser power and scan speed from top to bottf&8].
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To better understand these complex interactions on a mesoscopic scale,
process modelling is employed, focusing on capturing the thermophysical
interactions between the laser and the powder materialsl' he subsequent section
explores a range of modelling techniqueasedwithin AM, specifically addressing
the interaction between laser energy and powder materials in processes such as
L-PBFE These models are essential for comprehensively understanding the

thermophysical and mechanical dynamics occurring during\M fabrication.

2.6 Modelling Approaches in L-PBF

Mesoscopic numerical simulations are part of the processequired to
understand the multi-physical interaction between the laser and powder
particles. Insight into solidification and cooling rates, as well as the thermal
history of the melt tracks,is gathered from these modelsAn exampleof a typical
framework is illustrated in Figure 2.14. According to this framework, the EPBF
process cycle and modelling tools are seamlessly incorporated into the design
phase.On a larger scale, build and residual stress simulations are executed at the
part level. Coupled with insitu and process monitoring data, this framework aids
in refining and further optimising the process. Alongside design and process
optimisation, numerical simulations have been pivotal in addressing -PBF
defects. This was evidenced at the Lawrence Livermore National Laboratory,
where simulations predicted residual stresses in.-PBFconstructed parts. These

findings, consistent with experiments, were infrumental in refining processing

parameters for 316L parts[53].

Product Design +
Topology Optimisation

Numerical Simulation:
For understanding

complex multi-physics

| I:
AM + In-Situ: For Process Madel: For
focess monitorin simulating the whole
. € process

Figure2.14: An AM process optimisation modatiapted from Ref53].
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Raghavaret al.usedathoroughly tested analytical model of laser welding to
calculate melt pool shapes and thermal cycles during the DED processing of
Ti6Al4V alloy, and validated these calculations against thermographic data. The
study highlights that thermography-based monitoring systems, which only
capture the top surface geometry of the melt pool, do not provide sufficient data
to accurately predict melt depth. For example, while the top surface dimensions
of the molten pool might appear simila under different laser processing settings,
significant variations can exist in the depth and volume of the molten pool.
Furthermore, the analytical models usedn this study failed to account for critical
phenomena such as Marangoni flow and convection, which significantly
impacted the melt pool depth parameters. Bridging this gap can be achieved by
integrating thermography with numerical simulation data, thereby offering a
more comprehensive solution that provides precise estimations of molten pool
shapes, themal cycles, and solidification parameters, and enhances the overall

predictive capability beyond whatanalytical modelling alone can achievg54].

V. Manvatkaret al. employed a threedimensional heat transfer and material
flow model to simulate the fabrication of stainless steel structures using the DED
process and found that the build geometry, peak temperature and temperature
profiles are in fair agreement with the experimental data[55]. In L-PBR
numerous simulation studies have reached a level of alignment that is deemed
acceptable when compared to experimental data. An example of this is
demonstrated by Mohamad Bayatt al, who useda commercial Computational
Fluid Dynamics (CFD) software, Flow8D, for simulating theL.-PBFprocess with
Ti6Al4V material. Their simulation accurately predicted the influence of input
power on factors such as thermal absorptivity, heat transfer, and the morphology
of the molten pool, including the formation of porosty. Additionally, X-ray and
CT scans were employed to visuae the pores generated during thelL-PBF
process, and these findings exhibited excellerdagreementswith the simulation
results [56].

Simulating laser based procesgpresents significant challenges due to the
complexity of phenomena such as multreflection of laser beams from powder
material and high computing resourcesthat are required for these simulations.
Flint et al developed advanced simulation toolemploying a sophisticated ray

tracing algorithm to accurately trace these reflections and capture phenomena
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like Marangoni flow and phase changes. This simulation also accounts for the
dynamic changes in substrate topology under higlenergy photonic sources,
driven by hydrodynamic forces and state transitions from fusion to vaporisation.
The integrated thermalfluid-dynamics framework within this tool enhances
predictive accuracy for -PBF. The solver, named.aserBeamFoamuses this
framework alongside a Fresnel equation implementation to precisely calculate
the absorptivity of laser rays based on their incidencangle, facilitating deeper
insights into the thermal and physical behaviours during these processesigure
2.15illustrates the simulation of the 316L stainless steel powder particlesising
LaserBeamFoam as the powders undergo state transitions and topological
changes while a laser heat source moves across the domain. The magenta line in
the sub-figures marks the boundary between solid and fluid regions, while the
white lines indicate the separation between metallic angshielding gas phases
The mulireflection of the laser beam is captured during the porcess anthe
progress of the melting process with respect to the time is showm Figure 2.15
(a), (b) and (c)[57].

Figure 2.15: This figure illustrates the transformation of 316L stainless steel powder
particles as they undergo state transitions artdpological changes while a laser heat
source moves across the domain. The magenta line in thefiguives marks the boundary
between solid and fluid regions, while the white lines indicate the separation between
metallic and shielding gas phas¢s7].

Previously, there has been a limited endeavour to model the DAM process,

and the appropriate methodology for such modelling remains to be identified. On
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one hand, analytical modelling techniques present more straightforward
solutions, serving as a more accessible approach for initial insight and
understanding. These techniques often employ simplified assumptions and yield
general solutions, making them uskil for preliminary assessments or when
dealing with problems where high precision isnot the topmost priority. On the
other hand, numerical techniques, although often more complex and
computationally intensive, can provide a higher degree of accuracy artetail.
Numerical methods,such asFinite Element Methods (FEM) andComputational
Fluid Dynamics (CFD are capable of handling complex geometries, boundary
conditions, and nonlinearities in material properties. They offer indepth
insights, making them invaluable when precision and detailed insight into

process behaviour aramportant [58] .

In the context of the DAM process, i crucial to determine which of these
methodologies, or potentially a combination of both, would be mosippropriate.
Gven the novelty of DAM astaged approach might be advantageoustarting
with analytical models for a general understanding and themvestigating deeper
with numerical techniques for a more detailedunderstanding of the intricacies
within the process. This will beundertakenin Chapter 4. Modelling Methodology
Numerical technique based onFEMand Volume of Fluid (VoF technique based

on CFDare briefly discussed in the following sections.

2.6.1 Finite Element Method (FEM)

Numerical simulation techniques such a$EM can provide steady state or
transient temperature distributions and melt pool dimensions. FEM is relatively
easy to implementand computationally less demanding, and many existing
software packages perform the simulation for EPBF. Chiumentet al.developed
an FEA model to capture the thermal behaviour of multiple layers during-PBF
of Ti6AI4V and compared it with experimental results [59]. Song et al.
demonstrated the use of ANSYA a commercial software capable of solving FEM
problems and developed a modealto predict the temperature distribution during
L-PBF[60]. The main limitation of the FEM approach is that it does not consider
the effects of the convective flow of liquid metal within thanelt pool. Inthe FEM
approach, the large workpiece model is broken int@ mesh of smaller piecesThe

material properties and process parameters are applied to each mesand the
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governing equation is solveduntil the associated error function becomes
eliminated or minimised [58] . This technique is throughly explainedin Chapter 4
Section4.3.

2.6.2 Volume of Fluid (VoF) Method

In a numerical simulation, free surfaces or boundaries cause difficulties
when the solution region changes during the simulation. The changes in the
solution region include changes in the size and shape of the boundary and, in
some cases, losses or gaind free surfaces. For example, a-BBF process is
highly dynamic and involves phase changes and the loss of materials through
evaporation. The VoF method can solve highly transient fluid flow problems
involving free surfaces[61]. Itis commonly used to mathematically model fluid
dynamics, environmental engineering, hydrology, metal casting and laséased
manufacturing processes[62], [63]. This method can be applied inmelt pool
simulation to understand the heat transfer, fluid flow and phase transformation
during the melting and solidification processesM. Khorasaniet al. applied this
methodology to the L-PBF processing of Inconel 718 and accuraty estimated

the melt pool depth and bonding behaviour of the powder material§64] .

The complex physical phenorana involved in a LPBF process occur at a
mesoscopic scale, and the melting and remelting are complete within
microseconds. Consequently, any redgime observation during experiments to
obtain a comprehensive understanding becomes a challenge. esbscopic
modelling could be used to simulateand comprehendthe melting andremelting
processes that happen within microseconds. By modelling these processes at the
mesoscopic scale one can gain detailed insight into how different physial
variables, such as temperature or pressure, evolve over timdsigure 2.16
illustrates several of the mathematical modelsieededfor the development of a
robust simulation tool adept at handling mesoscopic complexity The
mathematical models illustrated encompass a range of factors, not confined to
but inclusive of heat transfer, the fluctuating behaviour of density and viscosity
with respect to temperature, phase changes, the response to gravitational forces,
surface ension dynamics, Marangoni flowthe process of solidification as well as

the precise representation of the Gausan heat source The outputs derived from
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such a simulation can confer a thorough understanding of the process, thereby

bolstering the reaktime observations accrued during experimental procedures.

Heat Source (Laser)

) ) Direction of
Viscosity & Turbulence propogation Bubble & Phase Change
Density Evaluation —» Gravity & Non-Intertial
Solidification Surface Tension
Heat Transfer \ /
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®
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Figure 2.16: A representation of various mathematical models, including the Gaussian
beam, as employed in a typical mesoscopic simulation using the Volume of Fluid (VoF)
method.

In the context of L-PBF it is well-recognised that the layer thickness and
powder packing density exert a influence on the final quality of the
manufactured parts [65][66]. Consequently, the accurate representation of
powder particle distribution, layer thickness, and packing density emerges asia
important component in any simulation aiming to replicate theL-PBF process
[67]. VOoF methodhas the capability to interpret phenomena such as powder
spreading and compaction in relation to a range of variables, including but not
limited to powder size distribution, material properties and the effects of
cohesion. Furthermore, geometric influences,uxch as the motion and interaction

of the roller or blade, can also be comprehended using these simulatiof&s3] .

A diverse range of methodologies exists for modellingM processes, with
some being more prevalent than othersTable 2.6 presents a comparison of the

commonly utilised methodologies for modelling thelaser baesd AM processes
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Methodology

Description

References

Analytical Method

Analytically solves basic heat conduction
equation.

Rosenthal Equation is oneexample.

Outputs are temperature fields, melt pool
dimension and cooling rates.

Easy to useand less expensive

Uses constanthermophysical

properties, ignoresdominant heat
transfer mechanisms and produces large
errors.

[41], [69],
[70], [71],
[72], [73],
[74]

Finite Element Method
(FEM)

FEM solves the steady or transient state
energy conservation equatio.

Predominantly solves the conduction
problem and the convection within the
molten fluid is ignored.

Outputs are 3D temperature fields, melt
pool dimensions and cooling rates.

Requires computdional resources and
many existing software packages can be
sued.

Overestimates thetemperature and
cooling rates due to the omission of
convective flow in the model.

[59], [75],
[76], [77],
[78], [79]

Volume of Fluid (VoF)

Tracks the free surface of the molten
pool.

Mass conservation is matained hence
phase change can be calculate@he
convective flow problem can be resolved.

Outputs are 3D temperature fields,
velocity vectors of the molten pod and
cooling rate.

Computationally intensive and may
require high performance computing
equipment.

[56], [64],
[68], [80]

Finite Difference
Method (FDM)

Solves 3Dtransient conservation
equations ofmass, nomentum and
energy.

Outputs 3D temperature fields, melt pool
dimensionsvelocity distribution and
solidification parameters.

Considers the effect of molten pool flow
inside the melt pool.

[75], [81],
[82]

Level Set Method
(LSM)

il

Track the free surface of the molten pool.

Outputs are 3D temperature fieldsand
velocity distribution.

Computationally intensive.

[83], [84]

Table2.6: Comparison of modelling methodologies employed in AM.
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2.7 Surface Roughness

During the course ofL-PBF there is potential for molten metal to coalesce
into beadlike structures. This phenomenon arises from inadequate wetting of
the underlying materials, and is consequence of surface tension effects. This
phenomenon is referred to as "balling” and can be attributed to insufficient
energy input. Balling manifests as the creation of a roughened surface, impeding
the seamless deposition of subsequent powder layer€onsequently, this gives
rise to increased porosity and heightened sudace roughness in the manufactured
component [85]. In order to understand the process andso mitigate the
phenomenon of balling, it isnecessaryto undertake process optimisation Figure
2.17 outlines an exampleof aprocess parameter window, wherein the requisite
laser power and scanning velocityrequired to achieve a uniformly smooth

surface have been established through empirical investigations.

Figure2.17: Process window fol-PBF[85].
2.8 Residual Stress

Residual stresses refer to the internal stresses that remain within a material
even when there are no external forces applied. These stresses can arise from
several sources during manufactue or processingof a material. For instance,
when a force is applied and then removed, some stresses may not dissipate and
will stay trapped within the material. Temperature differences within a material
can also induce stresses, especially if one area cools or heats more quickly than
another, leading to mismatches in contraction or expansion. Neaniform plastic

deformation can caise variations in stress levels across a material, with some
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regions experiencing more deformation than others, resulting in stress
imbalances. Furthermore, as materials cool, they contract, and if this contraction
is uneven due to varied cooling rates, residual stresses can emerge. Lastly, phase
transformations during manufacturing can introduce stresses, as materials
transitioning from one phase to another might occupy different volumes or

possess varied propertied20].

In essence, these stresses remain "locked" within the material even after the
original cause (like the applied force or temperature gradient) has been
eliminated. Over time, residual stresses can impathe performance, longevity,
and structural integrity of the material, hence making their understanding is

crucial in various engineering and design applicationf36] .

2.8.1 Characteristics and Origins of Residual Stresses

Residual stresses within materials can be categorised based on their scale of
manifestation. As shown inFigure 2.18, macro residual stresses, or Type (A",
are characterised by variations across dimensions significantly larger than
individual grain sizes, primarily resulting from overarching component
properties or external loading conditions. Conversely, micraesidual stresses
pertain to the intrinsic microstructure of the material, with Type-1l (A") stresses
emerging due to microstructural disparities spanning roughly the size of
individual grains. The Type-lll (A") stresses being localised within grains,
predominantly attributable to crystalline irregularities such as dislocations.
These distinctions, rooted in scale and origin, are pivotal for comprehensively

interpreting material behaviour under diverse external onditions [23].

Figure 2.18: lllustrating residual strescategorisedaccording to the length scalfl]
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In material science, mechanically induced residual stresses emerge primarily
from non-uniform plastic deformation inherent to the manufacturing
procedures. Such stresses might naturally evolve as a-pyoduct of specific
processes or treatments. Alternatiely, they can be intentionally engineered to
achieve a desired stress profile within a component. Practices such as rod or wire
drawing, welding, and precise machining methods, including turning and milling,
frequently give rise to undesired surface tensié stresses. Conversely, methods
like shot peening, autofrettage of pressure vessels, glass toughening, or cold
expansion of apertures serve as techniques tdntroduce advantageous
compressive residual stresses. Thermally induced macroscopic residual stresses
arise due to disparities in heating or cooling regimes. On a more intricate
microscopic scale, thermal residual stresses manifest from discrepancies in the
coeffident of thermal expansion among distinct phases or constituents within a
material. Additionally, chemically induced residual stresses materialisas a
consequerce of volumetric alterations linked with chemical reactions,
precipitation, or phase metamorphoses. Notably, during chemical surface
treatments and coatings, pronounced residual stress gradients may evolve
within the superficial layers of componentg23], [86] . Moreover, a tensile surface
residual stress is generally unwelcome as it can precipitate issues such as fatigue
failure, quench cracking, and stressorrosion cracking. Nonetheless, in practical
terms, no component is entirely devoid of residual stress, wbh inherently arises

during the manufacturing process

2.8.2 Characterising Residual Stresses in L-PBF

Undesirable thermal stresses inL-PBF mainly arise from considerable
temperature variations taking place over a short period. In the course of thie-
PBF process, the laser beam heats and liquefies the material, consequently
generating a temperature gradient in the solid material under irradiation. This
results in the formation of the residual stresses as the material cools. If such
stresses exceed acceptable levels, the fabricated components are at risk of
cracking.The formation of residual stresses withincomponents duringL-PBFcan
be explained by two specific models: the Temperature Gradient Mechanism
Model (TGM) and the CoeDown Phase Model. According to the TGM model, the

laser beam elevates the temperature of the solid material targeted during tHe
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PBFprocess, causing it to expand, as depicted Figure 2.19 (a). This thermal
expansion (- is partially restrained by the surrounding cooler material,
resulting in a compressive stressstrain scenario in the irradiated area. If the
compressive stress surpasses the compressive yield streqs of the
material, the compressive strain will exhibit both elastic(- and plastic (-

characteristics, as illustrated inFigure 2.19 (b) [87][88].

In the CootDown Phase Model, the irradiated zone cools and subsequently
contracts. This contraction is partially impeded by the plastic deformation that
occurred during the heating stage, giving rise to a condition of residual stress in
the irradiated area. As the process progresses, the layer most recently laid down
contracts as it cools, its shrinkage being constrained by the preceding layer that
was earlier deposited. Thisnducestensile stress(, , in the latest-deposited
layer, whilst imparting additional compressive stress into the priordeposited
layer or the material below the solidified melt pool as showrin Figure 2.19 (c).
During this stage, the plastic deformatior(- partly restricts the contraction of
the material within the irradiated zone, leading to the accumulation of residual

tensile stress(, ,as illustrated in Figure2.19 (d) [87] .

Figure2.19: lllustrating the mechanisms of residual streksmation in PBH87].
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2.8.3 L-PBFProcess Parameters and their Effects

Within the L-PBFprocess, several process parameters impact the formation
of residual stress within the components produced. The subsequent sections

explore some of these parameters and their effect on residual stress.

2.8.3.1 Layer Morphology

According to Ré [89], the experimental data revealed that the highest tensile
residual stress value was observed in the uppermost layer of the model,

irrespective of the scanning speed.

2.8.3.2 Hatch Spacing and Scanning Strategies

In L-PBF, the cooling and solidification processes initiate when the laser
beam moves away from the irradiated zone. The contraction rates of material
areas are not uniform during this phase, potentially leading to nomniform
deformation along the tracks and interlayers. Hence, he residual stresses and
subsequent deformations are contingent upon the scanning directiorrRef[22]
reported that the magnitudes of residual stress observed along the laser scanning
direction were approximately double those observed in the direction
perpendicular to the laser traverang laser. Furthermore, re-scanning with the

laser leads to a reduction in tensile stress by approximately 55989] .

2.8.3.3 Energy Density and Cooling Rate

Ref[21] explained that through the modulation of energy density, achieved
by varying the laser power and exposure duration, one can reduce the cooling
rate. This adjustment subsequently results in a reduction of residual stress, from
78 MPa to 55 MPa. It issuggestedthat reduced cooling rates inherently

contribute to reduced residual stresses.

2.8.3.4 Pre-Heated Powder Bed

The averate principal residual stress in the longitdinal direction for Ti6AI4V
produced vialL-PBFwas documented as 214 MPa Ref[90]. Introduction of a
powder bed pre-heating temperature of 370°C led to a notable reduction in this
stress, bringing it down to 61 MPa. When the prbeat temperature was

increased to 470°C, the residual stress further diminished to 25 MPa, and an even
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more pronounced reduction was observed at 570°C, where the stress was

measured at a mere 1 MPa.

2.8.3.5 Post-Processes

As per Ref [89], heat treatment at temperatures of 600°C and 700°C for a
duration of one hour effectively mitigated the residual stress by approximately
70% in the standard chrome molybdenum steel produced viaL-PBFE
Conventional heat treatment techniques possess the ability to mitigate the
enduring stresses present in components fabricated through-PBF. Nonetheless,
when L-PBFRgenerated parts exhibit a norequilibrium martensitic
microstructure, as seen in materials like Ti6Al4V, the effectiveness of standard
thermal treatment approaches becomes insufficient in achieving the desired

results.

2.8.4 Residual Stress Measurements

There are two primary categories of residual stress measuremesit
destructive and nondestructive. In thedestructive method, the strain within the
material is measured to assess the internal stress distribution based on the
principles of the generalsed Hooke's Law Commonly employed destructive
measurements include the hole drilling method, contour method, curvature, and
peeling method.On the other hand, nordestructive techniques employ Xray,
neutron diffraction, ultrasomic waves, and magnetic method& measure the
lattice strain and consequently calculate the radual stresswithin the material
[20].

The hole drilling method stands as one of theommontechniquesused inL-
PBF samples wherein strain gauges are utlised to quantify the strain
consequential to stress relaxation following material extraction from a specimen.
Within this technique, asmall hole is drilled at the centre of a strain gauge rosette
affixed to the surface of the component. The hole drilling eases the encapsulated
stresses, precipitating a change in the strain state. This modification can be
determined using the strain gauge. Hoever, when dealing with a small
specimen, ths method poses challenges owing to the practicalities associated

with affixing the strain gaugeson to the specimen23].
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X-ray diffraction (XRD) emerges as a more cosffective, faster, accessible,
and commonly employed nonrdestructive technique for measuring residual
stress[20]. Owing to the limited penetration capability of Xrays in metals, XRD
is conventionally utilised for the assessment of surface and neaurface stress
levels in standard laboratory apparatus. Such an approach aligns well with the
present requisites for DAM. The principal aim is to inspect the residual stress
levels instigated by the interaction of multiple diode lasers with the powder
material. Notably, the specimens fabricated using thdAM prototype machine
are of a relatively smaller size, rendering the hole drilling method largely

impracticable.

2.8.4.1 X-Ray Diffraction Method

2AOEAOAT OOOAOO AAT 1T AAA O ITETTO Al OA
crystal lattice. These changes can be detected through the use afX diffraction
(XRD) technique. When Xays are directed at a material, the Xays are
diffracted, or scattered, by the atoms in the material. The manner in which the-X
rays are diffracted depends on the arrangement of the atoms, and thus, the
diffraction pattern can provide information about the crystal structure. The
induced residual stresses can cause small amat of distortions in the crystal
lattice of the material especially changein the specing between the atomsvhich
AAT AA AAOAAOAA OOEI C 823 1 AOET AO8 4EA
AAZET AA AU " OA C Ceguatior 8420]. AhyOchandes ix the ldftice
spacing,d, result in a corresponding shift in the diffraction angle; .
€ _ ¢Qi Q¢ — (8)
7TEAOA 1T EO AT ET OACAO AATT OET GrayOEA 1 C
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The existence of tensile stress within the sample leads to a contraction
governed by Poisson's ratio, thereby diminishing the lattice spacing and
ET AOAI AT OAT1T U Al AOGAOET ¢ OEA AEAZAAOAAOQEI I
OEOT OCE A Ob Ank Buded tAnsild $tr€sk ihdudehran expansion in
lattice spacing relative to the stressEOAA AT T AEOET T h OOAOANOAT
quantifying the shift in the angular position of the diffraction peak for a minimum
of two orientations, as determinedbyAT C1 A ¢h T T A AAT AT i BDOOA
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within the sample surface This surface resides in the diffraction plane, which
encompasses both the incident and diffracted -Xay beams.The residual stress
ascertained through Xray diffraction represents the arithmetic mean stress
within the region defined by the dimensions of the Xay beam.One of the method
employed for this process incalled Ski¢ 4 AAET ENOAS

2.8.42 TheSin¢ 4AAET ENOA

Thesit¢ | AOETA EO A AliiTT1Tu OOAA 823% OA
evaluation. In this method, the sample is oriented at various tilt angleg 3 h, ¢ Q
relative to the incident Xray beam, and the resulting diffraction angles are
measured. The lattice spacind is calculated for each 3 h, arfglg, and the strain
Rnin the material is then determined. This strain data is often plotted against
sin2G , and a linear fit to the data points is used to determine the residual stress
in the material. 4 E A O Qi© daldufated using the slope of the best fit line and
OEA AAOOEA AT 1 OOAT O 9101 ¢60 11T AOI OO Al A
method allows for the accurate determination of uniaxial or biaxial residal

stresses within thin films or surfaceg91], [92].

The unit diffraction vector n is characterised by two angular parameters3
AT A asfillustrated inFigure 2.20. Here, 3 represents the rotational angle of the
diffraction vector about the S axis, while¢ definesthe tilt angle of the diffraction
vector relative to the S axis. The strain as gauged through-Ky measurements
can be articulated utilising the elements of the strain tensor, in accordance with
Equation9 [93].

Figure 2.20: Definition of parameters used in-Xay measurement$93].
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Substituting equation 10in equation 9becomes
-. € - g - € - e € - CE € - ¢e € - (11
Equation 11 is the fundamental equation in the diffraction vector
representation. Should the diffraction vector be characterised by two angular
coordinatesj 3 h, a fo@ figure may be generated, as depictedfigure2.21 (a).
The diffraction vector of an Xray irradiation of thesin2¢ | AOET A AT OOAODI
to3 E m AT i&shéwn i Figure 2.21 (b). It is important to observe that
multiple radiations and detections areneededfor the identification of the peak
position within the diffraction ring when utilising a two -angular-coordinate
approach.Conversely, XRD instruments equipped with an area detectdemand
one X-ray radiation and detection for the determination of the peak position
pertinent to resolvingsin2¢ A&l O OEA QET O1 AO AT CcIl A

Figure2.21: An example illustrating a pole figure (a) and the diffraction vector of an X
ray irradiation of thei Q¢ i AOET A AT OOAOPIT 1 AET P31.O1T {3 € 1
The sit¢ | AOET A xEOE OETCIA AT COI AO Al OA
undertaken in this research. In this approach, the sample remains fixed in one
I OEAAT OACETITh ATA 1T1T1U OEA OEI O AlTCIA
measurements of lattice spacing. The limgtion here is that this apporach only
captures the residual stress component along a specific direction. Therefore, to
fully characterise the state of biaxial stress, the sample would have tme re-

oriented manually and the experiment repreated alog different axes.
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In XRD, the positions and intensities of the diffracted-¥ay peaks provide a
'fingerprint' of the material. The positions of the peaks are related to the
distances between the atomic planes in the crystal lattice (as per Bragg's law),
and the intensitiesof the peaks give information about the type and arrangement
of atoms in the crystal lattice.When residual stresses alter the crystal lattice
spacing, this changes the angle at which-rdys are diffracted by the material,
leading to a shift in the positims of the diffraction peaks. The stressnduced
changes in lattice spacing are generally very small, but XRD can detect these
changes with a high degree of sensitivity. Therefore, XRD is a very powerful
technique for measuring residual stresses in crystalie materials.lIt is also worth
noting that the type of stress (tensile or compressive) can cause different shifts
in the diffraction peaks. Tensile stresses increase the lattice spacing and cause a
shift to lower angles, while compressive stresses decrease the lattice spacing and
cause a shift to higher angles. By analysing the shift in the XRD peakis,ppssible

to determine not only the magnitude of the residual stress, but also its nature.

Thelattice spacing dr cis a linear function ofsin2¢ . Consequently, stress can
be ascertained by measuring lattice spacings at variou§ angles. A linear
relationship between lattice spacing andsin2¢ is established through the
application of least squares regression. The stres&s is then calculated from the

slope of the bestfitting line, utilising equation 12 for this purpose.

wo — — — (12)

n

2.9 X-Ray Diffraction of Ti6Al4V

In the titanium alloy Ti-6Al-4V, two principal crystalline phases are present:
OEA AI PEA 1 QqQ AT A A A0 AOhy daraddfided ByGe8 4 E A

s oA A s~ Z A N o~ ~ A o~ N

hexagonal closepacked HCRq | AOOEAA OOOOAOOOAN, xEAO/
manifests as a bodycentred cubic BCQ lattice. Typically, TE6AI-4V specimens
AT 1T OEOO T &£ A T EAOI OOOOAOOOA ET xEEAE ADPD
AU COAET O 1T &£ OEA | DE A O-gdifffagtion] each@hadeET AOE]
reveals its own set ofunique diffraction peaks.

Ref[94] has reported that in both EB-PBFand conventionally fabricated
samples of Ti6AI4V, the Bragg peaks identified in XRD scans corresponded to hcp

1-4 E AT ATi #riclures Interestingly, L-PBF processed Ti6AI4V samples
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XRD patternsFigure2.22 serves to illustrate these distinctions by presenting the

diffraction peaks of T+6AI-4V alloy processed through various techniqued:-PBF

(a), EB-PBF(b), and conventional heat treatment and annealing (cyhis contrast

in peak profiles, particularly between L-PBFprocessed samples and their
counterparts, signifies the potential influence of fabrication techniques on phase

composition.

Figure 2.22: X-Ray diffraction pattern for Ti6Al4V alloy obtained in thie-PBF(a), EB-
PBKb) and heattreated and annealed sheet (§34].

The positional coordinates, amplitude, and breadth of the peaks discerned
from XRD data offer invaluable insights into the material under analysis
Specifically, the locational attributes of each peak serve as an indicator of lattice
parameters and, by extrapolation, furnish information regardingexisting strains
within the material. The amplitude or intensity of said peaks could potentially
explain aspects such as the relative proportion of distinct phases, granular
dimensions, and the tendency for speciigrain orientations, commonly referred
to as texture. Furthermore, the breadth(FWHM) of these peaks might be
employed as a metric for ascertaining defect densities as well as the dimensions

of domains that scatter coherently.

2.10 Thermography

Common isues wthin the L-PBF processinclude gas entrapment,

incomplete powder melting, fusion inconsistencies, and spattering, which all
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culminate in porosity of the final construct. Traditional approaches for
identifying these defects are often costly andtime consuming For post
production quality checks of AM components, Noiestructive Testing (NDT)
methods, such as Xay Computer Tomography (CT) and ultrasonic scanning, are
routinely utilised. In-situ process monitoring presents the benefit of sequential
data acquisition for every layer, deploying a diverse range of sophisticated
sensors. These sensors, used both-gitu and in-line, range from pyrometers to
high-definition cameras and acoustic emission detectors. Monitoring melt pool
dynamics in the L-PBF process amplifies the complexities ah-situ observation.
However, with the advent of advanced thermographic methods, it has become
feasible to undertake such monitoring, particularly with the aid of devicesuch
as infrared thermal cameras. These methods not only offer redlme
perspectives on melt pool activity but also facilitate immediate modifications,
ensuring the best conditiors for the process and enhancing the quality of the

resulting component[95].

Khanzadehet al. presented anin-situ method to predict porosity in Ti6AI4V
components during DED. They linked porosity to the size and thermal
distribution of the laser-induced melt pool. Thermal images of the melt pool were
converted into bi-harmonic data clusters, which were compared to highlight
anomalies and validated against NDT results. This approach reduced data
processing by transforming imagery into bitharmonic 3D data. While melt pool
data is insightful, it doesnot fully capture the complex thermal dynamics.
However, the research did associate the thermal history of layers with their

microstructure [96].

In this research, a highprecision imaging setup is employed, consisting of a
16-bit Hamamatsu C13440 camera, paired with a Tamron 180 mm prime lens.
This combination is specifically chosen for its capability to capture detailed
thermal images with high resolution and clarity. The 16bit Hamamatsu C13440
camera is known for its excellent dynamic range and sensitivity, which are crucial
for accurately detecting and recording the subtle temperature variations and

thermal phenomena occurring during theDAM process.



55 Chapter 2: Literature Review

2.11 Ti6Al4V

In the titanium alloy Ti6Al4V, aluminium constitutes 6% by weight whilst
vanadium comprises 4% by weight. The primary attributes of titanium alloys,
notably their high specific strength and superior corrosion resistance, have
contributed to their widespread recognition and adoption within the aerospace,
chemical, medical and leisureindustries. In comparison to titanium alloys, only
carbon fibre reinforced plastics exhibit a superior specific strength, although this
advantage is retained only below 300°CTitanium alloys maintain their utility at
temperatures reaching just above 500°C; beyond this threshold, their application
becomes constrained due to their oxidation behaviourMoreover, titanium is
distinguished as the ninth most abundant element and the fourth most prevalent
structural metal in the Earth's crust, surpassed only by aluminium, iron, and

magnesium[97].

Titanium exhibits polymorphism, crystallising in distinct crystal structures
that are stable within specific temperature ranges. At lower temperatures,
Ti6AI4V assumes a hexagonal clogeacked (HCP) structure, referred to aq -
titanium. Conversely, at elevated temperatures, it adopts a boebentred cubic
structure (BCC), termedy -titanium, as illustrated in Figure 2.23. This allotropic
transformation occurs at they -transus temperature of approximately882°C.The
presence of these two distinct crystal structures, along with the associated
allotropic transformation temperature, is of paramount significance. This is
because they underpin the extensive range of properties that can be realised in

titanium alloys [97].

Figure223q, 4EOAT EOI 4 j1 AEO0Q A97A 1 | OEGCEOQ
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phase, being the most densely packed, transform to the basal planes {0001} of
OEA EAQACIT Al 4, DPEAOA8 4EEO OAOOI 6O ET O
microstructure, often referred to as a basketveave structure, as depicted in
Figure2.24. The mechanical properties of the two phases differ significantly: the
I phase exhibits greater ductility but possesses lower strength compared to the
1 phase. Below thery-transus temperature, diffusion processes that are
dependent on time and temperature become markedly slower. As a result, the
cooling rate from 1 -transus temperature plays a crucial role in determining the

resultant microstructure of this alloy.

Figure2.24: lllustration | £ A OUDEAAI  4weavenioiostructure®7/y " AOEAC
When Ti6Al4V is cooled slowly from temperatures exceeding the-transus,

the 1 phase predominantly transforms into globulary. Conversely, with rapid

cooling from temperatures surpassing the martensite start temperature, the BCC

I undergoes a complete transformation tq| via a diffusionless transformation

processresulting in a metastable, fine platdike or acicular hcp | aanartensitic

microstructure [98]. The suggested cooling rate for the martensitic

transformation is approximately 410°C/s, transitioning from ther -transusto the

martensitic transformation temperature [99]. Furthermore, during quenching

from temperatures below approximately 900°C, a second type of martensitese e

characterised by an orthorhombic structure, is observed100].

2.11.1 AM of Ti6Al4V

In the laserbased fabrication of Ti6Al4V, theapid cooling mechanism gives

rise to the formation of | agnartensite. This consequently produces materials with
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enhanced tensile strength, although at the expense of reduced ductilitiyigure
2.25 presentsthe differencesin microstructures, tensile strength, and elongation
of the Ti-6Al-4V alloy as produced through variousAM methods, in addition to

the traditional wrought and cast procedures.

Figure 2.25: Figure illustrating the variations in microstructure, tensile strength, and
elongation of Ti6Al-4V fabricated through different Additive Manufacturing (AM)
methodologieq14].

Materials processed via theEB-PBF display an | + [ microstructure, a
consequence of the moderated cooling rate in a vacuum environment coupled
with a heated substrate. This invariably leads to a reduction in tensile strength
and an increase in ductilitythan Direct Metal Laser Sintering (DMLS), another
acronym for L-PBFE The microstructure of cast materials is notably more
granular, whilst that of wrought materials yields an equiaxed +r configuration.
Notably, the Wire Arc Additive Manufacturing (WAAM) technique produces a
microstructural pattern akin to that of cast materials,althoughon a more refined
length scale. Furthermore, Direct Metal Deposition (DMD), provides more
depostion rate than L-PBF and produces similar properties. In general, the
elongation properties of Ti6Al4V tend to be reduced in the additively

manufactured processes

2.11.2 Microstructure and Cooling Rate in PBF of Ti6AI4V

In the PBFprocess, the microstructure of metals and alloys is significantly

influenced by the rapid heating and cooling cycles inherent to the technique. This
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results in fine microstructures with unique grain orientations and distributions,
often leading to enhanced mechanical properties compared to traditional
manufacturing methods. The high cooling rates can produce a cellular or
dendritic structure, while the layer-by-layer construction can introduce

anisotropy in the material properties.

L-PBF and EB-PBF produce similar average melt pool temperatures
However, the thermal behaviour of theEB-PBFbuilt parts is different due to the
requirement for pre-heating and the maintenance of a high build chamber
temperature of ~ 973 K, which reduces the cooling rateompared to L-PBF[102].
The cooling ratereported for typical EB-PBFprocessing isin the range103- 10
K/s, whereasthat for L-PBFis in the range 105- 106 K/s [2]. In both cases, the
intense heating and cooling cycles encourage martensitic phase transformation
in Ti6Al4V, occurring in the cooling phaseof the manufacturing process. The
prior -1 grains transform to form a fine lamellal  or| morphology, which again

depends on the cooling rate of the molten pool.

In the case ofEB-PBFproduction, the bulk of the microstructure is made up
of columnar prior-T grains surrounded by thel grain boundaries. Furthermore,
a transformed,| I phase with botha colony and Widmanstatten morphology
is seen within the columnar prior-T grains, which make up the bulk of the
materials [103]. In some cases, the presence of a transitional martensitic region
is observedin EB-PBFand believed to be formed due to the regional high cooling
rate from above the martensite start temperature (M), which results in the
formation of| [101]. However, theEB-PBFprocess can control the cooling cycle
better than L-PBF through build chamber temperature controls, reducing|
formation in general. A previous study demonstrated that in Ti6Al4V, a cooling
rate above 410 C/s results in the formation of martensiticc microstructure, and
as the cooling rate reduced below 410C/s, the volume fraction of a secondary
morphology increased to form a Widmanstatten formation [99]. This behaviour
of Ti6Al4V was observed during the heating and cooling cycles of a

circumferentially insulated quench bar in a lab environment.

The new grains created during solidificationof the melt poolnucleate at a
previously solidified polycrystalline layer and derive their crystallographic

orientation from their surroundings, producing epitaxial nucleation and cellular
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or dendritic crystallisation. In the case of Ti6Al4V, the nucleation, growth,
subsequent trarsformation, size, and the location of priof grains areessential
in determining the mechanical properties of the produced parts. The grain
refinement of priorf has been shown to improve the corrosion fatigue
resistance of Ti6Al4V in surgical implants and the resistance of pure Ti against
acid solutions [104]. Kobryn and Semisatin compared the microstructures of
metal-mould-cast Ti6Al4V againstthe DEDprocess and demonstrated that the
grain size tends to decrease withan increasing cooling rate. The metaimould-
cast produced an equiaxed priof grain morphology with grain sizes between
175027 3850 um. The laserbasedDED process produced a columnar morphology
with a grain size between 12Qz 750 um [105].

2.12 Conclusions

The literature review indicates that the L-PBFprocess hasbeenevolving to
meet diverse industrial demands by incorporating multtlaser systems and
employing green lasers with lower wavelengths. Despite these advancements, L
PBF faces significant challenges, as detailed in Secti@r?.2 Various efforts,
including the use of diode lasers, are underway to address these issues. However,
a viable alternative that could overcome these challenges comprehensively is still
lacking. Furthermore, the current -PBF systems are costly both to acoug and
operate. A costeffective solution that reduces the operational expenses ofRBF
would enable a broader range of industries to adopt this technologyn this
context, DAM has shown potential as a cosffective alternative. Initial
capabilities of DAM have been demonstrated using Stainless Steel and Ti6Al4V,
with a fibre-coupled multiple array system successfully processing Ti6AI4V. This
suggests that [AM could provide a feasible solution to some of the challenges
faced by |-PBF.

However, there is limited information available in the literature regarding
technologies likeDAMand the existing literature primarily focuses on parameter
optimisation through experiments. There is a noticeable lack of detailed studies
on further advancements or comprehensive modelling approaches, especially for
systems that utilise a fibrecoupled diodelaser array. In contrast, the literature
on L-PBFis plentiful with information on modelling techniques, none of which

are currently applied to DAM. Accading to the various modelling methodologies
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reviewed for AM in Table2.6, some could potentially be adapted tenhance the

understanding of DAM

Furthermore, induced residual stress remains a significant challenge io-
PBF. Various researchers have proposed different strategies for reducing
residual stress, but the outcomes vary between studies, even when similar
strategies are employed. Although some strategies are claimed to be more
effective than others, the combined effdcof these stress reduction approaches
has not been widely accepted commercially. Therefore, stresslieving through
post-processing is still commonly employed for EPBF parts.lt is also noted that
the DAM process intrinsically reduces residual stress due to the lower cooling
rates associated with its slower processing speed. However, the extent of
residual stress reduction during the DAM process has not been experimentally

established.

2.13 Research Aims and Objective

The limitations of the current L-PBF systems are discussed iBection2.2.2
These systemsuse galvanometer mirror deflection mechanisms coupled with
fibre lasers, which also hinder scalability and reachability Additionally, the
current L-PBF process generatebigh residual stresses within materialsdue to
the rapid cooling rates inherent in the process andvorsened by the high
scanning speeds and laser powenssed Furthermore, the lasers typically used in
L-PBF have a walblug efficiency of only 2630%, as discussed irBection2.2.3
necessitating higher powers for processing materials with high reflectivity due

to their operation at a 1070 nm wavelength.

In response to these challengesDLs have emerged as a promising
alternative, offering potential enhancements in efficiency and effectiveness
within L-PBF systems. This development, outlined iSection 2.3, has been
corroborated by recent research exploring the use of multiple laser spots from
diode lasers to process larger areas and mitigate the limitations of conventional
L-PBF, as highlighted inTable 2.4. Despite these advancements, the direct

application of fibre-coupled laser diode sources remains underexplored.

This research aims to develop and evaluate a novel methodology using fibre

coupled multiple diode lasers operating at an 808 nm wavelength. This approach
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employs an array configuration to facilitate processing over larger areas at
reduced scanning speeds. Initial findings from this innovative approach were
demonstrated by Alsaddahet al. in processing Ti6AI4V, as detailed irSection
2.3.2 However, their study did not extend to modelling the process or quantifying
the residual stress formation within the samples. Moreover, the original
equipment developed required modifications for effective material processing,
which were not completed.This research seeks to address these gaps by further
developing the equipment and methodologies to improve the understanding and

application of fibre-coupled diode lasers in EPBF systems.

1. Develop and enhance the DAM system to facilitate

experimental research.

2. Explore and develop mathematical models capable of
predicting melt pool morphology and temperature evolution
within the DAM process and validate with experimental

findings.

3. Capture, measure, and validate the melt pool temperature

during the process using a highresolution thermal camera.

4. Investigate the impact of using multiple lasers on the residual

stressformation during DAM of Ti6AI4V.

5. Bvaluate the DAM processes and propose recommendations

for advancing thisnovel technique.
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3 Chapter 3: Experimental Methodology

3.1 DAM System

The Diode Area Melting (DAM) system, custordesigned and built at the
University of Sheffield, was developed to supporthis experimental research
This system features a fully enclosed powder deposition setup equipped with a
silicon blade for the precise deposition of powder layers. Laser power is
delivered from the laser control unit via an optical fibore assembly to the laser
head. The laser headpart of a Computer to Plate (CTP) unit as illustrated in
Figure 3.1, incorporates a telescopic lens arrangement that collimates and
focuses the beams passing through it. The fibre array in the laser system consists
of a 2D array with100 Diode Lasers (DLsparranged in two rows (2D linear array
of 2 x 50), which can create a 3.5 mm stripe of laser when all beanmsa row are
activated. Selective scanning is achieved hbyoving the laser head in the XY

directions using agantry system.

The original DAM system constructed for the researctshowed certain
deficiencies that needed addressing prior to advancing with this study. The
following section outlines the initial setup and the limitations thereof. It then
explains the modifications implemented to enable the system to process powder

materials by activating individual laser beams as required.

Optical fibre delivery

Laser head (Computer to plate) (100 optical fibre arrays)

Laser control unit
(External)

(b) Diode laser source with 100
beams (2D linear array of 2 X 50)

Collimating & focusing
lens assembly

Powder depositor

Powder bed

X

Substrate plate I z

Figure 3.1: Schematic of DAM.
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3.1.1 Initial Setup

The DAM system is divided into two main sections: one dedicated tbe
control of the laser system, including laser power and the cooling system
management and the other focused ongantry system and build chamber
management At the outset of the research, th®AM system was equipped with
a fully operational powder delivery system and an Argon knife edge for flow
control. Additionally, a gantry system was in place and managed by a computer
that controlled the movement of the laser head(CTP)along theXand Y axes, as
well as the Z-axis positioning of the powder bed, using @odes.This setup is
controlled by four stepper motors that manage the mechanical movements of the

wiper, powder bed, powder container, and laser head as depicted Figure 3.2.

Fibre assembly

Laser head (CTP)
Gantry system

Powder delivery system Build plate

Powder depositor

Figure3.2: The DAM 2 equipment used for this research.

The first section manages critical functions such as adjusting laser power and
maintaining an optimal operating temperature for theDLs These functions are
essential for sustaining optimal laser performance and preventing overheating,
thereby ensuring precise control over laser characteristics, which significantly
affect the quality and properties of the manufactured parts. This systergrucial
for effective operations, was initially unavailable but was later developed for this

research.

The second section addresses the gantry system and its role in managing the
overall operation of the build chamber. This includes controlling the movement
of the optical assembly, which is essential for directing the laser along the XY

axes. The gantry's mmvements are enabled by a motedriven pulley system,
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facilitating precise placement within the build area, thus ensuring smooth and
efficient operation critical for Powder Bed Fusion (PBF) processes. Additionally,
the laser head assembly can traverse the powder bed in the XY plane at speeds
up to 1500 mm/min. The CTP head can accelerate up to 0.1 m/s2, with a constant

speed maintained via G code.

3.1.1.1 Areas Requiring Enhancements

DLsare directly pumped by electric current and tend to overdraw current
when operating at higher temperatures, particularly above 28C. This can reduce
the lifespan of the diode laser or may cause permanent damage. Therefore, a
cooling system is crucial for optimal operation and efficiency of the diode laser

system. This development is elaborated upon iBection3.1.6.1

Furthermore, DLsrequire a constant current for stable operation, and any
current overdraw can damage the laser. EadbL needs a dedicated control circuit
responsible for managing its operation. This circuit is crucial as it not only
switches the laser on and off but also adjusts the power output as required during
the process. Such precise control is essential to preventachage due to
overcurrent and to ensure the laser operates efficiently under varying

conditions. This development is elaborated upon irgection3.1.6.2

3.1.2 Build Chamber

The build chamber of the DAM systems comprised of two sections: one for
the CTHaserheadandthe other for the actual build process, as depicted iRigure
3.3. Initially, the system included a heating provision for the build area, but this
feature was later removedas ahealth and safety precaution TheCTP laser head
was affixed to rails within the gantry system, allowing it to move along the XY

axis. This movement was facilitated by a pulley system driven by two motors.

In order to maintain an optimal atmosphere within the chamber, it is filled
with argon gas A provision for Argongas flow(inlet and outlet) is integrated into
the side of the chassis. Additionally, argon gas is directed over the build area to
protect the build surface during the manufacturing process. Due to the high risk
of oxide layer formation associated with the PBF process, the chamber is fully
enclosed.During the operation,oxygen ispumped outusing a vacuum pumgand

then the processing area is prged with argon gas to establish a controlled
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environment. This process typically lasts about 1 to 2 hoursand guarantees a

completely inert atmospher.

Enclose Chamber

Powder Wipe and »
Recovery Tray Glove Port Cover
-

Heated Cavity

Argon
Gas Flow
in and out

Powder Supply \

Container
Movable Laser

. N~ Print Head

Figure 3.3: Illustration of the build chamber in the DAM setup.
3.1.2.1 Inert Gas Environment

Building Area

The argon gas cylinder is directly connected to the gas flow inlet of the
machine (shown in Figure 3.3), allowing argon to be continuously released into
the machine. The gas flows inside the build chamber through an inlet valve
located on the side of the machine and exits through a knife edge placed inside
the chamberas shown inFigure 3.4. This knife edge provides a continuous flow
of gas just above the melting surfadbuild plate , which not only removes any
excessive spatter from the process but also maintains a conducive environment

that helps to reduce oxidation during the process.

Pipe to deliver

Argon gas Laser head (CTP)

Knife edge for Gantry system

Argon flow

Figure 3.4: Build chamber showing the build area and the knife edge arrangement for a
continuous gas flow.
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The oxygen levels within the chamber are continuously monitored and
maintained at no more than 01% during the fabrication process toensure
optimal conditions. Additionally, two glove ports have been integrated into the
design. These ports provide operators with the ability to access tools within the
evacuated chamber or to perform necessary interventions during the building
process without compromising the controlled environment. A Crowcon T4
(manufactured by Crowcon Detection Instruments Ltd) gas monitor was used to
monitor the oxygen content within the chamber Figure 3.5 shows an example of
parts fabricated within the DAM system whilst calilbating for the oxygen content
using a Cravcon gas monitor during the initial start up phase of an experiment.

The experiment commences once the oxygen content reaches 0.1% by volume.

e A

Figure 3.5: lllustrating the fabrication of Inconel 718 within the DAM system.

3.1.3 Laser Fibre Array

The delivery of laser beams from the DLs is achieved usigupled optical
fiber cables, as illustrated inFigure 3.6 (a). Each fiber cable i€onnectedto one
end of each DL, and the other end isrought to an adapter(incorporating a v-
groove fibre array), as shown inFigure 3.6 (b). The overall length of this fibre
cable assembly from end to end is 1.2 meters, allowing for the placement of all
the DLs, their controllers, and cooling systems outside the build area. The laser
array is organized into two rows, with 50 fibers in each ra, creating a 50 x 2
array as depicted inFigure 3.6 (c).
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Figure 3.6: Arrangement of the fibre array utilising 50 X 2 fibres: Fibre cables in the array
(a), the adaptor which connects to the CTP head (b), and the schematic of the fibre array
assembly unit; all dimensions in mm otherwise specified (c).

For the experiments conducted in this research, a single row of this array
was used The fibercoupled DL modules are linked to a speciallynanufactured
2-D fiber array head (2DFAH). This 2DFAH comprises a 2D array of-groove
lines. Each linear arraycontains 50 multimode fiber channels, each having a 105
pum core diameter and a numerical aperture of 0.22 NA. To ensure the necessary
overlap of adjacent melt pools for achieving high part density, the fibers were
precisely positioned with a centerto-center spacing of 127 pm, resulting in a
total width of 6.35 mm before collimating and focusing the beamsEach diode
laser connected to the fiber array emits laser lighat a wavelength of 808xm and
a maximum optical output power of 4.5W. Theoptical assemblygenerates a
Gaussian laser beam with a 1/&diameter of 65 um. This configuration yields a
laser radiation stripe that is 3.5 mm wide(after focusing), employing a total of 50
diode lasers in a row, resulting in a combined laser power output of 22%/. The
dual-row configuration of this particular laser array enables theuse of a
maximum of 100 DLs. The with and energy density of the laser stripe can be

precisely controlled by activating the necessary number of laser
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3.1.4 Diode Laser

The 808nm wavelength fibercoupled DL was procured froma supplier
based in ChinaandFigure 3.7 illustrates its key dimensions in both the top view
(a) and side view (b). A fiber cable with a core diameter of 105 um is employed
for DL coupling, and this cable will be linked to the CTP laser head assembly. To
regulate each individual DL, a commercigl available power supply, DPS3005 is
employed, providing a consistent current to the DL. The length of the fibre cable
attatched to the DL is 800 mm.

(b)

Figure 3.7: lllustrating the dimensiongin mm) of the diode laser top view (a) and side
view (b).

The performance of the DL is sensitive to the operating temperature of the
device. The ideal operational temperature range falls within 15 to 25 °C. To
manage the temperature during operation, a cooling system is employed,
featuring a thermoelectric cooler(TEC)fastenedon top ofa copper plate and an
aluminum heatsink as described in Section 3.1.6.1 This setup effectively
dissipates heat from the DL. To assess the output power of the DL, experiments
were conducted using a Thorlabs PM400 power meter, and the poweurrent
(P/l) curve is illustrated in Figure3.8. Itis notable that the DLs were consistently
maintained at an operating temperature below 20 °C throughout the
experiments. The power output was set at 4 W, and the current required to

achieve this 4W laser power was measured to be 4%
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Figure 3.8: The P/I curve of the DL measured using Thorlabs PM400 power meter.
3.1.5 CTP Laser Head

Due to the wide divergence of the laser beam emitted from each fibre in the
array, collimation and focusing are necessary.This crucial function is
accomplished through a custommanufactured (supplied by EASTCOM Optical
Technology Inc., China) Computer to Plate (CTP) head assembly, as illustrated in
Figure 3.9. The CTP assembly is designed as a telescopic lens arrangement, with
the adapter of the fiber array connecting to one end of it. Since this assembly is a
bespoke design and manufactured by a third party, specific technical details and

the technologies empoyed in its construction remain undisclosed.

The working distance of the CTP head is set at 60 mm, and this distance is
maintained consistently throughout the experiments. This distance is deemed
sufficient to prevent any spattered of powder particles from reaching the lens
while effectively melting the layer. The CTRisesimaging lenses that have been
integrated to capture and transmit the emitted light from the wvgroove array,
effectively concentrating it onto the powder bed. The relay optics perform the
tasks of collimation and focusing for each mm emanating from the 2BFAH, with

a magnification factor ofx 0.6.
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Figure3.9: The CTP laser head assembly with a beam profiler attached at one end.
3.1.6 Modifications to the DAM Rig

Modifications to the rig were carried out after receiving the lasers and CTP
head from the supplier. The gantry system was adjusted to fit the CTP head, and
laser profiling was completed. Subsequently, the cooling system was designed
and tested, followed ly the implementation of the laser control system. The

development of both systems is detailed further in the sections below.

3.1.6.1 Cooling System

After initial testing, it became clear that the air cooling solution, comprising
just a heat sink and fan, was inadequate for tHeLs. Consequently, a solution was
required to consistently maintain the temperaturebelow 20 °Crange. Given that
the surface area of theDL is only 10 mmz?, effective heat removal from such a
compact area can be achieved by directly attaching the heat removal device to
the DL. Air coolingis insufficient for such a confined space, as the limited surface
area restricts the volume of air that can contact the surface, thereby reducing the

efficiency of heat dissipation.

Figure 3.10 (a) illustrates the cooling system setup, which includes a unit
capable of cooling sixDLs simultaneously. It comprises a heat sink, fan, and
temperature controller for six DLs. This system is scalabldzigure 3.10 (b) shows
the internal structure consisting of an aluminium heat sink block, to which a large
fan is attached at the end to remove heat from the entire block. EadL is
mounted on a copper plate that includes a thermoelectric cooler (TEC) and a

thermistor among other components in the system.
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) diode laser

Temperature
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Fan for air
circulation Heatsink

Figure 3.10: The coolingsystem with the temperature controller (a) and the heat sink
housing 6 diode lasers (b).

In this setup, eachTECis attached to a copper plate, as illustrated ifigure
3.11, with the DL positioned on top of the TEC. The TEC operates based on the
Peltier effect, where passing an electric current through the device creates a
temperature gradient. This gradient moves heat from the cold junction, in direct
contact with the DL, to the hot junction attached to the copper plate. The copper
plate acts as a heat sink, effectively dissipating the transferred heat into the

environment.

Diode laser
DL DL DL Thermoelectirc
cooler (TEC)

Copper seat for
Copper plata diode laser

Temperature
controller

Fan

4

Figure 3.11: lllustrating the cooling arrangement with the help of TEC.
Additionally, a thermistor is attached to theDL to monitor its temperature.
If the temperature exceeds a predefined limit, the thermistor signals the
temperature controller to adjust the TEC. This adjustment modifies the current
flow, enhancing the cooling efficiency to maintain theDL within its optimal
operating temperature range(below 20 °Q). This direct and efficient method of

temperature regulation is essential for maintaining system stability and



72 Chapter 3: Experimental Methodology

performance, making thermoelectric cooling a critical component in managing

the thermal dynamics ofDL systems.

3.1.6.2 Laser Power Controller

The characteristics of the laser beam, including output power, wavelength,
and the heat generated by the laser module, are heavily influenced by the
electrical power supplied to the laserDLsare both current-driven and current-
sensitive, meaning fluctuations in the drive current can significantly affect the
output power and wavelength. Such instability in the drive current, arising from
noise or drift, can adversely impact the performance antbngevity of the laser
diode. Furthermore, fluctuations in the current also directly affect thethe
temperature, causing variations in the output characteristics. To ensure the
stability of the DL, an ideal power source would be a constant current sourdkat
is linear, noiseless, and accurate, delivering precisely the current needed for

specific applications.

In this research, a DPS3005 constant voltage current stefpwn power
supply was employed to provide a stable current to the diode lasers. Nine laser
drivers were housed in a single compact boxs shown inFigure 3.12, each
initially set to 2A and 3V. During operation, the current could be manually or
remotely controlled via Bluetooth, aiming for aconstantoutput power of 4 W. To
verify the stability of the laser output in the designed system, powevoltage-
current characteristics were tested after a continuoud2 hour laser run, during
which power was measured with a laser power meterThis system was used

throughout the project to control the DLs.

Diode laser
cooling
system
Cooling fan Laser c.lnver
unit
controller

Figure3.12: The diode laser drive unit consisting of nine DPS3005 modules.
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3.2 A Typical DAM ProcessWorkflow

1. Define key processing parameters such as laser power, scanning speed,

and hatch distance based on experimental design.

2. Use LightBurn software to generate &ode to control the laser driver,

cooling system, and gantry (XY) movements.

~

3. Uploadthe GAT AA O1T OEA 1 AAEET A0 1 EAOT AT 1T Oc
motors for building preparation.

4. Instruct the laser driver to regulate the electrical current to theDLs,

ensuring it provides a constant power at 4 W

5. Thermistors to monitor the temperature of eachDL, controlled by aTEC

to keep temperatures béow 20 °C.
6. After the fabrication, carefully remove andhot-mount the parts.

7. Characterise the final parts to assess the effects of processing parameters

such as beam profiles, laser power, scanning speed, and hatch distance.

3.3 Beam Profiling

The CTP laser head projects tharray of laser beam, which emerges from the
fiber array, onto thepowder bed surface after the processes of collimation and
focusing. The activation of each DL results in the generation of a beam or beams
with distinct characteristics. It is crucial to understand these beam attributes
before employing them for the selective meltingf powder particles. To achieve
this understanding, a NanoScan2sPryo/9/5 scanning slit beam profiler is
employed for the characterisation of eaclbeam profile. The NanoScan profiler is
securely attached to the end of the CTP head at a fixed distance of 60mm as
shown in Figure3.13. This distance is chosen because it corresponds to the point
where laser beams achieve their maximum intensity focus. Each individual DL
operates at a maximum power of 4 W and produces a beam with a 65 |rfe 2
diameter when focused. The beam radius was measured as a function of the Z
axis position, with incremental increases of 10 um, until reaching the distance
specified in ISO standard 11144lL.
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Beam Profiler

Figure3.13: The diagram illustrating the configuration for beam profile measurement
using a NanoScan2sPryo/9/5 scanning slit beam profiler.

Figure 3.14 presents an example of beam profile data obtained from the
NanoScan profiler using their proprietary software, NanoScan V2. This data
reflects the configuration when two adjacent lasers from a single row were
examined. In this configuration,a beam lengthof 65 um is measuredon the X
axis, correspondng to 1/e2 of the maximum intensity. Simultaneously, the beam
width is indicated as 141 ymon the Y axis. As each individual DL is activated, the
total length of the beam extends. For instance, when six beams are
simultaneously activated, the resulting beam length measures 446 um as shown

in Figure3.15 (a).

13.5% Width, (um) = 65
13.5% Width, (um) = 141

Figure 3.14: Data illustrating the beam profile when two adjusant lasers within a single
row are activated.

The second row within the array generates a distinct beam profile
configuration compared to the laser arrangement of the first row. For instance,
the activation of each laser in either row results in a beam profile with a length
of 103 pum. Figure 3.15 (b) illustrates the beam configuration of the twerow

arrangement, displaying up to ten lasers.
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The DAM process is primarily distinguished by its slower scanning speed
compared toL-PBE Its productivity, however, is achieved by processing a larger
area, facilitated by a long stripe of laser beam. This is where the singiew
arrangement in the fiber array plays a crucial role, making it a priority for
investigation in this study. Moreoer, Alsaddahet al. conducted an investigation
that encompassed both singleow and two-row arrangements. Their findings
presented only minor differences between the sngle-row and double-row

configurations [6] .
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Figure 3.15: Representation of the muHlliaser arrangement configuration, with (a)
displaying six lasers in a single row, and (b) showcasing up to ten lasers arranged in two
rows.All dimensions given in this illustration are in mm.

3.4 Optimisation of Parameters

In a prior investigation, ref[6] conducted comprehensive experiments using
Ti6AlI4V and optimised parameters for both single and double row
configurations within the fibre array. The findings of this study suggest that the
optimal scanning speed is 100 mm/min, and the recommended individal laser
power for successful fabrication of Ti6Al4V parts falls within the range of 4 to 4.5
W.

3.5 In Situ Temperature Measurement

To gain insight into the evolution of melt pools and their thermal
characteristics during the process, precise temperature measurements at
various locations are crucial. However, this can be particularly challenging for
the interior regions of the melt pod. In-situ temperature monitoring for AM
processes is typically achieved using highesolution thermal imaging cameras
and pyrometers.In this research, a thermal camera is employed to record the

surface temperature during the multtlaser interaction with the powder material.
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3.5.1 Thermal Camera Setup

A 16-bit Hamamatsu c13440 camera with a Tamron 180 mm prime lenss
shown in Figure 3.16 was used to record thermal images during processing.
Thorlabs RG 850 longpass filters were used to remove any interference from
scattered 808 nm emission from the diode lasers. Thorlabs FESH1000 filters
were also used to restrict the sensitivity betweer850 nmz 1000 nm. A neutral
density (ND) filter with OD 1.0 was used to optimise the dynamic range and

match the interested temperature range in this work

Hamamatsu c13440 camera Thorlabs RG850 & FESH1000 filters Lens

4X FELH0850

4X FESH1000

Figure 3.16: Hamamatsu C13440 camera, filter and lens assembly used in the
experiments.

The calibration process relies on Planck's Law. A total of 100 images were
acquired and then averaged at each temperature point, using a blackbody
furnace with a high emissivity of approximately 0.99. The temperature range
covered in this calibration spanned from 900°C to 1500°C. Itisimportant to note
that the furnace had a maximum temperature capability of 1500C, hence the
measurements were taken up to that temperature limit Temperatures above
1500 °C were extrapolated based on Planck's Law. The dark offset was
determined by averaging 100 images with the lens covered . The temperature
calibration curve is plotted in Figure 3.17. It is found that the uncertainty of
InGaAs is limited, which is under 5 °C witim the temperature range 900 °C to
1500 °C. Theabsorptivity of the sample material Ti6AI4V was measured as 0.65
, and the emissivity can be calculated as 0.35 . An additional transmission loss
through the observation window was measured as 5%. After correcting for
emissivity and transmission, the effective tempegiture measurement range is
800 °C to 2094 °C.
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Figure 3.17: Radiance calibration curve and uncertainty of measured temperature
showing the digital level from @ 16000.The blue dot represents the blackbody
temperature mapped over the calibrated temperature, plotted in black colour.

3.5.2 Thermographic Data

Temperature (°C)
Residuals (°C)

Thermal images were recorded ginga Hamamatsu C13440 thermal camera
in its high-speed mode, with a resolution of 2048 1024. The camera produces
images attwo hundred frames per secondn this mode. During the DAM process,
images were streamed to a PC where they were saved as TIFF files for post
processing. Cropping of images and conversion to thermal imagesas
performed in MATLAB. The lookup table produced during the camera
calibration process was used for converting TIFF files into thermal image$he
sequence of TIFF images, captured by the thermal camera, was processed using
the ImageJ softwareFigure 3.18 demonstrates the temperature of the melt pool
at a point in time as the laser array is traversed across the powder bed. This is
from the TIFF images takerusing the thermal camera,showing the temperature
at each respective pixel location within the imagelo ascertain the temperature
time data, a specific poin{probe) was chosen on the top surface of the melt pool.
The temperature at this designated location was then monitored over a period of

time, providing a detailed temperaturetime profile for that particular point.
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Figure 3.18: An example of an image from the thermal camera, Hamamatsu c11440
captured whilstprocessing the beam profile with four lasers.

3.5.2.1 Placement of Thermal Camera

The field of view (FOV) was measured as 20 mm x 20 mm in a complete
camera sensor with a working distance of 40 cm. The camera sensor was cropped
into 2048 x 1024 to capture the images at 200 frames per second (fps)he
Hamamatsu camera was positioned at a 4@ngle in front of theDAM setup, as
illustrated in Figure 3.19. In this configuration, the camera captured information
through the viewing windows, allowing observation and recording of the laser
material interaction during the process. This angle provided a strategic
perspective to effectively capture themelt pool within the material interaction

Zone.
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Figure 3.19: lllustrating the Hamamatsu C13440 camera set up employed fosiito
Spatter investigation.

3.6 Material Properties

3.6.1 Titanium Alloy Powder

Pre-alloyed and gasatomised Ti6Al4V powder used in this study was
supplied by Carpenter Additive with the material composition in nominal weight

% as shown inTable3.1.

Element Al V Fe O C N H Ti

UNIT |58| 38 03 | 015 | 002 | 005 | 0.03 |Balance
(Weight %)

Table3.1: Composition of Ti6Al4V
The powder material is analysed using the Malvern Mastersizer (Malvern
Mastersizer 3000 PSA) to determine the particle size distribution. The size
distribution measured is shown inFigure 3.20 (a), indicating cio: 23.4 um, do:
33.3 um, and do: 47.3 um.The SEM image depicting the shape and sphericity of
the powder is shown inFigure 3.20 (b) indicating that most particles appear to
be spherical. More information regarding the analysis conductedin Malvern

Mastersizer is available inAppendix B: Ti6Al4V Powder Data
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Figure 3.20: particle size distribution of Ti6Al4V powder (and powder morphology(b).
3.6.2 Absorptivity Measurement for Ti6Al4V

(b)

The absorptivity measurement was conducted using an Ocean HDX Vis NIR
spectrophotometer. Metallic powders were compacted into a diminutive cup,
measuring 10 mm in diameter and 5 mm in depth. Subsequently, the surface was
levelled using a glass microscopelige to ensure uniformity. The absorptivity of
Ti6Al4V powder was assessed and contrasted with that of copper and AlSil12
powders, using spectralon as a perfectly reflective reference material. This
measurement took place at ambient temperature, spanning €1380z1100 nm
wavelength range. Absorptivity was calculated as a function of wavelength by
employing the formula Absorptivity = 1z Reflectivity. This calculation was based
on the average of 10 separate measurements, ensuring no transmission had

occurred.

The results from this experiment show that the absorptivity of powders
significantly varies with the laser wavelength. For instance, the absorptivity of
Ti6AI4V increases by 6% and 14% when a 808nm and 450 nm laser source is
employed respectively comparedo a 1064 nm fibre laser. Highly reflective and
conductive materials such as copper and AlSi12 also demonstrate substantial
increases in absorption. Specifically, copper's absorption rises from 9% at 1064
nm to 26% at 808 nm, an approximate increase of 188. At 450 nm, copper's
absorption reaches 88%, marking a significant 878% increase compared to the
1064 nm fibre laser. Similarly, AlISi12 exhibits increased absorption at shorter
wavelengths: 19% at 1064 nm, 26% at 808 nm, and 48% at 450 nm. These results
indicate a clear trend of increasing absorption with decreasing wavelength

across all tested materials.
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3.7 Thermophysical Properties

The thermophysical properties of metals refer to the characteristics that
describe how materials behave in relation to temperature and heat. Depending
on the specific property being examined, these properties can exhibit linear or
non-linear behaviour. Theuse of linear or nonlinear thermophysical properties
in L-PBF modelling depends on the nature of the problem being investigated.
Analytical methods often use linear properties, which are simpler to work with
mathematically, as they exhibit a consistentalationship between variables. In its
simplest form, a constant value for each thermophysical property can be used for
analytical-based calculations [107]. Temperaturedepended thermophysical
properties are required for numerical methods to attain the highest accuracy
during simulations [108] . In the numerical method, the computational domain is
subdivided into many small volumes, and thermophysical properties are

assigned to each volume for calculating the required outputs.

3.7.1 Analytical: Thermophysical Properties

In this investigation, the thermophysical characteristics of Ti6Al4V are held
constant for analytical modelling in accordance with the Rosenthal equation. The
constant thermophysical properties of Ti6Al4V utilised for the analytical models

are presented inTable3.2.

Parameter and Values Units
Properties
Solidus temperature 1878 K
Liquidus temperature 1923 K
Initial temperature (To) 293 K
Density 4375 kg/m3
Thermal conductivity 7 W/m K
Thermal diffusivity (10 a) 2.9 m2/s
Table3.2: Processing parameters and material propertiesed for Analytical modelling
[109].

3.7.2 FEM and VoF: Thermophysical Properties

The transient thermal analysis ofan LPBF process requiresnclusion of
temperature-dependent physical properties such as density, specific heat,

thermal conductivity, viscosity, surface tension and solid fractionTable 3.3
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presents some of the thermephysical properties used in both FEM and VoF

modelling for this study.
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STATE TEMPERATURE DENSITY| SPECIFI THERMAL
(K) (kg/m3) HEAT | CONDUCTIVITY,
(J7kg/K) (W/m/K)
SOLID 298 4420 546 7
373 4406 562 7.45
473 4395 584 8.75
573 4381 606 10.15
673 4366 629 11.35
773 4350 651 12.6
873 4336 673 14.2
973 4324 694 15.5
1073 4309 714 17.8
1173 4294 734 20.2
1268 4282 753 22.7
I TRANSUS 1268 4282 641 19.3
1373 4267 660 21.0
1473 4252 678 22.9
1573 4240 696 23.7
1673 4225 714 24.6
1773 4205 732 25.8
1873 4198 750 27.0
1923 4189 759 284
LIQUID 1923 3920 831 334
1973 3886 831 34.6
2073 3818 831 -
2173 3750 831 -
Uncertainty ob ob pmth

Table3.3: Recommended values for thermophysical properties of Ti6AKD®].
3.8 Characterisation

3.8.1 Sample Preparation

The methodology adopted to prepare Ti6Al4V samples for microstructure
analysis comprised several steps, as outlined below. Due to laboratory
restrictions, the typical etching chemicals were not used in this preparation

process. Initially, the parameters fo sample preparation were selected based on
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recommendations from Buehler for Ti6Al4V. However, modifications were
necessary due to the samples being very thin and the prohibition of acids in the
laboratory. Consequently, the procedure was further adjusted based on
recommendations from Buehler UK Ltdand also slightly refined based on our

previous experience with similar samples.

(a) Sectioning: The process began with sectioning using a diamond saw
machine (Sectom 50, Struers UK Ltd) at 3000 RPM speed and a feed rate of 0.02

mm/s.

(b) Hot -Mounting: Subsequently, hotmounting was performed. The sample
was immersed in a conductive thermoset polymer using a SimpliMet Machine
(Buehler UK Ltd, London, UK) at 600°C and 7 bar pressure.

(c) Grinding: The samples underwent grinding using a Buehler Automet
Grinder-Polisher with P600, P1200, and P2500 grit papers. A force of 27 N was
applied for 1 minute, with a plate speed of 150 rpm and a head speed of 60 rpm,

with a complimentary head rotation direction.

(d) Polishing: After grinding, the samples were polished with diamond
OOODPAT OET 1 Oh OPAAEAZEAAI T U ¢ tih olikeg i h AT,
finish was achieved.

(e) Etching: To reveal the microstructure of Ti6Al4V, a mixture of colloidal

silica (ORS) and hydrogen peroxide (30%) was applied for 10 minutes. A force
of 15 N was employed, with a plate speed of 150 rpm and a head speed of 60 rpm.

Lastly, the samples were cleaned with a ChemoMet polishing cloth using
water for 10 minutes and stored in a desiccator, with the surface protected by a

metallographic cap
3.8.2 Optical Microscope
Melt pools were observed initally using aNikon LV150NL Upright Materials
Microscopefollowed with a detailed analysis using SEM.
3.8.3 Scanning Electron Microscope (SEM)

Surface morphology and microstructural analyses were carried out utsing

a scanning electron microscope (SEM), specifically the Tescan VEGA3 model.
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Surface morphology images were captured at a beam intensity of 15 kV to
achieve highresolution visuals. These images were acquired at a distance of 15

mm and at various magnifications, including x100, x200, x500, and x1000.

3.8.4 Surface Roughness

Surface roughness measurements were conducted using the Alicona
Infinite Focus SL instrument, known for its variable focus measurement
capabilities. To assess the surface roughness of Ti6AI4V samples with densities
exceeding 90%, a 10 mm x 10 mm area was scrutinized using a 10x magnification
lens. Within this region, three measurements, separated by 4 mm intervals on the
top surface, were taken, and the average roughness (Ra) was determined for

each. These Ra values were then correlated with relevantguessing parameters.

3.8.5 X-Ray Diffraction (Phase) Analysis

The phase was conducted utilising a PANalytical XPeft Powder XRD
equipment, which was supplied by Malvern Panalyticalln the reflective
configuration, the phase analysis was executed utilising a power setting of 45 kV
and 40 nA. Default divergence and anscatter slits were employed to optimise

the analytical conditions.

3.8.6 Residual Stress Measurement by XRD

The PANalytical XPert Powder X-ray diffractometer as shown inFigure3.21
is a sophisticated instrument, composed of several key components which
include an incident beam optics assembly, a sample stage equipped with a
reflection/transmission spinner, and a diffracted beam optics assembly. The
incident beam optics assembly isguipped with a programmable divergence slits
(PDS), Soller slits, and a beta nickel filter, which are instrumental in fiA@ning
the beam for precise analysis. Conversely, the diffracted beam optics assembly
comprises programmable antiscatter slits (PAS$H Soller slits, and a beta nickel
filter. These components contribute to enhance the accuracy and reliability of the

diffraction data acquired during the residual stress analysis.
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Figure 3.21: PANalytical XPert3 Powder machine used for residual stress studies.
3.8.6.1 The Parameters Used for Residual Stress Investigation

The PDS in the diffractometer regulates the divergence and helps to alter the
width of the incident X-ray beam. The programmability (using slits) of PD8&llows
for the optimisation of the beam's divergence based on the specific requirements
of the analysis, such as the type of sample being analysed and the desired
resolution. The beta nickel filter acts as a monochromator, selectively filtering
out unwanted XOAU x AOAT AT COE OOAE AO stiEdke +7
adjustable and can be programmed to cdrol the width of the diffracted X-ray
beam that reaches the detector, by mitigating the effects of scatter and unwanted

radiation.

The residual stress assessed through -bay diffraction represents the
arithmetic average stress within a designated volume of material, delineated by
the irradiated area. This area oscillates in size, extending from square
centimetres to square millimetres dictated by the depth of the Xay beam
penetration. The PDS and PASS slits play a crucial role in defining the dimensions
of this irradiated area for the experiment.Specific parameters wereusedin this

study as outlined inTable3.4:

OA
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PARAMETER (UNIT) VALUES
X-ray Wavelength+ | | B 1.541874
X-ray Wavelengthky (A) 1.392250

Betafilter Nickel
Filter thickness (mm) 0.020
Soller slit (rad) 0.04
PDS slit angle®) 0.5
PASS slit angle’) 1
X-Ray beam radius (mm) 240
Scan axis 2Thetaz Omega
Scan angle9) 138.55107 143.4486
Tilt angle (°) 0z51

Table3.4: PANalytical XPert3 Powder equipment setup parameters used for residual
stress experiments.

The depth of Xray penetration was rather superficial, approximately 0.005
- 0.01 mm, thereby facilitating the evaluation of both macro and microscopic
residual stresses. This methodology offers a depth resolution that is
approximately 10 to 100 times more precisethan to alternative techniques,
enabling a more comprehensive and nuanced determination of residual stresses

within the examined material [20] .

3.8.6.2 Determination of The Lattice Strain

In theory, any interplanar spacing could be employed to gauge strain in the
crystal lattice, but the practicality of this approach is constrained by the limited
wavelengths yielded by commercial Xay tubes, narrowing the selection to a few
viable planes. Generally, precision is enhanced as the diffraction angle increases.
Practical methodologies typcally necessitate diffraction angles where @
exceeds 120. Specifically, for the Ti6AI4V alloy and the lattice plane (hkl) of 21.3,
a 2g angle of 141.7 is recommended, aligning with established norms and
optimising measurement accuracy within the constraints of available -Xay
wavelengths and instrumental capabilities]20]. The PANalytical XPe&Powder
is programmed at performing scans within a range of 138.5510 to 143.448%
enabling the precise determination of peak positions at each scanned angle based

on the acquired dataThe shift in peak positiors obtained from this experiment
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fundamentally characterises lattice strain, which is intrinsic for the accurate

determination of residual stresses within the material.

3.8.7 EBSD

Electron backscattered diffraction (EBSD) was employed to investigate grain
size, phase identification, and crystallographic orientation. This analysis was
conducted using an Oxford Instruments® ENANO EBSD detector, operated at 20
kV. To strike a balancéetween resolution and scanning time, the step size was
set at 0.1 um, with a magnification of 650x, which was defined based on the

scanning area.

Subsequently, the acquired EBSD data was subjected to analysis using Aztec
Crystal software from Oxford Instruments. Prior to the EBSD analysis, a standard
data cleanup procedure was executed. This involved the replacement of
incorrectly indexed isolated points and unindexed points, ensuring that they
were filled with a minimum of four indexed pixels surrounding them. This
process was accomplished using level 5 of the Zero Solution Removal function.
To distinguish grain boundaries, a threshold of 15° was pplied. Further
exploration of grain morphology and sizes was carried out through calculations

of grain aspect ratios and the determination of average grain size.

3.9 Conclusions

In this chapter, the DAM mechanism and its system are described,
highlighting its multi -laser array technology. Differentbeam configurationsare
characterised to investigate effects on melting area dimension, beam shape (line
or multi-spot), and spotspacing, with an eye on process optirsation through
various optical configurations. The chapter also delves into the methodology and
experimental setup of the study. This involves the use of multiple fibreoupled
diode lasers with808 nmwavelengthsand low power (less than 5 W)for efficient
parallel processing. It covers the charactesation of laser systems, including
single diode modules and the multlaser head (CTP), detailing the specific
modifications and equipment characteristics required for DAM processing.
Finally, the chapter provides an overview of the charactesation techniques used

to analyse the microstructural propertiesand residual stressof the build.
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From the literature review conducted in Chapter 2Section2.6, it was shown
that specific literature on modelling the Diode Area Melting (DAM) process using
systems thatusea fibre-coupled Diode Laser (DL)array is not available. Despite
the availability of various established methodologies and models for the Laser
Powder Bed Fusion (EPBF) process, comparable models for DAM are not readily
accessible. However, given the similarities in laser and powder material
interactions between L-PBF and DAM, it is feasible to adaptRBF models for
DAM. These models could be adopted and validated using experimental data to

ensure their applicability before employing them in DAM simuations.

This chapter details the development and subsequent validation of one
analytical and two numerical models designed for simulating th®AM process.
It begins with the construction of an analytical model based on the Rosenthal
equation, followed by the development of numerical modelsising the Finite
Element Method (FEM) and Volume of Fluid (VoF) method. These models were
initially validated against experimental measurements of melt pool dimensions
from L-PBFof Ti6Al4V, as documented in the literature. Thigalidation process
established a solid foundation for the applicabilityof these models. Following
validation, the models that bestsuited will be selected and adapted for detailed
DAM process simulations. The aim is to use these models to predict and
understand the melt pool morphology and associated thermal characteristics in

DAM, leveraging the insights gained from the initial IPBFbasedvalidations.

4.1.1 Selected Literature for Model Validation

Yadroitsev et al. studied the distribution of surface temperature and size of
the melt pool formed during L-PBFof Ti6Al4V[110]. In this study, a CCD camera
was used to determine the surface temperature of the melt pool formed due to
various processing parameterswhich are shown in Table4.1. The 20, 30 and 50
W laser power and 300, 200 and 100 mm/s scanning velocities selected here are
relatively low power compared to the process parameters used in a typichtPBF
machine for commercial applications.The relatively low power used shares
similarities with the laser power employed in DAM Hence, this study was

selected to validate the models developed for DAMIthough a singleDL used in
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DAM provides only 4 W optical power, a laser profile with multiple lasers could
easily reach similar power levels ( & 50 W). The fibre array in DAMis uniquely
engineered to operate a multitude of laser beams, as many as a hundred, each of

which can be individually regulated

20W | 30W | 50W

300 mm/s

200 mm/s

100 mm/s

Table4.1: The process parameters (Power and Scanning Velocity) chosen for the .study
Yadroitsev et al.conducted experiments using a TEM Gaussian beam with
a diameter of 70rm, operating at a wavelength of 1075 nmA series on melt
tracks were created br each set of process parameters, each 10 mm long. For the
theoretical calculations,the Carslaw and Jaeger heat conduction equationas
usedfor the Gaussian heat sourcf/ 3], [111]. The geometry of the resulting melt

pool was then compared against the calculated results.

4.1.1.1 Experimental Results

Figure 4.1 demonstrates the melt pool width, calculatedusing the Carslaw
and Jaeger heat conduction equation, alongside data from experiments plotted
with varying scanning speeds and laser powers. Converseligure 4.2 presents
the data relating to the melt pool depth. The experimental data suggestan
increase in both the width and depth of the melt pool in relation to energy input
Yadroitsev et al. assert that the primary influences on the geometric
characteristics of single tracks are the laser power density and interaction time,

as defined inequation 13 and equation 14.

0t 0 Qi DABIQE— (13)

0 & MRd 0 0IQE [ Qo6—— (14)
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Figure4.1: The width of the molten pool versus scanning speed.
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Figure4.2: The depth of the molten pool versus scanning speed.

The work presented byhere shows thatthe melt pool depth does not exceed
a depth-to-width aspect ratio of 1:2.This means that the width of themelt pool
is at least twice the depth, illustrating a shallow, widemelt pool rather than a
deep, narrow one The theoretical values obtained fronthe Carslaw and Jaeger
model show a degree of correlation with the experimental data. However,
notable differencesalso exist with the melt pool width and depth datawhile the
mean depthto-width ratio of the melt pool is calculated to be 1:2.4, it exhibits a
range from 1:1.7 to 1:3.1. This suggests that in some instances, thelt pool is
deeper relative to its width. Yadroitsevet al. argues that these inconsistencies
between theoretical calculations and actual experimental outcomes might stem

from omitting the influence of Marangoni flow within the melt pool. The effect of
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Marangoni flow and its influence within the melt poolare very important and
well studied [47], [64].

The data from this experimental study will be used to validate the models
developed in this chapter. Key parameters considered include the melt pool

width, depth, temperature, andcooling rate.

4.2 Analytical Modelling Methodology

Researchers employ simpler analytical models for-PBF since numerical
based approaches areomputationally intensive and expensiveMoreover, the
two-dimensional (2D) analytical calculations are simple and easily traceable
[12]. The Rosenthal equation and Green's function methods are two popular
analytical modelling techniquesthat can be usedto solve heat conduction
problems [112][69][73]. The Rosenthal equation, initially formulated for the
purpose of laser welding, has subsequently been adapted for use within AM
process modelling. This equation has come to serve as a tool for modelling ef L
PBF process For example, Plotkowskiet al. constructed a transient semi
analytical model,using the Rosenthal equation, to determine the effects of heat
transfer and comparal them with the experimental results an AlSi1OMg created
by both L-PBFand EB-PBFprocesses113].

4.2.1 Initial Conditions

In the analytical model, internal heat generation is disregardedand sothe
internal heat energyis represented as] = 0. In laser applications, the heat source
comes from an external entity in the form of laser radiation, and in this particular
case, any exothermic reaction is neglected. The workpiece was assigned an initial
temperature condition of 293 K. The heat soce, represented by the Rosenthal

equation, is subsequently introduced to the initial boundary condition.

4.2.2 Heat Source

In the analytical model, the governing equation for the heat flow is
predominantly driven by the heat conduction behaviour of the workpiece or
material and is consideredas beingadiabatic for simplification. The assumption
is that heat conduction within the workpiece typically surpasses any heat

exchange with the environment via natural convection or radiation. Also, the
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processed material is presumed to be uniform and isotropic, and there is no heat
loss or gain by either natural convection or radiation. Hence, the heat exchange
through natural convection (gas flow within the build chamber) and radiation of
the surrounding areais ignored as the conduction heat exchanggreatly exceeds
the other two, which leads to the governing equation for heat flow as iequation
15. In order to make the problem more analytically traceable, the physical
material properties are linearised, and the internal energy, g is neglected to
form equation 16 [107], where _ is the thermal conductivity (W/mm K), G
specific heat (J/kg K), tis the time (s), and T is the temperature (K).

- — _— — _— — _— A (15)

§ — 8_ Y (16)

The differential equation 15 is conveniently expressed inequation 17 at a
quasi-stationary state. This equation is popularly known as the Rosenthal
equation[114]. The heat source used here is a moving point along theaxis. The
2D spatial temperature distribution solved with the Rosenthal equation is
commonly represented as isotherms drawn around the instantaneous heat

source position in the xy plane.
Y 'Y — Qo — 0 — (17)

Where T is the peak temperature (K), dis the preheat temperature (K), q is
the net-power input available (W),_ is the thermal conductivity (W/mm?2), h is
the plate thickness (m), Wis the traverse velocity (m/s), x is the distance along
the beam (m), and K is the zeroth order of Bessel's function of the second kind.
r is the radial distance away from the beam (m), angl is the thermal diffusivity

(mm?/s), mis the density in (kg/m3).
i @ U and® — (18)

Differentiating equation17 provides the cooling rate at any given position.
The highest cooling rate occurs along the laser traverse line, and due to the
coordinate system attached to the heat source, the temperature does not change
with time with respect to the coordinate systemHence, the temperature change

rate equation is expressed asauation 19 [114].
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To calculate thetemperature distribution and the width of the melt pool, the
Rosenthal equation is applied to multiple locations (1, r-8 & around the centre
of the laser beam. The values of the calculated thermal distribution and the
respective cooling rate can be visually represented using a colour scheme. This
work is done in a Microsoft ExcéA spreadsheet. The calculated temperature

values at each location are presented in each spreadsheet cell.

4.2.3 Validation of Thermal Modelling

4.2.3.1 Temperature Distribution and Melt  Pool Width

The Rosenthal equatioAbased analytical model often treats the heat source
as a point, line, or ellipsoid. In the current study, the heat source in the Rosenthal
equation is implemented as a point energy source and performed as a steady
state analysis in aMicrosoft ExcelA spreadsheet. This approach can calculate the
heat transfer through the material and display it as a spatial temperature
distribution. For each beam profile, the surface temperature of the melt pool is
spatially derived within each cell ofthe spreadsheet.Figure 4.3 illustrates a
temperature colour map createdusing the analytical model, displaying the

temperature distribution (a) .

Scan Direction I

Distance (pm)
Temperature (K)

-240[-220-200[-180-160 -140]-120]-100 -80 | -60 | -40 | -20 -10 | 10 [20]30 |40 50 60 70 80

Distance (pm) X >

Figure4.3: Analytical results showing the temperature colour még 20 W laser power
at 300 mm/sscanning speed.
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The maximum temperature computed from the analytical solution reaches
6128 K for the processing parameters using 20 W laser power at a scanning
speed of 300 mm/s. This is significantly higher than the actual maximum
temperature of 1955 K observed in the molten pool during experiments.
Nonetheless, the average temperature of the molten posurface is calculated to
be 2550 K (ranging from 1878 K to 6128 K), which is comparable to that recorded
using a thermal camera in the experiments. The average temperature is
determined by selecting the temperature of each cell that exceeds the solidus
temperature of Ti6Al4V. The analytical solution overestimates the peak
temperature due to several simplifying assumptions. These include considering
the Gaussian beam as a point heat source, assuming no heat loss through
convection or radiation, disregardinginternal heat generation, and presuming a
steady-state calculation. Furthermore, the temperature prediction is too high at
the center for a Gaussian point heat source in the Rosenthal equation because the
Gaussian distribution assumes maximum laser internty at the center, with
intensity decreasing radially outward. This results in a high concentration of
energy at the center, leading to an overestimation of the peak temperature in that

area.

After extracting the melt pool width from the temperature colour map, we
can compare the calculated temperare with the experimental results. The melt
pool width is calculated by measuring the width across the scanning direction on
the temperature color map, using the regions where the melt pool temperature
exceeds the solidus temperature of Ti6Al4\Figure 4.4 displays a comparison
between the calculated melt pool dimensions from analytical models and the
experimental data fromthe study by Yadroitsevet al. When using the Rosenthal
equation to calculate themelt pool width, there is an average accuracy of 16%
(with variations between 6% and 31%) relative to the experimental dataThe
Carslaw and Jaeger modein the Yadroitsev et al.g. 6tudy, underestimated the

computed width by anaverageof 40% compared tothe empirical data.
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Figure4.4: Ref[110] and Analytical modepredicted melt pool width comparison.
4.2.3.2 Cooling Rate

In the analytical modelling of LPBF, the cooling rate is derived using
equation 19and is visually represented as a color map iRigure 4.5. The average
cooling rate for the melt pool is then calculated by applyingquation 19to the
average temperature of the melt pool obtained from the color mam Figure 4.3.
The average cooling rate corresponding to each process parameter, across
varying laser powers and scanning speedss illustrated in Figure 4.6. The
computed cooling rate for theL-PBFlaser, operating at 20 W and moving at a
speed of 300 mm/s, peaks at 1.& 106 K/s. An increase in laser power led to a
reduction in the cooling rate, with values of 1x 106 K/s observed at 30 W and
further dropping to 6.2 x 1% K/s at 50 W laser power Likewise, a reduction in
laser scanning speed led to a decrease in the cooling rate. The lowest value was
recorded at 8.2x 10* K/s under the processing conditions of 50W laser power

and a scanning speed of 100 mm/s.

The relationship betweencooling rate, laser power, and scanning speed is
well-established in the context of laser welding processg414]. It is interesting
to observe similar trends within L-PBF. In laser welding, the laser power and
scanning speed play significant roles in determining the cooling rate, which in
turn influences the microstructure and mechanical properties of the welded
joint. Generally, as the laser power increases, the cooling eatlecreases. This is

because higher laser power results in greater heat input, raising the overall
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temperature and hence extending the time it takes for the material to cool.
Conversely, an increase in scanning speed reduces the amount of time the

material is exposed to the heat source, leading to a faster cooling rate.

Similar to laser welding, the cooling rate inL-PBFis affected by the laser
power and scanning speed. As demonstrated iref-[110] and the analytical
modelling in this work, an increase in laser power ol decrease in scanning
speed reduces the cooling rate. This can be attributed to the same fundamental
principles of heat transfer and thermodynamics that apply to laser weldingrhe
cooling rate can affect the microstructual evolution and phase transformation of
the material, which in turn influencesthe residual stress,mechanical properties,
microstructure, and quality of the manufactured component. By understanding
and controlling the cooling rate, it is possible to optimse the L-PBFprocess for

different applications and materials.

‘ Scan Directianl

>

Distance (um)
Cooling Rate (K/s)
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Figure4.5: Analytical results showing theooling ratein the form of acolour mapfor 20
W laser power at 300 mng scanning speed.
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Figure4.6: The cooling rate derived for thanalytical calculationsfor the 20, 30 and 50
W laser power at 100, 200 and 300 mm/s scanning speed

4.3 FEM Methodology

4.3.1 Initial Conditions

Numerical calculations for the FEM approach were performed with the finite
element analysis code in ANSYS 2021 RA 2 x 1x 0.5 mnvolume was modelled
with a body mesh size of 15 x 15 x 15 um, as shown kigure 4.7. A mesh
independence study was conductedto select amesh sizethat would not affect
the calculated values The optimum mesh size was 15 un8maller mesh sizes
would have impacted the computational timewithout significantly improving

accuracy The below boundary conditions were then applied to this model

1 Ambient room temperature was maintained for the substrate, implying

that there was no additional heating applied to the substrate
1 Radiation on the top surface of the powder bet permitted.
1 Convective flow to the four side walls representing the shield gas.
1 All the applied thermophysical values are temperaturedependent.

During the L-PBFprocess, most of the heat dissipates through conduction to
the substrate and adjacent regions. Additionally, heat loss during the process is
also attributed to convection and radiation from the top surface. In this study,
convective heat losses from théop surface, resulting from the flow of inert gas

in the chamber, were modelled by establishing natural convection as a surface
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film interaction on the exposed surfaces. A convective heat transfer coefficient of

10 W/(m 2K) was utilised for this purpose.

Figure4.7: Computational domain used for the ANSYS simulation.
4.3.2 Heat Source

The laser beam radius and the power density distribution are important
parameters for modelling the heat source in laser processing. The 10hm laser
beam exiting the fibre laser inL-PBFis Gaussian (TENb) in nature. For a
Gaussian distributed energy source, the intensity of the laser beam drops by ®/e
as a function of distance from the centre of the beanihe 1/e? width is the
diameter of the beam where the power per unit area drops to 1/e2 (or
approximately 13.5%) of its maximum valueThis is anothercommon method of
measuring laser beam width and is often preferred in many applications because
it provides a more complete picture of the beam's spatial extenMazumderet al.
used a mathematical expression to define a moving Gaussian heat source and
developed a threedimensional heat transfer model for laser material processing
[115]. This study employs a similar approach, anglquation20 definesthe moving

Gaussian laseheat source

0 — Qo — (20)
The Ansys Parametric Design Language (APDL) script was used to apply the
heat sourceequation20 within the ANSYS platform. Q is the laser power in W,
is the absorption coefficient of the material for 1075 nm wavelength, and s the
1/e? of the beamradius in m.0 s the heat flux in W/m2 and defines the twe
dimensional distribution of the heat source. The radial distance of any point from

the axis of the heat source is represented asr, where ® © .
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4.3.3 Validation of Thermal Modelling

4.3.3.1 Melt pool Width and Depth

Figure4 8illustrates an example of the melt pool temperature extracted from
the ANSYS simulatiorusing a 20 W laser power and a scanning speed of 300
mm/s . The transient FEM simulation of the melt pool provideeemperature data,
from which the melt pool width can subsequently be determined.he melt pool
width are derived from the FEMmodels byextracting the solid-liquid interface

of the melt pool perpendicular to the laser traverse directian.
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Figure4.8: ANSYS simulated result of a melt pool with 20 W laser power and 300 mm/s
scanning speed.
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Figure 4.9 presents a comparison of theneasuredmelt pool width with the
width predicted by the FEMmodel. For all the simulatedconditions, the widths
predicted by theFEMmodel are within the range ofl 7 9 % of the values obtained
from the experiments. This suggests that in terms of melt pool width, thé&-EM
model demonstrates a closer alignment with the experimental results than the

analytical results, which exhibited anaverageaccuracy within 6%.
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Figure4.9: Ref[110] and ANSY &odel predicted melt pool width comparison.

Figure 4.10 illustrates an example of the melt pootlepth dataextracted from

the ANSYS simulatiorusing a 20 W laser power and a scanning speed of 300

mm/s.
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Figure4.10: ANSYSimulated result of anelt pooldepthwith 20 W laser power and 300
mm/s scanning speed.

Similar to the analysis of the melt

pool width,Figure 4.11 illustrates a

comparative study between the melt pool depth predicted by the FEM models

and the experimental results. It emerges that the FEM models have a propensity

to overestimate the melt pool depth by approximately 70%. However, this degree

of accurag is not consstent, fluctuating within a 50 to 80% range. The mean

width -to-depth ratio anticipated by the FEM models was 2.6 (with variations

between 2.3 to 3.1), suggestive of a relatively shallow melt podlhe Carslaw and

Jaeger model, mentioned in reference [7],

generated a more precise prediction of
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the computed melt pool depth (Figure 4.2) compared to the FEM approach
However, Carslaw andJaeger'snodel failed to calculate melt pool width(Figure

4.1) accurately and resuledin underestimated values.
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Figure4.11: Ref[110] and ANSY &odel predicted melt pool depth comparison.

The overestimation by theFEMmodels, specifically regarding the depth of
the melt pool, may be attributed to several factors. A primary cause could be the
omission of Marangoni convection within the modelBy not accounting for the
Marangoni effect in the model, the FEM simulations might not fully capture the
real-world dynamics of themelt pool, leading to an overestimation of its depth.
Therefore, to improve the accuracy of the model, it would be beneficial to
consider the influence of Marangoni convectiont is important to highli ght that
the accuracy of predicting the melt pool depth appears to degrade with

increasing laser power.This is discussed in more detail irBection4.6.

Neglecting Marangoni flow in simulations primarily impacts the depth rather
than the width of the melt pool due to the directional nature of this surface
tension-driven flow. The Marangoni effect, which arises from temperature
gradient-induced variations in surface tension, predominantly influences fluid
movement from the surface towards the bottom of the melt pool owice versa
This flow significantly affects the distribution of heat and material along the
direction perpendicular to the surface flowaffeaing the depth of themelt pool.
Additionally, the surface tension gradients that drive the Marangoni effect are
more impactful in the vertical direction, leading to deeper heat penetration and

consequently affecting the depthof the melt pool
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4.3.3.2 Melt pool Temperature Evolution

Temperature transients weredetermined by selecting a point (probe) at the
top surface of the melt pooland obtaining the temperatureversustime data at
this specific location.The temperature-time data for 20, 30 and 50 W laser power
at a scanning speed of 300 mm/s iplotted in Figure 4.12. The simulated data
showsthat at a scanning speed of 300 mm/s, a 20 W laser required 0.008G&0
reach the melting point of Ti6AI4V. When the laser power was increased to 30 W,
this duration dropped to 0.00025s and further decreased to 0.0003 with the

use of a 50W laser.
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Figure4.12: The temperaturetime data from the ANSYS simulation for the laser power
20, 30 and 50 W at a scanning speed of 300 mm/s.

The cooling duration was calculatedis the time taken for temperature to fall
from the beta transus temperature (1267 K) to the martensitic transformation
temperature (847 K), employing data obtained from the probeThis cooling
duration is presented in Figure 413 as a function of processing speedn
observing the relationship between cooling time, power input, and scanning
speed, it was found that the cooling duration correlates positively with power
input and inversely with scanning speed. More specifically, at a constant scanning
speed of 100 mmk, a rise in laser power from 20 W to 50 W resulted in an
elongation of the cooling time from 0.002 s to 0.0054s. Additionally, for a fixed
laser power of 20 W, an increase in scanning speed from 100 mm/s to 300 mm/s

led to a reduction in cooling time, dr@ping sharply from 0.002s to 0.0007s.
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martensitic transformation temperature (847 K).
4.3.3.3 Cooling Rate

Figure 4.14, on the other hand, demonstrates the cooling rates attained in
each individual simulation. Echoing the discussion detailed irbection 4.3.3.2, the
cooling rate demonstrates a comparable pattern to the cooling duration,
whereby a surge in laser power or a decrease in scanning speed precipitates a
reduction in the cooling rate At a scanning speed of 300 mm/s, an increase in
laser power from 20 W to 50 W saw a reduction in the cooling rate from 6 10°
K/s to 2.8 x 10 K/s. The lowest value was recorded a7.9 x 10* K/s under the

processing conditions of 50W laser power and a scanning speed of 100 mm/s.
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Figure4.14: The cooling rate derived foANSY Simulationsfor the 20, 30 and 50 W laser
power at 100, 200 and 300 mm/s scanning speed.
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4.4 VoF Methodology

The mesoscopic simulation detailed in this section is performed by using a
commercial CFD software Flow 3B, developed by Flowscience Indzlow 3D is a
CFD software package based on VoF methddgure 4.15 illustrates the distinct
stages summarised within a Flow 3D simulation procesS&tarting with a Discrete
Element Method (DEM) oriented simulation, the settlement of powder particles
a fundamental operation within L-PBF is carefully replicated. This isfollowed by
a simulation modelling thespreading of powder particles, reflecting the powder
spreading processthat is intrinsic to L-PBFE The final stage in the simulation
procedure introduces a Gaussian laser beam to instigate a melting simulation,

replicating the laser melting eventobserved in realL-PBFoperations.

Set up powder
particle size

Powder particle

TR S settling simulation

Powder particle
Laser beam set up spreading
simulation

Figure4.15; Key process steps involved in a Flow 3D simulation.
4.4.1 DEM Simulation of Powder Bed Structure

DEM is an effectivecomputational model, specificallyused for examination
of the consequential dynamics of numerous solid elementslt is useful in
analysing the impact motion of many solid elements and can be applied in
combination with flow analysis.UsingDEM, the powder layer can be depicted as
an assembly of sphereswith different sizes and population densities This
method allows users to trackthe evolution of the particle distribution, thereby
facilitating an understanding of the ultimate deposition of the particle
population. The various physical phenomena at play are interconnected,

implying that alterations in one aspect cald provoke changes in others. For
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instance, diverse powder recoating mechanisms may engender contrasting
powder packing conditions, which in turn can influence the heat dissipation
capacity of the powder bed. This subsequently impacts the local thermal
behaviour, microstructure, and conditons within the melt zone. In accordance
with the ref-[110], the spherical powder particles exhibit a volumewneighted
sieve diameter distribution with the 10t, 50h, and 90" percentiles recorded as
dio = 85 um, ko = 16.6um, and do = 24.7 um, respectively.These particles are
initially introduced, following the outlined specifications, and later permitted to
settle onto the powder bed. Subsequently, a spreading simulation is performed,
where a blade traverses the powder bedo generate a consistent and uniform
layer of powder. Figure 4.18 illustrates output of the formed powder layer after

performing DEM simulation inFlow 3D, a commercial software package capable
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Figure4.16: Packing density in a powder layer with 5@n thickness
4.4.2 Heat Source and Numerical Model

The laser beamn L-PBFcan beconceptualised as a moveable heat fluX),
exhibiting a Gaussian distribution in accordance with the specifications defined

in equation 21.

-

0 —Qon — 1)

Where Q is the laser power in W, is the absorption coefficient of the

material for 1075 nm wavelength, and g is the 1/e2 of the beamradius in m.0 o o
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is the heat flux in W/m2 and defines the twedimensional distribution of the heat
source. The radial distance of any point from the axis of the heat source is

represented as b, wherei W 0.

Flow 3D is primarily a Computational Fluid Dynamics (CFD) code, and the
VoF method is a technique employed within the CFD framework. The VoF method
is utilised to track and simulate the behaviour of fluid interfaces, such as free
surfaces or phase boundags. In the CFEbased numerical simulation of arL.-PBF
process, the melt pool is assumed to be an incompressible, laminar, and
Newtonian fluid. The governing equations for mass, momentum, and energy

conservation, which are solved in the CFD simulation, apresented below:

Mass: 8p T (22

ca
.
(2]

Momentum: — P8 b - O (23

Energy: — 98 Q - 80 YnQ (24)

Where t is the time,pis the velocity of melted material, P is the pressuré,is
the mass density; is the kinetic viscosity, g is gravity,O is the body force in the
system, h is enthalpy, k is material thermal conductivity, T is temperature, angl

is heat source term.

The VoF method was introduced to track the instant free surface evolution

of the melt pool and the equation is decribed as below.
—  8BO m (25)
Where F is the fluid volume fraction t O p . A void cell without any

fluid is defined as F = 0, whereas a cell completely filled with fluid is defined as F

= 1. Anything in between is defined as 0 < F < 1.

The Marangoni effect, which arises from variations in surface tension,
significantly influences the surface morphology and convective heat transfer
within the melt pool. Therefore, a surface tension term is incorporated into the
model to accurately represat the primary driving forces of fluid flow in the melt
pool. The surface tension force, which depends on temperature, can be expressed

as follows:

r'y 7 — Y Y (26)
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WhereT is the surface tension at temperature T, is the surface tension at
melting temperature Tmand —is the temperature coefficient of material surface

tension.

4.4.3 Nature of Results

5D 1T OOAAAOGOAEOI CcAT AOAOGETT 1 &£ OEA
simulation, the resulting configuration is extracted as an STL file. The subsequent
stage involves simulation of the laser melting process using CFD techniques. At
the end of the simulation the model captures the intricate interaction between
the laser beam and the powder bedzigure4.17 illustrates the progression of this
process by depicting the sequential interaction of the laser at intervals of 50
microseconds during a Flow 3D simulation of.-PBFof Ti6Al4V. The simulation
parameters include the utilisation of a single laser with a power of 100 W and a
scanning speed of 1000 mm/s over a duration of 0.0005s. The figure provides a
visual representation of the evolition of the characteristics and dynamics of
laser-melted material during the L-PBFprocess.Completion of this simulation

required a total duration of 2 hours and 30 minutes.

Direction of propogatlon
100 ps 150 ps
(d)

200 ps 250 ps
(U]
350 ps 500 ps
(h)

Figure4.17: Melt pool formation during VoF simulation of Ti6Al4V with a single laser at
100 W laser power and 1000 mm/s scanning speed.

Dl
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4.4.4 Validation of Thermal Modelling

4.4.4.1 Melt pool Width and Depth

The result of each simulation is then posprocessed using FlowSigltA. The
width of the melt pool is established via direct measurement perpendicular to
the trajectory of the traversing laser. The melt pool deptls measured bytaking
a lateral crosssection using the upper surface of the molten pool to the maximum
depth of the melt region as reference pointd-igure 4.18 provides an illustration
of a typical crosssectional view of a melt trackclearly displaying the geometry
of the melt pool highlighting the liquid melt pool and solid powder region The

mel pool dimensions can be extracted from thisimulation data.
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Figure4.18: The crosssection of a melt track showing the liquid melt pool and solid
region in a Flow 3D simulationvith a single laser at 100 W laser power and 1000 mm/s
scanning speed.

Figure 4.19 illustrates a comparative analysis between the melt pool width
as predicted by the Flow 3D model and the empirical width obtained from
Yadroitsevet ald €ugly. Foreachsimulated model, the predictedmelt pool width
generated by the Flow 3D model deviatedby no more than 5% from the
experimentally measuredvalues.The average accuracy of the Flow 3D model in
predicting the melt pool width is around 2%, althoughthis varies within a range
of 1% to 5%.This data suggests thathe Flow 3D model exhibits a highedegree
of convergenceof melt pool width with empirical findings as compared to the

analytical and FEM models
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Figure4.19: Ref[110] and Flow 3Dmodel predicted melt pool width comparison.

Similar to the FEMforecasts, theaccuracyof the melt pool depth predictions
made using the Flow 3D models does not quite align with the level of accuracy
achieved for the width predictionsas shown inFigure4.20. The average accuracy
of the Flow 3D model's predictions for the melt pool depth is approximately 56%,
with a range extending from 26% to 79%. This signifies a notably lower level of
accuracyin the depth estimations as compared to the predictions for the width.
Nonetheless, the depth prediction produced by Flow 3D betters that offered by
ANSYS using its FEM he improvements in the accuracy of Flow 3D modelsan
be attributed to the incorporation of Marangoni flow and phase change effects.
These factorscould influence the behaviour of fluids in numerous realworld
situations. By factoring them in, simulations become more realistic, thereby
enhancing their accuracycompared to more bag FEM, which does not consider

Marangoni flow and phase change effects.
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Figure4.20: Ref[110] and Flow 3D model predicted melt pool width comparison

4.4.4.2 Melt pool Temperature Evolution

Similar to the FEM methodologytemperature versustime data was gathered
by choosing a location, specifically a point (referred to as a probe) at the top
centre of the laser spot, and retrieving the temperatureime information from
this exact position.Figure4.21 illustrates a sample of the temperaturetime data
obtained from the Flow 3D simulation, which was run using a 20 W laser power
at a scanning speed of 300 mm/sDuring this simulation, the peak melt pool

temperature at the probe's location climbed up to 2200 K.
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Figure4.21: Temperature evolution during a Flow 3D simulation with 20W laser power
at 300 mm/s scanning speed.
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4.4.4.3 Cooling Rate

Figure 4.22, demonstrates the cooling rates attainedrom each individual
Flow 3D simulations for the 20, 30 and 50 W laser power at 100, 200 and 300
mm/s scanning speed The employment of VoF methodology within the
framework of Flow 3D simulation exhibits parallels with the cooling rates
observed in analytical and FEM based simulation8Vithin the simulation, a link
between the cooling rate and duration is evident. This connection becomes
clearer when laser power is increased or scanning speed is reduced, both actions
leading to a slower cooling rate At a scanning speed of 300 mm/s, the cooling
rate decreased from1.05 x 106 K/s to 6.5 x 10° K/s when the laser power was
raised from 20 W to 50 W. The smallest observed cooling rate was3 x 10° K/s,
which occurred under processing conditions of a 50W laser power and a

scanning speed of 100 mm/s.
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Figure4.22: The cooling rate derived for Flow 3D simulations for the 20, 30 and 50 W
laser power at 100, 20@nd 300 mm/s scanning speed.

4.5 Discussions

The analytical solution illustrated in this chapter demonstrates proficiency
in predicting parameters such as the width of the melt pool, the surface
temperature of the melt pool, and the corresponding cooling rateThe precision
of these taracteristics, while usable does not quite reach the level of accuracy
observed in methodologies such a8EM and VoF. Numerical tehniques such as

FEM and VoF innately display a superior capability when compared to analytical
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methods. Their inherent strength lies in managing complex geometries and
intricate boundary conditions. Their capacity to address nosinearities and
transient conditions is another advantage, providing iterative solutions that
analytical methods typically find challanging. While numerical methods may
introduce some degree of approximation error, they still maintain a high level of
accuracy, providing localised results for intricate systems that are typically
inaccessible using analytical methods. However, their advanced proficiency
requires a trade-off with more significant computational resources and careful
error and convergence considerations. Hence, while they are suited for high
precision simulations, analytical methods remain valuable for elaentary

understanding and quick calculations

Using the FEM-oriented ANSYS software, numerical simulations were
performed. These findings demonstrate a direct relationship between the time
neededto complete each simulation and the temporal span represented within
the simulated scenario. Figure 4.23 presents a comparison of the ANSYS
simulation times. It is notable that the most prolonged duration required for a
simulation, operating under conditions of 50W laser power at a speed of 100
mm/s, amounted to 2 hours and 30 minutesThe total duration represented
within the simulation was 0.00925s, sufficient to capture adequate data,

including the cooling rate during solidification.
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Figure4.23: Time taken to complete ANSYS simulations.

Whilst the VoF method affords detailed outputs such as thre&limensional

temperature and velocity distributions of the deposit with free curved surfaces,
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and tracks the free surface of the molten pool, inclusive of surface tension
enabled flow within the molten pool, it is important that this method is
computationally intensive. Figure 4.24 presents a comparative analysis of the
duration required for eachVVoFsimulation executed in Flow 3DIn contrast to the
FEMsimulation, the duration of the Flow 3D simulations exhibited a correlation
with both the laser power and the scanning speed:or a simulation running for

a total duration of 0.002seconds, there was, on average hatable 60% increase

in simulation time when the laser power was elevated from 20W to 30W and
subsequently to 50W. In parallel, a reduction in scanning speed led to a marked

escalation in simulation time, on average increasing by a factof 2.5 times.
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Figure4.24: Simulation time each model for Flow 3®r a fixed duration of 0.002s.

The optimal scanning speed for a typicaDAM process for Ti6AI4V is
identified to be 1.6 mm/s. Due to this slower scanning speed, the time required
for simulation would predictably increase, as it becomes crucial to capture the
cooling rate during solidification. The solidification period for Ti6Al4V, extending
from the beta transus phase to the martensitic transformation temperature, is
estimated to be approximately 1 second. This time span introduces a significant
challenge for a mesoscopic simulation iierms of the resultant elongation of
simulation time. At present, for aL-PBFsimulation employing a 50W laser at its
slowest speed of 100 mm/s, as presented in this chapter, the lengthiest duration
recorded is 136 hours.The simulation duration decreases to 64 hours when

utilising a 20W laser at the same speed. However,gworth noting that the DAM
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process, deploying five diode lasers each with a 4W laser power, can readily
accumulate a total power of 20WFurthermore, any DAM simulation at a speed
of 1.6 mm/s necessitates a minimum simulation duration of 1 second to obtain
any significant insights regarding the solidification and cooling rates. This
condition implies that the 64-hour simulation period may experience an
exponertial increase, potentially reaching an unsustainable level during thBAM

simulation process.

Consequently, while VoF simulations at a mesoscopic scale can provide
comprehensive data regarding the melt pool, including aspects such as the
Marangoni flow and other convective flows, they may not be entirely suitable for
DAM simulations due to the intensive computational resources and time
required. A FEM based approach could represent a balanced compromise,
providing valuable insights while managing computational resources more
effectively. Furthermore, the FEMapproach holds an advantage over analytid
methods as it furnishes moreaccuate and comprehensive information. This
includes data pertaining to the depth of the melt pool, the correlation between

temperature and time, as well as the cooling rate of the melt pool.

4.6 Conclusions

Table 4.2 presents the accuracy of predicted melt pool width, depth, and
temperature using analytical, FEM, and VoF methods, compared against
experimental results. Additionally, the table includes data on the cooling rate and
computational time from each simulation. The accuracy of melt pool width
predictions is significantly better with FEM and VoF compared to the analytical
method. This improvement is primarily attributed to the numerical nature of
these methods, which allows for the incorporation of thermophysicgbroperties,
enhancing the precision of the simulations. Similarly, the accuracy of melt pool
temperature has improved in FEM and VoF in comparison to the analytical
method. However, the FEM method has overestimated the temperature when the
energy densityincreased. This is attributed to the fact that FEM is a conductien
driven process where convective flow, including Marangoni convection, is
omitted; hence, when the laser power increases, it produces more error.
Furthermore, the accuracy of melt pool depttprediction is notably enhanced in

the VoF method due to the incorporation of Marangoni flow, which allows for a



116 Chapter 4: Modelling Methodology

more detailed simulation of fluid dynamics within the melt pool. This inclusion
helps to better capture the realworld behaviors and interactions that affect melt

pool characteristics.

The key benefit of the analytical solution is its simplicity and the minimal
computational time required, typically around 10 seconds. However, both FEM
and VoF require highperformance computers to run the simulations due to their
complex numerical nature This complexity allows for enhanced accuracy in
predicting melt pool characteristics but at the cost of increased computational
resources and time. Hence, the analytical solution could be used as a first stage
in the modelling process to get an initial dea of the results, and then proceed
with more advanced simulations when necessary. This approach allows for a
preliminary assessment before committing significant computational resources

to more detailed analyses.

(Minimum and
Maximum)

Max:6.5x 10°K/s

Max: 6 x 16 K/s -

Parameter Analytical FEM VoF
Melt Pool Width 6731% 129% 1z25%
Melt Pool Depth Not possible 507 80% 267279 %
Average Melt Pool 14740 % 2240 % 6711 %
Temperature
Cooling Rate Min: 7.9x 104 K/s Min: 7.9 x 10'K/s Min: 5.3 x 16 K/s

Max: 1.05 x 16 K/s

Simulation Time

10s

25h

6.5t0 136 h

Table4.2: The table displays the accuracy of the three methodologies (analyti€gM
and VoF in replicating various modelled effects, benchmarked against the original
experimental data.

Using ANSYS for FEM simulations revealed a direct correlation between
simulation time and the temporal scope of the scenario. For example, a
simulation with a 50W laser at 100 mm/s speed took 2 hours and 30 minutes,
adequately capturing data like the cooling ree during solidification. In contrast,
VoF simulations, performed in Flow 3D, showed that simulation duration is
affected by both laser power and scanning speed, with notable increases in time
when altering these parameters. The scanning speed for @Dl process using
Ti6Al4V was determined to be 1.6 mm/s, significantly impacting simulation time
due to the need to capture detailed solidification rates. The longest recorded

simulation for a L-PBFprocess was 136 hours, which could potentially increase
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exponentially (estimated to be 130 daysfor DAM simulations due to their slower

speeds and more detailed requirementsuch as multiple laser arrangements

This suggests that while VoF simulations offer comprehensive data,
including convective flows like Marangoni flow, they may not be the most feasible
for DAM due to the heavy computational demands. An FEbAsed approach, in
contrast, offers a more balancedsolution, providing data while efficiently
managing computational resources. It offers advantages over analytical methods
by delivering more accurate information on aspects such as melt pool
morphology (width and depth) and temperature-time correlation making it a

preferable choice forDAM in comparison to the anaytical and VoF methods
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5 Chapter 5: Modelling of Ti6AI4V during DAM

Various process modelling and thermographic analysis methods have been
studied in order to understand L-PBFand EB-PBFprocesses[74], [116], [117],
[118]. However little attention has yet been paid to the modelling oDiode Area
Melting (DAM). The work in this chapter presentsan analytical model based on
the Rosenthal equation and a numerical model based on the Finite Element
Method (FEM) to investigate the temperature distribution, temperature
evolution, melt pool dimensions and cooling ratef Ti6Al4V during DAM. It
should be noted that the Analytical and FEM models elaborated upon here hlil
upon a prior models specific to L-PBF, which were developed, validated and
delineated inChapter 4 The surface temperature of the molten pool formedising
multiple diode lasers is captured using a charged coupled device (CCD) thermal
camera. The calculatedmelt pool dimensions, molten pool temperature and
cooling rate are then compared against theempirical results. In the study
presented, the mathematical models endeavour to provide a comprehensive
interpretation of the melt pool dimensions, temperature fields and the
subsequent cooling rates induced by an arrayfolaser beans in a range of
configurations. The primary ambition of these investigative models is to offer a
mechanism through which one might determine the optimal processing window
and assist with the selection of process parameters for DAMrocessing of

different materials.

5.1 Modelling approaches

5.1.1 Analytical Model

The analytical model employed in this study is detailed in Chapter 4,
specifically in Section4.2, where it has been validated for the processing of
Ti6Al4V within the context of L-PBFE As with the previous approach the
21 OAT OEAI ANOAOGEIT1T EO ApPPI EAA O 1 01 OEDI /
of the laser beamin order to calculate the temperature distribution and width of
the melt pool. The resultant values of the calculated thermal distribution and the
respective cooling rates can be visually represented using a colocontour plot.
This work is done in a Microsoft Excéd spreadsheet. The calculated values of

temperature at each location are presented in each cell of trspreadsheet and
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the width of the melt pool isextracted from the spreadsheetand presented. The
physical properties of Ti6Al4V are kept constant, and'able 5.1 presents the
thermo-physical properties of Ti6AI4V used for the analytical moddiL09].

Table5.1: Processing parameters and material properties.

Parameter and Properties Values (Unites)
Scanning speed 100 (mm/min)
Beam diameter 65 (um)
Solidus temperature 1878 (K)
Liquidus temperature 1923 (K)
Absorptivity at 808nm wavelength | 0.65

Density 4375 (kg/m3)
Thermal conductivity 7 (W/m K)
Thermaldiffusivity (106 a) 2.9 (m2/s)

5.1.2 FEM Model

Numerical computations utilising the FEM were executed using the finite
element analysis software ANSYS 2021 R2A volume dimension of 2 x 1 x 0.5
mm was modelled, incorporating a body mesh dimension of 15 x 15 x 15 yum, as
depicted in Figure 5.1. In the interest of ensuring computational robustness, a
mesh-independence study was undertaken to identify a mesh size that would not
unduly influence the resultant values. The optimal mesh dimension was
determined to be 15 pum. Employing finer mesh dimesions would have overly

elongated the computational dura

tion without yielding a notable enhancement in accuracy. The initial
conditions, boundary conditions, and the heat source are consistent with those
detailed in Chapter 4

Figure5.1: lllustrates the computational domain used for FEM simulation in ANSYS
showing six laser beams.
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5.2 Experimental Methodology

5.2.1 DAM Beam Profiles

The experimental setupused in this work employed a laser assembly
comprising a linear array of multiple individually addressable laser beams (as
described in Chapter 3section3.1.3, which were traversed across the powder
bed using a gantry systemThe primary aim of this investigation is to gain an
understanding of the temperature distribution and resultant cooling rate
generated using various laser profiles produced through the activation of
different numbers of lasers in the array. A total number of siXaser arrays are
selected to understand the effect of multiple diode laser beamghese are
referred to as beam profiles (BP) Although the system can currently
accommodate up to fifty lasers simultaneously in a single row, only six lasers will
be utilised in this study in order to maintain sensible computational times. The
small-scale multilaser interactions and their effects on the melt pool provided

by the six lasers can be used for subsequent scaling of the DAM process.

The beam profiles are characterised using a scanning slit beam profiler
(NanoScan2sPryo/9/5) as described in Section 3.3. Table 5.2 provides a
comprehensive breakdown of the total power and the 1/é width of each laser
profile in the Y direction. Additionally, the table incorporates a schematic

representation of the configuration of eachlaser beam profile.

Table5.2: Specification of laser beam profiles used in this study.

Beam profile  No. of lasers Total power  1/e2Beam BP
(BP.)
(W) Width (um) Schematic

1 1 4 65 ®
2 2 8 141 o0
3 3 12 217 00
4 4 16 294 0000
5 5 20 370 00000
6 6 24 446 200000

5.2.2 Layer Thickness and Single Tracks

The layer thickness of the powder was kept at 1mm for all experiment$he
objective of this study is to investigate the morphology of the melt pool formed
during the activation of BPs. Due to the fragility and small size of the tracks

formed, a layer thickness of 1 mm was chosen to ensure sufficient powder
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support beneath the solidified melt pool for the individual tracks. Layers
between 30 to 50um were deemed unsuitable as they could not be effectively
removed from the powder bed owing to their smaller size. Furthermore, multiple
tracks were created in close proximity to one another, ensuring that the tracks
were held together by the heat affecte@one. This arrangement was crucial for

maintaining the structural integrity of the formed tracks.

The scanning speed was set at 100 mm/min, which was demonstrated as the
optimum processing speed for Ti6AI4V during DAM6]. Prealloyed and gas
atomised Ti6Al4V powder used in this study was supplied by Carpenter Additive
The material composition and te particle size distribution of the powder is
described in Section3.6.1 The build chamber was purged with Argon to avoid

oxidation during the process.This processis described inSection3.1.2

A single layer with an area of 5 cihconsisting of multiple melt tracks, as
shown in Figure 5.2, was created with each beam profile.Multiple melt tracks
were distinctly segregatedby using a hatch spacingthat was sufficiently large
enough to avoid coalescence of tracksThe melt pool width was subsequently
determined by taking an averageof measurements made awarious positions
along these melt tracks.Samples resulting from these experiments were het
mounted and prepared for highresolution imaging using a scanning electron

microscope (Tescan Vega 3).
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|Scan Direction

Figure5.2: An example of melt tracks created for this work. Each melt track is 5 cm long,
has120 umhatch spacing, and produces a total area of 52Zm

In order to transfer the formed melt pool tracks, eactsample, covering an
area of 5 cm?, was carefully removed along with the underlying powder. Due to
the heat affected zone, the powder between each track was sintered and bonded
together, enabling safe transfer to a sample bo$ubsequently, each sample was

hot-mounted and sectioned to measure the depth of the melt pool.

5.3 Results and Discussion
5.3.1 Melt Pool Surface Temperature

5.3.1.1 Temperature colour map from the analytical model

In the analytical model based on the Rosenthal equation, the heat source is
often considered as a point, line, or ellipsoid type. Plotkowskit al.developed a
transient semi-analytical model based on the Rosenthal equation to calculate the
heat transfer effects and compare with the experimental results of AlSi10Mg
produced by bothL-PBFand EB-PBFprocesseg113]. Analyticalbased solutions
require significantly lower computing power compared to numerical techniques.

However, consideration of complex boundary conditions, notinear material



123 Chapter 5: Modelling of Ti6Al4V during DAM

properties, and most notably, the ability to solve transient conditions are

unfeasible with this approach.

In this work, the heat source in the Rosenthal Equation is applied as a point
energy source and executed as a steadyate analysis ina Microsoft ExcelA
spreadsheet. This method is capable afalculating the heat flow through the
material and present it in the form of a spatial temperature distribution. For each
beam profile the temperature on the surface of the melt pool is then derived
spatially within each cell of the spreadsheet as shown frigure5.3. Figure5.3 (a).
illustrates the calculatedmelt pool temperature for a beam configurationwith a
single laser. In contrast,Figure 5.3 (b) displays the same for a configuration
employing six lasers. The observed differences ithe scale baracross the X and
Y axes between these figures ardue to the increase in the number of lasers,
which leads to an growth of the melt pool size. To adequately show the enlarged
melt pool, adjustments in the scale parameters are madelhe melt pools
generated by multiple laser beams overlap and effectively creating a single melt
track due to the close proximity of each beam. Thé&igure 54 shows a
corresponding temperature colour map showing the temperature distribution
for the beam profile with a single laser (a) and six lasers (b). The average
temperature across the melt pool (perpenicular to the beam traverse direction)
is calculatedas 2060 K and 269 K for the single beam andthe six lasersbeam
profiles respectively. The melt pool width is then extracted from the temperature
colour map. The following sections compare the average surface temperature of
the melt pool extracted from the analytical and FEM models with those

determined from the thermal cameradata for each beam profile.
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Figure5.3:Calculated temperature for each cell within the melt pool for the beam profile
with a single laser (a) andixlasers (b).
















































































































































































































































