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Abstract

Laser powder bed fusion (LPBF) is a metal AM technology that has one of the highest
industrial uptake at the moment in the aerospace, automotive, and biomedical sectors.
LPBF enjoys such popularity as it enables the manufacturing of near-net-shape geometri-
cally complex metal parts. LPBF allows for optimised designs to be explored for manufac-
turing, such as topology optimised or loading field-driven designs for product lightweighting
and customization, while also reducing environmental impact through energy reduction and
low carbon dioxide emissions, helping the transition towards sustainable manufacturing.
The manufacturing of products using LPBF is almost entirely digitally controlled, from
a computer-aided design model to layer-by-layer customization of process parameters, to
monitoring and controlling the process while parts are being manufactured. The digiti-
zation of metal AM opens up exciting new avenues in areas of design, process planning,
process monitoring, and process control. This thesis focuses primarily on process planning
for LPBF. Process planning involves developing a theoretical understanding of the effects
of the numerous process parameters that could be digitally controlled in LPBF on the final
product outcomes. Within LPBF process planning, it is highly challenging to understand
and model the complex laser-material interaction phenomena in LPBF, often resulting in
marginally stable process parameters or resulting in a high number of experiments in the
development of process parameters required to meet part quality metrics.

This thesis focuses on process physics modelling and simulation at the mesoscale to
develop a theoretical understanding of the impact of LPBF process parameters on out-
comes such as porous defects, surface topography, and residual stresses. For this purpose,
normalized processing diagrams have been developed to visualize the three melting modes
(conduction, transition, and keyhole mode) observed in LPBF. The normalized processing
diagrams obtained in this thesis, for the first time in LPBF, are shown to be indepen-
dent of material, LPBF system, and processing parameters such as powder layer thickness
within the datasets presented herein. Additionally, a temperature prediction model has
been developed to predict the thresholds between the conduction, transition, and keyhole
melting modes. The efficacy of these predicted thresholds has been evaluated experimen-
tally for low reflectivity (titanium and ferrous) alloys and high reflectivity (aluminium)
alloys. For low reflectivity alloys, a vaporisation depth greater than 0.5 and 0.8 times the
beam spot radius corresponds to the thresholds between conduction to transition mode and
transition to keyhole mode respectively. For high reflectivity alloys, surface vaporisation
and a vaporisation depth greater than 0.5 times the beam spot radius used corresponds
to the thresholds between conduction to transition mode and transition to keyhole mode
respectively. Simulations using the normalized processing diagrams and the temperature
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prediction model are then used to develop a fundamental understanding of porous defects,
surface topography, and residual stresses during LPBF of an aluminium alloy (AlSi10Mg)
and two titanium alloys (Ti-6Al-4V and Ti-6242Si).

For high reflectivity materials such as aluminium alloys, when considering density op-
timization, divergent beams with resulting focal diameters >100 µm help to obtain a
conduction mode microstructure leading to parts with densities of over 99.98%. When
working with a focused beam, stabilizing melt pool and spatter dynamics in the transition
melting mode by using an appropriate laser power and velocity combination can help in
minimizing defects and obtaining densities close to 99.98%, similar to conduction mode
densities, albeit with a narrower process parameter window for success. Additionally, a
melt pool aspect ratio (ratio of depth to width) of ≈0.4 is observed to be the threshold
between conduction and transition/keyhole mode melt pools, which differs from the con-
ventionally assumed melt pool aspect ratio of 0.5. This thesis thereby provides a novel
method to obtain high-quality aluminium alloy parts with defocused and focused beams
in LPBF. Such findings can be expanded to other high reflectivity alloys for LPBF.

For low reflectivity alloys, when considering density optimization during LPBF of Ti-
6242Si, the use of processing diagrams alongside X-ray computer tomography and imaging
show that Ti-6242Si has a broad process window with parts above 99.90% density observed
in conduction, transition, and keyhole melting modes of LPBF. While the highest density
parts (up to 99.98%) are observed in the transition melting mode for Ti-6242Si, transition
and keyhole mode LPBF of Ti-6242Si could also lead to macroscopic cracking perpendicular
to the build direction, which is attributed primarily to the higher residual stresses during
solidification.

Furthermore, when considering surface topography, a combination of statistical ap-
proaches, simulations, and experiments show that LPBF processing parameters that lie in
the keyhole melting mode with lower beam velocity settings and conservative laser powers
lead to surface roughness, Sa, values of lesser than 10 µm, which is significantly lower the
roughness values obtained for conduction and transition mode LPBF process parameters
for Ti-6Al-4V and Ti-6242Si. This significant reduction in surface roughness is due to a
negligible contribution from partially melted powder particles in the keyhole melting mode
border.

Lastly, the fundamental understanding of LPBF developed in this thesis was leveraged
towards biomedical, military, and defence applications. The North American industry has
shown a cautious approach to the adoption of LPBF, due to high initial investment costs,
the iterative R&D nature of part production, and emerging certification needs. Successful
industry adoption of metal additive manufacturing relies on understanding the complex
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interactions between design, materials, and process to ensure high product quality and
reliability. This thesis would help lower the risk of LPBF technology adoption by virtue
of offering a better understanding of the physics behind the laser-material interaction in
the process and reducing the need for extensive empirical approaches toward part quality-
driven process parameter development.
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Chapter 1

Introduction

Sustainable manufacturing involves producing high-quality production throughput, while
reducing the environmental impact of manufacturing through reductions in input energy,
raw materials wastage, and carbon dioxide emissions [53]. Powder metallurgy (PM) tech-5

nologies are the only manufacturing technologies that can utilize more than 90% of input
raw materials, thereby aiding the transition towards a sustainable manufacturing industry
[53]. PM includes a set of metal-forming processing technologies that use metal powders,
tools, and equipment to produce semi-dense or fully dense components for multiple indus-
tries, including aerospace, defence, automotive, medical, industrial machinery, and agricul-10

ture equipment. Metal injection moulding and powder-based metal additive manufacturing
(AM) are the two fastest growing segments in the global PM market at the moment [54].
Metal AM technologies in particular are expected to have a near-100% material utilization
and a sustained growth rate over the coming years, due to capabilities in AM of producing
high-quality products for numerous industries requiring complex geometries and tailored15

material properties [55].

Metal AM technologies have come a long way from being used for prototyping nearly 30
years ago, to extensive usage for making aerospace, defence, medical, and dental products,
with other sectors such as automotive and energy bridging the gap in technology adoption
as well [56]. Space agencies such as the National Aeronautics and Space Administration20

(NASA) and the European Space Agency (ESA) have even launched initiatives that could
one day allow astronauts to print their own metal tools aboard the International Space
Station; ESA’s project titled “Additive Manufacturing Aiming towards Zero waste and
Efficient production of high-tech metal products" (AMAZE) is one example of a large
scale AM initiative for aerospace products [57].25
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There are numerous examples of industrial metal AM applications. General Electric
Aviation (USA) has replaced 855 conventional components in a turboprop engine with a
dozen metal AM components [58]. AVIC Laser (China) foresees a potential to reduce the
cost of complex structural titanium components to 5% of the original cost with the use
of metal AM technologies [59]. While the use of metal AM in the automotive industry30

appears to be in the nascent stage, there has been a transition towards adoption. In
North America, a metal powder manufacturer (GKN Powder Metallurgy) and an AM
machine manufacturer (EOS) have teamed up to accelerate business-to-business metal
AM for the automotive industry [60]. In Europe, an automaker (Daimler AG), a public
research institute (Fraunhofer Institute for Laser Technology ILT), and an AM machine35

manufacturer (Concept Laser) have initiated a collaboration to produce structural parts,
engine components, as well as components to be used directly inside vehicles [61]. In
Australia, a biotech company (Anatomics), a hospital (St Vincent’s Hospital), and a public
research institute (CSIRO) collaborated to create the first titanium heel bone implant for
a cancer patient facing amputation below the knee [62]. It took two weeks from the initial40

phone call (by the surgeon) to surgery which was an accelerated timeline made by possible
by metal AM that saved the patient’s leg from immediate amputation. These examples
strengthen the industry and academic interest in growing the potential, the robustness,
and reliability of metal AM technologies across sectors.

Metal additive manufacturing (AM) is the “process of joining materials to make parts45

from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing
and formative manufacturing methodologies" [63]. Figure 1.1 shows the popular variants
of metal AM - directed energy deposition (DED) and powder bed fusion (PBF) - which
generally differ by the type of heat source, either electron beam, laser, gas metal arc, or
plasma arc and the type of feedstock input (wire or powder) [1]. Laser powder bed fusion50

(LPBF) is a metal AM technology that has one of the highest industrial uptake at the
moment in the aerospace, automotive, and biomedical sectors [64].

The proposed research focuses on LPBF. LPBF is a metal AM process in which thin
layers of powder are spread onto a build plate, then a laser energy source selectively fuses
regions of the powder bed, depending on the locations provided by an execution build55

file which references stacked layers of a computer-aided design (CAD) part model. When
one layer is fused, a new layer of powder is applied, and the process is repeated until a
three-dimensional (3D) part is obtained. An illustration of a typical LPBF system at the
process scale is shown in the left side of Figure 1.1. LPBF enables the manufacturing
of near net-shape geometrically complex parts. LPBF allows for optimized designs to be60

explored for manufacturing, such as topology optimized or loading field driven designs for
product lightweighting and customization [65], while also reducing environmental impact
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Figure 1.1: Process scale schematic of laser powder bed fusion (left), directed energy
deposition using powder and laser (centre), and directed energy deposition using wire and

gas metal arc (right). Reprinted with permission from [1].

through input energy reduction and carbon dioxide emissions [53].

1.1 Motivations

LPBF is particularly attractive for manufacturing high-quality complex geometries and65

for enabling assembly consolidation in numerous applications. The production of complex
three-dimensional (3D) parts in metal AM technologies (including LPBF) is digitally con-
trolled, from a computer-aided design model, to layer-by-layer customization of process
parameters, to monitoring and controlling the process while parts are being manufactured.
The digitization of metal AM opens up exciting avenues in areas of design, process plan-70

ning, process monitoring, and process control. This thesis focuses primarily on process
planning for LPBF. Process planning involves developing a theoretical understanding of
the effects of the numerous process parameters in LPBF on the final product outcomes.

Emerging research efforts in LPBF process planning focus on correlating the pro-
cess parameters, process signatures, and/or product quality through design of experi-75

ments [66, 67, 68, 69], surrogate modelling [70, 71, 72, 73], process physics modelling
and simulation [74, 75, 76, 77], as well as advanced characterization-driven analytics
[78, 79, 80, 3, 81, 82]. Each approach has a different computational cost and experi-
mental footprint. Despite these efforts, it is highly challenging to understand and explain
the complex laser-material interaction phenomena in LPBF, often resulting in marginally-80
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stable process parameters (also called process recipes) or a high number of experiments
in the development of such process parameters to meet part quality metrics. This thesis
focuses on process physics modelling and simulation at the mesoscale to develop a the-
oretical understanding of the impact of LPBF process parameters on outcomes such as
porous defects, surface topography, and residual stresses. This approach is of particular85

significance, as the common approach so far is to use rigorous experimentation to identify
process parameters in order to produce high-quality products.

LPBF involves stitching of individual weld lines (melt pools) to form a layer and the
stacking of multiple of layers on top of each other to obtain a three-dimensional (3D) part,
as demonstrated by the melt pool layout along the build (Z) direction in Figure 1.2. Melt90

pool shapes and their overlapping characteristics govern the final porosity characteristics in
a given parts. The dominance of heat conduction or heat convection generally dictates the
melt pool shapes and thereby porosity characteristics. For a given material, when the input
energy density is lower than a certain threshold value, heat conduction is the dominant heat
transfer mechanism, leading to conduction mode melting in LPBF. The cross section of melt95

pools created in conduction mode is generally semicircular (i.e. the melt pool depth is about
equal to its half-width), as shown in the left side of Figure 1.3. Conduction mode melting
is generally associated with lack-of-fusion irregular-shaped defects as depicted in the left
side of Figure 1.2. In contrast, keyhole mode melting is observed when the input energy
density exceeds a threshold value such that a deep vapour cavity forms within the molten100

metal due to intense localized heating and vaporisation of alloying elements. Additionally,
lack-of-fusion irregular-shaped defects are also possible in the keyhole melting mode when
there is an improper choice in process parameters leading to an inadequate stitching of melt
pools. In keyhole mode of laser melting, the depth of the molten pool is controlled by the
recoil momentum pressure (also known as recoil pressure) generated by the vaporisation105

of the melt pool material. Convective heat transfer (particularly due to thermo-capillary
convection, also known as Bénard-Marangoni convection) is the dominant mode of heat
transfer within the molten pool [83, 84]. As shown in the right side of Figure 1.3, the keyhole
mode melt pool is deep and narrow, with the shape influenced by the significant effects
of recoil pressure and Bénard-Marangoni convection. Figure 1.4 shows the molten pool110

formation during keyhole mode LPBF under the combined effects of Bénard-Marangoni
convection and vapour recoil pressure. Following the creation of a vapour depression,
temperature gradients in the melt pool lead to surface tension gradients. These gradients
drive melt flow from the hot spot beneath the laser beam towards the cold rear, leading to
a centrifugal fluid flow in the melt pool [2, 85]. Additionally, the front wall angle that the115

vaporised depression forms to the incident laser beam then determines the extent of laser
beam reflections inside the vapour depression leading to additional absorption of the input
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laser energy density that add to the vapour recoil pressure and cause the formation of a
deep and narrow melt pool shape [3]. Vaporisation instability related melt pool defects
are common in the keyhole melting mode resulting in large rounded pores, as depicted in120

the right side of Figure 1.2. Additionally, there exists a regime between conduction and
keyhole mode called the transition mode. Transition melting mode has been observed to
have characteristics of both the conduction and keyhole melting modes, but its effect on
the porosity characteristics of a final part is not fully understood. This thesis focuses on
development of processing diagrams and a temperature prediction model to help predict125

the thresholds between the conduction, transition, and keyhole melting modes in LPBF.
This theoretical understanding is imperative to assist with effective process planning for
targeting desired micro- and mesoscale material quality outcomes.

Figure 1.2: Common defect types observed in conduction mode LPBF (left) and keyhole
mode LPBF (right). The black scale bar corresponds to 100 µm.

While there have been previous attempts at development of process diagrams and
predicting melting mode thresholds [86, 87] in LPBF, the predictions have generally been130

material and machine dependent. To address these limitations, this thesis is the first
attempt in LPBF to predict melting mode thresholds which are machine and material
independent. Additionally, previous modelling attempts do not consider the differences
between the laser absorptivity characteristics of high reflectivity (aluminium) alloys and
low reflectivity (titanium, ferrous, and nickel) alloys, which is proposed for the first time135

in this thesis. The modelling tool developed in this thesis is of particular importance to
increase LPBF technology adoption in numerous industries, as a machine-agnostic tool
would help reduce the barrier for translating high-quality process parameters from one
machine to another. Similarly, a material-agnostic modelling tool helps overcome the

5



Figure 1.3: A conduction mode melt pool (left) and a keyhole mode melt pool (right)
during LPBF of Ti-6Al-4V on a titanium build plate. The black scale bar corresponds to

100 µm.

Figure 1.4: A illustration of the deep and narrow melt pool formation in keyhole mode
LPBF due to the effects of vapour recoil pressure and Bénard-Marangoni convection.

Reprinted with permission from [2].
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challenges of cost and time typically associated while adopting a new material system for140

LPBF.

There is also a literature gap in showcasing machine-agnostic process performance maps
and accelerated process parameter refinement methodologies for various material systems;
this thesis looks to address this gap. The theoretical understanding of LPBF gained from
the development of the modelling tools has been deployed in this thesis towards demon-145

strating the feasibility of accelerated process parameter developmental efforts for obtaining
high-quality parts from AlSi10Mg, Ti-6Al-4V, and Ti-6242Si. Additionally, while numeri-
cal modelling attempts at the mesoscale offer additional insights into melting mode physics
[88, 89], the computational times involved is generally multiple hours and often days [90].
When an accelerated process parameter development cycle is needed for new materials and150

machines, a rapid modelling tool reduce the scope the design of experiments is of impor-
tance. Analytical approaches such as the one developed in Chapter 3 have a computational
cost in the order of seconds [90, 91]. This model can be deployed as web-based application
with a graphical user interface (GUI) which is part of ongoing work to expand the reach
of this thesis.155

Lastly, the theoretical developments in this thesis have been deployed to meet and/or
explore application-specific requirements:

Biomedical applications:
While the PBF of titanium (Ti) and Ti-6Al-4V lattices has been studied exten-
sively for bone implants and augmentation devices, the optimal parameters for Ti160

and Ti-6Al-4V lattice designs corresponding to the natural micro- and meso-scale
architecture of human trabecular and cortical bone are not well understood [92, 93].
Implanting a stiffer material like Ti or Ti-6Al-4V adjacent to bone is known to cause
stress shielding of bone, leading to implant loosening and subsequent failure [94].
Therefore, it is imperative that designs of Ti and Ti-6Al-4V implants are tailored165

to more closely match the natural mechanical response of bone tissue. A review
comparing the natural architecture in human bone to Ti and Ti-6Al-4V lattice struc-
tures manufactured by PBF technologies is provided as supplementary information
to this thesis. Appendix A provides a comprehensive review to compare the natural
lattice architecture properties in human bone to Ti and Ti-6Al-4V lattice structures170

manufactured by PBF technologies for bone repair and augmentation. Based on the
findings of the literature review, recommendations for the design of Ti and Ti-6Al-
4V lattice structures geared towards addressing recognized performance gaps due to
manufacturability constraints of powder bed fusion technologies are provided. Some
example of lattice structures manufacturable by LPBF are shown in Figure 1.5.175
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Figure 1.5: Demonstration of various strut-based lattice structures manufactured using
LPBF.

Military applications:
While industrial uptake of LPBF in the civilian aerospace industry has been high,
metal AM parts are still at a less advanced stage of development for military appli-
cations, since the currently available materials and technology do not meet military
requirements [54]. One such example is the United States (US) Air Force which pre-180

viously used additively manufactured Ti-6Al-4V to substitute for conventional high
strength aluminium alloys. This is because conventional high strength aluminium
alloys are susceptible to cracks during additive manufacturing [95]. The modelling
attempts from this thesis were used to recommend Scalmalloy® as a high strength
aluminium that can be successfully manufactured by LPBF as part of the “Materials185

Hurdles" challenge in the inaugural “Advanced Manufacturing Olympics" [96]. This
application was supplementary to this thesis, and is summarized in Appendix B.

Figure 1.6: Tensile specimens, complex artifacts, cubes manufactured using Scalmalloy®

for increasing technology adoption for military applications
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Defence applications:
Light detection and ranging (LiDAR) technologies can benefit from the metal AM’s
capabilities to produce high-quality products with complex shapes or geometry as190

well. The global market for LiDAR technologies is currently worth $3.1 billion and
is expected to grow to $8.7 billion by 2025 [97]. Modelling attempts from this thesis
and design for additive manufacturing (DFAM) guidelines were used to conceptu-
alise and manufacture a monolithic quantum sensing interferometer using LPBF in
collaboration with the Quantum Photonics Laboratory at the Institute for Quantum195

Computing, University of Waterloo [98]. The material of choice was Invar36. The
low coefficient of thermal expansion (CTE) of Invar36 compared to most known In-
var alloys [99] made it suitable for this work requiring high dimensional stability. An
image of the monolithic interferometer on top of a LPBF build plate is shown in
Figure 1.7. The monolithic design, made possible by LPBF, is an important feature200

in creating a practical interferometer because it enables consistent engineering of a
particular thermal expansion and stability. This application was supplementary to
this thesis, and is summarized in Appendix C.
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Figure 1.7: An image of the monolithic quantum sensing interferometer additively
manufactured using Invar36 on a Renishaw AM 400 LPBF system.

1.2 Thesis objectives

This thesis is geared towards developing a better understanding of LPBF at the mesoscale205

and macroscale. The thesis has three objectives:

• Objective 1: To create a rapid modelling tool that can be deployed for mapping of
process quality outcomes in LPBF to reduce the need for computationally-intensive
numerical modelling efforts.

• Objective 2: To demonstrate the efficacy of the modelling tool in reducing the scope of210

design of experiments for accelerated process parameter development for two classes
of materials, materials with high and low reflectivity.
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• Objective 3: To apply the theoretical developments towards meeting and/or exploring
application-specific quality requirements such as density, surface topography, and
residual stresses with applications spanning various sectors.215

The chapters corresponding to each objective are visualised in Figure 1.8, with the biomedi-
cal, military, and defence applications excluded from the main body of the thesis for brevity.

Figure 1.8: Graphical abstract of the thesis showing the connected chapters, with the
chapter numbers as indicated

1.3 Thesis outline

This thesis includes seven chapters.

Chapter 2 begins with a literature review of the important LPBF process parameters220

to help gain familiarity with the multitude of inputs which can influence quality outcomes
in this metal AM technology. A review of previous attempts at predicting melting mode
thresholds in laser welding and LPBF is then provided to outline the need for address-
ing gaps in modelling theory. A review of the challenges with porous defects occurrence
during LPBF of high reflectivity aluminium alloys in is then provided to provide context225
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to the work on AlSi10Mg in Chapter 4 of this thesis. This is followed by an introduction
to the effects of LPBF process parameters on surface roughness and residual stresses to
help understand the significance of the work on Ti-6Al-4V in Chapter 5 and Ti-6242Si in
Chapter 6 respectively of this thesis.

Chapter 3 provides details about the development of normalized processing diagrams230

and a temperature prediction model to visualize and predict the conduction, transition,
and keyhole melting modes in LPBF. The tool developed in this chapter is shown to be in-
dependent of material for specific classes of materials, of LPBF system, of laser modulation,
and of powder layer thickness.

Fundamental studies using the processing diagrams from Chapter 3 to understand235

porosity, side-skin surface roughness, and residual stresses in LPBF are shown in Chap-
ters 4, 5, and 6 respectively. Chapter 4 focuses on studying the effects of the three melting
modes on the porous defects in AlSi10Mg using processing diagrams, metallography, and
X-ray computed tomography. Chapter 5 uses design of experiments and LPBF process-
ing diagrams to analyze and interpret effects of LPBF melting modes on side-skin surface240

characteristics in Ti-6Al-4V. LPBF processing diagrams are used to investigate the impact
of melting modes on macroscale characteristics of the Ti-6242Si such as density, surface
roughness, residual stresses, and cracking in Chapter 6.

In Chapter 7, conclusions and proposed future studies are presented.
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Chapter 2245

Literature review

2.1 Process parameters in laser powder bed fusion ad-
ditive manufacturing1

The LPBF process is conceptually simple; however the physics governing process outcomes
is complex and covers a broad range of time and length scales. Over 130 process parame-250

ters have an influence on LPBF outcomes [100], therefore identifying the parameters and
interactions that have the largest impact on the process outcomes is critical for optimisa-
tion of part quality for a given application. Parameters such as the laser power (P ), beam
velocity (v), and beam diameter (σ), are known to control the length, width, and depth of
the melt pool, as well as influence the complex phenomena such as molten material flow,255

material vaporisation, material ejection, condensate formation, and many more effects [74].
The ideal laser-material interaction in LPBF is tailored towards producing stable melt pool
morphologies with minimum variability from layer-to-layer.

In terms of spatial and temporal scale in LPBF, beam diameters (σ) of generally 50 –
100 µm, laser powers (v) of 50 – 400 W, and laser beam velocities (v) of 200 – 2500 mm/s260

are generally used. The beam diameter (σ) generally corresponds to the D4σ, D86, or 1/e2
width measurements that would give the same value for an ideal single-mode Gaussian
beam [101, 102, 103]. The laser-material interaction results in a localised melt pool, with
the bulk of the material undergoing re-melting, cyclic heating, and cooling as a function of
the beam path trajectory. As a result, prediction, tailoring, and control of the geometry265

of melt pool is important, as the melt pool width, depth, and length can affect part
1Section is adapted from a published article [10].
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density via phenomena such as lack-of-fusion [104], material spattering [105, 106], unstable
keyhole melting [85, 107] powder denudation effects [85, 108], and layer delamination or
crack formation due to thermal stresses [109, 6].

It is also important to consider the importance of other variables, which although270

are not as significant as the ones mentioned above for the goals of this thesis, do hold
importance in printing successful parts. Examples of such variables are powder recoating
effects [110, 111], chromatic or spectral aberration caused by the use of f-theta lenses for
the laser scanning systems [112, 113], consistency of powder flow depending on the powder
feeding or powder dousing system of a given machine [114], build plate material type and275

thickness [115, 116], powder collection and re-circulation [117, 118, 114], laser properties
such a wavelength, operating mode, beam shape and quality [119, 120], build chamber
atmospheric conditions [121, 122, 123], powder properties [115, 114], and build file setup
(location, orientation, recoater offset angle, etc.) [124, 125, 126]. More comprehensive lists
of important variables can be found in literature [127, 128, 129]. In this present work, these280

parameters are considered to be secondary and their direct effects will not be in scope for
process prediction nor for experimental analytics.

2.2 Melting mode thresholds

In LPBF, a term known as volumetric energy density (VED) is commonly used to study the
effects of important process parameters on final controllable outcomes [130, 131, 132, 127]285

which is described in Equation 2.1.

V ED =
P

vhdlt
(2.1)

In Equation 2.1, P is the laser power [W], v is the laser beam velocity [m/s], hd is
the hatching distance [m], and lt is the powder layer thickness [m]. The expression for
volumetric energy density [J/m3] is a measure of energy input and is machine dependent.
The VED formulation does not include material properties (e.g. thermal conductivity,290

thermal diffusivity) and machine parameters (e.g. beam diameter, layer thickness), which
have a direct impact on the heat input to a given material. VED also assumes that power is
only absorbed by the powder layer, which is an incorrect since a significant amount of input
energy density is absorbed by the previously printed layer (substrate) as well, as shown
in the melt pool images from Figure 1.3. Additionally, VED is shown to have numerous295

limitations as a design parameter, particularly to predict melting mode thresholds in LPBF
[133, 127].
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Depending on the processing conditions, laser processes which involve melting have
broadly two different operational regimes: conduction mode and keyhole mode. When the
power density is lower than a certain threshold value, heat conduction is the dominant heat300

transfer mechanism, particularly for determining the depth of the molten pools created.
This regime is called the conduction mode of laser melting. The cross section of melt
pools created in conduction mode is generally semicircular (i.e. the melt pool depth is
about equal to its half-width) as predicted by Eagar and Tsai’s conduction mode model
[134]. The vaporisation of metals in conduction mode melting is considered to be negligible,305

particularly for laser welding.

In contrast, keyhole mode melting is observed when the power density exceeds a thresh-
old value such that a deep vapour cavity forms within the molten metal due to intense
localised heating and vaporisation of alloying elements. In keyhole mode of laser melting,
the depth of the molten pool is controlled by the recoil momentum pressure (also known as310

recoil pressure) generated by the vaporisation of the melt pool materials. Convective heat
transfer (due to Marangoni flows) is the dominant mode of heat transfer within the molten
pool, particularly for materials with low thermal conductivity such as Ti-6Al-4V, 304L
SS, 316L SS, and vanadium [135]. High temperature gradients in keyhole mode melting
lead to drastic surface tension gradients. These gradients drive melt flow from the hot315

spot beneath the laser beam towards the cold rear; such effects are known as Marangoni
convection effects [85]. The melt pool depth in keyhole mode laser melting is typically
greater than the half-width of the melt pool defined at the top of a given melt pool.

2.2.1 Melting mode thresholds in laser welding versus laser pow-
der bed fusion320

Laser welding researchers have shown that laser power, scan speed, and laser beam diameter
are important process parameters for predicting the threshold between conduction mode
and keyhole mode [136, 137]. Numerical modelling has helped in observing the importance
of materials parameters as thermal diffusivity, laser absorptivity, melting point, and boiling
point in predicting heat transfer and fluid flow during keyhole mode laser welding [135].325

A commonly used model is proposed by Hann et al. [137], who use findings from
numerical modelling efforts to derive a simple relation for normalized enthalpy (∆H/hs),
which relates melt pool depth to material and laser welding process parameters.

∆H

hs
=

AP

hs
√
παvσ3

= f

(
d

σ

)
(2.2)
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In Equation 2.2, ∆H is the specific enthalpy [J/m3], hs is the enthalpy at of the solid
material at the solidus temperature [J/m3], A is the laser absorptivity of the solid material,330

α is the thermal diffusivity of the solid material at the solidus temperature [m2/s], σ is
the laser beam diameter [m], and d is the melt pool depth [m]. The enthalpy at the
solidus temperature is given by hs = ρCpTm, where Cp is the specific heat capacity [J/kg
K], ρ is the density of the material [kg/m3], and Tm is the melting temperature of the
material [K]. The normalized enthalpy model assumes that the thermal properties of the335

material are constant and ignores the effects of latent heat of fusion, thermal convection,
and material vaporization. A normalized enthalpy threshold of ∆H/hs = 10 was shown to
predict the threshold between conduction to keyhole mode for laser welding datasets from
304L stainless steel (SS), Ti-6Al-4V, tantalum (Ta), and vanadium (V) [137]. This value
of 10 was shown to be approximately equal to the ratio of enthalpy of vaporisation to the340

enthalpy of melting for 304L SS, Ti-6Al-4V, Ta, and V [137].

There are complexities and differences in LPBF in contrast to laser welding, such as the
presence of powder in LPBF, and the frequent turning points along the laser beam scanning
path for a given layer in LPBF. Laser scanning mirrors generally slow down and accelerate
at turning points of the hatch pattern during LPBF leading to the rapid formation and345

collapse of deep vaporised regions due to the laser beam velocity, thereby trapping the
atmospheric gas in the solidified part [81]. This phenomenon would not be expected in
laser welding due to the single-pass scanning path of the laser beam. Furthermore, there
are significant effects of differences in spatial resolution, temporal resolution, material
properties are summarized below:350

2.2.1.1 Spatial resolution

The lower beam diameters commonly used in LPBF (compared to laser welding) are shown
to cause high conduction losses and also lower vaporisation thresholds [138]. The lower
diameters reduce the threshold for vaporisation in LPBF. This was observed through high-
speed and high-resolution X-ray imaging by Cunningham et al. [3]. In their work, they355

have observed that vaporisation is present even in conduction mode melt pools of LPBF,
whereas laser welding literature shows no vaporisation is expected in conduction mode melt
pools [139].

2.2.1.2 Temporal resolution

The laser beam velocities used in LPBF are also typically higher than laser welding, which360

lead to liquid metal instability caused due to Marangoni convection (melt flow driven from
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the hot laser spot to the cold rear of the melt pool). These instabilities lead to liquid metal
spatter because of the low viscosity of the heated melt pool [85]. At high beam velocities
during laser welding, molten metal ejection has also been observed to occur due to liquid
metal instability, particularly, when the liquid-vapour interface moves normal to the laser365

beam [140]. The phenomenon of the liquid metal breaking up into small droplets is due to
surface tension tendencies of minimizing surface energy due to a variant of Plateau-Rayleigh
instability theory [141].

Additionally, adjacent weld lines controlled through hatching distance and hatch beam
path trajectories, as well as stacking of layers through melting of subsequent powder layers370

also have the potential to cause defects through phenomena such as lack-of-fusion [104], or
through excessive powder denudation effects [85, 108]. Cyclic thermal loading of heating,
re-melting and re-solidification of previously parsed zones also has an overall effect on local
and global part properties.

2.2.1.3 Presence of powder375

The presence of powder in LPBF adds an additional complexity to modelling LPBF when
compared to laser welding since modelling the interaction between the laser beam and
powder bed dynamics is only possible through modelling approaches such as the smoothed-
particle hydrodynamics (SPH) method (a Lagrangian mesh-free numerical method) [142,
143, 144, 145], the Lattice Boltzmann method (LBM) [146, 147, 148, 149, 150], and the380

arbitrary Lagrangian-Eulerian (ALE) method [77, 151, 152, 153]. These modelling efforts
are critical in understanding the change in melt pool dynamics due to the presence of
powder, as well to understand the effect of powder related phenomena such as powder
spatter [154, 155, 156] and powder denudation [108, 157] which have been shown to have a
significant impact on LPBF part properties. Additionally, the vapour plume created due to385

laser interactions with the powder bed exerts an additional pressure force that ejects liquid
metal [157], which would cause additional melt pool spatter and add to the roughness of a
given layer in LPBF.

The differences in spatial resolution, temporal resolution, and presence of powder add
significant complexity to modelling of the melting mode thresholds since some of the as-390

sumptions used in the laser welding melting mode threshold efforts do not hold true for
LPBF.
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2.2.2 Melting mode thresholds in LPBF

King et al. [86] used Equation 2.2 to study the onset of keyhole mode in LPBF of 316L
stainless steel (SS) at a powder layer thickness of 50 µm, and varying levels of laser power,395

beam velocity and beam diameter. They observed all of their conduction and keyhole
mode melt pool datasets to fall above the normalized enthalpy threshold of ∆H/hs = 10
recommended by Hann et al. [137] for traditional laser welding processes. They instead
found the threshold to lie at ∆H/hs ≈ 30±4 for SS316L powders. This increased threshold
is due to the presence of material vaporisation effects, even in conduction mode LPBF melt400

pools due to the significantly lower beam diameters used in LPBF when compared to laser
welding. Evidence of vaporisation in conduction mode LPBF melt pools (Figure 2.1) was
shown by using ultrahigh-speed X-ray imaging of the LPBF fusion process [3]. Figure 2.1
shows nearly all combinations of power and velocity commonly used during the LPBF of
Ti-6Al-4V using a laser diameter of 95 µm, that exhibited a substantial vapour depression405

across possible melting modes. Hence, the model developed by Hann et al. [137] and
the associated threshold applies consistently to most materials subjected to laser welding,
where vaporisation is negligible in conduction mode melt pools, and does not apply as well
to LPBF melt pool datasets, where vaporisation is significant even in conduction mode
melt pools.410

Chapter 3 of this thesis includes details about the development of an enhanced model
that helps offset the limitations of Hann et al.’s normalized enthalpy model [137] in the
context of LPBF, along with the associated in-depth literature pertinent to to theoret-
ical development of processing diagrams and temperature prediction models. Since the
threshold between conduction to keyhole mode melting in LPBF is temperature-driven,415

an enhanced heat conduction-based temperature prediction model and a methodology to
predict the threshold between conduction to keyhole tailored for LPBF is proposed in this
thesis, where vaporisation is significant in both conduction and keyhole processing condi-
tions. This model proposed in Chapter 3 helps in developing a better understanding of
porosity characteristics and would help better correlate the origin of a given pore to its420

cause based on LPBF process physics. The processing maps obtained from the model are
further deployed in this thesis work for various classes of materials such as, but not limited
to titanium alloys, ferrous alloys, and aluminium alloys.
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Figure 2.1: Vapour depressions inside melt pools across the P-V space of Ti-6Al-4V bare
plate for a laser diameter of 95 µm. The vapour depression and melt pool morphology
transitions are marked with blue and red dashed lines, respectively. Reprinted with

permission from [3].
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2.3 Effect of process parameters on porous defects in
LPBF425

Porous defects in LPBF are generally classified into lack-of-fusion defects or vaporisation
instability-related defects, as described in the subsequent sections. However, entrapped gas
in the feedstock powder particles can also cause porous defects in LPBF. These entrapped
gases can be the cause of tiny near-spherical defects across melting modes in LPBF [10].
For aluminium alloys in particular, presence of moisture on the powder surfaces may also430

lead to tiny spherical hydrogen pores across melting modes as well [158, 130]. This is
mainly associated to the reduction of hydrogen solubility in aluminium alloys during the
resolidification of liquid aluminium [5].

2.3.1 Lack-of-fusion defects in LPBF

Lack-of-fusion defects are generally observed in the conduction mode of LPBF; however,435

it is possible to observe lack-of-fusion porosity in keyhole mode as well, particularly when
the hatching distance and powder layer thickness is such that the heat input is not able to
sufficiently melt enough material.

The in-layer distribution of weld lines controlled through hatching distance and laser
scan trajectory, as well as subsequent stacking of layers through spreading powder layers440

with controlled thickness have the potential to cause porous defects through phenomena
such as lack-of-fusion. Lack-of-fusion porosity is caused by an incomplete melting of ma-
terial due to insufficient energy input. Assuming a dual half-elliptical melt-pool idealized
cross-sectional shape, Tang et al. [104] use the following relation to predict full melting in
three dimensional parts printed by LPBF:445

O =

(
hd
w

)2

+

(
lt
d

)2

≤ 1 (2.3)

In Equation 2.3, hd is the hatching distance [m], lt is the powder layer thickness [m],
w is the melt pool width [m], and d is the melt pool depth [m]. O from Equation 2.3 can
be termed as the overlap parameter, such that the criteria for full melting intra- and inter-
layer i.e., the criteria for lack-of-fusion defects can be given by O ≤ 1. This criteria applies
well to the three dimensional parts printed by Dilip et al. [4] as shown in Figure 2.2. The450

melt pool width and melt pool depth were obtained by weld line data deposits produced
on a Ti-6Al-4V alloy plate at a layer thickness of 30 µm [4].
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Figure 2.2: The overlap parameter was calculated and applied to Ti-6Al-4V melt pool
datasets from literature [4] resulting in an illustration of lack-of-fusion in bulk samples

printed on a EOS M270 with a hatching distance of 100 µm and layer thickness of 30 µm.
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Across melting modes in LPBF, an inadequate selection of LPBF process parameters
such as hatching distance and powder layer thickness could cause insufficient stitching or
overlap of melt tracks, causing lack-of-fusion defects, as observed by Choo et al. [159]. Ad-455

ditionally, incomplete re-melting of material ejecta from previous layers or from neighbour-
ing scan tracks and incomplete re-melting of irregular surface topographies from previous
layers can lead to lack-of-fusion defects [156] . Further insights into lack-of-fusion defects
and their causes are given in Chapters 3 and 4.

2.3.2 Vaporisation instability related defects460

Vaporisation instability related defects are commonly observed in keyhole mode melting
during laser welding and LPBF. Keyhole mode melting is the most common form of laser
welding prevalent in literature [160, 161]. For laser welding, Duley [162] describes the equi-
librium between a stationary laser produced keyhole and its surroundings in Equation 2.4.

pv + pl = pσ + pg + ph (2.4)

The typical values for the pressures in laser welding obtained from Duley [162] are as465

follows. In Equation 2.4, pv is vaporisation pressure (≈ 104 N/m2), pl is radiation pressure
(≈ 50 N/m2), pσ is surface tension pressure (≈ 104 N/m2), pg is hydrostatic pressure (≈
75 N/m2), and ph is hydrostatic pressure (≈ 0 N/m2) - for low welding speeds). The
terms pv, pl, and ph act to keep the keyhole open. In laser welding literature, the terms
pl and pg are considered small when compared to pv and pσ, and are hence neglected.470

Additionally, since ph is the hydrodynamic term that is affected by the momentum in
the melt pool, it is neglected in laser welding, as the melt pools observed are generally
small [163]. Hence, the surface tension pressure (caused by thermo-capillary flow) and
vapour pressure (caused by the recoil momentum created by the vaporising material) are
the only terms of significance in laser welding. To achieve a stable keyhole mode, the sum475

of all pressures on the liquid surface must be zero; this means that if the surface tension
pressure decreases the vapour pressure must also be decreased [164]. If thermo-capillary
flow (also referred to as Marangoni flow) induced by surface temperature gradients (also
known as Bénard–Marangoni flow) and recoil (vapour) pressure are not balanced out, melt
pool instabilities occur. Such instabilities are also known to create porous defects during480

keyhole mode LPBF [165].

The different mechanisms for porosity formation in unstable keyhole mode melting
are illustrated in Figure 2.3. One type of porosity that is often encountered, type D in
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Figure 2.3, is a pore created by a collapse of part of the keyhole during solidification. Pores
of spherical shape are formed by gas inclusion during the molten phase, where sufficient485

time leads to a melt equilibrium spherical shape before being trapped during solidification.
This gas inclusion could be due to the inert gas used in the process chamber or due to
other gases dissolved in the melted material; one typical mechanism is the formation of
small hydrogen pores in aluminium, as the solubility of hydrogen is high in the liquid
phase but drops significantly during solidification. Moreover, lack-of-fusion and cold laps490

often appears as non-spherical pores that can have a rather irregular or elongated shape
(or even be hardly visible, but it lacks fusion, i.e. atomic bonding). The irregular shape
indicates that the solidification speed was greater than surface tension driven contraction
mechanisms.

Figure 2.3: Illustration of a typical melt pool in keyhole mode melting. Mechanisms for
porous defect formation: D - collapse and rapid solidification of the keyhole bottom
section, E - metal vapour jet generates a bubble, F - irregular cavity contracting to a
spherical pore, G - combining pores, H - hydrogen pore caused by solubility drop, J -
pore emerging and relaxing at the surface (A - melting front, B - keyhole, C - vapour

flow, v - speed, SG - shielding gas). Reprinted with permission from [5].

It is important to note that that laser welding generally involves scanning along a single495

path line and LPBF involves frequent turning points depending on a hatching pattern. It
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has been recently noted that keyhole porosity in LPBF has been observed to form every
time the laser scanning mirrors slow down and accelerate at turning points of the hatch
pattern [81]. In modulated (pulsed) LPBF systems which involves scanning of 1 single
point at a time, the stability of keyholes is impacted every time the laser scanning mirrors500

even slightly deviate from their intended straight line path since the melt pool continuity
would be affected, which becomes a significant issue when the scan vector path is complex
(e.g. circular). Precise control of the laser scanning mirrors could be critical for both
modulated and continuous LPBF systems to reduce porous defects.

In summary, porosity in the keyhole melting mode is strongly related to the flow be-505

haviour of melt pools in LPBF. The generally accepted explanation for melt pool dynamics
in keyhole mode laser material processing is based on understanding the combined effects of
thermo-capillary flow (Bénard-Marangoni flow induced by surface temperature gradients)
and recoil pressure due to evaporation of the material [166, 167]. However, the use of pow-
der in laser powder bed fusion adds complexity to the melt pool dynamics leading to effects510

such as vapour entrainment-driven denudation of metal powder particles and distribution
of molten droplets [85, 168]. This added complexity leading to additional causes for po-
tential vaporisation related defects [85, 169]. Further insights into vaporisation instability
related defects and their causes are given in Chapters 3, 4, and 6.

2.4 Effect of process parameters on surface roughness515

in LPBF

An interplay between build file characteristics, machine characteristics, feedstock char-
acteristics, and LPBF process parameters generally drives the final surface roughness of
a given part. More precisely, build file characteristics such as feature geometry, feature
orientation, feature location on the build plate, and beam path strategy, machine charac-520

teristics such laser beam quality, and atmospheric gas flow, and powder morphology and
size distribution are some of the primary drivers for roughness of a given surface, alongside
LPBF process parameters previously discussed. From the four influencing factors, LPBF
process parameters such as laser power, velocity, and beam spot diameter are known to
have the greatest effect on roughness.525

Surfaces in LPBF are generally identified with their orientation with respect to the
build (Z) direction used for manufacturing as shown by in Figure 2.4. The four types of
surfaces include - up-facing horizontal surfaces that are parallel to the build plate (XY
plane), up-skin surfaces which are typically on an incline, but facing upwards, side-skin
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(or vertical) surfaces perpendicular to build plate (along Z axis), and down-skin surfaces.530

These surfaces are distinctly different contributors towards the final surface roughness in
the printed final structure. Additional details and visuals of the different surfaces in LPBF
are provided in Appendix A. Physics-based modelling of surface roughness as a function
of LPBF process parameters hasn’t been attempted in prior literature. This is likely due
to the computation challenges associated with a model to keep track of powder dynamics535

(powder spatter, ejections, and balling phenomena) as well as melt pool splatter for large
three-dimensional surfaces [170, 85]. In the subsequent section on understanding the effect
of LPBF process parameters on surface roughness, the horizontal and up-skin surfaces
are grouped into one category of upward-facing surfaces, alongside vertical and down-skin
surfaces.540

Figure 2.4: An illustration of a gyroid lattice structure on a LPBF build plate showcasing
the different types of surfaces observed in a laser powder bed fusion with respect to the

build orientation along the Z-axis

25



2.4.1 Upward facing surface topography characteristics

Up-facing and up-skin surface characteristics generally includes visibility of the melt pool
tracks alongside partially fused adhered powder, particularly for the up-skin surfaces [171,
172]. Strano et al. [172] developed the only mathematical model to predict the up-skin
surface roughness at different sloping angles, while also accounting for the presence of545

adhered powder particles common for most surfaces in LPBF. Their model, however, does
not account for the effect of LPBF process parameters which drive melting modes in LPBF.
There have been a few attempts at improving the roughness of upward facing surfaces in
LPBF parts via empirical approaches as summarized below.

For altering the up-facing surface roughness of LPBF parts, Yasa et al. [173] observed550

that laser re-melting can greatly improve the surface roughness of SS 316L parts (roughness,
Ra, reduction by about 90%). Similarly, Kruth et al. [174] observed that laser re-melting
improved the surface quality of Ti-6Al-4V parts printed by a continuous laser based system.
They remelted the last 20 layers of parts of with a XY cross-section 10*10 mm2 with
2.1 mm build height. The re-melting of the 20 layers was performed with scan vectors555

perpendicular to the previous vectors for the same layer. Roughness, Ra, values up to 1/3rd

of a non-remelted surface were observed in the study by Kruth et al. [174]. Additionally,
they also found a correlations between the peak surface temperature of the LPBF process
parameters used for remelting and the obtained roughness, Ra, values. While upward
facing surface roughness was outside the scope of this thesis, the temperature prediction560

model developed in Chapter 3 can be used to obtain peak surface temperatures and thereby
further understand the effect of remelting LPBF processing in term of melting modes on
the final up-facing surface roughness of LPBF parts.

Additionally, when the last layer of an additively manufactured three-dimensional (3D)
part is remelted, it is a replication the laser polishing technology, albeit with a generally565

higher laser beam radius [175]. Modelling attempts from laser polishing [176] could hence be
adapted in the context of LPBF to predict and thereby improve the top surface roughness
of LPBF parts which have been subjected to a rescanning of the last layer.

2.4.2 Down-skin surface characteristics

Down-skin surfaces are generally affected by partially fused adhered powder. At higher570

input energy density, formation of dross is also documented [177]. Generally, the down-skin
surface roughness strongly depends on the melt pool depth [178, 179]. A melt pool depth
close to the powder layer thickness is generally considered to be useful for lowering down-
skin surface roughness values [178]. This can obtained by conduction mode melt pools at

26



lower energy densities. Similarly, while upward facing surface roughness was outside the575

scope of this thesis, the temperature prediction model developed in Chapter 3 can be used
to design conduction melting mode melt pools for this purpose. Preliminary investigation
of remelting scans down-skin surfaces have also shown the potential to reduce the roughness
values of these surfaces [179].

2.4.3 Side-skin surface characteristics580

There have been only a few studies on understanding the effect of LPBF process parame-
ters on side-skin surface roughness [180, 181, 182, 183]. Based on these studies, side-skin
surfaces are known to be dominated by partially fused adhered powder in LPBF. Side-
skin (vertical) surfaces are a type of surface wherein remelting would generally not help
further improve surface roughness, when compared to a well-executed first side-skin scan585

[183]. But in µ-LPBF, it has been shown that the effects of partially fused adhered powder
particles can be reduced by a higher energy input, leading to lower roughness values [184].
The temperature prediction model developed in Chapter 3 can be used to design transition
and/or keyhole melting mode melt pools for this purpose. These findings have been the
main motivation for Chapter 5 wherein a detailed literature review on previous work on590

side-skin surface is provided, followed by a study involving statistical and simulation-based
approaches to understanding the impact of core and border LPBF process parameter on
side-skin surface roughness in LPBF. Chapter 5 begins by providing a detailed investiga-
tion on the effect of core process parameters followed by a preliminary investigation on
border process parameters on side-skin surface in LPBF of Ti-6Al-4V. This study is con-595

tinued in Chapter 6, wherein the effect of border process parameters is further investigates
across melting modes for LPBF of Ti-6242Si. The findings in Chapters 5 and 6 are sup-
plemented with simulation from the model developed in Chapter 3, which help in develop
a fundamental understanding of the origins of side-skin surface roughness across materials
in LPBF.600

2.5 Effect of process parameters on residual stresses in
LPBF

Residual stress in LPBF is affected by the material selected and the process parameters
in particular [6]. In terms of material properties, Bartlett and Li [6] observed a linear
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relationship between a materials’ thermal diffusivity and thermal conductivity on the re-605

sulting residual stresses during LPBF for 5 popular materials - Ti64, SS 316L, Inconel 718,
commercially pure Ti (CP Ti), and 18Ni300 Maraging steel. A lower thermal conductivity
and diffusivity value led to high residual stresses, on average.

Figure 2.5: Mechanisms of residual stress and plastic deformation during LPBF: a)
during heating and expansion of new layer and b) during cooling and contraction of a

new layer. Reprinted with permission from [6].

In terms of LPBF processing, melting and vaporising metal powder particles onto a
relatively cooler substrate by default creates steep temperature gradients thereby leading610

to residual stresses and thermal strain in as-printed parts [109]. The high cooling rates
of 1–40 K/µs associated with LPBF [185] is one of the major contributors to residual
stresses [6] in this process. During the heating phase of LPBF, when a new (top) layer
is melted (and thereby heated to a temperature above the underlying part), it leads to a
thermal expansion of the new layer. Since this expansion is restricted by the much cooler615

underlying part, it leads to compressive stresses in the new layer and tensile stresses in
the underlying part, as shown in Figure 2.5 (a). During the cooling phase of LPBF, the
new layer cools rapidly leading to contraction at a rate much higher than the underlying
part can accommodate. This results in tensile stresses in the new layer and compressive

28



stresses in the underlying part, as shown in Figure 2.5 (b). However the simple mechanism620

shown in Figure 2.5 is more complex in reality, primarily since each layer is scanned using
a so-called "laser scanning strategy" which leads to different sections of a new layer to heat
and cool separately causing complex stress distributions. These mechanism also lead to
higher in-plane (XY) residual stresses, when compared to stresses along the printing (Z)
direction. Numerous researchers having confirmed through experiments and simulation625

that the top (last few layers) and bottom (attached to the build plate) portions of a part
have tensile residual stresses and the middle region has compressive residual stresses [6].
The mechanism causing tensile residual stresses at the top and compressive residual stresses
in the central portion of part is illustrated in Figure 2.5. The connection of a LPBF part
to the build plate results in tensile residual stresses towards the bottom portion of a part.630

Tensile residual stresses in particular are known to affect the fatigue life and cracking
tendency of LPBF components [186, 6]. Additionally, a layer-to-layer (interlayer) rotation
of the scanning strategy leads to a homogeneous in-plane (XY) residual stress distribution
[187, 188, 189, 6].

Residual stresses are commonly known to cause part distortion, cracking, and delami-635

nation of material layers [190, 191, 192, 193]. Residual stresses have also been reported to
have an impact on the fatigue performance and fracture resistance of LPBF parts due to
the presence of micro-cracks in parts with high residual stresses [109]. To reduce residual
stresses, the commonly used methods involve preheating of the LPBF build plate, vary-
ing the heat input through modification of laser power and laser beam velocity, decreasing640

powder layer thickness, and changing the scanning strategy [170]. Although preheating the
base plate and varying the heat input could mitigate the issues with residual stresses, such
approaches would also influence the melt pool morphology and thereby the melting modes,
which could lead to additional porosity thereby impacting final mechanical properties. It
is hence important to first identify a set of process parameters that could help meet the645

target density for a given application, before proceeding to change the heat input strategies
to reduce residual stresses. These findings motivated the study on residual stress during
LPBF of Ti-6242Si in Chapter 6 wherein additional insights on residual stresses during
LPBF of titanium alloys is provided, along with a pertinent literature context.
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Chapter 3650

Processing diagrams and temperature
prediction model to visualize and
predict melting modes in laser powder
bed fusion

3.1 Preface655

Depending on processing conditions, laser powder bed fusion (LPBF) is known to have two
operational regimes – conduction mode and keyhole mode. Heat conduction is the dom-
inant heat transfer mechanism for conduction mode melting, whereas heat convection is
the dominant heat transfer mechanism for keyhole mode melting. In addition, there exists
a transition mode, which lies between the conduction and keyhole mode, wherein the dom-660

inance of conduction or convection depends upon the processing conditions. In this work,
normalized processing diagrams are obtained to visualize the three melting modes - con-
duction mode, transition mode, and keyhole mode. The normalized processing diagrams
obtained from this work are shown to be independent of material for specific classes of ma-
terials, of LPBF system, of laser modulation, and of powder layer thickness. Additionally,665

an analytical model is proposed to robustly predict the threshold between the three melt-
ing modes for two different classes of materials, (i) materials with low reflectivity and low
thermal conductivity such as titanium, ferrous, and nickel alloys, and (ii) materials with
high reflectivity and high thermal conductivity such as aluminium alloys. The normalized
processing diagrams, alongside the identified melting mode thresholds, can provide a useful670
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tool in diagnosing the origins of porous defects and enable accelerated process optimiza-
tion efforts towards tailoring material properties in LPBF. This chapter is adapted from a
published article [10]. Section 3.3.2 on absorptivity scaling laws includes majority of the
changes, compared to the published article. Due to changes in Section 3.3.2, figures from
Section 3.5.2 have changed, compared to the published article. These changes, however,675

do not impact the significant findings and conclusions of this chapter; the changes rather
are enhancements since the article submission.

3.2 Introduction

Depending on the processing conditions, laser processes which involve melting have broadly
two different operational regimes: conduction mode and keyhole mode [194, 86]. When the680

power density is lower than a certain threshold value, heat conduction is the dominant heat
transfer mechanism, particularly for determining the depth of the molten pools created;
this regime is called the conduction mode of laser melting. The cross section of melt pools
created in conduction mode is generally semicircular (i.e. the melt pool depth is lesser
than or equal to its half-width), as predicted by Eagar and Tsai’s conduction mode model685

[134]. The vaporization of metals in conduction mode melting is considered to be negligible,
particularly for laser welding [139].

In contrast, keyhole mode melting is observed when the energy density exceeds a thresh-
old value such that a deep vapour cavity forms within the molten metal due to intense
localized heating and vaporization of alloying elements. In keyhole mode of laser melting,690

the depth of the molten pool is controlled by the recoil momentum pressure (also known as
recoil pressure) generated by the vaporization of the melt pool materials. Convective heat
transfer (due to thermo-capillary convection, also known as Bénard–Marangoni convection)
is the dominant mode of heat transfer within the molten pool [135]. Keyhole mode melt
pools are generally deep and narrow, with the morphology influenced by the significant ef-695

fects of recoil pressure and Bénard-Marangoni convection. The melt pool depth in keyhole
mode laser melting is typically greater than the half-width of the melt pool defined at the
top of a given melt pool.

In LPBF, a model proposed by Hann et al. [136, 137] for laser welding has been used
to predict the threshold between conduction mode and keyhole mode [86]. In this model,700

laser power, beam velocity, and beam spot size have been deemed as important processing
parameters for predicting the threshold between conduction mode and keyhole mode. The
observed melting mode threshold for LPBF data of 316L stainless steel (SS) at a powder
layer thickness of 50 µm was observed to be much higher than predicted, approximately
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30 ± 4 compared to the predicted value of 6 [86]. This observation was associated to705

the crudeness of the model and the lack of incorporation of the effects of powder layer
thickness as noted by King et al. [86]. The higher observed threshold could also be due to
the presence of material vaporization effects, even in conduction mode LPBF melt pools,
due to the significantly lower beam spot sizes used in LPBF when compared to laser welding
[3]. Hence, the model developed by Hann et al. [137] and the associated threshold applies710

consistently to most materials subjected to laser welding, where vaporization is negligible
in conduction mode melt pools, and does not apply as well to LPBF melt pool datasets,
where vaporization is significant even in conduction mode.

This chapter focuses on the development of processing diagrams and an enhanced model
that helps in adapting Hann et al.’s normalized enthalpy model [137] in the context of715

LPBF. In this work, the authors propose an enhanced heat conduction-based temperature
prediction model and a methodology to predict the threshold between conduction and
keyhole modes tailored for LPBF, where vaporization is significant in both conduction
and keyhole processing conditions. This proposed model could help in developing a better
understanding of LPBF parts based on process physics. The processing maps obtained720

from the model are tested for various classes of materials such as titanium, ferrous, and
aluminium alloys. Emerging research has shown that the dominance of conductive heat
transfer during conduction mode melting and the dominance of convective heat transfer
during keyhole mode melting impart differences in microstructure and thereby mechanical
properties in Ti-6Al-4V, SS 316L, and Al7050 [195, 196, 167, 197]. Processing maps from725

this work, along with beam path planning algorithms, could be used to tailor microstructure
and thereby mechanical properties for industrial applications. Such findings are part of
upcoming works and are beyond the scope of the present thesis.

3.3 Theoretical development of processing diagrams and
temperature prediction model730

3.3.1 Normalized processing diagrams for LPBF

Mapping the thresholds for melting modes in LPBF is an important step in predicting
part quality outcomes. The dimensionless variables defined by Ion et. al. [139] are used to
compare and map the process controllable input parameters against part quality outcomes
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for laser materials processing and are given by the following equations:735

q∗ =
AP

rbλ(Tm − T0)
(3.1)

v∗ =
vrb
α

(3.2)

In Equation 3.1, q∗ is the dimensionless beam power, A is effective laser absorptivity,
P is laser power [W], rb is beam spot radius [m], λ is thermal conductivity [W/(m.K)],
Tm is melting temperature [K], and T0 is initial (or powder bed) temperature [K]. In
Equation 3.2, v∗ is dimensionless beam velocity, v is the laser beam velocity [m/s], and α
is thermal diffusivity [m2/s]. Thermal diffusivity, α, is given by:740

α =
λ

ρCp
(3.3)

In Equation 3.3, ρ is density [kg/m3] and Cp is specific heat capacity at constant pressure
[J/(kg.K)]. To account for powder layer thickness effects, we define a dimensionless heat
input term, E∗, where we normalize the dimensionless beam power, q∗, by a dimensionless
layer thickness term, l∗ such that:

E∗ =
q∗

l∗
(3.4)

With the assumption of a moving heat source of cross-sectional area 2rb · lt, where lt is745

the powder layer thickness, the dimensionless layer thickness term, l∗ has been defined by
Thomas et al. [87] as shown below:

l∗ =
2lt
rb

(3.5)

In the following section, the methodology used for selecting A (laser absorptivity) is
described which has been observed to depend upon multiple LPBF process parameters
that govern melting modes [7, 198, 9].750
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3.3.2 Absorptivity scaling laws for LPBF

Absorptivity during LPBF is observed to strongly depend on processing parameters such
as laser power, velocity, and beam spot radius, which directly influence the presence of con-
duction, transition, or keyhole melting modes. For processing conditions commonly used
in LPBF, the powder layer and some amount of the underlying substrate always undergo755

melting. Under these processing conditions, the measured laser absorptivity, typically done
through micro-calorimetry, has been observed to be independent of powder layer thickness
[7, 198, 9]. This phenomena can be explained by low heat capacity and thermal conduc-
tivity of the point-contacted powder particles, which results in powder melting in front
of the melt pool [74]. In addition to laser power and velocity, the low beam diameters760

typically deployed in LPBF systems, with diameters σ ≈ [50 . . . 100] µm, where σ = 2 · rb,
have a larger impact in determining the laser absorptivity in conduction, transition, and
keyhole modes, as observed by Ye et al. [7], and observed in Figure 3.1. This increase
in absorptivity is inversely proportional to the beam spot diameter and can be associated
with the lower threshold for vaporization associated with smaller beam spot sizes, even765

in conduction mode melt pools; this was observed by Cunningham et al. [3] and is illus-
trated in Figure 3.2 (a). These findings mean that in LPBF, unlike in conventional laser
welding processes where the beam diameter is substantially larger, the process can observe
a significant vaporization of material, thereby adding to the challenge of controlling and
modelling the process.770

The absorptivity measurements in Figure 3.1 were obtained by Ye et al. [7] on a
micro-calorimetry setup demonstrated previously by Trapp et al. [9]. Figure 3.1 shows
absorptivity measurements from different materials as a function of beam velocity (Figure
3.1 A) and laser beam spot diameters (Figure 3.1 B). The terms normalized enthalpy, βAm
and normalized thermal diffusion length, L∗th were defined by Ye et al. [7] in equations 3.6775

and 3.7 respectively.

βAm =
AmP

πρCp(Tm − T0)
√
αvr3b

(3.6)

L∗th =
α

vrb
(3.7)

Am in Equation 3.6 is the minimum value of absorptivity on a flat melt surface of a
given material; estimated values are summarized in Table 3.1 for Ti-6Al-4V (also known
as Ti64), Inconel 625 (IN 625), and stainless steel 316L (SS 316L) [7]. By comparing the
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Figure 3.1: In situ measured absorptivity during LPBF as a function of βAm L∗th of Ti64,
IN625, and SS316L bare substrates at varied scan velocities and powers (A, 57 µm beam
diameter) and beam diameters (B, Ti64, 500 mm/s scan velocity). The red solid lines are
asymptotic exponential fitting of all data points above the thresholds of conduction to

keyhole transition. Reprinted with permission from [7].

terms in Equations 3.1 and 3.2 to equations 3.6 and 3.7 respectively, the βAm*L∗th term780

can be represented as:

βAmL
∗
th =

q∗m
πv∗

(3.8)

In Equation 3.8, the term q∗m is similar to the q∗ term given in Equation 3.1, but the
minimum melt absorptivity, Am is used instead of effective laser absorptivity, A as shown
by Equation 3.9.

q∗m =
AmP

rbλ(Tm − T0)
(3.9)

In Figure 3.1, the high absorptivity measurements estimated at low heat input values785

values illustrated on the X-axis (βAm*L∗th) between 0 and 1 are associated to the roughness
of the powder layers which is expected to result in enhanced absorption before melting
initiates in conduction mode LPBF [7]. As the heat input increases to values of 1-2 on
the X-axis, the local laser material interaction area is heated above the melting point,
which leads to surface smoothening by surface tension effects, leading to a decrease in790
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Figure 3.2: An illustration of conduction mode (a), transition mode (b), keyhole mode (c)
melt pools in terms of the vaporized region shape, and a schematic of melting mode

driven absorptivity in LPBF (d). The shape of the vaporized region (dependent on the
front vaporization wall angle (θ) illustrated in Figure 3.3) determines the number of laser
reflections inside the vaporized region of the melt pools. The white regions correspond to

the vaporized region of the melt pools. The grey regions correspond to temperatures
between the melting and boiling point in the melt pools of a given material. The arrows
correspond to the laser beam reflections inside the vaporized region of the melt pools.

Figures (a), (b), and (c) are adapted from Fabbro et al. [8]
.
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Table 3.1: Minimum absorptivity of the flat melt surfaces of Ti-6Al-4V, IN 625, and SS
316L during laser powder bed fusion. Data obtained from Ye et al. [7].

Materials Minimum melt absorptivity, Am

Ti-6Al-4V 0.26

IN 625 0.28

SS 316L 0.28

Figure 3.3: Schematic of vaporized region depth (dv) and front vaporization wall angle
(θ), where σ corresponds to the beam spot diameter of a given LPBF system. Figure

adapted from Fabbro et al. [8]
.

absorptivity. This regime is the conduction mode regime in Figure 3.1 where the lowest
absorptivity of ≈ 0.3 is the value used by Ion et al. [139] for creating conduction mode
laser welding processing diagrams. The high absorptivity measurements at low heat input
values and during melting also represented schematically in Figure 3.2 (d) for conduction
mode LPBF. The trend in laser absorptivity after the onset of surface vaporization are795

captured by an asymptotic exponential function by Ye et al. [7] shown by the red solid
line in Figure 3.1 and given by Equation 3.10.

A = 0.70(1− exp−0.66βAmL
∗
th) (3.10)

Equation 3.10 can be represented by the dimensionless terms derived in Section 3.3.1
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by Equation 3.11.

A = 0.70

(
1− exp

−0.66q∗m
πv∗

)
(3.11)

The gradually increasing slope following surface vaporization in Figure 3.1 is an indi-800

cation of the regime in-between conduction and keyhole mode called the transition mode,
as illustrated in Figure 3.2 (d). Transition melting mode was first observed in laser weld-
ing and has been shown to have characteristics of both conduction and keyhole melting
modes in observed melt pools [199, 200, 201]. In commonly used processing conditions for
LPBF, vaporization of a material is expected in conduction, transition, and keyhole modes,805

as illustrated in 3.2 and observed experimentally [3]. The extent (depth) of vaporization
is the driving factor for the thresholds between the three melting modes, as reported by
high-speed x-ray imaging of the LPBF process by Cunningham et al. [3]. The vaporiza-
tion depth (dv) can be directly related to the beam spot diameter (σ) through the front
vaporization wall angle (θ), by Fabbro et al’s [8] analytical model, which is illustrated in810

3.3. The relation between the three variables can hence be given by:

dv =
σ

tanθ
(3.12)

Fabbro et al’s model has been validated for LPBF through the use of high-speed X-ray
imaging by Cunningham et al [3]. The transition melting mode occurs when the melt pool
depths are dependent on fluctuating laser absorptivity, which depends on the number of
reflections inside the vaporized portion of a melt pool, as observed at laser powers greater815

than ≈100 W by Ye et al. [7] for Ti-6Al-4V, Inconel 625, and SS 316L. The increase in laser
absorptivity as a function of heat input in transition mode is observed due to the increasing
number of reflections of the laser beam in the vaporization walls of the melt pool before the
laser beam eventually gets reflected out of the keyhole as illustrated in Figure 3.2 (b). After
a certain amount of increase in heat input, the laser absorptivity saturates at about 0.7 for820

most materials as shown in Figure 3.1, regardless of beam spot size, thus representing the
fully developed keyhole mode, also illustrated in Figure 3.2 (d). This saturated value of
absorptivity in keyhole mode is because the multiple reflections of the laser beam are now
trapped inside the melt pool instead of being reflected outside the melt pool as illustrated
in Figure 3.2 (c), in contrast to the conduction and transition mode melt pools illustrated825

in Figure 3.2 (a) and Figure 3.2 (b) respectively, where some of the reflections escape. Of
importance, the laser absorptivity in the fully-developed keyhole mode always saturates
well below 1 for keyhole mode, because part of the laser beam undergoes absorption and
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reflection in the vapour plume and, due to the Gaussian distribution of laser intensity, only
a part of the laser beam enters the keyhole zone [9]. The saturated value of 0.7 in LPBF830

keyhole mode is close to the value of 0.8 reported in keyhole mode laser welding literature
[139]. The discrepancy between the keyhole mode absorptivity for LPBF and laser welding
could be associated to greater laser scattering from the vapour plume in LPBF due to
effects like powder entrainment [168] and powder spatter [169] in the path of the laser
beam.835

In summary, the conduction and keyhole melting modes result in melt pools with re-
spective depths being a function of primarily the input energy density, as the laser is either
mainly absorbed through multiple reflections inside the keyhole developed (keyhole mode)
or the laser is reflected outside of the vaporized keyhole developed after a few reflections
(conduction mode). For transition mode melting in LPBF, in addition to the heat input,840

melt pool dimensions are also dependent on the fluctuations in laser absorptivity, which
depends on the number of reflections the laser beam undergoes before it exits the keyhole
formed by the vaporized material.

Figure 3.4: In situ absorptivity measurements of aluminum alloy 1100 (Al 1100),
tungsten (W) and stainless steel 316L (SS 316L) discs as a function of laser power for a
beam spot diameter of 60 ± 5 µm and scanning speed of 1500 mm/s. Reprinted with

permission from [9]
.

Other reasons contributing to the fluctuations observed in laser absorptivity values in
the three melting modes include and are not limited to the wavelength and polarization845

state of the laser beam, temperature of the material, surface roughness of the previous
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Table 3.2: Laser absorptivity selected in the three melting modes for high reflectivity
materials such as aluminium alloys [9]

Material Conduction Transition Keyhole

Al alloys 0.15 0.425 0.7

layer, the surface morphology of powder particles [9, 202], the angle of incidence of the
laser beam, the absorption or reflection of the laser in the vapour plume generated when
the laser hits the metal surface [9], the absorption by vapour plume inside the keyhole
which then re-radiates energy to the wall of the vaporized region [202], the bi-product of850

absorptivity of the laser beam in the powder layer alongside the molten track as a result
of the Gaussian laser intensity distribution [9], the powder entrainment in the laser beam
resulting in beam scattering by the powder particles [168], and the powder denudation due
to an interplay among melt pool geometry, ambient gas pressure, and metal vapour flow
[108].855

The scaling law of laser absorptivity given by Equation 3.11), as adapted from Ye et
al. [7], will be deployed in Section 3.3.3, where a methodology is developed to predict the
thresholds between the three melting modes by predicting the vaporization depth through
a temperature prediction model. For low reflectivity material such as titanium, ferrous,
and nickel alloys, the scaling law developed by Ye et al. [7] will be shown to hold well860

for purposes of predicting melting mode thresholds. However, this scaling law does not
apply to high reflectivity materials like aluminium alloys. For high reflectivity materials
such as aluminium alloys, the laser absorptivity in conduction mode LPBF is observed to
be ≈ 0.15 for a beam spot size of 60 ± 5 µm [9, 203], as shown in Figure 3.4. Since data
for laser absorptivity of high reflectivity materials such as AlSi10Mg is not available for865

varying beam spot sizes, a constant value depending on the melting mode is assumed as
shown in Table 3.2. In keyhole mode melt pools, laser absorptivity has previously been
observed to be independent of material properties [204] and hence we choose a value of
0.7 for AlSi10Mg, similar to the value observed in Figure 3.1. For transition mode LPBF,
it is proposed to pick an average value (0.425) between the conduction and keyhole as870

shown in Table 3.2. Further research is required to derive absorptivity scaling laws for
high reflectivity aluminium and copper alloys, alongside high entropy alloys.

The predictions from the temperature prediction model developed in Section 3.3.3 are
then used concomitantly with the normalized process diagram from Section 3.3.1 to predict
the conduction, transition, and keyhole melting modes in LPBF. These prediction are then875

validated by the ground truth for the melting mode of a given melt pool obtained from a
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unique set of LPBF process parameters from Section 3.4. The ground truth is determined
by considering experimental measurements of the melt pool aspect ratios. Melt pool aspect
ratios from individual melt pool datasets presented in Section 3.4 are used to experimentally
identify melt pools in the three melting modes. The melt pool aspect ratio is defined herein880

as the ratio between the melt pool depth and width. For this work, we assume conduction
mode regimes as resulting in melt pools where the aspect ratio of melt pools are lesser
than 0.5 [86, 205, 206]. Assuncao et al. [207, 208] observe that the melt pool aspect ratios
defining the threshold from transition to keyhole mode depend on beam interaction time.
From Assuncao’s work on S355 mild steel [207, 208], it is observed that the transition885

mode lies between melt pool aspect ratios of 0.5 to 0.8, and keyhole mode is observed for
melt pool aspect ratios greater than 0.8, as also noted by Tenbrock et al. [120]. For high
reflectivity aluminium alloys however, a melt pool aspect ratio of 0.4 has been observed to
be the threshold between the conduction and transition melting modes, which is used for
this work [209]. Furthermore, in this present work, it is intended to theoretically develop890

normalized processing diagrams to predict and visualize the thresholds in between these
melting modes and compare the performance of the melting mode thresholds in comparison
with experimental datasets. To achieve this, a temperature prediction model is proposed
to predict the threshold between conduction, transition, and keyhole modes; the model is
described in section 3.3.3.895

3.3.3 Analytical model for predicting melting mode thresholds

The objective of this section is to develop an analytical temperature prediction model with
the goal of predicting the thresholds between conduction, transition, and keyhole melting
modes in LPBF. The temperature field T (r, t) at a point laying at radial distance r from
the centre of the beam, as a function of time t, caused by a point energy source can be900

given by the well-established Rosenthal’s analytical equation [210]:

T = T0 +
AP

2πλvt
exp
−r2

4αt
(3.13)

In Equation 3.13, A is laser absorptivity, P is laser power [W], λ is thermal conductivity
[W/(m.K)], v is the laser scanning velocity [m/s], and α is thermal diffusivity [m2/s]. The
main assumptions of Rosenthal’s equation are that the convection and radiation heat losses
are being neglected, the workpiece is semi-infinite, the thermal properties of the material905

are constant, and the scan speed and laser power are constant. Ashby et al. [211] used
Equation 3.13 to predict the microstructure of laser welds and observed that the equation
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provides a good description of most structural changes occurring in laser welds. However,
Ashby et al. [212] and Ion et al. [213] observed that Equation 3.13 is less satisfactory
when describing the physical shape of the melt pool or the neighbouring isotherms for910

welds on thick plates. This limitation is due to the infinitesimal point source energy
input approximation along a straight-line path on the plate surface; this assumption is a
relatively limited approximation for the physics happening in the laser-material interaction.
This problem can be partially overcome if the point source is replaced by a circular disc
source, of radius rb, tracking with velocity v in the x direction across the surface of a plate,915

which is a step closer to an approximation of reality.

In the pursuit of more appropriate approximations of the laser energy input profile
in relationship to the thermal output profile, Rykalin et al. [214] proposed an analytical
solution for the two-dimensional temperature field T (y, z, t) for a Gaussian heat source
travelling in the x direction with velocity v as given by Equation 3.14. The assumptions920

in this solution include the velocity of the beam being high enough to be treated as a line
source of finite width in the y-direction, but infinitesimally thin in the x-direction, and ma-
terial properties being independent of temperature. The formulation for the temperature
profile is:

T = T0 +
AP

2πλv
√
t(t+ t0)

exp
−1

4α

(
z2

t
+

y2

t+ t0

)
(3.14)

where925

t0 =
r2b
4α

(3.15)

In Equation 3.15, t is time [s] and t0 is the characteristic time [s], which is defined as the
time taken by the beam to diffuse over the beam spot radius, rb. It is important to note
that when z2 + y2 >> r2b and t >> t0, Equation 3.14 reduces to the Rosenthal’s solution
for a point heat source as given by Equation 3.13.

The challenge is that both Equation 3.13 and Equation 3.14 lead to infinite tempera-930

tures at the surface where the beam acts. This is due to the assumption of high velocity,
meaning that a finite amount of energy is injected into the solid at t = 0. To approximate
laser surface treatments, the width of the beam in both the x and y directions must be
included. Ashby et al. [212] hence proposed replacing the real source in the plane z = 0 by
an apparent source at z = z0 above the surface, such that the temperature field Equation935
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T (y, z, t) becomes:

T = T0 +
AP

2πλv
√
t(t+ t0)

exp
−1

4α

(
(z + z0)

2

t
+

y2

t+ t0

)
(3.16)

Immediately below the centre o the beam (y = 0), Equation 3.16 becomes:

T = T0 +
AP

2πλv
√
t(t+ t0)

exp
−1

4α

(
(z + z0)

2

t

)
(3.17)

The heating and cooling rates can be obtained by differentiating Equation 3.17 with
respect to time:

dT

dt
=
T − T0

t

[
(z + z0)

2

4αt
− 1

2

(
2t+ t0
t+ t0

)]
(3.18)

The peak temperature, Tp, is obtained when dT/dt = 0, leading to:940

tp(2tp + t0)

tp + t0
=

(z + z0)
2

2α
(3.19)

In Equation 3.19, tp is the time taken to reach peak temperature, Tp. To find peak
temperature Tp, we should find the solution for tp from Equation 3.19 and substitute it in
Equation 3.17. However, Equation 3.19 does not have a closed-form analytical solution.
Hence, to simplify Equation 3.19, Ashby et al. [212] propose an assumption of tp << t0
for laser processing methods which involve just heat treatment. Examples of such laser945

processing methods are laser hardening, laser annealing, and laser carburising [139]. Sim-
ilarly, Ashby et al. [212] propose an assumption of tp >> t0 for laser processing methods
which involve melting and vaporization. Examples of such methods are laser cladding,
laser melting, laser alloying, laser cutting, conduction mode laser welding, and keyhole
mode laser welding [139]. The beam interaction time, tb, at any given point for a moving950

heat source can be given by:

tb =
2rb
v

(3.20)

If heat is constantly acting on a given point, tp >> t0 it can be assumed that the time
taken to reach peak temperature, tp, at a given point is approximately equal to the beam
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interaction time, tb i.e. tp ≈ tb. Hence, Ashby’s assumptions of tp >> t0 for LPBF (which
involves melting and vaporization) can be rewritten as tb >> t0. From Equation 3.15 and955

Equation 3.20, we obtain:

2rb
v
>>

r2b
4α

(3.21)

Equation 3.21 can be rearranged to obtain

vrb
α

<< 8 (3.22)

From Equation 3.2 and Equation 3.22, we obtain:

v∗ << 8 (3.23)

The assumption from Equation 3.23 holds well for data in the work by Ashby et al.
[212]. However for some of the keyhole welding literature points studied by Ion et al. [139],960

we observe that v∗ ≈ 8 or tp ≈ t0. Similarly, for the LPBF data listed in Table 3.3, the
values for v∗ range from about 1 to 8. Hence, we assume tp ≈ t0 holds true for LPBF
literature listed in this work. Equation 3.19 hence becomes:

tp =
(z + z0)

2

3α
(3.24)

Similarly, the term
√
tp(tp + t0) from Equation 3.17 becomes:

√
tp(tp + t0) =

√
2tp =

√
2(z + z0)

2

3α
(3.25)

Substituting values for tp and
√
tp(tp + t0) from Equation 3.24 and Equation 3.25 into965

Equation 3.17, we obtain the equation for peak temperature, Tp, as:

Tp = T0 +
3Aα

2
√

2πλe0.75
· P
v
· 1

(z + z0)2
(3.26)
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In addition to the q∗ and v∗ terms in Equation 3.1 and 3.2 herein, Ion et al. [139]
propose additional terms such as:

t∗ = t/t0

dimensionless time
(3.27)

z∗ = z/rb

dimensionless depth
(3.28)

T ∗ =
T − T0
Tm − T0

dimensionless temperature
(3.29)

Equation 3.26 can hence be written in dimensionless form to obtain dimensionless peak
temperature, T ∗p , as:970

T ∗p =
3

2
√

2πe0.75
· q
∗

v∗
· 1

(z∗ + z∗0)2
(3.30)

To account for powder layer thickness effects, we substitute q∗ with E∗ to obtain:

T ∗p =
3

2
√

2πe0.75
· E
∗

v∗
· 1

(z∗ + z∗0)2
(3.31)

The parameter z∗0 is found by equating T ∗p from Equation 3.30 to a solution for the
peak surface temperature produced by a stationary beam acting for a time equal to the
beam interaction time (tb = 2 · rb/v) [69]. In dimensionless terms, the solution becomes:

T ∗p =
q∗

π1.5
tan−1

(√
8

v∗

)
(3.32)

The procedure used to obtain Equation 3.32 is the same as the one adopted by Ion et975

al [139]. To account for powder layer thickness effects, we substitute q∗ with E∗ to obtain:

T ∗p =
E∗

π1.5
tan−1

(√
8

v∗

)
(3.33)
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Equation 3.31 is then set equal to Equation 3.33 with z∗ = 0 to obtain z∗0 as:

z∗0 =

√
3
√
π

2
√

2e0.75
· 1

v∗tan−1(
√

8/v∗)
(3.34)

z∗0 obtained from Equation 3.34 is then substituted into Equation 3.31 to obtain the
normalized peak temperature at given values of dimensionless energy input (E∗), dimen-
sionless beam velocity (v∗), and dimensionless depth (z∗). Conditions required to attain980

a surface peak temperature which is less than the melting temperature (T ∗p ≤ 1) can be
found from Equation 3.31 with the value of z∗0 obtained from Equation 3.34. These equa-
tions could be useful for in situ heat treatments during LPBF processing of materials. The
predictions from the temperature prediction model developed in this section are used in
conjunction with the normalized process diagram methodology from Section 3.3.1 to pre-985

dict the conduction, transition, and keyhole melting modes in LPBF. These predictions
are then validated by the ground truth for the melting mode of a given melt pool obtained
from a unique set of LPBF process parameters from Section 3.4.

3.4 Materials and Methods

3.4.1 Methods for obtaining and assessing LPBF melt pool datasets990

The efforts presented in this work will first focus on leveraging existing literature in the
development of normalized processing diagrams. From existing literature, the laser pro-
cessing parameters (laser power, beam spot radius, and effective laser beam velocity) values
are summarized in Table 3.3. Unless otherwise specified, the powder bed temperature (T0)
for all reported values in Table 3.3 was assumed to be room temperature, which is assumed995

to be 293 K. Values for material constants are taken at the solidus temperature for a given
material from [215, 216], and are given in Table 3.4. In this present work, the method for
plotting the normalized processing diagrams to visualize and predict melting modes was
deployed for the first time to LPBF and inspired from previous laser processing literature
[139].1000

3.4.1.1 Datasets from literature

All reported melt pool depth data in works listed in Table 3.3, except for the authors’
work on AlSi10Mg, were obtained from coating one layer of powder with a layer thickness
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Table 3.3: Summary of the LPBF machine and processing parameters reviewed in this
study

Source Material LPBF
system

Beam
spot

radii, rb
[µm]

Power, P
[W]

Velocity,
v [mm/s]

Layer
thick-
ness, lt
[µm]

Dilip et al.
[4]

Ti-6Al-4V EOS M270 50 50-195 500-1200 30

Wang et
al. [217]

Ti-6Al-4V Concept
Laser M2

27 100-400 200-1600 50

Present
work

Ti-6Al-4V Renishaw
AM 400

35 150-300 733-1363 30

Kamath et
al. [66]

SS 316L Concept
Laser M2

27 150-400 500-1800 30

Present
work

AlSi10Mg Renishaw
AM 400

35-102 150-400 500-786 30, 50

given in Table 3.3, on a given machine’s build plate, and then scanning weld lines at a
given combination of laser beam power and laser beam velocity. The data for AlSi10Mg1005

was obtained experimentally from melt pool depths measured at the last layer of three-
dimensional parts. The experimental methods focused on obtaining melt depth from our
work on Ti-6Al-4V and AlSi10Mg is summarized in detail in section 3.4.1.2 and section
3.4.1.3 respectively.

In a modulated LPBF system (in the context of this study, a Renishaw AM 400), the1010

beam velocity variable (v) is derived from the point distance (pd) and exposure time (te),
as illustrated in Figure 3.5 (A). This modulation of the laser beam provides an additional
degree of control which is not possible in continuous LPBF systems. For modulated laser
systems, pd is the distance between adjacent exposure points (point distance) [m], te is
the time when the laser is acting on the material (exposure time) [s], and td is the time1015

when the laser is off and repositioning to the next exposure point (drill delay time) [s].
The drill delay time, td, is assumed to be 10 µs for Renishaw AM 400, as recommended
by the manufacturer. For modulated laser beam inputs, an effective laser power (Peff )
term given by Equation 3.35 is used for the laser beam power values instead of P in
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Table 3.4: Thermo-physical properties of Ti-6Al-4V, SS 316L, and AlSi10Mg taken at the
solidus temperature.

Properties Ti-6Al-4V SS 316L AlSi10Mg

Density, ρ [kg/m3] 4430 7800 2670

Thermal Conductivity, λ [W/(mK)] 28.09 29.77 113

Specific heat capacity, Cp [J/(kgK)] 524.61 592.55 565.29

Solidus temperature, Ts [K] 1878 1693 831

Liquidus (melting) temperature, Tm [K] 1928 1733 867

Vaporisation (boiling) temperature, Tv [K] 3315 3086 2740

Equation 3.1 (q∗) and future references in this document, as illustrated in Figure 3.5 (A).1020

Equation 3.36 is used to obtain the values for beam velocity in modulated systems in this
work. The equations given below have also been reported in prior LPBF literature for
process development using normalized process maps [218].

Peff =
P · te
te + td

(3.35)

v =
pd

te + td
(3.36)

3.4.1.2 Ti-6Al-4V experimental datasets

Pre-alloyed plasma atomized Ti-6Al-4V powder of Grade 23 with a particle size distribution1025

of 15 – 45 µm (D10 of 20 µm), D50 of 34 µm, and D90 of 44 µm) was used in a Renishaw
AM 400 LPBF machine. The machine uses a modulated laser with nominal maximum
power 400 W. For the Renishaw AM 400 system, the beam spot radius at the focal point
is given by r0 = 35 µm, and the wavelength of the laser beam used is λ = 1070 nm. The
weld lines were printed on the reduced build plate of the Renishaw AM 400. A powder1030

bed layer thickness of 30 µm was used for the experiments. The weld lines were printed
using multiple combinations of laser power, point distance, and exposure time as shown
in Table 3.5. The depth, width, and height of the weld lines were analyzed using a laser
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Figure 3.5: Schematic illustration of the temporal and spatial dependence differences
between a modulated beam LPBF system (A) and a continuous beam LPBF system (B).
P is the laser power, te is the exposure time, td is the drill delay time, pd is the point

distance, and hd is the hatching distance.
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Table 3.5: Factors used for the experimental design for Ti-6Al-4V weld lines on a build
plate

Factor Levels

Laser powder [W] 150, 200, 250, 300

Point distance [µm] 55, 65, 75

Exposure time [µs] 45, 55, 65

confocal microscope (Keyence VK-X250). Further methods and results from the weld lines
printed on the substrate artifacts and the base plate are summarized in Appendix D.1035

3.4.1.3 AlSi10Mg experimental datasets

Pre-alloyed AlSi10Mg powder with a particle size distribution of 25 – 67 µm (D10 of 19 µm),
D50 of 28 µm, and D90 of 63 µm) was used in a Renishaw AM 400 LPBF machine. The weld
lines were printed on top of substrate artifacts which were build on an aluminium build plate
of Renishaw AM 400. The substrate artifacts were built using a set of previously identified1040

parameters; optimization of the substrate recipe was not in the scope of the present work. A
visualization of the layout of the weld lines on substrate artifacts are provided in Appendix
D. A powder bed layer thickness of 30 µm was used for the experiments. The weld lines
were printed using multiple combinations of laser power, point distance, exposure time,
and beam spot diameter as shown in Table 3.6. For the Renishaw AM 400 system, the1045

beam spot radius at the focal point is given by r0 = 35 µm, and the wavelength of the laser
beam used is λ = 1070 nm. The higher beam spot diameters for Renishaw AM 400 were
obtained by defocusing the focal point of the laser beam to a point above the build plate
of the system (z > 0), to obtain divergent beams. The beam spot diameters (σ = 2rb)
in Table 3.6 were obtained from the equation for a Gaussian distribution of a laser beam1050

[219]:

rb = r0

√
1 +

(
zλ

πr20

)2

(3.37)

The depth and width of the weld lines were analyzed using a laser confocal microscope
(Keyence VK-X250). The results from the weld lines printed on the substrate artifacts are
summarized in Appendix D.
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Table 3.6: Factors used for the experimental design for AlSi10Mg weld lines on substrate
artifacts

Factor Levels

Laser powder [W] 150 - 400

Point distance [µm] 45, 55, 60, 75

Exposure time [µs] 24 - 230

Beam spot diameter [µm] 70, 108, 128, 146, 167, 183, 203

3.5 Results and discussion1055

3.5.1 Normalized processing diagrams for LPBF

Plotting the dimensionless heat input term, E∗, versus dimensionless beam velocity, v∗,
for all the experiments results in a distinct transition between the overlapping regions of
the three melting modes as shown in Figure 3.6. Notably, for the data captured in this
present work, the transition is observed to not be sensitive to material type (Figure 3.6b),1060

nor to powder bed layer thickness (Figure 3.6c). These findings are hence the first attempt
at predicting melting mode thresholds for LPBF with an independence of material, LPBF
system, and processing parameters such as powder layer thickness.

The dimensionless processing diagrams for LPBF obtained in this work illustrate that
the observed experimental melt pool morphology datasets can be used to identify the1065

distinct conduction, transition, and keyhole melting mode clusters, irrespective of material
and layer thickness. This important finding is indicative that the melting mode can be
predicted through modeling efforts. In the following section, we intend to predict the
theoretical thresholds between conduction, transition, and keyhole melting modes using a
temperature prediction model.1070

3.5.2 Melting mode thresholds for LPBF

The low beam spot diameters typically deployed in LPBF (50 – 100 µm) lead to onset
of vaporization in virtually all levels of commonly used laser power (100 – 550 W) and
velocity (400 – 1200 mm/s) as shown by Cunningham et al [3]. Due to the onset of vapor-
ization, in almost all laser power and velocity levels, accurate modelling the LPBF process1075
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(a) (b)

(c)

Figure 3.6: Processing diagram for experimental LPBF data listed in Table 3.3, plotted
using dimensionless heat input (E∗) and dimensionless beam velocity (v∗), and identified

by melting modes (a), material (b), and powder layer thickness (c)
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through analytical modelling efforts becomes highly challenging, since it is not possible
to accurately model the effects of recoil momentum pressure generated by vaporization of
a given material and convective heat transfer generated by Marangoni convection due to
surface temperature gradients, also known as thermo-capillary flow [220, 221]. In partic-
ular, the depth of the molten pools would be dictated by the effects of recoil momentum1080

pressure. Models which include such complex effects are computationally expensive and
would be difficult to implement for process mapping or in high speed automatic process
control of LPBF. An analytical model like the one proposed in Section 3.3.3 can be used
for rapidly obtaining processing charts for any given material, as long the values for bulk
density, thermal conductivity, specific heat capacity, and melting temperature are known.1085

In the following sections, the focus is to demonstrate a methodology to predict the melting
mode transition for low reflectivity materials (Ti-6Al-4V and SS 316L) and high reflectivity
materials (AlSi10Mg).

3.5.2.1 Melting mode thresholds for low reflectivity and low thermal conduc-
tivity materials1090

Materials such as Ti-6Al-4V, SS 316L, and Inconel 625 can be termed as low reflectivity
materials since their laser absorptivity coefficients in conduction mode melting are sig-
nificantly higher than materials such as AlSi10Mg [9, 203], which has a high reflectivity
coefficient, as discussed in section 3.3.2. For these low reflectivity materials, we observe
from experimental datasets of melt pools that the threshold between conduction to tran-1095

sition mode lies at a temperature contour of T ∗p = 1.75 at z∗ = 0.5 as shown in Figure 3.7.
T ∗p = 1.75 corresponds to the approximate vaporization temperature (boiling point) as
described in Equation 3.29 for low reflectivity materials such as Ti-6Al-4V, SS 316L, and
Inconel 625 [222]. z∗ = 0.5 corresponds to a vaporization depth, dv = 0.5rb i.e. a vaporiza-
tion depth equal to half the beam spot radius. From Equation 3.38, we observe that the1100

front vaporization wall angle (θ) can be determined by the relation

θ = tan−1
(

2rb
dv

)
(3.38)

Hence, the threshold between conduction and transition mode would be at an approx-
imate front vaporization wall angle, θ = tan−1

(
2rb
0.5rb

)
= 75.96°. Similarly, we observe the

threshold between transition to keyhole mode to lie at a temperature contour of T ∗p = 1.75
at z∗ = 0.8 as shown in Figure 3.7. In this instance, z∗ = 0.8 corresponds to a vaporization1105

depth, dv = 0.8rB i.e. a vaporization depth equal to 0.8 times the beam spot radius. Hence,
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the threshold between transition and keyhole mode would be at a front vaporization wall
angle, θ = tan−1

(
2rb
0.8rb

)
= 68.2°. Additionally, we plot the T ∗p = 1.75 at z∗ = 0 contour

in Figure 3.7 to show the trend seen experimentally by Cunningham et al. [3], where a
certain amount of vaporization is expected at commonly used LPBF processing parameters1110

even in conduction mode LPBF. T ∗p = 1.75 at z∗ = 0 corresponds to vaporization at the
surface, which approximates fairly well the melting mode transition in laser welding [77]
due to the higher beam spot radiuses, but it does not appear to be suitable for melting
mode threshold predictions in LPBF.

Figure 3.7: LPBF processing diagram, showing the practical operating regions for
conduction, transition, and keyhole modes (shaded regions with dashed contours) based
on experimental datasets for Ti-6Al-4V and SS 316L, and model predictions of the onset

of transition mode and keyhole mode (dashed curves).

The normalized processing diagram from Figure 3.7 can be used to understand the1115

physical origin of defects in three-dimensional LPBF parts as shown in Figure 3.8. In con-
duction mode parts, lack-of-fusion defects would be expected, particularly at low power
and high velocity regions in the process diagram. The lower energy input in conduction
mode melt pools could lead to melt pool dimensions lower than the powder layer thickness
causing incomplete melting of powder particles. If these powder particles are not melted in1120

subsequent layers, such occurrences would lead to irregularly-shaped lack-of-fusion defects
as shown in Figure 3.8 A and observed by Cunningham et al [223]. Additionally, inade-
quate selection of LPBF processing parameters such as hatching distance and powder layer
thickness could cause insufficient stitching or overlap of melt tracks, causing lack-of-fusion
defects. Even in transition and keyhole modes where the melt pools obtained would be1125

deeper than in conduction mode, selection of sufficient melt track overlap depth is im-
portant, since an inadequate ratio of the hatch spacing to melt pool width could cause
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lack-of-fusion defects, as observed by Choo et al. [159]. Another common cause of de-
fects in LPBF parts comes from entrapped gas in the feedstock powder particles. Such
entrapped gas can be caused by the powder synthesis process, and can be the cause tiny1130

near-spherical defects in all three melting modes as shown in Figure 3.8 B [223]. Addition-
ally, for aluminium alloys, presence of moisture on the powder surfaces leads to spherical
hydrogen pores in all three melting modes [158, 130]. This is due to the reduction of
hydrogen solubility in aluminium alloys during the resolidification of liquid aluminium [5].

Figure 3.8: LPBF processing diagram, showing the operating regions for conduction,
transition, and keyhole modes, along with the common types of defects observed in the
three melting modes. (A) Lack-of-fusion defects commonly observed in conduction mode,

(B) entrapped gas defects from powder which could be observed in all three melting
modes, (C) excessive vaporization related defects commonly observed in transition and

keyhole melting modes. The black scale bars correspond to 50 µm.

The excessive vaporization of metal, particularly in keyhole mode, is another source of1135

defects due to the interplay between the thermo-capillary force introduced by the temper-
ature gradient, drag force induced by the melt flow, and recoil pressure due to material
vaporization as shown in Figure 3.8 C [85, 224]. As such, the defects which occur in tran-
sition and keyhole modes have various morphologies: collapse and rapid solidification of
the bottom section of the vaporized region resulting in irregularly-shaped defects, the cav-1140

ities from the bottom section of the vaporized region which contract to a spherical bubble
and solidify as a pore resulting in spherical defects, pores created by the vapour jet of the
vaporized metal resulting in spherical defects, and pore coalescence resulting in irregularly-
shaped defects [223, 5]. Additionally, during transition and keyhole mode processing at
high laser beam velocities, elongated molten pool regions near the side and rear walls of the1145
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vaporized region could rise from the top of the melt pool thereby breaking into droplets of
molten metal called melt pool spatter [225]. Melt pool spatter, along with powder ejecta
[156] and powder denudation [108] are expected to cause surface irregularities on the layer
being printed, leading to deterioration of the wetting behaviour of next layer and possi-
ble causing defects in either of the three melting modes [85]. The presence of irregularly1150

shaped defects and near-spherical defects is hence possible in all three melting modes, but
the origins of the defects depend upon the melting mode. The processing diagrams, along
with the melting mode threshold prediction model from this work can hence help identify
the origin of defects in LPBF depending on where the processing conditions for a given
part lie.1155

The threshold predictions from the model developed in section 3.3.3 hence depend
on both T ∗p and z∗, and thereby both material properties (density, thermal conductivity,
specific heat capacity, melting temperature, and vaporization temperature) and LPBF
system properties (beam spot radius). In Figure 3.9 and Figure 3.10, the authors showcase
the model’s applicability to different LPBF systems and different low reflectivity materials1160

(Ti-6Al-4V and SS 316L respectively). In Figure 3.9, the thresholds are calculated at
T ∗p = 1.72, where 1.72 is the ratio of the boiling point of Ti-6Al-4V and its melting point.
Similarly, for SS 316L in Figure 3.10, we plot the thresholds at T ∗p = 1.78, where 1.78 is
the ratio of the boiling point of SS 316L to its melting point.

For low reflectivity (and hence high absorptivity) materials such as Ti-6Al-4V, SS 316L,1165

and Inconel 625, it is expected that surface vaporization leads to the formation of a va-
porized region with a front vaporization wall angle, θ > 75.96°, which leads to a vaporized
region shape as shown in Figure 3.2 (a). Such high angles of the vaporization front wall
lead to the laser beam reflecting outside of the keyhole after just one reflection. Hence,
Cunningham et al. [3] observe conduction mode melt pools in LPBF when the peak surface1170

temperature is above the boiling point of Ti-6Al-4V. If the heat input is increased to an
extent such that the front vaporization wall angle, 68.2° < θ < 75.96°, the keyhole shape
resembles that of Figure 3.2 (b). This leads to the transition mode in LPBF, where the
laser beam undergoes multiple reflections before eventually escaping the keyhole, where
the number of reflections and hence the laser absorptivity depend on the beam spot size1175

and heat input. In conduction and transition mode melt pools, the laser absorptivity is
strongly dependent on the material properties and laser beam spot radius as discussed in
section 3.3.2. If the heat input is further increased such that θ < 68.2°, the vaporized
region shape resembles that of Figure 3.2 (c). This leads to the onset of keyhole mode the
laser absorptivity saturates at about 0.7 for most materials regardless of beam spot size1180

[7].

The model developed for predicting melting mode thresholds assumes a 2D Gaussian
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(a) (b)

(c)

Figure 3.9: LPBF processing diagram, showing the conduction, transition, and keyhole
mode regions in Ti-6Al-4V processed on EOS M270 (a), Renishaw AM 400 (b), and
Concept Laser M2 (c) as per sources listed in Table 3.3; and model predictions of the
onset of transition mode and keyhole mode (dashed curves). The white scale bars

correspond to 100 µm.
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Figure 3.10: LPBF processing diagram, showing the conduction, transition, and keyhole
mode regions in stainless steel 316L (SS 316L) processed on Concept Laser M2 as per
sources listed in Table 3.3; and model predictions of the onset of transition mode and

keyhole mode (dashed curves).

heat source, which has limitations in temperature predictions when compared to volumetric
heat sources, particularly for deeper melt pools observed in keyhole mode, as noted by
laser welding and LPBF researchers [226, 227]. Since the melting mode threshold model is1185

expected to break down in the later regimes of transition mode, the threshold recommended
by the model between transition and keyhole modes would be expected to have greater
uncertainty. A possible oversimplification of the layer thickness effects, the assumption of
temperature independent physical properties, the assumption of angle of incidence being
perpendicular to the substrate, ignoring heat loss by refraction in the vapour plume, and1190

various other LPBF machine related properties also contribute to the uncertainty margins
in the identified melting mode thresholds.

3.5.2.2 Melting mode thresholds for high reflectivity and high thermal con-
ductivity materials

Aluminium alloys are known to have a higher reflectivity (and hence, lower absorptivity)1195

and higher thermal conductivity when compared to materials such as Ti-6Al-4V, SS 316L,
and Inconel 625, as reported in LPBF literature [215, 9, 203, 228, 229]. At the solidus
temperature, the thermal conductivity of AlSi10Mg is 113 W/(m.K) compared to 28.09
W/(m.K) for Ti-6Al-4V, 29.77 W/(m.K) for SS 316L, and 28.57 W/(m.K) for Inconel 625
[215]. Therefore, for AlSi10Mg, most of the incident beam is reflected and melting does1200

not progress as easily as it would in the low reflectivity materials. Therefore, once the
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front face of the material reaches the melting point and begins to melt, melting progresses
rapidly. Thus, the transition range between conduction mode welding and keyhole mode
welding for aluminium is narrow, and the melt pool morphology is very sensitive to the
heat input [205].1205

Figure 3.11: Proposed LPBF processing diagram for AlSi10Mg, showing the conduction,
transition, and keyhole mode regions in AlSi10Mg processed on Renishaw AM 400; and
model predictions of the onset of transition mode and keyhole mode (dashed curves).

Additionally, aluminium alloys like AlSi10Mg having a high concentration of volatile
alloying elements such as magnesium, are more easily vaporized by the laser beam. These
volatile elements, due to their high vapour pressures, help in the development of a keyhole
by reducing the threshold heat input required to achieve keyhole mode, when compared
to other aluminium alloys with lower concentration of such elements [204]. Taking into1210

account the very low surface tension of aluminum at the boiling point (about 0.28 N/m
[216]), the additional pressure to overcome surface tension is minimal for most aluminium
alloys as soon as vaporization initiates [9]. These reasons point towards the discrepancies
in melting mode thresholds observed in this work.

In this present work, based on our observations, it is hypothesized that the onset1215

of surface vaporization as predicted at z∗ = 0 in AlSi10Mg leads to the formation of a
keyhole cavity with front vaporization wall angle, θ < 75.96°. The shape of the keyhole
would thereby resemble the one shown in Figure 3.2 (b). We hence propose the use of
the temperature contour T ∗p = 3.16 at z∗ = 0 for the threshold between conduction and
transition mode and the temperature contour T ∗p = 3.16 at z∗ = 0.5 as the threshold1220
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between transition and keyhole mode as shown in Figure 3.11. The value 3.16 is the ratio
of the boiling point of aluminum and its melting point.

With the 52 combinations of processing parameters used in this work for AlSi10Mg,
the aspect ratio of the deepest melt pool was 0.71 which is assumed to lie in transition
mode. Since there are no keyhole mode melt pools (aspect ratio > 0.8) reported in this1225

work, the threshold between transition mode and keyhole mode for AlSi10Mg requires
further experimental validation studies. Additionally, the conduction mode melt pools
were obtained by defocusing the focal point of the laser beam to a point above the build
plate of the system, thereby yielding higher beam spot radiuses. Use of varying beam
spot radiuses might also have effects on absorptivity values of melt pools, thus affecting1230

their position on the processing diagram. These issues, along with the limitations of the
analytical melting mode threshold model discussed in section 3.5.2.1, contribute to the
uncertainty margins in the identified melting mode thresholds for this class of materials.

Overall, the processing diagrams proposed in this work could be useful for narrowing
down the initial selection of LPBF processing parameters for new alloys to reduce the need1235

for highly iterative experiments. Additionally, this work could be used to understand the
physical origin of defects based on LPBF processing parameters such as laser power, veloc-
ity, and powder layer thickness. Lack-of-fusion defects would be anticipated for conduction
mode melting, whereas shielding gas porosity due excessive vaporization would be expected
for transition and keyhole mode melting. This work could also be used to understand the1240

effects of the thermal history of conduction, transition, and keyhole mode melt pools and
could thereby be used to tailor microstructure and mechanical properties in combination
with beam path planning algorithms for industrial applications.

3.6 Conclusions

The key findings from this chapter are summarized below:1245

1. Ion et al.’s [139] and Thomas et al.’s [87] approach for constructing normalized pro-
cessing diagrams has been extended to visualize the three melting modes (conduction
mode, transition mode, and keyhole mode) observed in LPBF. The normalized pro-
cessing diagrams obtained in this present work, for the first time in LPBF, are shown
to be independent of material, LPBF system, and processing parameters such as1250

powder layer thickness within the datasets presented herein.

2. Ashby et al.’s [212] model has been extended to account for the temporal resolution
difference between LPBF and other laser processing methods to generate a model that
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can predict the thresholds between the conduction, transition, and keyhole melting
modes. The efficacy of these predicted thresholds has been evaluated experimentally1255

for low reflectivity alloys and high reflectivity alloys.

3. For low reflectivity and low thermal conductivity materials such as titanium, ferrous,
and nickel alloys, a vaporization depth greater than 0.5 and 0.8 times the beam
spot radius used corresponds to the thresholds between conduction to transition
mode and transition to keyhole mode respectively. For high reflectivity and high1260

thermal conductivity materials such as aluminium alloys, surface vaporization and
a vaporization depth greater than 0.5 times the beam spot radius used corresponds
to the thresholds between conduction to transition mode and transition to keyhole
mode respectively.

4. The methodology proposed in this work has potential for streamlining the optimiza-1265

tion of LPBF processing parameters for new alloys, for analyzing the effects of varia-
tions in individual processing parameters, and for understanding the source of porous
defects.

The methodologies developed in this chapter are to developed a fundamental understanding
of porous defects, side-skin surface roughness, and residual stresses in LPBF as shown in1270

Chapters 4, 5, and 6.
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Chapter 4

Melting mode driven understanding of
porous defects in a high reflectivity
aluminium alloy - AlSi10Mg1275

4.1 Preface

The laser powder bed fusion (LPBF) of aluminium alloys is associated with numerous
challenges when compared to other commonly used alloys (e.g., steels and titanium alloys)
due to their higher reflectivity. This leads to a higher defect density in the final parts,
commonly related to melt pool instabilities in the transition and keyhole melting modes.1280

In this work, a theoretical modelling approach is deployed to construct processing diagrams
geared towards virtual process parameter optimization for laser powder bed fusion (LPBF)
of high reflectivity aluminium alloys. Simulations and experiments drive recommendations
of using divergent beams for LPBF systems with resulting focal diameters >100 µm to
obtain a conduction mode microstructure with ≈99.99% density. Analytical thresholds1285

for stabilizing spatter dynamics help narrow into transition mode process parameters with
≈99.98% density, for focused beams with diameters <100 µm. The threshold between
conduction and transition/keyhole mode melt pools for aluminium alloys is at a melt pool
aspect ratio (ratio of melt pool depth to width) of ≈0.4, different from the conventionally
assumed 0.5. Laser absorptivity differences of up to 50% are reported in conduction versus1290

transition/keyhole melting mode in aluminium alloys. This work provides a machine and
alloying element agnostic method to obtain near fully dense aluminium parts [209].

62



4.2 Introduction

The potential of powder bed fusion (PBF) technologies to produce high-quality complex
geometries and the ability to pursue assembly consolidation have been shown to increase1295

technology adoption in the aviation [230, 231, 232, 233, 234, 235, 56] and automotive
industries [236, 237, 238, 239, 240] in particular. Laser powder bed fusion (LPBF) is a PBF
technology with a high industrial uptake, owing to the minimum feature size, resolution,
and surface finish possible with the reduced beam spot sizes commonly used in LPBF,
when compared to the electron beam powder bed fusion (EB-PBF) technology [241]. The1300

use of lower achievable beam spot sizes, combined with the advances in design for additive
manufacturing (DfAM) competencies, help the industry in realizing the true potential of
LPBF for light weighting and design optimization of critical components.

With respect to materials, aluminium alloys are commonly used in aerospace and au-
tomotive applications which require a combination of high strength performance and low1305

weight. AlSi10Mg has been adopted widely in the LPBF community for these applications
[242, 243, 244]. The lower beam spot sizes used in LPBF, however, lead to the lowering
of the vaporization threshold of aluminium [3], which can be a disadvantage due to the
ease of porosity formation in the keyhole mode melting of aluminium alloys [245]. It has
hence been previously assumed in literature that keyhole mode melting is the dominant1310

melting mechanism in LPBF of aluminium alloys such as AlSi10Mg, while working with
a beam spot radius of 10 µm [246]. Similarly, for another experimentally intensive effort
on processing AlSi10Mg with a beam spot radius of 35 µm, keyhole mode porosity defects
were observed in three-dimensional coupons at laser power settings ranging from 88 to 390
W, and scan speeds ranging from 250 mm/s to 2500 mm/s [247]. Based on the litera-1315

ture, there are challenges in identifying stable process parameter windows for obtaining
defect-free components for aluminium alloys due to the rapid onset of transition/keyhole
melting mode driven by the interaction of a highly focused energy source acting on a high
reflectivity and high thermal conductivity material system [248, 249, 10]. The significant
differences in absorptivity characteristics for aluminium alloys in the conduction and tran-1320

sition/keyhole melting modes when compared to titanium, ferrous, and nickel alloys [9] also
contributes towards the difficulties in obtaining defect-free parts as the rapidly increasing
vapour cavity in the melt pool would make it difficult for a pore to escape during solidifi-
cation. One path towards exploring such defect-free process windows is by exploring the
effects of beam defocusing on achieving stable conduction-mode process windows [250, 167],1325

as proposed in the present work. Additionally, physics-driven analytical thresholds to help
stabilize melt pool and spatter dynamics are used to drive an appropriate selection of
LPBF process parameters for a focused beam in the transition melting mode. This is the
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first attempt in literature using modelling-approaches to recommend a methodology for
identifying defect-free process windows for the conduction and transition melting modes1330

during LPBF of aluminium alloys, with AlSi10Mg as the demonstrated material.

The motivation behind exploring defect-free stable melting across melting modes dur-
ing LPBF of aluminium alloys is reinforced by the body of literature studying the effect
of conduction, transition, and keyhole modes on microstructures, porosity and resulting
mechanical properties of multiple other alloys [167, 196, 195, 197, 251, 120]. Qi et al. [167]1335

observe a lower crack density in the keyhole melting mode for Al7050 but a higher and
more uniform nano-hardness across the melt pool in conduction melting mode. Higher va-
porization of Zn and Mg was observed in the keyhole melting mode for Al7050. Aggarwal
et al. [196] observe a higher hardness, higher elongation, and finer cellular grains in stable
keyhole mode coupons of 316L stainless steel, when compared to conduction mode coupons.1340

Yang et al. [195] report a wider processing window for Ti-6Al-4V in the conduction melt-
ing mode and similar tensile properties for conduction and keyhole melting modes, but
report a higher elongation for keyhole melting mode coupons. Using micro-scale simula-
tions, Wang and Zou [197] report a more uniform thermal distribution during multi-track
LPBF in the conduction mode when compared to keyhole melting mode, leading to a more1345

uniform microstructure in Ti-6Al-4V. Patel et al. [251] reported reduced effects of adhered
partially fused powder particles leading to low side-skin surface roughness for LPBF of
Ti-6Al-4V using keyhole melting mode parameters when compared to conduction melting
mode parameters. For a top-hat shaped laser beam profile, Tenbrock et al. [120] reported
>99.95% density components in both the conduction and keyhole melting modes for 316L1350

stainless steel with a gradual transition between the melting modes. A comparably uni-
form thermal distribution during multi-track printing leading to a uniform microstructure
is hence a common characteristic observed in the stable conduction melting mode; with
the potential for a finer microstructure, improved side-skin surface finish, and improved
tensile properties for the stable keyhole melting mode.1355

In this work, for the first time, it is shown that a beam defocusing strategy can help
in achieving stable conduction mode melting in LPBF of aluminium alloys, particularly
for LPBF systems with nominally lower beam focal diameters (<100 µm). Additionally,
an appropriate selection of laser power and velocity settings for a focused beam help in
stabilizing melt pool and spatter dynamics in the transition melting mode thereby enabling1360

a potential to obtain density values close to conduction mode densities. This approach helps
ease the process parameter optimization efforts for material systems with high reflectivity
and high thermal conductivity, especially for the goals of reducing porosity. Additionally,
deploying a process parameter strategy resulting in defect-free LPBF of aluminium alloys
leads to a drastic reduction in pore defects, specifically in the subsurface regions, which1365
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are known to be the most important defects affecting fatigue life, as porous defects are the
most likely site for crack initiation [252, 253, 254, 255, 256]; an example of a subsurface
pore (diameter of ≈0.2 mm) leading to the fatigue crack in AlSi10Mg is shown by Plessis et
al. [257]. Lastly, the opportunity to obtain defect-free parts across melting modes during
LPBF of aluminium alloys opens up new avenues in terms of tailoring microstructure for1370

application-specific requirements due to significant differences in microstructure reported
in literature across melting modes.

4.3 Materials and Methods

A widely studied aluminium alloy, AlSi10Mg, was selected for demonstrating the theoretical
concepts in this work. AlSi10Mg cubes of side-length 10 mm (for microstructure evaluation)1375

and cylinders of diameter 5 mm and height 9 mm were printed on the reduced build volume
(RBV) of a modulated LPBF system (AM 400, Renishaw, UK). Six sets of processing
parameters, shown in Table 4.1, were investigated in this work, which were planned based
on melting mode predictions from previous work [10]. For the AM 400 system, the beam
spot radius at the focal point is given by 35 µm, and the wavelength of the laser beam used1380

is λ = 1070 nm. A focused beam with the beam spot focused on the powder layer was
used for samples C, D, E, and F. For samples A and B, the laser beam was defocused to a
distance, z = 4.2 mm, above the build plate, to obtain a divergent beam. This leads to a
beam spot radius (r) of 54 µm, obtained from the equation for a Gaussian distribution of
a laser beam given by Equation 3.37.1385

Since the Renishaw AM 400 has a beam spot radius of 35 µm at the focal plane, a
transition or keyhole melting mode is hence expected, unless the beam is defocused. The
defocusing of the beam was kept to a position above the build plate to create a divergent
beam (to an effective beam spot radius of 54 µm) at the laser-material interaction plane,
instead of convergent beams obtained by defocusing to positions below the build plate.1390

The processing parameters listed in Table 4.1 were selected such that sample A and
sample B would be expected to lie in the conduction melting mode from previous work
on studying melt pools [10], while samples C, D, E, and F would be expected to lie in
the transition melting mode. The powders used were plasma atomized AlSi10Mg with
a size distribution of 15-63 µm and a D50 of 28 µm, which was used to determine the1395

powder layer thickness value of 30 µm, as the steady state powder layer thickness obtained
is effectively larger than the amount by which the build plate drops during each layer
[217]. The hatching distance was kept constant at 100 µm for all the samples. The scan
order was set such that the hatch volume (core) was scanned first, followed by the border;
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the border scans having the same set of processing parameters as the core. Border scans1400

are commonly used in LPBF to improve the dimensional accuracy and surface roughness
of LPBF coupons [258]; surface topography optimization was beyond the scope of this
present work. The meander scan strategy was used with a 67° rotation between each layer,
to reduce residual stresses, anisotropy, surface roughness, and promote lower rates of defect
propagation [259, 260]. These benefits a 67° inter-layer rotation could be attributed to the1405

occurrence of an orientation that differs from an already used orientation by less than 10°
only after 18 layers [261].

Table 4.1: Processing parameters for AlSi10Mg LPBF part production. The terms
effective power and effective velocity are calculated from Equations 3.35 and 3.36

respectively.

Sample
code

Power
[W]

Point
distance
[µm]

Exposure
time
[µm]

Effective
power
[W]

Effective
velocity
[mm/s]

Beam
radius
[µm]

Expected
melting
mode

A 300 55 60 257 786 54 Conduction
B 350 55 80 311 611 54 Conduction
C 150 55 60 129 786 35 Transition
D 180 55 70 158 688 35 Transition
E 200 55 90 180 550 35 Transition
F 240 55 100 218 500 35 Transition

The AlSi10Mg cylinders were analyzed for porosity characteristics by a 3D X-ray com-
puted tomography (XCT) scanner (ZEISS Xradia 520 Versa) using a 6 µm voxel size. To
visualize the defect distribution within each sample, the CT scanned files were analyzed us-1410

ing an image processing software (Dragonfly 3.0, Object Research Systems Inc., Montreal,
QC). The AlSi10Mg cubes were sectioned, polished, and etched with diluted phosphoric
acid (9 g phosphoric acid and 100 ml H2O) for studying their microstructure. Micrographs
were taken at various locations including the top edge and core of the cubes. Five differ-
ent melt pools were analyzed for each cube to obtain the melt pool depth and half width1415

measurements as shown in Figure 4.1.

4.4 Results and discussion

In this work, laser beam defocusing was studied primarily with the intention of achieving
stable conduction mode LPBF process parameters for AlSi10Mg. Based on literature
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Figure 4.1: Measurement of the melt pool depth and half-width for one of the melt pools
from sample E.

discussed in section 4.4.1, it is observed that during the LPBF of AlSi10Mg, conduction1420

mode melting is not reported for beam spot radiuses below 50 µm. Since the Renishaw
AM 400 has a beam spot radius of 35 µm at the focal plane, a transition or keyhole melting
mode is hence expected, unless the beam is defocused. The defocusing of the beam was
kept to a position above the build plate to create a divergent beam (to an effective beam
spot radius of 54 µm) at the laser-material interaction plane, instead of convergent beams1425

obtained by defocusing to positions below the build plate.

4.4.1 Defect space outcomes across melting modes based on mi-
crographs

The effect of the divergent beam defocusing strategy is illustrated in Figure 4.2, wherein
numerous keyhole type defects are observed for the samples built with the focused beam1430

with a beam spot radius of 35 µm, whereas a conduction mode type microstructure with
a few tiny defects are observed for the samples built with the divergent beam, attributed
to hydrogen induced defects in aluminium alloys as reported by Weingarten et al. [158].

The defocusing strategy is particularly effective for systems with lower beam spot ra-
diuses (<50 µm) [246, 247], wherein melt pool aspect ratios (melt pool depth/width) of1435

greater than 0.5 have been reported for all ranges of powers of 100 – 400 W for aluminium
alloys, which is considered to be the primary process variable driving the threshold between
conduction and transition/keyhole melting modes. For AlSi10Mg melt pool datasets re-
ported with systems such as EOS M290 with a higher beam spot radius of 50 µm at the
focal point, most melt pools had an aspect ratio lesser than 0.5, except for power settings1440

67



Figure 4.2: Typical microstructure of AlSi10Mg obtained with the focused beam (left,
sample E) and with the defocused beam (right, sample B). The focused laser beam
microstructure consists of numerous defects related to excessive vaporization in the

transition/keyhole modes, while a few hydrogen solubility related defects are observed by
using a diverging defocused beam.
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above 275 W [262, 263]. Divergent beams help in reducing keyhole pores by reducing the
effective beam power density as the melt pool formation progresses and have been used
successfully in the laser welding of aluminium alloys [245] and LPBF of 316L stainless steel
[250]. The cause of this could be associated to a deviance of the beam profile from a Gaus-
sian distribution to resemble more closely a top-hat distribution during the divergence of1445

the beam as shown by Nie et al. [264]. Assuming this deviance of the beam profile, the
threshold power required for surface vaporization (commonly assumed to be the threshold
between the conduction and transition modes) would be higher for divergent beams when
compared to focused beams, when the other variables are kept constant. This assumption
is based on the temperature prediction models proposed by Graf et al. [229] for predicting1450

the threshold of surface vaporization for Gaussian and top-hat beam profiles for materials
with high thermal conductivity and low surface tension such as aluminium and copper
alloys. Graf et al. [229] show that in a Gaussian beam, when all other variables are held
constant, lesser power is needed for initiating surface vaporization due to the higher peak
intensity in Gaussian beam profiles, when compared to the top-hat distribution. To better1455

understand the effect of the melt pool morphologies on porosity, measurements of the melt
depth, widths, and the melt pool aspect ratios from the six samples are given in Table 4.2.

Table 4.2: Melt pool depths, widths, aspect ratios and inferred absorptivity values
obtained for the LPBF process parameter combinations in Table 4.1. Avg: Average, Std

Dev: standard deviation.

Sample
code

Depth
(µm)

Width
(µm)

Melt pool
aspect ratio

Inferred
absorptivity

Avg Std
Dev

Avg Std
Dev

Avg
depth/width

Avg Variation

A 47.04 7.99 157.56 21.25 0.30 0.20 0.03
B 53.25 6.89 165.78 17.27 0.32 0.17 0.02
C 56.62 14.36 143.01 12.77 0.4 0.59 0.14
D 53.63 10.58 136.05 17.05 0.39 0.43 0.08
E 80.44 20.71 187.49 58.54 0.43 0.51 0.14
F 81.67 3.95 170.00 35.14 0.48 0.41 0.03

As observed in Table 4.2, samples A and B have a melt pool aspect ratios of ≈0.3
whereas samples C, D, E, and F have melt pool aspect ratios of ≈0.4 and higher. By
these melt pool aspect ratios, based on existing literature, it would mean that all the six1460

sample types would be expected to lie in the conduction melting mode; however, the optical
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Figure 4.3: Optical micrographs of the samples A to F along the build direction. The
different types of defects observed are pointed out by orange arrows.
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micrographs of the six samples along the build direction (Z-axis) shows otherwise. As shown
in Figure 4.3, the optical micrographs of samples E and F, in particular, reveal numerous
rounded defects representative of keyhole instabilities implying that these sets of processing
parameters likely lie in the transition/keyhole melting mode. Hence, a melt pool aspect1465

ratio of 0.4 might be likely more representative of the threshold between the conduction
and transition/keyhole melting modes for aluminium alloys. Samples C and D seem to
have a similar porosity level to samples A and B in the microstructural images shown in
Figure 4.3, but there are qualitative differences between the melt pool morphologies. The
qualitative differences between the melt pool morphologies of samples C and D with respect1470

to samples A and B are apparent by virtue of more variability in the melt pool layer-by-
layer organization. The quantitative differences between the melt pool morphologies of
samples A and B when compared to the rest are better represented in Table 4.2 by the
lower standard deviations of their melt pool depths when compared to samples C, D, and
E. Additionally, samples C and D seem to have melt pool depths comparable to samples1475

A and B even when the laser power settings used for them were close to half, which would
imply much lower input energy densities. This is due to the onset of vaporization in these
samples due to the focused beam, as predicted in the normalized processing diagram in
Figure 4.4. E∗ and v∗ in Figure 4.4 are given by Equations 3.4 and 3.2 respectively.

In Equation 3.4, E∗ is the dimensionless heat input, A is laser absorptivity, Peff1480

is the effective laser power [W], lt is the powder layer thickness [m], λ is the thermal
conductivity [W/(mK)], Tm is the melting temperature [K], and T0 is the initial (or powder
bed) temperature [K], taken as 293 K. In Equation (3), v∗ is the dimensionless beam
velocity, v is the laser beam velocity [m/s], rb is the beam radius used [m], and α is the
thermal diffusivity [m2/s]. The material properties used for Equations 3.4 and 3.2 are taken1485

at the solidus temperature from [215] and are given in Table 4.3. For a modulated LPBF
system used in the present study, the effective laser power, Peff , and the effective beam
velocity, v, are obtained from [10] and are given by Equations 3.35 and 3.36 respectively.

In Equation 3.35, P is the actual laser power used in the modulated LPBF system, te
is the time when the laser is acting on the material (exposure time) [s] and te is the time1490

when the laser is turned off and is repositioning to the next exposure point (drill delay
time) [s], taken as 10 µs for the Renishaw AM 400 system. In Equation 3.36, pd is the
distance between two consecutive laser exposure points (point distance) [m].

The threshold between the conduction, transition, and keyhole melting modes during
LPBF of AlSi10Mg in Figure 4.4 are given by contours of the dimensionless peak tempera-1495

ture, T ∗p , based on previous work [10]. The dimension peak temperature term, T ∗p , is given
by Equation 3.31.

71



Figure 4.4: Normalized processing diagram for the six AlSi10Mg sample types used in
this study.

Table 4.3: Thermo-physical properties of AlSi10Mg taken at the solidus temperature.

Properties Material(AlSi10Mg)

Density, ρ [kg/m3] 2670

Thermal conductivity, λ [W/(mK)] 113

Specific heat capacity, Cp [J/(kgK)] 565.29

Solidus temperature, Ts [K] 831

Liquidus temperature, Tm [K] 867

Vaporization temperature, Tv [K] 2740

Total latent heat (fusion and vaporization), H [J/kg] 10943000
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In Equation 3.31, Tp is the peak temperature under consideration which is considered
as the vaporization temperature (boiling point) of a given material. The terms z∗ is
dimensionless depth given the ratio of the dimension along the depth of a melt pool, z,1500

and the beam spot radius, rb, in Equation 3.28, which was first defined by Ion et al. [139].
The term z∗0 is the dimensionless distance of the apparent heat source above the surface of
the melt pool, which is a function of v∗ as given by Equation 3.34. The detailed derivation
for T ∗p and associated terms is provided in previous work [10].

The threshold between the conduction and transition melting modes for AlSi10Mg in1505

given by the temperature contour for T ∗p = 3.16 at z∗ = 0 [10]. The value 3.16 is the ratio
of the boiling point of aluminum and its melting point. The term z∗ = 0 corresponds to
surface vaporization and the contour in Figure 4.4 is thereby named as predicted surface
vaporization threshold for LPBF of AlSi10Mg (or the threshold between the conduction
and transition melting modes). Similarly, the threshold between the transition and keyhole1510

melting modes for AlSi10Mg in given by the temperature contour for T ∗p = 3.16 at z∗ = 0.5
[10]. The term z∗ = 0.5 corresponds corresponds to a vaporization depth, dv = 0.5rb,
i.e. a vaporization depth equal to half the beam radius used. The temperature contour
for for T ∗p = 3.16 at z∗ = 0.5 corresponds to the transition mode threshold given in
Figure 4.4 [10]. The absorptivity values used for Equation 3.4 and given by the inferred1515

absorptivity columns in Table 4.2 were obtained inversely by comparing the predicted melt
pool depths with experimental measurements. The average measured melt pool depth
was used to inversely calculate the average inferred absorptivity, while the highest value
within the confidence interval of the melt pool depth was used to calculate the variation
in inferred absorptivity. The values for the error bars for E∗ in Figure 4.4 are calculated1520

by substituting the variation in inferred absorptivity into the A term in Equation 3.4.

Recent attempts by Gan et al. [82] to develop universal scaling laws for keyhole poros-
ity in LPBF make use of an exponential absorptivity scaling laws for titanium, ferrous,
and aluminium alloys. The absorptivty law used by Gan et al. [82] was derived by Ye et
al. [7] using in-situ micro-calorimetry measurements of absorptivity during LPBF of low1525

reflectivity titanium, ferrous, and nickel alloys. While Gan et al. [82] use simulations to
recommend the same scaling law for high reflectivity aluminium alloys as well, the recom-
mendations by Gan et al. [82] do not hold true for aluminium alloys when applied to the
melt pool datasets in this work as well as previous work [10, 247]. The inferred absorptivity
calculations from melt pool data, as proposed in this work follow the experimentally mea-1530

sured values of absorptivity by Trapp et al. [9] much more closely. Further work in need on
deriving absorptivity scaling laws for high reflectivity aluminium and copper alloys, as the
first attempt at absorptivity measurements for copper also suggest a significant difference
when compared to low reflectivity materials [265].
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The temperature prediction model has some limitations such as assumptions of a 2D1535

heat source, temperature independent material properties, oversimplification of powder
layer thickness effects, and ignorance of heat loss by refraction in the vapour plume [10],
which would contribute to the uncertainty margins in the identified surface vaporization
threshold. Additionally, the latent heat of fusion, thermo-capillary phenomena (Marangoni
effect) and varying laser power absorptivity due to the its angle of incidence (Brewster1540

effect) are not incorporated into this modelling approach which could add to uncertainties
[266, 267]. The use of standard deviation bars for E∗ as inferred inversely via the melt
pool datasets are also a reflection of some of the limitations in experimentally validating
the precise location of each experimental point in the process map.

The onset of surface vaporization brings about a more pronounced change in laser1545

absorption and thereby in melt pool behaviour for high reflectivity materials such as alu-
minium alloys. This is because the onset of surface vaporization adds to additional ab-
sorptivity (A) of the laser beam in the material that is equal to 1 − RN , where R is the
reflectivity a material, and N is the number of reflections occurring in the vaporized cavity
of the melt pool [229]. Materials such as aluminium alloys with higher reflectivity val-1550

ues compared to titanium, ferrous, and nickel alloys would thereby be expected to have
differences in melt pool behaviour (melt pool dynamics and thereby solidified melt pool
geometry) after the onset of surface of vaporization is crossed. This points towards the
differences in absorptivity values that were obtained for samples A to F from the effective
absorptivity obtained through the depths reported in Table 4.2, and the temperature pre-1555

diction model proposed in [10]. The absorptivities values obtained for samples A and B
are between 0.15 and 0.2, whereas samples C, D, E, and F have absorptivity values ranging
from 0.4 to 0.7, which corresponds to the conduction and transition mode absorptivities
for aluminium, based on in situ measurements of laser absorptivity during LPBF [9, 203].

In terms of porous defects, samples A and B have a small population of defects as1560

shown in Figure 4.3, with the smallest defects being rounded and commonly attributed
to hydrogen-induced defects observed in conduction LPBF of AlSi10Mg; this is also ob-
served by Weingarten et al. [158]. The presence of moisture on the powder surfaces, is
one of the main causes attributed to the reduction of hydrogen solubility in aluminium
alloys during the resolidification of liquid aluminium [5]. For samples E and F, additional1565

larger defects were observed as seen in Figure 4.3, particularly at the bottom of melt pool,
close to the melt pool boundaries. The major source of these defects is expected due to
the excessive vaporization of metal expected in transition and keyhole mode melt pools
[10]. In conduction mode LPBF of aluminium, where vaporization is not expected, the
measured absorptivity values for LPBF were ≈0.15 for a beam spot diameter of 60 ± 51570

µm [9, 203]. However, the high reflectivity in such materials would be expected to aid
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the overall absorptance significantly once vaporization initiates due to increased number of
reflections of the laser beam inside the vaporized region, as observed for aluminium discs
in transition mode [9]. High-speed and high-resolution X-ray imaging of two aluminium
alloys (AlSi10Mg and Al6061) during LPBF has shown that fluctuations in their vaporized1575

areas of melt pools lead to instabilities and thereby to the formation of porous defects,
even with a shallow depth of the vaporization regions in transition/keyhole mode melting
due to an increased number of laser beam reflections in the melt pool [268]. A few of
the excessive vaporization-related defects are also observed in sample D, as pointed by the
arrows in Figure 4.3.1580

4.4.2 Defect space outcomes across melting modes based on XCT

To further understand the effects of transition and conduction mode on defect formation in
LPBF of AlSi10Mg, a visualization of the three-dimensional porous defect space (obtained
by XCT) for all six samples are shown in Figure 4.5. Segmented defects with sizes below
5 interconnected voxels (voxel edge dimension is 6 µm) have been truncated out from the1585

defect visualization and defect aspect ratio assessments since it is not possible to accurately
separate features below this size due to instrument noise. The defect aspect ratio parameter
is the ratio between the minimum and the maximum Feret diameter, where the minimum
Feret diameter is the shortest length of a given feature, while the maximum Feret diameter
is the longest span of a given feature, as described in [269, 270]. Defects with aspect ratios1590

above 0.7 were considered as rounded defects in Figures 4.5 and 4.6. For calculating the
density values shown in Figure 4.5, all the defects (defects with a voxel size of 1 or more)
was considered. The density values are approximations of the true density and a relative
assessment of part quality due to the voxel size detection limit. To visualize the locations
of the defects, an orthographic projection along the build plate (XY) plane of all the porous1595

defect space for each sample is shown in Figure 4.6.
In Figures 4.5 and 4.6, it can be observed that sample A has few irregular defects; these

are lack-of-fusion defects, which are attributed to the slightly lower melt pool depths as
noted in Table 2 [217]. There are numerous causes for lack-of-fusion defects in conduction
mode LPBF such as, but not limited to incomplete melting of powder particles within one-1600

layer, incomplete re-melting of material ejecta from previous layers or from neighbouring
scan tracks, or incomplete re-melting of irregular surface topographies from previous layers.
Such defects can propagate across subsequent layers, resulting in irregularly shaped lack-
of-fusion defects [86] that can be observed in Figures 4.5 and 4.6.

The defect population in Samples C and D spans both irregularly shaped and rounded1605

(near spherical) defects as seen in Figures 4.5 and 4.6, with a dominance of irregularly
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Figure 4.5: A three-dimensional visualization of the porous defect (above 4 voxels) space
along the build direction (Z) from the XCT data of the six sample types, along with the

density values obtained based on the XCT data.

shaped defects. While both samples C and D have similar melt pool dimensions as observed
in Table 4.2, there is a significant difference in the density and frequency of irregularly
shaped defects as visible in Figures 4.5. The main cause for the lower density of sample C
when compared to sample D could likely be associated to the inefficient laser expulsion of1610

metal spatter as predicted by the analytical relationship derived by Khairallah et al. [169]
in Equation 4.1 and visualised for LPBF of AlSi10Mg at a beam diameter of 70 µm for the
Renishaw AM 400 system in Figure 4.7. Khairallah et al. [169] used a combination of high-
fidelity simulations and high-speed X-ray imaging of LPBF to derive a criteria for stabilizing
melt pool dynamics and minimizing defects. They derived an analytical relationship to1615

help identify combinations of laser power and velocity that can help in preventing large
metal spatter from blocking the centre of a Gaussian laser beam. In Equation 4.1, H is
the addition of the latent heat of fusion and vaporization, given by total latent heat in
Table 4.3 and Am the laser absorptivity of the melted surface of a given material which is
assumed 0.185 (average of the conduction mode absorptivities in Table 4.2). The term rs1620

in Equation 4.1 is the radius of a spatter particle under consideration.

Pthreshold =
πρr3s(Cp(Tv − T0) +H)

3Amrb
v (4.1)
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Figure 4.6: An orthographic projection of the porous defect (above 4 voxels) space along
the build plate (XY) plane from the XCT data of the six sample types.
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Pthreshold = 227 ∗ v (4.2)

Khairallah et al. [169] observe that a spatter particle that is as large as the laser
beam is capable of blocking the central high intensity region of a Gaussian laser beam,
leading to sudden drop in melt pool depth. The rapid cooling caused by the sudden drop
in melt pool depth thereby leads to defects as also observed by Martin et al. [81]. The1625

radius of the spatter particle (rs) used to derive the spatter expulsion threshold through
Equation 4.1 for Figure 4.7 is hence assumed to be the same as the beam radius (35 µm)
used for the samples C, D, E, and F. The exact relationship used for Figure 4.7 is given
by Equation 4.2. Metal vaporization during LPBF was observed to be the largest driver
of spatter issues by Khairallah et al. [169] and hence samples A and B were not plotted1630

in Figure 4.4 as they would not be affected by spatter related challenges, as predicted
by Figure 4.4. Additionally, powder ejecta [156] and melt pool splatter caused by the
breaking up of elongated molten pool regions near the side and real walls of the vaporized
region in transition and keyhole melting modes also contribute towards defect formation
in samples C, D, E, and F by adding to the roughness of a given layer [85]. Additionally,1635

powder denudation [108, 157] also contribute towards the surface roughness of a given
layer, thereby deteriorating the wetting behaviour of the following layers causing melt pool
instabilities and increasing the possibility of irregularly shaped defects as observed in the
defect space visualization for samples C, D, E, and F [271].

There are additional reasons for the defects observed in the transition mode samples1640

C and D. Although the average melt pool depth obtained for samples C and D is slightly
higher than sample A, the higher standard deviation in melt pool depths observed for
samples C and D (Table 4.2) can lead to random regions where under-melting may occur if
the melt pool is too shallow leading to irregularly shaped lack-of-fusion defects, or random
regions where the process transitions into the keyhole melting mode leading to keyhole1645

defects (sample D in Figure 4.3). The average melt pool widths of samples C and D are also
lower when compared to samples A and B, leading the possibility of lack-of-fusion defects
caused by insufficient stitching of melt pools between hatches (hatch distance 100 µm) in
a given layer. Additionally, as per Figure 4.4, it is predicted that surface vaporization has
taken place in samples C, D, E, and F leading to the possibility of defects related to the1650

melt pool instabilities during transition melting mode in LPBF caused by the interplay
between the drag force induced by the melt flow, the thermo-capillary force cause by the
surface temperature gradients, and the recoil pressure introduced by the onset of material
vaporization [85, 224, 81]. The defects obtained due to melt pool instabilities are known
to have both rounded and irregularly-shaped morphologies [10, 272]. In a comparative1655

study between the laser welding of an aluminium alloy and a ferrous alloy, the higher
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Figure 4.7: Spatter expulsion window based on effective laser power and velocity for
LPBF of AlSi10Mg using a focused beam (beam radius = 35 µm) on the Renishaw AM
400 system. The expulsion threshold defines a power/velocity threshold that divides the
plot into 2 regions depending on whether spatter of the same size as the beam radius can

be expelled efficiently or not.
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frequency of vaporized region collapse for aluminium alloys has been associated to the
lower surface tension and viscosity of molten aluminium along with the presence of volatile
magnesium which vaporizes a temperature much lower than that of aluminium [273]. These
observations are in line with the hypothesis proposed by Tenbrock et al. [120], wherein1660

the importance of keyholes as a quasi-black body might be more pronounced for materials
with higher reflectivity (e.g. aluminium and copper alloys) when compared to titanium,
ferrous, and nickel alloys.

Samples E and F are predicted to lie in the keyhole melting mode by the processing
diagram shown in Figure 4.4. In the keyhole melting mode, vaporization related instabilities1665

inside the melt pool would be expected to play a dominant role in the formation of rounded
porous defects, as observed in Figures 4.5 and 4.6. To confirm this prediction, Figure 4.8
shows plots of defect aspect ratios of the defects versus frequency of defects and percentage
of defect volume. The term frequency herein means the number of defects within a given
sample identified by XCT. The aspect ratio data of the defects in Figure 4.8 and the1670

volume data in Figure 4.9 is stored in 50 equally sized bins using MATLAB’s built-in
‘histcounts’ function. A moving average of the frequency data with 5 nearest neighbours
is then calculated using MATLAB’s built-in ‘movmean’ which alongside the mid-point of
each bin is used to interpolate the curves in Figure 4.8a and 4.9 by using MATLAB’s
built-in ‘plot’ function. Figure 4.8b was similarly obtained by creating a moving average of1675

the volume data with respect to aspect ratio of the defects obtained from the XCT data.

The defect aspect ratio versus frequency plot in Figure 4.8a shows some indication to
the preference of rounded defects in samples E and F, but the aspect ratio versus percentage
of defect volume plot provides a better understanding of such behaviour. Since the curves
for samples E and F lean towards a higher aspect ratio in the plot against percentage1680

of defect volume in Figure 4.8b, it implies that most of the defects in samples E and F
have a rounded morphology especially when compared to the other four samples. The rare
occurrence of irregularly shaped defects can be associated to the higher average melt pool
depths reported in Table 4.2, which are above two times the powder layer thickness used
(30 µm). Typically, a melt pool depth of about 2 times (or more) the layer thickness is1685

targeted in LPBF to avoid the possibility of lack-of-fusion defects [217].

Figure 4.6 shows a higher concentration of rounded porous defects near the side walls of
the cylinders for samples E and F that can be related to the rapid formation and collapse
of deep vaporized regions due to the laser beam velocity at the turn points which occurs at
the edges of a given layer in LPBF, thereby trapping the atmospheric gas in the solidified1690

part [81]. A plot of defect volume versus frequency in Figure 4.9 reveals that most of the
defects in samples E and F still belong to the lower volume regions of below 0.0001 mm3.
However, defects closer to the side wall of the cylinders would still be expected to impact

80



(a) (b)

Figure 4.8: Aspect ratio of defects versus frequency of defects (a), and aspect ratio of
defects versus percentage of defect volume (b) from the XCT data for the six samples.

its fatigue life, since the larger subsurface defects are the biggest factor impacting a parts
fatigue life. The largest defect in sample F has a volume of 0.0053 mm3. If this largest1695

defect is assumed to be spherical, we would get a defect diameter of 0.22 mm which is close
to the defects diameter of ≈0.2 mm that led to the fatigue crack initiation in AlSi10Mg as
shown by Plessis et al. [257].

Samples A and B which are predicted to lie below the surface vaporization threshold
seem to have almost no subsurface defects with the sporadic occurrence of small defects1700

typical to LPBF caused by random process factors or systematic machine biases [10]. Since
no particular pattern is observed in the defect space for samples A and B from Figrue 4.3,
Figure 4.5, Figure 4.6, Figure 4.8, and Figure 4.9, the process parameter combinations
involving the use of a divergent beam for samples A and B might be best suited for LPBF
aluminium components for fatigue applications, particularly for systems with a lower beam1705

spot radius at the focal point.

Sample D is another example of a process parameter combination during transition
mode LPBF of aluminium alloys that leads to near fully dense parts with a few sporadic
defects. The use of simulations in this work shows that the combination of process parame-
ters chosen for sample D allows for an efficient expulsion of laser spatter thereby leading to1710

stabilized molten pool dynamics when compared to samples C, E, and F. The process pa-
rameter combination used for sample D might be best suited for the potential to obtained
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Figure 4.9: Volume of defects versus frequency of defects from the XCT data for the six
samples.

a finer microstructure, improved side-skin surface finish, and improved tensile properties
as has been shown in LPBF literature [167, 196, 195, 197, 251].

Overall, when observing the melt pool morphology and porous defect characteristics1715

across the melting modes in conduction (samples A and B), transition (samples C and D)
and keyhole (samples E and F), the benefit of deploying divergent beams in materials with
a high reflectivity and high thermal conductivity becomes apparent. For these material
systems, the use of a divergent beam as an energy source results in a more stable melt pool
morphology, lower occurrence of porous defects in the core and sub-surface regions, and1720

overall lower porous defect volumes. Furthermore, for such approaches, the hatch spacing,
and power levels can be further optimized to minimize lack-of fusion random defects. For
this class of material systems, while the use of a focused beam increases the challenging
of finding stable melting process parameter combinations, the use of processing diagrams
as proposed in this work alongside models for predicting the efficient expulsion of laser1725

spatter can help identify stable melt pool morphologies, similar to the ones with divergent
laser beams.
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4.5 Conclusions

Normalized processing diagrams are constructed in this work for the goals of accelerated
process parameter optimization for high reflectivity aluminium alloys. The key findings1730

from simulations and experiments are summarized below:

1. For LPBF systems with nominal focal diameters <100 µm, divergent beams help in
avoiding keyhole defects by reducing the effective beam power density as the melt
pool formation progresses, thereby leading to parts with densities of over 99.98%, with
close to no porous defects in the subsurface regions, by conduction mode melting.1735

2. Stabilising melt pool and spatter dynamics in the transition melting mode by using
an appropriate laser power and velocity combination can help in minimizing defects
and obtaining densities close to 99.98%, similar to conduction mode densities.

3. A melt pool aspect ratio (ratio of depth to width) of ≈0.4 is observed to be the
threshold between conduction and transition/keyhole mode melt pools in aluminium1740

alloys, which differs from the conventionally assumed melt pool aspect ratio of 0.5.

4. The inferred absorptivity values for conduction mode melt pools are between 0.15-2
while absorptivities of 0.4-0.7 are inferred for transition and keyhole mode melt pools,
pointing to the significant differences in laser absorptivity (up to 50%) following the
onset of surface vaporization in aluminium alloys, when compared to titanium, nickel,1745

and ferrous alloys, due to its higher reflectivity. Further work is needed on in-situ
measurements of laser absorptivity for aluminium and copper alloys to derive scaling
laws specific to this challenging class of high reflectivity materials.

5. In general, a higher standard deviation was observed in the melt pool depths for the
transition mode (10-15 µm) and keyhole mode (4-21 µm) melt pools, when compared1750

to the conduction mode (6-8 µm) melt pools. The predicted absence of vaporization
in conduction mode melt pools could be the cause for the relatively stable melting
behaviour, when compared to transition and keyhole mode melt pools.

The application of the methods proposed in this work can help to quickly identify stable
LPBF processing parameters for high-reflectivity aluminium alloys. The presence of close1755

to no defects even near the boundaries of LPBF components helps increase the confidence
of the process for load bearing and mission critical applications in particular. The fun-
damental understanding of porous defects during LPBF developed in this chapter is used
to understanding porous defects during LPBF of Ti-6242Si in Chapter 6 and to make
recommendations for complex Ti and Ti-6Al-4V lattice structures in Appendix A.1760
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Chapter 5

Melting mode driven understanding of
side-skin surface characteristics in a
workhorse titanium alloy - Ti-6Al-4V

5.1 Preface1765

Additively manufactured parts produced via LPBF have limitations in their applications
due to post-processing requirements caused by high surface roughness. The characteristics
of side-skin surfaces are generally assumed to be dominated by adhered powder particles.
This chapter aims to analyze and interpret effects of LPBF processing parameters on side-
skin surfaces. As such, this work has two sections to investigate the effect of (i) core and (ii)1770

border LPBF parameters on side-skin surface roughness for Ti-6Al-4V. The findings show
that there is a robust correlation between both core and border LPBF parameters on side-
skin surface morphologies. In terms of core LPBF parameters, an interaction between laser
power and beam velocity is shown to influence side-skin surface roughness, resulting in Sa
values in the range of 11-26 µm. Additionally, a preliminary investigation into the effect of1775

melting mode phenomena at the border leads to a possibility of obtaining Sa values of <10
µm, with reduced effects of adhered and partially fused powder. This chapter is adapted
from a published article [251]. Since the Chapter 3 had changes in the modelling technique
leading to a methodology adjustment for obtaining the processing diagrams, figures from
Section 5.4 have minor changes, when compared the the published article. These changes,1780

however, do not make an impact on the significant findings and conclusions of this chapter,
rather present refinements to the work, which progressed since the publication.
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5.2 Introduction

Surface topography in LPBF parts can be a limiting factor in the manufacturing of highly
complex parts, as it has been shown to influence optical properties, mechanical properties,1785

frictional behaviour, fluid dynamics, and heat transfer [183]. Additionally, the high surface
roughness values generally obtained in LPBF parts necessitate the use of post-processing
operations such as machining or polishing thereby adding to the processing time and cost
[274, 275].

The understanding of process-structure-property relationships is particularly important1790

for titanium alloys such as Ti-6Al-4V. This material is a biocompatible alloy commonly used
in load-bearing orthopaedic and dental applications, as it provides the necessary long-term
mechanical and chemical attributes required for these applications, when compared to poly-
meric and ceramic materials [276]. Tuomi et al. [277] classify the application of AM in the
medical sector into five major classes – (i) medical aids, orthoses, splints, and prostheses,1795

(ii) tools, instruments, and parts for medical devices, (iii) inert implants, (iv) medical mod-
els for pre- and postoperative planning, education, and training, and (v) bio-manufacturing.
Of the five classes, the first three classes are where metal AM has the potential to revolu-
tionise the medical sector. However, multiple review papers [276, 277, 278, 279, 280] note
the issues resulting from the lack of understanding of the processing-structure-property1800

relationships, particularly for metals, which could inhibit the potential for growth of metal
AM in the medical sector. Bose et al. [276] note that surface customization of metallic,
ceramic, and polymeric biomaterials using multiple AM technologies, including LPBF, can
prevent corrosion, enhance biocompatibility, and improve osseointegration without com-
promising the bulk material properties. Metal implant surfaces designed with pores and/or1805

with a tailored surface topography have been shown to promote cell growth and thereby
enhance the tissue integration and implant fixation, without sacrificing the near net-shape
manufacturing ability of the medical implants [276, 281, 282].

Surfaces of LPBF parts can be identified by considering the orientation of the surfaces
to the build plate. Chen et al. [258] classify the surfaces into horizontal surfaces (parallel1810

to the LPBF build plate) [283, 284], vertical surfaces (perpendicular to the build plate and
known as side-skin) [184], upward facing (up-skin) [178], and downward facing surfaces
(down-skin) [178]. The effect of LPBF processing parameters on the up-skin and down-skin
surfaces has been investigated in detail for Ti-6Al-4V, Hastelloy X, and AlSi10Mg [258, 283,
178, 181, 285]. However, understanding of the influence of LPBF processing parameters1815

on side-skin surfaces has been limited [183, 184, 182]. Calignano [183] notes that for
side-skin (vertical) surfaces in AlSi10Mg produced by LPBF, adherence of a large amount
of partially-fused powder particles to the side-skin dictates the surface roughness values

85



obtained. Li et al. [182] provide an excellent study into the effects of LPBF processing
parameters such as laser beam velocity, scanning strategies, and sample orientation on1820

the side-skin surface roughness of LPBF AlSi10Mg samples, but they do not use border
(also known as contour) scans in their study, which are commonly used to improve the
dimensional accuracy and surface finish of LPBF parts [183, 258, 283, 178, 286]. Abele and
Kniepkamp [184] provide a detailed study into the optimization of border LPBF processing
parameters to improve the side-skin surface roughness of micro-LPBF (µ-LPBF). They1825

show that increasing line energy density (laser powder/scan speed) actually leads to lower
side-skin surface roughness values, as opposed to the recommendation by Chen et al. [258].

In this chapter, the focus is to analyze the effects of both core and border LPBF pro-
cessing parameters of a commercial LPBF system on side-skin surface roughness, which is
the first attempt of its kind in related literature. To this effect, the first step is to per-1830

form a design of experiment study using the central composite design and a Box-Behnken
design to understand the effects of core LPBF processing parameters on side-skin surface
roughness, when the border parameters are kept constant. The second step is to use the
findings from the first step to guide the development of a preliminary study to understand
the effects of border LPBF processing parameters on side-skin surface roughness when1835

the core parameters are kept constant. In this work, it is observed that there is a robust
correlation between the effects of both core and border LPBF processing parameters on
side-skin surface roughness and the physics-based approach to parameter optimization of
both is essential to achieve low side-skin surface roughness values in LPBF.

5.3 Materials and Methods1840

5.3.1 General LPBF processing details

A modulated LPBF system (AM 400, Renishaw, UK) was used for manufacturing cylin-
drical Ti-6Al-4V three-dimensional coupons with a diameter of 5 mm and a height of 8
mm. These cylinders were built on top of supporting structures on a reduced build volume
of the system. The supporting structures had a height of 5 mm. For the AM 400 system,1845

the beam spot radius at the focal point is given by 35 µm, which was kept constant for this
study. The Ti-6Al-4V powders were of Grade 23, plasma atomized, with a particle size
range of 15–45 µm (D10 of 20 µm, D50 of 34 µm, and D90 of 44 µm). A constant powder
layer thickness of 30 µm was used for all experiments.

The goal of this work was to study the effects of core (experiment 1) and border1850

(experiment 2) LPBF processing parameters on the side-skin surface topography of the
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Figure 5.1: Illustration of the meander scanning strategy in the core along with the
border scan for improving surface quality at the edges of each layer. The border is

located at the edges of each core scanning vector. Beam offset is the distance between the
boundary of the STL file and the border scanning vector. The build direction (BD) is

perpendicular to the plan of the image.

manufactured coupons. Border scans (as illustrated in Figure 5.1), are used to improve the
dimensional accuracy and surface roughness of LPBF coupons [258]. The scan path follows
this order: scanning of the core using the meander scanning strategy, followed by a border
scan that involves melting of the edge of each layer of a coupon. This scanning strategy of1855

the core scan followed by a border scan is also recommended by Abele and Kniepkamp [184]
for improving side-skin surface roughness values in µLPBF. The direction of core meander
scanning was rotated by 67° between successive layers. The hatching distance, hd, in the
core used for all the samples was 100 µm, and the border scan was conducted at the edges of
the core scan vectors as illustrated in Figure 5.1. To compensate for the dimensional error1860

due to the beam spot diameter, Calignano et al. [283] recommend offsetting the scanning
border to the inside of the STL file given by the beam offset parameter illustrated in
Figure 5.1. The beam offset parameter was kept constant at 100 µm for all samples.

5.3.2 Normalized processing diagrams and melting mode predic-
tions1865

For experiment 1 which involves the study of core LPBF processing parameters (param-
eters detailed in section 5.3.3), normalized processing diagrams are obtained through the
methodology described in [10]. The terms E∗ and v∗ in Figure 5.2 are given by equation 3.4
and 3.2 respectively.
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(a) (b)

Figure 5.2: Visualization of the normalized processing diagrams and melt pool
morphology validation data [10] for the 20 central composite design (CCD) points (a),

and for the 15 Box-Behnken design points (b).

Values for the Ti-6Al-4V material constants used for equations 3.4 and 3.2 are taken1870

at the solidus temperature and are given in Table 3.4. For a modulated LPBF system,
such as the Renishaw AM 400 used in the present study, the effective laser power, Peff ,
and the effective beam velocity, v, are given by equations 3.35 and 3.36 respectively. The
dimensionless peak temperature, T ∗p , in the melt pool used for predicting the melting mode
thresholds in Figure 5.2 is obtained by an analytical temperature prediction model derived1875

in section 3.3.3 and a published paper [10].

The predicted threshold between conduction, transition, and keyhole modes have un-
certainties associated with it, particularly due to changes in absorptivity with increasing
heat input due to increasing number of reflections in the melt pool, as well as changes
in the angle of incidence of the laser beam due to surface irregularities in the melt pool1880

[9, 7, 185]. Additionally, temperature-dependent physical properties, particularly ther-
mal conductivity as discussed by Johnson et al. [287], would have an added effect on
the threshold uncertainty, which would be quantified through enhanced models as part
of future work. However, since the goal of this work is to study the effects of increasing
extent of vaporization, as showcased by the melt pool morphology differences of the melt1885

pool images in Figure 5.2, the processing diagrams provide a useful approximation of the
dominating melting mode. This should hold true in particular for the experimental points
lying at the extremes of conduction and keyhole modes, which are used for discussing the
differences in surface morphologies obtained in this work.

88



5.3.3 Design of experiments1890

To evaluate the effects of core LPBF processing parameters on side-skin surface roughness
(experiment 1), core experimental design levels were selected to span the conduction, tran-
sition, and keyhole melting mode regimes as described in [10] and visualized in Figure 5.2.
To cover a representative range of conditions with a reduced number of experiments, a ro-
tatable central composite design (CCD) involving three processing variables (power, point1895

distance, and exposure time) was used. The design levels used for the processing parame-
ters are given in Table 5.1. Using 6 center point replicates per design replicate CCD results
in a total of 20 parts per design replicate. Two design replicates were printed to obtain
a total of 40 cylindrical Ti-6Al-4V parts. The second replicate for the CCD design was
printed on a separate build to plate with the locations of the parts randomized to offset the1900

effects of build plate location, build chamber conditions, and powder quality. Addition-
ally, another experiment was designed using the Box-Behnken design with 3 centre points
for the same design levels of the three processing variables (laser power, point distance,
exposure time) as given in Table 5.1. The Box-Behnken design gives a total of 15 parts,
and 1 replicate of each sample was printed on a separate build plate. For experiment 1,1905

the border processing parameters were kept constant, as listed in Table 5.1, which are
predicted to lie in conduction mode. Normalized processing diagrams for the CCD design
points and Box-Behnken design points are obtained as described in section 5.3.3 and are
given in Figure 5.2a and 5.2b respectively.

Table 5.1: Experimental design levels for the central composite design (CCD) and
Box-Behnken (BB) design for core process parameters used in experiment 1 and the

border parameters which were kept constant for experiment 1. Star points only apply to
the central composite design.

Factors
Levels

Border
parametersStar

(-1.68)
Low
(-1)

Center
(0)

High
(+1)

Star
(+1.68)

Laser power (W) 98.8 150 225 300 351 100

Point distance (µm) 48.2 55 65 75 81.8 45

Exposure time (µs) 38.3 45 55 65 71.8 40

For the study involving the effects of the core LPBF processing parameters on side-skin1910

surface roughness (experiment 1), the border processing parameters were kept constant,
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as listed in Table 5.1. For the study involving the effects of border LPBF processing
parameters on side-skin surface roughness (experiment 2), a constant set of core processing
parameters with a laser power of 225 W, a point distance of 65 µm, and an exposure time
of 55 µs were used, which lie in the transition mode. This set of core processing parameters1915

is the centre point in the design for both the CCD and Box-Behnken designs which were
kept constant for experiment 2. Experiment 2 was designed as a preliminary study for
evaluating the effects of conduction and transition mode border parameters on side-skin
surface roughness. For experiment 2, two sets of parameters were studied, which are listed
in Table 5.2. These parameters were selected based on the findings from experiment 1 to1920

help guide the confirmed hypothesis from experiment 1. The type A set of parameters
used for the border are the same as that used in experiment 1 which are predicted to
lie in conduction mode. The type B set of parameters used for the border are predicted
to lie in transition mode. The type B parameters were chosen to have a higher power
setting for observing the effects of transition mode border parameters, and the low beam1925

velocity (500 mm/s) was chosen to reduce the effects of balling, as observed by Abele and
Kniepkamp [184] in µLPBF of stainless steel 316L (SS 316L). Three replicates of each type
of border parameters were printed, with every replicate manufactured on a separate build
plate with the locations of the parts randomised to offset the effects of build plate location,
build chamber conditions, and powder quality. In the following section, the microscopy1930

and imaging methods used to analyze the surface roughness features of the LPBF samples
as discussed.

Table 5.2: Experimental design levels for the two sets of border processing parameters
used in in experiment 2.

Factors Border parameters

Type A Type B

Laser power (W) 100 150

Point distance (µm) 45 30

Exposure time (µs) 40 50

5.3.4 Microscopy and imaging methods

The side-skin surface topography of the cylindrical parts is characterised via laser confocal
microscopy (Keyence VK-X250). The image processing and roughness measurements are1935
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completed using the microscopes processing software (Keyence VK-H1XME). A scanning
area of approximately 1400x1000 µm2 was scanned for every part, using a vertical z-axis
resolution of 1 µm. The surface roughness metrics used in this study are Sa and Sz. Sa
is the arithmetical mean height of a surface area which is defined as the absolute value of
the height from the average surface. Sz is the sum of the largest peak height value and1940

the largest pit depth value within a scanned area of a given surface. Surface correction
for curvature is employed for all scans, since the side surface is curved. The roughness is
measured near the middle of the sample height i.e. approximately halfway through the
height of the sample. The measurements are taken from approximately the same surface
location on all samples. This procedure is similar to the one adopted by Rogalsky et al.1945

[288]. For experiment 2, the surface roughness for each sample was measured at 3 different
locations by rotating the sample by 120° to offset any effects of the surface orientation with
respect to the powder recoating or gas flow directions.

5.4 Results and discussion

For experiment 1, which involved studying the effect of core LPBF processing param-1950

eters on side-skin surface roughness, Sa, the central composite design (CCD) and Box-
Behnken (BB) statistical designs were analyzed for model adequacy using analysis of vari-
ance (ANOVA) by the Minitab software. We refrain from the use of dichotomous p-values
in our work due to the objections by multiple researchers around the same [289, 290, 291].
The ANOVA analysis of the CCD design (as shown in Table 5.3) reveals that the linear1955

effects of the three variables laser power, point distance, and exposure time on the side-skin
surface roughness values may not be significant when compared to the interaction terms
– (laser power*exposure time) and (point distance*exposure time), which are judged by
comparing the p-values of the listed terms. Amongst the linear effects, point distance has
the lowest p-value out of the three variables. Since the square terms of the three variables1960

in consideration also have high p-values in the CCD design, the Box-Behnken design was
analyzed by considering only the linear and interaction terms of the three variables, as given
in Table 5.4. From Table 5.4, we observe that the interaction terms again have a more
significant effect when compared to the linear effects of the three variables. However, we
note from both Table 5.3 and Table 5.4 that the interaction effects of (laser power*exposure1965

time) have consistently lowest p-values across both designs. Additionally, the linear effect
of point distance becomes significant. To better understand the physical origin of these
effects, contour plots are created for the experimental design points design in Figure 5.3,
with laser power and point distance as the two axes at fixed levels of exposure time.
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Table 5.3: Analysis of Variance (ANOVA) table for the central composite design from
experiment 1.

Source
of variation

DFa Adjusted
SSb

Adjusted
MSc

F-value P-value

Mode 9 121.067 13.4519 2.19 0.052
Linear 3 13.284 4.4281 0.72 0.548
Laser power 1 4.510 4.5099 0.73 0.399
Point distance 1 7.759 7.7591 1.26 0.270
Exposure time 1 1.015 1.0152 0.17 0.687

Square 3 11.487 3.8288 0.62 0.606
Laser power2 1 8.105 8.1054 1.32 0.260
Point distance2 1 1.287 1.2866 0.21 0.651
Exposure time2 1 3.891 3.8905 0.63 0.433

Two-way
interaction

3 96.296 32.0987 5.22 0.005

Laser power*Point distance 1 0.824 0.8240 0.13 0.717
Laser power*Exposure time 1 59.148 59.1481 9.62 0.004
Point distance*Exposure time 1 36.324 36.3240 5.91 0.021

Error 30 184.525 6.1508
Lack-of-fit 5 50.047 10.0093 1.86 0.137
Pure error 25 134.479 5.3791

Total 39 305.592
a: Degrees of freedom, b: sum of squares, c: mean squares

92



Table 5.4: Analysis of Variance (ANOVA) table for the Box-Behnken design from
experiment 1.

Source
of variation

DFa Adjusted
SSb

Adjusted
MSc

F-value P-value

Model 6 72.7719 12.1286 4.04 0.037
Linear 3 18.9536 6.3179 2.10 0.178
Laser power 1 3.6794 3.6794 1.22 0.301
Point distance 1 14.2992 14.2992 4.76 0.061
Exposure time 1 0.9751 0.9751 0.32 0.585

Two-way
interaction

3 53.8182 17.9394 5.97 0.019

Laser power*Point distance 1 14.3864 14.3864 4.79 0.060
Laser power*Exposure time 1 37.7641 37.7641 12.56 0.008
Point distance*Exposure time 1 1.6677 1.6677 0.55 0.478

Error 8 24.0451 3.0056
Lack-of-fit 6 14.6226 2.4371 0.52 0.775
Pure error 2 9.4225 4.7113

Total 14 96.8170
a: Degrees of freedom, b: sum of squares, c: mean squares

93



Figure 5.3: Contour plots showcasing the interaction effects of laser power and point
distance at an exposure time of 45 µm (a), 55 µm (a), and 65 µm (c). The “+” symbols

correspond to the actual experimental design points from which the contours were
created. Height maps of representative samples to help understand the causes of the

varying side-skin surface roughness values.
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The lower values of side-skin surface roughness are consistently observed in the core1970

LPBF parameters settings with high power and low beam velocity, as shown in the height
map associated with Figure 5.3 (c). From the height maps, it is observed that the regions
showing adhered powder are less prevalent in the high power and low beam velocity regimes.
The lower side-skin surface roughness values in the high power and low velocity regimes of
experiment 1 could be attributed to the effects increased powder denudation [108], lower1975

molten metal spatters [77], and reduced balling effects [292]. At high power regimes in
the transition and keyhole modes, the denuded zone next to the edges of a given scan
vector would be expected to have far greater dimensions when compared to lower power
regimes in the conduction mode, as reported by Matthews et al. [108]. This could lead to
situations where transition and keyhole mode core LPBF processing parameters create a1980

denudation zone large enough that the effects created by adherence of a large amount of
partially-fused powder particles to the side-skin would be reduced, even with a following
border scan that lies in conduction mode. Additionally, the sequence of printing, where
the core scan is followed by the border scan, creates a situation where the lack of powder
at the border due to denudation may push the conduction mode border recipe to actually1985

be in transition mode. In addition, the initial temperature of the substrate (core) may
influence the border recipe outcomes. This results in re-melting deeper than anticipated
at the border, but this is a hypothesis that will require further work. The reason why the
same effects are not observed in samples with high power and high beam velocity could be
the additional effects of balling and molten pool spatters which would be expected at higher1990

beam velocity settings. However, we do observe that there is still a considerable amount of
adhered powder effects in the height maps of all samples shown in Figure 5.3. This could
be associated to the conduction mode border processing parameter used in experiment 1.
It is hence of value to probe the effects of border LPBF processing parameters as well as
we do for experiment 2.1995

Table 5.5: Side-skin surface roughness values for the samples from experiment 2

Border
type

Sa [µm] Sz [µm]

Average Standard
deviation

Average Standard
deviation

Type A 17.5 1.59 222.57 51.62

Type B 9.05 0.37 116.52 10.32

The findings from experiment 1 guide the process parameter selection for experiment 2.
The type A border parameters are the same as the ones kept constant in experiment 1. A
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higher power and lower beam velocity were selected for the type B border parameters as a
result of the findings from experiment 1. Although a laser power of 300 W, point distance of
55 µm and exposure time of 65 µs in the core was found to give the lowest side-skin surface2000

roughness values in experiment 1, there is the issue of elevated edges at the border when
using high power and low velocity regimes for the border LPBF processing parameters as
reported by Yasa et al. [293]. The effect of elevated edges due to the core LPBF processing
parameters is compensated by the 67° hatch rotation between successive layers, however
the scanning direction for the border remains the same which is strongly associated with2005

elevated edges as well [293]. Elevated edges lead to the powder recoater hitting the edges
of a given sample thereby disturbing the flow of powder on the LPBF build plate, and
can also lead to recoater blade damage. Since we hypothesise that powder denudation
due to transition and keyhole mode parameters at high power and low velocity regimes
are associated with the reduced side-skin surface roughness, we perform a preliminary2010

experiment of picking the type B LPBF processing parameters which lie between the
transition and keyhole mode thresholds, while being conservative on selection of the laser
power settings to avoid keyhole mode porosity in particular.

Table 5.5, showcases the difference in surface roughness (Sa and Sz) values between the
type A and type B samples. As observed from Table 5.5, the type B samples which had2015

the transition mode border LPBF processing parameters have Sa and Sz values which are
much lower than the type A samples which had conduction mode border LPBF processing
parameters. Additionally, the Sa value of 9.05 µm is much lower than the D10 value of 20
µm for the given particle sizes used in the study. The height maps and SEM images of one
replicate of the type A and type B samples are given in Figure 5.4. From Figure 5.4b, it2020

can be observed that the type B sample with the transition mode border LPBF processing
parameters has much lesser partially fused powder particle effects on the side-skin surface.

The lower side surface roughness seen in the transition melting mode border parame-
ters used in type B of experiment 2 could be associated to an interplay between increased
powder denudation [108], lower molten pool spatters [77, 225], and reduced balling effects2025

[294, 141]. In the domain of high laser powers and low laser beam velocity (as used for
type B in experiment 2), since the border melt pools are in transition mode, the powder
denudation area is expected to be large in a given layer as observed by Matthews et al.
[108]. This means that, in the succeeding layer, the powder spread by the recoater would
be impacted, next to the edges of the sample due the denuded area of the previous layer;2030

as such, the current layer would likely have a lower powder packing density around the
edges of the sample before melting has even begun. This phenomenon possibly extends
throughout the manufacturing of a three-dimensional sample, leading to lesser powder par-
ticles being available next to edges of the sample during every layer when transition mode
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(a) (b)

Figure 5.4: Height maps and SEM images of the side-skin surface of a type A sample -
conduction mode border (a), and type B sample - transition mode border (b) from

experiment 2.
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border parameters are used. Since lesser powder particles are available at every given layer2035

of such parts, the probability of partially fused powder particles governing the side-skin
surface characteristics would be lower as we see in Figure 5.4b when compared to conduc-
tion mode borders which would have much lower powder denudation zones and thereby
powder dependent surface characteristics as observed in Figure 5.4a. It is recommended
that, as future work, these interactions be observed using in-process imaging techniques to2040

capture these complex phenomena. The effective beam velocity used for the type B sam-
ples from experiment 2 is 500 mm/s also lies on the lower end of the spectrum for velocities
commonly used in LPBF. Lower velocity settings help in reducing the effects of molten
metal spatter and balling, which impart additional surface roughness to the side of a given
part. The difference in the side-skin surface roughness values obtained by the conduction2045

and transition mode border LPBF processing parameters could thereby be used to tailor
surface morphologies in combination with beam path planning algorithms for industrial
applications.

5.5 Conclusions

In this work, the effects of core and border LPBF processing parameters on the side-skin2050

surface morphology of parts was studied. The results can be summarized as follows:

1. When using a constant set of border processing parameters that lie in conduction
mode, the high power and lower beam velocity regimes (in transition and keyhole
modes) used for core LPBF processing parameters could help in reducing the effects
of adhered partially-fused powder particles, balling, and molten pool spatter for the2055

side-skin.

2. The surface morphology for the side-skin can be greatly improved by adjusting the
laser power and beam velocity of the border scan tracks. Border processing pa-
rameters that lie in transition and keyhole melting modes with lower beam velocity
settings, and conservative laser powers (to avoid elevated edges) have surface rough-2060

ness, Sa, values of lesser than 10 µm when compared to conduction mode border
processing parameters which lead to Sa values greater than 17 µm. The transition
mode surfaces at low velocity regimes open a possibility of obtaining surfaces with a
negligible contribution from partially melted powder particles, which could be useful
when working with irregularly shaped powder particles, and powders with a higher2065

particle size range.
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Additional work is needed to investigate the effects of a broader range of border LPBF
processing parameters and border scanning strategies such as multiple borders on side-
skin surface morphologies. The fundamental understanding of side-skin surface roughness
during LPBF developed in this chapter is used to understand and tailor side-skin surface2070

of Ti-6242Si in Chapter 6 and to make recommendations for complex Ti and Ti-6Al-4V
lattice structures in Appendix A.
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Chapter 6

Melting mode driven understanding of
porosity, roughness, and cracking in a2075

near-alpha titanium alloy - Ti-6242Si

6.1 Preface

Ti-6Al-2Sn-4Zr-2Mo-Si (Ti-6242Si) is a near-α phase titanium alloy that has a greater
strength up to 565 °C compared to the workhorse Ti-6Al-4V alloy with a typical service
temperature up to 400 °C. While there is a wealth of literature to help understand the2080

laser powder bed fusion (LPBF) of Ti-6Al-4V, only a few research articles about LPBF of
Ti-6242Si are available in the open literature. In this work, LPBF processing diagrams and
temperature prediction models were used to investigate the impact of process parameters
such as laser power, scan speed, and beam spot radius on macroscale characteristics of
the builds such as density, surface roughness, residual stresses, and cracking. The use2085

of processing diagrams allowed for exploration of density ranges between 99.55-99.98%,
and surface roughness, Sa, ranges between 8-16 µm in Ti-6242Si processed by LPBF.
Cracking in Ti-6242Si manufactured by LPBF is reported for the first time. Cracking
during LPBF of Ti-6242Si was observed to strongly depend upon the predicted melting
mode (conduction, transition, and keyhole) for a given set of LPBF process parameters.2090

Residual stress evaluation of Ti-6242Si shows that higher residual stresses in the transition
and keyhole melting modes are the primary cause for cracking in this near-α phase alloy
that forms a non-equilibrium α′ martensitic microstructure during LPBF.
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6.2 Introduction

Laser powder bed fusion (LPBF) enables the manufacturing of near net-shape geometri-2095

cally complex parts. LPBF allows for optimized designs to be explored for manufacturing,
such as topology optimized or loading field driven designs for product lightweighting and
customization [65], while also reducing environmental impact through input energy re-
duction and carbon dioxide emissions [53]. The potential of LPBF to build lightweight
components has been shown to improve fuel consumption for aerospace and automotive2100

applications, wherein titanium alloys are commonly used [295, 296].

While additively manufactured titanium alloys are already used for industrial applica-
tions in the aerospace [297, 298, 299] and biomedical sectors [300, 301, 302, 303], the low
number of titanium alloys tailored and adopted for LPBF reduce the potential range of
applications which can be explored[296]. From the available titanium alloys, the α+β alloy2105

Ti-6Al-4V (Ti64) is known as the “workhorse” titanium alloy and it represents almost half
of the total industrial usage of titanium alloys [297]. When compared to Ti64, the near-
α Ti-6Al-2Sn-4Zr-2Mo-Si (Ti-6242Si) is known to have improved mechanical properties,
particularly creep behaviour [296], which is useful for applications such as high-pressure
compressor parts in aviation engines [304]. The nominal chemical composition of Ti-6242Si2110

is obtained from the ASM Handbook [49] and is given in Table 6.1. Alpha (α) and near-α
Ti alloys are commonly used in applications where higher strength and toughness, excel-
lent creep resistance, and stress stability is desired at higher working temperatures up to
600 °C when compared to Ti64 that cannot be used beyond a service temperate of 400 °C
[305]. From the available near-α Ti alloys, Ti-6242Si has been recommended for long-term2115

applications requiring a combination of high strength-to-weight ratio, tensile strength,
toughness, creep strength, adequate corrosion/oxidation resistance at room and elevated
temperatures, and stability up to a temperature as high as 565 °C [50]. Ti-6242Si has been
successfully utilised for aerospace applications at a service temperature of up to 538 °C
[306]. Ti-6242Si has also been proposed to be better suited for certain superconductivity2120

applications when compared to the common titanium alloy, Ti64 [307].

Table 6.1: Nominal composition of Ti-6242Si [49]

Designation Nominal composition, wt % Impurity limits, wt % (max)

Al Sn Zr Mo Si N C H Fe O

Ti-6242Si 6 2 4 2 0.08 0.05 0.05 0.0125 0.25 0.15

A survey of open literature shows that LPBF of Ti-6242Si has been investigated by
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two research groups to date. Fan and Yang [308] reported a successful use of LPBF to
manufacture Ti-6242Si cubic and tensile samples for the first time. Density values of 95.7%-
99.5%, hardness of 410 HV, ultimate tensile strength (UTS) of 1437 MPa, and ductility of2125

5% were reported for the as-built Ti-6242Si samples. A hardness of 450 HV, UTS of 1510
MPa, and ductility of 1.4% were reported for the Ti-6242Si samples aged at 595 °C for 8
hours. Rieger et al. [296] reported improved mechanical properties of LPBF Ti-6242Si
at both room and elevated temperatures (500 °C) when compared to LPBF Ti64 and
conventionally cast Ti-6242Si. A non-equilibrium hexagonal α′ martensitic microstructure2130

was reported for both Ti-6242Si and Ti64 in the as-built condition, as it is generally
observed due to the high cooling rates (1–40 K/µs) associated with LPBF [185]. While
using the same LPBF process parameters, Rieger et al. [296] reported smaller acicular
α′ grains in Ti-6242Si compared to Ti64, which were attributed to the smaller prior β
grain structure in Ti-6242Si. Additionally, there have also been attempts at processing2135

Ti-6242Si by electron beam powder bed fusion (also known as electron beam melting,
EBM) [309] and boron modified Ti-6242Si [310, 311], alongside directed energy deposition
(DED) of Ti-6242Si [84, 312]. Nonetheless, cracking during metal AM of Ti-6242Si was
not reported in either of these articles. Specifically for LPBF of Ti-6242Si, Fan and Yang
[308] manufactured cuboids of 10x10x8 mm3 on a LPBF system with a laser power of2140

95 W, and were immediately subjected to an aging heat treatment afterwards at 595 °C
for 8 hours in an Ar atmosphere. Laser scan speed was the only parameter varied in a
range of 600-1200 mm/s. The low power of 95 W means that the process parameter range
likely did not span all the melting modes in LPBF, as is observed by the micrographs in
their work by a presence of lack-of-fusion defects and low density ranges of 95.5-99.5%.2145

The immediate heat treatment would be another mechanism through which cracking could
have been avoided in the work by Fan and Yang [308]. Reiger et al. [296] neither varied
nor reported the LPBF process parameters used for manufacturing cuboid of 22x22x25
mm3 and cylinders of diameter 12 mm and height 70 mm. The only information provided
was the use of a volume energy density of 60 J/mm3 without context of what equation was2150

used to obtain this value. Additionally, while some of their cuboids were investigated in
the as-build condition, all of their cylinders were subjected to an annealing heat treatment
at 800 °C-850 °C for 1-3 hours in vacuum followed by air cooling. It is hence not possible
to identify the causes as to why there was no reported cracking in the work by Reiger et
al. [296].2155

This work is the first attempt at spanning all three melting modes during LPBF of
Ti-6242Si, thereby testing the limits of processing this near-α alloy by LPBF. The work
focuses on using normalized processing diagrams developed in Chapter 3 to investigate the
influence of LPBF process parameter on density, side-skin surface roughness, and residual
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stresses during LPBF of Ti-6242Si. Laser power, scan speed, and beam spot radius are the2160

principal LPBF process parameters considered for this work.

6.3 Methods

6.3.1 General LPBF processing details

Two separate manufacturing build cycles of Ti-6242Si were evaluated in this work, as
illustrated in Figure 6.1. Both build cycles, or prints, were conducted on the reduced build2165

volume (RBV) of a modulated LPBF system (AM 400, Renishaw, UK). The Ti-6242Si
powders (AP&C, Montreal, Canada) were plasma atomized, with a particle size range of
15–45 µm (D10 of 20 µm, D50 of 34 µm, and D90 of 44 µm). A constant powder layer
thickness of 30 µm was used for both prints. The two prints defined as “Print 1" and “Print
2" herein are described in Section 6.3.1.1 and 6.3.1.2 respectively.2170

LPBF process parameters such as laser power, scan speed (by means of exposure time),
and beam spot radius are known to be the variables that have the highest impact on driving
the presence of conduction, transition, or keyhole melting modes [10]. This motivated the
LPBF process parameter selection for the Print 1 and Print 2. A hatch distance equal to the
beam diameter was chosen for a given sample to minimize the potential for lack-of-fusion2175

defects.

In the modulated LPBF system used for this work (Renishaw AM 400), the beam
velocity variable (v) is calculated by Equation 3.36 from Chapter 3 which has three variables
- pd, te, and td. pd is the distance between adjacent exposure points (point distance) [m],
te is the time when the laser is acting on the material (exposure time) [s], and td is the2180

time when the laser is off and repositioning to the next exposure point (drill delay time)
[s]. The drill delay time, td, is assumed to be 10 µs for Renishaw AM 400, as recommended
by the manufacturer.

6.3.1.1 Print 1 - Process parameter selection and manufacturing

Print 1 was planned in a way to span the conduction, transition, and keyhole melting2185

modes for evaluation of density and side-skin surface roughness. Two sets of samples were
manufactured in the same build: cylindrical and cuboid samples. 12 cylindrical Ti6242
samples with a diameter of 10 mm and a height of 30 mm, and 9 cuboids of 5x5x10 mm3

were manufactured on the reduced build volume (RBV) of a modulated LPBF system (AM
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400, Renishaw, UK). The cylinders were used to explore the part quality outcomes across2190

multiple melting mode domains as a first step towards optimising the process parameters
of the core of the samples targeting high density, and cuboids were manufactured with the
purposes of optimising process parameters to obtain low side-skin surface roughness. The
diameter of the cylinders were selected to resemble ASTM rounded tensile samples [313].
The build plate layout of the parts with respect to the gas flow and powder flow is shown2195

in the left side of Figure 6.1. All the manufactured samples from Print 1 were removed off
the build plate by electrical discharge machining (EDM).

Figure 6.1: Illustration of the build plate layout on the reduced build volume of the
modulated beam LPBF for the manufactured Ti-6242Si samples for Print 1 (left) and

Print 2 (right).

The LPBF process parameters that were varied for the cylinders (for density evaluation)
are shown in Table 6.2. The point distance was kept constant at 55 µm for all cylinders.
The beam spot radius variations were obtained by defocusing the beam to positions above2200

the build as illustrated in Figure 4.2 [209]. The modulated LPBF system provides a
laser beam wavelength of λ = 1070 nm, and the beam spot radius at the focal point
is nominally 35 µm. The laser beam was defocused to two distances (z) of 3.67 and
5.63 mm above the build plate, to obtain divergent beams of radiuses 50 and 65 µm
respectively, as shown in Table 6.2. These values were calculated for a Gaussian distribution2205

by Equation 3.37 from Chapter 3. For both cylinders and cuboids, the scanning strategy
included scanning of the hatch volume (core) using the meander scanning strategy, followed
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by a border scan that involves melting of the edge of each layer of a sample. The direction
of core meander scanning orientation was rotated by 67° between successive layers. For the
cylinders, the border parameters were kept constant with power 100 W, point distance 452210

µm, and exposure time 40 µs, which are predicted to lie in the conduction melting mode,
as per predictions from the processing diagrams developed using methodologies described
in Chapter 3.

Table 6.2: LPBF process parameters used in the core of the Ti-6242Si cylinders for Print
1. Sample codes which have an asterisk sign (*) next to their labels are process

parameters that are reevaluated in Print 2. Border parameters were kept constant for all
cylinders.

Sample
code

Power
[W]

Exposure
time
[µm]

Beam
radius
[µm]

Hatch
distance
[µm]

1* 225 30 50 100
2* 150 30 35 70
3 300 30 65 130
4 375 30 65 130
5* 150 50 35 70
6* 300 50 50 100
7 375 50 65 130
8* 225 50 35 70
9 300 50 65 130
10* 225 50 50 100
11 300 30 50 100
12 225 30 35 70

In the cuboids, the core was kept constant at the process parameters used for cylindrical
sample 10 from Table 6.2, with a laser power 225 W, point distance 55 µm, exposure time2215

50 µs, beam radius 50 µm, and hatch distance 100 µm. The parameters for the border scan
were varied as shown in Table 6.3. In these samples, the point distance was kept constant
at 55 µm, and the beam spot radius was 35 µm (focused beam) for the border.

6.3.1.2 Print 2 - Process parameter selection and manufacturing

Print 2 had a two fold purpose in the context of this study. The first purpose was to evaluate2220

reproducibility of the findings from the six selected process parameters with varied build
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Table 6.3: LPBF process parameters used in the border of the Ti-6242Si cuboids for
Print 1 – side-skin surface roughness evaluation. The point distance was kept constant at
55 µm, and the beam spot radius was 35 µm (focused beam). Core parameters were kept

constant for all cuboids.

Sample
code

Power
[W]

Exposure
time
[µm]

A 100 25
B 250 45
C 100 45
D 100 65
E 175 45
F 175 25
G 250 25
H 250 45
I 250 65

plate locations from Print 1. The second purpose was to evaluate the effect of sample
dimensions of the outcome of cracking in particular. The core process parameters used for
cylinders 1, 2, 5, 10, 6, and 8 in Table 6.2 were reevaluated for Print 2 and labelled as
samples K, L, M, N, O, and P respectively in Table 6.4. For Print 2, the samples codes2225

from Table 6.4 were used for manufacturing cylinders (diameter of 10 mm and a height of
55 mm) and cubes (edge length of 10 mm) as illustrated in the right side of Figure 6.1.
Print 2 was monitored using a action camera (GoPro) while being printed to observe any
unexpected occurrences during manufacturing. After the Print 2 was completed, the six
cylinders shown in the right side of Figure 6.1 were evaluated using a X-ray residual stress2230

analyzer, while all the samples were on the build plate. Additionally, photographs of the
the samples, while on the build plate, were also taken to observe the presence of cracking.
Following residual stress measurements, all the manufactured samples from Print 2 were
removed off the build plate by electrical discharge machining (EDM) for imaging and
metallography.2235

6.3.2 X-ray computed tomography (XCT) methods

All of the twelve cylinders from Print 1 and cylinder N from Print 2 were analyzed for
porosity characteristics using a 3D X-ray computed tomography (CT) scanner (ZEISS
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Table 6.4: LPBF process parameters for the core in the Ti-6242Si cylinders and cubes for
Print 2. Border parameters were kept constant for all cylinders and cubes.

Sample
code

Power
[W]

Exposure
time
[µm]

Beam
radius
[µm]

Hatch
distance
[µm]

K 225 30 50 100
L 150 30 35 70
M 150 50 35 70
N 225 50 50 100
O 300 50 50 100
P 225 50 35 70

Xradia 520 Versa) using a 11 µm voxel size. The X-ray CT scanning parameters used are
shown in Table 6.5. To visualize the pore distribution within each sample, the CT scans2240

were analyzed using an image processing software (Dragonfly 3.0, Object Research Systems
Inc.). For each cylinder from Print 1, the entire diameter of 10 mm and approximately
8.5 mm of height along the build (Z) direction, along the mid-height of the cylinders was
analyzed. Cylinders 6 and 8 from Print 1, with process parameters as shown in Table 6.2
cracked on the build plate before EDM cutting. As a deviation from methodologies, due2245

to the multiple horizontal cracks, it was not possible to evaluate the entire 8.5 mm height
for density. A diameter of 10 mm and approximately 7.2 mm of height for cylinders 6 and
8 was hence evaluated. For cylinder N from Print 2, the entire sample was scanned after
EDM cutting leading to a diameter of 10 mm and approximately 54 mm in height for the
XCT data.2250

6.3.3 Microscopy and imaging methods

The surface topography of the side-skin surfaces of the cuboids from Print 1 with process
parameters as shown in Table 6.3 was characterised using the Keyence VK-X250, a laser
confocal microscope. The image processing and roughness measurements were completed
using the microscope processing software (Keyence MultiFileAnalyzer). A scanning area2255

of approximately 700x500 µm2 was scanned on the 4 side-skin surfaces (surface along the
build (Z) direction) of each cuboid, using a vertical z-axis resolution of 0.5 µm. Sa and Sz
are the surface roughness metrics used in this work. Sa is the arithmetical mean height of
a surface area which is defined as the absolute value of the height from the average surface.
Sz is the sum of the largest peak height value and the largest pit depth value within a2260
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Table 6.5: X-ray computed tomography parameters used for scanning the Ti-6242Si
cylinders. .

Parameter Unit Value

Voxel size [µm] 11
Source power [W] 10
X-ray energy [kV] 140
Filter - HE2
X-ray optic - 0.4x lens
Source position [mm] 23.1391
Detector position [mm] 120.787
Exposure time [s] 2.0
Number of projections - 1001
Binning level - 2

scanned area of a given surface. Surface correction for plane tilt was employed for all scans,
to accommodate for the tilt cause by the roughness of the resting surface. The roughness
was measured near the middle of the sample height i.e., approximately halfway through
the build height of the sample for all 4 surfaces of each sample. Measurements of Sa and
Sz from the 4 surfaces of every cuboid were used to calculate the average and standard2265

deviation values of Sa and Sz. This procedure is similar to the one adopted by Patel et al.
[251] and Rogalsky et al. [288].

6.3.4 Residual stress analysis

Approximately 43 hours after the Print 2 was completed, the six cylinders shown in the
Print 2 configuration illustrated in Figure 6.1 were evaluated for residual stresses while2270

all the samples were on the build plate; i.e. residual stress evaluation was performed
before the EDM cutting operation. The cos α X-ray diffraction (XRD) technique was used
in this study to measure residual stresses on the top surface of the samples. Compared
to the traditional sin2 ψ technique, the cos alpha technique uses X-rays that are 360°-
omnidirectionally diffracted from the sample surface, which are then detected by a 2-2275

dimensional detector. This information is used to plot the Debye-Scherrer ring. The cos
α technique is more advantageous than the sin2 ψ technique as the incident X-ray angle
can stay constant. A schematic illustration of the cos α X-ray diffraction (XRD) residual
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stress measurement technique is shown in Figure 6.2.

Figure 6.2: Schematic illustration of the X-ray residual stress measurement method used
in this work via the cos α X-ray diffraction (XRD) technique [11].

As such, a portable X-Ray residual stress analyser (u-X360s, Pulstec, Hamamatsu,2280

Japan), a machine that uses the cos α XRD technique, was used to conduct the measure-
ments. The instrument (tube current 1.2 mA, tube voltage 30 kV) was equipped with
V-Kα radiation source (wavelength 2.51 Å) and used a constant diffraction angle (2θ) and
incidence angle (ψ0) of 140.175° and 25° respectively. (hkl) values of (103) were used for
analysis.2285

The residual stress measurements were taken at 49 points (7*7 grid) in intervals of 1
mm in X and Y, and the locations of the 49 measured points from the top surface of each
cylinder are shown in Figure 6.3. The residual stresses were measured along the X-axis
from right to left as shown by the orange arrows in Figure 6.3. The measurements obtained
from the residual stress system thereby corresponds to the in-plane normal stresses, σxx.2290

The average of all measured points calculated to provide a representative σxx value. It
must be noted the certain points were excluded from σxx calculations as the XRD machine
denoted that the values measured for these points were unreliable. These points were
generally the start and end points in the first and second rows of the grid.
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Figure 6.3: Location of residual stress measurements on the top surface of the 6 cylinders
from Print 2. The orange arrows show the direction of residual stress measurement. The
orange arrow numbered 1 corresponds to the first row of points measured and the orange

arrow numbered 7 corresponds to the last row of point measured.
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6.4 Results and discussion2295

6.4.1 Normalized processing diagrams to identify melting modes

The underlying normalized processing diagrams for Ti-6242Si shown in Figure 6.4 and
Figure 6.5 are obtained through the methodology described in Chapter 3. Figure 6.4a
corresponds to the processing diagram for the 12 cylinders from Print 1 alongside density
values from XCT data. The 6 cylinders and 6 cubes from Print 2 had the same sample2300

codes and are given in the processing diagram shown by Figure 6.4b. The samples that
cracked for Print 1 and Print 2 are highlighted by an asterisk sign next to their label in
Figure 6.4a and Figure 6.4b respectively. Figure 6.5 corresponds to the processing diagram
for the 9 cuboids from Print 1; surface roughness metrics Sa and Sz are overlaid on the
processing diagrams in Figures 6.5a and 6.5b respectively.2305

Table 6.6: Thermophysical properties of Ti-6242Si taken at room temperature [50, 51]

Properties Material(Ti6242)

Density, ρ [kg/m3] 4540

Thermal conductivity, λ [W/(mK)] 7

Specific heat capacity, Cp [J/(kgK)] 460

Solidus temperature, Ts [K] 1907

Liquidus temperature, Tm [K] 1941

Vaporization temperature, Tv [K] 3315

The terms E∗ and v∗ in Figure 6.4 and Figure 6.5 are given by Equation 3.4 and
3.2 respectively. The minimum melt absorptivity, Am, value for Ti64 reported as 0.26 in
Table 3.1 is used fir Ti-6242Si in this work. Values for the Ti-6242Si material constants are
taken at the room temperature from Welsch et al. [50] and are summarized in Table 6.6.
The solidus and liquidus temperature in Table 6.6 are obtained from Kawakami, 2002 [51].2310

The conduction mode threshold for Ti-6242Si is given by T ∗p = 1.68 at z∗ = 0.5, where 1.68
is the ratio of the boiling point (vaporization temperature) of Ti-6242Si and its melting
point. Similarly, T ∗p = 1.68 at z∗ = 0.8 is the transition mode threshold for Ti-6242Si as
shown in Figure 6.4 and Figure 6.5. All of the samples for Print 1 and 2 from Figure 6.4
were predicted to lie above the surface vaporization threshold T ∗p = 1.68 at z∗ = 0.5 for2315
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(a)

(b)

Figure 6.4: Normalized processing diagrams for the twelve Ti-6242Si cylinders from Print
1 (a) and the six cylinders and cubes from Print 2 (b). The density values obtained from
XCT data in percentage (%) are provided next to the Print 1 points on the diagram. The
cracked samples from Print 1 and Print 2 are shown by an asterisk sign (*) next to their

labels and density values.
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Ti-6242Si; this was motivated by previous work melt pool studies wherein melt pool depths
greater than 1.5 times the powder layer thickness selected (30 µm) were observe to lie well
above the surface vaporization threshold for Ti64 and SS 316L [10]; both materials being
classified as having high absorptivity and low thermal conductivity.

6.4.2 Porosity analysis2320

The normalized processing diagrams for the density study in Print 1 are shown in Fig-
ure 6.4a, which help to predict the melting mode for a given set of LPBF process param-
eters, thereby enabling an understanding of the physical origin of porous defects in the
three-dimensional cylinders. Density values for each cylinder were obtained from the XCT
data and are shown next to each marker in Figure 6.4a. It is important to note that the2325

density values obtained from XCT are approximations of the true density owing to the
voxel size (11 µm) CT detection limit for the data acquisition setup. Nonetheless, Ti-
6242Si seems to have a wide-processing window for near fully dense parts as cylinders with
over 99.90% density are observed in the conduction mode (cylinder 2), transition mode
(cylinders 5, 7, 10, 11, and 12), and keyhole mode (cylinder 8).2330

An orthographic projection along with build (XY) plane of the porous defect space
for 6 representative cylinders from Print 1 is shown in Figure 6.6. Additionally, a three-
dimensional visualization of the porous defect distribution in highest density sample (cylin-
der 5) from Figure 6.6 is shown in Figure 6.7 which confirms the presence of very few defects
both in the core and along the sidewalls of the cylinder. In Figure 6.6 and Figure 6.7, de-2335

fects with aspect ratios above 0.7 were considered as rounded defects and defects below this
aspect ratio were considered as irregularly shaped defects, similar to our prior work [209];
as such, each class was colourised for contrasting the pore characteristics. All 6 samples in
Figure 6.6 show a higher concentration of porous defects near the sidewalls of the cylinders.
These porous defects are caused by rapid formation and collapse of deep vaporized regions2340

due to the lower laser beam velocity at the turn points of a given layer, which is common
across most LPBF systems [81]. The collapse of the vaporized regions of the melt pools
leads to trapping of process chamber atmospheric gases (argon) in the solidified parts. Ad-
ditionally, collapse of the vaporized regions can also lead to the trapping of metal vapour
in the solidified parts [127]. The processing diagram for the cylinders in Figure 6.4a shows2345

that all the samples (including the conduction mode samples) lie above the predicted sur-
face vaporization threshold which is given by T ∗p = 1.68 at z∗ = 0 for Ti-6242Si. Hence the
presence of vaporization-related defects near the sidewalls of all cylinders thereby falls in
line with the predictions from the processing diagrams. Additionally, most of the defects
near the sidewalls of the cylinders seem to have an irregular morphology, as shown by the2350
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(a)

(b)

Figure 6.5: Normalized processing diagrams for the nine Ti-6242Si cuboids used for
side-skin surface roughness from Print 1 evaluation with the Sa values in µm (a) and Sz

values in µm (b).

114



Figure 6.6: An orthographic projection of the porous defect space (above 4 voxels) in the
build plate (XY) plane from the XCT data of conduction mode cylinders (1, 2),

transition mode cylinders (5, 10), and keyhole mode cylinders (6, 8) from Print 1. The
percentage values provided next to the cylinder labels are the density values also

represented in Figure 6.4a.
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Figure 6.7: A three-dimensional (3D) visualization of the porous defect space (above 4
voxels) along the build direction (Z) from the XCT data of cylinder 5 (highest density)

from Print 1, along with the density value obtained from the XCT data.

predominantly blue colourisation in Figure 6.6. It is known that defects which form due to
material vaporization related instabilities may have both rounded and irregularly-shaped
morphologies; defects due to collapse of the vaporized region in particular are known to
have irregularly-shaped morphologies [10, 272].

The absence of large irregular lack-of-fusion defects in Figure 6.6 and Figure 6.7 in-2355

dicates that the melt pool stitching resulting from the interplay of the selection of hatch
distance and powder layer thickness was appropriate for the given sets of process pa-
rameters. The processing window for near-fully dense Ti-6242Si parts by LPBF on the
modulated laser beam system in this study seems to be particularly focused in the transi-
tion melting mode, as observed by cylinders 5, 7, 10, 11, and 12 with densities over 99.90%2360

as illustrated in Figure 6.4a. Amongst the 6 cylinders from Print 1 visualised in Figure 6.6,
cylinder 5 seems to have the highest density of 99.97%. The absence of a large quantity of
rounded vaporization instability-related defects in the two keyhole mode cylinders 6 and 8
in Figure 6.6 means that the LPBF process parameters selected for the samples were only
marginally aggressive enough to cause such defects.2365

To evaluate the reproducibility of the density-related findings from Print 1 summarized
in Figures 6.4a, Figure 6.6 and Figure 6.7, the entire 54 mm length of cylinder N from
Print 2, which had replicated process parameters from cylinder 5 in Print 1, was evaluated
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using XCT and the results are shown in Figure 6.8. Similar to cylinder 5 in Figures 6.6
and Figure 6.7, cylinder N is nearly fully dense across the entire sample length of 54 mm2370

(Figure 6.8 (b)), and only has a few irregular and rounded defects along the sidewalls due
to vaporization instability, as shown in Figure 6.8 (a). The high density of 99.99% for
cylinder N from Print 2 is very close to its replicate cylinder 5 from Print 1 that has a
density of 99.97%, which verifies the reproducibility of the density findings for a taller build
and a different build plate location.2375

Similar to Ti64, Ti-6242Si is expected to form a primarily martensitic microstructure
in LPBF [296, 308]. Literature suggests a broad range of LPBF processing parameters
across the 3 melting modes to obtain near-fully dense parts for such titanium alloys [314,
217, 315, 316, 4], which is the outcome that is observed through this evaluation of melting
modes on density of LPBF Ti-6242Si. Additionally, since it is not possible to observe melt2380

pools in three-dimensional components made out of martensitic titanium alloys such as Ti64
[317], the use of normalized processing diagrams alongside non-destructive characterization
equipment such as X-ray computer tomography is an effective method to rapidly develop
process parameters for similarly-martensitic materials such as Ti-6242Si.

6.4.3 Surface roughness analysis2385

An evaluation of the effects of LPBF border process parameters (such as laser power and
scan speed by virtue of point distance and exposure time) for the border scan showcases
a trend towards reduced surface roughness (Sa and Sz ) in the keyhole melting mode as
mapped in Figure 6.5. These findings are similar to results in Chapter 5 (previously pub-
lished in [251]) during LPBF of Ti64, where a preliminary investigation into the effects2390

of border LPBF process parameters lead to Sa values of 9.05 ± 0.37 µm with transi-
tion/keyhole mode process parameters compared to 17.05 ± 1.59 µm for conduction mode
process parameters. Figure 6.9 showcases a significantly reduced impact of balling and ad-
hered partially fused powder particles on the side-skin surface of Ti-6242Si cuboids in the
transition and keyhole mode LPBF border process parameters, when compared to the con-2395

duction mode border process parameters. The lowest surface roughness (Sa and Sz ) values
in Figure 6.5 were observed in the samples manufactured with a keyhole mode border pro-
cess parameter combination, which could be associated to the effects of powder denudation
caused by the increasing extent of vaporization shown by Matthews et al. [108], leading to
lower side-skin surface roughness during LPBF, confirmed by Figure 6.9. It must be noted2400

that studying the effect of core LPBF process parameters or studying the interaction of
core and border process parameters on side-skin surface roughness of Ti-6242Si was outside
the scope of this work. Care must be taken to understand the extent to which the border
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(a)

(b)

Figure 6.8: An orthographic projection of the porous defect space (above 4 voxels) in the
build plate (XY) plane (a), and a 3D visualization of the porous defect space along the
build direction (Z) (b) of cylinder N from Print 2, along with the density value obtained

from the XCT data. Cylinder N from Print 2 has the same process parameters as
cylinder 5 from Print 1 shown in Figures 6.6 and 6.7
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parameters in keyhole melting mode may detrimentally contribute to sub-surface porosity
and elevated edges. Subsurface porosity will lead to a reduction in the fatigue life of a2405

given part [209], while elevated edges can lead to the powder recoater hitting the edges of
a given sample thereby disturbing the flow of powder on the LPBF build plate, and can
also lead to recoater blade damage [10].

Figure 6.9: A three-dimensional height map representation of side-skin surface
characteristics along with Sa values for sample A (conduction mode), sample G

(transition mode), sample H (keyhole mode).

6.4.4 Origins of cracking in Ti-6242Si

While cylinders 6 and 8 from Print 1 had a high density in the XCT results shown in2410

Figure 6.6, macroscopic cracks were observed in both samples at 2 separate locations
perpendicular to the build direction as shown in Figure 6.10. An optical micrograph of
cylinder 8 along the XY plane and build (Z) direction in Figure 6.11 confirms the presence of
cracking perpendicular to the build direction alongside a near fully dense cylinder otherwise
as observed in XCT results of Figure 6.6. Cylinder 5 from Print 1 which had a density2415

of 99.97% is also visualised through optical micrographs along the XY plane and the Z
direction in Figure 6.11, thereby confirming the presence of close to no porous defects
in the core and subsurface regions as shown by XCT results in Figure 6.6 and Figure 6.7.
from Cracking during LPBF of Ti-6242Si has not been reported in the previous two studies
targeting LPBF of Ti-6242Si [296, 308].2420
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As per laser and electron beam welding literature, titanium alloys, particularly α and
near-α titanium alloys, are known to resist weld-metal liquation or heat affected zone (HAZ)
cracking. Additionally, solidification cracking is generally observed in highly alloyed Ti-
alloys, such as Ti-15V-3Al-3Cr-3Sn, which have a greater difference between the solidus and
liquidus temperatures, thereby leading to a wider solidification temperature range [318].2425

The wider solidification temperature range issue is also a common limitation during the
processing of traditional high-strength aluminium alloys (e.g. Al 6061 and Al 7075 with
solidification ranges of over 100 K and 150 K respectively) by additive manufacturing [95].
Ti-6242Si has a solidification range (Tm−Ts from Table 6.6) of 34 K and Ti-6A1-4V (Ti64)
has a solidification range of 50 K (Tm − Ts from Table 3.4, and these Ti alloys are hence2430

not expected to present any solidification cracking occurrence; however, the martensitic
α′ microstructure observed during welding is known to create additional residual stresses
[318].

LPBF involves the joining of sequential neighbouring micro-weld lines in a given layer
(in 2D) and stacking of numerous layers containing a high number of weld lines (in 3D); as2435

such, residual stresses are known to pose significant issues in LPBF [6]. Observed cracking
during LPBF of Ti-6242Si could be potentially related to excessive shrinkage and higher
residual stress in keyhole mode as reported by Song et al. for LPBF of Ti64 [319]. This was
the primary hypothesis for understanding the origins of cracking during LPBF of Ti-6242Si
that was investigated via Print 2.2440

Print 2 was monitored using a action camera (GoPro) while being printed, and nothing
of significance was visible during the print capture. Immediately after printing, when Print
2 was being depowdered and taken out of the build chamber, cracking sounds were heard
and cracks were observed in cylinder P and cube O, as shown in Figure 6.12. Cylinders P
and cube O have the same parameters as cylinders 6 and 8 from Print 1 (keyhole mode)2445

which had also cracked similarly as shown in Figure 6.10. Cracks appeared in cube P as
well as shown by the left side of Figure 6.13. Two more cracks close to the build plate
were also observed in cylinder P as shown in the right side of Figure 6.13. Following this
imaging of the cracked samples, residual stress analysis was conducted on the top surface
of the 6 cylinders as shown in Figure 6.3.2450

After all the parts were cut-off from the build by EDM, macroscopic cracks were ob-
served in cylinders M and O (Figure 6.14) and cubes M and N (Figure 6.15). Hence,
cracking was observed in 3 cylinders (M, O, and P) and 4 cubes (M, N, O, and P) which
were predicted to lie in the transition (samples codes M and N) and keyhole (sample codes
O and P) melting modes as per Figure 6.4b. No cracking was observed for any of the2455

conduction mode cylinders and cubes from Print 2.
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Figure 6.10: Macroscopic cracking (white arrows) observed in cylinders 6 and 8 from
Print 1, which are predicted to have keyhole mode core process parameters as per

Figure 6.4a. Build (Z) direction is given by the black arrow.
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Figure 6.11: Optical micrographs of cylinder 5 (transition mode) and cylinder 8 (keyhole
mode) from Print 1 along the XY plane and the build (Z) direction.
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Figure 6.12: Macroscopic cracking (white arrows) observed in cylinder P and cube O
from Print 2.
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Figure 6.13: Macroscopic cracking (white arrows) in cubes O and P (left). Two
additional cracks (white arrows) observed in cylinder P close to the LPBF build plate

(right). Build (Z) direction is given by the black arrow.

The results obtained from the residual stress testing equipment from Print 2 are sum-
marized in Table 6.7. Since cylinder P had cracked prior to the residual stress measure-
ments, it has the lowest σxx of 466 MPa as the cracking mechanism relieved the residual
stresses within this cylinder. Cylinder O did not have observable cracks before the residual2460

stress measurement, but was observed to crack instantly after EDM cutting as shown in
Figure 6.14. Although cylinder O from print 2 did not crack, cube O had macroscopic
cracking right after Print 2 was completed as shown in Figure 6.12. This could mean that
there may have been microscopic cracks within cylinder O which grew after the stresses of
EDM cutting to lead to the numerous macroscopic crack eventually observed.2465

In LPBF parts, higher in-plane (XY) residual stresses are reported across literature
when compared to stresses along the printing (Z) direction. LPBF simulations and exper-
iments have shown that the top (last few layers) and bottom (attached to the build plate)
portions of a part have tensile residual stresses and the middle region has compressive resid-
ual stresses. [6]. Tensile residual stresses are also known to affect cracking tendency of2470

LPBF components [6, 186]. These findings guide the reasoning behind measuring residual
stresses at the top surfaces of the Ti-6242Si coupons in this work. Additionally, cylinders
M and O (Figure 6.15) and cubes M and N (Figure 6.14) developed cracks only after being
cut-off from the LPBF build plate. This cracking phenomena that is observed only after
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Figure 6.14: Macroscopic cracking (white arrows) observed in cylinders O and cube M
from Print 2 after EDM cutting from the build plate. Build (Z) direction is given by the

black arrow.
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Figure 6.15: Macroscopic cracking (white arrows) observed in cubes M, N, O, and P from
Print 2 after EDM cutting from the build plate. Build (Z) direction is given by the black

arrow.
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cutting is a common mechanism for the relaxation of residual stresses in LPBF [320, 321],2475

which points towards residual stresses having a significant effect on the crack formation
during LPBF of Ti-6242Si in this work. Another contributor towards cracking during
LPBF of Ti-6242Si could be the interaction between residual stress-fields during part pro-
duction and irregularly-shaped porous defects that are present in all samples studied in
this work [6].2480

Additionally, the direction of core meander scanning orientation was rotated by 67°
between successive layers for all coupons in the work. An inter-layer rotation of the scanning
strategy, particularly by 67°, has been shown to lead to a homogeneous in-plane (XY)
residual stress distribution in LPBF [188, 189, 6]. Hence, although σyy was not measured
for this work, it would be expected to have a value approximately equal to σxx due to the2485

inter-layer rotation of the scanning strategy by 67°.

The normal residual stress, σxx, from Table 6.7 was visualised versus two different di-
mensionless parameters in Figure 6.16. Figure 6.16a shows σxx versus a commonly used
to term to visualize energy input for LPBF, normalized enthalpy, ∆H/hs [86]. ∆H/hs,
normalized enthalpy can be defined in terms of q∗ (Equation 3.1) and v∗ (Equation 3.2)2490

by Equation 6.1. Figure 6.16b shows σxx versus E∗ tan−1(
√

8/v∗) which is directly pro-
portional to the equation for a stationary laser beam as defined in Equation 3.33 from
previous work [10].

In Equation 6.1, ∆H is the specific enthalpy [J/m3], hs is the enthalpy of the solid
material at melting [J/m3], A is the laser absorptivity of the solid material, α is the2495

thermal diffusivity of the solid material at the melting point [m2/s], and σ is the laser
beam diameter [m]. The enthalpy at melting is given by hs = ρCpTm, where Cp is the
specific heat capacity [J/kg K], ρ is the density of the material [kg/m3], and Tm is the
melting temperature of the material [K].

The normal residual stress, σxx, scales better with E∗ tan−1(
√

8/v∗) when compared2500

to normalized enthalpy as is noted by the higher R2 of 0.99 compared to 0.48. Another
observation from Table 6.7 is the σxx values for the transition mode cylinders M (563 MPa)
and N (631 MPa). These values of the residual stresses for the transition mode cylinders
are quite close to the yield strength of heat-treated Ti-6242Si at 500 °C which is 740 ± 18
MPa [296]. This could potentially point to why cubes M and N cracked after EDM cutting2505

as shown in Figure 6.15.

∆H

hs
=

AP

hs
√
παvσ3

=
q∗√
8πv∗

(6.1)
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(a)

(b)

Figure 6.16: Scaling relationship for the normal residual stress, σxx, from Print 2 in MPa
with respect to two dimensionless parameters. (a) σxx vs Normalized enthalpy, ∆H/hs.
(b) σxx vs E∗ tan−1(

√
8/v∗). The cracked cylinders are shown by an asterisk sign (*)
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Table 6.7: Normal (σxx) residual stresses measured from the top surface of the six
cylinders from Print 2. Avg: Average, Std. Dev.: standard deviation, RS: residual stress

testing, EDM: EDM cutting from the build plate.

Cylinder
code

σxx [MPa] Cracking period

Avg Std Dev Before RS After EDM

K 402 38
L 352 36
M 563 59 X
N 631 60
O 470 80 X
P 466 88 X X

Residual stresses in additive manufacturing (AM) components are affected by the tech-
nology selected, the material selected, and the process parameters used. Amongst the two
classes of powder bed fusion technologies with a high industrial uptake [64], LPBF gen-
erally has a build chamber temperature close to room temperature, while EBM generally2510

has a build chamber temperature of 500 °C-800 °C [6]. This results in a lower temperature
gradient during EBM when compared to LPBF, thereby leading to a higher cooling rate
during LPBF when compared to EBM [322, 323, 324]. The higher cooling rates lead to
significant difference in resulting residual stresses in the final printed components, with
a difference of up to 400 MPa reported in a comparative study of LPBF and EBM in2515

Inconel 718 [325]. Bartlett and Li [6] reviewed the effect of material properties on residual
stresses during LPBF for 5 popular materials - Ti64, SS 316L, Inconel 718, commercially
pure Ti (CP Ti), and 18Ni300 Maraging steel. A linear relationship with an R2 value of
0.95 was observed for the influence of thermal diffusivity on residual stresses. Similarly,
residual stresses also scaled linearly with thermal conductivity with an R2 value of 0.85. A2520

lower thermal conductivity and diffusivity value led to high residual stresses, on average.
In Table 6.8, a comparison between the thermal conductivity and diffusivity values of the
5 materials surveyed by Bartlett and Li [6], alongside AlSi10Mg and Ti-6242Si at room
temperature is provided. Since the thermal conductivity and diffusivity values of Ti-6242Si
are quite close to that of Ti64, higher residual stresses would be expected at similar sets of2525

processing materials for these 2 alloys when compared to the other alloys from Table 6.8.

Besides material properties, LPBF process parameters and laser scanning strategy are
known to have the greatest influence on residual stresses [52], particularly the beam energy
input to the material [186, 6]. There is a fairly consistent trend of residual stresses increas-
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Table 6.8: Thermal conductivity and thermal diffusivity of LPBF materials taken at
room temperature [52]

Material Thermal
conductivity
[W/(mK)]

Thermal
diffusivity
10−6[m2/s]

Ti-6242Si 7 3.35
Ti64 6.7 2.70
Inconcel 718 11.4 3.19
SS 316L 21.5 5.41
AlSi10Mg 113 43.95
CP Ti 16 6.82
18Ni300 Maraging Steel 15 4.12

ing with higher laser power and lower scanning speed for SS 316L [326, 327, 186] and Ti642530

[328, 186]. Similarly, Bartlett and Li [6] note in their literature review that the penetration
depth of the melt pool plays the largest role in determining the residual stresses in LPBF.
The higher expected melt pool depths for the transition and keyhole mode samples from
Print 2 could hence be the primary reason for the observed cracking in sample code M,
N, O, and P, when compared to the conduction mode samples M and N which showed2535

no cracking. Figure 6.16b shows a linear scaling relationship between the principal resid-
ual stress, σxx, and E∗ tan−1(

√
8/v∗), and supports this melting mode-driven hypothesis,

since the dimensionless term selected for Figure 6.16b is similar to the temperature pre-
diction model used for predicting and visualizing the melting mode and thereby melt pool
morphology thresholds in Chapter 3 [10].2540

There is also a possibility of hydrogen-induced embrittlement causing cracks in the
martensitic microstructure, as observed by Silverstein and Eliezer during LPBF of Ti64
[329]. Additionally, subsolidus cracking during the arc welding of Ti-6211, an alpha-beta
(α + β) Ti alloy, was observed to be caused by poor hot ductility of the martensitic
alpha-prime (α′) microstructure by Damkroger et al. [330]. Bowden and Starke [331]2545

had previously found that Ti6211 structures with a larger prior beta (β) grain size were
more susceptible to a high-temperature ductility loss than were samples with a smaller
prior beta grain size, but Damkroger et al. [330] found the opposite to be true. Lastly,
Figure 6.12 points to a discolouration of the keyhole mode coupons with codes O and P. This
discolouration could point towards the role of a potential oxygen or nitrogen contamination2550

during high energy density keyhole mode processing of Ti-6242Si using LPBF, as well
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as material vaporisation phenomena, which could impact cracking by the formation of
deleterious oxides and/or nitrides. These additional hypotheses for cracking origins during
LPBF of Ti-6242Si pose interesting scientific queries for future research into crack formation
for this material system.2555

6.5 Conclusions

This work involved the use of process diagrams and a temperature prediction model for
investigating the effect of LPBF process parameters including laser power, scan speed, and
beam spot radius, on the density and side-skin surface roughness of Ti-6242Si, a near-
alpha titanium alloy. Additionally, cracking part quality outcomes were studied by virtue2560

of imaging and residual stress measurements. The key findings are summarized below:

1. Normalized processing diagrams and X-ray computed tomography show that Ti-
6242Si has a broad process window with parts above 99.90% density observed in
conduction, transition, and keyhole melting modes of LPBF. The overall density
range obtained was 99.55-99.98%. The highest density parts (up to 99.98%) are2565

observed in the transition melting mode for Ti-6242Si, with reduced number of defects
in both the core and subsurface regions.

2. Subsurface porous defects are the main contributor towards porosity across all melt-
ing modes for LPBF of Ti-6242Si. These defects are caused by rapid formation and
collapse of deep vaporized regions due to the lower laser beam velocity at the turn2570

points of a given layer, which is common across most LPBF systems. Simulations in
this work predicted vaporization for all of the LPBF process parameters used, leading
to the prevalence of subsurface defects in all samples.

3. Keyhole mode LPBF process parameters for border scans of Ti-6242Si leads to a side-
skin surface roughness, Sa, values of less than 10 µm, which is the lowest roughness2575

value when compared to transition and conduction mode LPBF process parameters.
This reduction is associated with reduced effects of adhered partially fused powder
particles and balling on the side-skin surfaces of Ti-6242Si.

4. Transition and keyhole mode LPBF of Ti-6242Si leads to macroscopic cracking per-
pendicular to the build direction, which is primarily attributed to the higher residual2580

stresses during solidification which are close to the yield strength of Ti-6242Si at
500 °C.
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The application of the methods proposed in this work can help quickly identify LPBF pro-
cess parameters for successful production of near fully dense and crack-free Ti-6242Si with
low surface roughness. This could increase the adoption of LPBF Ti-6242Si for additional2585

high-temperature load bearing aerospace applications. The fundamental understanding
of challenges during LPBF of titanium alloys developed in this chapter are used to make
recommendations for the manufacturability of complex Ti and Ti-6Al-4V lattice structures
in Appendix A.
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Chapter 72590

Conclusions and future work

The focus of this thesis was to develop a better understanding of LPBF at the mesoscale
and macroscale by the creation of a tool to predict and visualize the conduction, transition,
and keyhole melting modes in LPBF. The melting mode tool is used to develop an under-
standing of differences between low reflectivity (titanium, ferrous, and nickel) alloys and2595

high reflectivity (aluminium) alloys through simulations and experiments for improving
macroscale performance indicators including density, surface roughness, residual stresses,
mechanical properties, and printability of complex structures for defence, aerospace, auto-
motive, and biomedical applications.

Development of the modelling tool to visualize and predict the conduction, transition,2600

and keyhole melting modes in LPBF is described in Chapter 3. This modelling tool is
independent of material for specific classes of materials, of LPBF system, of laser modula-
tion, and of powder layer thickness. Chapters 4, 5, and 6 use the modelling tool developed
in Chapter 3 to understand porous defect characteristics in AlSi10Mg, side-skin surface
characteristics in Ti-6Al-4V, and porous defects, side-skin surface characteristics, residual2605

stresses, and cracking in Ti-6242Si respectively. While each chapter provides a conclusion
specific to the chapter content, this chapter aims to summarize the main conclusions and
proposed future work for continuation of this thesis.

7.1 Conclusions

The main conclusions from this thesis are summarized below:2610
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• Normalized processing diagrams have been developed to visualize the three melting
modes (conduction mode, transition mode, and keyhole mode) observed in LPBF.
The normalized processing diagrams obtained in this thesis, for the first time in
LPBF, are shown to be independent of material, LPBF system, and processing pa-
rameters such as powder layer thickness within the datasets presented herein.2615

• A temperature prediction model has been developed to predict the thresholds be-
tween the conduction, transition, and keyhole melting modes. The efficacy of these
predicted thresholds has been evaluated experimentally for low reflectivity (titanium
and ferrous) alloys and high reflectivity (aluminium) alloys.

• For low reflectivity alloys, a vaporization depth greater than 0.5 and 0.8 times the2620

beam spot radius used corresponds to the thresholds between conduction to transi-
tion mode and transition to keyhole mode respectively. For high reflectivity alloys,
surface vaporization and a vaporization depth greater than 0.5 times the beam spot
radius used corresponds to the thresholds between conduction to transition mode
and transition to keyhole mode respectively.2625

• For high reflectivity materials such as aluminium alloys, divergent beams with re-
sulting focal diameters >100 µm help to obtain a conduction mode microstructure
leading to parts with densities of over 99.98%, with close to no porous defects in
the subsurface regions. When working with a focused beam, stabilizing melt pool
and spatter dynamics in the transition melting mode by using an appropriate laser2630

power and velocity combination can help in minimizing defects and obtaining den-
sities close to 99.98%, similar to conduction mode densities. For aluminium alloys,
a melt pool aspect ratio (ratio of depth to width) of ≈0.4 is observed to be the
threshold between conduction and transition/keyhole mode melt pools in aluminium
alloys, which differs from the conventionally assumed melt pool aspect ratio of 0.5.2635

• When low beam velocity regimes in the transition and keyhole melting modes are used
for core LPBF processing parameters, a significant reduction in adhered partially-
fused powder particles, balling, and molten pool spatter is achieved for side-skin
surfaces, at the risk of increased core porosity. Similarly, border processing param-
eters that lie in the keyhole melting mode with lower beam velocity settings, and2640

conservative laser powers (to avoid elevated edges) lead to surface roughness, Sa,
values of lesser than 10 µm, which is significantly lower than the roughness values
obtained for conduction and transition mode borders in Ti64 and Ti-6242Si. This
significant reduction in surface roughness is due to a negligible contribution from
partially melted powder particles in the keyhole melting mode border.2645

134



• Simulation and experimental efforts show that Ti-6242Si has a broad process win-
dow with parts above 99.90% density observed in conduction, transition, and keyhole
melting modes of LPBF. While the highest density parts (up to 99.98%) are observed
in the transition melting mode for Ti-6242Si, transition and keyhole mode LPBF of
Ti-6242Si could also lead to macroscopic cracking perpendicular to the build direc-2650

tion, which is attributed primarily to the higher residual stresses during solidification
which are close to the yield strength of Ti-6242Si at 500 °C.

7.2 Recommendations and future work

Absorptivity differences between high reflectivity and low reflectiv-
ity metallic materials2655

As LPBF is increasingly adopted for end-use products, the library of materials manu-
factured by this technology is bound to grow at a rapid rate. While the LPBF of low
reflectivity materials such as titanium, ferrous, and nickel-based alloys have been exten-
sively studied and is well understood [7], there is a vacancy in the understanding of high
reflectivity materials such as aluminium and copper alloys. The absorptivity scaling laws2660

developed by Ye et al. [7] for low reflectivity materials have applied well to the work in
this thesis; however, it was also observed that the same scaling laws do not apply to the
aluminium alloy studies in this thesis. In situ measurements of absorptivity during LPBF
by Trapp et al. [9] for aluminium alloys and Gargalis et al. [265] for copper alloys have
shown significant differences in the absorptivity characteristics when compared to low re-2665

flectivity materials. Additionally, the absorptivity scaling law proposed by Ye et al. [7]
is also used in a keyhole stability prediction tool developed by Gan et al. [82]. In situ
laser absorptivity measurements for low reflectivity and high reflectivity materials is hence
of importance as it will help in making the normalized processing diagrams developed in
this work independent of any material used by development of scaling laws to account for2670

such differences, and it could be used in conjunction with other modelling efforts to predict
keyhole stability.

Tailoring microstructure in LPBF

The production of complex parts in LPBF is digitally-controlled all the way from a computer-
aided design model, to monitoring and controlling the process while parts are being man-2675

ufactured. An important component in this digitization of LPBF is the attainment of
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an almost complete control of the numerous process parameters involved and thereby the
resulting material’s microstructure [332]. There have been numerous attempts at tailor-
ing a material’s microstructure through digital control of process parameters [333, 334,
335, 336, 337]. In addition to the experimental attempts at controlling microstructure2680

through control of LPBF process parameters, there have also been theoretical modelling
attempts in order to develop of better understanding of microstructure development in
LPBF [338, 339, 197, 340, 341]. In the aforementioned multi-level modelling attempts,
a common thread is the development of a heat transfer modelling (either analytically or
numerically) to first predict the morphology of melt pools. This thesis currently helps in2685

predicting LPBF process parameters for near fully dense parts across the three melting
modes in LPBF. Future work would involve modelling of melt pool morphologies across
melting modes in LPBF which could feed into microstructure prediction models to pre-
dict differences in microstructure in LPBF. Simulations from this modelling attempt could
then be used for predict microstructure at the part scale in LPBF. Following this, laser2690

scan path strategies would be developed to tailor microstructure for application-specific
requirements due to significant differences in microstructure reported in literature across
melting modes.
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Appendix A

Architectural bone parameters and the
relationship to titanium lattice design
for powder bed fusion additive4015

manufacturing

A.1 Preface

Additive manufacturing (AM) of titanium (Ti) and Ti-6Al-4V lattices has been proposed
for bone implants and augmentation devices. Ti and Ti-6Al-4V have favourable biocom-
patibility, corrosion resistance and fatigue strength for bone applications; yet, the optimal4020

parameters for Ti-6Al-4V lattice designs corresponding to the natural micro- and meso-
scale architecture of human trabecular and cortical bone are not well understood. A com-
prehensive review was completed to compare the natural lattice architecture properties in
human bone to Ti and Ti-6Al-4V lattice structures for bone repair and augmentation. Ti
and Ti-6Al-4V lattice porosity has varied from 15% to 97% with most studies reporting a4025

porosity between 50-70%. Cortical bone is roughly 5-15% porous and lattices with 50-70%
porosity are able to achieve comparable stiffness, compressive strength, and yield strength.
Trabecular bone has a reported porosity range from 70-90%, with trabecular thickness
varying from 120-200 µm. Existing powder bed fusion technologies have produced strut
and wall thicknesses ranging from 200-1669 µm. This suggests limited overlap between4030

current AM of Ti and Ti-6Al-4V lattice structures and trabecular bone architecture, indi-
cating that replicating natural trabecular bone parameters with latticing is prohibitively
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challenging. This review contributes to the body of knowledge by identifying the correspon-
dence of Ti and Ti-6Al-4V lattices to the natural parameters of bone microarchitectures,
and provides further guidance on the design and AM recommendations towards address-4035

ing recognized performance gaps with powder bed fusion technologies. For this work, my
major contributions included: designing the LPBF lattice structure, conducting the LPBF
manufacturing, X-ray computed tomography analysis, and writing the section on additive
manufactured lattices for bone repair and augmentation and the discussion on manufac-
turability considerations [303].4040

A.2 Introduction

The use of Ti-6Al-4V is well established in the medical device industry [342]. Titanium and
titanium alloys are ideal for replacing hard tissues, such as bone, due to their biocompat-
ibility and excellent strength-to-weight ratio [343, 344]. Ti-6Al-4V also exhibits excellent
fatigue strength and corrosion resistance allowing implants to withstand the cyclic load-4045

ing in high ion environments present in vivo during activities of daily living [345]. These
properties of titanium and Ti-6Al-4V have led such alloys to become some of the most
widely used metal materials for joint replacement and fracture fixation procedures in the
orthopaedic industry.

Despite their widespread use in the medical device industry for the augmentation and4050

repair of bone, pure titanium and Ti-6Al-4V do not have material properties similar to
those of bone. Ti-6Al-4V is roughly twice as stiff as human cortical bone with up to seven
times the compressive strength [346, 347, 348]. Bone is mechanoresponsive and requires
regular loading in order to proliferate new bone. Implanting a stiffer material like titanium
adjacent to bone can cause stress shielding of bone, resorption of the surrounding bone4055

tissue which can lead to implant loosening and failure [94]. Therefore, it is imperative
that designs of titanium and titanium alloy implants are tailored to more closely match
the natural mechanical response of bone tissue. One approach to reducing stress shielding
near the bone-implant interface is by light-weighting implants through latticing in an ef-
fort to reduce mechanical properties from those of the stiffness of the material. Additive4060

manufacturing allows for unique design approaches thereby allowing for control of mechan-
ical properties, while minimizing weight through unique geometries and graded material
properties. Additive manufacturing technologies are of particular use in the medical device
industry where implants are made for specific applications in which weight and mechani-
cal properties are integral to implant function. Production of Ti-6Al-4V lattice structures4065

through additive manufacturing for biomedical applications was thoroughly reviewed by
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Tan et al. in 2017. They concluded that optimal guidelines for lattice design in biological
environments has not yet been established and that the field is rapidly and continually
evolving [349]. Since the review by Tan et al. in 2017 was completed, many additional
studies have successfully progressed toward this goal by manipulating lattice parameters4070

such as porosity, pore size, and strut thickness in order to produce unit cells that more
closely exhibit stiffness, compressive strength and fatigue strength of human bone. Lat-
tice parameters vary widely across the literature and while general recommendations have
been made, there remain questions as to which lattice design produces the optimal struc-
ture for implant fixation and reduction of stress shielding through mechanical property4075

optimization.

A consideration that is notably overlooked in developing lattice structures for bone
repair and augmentation is how to best model the architectural parameters of human
bone. Therefore, a comprehensive literature review is needed to examine the parameters of
bone micro-architecture in correspondence with lattice design parameters used in additive4080

manufacturing. A review of existing additive manufacturing literature was completed to
determine which titanium lattice parameters have been examined for implants used to
replace or augment human bone. Lastly, recommendations are made on how to best use
this information towards the design and additive manufacturing of improved titanium and
Ti-6Al-4V lattice structures for bone repair and augmentation.4085

A.3 Review of human bone properties relevant to lattice
design

A.3.1 Review of human bone function

Bone is a tough, elastic tissue that gives structural support to the human body. As a living
tissue, bone adapts to its environment and loading conditions through the breakdown of4090

existing bone by osteoclasts and the proliferation of new bone by osteoblasts. This process
leads bone to exhibit mechanoresponsive behaviour, wherein the more it is loaded, the
thicker and denser it becomes. Bone can be categorized into two main types: cortical
bone and trabecular bone, see Figure A.1. Different bones in the human body consist of
different amounts and configurations of cortical and trabecular bone. Long bones, such4095

as the femur, tibia, radius, and humerus, have a long shaft made up of primarily cortical
bone. The articulating ends of long bones are made of primarily trabecular bone contained
by a thin shell of cortical bone. Short bones, such as vertebrae, carpals, and tarsals,
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are made primarily of trabecular bone with a thin cortical shell making them strong and
compact. Cortical bone density and trabecular bone density are important indicators of4100

bone strength, and decrease with age, for instance by approximately 0.41% and 0.65%
per year, respectively, for women ages 70 to 87 years old [350]. However, studies have
demonstrated that trabecular bone has a higher correlation to bone strength than cortical
bone [351].

A.3.2 Trabecular bone4105

Trabecular bone, or cancellous bone, is a lattice-like structure that allows bone to maintain
its strength, while being relatively lightweight. Trabecular bone is primarily located at the
articulating ends of long bones and in the body of short bones, which allows for improved
load transfer through these structures. The exact configuration of trabecular bone micro-
structure is still being discovered. The most established theory characterizes the trabeculae,4110

or struts, by their thickness, spacing, number and spatial configuration. Measurement
techniques for these parameters are well established and widely published to comparatively
describe trabecular bone quality, with more and thicker trabeculae suggesting better bone
health [352]. However, emerging and more advanced geometric models consider the shape
of trabecular surface and the rod vs plate-like structures of trabecular architecture in4115

greater detail [92, 48].

The integrity of trabecular bone microstructure is often used as an indicator for overall
bone health. At any given age, men have a higher trabecular bone mass than women,
however decreases in trabecular bone density due to aging are similar in women and men
[353, 354, 355, 356, 357]. Age-related changes cause buckling of trabeculae due to a de-4120

crease in the number and thickness of trabeculae, and an increase in trabecular length
[352]. Collectively, these changes result in a decreased trabecular density; however, the
pathology of this reduction differs in men and women [352]. In women, the decrease in
bone volume occurs primarily due to a decrease in the number of trabeculae, whereas in
men, it may be predominantly attributed to the thinning of trabeculae [353, 358]. The4125

decrease in trabeculae in women is related to menopause, where less estrogen is produced,
which increases bone reabsorption [359]. Therefore, in making design considerations for
orthopaedic medical devices, the patient population, age and sex should be carefully con-
sidered. Changes may be made to lattices designs to model the reduction in bone density
with age. Lattice structures with fewer shorter features may better represent aging female4130

bone and lengthening features may better model aging male bone. Lower density lattice
designs should also be considered for older adults and post-menopausal women.
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Figure A.1: Human bone can be categorized into two main types: cortical and
trabecular. Cortical bone is the stiffer, more dense bone which encapsulates short bones,
the ends of long bones and comprises the shaft of long bones. Trabecular bone is the

lattice like structure which makes up the majority of short bone structure as well as the
ends of long bones. This figure was adapted from the µCT work of Lui et al. and

Gauthier et al. [12, 13]
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Micro-architecture of trabecular bone

The micro-structure of trabecular bone can be characterized by the individual trabeculae
and the spaces between them. To determine bone porosity, the volume of bone (BV) is4135

divided by the total volume (TV) for a given sample (BV/TV). Other groups have also
compared total bone surface area (BS) with respect to bone volume (BS/BV) or total
specimen volume (BS/TV) as another form of trabecular quality indicator. Trabeculae are
further characterized by thickness of individual vertical trabeculae (TbTh), the distance
between trabeculae (TbSp), and the number of trabeculae that intersect with a given4140

two-dimensional distance metric (TbN), typically 1 cm, as shown in Figure A.2.

Figure A.2: Commonly reported measurements of trabecular bone microstructure (red)
may be used to describe lattice parameters commonly used in additive manufacturing

(blue).

Methods of calculating bone architectural parameters may vary between studies; how-
ever, the technique proposed by Hildebrand et al. is the most widely accepted in general
literature, as shown in Table A.1. Hildebrand et al. proposed a two-dimensional (2D) plate
model that allows for calculation of 2D parameters such as TbTh, TbSp and TbN [14].4145

Trabecular bone density and parameters vary greatly with anatomical location, as
shown in Figure A.3. When determining design considerations for bone replacing im-
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Trabecular Bone Parameter Measurement/Calculation
Apparent bone density BV/TV

Porosity 1 - BV/TV
Bone surface fraction BS/BV or BS/TV
Trabecular thickness TbTh = 2 BV/BSs
Trabecular spacing TbSp = 2 (TV-BV)/BS
Trabecular number TbN = 0.5 BS/TV

Table A.1: The Hildebrand et al. method for calculating two dimensional trabecular
measurements from known bone volume fractions.

plants, anatomical location and device function should be considered. Hildebrand et al.
undertook an in-depth in vitro study comparing the micro-architecture of trabecular bone
at different sites across the skeleton [14].4150

Mechanical properties of trabecular bone

The mechanical properties of trabecular bone vary significantly with respect to bone den-
sity. For instance, trabecular bone density predicts 81% of axial strength variation in the
human tibia [360]. The porosity of human trabecular bone ranges from 40-95%, dependent
on skeletal location, bone region, and population parameters [361]. Stiffness and strength4155

of trabecular bone is significantly greater in the direction of loading, z-axis, and lower, but
similar, however still anisotropic, in the x- and y-axis respectively. Young’s modulus of
trabecular bone can range from 1-5 GPa along the axis of loading and 50-700 MPa off-axis.
As such, the compressive and tensile strength of trabecular bone ranges from 0.1-30 MPa
and 6-8 MPa, respectively [16, 17, 362].4160

A.3.3 Cortical bone

Cortical bone, or compact bone, is much more dense than trabecular bone and acts as
a stiff outer layer for short bones, joints in long bones and the sole composition of the
hollow shafts of long bones. Cortical shells allow for a continuous surface at the joints
for ligamentous and tendonous attachment. Cortical bone improves the overall fracture4165

toughness and provides structural integrity to limbs allowing for gross movement.
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Figure A.3: A comprehensive summary of two- and three-dimensional measurements of
trabecular bone at the femoral head, illiac crest, calcaneal core, L2 vertebra and L4

vertebra as described by Hildebrand et al. [14]. The mean data reported by Hildebrand
et al. was supplemented with Thomsen et al.’s report [15] of trabecular bone parameters
at the proximal tibia to form an original visual representation*. Bone microstructure

data is outlined in red and suggested translation to lattice design parameters is outlined
in blue. The values listed represent the mean value of the each measurement.
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Micro-architecture of cortical bone

Cortical bone is much more dense than trabecular and exhibits only 5-15% porosity [361].
It is well documented that cortical bone porosity and thickness decrease with age [353].
Interestingly, micro-structural analysis has shown that the cortical bone stiffness, fatigue4170

strength and fracture toughness decrease with age [363]. It should also be noted that
studies have indicated that the decrease in cortical bone density is significant in women,
but insignificant in men [353].

Mechanical properties of cortical bone

Cortical bone is widely considered to be transversely isotropic, with mechanical properties4175

along the axis of loading, or the z-axis, being significantly greater than those in the x-
and y- axis. The transversely isotropic mechanical properties of human cortical bone have
been collated from literature to provide a holistic visual representation, see Figure A.4
[16, 17, 18].

Figure A.4: Cortical bone exhibits transversely isotropic mechanical properties with
nearly double the stiffness occurring along the axis of loading. [16, 17, 18] Young’s

modulus, ultimate compressive strength, and ultimate tensile strength in the longitudinal
direction are denoted Ez, σc,z, and σt,z respectively. The subscript “x,y" is given to denote

mechanical properties in the transverse axes.

189



A.4 Additively manufactured lattices for bone repair4180

and augmentation

Computer aided design (CAD) and additive manufacturing (AM) have advanced technolog-
ical readiness, enabling the regulatory pathways and component mechanical performance
to be ready for wide-scale application in the medical device industry [364, 365]. Existing
literature on additively manufactured medical devices for bone repair and augmentation is4185

widely spread based on target audience, research background, and study type. Research
on additively manufactured medical devices can be found in surgical, tissue, biomedical en-
gineering, additive manufacturing and/or material science journals. Collating the existing
body of research into a cohesive overview proves challenging, as the focus of research covers
a wide array of topics from AM process parameters, material properties, and biocompat-4190

ibility, all the way to medical function and clinical outcomes. In order to review metal
additive manufacturing as a technology for bone repair and augmentation an overview of
metal AM and lattice design approaches has been included below.

A.4.1 Review of additive manufacturing for metals: powder bed
fusion4195

Laser powder bed fusion (LPBF) and electron beam powder bed fusion (EB-PBF) are AM
processes in which a heat source is directed towards a powdered material to micro-weld
the material together, layer-by-layer. During the LPBF process, a fine laser beam (with
beam spot sizes (σ) generally between 50 to 100 µm) is generally directed through a series
of lenses towards an X-Y plane via scanning mirrors which direct the beam towards the4200

build platform. In EB-PBF (beam spot sizes (σ) generally greater than 200 µm) the same
phenomenon is achieved through a directed high energy electron beam rather than a laser.
In both cases, the build platform contains a bed of powdered material. As each layer is
micro-welded together, the build platform lowers and a new layer of powder is deposited
over the build platform with a blade or rake. This process is repeated layer-by-layer until4205

the part is complete. Post-processing may be required to ensure certain material properties,
part geometry and/or surface finish.

Some of the major advantages of LPBF when compared to other metal AM processes
are its fine resolution [115], wide range of materials available for the technology [366],
and the potential to obtain performance superior to conventional manufacturing processes4210

[367]. The superior resolution of LPBF when compared to direct energy deposition (DED)
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and EB-PBF makes it an ideal candidate for manufacturing intricate lattices used in light-
weighting parts, as well as for manufacturing complex lattice structures with fine feature
sizes. LPBF also has the largest range of metal material options of any metal AM tech-
nologies. One such material is Ti-6Al-4V, a widely used biomaterial in the medical device4215

industry. There are some benefits to considering EB-PBF for the fabrication of biomedi-
cal devices: the reduction in residual stresses resulting in reduced part distortion due to
the elevated environment temperature during production, the powder layer is pre-heated
into a powder cake which serves as a thermal dissipation pathway, reducing the need for
extensive support structures except for part substrate anchoring requirements. As such,4220

both LPBF and EB-PBF will be considered in this work, with a focus on lattice structure
design, performance, and manufacturability for orthopaedic bone repair and augmentation
devices.

A.4.2 Review of lattice designs

Lattice structures are a form of hierarchical design structures used to minimize unnecessary4225

material with respect to design function. Lattices are typically designed for a specific
application or function such as reducing weight while maintaining mechanical strength,
or improving energy absorption characteristics of a design component [368, 369]. Lattice
structures can be categorized into two main structure types: designed cellular lattices and
stochastic (random) lattices [241].4230

Designed cellular structures

The majority of lattice structures can be categorized as cellular structures that are made
up of unit cells with distinct, repeatable features. Cellular lattice structures are made up
of struts and/or walls that are repeatedly interconnected in 3D-space by nodes. Designed
cellular lattices can then be further categorized into periodic and pseudo-periodic lattices4235

that are of homogeneous or heterogeneous organizations [370]. The periodicity of a lattice
refers to the size of the unit-cells throughout the structure and homogeneity refers to
the thickness of the unit-cell elements such as struts and walls. Therefore, a periodic
lattice would have a uniform unit-cell size throughout its structure and a pseudo-periodic
structure would have variable unit cell size. Both periodic and pseudo-periodic lattices4240

can be further categorized into homogeneous or heterogeneous wherein they have either
uniform or gradient-based strut and/or wall thickness, respectively [370].
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Stochastic lattices

Stochastic, or random, lattice structures consist of irregular and non-periodic cells resulting
in a network of interconnected struts and/or surfaces. Unlike other lattice structures there4245

are no distinct cellular features that are repeated in 3D space and each cell contains a
unique configuration of struts and nodes. Stochastic lattices have superior performance
under both compressive and shear loading when compared to regular lattice structures
[371]. However, due to their complex design, there are not as many readily available tools
for the design and implementation and therefore they are not as commonly examined in4250

literature. The final lattice type to be examined are spinodoid lattices [93], which are a
subset of stochastic lattices and surface lattices. The major differentiating characteristic
of spinodal lattices is that they are non-periodic. This allows for a larger design space and
more achievable control of the directional mechanical properties. The benefit of spinodal
surfaces is that they are immune to the symmetry-breaking defects present in cellular4255

lattices, thus improving their mechanical properties [93].

Strut- vs surface-based lattices

Another form of categorization for lattice structures is by the cellular organization of
structure. The two cellular organizations of lattice structures are strut-based lattices and
surface-based lattices. Strut-based lattices are generated by determining unit cell size,4260

the number nodes located throughout the unit cell, and the number and configuration of
connectors linking nodes to each other. Porosity of the lattice may be controlled directly,
or strut thickness may be selected as the control variable for lattice density. Surface-based
lattices consist of a locus of points defined by a function. The most commonly used and
discussed surface lattice family are triply period minimal surface (TPMS) lattices. TPMS4265

lattices are defined by implicit functions for which the function has a constant value. TPMS
structures may be periodic or pseudo-periodic and heterogeneous or homogeneous.

A.5 Review methodology

A comprehensive literature review was completed to better understand how lattice param-
eters are controlled in additively manufactured titanium and titanium alloy parts aimed4270

at repairing or augmenting bone. In order to collect the most relevant data, all powder
bed additive manufacturing processes were considered, pure titanium and titanium alloys
were considered, and all study types were considered; however, studies were only included
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when bone was the target tissue for replacement, repair and/or augmentation, to enhance
the relevant scope of the designed architectures. A total of 50 journal articles fit the above4275

criteria and the effect of lattice design parameters on mechanical properties was extracted
and examined [372, 373, 374, 375, 19, 20, 376, 377, 378, 21, 379, 22, 23, 24, 25, 380, 381,
26, 28, 29, 30, 382, 383, 384, 344, 33, 385, 34, 35, 386, 36, 37, 387, 388, 38, 39, 389, 40, 41,
42, 44, 45, 390, 391, 31, 348, 43].

Existing literature describing additive manufactured titanium implants for bone repair4280

and augmentation fits into two main categories of critical design focus: studies focused
on improving osseointegration and studies focused on targeted mechanical properties. Os-
seointegration refers to bone’s ability to grow on the surface of the implants and infiltrate
the porous implant to improve implant fixation or joint fusion. In general, literature focused
on osseointegration was found to have fewer reported AM and lattice parameters provided4285

and often focused on in vivo results in animals or human case studies. The primary tar-
get audience for this category seems to be medical and academic researchers interested in
bone tissue mechanics, growth and healing and secondarily, the additive manufacturing
community. The other category of literature aims at matching the mechanical properties
of bone by controlling the lattice design parameters and by controlling the printing pro-4290

cess parameters of the respective technologies. Literature focused on matching mechanical
properties of lattice structures to bone, primarily targets the additive manufacturing com-
munity with implications for bone tissue and device design being secondary suggestions. It
is noteworthy to highlight this lack of apparent synergy between the two categories; such
synergy is required to ensure advancements in this field.4295

A wide cross-section of lattice design information was collected from the bone and AM
focused journals and was collated. Key parameters collected include: Young’s modulus,
compressive strength, lattice porosity, pore size, feature thickness, lattice type and material
used. When studies compared more than one lattice design parameter, all relevant data
points were collected in order to make the most robust comparison possible. Data points4300

were then plotted on alongside Ashby plots for trabecular and cortical bone to assist in
making recommendations for future lattice designs focused on titanium implant designs for
bone repair and replacement (CES EduPack software, Granta Design Limited, Cambridge,
UK, 2009).
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A.6 Results and discussion4305

A.6.1 Lattice considerations

Porosity

The exercise of understanding trabecular and cortical bone porosity provides insight into
the porosity required to match the structural properties of bone through titanium and Ti-
6Al-4V latticing [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,4310

40, 41, 42, 43, 44, 45]. The most common lattice parameter reported in literature focused
on additively manufactured titanium and titanium-alloy lattice structures was macro-scale
porosity or void fraction. Designed lattice porosity varied from 15% to 97% with the
majority of studies reporting a designed porosity between 50-70%. Titanium and titanium
alloy lattices within this designed porosity range were successful in matching the stiffness4315

of cortical bone which is known to be 5-15% porous. However, few were successful in
matching mechanical properties of trabecular bone, as depicted in Figure A.5. Trabecular
bone is 70-90% porous, and through this review, it was determined that titanium and Ti-
6Al-4V lattices must have a designed porosity of >80% to replicate mechanical properties
of trabecular bone. These findings indicate that matching material properties of titanium4320

and Ti-6Al-4V via latticing may be challenging with existing AM technologies.

Pore size

Two-dimensional micro-architecture measurements of bone can also be described in terms
of lattice parameters. When considering TbSp as a surrogate bone pore size, Hildebrand et
al. reported a range from 638 µm in the femoral head to 854 µm in the lumbar spine [14].4325

In the literature focused on osseointegration for additively manufactured titanium lattice
designs, the lattice parameter most commonly reported was pore size. The pore sizes
reported ranged from 100-1500 µm. Recommendations for tailoring pore size to optimize
bone in-growth or osseointegration were consistent and conclusions were drawn surrounding
an acceptable range for optimal boney ingrowth. A minimum pore size of 200 µm should4330

be considered to allow for initial cell adhesion [22]. However, to maximize cell proliferation
and limit cell occlusion, large pore sizes >1000 µm are recommended [27]. Therefore, a
functionally graded lattice which combines small pores for initial cell attachment and large
pores to avoid cell occlusion would account for both recommendations [380, 392]. Pore
size did not exhibit a trend with respect to compressive strength and Young’s modulus as4335

seen in Figure A.6 [19, 20, 21, 22, 24, 25, 26, 27, 29, 30, 32, 33, 36, 46, 38, 40, 42, 43].
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Figure A.5: Porosity is the most common lattice parameter reported in literature.
Compressive strength and Young’s modulus of additively manufactured lattice structures

were plotted over the Ashby plots of human trabecular and cortical bone. Lattice
porosity ranged from 15-97% and was plotted in a gradient to depict how best to design
for material property matching [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33,

34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45].
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Therefore, pore size should be viewed as a design parameter for biological reaction rather
than mechanical function.

Figure A.6: Designed pore size of additively manufactured Ti and Ti-6Al-4V lattice
structures was plotted in a gradient over a compressive strength versus Young’s modulus
Ashby plot for human trabecular and cortical bone tissues to depict how best to design

for material property matching
[19, 20, 21, 22, 24, 25, 26, 27, 29, 30, 32, 33, 36, 46, 38, 40, 42, 43].

Feature Thickness

Trabecular thickness can be related to feature, strut or wall thickness. Across the human4340

skeleton, trabecular thickness varies from roughly 120-200 µm [14]. This is lower than 400
µm, or the minimum feature thicknesses typically recommended for powder bed fusion.
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This is most likely due to the part resolution that can be obtained through current additive
manufacturing technologies. While there were no strong trends in the effect of feature
thickness on compressive strength and Young’s modulus for the feature size range captured4345

in these studies, decreasing feature thickness is one way to control lattice porosity, which
is critical to manipulating mechanical properties, as seen in Figure A.7 [19, 20, 23, 24, 25,
26, 28, 29, 30, 31, 34, 37, 38, 39, 44, 45].

Figure A.7: Feature thickness was plotted in a gradient over a compressive strength
versus Young’s modulus Ashby plot for human trabecular and cortical bone tissues to

depict how best to design for material property matching
[19, 20, 23, 24, 25, 26, 28, 29, 30, 31, 34, 37, 38, 39, 44, 45].

197



Lattice type

When compared to strut-based lattices, surface-based lattices, such as TPMS structures,4350

allow for better osseointegration [392]. This is thought to be due to the increased sur-
face area available in surface-based lattices for cellular adhesion. However, the designed
lattice porosity needed to match the mechanical properties of trabecular bone requires
very thin wall thickness. Surface lattices also have lower stress concentrations under an-
gular load simulation, which may make them further suitable for bone implants [392].4355

A recent study from Alabort et al. showed promising results for reaching the mechani-
cal properties of trabecular bone through the use of TPMS surface lattices, specifically
Schwartz’s diamond surface structures [36]. In this review, lattice type had no notice-
able influence on compressive strength nor Young’s modulus of titanium and Ti-6Al-
4V lattice structures aimed at human bone repair and augmentation, see Figure A.84360

[19, 20, 23, 26, 27, 28, 29, 30, 33, 34, 36, 37, 38, 39, 40, 47, 42, 43, 44].

Material selection

Finally, material choice was examined and Ti and Ti-6Al-4V lattices were compared for
their ability to achieve comparable Young’s Modulus and compressive strength to human
bone tissues [19, 20, 21, 22, 24, 25, 26, 27, 28, 29, 30, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41,4365

42, 43, 44, 45]. Despite having slightly different stiffness, Ti and Ti-6Al-4V lattices did not
differ in ability to reach bone properties, see Figure A.9. This may be due to other lattice
design decisions, such as porosity, pore size and feature thickness, that were made to tailor
overall mechanical properties.

A.6.2 Manufacturability Considerations4370

The potential of powder bed fusion AM technologies such as LPBF and EB-PBF to man-
ufacture parts with higher geometric complexity compared to traditional manufacturing,
makes them well suited for fabricating lattice structures mimicking bone properties. The
complex features involved in the design of most lattice structures tests the manufactura-
bility limits of LPBF and EB-PBF. This is mainly because most lattice structures used for4375

bone repair and augmentations require fine feature sizes, particularly to replace trabecular
bone. The minimum feature size strongly depends upon the beam spot size used which is
generally between 50-100 µm for LPBF and >200 µm for EB-PBF. Additionally, lattice
structure designs generally incorporate numerous overhanging features within a unit cell,
which are challenging to produce by both LPBF [393, 177] and EB-PBF [394, 395, 396].4380
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Figure A.8: Lattice type, strut- vs surface-based, was plotted in a gradient over a
compressive strength versus Young’s modulus Ashby plot for human trabecular and
cortical bone tissues to depict how best to design for material property matching

[19, 20, 23, 26, 27, 28, 29, 30, 33, 34, 36, 37, 38, 39, 40, 47, 42, 43, 44].
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Figure A.9: Material type, Ti vs Ti-6Al-4V, was plotted in a gradient over a compressive
strength versus Young’s modulus Ashby plot for human trabecular and cortical bone

tissues to depict how best to design for material property matching
[19, 20, 21, 22, 24, 25, 26, 27, 28, 29, 30, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45].
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Pushing the design boundaries in LPBF and EB-PBF to achieve lattice architectures tai-
lored for bone repair and augmentation necessitates an understanding of the three main
categories of manufacturability challenges which arise in these AM technologies - defects
(micro-porosity within the manufactured lattice structure), surface roughness, and geo-
metric fidelity.4385

Porous defects

Due to the fatigue strength and stiffness requirements associated with manufacturing
titanium-based bone repair and augmentations, understanding defects is important, as
they directly impact both stiffness and fatigue life of a given AM part. It is well doc-
umented in AM literature that defects are particularly deleterious for fatigue properties4390

[397, 398, 399]. In most of the articles reviewed in this work, stiffness values and lattice
design details were commonly reported for titanium alloy lattice structures used for bone
repair and augmentations, but studies into the defects within the lattice structures and
their effects on fatigue life were less frequently reported.

The amount of defects and their typical morphology observed in powder bed fusion4395

(PBF) AM depends on the process parameters used for manufacturing a given lattice struc-
ture. A low energy input is typically associated with the formation of irregularly shaped
lack-of-fusion defects [10], with a high aspect ratio (width/depth) which are are known to
be more detrimental to the fatigue strength of lattice structures [398], when compared to
rounded keyhole defects typically associated with high energy inputs [10]. It is important4400

to note that the presence of rounded or irregularly-shaped defects is not only dependent
upon the energy input, but rather requires an understanding of PBF process parameters,
particularly power, beam velocity, beam spot size, powder layer thickness, and hatching
distance. It is quite possible to obtain irregularly shaped, lack-of-fusion defects within a
lattice structure that uses high energy keyhole mode parameters, as shown by an X-ray4405

computed tomography visualization of the defect space within a Ti-6Al-4V Voronoi lattice
structure manufactured by LPBF in Figure A.10. A summary of the LPBF processing
details and XCT measurements of the lattice structure are provided in Appendix E.

Surface roughness

Surfaces in PBF parts are generally identified with their orientation with respect to the4410

build plate used for manufacturing as shown by the left image in Figure A.10. The four
type of surfaces shown in Figure A.10 include - horizontal up-facing surfaces that are
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Figure A.10: A three-dimensional XCT visualization of the different types of surfaces
observed in a laser powder bed fusion Ti-6Al-4V Voronoi lattice structure with respect to
the build orientation along the Z-axis (left), a high resolution XCT image of a portion of

the Voronoi lattice structure (center), visualization of the defects inside the printed
lattice structure (right).
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parallel to the build plate (along the XY plane), vertical surfaces that are perpendicular to
build plate (along the Z axis and also known as side-skin surfaces), upward facing surfaces
(known as up-skin surfaces) which are typically on an incline, but facing upwards, and4415

downward facing surfaces (known as downskin surfaces) [251]. Since most lattices used for
bone repair and augmentation are comprised of a combination of all four surface types,
these surfaces are distinctly different contributors towards the final surface roughness in the
printed lattice structures. Side-skin (vertical) surfaces [251, 184] and down-skin surfaces
[258, 178, 399] are associated with a higher number of challenges when trying to obtain4420

lower surface roughness values in as-printed PBF lattices, when compared to horizontal
up-facing and up-skin surfaces.

In PBF AM processes, an interplay between process parameters, build file characteris-
tics, machine characteristics, and powder characteristics drive the final surface topography
of a given lattice structure. More precisely, processing parameters such as power, scan4425

speed and layer thickness, build file characteristics such as feature geometry, feature ori-
entation, feature location on the build plate, and beam path strategy, machine and energy
source characteristics such as beam spot size, laser beam quality, and gas flow (for LPBF),
and powder morphology and size distribution are some of the primary drivers for roughness
of a given lattice structure.4430

Out of the four influencing factors, PBF process parameters are known to have the
greatest effect on roughness and are also the most readily controllable for a given lattice.
Horizontal and up-skin surface roughness possibly depend upon the overall size of the melt
pools [179, 171], where the roughness on these surface features generally includes visibility
of the melt pool tracks alongside partially fused adhered powder, particularly for the up-4435

skin surfaces. Down-skin surface features include partially fused adhered powder as sources
of coarse roughness and dross (at higher energy inputs); overall, the down-skin roughness
strongly depends on the melt pool depth [178, 179]. A melt pool depth close to the powder
layer thickness is generally considered to be useful for lowering down-skin surface roughness
values [178]. Remelting scans of horizontal, up-skin, and down-skin surfaces are known to4440

improve the roughness values of these surfaces [179]. Side-skin (vertical) surfaces are an
exception, wherein remelting would generally not help further improve surface roughness,
when compared to a well-executed first side-skin scan [183]. Side-skin surfaces are generally
dominated by partially fused adhered powder in PBF, but the effects of powder can be
reduced by an appropriate energy input selection which enables a dominance of melt pool4445

track features on the side-skin that are associated with lower surface roughness values
[10, 184].

Surface roughness of AM titanium lattices for bone repair and augmentation applica-
tions has been previously examined in literature. Webster and Ejiofor examined osteoblast
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proliferation on 90-95% dense Ti and Ti-6Al-4V structures. They reported that osteoblasts4450

prefer titanium surfaces with nanometer topology features [400]. Conversely, Zhang et al.
reported that a surface roughness of 1-2 µm improved osteogenic properties of titanium
bone implants [46]. There is still no consensus on optimal surface topology and roughness
for osseointegration and adhesion, as changes in the microstructure and nanostructure of
lattice surfaces both influence the cell response in bone tissues [401].4455

Geometric fidelity of lattice features

The fine and complex features involved in the CAD of most lattices used for bone repair
and augmentations test the manufacturability limits of both LPBF and EB-PBF. This
implies that a lattice structure with a fine feature size might print successfully, but not
conform to the original CAD, leading to dimensional inaccuracies. Inaccuracies in addi-4460

tively manufactured lattices would directly impact their performance as bone repair and
augmentations, since the reality of the AM structure would differ from the modelling ef-
forts and design decisions used to determine the feature size and morphology of the lattice.
Attempts at reporting the geometric fidelity of AM lattices, however, have been scarce.

In literature where dimensional inaccuracies have been reported, significant under-sizing4465

and over-sizing of additively manufactured lattices compared to the original CAD are
observed, sometimes over 100%, as reviewed by Echeta et al [399]. Dimensional inaccuracies
in AM lattices depend on numerous factors, including build file setup (location, orientation,
recoater offset angle, etc.) [124], PBF process parameters [293, 251], CAD file resolution
[402], powder size and morphology [115, 403], and beam properties such as wavelength,4470

operating mode, shape and quality [119, 404].

When it comes to strut-based lattices, higher dimensional inaccuracies are reported for
diagonal and horizontal struts, when compared to vertically printed struts [47, 405, 406].
This is because horizontal and diagonal struts contain the highest proportion of overhang-
ing features which are known to have the highest surface roughness-related concerns, as4475

noted in section A.6.2. Additionally, for inclined up-skin surfaces in diagonal struts, a
’stair step’ effect is commonly observed, wherein the edges of individual layers during PBF
manufacturing are visible alongside effects of partially fused adhered powder [172, 407].
This is caused primarily due to the stepped approximation of curves in inclined surfaces
by layers for PBF, which further adds to dimensional inaccuracies of a manufactured lat-4480

tice structure. In 2D and 3D comparison of a Voronoi lattice structure manufactured
using LPBF shown in Figure A.11, numerous dimensional anomalies of the printed lattice
structure (compared to original CAD) can be observed, especially for the horizontal and
diagonal struts which consist of down-skin surface areas. Additionally, nodes within strut
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Figure A.11: A 3D comparison of the XCT visual (shown in grey) and the original CAD
(shown in blue) of a Ti-6Al-4V Voronoi lattice structure manufactured by laser powder
bed fusion (left) and a 2D comparison of a slice along the XZ plane of the XCT visual
(shown in grey) and the original CAD (shown in blue) of the lattice structure (right)
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based lattices are known to be regions with highest dimensional inaccuracies and defects4485

[399], especially when compared to surface based lattices [408]. Nodes in strut based lat-
tices are complex surfaces which involve a combination of up-skin, down-skin, and vertical
surfaces. This complexity adds to the ’stair step’ effect [408] alongside effects of partially
fused adhered powder [409]. Additionally, there could a compounded effect of joining mul-
tiple struts together in the subsequent layers, wherein due to residual stresses caused by4490

large areas, the struts may not converge to a single point in space as observed in the CAD.
These issues of geometric fidelity in AM lattices would be deleterious for bone repair and
augmentation applications, and hence must be evaluated well before use.

X-ray computer tomography (XCT) of AM lattices is the most common method cur-
rently used to evaluate the geometric fidelity of printed lattices by comparison of the XCT4495

scanned model with the original CAD model [410, 411, 399], as also demonstrated in Figure
A.11. Other methods include scanning electron microscopy (SEM), optical microscopy, and
Vernier calliper based comparisons of the AM lattice with the original CAD dimensions
[399].

Advanced considerations for trabecular geometry4500

This review compared trabecular bone micro-architecture to lattice parameters that can be
deployed in additive manufacturing. A simplistic model of trabeculae thickness and spacing
was used to relate to the lattice parameters of strut thickness and pore size, respectively.
However, trabecular bone has a more complex micro-architecture than traditional strut-
based lattices and therefore surface-based lattices should be considered more closely in4505

this application. Furthermore, van Lenthe et al recognized that trabecular bone exhibits
both rod and plate-like behaviour and suggested that a combined strut- and surface-based
lattice configuration may best represent the trabecular bone micro-structure, see Figure
A.12 [48]; such structures can now be closer to attainable from a manufacturability stand
point.4510

Callens et al. proposed a mathematical model for describing local and global trabecular
micro-architecture which suggested that bone does not exhibit mean zero curvature, like
those exhibited in TMPS structures [92]. Therefore, a stochastic surface-based lattice may
be the best selection for modelling trabecular bone. This has been successfully attempted
by Kumar et al. [93] and their work should be considered an emerging opportunity for the4515

design of titanium lattice architectures for bone repair and augmentation. Overall, surface
lattices have shown success in replicating the mechanical properties of trabecular bone for
titanium and titanium alloys and it is recommended that this avenue be pursued further
[392].
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Figure A.12: van Lenthe et al., used a micro computed tomographical (micro-CT) image
of a human trabecular bone to develop a specimen-specific beam finite-element model.

The process is shown above: (a) micro-CT reconstruction, (b) point cloud generation, (c)
multi-colour dilation, and (d) assignment of element thickness and volume to finite

element beams. Figure reprinted with permission from [48].
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A.7 Conclusions4520

This review covers the breath of human bone geometry, mechanical properties of cortical
and trabecular bone and the attempts made at replacing these tissues with additively
manufactured titanium lattice structures. Human bone, particularly trabecular bone varies
significantly with age, sex, disease state, skeletal location and region of the individual
bones. Therefore, a site and function specific design approach should be considered when4525

designing for human bone repair and augmentation. Titanium lattice structures generated
through additive manufacturing have shown success in replicating cortical bone mechanical
properties, promoting osseointegration for improved implant fixation and reduction of stress
shielding at the bone-implant interface.

Overall, many studies were able to tune lattice parameters to obtain a Young’s mod-4530

ulus and compression stiffness within the range of human cortical bone, with challenges
in addressing the porous network architecture concomitantly. Cortical bone is roughly 5-
15% porosity and titanium lattices with roughly 50-70% porosity were most successful in
achieving comparable stiffness and compressive strength. Matching mechanical properties
of trabecular bone was less achievable in the current literature. Trabecular thickness, or4535

feature thickness, of human trabecular bone is on the cusp of what is attainable with exist-
ing metal additive manufacturing powder bed fusion technologies. Additionally, matching
trabecular thickness to feature thickness in titanium-based lattices does not account for the
difference in stiffness. Therefore, matching feature thickness to trabecular bone thickness
is not a recommended technique for matching the mechanical properties of titanium lattice4540

structures to those of human trabecular bone. Control of pore size, porosity and lattice
type may yield better results when attempting to replace trabecular bone with additively
manufactured titanium lattices.

Future work should include a transfer function that better relates the stiffness of tita-
nium and Ti-6Al-4V to the lattice parameters required to generate structures that more4545

seamlessly match the mechanical properties of human cortical and trabecular bone. Due
to the large variations in bone porosity and microstructure throughout the human skeleton
and the increase of bone porosity with age and in women, patient specific design may yield
the best outcome with respect matching mechanical properties of bone with additively
manufactured lattices. Improved lattice design for bone repair and augmentation will al-4550

low for improved orthopaedic implant design and may ultimately reduce the risk of stress
shielding at the bone implant interface.
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Appendix B

Scalmalloy manufacturing summary

Laser powder bed fusion (LPBF) was chosen for as the metal AM technology for the work,4555

as it is already being implemented for part production in numerous industrial sectors,
including aerospace. LPBF is often deployed as it enables the ability to manufacture
components with high geometric complexity and has the potential to reduce cost and
lead times. Ultimately, there is a potential to locally tailor material properties from the
microscale to the macroscale using this additive manufacturing approach.4560

Scalmalloy was the material of choice for this work as it is one of the most mature
high strength aluminum alloys available that is not susceptible to cracks during manufac-
turing. Toyal America supplied the sample of the Scalmalloy powders for the Advanced
Manufacturing Olympics, as the quality of their powder sample was stated to be “ultra-
spherical with low oxygen content”, rendering this to be a good option for the target of4565

accelerated process parameter optimization in LPBF. Depending on the industry, the TRL
of Scalmalloy varies from 6 to 9, with multiple suppliers and production in tons per year;
examples of such sectors are aerospace, automotive, and high-performance recreational in-
dustries. In addition, process parameters for LPBF are scarce in literature, with a good
opportunity to deploy innovative strategies to improve performance. Post build thermal4570

processing consists of a stress-relief/aging cycle with an optional HIP, which removes con-
cerns with quench-induced distortion and residual stresses in typical precipitation-hardened
alloys. The manufactured Scalmalloy coupons were subjected to an aging heat treatment
at 325 °C for 4 hours.

The approach to optimizing the properties of Scalmalloy involved the use of physics-4575

driven processing diagrams, temperature prediction models, and beam path planning.
First, normalized processing diagrams and the temperature prediction model developed by
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in Chapter 3 of this thesis were used to quickly identify conduction mode LPBF processing
parameters for Scalmalloy which help offset the probability of obtaining keyhole defects
and alloying element vaporization, which are common issues while working with aluminum4580

alloys [10, 209]. Using conduction mode processing parameters for the core of the parts
also enables reduction in spatter formation, which has been shown to cause irregularities
in microstructure and surface roughness [169, 79, 412, 2], while also affecting the quality
of nearby parts [155] thereby leading to lesser repeatability in mechanical performance
of laser powder bed fusion parts. To achieve this conduction mode approach, a dynamic4585

laser beam de-focusing strategy was deployed in the core region, with the added benefit of
increased productivity rates. The current process parameter development strategies have
been implemented successfully in numerous alloy classes including titanium, aluminum,
nickel, and ferrous alloys. Secondly, keyhole mode LPBF processing parameters with a
focused laser beam approach were used to improve the surface finish over the typical build4590

parameters [251]. Lastly, during the LPBF process, a lower heat input was used in the
overhanging surfaces to reduce the dross formation commonly observed in laser powder bed
fusion components [177]. To achieve the goals and complete the manufacturing of all neces-
sary coupons, a commercial modulated laser system with focusing/de-focusing capabilities
(Renishaw AM 400) was deployed.4595

Military application will benefit from having a high-strength aluminum alloy for laser
powder bed fusion in several ways:

• Firstly, the higher forecasted mechanical properties will benefit sustainment by pro-
viding an AM alternative for the replacement of more highly loaded parts originally
made from 2xx, 3xx, 2xxx, 6xxx, and 7xxx alloys.4600

• Secondly, a high-strength alloy with simple post-processing will enable more opti-
mized future designs without the complications of solution annealing and quenching
that can result in residual stresses and distortion.

• Finally, a high-strength alloy with broad industrial use and multiple powder suppliers
will ensure both availability of powder and a competitive pricing environment, es-4605

pecially as demand for Scalmalloy grows and additional sources of alloying elements
become available.

All the coupons were manufactured on the reduced build volume (RBV) of a modulated
beam LPBF system. The entire process parameter optimization and manufacturing cycle,
from receiving the powder to printing the products, spanned 4 business days. Due to4610

an extremely tight timeline for obtaining approvals for the new alloy for use in the full
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build volume and timelines for material changeover, the RBV was deployed. This led
to a maximum length (height) of 55 mm possible for the tensile blanks, built across 4
build cycles. The tensile blanks had to be manufactured in the Z-axis (build direction)
orientation due to recoating issues arising in the reduced build volume when working other4615

orientations for the tensile blanks. The build orientations of all coupons are illustrated
in Figure B.1. Electro-discharge machining (EDM) was used to cut-out the samples from
their respective build plates.

Figure B.1: Illustration of the powder flow (recoating) and gas flow directions with
respect to part orientations on the reduced build plate of the Renishaw AM 400.
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Appendix C

Monolithic interferometer -4620

manufacturing summary

The LPBF system for this work was a modulated LPBF system (a Renishaw AM 400), in
which, the beam velocity variable is split up in two: point distance and exposure time. This
modulation of the laser beam gives provides an additional degree of control which is not
possible in continuous LPBF systems. Additionally, the Renishaw AM 400 system allows4625

for changes to the beam spot diameter which make it easier for develop process parameters
for a new and challenging material system such as Invar36 using a combination of pro-
cessing diagrams, micro-scale simulations, beam path planning, advanced microstructure
characterization and part performance characterization methods from this thesis.

Due to the locally concentrated energy input in LPBF, localized thermal loads are4630

generated, leading to numerous challenges while adopting this technology for new materials,
including the material selected for this work – Invar36. At a composition of approximately
36 wt.% Ni, the Invar36 alloy takes a characteristically low coefficient of thermal expansion
(CTE) compared to most known Invar alloys [99]. Due to this characteristic, Invar36 alloy
is widely used in many applications requiring high dimensional stability such as precision4635

instruments and tooling, metrology, cryogenic liquid storage and transport, and optical
mounting in the space industry [270]. The low CTE of Invar36 hence also makes it suitable
for this work.

A graphical summary of the ground-up manufacturing steps used to obtain the final
monolithic quantum sensing interferometer is shown in Figure C.1. The initial goal shown4640

in the bottom left side of Figure C.1 was to identify the best set of laser powder bed
fusion (LPBF) process parameters to print complex and large structures as shown in the
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top right side of Figure C.1. To this purpose, the first objective was to maximize density
(core and sub-surface) and minimize surface roughness (side skin, down skin, up skin). Of
note, the Invar36 material is not a common LPBF material system, with scarcity in liter-4645

ature to inform the process parameters to achieve desired density and surface topography
performance.

Figure C.1: Graphical abstract of the manufacturing steps used to obtain the monolithic
quantum sensing interferometer. The ground-up manufacturing steps are shown from

bottom right to the final assembly on the top left.

The initial print consisted of 8 coupons designed in a way such that density could be
tested using an X-ray computed tomography (XCT) setup and surface roughness could
be tested using a laser profilometer, as shown in Figure C.2. In addition, the quality of4650

through-holes was also assessed using this type of geometric coupon. Each of the coupon
explored a different combination of process parameters spanning the three melting modes
in LPBF predicted by the processing diagrams develop in Chapter 3 of this thesis. From
this initial print, an ideal set of LPBF process parameter was identified which was used in
the subsequent prints as illustrated in Figure C.1. The manufactured coupons were built4655

on support structures on the substrate, with the resulting manufactured samples shown
on the far left of Figure C.2. The roughness of best LPBF coupon is showcased in the
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center of Figure C.2. The sample with the best performance for both surface topography
and density was assessed by using XCT overlayed with original CAD outline of the part,
as illustrated in the right side of Figure C.2. The XCT data of the LPBF coupon is shown4660

in grey, while the CAD is shown in yellow in Figure C.2.

Figure C.2: Image of coupons from initial print on a the RBV build plate of Renishaw
AM 400 (left), images showcasing the roughness of the best coupon (center), comparison

of the best LPBF coupon with the CAD using XCT (right).

The remaining steps in manufacturing the monolithic interferometer, as noted by the
milestones from Figure C.1 involved:

• Identifying the best set of LPBF process parameters to print support structures
needed for complex and large structures in the final monolithic structure4665

• Designing and building a lattice architecture best suited for providing mechanical
and thermal stability to position the optical mirrors (required for the interferometer
to function) along with light-weighting the structure.

• Designing and building flexures that are capable of being manufactured using LPBF
in a monolithic design.4670

• Designing and building a monolithic setup that includes all the required flexures and
the plinth setup for the optical mirrors using LPBF additive manufacturing.
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This work was completed from concept to print in less than 6 months, without any of
the collaborators ever being in the same room.
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Appendix D4675

Experimental results from Ti-6Al-4V
and AlSi10Mg weld line datasets

D.1 Ti-6Al-4V datasets

Methods

The total number of weld lines analyzed was 16 and the locations of the weld lines on the4680

build plate is shown in Figure D.1. The depth, width, and height of the weld lines were
analyzed using a laser confocal microscope (Keyence VK-X250). The results from the weld
lines printed on the substrate artifacts and the base plate are summarized in the following
section.

Figure D.1: Layout of the 16 sets of weld lines on the build plate of Renishaw AM 400.
Each set involves 5 weld lines where each weld lines is separated by a hatching distance of

100 µm.
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Results4685

An image of the melt pool morphology measurements for one of the 16 set of weld lines is
given in Figure D.2. The melt pool depth, height, and width measurements are reported
in Table D.1. The beam spot diameter for all the weld lines in Table 1 was 70 µm which
is the value for the Renishaw AM 400 laser at the focal point.

Figure D.2: The melt pool depths (lines 1-5), melt pool heights (lines 6-10), and melt
pool width (line 11 + line 12) at laser power of 300 W, point distance of 55 µm, and

exposure time of 45 µs on Renishaw AM 400.

D.2 AlSi10Mg datasets4690

Methods

The total experimental combinations for weld lines analyzed was 55 and the locations of
the weld lines on substrate artifacts on the build plate is shown in Figure D.3. Substrate
artifacts are 10 mm cubes which were build on top of the LPBF system build plate. The
last layer on top of the substrate artifacts were the weld lines as shown in Figure D.3.4695

Conduction mode melt pools on the Renishaw AM 400 were obtained by defocusing the
focal point of the laser beam to a point above the build of the system. The transition mode
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Table D.1: The melt pool depth, height, and width for the 16 sets of weld lines, along
with the laser power, point distance, and exposure time settings.

Power pd te
Depth [µm] Height [µm] Width

[W] [µm] [µs] Avg. Std. dev. Avg. Std. dev. [µm]

150 75 45 51.96 1.84 19.98 3.08 105.80
150 55 55 80.50 5.76 19.80 4.56 126.60
150 55 65 76.30 10.57 19.02 13.35 134.50
200 75 55 91.36 9.01 30.60 5.11 129.70
200 55 45 97.50 3.70 16.54 5.63 139.40
200 55 55 106.74 7.93 22.98 11.47 134.50
200 55 65 93.04 11.51 30.44 8.90 123.50
250 75 55 137.62 10.81 38.58 6.49 154.00
250 55 45 137.42 9.58 19.88 10.55 146.9
250 55 55 137.70 4.69 28.26 18.21 140.80
250 55 65 124.16 7.66 28.04 11.85 126.20
300 75 45 180.78 19.06 43.12 11.28 169.20
300 75 55 207.48 20.07 31.94 8.06 154.70
300 55 45 159.94 10.63 16.72 1.53 161.00
300 65 65 120.90 11.26 21.28 8.81 127.00
300 55 65 233.56 21.24 39.32 6.85 144.30

melt pools were obtained from a similar build plate layout with the only change being an
increased layer thickness of 35-50 µm instead of the 30 µm used for the conduction mode
melt pools. The depth, width, and height of the weld lines were analyzed using a laser4700

confocal microscope (Keyence VK-X250). The results from the weld lines printed on the
substrate artifacts are summarized in the following section.

Results

An image of the melt pool morphology measurements for one set of weld lines is given
in Figure D.4. The melt pool depth and width measurements are reported in Table D.2.4705

Melt pool morphology images for individual melt pools can be provided upon reasonable
request.
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Figure D.3: Layout of the weld lines on substrate artifacts manufactured on the build
plate of Renishaw AM 400. Each set involves 5 weld lines where each weld line is

separated by a hatching distance of 100 µm.

Figure D.4: The melt pool depth and melt pool width measurement illustration of a
solidified melt pool at laser power of 200 W, point distance of 55 µm, and exposure time

of 60 µs, and beam spot diameter of 128 µm on Renishaw AM 400.
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Table D.2: The melt pool depth and width for the weld lines, along with the laser power,
point distance, exposure time, and beam spot diameter settings.

Power pd te lt σ
Depth [µm] Width

[W] [µm] [µs] [µm] [µm] Avg. Std.
Dev.

[µm]

150 55 80 30 108 63.76 9.22 207.50
200 55 100 30 108 79.50 4.64 220.50
200 55 60 30 108 67.20 0.99 185.10
250 55 80 30 108 72.66 4.81 205.00
250 55 60 30 108 66.18 13.27 195.60
300 55 100 30 108 87.68 2.57 231.00
300 55 80 30 108 78.22 3.29 223.10
300 55 60 30 108 69.96 7.51 202.40
350 55 80 30 108 78.33 12.25 234.70
350 55 60 30 108 77.70 5.04 239.40
400 55 100 30 108 100.70 7.34 256.00
400 55 80 30 108 94.43 9.41 268.00
400 55 60 30 108 84.90 5.93 227.60
200 55 60 30 128 63.10 6.58 187.80
250 55 60 30 128 68.14 6.09 206.80
300 55 60 30 128 74.56 3.18 223.10
350 55 60 30 128 80.54 5.77 223.80
400 55 60 30 128 87.85 4.88 249.40
200 55 60 30 146 66.92 6.98 196.90
250 55 60 30 146 69.93 4.11 206.40
300 55 60 30 146 74.38 3.15 245.80
350 55 60 30 146 87.14 9.24 244.60
400 55 60 30 146 105.88 15.97 264.20
200 55 60 30 167 63.90 6.72 230.40
250 55 60 30 167 78.57 1.84 271.20
300 55 60 30 167 82.38 7.03 271.60
350 55 60 30 167 84.86 5.78 270.90
400 55 60 30 167 90.90 9.83 277.60
200 55 80 30 183 74.34 9.72 240.10
250 55 80 30 183 86.96 12.02 252.90

Continued on next page
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Table D.2 – Continued from previous page

Power pd te lt σ
Depth [µm] Width

[W] [µm] [µs] [µm] [µm] Avg. Std.
Dev.

[µm]

300 55 80 30 183 98.10 8.46 288.30
350 55 80 30 183 103.76 9.41 321.90
400 55 80 30 183 112.24 7.06 317.90
300 55 100 30 203 97.56 9.39 340.10
350 55 100 30 203 110.06 6.30 349.10
400 55 100 30 203 117.40 9.73 364.10
123 60 230 35 70 64.06 44.39 126.97
156 60 110 35 70 87.29 34.57 157.65
193 60 70 35 70 103.26 15.26 198.22
234 60 50 35 70 90.48 24.90 187.29
390 60 24 35 70 106.15 26.16 149.02
161 60 230 35 70 101.95 33.25 197.17
212 60 110 35 70 160.79 30.58 273.12
270 60 70 35 70 177.04 39.41 254.05
334 60 50 35 70 170.36 23.03 260.50
177 60 110 35 70 106.29 27.96 203.77
193 60 70 35 70 96.51 16.93 177.18
255 60 50 35 70 138.52 14.62 196.49
287 60 38 35 70 111.54 23.07 175.82
240 45 60 50 70 130.43 28.51 188.75
240 60 60 50 70 139.27 26.44 204.08
240 75 75 50 70 112.96 21.82 178.50
200 60 170 50 70 168.23 44.49 254.46
200 60 119 50 70 85.70 26.03 180.79
200 60 60 50 70 94.87 21.98 156.78
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Appendix E

Voronoi lattice structure manufacturing
and analysis4710

Manufacturing details

The Voronoi lattice structure was designed using nTopology and manufactured using Ti-
6Al-4V powder on the reduced build volume (RBV) of a modulated laser powder bed
fusion (LPBF) system (AM 400, Renishaw, UK). The powders used were plasma atomized
(grade 23) with a size distribution of 15-45 µm (d10 of 20 µm, d50 of 34 µm, and d90 of4715

44 µm), provided by AP&C (Quebec, Canada). A powder layer thickness value of 30 µm
and a hatching distance of 100 µm was used. The laser power and velocity settings were
selected as per the LPBF system manufacturer’s recommendation for Ti-6Al-4V which are
predicted to lie in the transition melting mode from previous work [10]. For the AM 400
system, the beam spot radius at the focal point is given by rb = 35 µm, which was kept4720

constant for this study. The scan strategy followed this order: scanning of the core using
the meander scanning strategy, followed by a border scan that involves melting of the edge
of each contour within a layer specified by the CAD of the lattice structure.

X-ray computed tomography details

The Ti-6Al-4V Voronoi lattice structure was analyzed in a 3D X-ray computed tomography4725

(XCT) scanner (ZEISS Xradia 520 Versa). The important processing parameters used to
obtain the XCT results for the entire lattice structure (left of Figure A.10 in Chapter A)
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are shown in Table 1, and the parameters used for the high resolution scan (centre and
right of Figure A.10 in Chapter A) are shown in Table 2. To visualize the defect space
within the sample, the XCT scanned file was then analyzed using an image processing4730

software (Dragonfly 3.0, Object Research Systems Inc., Montreal, QC). The brightness,
contrast, and opacity of the data volume was adjusted to highlight the features of interest
within the XCT data volume.

Table E.1: X-ray computed tomography parameters used for scanning the entire
Ti-6Al-4V Voronoi lattice structure.

Parameter Unit Value

Voxel size [µm] 12.5401
Source power [W] 7
X-ray energy [kV] 80
Filter - LE6
X-ray optic - 0.4x lens
Source position [mm] 23.019
Detector position [mm] 130.0033
Exposure time [s] 1.5
Number of projections - 2401
Binning level - 2
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Table E.2: X-ray computed tomography parameters used for scanning the high-resolution
scan of a portion of the Ti-6Al-4V Voronoi lattice structure.

Parameter Unit Value

Voxel size [µm] 2.0029
Source power [W] 7
X-ray energy [kV] 80
Filter - LE6
X-ray optic - 4x lens
Source position [mm] 14.0390156
Detector position [mm] 103.0033
Exposure time [s] 4
Number of projections - 3001
Binning level - 2
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