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Abstract

Additive Manufacturing (AM) is an increasingly attractive advanced manufacturing
technology that manufactures three-dimensional (3D) components, usually in a layer-by-
layer manner, as opposed to subtractive or formative processes. Comparing with the
traditional metal manufacturing techniques, AM has unrivalled capability for
manufacturing complex structures and customised metal parts on an industrial scale and
thus industries such as medical-device and aviation are adopting AM as a manufacturing
method. However, the layer-by-layer approach, as well as indeed the continuous fine melt
pool tracing process at each layer, leads to a complex sequence of repeated localised
heating, melting, cooling and solidification steps. At any given time in a metal AM
process, a microscale volume of the material will be exposed to rapid heating, whilst other
regions will either be molten, solidifying, or cooling and solidified. As a result of this, the
thermal residual stress (RS) within AM parts is intricate and is considered to be limiting
a wider uptake of metal AM in industry. AM RS and the prediction thereof, is the focus
of this thesis.

Finite element modelling (FEM) is capable of simulating aspects of the multi-physics AM
process, but when applied to complete AM processes and parts, conventional FEM
techniques accrue prohibitive computational expenses and thus are generally applied to
simulating basic phenomena on small single components in basic AM representations.
This thesis aims to build thermo-mechanical models for AM, to improve RS predictive
capability and then inform RS mitigation strategies in additively manufactured metal
components. In this content, coupled thermo-mechanical FEM capabilities for multi-

processes, multi-laser beam and multi-part build were developed.

Powder bed fusion (PBF) is the most popular and widely used method to additively
manufacture 3D metallic components. Ti-6Al-4V titanium alloy is one of the most popular
metallic materials for PBF due to its favourable properties and is therefore utilised in this
thesis. A novel computationally-efficient thermo-mechanical coupled laser beam powder
bed fusion (PBF-LB) process model for part-scale Ti-6Al-4V components were

developed. The influences of resolution, energy input and heating step time and cooling



step time were characterised, which provide guidelines for the ‘layer scaling’ technique
in PBF-LB process modelling for macroscale component. The results indicate that the
‘layer scaling’ method was effective when scaling up to 4 times the physical layer
thickness and scaling the cooling step time. To validate the developed thermo-mechanical
PBF-LB prediction model, RS measurement was performed by synchrotron high energy
X-ray diffraction on parts with different heights and manufactured by different scanning
strategies. The computational modelling results of directional stresses were compared

with the experimental measurements.

To improve the production rate of metal PBF, multi-laser beam powder bed fusion (PBF-
MLB) technology has been proposed as the next generation of PBF-LB technology. Thus,
a computational multi-laser beam model was developed and presented in a study on RS in
PBF-MLB. To investigate the optimum multi-laser scanning strategies in PBF-MLB, the
influence of twelve different scanning strategies on temperature, the final resulting RS,
and the z- (build) direction deflection by dual laser beams were investigated. The
prediction indicates that the more laser beams are employed in PBF-MLB manufacturing,
the lower RS and deflection resulted. The four-laser beam PBF-MLB build can mitigate
RS by 9.39 % compared to the single laser beam PBF-LB.

Most of the existing FEM is focused on single part manufacturing, which is inconsistent
with the practical multi-part (full build plate) printing observed in industry. Therefore,
multi-part build process PBF-LB model was developed by the layer-by-layer modelling
method for mitigating RS of the manufactured parts. Effects of the number of parts per
build and part spacing on temperature and RS were investigated on prism sample in PBF-
LB. It was found that RS decreased with the number of parts per build and RS of four-part
build was 94 % of the single part build.

The final studies within this thesis apply the computational techniques to the electron
beam variety of PBF (PBF-EB), to another metal AM process- directed energy deposition
(DED), and to a new titanium alloy Ti2448 and aluminium alloy. The predicted
temperature evolution during PBF-EB was indirectly compared to microstructure

evolution of material performed by collaborators. Preheating temperature of the base plate



was shown to be a key factor to reduce RS in PBF-LB. To interpret the in-situ RS
characterisation of practical DED, process modelling of a thin trapezoidal plate was
performed by using a bead-by-bead modelling method. The higher the numbers of layers
fabricated in DED, the higher the temperature of the part during the manufacturing
process, giving a 21.93 % lower temperature gradient and hence lower RS. The
computational DED process modelling proved to be an effective tool to investigate

temperature and RS state evolutions in macroscale components.

This work reveals further insights into AM RS mechanics and will inform metal AM part
designers and process operators of optimum process configuration in order to minimise
RS of metal parts in AM.
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1 Introduction

1.1 Metal additive manufacturing

According to the International Organization for Standards (ISO), additive manufacturing
(AM or 3D printing) is defined as a “process of joining materials to make parts from 3D
model data, usually layer upon layer, as opposed to subtractive manufacturing and
formative manufacturing methodologies” [1]. AM is at the core of Industry 4.0 and has
experienced significant growth in recent years [2, 3], particularly in medical device and
aerospace sectors. Compared with traditional manufacturing techniques (e.g. casting or
welding), AM offers crucial advantages including, ability to manufacture complex
geometries, porous or lattice structures, near net-shape metal ‘assemblies’, highly
customized or bespoke design parts, in a relatively rapid and automated process that also

minimises material wastage [4-6].

Powder bed fusion (PBF) is among the seven AM technologies [7]. PBF is defined as the
“additive manufacturing process in which thermal energy selectively fuses regions of a
powder bed” [1]. The PBF technology was invented at the University of Texas at Austin
in the early 1980s and the first patent of PBF was awarded at 1989 [8]. Significantly
advances have been made in PBF since then, allowing PBF to be the most popular and
widely used method to additively manufacture 3D metallic components [3, 9, 10]. Non-
metallic PBF technologies also exist, allowing similar fabrication capacity in polymer [11]
and ceramics [12]. The thermal energy beam used in metal PBF can either be laser beam
(PBF-LB) or electron beam (PBF-EB).

The PBF-LB process works by a machine first depositing a thin layer of powders over a
build platform (powder bed), and then the finely rastered laser beam is activated to melt
the powders rapidly and fully in a localised manner. The laser beam rapidly moves around
the powder layer, tracing out the relevant 2D cross section of the 3D parts. After one layer
is complete, the build platform moves down by one-layer thickness, and a new thin layer
of powders is added on top of the previous layer. These processes are repeated until the
final 3D parts are manufactured [13, 14]. The in house PBF-LB printer (ProX® DMP100,

1



3D Systems) at NUI Galway and a schematic of a typical PBF-LB manufacturing process
[10] are illustrated in Figure 1.1. The main commercial metal PBF-LB system
manufacturers include EOS (EOS GmbH Electro Optical Systems, Krailling, Germany),
Concept Laser (Concept Laser GmbH, Lichtenfels, Germany, now part of GE (General
Electric Company, Boston, USA)), SLM Solutions (SLM Solutions Group AG, Lbeck,
Germany), 3D Systems (South Carolina, USA) and Renishaw (Renishaw UK Sales Ltd,
Gloucestershire, UK) [9, 15, 16]. Arcam (Arcam AB, Mdndal, Sweden, now belongs to
GE Additive group) is the only manufacturer for PBF-EB system as of today [17, 18].

Scanner

b) Laser system

Laser
scanning

a)

3 - direction
o -
) Laser
i Powd Fabrication beam Pre-placed
= owader powder bed : e ted
delivery Spreader. Part being 4 pow:
sy;ez i R fabricated Laser melting
v
:(;- aterial
" in previous layers
Powder
/ delivery Fabrication p"gs::jidr
4 piston piston particles
-

Figure 1.1. The PBF-LB manufacturing: a) An in house printer (3D Systems) and b) Illustration
of manufacturing process [10].

The manufacturing process of PBF-EB is similar to the PBF-LB but key differences

include:

a) PBF-LB manufacturing applies laser beam as energy while electron beam is
utilised as the energy beam for PBF-EB.

b) For PBF-EB manufacturing, there is a process of preheating the metallic powders
to slightly bond the powders [19-21]. However, PBF-LB process does not
necessarily have a pre-heating step. When pre-heating steps are applied in PBF-
LB it typically is to a lower temperature than in PBF-EB.

¢) The PBF-LB manufacturing normally operates in an inert gas atmosphere (e.g.
nitrogen atmosphere or argon gas) to protect the material from oxidation, while
the typical PBF-EB manufacturing operates within a vacuum condition to avoid

deflection of the electron beam [22].

2



Directed energy deposition (DED) is another one of the seven AM technologies [7]. DED
is defined as an “additive manufacturing process in which focused thermal energy is used
to fuse materials by melting as they are being deposited” [1]. Variants of DED include
laser beam (DED-LB), electron beam (DED-EB) and electric arc (plasma arc, DED-PA
or gas metal arc, DED-GMA), depending on the energy source applied [23]. Figure 1.2
illustrates a typical DED manufacturing process such as DED-LB [24]. The metallic
powders are melted by a heat source and form a melt pool, which adheres to the fixed
substrate or previously deposited layer [25]. In DED-LB manufacturing, the metal
powders are delivered coaxially with the energy beam [26], which is different with the
manufacturing process of PBF (where a whole layer of powder is spread on the powder
bed before sintering of the active top layer). The wire feeding DED systems (DED-EB,
DED-PA and DED-GMA) are based on the deposition and welding of a metallic wire into
the previously deposited layer [22]. This procedure is repeated until the layer is completed
and is then followed by the deposition of the next layer(s) until the 3D part is
manufactured. DED manufacturing enables to directly fabricate parts with complex
geometries and can also be used for repairing of damaged parts [27, 28]. The commercial
DED system manufacturers including Optomec (Optomec Inc., Albuquerque, USA),
Trumpf (TRUMPF GmbH, Ditzingen, Germany), Sciaky (Sciaky, Inc., Chicago, USA)
and Norsk Titanium (Norsk Titanium AS, Henefoss, Norway) [29]. The overall
comparison of PBF and DED AM is summarised in Table 1.1 [23].
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Table 1.1. Comparison of PBF and DED AM, adapted from study [23].

Technology PBF DED

DED-PA or
Nomenclature PBF-LB PBF-EB DED-LB DED-EB

DED-GMA
Heat source Laser beam Electron beam Laser beam Electron beam Electric arc
Feedstock Powder Powder Powder Wire Wire
Environment Shieldinggas  Vacuum Shielding gas Vacuum Shielding gas

] . Pre-spreading  Pre-spreading Coaxial with the  Coaxial with the  Coaxial with the
Material feeding o L
before sintering before sintering energy beam energy beam energy beam

Powder preheating? No Yes No No No
Power (W) 50-1000 50-1000 100-3000 500-2000 1000-3000
Max. build size (mm) 500>280>320  500>280>320 20001500750  2000x<1500%750 5000>3000>1000

Due to the advantages at manufacturing complex geometries and high-quality metallic
components, AM has a variety of industrial applications, such as aerospace and medical
devices (e.g. orthopaedic implants) [3, 7, 30, 31]. This has enabled a new era of product
innovation in sectors such as orthopaedic medical devices (e.g. OsteoAnchor [32, 33]) by
providing new design freedoms into the design-for-manufacture stage of product



development. Other examples include personalised (patient-specific) spinal implants were
PBF-LB manufactured by the commercial medical implant device manufacturers, such as
Stryker (Stryker Corporation, Michigan, USA) and Zimmer Biomet (Indiana, USA) [30].
The PBF manufactured products, such as inlet temperature sensor housing for jet turbine
engine, acetabular cup, bracket, and GE LEAP engine Co-Cr fuel nozzle, are shown in
Figure 1.3. The market for all AM products and services worldwide is expected to be
$ 23.9 billion in 2022, and $ 35.6 billion in 2024, respectively [34]. Among this, the metal
AM makes up the largest proportion. Therefore, there is a current need for further AM
material research and next generation of AM process design to understand and minimise
process defects, optimise process parameters and overall improve industry’s ability to
exploit metal AM technology.

(a) (b)

He)

Figure 1.3. PBF manufactured industrial products: a) Inlet temperature sensor housing for jet
turbine engine produced for GE Aviation. b) Acetabular cup manufactured by PBF-EB (Arcam).
¢) Bracket produced by PBF-LB (EOS) and d) GE LEAP engine Co-Cr fuel nozzle manufactured
by PBF-LB (EOS) [9].

Despite the rapid industrial adoption of metal AM, this advanced manufacturing process

is, like all manufacturing process, susceptible to undesirable process defects and artefacts.

This is limiting confidence in the in-service performance of AM manufactured products

[3,9, 35]. Principal among these artefacts is thermal residual stress (RS), voids, geometric

distortion, relatively poor surface smoothness, crack, and layer delamination (Figure 1.4)

[35-38]. In addition, RS induced deflection of part influences the final parts quality and
5



performance [39]. Such phenomena can lead to an impression that metal AM produces
comparatively poor quality components and is limiting the wide application of AM [40].
Current efforts to investigate such artefacts and relatively poor in-service mechanical
behaviour include analysis of manufacturing process parameters, material properties and
characteristics, [41, 42]. A key tool in this effort is computational process modelling,
which provides the ability to fundamentally understand RS and distortion mechanisms of
the manufactured components [10]. Due to the multiple spatial scales involved
(manufacturing macroscale components in microscale layers) and disparate time scale for
thermodynamic and heat transfer mechanisms, AM process modelling for macroscale part
Is computational expensive [10, 41]. Specialist simulation software such as Simufact
Additive (Simufact Engineering GmbH, Germany) [43], ABAQUS AM Modeler
(Dassault Systems, USA), Additive Print (Ansys inc., USA) and Netfabb (Autodesk,
USA) [44] have been developed for the AM process modelling, and are commercially
available. Most metal AM process modelling efforts using standard general purpose finite
element simulation software (e.g. ABAQUS or ANSYS). A considerable chasm exists
between the current state-of-the-art modelling studies, which generally include single
laser beam PBF fabricating single small parts [41, 45] and the next generation multi-laser
beam and multi-part AM technologies now entering the market.

Figure 1.4. Formation of crack induced by RS in AM occurs at: a) Macroscale Ti-6Al-4V
component and b) Interface of part with the build plate [37].



1.2 Residual stress in metal additive manufacturing

This thesis is focused on one of the artefacts mentioned above: residual stress in metal
AM. RS is defined as stress which remains inside a body that is stationary and at
equilibrium with its surroundings [46]. It is generated as a result of temperature gradient
induced plastic deformation [3] or strain incompatibility of adjacent layers of material
[47]. As RS in AM is mainly induced by the thermal gradient from heating, melting,
cooling and solidification of material, the thermal type of RS is thus the focus of this
thesis. RS can be classified into three types depending on the length scale in which it exists
[3, 48]. The type | RS is a macroscale stress and acts on a large part-scale and influences
bulk distortion of the manufactured part. The type Il RS is a micro-stress that acts at the
individual grain scale (i.e. microscale and nanoscale) [3]. The type Il residual stress is at
the atomic scale. As this work is focused on the macroscale AM part, RS in the main

content of this thesis refers to the type | macroscopic RS.

RS in AM significantly influences mechanical performances of the manufactured bulk
components, and it is therefore necessary to fully understand the development
mechanisms of RS in AM. The complex RS evolution during an AM process is caused by
steep temperature gradient (highly non-uniform temperature distribution), rapid cooling
rates (CR) and repeated heating- melting-solidification-remelting-solidification steps [42,
49]. At any given time during an AM build process, only a portion of the component is
molten (a melt pool region (shown in Figure 1.5) within the active layer, and immediately
beneath that region in previous layer(s)), other regions are just below melting temperature
(most recent layers), while the first deposition layer (nearest the build plate) is the coolest
(though still well above room temperature). The change of temperature during AM
manufacturing process induces variations of thermal and mechanical material properties
(e.g. conductivity, density, specific heat, elastic modulus and yield stress) with
temperature. RS remains in the parts after the AM process and has been found to cause
distortion of the final manufactured parts [35, 50]. Li et al. [51] predicted that the
maximum distortion of a PBF manufactured cantilever (e.g. 55 x5 x12 mmq) was 1.5
mm by using FEM approach, while the experimentally measured maximum distortion of

the cantilever was 2.1 mm. RS is non-uniformly distributed in additively manufactured



components [23], i.e. compressive stress was formed at the interior while tensile stress
occurred at the side surfaces of the additively manufactured components [52], providing
ideal conditions for harmful surface phenomenon such as crack initiation and crack
growth. It is recommended that the maximum RS (i.e. at the interface of the part and the
base plate) be lower than the yield strength of material and RS at other areas of
components be lower than 300 MPa for Ti-6Al-4V material.

Figure 1.5 indicates RS and deformation formation mechanisms of a part during the
repeated heating and cooling manufacturing processes of AM [3, 53]. When the top new
layer is melted on top of the previously solidified layer or the build plate, the temperature
of this new layer is far above the temperature of the underlying part. Thus, the non-
uniformly distributed heating causes the newly added top layer (shown in Figure 1.5a) to
expand, but the underlying solidified material (with much lower temperature) restricts the
expansion of the newly added layer. Therefore, during the heating and melting processes
of a layer during manufacturing, the compressive and tensile residual stresses will be
developed in the top layer and the underlying solidified part, respectively, as shown at
Figure 1.5a. The plastic deformation will occur at the top layer if stress exceeds the elastic
regime of the metallic material. After a layer is complete the new top layer begins to cool
at a rapid rate however its contraction is constrained by the surrounding material, thus
resulting in tensile RS at the top new layer and compressive stress at the underlying
material [3, 38, 53], as shown in Figure 1.5b. This iterative heating and cooling processes
lead to repeated patterns of tensile and compressive stresses formation during the AM
process and a complex non-uniform stress state upon completion of the entire build and

cool-down.



a) Heating Ocomp  Ocomp  Material expansion

Solidified material Oygy

b) Cooling Material contraction

Figure 1.5. Illustration of RS and deformation formation mechanisms during AM process: a)
Thermal expansion of a newly added top layer and b) Thermal contraction of the top layer [3, 53].
Compressive stress in melt pool is negligible but exists in the solid regions below the melting
temperature of material.

Multiple factors influence the magnitude and distribution of RS in additively
manufactured parts. Scanning strategies can significantly affect RS and mechanical
performance of the final parts manufactured by PBF [10, 54]. Levkulich et al. [42]
investigated process parameters effect on RS and the results showed that an increase of
the laser power led to a decrease of RS at the top surface of part by PBF-LB. Therefore,
there is a current need to develop FEM strategies for improving understanding of RS
evolution during AM process and thus informing RS control and mitigating strategies in

the manufactured parts.

To mitigate RS formed in metal AM in industry, AM equipment operators and build plate
designers can minimise the potential for build failure due to RS induced deformation. In
order to limit warping and distortion of the parts and aid dissipation heat from parts, build
supports are added to securely anchor the part to the build plate, provide a path for heat
transfer to the build plate, as well as supporting overhanging structures [55-57]. Once the
AM process is complete, manufacturers can then employ post-build processes such as heat
treatment and hot isostatic pressing (HIP) etc. [58]. In the case of PBF, the build plate is
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removed from the PBF machine, loose powder is removed from the plate and parts, before
the build plate and parts are placed in a heat treatment oven for stress relieving, annealing
or other microstructural modification purposes. It has been shown that the tensile RS of
as-built Ti-6Al-4V parts manufactured by PBF were reduced by 90 % via a 3 hours heat
treatment at a constant temperature of 680 °C [59]. It has also been demonstrated that heat
treatment approach can lead to increases of elongation and fatigue behaviours due to the
elimination of internal defects (e.g. pores) in the manufactured parts [60, 61]. However,
post AM heat treatment can reduce the ultimate tensile strength (UTS) of part [60, 61].
Some additively manufactured parts are further hot isostatic pressed, e.g. subjected to 920
°C and 103 MPa for 4 hours, followed by furnace cooling, and the main purpose of HIP
is to reduce porosity of the manufactured parts [62, 63]. Typically, after the post-build
heat treatment is complete, the parts are removed from the build plate by sacrificing the
build supports. Further cleaning operations such as polishing, or surface smoothing may
be required at the location of the build supports. The build plates are then usually reused
in a later build, after a surface grinding or milling operation is performed to eliminate any
build support remnants. If a lower level of RS can be achieved during the AM build
process, the requirement for post-build heat treatment may be reduced, saving on
manufacturing cost and time. It is acknowledged that in some structural application, RS is
desirable and indeed manufacturing processes can be configured in order to ensure stress
profiles are created [64] , however in the context of this thesis, RS is considered as a

undesirable manufacturing process artefact.

1.3 Thesis aims and objectives

The overall aim of this thesis is to assess RS by developing AM process modelling tools
and then utilise this knowledge to minimise RS formation of Ti-6Al-4V parts in AM, such
as providing insights into critical process parameters and optimum build layouts. The
approach adopted includes computational finite element modelling and experimental RS
measurements. This work should provide guidelines for the computational efficient AM
process modelling of macroscale parts. To achieve these aims, the key objectives of this

work are as follows:
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1)

2)

3)

4)

5)

6)

Development of a rapid automated and computational efficiency thermo-
mechanical finite element modelling capability for predicting temperature and
residual stress behaviours of PBF manufactured macroscale metal component.
Experimental measurement of RS for a range of scanning strategies in metal PBF
to validate the computational finite element model and the predicted RS.
Development of optimised process parameters and strategies for next generation
of PBF technology, i.e. multi-laser beam powder bed fusion (PBF-MLB).
Exploring approaches to improve the build rate and optimize fabrication quality of
PBF-MLB manufactured parts.

Development of the modelling capability for multi-part build in PBF-LB and
investigate multi-part effects on thermal and stress behaviours of the manufactured
macroscale components.

Exploration of applications of PBF-LB for Ti-6Al-4V alloy to other AM
techniques and materials, such as PBF-EB and DED, Ti2448 titanium alloy and
aluminium material. By adapting the developed PBF-LB thermo-mechanical
model to PBF-EB and DED to interpret microstructure characterisations (e.g.
phase and grain) in PBF-EB and in-situ RS measurement of the practical DED
manufacturing, which were performed by collaborators.

Development of instructions for AM machine operators in RS minimisation
strategies when configuring build plates for additively manufactured metallic

components.

1.4 Thesis layout

This thesis consists of nine chapters. The core contents of Chapter 3 and Chapter 5 have
been published at peer-reviewed journals. Other four manuscripts are in preparation based
on contents of Chapter 4, Chapter 6, Chapter 7, and Chapter 8. An outline of the thesis

is described as below:

Chapter 1 presents an overview of AM technology and process categories, origin and

formation mechanisms of RS in AM, thesis aims and objectives and layouts of the thesis.
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Chapter 2 presents a review of literature. This covers the commonly used metal materials
for AM, the process AM modelling state-of-the-art, including finite element modelling
fundamental features, thermal and mechanical mechanisms, computational efficiency AM
modelling methods for macroscale component, multi-laser beam build PBF-LB
modelling, multi-part build PBF-LB process modelling, temperature history effects on
microstructure evolution, current challenges in AM process modelling and experimental

measurement techniques for RS in AM.

Chapter 3 presents the finite element modelling fundamentals for PBF-LB AM, i.e. the
thermal and mechanical mechanisms and interdependencies of resolution, energy, and
time of Ti-6Al-4V alloy in PBF-LB. An in-house Python code was programmed to section
the part-scale model into thin layers for PBF-LB process modelling. A novel thermo-
mechanical PBF-LB process model including a computational efficiency powder-
interface heat loss mechanism was proposed and developed. The effects of variations in
layer height (i.e. ‘layer scaling’), energy and time on temperature and RS state evolution
were investigated. An effective and computational saving ‘layer scaling’ technique was
finally presented for the process simulation of part-scale Ti-6Al-4V component in PBF-
LB. This chapter provides fundamental understanding and thermal and mechanical setups
for the thermo-mechanical PBF-LB FEM and computational efficiency method for part-
scale model in PBF-LB.

Chapter 4 predicts and experimentally measures RS of Ti-6Al-4V part varying scanning
strategies in single laser beam PBF-LB. The hatch-by-hatch simulation method was
developed and applied for the thermo-mechanical model for prediction RS of part varying
scanning strategies in PBF-LB. Square plates were additively manufactured by six
different scanning strategies. RS of plate was experimentally measured by using the non-
destructive high energy X-ray diffraction method at Diamond Light Source in UK. The
results indicate a good match between the experimentally measured directional RS and
the FEM predicted RS of part with different scanning strategies. This chapter validates the
computational finite element model for AM, which is adapted to be employed for
computational modelling of Chapter 5 — Chapter 8.
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Chapter 5 presents a series of computational process simulations of multi-laser beam
powder bed fusion for Ti-6Al-4V alloy and investigates optimum multi-laser scanning
strategies by using a 3D coupled thermo-mechanical model. The DFLUX subroutine
(Gaussian distributed heat source) in the format of Fortran was combined with ABAQUS
for PBF-MLB process modelling. The influences of twelve different scanning strategies
on temperature, RS and deformation by dual laser beams PBF-MLB were investigated.
The strategies to mitigate RS and deflection in PBF-MLB were proposed. The predicted
findings in this chapter provide an insight and application of PBF-MLB finite element

process simulation in improving industrial AM of metal components.

Chapter 6 investigates influences of the number of parts per build and inter-layer dwell
time on temperature and RS of Ti-6Al-4V alloy in PBF-LB. The multi-part PBF-LB
process thermo-mechanical modelling framework was proposed for the first time. The
layer-by-layer modelling method to simulate geometry varies cross sections along the
build direction was presented for the multi-part build. The process modelling consists of
different numbers of prisms (1, 2 and 4) were simulated in the same build plate,
respectively. Effect of part spacing on RS was also investigated in the two-part PBF-LB
process modelling. This research could be beneficial for informing PBF-LB machine

operators of optimum printing setup for minimising component RS.

Chapter 7 presents application of PBF-LB to PBF-EB process modelling of a novel
Ti2448 alloy for medical device applications. The layer-by-layer modelling approach was
adopted to computationally predict the thermal process and RS of PBF-EB AM at the
scale of the overall additively manufactured component. This PBF-EB work is the result
of collaboration with Institute of Metal Research, Chinese Academy of Sciences (IMR-
China). The thermo-mechanically coupled process modelling of PBF-EB was used to
investigate the temperature evolution and cooling rate along both the build direction and
the radial direction. Residual stress of PBF-EB manufactured Ti2448 part was predicted
for the first time. IMR-China completed experiments regarding AM trial and material
microstructure characterisation. Finally, strategies to effectively mitigate PBF AM

resulting RS were recommended.
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Chapter 8 presents application of PBF-LB to another metal AM and material: DED
process modelling for macroscale aluminium alloy part. This is the result of collaboration
with the University of Manchester, in which the in-situ characterisation of the DED
manufacturing process and RS measurement were conducted. The DED thermo-
mechanical process modelling was performed by using the bead-by-bead modelling
method to interpret the experimental RS results. The influence of bead increment length
on RS was computationally predicted. Temperature, temperature gradient, cooling rate
and RS state evolutions with time along both the build direction and scanning direction of

part were investigated.

Chapter 9 concludes main results obtained from Chapters 3 — Chapter 8 and outlines
recommendations for the future developments of metal AM technology following the

results of this work.
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2 Literature review

2.1

Introduction

The entire metal AM (PBF or DED) process can be summarised as repeated sequential

localised heating, melting and solidification processes involving high energy spot tracing

within each thin layer. The material thermal history is complicated by subsequent repeated

heating, remelting and solidification, as subsequent layers are added to create the 3D form.

The resulting residual thermal stress state of the component is therefore complex. Process

FEM provides the ability to assess and predict the complex RS profiles in AM materials.

Due to the multi-physics and multi-scale characterises of AM process, careful model

construction and understanding of FEM capabilities are needed to accurately simulate the

complex process of AM, whist maintaining computational efficiency. The main sections

of this literature review chapter are broken down into three key considerations:

a)

b)

Section 2.2 details the commonly used materials for metal AM in industry, such
as titanium alloy, stainless steel, aluminium alloy, and nickel alloys. The
characteristic of metallic power is also reviewed.

Section 2.3 provides a review of the state-of-the-art of finite element process
modelling for metal AM, including the theory of thermal and mechanical
phenomena, finite element based approaches to thermo-mechanical modelling of
macroscale components, computationally efficient approaches for macroscale part
modelling, multi-laser beam build effects, multi-part build process modelling,
temperature history effect on microstructure evolution, and finally current
challenges in AM process modelling.

Section 2.4 presents experimental measurement techniques for RS of additively
manufactured metal parts, including hole drilling, contour method, surface-based
X-ray diffraction, neutron diffraction and the high energy X-ray diffraction.
Experimental RS measurement is necessary to validate the developed finite

element models.
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2.2 Metal materials for additive manufacturing

The range of materials available for PBF and DED-LB manufacturers is limited primarily
by its supply in powder form. For DED-EB, DED-PA and DED-GMA, the raw material
can be in wire (or filler) form, as shown in Table 1.1. The gas atomisation technique is the
most commonly used method to produce powder formatted materials for PBF and DED-
LB AM [65], where the alloy in molten status is atomized by the high-pressure flow of
argon or nitrogen gas [23]. The powder material production methods such as gas

atomisation and plasma atomisation are summarised in other studies [65, 66].

Alloy powder particles are common materials in both PBF-LB, PBF-EB and DED-LB
techniques, due to their ease of feeding and controlled melting [37]. Alloy powder
properties (e.g. shape, size distribution, surface morphology, composition and flowability)
can significantly influence in-process material behaviour and the mechanical performance
of additively manufactured metal parts [23, 67]. In PBF AM, the raw material of powder
particles is spread by a machine blade, roller, or brush over the build platform. During the
PBF-LB manufacturing process, the metallic powders absorb heat energy from laser beam
to be melted, whereas in PBF-EB, electrons penetrate into the powder bed and transfer
their energy to thermal energy of the powder bed to elevate powder temperature above the

melting temperature [22].

To date, Ti-6Al-4V titanium alloy is one of the most popular materials for AM and has
been heavily utilised across many industries adopting AM [37, 68-73]. Scanning electron
microscope (SEM) morphology of typical Ti-6Al-4V powder for PBF-LB is shown in
Figure 2.1 [22]. The chemical composition of Ti-6Al-4V powder for PBF is shown in
Table 2.1 [74]. Ti-6Al-4V is a dual phase (« + g) titanium alloy with favourable properties,
for many applications, such as high strength-to-weight ratio, high corrosion resistance,
heat treatability suitable for marine, automotive, and aerospace products and high

biocompatibility in the range required for medical devices [75, 76].
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Figure 2.1. SEM morphology of Ti-6Al-4V powders used for PBF-LB manufacturing [22].

Table 2.1. Chemical composition (wt %) of the typical Ti-6Al-4V powder used for PBF [74].

Aluminium Vanadium Iron  Oxygen Nitrogen Hydrogen Carbon Titanium

Technology ]
(Al) V) (Fe) (0) (N) (H) © (Ti)

PBF-LB 6.02% 3.82% 0.17% 0.11% 0.01%  <0.0019% 0.01% Bal
PBF-EB 6.35% 3.98% 0.18% 0.13% 0.01% 0.002%  0.02% Bal

Ti-6Al-4V accounts for more than 50 % of all titanium alloy usage worldwide [77, 78],
and its readily availability in powder form has ensured significant AM production to date.
Ti-6Al-4V metallic powders are divided into different grades depending on the particle
size (e.g. the typical powder size for PBF is 15 - 45 pm [67]) and purity. The distribution
of powder size influences porosity of the non-sintered powders, PBF manufacturing
process and performance of the final manufactured parts [79]. To additively manufacture
parts with desirable mechanical performance, a high level of purity of metallic powder is
required [80]. Ti-24Nb-4Zr-8Sn (Ti2448) is a next-generation titanium alloy, which has
relatively improved compatibility with natural bone compared with Ti-6Al-4V, due to its
lower Young’s modulus (~ 42 GPa [81]) in conjunction with high fatigue strength etc.
[18]. Ti2448 was developed specifically to be used for orthopaedic medical devices [82].
Liu et al. [82] compared microstructure and mechanical performances of PBF-LB and

PBF-EB manufactured porous Ti2448 component, and the results indicated that the
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microstructure of parts manufactured by PBF-LB and PBF-EB consists of single S phase
and dual phases (a and ), respectively. Chemical composition and particle size of the
typical Ti2448 powder used for PBF are shown in Table 2.2 [82].

Table 2.2. Chemical composition and particle size of the typical Ti2448 powder used for PBF [82].

Composition (wt %) Particle size (jpm)

Ti Nb Zr Sn 0] dlo d50 dgo
Bal 23.90 3.90 8.20 0.19 47.2 79.4 130.2

Apart from Ti-6Al-4V alloy, 316 L stainless steel is another commonly used material for
PBF [83-86], due to its characteristics of good ductility and good corrosion resistance
[86]. Wu et al. [87] experimentally measured RS of 316 L stainless steel parts varying
process parameters by PBF-LB and revealed that an increase of laser power or a decrease
of scanning speed could reduce RS. Williams et al. [88] investigated the heat treatment
influences on RS for PBF-LB manufactured 316 L stainless steel and showed that heat
treatment could effectively reduce RS by 10 % to 40 % compared with as-built 316 L

stainless steel.

Other commonly used metal materials for AM including nickel alloys (e.g. Inconel 718
and Inconel 625), aluminium alloy, and copper alloy etc. [86, 89-92]. Since nickel alloys
can retain good mechanical properties even at high temperature, they are mainly used for
aerospace (e.g. turbine blade shown in Figure 2.2a) [93-96]. Barros et al. [97] investigated
RS of as-built Inconel 718 alloy parts and the results indicated that tensile RS was formed
at the surfaces while compressive RS occurred at the central area of the manufactured
parts. Aluminium alloy has the characteristics of high thermal conductivity and high
strength-to-weight and stiffness-to-weight ratios [98, 99]. Svetlizky et al. [99]
manufactured the dense aluminium alloy blocks by DED and the mechanical properties
were comparable to those of wrought aluminium parts. AM copper alloys have excellent
thermal conductivity and thus have a variety of applications in industry (e.g. combined
heat exchanger and combustion chamber as shown in Figure 2.2b) [100].
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Figure 2.2. Additively manufactured metallic parts: a) Turbine blade manufactured by Siemens
(nickel superalloy CM247) [94] and b) Copper combustion chamber fabricated by EOS [101].

2.3 Process modelling for metal additive manufacturing

A series of multi-scale and multi-physics process modelling efforts have been made in
simulating the physical metal AM process, including FEM, discrete element method
(DEM), computational fluid dynamics (CFD), molecular dynamics (MD) and cellular
automata (CA) [102, 103]. FEM subdivides a large continuum domain into smaller and
simpler finite elements, which makes it easier to analyse than the actual structure [104].
FEM is widely used for investigating thermal and mechanical behaviour of metal AM [26,
36, 105]. The DEM approach is suitable for particle level simulation, e.g. powder flow
dynamics during laser heating of the powder bed, and the powder spreading during the
recoating process of metal AM [106-108]. CFD is suitable for metal AM process
modelling considering effects of fluid flow and melting of powder material [109]. MD
modelling is capable of capturing the sintering kinetics of powders at a short time and
nanoscale [106]. The CA method is suitable for investigating the microstructure evolution
(e.g. grain) during the metal solidification process of AM [109, 110]. As this thesis aims
to investigate thermo-mechanical behaviour in macroscale components in AM, the main
content is focused on a solid mechanics approach using FEM (i.e. not explicitly modelling

melt pool fluids).
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Computational FEM is an essential tool to simulate the thermo-mechanical process of
AM. Firstly, FEM is a powerful and most popular tool to simulate the practical thermal
and mechanical AM processes and avoid the costly trial-and-error efforts of experiments
to improve the final part quality [45, 111-113]. Secondly, it is difficult to track the
practical temperature evolution during the practical metal AM process due to the high
peak temperature in very small volumes and high moving speed of the energy beam [114].
AM process modelling has been shown to be an effective method to predict the complex
temperature field and the resulting final RS condition of additively manufactured parts
[45, 111].

To fully understand the complex multi-scale and multi-physics process in AM, and the
resulting final RS condition of AM parts, the scientific community are developing
computational models to simulate AM process [111, 115, 116]. Wei et al. [117] reviewed
the process modelling strategies for the metal PBF technology, including different types
of heat sources, heat transfer and fluid flow mechanisms, computational methodologies
and temperature and RS results. Roberts et al. [118] investigated effects of a number of
process variables on the resulting RS of Ti-6Al-4V parts by using FEM methods and the

results indicated that RS increased with number of layers.

Recent years have also seen advances in computational process simulation tools that allow
the addition or removal of solid material (i.e. finite elements) from a model during the
finite element analysis (e.g. in ABAQUS [85, 119-121] and ANSYS [116, 122, 123]).
Such new capability, coupled with the provision for custom-written macros and
subroutines, have advanced AM modelling capability in general purpose computational
software suites [124, 125]. By definition, such tools are particularly convenient for
simulating AM processes, allowing the gradual build-up of solid material in a model. Two
kinds of techniques are commonly used for simulating the addition of newly born material:
‘quiet elements’ and ‘element birth’ (or inactive element) [126]. The ‘quiet elements’
technique [127], where low values of material properties are applied for the layers that
have not been deposited and are then modified mid-solution to realistic material properties
once sintering occurs at the deposited materials in PBF. However, this method is

numerical sensitive, and it can cause numerical problem of reducing the convergence ratio

20



of solvers. Thus, it is not recommended for the macroscale modelling [127, 128]. The
‘model change’ function (i.e. element birth) in the finite element software ABAQUS
allows gradual activation of solid material and is commonly employed to simulate the
addition of materials for AM process [36, 129].

A computationally efficient plug-in “AM Modeler” has recently been developed by
Dassault Systems for ABAQUS/Standard [130-133]. Song et al. [131] predicted RS and
distortion by using the “AM Modeler” add-on and the results indicated that high RS at the
corner (the interface of part with the base plate) was the main factor causing cracking in
DED manufacturing. This plug-in was released during this PhD project and after work
was well progressed on a custom written alternative. However, the plug-in was evaluated
as part of this work. Due to unavoidable computational cost limitation, it is not possible
to capture the temperature or RS state evolution for large models by using the small-time
increment (i.e. 10° s). So, larger time scales should be used for part level thermo-
mechanical coupled models in “AM Modeler” and only the average heat input in a specific
time increment and volume can be obtained. This is because that the toolpath intersection
module computes how many elements are intersected by the toolpath in that time
increment and assigns the heat input computed from the power input and time to that
particular element. Song et al. [131] simulated the PBF-LB process modelling of a 120
mm long overhang structure by setting one time increment for each whole layer in AM
Modeler. Thus it is unable to capture the local process temperature and stress state
evolutions in AM for large models by using the “AM Modeler” plugin in ABAQUS [131].

Finite element analysis software companies are also developing such tools for simulating
the real physical AM process, such as ANSYS Additive Print [134, 135], Simufact
Additive [136, 137] and Autodesk Netfabb [138, 139]. Wang et al. [136] proposed a RS
prediction method and utilised ‘Simufact Additive’ investigated effects of the process
parameters on RS and the results showed that stress state gradually increased with the
printing height of PBF manufacturing. However, there are limited studies regarding
accuracy of these commercial packages [140] and the ‘inherent strain’ approach used in
these tools need to be calibrated by the test coupons such as a cantilever beam for the part-
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scale component process modelling [141]. Therefore, AM users are developing their own
programs and subroutines to simulate the real physical AM process.

As described in Chapter 1, multiple process parameters influence the temperature history
during AM, and temperature evolution further affects the performance of the
manufactured components. Several thermal FEM models (uncoupled) have been
developed to predict temperature behaviour in AM [142-144]. As the mechanical
behaviour (e.g. RS and distortion) in AM process is mainly induced by the thermal
phenomenon, the mechanical process simulations should be closely linked with the
thermal process model. Therefore, coupling simulations (both the sequentially coupled
thermal-stress (or thermo-mechanical) analysis and the fully coupled thermal-stress
analysis or staggered analysis) are commonly used in the process modelling of PBF and
DED to get the temperature and RS information [23, 36]. In sequentially coupled thermal-
stress analysis, the temperature field is independent of the stress field. The thermal
analysis and stress analysis are run separately, first conducting the heat transfer analysis
and then importing the calculated temperature field into the stress analysis. The fully
coupled thermal-stress analysis performs the thermal analysis and stress analysis
simultaneously and can obtain the temperature and stress results by a single analysis.
However, this approach is typically more computationally expensive due to a large un-
symmetric system of equations to be solved and it is more prone to convergence issues
caused by the nonlinear material properties [145]. The staggered analysis performs the
thermal and mechanical analysis simultaneously, and the difference between staggered
and fully coupled thermo-mechanical analysis is insignificant [146], but there is no
staggered option in ABAQUS. Lu et al. [26] predicted RS of DED manufactured
macroscale parts by fully coupled thermal-stress analysis. Williams et al. [36] investigated
the RS and distortion of PBF manufactured macroscale parts using sequentially coupled
thermal-stress modelling. The fully coupled thermal-stress modelling has the advantage
of setting one model while the sequentially coupled approach requires two separately
models. The advantages of sequentially coupled thermal-stress analysis are computational
modelling, easier to get convergence and less memory requirement. In summary, as AM

is a thermal driven process and the plastic strain energy is insignificant compared with the
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laser or electron beam energy [133], the sequentially coupled modelling can be regarded
as valid for AM process modelling.

To accurately simulate the real practical AM process, temperature dependent material
properties (both thermal and mechanical) are required [142]. This is due to the presence
of large temperature gradients during the repeated heating and solidification processes of
AM process. Some studies ignored the temperature dependent material properties,
employing constant mechanical and thermal properties. However, inaccurate thermal
results were obtained in PBF without considering the temperature dependent Ti-6Al-4V
material properties [147]. Therefore, the temperature dependent material properties of
metal material are applied for the AM process modelling in the main content (Chapter 3
to Chapter 8) of this work.

2.3.1 Thermal and mechanical model of metal AM modelling

Fully coupled thermal-stress modelling can be implemented by solving the following
governing equations using finite element method with ABAQUS computer-aided
engineering (CAE). The energy equation that is employed in fully coupled thermal-stress
modelling for the AM process is [114, 148-150]:

H+V'q:Q+Dmech (2-1)

where H is the rate of enthalpy change (per unit volume), g is the heat flux, Q is the power
density of energy beam heating and D,y,,, is the thermal-stress dissipation rate caused by
plastic deformation [149, 151, 152]. The fully coupled thermal-stress modelling was
conducted in Chapters 3, 4, 5 and 8.

In sequentially coupled thermal-stress modelling, the heat transfer process is independent

of the mechanical behaviour of material and the energy equation can be simplified to:

Sequentially coupled thermal-stress modelling was performed in Chapters 6 and 7. For
both fully coupled and sequentially coupled thermal-stress modelling, the enthalpy rate

can be stated as:
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. dar d(fL
H = pyCo e+ ps =g (23)

where p; for density of solid material, C, for specific heat capacity, T for temperature, t
for time and L for latent heat of fusion. The liquid fraction f is assumed to be a linear

function of temperature as [153]:

0 T < Ty
T-T
f=Arm Tg<T < T, (24)
1 T >T,

where T and T}, are the sodius and liquidus temperature, respectively.

Inputting the energy source into the FEM model is essential to heat and melt the newly
added material in AM. One approximation approach is to define a predefined temperature
on the newly added material, and the predefined temperature is equal to or above the
melting temperature of material. Alternatively, a power density of energy beam could be
applied to newly deposited material in the process modelling of metal AM, which can be
approximated based on energy balance and the AM process build parameters, such as laser
spot size and power. Williams et al. [36] investigated stress and displacement of a bridge
structure in PBF-LB by depositing the 316L stainless steel material with a predefined
melting temperature, and the displacement of the part was validated by experiments. There
are two commonly used power densities in metal AM process modelling: the moving heat
source and the uniformly distributed (equivalent) heat source [45]. Most of the moving
heat sources are in the format of volumetric Gaussian profile and can simulate the moving
of the energy beam with time and scanning paths, which is normally applied at the PBF
process modelling with several layers of material [41, 144, 154]. The uniformly
distributed heat source method is commonly used to simulate AM modelling in a layer-
by-layer manner, where each whole layer is melting and cooling simultaneously [36, 143].
The Gaussian distributed volumetric power density is defined as [154]:

.2
_ 4\/§APe 27

Q= TTTR3 R (2.5)
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where A is heat source absorption coefficient, P is laser beam power, R is laser spot radium
and r is the distance to the laser beam centre.

The volumetric power density for the uniformly distributed volumetric heat source used
in the finite element simulation can be approximated based on the build process
parameters of AM [155, 156]:

AP
" dsdmHs

Q

(2.6)

where ds is the heat source spot diameter, dr is the melt pool depth and Hs is the hatch
spacing. The total energy density can be determined by multiplying the power density by
the heating step time tm.

The heating step time tr, is the time when the energy beam operates in melt mode heating
the newly added layer of powder to above the liquidus temperature. The heating step time
of the uniformly distributed volumetric power density for the active layer for AM process

modelling can be simplified as [143, 157]:

ty = 2 2.7)

Vs
where vs is the energy beam scanning speed during the material melting process.

The predefined temperature of material for simulating energy input in the computational

AM process modelling is calculated based on energy balance:
C,mAT = E, (2.8)

where C, for specific heat, m for mass of material, AT for change in temperature

comparing with the initial room temperature and E; for thermal energy. The total energy

input into the computational model can also be calculated by:

The heating time for each element increment is simplified to be calculated based on the
bead increment length in the computational AM modelling and the moving speed of the

deposition nozzle:
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r =L (2.10)
m

Vs

where Ly is the bead increment (or element) length that is along the scanning direction and
Vs IS the moving speed of the deposition nozzle. The mass for a single computational bead

increment of material can be calculated as:
m = PsLbWbe (211)

where p, for density of solid material, Wy for width of specific bead increment and Hy, for
bead increment height. Combing Eq. 2.8 to Eq. 2.11, the temperature change AT caused
by energy input can be calculated as:

AP
AT = ———
CppsWpHpvs

(2.12)

The predefined temperature of material T, for the computational model is the sum of the

temperature increment for each layer and room temperature:
where T for room temperature.

The thermo-mechanical dissipation rate D,,..p, for fully coupled thermal-stress analysis is
defined as [151, 152, 158]:

Diech = Mo : &° (2.14)

Where 7 is the inelastic heat fraction and is assumed as 1 in the ABAQUS solution, o is
the stress tensor and &P is the plastic strain rate tensor. The thermo-mechanical
dissipation rate is not involved in the sequentially coupled thermal-stress analysis due to
the independence of thermal and mechanical fields. AM is mainly a thermal induced
process, and the heat due to plastic deformation Dmecn is negligible if compared to the laser

input.

The heat losses that are commonly involved in the macroscale thermal PBF modelling are

as follows (more details shown in Figure 3.2a):
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I.  Heat conduction between the active layer (i.e. the newly added layer of material,
which is always the top layer of material) and the solidified material of the
previous layer or the base plate.

ii.  Heat conduction from the solidified material to the surrounding powders.

ii.  Heat radiation and convection at the top surface of the active layer to the chamber

/ surrounding atmosphere.
The heat flux due to conduction can be formulated as [159]:
Geona = —ksVT (2.15)

where kg is the temperature dependent thermal conductivity of the solid material. The
active layer radiation heat loss can be defined by Stefan-Boltzmann’s law before the next
layer is added [149]:

Qraad = SUS(Tsur4 - Tr4) (2.16)

where q,..4 IS the heat flux due to active layer radiation, € is the emissivity, ag is the
Stefan-Boltzmann constant, Ty, is the surface temperature of the part and T, is the build

chamber temperature [115].

In AM process modelling, as the solid part is surrounding by atmosphere, the heat
convection between the side surface of part and surrounding environment is included. The

active layer convection heat dispersion can be expressed by Newton’s law of cooling [149,

160]:

Qeonv = h(Tsur — T7) (2.17)
where h is the heat transfer coefficient [161].

The equilibrium for the finite element mechanical analysis is given by:

Vo=0 (2.18)

where ¢ is the stress tensor. The mechanical constitutive law for the elastic problem is

defined as:
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c=C:g, (2.19)

where C is the material stiffness tensor and &. is the elastic strain tensor. The total strain

rate can be represented as:
ETotal = Ee + &p + &7 (2.20)

where é&total, €p and et are the total, the plastic, and the thermal strain, respectively. The

thermal strain component is given by:
Aer = adT (2.21)

where a is the coefficient of thermal expansion of material. AT is the change of

temperature between at time increment At and at the beginning.

Coupling strategies are used if the thermal and mechanical solutions are interdependent
and thus determined simultaneously. The transient fully coupled thermal-stress analysis
in ABAQUS/Standard software can be represented as [26]:

Kuu Kue] Au _{Ru}
Kou Koo {AH}_ Ry (2.22)

where A, and 44 are the corrections to the incremental displacement and temperature,
respectively. Kjj are submatrices of the fully coupled Jacobian matrix. Ry and Ry are the

mechanical and thermal residual vectors, respectively [162].

2.3.2 Fundamentals for macroscale part process powder bed fusion modelling

One of the chief motivations for PBF-LB process simulation is to predict the
manufacturing induced RS. Zhao et al. [115] calculated the RS evolution, focusing
specifically on von Mises stress, and concluded that the maximum von Mises stress
occurred in the middle layer of the printed part. Yang et al. [163] predicted the maximum
principal stress distribution in a block model during the PBF process and it was found that
RS at the outer surface of the part was tensile with compressive stress inside the block.
Up to now, there are few experiments that study the stress state evolution during the PBF-

LB process, with one validation experiment involving a single scanning track of simple
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geometry [164]. Zaeh et al. [164] computationally studied the influence of layer thickness
on deformation and found that a decreased layer thickness would increase the deformation
of a layer. Contrary to this, Mukherjee et al. [121] showed that RS could be decreased by
reducing the layer thickness. Roberts et al. [165] illustrated that the average residual

stresses increased with the number of melted powder layers.

Various multi-scale and multi-physics computational models of PBF-LB process have
been reported [111, 115, 116]. Raghavan et al. [166] stated that the repeated thermal
loading caused by the dynamic heat flux as well as heat transfer from subsequent layers
have significant effects on local transient temperature distribution and temperature
gradient. Khairallah et al. [167] simulated the PBF-LB process and thermal diffusion when
using powders with a layer thickness of 35 um. Chen et al. [168] investigated the influence
of parameters on the sintering depth and shape of the melt pool by formulating a novel

temperature-transforming model.

PBF-LB process temperature history determines the resulting RS and thus influences the
in-service performance of the final parts. Hodge et al. [169] developed a continuum
thermo-mechanical model for part-scale (macroscale) PBF-LB manufacturing and
investigated the resulting RS and deformation. The predicted stress and deformation fields
were further experimentally validated in a later study [170]. To date, significant progress
has been made in the area of melt pool geometry, RS, microstructure, build distortion, and
the effects of various PBF-LB process parameters [111, 121, 171, 172]. However, most
finite element models are limited to simulating small build volumes, or low numbers of
layers, e.g. a 0.6 mm height cuboid [173-175].

Macroscale PBF-LB modelling for part at the (microscale layer) resolution at which it is
built is computationally expensive. In terms of simulating the manufacturing process of
macroscale part in PBF, custom developed efficient AM simulation software has also
recently emerged (e.g. Simufact Additive [43]) and been utilised to investigate RS [136].
Pal et al. [176] presented a novel framework for a dynamic mesh transition approach to
capturing a moving heat flux in their thermo-mechanical process model. Denlinger et al.
[177] predicted the thermal history of Inconel 718 on a single layer build during the PBF-
LB process via a novel software (CUBE). Chiumenti et al. [125] presented a FEM
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framework for the heat transfer analysis of AM by using the COMET software with the
Common Layer Interface (CLI) file and the “element birth” method on a 50 mm height
model. While technically advanced, such new dedicated AM software may be beyond the
reach of industry due the requirements of additional licencing and upskilling on new

software.

One of the primary considerations in finite element modelling is specification of minimum
element size (i.e. overall nodal quantity and thus total number of degrees of freedom).
This practical limitation often forces decisions such as whether loose powder should be
included in the simulation, and the layer height in each model. The layer height for each
layer is the thickness of each newly added material in the computational modelling
domain. It has been shown that failure to include loose Inconel 718 powder can result in
a 30 % underprediction of temperature using the custom software CUBE [177]. However,
including powder material in the model can significantly increase the computational cost

and limit achievable resolution in layer height.

Specifying model layer height is not a trivial task - it has consequences for the entire
model configuration and application of multiple boundary conditions. In particular, it will
influence the selection of appropriate model resolution, energy input and time factors and
more crucially: understanding their interdependencies (Figure 2.3), which is regularly

missed in research publications in the literature to date [178].
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Figure 2.3. Interdependencies of resolution, energy and time in the real physical domain and
computational model domain of AM.

A typical PBF-LB build process could take > 20 hours of build time. This period consists
of a laser exposure time step and target material cooling time step, for every layer. In
simulating this thermal process, researchers must determine appropriate energy input
times and cooling step times (where the material solidifies, cools, and partially reheats) in
the computational domain. The cooling step time is the step in which the energy beam
deactivates, and the roller/coater spreads a new thin layer of powders on the powder bed.
This is particularly important for computational microstructural modelling where cooling
rate determines the microstructure. The energy input time and material cooling time per
layer depend on the build parameters such as laser scan speed, hatch spacing, layer height,
and part dimension etc. [179]. However, it is unclear what, if any, adjustments should be
made to the step times when ‘layer scaling’ technique (which using much larger layer

thickness in FE model than in manufacturing domain) is used.

Michele et al. [125] investigated the validity of process PBF-LB modelling on macroscale
Ti-6Al-4V walls with deposition volume of 107 cm? by using the layer-by-layer modelling
approach. However, they did not investigate the effects of process parameters of heat input
and heating step time on RS. Li et al. [180] showed that distortion could be predicted on
the L-shaped part by scaling up the layer height from 30 um to 1500 um (layer scaling

factor of 50), but did not investigate temperature evolution during manufacturing.
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Rubenchik et al. [181] investigated ° layer Scaling’ laws for different materials and
parameters with respect to the temperature distribution around the melt pool, but did not

explore the macroscale effects.

A simple approach to model the heating effect of the laser could involve directly
specifying a material temperature boundary condition [182]. More commonly, the power
density of the laser is applied based on laser power and spot size, and directly input to the
model. Cunningham et al. [183] used energy densities ranging from 48.61 J/mm? to
194.44 J/mm?®in a process parameter study of PBF-LB manufacturing of Ti-6Al-4V
components. Kasperovich et al. [184] employed a uniformly distributed energy density of
117 J/mm?3. Gusarov et al. [185] proposed a volumetric heat source formulation via laser
radiation absorption in a powder layer. Some researchers have thoroughly investigated the
local profile of the energy field associated with a laser beam, and developed Gaussian
distribution profiles, in both 2D [186] and 3D [50, 187]. Regardless of the input format, it
is important that the energy generates a physically realistic thermal field, i.e. that the
resulting temperature is momentarily above the melting point of the material. RS is based
on the overall temperature history and temperature gradient.

The resolution, energy and time parameters are inextricably linked, in the real build
parameter domain and in the computational simulation domain. This interdependency has
yet to be fully defined, and as a result no guidelines / standards exist for PBF-LB
computational simulation of macroscale components. Examining PBF-LB FEM studies in
the literature, it can be seen that different scales of resolution, energy and time have been
adopted, and this is summarised in Table 2.3. To the best of the author’s knowledge, no
macroscale PBF-LB component has been simulated at model layer heights equal to the
build layer thickness. Few studies illustrate the relationship of resolution, energy, and
time, and no prior work has been found on a specific framework for balancing these three
key facets in PBF-LB modelling. The interdependencies of resolution, energy and time is

investigated in Chapter 3 of this work.
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Table 2.3. AM process modelling parameters review.

Methods Material ~ Solid size Volume Layer Mesh size Scan speed Power Spot Hatch
(mm) (mm3)  Height (um) (mfs) (w) diameter  Spacing
(mm) (pm) (nm)
PBF-EB [188] Ti-6Al-4V 2x1.5>0.65 1.95 0.05 625x625x125 0.1,05
PBF-LB [175] Steel 5X0.3x05 0.75 0.15 50>60>37.5 0.05 300 600 100
PBF-LB [175] 35x15>0.15 78.75 250>250>60
PBF-LB [174] 6x1.4>0.037 0.31 0.037  16.7x16.7%12.3 0.8 195
DED [187] Steel 58>24>8 11136 317.5>200>200
PBF-LB [50] Ti-6Al-4V 0.05, 0.03 0.1,05 20-50 70 200
PBF-LB [186] Ti-6Al-4V 0.05 50>50 45
PBF-LB [189] Nickel alloy 16 0.004 750 750
PBF-LB [190] Ti1l8Zr14Nb 0.06 0.7,0.95,1.2 125,200,280 80,140, 200
PBF-LB [191] 553>0.9 135 0.1
PBF-LB [192] Inconel 718  9>3>0.9 20
DED-LB [121] Ti-6Al-4V 0.9 0.01 2000 1500

2.3.3 Scanning strategy and heat profiles for AM process modelling

Scanning strategy (or scanning pattern) is the energy beam moving path on the powder
bed to trace out the designed geometry of the 3D part in each layer. It is one of the most
important factors that influence the process temperature, RS, microstructure (e.g. grain),
porosity, surface roughness and mechanical performances of component in PBF-LB
manufacturing [193]. Scanning strategy can vary greatly between different layers of the
3D parts. Multiple different scanning strategies are commonly used in PBF, including
parallel scanning (0<layer rotation scanning), 90<layer rotation scanning (alternating
909, 67 <layer rotation scanning (strips), 45<layer rotation scanning, island scanning
strategy (chess) and out-in scanning etc. [41, 180]. IHllustration of different scanning
strategies used in metal AM is shown in Figure 2.4 [194]. The appropriate scanning
strategy can be selected by the AM designers and operators depending on the process

parameters, part geometry, dimension or the specific PBF machine etc.
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Figure 2.4. Different scanning strategies used in metal AM [194].

The dynamic microscale laser spot characteristic for different scanning strategies and the
layer-by-layer features of PBF manufacturing results in a non-uniform temperature
distribution, RS, and deflection in the PBF manufacturing [38, 41, 71, 195]. The study by
Li et al. [38] revealed that the horizontal and vertical sequential scanning strategy (Figure
2.43) generated a relatively uniform RS distribution in the x and y directions. Robinson et
al. [195] experimentally demonstrated that the XY alternative scanning strategy (where the
scan direction rotates 90 after finishing one layer) caused a more uniform and lower
average RS compared with that of the no layer (0<) rotation. Masoomi et al. [50] illustrated
island scanning was an effective strategy to reduce the final component RS. Cheng et al.
[41] numerically studied the influences of eight different scanning strategies on
temperature, stress and deformation by the single laser beam PBF-LB and the results
showed that 45<line scanning had the lowest build direction deformation compared with
other scanning strategies and the island scanning produced the maximum peak

temperature due to the residual heat effect within the short scanning path.
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There are a variety of modelling methods for simulating the practical PBF process.
Depending on the type of the applied heat source, the commonly used process modelling
methods in PBF include [36, 45]:

i.  Moving heat source modelling method.

ii.  Element-by-element (i.e. spot-by-spot or bead-by-bead).
ii.  Hatch-by-hatch (i.e. track-by-track).
iv.  Layer-by-layer modelling method.

The moving heat source modelling method applies a moving heat source as energy to melt
materials, which offers an advantage of obtaining the accurate temperature history for
simulating the real physical AM process. The Gaussian distributed heat source profile
described in Eq. 2.5 is one of the most commonly used heat sources for the moving heat
source modelling method. The overall summary and comparison of different moving heat
sources for simulating the PBF manufacturing can be found in literature [154]. However,
the moving heat source modelling method is computationally sensitive and expensive,
thus it is only suitable for modelling of small volumes or several layers of material, i.e. 5
%0.3 x0.5 mm® [41, 95, 175].

The element-by-element method slices the macroscale part into different numbers of
elements or beads, which are not specifically finite elements in FE models, but a small
volume of material to be deposited. The element-by-element method is one of the
commonly used techniques for macroscale part modelling in AM and it enables to
simulate the scanning strategy by gradually activating element following the predefined
moving paths. Lu et al. [105] performed process modelling of a wall structure in DED by
using the element-by-element method, and the ‘element birth’ technique to activate
elements sequentially in their in-house software COMET. Chiumenti et al. [125] predicted
the thermal behaviour of PBF-LB manufacturing by using the element-by-element
approach, which was validated by experiments. It should be noted that the element-by-
element approach still costs a large number of time steps and a long computational time
[125]. For instance, there are 1,280,000 time steps for simulating one single layer of a thin
wall structure in PBF [125].
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To further simply the macroscale PBF process modelling, hatch-by-hatch modelling
method (shown in Figure 2.5) can also be applied for the AM process modelling [157,
180]. In the hatch-by-hatch method, the whole FEM model is sliced into different layers
and each layer is then sliced into different numbers of hatches (i.e. strip of material, as
shown in Figure 2.5b) depending on the part dimension, process parameters and scanning
strategies (Figure 2.5a) in AM. To simulate the PBF manufacturing process, each hatch is
sequentially activated by simulating the physical manufacturing process. The hatch-by-
hatch modelling method is a compromise between the element-by-element method and
the layer-by-layer modelling method. Li et al. [180] applied the hatch-by-hatch modelling
method and investigated the effects of four different scanning strategies on RS and
distortion of part in PBF-LB. Chiumenti et al. [128] using the hatch-by-hatch method
simulated the DED manufacturing process; the results indicated that although the hatch-
by-hatch method lost the oscillation of temperature during the real DED manufacturing,
it could capture the average temperature. Details regarding process modelling using the
hatch-by-hatch method can be found in literature [125].
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Figure 2.5. AM process modelling illustration: a) Top view of scanning strategies and b) Hatch-
by-hatch modelling method towards different scanning strategies [180].

To save computational cost, some modelling strategies do not attempt to simulate all the
laser scans [114, 180, 196]. PBF models can be simplified into a layer-by-layer format,
rather than the physically realistic laser spot tracing, when it is not necessary to simulate
details such as scanning strategy of each layer [36]. It applies a uniformly distributed
(equivalent) heat source for all FEM elements in the same whole layer of a component,
and all the material at the whole layer is heating and cooling simultaneously. The heat
source (described by Eqg. 2.6) and heating step time (defined by Eq. 2.7) etc. applied for
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each layer are approximated based on the build process parameters in PBF, such as energy
beam power, moving speed, hatch spacing, spot diameter and melt pool depth [155].
William et al. [36] simulated a cuboid geometry process modelling by using the layer-by-
layer method in PBF-LB and proved that layer-by-layer method can provided suitable
accuracy; for instance, the predicted displacement of a cuboid component was within 10
% comparing with that of the experiments. Prabhakar et al. [196] simulated the PBF-EB
manufacturing process of a Inconel 718 part (e.g. 50 layers) by the layer-by-layer method
in ABAQUS. For a symmetric model, half or quarter of the computational model can be
used in the layer-by-layer modelling method to further reduce the computational cost but
Is not feasible for the hatch-by-hatch or the moving heat source method due to the variation
of scanning strategies. The layer-by-layer method is the most common approach for

macroscale PBF process modelling [36].

Lindwall et al. [157] investigated PBF process thermal modelling of a 0.64 mm height
bulk metallic glass part using the “MSC.Marc” software and by the moving heat source,
hatch-by-hatch and layer-by-layer method, respectively. The results showed that the
computational time for the layer-by-layer method was only 0.2 % of that for the moving
heat source method. Chiumenti et al. [125] revealed that the CPU time for the layer-by-
layer approach was 17 % of the hatch-by-hatch method for two walls modelling in PBF-
LB. Although a portion of thermal history and profile (within each layer) of PBF
manufacturing is not captured, the layer-by-layer remains a viable computational

approach [157].

For the above-described PBF modelling technigues (moving heat source method, element-
by-element, hatch-by-hatch and layer-by-layer), the majority of the metal PBF models
include the base plate as substrate to constrain the part via the bottom layer. The base plate
also has a role as a powerful heat sink that effectively extracts heat by conduction from
the part to cool the solid part during the AM process, so that the melted deposition
materials can solidify rapidly. A selection of computational modelling methods and
sample model details applied in the PBF process simulation found in the literature are

summarised in Table 2.4.
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Table 2.4. The computational methods and model details applied in PBF modelling.

) Dimension of Dimension of base Heat source
Modelling approach

model (mm) plate (mm) distribution
Moving heat source modelling [197] 2 x1 x0.02 2 x1 %05 Gaussian
Moving heat source modelling [41] 6 %6 x<0.09 8 %8 x1 Gaussian
Element-by-element modelling [198] 30 %<3.8 %3 32 x4 x50 Uniform
Hatch-by-hatch modelling [199] 20 <10 %2 100 %20 =10 Uniform
Layer-by-layer modelling [200] 55 %10 %20 - Uniform

For the computational process modelling of metal AM in this study, the moving heat
source method is applied for investigating scanning strategy effects on temperature and
RS in the process PBF-MLB modelling of Chapter 5. The bead-by-bead (i.e. element-by-
element) method is used for the macroscale thin wall process modelling of DED in
Chapter 8. Hatch-by-hatch modelling is used for the square shaped part modelling in
Chapter 4. The layer-by-layer modelling method is used for the macroscale PBF
modelling in Chapters 3, 4, 6, and 7.

2.3.4 Computational efficient strategies in finite element methods

A typical 50 mm high metal orthopaedic implant can be manufactured using 1667 layers
of 30 um thick via PBF-LB [201]. If every 30 um thick layer is to be defined in the
computation of the thermo-mechanical process, a fine mesh with prohibitive
computational cost is needed [38, 178]. It is shown that there were 1.28 x 10° finite
elements with an element size of 50 x50 x 30 pm? within a single layer of a thick
specimen (i.e. 40 x80 x50 mm?) [125], and it is approximated that there would be 2.13
= 10° finite elements for the entire specimen if using the same uniformly distributed
stationary meshes. One common approach is to approximate the 3D process modelling by
2D simulation [157]. However, 2D modelling is only suitable for geometries with uniform

shapes, not for complex geometries [126].

Other computational cost saving techniques in PBF modelling, include the layer scaling,
the inherent strain method and adaptive meshing approaches [95, 202, 203]. ‘Layer
scaling’ is a technique where the deposition of multiple thin layers is represented by the
deposition of fewer, thicker layers in the computational model. It assumes that the heating
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and cooling processes occurs simultaneously in multiple layers, i.e. a multilayer-by-
multilayer modelling method. Both Papadakis et al. [203], Hodge et al. [169] and Zaeh et
al. [164] have demonstrated the layer scaling approach which involves modelling the
process with much larger layer thicknesses (e.g. > 20) than in manufacturing domain to
predict the temperature and RS distribution. This approach can significantly save
computational cost. Even when layer scaling is employed, long model preparation and
computational solution times can still be required for simulating macroscale parts, and it
is thus essential to simplify or automate the model generation stage for large objects in
PBF.

The ‘inherent strain’ method estimates distortion of parts by simplifying the FEM model
as linear elastic by imposing the inherent strain, which can be obtained either by FEM
simulations or experimental measurements [204]. The inherent strain method can
significantly reduce the computational calculation time by simulating macroscale
component thermo-mechanical modelling in a layer-by-layer static equilibrium [205,
206]. However, this method assumes that each whole layer of material at different heights
of components experiences the same thermo-mechanical history, which does not represent
the real practical PBF manufacturing process [205]. Details and summary of the inherent

strain method can be found in [204].

Adaptive remeshing is a method to always retain fine mesh resolution at region where
temperature and strain gradients are high (i.e. close to the melt pool) while coarsening the
mesh elsewhere [146]. An example and illustration of the adaptive remeshing is shown in
Figure 2.6. By using fewer elements and nodes at any given time, the computational time
can be significantly reduced. Olleak et al. [207] developed an adaptive remeshing ability
for PBF manufacturing. Gouge et al. [208] performed thermo-mechanical process
modelling of PBF using the layer-wise adaptive remeshing approach in the commercial
software of ‘Autodesk Netfabb’. The results indicated good agreement between predicted
distortion and the experiment (within 13% difference), but with a significant time saving
(computational time one-tenth of production time). However, complex programming code
is necessary for the adaptive remeshing strategy. The review of computational efficiency
methods for AM are summarised by Lindgren et al. [95].

39



1000
902
804
706
608
510
412
314
216
118

20

Figure 2.6. lllustration of adaptive remeshing method [95]: gradient meshes for the computational
model, i.e. fine mesh close to the active layer (top several layers) and coarse mesh further below.
The legend shows temperature (<€) during AM process modelling.

The commercial general-purpose finite element package ABAQUS /Standard is a most
commonly used software for thermo-mechanical process modelling of PBF [36, 180].
Three kinds of mesh refinement techniques are provided by ABAQUS/Standard to obtain
accurate results [209]: adaptive remeshing (varying topology adaptivity), arbitrary
Lagrangian-Eulerian (ALE) adaptive remeshing and mesh-to-mesh solution mapping. The
adaptive remeshing technique is typically used for determining the optimized mesh of the
model and it works by running the same model multiple times, with different mesh sizes.
ALE adaptive remeshing is a tool to maintain a high-quality mesh throughout a FEM
analysis, even when a large deformation occurs. The mesh-to-mesh solution mapping
technique aims to control element distortion and works by mapping the temperature and
stress results from the old mesh to a new mesh. The overall comparisons of the three
remeshing techniques in ABAQUS can be found elsewhere [210]. The above three mesh
refinement techniques in ABAQUS/Standard can be directly used for the PBF modelling
process, for purposes of validating mesh convergence or improving accuracy of the final
results [210]. However, none of the above three techniques are immediately applicable to
macroscale AM process modelling due to the dynamic heat source, small layer resolutions
and the overhead costs associated with a remeshing step. Therefore, AM users need to
program their own codes and subroutines for computational efficient metal AM process

modelling.

2.3.5 Multi-laser beam build powder bed fusion modelling

A major issue limiting the wider adoption of PBF-LB is the productivity rate and
associated costs [40, 103, 211, 212], particularly for large 3D components. Strategies to
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improve the PBF-LB build rate include modifying process parameters, such as enlarging
the laser beam diameter, layer thickness and laser power to be 1 mm, 200 um and 1000
W, respectively [213]. However, such methods can result in a 10 % loss of density and
poor component geometry accuracy and inability to capture fine design details [213, 214].
PBF-MLB, with additional laser beams acting on different regions of the same active
layer, is a next generation of PBF technology that has been introduced primarily to reduce
build times and improve overall productivity rates. The PBF-MLB has the potential to

obtain high manufacturing efficiency in conjunction with high precision [214].

Two kinds of PBF-MLB technologies were developed [215]: single trajectory lasers with
multi-beam and multiple trajectory lasers with multi-beam (Figure 2.7). The single
trajectory lasers with multi-beam technique utilises the secondary beam as an auxiliary
heat source. Heeling et al. [83] noted that the secondary beam could heat the region
surrounding the melt pool, thus decreasing the cooling speed. Multiple trajectory lasers
with multi-beam involve all beams acting as powder melting heat sources. Li et al. [214]
studied the resulting microstructure and mechanical performance when the laser overlap
was varied during the dual laser beams PBF-MLB and found that PBF-MLB could obtain
uniform part properties. Heeling et al. [40] investigated the influence of scanning
strategies on the melt pool dimensions, dynamics and temperature gradients in the PBF-
MLB and the results showed that PBF-MLB could reduce the temperature gradients by up
to 20 %. Masoomi et al. [216] reported a dependence of temperature, microstructure,
defect occurrence and mechanical performance on scanning strategies in PBF-MLB,
which indicated that temperature gradients were highly sensitive to scanning strategies
and the number of laser beams. Commercial development of multi-beam systems is
currently underway, including PBF-MLB technologies and systems from SLM Solutions
(SLM Solutions Group AG, Libeck, Germany) [217], Renishaw (Renishaw UK Sales Ltd,
Gloucestershire, UK) [218], EOS (EOS GmbH Electro Optical Systems, Krailling,
Germany) [219] and Concept Laser (Concept Laser GmbH, Lichtenfels, Germany, now
part of GE (General Electric Company, Boston, USA)) [220].
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Figure 2.7. Temperature contours for different numbers of laser beams PBF process modelling: a)
Single laser beam. b) Four laser beams by island scanning strategy and c) Four laser beams by
parallel scanning strategy [50].

The dual laser beams PBF-MLB manufacturing is not only effective in improving the
build rate and reduced cycle times for standard PBF parts [214, 216], but also makes it
more practical for the larger macroscale components. In dual laser beams PBF-MLB
manufacturing, the total exposure time can be shortened up to a factor of 2 compared with
single laser beam while the production rate could be improved to ~ 60 cm?® per hour,
comparable to that of the PBF-EB [211].

Computational process modelling can provide insights into the optimum PBF-MLB
configuration and process parameters, enabling consistent high build quality, greater part
complexity and design freedom [10]. The ability to accurately simulate the physical PBF-
MLB process and predict the thermal history and the final residual state stress would
constitute a considerable advancement in AM and further empower product and process

design.

PBF-MLB has also been found in practice to give lower RS in components. The reason
for this is not fully understood. Most of the current PBF modelling studies found in
literature are based on the single laser beam PBF machines [36, 41, 221], with the PBF-
MLB vyet to be fully investigated [40, 216]. A detailed understanding of the PBF-MLB
process is required to obtain the RS information and inform the AM designers and

operators of the optimum setup during the physical PBF-MLB printing.

Several researchers investigated the effects of the number of laser beams on temperature

and RS in PBF-LB. Masoomi et al. [50] investigated the influences of laser beam number

42



(1, 2 and 4) on temperature and properties of the manufactured parts and included that the
production times, cooling rates and RS magnitudes decreased when increasing the number
of laser beams. The dimension of the model was 10 x5 x0.06 mm?® and the formation of
only two layers was simulated. Zhou et al. [222] investigated the effects of the number of
laser beams and scanning strategy on RS of Ti-6Al-4V material by the PBF-MLB method.
The hatch-by-hatch method is also utilised in simulating the process modelling of PBF-
MLB for Ti-6Al-4V material [223]. Apart from Ti-6Al-4V material, multi-laser systems
were also developed for manufacturing Inconel 625 alloy [224] and AlSi10Mg alloy [225]

component.

To date, there is still a lack of systematic investigation on the effectiveness of PBF-MLB
over single laser beam PBF-LB in terms of RS. To overall quantify the multi-laser effects,
the temperature, RS, and deflection behaviours are required. In addition, the effects of
different scanning strategies should be systematically studied in the PBF-MLB in order to
provide effective strategies for AM designers and operators to improve properties of the
final manufactured parts. The PBF-MLB effects on thermal and mechanical behaviours

are systematically investigated in Chapter 5.

2.3.6 Multi-part build powder bed fusion modelling

The manufacturing process parameters, part geometry and scanning strategy effects on the
temperature evolution have been widely investigated by process modelling or experiments
in PBF-LB [41, 226, 227]. However, the research outcomes of the current investigations
are mainly based on a single part on a large build plate, which is not reflective of the
industrial scale batch manufacturing of the PBF-LB manufacturing process, where
typically large batch sizes of samples are arranged for simultaneous manufacturing in a
single build [200, 228], as shown in Figure 2.8. In some instances, a single large
component or small numbers of prototype parts are printed within the same build plate
[173, 221]. However, the multi-part build effect on RS and the influence of batch size on

the in-service properties of the manufactured component are still poorly understood.
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Figure 2.8. Multi-part build by PBF-LB [200].

The multi-part PBF-LB build has advantages of faster build time and increased production
rate for each part [44]. Yilmaz et al. [44] investigated the influences of the number of
cubic shaped samples on temperature and stress by using the commercial ‘Netfabb’
software and the results demonstrated that temperature increased while stress reduced with
the increase in the number of samples. Yadollahi et al. [229] investigated the number of
samples effects on mechanical performance and microstructure and found that longer
inter-layer dwell time (ILDT) resulted in higher cooling rate and higher strength.
Conversely, Mahmoudi et al. [230] indicated that the number of samples had an
insignificant influence on the mechanical properties of tensile and compressive strengths
of 17-4 PH stainless steel parts.

When printing different numbers of 3D components in a single build in PBF-LB, the ILDT
between successive layers changes and can affect the process temperature history of each
layer and thus the resulting RS of the manufactured parts. The ILDT is defined as the time
from when the laser beam first starts in layer n, to when the laser beam first starts in layer
n +1, which includes the time for all laser sintering, laser repositioning, roller movement,
powder spreading and compaction of a layer [84]. The influences of ILDT on properties
of additively manufactured parts have been widely investigated in DED [112, 229, 231,
232] or wire arc AM [233, 234]. Denlinger et al. [231] studied ILDT effects on distortion
of Ti-6Al-4V components in DED, and found that an ILDT of 40 s had a 122.45 % higher
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RS than the RS with ILDT of 0 s. Babu et al. [235] predicted that larger ILDT caused
higher RS and larger displacement in DED of Ti-6Al-4V, which was experimentally
validated. However, there are currently limited publications investigating ILDT effects on
thermal and mechanical behaviours in PBF-LB. Mohr et al. [84] investigated the
influences of ILDT (by varying scanning speed) on sub-grain size, melt pool geometry
and hardness of 316L stainless steel by varying ILDT of a prism model, and the results
demonstrated that an increase of ILDT via reducing the scanning speed caused an decrease
of the melt pool depth for PBF-LB. Williams et al. [221] investigated the influences of
ILDT on microstructure and porosity and the results revealed that a reduction of ILDT
caused a higher (i.e. up to 200 °C) surface temperature at the end of PBF-LB
manufacturing and before cooling. Different with DED or wire arc AM, which is typically
limited to manufacture a single part per build, PBF-LB manufacturing is capable of
manufacturing multiple parts in a single build. Compared with single part build in PBF-
LB, there is more heat input to the powder bed and a longer ILDT for multi-part printing,
which alters temperature history. However, ILDT effects on RS of PBF manufactured
parts have yet to be investigated. Therefore, the overall influences of ILDT on temperature
and mechanical performance (e.g. RS) of Ti-6Al-4V components by variation in the
number of parts per PBF-LB manufacturing need to be investigated [84, 221].

The part geometry influences ILDT and further significantly influences the temperature
histories and properties of the manufactured parts [236]. When printing a batch of
components simultaneously, the cross sections of the PBF-LB manufactured samples
often vary greatly throughout the build [196, 237], which means the laser time per layer
is not a constant [221]. Therefore, variation in cross sections while building different
layers causes different ILDTSs for each layer. Wu et al. [87] experimentally measured RS
of a 316L stainless steel prism and investigated process parameter effects. Li et al. [45]
predicted RS of a bridge structure model with an equivalent body heat source technique
and validated RS by experiments. However, the same energy source and cooling and
heating step times were applied for each layer with variation in cross-sectional areas and
there is a lack of a guideline for the PBF-LB process modelling of part with geometry

varies cross sections.
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To date, significant progress has been made on process modelling of PBF-LB. However,
most FEM simulation models are focused on optimisation of a single part build [36, 238],
which is contradictory with the multi-part build in the real physical PBF manufacturing.
To better simulate the real multi-part PBF printing process, the multi-part process FEM
model is required and multi-part fabrication effects on the thermal and mechanical
behaviour of parts should be investigated, which is shown in Chapter 6 of this study.

2.3.7 Temperature-microstructure relationship in powder bed fusion

As microstructure significantly affects mechanical properties of additively manufactured
parts [239], understanding the microstructure is important to obtain high quality parts. The
thermal field during PBF manufacturing process not only determines the resulting RS, but
also influences the microstructure such as phase, grain size, morphology, and
crystallographic orientation [5, 240]. To obtain optimum microstructure of manufactured
components, it is necessary to establish the link between AM process and the resulting
complex microstructure [241]. Microstructure evolution is not modelled specifically in
this thesis; however, the computational simulation strategies developed could be extended
to also simulate microstructure evolution. This in turn could enhance the RS prediction by

including microstructural dependant mechanical and thermal properties.

The complex temperature history (i.e. extreme temperature gradient and high cooling rate)
and layer-by-layer build format cause a characteristic microstructure in PBF manufactured
parts [242, 243]. Zhang et al. [132] stated that the morphology of the as-built additively
manufactured Ti-6Al-4V typically consisting of acicular o> martensite. Sames et al. [244]
indicated that the size of precipitates changed gradually in Inconel 718 alloy during PBF
manufacturing, which could be used to optimise mechanical behaviour of the alloy. By
optimising the process parameters, PBF 316L stainless steel exhibited better mechanical
properties and density than the same material manufactured by using powder metallurgy
process (i.e. HIP) [245].

In order to better control mechanical performances of PBF parts, it is necessary to
understand the process-microstructure relationship and the microstructure formation

mechanisms by the thermal simulation technology in PBF [243]. Microstructure is
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strongly dependent on the thermal history in PBF and the microstructure and phase
fraction (e.g. alpha phase) change with the PBF process temperature history [240]. As
each phase has different mechanical properties, predicting phase fraction is important in
determining the properties of the additively manufactured part [240]. The phase fraction
transitions with the temperature history and cooling rate. Yang et al. [5] developed a
process-structure model to predict phase transition based on the temperature history in
PBF-LB for Ti-6Al-4V. The microstructures of Ti-6Al-4V material manufactured by
PBF-LB, PBF-EB and DED are shown in Figure 2.9. Details of the PBF process and
microstructure finite element modelling framework for Ti-6Al-4V can be found in other
studies [5, 240, 246].

Figure 2.9. Optical microstructures of Ti-6Al-4V manufactured by different AM methods: a)
Acicular o’ martensite phase produced by DED. b) o’ martensite by PBF-EB. ¢) Fine a and g dual
phases manufactured by PBF-LB. Adapted from [37].

The cooling rate (CR) from the PBF temperature history can significantly influence the
evolution of microstructure during PBF manufacturing [247]. It was found that columnar
grains were formed at the centre of the additively manufactured Ti-6Al-4V sample, which
was caused by the high CR and the heat transfer direction which was reversed with the
build vertical direction [248]. Letenneur et al. [249] stated that CR influenced grain size
of IN625 alloy in PBF-LB, and the higher scanning speed, the larger the CR and the
smaller the grain size by both modelling and experiments. For Ti-6Al-4V material, the
high cooling rates (i.e. > 10° K/s) produce a o’ martensitic phase in the as-solidified
material [69]. For instance, the martensite of Ti-6Al-4V material forms if CR is over 410
K/s [250]. The temperature history and CR caused solid-state phase transition (a phase,
phase, and alpha prime (o) martensite phase) diagram of Ti-6Al-4V material during PBF-

LB manufacturing is shown in Figure 2.10.
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Figure 2.10. Phase transition diagram of Ti-6Al-4V [251].

The temperature time transformation (TTT) diagram of Ti-6Al-4V for calculating the
cooling rate based on the temperature history of PBF manufacturing is shown in Figure
2.11.
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Figure 2.11. Time temperature transformation diagram of Ti-6Al-4V calculated by JMaPro [250].

The geometry of the part influences heat dispersion mechanisms and heat transfer
direction, which further influences the final microstructure [221, 252]. The first several
deposition layers (i.e. at part bottom areas) are directly contacted with the build plate, thus
a lower temperature and higher cooling rate are observed than that at the top of sample in
PBF manufacturing [243]. For the deposition layers close to the build plate in PBF, the
build plate is typically much larger than the cross sectional area of the part, causing the
heat to disperse in different directions and thus causing randomly crystallographic
orientation grains [253]. With addition of sequential layers of part (i.e. far away from the
build plate), the heat transfer direction is mainly opposite to the vertical build direction,
and the preferred grain growth direction is shown in the build direction [254]. Karimi et
al. [243] investigated wall thickness effects on microstructure evolution and indicated that
fine grains were formed in the top and side surfaces of alloy 718 walls and a higher cooling
rate was observed at the bottom of the part than that of the top layers in PBF-EB.

In summary, the temperature history of PBF in the simulation domain can be beneficial
for predicting formation of microstructure and further prediction properties of the
manufactured part. Therefore, it is necessary to simulate the process PBF thermal history.

The thermal behaviour and temperature effects on microstructure evolution in PBF are
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investigated in Chapter 7; however, this thesis does not explicitly model microstructural

evolution.

2.3.8

Challenges of computational AM process modelling

Even though significant processes have been made in PBF process modelling, there are

still a series of computational challenges existing at the PBF modelling, as listed below
[10, 178, 255]:

1)

2)

3)

4)

There is currently no framework on macroscale component process modelling in
AM to investigate the complex interdependencies of resolution, energy and time,
such as significant dimension mismatch between the thin layers (in the order of
microns) manufacturing and the constructed 3D macroscale parts (in the order of
10’s of mm), the power density, heating step time, cooling step time on
temperature and RS during AM.

Strategies to balance the computational efficiency with the high-fidelity of the
part-scale model are under development. On the one hand, extremely thin layers
are required in the manufacturing of a part, which makes the process PBF
modelling expensive and sensitive. On the other hand, capturing the high process
temperature and temperature gradient are essential for the thermal and mechanical
PBF process modelling. Therefore, it is technically challenging to accurately
predict the temperature and RS at part-scale.

Multi-laser beam build PBF process modelling capability. A multi-laser strategy
is assumed to improve the productivity rate and decrease the RS. However, most
of the current PBF modelling investigated single laser beam PBF and there is only
limited research on multi-laser beam PBF process simulations or experimental
measurements.

Multi-part PBF process simulations in a single build. The current PBF systems
print different numbers of parts in a single build. However, most of the current
modelling research is focused on single part build. The multi-part effects on RS
are poorly understood. In addition, it is not sure if the results acquired from the
single part build are suitable for the multi-part PBF process modelling.
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2.4 Experimental methods for residual stress measurements

Stress, unlike strain, is difficult to visually identify and to measure directly. Both
destructive methods and non-destructive techniques have been used to measure RS. The
destructive methods including hole drilling and the contour method, which rely on
measuring strain and back-calculating stress. Non-destructive experimental RS
measurement methods include X-ray diffraction, neutron diffraction and high energy X-
ray diffraction (HE-XRD) etc. [23, 256]. Other RS measurement methods such as layer
removal, Barkhausen noise, ultrasonic and ring-core method are summarised in study
[256].

2.4.1 Holedrilling

The hole drilling method is the most popular RS measurement method [256]. It operates
by drilling a hole at the location of the part where RS is to be measured. The resulting
strain of the component due to the stress relief induced by the hole formation is measured
by a stain gauge [124]. The RS is back-calculated from the measured strain using the
integral method. Marchese et al. [257] measured surface RS of PBF-LB manufactured
cubic samples by hole drilling method and the measurements showed that RS increased
with depth below the top surface and a ~ 600 MPa RS was measured at location where 0.6
mm below the top surface of sample. Illustration of the typical hole drilling facility and
setups are shown in Figure 2.12a. The diagram of the principle of hole drilling method for
RS measurement is shown in Figure 2.12b. The hole drilling facility is generally available
in labs and easy to use. However, the limitation of the hole drilling technique is its low
accuracy (i.e. =50 MPa [258]). More details in terms of the hole drilling method for stress
measurements can be found in studies [258-260].
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Figure 2.12. Hole drilling technique for RS measurement: a) The typical setup of the hole drilling
method [259] and b) Schematic of principle of hole drilling method [260].

2.4.2 Contour method

The contour method enables to obtain a 2D RS contour of an interior surface of a part. It
works by first cutting a sample into two along the plane to be measured. Vrancken et
al. [261] measured residual stresses of PBF-LB manufactured Ti-6Al-4V parts by the
contour method and found that the maximum RS was close to the yield strength of the
material in PBF. As the quality of the cutting determines the final RS, often the wire
electric discharge machining (EDM) process is used to cut the sample [256]. The RS
(which is normal to the cut plane) is released after the above cutting operation. Methods
such as coordinate measuring machines (CMM) are then used to measure the surface
deformations of the two contoured surfaces. The surface RS can be obtained by applying
the reverse deformations on the same geometry via finite element modelling [256]. The
contour method can provide high fidelity RS results and is suitable for a wide range of
materials but is a destructive measurement process. The principle of RS measurement by
contour method is shown in Figure 2.13 [52]. However, by using the contour method, it
is not possible to make successive slices close to each other [256]. Details in terms of the

contour method can be found in studies [52, 256].
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Figure 2.13. The principle of RS measurement by contour method [52].

2.4.3 Surface-based X-ray diffraction

The surface-based X-ray diffraction (XRD) is a non-destructive method that can measure
RS at the surface (i.e. penetration depth of 3 — 10 pm) of a sample. Levkulich et al. [42]
measured surface RS of PBF-LB manufactured Ti-6Al-4V samples and the results
revealed that top surface RS decreased with the printing height. The principle of surface-
based XRD is the lattice spacing (d-spacing) (shown as the distance from line A to line B
in Figure 2.14) will change if RS exists in the samples compared to the unstressed (stress-
free) status. When the material is under a tensile state, the lattice spacing increases while
the lattice spacing decreases when the material is under a compressive stress state [262].

The lattice spacing is related to deflection angle by the Bragg’s Law [263]:
nA = 2dsiné (2.23)
where n is an integer, 1 is wavelength, d is lattice spacing and & is reflection angle.

The peak of the diffracted X-ray angle (at which the maximum diffraction intensity takes
place) shifts with the lattice spacing. The strain and RS are calculated based on the peak
shift [262, 264].
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Figure 2.14. Tllustration of Bragg’s Law [265].

The surface-based XRD is generally available and suitable for a range of materials.
However, this technique is limited to measuring surface RS (i.e. 3— 10 pm depth). As the
surfaces of the as-built parts by PBF normally have roughness in the range of 6 - 20 pm
(Ra) [266], it is not suitable for surface RS measurement directly. Consequently, electro-
polishing of the additively manufactured metallic parts surfaces is necessary before RS

measurement using the surface-based XRD technique.

2.4.4 Neutron diffraction

Neutron Diffraction (ND) is one of the non-destructive stress measurements methods that
can measure the interior stress of a sample. It is able to produce a 3D RS map inside a
solid part. Wu et al. [87] measured RS of a PBF manufactured 316 L stainless steel part
by the ND method and the results indicated that higher oxx and ayy stresses were formed at
top surface of sample while stress at side surface of sample was mostly tensile (Figure
2.15). The typical ND set up is shown at Figure 2.16. To calculate the RS, the strain is
first calculated based on Bragg’s Law described in Eq. 2.23. The strain on the hkl plane,
which is the relative change compared with the reference value from the stress-free
sample, can be calculated as [267, 268]:

dpri—d
ehkl — hkl Ohkl (2 24)
donkl
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where hkl are Miller indices, &5y is the strain along the hkl crystal plane, dy,; is the lattice

spacing along the hkl plane and dgp; is the unstressed (stress-free) lattice spacing along

the hkl plane.
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Figure 2.15. RS of additively manufactured sample measured by neutron diffraction: a) Prism
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Figure 2.16. Illustration of Neutron Diffraction for RS measurement [269].

Combining Equation 2.17 and Equation 2.18, the strain &;; can be calculated as [270]:

sin Oonki
=—=—-1 2.25
Enkl sin Oy ( )
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To determine the full strain and stress tensors, a minimum of six independent strain
components must be measured [271]. Hooke’s law can be used for calculation of both

principal and shear stresses [272]:

E v
0ij = vy (Cis T Gy Ot €k (2.26)

where E is elastic modulus, v is Poisson’s ratio, ¢;; the strain tensor, g;; the stress tensor,
8;; the Kronecker delta (i.e. §;; = 1 when i = j, and §;; = 0 when i # j) and &, the sum of

over all kk.

The focus of this thesis is on normal residual stresses, thus shear stresses were not
measured and calculated. Based on the assumption that the measurements were made
along the principal directions [273], simplified form of Hooke’s law is employed to
calculate the RS components [267, 273]:

E

Oxx = T+ (1-20) [(1—v)ex, + v(gyy + &22)] (2.27)
E

O'yy = m [(1 — U)Syy + U(Sxx + gzz)] (228)
E

O0z7 = m [(1 —V)Ezy + V(Exx + gyy)] (2-29)

where o,y, 0, and g, are the stress along the x, y, and z directions, €, €,, and &, are

the strains along the x, y, and z directions, respectively.

Even though the ND method is able to provide an accurate 3D map of RS, it is time
intensive, and the costs of the equipment and measurement are higher than for other RS
measurement methods. Furthermore, the ND facilities are limited worldwide, in part
because this technique requires a nuclear reactor to supply the neutrons [274]. The
beamline times for stress measurements by the ND method can be applied from agencies
such as ISIS Neutron and Muon Source (Oxfordshire, UK), Institut Laue-Langevin (ILL,
Grenoble, France), Research Neutron Source Heinz Maier-Leibnitz (FRM-II, Garching,
Germany), Paul Scherrer Institute (PSI, Villigen, Switzerland) [275].
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2.4.5 High energy X-ray diffraction

The high energy X-ray diffraction is a non-destructive RS measurement technique; thus,
this method does not affect the RS state of the samples. Strantza et al. [276] measured RS
of Ti-6Al-4V parts by the HE-XRD method and validated the RS results in the simulation
domain. The principle of the HE-XRD method is that the sample to be measured is
exposed to the X-ray and a detector is utilised to collect the Debye-Sherrer pattern, which
is “caked” into equal azimuthal-width portions [277]. Each sector provides strain
information along the related azimuthal direction. The principle of HE-XRD method is

illustrated at Figure 2.17.

Figure 2.17. lllustration of the high energy X-ray diffraction method [278].

The lattice spacing and RS measured by the high energy XRD technique can be calculated
based on Bragg’s Law in Equations 2.17 - 2.22. Table 2.5 lists a comparison of the above

RS measurement techniques.
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Table 2.5. Comparisons of different RS measurement techniques in AM [256, 258].

Technique Advantage Disadvantage Accuracy Ability
Hole drilling Fast; Easy to use; Wide range Semi destructive; +50 MPa, limited by reduced Generally
of materials Interpretation of data; sensitivity with increasing depth available

Limited strain sensitivity
and resolution

Contour method ~ High-resolution maps of the  Destructive; Interpretation

stress normal to the cut of data; Impossible to
surface; Wide range of make successive slices
materials; Larger components close together
Surface-based X- Ductile; Wide range of Small components; Only ~ +20 MPa, limited by the surface  Generally
ray diffraction materials; Macro and Micro basic measurements condition available
RS
Neutron Macro and Micro RS; Optimal ~ Only specialist facility +50%10°F strain, limited by Not available
diffraction penetration and resolution; 3D counting statistics and reliability
maps of stress-free references

High energy X- Auvailable

ray diffraction

Experimental measurement of RS is vitally important for validation of the predicted stress
results by finite element AM process modelling. To date, most experimental RS
measurement for metallic parts manufactured by AM is focused on a single part, but
variation in measurement locations [88, 200]. As different conditions (i.e. manufacturing
systems and process parameters) were applied for each separate study, it is difficult to
compare experimental findings and achieve consistent conclusions. As scanning strategies
influence parts RS in AM, RS measurement on a set of samples varying manufacturing
patterns (i.e. scanning strategy) by the same PBF machine and process parameters is

required to accurately validate the FEM predictions.

2.5 Summary

This chapter reviews recent developments and technologies of both finite element
modelling and experiments in AM technologies. Finite element modelling is an effective
tool to predict the thermal and mechanical behaviour of the complex process of AM.
Experimental validation, especially non-destructive techniques for RS should be used to
validate the accuracy of the developed finite element model for AM. The summary of

Chapter 2 is as follows:
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b)

d)

It is computational expensive for the part-scale AM process modelling and layer
scaling method is an effective method to accelerate the thermo-mechanical AM
modelling and save the computational costs. However, its effects on time and
energy input need to be better understood.

RS measurements on a set of parts are important to validate the predicted residual
stress of additively manufactured components.

To improve the productivity rate and properties of the final PBF manufactured
components, the PBF-MLB technologies are needed. However, there is limited
study in terms of PBF-MLB manufacturing and modelling. It is thus necessary to
build the process modelling capability for the PBF-MLB build.

There is currently a gap between the real multi-part build and computational single
part process PBF modelling. To better understand the multi-part PBF
manufacturing, process modelling capability for multi-part PBF is necessary to be
developed.

The process PBF thermal modelling can be used to predict microstructure, which

can further improve the final parts performance.

This work will help inform AM product designers and AM operators the optimum set

up for the additive manufacturing system in order to minimising RS of the final

manufactured parts.
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3 Framework of finite element thermo-mechanical
process modelling in laser beam powder bed fusion

additive manufacturing

3.1 Introduction

As described in Section 2.3.2 and Figure 2.3, the precise representation of resolution (i.e.
layer height and mesh size), energy (i.e. power density) and time (i.e. heating step time
and cooling step time) in the simulation domain should closely embody real physical PBF-
LB manufacturing setup and parameters. These three key aspects are interdependent (both
in the simulation and real domains). However, as listed in Table 2.3, the literature contains
studies employing vastly different resolutions, energies, and times, without a standard
framework of PBF-LB process modelling, leading to difficulties in interpreting and
comparing computational findings. Apart from accounting for the complex process
parameters, PBF-LB process modelling is challenging due to the multiple size scales at
play (i.e. microscale manufacturing of macroscale components). The consequences of
common practices such as the layer scaling technique are not fully addressed in the

literature.

One of the primary heat transfer mechanisms in PBF-LB is heat loss from the solidified
part to the surrounding non-solidified powders [177]. Powder in-plane depth (i.e.
thickness of surrounding loose powder within the active layer) has a significant influence
on both the cooling rate as well as the steady-state temperature. To date, most finite
element simulations of PBF-LB component manufacturing include the powder elements
in the finite element model, and are limited to small volumes [175], due to computational
cost. For macroscale component PBF modelling, the computational efficiency technique
to representing solid part-powder conduction (heat conduction from printed part to
surrounding powder material) is necessary. In addition, to accurately simulate the physical
manufacturing process, how depth of powder material (i.e. build volume) should be
included in the PBF-LB process modelling is still poorly understood.
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The aim of this study is to investigate the computational efficiency technique for
macroscale component modelling and interdependencies of resolution, energy, and time
in PBF-LB FEM for Ti-6Al-4V alloy. The objectives of this chapter are as follows:

a) Developing a process PBF-LB modelling capability for macroscale components
by using thin layer height.

b) To develop a computational efficiency approximation strategy to account for heat
conduction loss from solidified part to the surrounding powder material for PBF-
LB process modelling.

c) To investigate layer scaling effects on temperature and RS of macroscale
component in PBF-LB modelling.

d) Investigation of interdependencies of resolution, energy, and time and their effects

on temperature and RS.

The results of this work will facilitate efficient and accurate layer scaling, by providing
guidance on the required mesh resolutions, and appropriate modifications to the energy
and time inputs. This will also contribute FEM simulation guidelines to the modelling
community for PBF-LB process. Finally, this study will serve as a reference document for
design and manufacturing engineers in efficiently and accurately simulating the PBF-LB
manufacturing induced residual stresses in their parts and optimising their build

configurations.

3.2 Methods

In this chapter, a PBF-LB process computational modelling framework was developed
using the general-purpose finite element software ABAQUS (Dassault Systems, USA,
2017) [85, 119, 120]. Firstly, a Python script for ABAQUS was created to section CAD
macroscale models in a microscale layer-by-layer manner. The (computational) layer
height was predefined by the user. The flowchart of Python code for ABAQUS thermo-
mechanical analysis is presented in Figure 3.1. Secondly, heat transfer mechanisms were
automatically applied to each layer by the Python script to account for solid part-base plate
conduction, solid part-powder conduction, active layer free surface convection and

radiation. A computationally efficient approximation to capture the heat loss due to solid
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part-powder conduction was developed and applied. This PBF-LB modelling framework
was utilised to study the model sensitivities and interdependences described above.

Modelling method Process parameters

e Laver thickness
Laser beam power

Moving heat source .
e Laser spot diameter
L]
L]

Element-by-element
Hatch-by-hatch
Layer-by-laver

Program Python script [«

Y

Laser moving speed
Hatch spacing

¥
Run Python in

ABAQTUS
e e Lo e .
: Geometry :
i . . i
' « Create part Material Step Interaction Load Bounldflr} !
! - property condition !
i « Slice part i
: « Generate mesh :
L e T T T T T R l ------------------------------ 4
Thermo-mechanical analysis
ODB results

s Temperature
s Residual stress
s Distortion

Figure 3.1. Flowchart of Python script for ABAQUS analysis.

3.2.1 Thermal and mechanical analysis

The PBF-LB thermal cycle includes the laser heating and material cooling by heat
conduction (Eqg. 2.15), radiation (Eq. 2.16) and convection (Eq. 2.17). In this study, the
addition of each layer is captured in an individual step, and it begins with the addition of
a new active layer (of fixed layer height Ln) and lasts for a total step time of (twt). A
uniformly distributed power density (W/m?®) (Eq. 2.6) is applied to the entire active layer
for a fixed heating step time of tm. The uniformly distributed heat source in this study is
determined by the build process parameters such as energy beam power, beam spot
diameter and beam moving speed and has been described in Eqg. 2.6. The model is then
allowed to cool via the heat transfer mechanisms for a fixed cooling step time tc. The total
step time ttot IS the sum of the heating step time tn and cooling step time tc. After finishing

one step, a new step begins to simulate the next new layer. The governing equation for the
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thermal analysis is given in Eq. 2.1. The equilibrium for the mechanical analysis has been
given in Eqg. 2.18.

The laser scanning speed also strongly influences temperature of the target material.
Therefore, in computational simulation of PBF-LB, the heating step time over which
power density is applied will influence temperature and RS. The heating step time was
calculated by dividing the laser spot diameter by the laser scanning speed, as described in
Eq. 2.7. For the remainder of this chapter, a laser heating step time of 5 <10 s (Eq. 2.7)

and power density of 1.67 x10'® W/m?® were applied as the boundary conditions.

The main thermal dissipation mechanisms in PBF-LB are shown in Figure 3.2 and consist

of:

i.  Conduction (Eg. 2.15) within the solid part;
ii.  Conduction between the solid part and the base plate;
iii.  Conduction between the part and powder bed;
iv.  Convection between the active layer and the surrounding atmosphere;

v. Radiation from the active layer to the surrounding atmosphere.

The relative importance of these thermal mechanisms has been debated in the literature,
with thermal conduction varying greatly between solid material and powder (of different
porosity) [73, 279]. Some researchers state that the influence of convection and radiation
are negligible [279, 280] while others state that these mechanisms must be included [155,
281]. Other studies have stated that the part-powder conduction can be ignored due to the
negligible powder thermal conductivity [185, 282, 283]. In the current study, all of the
above mechanisms have been accounted for via material properties (i-ii), or surface
thermal process definitions (iv-v). In order to remove the requirement of including the
powder (i.e. powder finite elements and nodes) in the FEM model, the heat loss due to the
conduction processes (iii) is approximated as convection heat loss from the solid part

surface to powder bed.

Denlinger et al. [177] showed the importance of incorporating loose powder along with
the solid part in FEM of PBF, due to the need to capture the solid part to powder
conduction heat transfer. The heat loss profile due to part-powder conduction was first
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characterised, by simulating a single layer consisting of a solid region (exposed to a heat
flux) and a powder region. The powder region experiences heating due to conduction from
the solid part only. In practice, the total heat loss due to this mechanism will depend on
the powder in-plane depth, i.e. how densely packed the build volume is with parts, and
how close the parts are to the chamber walls. Therefore, a range of powder in-plane depths
were simulated (20.5 mm, 41 mm, 102.5 mm, 205 mm, 410 mm, 615 mm) for a 20.5 mm
wide solid part (Figure 3.2b), and the temperature at the part-powder interface was

monitored.

A new model (Figure 3.2c) was prepared with the powder removed and powder-interface
convection was defined at the part surface (formerly the powder-part interface). The
convection coefficient was calibrated to produce the same cooling profile as the converged

cooling profile (i.e. with powder explicitly included).

Thermal transfer mechanisms Part-powder conduction approximation

a) ) Active layer ’ Powder in plane depth | 1
+ 1

Power density

| Powder
) (293 K)

Figure 3.2. Thermal transfer mechanisms and powder in-plane depth research during the PBF-LB
process of Ti-6Al-4V: a) Heating by power density, heat losses include: i) Solid conduction, ii)
Base plate conduction, iii) Part-powder conduction, iv) Active layer convection and v) Active
layer radiation. b) Part-powder conduction requiring bulk material elements and powder elements
and c) Equivalent interface convection without including powder elements.

Active layer convection and radiation (Eq. 2.16) and (Eq. 2.17) occur at the top surface of
the (newly added) active layer to the surrounding atmosphere. Here, the chamber
temperature was 293 K, which was the same with the initial temperature of powder and
the characteristic heat transfer coefficient h was found to be 12.7 W/(m?K) with assuming
that h is independent of temperature [161]. The emissivity of the active layer surface was
set as 0.35 [161] and the Stefan’s constant was defined as s = 5.669 <108 W/(m?K%)
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[111]. Between two subsequent layers, a layer cooling step time of 10 s was used to model
the time needed by the coater to spread the new powder layer [193].

3.2.2 Finite element process modelling

The following basic model configuration was used in all subsequent simulations in this
chapter. A simple 54.72 mm high, 41 mm wide block of Ti-6Al-4V material was simulated
in 2D plane RS. The structure was built on a fully constrained 5 mm thick Ti-6Al-4V base
plate, 7 mm from the edge of the block. Due to the layer-by-layer modelling approach
(described in Chapter 2) and the symmetry of the 2D model in Figure 3.2a, half of the
geometry was modelled to minimise computational cost. Symmetry boundary conditions
were specified on the centre line (the yellow line in Figure 3.3). The custom-written
Python code based on Etienne and co-authors’ research [156] was adapted and
programmed to automatically section the macroscale model into microscale layers of
predefined thickness and specified a new model step with the associated interactions,

boundary conditions and loads for each layer (Figure 3.3).

Macro scale part Micro scale resolution
! (20.5 mm)
Lo )

Layer height
456 x 0.12 mm (Layer scaling 1)

114 x 0.48 mm (Layer scaling 4)

38 x 1.44 mm (Layer scaling 12)

19 x 2.88 mm (Layer scaling 24)

(27.5 mm)

Figure 3.3. Model illustration for macroscale modelling of PBF-LB components at a microscale
resolution.
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In each step, the new layer was added via ‘model change’ (element birth) in ABAQUS
and a power density was applied for the predefined heating step time and allowed to cool
for the predefined cooling step time. For the newly added material in this work, the
powders were not exactly simulated, and the bulk material properties were applied [157].
The convection approximation for part-powder conduction heat loss (shown in Figure 3.2)
was applied to each step, along with surface convection and radiation from the current
active layer. The element size was defined in the code as a fraction of the layer height,
known as the ‘mesh factor’ (e.g. layer height of 0.48 mm and a mesh factor of 0.5 gives a
default element size of 0.24 mm). This provides a facility to determine mesh convergence
for each layer scaling. Coupled temperature-displacement elements (type CPEAT) were
used. The initial temperatures of both the powder and the base plate were set as 293 K (no
preheating) [50, 175]. The complete range of modelling parameters are summarised in
Table 3.1. In each simulation, the peak temperature per element, final nodal temperature

and final max principal RS were determined.
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Table 3.1. Parameters summary for PBF thermo-mechanical analysis [73, 111, 161, 193, 284].

Symbol Material Ti-6Al-4V
Base plate size (m) 0.05472 =<0.005
Top Base plate preheats temperature (K) 293
Powder preheating temperature (K) 293
p Powder porosity 40.5%
Solid size (m) 0.041 %0.05472
Ln Layer heights (mm) Variable: 0.12, 0.48, 1.44, 2.88
my Mesh factors Variable:1, 0.5, 0.33, 0.2,0.1, 0.05
tm Heating step time each layer (s) 5x10*
tc Cooling step time each layer (s) 10
P Laser beam power (W) 300
Heat source absorption coefficient 0.4
ds Heat source spot diameter (mm) 0.6
Vs Laser moving speed (m/s) 1.2
O Melt pool depth (mm) 0.12
H;s Hatch spacing (mm) 0.1
Power density (W/m?®) 1.67 x10%
£ Emissivity 0.35

Heat transfer coefficient (W/m?/K) 12.7

In this chapter, it was decided that the overall energy input in every model must be the

same and equal the total energy input in the real build process under simulation, i.e. that

‘energy scaling’ is not physically justifiable. Therefore, the following sequence of

parameter studies was carried out to investigate layer and time scaling. Similar to layer

scaling, time scaling is a technique to modify the real time parameter in the computational

model.

Determine mesh factor convergence for every layer scaling. This is completed by
standard finite element mesh convergence methods where the minimum node
spacing required to give a mesh-insensitive solution is determined. The
temperature evolution at the central top node (Figure 3.4) was examined in all

mesh convergence simulations.
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Figure 3.4. Locations illustration for the simulation results.

ii.  Determine the effects of heating and cooling step time on temperature and the final
RS of part.

In this study, three approaches to linking time scaling to layer scaling were considered
and compared to a PBF-LB simulation of the macro-scale part with no layer scaling. In
type A, the heating step tm per layer is constant and is calculated based on Eq. 2.7. In type
B, the total heat energy is constant by varying heating time and power density (Eq. 2.6).
In type C, the total model cooling time is constant. The simulation process parameters are

summarised in Table 3.2.
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Table 3.2. Parameters applied for PBF-LB simulations. Note that model 2 and model 5 are identical.

Model Layer height Layer scaling Layer Power density Heating time per Cooling time Total cooling

(mm) factor number (<102 W/m°®) layer (<10%s)  per layer (s) time (s)
No layer scaling 1 0.12 1 456 16.7 0.5 10 4560
Layer scaling A 2 0.48 4 114 16.7 0.5 10 1140
144 12 38 16.7 0.5 10 380
4 2.88 24 19 16.7 0.5 10 190
Layer scalingB 5 0.48 4 114 16.7 0.5 10 1140
6 0.48 4 114 8.35 1.0 10 1140
7 0.48 4 114 4.175 20 10 1140
Layer scalingC 8 0.48 4 114 16.7 0.5 40 4560
9 144 12 38 16.7 0.5 120 4560
10 2.88 24 19 16.7 0.5 240 4560

3.2.3 Material properties

The material properties were considered to be isotropic and homogeneous. An elastic-
perfectly plastic model was assumed. The temperature dependent material properties of
solid Ti-6Al-4V were obtained from the literature [115] (Figure 3.5) and were assumed to
vary linearly between data points. The base plate was assumed to also be solid Ti-6Al-4V,

thus avoiding thermal expansion mismatch with the model [285].

Material definitions for Ti-6Al-4V powder were assumed to be simply related to the solid

material properties via powder bulk porosity p [115]:
pp = ps(1—p) (3.1)
k, = ks(1—p) (3.2)

where p,, for density of powder Ti-6Al-4V and k, for temperature dependent thermal
conductivity of the powder material. It is also recommend using thermal conductivity of
looser powder material from study [125] for AM process modelling. A powder porosity p
of 40.5 % was determined based on published powder (2.63 g/cm? [284]) and solid (4.42
g/cm® [73]) Ti-6Al-4V. Therefore, a porosity p of 40.5 %, thus allowing k, to be
determined based on the temperature dependant k. The thermal conductivity of powder
Ti-6Al-4V was assumed to equal solid Ti-6Al-4V above the melting point of 1893 K. The
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remaining powder thermal properties of specific heat of powders were considered to equal
solid properties [119, 286, 287].
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Figure 3.5. Temperature dependent Ti-6Al-4V material properties [115].

3.3 Results and discussions

3.3.1 Part-powder conduction approximation technique and results

Figure 3.6a indicates the cooling rate of part-powder conduction at the powder interface

with different powder in-plane depths. In all cases, the temperature initially decreases

exponentially, followed by steady state. For this model configuration, the greater the

powder in-plane depth, the lower the final temperature, i.e. 600 K and 1350 K interface
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temperature for powder in-plane depths of 20.5 mm and 410 mm, respectively. The heat
loss rate converges at 205 mm powder in-plane depth, i.e. larger powder-in plane depths
have minimal influence on surface temperature.

The time-dependant film coefficient defined for the powder-interface convection model
was calibrated to fit the resulting free surface convection cooling curve to the 205 mm
powder in plane depth cooling profile (Figure 3.6a). The resulting fit of the convection-
based approximation (powder-interface convection) of the conduction-based cooling
mechanism (part-powder conduction) is shown in Figure 3.6b. This time-dependant
surface convection definition for Ti-6Al-4V could be employed for every layer, in lieu of

including (heat conductive) powder elements [149].
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Figure 3.6. Computational modelling results of part-powder thermal loss: a) Ti-6Al-4V powder
in-plane depth verification during the part-powder conduction and b) Cooling curves of part-
powder conduction and powder-interface convection.

3.3.2 Mesh factor convergence

Mesh factors of 1, 0.5, 0.33, 0.2, 0.1 and 0.05 were tested in the computational modelling.
In each model, the largest possible element size is equal to the computational layer height.
The power density, heating step time and cooling step time were held constant. Mesh

convergence plot for four-layer scaling shown in Figure 3.7 revealing that mesh sensitivity
increases with layer scaling.
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Figure 3.7. Mesh convergence verification for different layer scaling factors (final temperature at
the top centre node).

It is also notable that although mesh convergence has been reached in all four-layer scaling
models, their final temperature (and RS) solutions differ significantly. Figure 3.8 shows
the temperature history and Figure 3.9 shows a local zoom-in of Figure 3.8. It can be seen
that all temperature histories follow the same overall trend of two temperature reversals.
Figure 3.8 shows the highest temperature occurred when the first layer was added to the
base plate, followed by gradual reduction as a small number of subsequent layers are
added, followed by a reversal and gradual increase as further layers are added, before a
final temperature decrease. This trend is a consequence of competing and saturating
energy input, thermal transfer and heat loss mechanisms, also observed elsewhere [288].
A similar substrate temperature trend was also experimentally observed elsewhere [289].
The final base node temperature (mesh converged solution) for the 24, 12, 4 and 1 layer
scaling factor models were 942, 739, 627 and 567 K respectively. In addition, the average
temperature differential (the temperature difference between one layer and another,
measured at the secondary peak of Figure 3.9) for each converged solution was 94, 79, 59
and 38 K, respectively. This highlights the importance of the PBF-LB modelling

community thinking beyond mesh convergence when layer scaling is employed. In all
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cases, a mesh-converged solution was achieved, but the temperature and RS solutions
depended on layer scaling.
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Figure 3.8. Computational temperature variations by time at the base node with different layer

scaling factors and mesh factors: a) Layer scaling factor of 24 (2.88 mm). b) 12 (1.44 mm). c¢) 4
(0.48 mm) and d) 1 (0.12 mm).

—Mesh factor 1
—Mesh factor 0.5
] — Mesh factor 0.33
= |4 v
— w// — Mesh factor 02
f Mesh factor 0.1
1 L L ! —Mesh factor 0.05
30 40 50 60 70 80 30 40 50 60 70 80
Time (s) Time (s)
© d) i AT=38 K —— Converged E
1200
< )
jé’ 1100 E’
2 £
g 1000 g
=% =3
£ 900 g
= &
800 1 L 1 1 J
70 80 90 100 110 120 210 220 230 240 250 260

Time (s) Time (s)

Figure 3.9. Computational temperature variations by time at the base node with different layer

scaling factors and mesh factors (magnified pictures): a) Layer scaling factor of 24 (2.88 mm). b)
12 (1.44 mm). c) 4 (0.48 mm) and d) 1 (0.12 mm).
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Based on the above mesh convergence studies, the recommend mesh sizes and mesh
factors for different layer scaling factors are summarised in Table 3.3. Mesh convergence
was achieved when the relative change in temperature obtained by a finer mesh size was
less than 1 %. The RS analysis solutions had also converged. The correlation between
layer scaling factor (lf) to the mesh factor (mf) can be fitted by the exponential equation
l; = 0.4039m,~ 1% with a R* = 0.9921.

Table 3.3. Layer scaling factors and mesh factors correlation for PBF-LB process modelling.

Layer height Layer scaling factor Mesh factor Mesh size

Mode
(mm) (I) (mr) (mm)
1 0.12 1 0.5 0.06
2 0.48 4 0.33 0.16
3 1.44 12 0.2 0.288
4 2.88 24 0.1 0.288

3.3.3 Influences of heating, cooling and total step times on temperature and

residual stress

Using only the converged mesh resolution solution, Figure 3.10 shows that with increased
layer height the final temperature increased significantly, although the same heating time
was used for each layer. This is due to the shorter total cooling step time for the larger
layer height models. Figure 3.10 also shows a decrease (and greater distribution) in the
maximum in-plane stress (all the RS unit in this study is MPa) for the larger layer height
models (i.e. using ‘layer scaling’ method), due to having fewer heating-cooling cycles,
and potentially lower temperature gradient, and thus induces a lower RS within

manufactured components.

Figure 3.11aillustrates the temperature of the top path (shown in Figure 3.4) with different
layer scaling (only converged mesh sizes). The overall trend in temperature is consistent
in all layer scaling cases, but it further demonstrates the dependence of final temperatures
on layer scaling. Furthermore, the temperature difference increases as layer scaling
increased. Figure 3.11b shows the temperature profile along the central axis (shown in

Figure 3.4) of the part. In all cases, due to the occurrence of instant convection and

74



radiation at the topmost surface, the highest temperature occurred at a small distance
below the top surface (Figure 3.11b).
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Figure 3.10. Computational modelling results of final temperature and residual stress contours
with different layer scaling factors after 10 s of cooling for every layer (Layer scaling A).
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Figure 3.11. The computational final temperature distributions along: a) Top path and b) Central
path with relationship of distance under different layer scaling factors.

In layer scaling B (Table 3.2), the influence of the heating step time on the final
temperature and Mises stress were found to be insignificant, when keeping the overall

energy (product of power density and heating step time) constant, shown in Figure 3.12.

For layer scaling type C (Table 3.2) time layer scaling, the final temperature and maximum
in-plane stress on the overall part and temperature evolution with time (Figure 3.14) were
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investigated. With the same total time for every layer height, the temperature and RS
distributions are much closer to the reference (layer scaling 1). This is the opposite trend
to layer scaling A (Figure 3.10). Overall, the differences in temperature between the layer
scaling C models are much less than the type A layer scaling models. For the final
temperatures, the maximum nodal temperature difference was 20 K between no layer
scaling and the layer scaling factor 4 (Figure 3.13a and Figure 3.13b), but temperature by
layer scaling factors of 12 (Figure 3.13c) and 24 (Figure 3.13d) was different with that of

no layer scaling factor (Figure 3.13a).
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Figure 3.12. The computational modelling results of final temperature and residual stress contours
with different heating step times.
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Figure 3.13. Computational final temperature and residual stress contours with different layer
scaling factors and scaled layer cooling times to give the same total cooling time after completing
manufacturing process and cooling for 10 s.
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Figure 3.14. Computational temperature variations by time at the base node with different layer
scaling factors and scaled layer cooling times to give the same total cooling time: a) Layer scaling
factor of 24 (2.88 mm). b) 12 (1.44 mm). c) 4 (0.48 mm) and d) 1 (0.12 mm).
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For layer scaling C time layer scaling, the parameters of resolutions, energy and time
applied on different layer scaling are summarised on Table 3.4. As seen in Figure 3.13
and Figure 3.14, the results of the layer scaling factor of 4 (0.48 mm) are almost the same
as the results of layer scaling factor of 1 (0.12 mm), but with a 95 % saving in total CPU
time (Table 3.4). The correlation with the larger layer scaling models (1.44 mm and 2.88
mm) to the primary model (0.12 mm) is comparable for RS (and less so for final

temperature), with considerable computational efficiencies obtained.

The cooling time per layer is the dominant factor that influences the final temperature as
well as the RS distribution. Denlinger et al. [231] suggests that implementing a cooling
step period between each layer can increase the final RS and distortion, and the current
work concurs, and this would also negatively impact production rates.

Table 3.4. Summaries of parameters applied on simulations of layer scaling 1 by layer scaling of 4, 12 and
24,

Resolutions Time Energy

Layer height Layer scaling Layer  Mesh size Heating step time Cooling step time Power density CPU time

(mm) factor number  (mm) per layer <10 (s) per layer (s) x10%3 (W/m3) (s)
0.12 1 456 0.288 5 10 1.67 1341454
0.48 4 114 0.288 5 40 1.67 62812
144 12 38 0.16 5 120 1.67 10881
2.88 24 19 0.06 5 240 1.67 5393

In this current research, significant differences exist in both the temperature and RS
distributions for the PBF-LB process simulations with the same process parameters, same
overall energy input but with different layer scaling factors. However, the results of real
build resolution could be accurately replicated in lower resolution models by
incorporating time scaling parameters along with layer scaling, up to a limit of layer
scaling factor of 4. Above 4, considerable differences in the final RS and temperature were
observed (Figure 3.13). This is caused by the complex temperature cycles and temperature

gradient of different layer scaling factors.
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3.4 Summary

In summary, a python-based script for the general-purpose FEM solver ABAQUS was
developed to section CAD macroscale models in a layer-by-layer manner and define the
thermal transfer mechanisms automatically. This tool was then employed to investigate
the appropriateness of layer scaling. Model sensitives and key resolution, energy and time
interdependencies were identified and characterised. The results of three approaches to
time (one with the same cooling time per layer, another with different heat input times per
layer but constant total heating, and finally one with different cooling times per layer but
the same total cooling time) were compared. It was found that the cooling step time should

also be scaled by the layer scaling factor.

In future, this work will lead to rapid modelling capability for AM product designers and
manufacturers and may serve in the development of industry standards for PBF-LB
process modelling. It may also provide guidance to PBF-LB machine operators for real

build parameters.

e Final temperature predictions and temperature trajectories are strongly dependant
on layer scaling. For a given layer scaling, the recommended element size should
be based on Table 3.4. The final temperature (within 3 % difference) and RS (less
than 3.36 % difference at interface of part with base plate) of layer scaling 1 could
be obtained by scaling up 4 times the cooling step time under layer scaling 4.

e Cooling step time per layer is the dominant time factor affecting temperature and
RS- the heating step time has negligible influence on temperature and RS within
layer scaling.

e Powder-solid heat conduction can be approximated as interface surface

convection.
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4 Computational modelling and  experimental
validation of residual stress varying scanning

strategies in PBF additive manufacturing

4.1 Introduction

In Chapter 3, the computationally thermo-mechanical finite element modelling of
fundamental feature for macroscale Ti-6Al-4V part by PBF-LB AM was investigated.
Experimental measurement of RS is essential for validating the predicted RS in
manufactured components. Most existing AM studies are focused on the maximum
residual stress in the additively manufactured part [290] or stress profile along specific
path, but largely ignore the overall RS distribution on the entire part. As discussed in
Section 2.3.3, scanning strategies can significantly affect temperature field and thus
influence the resulting RS in additively manufactured parts [41, 195]. In addition, overall
part height of the sample can also influence RS of PBF-LB manufactured parts due to
resulting number of thermal heating-cooling cycles experienced by each layer during the
manufacturing process [118]. However, the part height effect on RS has not been
experimentally measured. Most of the existing RS measurements for PBF-LB
manufactured parts are performed by destructive methods such as hole drilling, which
provides limited accuracy (e.g. £50 MPa) [258]. As reviewed in section 2.4, where RS
measurement techniques were compared, the non-destructive RS approach (e.g. ND and
high energy XRD) has a greater accuracy than destructive methods. But there is limited
availability of non-destructive facility worldwide, for instance, ISIS and PSI etc. [275].
The author acknowledges the support from Dr. Wajira Mirihanage and Da Guo at the
University of Manchester for experimental sample testing and data analysis. In Chapter
3, the computational layer-by-layer modelling method was applied to a 2D macroscale
geometry and ignored influences of scanning strategies on RS. In this chapter, the
geometry is extended to 3D. By applying the converged solutions considering resolution,

energy, and time from Chapter 3, the sensitivity of scanning strategy on RS in the single
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laser beam PBF-LB is predicted. Parts manufactured for two different geometries and six
different scanning strategies were employed for experimental RS measurement.

RS after cooling and before removing from the base plate was investigated in Chapter 3
by thermo-mechanical process PBF-LB modelling. However, PBF-LB manufactured
parts are usually cut from the base plate (e.g. by wire EDM), including experimental
measurements of RS before and after deformation. The effect of releasing base plate
constraints on RS has not been widely investigated in PBF-LB manufacturing. Therefore,
in this work, the influence of releasing the mechanical boundary condition of the base

plate on RS was computationally investigated in PBF-LB manufacturing.

The aim of this chapter is to experimentally validate the developed thermo-mechanical
model for PBF-LB and investigate scanning strategy influences on RS of additively

manufactured Ti-6Al-4V parts. The objectives are as follows:

a) Experimental RS validation of the developed thermo-mechanical coupled finite
element prediction model in PBF-LB for macroscale Ti-6Al-4V component.

b) Non-destructive experimental investigation of the influence of scanning strategies
of single laser beam PBF-LB on RS.

c) Comparison of computational RS results by different PBF-LB process modelling
approaches, such as moving heat source, element-by-element, hatch-by-hatch and
layer-by-layer modelling methods.

d) Computationally investigate effect of releasing constraints of the base plate on RS

of the manufactured parts in PBF-LB.

4.2 Methods

4.2.1 Computational model configuration

To explore the scanning strategies influence on RS of single laser beam PBF-LB
manufactured part, six different scanning strategies (scanning patterns & scanning
vectors) devised from [41] are applied as shown in Figure 4.1. The six different scanning

strategies are: a) island scanning, b) 0°no rotation scanning, ¢) 45<rotation scanning, d)
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45<rotation and vertical mixed scanning, e) 90<rotation scanning and f) 67 “rotation
scanning strategy.

Hatch spacing

Figure 4.1. lllustration of six different scanning strategies for manufacturing part: a) Island
scanning. b) 0°no rotation scanning. c) 45<rotation scanning. d) 45<rotation and vertical mixed
scanning. e) 90<rotation scanning and f) 67 °rotation scanning. Layer patterns repeat every two
layers, for the 25 layers of the 1 mm specimen and 75 layers of the 3 mm specimen. For illustration,
the hatch spacing (distance between two adjacent arrows) has been magnified. This figure is
adapted from [41].

In this work, PBF-LB process modelling consists of a block of additively manufactured
part and a block of build plate, using the general-purpose finite element software
ABAQUS (Dassault Systems, USA, 2019), as shown in Figure 4.2a. Two sizes of 3D parts
were created: 10 x 10 <1 mm? and 10 <10 x3 mm?. To investigate the influence of
scanning strategies on RS, the hatch-by-hatch modelling method were performed for the
1 mm height model (Figure 4.2), which has been described in Chapter 2. Considering the
computational cost and for comparison purposes, PBF-LB process modelling for the 1
mm and 3 mm models were performed by using the layer-by-layer modelling method that
has been described in Chapter 3. In Chapter 3, 2D macroscale geometry and deposition
layers were adopted. However, in order to investigate scanning strategies influences on
the directional stresses (oxx and ayy), the 3D component and layers were employed for PBF-
LB modelling. The layer height for all the computational models was set as 40 pm,
corresponding to the practical PBF-LB manufacturing (i.e. no layer scaling). For all the

simulations, the bottom of the build plate was fully fixed during the manufacturing process
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and the post manufacturing cooling process of part. After the part was cooled to room
temperature, the build plate was released (deactivated) instantaneously via the ‘model
change’ function in ABAQUS to allow the deformation of the part [291, 292] without any
further heat or energy input. The initial temperature of both the part and the build plate

were set as 293 K.

Figure 4.2. Model configuration and illustration of process modelling methods: a) Computational
finite element model for PBF-LB. b) 0<hatch-by-hatch method for the 0=no rotation scanning
(Figure 4.1b). ¢) 90“rotation hatch-by-hatch method for the 90<rotation scanning (Figure 4.1e)
and d) Layer-by-layer modelling method. For illustration purpose, the layer height of model has
been magnified.

To computationally investigate sensitivity of scanning strategies and RS, the hatch-by-
hatch PBF modelling method was employed for the 1 mm height specimen. The 0<hatch-
by-hatch (illustrated in Figure 4.2b) and 90< rotation hatch-by-hatch (Figure 4.2c)
represent the 0°no rotation scanning (Figure 4.1b) and 90<rotation scanning (Figure
4.1e), respectively. To simulate the inclined scanning strategies (i.e. with an inclination
angle with respective to the x or y direction in Figure 4.1) such as 45“rotation scanning
(Figure 4.1c), 45°rotation and vertical mixed scanning (Figure 4.1d) and 67 “rotation
scanning (Figure 4.1f), the staggered hatch-by-hatch modelling method was developed, as
illustrated in Figure 4.3. This is because inclining angles exist for two adjacent layers of
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these three scanning strategies (Figure 4.1c, d, f) and the cuboid mesh cannot be generated,
but it is feasible for the staggered hatch-by-hatch modelling method. A Python script for
the layer-by-layer PBF-LB modelling in Chapter 3 (Figure 3.1) was adapted to the hatch-
by-hatch modelling, so that the 3D part could be sliced into separate hatches depending
on the hatch size. All the hatches were deactivated at the initial step, and each hatch was
activated sequentially by using the ‘model change’ function described in Chapter 3. In
the hatch-by-hatch modelling method, all the finite elements of a single hatch were
bundled together to heating and solidification simultaneously. Each hatch was heated and
melted by the uniformly distributed volumetric heat source (Eq. 2.6) for a heating step
time tm (Eq. 2.7). After finishing the heating process, the active hatch began to cool for a
period of cooling step time, which was calculated by the length of hatch divided by the
laser beam moving speed. After the manufacturing process was completed, the part began
to cool for 6 hours to room temperature. For the convenience of PBF modelling, the hatch
size was 10 % 0.4 x0.04 mm?3 and the element type of 8-node thermally coupled brick
(C3D8T) was applied for the hatch-by-hatch modelling.

4
3 4
2 3 4

Figure 4.3. lllustration of the staggered hatch-by-hatch process modelling method for PBF-LB.
For the layer-by-layer PBF modelling (Figure 4.2d), which has been described in Section
2.3.3, the commonly used uniformly distributed volumetric power density (described in
Eq. 2.6) was applied on each layer for a fixed layer heating time ¢,,, (described in Eq. 2.7).

After the material melting process of the active layer, the material was cooled for a fixed
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layer cooling time (re-coater time between layers) of 10 s before the next layer was added.
It should be noted that, to keep consistency, the total computational cooling time for the

hatch-by-hatch and layer-by-layer method remained constant.

To compare the computational cost, the PBF process modelling by using different
modelling approaches, such as Gaussian moving heat source method [154], element-by-
element method, hatch-by-hatch method and layer-by-layer method (described in
Chapter 2) were performed and compared on a single layer height model (10 <10 =<0.04
mm?). The volumetric Gaussian distributed heat source (Eq. 2.5) was applied for the
moving heat source modelling method, by using the ‘S’ 0° no rotation scanning (as shown
in the first layer of Figure 4.1b). The single element dimension was 0.5 x0.1 x<0.04 mm?
for the element-by-element method and the hatch size for hatch-by-hatch method was 10
=0.1 x0.04 mm3. Considering the computational cost for the macroscale component, the
mesh size of 0.2 0.2 x0.04 mm?3 (less than 0.1 % stress difference comparing with using
a finer mesh) was applied for the PBF-LB modelling. After the manufacturing was

finished, the single layer height part was gradually cooled for 2 hours to room temperature.

The thermal transfer mechanisms for PBF-LB process including heat conduction (Eg.
2.15) to the build plate, conduction (Eq. 2.15) from part to powder bed (simplified as part-
interface convection, as described in Chapter 3), radiation (Eq. 2.16) and convection (Eqg.
2.17) from the active layer to the surrounding atmosphere, which have been described in
Chapter 2 and Section 3.2.1.

4.2.2 Material properties for PBF-LB process modelling

The temperature dependent Ti-6Al-4V material properties were applied on both the part
and the base plate for the macroscale process PBF-LB model, which have been described
in Section 3.2.3 [115, 149, 292]. The temperature dependent and strain dependent plastic
property (i.e. yield strength) for Ti-6Al-4V with isotropic hardening law [36] was applied
(Figure 4.4), which is original from [250].
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Figure 4.4. Temperature dependent tensile behaviour of Ti-6Al-4V material applied for PBF-LB
process modelling [250].

4.2.3 Experimental diffraction method setup and analysis techniques

Six small square plates (10 <10 x1 mm?) and six large square plates (10 <10 x3 mm®)
were PBF-LB manufactured in Ti-6Al-4V at Jiangsu Institute of 3D Intelligent
Manufacturing (3DIMI), China on an NCL-M2150 printer. After the manufacturing
process of part was complete and cooling to room temperature, a wire EDM process was
employed to cut the samples from the build plate at 3DIMI. All the samples were printed

using the same build process parameters, as shown in Table 4.1.

Table 4.1. Build process parameters for parts manufactured by PBF-LB [293].

Symbol  Process parameters Value  Unit
Layer height 0.04 mm
Laser power 95 W
Laser radius 0.05 mm

Vs Scanning speed 0.6 m/s

Hs Hatching space 0.1 mm
Re-coater time between layers 10 S

RS measurement experiments were carried out by the high energy synchrotron X-ray
diffraction facility at Diamond Light Source, UK with the beamline number of 112 (JEEP)
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[294] and the 12 samples were sequentially measured. The incident X-ray beam was
limited by slots to a size of 1 mm by 1 mm and the beam was moved along the predefined
path to fully scan each whole sample in a spot-by-spot way. The applied beam energy was
70.40 keV, and the wavelength of beam was 0.17609 A, which was recommended by
Diamond technical staff for Ti-6Al-4V samples. The corresponding Debye-Scherrer
diffraction ring (Figure 4.5a) for each spot was obtained in TIFF format as raw data.

RS was calculated by first converting the grey scale TIFF image to a profile of diffraction
signal intensity as a function of wave vector by the open-source DAWN 2.13.0 data
analysis workbench developed by the Diamond Light Source. RS was calculated based on
the shift of peak diffraction angle compared with the reference (stress-free) value.
Gaussian peak fitting function was implemented on MATLAB (Mathworks Inc., USA,
R2014a) to find the peak diffraction intensity position for each measurement spot. To get
accurate RS results, sectors of 20 °from the Debye arcs (Figure 4.5a) were integrated and
utilised to calculate the peak position of reflection angle along either the x or y direction
[270]. For instance, 80°to 100°and 260°to 280 (Figure 4.5a) were integrated for the
Gaussian peak fitting (Figure 4.5b) and calculation of stress along the y direction. Figure
4.5¢ shows an example (1 mm specimen manufactured by island scanning strategy, Figure
4.1a) of plotting of the integration of raw data with an integration angle of 20<for the

diffraction pattern with different lattice planes.

To calculate elastic strain and RS, the stress-free lattice spacing don; (EQ. 2.24) on the
specific lattice plane hkl is necessary. Maimaitiyili et al. [295] indicated three kinds of
techniques that could be used for determining the stress-free lattice spacing: 1) measuring
the raw powder used for printing part; 2) Measuring from the corner of each manufactured
part and 3) Averaging lattice spacing of each sample. However, another study revealed
that the lattice parameters varied with the measurement locations of the same part and
differed from each other if manufactured by different process parameters [295]. Therefore,
in this work, reflection angles at all the sampling points of each sample that were measured
by the high energy X-ray diffraction experiments were averaged [295] and approximated
as the stress-free reflection angle. Theory regarding RS calculation process has been

introduced from Eq. 2.23 to Eq. 2.29 in Chapter 2. Strain and RS at each measurement
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spot were calculated by using Hooke’s law as shown in Eq. 2.27 to Eq. 2.29. Because of
the limitation of 112 (JEEP) beamtime at Diamond Light Source, the specimens were not
inclined in order to get a,, (stress along the build direction) value. Due to the small
thickness (along the z direction) compared to length and width of sample, RS along the z
direction a,, was assumed as 0. Finally, the 2D RS contour, which is the average through
sample thickness (Figure 4.6), was plotted by using the programmed MATLAB code. The
average through thickness stress indicates the average stress within a small volume (1 <1
x1 mm?3 for 1 mm sample and 1 <1 %<3 mm? for the 3 mm sample, corresponding to the
practical beam size) of material. The tensile and compressive stress distributions within

the samples were not experimentally measured in this work.
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Figure 4.5. lllustration of RS calculation process: a) Raw diffraction pattern. b) Gaussian fitting
and c) Plotting of the integration of diffraction pattern taken from 1 mm specimen manufactured
by island scanning strategy (Figure 4.1a).
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Figure 4.6. lllustration of the average through thickness stress. The average through thickness
direction is along the positive Z direction.

Ti-6Al-4V alloy is a two-phase alloy that mainly contains a-phase with the hexagonal
close-packed (HCP) structure [296]. At each measurement site, the lattice plane of {102}
(Figure 4.5¢) was employed for analysis, which is because that the {102} crystallographic
plane is only weakly influenced by the crystallographic stress of Ti-6Al-4V. The elastic
modulus and Poisson’s ratio of Ti-6Al-4V along the {102} lattice plane were set as 121
GPa and 0.31, respectively [250].

4.3 Results and discussions

4.3.1 PBF process modelling for single layer models

Figure 4.7 indicates the computational results of the maximum principal RS distributions
for the single layer height model after cooling to room temperature, which was produced
by the Gaussian moving heat source, element-by-element, hatch-by-hatch (Figure 4.2b)
and (single) layer-by-layer method, respectively. For the Gaussian moving heat source,
element-by-element and hatch-by-hatch method, their RS contours at the bottom of the
single layer model followed the scanning paths. Figure 4.7 indicates significantly larger
area of RS was formed by the layer-by-layer modelling method. For all cases (Figure 4.7),
the stresses were predominately tensile, and the maximum tensile stress was ~ 1200 MPa.

Figure 4.7 shows RS at the bottom surface of the part (i.e. interface of part and base plate),
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which is the highest within the model. This is caused by the highest cooling rate induced
by heat conduction from the bottom of the part to the build plate. In addition, before the
base plate removal, the cooling and shrinkage of the model is constrained by the base plate
at the post manufacturing process [41]. In addition, RS produced by the element-by-
element (e.g. 0.5 mm element length) in Figure 4.7b indicates a gradient of RS within each
element that RS at the edges of element was lower than at the central area, replicating
what is observed on the larger scale entire layer.

S, Max. Principal
(Pa)
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+1.150e+09
+1.067e¢+09
+9.836e+08
+9.005¢+08
+8.174e¢+08
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+4.849e+08
+4.017e+08
+3.186e+08
+2.355e+08

(d)

Figure 4.7. Computational RS contours for the single layer height model by different modelling
methods at the bottom surface of model: a) Gaussian moving heat source method. b) Element-by-
element method. ¢) Hatch-by-hatch method and d) Layer-by-layer modelling method.

In this chapter, it is assumed that stress produced by the Gaussian moving heat source
modelling method is high fidelity and is the most representative of the practical PBF-LB
manufacturing. As a uniformly distributed heat source was applied for the element-by-
element, hatch-by-hatch and layer-by-layer method, their temperature difference was
within 1.73 %, but was 18.68 % lower than the peak temperature of the Gaussian moving
heat source (Table 4.2). The volume average stress means the average residual stress
within an entire model (10 %10 %0.01 mm? in this case). The volume average maximum
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principal stress over the entire single layer model by the element-by-element, hatch-by-
hatch and layer-by-layer modelling method was 1.42 %, 9.46 % and 15.97 % lower than
that of the Gaussian moving heat source, respectively. This is because the more uniformity

distribution of the heat source, the lower average stress of model resulted.

Note that both the Gaussian moving heat source and element-by-element methods
required a long computational time (Table 4.2). The moving heat source method uses 2
steps (within which the laser path is defined by the DFLUX subroutine) (1920 CPU hours)
while the element-by-element method applies 1000 steps for heating and manufacturing
of the single layer model (2400 CPU hours). Both models use the same number of
elements; however, each additional step in a solution process adds a time and memory
overhead cost. Due to the computational cost per layer (requiring a solution increment for
minute movement of the gaussian heat profile within the layer), it is not feasible to use the
Gaussian moving heat source or the element-by-element modelling method to model
macroscale (multi-layer) PBF-LB models in this study. The hatch-by-hatch approach is
employed due to: 1) its computational cost is 6.88 % of the Gaussian moving heat source
method and it could simulate different scanning strategies, as have been reviewed in
Chapter 2) The difference of the average maximum principal stress between Gaussian
heat source and hatch-by-hatch methods is within 9.46 % (Table 4.2). In addition, the
maximum principal stress by the layer-by-layer modelling method is 8.25 % higher than
that of the Gaussian heat source method. Therefore, the computationally - efficient method
of layer-by-layer modelling method was utilised for the 3 mm height macroscale part PBF-

LB process modelling.
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Table 4.2. Comparison of different modelling approaches for a single layer model.

Modelling method Steps Increments CPU Peak temperature Peak Max principal Average Max principal
hours (K) stress (MPa) stress (MPa)
Gaussian heat source 2 34746 1920 3325 1236 983
Element-by-element 1000 7255 2400 2668 1162 969
Hatch-by-hatch 100 736 132 2704 1176 890
Layer-by-layer 2 33 12 2715 1338 826

4.3.2 PBF process modelling for model varying scanning strategies

As the high energy X-ray diffraction facility produced raw data of the Debye arcs is 2D
format, as shown in Figure 4.5a, only the directional oxx and ayy stresses were calculated.
Therefore, the corresponding computational oxx and oyy was investigated in this chapter.
The computational results of oy stress contour for the 1 mm height sample after cooling
to room temperature and before base plate removal by using different hatch-by-hatch
scanning strategies and layer-by-layer modelling method is shown in Figure 4.8a-e. Figure
4.8f shows the computational results of oxx stress contour for the 3 mm height sample by
using the layer-by-layer modelling method. For all the modelling cases, the oxx Stress at
the central area of part was tensile stress while compressive stress occurred at the edges
of model, which is consistent with results of studies [193, 297]. It is interesting to find that
the oxx stress of part is mainly in tensile status, for both the 1 mm and 3 mm height models,
which is because the shrinkage of the part is constrained by the base plate at the post
manufacturing cooling process. The largest oxx stress occurred at the bottom of all models,
i.e. at the interface of the part with the base plate. The layer-by-layer modelling method
(Figure 4.8e) could approximately obtain the similar oxx RS contour with that of the 0°no
rotation scanning (Figure 4.8b). Significantly lower ox« stress was obtained for the 90
rotation scanning (Figure 4.8d) than the 0<no rotation scanning (Figure 4.8b). This is
because all the hatches for the 0°no rotation scanning modelling were along the x
direction, while there was a 90 °rotation for adjacent layers in the 90°rotation scanning
(i.e. hatches were along the x direction for the odd number of layers and along the y
direction for the even number of layers). At the central area of the model, the maximum
tensile ox« stress decreased from the 1 mm height model (Figure 4.8e) to the 3 mm height
model (Figure 4.8f) and a larger area of compressive stress was formed at the edges of 3

mm height part. This is induced by the part shrinking inwards, relieving stress, and is a
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result of the base plate having a less significant constraint on the thicker (3 mm) plate
compared to the 1 mm height plate [298].
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Figure 4.8. Computational results of o stress contour after cooling to room temperature and
before removing base plate with different modelling approaches and model heights: a) Island
scanning. b) 0°no rotation scanning. ¢) 45 rotation and vertical mixed scanning. d) 90 “rotation
scanning strategy. e) Layer-by-layer method for 1 mm height model and f) Layer-by-layer method
for 3 mm height model.

Figure 4.9 indicates the computational results of ayy stress by using different modelling
approaches and model heights before removing constraints of the base plate. It can be seen
from Figure 4.9 that scanning strategy influences the ayy stress contours that significantly
higher ayy stress was occurred at the 90 “rotation scanning (Figure 4.9d) than the 0°no
rotation scanning (Figure 4.9b), due to the 90< rotation of the hatches between two
adjacent deposition layers. This result is with a good agreement with other PBF-LB study
[41]. The island scanning strategy (Figure 4.9a) produced ayy Was higher than that of the
0°no rotation scanning (Figure 4.9b) and 45 “rotation and vertical mixed scanning (Figure
4.9c¢), which is caused by the energy concentration in the individual island (Figure 4.1a)
[41]. The layer-by-layer modelling method (Figure 4.9e) obtained similar oyy stress
contour and magnitude with that of the 90 “rotation hatch-by-hatch method (Figure 4.9d).
Figure 4.9 further reveals the ayy RS was higher along the direction of scanning paths
[193]. Comparing RS predicted by using the layer-by-layer method for both the 1 mm
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height (Figure 4.9e) and 3 mm height (Figure 4.9f) parts, more uniformity of ayy
distribution was formed at the 3 mm height model, which is caused by the heat

accumulation induced lower temperature gradient with increasing of the printing height.
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Figure 4.9. Computational results of oy, stress contour after cooling to room temperature and
before removing base plate with different modelling approaches and model heights: a) Island
scanning. b) 0°no rotation scanning. ¢) 45<rotation and vertical mixed scanning. d) 90 “rotation
scanning strategy. e) Layer-by-layer method for 1 mm height model and f) Layer-by-layer method
for 3 mm height model.

To compare with stress before base plate removal, residual stress of part after releasing
constraints of the base plate was also computationally investigated. Figure 4.10 indicates
the computational results of ox« stress for the 1 mm height sample (Figure 4.10a-€) and 3
mm height sample (Figure 4.10f) after base plate removal, respectively. Figure 4.10a-d
means oxx Stress produced by different scanning strategies. oxx stress along the horizontal
path (Figure 4.10) at the top surface of part is shown in Figure 4.11. Comparing RS before
(Figure 4.8) and after (Figure 4.10) base plate removal, oxx RS field varied, and stress
magnitude decreased significantly (e.g. ~ 350 MPa reduction at the bottom surface of part
by 0°no rotation scanning) after removing the base plate due to stress release induced by
no constraint by the base plate. As the manufactured part was removed from the base plate
by wire EDM for experimental stress measurement, the RS after removing the base plate
is used thereafter. At the top surface of sample, ~ 100 MPa larger oxx stress was formed at
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0°no rotation scanning (Figure 4.10b) than the 90<rotation scanning (Figure 4.10d),

which is consistent with oy« stress before base plate removal (Figure 4.8).

It is interesting to find that both tensile and compressive stresses were formed at the top
surface of part that was manufactured by the island scanning strategy (Figure 4.10a and
Figure 4.11a), this is induced by the 90<rotation of scanning between adjacent islands
(Figure 4.1a). The layer-by-layer modelling method (Figure 4.10e) could accurately
capture the oxx stress distribution of the 0°no rotation scanning (Figure 4.10b) after base
plate removal, which is consistent with results before removing the base plate. Comparing
with RS contour for the 1 mm height part by using the layer-by-layer modelling method
(Figure 4.10e and Figure 4.11e), more compressive stress was observed in the central area
for the 3 mm height part (Figure 4.10f and Figure 4.11f) while tensile ox« stress was found
at the top and bottom surfaces of the 3 mm height part, i.e. the maximum compressive
stress for the 1 height model and 3 mm height model at the central area was ~ 80 MPa and
~ 277 MPa, respectively. The predicted stress contour is in line with study elsewhere
[149]. The tensile stress occurred at the top surface of the 3 mm height model was because
the shrinkage of material at the top surface of part was constrained by the underlying
solidified part during the final post manufacturing cooling process. The larger size sample
(i.e. 3 mm height) had a greater shrinkage than the 1 mm height sample, which resulted in

a higher RS on the manufactured part [299].
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Figure 4.10. Computational results of oxx stress contour after removing base plate with different
modelling approaches and model heights: a) Island scanning. b) 0°no rotation scanning. ¢) 45°
rotation and vertical mixed scanning. d) 90 °rotation scanning strategy. e) Layer-by-layer method
for 1 mm height model and f) Layer-by-layer method for 3 mm height model.
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Figure 4.11. Computational results of oy stress along the horizontal path (Figure 4.10) at top
surface of the part after removing the base plate with different modelling approaches and model
heights: a) Island scanning. b) 0°no rotation scanning. c) 45 “rotation and vertical mixed scanning.
d) 90“rotation scanning strategy. e) Layer-by-layer method for 1 mm height model and f) Layer-
by-layer method for 3 mm height model.
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The computational results of ayy contour for island scanning, 0°no rotation scanning, 45°
rotation and vertical mixed scanning, 90 “rotation scanning and layer-by-layer modelling

methods for 1 mm height sample, after removing mechanical constraints of the base plate,

is shown in Figure 4.12a-e, respectively. The 90 “rotation scanning (Figure 4.12d) shows

a higher ayy stress than the 0°no rotation scanning (Figure 4.12b), especially at the top

surface of the manufactured part, due to the 90 “rotation between adjacent deposition

layers. This is consistent with the results before removing the base plate (Figure 4.9), but

with a lower magnitude of oyy stress due to the stress relaxation. The island scanning

strategy (Figure 4.12a) revealed tensile and compressive mixed ayy Stress at the top surface

of part, which indicates the scanning strategy has a significant influence on the surface ayy
stress of PBF-LB part. Figure 4.12 reveals less uniform stress distribution was obtained

for the 3 mm height model (Figure 4.12f) than the 1 mm height sample (Figure 4.12a-¢),

I.e. higher tensile stress at the top surface and higher compressive stress at the central area
of part. The ayy stress distribution along the height direction of part is consistent with study
[131].
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Figure 4.12. Computational results of ayy stress contour after removing base plate with different
modelling approaches and model heights: a) Island scanning. b) 0°=no rotation scanning. c) 45
rotation and vertical mixed scanning. d) 90 “rotation scanning strategy. e) Layer-by-layer method
for 1 mm height model and f) Layer-by-layer method for 3 mm height model.
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Figure 4.13 shows the computational results of oz, stress (along the z direction) contour
produced by different scanning strategies for 1 mm height part (Figure 4.13a-e) and 3 mm
height part (Figure 4.13f), respectively. The tensile oz, stress was formed at the side
surface of part while compressive stress occurred at the interior of part. This is because
that the part shrinkages inward and downwards at the final cooling process during post
manufacturing [300]. The same o3, stress distribution was also predicted by [131]. The oz
stress for the 1 mm height model (Figure 4.13a-€) is at a low level of magnitude, i.e. lower
than 100 MPa. In addition, there is a minor difference of o Stress between different
scanning strategies for the 1 mm part modelling, due to the thin structure of part. It should
be noted that there was a significantly increase of the o7, stress at the side surface of the 3
mm heigh part than the 1 mm height model. The increase of the maximum stress with the
printing height has also been reported in [118]. For the 1 mm height model, its expansion
and contraction are mainly constrained by the base plate. While the expansion and
contraction of the material at the upper location of the 3 mm height model are mainly
constrained by the underlying solidified material [298], which results higher and more

area of compressive stress at the 3 mm height model.
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Figure 4.13. Computational results of a7, stress contour after removing base plate with different
modelling approaches and model heights: a) Island scanning. b) 0°no rotation scanning. c) 45
rotation and vertical mixed scanning. d) 90 “rotation scanning strategy. e) Layer-by-layer method
for 1. mm height model and f) Layer-by-layer method for 3 mm height model.
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Figure 4.14 shows the computational modelling results of the maximum principal stress
of model, after base plate removal. For all modelling cases, peak maximum principal stress
occurred at the part-plate interface with high maximum principal stresses formed at the
side-faces of part, while compressive RS occurred at the central region of the part. The 0°
no rotation scanning (Figure 4.14b) had a 23.56 MPa higher stress than the 90 “rotation
scanning (Figure 4.14d), which indicates 90 “layer rotation is beneficial for mitigating RS
and is consistent with the result of oy stress (Figure 4.10). The inclined scanning strategy
(e.g. 45°rotation and vertical mixed scanning, shown in Figure 4.14c) had the lowest
maximum principal stress, which indicates the inclined scanning is beneficial for
mitigating stress. For the 1 mm height model, the layer-by-layer method obtained a lower
maximum principal stress than the hatch-by-hatch modelling method, e.g. the layer-by-
layer method (844.14 MPa) had a 11.14 % lower peak maximum principal stress than the
90“rotation scanning (949.97 MPa). This is because the layer-by-layer method induces a
more uniformity distribution of temperature, which is in good agreement with the results

of single layer model (Table 4.2).

The RS in the 3 mm height model (Figure 4.14f) differs from the 1 mm height plate (Figure
4.14a-¢), by showing a higher gradient in maximum principal stress, which is consistent
with study [298]. An 13.23 % increase of the peak maximum principal stress was predicted
by the 3 mm height model than the 1 mm height model, by using the same layer-by-layer
modelling method. The increase of RS with the number of layers deposited is possibly
induced by a greater number of thermal heating-cooling cycles for each layer in PBF-LB
manufacturing. For the 3 mm height model, tensile RS formed at the top and bottom areas
of the model and compressive stress occurred at the central field, same phenomenon was
also observed in other PBF-LB study [301].
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Figure 4.14. Computational results of the maximum principal stress contour after removing base
plate with different modelling approaches and model heights: a) Island scanning. b) 0°no rotation
scanning. ¢) 45 rotation and vertical mixed scanning. d) 90 “rotation scanning strategy. e) Layer-
by-layer method for 1 mm height model and f) Layer-by-layer method for 3 mm height model.

4.3.3 Experimental residual stress measurement

As RS obtained from the high energy synchrotron X-ray diffraction experiment represents
an average value through the thickness of sample at each measurement point, the average
RS within a small volume of each scanned beam field (i.e. 1 x1 x1 mm? for the sample
with height of 1 mm and 1 x1 <3 mm? for the 3 mm sample, corresponding to the beam
spot size in practical RS measurement) was used in this work [264]. Note that during the
practical high energy synchrotron X-ray diffraction experimental measurements, the
measurement protocol may not have ensured that the tested samples were always fully
centred on the measurement platform in the experimental set-up [270]. As a result of this,
and the area-averaging measurement feature of the X-ray beam, the experimental data
obtained from the specimen’s outer edges was not included in the analysis as shown in
Figure 4.15b. If these edge effects were considered, the calculated lattice spacing at the
boundary of the part would be over 10 times higher or lower than the lattice spacing at the
central region of part. Thus, a 1 mm edge effect boundary was applied to all experimental
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RS results and stresses at the specimen edges were not involved in RS calculation.
Therefore, only the inner 8 mm by 8 mm area (within the 10 mm by 10 mm square plate)

was used for plotting the 2D average RS contour of part in this work.

b) Inaccurate location

a) Accurate location

L

Figure 4.15. lllustration of the experimental measurement location during the high energy X-ray
diffraction experiment: a) Accurate location of beam at the central area of part and b) Inaccurate
location of the beam at the edges of part.

Incoming beam 7

The experimentally measured x directional (ox) and y directional (ayy) Stress contour for
samples with overall height of 1 mm by six different scanning strategies (Figure 4.1) are
shown in Figure 4.16 and Figure 4.17, respectively. The results indicate different scanning
strategies produced significantly different contours and magnitudes of the directional
stresses (oxx and ayy). The island scanning (Figure 4.1a, Figure 4.16a and Figure 4.17a)
had a larger average oxx and ayy RS than that of the 0<rotation scanning (Figure 4.1b,
Figure 4.16b and Figure 4.17b). This is induced by the residual thermal effect on the
individual island (Figure 4.1a), due to the shorter scanning vector compared with other
five scanning strategies (Figure 4.1b-f). The (through-thickness average) RS distribution
of components produced by the scanning strategies with an inclination angle (Figure 4.1c-
d, Figure 4.16c¢c-d, Figure 4.17c-d) were more uniform and lower than the no inclined
strategy (Figure 4.1a-b, Figure 4.16a-b, Figure 4.17a-b) for the 1 mm height sample, e.g.
the maximum oy« Stress of 45<rotation scanning and vertical mixed scanning (inclined
scanning, 59.12 MPa) was approximately half (45.27 %) lower than the maximum oxx
stress for the island scanning (no inclined scanning, 108.02 MPa). This indicates the

inclined scanning strategy could balance and mitigate the directional oxx and ayy stresses
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of part, which is consistent with the computational results of oxx (Figure 4.10), ayy (Figure
4.12) and the maximum principal stress (Figure 4.14). Experimental measurement
indicates oxx stress of the 90 “rotation scanning strategy (51.78 MPa, Figure 4.16e) was
46.36 % lower than the ox« stress of the 0°no rotation scanning strategy (96.53 MPa,
Figure 4.16b) for the 1 mm height model, which is in line with the predicted results that
90 “layer rotation is beneficial for reducing the oxx directional stress (Figure 4.10).
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Figure 4.16. The experimentally measured average o« Stress contour of samples with overall
height of 1 mm and produced by six different scanning strategies: a) Island scanning. b) 0°no
rotation scanning. c) 45<rotation scanning. d) 45<rotation and vertical mixed scanning. €) 90°

rotation scanning and f) 67 “rotation scanning strategy.
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Figure 4.17. The experimentally measured average oy, Stress contour of samples with overall
height of 1 mm and produced by six different scanning strategies: a) Island scanning. b) 0°no
rotation scanning. ¢) 45<°rotation scanning. d) 45<rotation and vertical mixed scanning. e) 90°
rotation scanning and f) 67 “rotation scanning strategy.

The average ox and ayy stress contour for 3 mm height samples by six different scanning
strategies (Figure 4.1) is shown in Figure 4.18 and Figure 4.19, respectively. Figure 4.20
indicates the maximum oxx and ayy Stresses statistics for the 3 mm height part. Figure 4.18
and Figure 4.19 indicate the overall stress contour of the island scanning strategy (Figure
4.1a) is higher than other scanning cases, which is assumed to be caused by the thermal
concentration in the individual island and residual heat effect on the island scanning
strategy (Figure 4.1a) and is consistent with the results of 1 mm height part (Figure 4.16 -
Figure 4.17). Note that the 0°no rotation scanning strategy (Figure 4.1b) had the largest
oxx Stress for the 3 mm height part (Figure 4.20). Figure 4.20 indicates the inclined
scanning strategies (Figure 4.1c, d and f) had lower maximum ox« stress than the no
inclined scanning strategy (Figure 4.1a, b and e) for the 3 mm height part, e.g. the oxx
stress of the 45 “rotation scanning strategy (83.24 MPa) was 21.15 % lower than the island
scanning strategy (105.57 MPa). This is caused by the inclined laser scanning trajectories
balancing the directional oxx and oy sStresses, which is in good agreement with
experimental results of the 1 mm height part (Figure 4.16 - Figure 4.17). In addition, as
can be seen from Figure 4.20, the 0 rotation scanning strategy obtained the largest

difference of directional stresses than other scanning strategies.
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Figure 4.18. The experimentally measured average oxx Stress contour of samples with overall
height of 3 mm and produced by six different scanning strategies: a) Island scanning. b) 0°no
rotation scanning. ¢) 45<rotation scanning. d) 45<rotation and vertical mixed scanning. €) 90°
rotation scanning and f) 67 rotation scanning strategy.
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Figure 4.19. The experimentally measured average oy, Stress contour of samples with overall
height of 3 mm and produced by six different scanning strategies: a) Island scanning. b) 0°no
rotation scanning. c) 45<rotation scanning. d) 45<rotation and vertical mixed scanning. ) 90°
rotation scanning and f) 67 “rotation scanning strategy.
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Figure 4.20. Experimentally measured maximum oy and ayy stresses for 3 mm height component
manufactured by six different scanning strategies: a) Island scanning. b) 0=no rotation scanning.
¢) 45 °rotation scanning. d) 45<rotation and vertical mixed scanning. e) 90 “rotation scanning and
f) 67 “rotation scanning strategy.

4.3.4 Comparison of simulation and experimental results

To compare with the experimental measurements, RS over the corresponding same
volume of model from the computational PBF-LB modelling was averaged. The average
RS in format of 2D contour represents the 3D stress field of each sample, both for
experimental measurements and computational simulations. Figure 4.21 shows statistics
of the maximum oxx and oyy stresses for the different scanning strategies, including both
the computation and experiment. The experimental measurement indicates that the island
scanning strategy (Figure 4.21a) generated the highest maximum ox« (108.02 MPa) and
oy (93.18 MPa) stresses for the 1 mm plate, which is caused by the energy concentration
of the individual island (Figure 4.1a). While the computational modelling results show
that the island scanning strategy produced the largest maximum ayy stress (50.74 MPa)
and the second largest oxx stress (47.10 MPa). The computational modelling results
indicate that the 0°no rotation scanning strategy (Figure 4.21b) generated the highest oxx

stress (51.58 MP), due to that this scanning strategy excluding layer rotation.

Both the computational modelling and experimental measurement reveal that the 90
rotation scanning strategy (Figure 4.21e) generated a significantly lower oxx stress than the
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0°no rotation scanning strategy (Figure 4.21a), which indicates 90<layer rotation could
be beneficial for balancing and thus reducing the directional stresses. This is consistent
with the computational modelling results of the maximum principal stress (Figure 4.14).
Figure 4.21 shows that the 45<rotation scanning strategy (Figure 4.21c) obtained the
lowest experimental oxx stress (49.67 MPa) for the 1 mm height part, which validated the
computational modelling results that the lowest oxx stress (33.43 MPa) was formed at the
45<rotation scanning strategy. While higher oxx stress was formed at the no inclined
scanning strategies, such as island scanning strategy (108.02 MPa), 0° no rotation
scanning strategy (96.53 MPa) and 90<rotation scanning strategy (51.78 MPa). This
confirms the inclined scanning strategy could balance the oxx and ayy stresses.

It can be seen from Figure 4.21 that the predicted oxx and ayy stresses were lower than the
experimental measurements, i.e. the predicted oyy stress (45.91 MPa) of 0°no rotation
scanning strategy was 35.05 % lower than the experimentally measured ayy stress (70.69
MPa). However, the majority of the computational and experimental oxx and ayy stresses
produced by different scanning strategies were in the range of 30 MPa to 100 MPa. The
computational RS stress with different scanning strategies was consistent with the
experimental measurement. For instance, both the computational modelling and
experimental measurement indicate the 45<rotation scanning strategy (Figure 4.21c) had
the least ox« Stress while the island scanning strategy (Figure 4.21a) and the 0°no rotation
scanning strategy (Figure 4.21b) had higher oy« and ayy stresses than other four scanning
strategies (Figure 4.21c-f). Therefore, in general, the experimentally measured oxx and oyy

stresses had a good fit with the computational modelling results.
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Figure 4.21. Comparison of the maximum average through thickness oxx and ayy stresses by
simulation (sim) and experiment (exp) for 1 mm height component manufactured by six different
scanning strategies: a) Island scanning. b) 0°no rotation scanning. ¢) 45<rotation scanning. d) 45°
rotation and vertical mixed scanning. e) 90<°rotation scanning and f) 67 rotation scanning

strategy.

Figure 4.22 shows the comparison of computational results and experimentally measured
oxx and ayy stresses contour for the 90 rotation scanning strategy (Figure 4.1e), which is
beneficial for mitigating RS. In order to quantitatively compare the computational
modelling results with the experimentally measured stress, Figure 4.23 indicates oxx and
oy Stress profiles along the horizontal path (Figure 4.22b). Overall, the predicted
directional stresses are more uniform than the experimental measurement (Figure 4.22 and
Figure 4.23). For the 90°rotation scanning strategy, both the computational oxx and ayy
stresses (including contours and magnitudes) are close to the experimental measurement
(Figure 4.22), e.g. predicted oxx stress was 31.18 % lower than experimentally measured
at the central area of part. The centre area of part obtained higher directional stress than at
the edges of part, for both prediction and measurement. For oxx and ayy stresses along the

horizontal path (Figure 4.22Db), there is also an agreement (within 31.18 % difference in
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oxx Stress) at the central area of part between computational modelling and experimental

measurement (Figure 4.23).
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Figure 4.22. Comparison of computational modelling stress results with experimentally measured
ox and ayy stresses contour for the 90 “rotation scanning strategy (Figure 4.1e) and 1 mm height
model: a) Experimentally measured o« Stress. b) Predicted oxx stress. ¢) Experimentally measured

oyy Stress and d) Predicted oyy stress.
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Figure 4.23. Comparison of oy and ayy stresses by simulation (sim) and experiments (exp) along
horizontal path (Figure 4.22b) for the 90<rotation scanning strategy (Figure 4.1e) and 1 mm
height model.

4.3.5 Discussions

This study experimentally measured residual stress of square plate, which provided
comparison data for the model predictions. By comparing computational modelling results
with the experimentally measured oxx and ayy stresses (Figure 4.21 and Figure 4.22), the
computational finite element model successfully predicts trends of oxx and ayy profiles (e.g.
RS is higher at the central area of sample than at the edge, for both experimental
measurements and computational modelling). The stress quantities are of the same order
of magnitude, but the experimental measurement shows a wider range (higher maximum

and lower minimum) of stress than prediction.

Different scanning strategies produced different directional oxx and ayy stresses (Figure
4.21). Both the inclining angle, layer rotation and scanning vector of scanning strategy
influenced stress of PBF-LB manufactured parts. As the island scanning strategy (Figure
4.21a) and 0°no rotation scanning strategy (Figure 4.21b) produced higher directional
stresses than other scanning cases (Figure 4.21c-f), it is not recommended to use these two
scanning strategies in the practical PBF-LB manufacturing. Based on the computational

and experimental results, to get the least residual stress in the manufactured part, it is
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recommended to use the 90 layer rotation scanning strategy (Figure 4.1e) or the inclined
scanning strategy (e.g. 45<rotation scanning strategy, Figure 4.1c).

This work calculated the experimentally measured oxx and ayy stresses by assuming the oz,
stress equals to zero. Figure 4.24 shows the average through thickness oz, stress predicted
by FEM for the island scanning strategy (Figure 4.1a) as an example. After calculation,
the average oz stress of the entire sample is 2.60 MPa. Therefore, it is considered
reasonable to approximate the oz, stress of the thin square plate to be zero in the
experimental stress calculation. In addition, this work employed the square plate, for better
recognition of the experimental measurement positions and the x direction and y direction
of part, it is recommended to consider modelling of trapezoid geometry part in the next
experimental RS measurements. In future, more experiments can be performed, such as
experimentally measuring the o, stress (e.g. by tilting the incoming beamline in high
energy X-ray diffraction experiment) to validate the assumption behind the stress results

of this work and measuring RS distribution of part by using the neutron diffraction facility.

] | Stress (MPa)
100
= 6 50
£
> 4 0
-50
2
2 4 6 8 -100
X/mm

Figure 4.24. Computational results of average through thickness o stress contour of the island
scanning strategy after base plate removal.

Note that the predicted oxx and ayy stresses are tensile while the experimentally measured
RS are compressive at the edges of part (Figure 4.22). There is also a difference of
magnitude of stress between the computational modelling and experiments (Figure 4.21).
Multiple factors could cause the difference between the experimentally measured RS and

the computationally predicted RS of part after removing constraints of the base plate. The
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first possible reason is the stress-free lattice spacing of Ti-6Al-4V material was not
experimentally measured by the higher energy X-ray diffraction experiment and an
approximation method was used for calculating the stress-free lattice spacing in this study.
Secondly, the manufactured samples were cut from the base plate by wire EDM method
after the manufacturing process is finish. In this modelling work, the build plate removal
was simulated as instantaneous release with no additional thermal load, but in reality the
process involves progressive removal of physical material from one edge of the plate to
the opposite edge using a slow high temperature cutting wire. The EDM wire process
could influence redistribution of stress, future work could consider gradual removal of the
part from the base plate by simulating the physical wire EDM process after the build
process is complete. In addition, the inaccurate position of EDM cut caused some portion
(e.g. ~ 0.1 mm thickness) of the support structure to remain on the plates, which may be
included in the experimentally measured RS of part. Thirdly, the {103} lattice plane was
recommended as the least sensitive lattice direction (or lattice plane) to calculate the
stress-free lattice spacing for RS analysis of Ti-6Al-4V material [302]. But the peak of the
{103} lattice plane in the raw data that was directly produced by the high energy X-ray
diffraction facility was too weak to be observed and was invisible for RS analysis. For
comparison purpose, the single peak fitting of the lattice plane {102} and {101} (Figure
4.5¢) was separately utilised for RS calculation of the same sample. Figure 4.25 indicates
RS calculated by different lattice planes for the same sample did not change the
distribution but changed the magnitude of the maximum RS. For instance, for the 1 mm
heigh sample manufactured by the island scanning strategy (Figure 4.1a), the calculated
average oxx for the {102} and {101} lattice plane was 108.02 MPa (Figure 4.25a) and
90.10 MPa (Figure 4.25b), respectively. The experimentally measured stress could fit
better with the prediction by using the {103} lattice plane if its peak is visible. Fourthly,
the hatch-by-hatch and layer-by-layer modelling methods were employed for the process
modelling of PBF-LB, as shown in Figure 4.7 and Table 4.2, which is not identical to the
spot-by-spot manufacturing manner (more nonuniformity of the heat source) in the
practical PBF-LB manufacturing and this may affect the accuracy of the predicted RS.
Finally, the lattice plane can have positive or negative effects on the true macroscale
elastic strain (Figure 4.26) [303], which could cause more tensile or compressive RS on
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the measured part. Due to the existence of the intergranular stress, the experimentally
measured RS, which is calculated by using the lattice plane of {102} or {101}, is not

exactly equal to the thermal process induced stress in PBF-LB manufacturing.
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Figure 4.25. Experimentally measured average residual oxx stress contours for 1 mm sample height
manufactured by the island scanning strategy (Figure 4.1a), which was calculated by different
lattice planes: a) {102} lattice plane and b) {101} lattice plane.

2000

(1070

(otn
&
o
A
£
% (1072) pjagtic
b 4.0 Strain (%)
= |
o
[ ot
o
o
§ (1073)
=
(10T4)
(1075)
(0002)

Figure 4.26. Effect of different lattice planes on intergranular strain on HCP structure of material
[303].
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The experimentally measured RS magnitude and contour are largely depending on the
stress-free lattice spacing (do) on the specific lattice plane of material. One solution for
measuring do is to cut the samples (which is the same with samples for stress
measurement) into small cubes (e.g. 3 x 3 x3 mm?®) by wire EDM technique [200].
However, due to the limitation of the 112 beamtime at the Diamond Light Source in UK
and Covid-19, the stress-free lattice spacing do for PBF-LB manufactured Ti-6Al-4V
sample was not experimentally measured. The experimentally measured stress-free lattice
spacing is specimen specific and is also influenced by factors such as the kind of alloy,
chemical composition and phase transformation of material etc. [250]. For instance, it is
reported that the measurement of the unstrained lattice parameters for Ti-6Al-4V material
is largely dependent on the measurement position of sample [304, 305]. Therefore, it is
required to experimentally measure the specimen specific stress-free lattice spacing do at
multiple positions of each sample that was manufactured by PBF-LB for calculation of
residual stress. However, this requirement remains difficult to achieve, as there is limited
availability and beamtime of the high energy X-ray diffraction or Neutron Diffraction

facility worldwide, and the fabrication of truly stress-free components is challenging.

4.4 Summary

In summary, the experimental RS measurement of Ti-6Al-4V part was performed by the
high energy X-ray diffraction technique on a series of samples manufactured by different
scanning strategies in PBF-LB AM. The scanning strategies and part heights effects on
the average directional residual stresses of parts were investigated. The computational
layer-by-layer and hatch-by-hatch modelling approaches were developed and applied for
predicting RS in PBF-LB. The main conclusions are as follows:

e Both the experimental measurement and computational prediction show that the
90 “rotation scanning strategy had a lower oxx stress than the no rotation scanning
strategy, which indicates 90 layer rotation is beneficial for mitigating stress of
PBF-LB manufactured component.

e The high energy X-ray diffraction experiments indicate the inclined scanning

strategy (e.g. 45° rotation scanning strategy) is beneficial for reducing the
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directional stress (oxx and oyy) than the no inclined scanning strategy (e.g. 0°no
rotation scanning strategy), for both 1 mm model and 3 mm model. The
computational modelling results of the maximum principal stress support this
experimental finding.

e The 45°rotation scanning strategy could produce the least directional stress and is
highly recommended in PBF-LB manufacturing. While the island scanning and 0°
no rotation scanning obtained higher stress than other scanning strategies, which
should be avoided.

e Computational modelling results of the maximum principal stress indicate that a
higher gradient in stress was formed in the thicker part than the thinner part after
base plate removal, i.e. larger compressive stress occurred at the central area and
larger tensile stress was formed at the edges of part.

e The layer-by-layer modelling method could approximately predict oxx RS by the
0°no rotation scanning strategy (e.g. within a marginally 4.65 % difference in the
maximum ox« RS), but not the inclined scanning strategies.

e After releasing constraints of the base plate in PBF-LB manufacturing, RS of part
reduced significantly compared to before base plate removal, due to stress

relaxation.

This chapter applied stress measurement experiments to AM components with the
objective of validating computational model predictions and has highlighted a number of
factors that could improve accuracy of experimentally measured RS. Firstly, RS should
be measured before base plate removal, however the ability to measure stress of the
specimen only, while attached to the built plate maybe difficult. If achieved, this could
better validate the final stress state of the as-built part and thus validate the manufacturing
process of PBF. Secondly, for stress after base plate removal, future work would consider
simulating the removing process of the base plate from the part by ways such as modelling
the practical wire EDM cutting process on the PBF manufactured component. Thirdly,
strategies to obtain stress free values of do could include extensive stress relieving heat
treatments followed by do measurements after the original as-built stress measurements

are taken.
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5 Residual stress simulated by multi-laser beam build

powder bed fusion additive manufacturing

5.1 Introduction

Through the computational process modelling and experimental measurements in
Chapter 4, the scanning strategy has been shown to affect RS in the single laser beam
PBF-LB. First generation PBF-MLB systems, containing more than one laser beams, have
been marketed by the AM OEMs (original equipment manufacturers), including the dual-
laser system of Concept Laser M2 Series 5 and the four-laser systems of EOS M 400-4
and Renishaw RenAM 500Q [217, 219]. It therefore follows, that PBF-MLB systems will
have a different RS profile than single laser system. With multiple laser beams working
simultaneously, the PBF-MLB offers a key industrial advantage of increasing production
rate by reducing the time required to melt the required profile in each layer relative to the
single beam PBF-LB [306]. The addition of multiple laser beams does not affect powder
recoating time, and so the scale up time is not linear with increasing the number of lasers.
It has been reported that the build time for solid cubes (10 <10 %10 mm?) and cylinders
(2 14 mm %100 mm) on a four laser beam PBF-MLB (19 hours) is 36.54 % of the single
laser beam PBF-LB manufacturing (52 hours) [224]. An overall comparison of RS profile
between PBF-MLB and the single laser beam PBF-LB has never been reported in the
literature. Thus, it is necessary to investigate the effect of the number of laser beams on
RS, which can provide insight the optimum number of laser beams for mitigating stress

of additively manufactured components.

With the proven link between scanning strategy, residual stress and part deflection [50],
it is hypothesised that with the use of additional laser beams, the temperature of the
powder bed is more uniform and has a lower temperature gradient, and thus it could offer
the potential to reduce RS and deflection, thus making PBF-MLB more suitable for
components manufacturing than the single laser beam PBF-LB. While there has been
considerable progress in optimising single laser beam PBF-LB scanning strategies, the
optimum PBF-MLB scanning strategy and laser interaction remain unclear [40, 216].
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Thus, the effect of PBF-MLB scanning strategies on RS requires further investigation,
specifically whether lasers should work together on a single part within a build (and if so,
what scanning strategy is most beneficial) or whether each laser should work on separate
parts within the same layer. In addition, the effect of base plate constraint on RS in PBF-

MLB is also computational investigated in this chapter.

The aim of this chapter is to develop and apply thermo-mechanical coupled FEM of PBF-
MLB in order to investigate the effects of different scanning strategies on thermal and RS

behaviours. The objectives of this work are as follows:

a) Develop the computational process modelling capability for multiple laser beams
in PBF-MLB manufacturing.

b) Predict the influence of the number of laser beams on production rate, temperature,
RS, and deflection by using the coupled thermo-mechanical process modelling of
PBF-MLB.

c) Predict the effects of scanning strategies on RS and deflection by using the dual
laser beams PBF-MLB process modelling and predict the optimal scanning

strategies that can result in the least RS and deflection.

The results of this work will be beneficial for PBF designers and manufacturers to obtain
the manufactured parts with optimum properties in PBF-MLB.

5.2 Methods

5.2.1 Configuration of the case study

In this work, a rectangular additively manufactured part (3 x 3 % 0.12 mm?) and a
rectangular base plate (6 <6 <1 mm?) were modelled (Figure 5.1a). Figure 5.2 shows the
procedure for the PBF-MLB thermo-mechanical modelling procedures. The layer height
of powder material was 40 um. The converged mesh size of 20 x 20 x 20 pm? (i.e. one -
fifth of the laser beam diameter) was applied on the part while a relatively coarse mesh
(i.e. 0.2 x0.2 x0.2 mm?) was adapted for the base plate. Mesh - independent results were
achieved (shown in Figure 5.3) by sampling the stress at the left bottom node of the solid

part (Figure 5.1a) and was found to be comparable to other similar scale models [50, 307].
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The total element number was 139,500. To obtain the temperature, RS and displacement
information, the 8-node trilinear displacement and temperature mesh element (C3D8T) in
ABAQUS was chosen. The bottom of the base plate was fully constrained as the
mechanical boundary condition during the whole process except for the base plate
constraints releasing steps. All the nodes at the bottom of the base plate, except for the
four extremity nodes, were unconstrained to allow the deformation of the part at the final
steps [291]. In each step, the simulation models employ the ‘model change’ function in
ABAQUS to simulate the addition of new layers, which has been described in Chapter
3. Then Gaussian power densities (Figure 5.1b), which applied in the integration points of
the finite elements, were applied to scan the designed paths of each layer. The initial time
step for Gaussian distributed heat source was 107 s and the maximum time increment for

heating step time was 107 s.
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Figure 5.1. Model configurations: a) The computational model consists of rectangular part and
base plate and b) The distribution contour of Gaussian energy source.
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Figure 5.2. Flowchart of the PBF-MLB simulation procedure.
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Figure 5.3. Mesh convergence validation at the left bottom node of the part.

The initial temperature of the whole system was set to be 293 K. The constant laser beam
scanning speed, heat source spot diameter and hatch spacing were set as 0.6 m/s, 0.1 mm,
and 0.1 mm, respectively. The three layers were deposited sequentially with an interval of
recoating time of 10 s, which is the time for a new layer to be spread out on the powder
bed prior to laser scanning [41]. The complete process modelling parameters are
summarised on Table 5.1. Based on the predicted melt pool depth of 60 pm, trial builds
and follow on pCT imaging at 1.5 pm resolution, the proposed process parameters will

result in stable melting and approximately fully dense parts [308].
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Table 5.1. Process parameters applied for PBF-LB process modelling [41, 309-312].

Symbol Material Ti-6Al-4V
Base plate size (mm) 6 %6 x1
Top Base plate preheating temperature (K) 293
Part size (mm) 3 %3 x0.12
Ln Layer height (mm) 0.04
Recoating time (s) 10
P Laser beam power (W) 95
Heat source absorption coefficient 0.4
R Heat source spot radium (mm) 0.05
Vs Laser scanning speed (m/s) 0.6
H;s Hatch spacing (mm) 0.1
£ Emissivity 0.35

Heat transfer coefficient (W/m?/K) 12.7

The temperature dependent Ti-6Al-4V material properties (conductivity, density, specific
heat, elastic modulus and yield stress) for both the solid part and the base plate have been
described in Chapter 3 (Figure 3.5) and Chapter 4.

5.2.2 Thermal and mechanical analysis

The fully coupled numerical thermal-stress simulations were performed using the general-
purpose finite element software ABAQUS. The governing equation for the heat transfer
process is formulated by using the energy equation (Eg. 2.1). The latent heat which
describes the solid to liquid phase transition of the Ti-6Al-4V material was set as 370
kJ/kg [115]. The liquid fraction is calculated by Eq. 2.4 [153]. In this study, the PBF-MLB
thermal cycles involve the laser beams heating process and the cooling processes. For the
laser beams heating process, the Gaussian heat profile given in Eq. 2.5 is a widely adopted
model to mathematically formulate the profile of laser heat source [154, 279, 313] and it

is employed in this work, as shown in Figure 5.1b.

Details in terms of the thermal transfer mechanisms have been shown on Figure 3.2 of
Chapter 3 and previously published[149]. Briefly, the cooling process of the additively
manufactured parts includes heat conduction to the solidified material and base plate, part-
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powder interface conduction (approximated as free surface convection [149, 314], active
layer (newly added and undergoing heat flux) convection and radiation from the top
surface of active layer to the surrounding atmosphere until the finish of the final part. The
influence of melt pool convection, radiation and evaporation were ignored due to the small
size of the melt pool [38]. The heat transfer boundary conditions of radiation (Eq. 2.16)
and convection (Eg. 2.17) occurred at the top surface of the active layer until the next
layer was added. The mechanical mechanisms related theory has been introduced from
Eq. 2.18 to Eq. 2.22 in Chapter 2.

5.2.3 Scanning strategies

To investigate the scanning strategies influence on the local thermal distribution resulted
RS and deformation in the dual laser beams PBF-MLB [41], twelve different scanning
strategies devised from reference [83, 216] were employed in the computational modelling
(Figure 5.4). Case (a) is the opposite S scanning, where the two laser beams move parallel
to the bottom edge of the part, parallel to each other but in opposite directions with a
constant offset of hatch spacing H at any one time. The ‘S’ scanning means the laser beam
heat source reverses scan direction after finishing each hatch. Case (b) and case (c) are
parallel S scanning, where the two laser beams move parallel to the bottom edge but in
the same direction. For case (b), the laser beams scan direction rotates 90 <for the next
layer while no layer rotation for case (c). Case (d) is the 0“approaching beam scanning
and the two laser beams scan from respective top and bottom sides and close to each other
gradually while case (e) is the 45°rotation approaching beam scanning that the laser
beams move with a 45<angle with respective to the x direction. Case (f) is the opposite
halves scanning that two laser beams responsible for the left and right halves of the model,
respectively. Case (g) is the parallel halves scanning, where the two beams keep working
parallel with a specific offset distance of half of the part width. Case (h) is the island
approaching beam scanning, where two laser beams scan individual islands. Case (i) is
the island mixed scanning that two laser beams move parallel to each other but in opposite
directions within each individual island. For island scanning of case (h) and (i), the whole
scanning domain has been divided into 9 islands and rotates 90 “for the sequence island

scanning. Cases (j) and (k) are the contour fill scanning that case (j) scans the outside
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contour first while case (K) scans the part central area first. Case (1) is the delayed scanning
that the secondary laser follows the first laser and post-heating the powder bed, which
aims to slow down the cooling rate along the laser moving direction. The delayed laser
beam applied half of the first melting laser power and the constant offset was set as 90 um
based on literature [83]. Except case (c), all the scanning strategies rotate 90 “for the next
layer.

A user defined subroutine DFLUX (Figure 5.2) was programmed using Fortran to
implement the moving dual laser beams by applying two Gaussian heat profiles (Figure
5.1b) of the laser beams to the powder bed according to the respective scanning speed and

scanning strategies as shown in Figure 5.4.

In order to establish overall trends due to increased number of lasers, three additional PBF
process models were simulated for the above geometry using one, four and thirty laser
beams. In the four and thirty laser models, all laser beams were set to simultaneously scan
the above part using the same opposite S scanning strategy (Figure 5.4a) only. Thus, two
comparative studies were produced, first the optimum number of lasers for a given laser
scanning strategy and second, the optimum laser scanning strategy for dual laser beams
PBF-MLB manufacturing.
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Figure 5.4. Different scanning strategies arrangement for dual laser beams PBF-MLB: a) Opposite
S scanning. b) Parallel S 90 rotation scanning. c¢) Parallel S no rotation scanning. d) 0°
approaching beam scanning. €) 45<rotation approaching beam scanning. f) Opposite halves
scanning. g) Parallel halves scanning. h) Island approaching beam scanning. i) Island mixed
scanning. j) Beginning contour fill. K) Ending contour fill and 1) Delayed laser scanning. For
illustration, the hatch spacing has been magnified.

5.3 Results and discussions

5.3.1 Influence of the number of laser beams on residual stress

In these computations, the single laser beam, dual laser beams, four laser beams and thirty
laser beams were separately employed as the heat source. Figure 5.5 shows the
computational modelling results of the von Mises stress distributions for different

numbers of laser beams by using the opposite S scanning pattern (Figure 5.4a) at the
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interface of the part with the base plate. Von Mises stress is a theoretical measure of
(average) stress used to estimate yield failure criteria in ductile materials such as metals.
It takes into account the principle and shear stresses and is used to determine if a given
material will yield or fracture. The disadvantage of von Mises stress is it is always positive
and cannot predict stress state (tensile or compressive) within manufactured components.
The study shows that the maximum von Mises stress for the single laser beam, dual laser
beams, four laser beams and thirty laser beams were 1438 MPa, 1379 MPa, 1303 MPa
and 1201 MPa, respectively. The average von Mises stress (the average value of all the
nodes at the bottom surface) of the dual laser, four laser and thirty laser beams PBF-MLB
were 3.39 %, 4.63 % and 9.53 % lower than that of the single laser beam PBF-LB. The
maximum von Mises stress and average von Mises stress results (Figure 5.5) indicate that
to manufacture a single part, an increase in the number of laser beams reduces the
magnitude and lower average RS distribution for the larger number of laser beams than
that of the single beam PBF-LB modelling. The maximum z direction deflections for the
single laser beam, dual laser beams, four laser beams and thirty laser beams PBF-MLB
modelling were 3.61 pm, 3.49 um, 3.26 pum and 2.25 pum, respectively. The lower RS and
z direction deflection were formed for the larger number of laser beams PBF-MLB, which

was due to the lower temperature gradient [50] caused by the multiple laser beams.
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Figure 5.5. Computational final von Mises RS at the interface of the part and base plate (before
releasing base plate constraints) for different numbers of laser beams: a) Single laser beam. b)
Dual laser beams. ¢) Four laser beams and d) Thirty laser beams.

Temperature gradients (calculated per [50]) were sampled at two locations- the last
element of the melt pool in the first and the last element in the last layer, at the same time
i.e. when the final layer laser is complete. At the top layer, the temperature gradients were
48.18 K/um, 56.47 K/um, 59.28 K/um and 65.863K/um, and at the bottom layer the
temperature gradients were 6.63 K/um, 9.64 K/um, 9.61 K/um and 8.61 K/um, for the
single laser beam, dual laser beams, four laser beams and thirty laser beams models,
respectively. The increase in temperature gradient causes a higher stress at the top surface
for the larger number of laser beams. It is interesting to note that by the time the laser has
completed the final layer, the trend in temperature gradients at the interface of the part and
the build plate had almost reversed resulting in a lower stress at the build plate interface

for multi-laser systems.

Processes with additional laser beams apply more energy at a given time and thus resulting
in more heat to be conducted to the previously solidified layers and increasing the overall
temperature of the powder bed [83]. For multiple laser beams PBF-MLB, the part was
fabricated faster and there was less time for the heat to be dispersed compared with the

single laser beam PBF-LB, resulting in a higher average temperature, initially a higher
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temperature gradient in the most recent built layer, but overall a more uniform cooling

and eventual lower temperature gradient in older previously solidified layers.

The effectiveness of PBF-MLB over single beam PBF-LB in terms of shorter build times,
faster building rates, lower residual stresses and deflections, is detailed at Table 5.2.
Though the laser exposure time for four laser beams PBF-MLB is 25 % of the single beam
PBF-LB [216, 225], the building rate is just 2.74 times faster due to time overhead
required for material spreading for each layer. The peak temperature increases with the
number of laser beams, as there is more heat input at any given time and less time for the
energy to be lost through conduction, convection, or radiation, therefore, the temperature
gradient decreases and the cooling rate slows down, causing a reduction in RS and

deflection.

Table 5.2. Comparison of multiple laser beams PBF-MLB with the single beam PBF-LB in this study.

Items PBF-LB PBF-MLB PBF-MLB PBF-MLB

(single laser)  (dual lasers) (four lasers) (thirty lasers)
Laser exposure time (s) ~ 100% (0.45)  ~50% (0.225)  ~ 25% (0.1125)  ~ 3.33% (0.015)
Max power density 100% (3.08)  ~200% (6.16) ~400% (12.3)  ~3000% (92.4)
(<10%** W/m?3)

Peak temperature (K) 100% (4145) 101.71% (4216)  103.04% (4271)  105.16% (4359)
Von Mises stress (MPa) ~ 100% (1438)  95.90% (1379)  90.61% (1303)  83.5% (1201)
Deflection (um) 100% (3.61)  96.68% (3.49)  90.30% (3.26)  62.33% (2.25)

5.3.2 Influence of scanning strategy on the thermal profile

The computational modelling results for the temperature fields of the additively
manufactured parts using various different scanning strategies are demonstrated in Figure
5.6. The maximum temperature (called peak temperature in this chapter) of the layer of
the material in relation to respective scanning strategies is shown by using the value on
top of each image in Figure 5.6. Note that the predicted peak temperature of material
exceeded the boiling temperature (3133 K) of Ti-6Al-4V material [315], which also
occurred during physical manufacturing [316]. The predicted peak temperature of the
majority of material was below the boiling temperature of material. Different scanning
strategies obtained their peak temperatures at different time points, and the temperature

contours at the half of the total time needed for a layer scanning of the top layer was
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plotted to show the temperature fields of all the scanning strategies [41]. Comparing all
the scanning strategies, the island mixed scanning strategy (Figure 5.4i and Figure 5.6i)
obtained the highest peak temperature, which is due to the dual laser beams locally
scanning a very small area of material simultaneously. This conclusion agrees with the
single laser beam PBF-LB research outcomes by Cheng et.al. [41]. While the delayed laser
scanning (Figure 5.41 and Figure 5.6l) obtained the second highest temperature which may
due to the shorter distance (90 um) of the two beams compared with other scanning cases
(100 um), even though the secondary laser beam was with a reduced laser power. The
parallel halves scanning strategy (Figure 5.4g), in which the two laser beams were
maintained farthest apart from each other, obtained the lowest peak temperature.
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Figure 5.6. Computational results of temperature contours of the twelve different scanning
strategies (logarithmic scale) before releasing base plate constraints.

5.3.3 Influence of scanning strategy on residual stress

The final RS refers to the RS of part after the build manufacture is completed and has been
allowed to cool for 2000 s. The multiple cut views of RS (von Mises stress, x direction
stress oxx, y direction stress oyy, z direction stress oz, maximum principal stress and
minimum principal stress) are presented in Figure 5.7. The x (transverse direction) and y
(longitudinal) directions have been shown in Figure 5.4 and the z direction (build
direction) is vertical to the x-y plane. Figure 5.7a shows that the maximum von Mises
stress occurs at the interface between the part and the base plate, indicated by the red

arrows (Figure 5.7a). At the interface, the von Mises stress is higher at the edges than that
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at the central area. Figure 5.7b illustrates that the centre of the x direction stress contour
Is tensile stress while stress at the two edges in the x direction is compressive. For the y
direction stress ayy, the highest tensile stress occurs at the central areas of the interface
(Figure 5.7c). The high ox and ayy RS located at the interface between the part and the
base plate was also found in the computation for the single laser beam PBF-LB process
[41]. Figure 5.7d shows the highest o, can be found at the interface between the part and
the base plate. The maximum principal tensile stress also occurs at the interface (Figure
5.7e). While the least minimum principal stress occurs at the top surface of the part and
the minimum principal stress has the highest value along the trajectories of the laser beam
scanning (Figure 5.7f). The high RS at the interface between the part and the base plate
has potential to cause cracking of the manufactured part either during manufacturing (hot

cracking) or in service (cold cracking).
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Figure 5.7. Multiple cut views of predicted residual stress by scanning case (a) (see Figure 5.4a)
after cooling down for 2000 s (before releasing base plate constraints): a) von Mises stress. b) oy«
RS along the x direction. ) ayy RS along the y direction. d) o5, RS along the z direction. e) The
maximum principal stress and f) The minimum principal stress.
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Figure 5.8 shows the modelling results of the maximum principal stress contours for the
twelve different parts that were manufactured using respective scanning strategies before
releasing constraints at the bottom of base plate (Figure 5.4). The sub-figures in Figure

5.8 and contour figures thereafter in this work shared the same legend scale in each
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individual figure. The scanning patterns (both the scan directions and the scan vectors)
can determine the stress distributions (Figure 5.8) and the average of the maximum
principal stress (Figure 5.9). The results show the parallel S no rotation scanning (Figure
5.8c¢, Figure 5.9c and Figure 5.4c) produced the highest average maximum principal stress
(900.57 MPa). The parallel S 90<rotation scanning (Figure 5.8b, Figure 5.4b) resulted in
a lower and more uniform distribution of the maximum principal stress than that of the
parallel S no rotation scanning (Figure 5.8c, Figure 5.4c), demonstrating the importance
of rotating the laser scan direction by 90<after finishing each layer. The delayed laser
scanning (Figure 5.8, Figure 5.91 and Figure 5.41) produced the lowest average maximum
principal stress (772.30 MPa) among all the scanning strategies and it can be seen that the
secondary delayed laser helps to mitigate the RS. Figure 5.9 illustrates 45<approaching
beam scanning (Figure 5.9¢e) caused a marginal 3.12 % lower RS than 0<approaching
beam scanning (Figure 5.9d). Island scanning (Figure 5.8h and Figure 5.8i) produced a
higher RS at the island interface than the island central areas. It can be seen that regardless
of the specific laser scanning strategy, high maximum principal stress always occurs at
the interface between the part and the base plate. At the central area of the part, the residual
maximum principal stress is always higher than that at the edges of the part. It can be seen
from Figure 5.8 that the maximum principal stress of both beginning (Figure 5.8j) and
ending (Figure 5.8k) contour fill scanning are slightly lower than that of the opposite S
scanning (Figure 5.8a), which indicates that the contour fill scanning strategy is beneficial
for mitigating the RS. The RS of opposite S scanning strategy (Figure 5.8a) is higher than
that of parallel S 90 “rotation scanning strategy (Figure 5.8b) due to the peak temperature
of the opposite S scanning strategy (Figure 5.6a, 4216 K) being higher than that of the
parallel S 90rotation scanning strategy (Figure 5.6b, 4161 K). The case (a) and case (b)
had larger residual stresses than the case (d), case (f) and case (g), which indicates that
laser proximity influences the final RS that two laser beams closed to each other obtained
larger RS than two laser beams kept far away. This is assumed to be caused by laser beams

close to each other had larger temperature gradients.
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Figure 5.8. The predicted final maximum principal stress for the twelve different scanning
strategies before releasing base plate constraints.
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Figure 5.9 Predicted final average RS statistics for the different scanning strategies before
releasing base plate constraints (o, oyy and maximum principal stress).

The o« RS before releasing constraints at the bottom of base plate is presented in Figure
5.10 by using the contour plots and the average oxx (of all the nodes at the top surface)
shown in Figure 5.9. Figure 5.10 shows the oxx Stress at the central area of the part is
always higher than that at the edges of the part. The results from Figure 5.9c and Figure

5.10c show the maximum oxy stress (844.85 MPa) occurs at parallel S no rotation scanning,
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which is 1.28 % larger than the parallel S scanning with 90 “layer rotation (Figure 5.10Db).
Figure 5.10e and Figure 5.9e illustrate the 45 “rotation approaching beam scanning (Figure
5.4e) resulted in the minimum average oxx RS (624.14 MPa) and the approaching beam
scanning (Figure 5.9h) generated the second lowest average oxx RS (671.23 MPa). The
lowest average ox« Of the 45<rotation approaching beam scanning (Figure 5.10e) is 26.12
% lower than that of the highest oxx of the parallel S no rotation scanning (Figure 5.10c).
The oy« stress distribution pattern by scanning strategies of (Figure 5.4a - d and Figure 5.4f
- g) are consistent with results of literature [39, 288]. The delayed laser scanning (Figure
5.10I) obtained significant reduced (8.35 % lower) oxx RS compared with the opposite S
90 “rotation scanning (Figure 5.10a).
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Figure 5.10. Computational final RS along the x direction ox for the different scanning strategies

before releasing base plate constraints.
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Figure 5.11 shows the y direction RS ayy for all the twelve scanning strategies. Being
different with the results for oxx (Figure 5.10), the ayy for the island scanning (Figure 5.11i,
Figure 5.4i and Figure 5.11h, Figure 5.4h) and the 45< rotation approaching beam
scanning (Figure 5.11e, Figure 5.4e) produced higher oyy residual stresses than other
scanning strategies. The island mixed scanning (Figure 5.11i and Figure 5.12i) had the
maximum oyy stress of 710.81 MPa due to that the scan direction of the islands rotates 90
for subsequent island. The 45 “rotation approaching beam scanning (Figure 5.11e, Figure
5.4e) had the minimum oy Stress but had comparative higher oyy stress may be caused by

the comparatively more uniform temperature gradient variance in x and y directions [41].
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The scanning cases (e), case (h) and case (i) had larger oyy stress at the part central fields
than the edges. Except case (e), case (h) and case (i), all other scanning strategies had
similar low ayy stress distribution and quite uniform ayy stress distribution at the central

areas and the edges.
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Figure 5.11. Computational final RS along the y direction ayy for the different scanning strategies
before releasing base plate constraints.

Figure 5.12 shows the maximum RS (ox, ayy and maximum principal stress) statistics for
all the twelve scanning strategies. Combining the results of Figure 5.9, Figure 5.10 and
Figure 5.12, the parallel S no rotation scanning (Figure 5.4c and Figure 5.12c) obtained
the highest maximum principal stress (1504 MPa) and highest average maximum principal
stress while the 45 “rotation approaching beam scanning (Figure 5.4e) had both the least
oxx average distribution and the least maximum x direction RS (1005 MPa). The least
maximum principal stress occurs at the delayed laser scanning of 1447 MPa (Figure
5.12l), which validated the assumption that the addition of a second laser could reduce
stress. Figure 5.12 states the maximum ayy (1154 MPa) occurred on the island mixed
scanning (case i) and the delayed laser scanning (Figure 5.12l) had the lowest maximum
oy RS (861.5 MPa) among all scanning cases (Figure 5.4). The highest ayy stress (Figure
5.12i) was 33.95 % higher than the lowest maximum ayy stress (Figure 5.121). The ending
contour fill (Figure 5.12K) caused a 16 MPa lower maximum principal stress than the
beginning contour fill (Figure 5.12j), which indicates the ending contour fill scanning

strategy could be beneficial for reducing RS. The higher maximum principal RS compared
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t0 oxx, oyy Stresses in Figure 5.12 is also influenced by factors such as 6z; and shear stresses.
As the focus of this study is on normal residual stresses, the computational modelling

results of shear stresses were not explicitly presented but could be in future work.
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Figure 5.12. Computational final maximum RS (ox, ayy and maximum principal stress) statistics
for the different scanning strategies before releasing base plate constraints.

5.3.4 Influence of scanning strategy on the z direction deflection

Figure 5.13 illustrates the final z direction deflection of the parts for the five typical
scanning strategies (Figure 5.4b-e, i and I). The deflection contours show significant
influences of the scanning strategies on the final z direction deflection. The z direction
deflection distributions resemble the laser beams scanning paths (Figure 5.13i). It can be
seen that the positive z direction deflection is predicted in the laser beam path, with
negative z direction deflection predicted between neighbouring laser paths (Figure 5.13).
A similar distribution of z direction deflection (i.e. positive in the laser beam trajectories
and negative at laser intervals, Figure 5.13) was observed in the literature [173, 195, 317].
The z direction deflection of parallel S 90<rotation scanning (Figure 5.13b, Figure 5.4b)
is lower than the parallel S no rotation scanning (Figure 5.13c, Figure 5.4c), which is

consistent with the maximum principal stress results (Figure 5.8).
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Figure 5.13. Computational final z direction deflections for the different scanning strategies before
releasing base plate constraints.

Figure 5.14 shows the maximum z direction deflection of the parts that were manufactured
using different scanning strategies. It can be found that the largest maximum z direction
deflection occurred at the island mixed scanning (5.47 pum) (Figure 5.14i) was 152 %
higher than the lowest maximum z direction deflection that was occurred at the 45°
rotation approaching beam scanning (2.17 um) (Figure 5.14e). The island mixed scanning
had the maximum z direction deflection, which was due to the energy concentration of the
two laser beams focused on one island simultaneously and the residual heat effect [41].
The peak temperature of the island mixed scanning (Figure 5.6i) is the highest among all
cases which also causes a higher temperature gradient that further increased the deflection.
The case (j) and case (k) had higher z direction deflections than case (a), which indicates
that the contour fill scanning leads to higher deflection than no contour fill. A possible
reason is that case (j) and case (k) had shorter scanning vectors than case (a), which caused
more energy concentrated at the part central areas during the same time period. It can be
seen from Figure 5.14 that the case (a) and case (b) had larger maximum z direction
deflections than case (d), case (f) and case (g), which indicates that laser proximity also
influenced the z direction deflection that laser beams closer to each other got larger z

direction deflection, which is the consistent with the influences of laser proximity to the
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temperatures and residual stresses (Figure 5.8). There were minor differences of the
maximum z deflections for the 0<approaching beam scanning (case d), opposite halves
scanning (case f), parallel halves scanning (case g) due to that the dual laser beams kept

far away from each other during scanning.
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Figure 5.14. Computational results of maximum z direction deflection statistics for all cases before
releasing base plate constraints.

Figure 5.15a illustrates the maximum z direction deflection of the base plate for all the
scanning strategies and Figure 5.15b shows the contour plot for z direction deflection of
the base plate for scanning strategy case a. In Figure 5.15a, it can be seen that the 0°
approaching beam scanning (case d), the 45<rotation approaching beam scanning (case
e), the island approaching beam scanning (case h) and the island mixed scanning (case i)
resulted in comparatively higher maximum z direction deflection on the base plate than
other cases. The difference of z direction deflection between the part and the base plate
illustrates the final component’s deflection is not only determined by the base plate
deflection, but also influenced by the part deposition process. Figure 5.15b states the base
plate deformation focused on the edges of the base plate interface contacted with the part
as well as the part central area on the base plate. The laser scanning paths centres also
deformed more than other fields. A similar base plate z direction deflection was found in
prediction [196].
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Figure 5.15. Computational results of z direction deflection on the base plate before releasing base
plate constraints: a) Maximum z direction deflection statistics for the twelve scanning strategies
and b) Contour of the opposite S scanning pattern (a).

5.3.5 Influence of base plate constraints on residual stress and deflection

The final maximum RS (oxx, oyy and principal stress) statistics for the different scanning
strategies after releasing constraints at the bottom of the base plate are shown in Figure
5.16. RS after removing the constraint is more important than those with the constraint of
base plate. The maximum RS (ox, oy and principal stress) reduced after removing
constrain of base plate (Figure 5.12) compared to before base plate removal (Figure 5.16),
due to stress releasing. Releasing these constraints resulted in some reordering of the
scanning strategies in terms of stress and deflection behaviour. The lowest oxx RS occurred

at the 45°rotation approaching beam scanning (Figure 5.16e) and the delayed laser
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scanning (Figure 5.161) had the lowest oyy RS, which is consistent with the modelling
results before releasing the base plate constraints. However, the largest maximum
principal stress occurred at the parallel halves scanning (Figure 5.129) after releasing the
base plate constraints while the largest maximum principal stress occurred at case (c)
before releasing constraints of the base plate. Directly comparable results were obtained
for the maximum principal stress before (Figure 5.12) and after (Figure 5.16) releasing
constraints at the bottom of the base plate for this thin plate structure. In this study, the
part removal process (e.g. wire electrical discharge machining) and post heat treatments

were not involved.
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Figure 5.16. Computational results of final maximum RS (o, ayy and maximum principal stress)
statistics for the different scanning strategies after releasing constraints at the bottom of base plate.

The z direction deflections of the part for the different scanning strategies after releasing
constraints at the bottom of the base plate are shown in Figure 5.17. The z direction
deflections became negative after releasing constraints at the bottom of the base plate
(Figure 5.13). This is caused by the negative deflections at the base plate [39, 291] and
there were less constraints at the bottom surface of the base plate and thus the part has
more freedoms to deform. Due to thin plate (i.e. three layers) was predicted, the z direction
deflections after releasing base plate constraints are tiny. The parallel halves scanning

(case g) had significant deflection compared with other scanning cases. The 0°
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approaching beam scanning (case d) had the least z direction deflection. The parallel S no
rotation scanning (case c) had larger z direction deflection compared with parallel S 90
rotation scanning (case b), which is consistent with the experimental measurements that
single x direction scanning caused larger deformation compared with the 90<rotation

scanning strategy [164].
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Figure 5.17. The predicted final z direction deflection statistics for the different scanning strategies
after releasing base plate constraints.

5.4 Summary

Full coupled thermo-mechanical modelling was employed to computationally predict the
thermal process and the RS of Ti-6Al-4V alloy parts that were manufactured by multiple
laser beams PBF-MLB. Twelve different scanning strategies were used in the modelling.
The results show scanning strategies influence the final RS and deformation significantly
for the PBF-MLB. Based on the above thermal, RS and deflection results, the general
guidelines for optimizing the scanning strategies on dual laser beams PBF-MLB are as

follows:

e The lower RS and z direction deflection were formed for the larger number
of laser beams PBF-MLB.
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To obtain the lowest peak temperature, the two laser beams need to be
spaced apart from each other. Laser proximity influences peak
temperatures, which is due to that the energy concentration and shorter
scanning vectors led to higher peak temperatures.

The parallel S no rotation scanning (Figure 5.4c) produced the highest
maximum RS and larger stress than the parallel S 90 “rotation scanning
(Figure 5.4b), which indicates that 90 “layer rotation after each layer is also
necessary for minimising the final RS in PBF-MLB. This is likely due to
perpendicular laser trajectories between each layer balancing the
directional residual stresses.

The delayed scanning strategy (Figure 5.41) is beneficial for reducing RS
because the secondary delayed laser slows down the cooling speed and thus
mitigating RS.

The 45<rotation approaching beam scanning obtained the second least RS
and the parallel S no rotation scanning should be avoided as it resulted the
highest RS.

The island mixed scanning strategy gives the highest peak temperature and
the parallel halves scanning strategy obtained the lowest peak temperature.
The 45°rotation approaching beam scanning had the lowest z direction
deflection.

The results of higher residual stresses occurred along the interface between
the base plate and the part for the dual laser beams PBF-MLB simulation
is consistent with the single laser beam PBF-LB simulation in Chapter 4.
After releasing constraints at the bottom of the base plate, a decrease in RS
was found. The parallel halves scanning had the largest RS (maximum
principal stress) and the lowest stress was occurred at the 45<rotation
approaching beam scanning.

After releasing constraints of the base plate, the 0<approaching beam
scanning had the least z direction deflection.
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6 Temperature and residual stress in multi-part build
by laser beam powder bed fusion additive

manufacturing

6.1 Introduction

PBF-LB operators have reported the inconsistent properties between identical specimens
produced in a single build (i.e. batch manufacturing) despite uniform material, consistent
manufacturing process parameters, and an equal number of laser beams in use [23, 84]. A
change of the number of parts per build or the order in which the parts are printed (in each
layer) may produce significantly different thermal histories and thus RS, microstructure
and mechanical properties, between identical specimens in the same build [236]. The
primary reason for variation in properties for the multi-part fabrication is the temperature
history during the physical PBF-LB manufacturing. For multi-part manufacturing, there
are two significant parameters that distinguish it from single part builds; total energy input
and inter layer dwell time (ILDT). For a PBF-LB build with a larger number of parts
(Figure 6.1), there will be more energy input into the powder bed compared with a build
with a single part produced. The change of the number of parts per build would also result
in different ILDTs, which indicates different layer cooling step times for different batch
sizes of parts manufacturing, e.g. 20 s for the single part build and 55 s for the multi-part
manufacturing [236], permitting a greater temperature fluctuation in recently printed
layers as new layers are added. The larger ILDT indicates a longer overall duration of
printing and cooling during multi-part PBF-LB manufacturing. In addition, for parts to be
manufactured in the same build plate, the first part to be printed per layer has a longer
time to cool before spreading and deposition of the new material. In contrast, the last part
to be printed in each layer is immediately covered with new powder. However, the multi-
part build effects on temperature and RS and variance between parts within a multi-part
build have yet to be widely investigated in PBF-LB [221].

A previous study by Yakout et al. [318] reported that the location of the part on the base

plate affected microstructure and RS in PBF-LB manufacturing. However, Robinson et
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al. [195] stated the location of the part on the base plate had no significant effects on the
resulting stress of parts in PBF-LB. Also, different locations of the base plate will have
different in-plane depths of powder surrounding the part and different distances from other
parts and distances to the build chamber wall. It has been shown that the cooling of parts
at the centre of the base plate is dependent on the heat from the surrounding parts [318].
In addition, for the multi-part build, part spacing (i.e. the distance between adjacent parts)
can also affect the cooling and resultant mechanical properties of PBF-LB manufactured
parts [319]. Parts built with tighter spacing within the build volume have a more
concentrated thermal mass which results in potential slower cooling [319]. However, the
part spacing effects on RS in a multi-part build have yet to be widely investigated in PBF-
LB [221].

Figure 6.1. Multiple orthopaedic hip stem implants printing in the same build plate by EOS [320].

Most of the metal AM process simulation models found in the literature (and in previous
chapters of this thesis) are focused on the PBF-LB manufacturing of a single part, or a
small portion of a single part [36, 45, 133, 143]. Although most of the real printing consists
of a batch of samples (Figure 6.1), there is limited process FEM of multi-part build and
thus multi-build effects on the thermal and mechanical behaviours of part have been
largely ignored [228]. Prabhakar et al. [196] simulated RS formation of five cubic shaped
Inconel 718 samples during the PBF-EB process but did not investigate the influence of
sample number on RS of parts. In addition, for the convenience of computation, all the

parts in the same layer were simplified to melting and cooling simultaneously in
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Prabhakar’s research, which is inconsistent with the practical manufacturing. To
accurately simulate the practical manufacturing process of multi-part build in PBF-LB,
the printing order of components and the ILDT of each layer should be considered. The
ability to accurately simulate the physical PBF-LB manufacturing process of multi-part
build and predict the temperature evolution and RS of parts would further advance the
development of PBF-LB process modelling.

The aim of this research is to investigate the multi-part build effects on temperature and
stress in PBF-LB manufacturing by computational finite element modelling. The key

objectives of this study are:

a) Development of a 3D coupled thermo-mechanical modelling capability for the
multi-part build PBF-LB manufacturing.

b) To investigate the influence of the sample numbers per build on temperature and
RS in PBF-LB manufacturing.

c) Investigating effect of part printing order in the same build plate effects on RS in
multi-part.

d) Computationally predicting effects of part spacing on RS in multi-part PBF-LB
build.

This research could be beneficial for informing PBF-LB machine operators of the

optimum build-plate configuration for minimising component RS.
6.2 Methods

6.2.1 Setup of the process finite element modelling

A 50 mm long, 10 mm wide and 60 mm high prism-shaped model of Ti-6Al-4V material
is simulated above a build plate with dimension of 250 %250 %25 mm?3 [44, 87], as shown
in Figure 6.2. Previous chapters (Chapter 3 - 5) investigated RS of rectangular square
geometry, a complex prism geometry was chosen in this study. The cross-sectional area
of the prism decreases along the build direction, which causes the total heat input and
ILDT per layer to decrease as build height increases. To obtain the temperature and stress

information for the multi-part build, the sequentially coupled thermo-mechanical
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modelling is performed by the FEM software ABAQUS package (Dassault Systems,
USA, 2019) [133]. For the mechanical analysis, the bottom of the build plate is fully
constrained during the whole manufacturing process except for the build plate constraints
releasing steps. At these final steps, all the nodes at the bottom surface of the build plate,
except for the four extremity nodes, are unconstrained to allow deformation of the part,
simulating part removal from the build plate [291, 292]. In this work, the layer-by-layer
process simulation method described in Chapters 3 and 4 is utilised, where all finite
elements at each whole layer of a part are heating, melting, and solidification

simultaneously.

The custom written Python script (Figure 3.1) for ABAQUS utilised in Chapters 3 and 4
for the single part AM modelling is adapted for the multi-part build simulation to section
the 3D macroscale parts into thin layers in the FEM model. The ‘model change’ function
described in Chapters 3 and 4 is applied to simulate the gradual deposition of new layers
[149, 160, 292]. Due to the symmetry characteristic of the FEM model (along the XZ
plane in Figure 6.2) and the layer-by-layer modelling approach (which models the printing
of a whole layer instantly), half of the prediction model is built to save the computational
cost (Figure 6.2). However, in this study, the layer-by-layer modelling approach is adapted
to deposit the layer for each part separately (not instantaneously printing the full layer of

all parts).

To investigate the influence of the number of samples on temperature and RS, three sets
of modelling varying the number of prisms (1, 2 and 4) are performed in the same build
plate by ABAQUS (Figure 6.2). The total seven prisms are labelled with ‘1-1°, ‘2-1°, 2-
2’, ‘4-1’, ‘4-2’, ‘4-3” and ‘4-4’ (Figure 6.2), respectively, where the first number of the
symbol indicates the total number of samples in a single build and the second number
means the printing order of part in the same build plate during manufacturing. For the
single prism modelling (Figure 6.2b), the prism locates at the centre of the build plate. For
the two prisms (Figure 6.2c) and four prisms (Figure 6.2d) modelling, the prisms are
positioned symmetrically with a 40 mm space (dps in Figure 6.2) between two adjacent
parts. To investigate the influence of part spacing on the final RS, the two parts PBF-LB

process modelling with part spacing of 80 mm and 120 mm are also utilised. Note that the
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prism ‘2-1° and ‘2-2° with a part spacing of 120 mm in two-part build is at the same
location of the build plate with the part ‘4-1° and ‘4-4’ in the four-part build, respectively.

—

¢)

Figure 6.2. lllustration of the computational FEM model: a) Geometry of prism [87]. b) Single
prism model. ¢) Two prisms model and d) Four prisms model.

In this work, it is assumed that the thin layers of each part are manufactured sequentially
for the two and four prims manufacturing. For instance, the active layer of the part ‘2-1’
on the powder bed is fabricated first and then the layer of part ‘2-2” is manufactured. The
build direction is along the positive z direction and the prisms manufacturing sequence is
along the x direction (Figure 6.2), which is opposite to the assuming gas flow direction

along the negative x direction.

To simulate the practical PBF-LB manufacturing process that has been described in
Chapter 1 and for the convenience of computational FEM, the computational process for

the single prism modelling consists of the following processes:

a) The heating step is the step in which the material is heated up to above the melting
temperature. By using the layer-by-layer simulation method, each active (top)

layer of the part is heated simultaneously for a period of heating step time tm.
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b)

Layer cooling step represents the cooling and solidification process of the material,
which is in response with the time for powders spread over the powder bed during
practical PBF-LB manufacturing. The layer cooling step time tc is based on the

converged results of Chapter 3.

The above two steps are repeated for each layer until the 3D part is completed. After

completion manufacturing of the part, there is a final long-time cooling step (e.g. 6 hours)

for the part to be completely cooled to room temperature with no more deposition of

powder material and no more heat input. For the two prisms process modelling, it consists

of the following steps:

a)

b)

d)

The heating step for the first part ‘2-1” (Figure 6.2c) to be heated and melted for a
period of heating step time tm, which is the same as the heating step for the single
prism modelling.

Cooling step of the first part ‘2-1" (Figure 6.2c) for a period of cooling time interval
ti, which is before fabrication of the active layer of the second part ‘2-2’ (Figure
6.2c). The cooling time interval t; is defined as the time to manufacture the active
layer of the first part (or any part in the layer) [143].

The heating step for the active layer of the second part ‘2-2’ for a period of heating
step time tm, Where the corresponding top layer of the second part is heated.
Layer cooling step for a period of tc. During this tc time, all the two parts continue

to cool through thermal disseminations.

The above four steps are repeated for each layer until finish manufacturing of the two

parts. At the end of the computational process modelling, there is a final cooling step for

the two prisms to cool to room temperature. The process modelling of the four prisms

consists of the following steps and is shown in Figure 6.3:

a)

b)

The heating step for the first part ‘4-1” (Figure 6.2d) to be manufactured for a
period of heating step time tm.

The first part ‘4-1° cooling step for a period of cooling time interval ti. This step is
after manufacturing of the active layer of the first part ‘4-1" and before melting of
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9)
h)

the active layer of another three parts. The first part ‘4-1" begins to cool from the
beginning of this cooling step.

The heating step for the second part ‘4-2” (Figure 6.2d) for a period of heating step
time tm.

The second part cooling step for a period of cooling time interval ti. The second
part starts to cool from the beginning of this step.

The heating step for the third part ‘4-3” (Figure 6.2d) for a period of tm.

The third part cooling step for a period of cooling time interval ti. The third part
begins to cool from the beginning of this step.

The fourth part ‘4-4’ (Figure 6.2d) heating step for a period of time tm.

Layer cooling step for a period of time tc, where all the four parts continue to cool

through this layer cooling step.

Run Pvthon script in Abagus

Create geometry

Define matenal properties
Slice multiple parts

Steps
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Figure 6.3. Flowchart for four-part thermo-mechanical PBF-LB modelling.
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The above steps are repeated for each layer until completing the manufacturing process of
all the four parts on the build plate, then all the parts are cooled to room temperature during

the final post-printing process.

The effect of the number of parts per build on the temperature of the part is investigated
via the temperature evolution at the central node of the part, which is labelled with ‘N1’
in Figure 6.2a. To investigate influence of the number of parts in a single build on the
temperature of the build plate, temperature evolution at the node labelled ‘N2’ (Figure

6.2b) on the build plate is monitored for each simulation.

6.2.2 Thermal mechanisms

For the computational laser beam heating process in PBF-LB, the layer-by-layer approach
with equivalent heat source (Eq. 2.6) is employed in this work, which has been described
in Chapters 3 and 4. The governing equation for the computational finite element
modelling using ABAQUS CAE is given based on the energy balance (Eqg. 2.1).

The part cooling time interval ti can be calculated based on the total scanning length of

the active layer of a part and the laser beam scanning speed and can be defined as [143]:

_ Lt

t, = (6.1)

Us

where Lt is the total scanning length of the specific active layer of part and vs is the laser
beam scanning speed during the material melting process.

The ILDT for each layer is defined as the sum of part heating step time tm, cooling time
interval ti and layer cooling step time tc of all parts during manufacturing of a specific
layer. As the cross-sectional area of the prism decreases along the build z direction, the
ILDT per layer decreases with the number of layers of material deposited. For different
numbers of the prisms manufacturing per build, the ILDT also differs from each other
[236], as shown in Table 6.1.
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Table 6.1. The ILDT for different numbers of prisms printing.

Number of prisms  ILDT of first layer (s) Total ILDT of a part (s)

1 18.3 5572.71
2 26.6 6145.42
4 43.2 7290.84

In this multi-part process modelling work, the thermal transfer mechanisms described in
Section 2.3.1 are applied. Briefly, heat conduction (Eg. 2.15) to the previously deposited
material and the build plate, heat conduction from the solidified material to the
surrounding powder bed, heat radiation (Eq. 2.16) and convection (Eq. 2.17) from the top
surface of the active layer to the surrounding atmosphere (chamber) until the next layer is
added. The initial predefined temperature of the whole powder bed model is set to be 293
K [321]. The equilibrium for the mechanical analysis has been given from Eq. 2.18 to Eq.
2.22.

6.2.3 Material properties and process parameters

The temperature dependent Ti-6Al-4V material properties described in Section 3.2.3 and
Section 4.2.2 are utilised [285]. The temperature dependent plastic property with isotropic
hardening law is original from [250], as shown in Figure 4.4. The process parameters for

the computational multi-part PBF-LB modelling are summarised in Table 6.2.

148



Table 6.2. Process parameters applied in multi-part PBF-LB modelling [44, 149, 292].

Symbol Material Ti-6Al-4V
Build plate size (m) 0.25 x<0.25 x0.025
Top Build plate preheat temperature (K) 293
Ln Layer height (mm) 0.48
tc Cooling step time each layer (s) 40
P Laser beam power (W) 95
Heat source absorption coefficient 0.4
R Heat source spot radium (mm) 0.05
Vs Laser scanning speed (m/s) 0.6
£ Emissivity 0.35
Heat transfer coefficient (W/m?/K)  12.7
L Latent heat of fusion (kJ/kg) 370

6.3 Results and discussions

6.3.1 The batch size effects on temperature of build plate

The temperature history of the build plate influences the temperature history and RS of
the manufactured parts [322, 323]. Therefore, the temperature evolution with time at the
N2 node (Figure 6.2b) of the build plate is computationally investigated for the single
prism, two prisms and four prisms PBF-LB manufacturing (Figure 6.4). To accurately
predict temperature evolution during the actual printing, the dimension of the
computational build plate is exactly the same as that of the real practical PBF-LB
manufacturing [44]. In this work, the sample location effect on the temperature evolution
of the build plate is ignored. For different numbers of prisms, all the N2 nodal temperature
histories follow the same overall trend. The temperature of the build plate gradually
increases with the deposition of layers during the manufacturing process (Figure 6.4a)
before reaching the peak temperature after the last layer of powder is deposited (Figure
6.4b), and then monotonically decreases to room temperature during the post-printing
process (Figure 6.4c). The same temperature trend of the build plate is also experimentally
observed elsewhere [27]. Figure 6.4 indicates that the larger number of the same parts

printed in the same build plate, the significantly higher temperature of the build plate. The
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peak temperature at the N2 node of the build plate for the two prisms (369.64 K) and four
prisms (420.03 K) PBF-LB during the entire manufacturing process are 10.62 % and 25.70
% higher than that of the single prism (334.15 K) PBF-LB printing. Processes with
additional parts apply more energy and thus resulting in more heat to be conducted to the
previously solidified layers and significantly increasing the overall temperature of the
powder bed in a single build.
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Figure 6.4. Influence of the number of the same prisms (1, 2 and 4) per build on temperature
evolution of the build plate: a) Manufacturing process. b) Peak temperature and ¢) Post-printing
cooling process.

6.3.2 The batch size effects on temperature of part

To investigate the effect of the number of samples per build on the temperature history of
parts, the temperature evolution with time at the central node of N1 (Figure 6.2a) of the
parts ‘1-1’, ‘2-1” and ‘4-1’ (Figure 6.2) is plotted (Figure 6.5). To make the temperature
evolutions more feasible to compare for different numbers of parts printing, the time zero
in Figure 6.5 is set to be at the time point when the middle layer (where the N1 node
locates, Figure 6.2a) is printed for parts. For all the modelling cases, the repeated
deposition, melting and solidification of the subsequent layers of material causes periodic

fluctuations of nodal temperature at N1, but the overall trend of temperature is decreasing
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with time. The IDLT, including melting time and cooling time for each layer, is different
for different numbers of parts printing. The larger number of parts printing at the same
build plate, the larger of IDLT, which causes a larger oscillation interval of temperature
(Figure 6.5).
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Figure 6.5. Computational temperature evolution with time at the central node N1 of the prisms
for different numbers of the prisms printing (1, 2 and 4): a) Original figure and b) Magnified
figure.

It can be seen from Figure 6.5a that the overall trend in temperature with time is consistent
for all cases, but with different magnitudes of temperature. Figure 6.5b indicates that the
overall temperature and temperature increment (T1) of the four prisms printing are always
the highest comparing with that of the two prisms and single prism manufacturing for each

layer. For the multiple parts PBF-LB manufacturing, more energy (e.g. four times for the
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four-part build comparing with the single part manufacturing) is input into the powder bed
that results in a higher temperature than the single part printing. The upward slope (for the
heating process) for the three computational models is identical, due to the same process
parameters are employed (Table 6.2). However, the downward slope (for the cooling
process) is different for the different numbers of parts manufacturing, e.g. the downward
slope for the four-part build ‘4-1" is lower than that of the single part build “1-1” (Figure
6.5).

To investigate influence of the number of parts on the temperature of prism, the
computational modelling results of the temperature contours for the single prism, two
prisms and four prisms after completing printing and cooling for 40 s are demonstrated in
Figure 6.6. For all the temperature fields with different numbers of prisms, the top areas
of the prisms always have a higher temperature than that of the bottom of the part. This is
because the heat energy is input from the top layer of parts and the thermal dissemination
is mainly from the top to bottom of the parts. The temperature contours indicate that the
higher temperature is formed for the larger number of prisms printing (e.g. the overall
temperature of the part ‘4-1’ is significantly higher than that of the part ‘1-1”), which is in
consistence with the study by Yilmaz et al. [44]. The temperature of four-part and two-
part printing is 2.97 % and 8.11 % than the single part manufacturing, respectively, after
the manufacturing process is complete and cooling for 40 s. The higher temperature of
prisms for the larger number of samples is caused by more energy input into the powder
bed per build. While for the two prisms and four prisms manufacturing on the same build
plate, the effect of the prisms printing order on temperature is found to be minimum, (i.e.
less than 0.85 % temperature difference, Figure 6.6b and Figure 6.6c), which indicates
that the prisms and powder bed tend to form a uniform temperature distribution in the

same build plate during PBF-LB manufacturing.
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Figure 6.6. Computational temperature contours of prisms after completing printing and cooling
for 40 s for different numbers of prisms: a) Single prism. b) Two prisms and c) Four prisms.

To quantify the temperature difference for different numbers of prisms PBF-LB
manufacturing, the peak temperatures of parts after completing printing and cooling for
40 s for different numbers of the prisms are summarized in Figure 6.7. It can be seen from
both the temperature contours (Figure 6.6) and temperature magnitudes (Figure 6.7) that
the more prisms manufacturing at the same build plate, the higher the peak temperature is
of the part after build completion and cooling for 40 s. For instance, the temperature of
four prisms printing part ‘4-1" is 8.11 % higher than that of the single prism printing part
‘1-1” (Figure 6.2 and Figure 6.7). In addition, for the four-part manufacturing, the lowest
peak temperature (463.86 K for part ‘4-1") of part for the four prisms printing is 0.85 %
lower than that of the highest temperature (467.84 K for part ‘4-4”), which also indicates
that the part printing order included in this model in the same build plate has minimum
effects on the temperature of parts. The conclusion from the temperature histogram

(Figure 6.7) is consistent with the temperature contours of parts (Figure 6.6).
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Figure 6.7. The computational peak temperatures statistics of parts after completing printing and
cooling for 40 s for different numbers and different printing orders of prisms in a single build.

6.3.3 The batch size effects on residual stress

The final RS refers to stress of the part after the build is completed and has been allowed
to cool for 6 hours to room temperature. Figure 6.8 shows the final maximum principal
RS contours of the parts ‘1-1°, ‘2-1" and ‘4-1° (Figure 6.2), which represent the single
prism, two prisms and four prisms manufacturing, respectively. It can be seen that
regardless of the number of parts printing at the same build plate, the edges of prisms are
consistently in tensile RS while stresses at the central areas of prisms are compressive,
which is in good agreement with the results of simulation and experiment by other studies
[36, 149, 196]. For all the computational cases, the largest tensile RS occurs at the bottom
of the part (i.e. the interface between the part and the build plate), and the same phenomena
are also found elsewhere [41, 292]. The single prism modelling (Figure 6.8a) has a larger
maximum stress (594.63 MPa) than the two prisms (577.93 MPa) and four prisms
modelling (558.90 MPa), which indicates that the multi-part build in the same build plate

is beneficial for mitigating RS of parts.
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Figure 6.8. The computational modelling results of final RS contours for different number of
prisms printing at the same build plate: a) Single prism. b) Two prisms and c) Four prisms.

The final maximum RS (maximum principal stress and minimum principal stress) of the
single prism, two prisms and four prisms manufacturing are shown in Figure 6.9. Both the
maximum principal RS and the minimum principal RS results (Figure 6.9) indicate that
an increase in the number of parts at the same build plate reduces the maximum RS
magnitude of parts. The maximum principal RS for the single prism, two prisms and four
prisms modelling are 1711.30 MPa, 1658.42 MPa and 1613.89 MPa, respectively. The
thermal behaviours of parts (Figure 6.6 and Figure 6.7) during the PBF-LB manufacturing
influence the final RS of the parts. The decrease of RS of parts with increasing the number
of prisms is because the temperature of the build plate increases (Figure 6.4) with the
number of prisms printing in the same build plate, which results in a potential lower

thermal gradient and thus a lower RS of parts [324].
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Figure 6.9. The predicted final RS (maximum principal stress and minimum principal stress) for
different numbers and printing orders of prisms modelling.

6.3.4 The part printing order and location effects on residual stress

Figure 6.10 shows the modelling results of the minimum principal RS contours of the four
prisms modelling with different printing orders within the same build plate. Similar RS
distributions of prisms are formed for the different printing orders, which is assumed to
be caused by similar temperature histories (Figure 6.6 and Figure 6.7). Both the final
maximum principal RS magnitudes (Figure 6.9) and RS contours (Figure 6.10) of prisms
for the different printing orders indicate that the printing order of samples on the same
build plate have minimum influences on RS of samples. This conclusion agrees with the

research outcomes by other research [44].
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Figure 6.10. Printing order influence on RS contours of prisms in four-part build modelling.

Figure 6.11 illustrates the histogram distributions statistics of the maximum principal
stress of prims for the four prisms printing with different printing orders at the same build
plate. For all cases, RS for most regions with the prisms low- ranging from -200 MPa to
200 MPa (Figure 6.11). For the four prisms printing, the prisms located toward the edges
of the build plate (i.e. part ‘4-4”) have the largest maximum RS (Figure 6.9), but also have
a wider RS distribution compared with other parts in the same build plate. It is noted that
the prisms locates at central areas of the build plate (prisms ‘4-2” and ‘4-3°, Figure 6.2)
have comparatively lower RS than that of the parts locate at the edges (parts ‘4-1° and “4-
4’, Figure 6.2), which is in consistence with study [44]. This is assumed to be caused by
the outer parts being connected to cooler regions of the build plate than the centrally
located parts, thus the cooling rate of parts at the edges of the build plate is higher than
that at the centre of the build plate [44].

157



35 1 @ 4-1
30 [4-2
L 251 N4-3
2 e
5 20 | 54-4
2 SRE
815 |

-400 200 0 200 400 600 800 1000 1200 1400 1600 1800
Stress/MPa

Figure 6.11. Histograms and distributions of predicted maximum principal stress statistics

for four prisms printing with different printing orders.

Figure 6.12 shows the minimum RS for a two-part build with different spacings (40 mm,
80 mm, and 120 mm). The results indicate, for 40 mm and 80 mm parts spacing, the larger
the spacing between parts, the lower the RS resulted. Then part spacing has an
insignificant effect on RS (Figure 6.12c-f). Note that in the multi-part process modelling,
the heat conduction between the solid part to the surrounding powder material is
simplified as the part-interface convection (shown in Chapter 3). Therefore, the specific
part heating and cooling influenced by the surrounding parts is not considered in the multi-
part manufacturing in this work. In future, the convection approximation (i.e. the heat sink
temperature and the depth of surrounding powder) should be further modified for multiple

parts build in PBF-LB process modelling.

For parts that at exactly the same location of the base plate, but with different numbers of
parts fabrication per build (i.e. part ‘2-1" with a part spacing of 120 mm and part ‘4-1’,
part ‘2-2” with a part spacing of 120 mm and part ‘4-4”), the lower stress of part is obtained
for the larger number of parts build (Figure 6.9 and Figure 6.12). This further proves that
the multiple part build is beneficial for mitigating RS. This work investigated the part

spacing effects on RS by using a two-part build. As the number of parts can also influence
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RS, part spacing effect RS on multiple (over two) parts should also be investigated in
future work. This also provides guidance for the design of builds for experimental
measurements of RS, demonstrating that repeated builds of single-part-only builds may

give more repeatable experimental RS results than a single build with multiple parts.
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Figure 6.12. Part spacing effects on stress of part for the two prisms printing: a) Part ‘2-1’ with a
part spacing of 40 mm. b) Part ‘2-2” with a part spacing of 40 mm. ¢) Part ‘2-1” with a part spacing
of 80 mm. d) Part ‘2-2” with a part spacing of 80 mm. e) Part ‘2-1 with a part spacing of 120 mm
and f) Part ‘2-2” with part spacing of 120 mm.

6.4 Summary

In summary, the computational thermo-mechanical finite element modelling framework
for macroscale multi-part build by single laser beam PBF-LB for Ti-6Al-4V is presented.
The influences of the number of prisms per build, part spacing and part location on
temperature and RS of parts are predicted in multi-part PBF-LB manufacturing. The key

conclusions of this chapter are as follows:

e Coupled thermo-mechanical process modelling capability was developed for
multi-part PBF-LB manufacturing for predicting temperature and RS of Ti-6Al-
4V material.

e The temperature of the base plate and part by different numbers of parts

manufacturing is quantitively compared. The more samples manufacturing in a
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single build in PBF-LB, the higher temperature of both the part and the build plate.
The temperature of the build plate increases with time during the multi-part
manufacturing process.

A multi-part build produces a 6 % lower residual stress than the single part build
and the maximum RS of parts decreases with the number of (same) parts per build.
In multi-part PBF-LB build, non-uniform stress profiles in parts at the same base
plate are obtained. Parts located at the central areas of the build plate have a lower
RS than parts that are located at the edges of the base plate in multi-part build.
The larger the part spacing in multi-part PBF-LB manufacturing, the lower RS the
part resulted before stabilisation.

For multi-part printing, the largest stress occurred at the interface of the part and
the base plate, and tensile stress occurs at the surface areas of parts while
compressive stress forms at the central area of the part, which is identical with the

single part PBF-LB manufacturing.
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7 Application to electron beam powder bed fusion

additive manufacturing

This chapter extends the process modelling tools developed in previous chapters (Chapter
3—Chapter 6) for PBF-LB of Ti-6Al-4V material to the PBF-EB category AM for Ti2448
material. The layer-by-layer process modelling technique described in Chapter 3 is
employed to characterise the thermal history and microstructure of the electron-beam
variant of PBF (PBF-EB) and for a new titanium alloy Ti2448. This PBF-EB study in
Chapter 7 is a collaboration study with Institute of Metal Research, Chinese Academic
of Sciences (IMR-China), and the collaborators from IMR-China are Qiushuang Wang,
Shujun Li, W.T. Hou, H. Wang, Y.L. Hao, R. Yang. The author completed
thermomechanical process modelling of PBF-EB. IMR-China completed all sample
fabrication and experimental measurements. All experimental results (and Figures 7.3,
7.10, 7.11, 7.12, 7.13 and 7.14) that are presented in this chapter of thesis belong to
Qiushuang Wang and are included in this thesis with the permission of Qiushuang Wang
and Shujun Li in order to support the discussion relating to the computational modelling

results of this chapter.

7.1 Introduction

As reviewed in Section 2.3.7, mechanical properties of PBF manufactured metallic parts
are closely related to their microstructures. In order to manufacture PBF-EB products with
desirable mechanical properties, it is important to understand the process-microstructure
relationship. As described in Section 2.2, Ti2448 alloy is a nontoxic S-type titanium alloy
and has a wide application in medical-device manufacturing. AM technology has been
used to successfully manufacture Ti2448 medical products, such as hip stems, acetabular
cups and interbody fusion cages [325]. Hernandez et al. [326] indicated that columnar g
grains and «"-martensite plates were observed in the PBF-EB manufactured Ti2448 solid
part. Yang et al. [327] showed that columnar g grains were surrounded by equiaxed S
grains near the boundary of the melt pool in PBF manufactured Ti2448 alloy. The hard-

wraps-soft effect caused by this kind of microstructure can improve the mechanical
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performances of titanium alloy [327]. Liu et al. [82] found that the microstructure
characteristics of PBF-LB and PBF-EB manufactured Ti2448 alloy were different and
could significantly influence the mechanical behaviour of manufactured parts: the
microstructures of PBF-LB and PBF-EB manufactured porous samples were composed
of different phases due to the difference in powder bed temperature, and the single g phase
of PBF-LB Ti2448 alloy resulted in a higher compressive strength and lower Young’s
modulus than that of PBF-EB manufactured parts.

In Chapters 5 and 6, effects of multi-beam PBF-LB and multi-part build on Ti-6Al-4V
RS have been computationally investigated. The results indicate that the largest RS occurs
at the bottom surface of the part (i.e. the interface of part with base plate). To prevent
failure of PBF manufacturing process, strategies to reduce stress of part (especially at the
interface of part with base plate) need to be explored. In addition, all the previous chapters
of this work are focused on RS studies of Ti-6Al-4V material. However, examining the
existing literature, there is no research on RS of PBF-EB manufactured Ti2448 parts.
Computational investigation of RS of PBF-EB produced Ti2448 full scale parts is thus
necessary and can inform AM designers and operators of the optimum process

configuration for successful parts printing.

The overall aim of this work is to apply the process thermo-mechanical modelling
techniques described and previously developed from Chapter 3 to Chapter 6 for PBF-
LB of Ti-6Al-4V material to PBF-EB manufacturing of Ti2448 material. The objectives

of this chapter are:

a) To computationally predict the temperature evolution of Ti2448 material during
PBF-EB and its influence on microstructure by comparison with IMR-China’s
experimental results of material microstructure.

b) To computationally predict RS of PBF-EB AM of Ti2448 alloy at the scale of
overall additively manufactured component.

c) To support the computational layer-by-layer thermal process modelling approach
described in Chapters 3 and 4 by experimental microstructure characterisations.

d) Investigate process parameter effects on RS and explore strategies to mitigate RS

and improve mechanical performances of parts in PBF.
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7.2 Research methods for PBF-EB

7.2.1 Computational modelling methods

To simulate the practical PBF-EB manufacturing process ( described in section 1.1 and
other studies [19, 20]) and for the convenience of computational modelling in this study,
the PBF-EB AM process was simplified to include the following four steps in

computation:

Preheating step is the step in which the heat source preheats the powders to below melt
temperature for a period of time that is defined as the preheating step time t,,, which
represents the time spent on preheating the entire powder layer of part by using the
low power mode of electron beam during the preheating step.

Preheating cooling step time t,,. represents the time delay between when the pre-
heating ends and melting starts, due to for example, other regions of the powder bed
being pre-heated. The total preheating time ¢, is the sum of ¢,,. and ¢,,.

Active layer heating step is when the finely focused electron beam operates in melt
mode heating the newly added layer of powder to above liquidus temperature. The
active layer heating step time tn (EQ. 2.7) can be calculated as the electron beam spot
diameter divided by the electron beam moving speed for melting the powder [143],
and assumes a constant beam scanning speed within a layer.

Melting cooling step is the step in which the electron beam deactivates, and the

roller/coater spreads a new thin layer of powders on the powder bed.

The above four computational steps (i-iv) were repeated for each layer of the PBF-EB
thermo-mechanical modelling process. After finishing manufacturing of the final layer,
there was an additional final cooling step in which there was no further addition of heat
into the model and the part was allowed to cool to room temperature for 8 hours 43 mins,

corresponding to the experimental PBF-EB manufacturing.

A computational model of a cylindrical sample of @20 mm %20 mm, with a 10 mm thick
base plate was created. As shown in Figure 7.1, a 2D axisymmetric simulation domain

was employed in the thermo-mechanical process modelling to save the computational
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cost. In the experimental PBF-EB manufacturing process, the temperature of base plate
was approximately constant (around 773 K). In the computational modelling, the priority
is the thermal history of the part, rather than the whole base plate. To reduce computational
complexity of modelling, isothermal boundary condition (constant temperature of 773 K)
was applied at the base plate and the size of the base plate in the model was 20 mm ><10
mm as shown in Figure 7.1. However, the influence of thermal boundary condition of the
base plate on RS in PBF-EB is discussed in Section 7.6.1, where only a predefined
temperature of 773 K was defined on the base plate in case 1 and a constant temperature
was defined at the bottom surface of the base plate for case 2. Axisymmetric boundary
conditions were applied on the left boundary of the simulation domain (as shown in Figure
7.1). The Python-based script (Figure 3.1) and ‘model change’ technique described in
Chapter 3 were employed on the sequentially coupled thermo-mechanical modelling as
described in Chapter 2. The converged (less than 0.19 % nodal temperature difference)
mesh size of 23 pm x 23 pm was employed for the part. The four-node linear axisymmetric
heat transfer quadrilateral mesh type of DCAX4 was employed for the thermal analysis
and the four-node bilinear axisymmetric quadrilateral mesh type of CAX4R was applied

for the mechanical modelling.
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Figure 7.1. Geometry of the simulation domain and position of sampling points.

To compare RS induced by PBF-EB with that of PBF-LB, the process modelling of both
PBF-LB and PBF-EB were performed on the model shown in Figure 7.1. The PBF-LB
process modelling methods have been introduced in Chapter 3. To investigate the
optimum strategy to mitigate RS and stress at the interface of part with the base plate in
PBF-LB, effects of the preheating temperature of the base plate and the powder bed,
surface convection at the active layer, energy density input for each layer on RS were
investigated. The overall analysis models and process parameters applied for both PBF-
LB and PBF-EB are summarised in Table 7.1.

The results of thermal modelling were analysed at 10 different sampling points, including
5 evenly distributed sampling points (the VP points) along the height of the 2D part at its
centre and 5 sampling points (the RP points) along the radius of the 2D part at its mid
height as shown in Figure 7.1. The 5 VP points responding to layer 1, layer 72, layer 143,
layer 214 and layer 285 in the modelling, respectively. Note that the RP1 and VVP3 are at

the same position.
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Table 7.1. Comparison of PBF-LB and PBF-EB and models to mitigate RS.

Model Process  Material Power density Heating time Preheating temperature of Top surface
<10 (W/m?3) per layer (s)  base plate and powder bed (K) convection

1 PBF-EB  Ti2448 7.65 1.173x10* 773 No
2 PBF-LB  Ti-6Al-4V 9.5 1.67>10% 293 Yes
3 PBF-LB  Ti-6Al-4V 9.5 1.67>10% 293 No
4 PBF-LB Ti-6Al-4v 5.37 1.67>10* 293 Yes
5 PBF-LB Ti-6Al-4v 95 1.67>10* 373 Yes
6 PBF-LB  Ti-6Al-4V 9.5 1.67>10% 573 Yes

PBF-LB  Ti-6Al-4V 9.5 1.67>10% 773 Yes

PBF-LB  Ti2448 7.65 1.173x10* 773 No

The coupled thermo-mechanical modelling described in Section 2.3 was implemented by
computationally solving the governing equation (Eq. 2.2) using finite element method
with ABAQUS. For the layer-by-layer modelling method described in Chapter 3, the
uniformly distributed volumetric heat sources (Eq. 2.6) for both preheating step and active
layer heating step were applied for each whole active layer during PBF-EB. The heating
step time t,,, in the thermo-mechanical modelling was described in Eq. 2.7 [143]. Eq. 2.2
was computationally solved for t,, seconds for the active layer melting process. The
computational melting cooling step time for each active layer was 10.45 s, corresponding

to the practical PBF-EB manufacturing process.

The heat losses during PBF-EB process that were considered in the thermo-mechanical
modelling is shown in Figure 7.2. Briefly, heat conduction (Eq. 2.15) between the active
layer and the solidified material of the previous layer (Figure 7.2i) and the base plate
(Figure 7.2ii), heat radiation (Eqg. 2.16) at the top surface of the active layer to the chamber
(Figure 7.2iv). The heat transfer between the powder bed and the side of the solidified part
was dealt with in a way similar to heat convection (Figure 7.2iii), as has been described
in Chapter 3. Due to the fact that the PBF-EB process is normally conducted in a vacuum
environment, the heat convection at the top surface of the active layer was not considered

in the computational PBF-EB modelling.
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Power density iv)

Figure 7.2. lllustration of thermal transfer mechanisms during the PBF-EB process: i) Solid
conduction. ii) Base plate conduction. iii) Part-powder conduction and iv) Active layer radiation.

For the PBF-EB thermo-mechanical modelling, the material of both the part and the base
plate was defined as Ti2448 to avoid thermal expansion mismatch [285]. The temperature
dependent Ti2448 material properties that were employed in the computation were
assumed to vary linearly with temperature between the values that are presented in Table
7.2. The temperature dependent plastic material property (i.e. yield strength) of Ti2448
with isotropic hardening law for PBF modelling is shown in Table 7.2, which is
experimentally measured and provided by IMR-China. The temperature dependent Ti-
6Al-4V material properties used for the PBF process modelling (Table 7.1) in this chapter
have been descried in Chapters 3 and 4. The process manufacturing parameters used for

the PBF process modelling are summarised in Table 7.3.
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Table 7.2. Ti2448 material properties for PBF-EB modelling.

Temperature Thermal expansion Thermal conductivity Specific heat Yield strength

(K) (105/K) (W/m?/K) (I/kg/K) (MPa)
333 0.87

370 8.35 478

573 870
673 945
773 665
873 15.8 445 210
923 95
983 1.06

1273 19 470

1928 1.35

Table 7.3. PBF-EB process parameters [247].

Symbol Modelling parameters Unit  Value

U Acceleration voltage \ 60000

L, Current for preheating mA 146

I Current for melting mA 85

P Energy beam power W 510

A Scanning speed for melting mm/s 1704.3

vy Preheating scanning speed mm/s 10000

Tpp Build plate preheat temperature K 773

A Heat source absorption coefficient 0.9

dg Heat source spot diameter for melting  pm 200

dm Melt pool depth pum 150

Hs Hatch spacing pum 200
Powder layer thickness pum 70

7.2.2 Experimental methods for PBF-EB

Collaborators at IMR-China used an Arcam Al PBF-EB system to fabricate dense
samples in this work. The pre-alloyed powder (particle diameter ranges from 45 to 106
jam) used in the PBF-EB process was produced by using argon atomization of a Ti2448
ingot. The chemical composition of the Ti2448 powder was (wt.%) Nb-24.43, Zr-3.93,
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Sn-8.22, 0-0.22 and the balance was Ti. The CAD model of samples with a size of @ 20
%20 mm was designed using Magics software (Materialise, Leuven, Belgium), and then
the model was sliced and imported into PBF-EB equipment for parameter setting. The
printing started after the vacuum in the sample chamber and in the electron gun dropped
below 5.0 <10 mbar and 5.0 <10 mbar, respectively. The electron beam preheated the
base plate with dimension of 170 <170 %10 mm?3 to 773 K for 20 minutes, and the first
layer of 70 pm thickness was laid. The electron beam moved by tracing out the designed
geometry to melt the powders in the active layer of the powder bed and then the base plate
decreased one layer thickness. These processes were repeated until the completion of the
part. It was noted that the printing time of each layer was influenced by the melting area,
and the printing procedure ended after 8 hours. When the base plate cooled to room
temperature, the non-melted powder could be removed by compressed air to obtain the

as-fabricated sample (Figure 7.3a).

(b)

Figure 7.3. Model illustration: a) The Ti2448 sample manufactured by PBF-EB and b) Sketch
illustrating how the sample was sectioned for metallographic analysis. This figure is provided by
Qiushuang Wang from IMR-China. The sampling points VP1, VP3 and VP5 (Figure 7.1) in the
computational domain corresponding to the section 4, 3 and 2 of the manufactured sample. The
sampling points RP1 - RP5 (Figure 7.1) in the computational domain corresponding to positions
from central line to the side surface of the manufactured sample in the section 3.
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The samples were sectioned using wire EDM by collaborators at IMR-China as shown in
Figure 7.3b. The metallographic specimens were made at segments 1 - 4, respectively, so
as to characterise the microstructure from the cross-section and the vertical section at the
top, middle and bottom positions of the samples. Note that the centre of section 2, 3 and
4 in Figure 7.3b for microstructure experiments is close to the sampling point of VP1,
VP3 and VPS5 (Figure 7.1) in the computational modelling domain, respectively. The
sampling point RP1 - 5 (Figure 7.1) is at the mid layer where section 3 in Figure 7.3b
locates. The microstructural features of the prepared samples were analysed by using
ZEISS-AXI0 optical microscope (OM), MIRA3 TESCAN SEM and Talos Transmission
electron microscope (TEM) at IMR-China. Image Tool package (UTHSCSA, San
Antonio, USA) was used by collaborators at IMR-China for quantitative analysis of phase

based on metallographic pictures in different areas of the sample.

7.2.3 Computation of phase equilibrium

The equilibrium phase diagram of Ti2448 was calculated by collaborators at IMR-China
with the PANDAT package in association with the Ti-Nb-Zr-Sn-O thermal and mobility
database covering the temperature range of 273 - 1273 K. The two basic phases of Ti2448,

i.e. a and S, were considered in the computation of phase equilibrium.

7.3 Results for PBF-EB

7.3.1 Thermal modelling results

In the PBF-EB modelling, the part was virtually sliced into 286 layers and each layer was
deposited on top of the previous layer step by step. The thermal modelling was
implemented for 11 hours 46.28 mins of the PBF-EB process, including 3 hours 3.28 mins
of the layering and heating process and the post-manufacturing cooling process of 8 hours
43 mins. The predicted temperature histories of the five vertical sampling points (VP1,
VP2, VP3, VP4 and VP5, shown in Figure 7.1) are illustrated in Figure 7.4. In this figure,
zone (a) illustrates the predicted temperature of the active layer in question at the end of
the corresponding melting process (step 3 in the simulation process). The maximum

predicted temperature is above 3200 K, corresponding to the first peak of temperature for
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each curve (e.g. the curve corresponding to VP3). The deposition, preheating, melting,
and cooling processes of the subsequent layers of material caused periodic oscillation of
temperature at the vertical sampling point in question with the predicted peak temperature
(a) associated with the active layer melting, and subsequent lower peaks associated with

deposition of later layers (b).

Figure 7.4 details how the temperature at the five vertical sampling points was predicted
to change with time for the first 12000 s of the PBF-EB process. The predicted maximum
temperatures at VP1 are the lowest compared with the maximum temperature at other four
vertical sampling points, while the five vertical sampling points share similar temperature
history (Figure 7.4). Overall, the predicted peak temperature increases from bottom
towards the top of the manufactured part during the PBF-EB process. The first deposition
layer has the lowest temperature, because of the heat conduction from the solid part to the
base plate. With the sequential deposition of material, during the layer-by-layer PBF-EB
process, the thermal influence of the base plate on the newly laid layer of material
gradually becomes less significant. Therefore, the predicted temperature temporal
evolution near the mid height of the part (e.g. VP2, VP3 and VVP4) becomes relatively
unaffected by the height of the vertical sampling points, and the corresponding three
curves in Figure 7.4 are similar, which agrees with related findings in other experimental
measurement of temperature during PBF-EB process of Ti-6Al-4V rectangular structure
[328]. The predicted temperature temporal evolution at VVP5 is relatively different from
that of other four vertical sampling points, as no further layers are added after deposition
of the final layer. The temperature at VVP5 only oscillates two cycles, and it quickly starts
to monotonically decrease. After finishing the manufacturing of the part, the predicted
temperature of the part eventually cooled to room temperature during the simulation of

post-printing cooling process.
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Figure 7.4. Computational modelling results of temperature evolution at the five vertical sampling
points of part (VP1, VP2, VP3, VP4 and VP5) with time.

In order to characterise the temperature variation of the part in the vertical direction during
the PBF-EB process, the vertical temperature difference (TD) is predicted, which is the
difference between the temperatures at the sampling points VP2, VP3, VP4 and VP5
(Figure 7.1) and the temperature at VP1. The evolution of four TDs along the height of
the part is shown in Figure 7.5. It can be seen that the values are all positive, which further
confirms that the temperature of material near the base plate is the lowest in the overall
part. The temporal evolution of the TD at VP2, VP3 and VP4 are very similar to one
another. At VP2 for example, during the deposition, preheating, melting, and cooling of
the active layer, the TD decreases from approximately 3000 K to ~ 1 K. Such process is
not monotonic but significantly oscillates up and down, because the deposition,
preheating, melting, and cooling of PBF-EB is repetitive.
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Figure 7.5. Predicted evolution of temperature difference at the 4 vertical sampling points of part
during manufacturing process with time.

The cooling rate at the five vertical sampling points (Figure 7.1) was calculated based on
the temperature history that is shown in Figure 7.4. Figure 7.6a illustrates the maximum
CR at the vertical sampling point in question at the end of the heating step of each relevant
sampling point layer (as shown in Figure 7.4a). Figure 7.6b illustrates the maximum CR
at the vertical sampling point in question, which results from remelting and the influence
of the subsequent layers (as shown in Figure 7.4b). It can be seen that the highest level of
CR is in the order of magnitude of 10° K/s, which is calculated based on the time required
for the temperature of VP1 - 5 to cool from the melting point to the 3 - transus temperature
[329] and is in line with other PBF-EB work [330]. Figure 7.6a indicates that the peak CR
takes place immediately after the completion of the heating step (Figure 7.4a) of the active
layer. During the process of the subsequent layers (Figure 7.4b), the CR at the vertical
sampling point in question significantly decreases. It can be seen, as shown in Figure 7.6,
that the CR at the sampling point VVP1 is the highest. It is higher than the CR at VP2, VP3,
VP4 and VP5 by approximately 3 x10* K/s. This is due to the heat conduction from the
part at its bottom to the base plate during the PBF-EB process. A decrease in CR along
the building direction of 718 alloy thin wall structures with height of 8 mm was found in
other PBF-EB work [243].
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Figure 7.6. Predicted maximum cooling rate at the 5 vertical sampling points: a) at the end of the
melting process of the layer in question and b) Resulting from the thermal processes of subsequent
layers.

The radial temperature difference in the manufactured part is defined to be the temperature
at the four sampling points RP2, RP3, RP4, RP5 minuses the temperature at the sampling
point RP1 (as shown at Figure 7.1), at the mid height of the manufactured part. Its
evolution with time is shown in Figure 7.7. It can be seen that the value of TD is negative,
which means that the temperature at RP2, RP3, RP4 and RP5 is lower than that at RP1
during the PBF-EB process. TD has the highest absolute value at RP5. Overall, the
temperature near the side surface of the part is lower than that near the centreline of the
part, and there is a decreasing profile of temperature along the radius of the part. This
phenomenon is caused by the heat loss of the part to the surrounding powder bed [149,
160]. The TD in the radial direction decreases with time at all the sampling points (RP2
to RP5). This is because that the heat conduction process in the part tends to make the
temperature profile uniform, as increasingly more materials are deposited above the mid

height of the part.
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Figure 7.7. Predicted evolution of radial temperature difference at the 4 radial sampling points
with time.

The cooling rate at the five radial sampling points RP1, RP2, RP3, RP4 and RP5 is shown
in Figure 7.8. During the processes of deposition, preheating and melting of the layer at
the mid height of the part, the highest CR is in the order of magnitude of 10° K/s. It can
be seen that, as shown in Figure 7.8, the surface of the part (i.e. at RP5) has the highest
level of CR, which is higher than the CR at RP1, RP2, RP3 and RP4 by approximately 1
x10%K/s. As the subsequent layers are deposited on the part above its mid height, the CR
at the sampling points RP1, RP2, RP3 and RP4 significantly decreases to the order of
magnitude of 7 x10*K/s, while the CR at RP5 decreases to the order of magnitude of 9 x
10*K/s (Figure 7.8Db).
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Figure 7.8. Predicted maximum cooling rate at the 5 radial sampling points: a) at the end of the
melting process of the layer in question and b) Resulting from the thermal processes of subsequent
layers.

In the thermal modelling results that were analysed in above, the data analysis was focused
on the manufacturing process. After the manufacturing process was completed, the
manufactured part was left in the build chamber to cool for 8 hours 43 mins before it could
be taken out. Figure 7.9 illustrates the thermal modelling results of the temperature
evolution of the part at the five vertical sampling positions (VP1 - VP5) with time during
the natural cooling process post manufacturing. It can be seen that, at vertical sampling
point VP1 in this figure, the material temperature continuously decreases from 774 K to
426 K between 3 hours 3.28 mins and 11 hours 46.28 mins. The temperature evolutions
at the five different vertical sampling points are very close to one another, and the
maximum difference in temperature is 7.3 K. In the radial direction of the sample, the
temperature profile turns out to be relatively uniform from 3 hours 3.28 mins. The

maximum difference in temperature between the five radial sampling positions is 0.87 K.
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Figure 7.9. Predicted evolution of temperature of the part at the five vertical sampling points (VP1
- VVP5) with time during natural cooling process post manufacturing.

7.3.2 Material characterization results

Sample microscopy images provided by Qiushuang Wang from IMR-China are shown in
Figure 7.10 to Figure 7.12. Figure 7.10 shows the microstructure characteristics of the
PBF-EB produced Ti2448 sample. The PBF-EB sample displays a microstructure with
coarse columnar grains and acicular phases (Figure 7.10a). There is plenty of acicular
phase distributed on the grain boundaries and inside the grains according to the SEM
images of the cross-section of the sample. It is verified by TEM observation that the
acicular phase is a” phase with orthorhombic crystal structure precipitated from g

columnar grains (Figure 7.10b).
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Figure 7.10. Cross-section observations of the manufactured Ti2448 sample: a) SEM image and
b) TEM image with diffraction patterns, all provided by Qiushuang Wang from IMR-China.

Comparing the microstructure of material at the cross-section (Figure 7.11) and vertical
section (Figure 7.12), it can be seen that coarse columnar g grains tend to form parallel to
the building direction, and a layer of equiaxed grains is distributed near the base plate.
Such a microstructure is the inherent feature of AM process and is consistent with the
results elsewhere [331]. Observing the distribution trend of a” phase at the positions 2-4
(Figure 7.3b), it can be seen that the content of acicular phase decreases from the bottom
to the top along the building direction of the sample, and only very limited acicular grains
can be seen on the top of part (Figure 7.11C-2). In addition, it can be seen that more
acicular phase exists near the side surface of sample than that around the centre line of
sample at the same height (Figure 7.11B-2 and Figure 7.11C-2). To confirm this, the phase
content and grain size within 0.5 mm from the side surface, and separately near the centre
line of the sample were measured using the metallographic pictures in conjunction with

metallographic quantitative analysis by Qiushuang Wang from IMR-China.
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Figure 7.11. Optical image of cross-section in different segments of sample. The picture with letter
“C” represents cross-section around centre line of sample, and the picture with letter “B”
represents cross-section of sample near its side surface. Number 2-4 on the pictures represents
segment 2-4 as illustrated in Figure 7.3b. This figure is provided by Qiushuang Wang from IMR-
China.
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Figure 7.12. Optical image of vertical section in different segments of sample. The picture with
letter “C” represents vertical section around centre line of sample, and the picture with letter “B”
represents vertical section of sample near its side surface. Number 2-4 on the pictures represents
segment 2-4 as illustrated in Figure 7.3b. This figure is provided by Qiushuang Wang from IMR-
China.

Experimental results of " phase fraction and g grain size from Qiushuang Wang can be
seen in Figure 7.13 and Figure 7.14. Figure 7.13 clearly presents the decreasing profile of
content of & phase along the building direction near either the centre line or side surface
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of sample. It can be seen from Figure 7.14 that the f grain size increases along the building
direction of the sample. Meanwhile, the § grain size near the centre line of the sample is

significantly greater than that near the side surface of sample.
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Figure 7.13. Experimentally measured «” phase volume fraction (vol.%) at different segments of
the sample provided by Qiushuang Wang from IMR-China.
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Figure 7.14. Experimentally measured $ Grain size (pm) at different segments of the sample,
provided by Qiushuang Wang from IMR-China.
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7.3.3 Mechanical modelling results and strategies to mitigate stress

Figure 7.15a shows the computational modelling result of the maximum principal stress
contour of part after cooling to room temperature for the typical PBF-EB manufacturing
by using process parameters listed in Table 7.1 (model 1). The RS contour indicates that
the RS state evolutions from tensile to compressive from the side surface to the centreline
of part [87]. The largest RS occurs at the interface of the part with the build plate, which
Is consistent with conclusions from Chapters 3, 4, 5 and studies elsewhere [48, 332].
Plastic deformation occurs since the maximum RS exceeds the yield stress of titanium
material [38, 41, 288]. Figure 7.15a also reveals that, apart from RS at the interface of part
with the base plate, most areas of RS of PBF-EB manufactured part is with a low level of
magnitude (i.e. less than 200 MPa).

To quantifiably compare RS of parts manufactured by PBF-EB with that of PBF-LB, the
RS contour produced by the typical PBF-LB process on the same cylinder part with
parameters of model 2 in Table 7.1 is shown in Figure 7.15b. It can be seen from Figure
7.15 that similar RS distribution is resulted in PBF-LB and PBF-EB that both of their
tensile RS occurs at the side surface while compressive RS forms at the central area of
sample. However, significantly higher maximum principal RS of part is formed by PBF-
LB than that of the PBF-EB, which is in line with other studies [333, 334]. Several factors
(e.g. temperature of the base plate) may influence the RS of part and can cause the
significantly RS difference between PBF-LB and PBF-EB manufacturing, which have
been introduced in Chapter 1. It is therefore necessary to reduce RS in PBF

manufacturing, especially at the interface of the part with the base plate.
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Figure 7.15. The computational modelling results of final RS contours of part at room temperature
by a) PBF-EB (case 1 in Table 7.1) and b) PBF-LB (case 2 in Table 7.1).

7.3.4 Strategies to mitigate residual stress in PBF

To explore the effective strategies to mitigate RS in PBF, a set of the computational PBF-
LB process modelling varying preheating temperatures of the base plate (as well as the
powder bed), top surface convection heat loss at the active layer and energy densities were
performed by using the corresponding process modelling parameters listed in Table 7.1.
Figure 7.16 indicates RS contours with different computational modelling conditions by
PBF-LB, such as Figure 7.16b and Figure 7.16c¢ reveal RS contour without the top surface
convection (model 3 in Table 7.1) and the RS contour with a lower energy density (model
4 in Table 7.1) comparing with model 2 in Table 7.1, respectively. The similar RS contour
with (Figure 7.16a) and without (Figure 7.16b) the top surface convection was formed,
which indicates the top surface convection has minimum effects on RS and is consistent
with studies of literature [280, 335]. Comparing RS resulted by different energy densities,
Figure 7.16a (with a higher energy density) and Figure 7.16c (with a lower energy density)
indicate similar RS distribution that stress at the surface of part is tensile. However, the
maximum principal stress of part manufactured with the higher energy density (Figure
7.16a) is marginally (17 MPa) lower than that with the lower energy density (Figure
7.16¢), which indicates the higher energy density applied in the PBF-LB manufacturing
potentially results a lower RS. This phenomenon is because that the uniformity of the
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powder bed causes a lower temperature gradient and cooling rate and is consistent with
studies elsewhere [42, 87, 121].
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Figure 7.16. Predicted RS contours manufactured by PBF-LB: a) Typical process modelling
(model 2 in Table 7.1). b) Without top surface convection (model 3 in Table 7.1) and c) With
lower energy density (model 4 in Table 7.1).

Figure 7.17 shows the corresponding RS contours for different preheating temperatures
(293 K, 353 K, 573 K and 773 K) of the base plate and the powder bed, where the RS
contours differ significantly. Figure 7.17 indicates the higher preheating temperatures of
the base plate and the powder bed, the significantly lower RS of the final manufactured
parts, which is consistent with studies elsewhere [336, 337]. For instance, the maximum
RS with preheating temperature of base plate and powder bed of 773 K (1271 MPa) was
41.37 % lower than that of the computational modelling without preheating the base plate
and powder bed (293 K). This phenomenon is because the higher temperature of the base
plate and the powder bed, the lower thermal gradient between the melted layers and the
base plate and the powder bed [338].
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Figure 7.17. Predicted RS contours of part manufactured with different preheating temperatures
of the base plate and the powder bed in PBF-LB: a) 293 K. b) 373 K. ¢) 573 Kand d) 773 K.

In order to get a similar RS magnitude and contour by PBF-LB with that of the PBF-EB,
the RS mitigation strategies mentioned above were applied for PBF-LB process
modelling. Figure 7.18b shows the computational PBF-LB process modelling with the
base plate and powder bed preheating temperature of 773 K (model 8 in Table 7.1). By
modifying these process parameters for the PBF process modelling, the similar RS
distribution and magnitude by PBF-LB with that of the PBF-EB was achieved. It should
be noted that the maximum principal RS for PBF-LB (1271.50 MPa, Figure 7.18b) was
still marginally (3.37 %) higher than that of the PBF-EB (1228.69 MPa, Figure 7.18Db).
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Figure 7.18. The computational final RS contours by a) PBF-EB (model 1 in Table 7.1) and b)
PBF-LB with base plate and powder bed preheating to 773 K (model 8 in Table 7.1).

This study indicates that the RS can be effectively reduced via modifications of process
parameters in PBF manufacturing. For the development of PBF technology, the strategies

below are recommended to mitigate RS based on results of this study:
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a) The preheating temperature of the base plate and the powder bed can significantly
affect RS of the manufactured parts in PBF. The higher of the preheating
temperature of the base plate and the powder bed in PBF-LB, the lower magnitude
of RS induced, which is consistent with research elsewhere [322, 339].

b) The higher energy density applied on each layer in PBF manufacturing, the
marginal lower (e.g. 17 MPa) RS resulted. The higher energy density can be
induced by increasing energy power input, decreasing energy beam moving speed
etc.

c) The top surface convection from the active layer to the surrounding atmosphere
employed in PBF process modelling has minimum effects on RS.

It should be noted that the typical preheating temperature of the base plate in the first-
generation physical PBF-LB manufacturing is up to 473 K due to the PBF machine design,
while the most recently developed PBF-LB systems is able to preheat the temperature of
the base plate to a higher temperature [21, 337]. For instance, Ali et al. [324] designed a
preheating platform by integrating with a Renishaw SLM125 system that enabled to
preheat Ti-6Al-4V powder bed up to 1073 K.

7.4 Discussions

7.4.1 Effects of boundary conditions of base plate on residual stress

In this study, to keep the computational temperature of the base plate consistent with that
of the practical PBF-EB manufacturing, the computational temperature and RS resulted
by isothermal boundary condition (constant temperature of 773 K) at the base plate was
used. The influence of thermal boundary condition of the base plate on RS is discussed in
this section. Three case studies with different thermal boundary conditions of the base
plate were performed for the thermo-mechanical PBF-EB modelling: 1) isothermal
boundary condition (constant temperature of 773 K) at the whole base plate; 2) isothermal
boundary condition (constant temperature of 773 K) at the bottom of the base plate and 3)
predefined boundary condition (initial temperature of 773 K) at the whole base plate. For
the case 3, temperature of both the part and the base plate is influenced by thermal input

and heat dissipation mechanisms in PBF-EB. Figure 7.19 indicates the largest RS occurred
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at the interface of the part with the base plate for all the three modelling cases. The largest
maximum principal stress for case 1, case 2 and case 3 was 1228.69 MPa, 1203.59 MPa
and 1111.12 MPa, respectively, which indicates the isothermal boundary condition (case
1 and case 2) had a larger RS than that applying a predefined initial temperature at the
base plate. This is because, for the isothermal boundary condition at the base plate or at
the bottom of the base plate, the base plate takes the role of a powerful heat sink that
effectively extracts heat by conduction from the part (where the temperature is higher than
the base plate) at its bottom during the PBF-EB process. In this study, for the convenience
of PBF-EB modelling, the dimension of the base plate is smaller than the real practical
PBF-EB manufacturing, which can also influence the resulting RS. In addition, multiple
parts were built in the same base plate during the practical PBF-EB manufacturing. As
indicated in Chapter 6, the multi-part build can further reduce stress of PBF manufactured

part.
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Figure 7.19. Residual stress predicted by different boundary conditions of the base plate in PBF-
EB: a) Isothermal boundary condition (constant temperature of 773 K) of the whole base plate. b)
Isothermal boundary condition (constant temperature of 773 K) at the bottom of the base plate and
¢) Predefined temperature of 773 K at the whole base plate.

7.4.2 Variation of a' phase

The Ti2448 alloy manufactured by PBF-EB process mainly consists of «” phase and j
phase. The transition a.” phase precipitates from the super saturated g phase in solid state
during the cooling process of Ti2448 alloy in additive manufacturing. The transition «”
phase can gradually transform to equilibrium « phase at long aging time [340, 341]. It is

obvious that the content of «” phase increases along the radial direction and decreases
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along the build direction. The reasons for the variation of a” phase content can be
summarized as follows: firstly, aging time can significantly affect the content of
precipitates. According to Figure 7.4, the temperatures of the sampling points VP1 - 4 are
approximately stable at 773 K after several cycles of drastic temperature fluctuations. This
stage is similar to the aging process, which is conducive to the precipitation of a” phase.
The longer the aging time at precipitation temperature range of «" phase, the more a"
phase will be precipitated. In the PBF-EB process, the aging time of the sampling points
decreases from VP1 to VP4 in the building direction (Figure 7.4), which is the main reason
for the content of a” phase decreases along the building direction. Secondly, aging
temperature is also an important factor that affects the content of precipitates. The content
of a phase decreases with the increase of temperature before the transus point (~ 1023 K,
provided by Qiushuang Wang from IMR-China), while the content of S phase decreases
with the increase of temperature. Because «” phase is the intermediate phase of f-to-a
transformation, the change of «” phase content with temperature is similar to that of a
phase. Therefore, the positive temperature gradient of VP1 - VP5 (Figure 7.5, Figure 7.20)
and negative temperature gradient of RP5 - RP1 (Figure 7.7, Figure 7.20) cause the
decreasing profile of " phase in the building direction and increasing profile of a” phase
from centre line to side surface of sample in the radial direction, respectively.

7.4.3 Variation of S grain size

It is reported that the equiaxed grain layer near the base plate is formed by heterogeneous
nucleation due to comelting and alloying of deposited powder material close to the base
plate [342]. PBF-EB process has a high cooling rate which causes a large thermal gradient
on the solidification front. The thermal gradient promotes the epitaxial growth (a process
of growing one crystal type of material on top of another crystal and the growing
orientation is determined by the underlying material [343]) of $ grains upon the equiaxed
grain layer and then forms coarse columnar crystals [331]. It is known that the effect of
aging temperature on grain size is larger than the effect of aging time. Figure 7.20 shows
the temperature profiles along the building direction and the radial direction at 10986.9 s,
when the last layer of the sample has been melted and before the completion of the

manufacturing process. The temperature at the top of the sample is 58 K higher than that
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at the bottom, which is conducive to the rapid growth of grains, making the grain size at
the top of the sample slightly larger than that at the bottom (Figure 7.20b). Due to the
decreasing temperature profile from RP1 to RP5 along the radial direction (Figure 7.20a),

the S grains around side surface of the sample are smaller than those around the sample
centre line.
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Figure 7.20. Computational modelling results of temperature profile at 10986.9 s: a) At the top
surface of sample along the radial direction and (b) Along the centre line of sample.

7.5 Summary

In this study, PBF-EB manufactured Ti2448 alloy at the scale of overall additively
manufactured component was computationally predicted by using the layer-by-layer 2D
modelling method described in Chapter 3. Thermal history and microstructure of
manufactured components were characterised using computational and experimental
methods, respectively. The stress in PBF-EB manufactured Ti2448 was computationally
investigated and strategies to mitigate RS in PBF were recommended. The main
conclusions for PBF-EB are as follows:

a) For PBF-EB manufactured Ti2448 alloy component, the content of «" phase
decreases along the building direction and increases from the centre line to side
surface of sample along the radial direction.

b) The computational modelling results of temperature history, temperature

difference and cooling rate along the height and radius of a cylinder component
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d)

f)

have revealed the driving factors behind the experimentally observed profiles of
a." phase fraction and S grain size in multiple directions.

Variation in thermal history from location to location of a PBF-EB manufactured
sample results in non-uniform profile of grain size. The grain size of  phase at the
top of the sample is larger than that at the bottom. The £ grains at around the side
surface of sample are smaller than those around the sample centre line.

The computational modelling proves to be an effective tool that can help
experimentalists to understand the influence of macroscopic processes on material
microstructural evolution and hence potentially optimise the process parameters
of PBF-EB to eliminate or otherwise modify such microstructure gradients.
Improving the preheating temperature of the base plate and the powder bed is the
key strategy to reduce RS. By preheating the base plate and powder bed
temperature to 773 K in PBF-LB, it is able to obtain the similar RS with that of
the PBF-EB. The higher of energy input into the PBF process modelling, the lower
RS resulted in the manufactured part.

It is presented in this chapter that the computational modelling in conjunction with
practical PBF-EB manufacturing as well as experimental material characterisation
can contribute to establish the link between process parameters and material
microstructure. Such link can be used by experimentalists and industries to
optimise the design of PBF-EB process parameters with the purpose of achieving

optimal material microstructure.
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8 Application to directed energy deposition additive

manufacturing

This chapter aims to expand the finite element process modelling tools developed in
previous chapters (Chapter 3 - Chapter 6) for PBF-LB of Ti-6Al-4V material to another
application and material, such as DED manufacturing of aluminium alloy. The
computational bead-by-bead modelling technique described in Chapter 2 is employed to
predict the thermal and stress behaviours of Al-4(wt %)Si alloy during DED
manufacturing. This is a collaborative research with Dr. Wajira Mirihanage’s research
group (Da Guo and Wajira Mirihanage) at the University of Manchester. In-situ RS
characterisation of Al-4(wt %)Si alloy during practical DED (i.e. wire arc AM)
manufacturing process is completed by the University of Manchester using the high
energy X-ray diffraction method. To interpret the in-situ measured RS raw data from Dr.
Wajira Mirihanage’s group at the University of Manchester, a custom written code to
calculate through thickness residual stress and computational finite element DED process

thermo-mechanical modelling is performed by the author.

8.1 Introduction

In-situ measurement of RS enables to obtain RS state evolution during the physical DED
manufacturing process. Due to that the non-destructive RS measurement facility is
worldwide limited, as has been described in Section 2.4, in-situ measurement of RS for
DED manufacturing of Al-4(wt %)Si Aluminium alloy is challenging and is investigated
by the collaborators at the University of Manchester for the first time. The comparisons
between DED manufacturing (which is the focus of this chapter) and previously
investigated PBF manufacturing from Chapter 2 to Chapter 7 have been described in

Chapter 1 and summarised in Table 1.1.

Predicting thermal history and the resulting RS in DED could better understand the
practical manufacturing process and interpret the experimentally measured temperature

and stress behaviours. Song et al. [131] predicted stress of DED manufactured Inconel
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718 thin wall structure and the results indicated that the largest stress was formed at the
interface of the thin wall with the base plate and resulting symmetric stress distribution
along the scanning direction. Lu et al. [27] computationally investigated temperature and
distortion of Ti-6Al-4V material in DED by using the fully coupled thermo-mechanical
method and the in - house Comet FEM software. The results indicated an over 60 %
increase of distortion at the end of post - manufacturing natural cooling process,
comparing with distortion after completing manufacturing of the last layer of part in DED

manufacturing.

The aim of this work is to interpret the experimental RS measurement and to apply the
process thermo-mechanical modelling techniques described and previously developed
from Chapter 2 to Chapter 6 for PBF-LB of Ti-6Al-4V material to DED process of

aluminium material. The objectives of this chapter are as follows:

a) To interpret the in-situ observation of stress during the practical DED
manufacturing, which was performed by collaborators at the University of
Manchester.

b) To adapt the thermo - mechanical modelling capability developed for PBF-LB to
DED manufacturing process for macroscopic aluminium component.

¢) To computationally investigate thermal behaviours (i.e. temperature, temperature
gradient and cooling rate) and RS state evolutions with time at different positions
of part during DED manufacturing process.

d) Investigation of bead increment length effect on RS in DED manufacturing by

using the computational bead-by-bead modelling method.

8.2 Research methods for DED modelling

8.2.1 Computational modelling methods

To simulate the practical DED manufacturing process that was performed by collaborators
at the University of Manchester, an Al-4(wt %)Si thin trapezoidal plate (353.2 mm long
at the top surface and 255 mm long at the bottom surface, 49.1 mm height, 8.4 mm

thickness) was created on a rigid body of fixture in the computational DED process
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modelling (Figure 8.1). The bead-by-bead (i.e. element-by-element) modelling approach
introduced in Chapter 2 was employed for the transient fully coupled thermo-mechanical
process modelling of DED by computationally solving the governing equation (Eq. 2.1)
using ABAQUS (Dassault Systems, USA, 2019). A Python script (Figure 3.1) was
adapted from the PBF-LB modelling in Chapter 3 to slice the 3D model into separate
bead increment based on the layer height (Table 8.1) and bead increment length (Figure
8.1b) in DED modelling. All the bead increments were deactivated at the initial step and
then each bead increment was sequentially activated by following the predefined scanning
path and using the ‘model change’ function (described in Chapter 3) in ABAQUS. Due
to the symmetric characteristic of the part with respective to the XZ plane (Figure 8.1a),
half of the width of the system was employed in FEM to save the computational cost. The
‘S’ shape scanning strategy (shown as the purple arrow in Figure 8.1b) was applied in
DED modelling, corresponding to the practical DED manufacturing process. To
investigate effect of the computational bead increment length (Figure 8.1a) on stress in
DED process, different finite element bead increment lengths (10 mm, 20 mm, and 40
mm) were applied in the bead-by-bead modelling. Considering the computational
capabilities, the 8-node displacement and temperature mesh element (C3D8T) and
converged (less than 0.99 % RS difference) mesh size of 80 x 80 x 80 um? were applied
on the solid part. The similar mesh scales were also adopted in other DED simulations
[27, 344]. Temperature and stress state evolutions at four different positions (P1, P2, P3
and P4, as shown in Figure 8.1b) during DED manufacturing process were monitored. The
first layer is deposited on the fixture along the negative x direction and then the scanning
direction reverses for the next deposition layer. There are totally 58 layers of material were
deposited for manufacturing the thin wall structure, each with one track wide. To compare
with the experimentally measured RS, the computational maximum time increment in

ABAQUS for each step was set as 0.2 s during the DED manufacturing process.
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b) | 353.2mm

Figure 8.1. a) Computational DED model consisting of part and fixture and b) Position illustration
for temperature and stress.

To simulate energy input in DED modelling, the initial (predefined) temperature of
material of each bead increment was calculated based on the actual process of energy input
during DED manufacturing (as shown in Section 8.2.2). After applying the predefined
temperature, each bead increment began to cool for a period of cooling step time, which
was calculated by the bead increment length divided by the moving speed of deposition
nozzle [345]. The layer cooling step time during computational process modelling was set
as a constant of 25 s. The height for the first layer, the second layer and the remaining
layers (3 - 58 is 2.6 mm, 1.7 mm, and 0.8 mm, respectively. The overall DED process
modelling parameters are summarised in Table 8.1, corresponding to the practical DED

manufacturing process of Da Guo and Wajira Mirihanage at the University of Manchester.

Table 8.1. Parameters applied for DED process modelling.

Layer Layer height Moving speed Power Layer cooling
(mm) (mm/s) (w) time (s)
First layer 2.6 6.67 3160 25
Second layer 1.7 16.67 3260 25
Other layers 0.8 16.67 3260 25

For the convenience of DED process modelling, the corresponding thermal transfer
mechanisms (shown in Figure 8.2) are as follows:
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1) Heat conduction (Eq.2.15) within the solid part;
i) Heat conduction from part to the fixture;
iii)  Free surface convection (Eq. 2.17) to environment at top surface of each active
layer and front surface of part (Figure 8.1);
iv)  Free surface radiation (Eg. 2.16) to environment at the top surface of each active
layer.

v)  Free surface convection from fixture to the surrounding atmosphere.

The convective heat transfer coefficient of aluminium to surrounding environment (heat
losses of Figure 8.2iii and Figure 8.2v) was set as 10 W/m?/K [142] and the emissivity

coefficient for radiation (Figure 8.2iv) was set as 0.4 [346].

i) 4] iv)

A

Figure 8.2. lllustration of thermal boundary conditions applied for the computational DED process
modelling: i) Solid conduction. ii) Part-fixture conduction. iii) Active layer and front surface
(Figure 8.1) convection. iv) Active layer radiation and v) Free surface convection between fixture
and the surrounding atmosphere.

In DED process modelling, energy is input to newly born bead increment using a
predefined temperature, which has been reviewed in Chapter 2. For all the bead
increments of the computational model, the temperature increase AT is calculated based
on the DED manufacturing process parameters shown in Table 8.1. After overall
calculation based on Eqg. 2.8 to Eq. 2.13, the predefined temperatures for bead increments
in the first layer, second layer and the rest layers of the computational DED model were
set as 3773.68 K, 2483.03 K and 4969.32 K, respectively.
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8.2.2 Material properties for DED modelling

The temperature dependent thermal and mechanical material properties (e.g. density,
specific heat, expansion coefficient, conductivity, elastic modulus and yield strength) of
aluminium alloy were applied for the coupled thermo-mechanical DED process
modelling, which are shown in Table 8.2. The Poisson’s ratio of aluminium was set as
0.33 and the latent heat (described in Eq. 2.4) coefficient was set as 387 kJ/kg [347, 348].

Table 8.2. Material properties of aluminium material applied for the DED process modelling [347, 348].

Temperature Density Specific heat Expansion coefficient Conductivity Elastic Modulus Yield strength

(K) (kg/m®)  (Ikg/K) =105 (1/K) (W/m/K) =104 (MPa) (MPa)
273 2703 917 2.24 162 6.97 277.7
371 2685 978 2.461 177 6.62 264.6
474 2657 1028 2.66 192 5.92 218.6
589 2630 1078 2.76 207 4778 66.2
701 2602 1133 2.96 223 3.172 17.9
844 2574 1230 3.42 253

8.3 Results

The influence of finite element bead increment length (Figure 8.1) on RS was analysed
and RS contours with different bead increment lengths (10 mm, 20 mm, and 40 mm) after
the part was cooled to room temperature are shown in Figure 8.3. For all the simulation
cases with different bead increment lengths, a larger RS was formed at the interface of the
part with the fixture (i.e. the bottom and side surfaces of part) than that at the central area
of part (Figure 8.3). This is assumed to be caused by the high cooling rate at the part-
fixture interface and the same phenomena was also found in other DED work [27]. The
maximum von Mises stress for the 10 mm, 20 mm, and 40 mm bead increment lengths
DED process modelling was 479.21 MPa, 498.80 MPa and 505.54 MPa, respectively,
which indicates the larger the bead increment length utilised for DED process modelling,
the larger the resulting RS. Based on the maximum RS and contour (Figure 8.3), the RS
of part converged at the 20 mm bead increment. Thus, temperature and RS results
produced by the 20 mm bead increment modelling were utilised thereafter. Symmetric

196



stress distribution along the scanning direction was obtained, which is caused by the ‘S’

scanning strategy (Figure 8.1) in DED manufacturing.

a)

S, Max, Principal
(Pa)

+5.055e+08
+3.800e+08
+3.617e+08
+3.442¢+08
+3.276e+08
+3.118¢+08
+2.968¢+08
+2.825¢+08
+2.689¢+08
+2.559¢+08
+2.436e+08
+2.318e+08
+2.206e+08
+2.100e+08

Figure 8.3. Computational modelling results of RS contours at the surface of part by using different
bead increment lengths: a) 10 mm. b) 20 mm and c) 40 mm.

The computational modelling results of temperature evolution during the entire DED
manufacturing process at four different positions of part (P1 - P4, Figure 8.1) with time is
shown in Figure 8.4. The average temperature and RS (i.e. average temperature of all the
6 nodes along the y direction, as shown in Figure 8.1) in the computational domain was
analysed in this work. Figure 8.4 indicates the temperature oscillated up and down
repeatedly with the deposition, heating, and cooling of newly added material. The
magnitude of temperature fluctuation decreased with subsequent layers of material
deposited. For both central area and around side surface of part (Figure 8.1), the overall
temperature at upper position of part (e.g. P2 and P3, Figure 8.4) was higher than at the
bottom area (i.e. close to the base plate) of part (e.g. P1 and P4, Figure 8.4). It indicates
that the temperature of part increases with the number of layers of material deposited,
which has been reported in [290]. In addition, at the same height of part during DED, the
temperature near the central line of part (e.g. P1) was slightly higher than that near side
surface (e.g. P4). This is caused by the strong heat conduction loss from side surface of
part to the fixture. Note that the peak temperature of material exceeded the evaporation
temperature of aluminium material, which also occurred during the practical DED

manufacturing [316].
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Figure 8.4. Computational modelling results of temperature evolution during the DED
manufacturing process at four different positions of part (P1 - P4, as shown in Figure 8.1) with
time.

Temperature gradient (TG) at different positions of part (P1 - P4, Figure 8.1) with time is
also examined, as shown in Figure 8.5. The TG is calculated based on the temperature
history in Figure 8.4 by using the following second-order central difference equation [50]:

||VT|| _ ||(T(X+AX,y,z)—T(X,y,Z) T(x,y+Ay,z)-T(x,y,z) T(X,y,Z+AZ)—T(X,y,Z))||
- 2Ax ! 2Ay ! 24z

(8.1)

Figure 8.5 reveals that TG is the largest at the time point when the newly born molten
material is firstly deposited. Then TG gradually decreased with time to a low level of
magnitude (e.g. 0.2 K/pm), during subsequent deposition, re-melting and solidification
processes of the material. The TG at the bottom of part (e.g. P1 and P4) is higher than that
at upper area of part (e.g. P2 and P3). This is because the base plate takes the role as a
powerful heat sink that very effectively extracts heat by conduction from the solid part to
cool the part during the DED process. The similar results were reported in study [27]. At

the same level of part, TG at the side surface (e.g. P4) is higher than at the central area of
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part (P1), which is caused by the conduction heat loss from part-fixture interface to the

fixture.
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Figure 8.5. Computational results of temperature gradient evolution at four different positions of
part (P1 - P4, Figure 8.1) during DED with time.

The von Mises stress state evolution at four positions of part (P1 - P4, Figure 8.1) during
the manufacturing and post-manufacturing processes with time is shown in Figure 8.6, by
using the average stress through the thickness of part. The stress state fluctuated up and
down with the deposition, melting and cooling of material, and the similar stress state
evolution with time was also observed in study elsewhere [349]. The decrease trend of
stress from P1 to P2 during the manufacturing process is caused by the decrease trend of
TG with subsequent layers deposited (Figure 8.5). Figure 8.6 reveals stress at around side
surface (e.g. P4) was higher than that around the central area of part (e.g. P1) at the same
height of part, which is caused by the higher TG at P4 than P1 (Figure 8.5). During the
post manufacturing natural cooling process, stress gradually increased to 274.80 MPa
before stabilisation, due to that the shrinkage of part was constrained by the base plate
during the cooling process to room temperature [349]. It is therefore recommended to
mitigate stress in DED by controlling the post manufacturing cooling process, by such as

reducing the cooling rate by controlling environmental temperatures.
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Figure 8.6. Computational modelling results of von Mises stress state evolution during DED
process at four positions (P1 - P4, as shown in Figure 8.1) with time.

Cooling rate at four different positions (P1 - P4) of part is shown in Table 8.3, which is
calculated based on the average temperature history through thickness of part. The CR is
calculated based on the time required for the temperature of P1 - P4 to cool from the
melting point to the B - transus temperature, by following the calculation method in study
[329]. Table 8.3 indicates CR varied from location to location in DED modelling and is
in the magnitude of 10° K/s. Generally, CR at the bottom (e.g. P1 and P4) of part was
higher than that at upper location (e.g. P2 and P3) of part, which is caused by the heat
conduction loss from the bottom surface of part to the fixture and thus the initial deposition
temperature at the bottom area is lower than that at the upper location of part (Figure 8.4).
CR at around the side surface (e.g. P4) was marginal 2.82 % higher than that at the central
area of part (e.g. P1) at the same height of part, which is caused by the heat conduction

from the side surface of part to the fixture.

Table 8.3. Computational modelling results of cooling rate at four different positions (P1 - P4) during DED.

Position P1 P2 P3 P4
Cooling rate (K/s) 17139.00 16725.20 16742.29 17622.32

Figure 8.7 shows the resulting stress at room temperature along the build direction of part

(Figure 8.3b): vertical path 1 along direction P1 to P2 and vertical path 2 along direction
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P4 to P3. For both vertical paths, the largest stress (~ 370 MPa) occurred at the bottom of
the part. With increasing the printing height of part, the stress became stable along the
build direction of part, which was around 100 MPa lower than the largest stress at the
bottom of part. Similar stress distribution along the vertical direction was observed in
other DED study [26]. Figure 8.8 indicates the resulting stress along the horizontal
direction of part (Figure 8.3b): horizontal path 1 along P2 to P3 and horizontal path 2
along P1 to P4 (Figure 8.3b), respectively. For both horizontal paths, stress along the side
surface of part was significantly higher than at the central area of part, which is caused by

the constraint of the fixture and heat dissipation from part to the fixture.
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Figure 8.7. Predicted residual stress along vertical paths (Figure 8.3b) of part.
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Figure 8.8. Computational modelling results of residual stress along horizontal paths (Figure 8.3b)
of part.
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Figure 8.9 shows the computational modelling results of oxx (along the x direction as
shown in Figure 8.1), oz stress (along the z direction as shown in Figure 8.1) and the
maximum principal state evolutions during the DED manufacturing process with time at
the P1 position of part (Figure 8.1). As can be seen in Figure 8.9, the compressive oxx
stress state is formed when the material is heated, due to thermal expansion, which has
been described in Chapter 2. During the cooling process of each layer, the tensile stress
state was generated due to thermal contraction of material [41]. During the entire DED
manufacturing, the maximum oy stress at P1 was always larger than the o stress, which
Is in good agreement with another DED study [349] for different numbers of layers. Figure
8.1 shows the magnitude of the maximum principal stress close to the oxx Stress, but with

a lower magnitude of fluctuation.
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Figure 8.9. Computational modelling results of oxx and oz, stress state evolution during DED with
time at the P1 position (Figure 8.1).

8.4 Discussions

In this chapter, the process modelling capability developed for PBF-LB in Chapter 3 —
Chapter 6 was extended to DED process modelling for a macroscopic aluminium thin
trapezoidal plate. Both the thermal and stress behaviours at different positions (P1 - P4,
Figure 8.1b) of part was investigated and analysed.
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The computational modelling results indicate that the maximum RS of DED manufactured
part was formed at the interface of part with the fixture (Figure 8.3). Guo et al. [290]
experimentally measured RS of DED manufactured 316L stainless steel thin plate (i.e.
200 x 2.4 <125 mm?) on a rectangular base plate by the high energy X-ray diffraction
experiment. The results indicated that the maximum tensile RS (i.e. ~ 250 MPa) occurred
at the bottom of the part, followed by the compressive stress that was slightly lower than
zero at the middle of the part, and finally tensile stress (i.e. ~ 100 MPa) formed at the top
area along the build direction of the part. The predicted maximum stress (~ 370 MPa,
Figure 8.7) at the interface of part with the fixture is larger than that was experimentally
measured in Guo’s study (~ 250 MPa). In addition, the predicted maximum x direction
stress in this chapter is ~ 290 MPa, which is also 80 MPa higher than that of DED
manufactured 100 mm length aluminium component [350]. The higher computational
results of RS than the experimental measurement is induced by the trapezoidal shape of
the fixture, which causes additional mechanical constraints of part from the interface of

part with the fixture.

Multiple factors can influence the computational modelling results of temperature and RS,
and further causing differences between simulation and experimental results. Firstly, the
heat input profile influences the computational thermal and mechanical results. For the
convenience of DED process modelling, a constant predefined temperature over the entire
bead increment (Figure 8.1) was employed, and the temperature gradient inside the single
bead increment was not specifically involved. To better simulate the heat input during
practical DED manufacturing, future work would consider the bead-by-bead modelling
method but with a non-uniformly distributed moving heat profile (e.g. Gaussian (Eg. 2.5)
or Goldak double ellipsoid [351]). The non-uniformly distributed heat profile is expected
to produce different temperatures along the thickness of the part (along the y direction in
Figure 8.1), i.e. a higher temperature at the central field while a lower temperature at the
front surface of part (Figure 8.1) [117]. The gradient temperature inside the bead
increment could possibly cause a larger difference in RS along the thickness direction of
part. Note that the Gaussian or double ellipsoid moving heat input has a potential to
provide accurate temperature history, however, this would significantly expand the

computational cost. One feasible solution is to perform DED modelling by using the AM
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Modeler plugin [131], as reviewed in Chapter 2. Secondly, the melt pool flow and arc
pressure were not involved in the DED process modelling in this chapter. In the practical
DED manufacturing, the high arc pressure induces a large depression in the central field
of the melt pool [23, 352]. To accurately simulate the melt pool shape and thus the
temperature profile of the melt pool, in the future, there is a need to consider the influences
of melt pool flow and arc pressure in DED process modelling. Thirdly, in this study,
different bead increment lengths (10 mm, 20 mm, and 40 mm) were employed for DED
modelling and the results indicated temperature and stress results converged at the 20 mm
bead increment length. However, the converged bead increment size is still larger than the
diameter of wire that was used in the practical DED manufacturing (i.e. 1.2 mm). The
variation of bead increment size that was employed in DED modelling would further
influence the temperature gradient and cooling rate. A Python code has been developed
for slicing the thin wall part (Figure 8.1) into a smaller bead increment length of 1.2 mm
for DED manufacturing. But the computational thermo-mechanical DED modelling
exacerbates the computational time, if using smaller bead increment length (i.e. 1.2 mm).
As the computational time is largely depending on the number of the total finite elements
involved in computational modelling, adaptive mesh technique [207] is an alternative
solution to be developed and employed, to reduce the number of finite elements and
shorten the computational modelling time. More details in terms of DED process
modelling can be found in [23, 117].

8.5 Summary

In this study, computational thermo-mechanical modelling of DED process for aluminium
alloy was developed by using the bead-by-bead modelling approach. The influence of
bead increment length on RS was computationally predicted. The thermal and mechanical
behaviours at different positions of part were computationally investigated. The key

summaries for DED work are as follows:

a) The DED process modelling capability for Al-4(wt %)Si alloy is developed for
temperature and stress by using the computational bead-by-bead modelling
method.
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b)

d)

The temperature increases along the build direction, while temperature gradient
and cooling rate decrease with the deposition height.

Residual stress of part decreases with more layers of material deposited during the
DED manufacturing process and gradually increases at the post - printing process
before stabilisation.

At the same height of part, the temperature at around the side surface of part is
lower than at the central area of part, while temperature gradient, cooling rate and
RS are higher.

RS along the scanning direction (ox) is similar with the maximum principal stress,
and is always larger than RS in the build direction (o) during the DED

manufacturing process.
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9 Conclusions and future work

9.1 Summary

This thesis aimed to improve the ability and efficiency of computationally predictions of
RS in additively manufactured macroscale components, in order to help mitigate RS
formation and provide insights into optimum process configuration in metal AM. The
overall thermo-mechanical AM process modelling fundamental features and capabilities
for macroscale metal component were developed by using the concept of ‘layer scaling’
technique. The indirect quantitative comparison indicated consistent trend between
predicted temperature in FE model and experimental microstructure characterisation of a
cylinder specimen in PBF-EB, based on assumptions. RS of parts with varying scanning
strategies and part heights in PBF-LB was compared to non-destructive high energy X-
ray diffraction measurements of RS . The computational finite element model for
temperature and RS was further extended to PBF-MLB, multi-part PBF-LB and DED
printing processes. The majority of the objectives described in Chapter 1 were

accomplished. The summaries of the main content of this thesis are as following:

In Chapter 3, a thermo-mechanical process finite element modelling tool was presented
and applied to predict temperature and RS of PBF-LB manufactured Ti-6Al-4V
macroscale component. The objective of creating a rapid automated FEM capability was
achieved by developing a Python script and ‘layer scaling’ approach. A computationally
efficient concept and model which approximates part-powder conduction as part-interface
convection was presented. Process parameters such as heating step time and cooling step
time effects on the final temperature and RS were characterised by using the ‘layer scaling’
technique. The feasible solution to simulate temperature and RS of a higher resolution (i.e.
thinner layer height) by using a lower resolution (i.e. thicker layer height) was presented

and the corresponding process parameters needed to be adjusted were recommended.

To expand application of PBF-LB to other AM processes, PBF-EB process thermo-
mechanical modelling was performed in Chapter 7 for a novel biomedical Ti2448
material. The predicted temperature history of sampling points along both the radial and
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build directions of a Ti2448 cylinder was indirectly compared to microstructure (e.g. grain
size) characterisation of material, which was performed by collaborators at IMR-China.
Residual stress of PBF-EB manufactured Ti2448 material was computationally
investigated. In addition, RS of part manufactured by PBF-LB and PBF-EB was
computationally compared and RS mitigation approaches in PBF were recommended.

In order to validate the predicted RS and finite element prediction model, non-destructive
high energy X-ray diffraction experiments were performed at Diamond Light Source on
PBF-LB manufactured Ti-6Al-4V components in Chapter 4. Effects of scanning strategy
and sample height on RS were experimentally assessed in the single laser beam PBF-LB
manufacturing. The coupled thermo-mechanical hatch-by-hatch modelling method was
employed for predicting influences of scanning strategies on stress for macroscale
component. The results indicate a fit between the computational modelling RS results and
experimental measurements (e.g. predicted o,y RS was 35.05 % lower than the
experimentally measured for the 0° no rotation scanning strategy), but highlighted
difficulties with non-destructive stress measurement techniques and the concept of
through-thickness averaged directional stresses. This work completed the objective of

experimental comparison of the computational finite element prediction model.

To improve the production rate of AM, coupled thermo-mechanical PBF-MLB process
modelling capability was developed in Chapter 5 by programming a FORTRAN
subroutine for simulating simultaneous movement of multiple laser beams. Twelve
different scanning strategies effect on RS and z direction deflection was quantified
assessed in dual laser beams PBF-MLB. The guideline for optimizing the scanning
strategies on dual laser beams PBF-MLB was presented. Different numbers of laser beams
PBF-MLB effects on temperature, RS and deformation were overall compared. This work
completed the objective of exploring approaches to improve the build rate and optimize

fabrication quality of PBF-MLB manufactured parts.

In Chapter 6, multi-part process modelling was performed by adapting the finite element
model and Python script developed in Chapter 3 for 2D single part to multiple 3D parts
build in PBF-LB. The converged solution of ‘layer scaling’ technique described in

Chapter 3 was applied for the multi-part thermo-mechanical process modelling in
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Chapter 6. The number of parts per build and arrangement of parts in multi-part build
(e.g. part spacing) effect on RS were investigated. The optimum setting up for multi-part
PBF-LB build was recommended. For another application, process DED thermo-
mechanical modelling for a thin wall structure of Al-4(wt %)Si aluminium alloy was
developed and performed in Chapter 8. Temperature, temperature gradient, cooling rate
and RS state evolutions at different positions of the part were computationally investigated.

The computational finite element model, experimental RS measurements and findings in
this work could provide insights into the optimum printing setup for mitigating RS in
metal AM.

9.2 Conclusions

The main findings for each chapter of the main content of this work (Chapter 3 to

Chapter 8) are summarised as following:

9.2.1 Macroscale PBF modelling framework

1) The part-scale component process PBF-LB finite element modelling capability
was built in a layer-by-layer manner by developing a custom written Python script
for use with the general-purpose finite element software ABAQUS.

2) A novel efficient method for simulating solid-powder heat conduction by powder-
interface convection from the solid part to surrounding atmosphere was presented
and applied in PBF-LB for Ti-6Al-4V.

3) Key parameter interdependencies of resolution, energy and time were investigated
in a series of ‘layer scaling’ thermo-mechanical process models.

4) The final temperature and RS were found to be strongly dependent on ‘layer
scaling’ (i.e. layer height in the simulation domain) and ‘time scaling’ (i.e. cooling
step time after each layer).

5) Temperature and RS of PBF-LB manufactured part-scale component could be
predicted with reasonable balance of accuracy and computational efficiency by
using ‘layer scaling’ technique, but up to a limit of 4 times layer scaling. To

computationally simulate the temperature and RS results of a thinner layer height
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9.2.2

1)

2)

3)

4)

5)

6)

9.23

1)

2)

by using a thicker layer height, the cooling step time after each layer should be
scaled up based on the ratio of the computational layer height to the practical layer

thickness.

Computational residual stress and experimental validation

The influences of scanning strategy and sample height on stress were measured by
the non-destructive high energy X-ray diffraction experiments on a series of Ti-
6Al-4V square plates that were manufactured by the single laser beam PBF-LB.
The computational results of the directional stresses (oxx and oyy) were compared
to the experimental RS measurements for PBF-LB manufactured Ti-6Al-4V part.
Experimental RS measurements show the 90 layer rotation is beneficial for
mitigating RS in PBF-LB that 90 “rotation scanning strategy produced a marginal
46.36 % lower ayy stress than the no rotation scanning strategy.

Both the computational modelling and experimental measurement reveal the
inclined scanning strategy could balance and thus reduce the directional stresses
than the no inclined scanning strategy.

The 45 “rotation scanning strategy obtained the least directional stress in PBF-LB
manufactured part, while the island scanning and 0<rotation scanning strategy
produced higher residual stress than other scanning strategies.

The computational model indicates RS of part reduced significantly after releasing
constraints of the base plate in PBF-LB manufacturing.

Multi-laser beam PBF build process modelling

The influence of the number of laser beams (1, 2, 4 and 30) on temperature, RS,
and deflection of Ti-6Al-4V PBF-MLB was characterised. Higher numbers of
laser beams lead to a higher peak temperature while a lower RS and deflection of
part. The laser exposure time for the four-laser beam PBF-MLB manufacturing
was 25 % of the single beam PBF-LB while RS in PBF-MLB can be mitigated by
9.39 % comparing with that of the single laser beam PBF-LB.

The overall influence of scanning strategy on temperature, RS, and deflection for
dual laser beams PBF-MLB was computationally investigated for the first time.
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3)

4)

5)

9.24

1)

2)

3)

9.25

1)

Varying the scanning strategies was predicted to lead to a up to 4.21 % and 26.98
% variation in peak temperature and RS in dual laser beams PBF-MLB,
respectively.

The 90 “layer rotation is predicted to be beneficial for mitigating RS in dual laser
beams PBF-MLB manufacturing. The ‘following but time delayed’ laser scanning
strategy is predicted to lead to the lowest RS of the final geometry simulated.
The maximum RS occurred at the interface of the part with the build plate in PBF-
MLB manufacturing. This computational finding confirms the similar trend found
in single laser beam PBF-LB.

The model developed in this thesis could be used as a guideline for both PBF-

MLB modelling designers and machine operators.

Multi-part build process modelling

Printing batch size effect on temperature and RS was computationally investigated
by the developed multi-part build PBF-LB model. The more parts printing in a
single build, the higher temperatures of both the build plate and the part, while the
lower of RS resulted. Part manufactured by four-part PBF-LB manufacturing had
a 6.01 % reduction in maximum RS comparing with that of the single part PBF-
LB manufacturing.

Part printing order in the same build plate had a minimum effect on temperature
and RS. Parts located at the central areas of the build plate had lower residual
stresses than parts that located at the edges of the build plate.

Part spacing effects on RS was computationally investigated on the two-part PBF-
LB manufacturing. The larger of part spacing employed, the lower of RS resulted
before stabilisation.

PBF-EB modelling and microstructure validation

The predicted temperature histories along both the vertical and radial directions of
Ti2448 cylinder were indirectly compared to the microstructure experiments in
PBF-EB. The peak temperature increased along the building direction while
decreased from the centre line to the side surface of sample.
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2) The computational PBF-EB process model was used to infer same trends that were
compared to microscopy characterisations of grain sizes. These findings provide a
theoretical guidance for the control of microstructure and properties of the solid
Ti2448 parts produced by PBF-EB.

3) Modelling results, based on common PBF-EB and PBF-LB process parameters,
predicted a 42.85 % lower RS in PBF-EB compared to PBF-LB, highly influenced
by the preheating temperature of the powder bed [333]. Strategies to mitigate RS
in PBF-LB were presented and preheating base plate is the most effective way to
reduce RS.

9.2.6 DED modelling

1) The higher the number of layers of material deposited in DED, the higher the
temperature of the thin trapezoidal plate part, while resulting in a lower
temperature gradient, cooling rate and RS.

2) The temperature on the side surface of the part was lower than that at the central
area, but the temperature gradient, cooling rate and RS on the side surface was
higher than that at the central area.

3) During the DED manufacturing process, the RS along travelling direction (ox) is
close to the maximum principal stress and is always higher than RS along building
direction (ozz). RS gradually decreased during manufacturing process and then
increased during post manufacturing process before stabilisation.

9.3 Recommendations for future work

Further work will be focused on developing further computational tools and capabilities
for AM process modelling and experimental RS validation on parts manufactured by
multi-laser beam and multi-part AM. Computational model such as microstructure
evolution prediction model and microstructure observation in multi-part PBF-LB should
also be investigated and examined [5, 246, 353, 354]. The main recommendations for

future work are summarised as following:
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9.3.1

1)

2)

9.3.2

1)

2)

3)

Computational tools for process AM modelling

This thesis applied a static mesh for AM process modelling and developed a
Python script for ‘layer scaling’ method to computational efficiency model the
macroscale part. However, to further save the computational modelling costs, the
dynamic remesh strategy and corresponding algorithm and code to simulate the
physical PBF manufacturing process are recommended to be developed in future.
In addition, future investigations might be focused on exploring approaches to
speed up AM modelling by ways such as machine learning [355].

Finite element software companies released their own modules such as AM
Modeler in ABAQUS [131], after the start of this PhD project, which provides an
opportunity to combine the process modelling tool developed in this thesis with
the released modelling plugin AM Modeler or program on the basis of AM
Modeler plugin. By combing the computational tool developed in this work with
AM Modeler, the process AM modelling has a potential to be further accelerated

for macroscale model in PBF-MLB.

AM process modelling

In this work, the temperature history was indirectly compared with the
microstructure characterisation of Ti2448 material in PBF-EB. However, future
work needs to predict microstructure evolution (e.g. grain growth and phase), such
as developing an integrated through-process thermal history based microstructural
evolution model, similar to recent computational PBF-LB [5, 246] and weld [353,
354] manufacturing.

This work investigated scanning strategies effect on RS by the dual laser beams
PBF-MLB. Multiple laser beams PBF-MLB system has been developed and
released recently, including such as four-laser beams and twelve-laser beams [217,
219]. Scanning strategies effects on RS and deflection by multiple (four and
twelve) laser beams PBF-MLB manufacturing need to be investigated by
computational modelling approach.

This work investigated multi-part build by using the single laser beam PBF-LB

and a single part print by PBF-MLB. Future work would consider investigating
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4)

9.3.3

1)

2)

multi-part build by multi-laser beam in metal AM. For instance, it is recommended
to investigate whether multiple laser beams should work on a macroscale
component together or independently on separate component in multi-part and
PBF-MLB manufacturing.

Development of PBF process modelling capability includes support structure and
optimisation of build support structure to mitigate stress of part. During the
practical AM, part (especially lattice or porous structure) is supported to prevent
warping and distortion of parts and aid dissipation heat from parts. This work aims
to contribute to better build configuration and process parameters and fewer
support is needed; thus, support is not considered. By following the results of this
work, the support structure and specific finite element for support can now be
examined, i.e. better design of build support for heat transfer for RS mitigation in
PBF-LB process modelling. The support structure should be optimised to mitigate
RS and one of the feasible solution is to design graded lattice structures for support
[356].

Experimental measurements

To complete the RS experimental measurements, which were initiated prior to the
Covid-19 lockdown in 2020 but were halted due to travel and facility access
limitations. These RS measurements include stress-free lattice spacing
measurement on small Ti-6Al-4V cubes (e.g. 3 <3 %3 mm?®) for RS calculation in
Chapter 4 and experimental RS measurement on PBF-LB manufactured Ti-6Al-
4V components with different batch sizes of samples for Chapter 6. In addition,
future work would consider experimentally measure RS contours at macroscale
component by non-destructive technique such as neutron diffraction at world class
facilities such as Diamond and ISIS.

This work computationally investigated RS in PBF-MLB. Experimental
measurements of RS and deflection in PBF-MLB might be considered in future
work to validate the predicted RS and deflection of part. The experimentally
measured RS and deformation of PBF-MLB manufactured parts could also be

compared with that of the single laser beam PBF-LB manufacturing.
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3) Investigation of post build treatment effects on Ti6Al4V RS in PBF-LB. In order
to reduce RS and internal defects of PBF manufactured parts, parts are normally
post treated after completing the printing process. Thus, future work might
computationally investigate post treatment effects on RS mitigation of PBF-LB

manufactured part.

The current metal AM in industry is towards faster production rates and better
mechanical properties of the manufactured component. There is a great demand on the
next generation of the AM modelling capability to simulate components on an overall
industrial scale and to fit with the latest developed commercial AM system, such as
twelve-laser beams PBF-MLB. Through exploring computational efficiency tools and
capabilities for macroscale component, the knowledge obtained could provide insights
into better setting up for AM and manufacturing metal components with desirable

performances.
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