Abstract

Metal AM processes produce significantly rough surfaces as compared to
wrought or machined components. Currently, the as-EBM surfaces are
extremely rough and consequently, the as-built components could not be
directly used as commercial products. The state-of-the-art research has
focused primarily on deeply machined (DM) samples. The mechanical
properties of the EBM components as reported thus are not real
representative of the process. This can largely dispute the main merits of
the EBM process: print on-demand and low buy-to-fly ratio. Hence, the
research here is designed to bridge this research gap and systematically
analyze the properties of net-shaped (NS) and near-net-shaped (NNS)
components.

This thesis is divided into three levels, including the fundamental,
validation and optimization level. The fundamental research work is
performed on the commercialized processing parameters from Arcam, for
Inconel 718 (IN718). The NS samples made with and without the
commercial multi-spot contour are tested for their mechanical properties.
These samples with contour can achieve smoother surfaces and better
tensile behavior. Thus, they are later compared with the NNS and DM
samples which are made with the same parameter settings but varied
machining depth. The purpose of this work is to test the NS and NNS
samples and analyze the cause of the failure. It is found that the premature
failure of these samples is linked to the porous surface and subsurface
region. Therefore, a machining protocol is set up according to the depth of
the porous region which can theoretically improve the tensile strength of
the machined samples to a level comparable to wrought material. The
findings in case of IN718 are also validated for another superalloy, Inconel
625(IN625). The results again show that the machining requirement of the



as-EBM samples with contour is more than 2 mm. Therefore, a novel
contouring strategy is later developed, optimized and tested in order to
eliminate the machining requirement. To do so, the continuous contour
with different energy, overlapping ratio and sequence to the hatching
region is tested. The high-energy continuous contour applied after hatching
is found to be the optimal strategy, which is able to maintain a comparable
surface condition as the multi-spot contour whilst it could generate a denser
subsurface region. Accordingly, the NS samples with such contour can
achieve comparable tensile properties as DM samples.

It should be noted that all these research works focuse on the vertical
samples (along the building direction) to avoid high thermal stresses in
horizontal direction that seriously limit deformation free manufacturing of
the samples. To deal with the challenge of thermal stresses and
deformation, the last part of this research is designed to assess the thermal
stresses and strains of EBM manufactured IN625 samples. The effects of
different processing parameters and scanning strategies are tested to
provide a set of guidelines about how to produce the horizontal and longer
components. The results show that one could effectively minimize the
thermal stress/strain and deformation of the parts using a bidirectional
scanning pattern with proper layer rotations angles to deliver shorter scans
in each layer.

Keywords: Additive manufacturing, Electron beam melting, Super-
alloys, process optimization, surface defects, subsurface defects,
mechanical properties, thermal stresses, thermal deformation



Sammanfattning

Additiva tillverkningsprocesser i metall ger avsevért grévre ytor jamfort
med smidda eller maskinbearbetade komponenter. Ytor tillverkade med as-
EBM blir, med dagens teknik, extremt grova och féljaktligen kan dessa
komponenter inte anvédndas direkt som kommersiella produkter. Den
senaste forskningen har priméart fokuserat pa djupt bearbetade (DM)
prover. De mekaniska egenskaperna som rapporterats for dessa EBM-
komponenter &r saledes inte representativa for processen. Detta kan till stor
del ifragasatta de viktigaste fordelarna med EBM-processen: bestalltryck
och lag volymkvot mellan materialbit och komponent. Saledes var denna
forskning utformad for att Overbrygga detta forskningsgap samt
systematiskt analysera egenskaperna hos slutformade (NS) och néra
slutformade (NNS) komponenter.

Denna avhandling &r indelad i tre nivaer bestdende av grundldggande,
validering och optimering. Det grundldggande forskningsarbetet har
utforts pa kommersialiserade processparametrar fran Arcam och materialet
Inconel 718 (IN718). NNS-proverna gjorda med och utan den
kommersiella smaltningsstrategin med flerpunktskontur har testats for
utvéardering av mekaniska egenskaper. Dessa prover uppnadde jamnare
ytor och battre dragegenskaper. Saledes jamfordes de senare med NS- och
DM-proverna vilka gjordes med samma parameterinstéliningar men olika
bearbetningsdjup. Syftet med detta arbete var att testa NS- och NNS-
proverna och analysera orsaken till brott. Det konstaterades for dessa
provbitar att tidiga brott var kopplat till den pordsa ytan och regionen néra
ytan. Darfor implementerades en bearbetningsprocedur upp i enlighet med
djupet av den porgsa regionen vilket teoretiskt kan forbéattra
draghéllfastheten for de bearbetade proverna. Detta till en niva som &r
jamforbar med smidda material. Utfallet med IN718 kunde &ven valideras



for en annan superlegering, Inconel 625 (IN625). Resultaten visade
aterigen att bearbetningskravet for as-EBM-proverna med strategin for
flerpunktskontur ar mer &n 2 mm. Darfor utvecklades, optimerades och
testades en ny Kontureringsstrategi med syfte att eliminera
bearbetningskravet. For att gora detta testades strategier med kontinuerlig
kontur och olika energi, Overlappningsforhallande och sekvens till
regionen med fyllnadslaggning. Den kontinuerliga hogenergi-konturen
som applicerades efter fyllnadsldaggning visade sig vara den optimala
strategin som kunde bibehalla jamforbar kondition pa ytan som strategin
med multipunktskonturen, samtidigt som den generera en tatare struktur i
regionen under ytan. Foljaktligen uppnadde NNS-proverna med sadan
kontur jamfoérbara dragegenskaper som DM-prover.

Det bor noteras att forskningen var fokuserad pa vertikala prover (langs
byggriktning) for att undvika hoga termiska spanningar i horisontell
riktning som kraftigt begrénsar deformationsfri tillverkning av provbitar.
For att hantera utmaningen med termiska spanningar och deformation
utformades den sista delen, inom denna avhandling, for att bedéma
termiska spanningar och téjningar av EBM-tillverkade provbitar i IN625.
Effekten av olika processparametrar och skanningsstrategier utvarderades
for att ta fram en uppséttning riktlinjer gallande tillverkning av horisontella
och langre komponenter. Resultaten visade att termisk spanning, téjning
och deformation kund minimeras genom att anvédnda ett dubbelriktat
skanningsmonster med rétt lagerrotationsvinklar for att ge Kkortare
skanningar i varje lager.

Nyckelord: Additiv tillverkning, Elektronstralesmaltning,
Superlegeringar, processoptimering, ytdefekter, defekter under ytan,
mekaniska egenskaper, termiska spanningar, termisk deformation
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AM Additive manufacturing

BPF Border pore fraction
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Chapter 1.

Introduction

This chapter introduces the research background and the motivation of this
thesis work. Afterward, the objectives and the research questions will be
explained. Moreover, the outline of this thesis will be introduced at the end
of this chapter.

1.1 Background and motivation

Additive manufacturing (AM) is a method that builds up the components
layer by layer based on the sliced model [1]. Currently, based on the
material, the AM parts have a wide application in various industries such
as aerospace, automotive, machine tool production, healthcare and
medical, dental technology, architectural, apparel and food [2]. It is
becoming increasingly prevalent in the industry due to its unique
capabilities and advantages. These include:

* It enables remanufacturing, refurbishment, repair, and direct reuse of
the components to achieve the highest value. The processes that can
deliver this purpose are welding, cladding, and thermal spray [3].

e The selective sintering/melting driven manufacturing method enables
design flexibility. Accordingly, the complex geometries as
lightweight and customized components can be made with the advent
of AM processes. The use of such components can also minimize the
consumption of materials.

* In addition, the assembly requirement of the components can also be
eliminated due to the design flexibility. Accordingly, the labor
requirement is also minimized.
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* AM processes can also minimize the machining requirement.
Therefore, the time and cost for production, tooling and machining
can be significantly lowered. On the other hand, combined with the
possibility of on-demand manufacturing, this can reduce the inventory
and shorten the lead time [4].

*  Furthermore, AM processes can work as effective means to achieve
the goal of sustainable production. The CO2 emission of the AM
processes can be greatly decreased due to lightweight design and the
recycling and reusing of the material in comparison with the
conventional processes [5]. And this environmental impact for the
AM process is better with the larger batch size (total number of
components manufactured in one job) [6].

As one of the AM processes, the electron beam melting (EBM) process
shares most of the advantages of the other AM processes. According to the
ASTM standard F2792 [1], EBM falls into the category of PBF processes.

Generally, all the PBF processes share a similar working process. The
high energy source (either laser or electron beam) is used to melt the
powder, layer by layer. However, there are some significant differences
between the laser powder bed fusion (L-PBF) and the EBM process. These
are the energy source, vacuum working environment, and high processing
temperature in the EBM process. This unique working environment makes
EBM an attractive process for the aerospace industry. The high-energy
electron beam (EB) provides high melting and heating capacity. Thus, it is
becoming an excellent process to produce refractory and heat-resistant
materials. These include tantalum, niobium, molybdenum, tungsten,
vanadium, hafnium, zirconium, titanium, and their alloys [7]. While the
vacuum working environment ensures a better quality and cleaner product
in comparison with the other metal AM processes [8, 9]. In addition, the
vacuum together with the unique EBM preheating leads to a much slower
cooling, which can deliver the residual stress-free products in most cases,
subsequently eliminating the need for stress relieving post heat-treatment
[9-11]. Moreover, this lower cooling rate makes the EBM process more
suitable for processing brittle materials than the L-PBF processes [12].
Furthermore, the EB is controlled by electromagnetic lens. Thus, the beam
can move at a high speed (up to 105 mm/s), enabling a higher production
rate [13].

Therefore, EBM becomes a feasible process for manufacturing the
superalloys. It can solve the machining challenges of such materials [14].
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However, previous studies of EBM made superalloys have not dealt with
the non-machined/net-shaped components, which can dispute the merits of
the EBM process, i.e., high quality parts from print on-demand, the desire
to minimal post machining and lead-time. Thus, the reported capability of
the EBM process cannot be validated based on the available state-of-the-
art research. Accordingly, to explore the possibility and set up the correct
gualification of the EBM process, the net-shaped (NS) and near-net shaped
(NNS) samples should be used for testing instead of deeply machined
(DM) samples. In addition, a machining protocol should be developed for
the EBM manufactured components, which should be able to guide the
industry in setting up the machining requirements. Furthermore, the
optimization work should also be performed to further improve the
performance of the net-shaped components to a level comparable to the
deeply machined ones. In addition, it is also important to investigate the
thermal stresses and strains in correspondence to the different scanning
strategies during EBM. This is necessary since longer components in
horizontal layouts cannot yet be produced due to likely part distortion. In
fact, all the mechanical behavior of horizontal samples reported in state-
of-the-art research has been after substantial machining from the bulk
manufactured samples. These samples have been built directly as a block
or cylinder from the start-plate to prevent thermal deformation. Therefore,
analysis of the thermal stress/strain and creating printing guidance for
lengthy components in horizontal directions are of high value.

1.2 Objectives and research questions

As mentioned above, the EBM process shows great potential for
applications in aerospace components. However, all the research work
using the superalloys has mainly focused on the DM components (at least
3 mm of material has been removed from the outer surface). There is a
crucial need for knowledge of the properties and behavior of NS and NNS
components.

Accordingly, this research focused on this aspect and filled this critical
research and knowledge gap. Figure 1 shows a sequential Summary of the
research work included in this thesis. To start with, the tensile properties
(as the first milestone of the mechanical properties) of the NS and NNS
samples manufactured from IN718 were tested and compared with the DM
samples. Failure for the NS and NNS samples in tensile testing was
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analyzed. Based on the research findings in this phase, a machining
protocol to obtain sound mechanical properties was established.
Afterward, to further validate the findings, a repetitive analysis was
performed using another material, which is IN625. Also, in order to
eliminate the premature failure and improve the quality of the as-built
samples, the optimization work was performed. This included developing
a novel contouring strategy to avoid superficial defects and minimize the
machining requirement. However, it is important to note that all the
research work carried out here was on the vertically built samples. The
horizontal samples could not be analyzed due to large thermal stresses
restricting the manufacturing possibility. This restriction highlighted
another challenge and accordingly, the analysis of the thermal stresses was
also carried out using a combination of experimental and simulation
methods.
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Figure 1 A sequential Summary of the research work included in this

thesis.

Fundamental Level (in the context of as-built near-net and net shaped

manufacturing)

o Research question (RQ) 1. What would be the mechanical
performance of the as-fabricated net-shaped samples?
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e RQ 2: Could we get comparable mechanical performance from these
samples as the deep-machined parts? If not, what would be the reasons
of the failure of the near-net shaped samples?

Validation Level

o RQ3: Keeping the failure of the as-EBM samples in the case of IN718,
is it a common problem for other superalloys? Can we also use the
same machining protocol from one alloy to another?

Optimization Level

e RQ4: Contouring Strategy: could we develop an optimal contouring
strategy to solve the problems identified in our earlier research?

* RQ5: Thermal Stresses: could we develop a protocol to enable the
manufacturing of long horizontal samples, which are restricted due to
the high thermal stresses during EBM?

1.3 Outline of the thesis

The outline of this thesis can be divided into two parts: 1) the introduction,
summary of the research methods and the research conducted for this thesis,
and 2) the appendixes including the publications that are relevant to this
thesis.

The first part of this thesis consists of eight chapters:

1. Introduction includes the research background and motivation of
the research in this thesis.

2. A general introduction of the working principle for EB based
processes. The machine and process description of a GE Additive
EBM process. Also, a summary of the existing EBM systems.

3. The challenges of the EBM process that are identified during this
research work.

4. Review of the existing and the missing research works for the
materials used in this Ph.D. study: superalloys including Inconel
718 (IN718) and Inconel 625 (IN625).

5. Introduction of the methods and design of experiments that have
been conducted in this work

6. A summary of each appended paper.

7. A summary of the whole research work and the possible future
work.
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8. Bibliography






Chapter 2.

Electron Beam Melting

This chapter introduces the definition and the working principle of the EB
process, an example of the EBM process, and a summary of the existing
EBM systems.

2.1 Electron beam process description

The thermal EB technologies are attractive to different industries. This is
since they have the merits of being ecologically friendly, energy saving,
high precision, highly controllable, and highly productive. Accordingly,
the EB is used for many applications. For example, it is used to produce
X-rays and images on television screens, electron microscopes, and the
different EB manufacturing technologies (such as EB machining, EB
welding, and EB melting) [15].

All these processes/systems share the same working principle. In general,
two parts are included in these processes/systems: the EB gun to generate
a high-energy source and the workpiece. Figure 2 shows the working
principle of such EB based processes. A high power supply is used to heat
up the cathode. The heated cathode (having a negative charge) is used to
release/emit free electrons. Then the electrons pass the grid cup that is used
to converge and control the electrons. Afterward, the positively charged
anode is placed under the grid to attract and accelerate the electrons,
forming an EB source. This beam is then guided, focused, deflected, and
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positioned by the electromagnetic lens [16, 17]. The movement of the
electrons creates high kinetic energy, which is converted into thermal
energy. Thus, once the EB is projected to the surface of the workpiece
(which are usually metal materials), it can either remove or join the
material by vaporization or melting.

High voltage power supply

Cathode/Filament
to emit the electron

Grid cup to
<€ convergence and
control the electrons

€ Free electrons (e-)

Anode to attract and
accelerate the electrons

& Electromagnetic lens to:
= ¢ Centering beam

—
1 [ * Focusing beam

* Deflecting beam
1 = * Positioning beam

<€ Work-piece

Figure 2 The working principle of the electron beam gun.
2.2 Electron beam melting

2.2.1 Machine Description

Figure 3 is a schematic of the Arcam A2X machine (GE additive), which
has been used for this research. As shown, the EB column is located at the
top of the chamber, which generates a beam with maximum power of 3
KW. The electromagnetic coils are used for guiding the beam, ensuring a
high beam moving speed of a maximum 8000 m/s [18]. An optical camera
is set in front of the top column that is used to view the manufacturing
process for a maximum working temperature of ~800°C. The
manufacturing process is conducted in a vacuum chamber with a pressure
of 1x10* mBar, to avoid oxidation and collision of the EB with gas
particles [19]. The mechanical parts are placed inside the vacuum chamber
containing three constructions: working platform, building unit, and

10
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powder distribution system. The working platform is where the printing
happens, a heat shield is always hanging on top of the working region to
prevent heat loss and capture the vaporized material [19, 20]. The building
unit contains a building tank with a size of 250x250%380 mm and a moving
table that continuously moves downwards during the process. However,
the maximum working volume is 170x170x380 mm for high-temperature
alloys (e.g. IN718) which are produced under ~1000 °C, and 210x210x380
mm [18] for other alloys that can be processed at a lower temperature, such
as 650-800 °C. While the powder distribution system contains hoppers to
apply the powder and the throttle plate to control the powder flow. As
shown, there are two hoppers storing the powder at the sides of the working
platform, which can carry ~150kg of powder in total. The powder flows
from the bottom of the hoppers and forms a powder slope. The throttle
plates have an opening of different sizes that are used to control this slope.
A proper slop is important for the rake to grab enough power without
hitting the outmost stoppers on the platform.

Camera
Throttle l
=X | A 4
==

Beam generation :

Grid cup

Filament

Anode, ion trap, drift tube

-Astigmatism lens

- I-h.)ppers: —]
Carrying powder

Working Platform | Raking System

Powder Sensing~] Start-plate
System
Build Tank Powder bed

Vacuum chamber - Moyingtable

Figure 3 Schematic of the EBM process, based on Arcam A2X (GE, an
Additive Manufacturing)
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2.2.2

ron beam melting

Process Description

A typical working loop of the Arcam EBM process contains five steps, as

shown i
follows:

n Figure 4. The detailed tasks included in each step are listed as

File Machine T :
[ CAD Model Preparation ]-—)[ Prcparatioﬁ_')[ Printing H Cleaning ]
3 N A

Modify the Modify the Reuse the
design printing plan material

v
Post Process

Figure 4 Working loop of the EBM process

e CAD File: a 3D computer-aided design (CAD) can be prepared with any
software.
o File Preparation:

The 3D model should be exported as the stereolithography (STL)
file.

The software Materialize Magics (Materialise NV, Belgium) is
recommended to design the layout of the printing job and generate
the supporting structure for the parts. The alternative software can
also be used for the same purpose, however, the files should be
exported in the STL format.

Afterward, the Arcam software BuildAssembler (Arcam, GE
Additive) is used to define the layer thickness, and slice the STL
file into a 2D compressed layer file, which is exported as an
Arcam ABF file [21].

The ABF file is then imported to the Arcam EBM process control
software to guide the printing job. Usually, the EBM control
software V3 is used for Ti- and Co-Cr alloys, V4 is used for
Inconel materials, and V5 for all the materials but with limited
access to the processing parameters.

e Machine Preparation:

12

For the Arcam EBM process, a powder cake with a thickness of
40-50 mm, depending on the processing temperature and working
area, is deposited on top of the moving table.
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A stainless-steel plate is then inserted and levelled on top of the
powder cake with an attached thermal couple at the bottom of the
plate. The thermal couple measures the bottom temperature and
applies the signal to start the process.

e Printing: The printing process can also be further divided into three steps.
The first step is pre-printing, which includes vacuum pumping and
preheating the start plate (I to Il in the following list). The second step
is layer-wise printing, including steps IV to IX. An example of the
melting process is shown in Figure 5. While the last step is the cooling
process as the post-printing (step X).

Pre-printing:

Vacuum: The vacuum pressure of the chamber is about 1.4x10*
mbar. As mentioned in Chapter 1.1, the vacuumed environment
ensures a clean working environment that can protect the powder
from oxidization. At the same time, the vacuum environment can
effectively avoid the interaction of electrons with gaseous atoms,
and ensure a slower cooling rate.

Preheating the start-plate: the powder cake together with the start-
plate is preheated to the elevated processing temperature, which is
usually carried out in 30 minutes. The preheating temperature is
roughly set to ~80% of the melting temperature of the material [22],
as 1025°C for Inconel materials. In this stage, in order to improve
the working efficiency, the whole building area (usually 15 mm
smaller than the start-plate in both x- and y- axis) is scanned with
a high speed (as 25000 mm/s for IN718) and high referencing
current (as 42-45 mA for IN718). At the same time, in order to
avoid the undesired melting, a high focus offset value is set for this
stage (as 80 mA for IN718) [23].

Sintering the powder cake: after preheating, depending on the
powder properties, there will be a requirement of sintering the
powder cake. This is done to improve the adhesion between the
powder particles that can further improve the electrical and thermal
conductivity of the material in a semi-sintered state. Better
conductivity can be beneficial to avoid smoking failure during the
melting theme. Moreover, this is also done to apply better support
to the base-plate and the printed components on top of it.

13



2.2 Electron beam melting

Layer-wise printing:

Lowering the moving table: the moving table is simultaneously
moved downwards for each layer until the printing job is finished.
The step size is based on the layer thickness, which can be between
~50-200 pm.

Layer deposition: the raking system is moved at least three times
from side to side, as shown in Figure 5 I. One or a few times to
grab enough powder and spread the powder over the building
region. And two more repetitions to level the deposited powder
layer.

I: Raking Powder II: Preheat

IV: Baseheat Il: Melt

i: Contouring ii: Hatchifig
L S e

-

Figure 5: A cycle of the Arcam EBM process: 1) the rake is grabbing

powder from right side to the left side, 1) a defocused beam is preheating

the deposited powder layer, I11) melting of the powder based on the sliced

model which comprises the contouring and hatching strategies, and 1V) a
defocused beam heating the working region again to maintain the high

VI.
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processing temperature.

Preheating the deposited layer: this stage shares a similar principle
as preheating the base-plate, see Figure 5 II. In this stage, the EB
is directly working on the powders, thus, in order to avoid the
melting of powders, the energy input should be kept even lower.
In general, preheating the deposited layer comprises two steps,
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including Preheat | (PHI) and Preheat Il (PHII), as schematically
shown in Figure 6. PHI is applied to the entire working region
(Figure 6a) which is used to slightly sinter the powder layer and
increase the adhesion between the newly deposited loose powder
to the previously printed layer. This can effectively minimize the
chance of smoking failure [24]. Accordingly, in comparison with
the preheating of the start-plate, a more defocused beam (focus
offset of 425 mA for IN718) with higher speed (15750 mm/s for
IN718) and lower average current (14 mA for IN718) is used to
scan the working region. Furthermore, in order to keep uniform
heating over the region, avoid smoking failure and localized
melting, the line offset, line order, and number of scanning
repetitions are also important for this step. For IN718 materials,
these parameters are 1mm, 10 and 7, respectively. Afterward, the
PHII is applied around the slice of each part (Figure 6b) to further
sinter the part soundings. This further sintered surroundings can
act as the supports or anchors of the solid parts [24]. For this
purpose, slightly different processing parameters (contributing to
higher energy input) are used here in comparison to the PHI stage.
For example, for IN718 material, these include a slightly higher
beam speed (16100 mm/s), higher average beam current (36 mA),
and more repetitions (8).

a) PHI b) PHII
Working [©
region b

CAD | i

model |

PHI || I F :
region ||

il

PHII |
region g

Figure 6: The schematic of the preheating step: a) PHI on the entire

working region to slightly sinter the powder layer and b) PHII around the

VII.

sliced model to further sinter the model surroundings.

Supporting structures (optional): the supporting structures are
always firstly built on the start plate. The purpose of using this
structure is to improve the thermal energy dispassion, in order to
minimize the geometrical defects. It can also be used as a solution
to avoid and prevent the overhangs from in-situ curling, loss of

15
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VIII.
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thickness, side loss, delamination, and porosity. These defects are
induced by temperature, residual stress and deflections, and
gravity. The use of supporting structures can be beneficial for heat
and energy dissipation, in comparison with the powder bed. This
is since the support structures are produced as thin solid parts
which are denser than the semi-packed powder bed [25, 26].
Usually for high-temperature alloys, the solid parts get welded
onto the start-plate, which always requires post processing (e.g.
electron discharge machining, EDM) to remove the parts.
Accordingly, the use of supporting structures can minimize the
post process, which can be easily broken and removed from the
start-plate.

Melting: the melting strategy comprises two steps, contouring and
hatching strategies, as shown in Figure 7. The recommended
contouring strategy is performed through spotting mode (so-called
multi-spot contouring). The purpose of using the multi-spot
contour is to achieve a smoother outer surface and a higher
processing rate [27]. However, the processing time for the
contouring strategy is almost negligible in comparison with the
other themes. Thus, only surface improvement is considered as the
primary function of this strategy. While the hatching is achieved
by linear movement of the beam, the movement of beam can be
unidirectional or bidirectional. The latter is the default setting for
Arcam EBM process.

EB Source EB Source EB Source

\ AN

\ 4

—— b o e gy - -
1 = m m i ]
1

| " M :
i | I
1 |
| | - =
[ e e T - -
Step I: Multi-spot  Step II: Multi-spot Step III: Hatching

inner contouring outer contouring )

Figure 7: The schematic of the contouring and hatching strategies.
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Post heating: for the high-temperature alloys, to maintain the
desired processing temperature, an extra heating cycle is applied
in the working region (similar to the preheating stage), after the
melting.

Post-Printing:

Cooling: the cooling process is automatically started once the
printing job is finished. This can be either vacuum cooled or
helium injection cooled. The former is the standard Arcam cooling
procedure, which includes cooling due to the radiation from the
top surface and conduction from the connected parts. This has a
slow cooling rate of 0.07-0.08°C/s [28], closely associated with the
processing temperature and the total working volume. Beyond the
vacuum cooling, the helium can also be used to achieve a higher
cooling rate as 0.1-0.2 °C/s [28].

e Cleaning:

Powder recovery: the powder recovery system (PRS) uses high
pressure air together with the recycled powder to blast off the semi-
molten powder attached to the solid parts. Afterward, the blasted
powder is sifted using a sieve kit. The powder with acceptable
sizes is collected and reused for the next printing work, as shown
in Figure 8.

2nd: Powder 3rd:

Sintered After printing  recovery  As-built samples
powder

Sift and reuse
powder

Figure 8: Powder recovery system.

Removal of the metallization: during the printing process, the
vaporized elements together with the molten powder particles can
be sprayed and form metallization on the cold region (mainly on
the inner surface of the heat shield) inside the process chamber
[21]. Since the metalized surface can absorb a lot of moisture,

17
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accordingly, Arcam suggests to frequently removing the
metallization, at least after every 2 short printings [29].

2.2.3 EBM manufacturers and system review

Currently, there are several companies investigating the additive EBM
process, which is summarized in Table 1. All the processes share the same
working principle with some different methods. For example, the GE
Additive Arcam processes introduced in chapter 2.2.2 use EB as the single
heat source to preheat and melt the powder.

In comparison with the Arcam systems, the Freemelt process has
modified the layer-wise preheating process. The conductive heating is
applied instead of the regular EB-material interaction heating used in other
systems. For achieving the conductive heating, the EB energy is used to
heat a metal plate, and this plate is later placed on top of the powder bed to
transfer the heat by infrared (IR) radiation [30, 31]. Accordingly, it reduces
the risk of smoke issue, since it minimizes electric charge accumulation on
non-sintered/loose powder.

The recently released EBM machine from Wayland Additive has made
three optimizations in the traditional EBM process. In order to prevent the
smoking issue, advanced technology is used to shield the powder bed with
a positive charge. Accordingly, the electron beam is not directly applied to
the powder which avoids its further charging. It effectively prevents the
smoking issue. Furthermore, the sintering processing (for powder cake) is
eliminated. This can significantly decrease the effort required for powder
recovery, and also protect the powder from oxidization [29]. Moreover, a
scanning strategy similar to the multi-spot strategy is used for the melting
theme. Therefore, a multitude of melt pools is kept alive at the same time
for a single layer. Accordingly, the active layer can be kept within a
uniform thermal condition, and thus the preheating requirement is
significantly decreased. Therefore, only limited amount of semi-sintered
powder particles are attached around the solid parts. This can solve the
recycling difficulties of the EBM made parts with lattice structures,
shallow slots, etc.

18
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Table 1: The summary of the EBM processes from different companies. [32]

Company Model Building Volume|Beam Max Processing | Minimum beam | Accuracy
(mm?d) Power (kW) [temperature (°C) |size (um) (mm)
GE Additive S12[33] 200%x200x180 35 650 0.4
Arcam Al[34, 35] 200 x200x180 3 ~700 200 +0.2/0.13*
A2 [36] 200x200x%350/ 3 200 +0.2/0.13*
@300x200
A2X [18] 200x200x380 3 1100 250 +0.2/0.13*
A2XX [21] @420 x 380 3
Q10 Plus [37] 200x200x200 3 850 140
Q20 Plus [38] @350 x 380 3 850 140
Spectra H [39] @ 250 x 430 6 1000
Spectra L @ 350 x 430 4.5
Xi‘an Sailong | Y150 Biomedical[40] 150x150%180 3 1350 <300 <£0.3
metal  materials [ S200 Production[41] 200x200x200/ 3 1300 <300 <+0.3
Co., Ltd. 100x100x100
Tianjin Qingyan | Lab200 [42] 200x200x%240 3 1100 200 +0.2
ZhiShu Med200 [43] 200x200x%240 3 1100 150 +0.2
Ieghnology Co., | Aero 350 [44] 350x350x400 3 1100 180 +0.2
td.
FreeMelt AB ONE [30] ©100x100 0-6
Tada Electric EZ300[45] 250x250%300 6
Wayland NeuBeam Calibur3 [46] 300x300%450 3 1000 100-200
Additive

*The CAD to part accuracy in long-range (100mm part)/short-range (10 mm part).

Bunjaw weaq U083 Z'Z



2.3 Processing Parameters

2.3 Processing Parameters

The processing parameters applied in the EBM process determines the
energy input and the thermal history of the samples which can alter the
microstructure and mechanical properties of the as-built EBM parts. In
general, this energy input can be calculated according to the following
equation [9]

Eqg.1 E= Uxl1
vXhXt

Where U is the acceleration voltage, | is the actual beam current, h is the
layer thickness, t is the hatching line offset, and v is the actual beam
scanning speed. Despite the fact that proper energy input is important for
the part quality, the other parameters influencing the beam intensity and
the cooling rate can be also important. These influential parameters include
focus offset, line order, bi/uni-directional scanning pattern, etc.
Accordingly, this chapter will briefly introduce the basic parameters and
the ones that are studied in this work.

2.3.1.1 Acceleration voltage

A high voltage is usually applied for the EBM process to accelerate the
electrons. This is determined by the electric potential difference between
the cathode and anode [47]. In the existing EBM processes, this voltage is
always set to a constant value of 60 kV, during the process, in order to
obtain high-energy. However, such a high voltage can also cause smoking
failure. This is attributed to the high scanning speed and penetration depth
of the incident electrons [48].

2.3.1.2 Beam current

Beam current is another direct and main factor that determines the energy
input. As reported, the maximum beam current that can be applied in the
Arcam EBM process is about 50 mA [25]. Within such a large range of the
beam current, figuring out the proper values for different steps is extremely
important. A low current can cause insufficient energy to melt the powder
particles. This would be proper for the preheating stage but not the melting
process. This can result in a large amount of lack of fusion defects (LOFDs)
which can significantly deteriorate the mechanical properties of the as-built
parts. On the contrary, a high current can result in unstable melt pools. The
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over-melting of the material can vaporize, subsequently causing internal
pores and unsatisfactory mechanical properties [49, 50].

Furthermore, the energy required for the samples of different sizes can
be different. Thus, in order to keep a stable melt pool and energy input for
all the samples, Arcam has developed an automation mode. Within this
mode, the actual beam current is varied with the hatching line length.

2.3.1.3 Scanning speed

The scanning speed is another main factor that determines the energy input
in the opposite order to the beam current. Under the automation mode, the
scanning speed is adjusted/varied in correlation to the actual beam current
to keep the melting consistent at different locations. Accordingly, the
different hatching lengths can result in a different beam scanning speed. In
general, the actual scanning speed is higher for the longer hatching lines.

2.3.1.4 Speed function

Speed function is an index that controls the actual beam speed and beam
current during a build. This parameter is used to dynamically vary the
actual beam speed and the consequent EB energy in order to achieve a
constant and correct melt pool size during melting [51]. For the Arcam
EBM systems, this value has a range of -10 to 200 [48]. In general, higher
values would result in a higher actual beam speed.

2.3.1.5 Turning function

In EBM process, the turning function is used at the starting/ending point
of the hatching lines. This function is designed for the purpose of reducing
the EB energy input to avoid excessive melting at these points. This is since
with the default bidirectional scanning pattern, the ending point of the
hatching lines would be directly re-melted. There is no pause between the
previous and subsequent hatching tracks. Therefore, the energy is
decreased to avoid over-melting of border regions. Figure 9 shows how the
turning function works. At the border of the slices, the EB energy is
maintained at the lowest, then it gradually changes within a small region,
and the EB energy is achieved to maintain the highest level for the central
region of the slices. The difference in EB energy is achieved by the
alternation of the beam speed which is controlled by an exponential
function [52].
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Figure 9: A schematic of the turning function.

2.3.1.6 Layer Thickness

The EBM process is a layer-based process, for which the most commonly
used thickness is 50-100 um. In order to achieve dense parts, a thicker layer
would require higher energy input to fully melt the powder particles and
re-melt the previous layer. At the same time, higher thickness means a
lower resolution. Even though decreasing the layer thickness can be a
solution to solve these problems, the lower thickness would require more
layers and lead to longer production time [53, 54].

2.3.1.7 Line offset

Figure 10 shows the line offset of the EBM process. This factor describes
the distance between adjacent hatching lines. A too large value can result
in a lack of overlap, therefore, the powder layer cannot be properly melted
and results in low density. On the contrary, too small value will result in
undesired melting (as over-melting) which can further influence the as-
built surface and waste the energy.

Top layer:

3 2
* § Line offset: : % £ €— loose powder —> w
distance <€— Previous layer: =>
R betiveen molten powder
-t ?d‘la?m i Larger line offset: Smaller line offset:
""""""""""" sec hatchinglmes g0k of overlap Proper melting

Figure 10: The line offset demonstrates the distance between the adjacent
hatching lines. A larger value means a larger distance which can cause
the lack of overlap, subsequently lack of fusion in-between the scanning
lines. Vice versa, a smaller value means a shorter distance and a better re-
melting from the adjacent lines.
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2.3.1.8 Focus offset

The focusing coil controls the focal point of the beam. These focus values
can vary from negative to positive values. The positive value indicates the
focal point below the base-plate, as shown in Figure 11a [55]. A different
focus input can bring out a different spot size, as shown in Figure 11b.
With a higher focusing value, the melt pool becomes larger in the
horizontal direction and shallower in depth. Consequently, the electron
beam can be tuned to a blurred status that cannot melt the powder particles.
Usually, these large values with blurry EB spots are used in the preheating
stage in order to avoid the undesired melting of powder, this value for
example is 425 mA for IN718 material. In contrast, a lower focusing value
can result in an intense beam. The beam has a smaller size with a deeper
penetration depth. Accordingly, these values are used for the melting
process, which for example is 15mA for IN718 [56, 57]. Moreover, it is
worth noting that the most focused value may vary for each system. Also,
the most focused value may not be 0 mA, for example, for our Arcam A2X,
the focus offset result to the most intense EB spot is achieved at 10-15 mA.

a) _ Positive Principal zero

Negative
focus offset focus offset
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Figure 11: (a) The schematic of the focus offset for EBM process. b) the
experimental testing of the focus offset, i) squares layout and
experimental setup and (ii) the experimental results conducted on a
stainless steel plate with ceramic coating, the beam width changes with
the focus offset. Adapted from [57].
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2.3.1.9 Line order

Line order determines in which order hatch lines will be melted, as shown
in Figure 12. It defines the number of hatching lines that would be skipped
for every scanning cycle between the adjacent scanning. A value of 1/5
means after the number of X hatching lines (starts from the hatching line
number 1), the number of X+1/X+5 will follow.

NO.of Line Order Line Order
hatching lines 1 5

34 Scan

27 Scan

1%t Scan

A S S5 A8 5
— 9 W AN

2™ Scan
1% Scan

Figure 12: An example of line order 1 and 5 of the EBM process.

2.3.1.10 Snake: uni- or bi-directional scanning pattern

Figure 13 explores the scanning pattern of the snake function. In the default
Arcam EBM settings, this function is always active which means the beam
moves bidirectional. Thus, the beam will turn around at the border of the
slices. Without activation of this ‘snake’ function, the beam will only move
unidirectional. The use of the snake function can ensure a more stable melt
pool since there is less beam jumping between hatching lines. Furthermore,
it can also ensure a direct and instant re-melting of the end/turning points
of the hatching lines at the border of the slice. Accordingly, the powder can
melt and adhere better to the previous layer. The better adhesion to the
solidified layers restricts the bending of the molten layer.

Snake True: Bidirectional Snake False: Unidirectional

Figure 13: Explanation of the snake function.
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2.3.1.11 Melt model wise

The Arcam EBM process is also using another function called melt model
wise for the melting theme. When the default setting for this function is
false, the hatching lines along the same direction from different parts would
be merged together, as shown in Figure 14. This is primarily used to
achieve a higher production rate [29, 58]. Subsequently, with the
automation mode, the actual beam current and corresponding scanning
speed would be altered based on the merged hatching lines. In contrast,
activating the function would enable a separate melting for each model in
the process step. Since the actual beam current and corresponding scanning
speed would change based on the actual hatching length, the energy input
and the resultant cooling rate can be different. This may result in some
differences in the microstructure and mechanical properties [58].
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Figure 14: A schematic of the melt model wise function.

2.3.1.12 Start scanning angle and rotation angle per mm

The start scanning angle determines the scanning direction at 0 mm which
is usually set as 0°, as shown in Figure 15. Therefore, the actual printing
process always starts from the first layer (e.g. 75um for this work). Under
this situation, the actual scanning direction on first layer is defined by the
processing parameter of ‘rotation angle per mm’, e.g. 965°/mm (equals to
~72°/layer) for IN718. Afterward, the scanning direction changes for each
layer (Figure 15, layer 1 to layer 5) accordingly.

Moreover, the scanning angle (together with the shape of slice) can alter
the scanning length. For example, the round slice always comprises same
scanning length for every layer, while the cubic parts can have varied
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lengths between one layer to another. In general, shorter scanning length
is favored since it can generate lower thermal stress/strains on EBM parts
as well as a better consolidation between the layers. Accordingly, a proper
layering rotation angle with respect to the large samples is always
recommended during the EBM process [59-61].

o Start of actual printing

Building height s

of 0 mm: 0° | Layer 1: 72° Layer 2: 144°
------ T, - - L <]
e e T h )
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Layer 3: 216° Layer 4: 288° Layer 5: 360°

Figure 15 The schematic of start scanning angle and the layer wise
scanning angle with a rotation angle of 965°/mm.
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Chapter 3.

Challenges of EBM

Even though the EBM process has become a mature process for
manufacturing metallic components, there are still many challenges and
concerns that still need to be tackled. Accordingly, this chapter will review
the issues that have been a problem during this research and subsequent
solutions from the material, process, and design perspectives.

3.1 Smoking and Spattering

Figure 16 shows the initiation of melting and subsequently spattering and
smoking failure during EBM. Both of these failures can be simply
explained as the ejection of the powder particles from the powder bed.
However, they affect the process and the quality of the parts in different
magnitudes.

I: Melting 1I: Spattering ' III: Smoking

Figure 16 1) melting, 11) Spattering, and I11) smoking failure after during
EBM.
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3.1 Smoking and Spattering

3.1.1 Smoking

Smoking failure is the most critical issue of EBM for the material has low
electrical conductivity. Therefore, the smoke test is always the first step for
the EBM process and material development [62]. Accordingly, it becomes
the first challenge to be solved, which can happen at any time when the
electrons are injected into the powder bed, as shown in Figure 16 I1l. The
cause of the smoking issue is mainly due to the static charges around the
powder particles due to the accumulation of electrons. The repulsive
electrostatic forces between the powder particles grow so large that can
overcome the gravitational force of the particles and the binding force
between the particles. Consequently, the powder particles can
electrostatically push each other apart, suddenly causing a large amount of
powder ejection from the powder bed, as shown in Figure 17. These
particles can create a powder cloud, which can fly in all directions and even
contaminate the top column, causing print failure [63, 64].

Charging of the Powder repealing
‘Smokin

ERRy Niaiks

Figure 17 The schematic of the causes for the smoking failure.

3.1.1.1 Role of material in smoking

As mentioned, smoking occurs due to relative diminishing of gravitational
and binding forces on the powder particles which eventually cannot resist
the increasing repulsive forces. Accordingly, increasing the gravitational
force by using coarser powder particles can lower the risk of this issue [65].
The suggested particle size distribution (PSD) from Arcam is 45-106 pm
[62]. In addition, higher density also brings higher weight and
consequently better resistance from the powder particles to be rejected
from the powder bed [48]. In addition to the weight of powder particles,
the morphology can also be influential to the smoking failure. Despite the
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need for nicely flowing spherical particles in EBM, they are not in favor of
a smoke-free process. This is since a more rounded shape results in less
contact between the particles, as well as between the particles and the base
plate. Such smaller contact can lead to a lower electrical conductance. This
can further result in a serious accumulation of electrons and subsequent
higher risk of smoking [66, 67]. Beyond the physical properties, the
oxygen content could be another factor that triggers the smoking failure.
The oxide layer covering powder particles acts as electrical insulation.
Therefore the charges on the powder particles cannot be promptly
dissipated leading to the smoking failure [63]. Accordingly, the quality of
the reused powder should be frequently examined and closely controlled.

3.1.1.2 Role of process in smoking

The Arcam EBM processes use helium to prevent smoking failure. A small
amount of helium is injected into the working chamber during the process
since it can inject the He* electron charge on the metal surface.
Accordingly, it can prevent the smoking issue to some extent [24, 68].

Another effective method to avoid the smoking issue is to increase the
connection between the particles for a higher gravity force and increase the
electrical conductivity. Thus, preheating becomes a necessary step to
slightly sinter the powder bed. However, within some extreme scenarios,
smoking failure can forever happen irrelevant to the processing parameters
[66]. Accordingly, conductive preheating should be performed instead of
EB preheating [67]. This solution has already been implemented by
Freemelt in their EBM machines, as discussed in chapter 2.2.3 and is
claimed to give promising results.

In addition, adjusting the processing parameters becomes another
alternative approach to eliminate the smoking failure [48, 62]. The study
of Mahale [48] has summarized the parameters that can cause the smoking

issue as an expression in the following equation.
Eq.2 (Scanning speed) x (Beam current) X (line of f set)

Chance of smoke o (Scan length) x (Density) x (Conductivity)

Amongst these, the scanning speed, beam current, and line offset are the
machine-related parameters. The scanning length is determined by the
CAD model and the processing parameters of the start scanning angle and
the layer-wise rotation angle. In addition to these parameters, the line order
and focus offset are also influential to the smoking issue [62]. However,
these parameters activate the smoking failure from different aspects. The
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scanning speed and beam current determine the magnitude of the electron
charge up. Within a certain scanning length, EB stays for a longer time for
melting under lower speed, resulting in overcharged electrons. The beam
current determines how many electrons are emitted and act on the powder
material. Thus, a lower scanning speed and higher beam current can
increase the possibility of smoking failure [48, 63]. However, it should be
noted that too high beam current may cause the undesired melting of
powder (to solid parts), while a too low current may result in insufficient
sintering of the loose powder. Therefore, the beam current may have a
narrow range in order to successfully produce quality parts [48, 62, 63].
On the other hand, the Arcam patent has highlighted that the ratio between
beam current | and beam scanning speed v is the determining factor for
reducing the smoking failure. A large /v ratio means the powder might be
over-charged, and there is a high risk for smoking failure. However, the
reasonable value for this ratio is unclear since it remains proprietary inside
Arcam [69]. The focus offset is another factor that determines the beam
spot size. A larger focus offset often means a larger spot size with constant
energy input. This means lower EB intensity that can be beneficial to
eliminate the smoking failure [70]. Moreover, line order and line offset
contribute to an interval for EB to discharge. Thus, if the EB source
returns/rescans the same region within a short period, the powder particles
can be over-charged and leading to a high risk of smoking failure [69].

In addition, the acceleration voltage is another determining factor for the
smoking failure. This is since lower voltage can decrease the kinetic energy
and hence the beam speed and penetration depth of the incident electrons.
However, reducing the acceleration voltage may cause out some issues.
For example, lower voltage input may not allow sufficient penetration of
electrons to fully heat/melt the powder, which can result in porous
components [48]. Therefore, it can be the last option once all the above-
mentioned factors cannot eliminate the smoking issue.

In summary, the smoking failure is mainly attributed to the electrical
conductivity of the material. Since, EBM cannot process non-conductive
materials, for the materials having low electrical conductivity, larger
particles with irregular shapes should be used to avoid the problem.
Optimizing the processing parameters in EBM typically requires a lot of
research work since many parameters and their combination influence the
risk of the smoking issue. Therefore, it would be more convenient to
increase the conductivity via preheating to pre-sinter the particles. Then
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the processing window for the pre-sintered powder can be slightly enlarged.
Consequently, this enables processing optimization and material
development.

3.1.2 Spattering

Figure 18 [71] shows a schematic of the spattering. It is relatively similar
to the smoking as the convective transport of liquid or vaporized metal out
of the melt pool [72], as shown in Figure 16 Il. However, it is less critical
than smoking since it does not cause a total build failure. However, the
spattering can still deteriorate the part quality via creating open pores [73]
and weld defects [72] within the parts. Further, the ejected material can be
condensed at the heat shield [74] and it may also fall back to the working
region, causing an uneven powder layer. The uneven powder layer can
further increase the bumpy molten layers. In addition, the chemical
composition of the condensed materials could be different which can later
alter the microstructure and the corresponding mechanical properties of the
components [74, 75].
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Figure 18 Schematic of the spattering phenomena during PBF [71]
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The causes of spattering can include different factors such as recoil
pressure in laser powder bed fusion (L-PBF) plus the common place
Marangoni effect and molten pool turbulences [76, 77]. The recoil pressure
in L-PBF is caused by interactions between the metal vapor and
atmosphere which is not a problem for EBM due to the vacuum working
environment. The Marangoni effect originates from the temperature-
dependent surface tension and the high-temperature gradients from the
processing parameters, leading to melt pool turbulences and instabilities
[76, 78]. Accordingly, the relevant factors to the melt instability can
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enhance the possibility of spattering. These factors may also include the
packing density of the powder [79, 80], the chemical composition of the
material [81], the processing temperatures [81], and the processing
parameters.

The good packing can result in proper melt pools. Meanwhile, the melt
pools are supported by the surrounding powder. This ensures stable physics,
minimizing the spattering [79, 82]. To minimize the spattering, the best
packing property of powder can be achieved by using the combination of
small and large particles with a ratio in the range of 20:80-40:60 [83].

Moreover, some chemical elements can be influential to the Marangoni
effects and the melt pool turbulence. In addition to the electrical insulation
resultant from the oxide layer, the chemical elements including O, S, Se
and Te for IN718 material can also cause a reduction of the surface tension.
The lower surface tension can therefore result in a higher possibility for
powder or molten material to be ejected out of the melt pools [81].

In addition to the powder and material properties, seemingly, the
processing temperature also has some effects on the spattering issue. The
chance and magnitude of spattering increases with a decreasing processing
temperature for IN718. And the optimal processing temperature for such
alloy is 975£25°C which tends to minimize the spattering [84]. This can
be attributed to the higher temperature gradient which is another influential
factor for the spattering. This is since the Marangoni flow and the surface
tension are temperature-dependent factors that are in general decreased
with the lower temperature gradient. Accordingly, a lower temperature can
lead to a higher chance of spattering [85]. Therefore, all the factors
dominating the temperature gradient can be influential to the spattering
[58, 86-92]. A detailed discussion regarding the effects of these parameters
in correlation to the temperature gradient and the consequent deformation
will be given in chapter 3.3.

The processing parameters determine the energy input, controlling the
melt pool volume and stability. In general, the higher energy input can
result in a higher possibility of spattering [76, 93]. If the energy is too high,
occasional evaporation can happen. The material in the melt pool can attain
high kinetic energy which may be much higher than the surface tension
forces of the melt pool. therefore, this material can be ejected from the
cavity of the melt pools [25, 71].

During this research work, it was evident that spattering could be a
common challenge for EBM, especially for the reused powder. This could
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be naturally associated with the higher oxygen content of the powder after
many recycling processes. Therefore, in addition to the causes reported by
other researchers, the spattering during EBM may share the same causes
as the smoking failure.

3.2 Surface defects and geometrical mismatch

Surface defects on as-EBM parts are typically observable by an unaided
eye. They include rough surface and geometrical mismatch (examples are
shown in Figure 19).
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Figure 19 Some examples of the external defects of the as-EBM parts: a)
the rough and porous surfaces without and with the multi-spot contouring
strategy, made of IN718 material, b) the geometrical mismatch in the
EBM made copper benchmark part.

3.2.1 Surface topology

The rough surface is an expected inherent feature from the EBM process,
significantly influencing the mechanical properties and the function of the
as-built samples. This rough surface, for example can cause an extremely

33



3.2 Surface defects and geometrical mismatch

shortened fatigue life [94, 95], and a premature failure of the tensile
properties [96]. In general, the EBM surface can be ~100 times rougher
than the conventional machined surfaces [97] with irregular features.
Moreover, there is also a difference among the EBM surfaces depending
on their building orientation, as shown in Figure 20 [98]. The top surface
is always smoothest which can be 3 and 1.5 times smoother than the side
and bottom surfaces, respectively. This is due to the difference in the
cooling methods, as radiation and conduction for top and side surfaces,
respectively [99]. Also, the origins of the issues on these surfaces are also
different. The top surface is mainly influenced by the quality of the melting
tracks. While side surfaces are affected by the sintering of the semi-molten
particles on the side surfaces due to the excessive transversal melting as
well as the staircase phenomenon resulting from the layer-wised process
[100]. Within the existing research works, the side surfaces have been
analyzed by two aspects: i) the depth of surface notches in terms of the
surface roughness, and ii) the area of the surface pores (Figure 19 a)
expressed as surface void fraction (SVF). The combination of these two
factors can deliver more information about the quality/quantity of surface
defects, as an important factor affecting the part failure [101].

(a) 0°

Sa=54.3 ym l 4

Figure 20. Topographic 3-D view of EBM Ti-64 horizontal (0°), inclined
(55°) and vertical (90°) surfaces showing corresponding Sa values. Note:
stars shows the measurement location of each sample. Adapted from [98].

3.2.1.1 Role of powder in surface topology

The powder and EB energy interaction is the main factor influencing the
as-EBM surfaces. In general, higher EB energy can lead to higher
processing temperature and subsequently cause excessive sintering of
powder particles. Within a certain energy level, the particle size can

34



3.2 Surface defects and geometrical mismatch

influence the attachment of the powder particles to the as-EBM surfaces
due to sintering. Naturally, larger particles can create more bumpy surfaces
[102]. In comparison, smaller powder particles can increase the number of
particles attached to the as-EBM surfaces [103]. These can lead to
contradictory results regarding the effects of particle size on surface
roughness among the studies [102-104]. In reality, the powder is not only
defined by the particle size but also PSD. Wider PSD may necessitate
different levels of EB energy to efficiently melt the particles. Therefore, a
wider PSD can cause excessive sintering of smaller particles using an EB
energy selected according to the average powder size. In addition, wider
PSD may also lead to an uneven powder layer, causing an uneven
processed layer [104]. Moreover, the packing density is another important
factor for the surface roughness. Better packing can lead to better
consolidation and smoother solid surfaces [103]. It should be noted that the
packing density improves with the powder flow [105]. Therefore, one may
prefer a better powder flow also to reach smoother surfaces.

It should be noted that the powder quality can change during the
recycling process [104, 106, 107]. For example, the oxygen content rises
which can increase the possibility of spattering. As discussed in chapter
3.1.2, the spattered material can fall back into the building region, causing
rougher surface [107]. Moreover, the particle size and morphology can
change during EBM as the powder particles are melted and joined together,
becoming larger and coarser. Afterward, such particles can again be broken
into smaller ones during the recycling and sieving process. Since the
powder morphology, size and PSD determines the powder packing, the as-
EBM surfaces change due to different packing (as described above) [104,
106].

3.2.1.2 Role of material and powder bed conductivity in surface
topology

The thermal conductivity of the material impacts the surface condition in
EBM. For example, in a comparison, Yang L et al. [108] have shown that
higher thermal conductivity of copper compared to Ti-6Al-4V leads to
more semi-molten particles attached to the side surfaces [108].

In addition, a denser powder bed can also lead to better conductivity of
the material. Therefore, the excessive powder sintering increases with a
denser powder bed. It should also be noted that since powder bed density
changes with the preheating cycles, one should monitor the powder

35



3.2 Surface defects and geometrical mismatch

packing changes during the whole powder life to prevent unexpected
changes in surface roughness [109].

3.2.1.3 Role of layout and surface orientation in surface topology

The distance between the samples in the building layout is an influential
factor for the as-EBM surface. This is since a shorter spacing between the
samples can result in excessive heating, imposed by the adjacent samples.
This can increase the attachment of the powder particles to the as-built
surfaces leading to rougher surfaces [110].

The printing orientation is another influential factor, changing the EBM
surfaces. The surfaces with an angle are always rougher than the top
surfaces due to the staircase effect and the attached particles. This is shown
in Figure 21, where an angled up-facing surface (inclined 55° as also
shown in Figure 20) contains more attached particles compared to
horizontal top surfaces. With further tilting the part to 90°, the staircase
effect almost disappears but the attached particles significantly increase
due to excessive lateral sintering [98, 111, 112].

Horizontal (0° Inclined (55° Vertical (90°
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Figure 21 SEM surface topography with different magnifications,
comparing the horizontal (0°), inclined (55°) and vertical (90°) EBM Ti-
6Al-4V components [98].

3.2.1.4 Role of process parameters in surface topology

Within process parameters, the EB energy (as a collective result of process
parameters) is the most influential factor to the as-EBM surfaces. In
general, insufficient energy input can cause a porous top surface. In
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comparison, excessive energy can cause swelling which typically occurs
at high beam powers and low beam speeds [113]. The porous top surface
and the swelling can both increase the surface roughness. Therefore, an
optimal EB energy is required to produce dense and smooth top surfaces.
Within this optimal EB energy, the as-built surface can be further improved
by a lower beam current, a larger beam focus offset and a higher beam
speed. However, the importance of each parameter may have been reported
differently in different research works [114-118].

In addition, the turning function could reduce swelling for small samples
(<15 mm), though it may have a negligible influence on the medium-sized
samples (~30 mm) [84]. This could be due to more accumulated heat in the
smaller samples. Moreover, higher layer thickness could also increase the
EBM surface roughness by increasing the amount of the layer staircase
effect [119]. Therefore, a thinner layer thickness can reduce the step sizes
and improve the as-built side surface [98]. However, this improvement is
rather negligible. For example, when comparing the layer thickness of
70um vs. 50pum in EBM of Ti-6Al-4V, there is no clear difference due to
more dominant effects of the coarser powder and larger beam sizes [103].

The scanning line offset is another factor that influences both top and
side surfaces. In fact, a lower line offset increases the re-melting between
hatching lines, reducing the waviness on the top surface from the melting
tracks [118]. In addition, the side surfaces are influenced by the turning
points from hatching lines. Therefore, a higher line offset (i.e., less
overlapping) can create large voids between the turning points and cause
rough surfaces. It should also be noted that if the contour is applied, the
contour setting will be the main factor controlling the side surface quality
and not the hatching line offset [116]. This is since the contouring strategy
eventually creates the side surfaces instead of hatching lines.

In case a multi-spot strategy is used for contouring, wavy surfaces could
increase. This is due to the melting and solidification of the individual
spots, instead of continuous melting and solidification of an EB track. As
suggested, in order to minimize the individual shrinkage within multi-spot
strategy, higher number of spots with lower offset and moderate spotting
time (to allow sufficient melting) should be applied [49]. Of course
ultimately, multi-spot contour becomes a continuous contour when
indefinite number of spots with minimum overlap are applied.

Wang et al. [49] have tested the linear contouring strategy for Ti-6Al-
4V which significantly smoothen the as-EBM surface. To do this, beam
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current and speed of a continuous contour are dominating factors, as a
better surface can be obtained from a moderate beam current and speed
[49]. Later, Karimi et al. [120] has further developed the linear contour for
IN718 material. A similar conclusion has been drawn from their research
work [120].

Nevertheless, all these parameters could only improve the surface to a
limited level. Machining after printing is still recommended to achieve
smooth surfaces [121].

3.2.2 Geometrical accuracy

The geometrical accuracy is another challenge of the EBM process. The
current EBM process cannot deliver well conforming geometries. This is
also a problem for L-PBF but to a lesser extent. In fact, the geometrical
accuracy from both L-PBF and EBM processes is worse than the machined
ones by at least an order of magnitude [122, 123]. A number of factors are
known to affect the geometrical accuracy. These include the influences
from the rough surface [124], the expansion or shrinkage after high-
temperature processing [125], and the deformation due to high thermal
stress [126]. Although the factors causing rougher surfaces are all
applicable here, they are dismissed to avoid repetition. The factors related
to the part deformation will also be discussed in section 3.3 and therefore
are dismissed. As a result, only the factors relevant to the expansion or
shrinkage after high-temperature processing are discussed here.

3.2.2.1 Role of printing layout and component design in geometrical
accuracy

The first parameter influencing the geometrical accuracy is the EBM
building orientation. Pierre et al. [127] has reported that Ti-6Al-4V round
struts end up elliptical if they are made horizontally, while they can still
present a round shape with a smoother surface if they are made vertically,
as shown in Figure 22. This is attributed to the difference in the heat
transfer [127]. More specifically, the vertical samples have full solid
support from the previously melted layers. In contrast, the horizontal
samples are only supported by the powder bed which is typically about half
packed. As a result, the melt pool penetrates deeper for the horizontal parts,
resulting in elliptical shapes, increasing the geometrical mismatch. Later,
the study of Cansizoglu et al. [128] has compared the beam structures with
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3.2 Surface defects and geometrical mismatch

different angles. The larger the building angle, the thinner is the beam
structure. This is mainly from the stacking of the layers as shown in Figure
23 [128]. This is in such a manner that a smaller building angle (O in
Figure 23b) leads to a higher effective stacking area (L1) and hence a larger
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@

beam structure (Part 1 in Figure 23a) [128].

o
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b)
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Figure 22 2D sections of the vertical strut (a) and horizontal strut (b).
Adapted from [127].
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Figure 23 (a) The beam structure fabricated using EBM with different
angles. (b) Effect of the building angle on the beam structure size.
Adapted from [128].

Moreover, the position of the cross section in respect to the part height
may go through different levels of shrinkage. In general, the geometry is
more accurate at higher heights for a simple bar [125] as well as more
complex geometries [27]. This is since the samples at the bottom can go
through more thermal cycles and more heat conduction. This can cause
extra powder sintering at the bottom, comparatively expanding the bottom
locations [129]. In addition to the location along z-axis, the position within
the horizontal (x-y) section could also lead to some minor differences.
More specifically, samples located at the center of the working regions can
shrink the most. This could be due to the differences in the magnitude of
shrinkage between the locations [125]. For example, if there are multiple
components in the layout, the parts located at the center could be
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3.2 Surface defects and geometrical mismatch

surrounded by both powder bed and the adjacent solid parts. In
comparison, the parts located on the corner have less adjacent solid parts.
Therefore, the parts in the corner are exposed to less heat. Moreover, the
EB size is smaller and quality is more accurate when focusing on the
central location due to the less deflection, in comparison with the corners.
Therefore, the actual melting region (especially for the border of parts) can
be smaller for the parts at the center. This can lead to smaller size of the
solid parts.

It is also interesting to note that the EBM geometrical accuracy varies
according to the shape of the samples as well [130]. For example, for the
EBM made copper benchmark (Figure 24), the minimum achievable size
of the thin wall structure turns out to be 1.0 mm. However, the minimum
size of the cylinder is 1.3 mm, perhaps due to the differences in the cross
section hatching. Therefore, the consideration of the printing precision for
the various shapes should be taken differently. Nevertheless, the
inaccuracy of the EBM process shows high repeatability between prints.
This allows adding a correct compensation factor before printing to
minimize these errors [27, 123].

Thin wall
0.5/1.0 mm

60° Cylinder
D 1/1.3 mm

45° Cylinder
0 1/1.2 mm

90° Cylinder  *
Q13 mm T
Figure 24 An example of the minimum printable size for EBM made
copper benchmark. The dimensions shown in the picture is for
design/measurement.

Nevertheless, reaching minimum geometrical mismatch might not be
always possible. For example, the orientations and locations of the samples
could not always be set to the optimal condition, or the samples can shrink
differently along the building height. Therefore, adding a dynamic re-
scaling factor (instead of a constant one) before printing to compensate for
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3.2 Surface defects and geometrical mismatch

the different shrinkage could be a solution [27, 125]. This re-scaling factor
should also be adjusted according to the shape of the samples.

3.2.2.2 Role of processing parameters in geometrical accuracy

In general, the geometrical accuracy decreases with increasing the EB
energy. In addition, the EB spot size, controlled by focus offset, also
influences the geometrical accuracy. This is since the EB spot size
determines the melting volume and consequently affects the actual beam
track size. Accordingly, increasing the EB spot size increases the thickness
of the beam tracks and consequently thin-walls [19] as well as delicate
struts [131]. It should be noted that the EB size has an open upward
parabolic relationship (as shown in Figure 25) with focus offset, which
exhibits a minimum spot size around 0-10 mA [57]. In addition, offset
between the outmost scanning and STL border (as schematically shown in
Figure 26) is another influential factor for the geometrical accuracy. As a
matter of fact, this offset allows the actual melting of the beam underneath
the outer boundary of slice to minimize geometrical inaccuracies [27].
Generally, this offset should be set as half of the actual EB track width.

Tracks on plates with ceramic coating assessed by OM
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e "‘, ! u z
~ 3000 z w ! Y £
£ oy ! / I}
22500 8 = L L % £ Coated SS Full OM
H z
=
= 2000 w i !7 g Coated_Cu_scan_ON
z y '\_ H 3 : y e
% 1500 a—9 e :
= | 1
£ : |y
1000 - . ~ Coated SS_scan OM
500 —
Coated SS_peak OM — ——
0 :
80 -70 -60 -50 40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

Focus offset (mA)

Figure 25 EB spots size from coated plates by OM. The minimum EB
spot was achieved at focus offset of 10 mA [57].
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Offset between STL
border and outmost scan

STL border |
1

STL border |

1

<— EB spots 1
1

!

a) Insufficient offset b) Proper offset c) Excessive offset

EB spots :
|

Figure 26 The schematic of the a) insufficient, b) proper, and c) excessive
offset between the STL border of CAD model and the outmost scan.

Besides, there are still some more functions and factors defined by the
machine manufacturer (Arcam, GE Additive) to allow maximum
overhanging. To do so, the main parameter is ‘thickness function’. This
parameter is to alter the EB energy in order to deliver a lower EB energy
onto the overhanging layers to a certain thickness as defined. This is done
by increasing the beam speed to compensate for the low conductivity.
However, since this function is automatically deactivated for the
contouring region, applying contouring can increase the geometrical
mismatch in the building direction (Figure 27b) compared to no contouring
(Figure 27a) [27]

)
r< \BD‘/ \f
\\__ \ v

Figure 27 Side profile of scan for the 10 mm diameter benchmark truss
structure fabricated using (a) multi-spot contouring and hatching strategy,
(b) only hatching strategy. Dashed outline shows the boundaries of the
CAD model. Adapted from [27].

Moreover, under thickness function, the beam speed can also vary
according to the speed factor and exponent factor. These are two factors
defined by the Arcam to dynamically control/change the beam speed on
overhanging layers. This is since on an overhanging layer, the speed should
be higher to reduce the energy input and to eliminate the need for support.
While above the overhanging layers, the speed should be lower to allow
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3.3 Deformation and thermal stresses

full consolidation. These should be carefully selected case by case to find
an optimized value between part quality and geometrical accuracy [27].

Comparing the different contouring strategies, the continuous
contouring can deteriorate geometrical accuracy unless it is compensated
by the boundary offset. In contrast to continuous contouring, one may
apply multi-spot contouring. This technique may apply individual spots
leading to higher geometrical accuracies [49, 120]. However, applying
multi-spot contouring may generate various defects, as they will be
discussed later as a subject of study in this thesis.

3.3 Deformation and thermal stresses

The deformation of the as-EBM parts is one of the most harmful failures
during EBM processing. The causes of this failure could be i) lack of
adhesion between the layers (attributed to the lack of fusion) and ii) large
thermal stress causing severe bending of the deposited layers (relates to the
temperature gradient). Once these stresses are large enough, they can even
bend the baseplate [132] and/or cause severe deformation, as shown in
Figure 28. This can damage the geometrical quality of the part or even
cause collision between the part and the raking system.

Figure 28 Some examples of the deformation failure of the EBM made
components: a) deformation of start-plate and b) deformation of the
components.

It should be noticed that the deformation of EBM parts is correlated to
the thermal stress but not the residual stress. The EB source can create a
high-temperature (2500-3500 °C) melt pool to fully melt the powder
particles [133-136]. After melting, the EB moves, and hence the molten
material rapidly solidifies with a high rate of at least 103-10* °C/s [133-
135, 137]. This can lead to an uneven temperature distribution on the part.
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3.3 Deformation and thermal stresses

The uneven temperature distribution may cause a large temperature
gradient. This together with the material shrinkage due to solidification can
result in high thermal stresses [133-135]. Despite the importance of the
thermal stresses in EBM, it is almost unrecognized in comparison to that
in the L-PBF process. Although the residual stresses are nearly none in
EBM due to active recovery mechanisms at high temperatures, the thermal
stresses could still be high enough to deform the component. Nevertheless,
to understand this issue better, this chapter will review the available
literature on the factors influencing thermal stresses for EBM process
besides the well-known residual stress phenomenon in L-PBF.

3.3.1 Role of powder and material in deformation and thermal
stresses

Bending of the material is mainly due to the thermal stresses originating
from the shrinkage of the molten material. The shrinkage can cause
geometrical inaccuracy. In the extreme case, major shrinkage can even
cause deformation in EBM components. Therefore, the factors influencing
the geometrical accuracy can also be applicable here. These may include
the packing density [83, 105, 138, 139] of the powder and the thermal
conductivity of the material [140]. When manufacturing, for example, pure
copper with the EBM process [140], the high conductivity of the material
causes a relatively larger melt pool that can possibly cause more
deformation.

3.3.2 Role of sample size and printing orientation in
deformation and thermal stresses

The thermal stresses and deformations generally increase with the
increasing thickness for overhanging [88, 141]. This is since the thicker
overhanging regions consist of more layers, resulting in more thermal
cycles and hence accumulation of deformations. In addition to the
thickness, increasing the scanning surface area (e.g., increasing the sample
size) also increases the thermal stresses and deformations. Therefore, the
maximum printable size for both overhanging features [88, 90] and solid
samples [58] is limited in EBM. This is in correlation to the actual scanning
length. A larger scanning area generally leads to longer scans, which
further lead to more accumulation of thermal stresses and strains. This will
be further discussed in chapter 3.3.3.
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3.3 Deformation and thermal stresses

In addition, the scanning length is also influenced by the orientation of
the samples. The orientation leading to the longest scans can result in the
highest thermal stresses and deformations. Therefore, a proper orientation
is always recommended to obtain short scans in EBM [88-91]. Moreover,
the support structures can be used to improve the heat dissipation and
prevent undesired deformation during printing [88]. As recommended by
Arcam, the support structures should be applied to surfaces with a building
angle less than 60° [29]. However, the use of support structures will require
extra material for printing and extra labor and time for removal.

Furthermore, the deformation of as-EBM parts also varies according to
the geometries. As shown in Figure 29, the self-supporting limitation for
the concave and convex overhanging has a 1 mm difference in radius. The
bridge overhanging (having 2 solid supports at both ends of the
overhanging frame) can be built until a length of 5 mm free of supporting
structures. However, the ledge overhanging (having only 1 solid support)
would require the extra supports if it is longer than 1mm [88]. The different
deformation behaviors between convex and concave or ledge and bridge
can be associated with the sum effects of actual scanning lengths, thermal
cycles, and solidification conditions. For example, the convex structures
are built with more and longer scans at the curved region than concave ones.
Or the ledge surface is anchored from one side while the bridge
overhanging has two constraints which also facilitate the heat transfer
beside a stronger anchoring.

R7 mm
R8 mm
] a) Convex b) Concave
/.#}( *
I mm 5 mm

c) Ledge surface d) Bridge overhang

Figure 29 Size limitation of various overhanging that can be printed free
of support structures within EBM of Ti-6Al-4V. a) Convex overhanging
with a maximum radius of 7 mm, b) Concave with a maximum radius of
8 mm, c¢) Ledge surface of a maximum of 1 mm, and d) bridge
overhanging with a maximum of 5 mm. Adapted from [88].
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3.3 Deformation and thermal stresses

3.3.3 Role of processing parameters and scanning patterns in
deformation and thermal stresses

As compared to the L-PBF process, the main difference between these two
PBF processes is the working environment. EBM process is conducted at
a high temperature which can reduce the temperature gradient and lower
the cooling rates [142]. These, in addition to active material recovery at
high temperatures, do not typically allow the residual stresses to remain in
EBM parts. In comparison, the residual stresses are commonly reported for
the L-PBF parts [142-144].

In addition to the processing temperature, other important parameters
influencing the part deformation are beam current and beam speed. These
parameters can alter the EB energy, local temperature and melt pool size
[145, 146]. The higher EB energy can improve the consolidation by
increasing the local temperature and hence the melt pool size. The larger
melt pools can naturally lead to higher shrinkage and consequently higher
stresses and deformations. For example, the deformation of overhanging
increases with the increasing EB energy within the EBM of Ti-6Al-4V
[147, 148].

The other parameter, line offset, determines the re-melting of the
hatching lines. A smaller value leads to more heat accumulation at the same
region creating higher local temperature and hence a bigger melt pool.
Consequently, this can increase the deformation of the overhanging [147].
Nevertheless, the existing research work to analyze the thermal stress and
deformation during EBM is rather limited. Therefore, for further
understanding, it is necessary to review the analysis for residual stress
during the L-PBF process. Accordingly, the following chapter reviews the
investigation for the different scanning patterns which are only conducted
for the L-PBF process. These include the bi/unidirectional scanning,
chessboard scanning, rescanning patterns, and the scanning length.

The bidirectional or unidirectional scanning have minor differences in
part deformations and residual stresses, though the unidirectional scanning
could typically lead to a slightly higher deformation. However, the
distribution of the plastic strains is more uniform for the unidirectional
scanning pattern. Also, the residual stress is kept under the tension mode
throughout the slice. In comparison, for bidirectional scanning pattern, the
strains slightly decrease towards the edge. Moreover, the residual stress
changes from tension at the central region to the compression mode at the
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3.3 Deformation and thermal stresses

end of scan-vectors. This is since the bidirectional pattern is achieved by
the turning of beam causing a direct re-melting of the end of each scan
vector. This can lead to a higher temperature and lower temperature
gradient at these locations. Subsequently, this leads to the different
situation between bidirectional and unidirectional scanning patterns [149-
151].

The chessboard scanning (as shown in Figure 30) is also well
investigated in L-PBF. However, the effects of this pattern are different
among the studies due to the different printing settings [152-155].
Contradictory conclusions may attribute to a few competitive factors. First,
each island is melted using short scans which can create higher
temperature. Moreover, the residual heat from adjacent islands can lead to
an even higher temperature for the islands. Also, cracks may form within
the overlapping region between the islands that can cause the relaxation of
the internal stresses. In addition, the melting order, scanning direction, path
angle and length of islands can alter the thermal gradient and consequently
material shrinkage. Therefore, the magnitude of the residual stresses and
deformations are different among the studies [152-155].
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Figure 30 Schematics of schematic of chessboard scanning with adjacent
chessboard block scanned in 45° rotated direction. Adapted from [152]

Another scanning strategy, named rescanning, is also investigated for
the L-PBF process. It is achieved by scanning the same layers for few times
[156] in order to improve the density and smoothen the top surface [157-
159]. Naturally, the residual stress is increased after one cycle of re-
scanning. However, it can decrease again by adding more rescanning
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cycles. This change is attributed to various factors. First, the first cycle of
rescanning is performed on the semi-solid region which has already been
melted and partly solidified. The laser absorptivity thus decreases in this
region and the heat conductivity increases. Accordingly, the cooling rate
and the temperature gradient are increased causing higher residual stress.
Adding more rescanning cycles can result in a higher temperature of the
active layer. Therefore, the temperature gradient is lowered, resulting in a
significant decrease of the residual stress [157, 159, 160]. Nevertheless, it
should also be noted that rescanning strategy results in higher production
time or lower production rate. Also, the shrinkage of the material during
these thermal cycles can be different. Accordingly, the control of
geometrical accuracy can become even more difficult [156].

In state-of-the-art literature, the effect of scanning length is also
investigated for L-PBF process. Shorter scans are always favored for lower
residual stresses and deformations [161, 162]. This is since the shrinkage
is mainly along the melting direction. The longer the scanning track, the
higher the residual stress due to the higher temperature gradient resulting
from more heat dissipation [163]. Therefore, utilizing shorter scans allows
a faster beam return and instant re-melting of the material, resulting in a
higher local temperature with a lower temperature gradient [161, 162, 164].
This can successfully reduce the residual stresses and/or deformations.

3.4 Interior defects

Defects inside material could have a detrimental effect on the mechanical
properties of the parts [165]. Accordingly, understanding the origination
and the possible elimination methods are extremely important. There are
two regularly observed internal defects for the EBM process: i) powder-
induced gas pores and ii) process-induced lack of fusion defects (LOFD).
The former is generated from the entrapped gas within the powder particles
(Figure 31a). In comparison, the latter originates from the process
parameter settings, for which the EB energy is insufficient to properly melt
the powder particles causing large defects with embedded powder particles
(Figure 31Db).
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Figure 31 The internal defects appeared in EBM produced parts: a)
powder-induced gas pores and b) process-induced LOFDs.

3.4.1 Source and elimination of gas pores

The gas pores typically show a round shape with a size below 150 pum.
Sometimes, this can be larger than the powder particles due to expansion
and joining of the adjacent pores [52].

The powder manufacturing is the main source of the gas pores.
Commonly, AM powder is made with gas atomization (GA). This is since
GA can produce highly flowable powder with a spherical shape, good
powder density and high particle size reproducibility [166]. However, the
GA powder may contain more gas pores inside the powder particles in
comparison with other methods. For example, Sames et al. [84] has
compared the GA, rotary atomized (RA), and plasma rotated electrode
processed (PREP) powder. Both GA and RA powder contain gas pores
inside the powder particle as shown in Figure 32a and c. These gas pores
later form spherical porosities inside the as-EBM made components
(Figure 32b and d). In comparison, the PREP powder shows almost no gas
pores, and subsequently the as-built components made with such powder
has achieved the highest density (Figure 32e and 18f) [84]. However, one
should notice that the PREP powder can only minimize the gas pores but
it may not eliminate them. This is since PREP is also carried out in an inert
gas environment [167].

49



3.4 Interior defects

200 um

Figure 32 SEM images with enhanced contrast. (a) Light optical
microscope (LOM) of GA IN718 powder, (b) SEM of EBM part from
GA IN718 powder, (c) LOM of RA IN718 powder, (d) SEM of EBM part
from RA IN718 powder, () LOM of PREP IN718 powder, and (f) SEM
of EBM part from PREP IN718 powder [84] .

Moreover, the possibility of the gas pores escaping the material during
printing is in correlation to the melt pool size. Larger melt pools (in
volume) always favor the gas pore escape. This is since the larger melt
pools require a longer time to solidify, creating a higher chance for gas
pores to escape. In general, larger and/or deeper melt pools can be achieved
by higher energy input [52, 168]. Even though higher energy input can be
beneficial to the gas pore escape, it is also correlated to some drawbacks
such as waste of energy, excessive sintered surfaces, and chemical element
evaporation. The later can even result in microstructural change and
mechanical property degradation [52, 104].

To remove gas pores, hot isostatic processing (HIP) can be applied as a
post processing technique. However, it should be noted that the further
employment of the B-solution-treatment HT process (after HIP) can cause
the reappearance of the gas pores. This is since the gas cannot diffuse out
during HIP, rather it remains inside the parts under high internal pressure
only. Once HT is applied, such high pressure can act as the driving force
and cause the re-growth of gas pores [167, 169].

3.4.2 Lack of fusion defect (LOFD)

Opposite to the rough surfaces and geometrical mismatch, lack of fusion
originates from the insufficient EB energy. Therefore, the factors
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worsening the surfaces and geometrical accuracy can be applicable here as
the beneficial factors for LOFDs.

3.4.2.1 Role of sample size and printing layout in LOFD

The printing orientation is an influential factor on the LOFDs. Formanoir
et al. [170] have compared the polished Ti-6Al-4V samples with different
printing orientations (horizontal-Xv vs. vertical-Z, as shown in Figure 33).
The horizontal-Xv samples have exhibited more LOFD than the vertical-Z
samples. This difference can be attributed to the scanning length. Longer
scan requires a higher beam current combined with a higher beam speed to
maintain a stable melt pool. This leads to a lack of energy if the beam
current does not adjust well [170]. Tammas-Williams et al. [171] have also
compared the parts with different printing orientations as well as the part
geometries for EBM made Ti-6Al-4V. No clear difference has been
observed from printing orientation, while there has been noticeable
difference in the parts with different geometries [171]. The authors have
not focused on the analysis of these differences. However, this could
perhaps be attributed to a sum effect from the slice shapes and scanning
lengths [172, 173].

Vertical-Z

Horizontal-Xv45

} Horizontal-Yv
Horizontal-XY

7
‘,\I_,,X Horizontal-Xv

Figure 33 Build orientations of the tensile specimens with associated
nomenclature from the research work of Formanoir et al. (Adapted)[170].

3.4.2.2 Role of preheat, processing parameters and scanning mode
in LOFD

As the first step of EBM, preheating duration has a minor effect on the
LOFD. LOFD can be minimized through the use of an increased preheating
duration. This is because prolonged preheating can result in more isotropic
powder bed structures and, consequently, better thermal conductivity
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[109]. This favors the fusion within the melting step, suppressing the
LOFDs [174].

As recognizable from the name of LOFDs, the main source of LOFD is
the insufficient EB energy input. The general machine-related parameters
with direct contribution to the EB energy have been discussed in previous
chapters. As a result of a higher EB energy, a larger melt pool is produced
to reduce LOFD. Wider melt pools favor the re-melting between scanning
lines while the deeper ones can be beneficial for the re-melting of previous
layers [51, 52, 131, 168, 175].

In addition to the direct parameters, there are also some indirect
parameters influencing the EB energy by altering the actual beam speed
and current (direct parameters). For example, under automation mode of
Arcam EBM systems, the actual beam current alters with the hatching
length, reference and maximum beam current [51, 131, 176]. The actual
speed is varied according to speed function [52] and turning function [52,
177]. Moreover, the combination of turning function and unidirectional
scanning pattern could also result in higher number of LOFDs. This is since
the unidirectional scanning melts from one side to another, while the
turning function decreases the EB energy at the end of scanning length.
Consequently, a multitude of localized LOFDs form at the end of scanning
[52].

Besides the processing parameters, the melting mode (linear or spot)
also influences the formation of LOFDs [52, 178, 179]. Usually, the border
of EBM parts is made using spotting mode and the interior is melted using
linear mode. A large amount of LOFDs is always generated within the
contouring region in EBM of IN718 material [179]. As discussed earlier,
this is attributed to the individual shrinkage of spots where a multitude of
LOFDs are formed between the spots. Therefore, utilization of continuous
contour successfully avoids the interrupted shrinkage and significantly
minimize the LOFDs [120]. However, a contradictory result has been
reported for Ti-6Al-4 VV (most well-developed material for the Arcam
EBM process). The parts made with only multi-spot contour have obtained
amuch lower fraction of pores compared to those made with only hatching.
This is due to the higher EB energy input for the contouring strategy in
comparison with the hatching strategy [52]. The contrary conclusions
among the studies could be attributed to the varied materials and
processing at each specific case.
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Nevertheless, each optimization typically requires a great deal of effort,
which might not even reach completely healthy parts. Therefore, HIP post-
processing can be an alternative method to close the internal defects.
Similar to the gas-induced pores, the LOFDs could also be closed and
eliminated by post HIP, if they are not connected to the surface. On the
bright side, these defects would never regrow after HT [167, 169]. In
addition to the HIP treatment, machining could be another post processing
method capable to improve the part quality. However, we would like to
avoid or minimize machining since machining requires much effort
(particularly for extremely difficult to machine materials such as Inconel
super alloys) and is simply a waste of resources.
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Chapter 4.

Research Gap: continuation to the state-of-the-
art

4.1 State-of-the-art for EBM process development of
Inconel materials

The Inconel materials have a wide application in the aerospace nickel-base
alloys and have attracted strong attention throughout the AM community.
These high-performance alloys are characterized by excellent mechanical
properties, high resistance to creep, corrosion and oxidation. Due to these
properties, these alloys are mainly applied in power plants or aero engines.
In general, four different Ni-based super-alloys have been successfully
printed using Arcam EBM machines. These include IN718 [180], IN625
[181], CMSX-4 [182], and Rene 142 [183]. Amongst these materials, the
IN718 is the most explored material while the other materials are still in
the research phase. Focusing on the Inconel material properties, this
chapter will briefly review the hardness and tensile behavior (most
commonly reported mechanical properties) of the EBM made IN718 and
ING25 material.

411 [IN718

IN718 is the most common superalloy to manufacture components for the
turbine components in jet engines [184]. This is due to its high-temperature
strength, creep resistance and high corrosion resistance. This performance
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originates from a Ni solid solution matrix saturated with other elements
such as Cr and Fe (called y), embedding coherent, ordered phases of y”
(NisNb) and y" Niz(Al, Ti) as precipitates [185]. This complex
microstructure results in high strength and hardness and so machining of
such a material is difficult [14]. Therefore, using EBM to produce IN718
components is becoming more and more attractive to the industries and
researchers.

Due to a wider interest in the investigation of IN718 for EBM, the
machine manufacturer (Arcam) has released the processing parameters
which have been used and conducted in many research works. These
parameters could successfully manufacture near full density parts.
Therefore, the machined EBM made samples can satisfy the requirements
set in the ASTM F3055 standard on PBF of IN718 [186]. However, there
are still some differences between the samples which have different
printing settings. These settings include the alternation of powder quality,
printing layout, and processing parameters.

Sames et al. [84] has compared the tensile behavior of IN718 parts made
with different powders (produced with different manufacturing methods).
Only negligible differences have been observed among the samples made
with different powders. However, the sensitivity of these samples become
different to the factors (e.g. layer thickness and printing orientation) which
influencing the resulting mechanical properties. For example, the printing
orientation has more significant effect on the parts made from PREP
powders. However, this effect is rather negligible for the GA powder.
Nevertheless, this difference could also be attributed to the different EBM
control software. The parts made with PREP powder has been
manufactured using EBM control software V4.1 where an embedded
automatic mode enables a better temperature control and more consistent
melt pool [84].

In addition to the powder quality, the building height could also alter the
microstructure via precipitation of y*~ and decomposition of 6 phase. This
can be intensified with the increased distance from the bottom, resulting in
a progressive increase of strength, hardness and elongation [129, 187, 188].
This can be attributed to the energy and heat exposure during the printing
process. Similar to the height, orientation may also vary the microstructure,
as for IN718 samples, the yield strength (YS), ultimate tensile strength
(UTS) and elongation can be higher for the vertical samples [180, 189]. In
addition, the location of the samples on the start plate can also have some
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influence on the microstructures, density and mechanical properties. The
parts at the center have the highest density and relatively lower hardness
[129, 190]. The higher density can be attributed to the less deflection and
more accurate movement of the EB around the center of the build. Perhaps,
this alters the EB spot size, influencing the melt pool size and consequently
the microstructures at different locations. Nevertheless, since all these
results are relevant to the thermal conditions during building, the findings
may vary from one to another work [191, 192].

The microstructure is one of the main factors controlling the mechanical
properties. This changes naturally with altering the processing parameters
[25]. As reported, the alternation of beam speed, beam current, line offset,
etc., can lead to variations in grain morphology and precipitates. Therefore,
the hardness of the samples varies according to the grain size and
precipitates [193-195]. Moreover, the focus offset can also change the size
of y" phase. This is by applying larger overlapping that prolongs the heating
time which causes the further growth of y" phase. This can alter the
microhardness proportionally until a certain level (offset value of 12mA)
[25, 196]. In addition, the scanning strategy (spotting vs. linear scanning)
is another factor influencing the cooling rate and the microstructure [192].
Therefore, the application of different scanning strategies can also affect
the mechanical performance.

In addition to the processing parameters, the cooling rate can also be
altered through the settings of activation or deactivation of the helium gas
supply. Sames et al. [28, 84] has compared the samples with different
cooling rate: in-situ cooled (ISHT), slow cooled, and fast cooled. The ISHT
has been accomplished by engaging planar heating over the build substrate
using the “Start Plate Heating” function. This means that an extra
preheating has been applied after finishing the printing, controlling the
cooling down stage. The fast cooling has been achieved by injecting
helium gas into the build chamber to act as an inert convective medium for
thermal transport. The slow cool down has been in fact a vacuum cooling.
This is since the vacuum in the build chamber eliminates the convection,
and hence the part is only cooled by surface radiation to the build chamber
and conduction to the rest of the system. Results have shown that the ISHT
samples achieve the best hardness followed by slow cooled samples, and
the fast-cooled ones reach the lowest hardness. This is due to the grain
growth and precipitation of the microstructure for which the temperature
is one of the driving forces. However, the tensile properties are varied
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different from the hardness. The samples with controlled cooling rate,
whether fast or slow, reveal good tensile properties, but the ISHT samples
fail prematurely under tension. This is due to the unique cooling for ISHT
samples resulting in large solidification grains and large cracks along the
printing direction, which conditioned the failure of the tensile tests [28,
84].

Moreover, there are also many research works that have been conducted
to analyze the effects of heat treatment on the mechanical performance of
the EBM made IN718 material. Due to the different settings (as holding
temperature, heating duration, and the cooling rate), the change of
microstructure and the corresponding mechanical performance can be
different among the research works.

Strondl et. el. [180] has investigated the effects of heat-treatment (HT)
(two-stage HT recommended by Special metals [197]) on the mechanical
properties of the EBM made IN718-4 (slightly different chemical
composition to the standard IN718 materials) samples. HT can improve the
hardness by 26%, in comparison to the non-HTed samples, due to the
elimination of 6 phase precipitates. Meanwhile, the internal porosities are
closed after HT. Thereafter, the YS and UTS are increased, at the same
time, the elongation and the area reduction are decreased [180]. The study
of Unocic et al. [198] has reported the effects of HIP and HT on tensile
behavior which can be seen in Figure 34. HIP (1200° for 2h) causes the re-
formation of small y' and disc-like y" precipitates. These precipitates
change lead to the reduction of the yield stress, but the improvement of the
elongation. While the samples which have been both HIPed and HTed
(two-stage HT according to the report from Cao et al. [199]), achieved a
slightly lower YS and UTS and much lower ductility in comparison to the
wrought material. The slightly decreased stresses are due to the coarsened
v' and y" precipitates after HT. However, the cause of the reduced ductility
is not clear [198]. Deng et al. [192] has studied the microstructures and
mechanical properties of both EBM as-fabricated and heat-treated IN718
samples. The different HTs influence the tensile behavior differently due
to the microstructure re-precipitation. Nevertheless, the hardness is
improved after either HTs. The improvement is due to the homogenization
of the microstructures after HT [192].
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Figure 34 Stress-strain curves generated for wrought and EBM fabricated
IN718 material at (a) 21 °C and (b) 650 °C. [198]

4.1.2 IN625

The EBM made IN625 contains y (NiCr) grains and the columnar plates of
v" (NisNb) precipitates, which makes it an important superalloy with many
aerospace applications [14]. However, there are not so much research work
yet existing for analyzing the IN625 material using the EBM process. The
existing research works have focused on the processing parameter
optimization for solid [181, 200] and lattice structures [131, 201], as well
as the microstructure of as-EBM built parts [181, 202].

Within these research works, different systems and parameters have
been used to produce the IN625 samples. Table 2 summarizes the
processing parameters from different research works for IN625 materials.
Seemingly, all these parameters are capable of producing nearly fully
dense parts, at least 99.5% dense [181, 200, 203]. The dense parts with
good surface can be achieved by using an energy input in the level of 5-8
J/imm?2 [200]. This can be even further improved to 100% after HIPing
[181, 203].

Moreover, attributing to the limited research work, the microstructural
analysis and mechanical tests are rather comparable. Only the study of Gao
et al. [204] has reported a ~18% higher hardness than the other studies.
This difference can be attributed to the different microstructures from the
EBM processing, similar as what has been reported for IN718 material.
More specifically, the control software, processing parameters, and the
actual cooling rate can all contribute to the microstructural changes.
Moreover, there is a difference in the hardness according to the orientation.
The hardness on the horizontal plane is 12% higher than the vertical plane
[181].
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There are also few research works analyzing the tensile behavior of the
EBM made IN625 material after machining. All the reported tensile
performances are above the requirement from ASTM F3056-14 [205]
standard for PBF of IN625, except the elongation from the study of Gao et
al. [204]. Since the reported YS and UTS from this study is also much
higher than others, the differences could be related to the smaller grain
sizes. This study has reported that the average grain size is about ~5.61um
while the other studies have obtained four times larger grains, that is ~20
um. This difference can be attributed to the use of different EBM process
and processing parameters as summarized in Table 2.

Also, as reviewed for IN718 material, the HT would cause the changes
in microstructures therefore distinct mechanical properties. As reported by
Murr et al. [181] and Amato et al. [202], both the hardness and YS has
decreased by ~19 %, the UTS has kept comparable, while the elongation
has increased by 57% after HIPing. These changes are mainly attributed
to the recrystallization of the microstructures. These include the y”
precipitates dissolution, the grain structure alteration from columnar to
equaixed along the building direction, the increase of grain size and the
appearance of annealing twins [181, 202].
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Table 2 The processing parameters used for IN625 materials from different research works.

Avrticle Processing Layer Beam Focus Beam Line Layer- EBM Machine  Research focus
Temp (°C) thickness current offset speed  offset wise
(nm) (mA) (mA) (mm/s) (um) rotation
angle (°)

Murr et al. --- ~50 - - --- --- --- Arcam EBM S-12 Microstructural and

[181] mechanical properties
characterization

Murr et al. ~830 ~100 10 1000-  --- Arcam EBM A2  Microstructural analysis for

[201] 2000 lattic structure

Amato et al. ~1050 --- ~5-10 ~100 --- --- Arcam EBM A2 Microstructural and

[202] mechanical properties
characterization

List et al -- 50 Varied Varied Varied --- --- Arcam EBM A2  Processing parameters and

[131] 2-5 0-80  200-500 mech properties
characterization

Edouard et. al 900 Varied Varied *Varied 100 Arcam EBM Al  Processing parameters

[200] 2-20 0-50  300- associated  microstructure,

4500 porosity and surface

condition

Gonzalez etal. ~850 --- 14 20 500 --- --- Arcam EBM A2  Characterization of EBM and

[203] L-PBF made IN625 material

Gao et al --- --- 5 -—- 500 --- 90 QBeam EBSM- Mechanical properties and

[204] R2 fracture mechanism

* The beam speed is altered through the beam function

ssa00.d |NG3 10) 1Ie-ay1-Jo-a1els T Y
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4.2 Missing research works

All the analyses of mechanical properties of the superalloys, as reviewed
in state-of-the-art, have been conducted on the DM samples. This is since
it is well known that the as-EBM components are very rough. The rough
surfaces can act as crack initiation cites and accelerate the part failure.
However, the properties of the DM samples are not the best representative
for the actual performance of the EBM components. As a result, the tensile
properties of the NS samples are still missing as the better demonstrator of
the possibilities via EBM.

So far, there is no research work on the effects of surface and subsurface
defects after EBM on the tensile properties of IN718 (most widely
developed superalloy). Especially, the effect of the commercial contouring
strategy is missing on the surface and subsurface quality and the
corresponding mechanical properties. In addition, there is no research that
has been conducted to analyze the optimal machining depth and to create
a machining protocol capable of achieving a quality part after EBM.

Therefore, the first target of this research work has been set to
systematically investigate the effect of the superficial defects and
machining depth on the performance of EBM made IN718 parts. Within
this objective, the tensile properties of as-built and shallow-machined
samples have been evaluated and compared to those from deep-machined
parts. The defects in different depths have been analyzed and related to the
performances and failures of the parts.

Afterward, another superalloy (IN625, under explorative phase of EBM)
has been used for further investigation. Same as the IN718, the properties
of the NS parts and the effect of surface and subsurface conditions is also
missing for IN625. In addition, a machining protocol is also missing for
this material. Therefore, a similar study should be performed on EBM
made IN625 to understand the tensile properties of NNS, and DM parts
made of IN625. The machining protocol set up for IN718 should also be
verified for IN625.

Our findings show that the superficial defects necessitate deep
machining (more than 2 mm from the surface) to eliminate the porous
superficial region and obtain an acceptable set of mechanical
performances. The origin of this porous region is mainly attributed to the
commercialized multi-spot contouring strategy. Therefore, a research work
is necessary to investigate different contouring strategies. The ultimate
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goal for an optimal contour is to eliminate the porous region, maintain the
surface condition as multi-spot contouring, and improve the tensile
performance of NS samples to the level of DM parts. These improvements
can potentially minimize the machining requirement.

However, all the research work conducted here, has focused on the
vertically printed components. This is since the EBM process can generate
high thermal stress when printing lengthy parts. The high thermal stress
can cause severe bending/deformation of the parts, ultimately causing
failure in the printing job. While the subject of stresses and deformations
in L-PBF processes are well explored and understood, the thermal stresses
and their correspondence to the applied scanning strategy remain
unexplored for EBM. Therefore, the last part of this research work has
focused on the influence of EBM scanning strategies on the generation of
thermal stresses/strains and corresponding deformations. In doing so, the
target scanning strategies include the scanning lengths, bidirectional or
unidirectional, layer rotation, and chessboard scanning pattern.
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Chapter 5.

Design of Experiments

This research focused on the experimental analyses of the as-printed EBM
components. Accordingly, the printing setup and the testing methods will
be introduced in this chapter.

5.1 Powder Characterization

Two superalloys were studied in this research work: IN718 and IN625. The
IN718 powder sourced from AP&C (Canada) was used for the
fundamental research. It was plasma atomized having a spherical shape
with satellites. The particle size was in the range of 45-105 pm with an
average size of ~90 um (Figure 35a). While the IN625 with the commercial
name of Osprey® Alloy 625 (Sandvik, Sweden) was used for the validation
and optimization studies. This powder was gas atomized with spherical
shape and satellites formed during the melting process, as shown in Figure
35b. 95% of the powder also had a size in the range of 45-105 um due to
the requirement from Arcam. While the average size of the powder was
~75 pm.
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Figure 35 Powder morphology for a) plasma atomized IN718 used in
Paper | and b) gas atomized IN625 powder used in Paper 11-1V.

5.2 Components manufacturing

For EBM manufacturing, the recommended software Materialise Magics
(Materialise NV, Belgium) was used to design the layout and generate the
support structure. Afterward, the Arcam EBM A2X machine with control
software V4 was used for the manufacturing process. Both materials were
printed with high acceleration voltage of 60 kV at a processing temperature
of 1025°C. The research work was started with the testing of default
parameters for IN718 material, for which a start hatching angle of 0° and
a layer-wise rotation angle of ~72° was applied for layer-wise scanning.

5.2.1 IN718 components manufacturing

For IN718 material, a 3 mm height of support structure was built on base-
plate. The solid components were later built on top of the support structures.
Moreover, as recommended by Arcam, a scaling factor of 1.017 in x-and
y-axis, and 1.02 in z-axis was added to the solid model for compensating
the shrinkage from high-temperature processing. Afterward, the
commercial/default parameter settings supplied by Arcam were used to
produce the components. The parameter settings for contour and hatching
strategies can be seen from Table 3.
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Table 3 The processing parameters of the IN718 components.

Contouring NO. of Order Beam Multi-Spot
Contour Speed Offset
192" Innerto  540°1000" 0.3% .2'mm
Outer mm/s
Hatching Beam Focus Beam Line Offset
Speed Offset Current
4530 mm/s 15 mA 15 mA 0.125 mm

Note: o, outer contour, i, inner contour.

As shown in Figure 36a, the testing samples were produced from two

printing jobs. The first job comprised both cubic samples (had a size

of

20x20x20 mm) and tensile specimens in NNS and DM states (Figure 36b).

The NNS and DM samples were later machined with different depths
the reduced sections, as 1.3 mm and 6 mm, respectively. After testing
these samples, it was found there was no significant location effect on the
samples. Accordingly, the NS samples were located next to each other
the second job. These NS samples (with no machining) were produced

in
of
se
in
in

two conditions: hatching with multi-spot contouring and only hatching
(Figure 36c). These were used to study the effect of the commercialized

contouring strategy.
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a) 1st Print 2nd Print
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Figure 36 a) Printing Layout of the samples made in paper I. ‘D’, ‘S’, ‘A’
and ‘C’ are codes for ‘deep machining for bulk’, ‘shallow machining for
near-net shaped’, ‘as-built for net shaped’, and ‘cubic’ parts, respectively.
b) Dimensions of the samples before and after machining. The solid line
indicates the as-built (net shaped) testing samples. The dash line
identifies the designed dimensions of the shallow-machined (near-net
shaped) samples which were machined off 1.3 mm in radius to remove
the as-built surfaces and multi-spot contouring region. The dash-dot line
indicates deep-machined samples which were printed as bulk cylinders
and then machined off for 6 mm in radius. c) The schematic of the multi-
spot contouring scanning strategy employed for this experiment. d) The
tensile specimens from different categories (deep-machined, shallow
machined, and as-built) before and after machining.

68



5.2 Components manufacturing

5.2.2 IN625 components manufacturing

For experiments with IN625, the parameters were tuned based on the
experience from earlier work on IN718. The speed function and hatching
line offset for the hatching strategy was altered to achieve fully dense
products. In addition, different contouring strategies were tested with
different settings. These settings included the melting mode, energy input,
overlapping ratio and sequence to the hatching strategy. The chosen
contours reported in this study included the so-called high-energy
continuous contour (HECC), and low-energy continuous contour (LECC).
Table 4 summarizes the processing parameters for the different contours
and hatching strategies.
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Table 4 The chosen scenarios for hatching and different contouring
strategies. ‘Pre-hatching contouring’ refers to the processing scenarios
where contouring was done before the hatching step. In contrast, ‘post-

hatching contouring’ refers to the processing scenarios where contouring
was done after the hatching step.

Strategy Mode? Average calculation Overlap  Linear Sequence to

from log analysis® ratio (%) energy hatching
Current  Speed density®
(mA) (mm/s) (I/mm)
Hatching C 7 2100 0.2
Multi-spot S 417 530/1000 17/14/43% 0.45/0.42  Pre-hatching
contouring
louter+ S 417 530/1000 17/14/43% 0.45/0.42  Pre-hatching
rest Inners contouring
LECC C 3.4 400 50 0.51 Pre-hatching
contouring
HECC Cc 4 160 25 1.5 Pre-hatching
contouring
HECC C 4 160 25 15 Post-hatching
contouring
Double C 4 160 25/15¢ 1.5 Pre- and post-
HECC hatching
contouring

@Note 1: C and S refers to the continuous and spots melting modes.

®Note 2: The beam travels, time intervals, and applied currents were read from
processing log files. After that, the beam speeds and the beam powers were
calculated. These are the actual values, which could be different from the reference
values in the setting of the machine.

®Note 3: The linear energy density was calculated from Eq. 1.

dNote 4: 17 % and 14 % refers to the overlap ratio between the spots of the outer
and inner multi-spot contour, respectively. 43 % refers to the overlap ratio between
the innermost contour and the hatching region.

®Note 5: 25% refers to the overlap ratio between the pre-hatching HECC and
hatching region. And 15% refers to the overlap ratio between the pre-hatching
HECC and hatching region.

According to the findings and conclusions from the work published in
Paper I (for IN718 material), the work for Paper 1l modified and repeated
the experiments using IN625. Accordingly, all cubic and tensile specimens
were printed in the same job, as shown in Figure 37. The cubic samples
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had a size of 20x20x20 mm?, while the tensile specimens with a different
design (to minimize the machining requirement) could be seen in Figure
37b. These tensile specimens were printed in two conditions similar to
IN718 (Paper 1) work as discussed in chapter 5.2.1, both hatching with
multi-spot contouring or only hatching. In addition, different machining
depths were applied to these samples: 0 mm for NNS (coded as N1-N12 in
Figure 37), 2.1 mm for NS (coded as NM1-NM12 in Figure 37) and 5.5
mm for DM samples (coded as B1-B12 in Figure 37).
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Figure 37 (a) Layout of the built, (b) dimensions of the tensile specimens,
dash, dash-dot, and solid lines represent the bulk, the near-net shaped,
and the samples after machining respectively, and (c) summary of the

coded samples.
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For the work in Paper Ill, single track contours (L=10 mm), cubic
samples (10x10x10 mmq) and cylindrical parts (@10mmx10 mm?3) were
printed to investigate the impact of different contouring strategies, as
summarized in Table 4. After the primary analysis of these samples, the
best contours were used to produce the NS tensile specimens, as shown in
Figure 38. These included the samples made with only hatching (Figure
39a), hatching with multi-spot contouring (Figure 39b), one outer with rest
inner multi-spot contouring (Figure 39c), hatching with various continuous
contour (Figure 39d) including pre-hatching LECC, pre-hatching HECC,
post-hatching HECC and double HECC.
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a) Tensile Specimen b) As-built Samples
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Figure 38 a) The size of the tensile specimen for b) building via Arcam
EBM process.
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Figure 39 Schematic of the different contouring strategies tested in Paper
I11: a) Only hatching or no contouring, b) commercial multi-spot
contouring, ¢) all multi-spot contours as 1 outer with multiple inner
contouring, and d) continuous contouring. The continuous contouring
was performed with both low and high-energy, and the high-energy
contour (HECC) was performed with three different sequence scenarios.
These include start with HECC, end with HECC and double HECC
which comprise 1 HECC before and 1 HECC after the hatching strategy.

For the work in Paper IV, deflection testing samples were also printed

using IN625. As shown in Figure 40, these deflection testing samples
consisted of three regions: i) symmetrically distributed supporting trusses,
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each with a size of 1x1x5 mm? and ii) a central supporting block with a
size of 10x10x5 mm?3. These supporting iii) a large top panel with a size of
10x100%x2 mm?,

X hupporﬁng
trusses

Outer rms
Center row

Figure 40 a) Printing layout, b) size, c) visual condition of the deflection
testing parts after EBM.

In addition, to evaluate the high-temperature tensile properties of EBM
made IN625, two blocks with a size of 14x144 x28 mm were horizontally
printed (to be in line with the horizontally printed deflection testing
specimens), as shown in Figure 41a. Moreover, in order to have a better
powder distribution, these blocks were diagonally placed on the start-plate.
After printing, these blocks were deeply machined to remove the
superficial region into the shape required for high-temperature tensile
testing, as shown in Figure 41b.
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(4%

Figure 41 a) Printing layout of the high-temperature tensile specimens as
two blocks and b) the dimensions of the specimens.

The basic processing parameters used in Paper 1l and 11, which were able
to produce dense parts, were used to produce both deflection and high-
temperature tensile testing samples. For deflection testing samples, several
scanning strategies were altered and tested. These included start scanning
angle, rotation angle per layer, snake function (determines bi- or uni-
directional scanning movement) and chessboard printing. The altered
parameters are shown in Table 5.1t should also be noted that different
scanning angles can lead to different scanning lengths and the
corresponding layer scanning duration, as summarized in Table 6.

Table 5 The design of experiment for the thermal stress analysis.

Scan pattern Sample ID NO. of Starting Rotation angle per
islands angle layer (°)
Long SORO 1 0 0
SOR72 1 0 ~72 (Default setting)
SOR90 1 0 90
SOR180 1 0 180
Short-Y S90R0 1 90 0
S90R180 1 90 180
Short 101:S0/90R0 10 0/90 0
Chessboard

Note: both unidirectional and bidirectional scanning pattern were tested for these samples
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Table 6 The summary of deflection testing samples according to their
different scanning angle, length and time.

Scan Sample Layer Scanning  Average Layer scanning
ID number angle (°)  Scanning duration (s)
length Bi- Uni-
(mm) directional directional
Long SORO every 0 100 1.99+0.28 2.07+0.34
SOR72 n 0 100 1.99+0.28 2.07+0.34
n+1 72 10.51 13.84+2.50 15.46+2.97
n+2 144 17.01 4.40+0.16  4.79+0.20
n+3 216 17.01 6.18+1.51 6.67+1.61
n+4 288 10.51 13.10+£1.38 14.22+1.74
SOR90 n 0 100 1.99+0.28 2.07+0.34
n+1 90 10 14.20+1.89 15.76+2.25
n+2 180 100 1.72+0.27 2.13+0.20
n+3 270 10 14.19+1.83 15.66+2.15
SOR180 n 0 100 1.99+0.28 2.07+0.34
n+1 180 100 1.72+0.27 2.13+0.20
Short-Y S90R0 every 90 10 14.20+1.89 15.76+2.25
S90R180 n 90 10 14.20+1.89 15.76+2.25
n+1 270 10 14.19+1.83 15.66+2.15
Short *10I: every 0 10 7.70£1.02 8.35+1.17
chess= S0/90R0 90 10 7.88+1.08 8.90+1.27
board

* The scanning times are varied based on the area of melting region. For the 101:S0/90R0,
the part comprises 5 islands with 0° scanning angle and 5 islands with 90°. This also alter
the scanning duration.

5.3 Density analysis

According to the research work done by Spierings et al. [206],
Archimedes’ method was the most accurate and accessible choice for
measuring the density of the AM samples. Therefore, all the density
analyses were conducted with Archimedes’ method using balance MC 210
P (Sartorius) equipped with the density kit YDK 01, according to standard
ASTM B311-17 [207]. The weighing liquid was either deionized water or
99.5% isopropanol. Each sample was tested at least three times to obtain
the deviation and the accuracy of the measurements was +0.01 g/cm?.
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5.4 As-built Surface Analysis

5.4.1 Morphology and surface voids

The as-built surfaces from EBM process were very rough and irregular
with deep notches. For the analysis of the surface features, Phenom ProX
scanning electron microscope (SEM) (ThermoScientific, US) was used to
view the as-EBM samples. The surface voids fraction were later estimated
using program ImageJ [208] for the SEM taken images.

In paper |, both the top and side surfaces were viewed using SEM. The
top surface analysis was performed on both cubic and round (reduced
section of the tensile specimen) slices which were printed using either only
hatching or hatching with multi-spot contour. While the side surface
analysis was carried out on the tensile specimens for NS, NNS and DM
samples. Moreover, the NNS and DM samples were viewed under two
conditions: before and after machining.

In paper 111, the cubic samples with only hatching, multi-spot contour,
pre-hatching LECC, pre-hatching HECC, post-hatching HECC, and
double HECC were chosen to view the side surface morphology and
estimate the SVF in order to analyze the consolidation status of different
contours. Moreover, the contour tracks (multi-spot contour, LECC and
HECC) were also analyzed to realize the difference in continuity among
them.

5.4.2 Roughness

In this study, measuring the surface roughness was to determine the
machining requirement for producing samples that exhibit optimal
mechanical properties. Thus, the peak to valley distance (Rz or Rt) were
considered as the most proper factor to determine the roughness. Since the
surfaces in the case of superalloy samples here were too rough, all
roughness measurements in this study were done using the non-contact
method.

In paper |, based on the capability of the microscope, the as-built side
surfaces and machined surfaces were viewed and measured using different
technologies. The as-built ones were measured using an optical 3D
measurement system, InfiniteFocusSL (Bruker alicona, Germany). While
the machined ones were analyzed using the white-light interferometer,
Zygo NewViewTM 7300 (Zygo, United Kingdom).
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5.5 Subsurface defect analysis

In paper |Il, the as-built surfaces were measured using a
stereomicroscope, ZEISS Axio zoom v16 with camera/detector AxioCam
IC and Objective PlanNeoFluar Z 2.3x (ZEISS, Germany) with an
accuracy of + 2 um. The measurements were performed on the vertically
printed tensile specimens of different sizes and building heights. The
microscope's focus was varied to get the distance between the top and
bottom points within a tiny region.

In paper Ill, the as-built surface morphology and the roughness were
analyzed using the same SEM for surface morphology analysis, equipped
with a software Phenom ProSuite 3D Roughness Reconstruction.

5.5 Subsurface defect analysis

The subsurface defects were analyzed on the polished samples based on
the standard metallographic preparation procedures, to a 1um finish. After
polishing, these samples were viewed using the same SEM as mentioned
in chapter 5.4.1.

In Paper I, to analyze the effects of sample size, border shape and
machining depth, several samples were chosen to analyze the sub-surface
defects. These were cubic, and the griping section of the NNS, NS, and
DM tensile specimens. Also, the analysis was performed for both
horizontal (x-y) and vertical (x-z) sections.

In Paper 111, the samples for surface morphology (chapter 5.4.1) tests
were also used for the defects analysis. These were done to compare the
effects of the contours on the formation of the subsurface defects.

In Paper 1V, only the chessboard printed parts were polished and viewed.
This was done to analyze the location and formation of the macro cracks
for chessboard scanned parts, and the typical EBM LOFDs and gas pores.

5.6 Geometrical mismatch

Two different 3D scanning systems were used to analyze the geometry of
the as-EBM samples. In paper Ill, the samples printed with different
contouring strategies resulted in different sizes. Therefore, all the round
samples were scanned using Roland LPX-600 (Japan) laser scanner. It
scanned the items with a rotation mode. For which the samples were placed
on a rotating table and a laser scanner was fixed on the side of the table.
After scanning, the results were compared with the original CAD model
using CloudCompare open-source software, version 2.10.2.
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5.7 Microhardness

For paper 1V, the deflection testing samples (for analyzing the thermal
stresses and strains during EBM) were scanned with another 3D scanner,
ATOS Core 200 (GOM, ZEISS), with a resolution of 80 um. Afterward,
the deformation of the top panels and supporting trusses were analyzed
using the software GOM Inspect V7.5 SR2.

5.7 Microhardness

The microhardness was measured using the equipment of Mitutoyo HM-
200 (Mitutoyo, Japan). The test load was 100 g and the dwell time was set
to 15 s. The distance between each measurement was at least 10 times
larger than the length of the diagonal of the indentation.

In paper I, this microhardness was conducted to analyze the properties
of the contouring and hatching regions. Accordingly, the measurements
were performed within the horizontal (x-y) plane at successive distances
from the outer surface, at the location of: 300 um, 600 um, 900 pum,
1.2mm, 1.5mm, 2mm, 2.5 mm, 3mm, 3.5mm, 4 mm, 5mm, 6 mm,
7 mm, and 8 mm from the valley of the rough outer surface.

In paper Il, microhardness was measured on polished cubic parts: seven
measurements were performed along the building direction (x-z plane) and
the top surface (x-y plane). This was to explore the hardness variance at
different locations and orientations.

In paper Ill, the microhardness measurements were performed to
analyze the differences among the varied scanning strategies: hatching
strategy and different contouring strategies. According to the results from
paper Il, there was no difference between the x-z and x-y planes. Therefore,
the measurements were only continued within the x-y plane from the edge
(0.2 mm beneath the outer surface) towards the center of the cubic samples.
At least 8 readings were taken from each region.

5.8 Tensile Test

5.8.1 Room temperature tensile test

The room-temperature tensile tests were performed using Materials
Testing 4505 (Zwick/ Roell) machine. For Paper I and 11, the samples were
tensioned with a constant cross-head speed of 10 mm/min and 1 mm/min,
respectively. While for paper Ill, the samples were tensioned with an
extensometer under a strain rate of 0.008 s.
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5.9 Grain Size Analysis

5.8.2 High-temperature tensile test

The high-temperature tensile tests were conducted on the IN625 material
for Paper 1V, since there was a lack of information on the high-temperature
properties of the EBM made IN625 samples. The samples were deep
machined from the EBM made blocks (chapter 5.2.2). At least 3 samples
were tested. These tests were conducted on MTS3 (MTS, America) at the
same temperature as the EBM processing, i.e., ~1050 °C. This high-
temperature testing was achieved with induction heating under a shielding
gas of Argon. Moreover, a pulling rate of 1 mm/min was used.

5.9 Grain Size Analysis

The grain size of the as-fabricated samples was analyzed in Paper | for
IN718 and in Paper Il for IN625. All the samples were well polished
following the standard metallographic preparation procedures.

In paper I, the samples were taken from the gripping section of the DM
samples, having a diameter of 17 mm. The waterless Kalling’s reagent was
used to etch the samples for ~20 seconds at room temperature. After
etching, the samples were viewed using SEM, and the grain size was
estimated using ImageJ [208].

For Paper Ill, the cubic samples (from chosen scenarios) made with
different contours were used for microstructure analysis. These samples
included hatching with multi-spot contour, pre-hatching LECC, post-
hatching HECC, and double HECC. They were etched at room temperature
with a solution made of 80% acetic acid glacial (10 mL), 80% Nitric acid
(10 mL), and 37-38% Hydrochloric acid (15mL). After etching, the
samples were also viewed using SEM, and the grain size was also
estimated using ImageJ [208].

5.10 ABAQUS Simulation

In Paper IV, the ABAQUS simulation was used to analyze the thermal
stresses and strains of the EBM made IN625 parts and simulate the rupture
of the supporting trusses. A simplified 2D explicit model was developed
using ABAQUS v6.14-1 CAE. The ABAQUS built-in shear damage model
was used together with the damage evolution law according to the visual
fracture of these trusses. In addition, few assumptions were made for this
simulation work.
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5.10 ABAQUS Simulation

First, the processing temperature of the Arcam EBM process was
measured from the bottom of the start-plate. However, the printing was
performed on top of it. Therefore, the temperature of the processing layer
naturally had a slightly higher temperature, which was assumed to be
1050°C. Accordingly, the thermal stress/strain simulations were performed
at 1050°C using the material properties as summarized in Table 7. This
material property was defined according to the high-temperature tensile
testing which was also tested under 1050°C. Moreover, due to the limited
height of samples, the temperature was assumed to be uniform throughout
the entire part. In addition, the further deformation during the cooling
process was not considered. This is since the EBM was conducted under a
high temperature of 1050 °C. Consequently, it was assumed that no
residual stress remained in the material (due to the material recovery
mechanisms at high temperatures). In addition, the default Arcam EBM
cooling method ensured a slow cooling rate, as ~0.07-0.08 °C/s [28],
which also ensured a minimum shrinkage during cooling.

Table 7 Material information for IN625 used for ABAQUS simulation.

Density  Young’s Poisson’s Yield stress and plastic
(g/cm?3) modulus ratio strain*
(GPa)* Stress (MPa) Plastic strain
8040 45 0.33 46 0
55.4 0.00035
58 0.0015

* These values were obtained from the high-temperature tensile testing.

Moreover, the deformation of trusses during printing was assumed
negligible due to the small cross-section (1x1 mm?, as shown in Figure 40).
They started to deform and even rupture when the top panel was added and
printed on top. Therefore, it was also assumed that the deformations of
trusses were caused due to the top panel's shrinkage and corresponding
deformation. Accordingly, the post-failure bending of the top panel was
used to describe the final deformed model within the ABAQUS simulation.
This post-failure bending was according to the actual deformation of the
top panel (data obtained from 3D scanning) along x- and z-axis through
two functions. More specially, Figure 42 shows an example of the top panel
deformation derivation process on the bidirectional SOR90 part. After 3D
scan (Figure 42a), the actual locations of at least 15 connection points
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5.10 ABAQUS Simulation

(between the top panel and trusses) were summarized and compared with
the designed locations (Figure 42b). Thereafter, as shown in Figure 42c,
two functions were formulated from designed ‘x-position” vs. ‘AX’ and
‘designed x-position’ vs. ‘AZ’.

a) 3D s‘cz‘umed b]dlrectmnftl SOR90 . Z . b) Summery of the positions of the
3 ¥ selected points on the top panel

1 u e v Designed | Displacement
Pomt]]) 123456789 10111213 1415 Point ID| _ (mm) (mm)

L)Functmns to deﬁne the deformdtlon oftop p.me] X | Z | AX | AZ
02 . I [-50] 5 [-0861]0.75
;) _\\—-0 2377exp( 09899X) 2 -47 5 |-0.893]0.449
o 3 |44 5 [-0792]0342
I 4 |41 ] 5 [-0934]0.140
N . 5 38 | 5 |-0.631]0.108
oyl * AXvs. Designed X | 6 |35 5 [-0.410[0.169
O3 . —Fitting curve ] 7 | -32] 5 |-0487]0.108
=50 45 -40 -35 -30 :25 20 <15 <10 -5 0 R 229 5 0217 0.078
Designed_X 9 |26 5 [-0.059]0049
Yo - 10 -23 5 -0.086 [ 0.067

0.6 B egned X |20 5 [-0.057]0.06]
N 04 ] 12 [a7] 5 [-0.031 0102
) AZ=0.03627exp(-1.944X) 13 -14 5 0.022 1-0.067
02 e ) 1 14 |11 ] 5 [-0007]0033
0 — - . . 15 [ 8 5 [0237] 0

0 45 40 35 30 25 20 15 -10 -5 0 Center | 0 0

Designed X point

Figure 42 A typical example, experimentally realizing the top panel
deformation from bidirectional SOR90 part: a) 3D scanned result of the
selected points. b) Summary of the designed positions, the displacement

of the selected points along x- and z-axis. ¢) Displacement functions

realized from b) to describe the final deformed model.

The top panel would deform until reaching the pre-defined post-bending
status, which was consistent with experimental observations. Therefore,
the thermal stress/strain on trusses was simulated according to the top panel
deformation. In addition, it is interesting to add that less than 10% of the
trusses were ruptured below the top panel near the middle of the truss.
Therefore, the influence of the partly remaining trusses on the top panel
deformation was not considered in this study.

Besides, the 4-node bilinear plane strain quadrilateral mesh (CPE4R)
was applied to the simulation models. After the mesh convergence test,
four finite elements were used according to the truss width. This was since
the simulation was performed using the actual dimensions of the samples
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5.10 ABAQUS Simulation

which turned to be different after EBM processing. Moreover, to simulate
the rupturing progress of the trusses, cohesive elements (thickness of 0.1
mm) were used at the interface between the trusses and the top panel. They
were automatically deleted/disappeared when the fracture occurred.
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Chapter 6.

Summary of appended papers

6.1 Paper I: Role of superficial defects and machining
depth in tensile properties of EBM made Inconel
718

Author Contribution: As the main and corresponding author, Xiaoyu
Zhao performed most of the experiments, including manufacturing the
samples, powder analysis, density analysis, surface morphology analysis
of the machined surfaces, grain size analysis, and failure analysis. The as-
built surface morphology analysis and the tensile testing were performed
with the help of the colleagues from Swerim AB. The machining of the
tensile testing samples was completed with the help of colleagues from the
I1P department, KTH. Afterward, she was responsible for analyzing all the
results and writing the article. The co-authors contributed to formulating
concepts and ideas and reviewing the article.

Connection to the research questions: This work focused on
investigating the role of the superficial defects (including both surface and
subsurface defects) on the tensile properties of the EBM made parts. In
addition, developed a machining protocol for the as-EBM components.
This work answered the research questions at the fundamental level (refer
to chapter 1.2, RQ 1 and 2).
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6.1 Paper I: Role of superficial defects and machining depth in tensile properties
of EBM made Inconel 718

Summary:

IN718 is a well-developed EBM material for which the microstructure and
mechanical properties were reported by many researchers. However, all
these reports focused on the severely machined samples. There was no
report yet analyzing the NS (net shaped) and NNS (near-net shaped)
components and the influence of machining depth for such material.
Accordingly, this paper focused on the investigation of the NS and NNS
samples, and the sources of their failure under tension. As we found, the
commercialized processing parameters from Arcam couldn’t produce
healthy components. The NS samples without contour had large surface
notches and high SVF. Applying the multi-spot contouring strategy could
slightly reduce the surface notches and SVF, meanwhile, resulting in
numerous LOFDs within the subsurface region. Accordingly, all the NS
samples failed the test under tension, either with or without contour. After
1.3 mm of machining on the samples with contour (which achieved slightly
better properties under tension), the surface voids and rough surfaces were
successfully removed while the subsurface defects were exposed to the
outer surface acting as the surface defects. Similarly, the NNS samples
after machining also failed under tension. It seemed that even though the
contouring region was measured to be in the region of 1.3 mm from the
border, the defects were deeper as large as 2 mm. Therefore, to achieve
good tensile properties, at least 2 mm in depth was required to be removed
from the outer surface. This ensured the elimination of this superficial
porous region and improved the mechanical properties to an acceptable
level.
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6.2 Paper II: Influence of Contouring and depth of machining on tensile
properties of Inconel 625 made by Electron Beam Melting

6.2 Paper Il: Influence of Contouring and depth of
machining on tensile properties of Inconel 625
made by Electron Beam Melting

Author Contribution: As the main and corresponding author, Xiaoyu
Zhao manufactured the samples, performed most of the experiments,
analyzed all the results, and wrote the article. The machining of tensile
samples was performed with the help of the colleagues from the IIP
department, KTH and the tensile testing was performed with the help of
the colleagues from Swerim AB. The co-authors contributed to
formulating concepts and ideas and reviewing the article.

Connection to the research questions: This work focused on verifying
the findings from paper I. The shallow machined IN625 parts (according
to the machining protocol) were compared with the deeply machined ones.
In addition, the effect of contouring strategy on tensile performance was
investigated. This work answered the research questions on further
understanding and validation of the applicability of the developed
machining protocol for different superalloys (refer to chapter 1.2, RQ3).

Summary:

This research was done as a validation of our findings for IN718 material.
The processing parameters were optimized based on the commercial
settings for IN718 (from Arcam). The optimized parameters successfully
produced nearly fully dense parts.

In this research work, the NNS and DM (deeply machined) samples,
both with or without multi-spot contour were tested and analyzed. The ones
without such contour generated about 29% rougher surface than the
samples produced with contour. For the purpose of achieving a smooth
surface, the ones without contour required more post-process machining
than the ones with contour. However, these samples had a narrower
superficial porous region. Accordingly, after ~2 mm of machining, these
samples reached the comparable tensile properties as the DM samples (5.5
mm of machining). On the other hand, the samples printed with contour
showed ~32% less elongation compared to the non-contoured ones after
the similar ~2 mm of machining. The negative effects from the contour
could be eliminated after deep machining, as 5.5 mm in this work.
Therefore, the main conclusion was that the commercialized multi-spot
contouring is better to be avoided.
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6.3 Paper I11: Contouring strategies to improve the tensile properties and quality
of EBM printed Inconel 625 parts

6.3 Paper Ill: Contouring strategies to improve the
tensile properties and quality of EBM printed
Inconel 625 parts

Author Contribution: As the main and corresponding author, Xiaoyu
Zhao performed all the experiments except the tensile tests (with the help
of colleagues from Swerim AB). In addition, Xiaoyu analyzed all the
results and wrote the article. The co-authors contributed to formulating
concepts, choosing the reported scenarios, and reviewing the article.

Connection to the research questions: This work focused on
investigating a novel contouring strategy to smoothen the as-built surface
and minimize the surface voids. More importantly, the mechanical
performance made with such contouring strategy should be ideally
comparable to the deeply/extensively machined parts. This work answered
the research questions at the optimization level (refer to chapter 1.2, RQ
4).

Summary:

After the analysis of the NS and NNS components, it was clear that the
defects in the superficial region were the cause of failure for the as-built
samples. Accordingly, the aim of this work was to systematically analyze
and improve the contouring strategies for the Arcam EBM of Inconel 625.
A continuous contouring strategy was tested with different linear energy
inputs, overlapping ratios and the sequences to the hatching region. These
contours were compared with the commercialized default multi-spot
contouring. As found, the multi-spot contour could create about 25%
surface and 4.0% subsurface porosity due to the interrupted shrinkage on
the surface and in transitional contouring/hatching regions. While all the
linear contouring strategies can achieve a comparable smooth surface,
meanwhile further reducing the surface and subsurface defects, in
comparison to the multi-spot contouring strategy. Amongst all the different
strategies, the post-hatching HECC generated minimum surface and
subsurface porosity, as ~10% and 0.3%, respectively. Consequently, the
tensile properties of the parts made with post-hatching HECC successfully
reached a level comparable to the machined samples. Accordingly, EBM
printing of IN625 using optimal HECC would not necessarily need any
post machining effort with respect to tensile properties since this could
effectively reduce the surface pores and minimize the subsurface defects.
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6.4 Paper 1V: Effect of scanning strategy on thermal stresses in EBM of IN625

6.4 Paper IV: Effect of scanning strategy on thermal
stresses in EBM of IN625

Author Contribution: As the main and corresponding author, Xiaoyu
Zhao designed, manufactured and performed all the experiments except the
tensile testing (with the help of the colleagues from Swerim AB). In
addition, she also ran the simulations for different samples, analyzed all
the results and wrote the article. The co-authors contributed to formulating
concepts, setting up the simulation, choosing the reported scenarios, and
reviewing the article.

Connection to the research questions: This work focused on
investigating the thermal stresses and strains of the EBM made IN625
parts. Different scanning strategies were developed and analyzed. This
work was carried out to establish a printing protocol for horizontally
lengthy parts to be produced free of thermal deformation. This work
answered the research questions on the optimization level (refer to chapter
1.2, RQ5).

Summary:

All earlier research works (papers I-111) focused on the vertically printed
components. This was since the high thermal stresses otherwise limited the
print-ability of the horizontally lengthy parts using EBM. Accordingly, this
research focused on analyzing the influence of EBM scanning strategies
on the generation of thermal stresses and strains. The deflection testing
samples comprised trusses supporting a top panel which was deforming
during the EBM process.

ABAQUS modeling and simulation, based on the empirically measured
deformation data, successfully demonstrated the thermal stresses and
strains of the parts. The equivalent plastic strain of the ruptured trusses
from the simulation (~0.33£0.01) achieved a similar level as of
experimentally measured maximum shear strain (~0.32 £ 0.02).
Consequently, one can conclude that the fracture of the EBM material was
strain-controlled, as the thermal stresses easily reach the ultimate strength
of the material. Accordingly, all the samples made with various scanning
strategies can deform since the stresses reach the material yield point.
However, the rupture would only occur once the strain of the trusses
achieved a certain magnitude (~0.33+£0.01). The magnitude of the strain,
in this case, was found to be determined by a few factors. The most
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6.4 Paper IV: Effect of scanning strategy on thermal stresses in EBM of IN625

influential one was scanning length, as longer scans would result in more
accumulation of deformation and hence higher strains. It should be noted
that the scanning length was determined by the start scanning angle and
the layer-wise rotation angle. The next factor would be the division of
scanning areas. Although chessboard strategy can reduce the thermal
deformation, this can however induce cracking at the overlapping regions.
In addition, the bidirectional scanning movement can be used even though
only minor improvements could be observed from this scanning pattern.
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Chapter 7.

Conclusions and Future work

7.1 Conclusions

This work focused on the analysis of the as-EBM produced superalloys. It
was found that the as-EBM samples still have many defects including
rough surface, geometrical inaccuracy, and the porous subsurface region.
These were all contributing to the unsatisfactory properties of the material.
Therefore, concluding that just like these samples, the built components
cannot yet be used as end products. The target of this thesis was to study
and analyze the NS and NNS samples, understand the causes of the critical
defects and subsequently develop feasible solutions to eliminate these
defects. To reach this target, the research work was performed at three
levels- fundamental, validation and optimization. The conclusions were
drawn to answer the research questions, as introduced in chapter 1.2.

Fundamental Level (in the context of as-built near-net-shaped and net-
shaped manufacturing)

RQ 1 &2: What would be the mechanical performance of the as-fabricated
net-shaped samples? Could we get comparable mechanical performance
from these samples as the deep-machined parts? If not, what would be the
reasons of the failure of the near-net shaped samples?

- Through the analysis of IN718 samples, it was clear that the
recommended processing parameters from Arcam were not able to produce
healthy parts. Both NS parts, with or without contour, suffered a premature
failure. While the ones without contour showed the worst tensile behavior.
This was since the parts without contour contained deep surface notches.
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These notches resulted in a rough surface (~Rt 430 um) and a high fraction
of surface voids (~20%), which caused the premature failure of the parts.
Adding the contour at the border significantly smoothened the surface (~Rt
270 pm) and minimized the surface voids (~15%). However, instead of the
surface voids now, a multitude of subsurface defects were created within a
region of 2 mm depth. Therefore, the NNS samples with 1.3 mm machining
(meant to remove the contouring region) also failed under tension due to
the exposure of the subsurface defects as the surface defects. Accordingly,
only DM samples achieved good tensile properties.

Validation Level

RQ 3: Keeping the failure of the as-EBM samples in case of IN718, is it a
common problem for other superalloys? Can we also use the same
machining protocol from one alloy to another?

- This research work was performed for the purpose of verifying whether
similar EBM processing parameters for one superalloy led to the same
superficial defects and corresponding failure for another superalloy.
Accordingly, another superalloy (IN625) was used for this validation
analysis. The NS specimens showed exactly the same behavior as the
previous study, as the NS without contour achieved the worst tensile
behavior. However, after 2 mm of machining, the NNS ones without
contour showed the same tensile behavior as the DM parts. In comparison,
for the NNS samples with contour after 2 mm of machining, the strengths
were comparable but the elongation only reached 70% of the DM parts.
This was due to a large number of remaining porosities near the machined
surface of the samples. It was obvious in this case that 2 mm of machining
for IN625 was inadequate to fully remove the porous superficial region.
Therefore, when printed with contouring strategy, the machining protocol
for IN718 could not be used for IN625 material.

Also, it is interesting to note that the machining requirements of the
samples made with or without contouring strategy turned out to be different.
Seemingly, the ones without contour required less machining to eliminate
the porous subsurface. This was despite the fact that printing without
contouring always resulted in a rougher surface. This indicated changing
one material from another, the machining requirements can also change.
The machining protocol should be tested individually when moving one
material to another. In addition, the operators should consider carefully
when choosing the strategies for printing and machining.
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Optimization Level

RQ 4: Contouring Strategy: could we develop an optimal contouring
strategy in order to solve the problems identified in our research earlier?

- The multi-spot contour was initially meant for achieving a higher
production rate and was mainly used to smoothen the as-built surface.
However, the improvement of the surface condition was very limited and
machining was still required. In addition, it generated numerous surface
and subsurface defects due to the separate and interrupted shrinkage of the
multi spots. Therefore, applying a continuous contour could be an
alternative to effectively avoid such shrinkage and defects. After many
experiments for optimizations, it was found that the post-hatching HECC
with a 25% overlapping ratio to the hatching region was an optimal contour.
This contour could generate a relatively low surface roughness
(comparable to multi-spot contour) as well as a dense surface and
subsurface region. Therefore, the tensile properties of the NNS sample
with HECC achieved the same level as the DM parts.

RQ 5: Thermal Stresses: could we develop a protocol to enable the
manufacturing of long horizontal samples, which has been restricted due
to the high thermal stresses during EBM?

- The previous research works were conducted by studying the vertical as-
EBM parts. The horizontal parts were not analyzed due to large thermal
stresses, causing deformations and thus restricting the printing possibility.
Hence, this work intended to analyze the thermal stress/strain in response
to the different scanning strategies in horizontally built samples. The
scanning strategies included start scanning angle, layer rotation angle, bi-
or uni-directional and chessboard scanning movement pattern. This
analysis was carried out by measuring the deformation and rupture of the
trusses supporting a cantilever beam as a basis to understand the thermal
stresses and strains using simulation.

After the analysis, the rupture of the trusses was observed to be strain-
controlled. The stresses on most trusses reached the UTS (~58 MPa) of the
material, while the rupture only appeared on the trusses when their strain
reached ~0.33+0.01.

Of course, the investigated scanning strategies were also influential for
the rupture of trusses. First, the start scanning angle and the layer-wise
rotation angle in correlation to the part size determined the scanning length
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in each layer. On the other hand, the scanning length had the most influence
on the development of the EBM thermal stresses/strains. In fact, shorter
scanning lengths led to lower strains with no ruptured trusses. This was
since shorter scanning lines led to a shorter pause between each scan.
Therefore, the temperature around the melt pools remained higher and the
cooling rate became lower, in comparison to the long scanning length. This
in turn resulted in a lower temperature gradient around the melt pool. In
addition, the shrinkage direction during scanning was changed which
interrupted the accumulation of strains. The sum of these factors resulted
in much lower strains, below 0.2. One interesting observation of the short
scan from one end to another was unsymmetrical shrinkage and
deformation. This was attributed to the reversing of the shrinkage direction
during the printing from one end to another.

In addition to the shorter scanning length, the bidirectional pattern was
generally recommended to further and slightly reduce the thermal
deformations during EBM. As discussed in chapter 2.3.1.10, the
bidirectional scanning pattern was achieved by a direct re-melting between
the adjacent hatching lines, which can increase the temperature and reduce
the temperature gradient, and consequently reduce the accumulative
strains. In contrast, the jumping of EB from end to start for unidirectional
scanning pattern resulted in a pause between the scans. This allowed more
heat dissipation leading to a reduced temperature and therefore increased
the temperature gradient. This can result in higher thermal stresses and
strains. However, such lower base temperature can also slightly reduce the
adhesion between the layers which may contribute to the slight decrease in
the induced strain. Accumulatively, these competing factors led to slightly
higher stresses and strains for the unidirectional scanning.

The chessboard scanning was found to be an effective strategy to lower
the strains. However, larger cracks were observed within the overlapping
regions between the islands. These were identified as hot cracks formed
under stress originating from different cooling states and shrinkage
directions between the adjacent islands. Therefore, the chessboard
scanning led to the lowest density and was suggested not to be utilized.
Taken together, these results suggested that the horizontally built lengthy
components should be printed with continuous scans, a proper starting and
layer-wise rotation angle to have only short scans and the bi-directional
scanning pattern.
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7.2 Future work

- In this thesis, only the room temperature tensile properties were tested for
the vertically built samples with both IN718 and IN625 materials. However,
considering the application of the superalloys at high temperatures, the
tensile behavior under high temperatures should also be studied. In
addition to the tensile behaviors, the fatigue properties should also be
studied at both room temperature and high temperature. More specifically,
the effect of the continuous contour on the fatigue life of as-EBM parts is
an important factor that should be studied.

- Even though the NS parts made with the optimal contour had similar
tensile behavior to the DM parts, the machining requirement should still be
investigated for the purpose of smoothening the surfaces while maintaining
comparable mechanical properties.

- The geometrical accuracy of the parts with optimal contour was only
conducted on the solid samples having the vertical printing orientation. The
geometrical possibilities/accuracies at different orientations and for the
overhanging features with optimal contour should also be studied.

- The thermal stresses/strains were only tested for IN625 material. These
investigations can also be developed for other materials. Moreover,
investigating other processing parameters such as beam current, speed,
beam focus, powder preheating and other scanning strategies can also be
an important contribution to the knowledge.

- As the current research work showed that the machining could be
necessary for the as-EBM samples. Accordingly, the different machining
processes could be another aspect to be studied. This could lead to develop
a guideline for the machining in particular and for post-processing choices
in general.
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