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Abstract

Electron beam powder bed fusion (PBF-EB) is increasingly attracting attention for
manufacturing the near-net shape parts due to its incomparable merits, such as free
residual stress and superior mechanical performance. Nickel Titanium (NiTi) as the
most widely used functional alloy, has not been systematically explored for
manufacturing using PBF-EB despite the perfect vacuum and high temperature
manufacturing environment. Therefore, this research explores the various aspects
of PBF-EB for enabling the manufacturing of NiTi parts.

The first section, the critical role of powder pre-heating in PBF-EB and its relation
to smoking and sintering issues when using highly susceptible-to-smoke NiTi
powder is studied. The research includes assessments of the electron beam spot size
and its impact on smoking. In addition, this study investigates the influence of
defocused electron beams on smoking, with negative defocusing mitigating smoke
compared to positive defocusing that may increase the smoking phenomenon.
Processing windows for pre-heating NiTi powder are developed based on smoke
tests and sintering levels, showing three modes: smoke-heating, melting-heating,
and healthy-heating. Accordingly, the healthy-heating processing window is chosen
to manufacture the dense NiTi parts.

Further, to produce high density and healthy components, the research focuses on
investigating the effects of different PBF-EB parameter sets when manufacturing
dense NiTi parts, including beam current, scan speed, and cooling conditions. After
manufacturing, densest parts with different parameter sets are divided into three
groups: i) high power with high scan speed and vacuum slow cooling, ii) low power
with low scan speed and vacuum slow cooling and iii) low power with low scan speed
and medium cooling rate in helium gas. A combination of low power and low scan
speed leads to denser parts. This is attributed to lower electrostatic repulsive forces
from lower number density of the impacting electrons. Different cooling conditions
are proven to significantly affect phase transformation temperatures. The slower
cooling rate leads to a higher Ar and M temperatures and a wider phase
transformation window than those from the parts with the medium cooling rate due
to the formation of Ni,Ti; precipitates. Afterwards, the pseudoelasticity of all the as-
built parts is evaluated and illustrated, which shows that correct control of the
process can produce components with recoverable strains as high as 8%.

The final part of this thesis the quality and accuracy of manufacturing delicate NiTi
parts using PBF-EB is studied. Thin cylinders, thin walls, and lattice structures with
various designs are manufactured using different scan strategies. The research
reveals that both continuous melting and spot melting modes achieve a dense part
in delicate structures. As-built lattice structures exhibit excellent spring-back, with
the channel structure displaying the most deformation recoverability. The
compressive strength and ultimate compressive strength increase with higher
volume fractions. Spot melting is demonstrated as a valuable engineering tool for
customizing delicate beam-shaped structures with superior pseudoelasticity.
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Sammanfattning

Elektronstréalepulverbaddfusion (PBF-EB) drar till sig alltmer uppmarksamhet for
tillverkning av néra slutprodukt Amnen pa grund av dess stora férdelar, sésom mindre
restspanningar och 6verldgsna mekaniska egenskaper. Nickel Titan (NiTi) som den
mest anvinda funktionella legeringen har inte systematiskt undersokts for
tillverkning med PBF-EB trots den kontrollerade tillverkningsmiljon avseende
vakuum och hogtemperatur. Detta forskningsprojekt undersoker darfor de olika
aspekterna av PBF-EB for att mojliggora tillverkning av NiTi-delar.

I det forsta avsnittet undersoks pulverforvarmningens kritiska roll i PBF-EB och dess
relation till rokutveckling och sintringsproblem vid anvindning av NiTi-pulver som
ar mycket kansligt for rok. Forskningen inkluderar bedomningar av elektronstrélens
flackstorlek och dess inverkan pa rokutvecklingen. Dessutom undersoker denna
studie inverkan av ofokuserade elektronstralar pa rokutveckling, med negativ
defokusering vilket ger dimpande rok jamfort med positiv defokusering som kan oka
rokutvecklingen. Processfonster for forvarmning av NiTi-pulver ar utvecklade baserat
pa roktester och sintringsnivaer, som visar tre ligen: rokutvecklingsuppvarmning,
smaltningsuppvarmning och optimerad uppvarmning. Foljaktligen viljs
processfonstret for optimerad uppvarmning for att tillverka de tata NiTi-delarna.

Vidare, for att producera hogdensitets och optimala komponenter, fokuserar
forskningen pa att undersoka effekterna av olika PBF-EB-parameteruppsattningar
vid tillverkning av tdta NiTi-delar, inklusive stralstrom, skanningshastighet och
kylningsforhédllanden. Efter tillverkning delas de titaste delarna med olika
parameteruppsittningar in i tre grupper: i) hogeffekt med hog skanningshastighet
och vakuum med ldngsam kylning, ii) lageffekt med lag skanningshastighet och
vakuum med langsam kylning och iii) lag effekt med ldg skanningshastighet och
medelhog kylningshastighet i heliumgas. En kombination av 1ag effekt och ldg
skanningshastighet leder till tatare delar. Detta tillskrivs lagre elektrostatiska
repulsiva krafter fran lagre densitet hos de aktiva elektronerna. Olika kylférhéallanden
har visat sig paverka fasomvandlingstemperaturerna avsevirt. Den langsammare
kylningshastigheten leder till hogre Af- och Ms-temperaturer och ett bredare
fasomvandlingsfonster dn de fran delarna med medelhog kylningshastighet pa grund
av bildandet av NigTig-fallningar. Efterdt wutvarderas och illustreras
pseudoelasticiteten hos alla byggdelarna, vilket visar att korrekt kontroll av processen
kan ge komponenter med aterhamtningsbara spanningar pa upp till 8 %.

I den sista delen av denna avhandling studeras kvaliteten och noggrannheten vid
tillverkning av 6mtaliga NiTi-delar med PBF-EB. Tunna cylindrar, tunna viaggar och
gitterstrukturer med olika design tillverkas med olika skanningsstrategier.
Forskningen visar att badde kontinuerlig smaltning och punktsmaéltning uppnar tat
materialstruktur i kinsliga detaljer. Strukturer byggda som gitter uppvisar utmarkt
fjadring, med kanalstrukturer vilka uppvisar mest deformationsatervinningsbarhet.
Tryckhéllfastheten och den slutliga tryckhéallfastheten okar med hogre
volymfraktioner. Punktsmiltning demonstreras som ett viardefullt ingenjorsverktyg
for att anpassa kansliga stralformade strukturer med overlagsen pseudoelasticitet.

Nyckelord

Elektronstréle, bearbetningsfonster, strélflackstorlek, kontinuerlig sméltning,
punktsmaltning, nitinol

ii



iii



Acknowledgements

First and foremost, Chinese Scholarship Council (CSC) is acknowledged for their
generous financial support. And I would extend my sincere gratitude to my
supervisors, Prof. Amir Rashid and Assoc. Prof. Sasan Dadbakhsh at KTH Royal
Institute of Technology. They have provided me with a great opportunity to pursue
my PhD. Their guidance and support surrounded me in both my research and daily
life. Certainly, I would not succeed to pursue and finish my Ph.D. study without your
solid support and supervision.

Beyond my supervisors, I would like to thank Marcus Reuterwall Hansson (MD,
PhD) from Karolinska Institutet who brought up the challenge of producing
customized medical implants using additive manufacturing and fueled my passion
to work on a topic of tremendous importance. Further, I will forever be thankful to
Prof. Andreas Archenti, who has consistently helped me in the administrative tasks
and made my working life much easier. I'm thankful also to Assoc. Prof. Christopher
Hulme-Smith from the department of material science, KTH, and Assoc. Prof.
Kumar Babu Surreddi from Lulea University of Technology. Thanks for all the great
help and suggestions in my research especially in terms of material science aspect.

Great appreciation to our knowledgeable technician Jan Stamer, Mikael Johansson
and Kevin Karlsson who provided valuable advice and suggestions regarding the
problems I encountered regarding the machining processes. Jan helped me a lot in
many aspects when I was retrofitting our EBM machine. Kevin helped me with the
EBM machine system maintenance and material changing work. Mikael helped me
with the machine work, such as Wire-EDM and turning. Dr. Xiaoyu Zhao is greatly
acknowledged for training me using the EBM machine, and shared her experience
on her research, which inspired me for my research.

I express my sincere appreciation to all my colleagues at Production Engineering,
KTH Royal Institute of Technology. I want to extend special thanks to Robert
Tomkowski for providing training on scanning electron microscopes. Jonny
Gustafsson trained me for white-light interferometer. Theodoros laspas helped me
with the CNC machining.

I would like to express my heartfelt appreciation to my wife Shaoxun Xie who has
taken care of me in daily life since we met, so I can have sufficient time and energy
to do my research. Also big thanks to my best friends in life, to those who play
basketball with me, play music with me and visit the gallery with me. I hope for
nothing but the best in your promising future.

Lastly, I want to devote my deepest gratitude to my family. Thank you for your love,
encouragement, and trust. Your encouragement and trust supported me to
overcome the mental and physical challenges especially during the pandemic
period.

With all your love and support, I believe I can conquer any obstacles I encounter
and achieve all the success I am striving for.

Zeyu Lin
Stockholm, 13t of October 2023

v









Table of contents

Contents

AD S ACT e eteeeireeereeereesceessenscessoessenssesssesssesssessssssesssessssssssssssssesse 1

KeYWOTAS ceuiureineieeresniseressecsecessessecsssessscsssessosssssssssssssssssssssssssssssssesssssssessssssses i
Sammanfattning....ccceceeieieieieciieiciceceieccescscssesececsescssssscscecscscscsss il
NYCKEIOTA «euivurinriniienirenrecincnesrescaccsessestessssssesssssassssssessascssssesssssssssesssssassssssesse ii

AcKknNowledgements .....cccceceiereincnirececececacasssrcssecececesasssssscseseseseseclV
Table of CONTENTS ...ccuiiiiiiiiieiiiiiiiciceietecccercscececececescscssssesesesesess Vil
LiSt Of FigUIES .ccccviiieieiaiecnnisicrcecececesssasasscssesesesessssssssssseseseses IX
LiSt Of TaDIeS cucvviiiieinieiniecncnsncrrecececesssasasscssesececessssssssssseseseces Xi

List of acronyms and abbreviationS.......ccccccceececececececrcrcrecececess Xiii
1 Introduction ..........................................................................1

1.1 Background and motivationS.....ccieieeiesreisecessessececsessessesessessesessessesesse 1
1.2 Objective and research qUESTIONS ....cccccveiriierreineiecreinececressecseressecssense 1
1.3 Sustainability IMPaCE ...cccceiieiiiiiiiiaiiesietieiesrttetessessecessessecsssessessssesseses 3
1.4 Structure Of the thesis .c.cccccieiiiceieieeeececececrececececeececacacsecececscsececscsssecees 4
2 Powder bed fusion of metals including NiTi.....ccccececeiecnnncacnens?
2.1 Classification of metal AM powder bed fusion technologies.............. 7
2.2 Benefits and limitation of metal AM powder bed fusion
LT 110 10] 0072 T N 8
2.3 Electron beam powder bed fusion ......cccceerveiencnecreniecceecsesiecceecsessessanes 9
2.3.1 Machine and process desCription.........oceeceeceeverenerseenenienieeneenesiesneeneens 9
2.3.2 ProCesSing PATAIMELETS .....ceevrerrereeererierreesesesseseeessessessessesessessesseseeses 12
2.4 Material availability for PBF-EB ......cccccctuetecieeiiecreccancsecsescaccsessessacss 17
2.5 Physical metallurgy of Nickel-Titanitm.....cccceceereriececesnecsecessesseceenes 18
2.5.1 Phase diagram .......cccccceeeeveeveneniiereenenenteeesee sttt sttt st 18
2.5.2 Phase transformation temperature.........ccccceeeeeveerveerreerieenseenseesseeseennes 19
2.5.3 Functional properties........ccoeerereereenenerierntenenienseeseenesesssessesessesssesnes 20
3 Challenges and Research gaps....ccccccveieiniicicncncececccncacececeeas 25
3.1 Challenges on the PBF-EB manufacturing ....c.ccccceeeeceecresreceecsessences 25
3.1.1 SMOKE PheNOMENON ......eeeeuvieeiieeiieeieeeeieeeteeecreeeereeeeeeeeeeeereeeseeeeseeas 25
3.1.2 Excessive powder SINTETING.......cccveveereererieereenreninieereesieneeeeseessesseeeenees 26
3.1.3 Characterize EB SPOT SIZ€....c.cccerviervieriienieeiertesteseeeeeeeesee e see s 27
3.1.4 StAIFCASE EfFECT..ccuvviireieereeceieectrecee ettt creecereeesaeeeereeebeeesneen 28
3.2 Research on NiTi of Laser-based AM manufacturing .......ccceeceereeees 29
3.3 Research gaps on NiTi of PBF-EB manufacturing.....ccccceeeeeceeceecreones 30
4 Materials, method and Design of the experiment.................35
4.1 )Y F: 1053 g £: 1 KT oS 35
4.2 J\Y B: T 0310 LT 1 o J N 36
4.3 EB characterization eXperiment .....ccccccceeeeecieecresreccaccrecsescacsessessosses 36
4.4 SINOKE TEST cururererececererrececececrecececassececacsssececscsssesscsssssecscsssssssscsssssscess 37
4.5 Density cube fabrication with different powder pre-heating
Processing PATAIMETETS ....ccucireerinenirencreisrastsesssescsssssasssssssssssssssssssans 38
4.6 Density cubes fabrication with different melting processing
PATAIMNETLET'S .euvuceieincrerececacscesesscssesessssssesessssssssssssssssssssssssessssssssssssssns 38
4.7 Benchmark part fabrication ......cccceccceeiieciecieeciecreccacsesrescscsessessaecss 39

vii



4.8

4.9

Lattice structure fabrication....cccciceeececececrececeresececacscsecscecscsscscassssncs 40

Methods and TOOIS ...cccveieieiecicincereircecerecsecececscsecesessssecscssscsssscsssssscens 41
4.9.1 Light optical microscope (LOM) ......cccocerveeveerenerneeseesenenreeseesreneeneenees 41
4.9.2 Scanning electron microscopy (SEM) .....ccccevvererrerruenenerreenseneniesseennes 41
4.9.3 Archimedes’ Method ........covieeviieiieeieeeieeceecceeereecree e eeareeane s 41
4.9.4 IMAZET ..eiiiiiiiiiiiiiitiirttette ettt 42
4.9.5 Electron backscattered diffraction (EBSD)......ccccccvueevveeveeeecreeecreennnen. 42
4.9.6 X-ray diffractometer (XRD).....cccceevereernernernieneeneeseeseesesseesseessessses 42
4.9.7 Differential scanning calorimetry (DSC) .....cccccevervierreerceerveerreerieeseennes 42
4.9.8 COMPTIESSION tESE ..eerurerierierrierierterterrteertee e ete st e steseeseeseeseeseesaeennes 42

5 Summary of appended papers....cccccccceiecccrcicncecececscscscecececad5

5.1 Paper I: Evaluation of the electron beam spot size in electron

beam melting for additive manufacturing ......cccceceececcecreincecrecncencens 45
5.2 Paper II: Developing processing windows for powder pre-

heating in electron beam melting ......ccccccevieiiiniiennnincienccnecescecncacees 45
5.3 Paper III: Influence of PBF-EB Process Parameters on

Transformation Temperatures and Pseudoelasticity of Shape

Memory Nickel Titanitm c..cccciiiiiiiieiiiiieiiisiieciessessscssssssscssssssscsses 46
5.4 Paper IV: A systematic approach to optimize parameters in

manufacturing complex lattice structures of NiTi using electron

beamm PBF PrOCEeSS..cccceciireircressecsctessecsecsssessscsssessscsssesssssssessssssssssssses 47

6 Conclusion and future Work.....cccccccceececeececccecccecescececcecescecs 50

6.1 CONCIUSIONS «eceerrerececeerececececeecececassececacsssecscscsssssecssssssssssssssssscsssssssess 50
6.2 FUTUIE WOTKS .eeieiaieieirceiececrececesasrecesassosscscessssscesassssscsssssssscsssssssscess 52

| 1S {2 W) 1 10 SRR J. <
APPENAIX A:.civieieiiiiierceceieiececsscacssesececsescssssssscesssscssssssssesescscsces 03

Paper] ccccciiiiiiiiiciiincecercecescecescacescecescscescasescssescssessssessssessssescsse OF

Paper IL..cccccciecceccnccnccaccsccsccsccscescescossossossossossossossossessossessossessess O4
Paper ILL....cccciciecceccecceccescescescescescessessessessessessessessessessessessessescessO5
Paper IV ccccciiiiiiiceiincecercecescecescacescacescssescasescssessssessssessssessssescsse OO0

viii



List of Figures

Figure1- 1.
Figure 1- 2.
Figure 2- 1.
Figure 2- 2.
Figure 2- 3.
Figure 2-4 .
Figure 2- 5.
Figure 2- 6 .
Figure 2- 7.
Figure 2- 8.
Figure 2- 9.
Figure 2- 1

Figure 2- 1

Figure 2- 1

Figure 2- 1

Figure 3- 1.
Figure 3- 2.
Figure 3- 3.
Figure 3-4 .
Figure 4-1.
Figure 4- 2.
Figure 4- 3.

Figure 4-4 .

Figure 4- 5.

A sequential summary of the research objectives included in this thesis. .......... 2
UN 17 Sustainable Development Goals (SDGS) [10] ..cevvevvrrvrrvenrererreenienerieennenss 4
Categories of metallic additive manufacturing technologies.........c..cccceeverueeneenee. 8
Schematic of the PBF-EB process with the main component ..........ccccceueeueeneee 10
The relative density of NiTi parts versus the EB linear energy. .........cccccveeuee.e. 12
The relationship of the dimensional mismatch with the beam current............ 13
The schematic illustration of the focus offset in PBF-EB. I) focal plane

above the base plate, ii) focal plane on the base plate, iii) focal plane

below the base plate. ......ccceereevereniniiererenteeeteres e 14
The measurement of the EB spots size from coated plates by OM with

beam current 7 mA applied. ......cccceeervievereninierereneeeeeeeee e 14
The schematic figure of the a) continuous melting strategy, and b) spot

MEIHNG SITATEZY . ..eeuverrerririerterierirterteseseestestesestestessesaesseessessessssssessessesssessens 15
Two scan patterns used in the PBF-EB process in the XY plane: a)

unidirectional, b) bidirectional/snaking. ........c..ccccevvererveevenenienneenenenneenen. 16
Arcam pre-heating SCan Strategy.........cceceeeereereererierreeneenenieeseeseesseeseeseesseseeneenes 16
0 . Phase diagram of the TiNi system [52]. ....cccceeieriinieiniienieenieneeseeseeseeseenes 18
1. Summarized data of prediction of martensitic transformation start

temperature M;as the function of Ni content [56]. .....ccccevververrvrrrenerierrnnnnen 20
2. Schematic illustration of the mechanism of the shape-memory effect

and pSeudOelastiCity. ....ecceeererrirreeriereriereerene ettt ettt 21
3 Schematic representation of the shape memory effect and

pseudoelasticity in the temperature—stress space [59]. ....cccveerevereercvercenne 22
a) - f) Sequential images of smoke phenomenon during the PBF-EB

PTOCESS. «.eiiueieeeierautereeeeeteeetteettessate s ste s et e e st e sstesstesneeseneeeenntesnstesaneesaneesane 26

a) Image of excessive sintering during powder pre-heating, b) Image of
excessive sintered powder ¢) SEM image of the excessive sintering

POWAETS. ..veeueeienrireetentertertentestteteseesse st eeesesse st eseessesateneensessesneeneessessesneenees 27
OM images of EB scan tracks on the coated stainless steel plate...................... 28
a) Schematic of the overhang for the inclined structure b) Schematic of

the staircase effect of inclined StrUCLUTE. .....ccveeeveeervreerreeeierceeeeereeereeeneen 29
SEM image of provided NiTi POWAETS. ....cccervverrereriirrrenieneritenieneseeseessesesssssaens 36
Layer of the EB scanning eXperiment. ...........cecceeerreereereenerneeseeneniesseeseesesneeneens 37
The layout of the NiTi density cubes in one batch and the images of the

example NiTi density cubes manufactured by the PBF-EB.............cc.c....... 39
a) and b) Layout of the benchmark specimen on the baseplate, c) thin

cylinder, d) thin Wall. .......ccccooiririinininrereee e se e 40
a) and b) Layout of the four lattice structures on the baseplate, c)

Octahedron, d) Cell gyroid, €) Sheet gyroid, d) Channel.............ccceuueu.e.... 41

1b:¢






List of Tables

Table 4- 1.
Table 4- 2 .
Table 4- 3.

Table 4- 4 .
Table 4-5 .

The compositions of the as-received gas-atomized NiTi powders..........cccceuuee.. 35
Domain of the experimental smoke test processing window. .........cccceeererceennene 38
Domain of the experimental process parameter to manufacture the density
CUDES. cnteeeerieectteccteeete et eete e e etee e tee e tte e beesssee e saesesee e seeessssensseeansaesseesnnaannns 38
Full experiment factorial design of scan speed and beam current. .................... 39
Process parameter sets used for benchmark specimen. .........cceceeceeveenienercennnne 40

xi






List of acronyms and abbreviations

CAD

PBF

EB

DED

L-PBF

EBM

SLM

SLS
NiTi(Nitinol)

SHS

LENS
RT
FO
SF
EDS
LOM
XRD
WLI
EBSD
CsCl

BCC

Computer-aided design
Additive manufacturing
Powder bed manufacturing
Electron beam

Direct energy deposition
Laser powder bed fusion
Electron beam melting
Selective laser melting
Selective laser sintering
Nickel Titanium

Self-propagating high temperature synthesis
(combustion) synthesis

Laser engineered net shaping

Room temperature

Focus offset

Speed function

X-ray spectroscopy

Light optical microscope

X-ray diffractometer

White light interferometry

Electron backscatter diffraction
Tetraauricupride structured and crystallizes

Body-centered cubic

xiii






1 Introduction

In this chapter, the research background and the motivation behind this thesis work
are presented. Subsequently, the objectives and research questions will be
illustrated. Furthermore, the outline of this thesis will be provided in the chapter's
conclusion.

1.1 Background and motivations

Additive manufacturing (AM) is a collection of manufacturing processes with the
ability to directly produce a complex part from a computer-aided design (CAD)
model [1]. AM technologies offer many other unique advantages over the
conventional manufacturing processes, such as, the lightweight structure and
freedom of design [2]. The emergence of these AM technologies has excited a bunch
of various industries, such as aerospace, automotive, construction, food and
biomedical [3]. Up to the date, there are plenty of materials in the categories
available for AM technologies, for instance, metals and alloys, polymers, ceramics
and biomaterials [4]. Among them, metallic AM processes have experienced
substantial growth over the past decade and continue to gain a larger market share.

The electron beam—powder bed fusion (PBF-EB) is one of the few AM technologies
that is capable of manufacturing full-density metallic parts [5]. Unlike other heat
sources, e.g., lasers and plasma, PBF-EB utilizes a highly powerful electron beam
heat source, making it suitable for refractory and heat-resistant materials like
tantalum, niobium, molybdenum, tungsten, vanadium, hafnium, zirconium,
titanium, and their alloys [6]. The high working temperature and slower post cooling
rate of PBF-EB results in a minimized residual stress within the fabricated parts.
Due to fast movement of the electron beam controlled by magnetic fields, the
production rate of PBF-EB is considerably higher compared to other PBF processes.
Additionally, the vacuum environment of the PBF-EB can minimize the interaction
with the residual air (e.g., oxygen and nitrogen) and contribute to a cleaner part
especially for the highly active materials, such as Ti and Ti-alloys [7]. However, due
to negative charges brought by the EB, the “smoke” has become a serious problem,
which prevents the utilization of a wider range of materials [8]. For example, nitinol
has been rarely attempted to manufacture by PBF-EB process so far, despite its
unique shape memory and pseudoelasticity functionality. And the effect of
processing parameters to this material is rather unknown. What’s more, the
manufacturability of different scan strategies has not been studied yet in terms of
dimensional accuracy. Thus, further extensive research is necessary to
comprehensively understand the processing parameters and the relationship
between the processing parameter and the parts’ microstructure, and properties.
And this knowledge can be used to enable more available material for the PBF-EB
process and define the proper processing windows for the material and improve the
properties of the as-built part eventually.

1.2 Objective and research questions

Use of the PBF-EB technology is limited to selecting few materials, which is a critical
barrier to fully explore the advantage of this technology and exploiting its full
potential in the manufacturing industry. It is therefore crucial than ever to increase
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understanding of the machine parameters, EB interaction with the powder material
and the relationship between the process parameters and the material properties to
ensure the manufacturability of a new material. NiTi, as one of the most utilized
functional alloys in the world, has not been systematically investigated with the
PBF-EB process regarding its manufacturability and material properties of as-built
part. Thus, this research focused on enabling the manufacture of complex and
functional (e.g., with a pseudoelastic response) delicate NiTi lattice structures using
PBF-EB technology.

To achieve this objective, three categories of experiments were designed and carried
out. They were:

(1): defining and developing a processing window for the NiTi powder material. This
was enabled by understanding the interaction between the EB and the powder and
distinguishing these distinct pre-heating modes according to the sintering level of
the powder. Then applying the healthy-heating mode to ensure a dense NiTi part.

(2): investigating and understanding the effect of different machine-related
parameters in terms of the material properties and achieving the best
pseudoelasticity in as-built parts.

(3): based on the development and understanding in 1 and 2 above, assessing the
possibility to manufacture pseudoelastic delicate lattice structures using different
scan strategies and compare the differences between each of the scan strategies in
relation to the as-built part properties, as shown in Figure 1- 1 .

Figure 1- 1 . A sequential summary of the research objectives included in this
thesis.

The objective presented in Figure 1-1 could be achieved by addressing the research
questions (RQs) listed below:

e RQ1: What are the main issues preventing the successful powder pre-heating
in the PBF-EB process and how to solve them?



e RQ2: How can machine-related parameters affect the manufacturability of a
dense NiTi part and what are the main factors affecting the mechanical
properties and pseudoelasticity of the as-built NiTi part?

e RQ3: What are the manufacturing outcomes (feature sizes, geometrical
accuracies, performances, etc.) of complex lattice structures of NiTi affected
by spot melting and continuous melt strategy? And what are the differences
between each scan strategy in terms of manufacturing such a part?

e RQ4: Compared to a bulk print (that is commonly investigated), how can beam
currents and scan strategies affect the density and solid volume fraction of
NiTi lattice structures? And how can two distinct scan strategies affect the
pseudoelasticity behavior of NiTi lattice structures with different designs and
solid volume fractions?

1.3 Sustainability impact

As shown in Figure 1- 2 , utilizing additive manufacturing (AM) presents a
compelling avenue for industries to align with global sustainable development
objectives. In a broad sense, AM offers the advantage of producing intricate part
geometries, often without the need for additional subtractive machining or the
fabrication of dies. This approach also curtails raw material waste, as AM processes
generate minimal waste during production, resulting in a higher buy-to-fly ratio [9].
Besides, many AM processes have the potential to be used to repair or
remanufacture damaged components and prolong the product lifecycles.

Furthermore, supply chain logistics for AM materials exhibit several advantages
compared to conventional production methods. AM relies on a uniform bulk
material supply, such as wire or powders, eliminating the necessity to procure
specific shapes. Instead, large quantities of raw materials can be procured directly,
streamlining the logistics and contributing to more sustainable material sourcing
practices. This would comply with the Sustainability Development Goal 12 (SDG 12)
‘responsible consumption and production’.
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1.4 Structure of the thesis

This thesis consists of six chapters, including chapter 1, introduction, which presents
the background and motivation of this research, research questions, its impact from
sustainable perspective and its structure. Chapter 2 provides brief classification of
the metal AM PBF technologies and the description of the PBF-EB machine and
relevant process parameters, and the current available materials for PBF-EB.
Moreover, the material NiTi is introduced in terms of phase constitution and
functional properties. Chapter 3 emphasizes the challenges on the PBF-EB, the
state-of-the-art research on both PBF-EB and PBF-LB and the research gaps on the
PBF-EB. Chapter 4 describes the experimental procedures and the characterization
techniques and tools used for the process development and material analyses.
Chapter 5 provides the summary of the relevant papers from the author for this
research. Finally, Chapter 6 illustrates the conclusions and potential future works of
this research.
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2 Powder bed fusion of metals including NiTi

This chapter provides basic background information about powder bed fusion (PBF)
AM processes. For instance, the classification of the metal AM PBF processes, what
are their advantages and challenges, and the physical metallurgy of the NiTi.

2.1 Classification of metal AM powder bed fusion technologies

Generally, there are many categories of the metal AM processes (see Figure 2- 1),
which are binder jetting, material extrusion, powder bed fusion (PBF) processes,
directed energy deposition (DED) processes and sheet lamination [9][11][12]. These
processes can be divided into direct and indirect methods. The differences between
the direct and indirect methods are determined by whether it can manufacture the
dense part directly after AM or not. For the indirect method, the AM made green part
needs to be heat-treated to achieve a high density after manufacturing. In comparison,
the direct method can obtain the dense part at the first place. Among these direct
methods, PBF-based processes are only processes capable of manufacturing complex
and dense parts. Further, in the PBF-based technologies, these AM technologies are
mainly categorized by the type of energy sources, for instance, laser and electron beam
(EB). Laser powder bed fusion and electron beam powder bed fusion stand as
prominent exemplars within the realm of powder bed fusion (PBF) technology [13].
Except the heat sources, there are many other differences between the PBF-LB and
PBF-EB, for instance the chamber environment, powder size and layer thickness etc.
PBF-LB uses a much smaller powder size (typically ~15 um-45 um) in comparison to
the PBF-EB powder size (~45 um-100 um). Similarly, PBF-LB employs a thinner layer
(typically ~20 um-40 um), which results in a smoother surface while the PBF-EB has
a higher productivity due to the multiple thick layers. More importantly, PBF-EB must
work in the vacuum environment, which is facilitating to ensure the purity of the final
part. In contrast, the PBF-LB usually operates in the atmosphere or inert gas
environment [14].
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Figure 2- 1. Categories of metallic additive manufacturing technologies.

2.2 Benefits and limitation of metal AM powder bed fusion
technologies

Metal PBF AM technologies are specifically beneficial due to the very high design
freedom for the complex and intricate parts. With the help from finite element
analysis (FEA), lightweight structure part can be achieved with less weight, high
strength and good thermal properties [13]. More importantly, metal AM PBF can
manufacture the near-net shape component which can reduce the need for the
assembling and the total lead-time to the market. Meanwhile, metal AM processes
enable the considerable reduction in material waste. Particularly, in PBF-based
technologies, there is a possibility to recycle 95-98% of the powder from each build
[15]. Thus, metal AM PBF can significantly decrease the buy-to-fly ratio to the level
around 1:1 [16].

Still, there are many challenges that need to be resolved for PBF based technologies.
The challenges may include build speed, size, accuracy and high cost in addition to
limited variety of the material. Focusing specifically on the materials up to now, the
main metal and alloys in PBF technologies are nickel-based superalloys, titanium
alloys, copper and copper alloys, aluminum alloys, steels and stainless steels, and even
bulk metallic glasses [17]. The knowledge about the relationship of processing-
structure-property still needs massive investigation in order to obtain the desired
performance. Moreover, due to the rough surface finish which could be really high for
some PBF processes, as-built PBF part exhibits a poor fatigue performance, although
some level of the improvements can be achieved with surface machining and surface
polishing [18]. Thus, currently various post treatments are essential for the as-built
PBF parts to allow their use in the real application scenarios. Moreover, in order to
eliminate the low repeatability and obtain a high-quality final part, in-process
monitoring and close-loop adjustment must be developed for the PBF-based



technologies to detect the defect layer-wisely and correct the processing perhaps
during building [19].

2.3 Electron beam powder bed fusion

This chapter introduces the definition and the working principle of the PBF-EB
process, explaining briefly the different processing parameters and the current
available material for this technology.

2.3.1  Machine and process description

As seen in Figure 2- 2, positioned atop the build chamber of the PBF-EB machine is
the electron beam column. At the top of this column, the tungsten filament cathode is
heated to emit electrons. Then, the electron flow is generated and accelerated from
the upper cathode to the lower anode with a voltage around 60 kV [20]. Further
descending within the apparatus, three distinct sets of electromagnetic lenses (as
electromagnetic coils) focus and deflect the EB: i) astigmatism lenses correct the
shape of the beam and possess a Gaussian energy distribution, ii) a focal lens controls
the size of the beam, while also facilitates the capability to focus or defocus the
electron beam during the preheating, sintering, and melting stages, and iii) a
deflection lens, responsible for governing the trajectory of the electron beam scan
across the build plate according to the sliced geometry [21].

The entire process occurs in a vacuum environment to prevent the diffusion of the EB
by atmospheric air molecules, which also prevents the contamination of the powder
and parts [7]. For ARCAM A2X, one of the most common machines for PBF-EB, the
operational pressure within the processing chamber is typically maintained around
1074-10-5 mBar [22]. Throughout the melting phase, a small amount of inert helium
gas is introduced to counteract the accumulation of electrical charges within the
powder. Inside of the build chamber, two powder hoppers are located at the upper
corner. Directly below these hoppers, a raking system is employed to uniformly
deposit the powder from the hoppers, ensuring an even distribution across the build
plate. The build plate, which sits below the powder bed, undergoes vertical lowering
along the Z-axis layer by layer until the build finishes. After the fabrication process,
the hot worked part can either slowly cool down in the vacuum or cool with the helium
gas at a faster but still rather moderate rate [23].
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Figure 2- 2 . Schematic of the PBF-EB process with the main component

A typical working loop of the PBF-EB process consists of the following steps:

1.  File preparation:

I. CAD modelling: a 3D model can be designed and made by a computer-aided
design software. The model should be exported as the Standard Triangle Language
(STL) file.

II. Build preparation: the 3D model is placed in a preferred orientation and sliced
according to the designed thickness of the layers. Then, the prepared model should
be transferred to the working memory of the machine.

2.  Machine preparation:

I. For the PBF-EB process, a powder bed should be prepared on top of the
moving table, depending on the processing temperature and working region.

II. A metal plate (commonly stainless steel) is then inserted and levelled in the
center of the powder bed. And a thermocouple and grounding wire should be
attached to the bottom of the plate.

III. The chamber door is shut down and the vacuum pump provides a vacuum in
the build chamber up to approximately 105 mbar. At approximately 2 x 10-3 mbar,
helium gas is injected into the vacuum chamber to prevent the electrical static
charge [24]. The use of the vacuum chamber and column chamber is to avoid the
interaction of electrons with gaseous atoms. At the same time, the vacuum chamber
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can prevent atmospheric contamination (i.e., oxygen, nitrogen gases) of the molten
material.

3.

D

II)

I1I)

Manufacturing processes:

Preheating baseplate and sintering the powder bed: the defocused EB used to
scan the top of the baseplate to heat up the baseplate until a certain degree.
The powder underneath the baseplate is also affected by the heat and gradually
coalesces over time. The duration and the temperature of the process depends
on the material properties [14].

Building:

i.  Pre-heating: this process is usually divided into two steps: pre-heat I
and pre-heat II. Pre-heat I rapidly scan over the build plate or powder
surface with a defocused beam and usually results in partial sintering
of the powder on top of the baseplate. In comparison, the pre-heat II is
a more localized pre-heating, which only scans the region for the
melting process. These two steps can effectively minimize the chance
of the occurrence of smoke for the melting process [25].

ii.  Melting: in this stage, the sintered powder on the top of the baseplate
is fast scanned with a focused EB to be fully melted according to the
desired geometry. The hatching scanning fills the inner region inside
of the outline in order to achieve a fully dense part. Optionally, the
contour parameters are used to scan the outline of the desired
geometry before and/or after the hatching to improve the border
regions.

iii.  Post-heating: this process is optional in the PBF-EB process depending
on the desired temperature. Generally, the material which needs to be
worked in the high temperature (such as Inconel superalloys) requires
post-heating. This is because the top layer temperature usually
decreases during the melting process and a post-heating process can
help to maintain the working temperature for the next layer
manufacturing.

iv.  Lowering the baseplate: the moving table is moving downwards after
each melting process until the manufacturing job is finished. The
descend distance is one layer thickness, which can be between ~50-
250 pm.

v.  Raking: the rake deposits a layer of powder over the baseplate.

vi.  Repetition until the part finishes: step 5-9 is repeating until the entire
manufacturing job is finished.

Post cooling: the cooling process automatically starts after the manufacturing
job is finished. The post cooling can be different either in the vacuum or with
the use of helium. These two cooling modes lead to different cooling rates.
Vacuum slow cooling results in a cooling rate of 252-288°C/h, while the
helium medium cooling achieves 2-3 times higher cooling rates about 360-720
°C/h [26].

4. Powder recovery in the powder recovery system (PRS):
After the build, the part is surrounded by sintered powders (called powder cake).

To remove this powder cake, a high-pressure air together with the same powder is
used to blast off the semi-sintered powder attached to the made parts. After that,
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the recycled powder is collected and sifted using a sieve kit. The powder with
acceptable sizes will be reused for the next manufacturing job.

2.3.2 Processing parameters

In a broader scope, the process parameters can be categorized into three
classifications, consisting of: (i) powder-related parameters, (ii) geometry and
position-related parameters, and (iii) machine-related parameters [27]. In general,
the total input energy can be related to the machine-related parameters, as the
linear energy input can be calculated using Eq. 1 [28]. Accordingly, in this study,
the focus is also on the machine-related parameters to study how to use the
different process parameters can be used to solve the manufacturing and material
problems in order to enable the NiTi for the PBF-EB technology. The main critical
machine-related parameters are introduced as follows.

Voltage (V) X Beam current (A)
Beam speed (m/s) Eq.1

Linear energy input (J/m) =

100

o9 | |
%8 | §
97 |
96 |
95

94 |

Relative density (%)

93

L 1

92
50.0 100.0 150.0 200.0 250.0 300.0

Linear energy (J/m)

Figure 2- 3 . The relative density of NiTi parts versus the EB linear energy.

The relative density of the as-built part has a proportional relationship to the EB linear
energy as seen in Figure 2- 3 . With the increasing of the linear energy input, problems
like lack of fusion and porosity can be resolved.
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2.3.2.1 Acceleration voltage

In the PBF-EB process, the electron acceleration usually relies on the application of a
high voltage between the cathode and anode. This parameter has a direct correlation
with the energy input, as shown in Eq. 2. Typically, a constant voltage of 60 kV is
employed to accelerate the electrons to a velocity between 0.1 and 0.4 times the speed
of light [20].

2.3.2.2 Beam current

This parameter also exhibits a direct correlation with the energy input (see Eq. 3),
with a maximum attainable value of 50 mA. It is worth emphasizing that the interplay
between beam current and beam speed has a significant influence on the
manufacturing defects and the consequent formation of the grain structure of the final
part [29]. Besides, the beam current is closely determinative to the EB spot size [30].
The increasing beam current leads to an increased EB spot size, which is attributed to
the augmented negative repulsive charges/forces, causing a widening separation
between the electrons, which in turn influences the geometry accuracy of the
manufactured part.

2.3.2.3 Beam speed

Beam speed is another main parameter associated directly with the energy input
(shown in Eq. 4), which in terms of EB energy input is calculated inversely (see Eq. 1).
This speed is mainly controlled by the deflection coils, which have a range of 0-8000
m/s [31]. In the automation mode, beam speed is dynamically adjusted by the actual
beam current bases on the built-in functions [32][33] to create a uniform and
consistent melt pool across different locations. Consequently, varying hatching
lengths can yield distinct beam speeds. As a general principle, longer hatching lines
tend to entail higher actual beam speeds. On the other hand, according to the Figure
2- 4 ,itis noticed that the beam current is highly affecting the geometrical mismatches
of the final parts in despite of the linear energy input changes. This is because of a
higher beam current leads to a bigger EB spot size and this bigger EB spot size has not
been fully compensated to the actual geometry size during the manufacture.

12 12
© 11 1 11
©
=] 10 1 a 10 - b
g2 9 9
o Noo | No10 No.9 No.10
EX 8- 8
3 ; 7 No.7 7
8 o171 ] 6 P
2® ;5 V No.6 No.8 5  Nos No.8
° g 4 ]- 1 - 4 - No.7 l
X = l I 3 No.3 No.1 ¥ No.3 i
S € 3 L—No.12 3 T ,LNO.S
< 2 R No. 4 { 2 | IN0'4 No.12
s A e st ° T Nodt I No2 ¢ ;] AZO; }No.13
. 0.
< 0 oo .. 0 No .
-1 T T T T T -1 T T T T T
50 100 150 200 250 300 0 5 10 15 20 25
Linear energy (J/m) Beam current (mA)
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2.3.2.4 Focus offset

Focus offset (FO) is a parameter that regulates the EB spot size and EB focal plane
position, by controlling the current value for the focus coils. This parameter is not
directly involved in the energy input equation, however, this parameter is of extreme
importance throughout the entire process. For example, the sinter degree of the
powder during the pre-heating relies on the EB spot size and the EB focal plane
position [34]. As seen in Figure 2- 5, the focal plane can be above (i), on (ii), or below
(iii) the baseplate, which is referred as negative defocused EB, focused EB and positive
defocused EB. With a bigger EB spot size, the melt pool becomes larger in the
horizontal direction and shallower in depth. And the opposite focal plane can be
different for the melt pool formation.

) Negative . 1. Positive
i) (defocused EBJ ) [ Focused EB J i) ‘\defocused EB)

Focal plane [‘ EB spot size / EB spot size / EB spot size

Focal plane —= /
Focal plane —

Figure 2- 5 . The schematic illustration of the focus offset in PBF-EB. I) focal
plane above the base plate, ii) focal plane on the base plate, iii)
focal plane below the base plate.
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Figure 2- 6 . The measurement of the EB spots size from coated plates by OM
with beam current 7 mA applied.

For instance, as shown in Figure 2- 6 , the EB spot size is increasing with the larger
absolute value of focus offset. The approximate minimum EB spot size located near
the focus offset is 10 mA for this machine. However, the EB spot size could be the
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same for positive and negative focus offset on the object surface, while the focal points
are symmetrical to the object surface. Seemly, the interaction between the EB and the
object is different when the positive or negative focus offset value is applied.

2.3.2.5 Scan strategies
2.3.2.5.1 Continuous melting

Currently, continuous melting (known as the line melting) is the major energy input
mode that is used in the melting stage (seen Figure 2- 7 a). The controlling parameters
are the beam current, the beam speed, the line offset, and the focal size. This melting
strategy is widely employed in both contour and hatching regions.

b
EB Source EB Source

Figure 2- 7 . The schematic figure of the a) continuous melting strategy, and b)
spot melting strategy.

2.3.2.5.2 Spot melting

In contrast, the spot melting imposes an intermittent energy input in the melting
process, as shown in seen Figure 2- 7 b. Currently, this spot melting mode is mostly
used in the contour region in the PBF-EB process. The controlling parameters for the
spot melting are the beam current, spot time, spacing between the two-consecutive
points, point order and beam speed [35]. The use of spot melting usually results in a
wavy surface due to the individual melting and solidification of each spot [37].
However, the spot melting strategy in the PBF-EB can be a unique tool to tailor the
microstructure within one part by alternate the point order and point spacing, which
attributed by the significant impact on the cooling rates [35] [36].

2.3.2.5.3 Scan pattern

The scan pattern can be different, as unidirectional (Figure 2- 8 a) and bi-
direction/snaking (Figure 2- 8 b). Bi-direction/snaking pattern is the default setting
for scanning. Utilizing the bi-directional scan strategy facilitates immediate re-
melting at the end/turning points of the hatch lines along the border, which promotes
a better powder fusion with the underlying layer. This enhances the adhesion to the
solidified layers, effectively limiting the deformation in the molten layer [37].
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Figure 2- 8 . Two scan patterns used in the PBF-EB process in the XY plane: a)
unidirectional, b) bidirectional/snaking.

2.3.2.6 Line order

Line order is the feature enabling the selective melting of the designated region based
on a predetermined sequence. In the

Figure 2- 9, the line order is 10. This means after the 15t scan line; the 2»d scan skips 9
lines and directly scans the 11t scan line. And the 3" scan skips the same number and
scans the 215t scan line, until the designated region is covered. Thus, if the line order
is N, the melting order for the scan lines would be 1, 1+N, 1+2N .... 2, 2+N, 2+2N...
until finish. This is to avoid the accumulation of negative charges from the EB and to
prevent the smoke phenomenon during the pre-heating stage.
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Figure 2- 9. Arcam pre-heating scan strategy.
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2.3.2.7 Line offset

Line offset is the distance between two adjacent EB scan lines; see Figure 2- 9 .
Depending on the EB spot width and intended overlap area, the line offset can be
adjusted to avoid the lack of scanning or over scanning.

2.3.2.8 Automation and manual mode

Automation mode is an algorithm developed by Arcam (GE additive) that the
machine-related parameters are controlled and adjusted by the built-in functions
depending on the dimension and other aspects of the models, such as speed function,
turning function etc. Once the automation mode is activated, the input parameters
from the user will not be executed. On the contrary, the manual mode only executes
the input parameters from the user without considering the model’s perspective.

2.3.2.9 Melt model wise

Melt model wise is an algorithm used in PBF-EB process developed by Arcam (GE
additive). This exists as a term in the machine control software to be chosen as ‘False’
or ‘True’. When the default setting for this feature is set to "false," hatching lines along
the same direction from different components are consolidated. This consolidation
primarily serves the purpose of enhancing production efficiency. Consequently, when
operating in automation mode, adjustments are made to the actual beam current and
associated scan speed based on the merged hatching lines.

Conversely, activating this function allows for separate melting of each model in the
process step. As a result, the actual beam current and corresponding scanning speed
adapt in accordance with the actual hatching length, leading to variations in energy
input and subsequent cooling rates [38].

2.4 Material availability for PBF-EB

Compared to the laser powder bed fusion (PBF-LB) process, PBF-EB has a
considerably limited number of materials available for manufacturing. Still, it covers
many categories of materials, such as intermetallic, pure metals, metallic alloys,
refractors, high entropy alloys, magnetic materials and in-situ alloying multi-
materials or multi-material composites, such as mixing the Ti6Al4V powder and
Tig7Al2Cr2Nb powder [39]. Based on the official releasing from the PBF-EB machine
manufacturer GE additive, there are several materials available in this portfolio with
proven parameters, which including partially titanium alloys (Ti-6Al-4V, CpTi, Ti-
6Al-2Sn-4Zr-2Mo, Ti-5Al-5V-5Mo0-3Cr and Ti-48Al-2Cr-2Nb), Nickel based alloys
(Inconel 718 and Inconel 625), and cobalt-chromium alloys. In addition, Aluminum
alloys (Al-Si10-Mg and Al-Si7-Mg), steel alloys (M300, 316L, 17-4PH) [40] as well as
copper and copper alloys were successfully built with PBF-EB by different researchers
[41][421[43]1[44]. NiTi alloy has been also recently attempted with PBF-EB while the
shape memory performances from different reports were seemingly quite different
[321[451[46]1[471[48]. Despite this, NiTi can demonstrate a new and promising
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category of material for the PBF-EB components that can exhibit engineered
functional properties such as pseudoelasticity.

2.5 Physical metallurgy of Nickel-Titanium

Nickel-Titanium, also known as Nitinol or NiTi, is a type of functional alloy composed
primarily of nickel (Ni) and titanium (Ti). This alloy does not only have a high strength
and ductility, but also exhibits unique properties such as shape memory effect and
pseudoelasticity. Besides, NiTi alloy also has an excellent biocompatibility [50]. These
remarkable properties make NiTi shape memory alloys invaluable for various
applications, such as self-expanding stents in the medical sector, actuators in robotics,
and adaptive components in aerospace engineering [51].

2.5.1 Phase diagram

The phase diagram is an important tool to understand and predict the phase
constituent of the manufactured NiTi part. The binary Ni-Ti metastable phase
equilibrium is presented in this figure with the possibility of Ti;Ni, precipitates in the
case of excess Ni (Figure 2- 1 0 ). This information is very helpful to adjust the phase
transformation temperature of the material and control the shape memory property.
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Figure 2-1 0. Phase diagram of the TiNi system [52].

The TiNi phase has a B2 (CsCl) type structure and there is an order-disorder transition
from B2 to body-centered cubic (BCC) at 1090°C [53]. This B2 phase can be preserved
during quenching or slow cooling to the room temperature. This B2 is one essential
phase for the martensitic transformation, which is associated with shape memory
property. Ti.Ni and TiNi; are the two neighbor phases next to the NiTi that may be
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formed during the cooling depending on the concentration of the Ni. The formation
of the Ti.Ni and TiNi; may influence the shape memory effect of the part.

In the binary Ni-Ti system, there are two types of martensitic transformation
depending on the cooling rate of the high temperature B2 phase. If the part is
quenched from the high temperature B2 to a low temperature, the martensite B19'
forms with a monoclinic structure. With this type of martensitic structure, the
martensitic transformation is usually gradual during the cooling and heating process
with a prominent transformation hysteresis. However, the second type of martensitic
transformation is experienced as a double or multiple transformation upon cooling
and heating. This sharp and small transformation, which obtained in the early stage
of the entire transformation, is caused by a new phase called R-phase. The premature
R-phase then transformed into B19' [53][54]. The formation of the R-phase is
commonly considered as the introduction of the Ni,Ti; precipitates and the
dislocations in the B2 parent matrix. This is because the Ni,Ti; particles induce a
strong resistance to the large deformation of the B2 lattices to the B19' directly, so that
an intermediate R-phase appeared [54].

2.5.2 Phase transformation temperature

The phase transformation temperature determines the shape memory effect and
pseudoelasticity at a certain temperature, as it controls the temperature range where
these effects occur. For the binary Ni-Ti system, the phase transformation
temperature is usually depending on the composition of Ni element in the parent
phase, however, the composition of Ni can be adjusted by the aging heat treatment.
As seen in the Figure 2- 1 1, the martensitic transformation temperature decreases
with the increasing of the Ni concentration. According to the Otsuka, on the Ti-rich
side, the martensitic transformation temperature is almost composition
independently at 60°C which may be due to the limited solubility of the Ti element in
the NiTi matrix (almost vertical line on the phase diagram) [53]. Conversely, with each
0.1% increase in nickel content, the M, temperature decreases by approximately 15
degrees [55].
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Figure 2-1 1. Summarized data of prediction of martensitic transformation
start temperature M; as the function of Ni content [56].

Aging treatment is commonly used for adjusting the martensitic transformation
temperature for binary Ni-rich NiTi alloy by tuning the equilibrium between TiNi
phase and Ni,Ti; precipitates. In order to finely adjust the M, temperature for the
binary NiTi alloy, 713 K and 823 K are usually used as the two alternative aging
temperatures. Using such treatments, one may engineer the M, as it closely depends
on the size and density of the Ni,Ti; precipitates, while formation of Ni,Ti; consumes
the Ni concentration in the B2 matrix lowering the Rs and M temperature.

2.5.3 Functional properties

The shape memory effect is demonstrated by recovery of deformation to its original
shape after retracting the imposed load when the material is subjected to a specific
temperature range. The shape memory and pseudoelastic characteristics of NiTi
originates from a reversible solid-solid martensitic phase transition occurring
between the low-temperature monoclinic martensite (B19' structure) and the high-
temperature cubic austenite (B2 structure). As shown in Figure 2-1 2, above the
austenite transformation finish temperature (Af), the martensitic phase may be
induced through stress application, facilitating plastic deformation without
generating dislocations. Upon removal of the stress load, the martensite reverts to its
austenitic state, leading to the restoration of its initial shape [57][58].
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Accordingly, as one of the most important functional metallic materials, NiTi
demonstrates an excellent shape memory effect and pseudoelasticity. Both shape
memory effect and pseudoelasticity could occur for the same part, just depending on
the application temperature.

Austenite

SO
A, s,
QO 6,}/-7 ):\\ N, \\
E Demrmatm %
Twinned martenite De-twinned martenite

——- Shape memory path

................ > Pseudoelasticity path

Figure 2-1 2. Schematic illustration of the mechanism of the shape-memory
effect and pseudoelasticity.

The pseudoelasticity can be obtained when the load is applied on the structure at a
temperature over the Astemperature. This is since the deformation strain recovers
during the unloading because of a reversible stress-induced martensitic
transformation. In fact, as shown in Figure 2- 1 2 , beyond the austenite
transformation finish temperature (As), the martensitic phase may be induced via
stress application, creating a plastic deformation without generating dislocations.
Upon removal of the stress load, the martensite reverts to its original austenitic state,
leading to the restoration of its initial shape [57][58]. However, the shape memory
effect occurs for the deformation in a complete martensitic state. After retracting the
imposed load equal to or below the Mt temperature, the material remains deformed.
This deformation however can be restored to its original shape upon heating up to the
Astemperature or above. This is due to the transformation of the deformed martensite
to austenite via heating, which leads to an austenite as it supposed to be in the earlier
state [53]. This shape memory and pseudoelastic characteristics of NiTi originals from
a reversible solid-solid martensitic phase transition, which occurring between the
low-temperature monoclinic martensite (B19' structure) and the high-temperature
cubic austenite (B2 structure).

This complex situation can be explained with Figure 2- 1 3. The line with a negative
slope illustrates the critical stress for slip. Accordingly, it is not expected to have the
complete pseudoelasticity below the dash line Slip (B) since the slip occurs in this case
is irreversible. However, the critical stress between A and B leads to pseudoelasticity
when the temperature is above Ar. At this temperature, the stress induced martensite
is unstable without the loading. The pure shape memory effect usually happens at the
lower temperatures below Ms. This is due to the fact that the martensite induced
below the A temperature is stable. When the temperature between the As and Af
temperature zone, both properties often take place simultaneously. The solid line with
a positive slope indicates the critical stress to induce martensitic transformation,
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which means a load at the left of this line can induce a martensitic transformation and
the required stress increases with the temperature. Likewise, the formed martensite
below the A is stable without the stress, the deformation can recover by heating up
the material to induce the reverse transformation [59].

Stress

ta

I ' Shape Memory Effect | ‘-‘-'_- I

-

s ,Trcnsformorion'
/1Pseudoelastici-,

Mf Ms As Af
Temperature

Figure 2-1 3 Schematic representation of the shape memory effect and
pseudoelasticity in the temperature—stress space [59].
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3 Challenges and Research gaps

NiTi is a well-known smart material, which has been the most widely used shape
memory alloy so far due to its shape memory effect (SME), pseudoelasticity and
other superior mechanical properties. Since NiTi is highly abrasive resistant and
elastic, conventional machining of NiTi is very difficult. Also, NiTi has a poor
processability on welding due to its great ductility and strong work hardening
[50][60]. Therefore, AM technologies could be an alternative and more suitable
option for processing of the NiTi alloys.

NiTi has captured the attention of the AM industry since the early 2000s. There
have been various attempts to manufacture NiTi alloys using laser based PBF
technologies for a variety of applications. However, due to the inherent limitation of
the laser-based PBF, the residual stress has influenced the functional performance
of the as-built NiTi part. In comparison, PBF-EB is a hot process, which could
potentially resolve the residual stress issues and default vacuum chamber prevents
the material reaction with oxygen and nitrogen, therefore, PBF-EB was considered
as a potential process to manufacture this material. Despite the PBF-EB process
having been used to manufacture the metallic components for over 20 years, there
are still unresolved issues that influence the manufacturability and the quality of the
as-built part. While there have been many studies on the use of L-PBF to
manufacture NiTi, however, NiTi is still a new material for the PBF-EB process. So
far, there is not systematic investigation on the NiTi part manufactured by PBF-EB.
Therefore, in this chapter, the common issues in PBF-EB, a review of PBF-LB
manufactured NiTi and the difficulty in manufacturing NiTi with PBF-EB are
illustrated.

3.1 Challenges on the PBF-EB manufacturing
3.1.1  Smoke Phenomenon

Smoke phenomenon, known as powder bed charging, is one of the most frequent
issues in the PBF-EB process. It can be described as the abrupt scattering of powder
particles upon exposure to the EB (as seen in Figure 3- 1 ). In the beginning, many
factors were considered as the potential reason for the smoke, such as water residues
in the powder, momentum and electrostatic charge. However, the water residues
and momentum were excluded by the results of the calculation from Sigl et al. [61].
This was since the electrostatic charge forces (Coulombic forces) were calculated
already multiple times larger than the weight of the particle (Eq. 2 and Eq. 3) when
the beam current is 1 mA, for example. Therefore, the occurrence of smoke
phenomenon primarily stems from negative charging. The accumulation of
electrons results in a heightened Coulombic force on adjacent irradiated particles,
consequently, the powder particles can push each other apart and cause the
explosion [8].

Q
g Eq. 2
- 1.9%
F= 4me  f2 [N]

Eq.3
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Where Q: electric charge of the EB, Q,: electric charge of each powder particle, Ag:
number of grains hit by the EB, (A;=r2/f2) and r is the EB spot diameter, and f is the
diameter of the powder particle.

Moreover, the electric conductivity of the material plays an important role in the
smoke phenomenon. Based on the experimental results from several materials, the
higher electric conductivity of the material, the lower chance of smoke phenomenon
occurrence. However, Ti is a special material that is very sensitive to oxygen.
Cordero et al. identified the dielectric oxide overlayers on the particles with a
thickness of several nm [8] on the Ti-6Al-6V, and the oxide overlayer enclosed the
powder that obstructed the electron dissipating. Besides, according to the Manolios,
a titanium oxide film is formed after the first one cycle of the PBF-EB manufacturing
process, and it can raise the smoke phenomenon in the following build job [62].

Figure 3-1. a) - f) Sequential images of smoke phenomenon during the PBF-
EB process.

3.1.2 Excessive powder sintering

Excessive sintering is another common issue during the powder pre-heating step in
PBF-EB (Figure 3- 2 ). This phenomenon is typically caused by applying an
excessive beam current or sharp electron beam that delivers energy too intensely or
by excessively repeating the beam sweep. Such a situation can lead to over-melting
of the powder, making it difficult or even impossible to recycle for further use [24].
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e
Figure 3- 2. a) Image of excessive sintering during
Image of excessive sintered powder ¢) SEM image of the
excessive sintering powders.

3.1.3 Characterize EB spot size

In a typical PBF-EB machine, the EB spot size is regulated by the focusing coil, which
is controlled by a parameter called focus offset. The EB spot size is extremely
important for the quality of the final part as the EB spot size affects the size and
shape of the melt pool [63]. In addition, the EB spot size plays a determinative role
in the powder pre-heating step and directly influences the sintering level of the
powder layers to avoid smoke and excessive sintering issues. Even though, the single
track experiment has been done with various materials and different methods, for
instance, build on the printed base, or on the stainless steel baseplate [28][64][65].
While the reflected single track width is dramatically different, since this single track
width is closely depending on the material properties, such as melting point, relative
powder density and stochastic powder layers [66]. Therefore, so far, the EB spot size
is still a black box in almost all the PBF-EB machines, and there is no correlation of
the input value of the focus coil to the real EB spot size.
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FO =30 mA, STW ~ 870um

u : i (]
500 pm . 100 pm

Figure 3- 3. OM images of EB scan tracks on the coated stainless steel plate.

As shown in Figure 3- 3, the EB scans were replicated on the coated stainless steel
plate in this research. Therefore, the scan tracks can be realized and characterized
in terms of morphology and energy distribution.

3.1.4 Staircase effect

Staircase effect (Figure 3- 4 a) is an inevitable phenomenon in all metallic powder
bed AM processes especially in PBF-EB that leads to significantly worse surface
roughness and geometrical accuracy [67]. This effect is also termed as “warping”,
which usually occurs at the first overhang layers (as seen in Figure 3- 4 b). This
defect is caused by the bending of an overhang structure that hinders deposition of
the next layers, which is due to lack of heat dissipation in the powder bed compared
to the solid material [68]. This effect is usually influenced by the inclined angle ©
and the powder layer thickness. Decreased inclination angle and increased powder
layer thickness could result in a longer overhang length, which would promote to a
severer staircase effect, associated with the formation of dross. Even worse, it has
the potential to halt the production process by immobilizing the rake.
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Figure 3- 4. a) Schematic of the overhang for the inclined structure b)
Schematic of the staircase effect of inclined structure.

3.2 Research on NiTi of Laser-based AM manufacturing

There were many attempts and success on fabricating the NiTi alloys using laser
based PBF technologies for different applications from early 2000 [69] [70]. The
bio-implants fabricated by the laser based combined process (SLS/SHS) can achieve
a good biocompatibility, high homogeneity in chemical composition and desired
porosity, however unwanted phases such as Ti.Ni, Ti;Ni are detected through X-ray
diffraction (XRD) [771]. Hence, numerous post-processes are needed to eliminate the
unwanted phases and enable the shape memory and pseudoelasticity properties. For
the PBF-LB as-built part, the phase transformation of the as-built part exhibits a
wider temperature range than the conventionally manufactured part due to
inhomogeneity in the material, which leads to a gradual phase transformation. This
could be beneficial for microelectromechanical systems applications because of the
gradual shape transformation in macroscopic level due to the gradual phase
transformation in micro level [72]. Besides, the microstructure of the as-built NiTi
is significantly influenced by the machine parameter, for instance laser power, scan
speed, the hatching spacing and scan strategies. Many researches revealed that an
increased PBF-LB energy density leads to higher martensitic transformation
temperature, while a reduced PBF-LB scanning speed can facilitate the martensite
transformation [57]1[73][74]. These effects are likely contributed to microstructural
alterations, including Ni evaporation, oxidation, precipitation, and the generation
of internal stress [75][58]. Moreover, the elevated laser power and rapid cooling
rates play an important role in promoting non-equilibrium solidification.
Decreasing both the scanning pitch and speed has been observed to yield consistent
molten pool morphology and overlapping attributes, thereby effectively diminishing
surface roughness [60]. However, many other critical factors, such as geometry
precision, surface roughness, homogeneity throughout the structure and functional
properties still need to be improved [57].

Porous NiTi alloys have also been tested to manufacture by another laser-based AM
technology laser engineering net shaping (LENS), also known as direct energy
deposition (DED) [76]. Even though the as-built part has shown a higher Vickers
micro hardness over the traditional processed part, the grain size was not
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homogeneous within the entire part and high porosity was detected [77]. Since the
grain size has a direct impact from the specific energy input, it has been proved that
a finer grain structure with a higher compressive strength (in the arrange of 890 —
1050 MPa) can be created with a lower laser power [76]. Moreover, the high residual
stresses have always been a critical obstacle for the laser-based process, which
originates from the drastic temperature gradients throughout the entire build. This
can result in the warping effect and stress-stimulated martensite formation causing
inhomogeneity of the transformation temperature for the build. Regarding
functional properties of as-built PBF-LB parts, an obvious degradation of the shape
memory and pseudoelastic properties were identified as the accumulation of
irreversible strains inside the structure arising due to microstructural defects and
particularly dislocation [58][78]. Therefore, for the as-built PBF-LB to have a
pseudoelasticity, post heat treatments, such as solution annealing and aging, are
essential to diminish the residual stress and microstructural defects [55].

3.3 Research gaps on NiTi of PBF-EB manufacturing

In comparison, PBF-EB has an intrinsic advantage of fabricating NiTi alloys, since
its manufacturing process takes place in a high vacuum chamber, which prevents
the contamination from the outside, especially for the material with a high oxygen
affinity (e.g., oxygen and nitrogen) [50]. As another noticeable distinction to PBF-
LB, PBF-EB manufacturing process utilizes a hot powder bed around 1000°C during
the entire process, hence, the residual stress and distortion can be eliminated by
heating the powder bed to an optimal temperature. The parts produced thus should
have a hardness and tensile strength higher than casting part and comparable to the
wrought parts [50]. Furthermore, the as-built PBF-EB part has a higher elongation
than the as-built PBF-LB part due to thorough melting in the process [79][80].
Because of the high energy density from the EB and high deflection speed from the
electromagnetic lenses, PBF-EB process leads to a dense part with a better control
on the mechanical properties and less manufacturing defects [81]. These
characteristics make PBF-EB a preferable candidate for manufacturing porous part
with a comparable strength to the traditional manufacturing processes. Moreover,
this technology has the potential to customize the parts’ strength and elastic
modulus for imitating the bone properties, which enables a faster rehabilitation

[82][83].

Despite the numerous advantages from PBF-EB, there were a few studies about the
manufacturability and material properties of as-built PBF-EB NiTi parts so far.
Early attempts on manufacturing with pre-mixed Ni-Ti powder using PBF-EB was
done by Wang et al. [84], where the PBF-EB was found an unsuitable process to
fabricate this material due to the dilemma between lack of fusion and powder
ignition. Hayat et al. [45] were the first group that investigated the physical
properties and phase constituent of the PBF-EB fabricated pre-alloyed NiTi
powders, and they successfully obtained the part with over 97% relative density.
Unfortunately, no shape memory or pseudoelasticity was observed due to the
formation of undesired phases (e.g., Ni;Ti and NiTi,). Following that, another study
on as-built NiTi alloy was carried out on the phase constituent, texture and
mechanical properties from the same research group by Zhou et al. [46]. In this
study, the dominant austenitic B2 phase was identified with minor Ni,Ti,
precipitates and R phase [46]. Thus, the pseudoelasticity was clearly observed at RT
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(~20°C) on the as-built NiTi part during the compression test. At the same time, the
as-built part exhibited a superior tensile performance than the PBF-LB and DED
parts. After this, the effects of manufacturing parameters on PBF-EB as-built NiTi
alloy were investigated by Ren et al. [32]. And they revealed that both focus offset
(FO) and Speed function (SF) have very minor influence on the phase constituent,
phase transformation temperature and Vickers hardness, while improper FO and
SF can introduce manufacturing defects, such as lack of fusion, and lowering the
fracture stress and strain [32]. However, the speed function is a complex algorithm
in the Arcam machines that only indicates the trend of the speed change, the real
scan speed is not indicated, as it can depend on many factors, for instance, the scan
length. Thus, there is no clear corresponding relationship between the scan speed
and the as-built parts’ microstructures [85]. Similarly, Zhang et al. have investigated
PBF-EB as-built parts’ corrosion behavior by adjusting the speed function and focus
offset. The corrosion behavior of the material is shown to be mostly depending on
the number and types of the defects, hence, less cracks and pores can enhance the
materials’ corrosion resistance [86]. In the study from Altug-peduk et al. [87], a Ti-
rich NiTi SMA part was manufactured via PBF-EB, and major austenite, minor
martensite and Ti.Ti intermetallic phases were identified by X-ray spectroscopy
(EDS) and X-ray diffraction phase analysis (XRD). They also stated that the
microstructure of the as-built part is closely related to every step of the process from
powder pre-heating to the cooling, however, the specific impacts and trends from
each step were not experimentally examined and validated [87]. Krooss et al.
noticed an obvious Ni evaporation on the PBF-EB processed parts and dramatic
local chemical composition changes from the powder state [88]. Even though, a
good pseudoelasticity up to 6% of the compressive strain was observed on the as-
built PBF-EB part [88]. Likewise, there is no study reported on the specific influence
of the processing parameter on the as-built properties.

Up to date, PBF-EB exhibits a promising potential to fabricate NiTi alloy for medical
implants and aerospace components. Still, the specific influence of the PBF-EB
processing parameters is not investigated, and the near-net shape components are
not being manufactured for the examination. One of the major reasons is the smoke
problem during the pre-heating step, which inhibits the repeatability of the
manufacture of the NiTi via PBF-EB. The smoke phenomenon frequently arises
during an imperfect pre-heating phase, leading to a final part defect or even process
disruption [8].

Therefore, it is vital to study the interaction of the EB with NiTi powder that defines
a healthy pre-heating processing window. Further, it is important to ensure
successful manufacture of the dense NiTi part with recyclable powders. Afterward,
the main process parameters of PBF-EB (e.g., beam current, beam speed, post-
cooling rate) should be investigated too in terms of their influence on
microstructure, phase transformation temperature and functional properties.

In order to manufacture qualified parts for the medical sector for example, a porous
structure is essential in most of the applications to enhance similarity to the bones’
density and strength. Hence, different lattice structures should be manufactured
and examined with NiTi powder using PBF-EB. So far, spot melting has not been
used to manufacture a lattice structure in PBF-EB, and no knowledge is available
about comparison on the lattices manufactured by these two scan strategies. Thus,
two distinct scan strategies (continuous melting and spot melting) should be used
to fabricate the lattice structure for better geometrical accuracy, mechanical and
function properties.
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Moreover, it is known that surface roughness, superficial defects and machining
depth of PBF-EB parts play an important role on the parts’ mechanical performance
[89]. Thus, a near-net shape part should be examined and compared to deep-
machined part to understand the influence from the character of surface and
superficial regions.
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Materials, method and Design of the experiment

4 Materials, method and Design of the experiment

The goal of this research is to enable the manufacture of NiTi parts using the PBF-
EB process and to investigate the influential process parameters for the as-built
parts. Mechanical properties and functional properties were examined for the as-
built PBF-EB NiTi parts. Accordingly, the material, experiment setup and testing
methods are briefly introduced in this chapter.

4.1 Materials

The NiTi powder (d= 45-100 um) used throughout the whole research has been
manufactured by argon gas atomization (as-received from TLS Technick Gmbh &
Co., Germany) with D50 value ~ 7oum. The composition of the as-received powder
is shown in Table 4- 1, and the powder morphology is shown in Figure 4- 1 . The
powders have a mixture of irregular and spherical morphologies, and small satellites
were attached to the surface of the powders.

The baseplate used for each build is the 316L stainless steel with the dimensions of
75 X 75 x 10 mm3. Since this material is the standard baseplate material
recommended by the machine manufacturer (Arcam, GE additive) and cheaper
price, thus this material was adopted throughout the whole research instead of the
NiTi baseplate.

The ‘jig and tool protector’ ceramic coating from ESAB (ESAB, Sweden), which has
Boron Nitride as the main ingredient was used to characterize the EB tracks. The
average thickness of the ceramic coating was around 80 um and this ceramic coating
was capable to resist the heat (up to 1300°C) [90].

Table 4- 1 . The compositions of the as-received gas-atomized NiTi powders.

Element Ti Ni C (0] N H
Weight Bal. 55.2 0.002 0.03 0.005 0.002
percent

(Wt %)

Element Ti Ni C 0] N H
Weight Bal. 55.2 0.002 0.03 0.005 0.002
percent

(Wt %)
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4.2 Machine setup

An Arcam A2X EBM system (GE additive, USA) with the original build envelope of
250x250%x380 mm was used in the research. According to the data sheet, the EB
power is up to 3 kW, the nominal beam diameter can be down to 250 pm and the
beam translation speed can be up to 8000 m/s [31]. However, since the NiTi powder
is fairly expensive and the parts need to be fabricated are relatively small, an in-
house developed retrofitted platform with the build size to 100x100x150 mms3 was
used to fabricate all the parts for this research ensuring material saving.

4.3 EB characterization experiment

In the research work compiled in paper A, the EB was employed to scan square
tracks at beam currents of 5, 7, and 10 mA on a ceramic-coated baseplate. The EB
settings used a scanning speed of 300 mm/s and varying focus offsets ranging from
80 mA to -70 mA. The scanning procedure was manually executed, overriding the
automatic control of the speed function. The configuration of the square patterns is
depicted in

Figure 4- 2 a, where 16 individual square-shaped tracks were generated on the
surface of the baseplate. Notably, the initial squares on each plate exhibited partial
omissions due to a delayed energy response attributed to the high scanning speed of
the EB. In the case of a 10 mA beam current, the final squares were left unfinished,
due to safety reasons, terminating the process upon detecting excessive smoke,
possibly originating from coating evaporation. Then, the EB scanning tracks
underwent comprehensive examination and characterization via optical
microscopy.
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Figure 4- 2 . Layer of the EB scanning experiment.

4.4 Smoke test

Asreported in paper A, the smoke test was designed to examine the interplay among
focus offset, beam current and beam speed during the powder pre-heating process.
These tests were conducted within the predefined parameter range (as outlined in
Table 4- 2 ), without prior preheating of the baseplate (i.e., experiments were
conducted at room temperature). A 2 mm-thick layer of powder was evenly spread
atop the baseplate before initiating the smoke tests. The heating zone encompassed
a 62 x 62 mm? area, which was smaller than the baseplate dimensions. A line offset
of 1 mm was employed for the experiment.

Following each scanning cycle, the tests proceeded by applying a new layer of
powder with a thickness of 1 mm on top of the preceding powder layer until the
smoke phenomenon occurs. For each combination of focus offset and beam current,
a series of experiments was conducted with beam speeds ranging from 2000 mm/s
to 20000 mm/s, with intervals of 1000. In this experimental setup, a one-
directional EB scanning approach was employed, as illustrated in Figure 2- 9 . The
scanning settings featured a line order of 10, maintaining a 1 mm line offset between
each scan line. Each run consisted of 30 repetitions of scanning. A 'smoke-free' test
was defined as a set of 30 consecutive EB scans where no smoking incidents
occurred. For each combination of focus offset, beam current, and beam speed,
monitoring was conducted to assess the powder's behavior and discern the patterns
and degree of powder sintering.
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Table 4- 2 . Domain of the experimental smoke test processing window.

No. Parameter Range
parameter

1 Focus offset -30, -20, -10, 0, 10,
(mA) 15, 20, 30, 40

2 Beam 5,10
current
(mA)

3 Beam speed 2000 to 20000
(mm/s)

4.5 Density cube fabrication with different powder pre-heating
processing parameters

All the density cubes were manufactured with the retrofitted machine at the working
temperature of 750°C. During the melting stage, identical parameter settings were
utilized, including a focus offset of 0 mA, a beam current of 5 mA, a beam speed of
1000 mm/s, and a line offset of 0.125 mm. For the preliminary power pre-heating
phase, three distinct settings were employed for the respective builds, involving
focus offsets of -10 mA, 30 mA, and 40 mA . Additionally, an 8 mA beam current, a
5000 mm/s beam speed, and a 1 mm line offset were used. The status of powder
pre-heating was closely monitored, and a density analysis was conducted on the
manufactured parts.

Table 4- 3 . Domain of the experimental process parameter to manufacture the

density cubes.
Parameter Pre-heating Melting
Parameter
No.

1 Focus offset -10, 30, 40 0
(mA)

2 Beam current 8 5
(mA)

3 Beam speed 5000 1000
(mm/s)

4 Line offset 1 0.125
(mm)

4.6 Density cubes fabrication with different melting processing
parameters

In the research reported in Paper B, for the manufacturing of NiTi components, an
Arcam A2X machine GE Additive was employed. To minimize the required powder
volume, a smaller in-house retrofit build platform with dimensions measuring 100
x 100 x 150 mm was utilized. The automation mode was deactivated, and the
experiment was conducted in manual mode. In each build, density cubes measuring
10 x 10 x 10 mm were produced on a stainless steel baseplate. To mitigate thermal
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interference from adjacent cubes, a spacing of over 10 mm was maintained. The
layer thickness was configured at 75 um, and the operational temperature was set at
750°C. The focus offset for the melting stage was 0 mA for all the parts, and the
beam current and scan speed were set as shown in Table 4- 4 . And the example of
the NiTi density cubes manufactured by the PBF-EB displays in Figure 4- 3 .

Table 4- 4 . Full experiment factorial design of scan speed and beam current.

Beam . Linear

somrle | Current foan Speed - Colie ey

: (mA) (J/m)
1 5 1000 Slow 300.0
2 5 1250 Slow 240.0
3 5 1500 Slow 200.0
4 5 2500 Slow 120.0
5 10 6000 Slow 100.0
6 10 7000 Slow 85.7
7 10 9000 Slow 66.7
8 15 7000 Slow 128.6
9 20 7000 Slow 171.4
10 25 7000 Slow 214.3
11 5 2000 Medium 150.0
12 10 5000 Medium 120.0
13 10 8000 Medium 75.0

[ ] [ ]
]
1‘0 mm
AY D DI‘ID mm

Z i( Base Plate: 75 x 75 (mm)

Figure 4- 3 . The layout of the NiTi density cubes in one batch and the images
of the example NiTi density cubes manufactured by the PBF-EB.

4.7 Benchmark part fabrication

In the research reported in paper C, in order to assess dimensional accuracy and the
impact of two different scanning strategies, a benchmark build was designed, as
depicted in Figure 4- 4 a. This design comprised three distinct groups, each
featuring sets of thin cylinders and thin walls, each constructed using unique
process parameters. Three inclination angles relative to the baseplate were
incorporated: 90° (i.e., vertical), 60°, and 45°. All components were produced using
only one single contour and no hatching was filled. For enhanced adhesion, the
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cylinders were positioned atop a 1 mm thick solid square base measuring 10 mm x
10 mm. Following the manufacturing process, the samples, along with the baseplate,
underwent a sandblasting treatment for approximately 5 seconds to remove loose
powder residues adhering to the sample surfaces. And the process parameter sets
used are listed in Table 4- 5 .

Figure 4- 4 . a) and b) Layout of the benchmark specimen on the baseplate, c)
thin cylinder, d) thin wall.

Table 4- 5 . Process parameter sets used for benchmark specimen.

Parameters

Number of contours 1 1 1 1 1 1 1 1

Spot time (ms) 2 10 10 2 10 2 Continuous Continuous Continuous
Scan speed (mm/s) 1000 2000 1000 2000 4000 4000 1000 2000

Beam current (mA) 5 5 5 5 5 5 5 5

4.8 Lattice structure fabrication

As part of the research reported in paper C, four distinct lattice structures:
octahedron, cell gyroid, sheet gyroid, and channel were manufactured (as seen in
Figure 4- 5 ) using retrofitted PBF-EB equipment. Each of these lattice
configurations was constructed using both spot melting and continuous melting
scan strategies with the beam speed of 1000 mm/s and 2000 mm/s separately. After
the manufacturing process, the samples and the baseplate underwent a sandblasting
treatment lasting about 10 seconds. This step aimed to remove any adhering powder
on the surfaces and dislodge most of the powder trapped within the lattice
structures. Additionally, the parts were subjected to an ultrasonic bath in 99.5%
ethanol for 15 minutes, effectively eliminating any remaining trapped powder
residues.
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Figure 4- 5. a) and b) Layout of the four lattice structures on the baseplate, c)
Octahedron, d) Cell gyroid, e) Sheet gyroid, d) Channel.

4.9 Methods and tools

To explore and characterize the raw material and properties of the as-built samples’,
many techniques and tools were adopted to achieve the goal. The techniques and
tools used in this research are introduced in this chapter and discussed with
reference to their function and purpose.

4.9.1 Light optical microscope (LOM)

In this study, Nikon Optiphot 150 inspection microscope (Nikon, Japan) was used
to characterize the EB spot width and different tracks in the EB spot. For instance,
the peak track width, scan track width and the full track width. Besides, Dino-lite
digital LOM (AnMo Electronics Corp., PRC Taiwan) was utilized to study the side
surface morphology as well as structure of the cell unit of the lattice structures.

4.9.2 Scanning electron microscopy (SEM)

Phenom ProX desktop SEM (Thermo Fisher Scientific Inc., USA) equipped with
backscattered electron mode was used to demonstrate the raw NiTi powder
morphology and the sintering condition of the top powder layer that was pre-heated
by the de-focused EB. Moreover, a Zeiss ultra 55 SEM (Zeiss, Germany) which is
equipped with Oxford Instruments energy dispersive spectroscopy (EDS) and
electron backscattered diffraction (EBSD) detector was used to investigate the
microstructure and the texture of the X-Z cross section of the as-built samples.

4.9.3 Archimedes’ method
Archimedes’ method (ASTM B311-17) was used to evaluate the density of the as-built

density cubes and the benchmark lattice structure samples. Besides, this method is
also able to calculate the solid volume fraction of the lattice structure depending on
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their actual density in the previous calculated density. The value is a great tool to
study the impact from the process parameters on the manufacturing results.

4.9.4 ImageJ

ImageJ (ImageJ, USA) was used to count the number of powder particles from the
SEM images to access the sintering degree of the sintered powder after the smoke
test. Besides, ImageJ was used to measure relatively density for the delicate
benchmark thin cylinders and thin walls.

4.9.5 Electron backscattered diffraction (EBSD)

The Zeiss ultra 55 SEM (Zeiss, Germany) which is equipped with EBSD detector
operating at 10 kV to receive the backscattered signals. And the Oxford Instruments
Aztec and HKL Channel 5 software were used to analyze the EBSD data.

4.9.6 X-ray diffractometer (XRD)

The Bruker D8 Discover X-ray diffractometer (XRD, Bruker, USA) with copper Ka
radiation was used to investigate the phase constituents of the samples fabricated
by the PBF-EB. The copper Ka1 diffraction wavelength is 1.5406 A and the copper
Kaz diffraction wavelength is 1.54439 A.

4.9.7 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (Mettler Toledo, USA) with a heating-and-cooling
rate of 10 K/min between -80 to 130 °C under flowing nitrogen was used to measure
the phase transformation temperature of both the raw NiTi powder and the as-built
samples.

4.9.8 Compression test
4.9.8.1 Static compression test

For the density cube samples, a Deben in-situ microtest stage (Deben, UK) with a
strain rate of 3x10-4 s-1 was used to conduct the micro static compression test inside
the SEM chamber. The limitation of the maximum load was 600 Mpa in this device.
Moreover, the ultimate compressive strength test for the lattice structure was
carried out with an Instron 4486 uniaxial tensile tester (Instron, USA) fitted with a
300 kN load cell.

4.9.8.2 Cyclic compression test

For the density cube samples, a Deben in-situ microtest stage (Deben, UK) with a
strain rate of 3x104 s* conducted the micro cyclic compression test inside the SEM
chamber. For each of the cycles, the strain was taken to 8% and then gradual release.
The Deben device’s software recorded the cyclic compression loads. For the lattice
structures, the cyclic compressive test was carried out with an Instron 4486 uniaxial
tensile tester (Instron, USA) with strain values increased incrementally from 2%,
4%, 6%, 8% and then 10% depending on the structures’ fracture.
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5 Summary of appended papers

5.1 Paper I: Evaluation of the electron beam spot size in electron
beam melting for additive manufacturing

Author Contribution: As the main and corresponding author, Zeyu Lin
performed all the experiments, analyzed all the results, and developed the structure
of the article. He was chiefly responsible for structuring and writing the article. The
co-authors contributed to formulating concepts and ideas and reviewing the article.

Connection to the research questions: This work is the initial attempt to
investigate the EB morphology and spot size in PBF-EB process. Besides, the
interaction between the EB and matters was also revealed when applied on the
different baseplate. Three different levels of the tracks were found in terms of the
energy distribution of the EB. This result facilitates the research on solving the
issues that prevent the healthy powder pre-heating in the PBF-EB process (refer to
chapter 1.2, RQ1).

Summary:

In order to understand the EB spot size and morphology, an experiment of electron
beam (EB) tracks on various materials’ baseplate was conducted, including copper,
stainless steel, copper with ceramic coating and stainless steel with the ceramic
coating baseplate. Notably, copper demonstrated the least sensitivity to replicate EB
tracks due to its high thermal conductivity, which dissipates EB energy quickly. In
contrast, ceramic-coated stainless steel exhibited the highest sensitivity to detect
EB, with clear tracks among these four baseplates. The study employed white light
interferometry (WLI) to measure EB track dimensions, primarily determined by the
size of the re-consolidated melt pools, which exhibited a near-Gaussian distribution
shape. What’s more, three levels of tracks were observed: Peak Track Width (PTW)
with nearly evaporated ceramic coating, Scanning Track Width (STW) with
blackened ceramic coating, and Full Track Width (FTW) covering the entire
scanning width, each corresponding to different energy intensities. In conclusion,
the study found that the effects of EB radiation varied based on the thermal
conductivity of the base material. Most importantly, ceramic-coated stainless steel
proved to be the most effective in replicating EB profiles compared to other
materials tested in the study.

5.2 Paper II: Developing processing windows for powder pre-
heating in electron beam melting

Author Contribution: As the main and corresponding author, Zeyu Lin
performed all the experiments, analyzed all the experiment results and developed
the ideas and concepts for the article. He was chiefly responsible for the structuring
and writing of the article. The co-authors contributed to formulating structure and
ideas and reviewing the article.

Connection to the research questions: In this work, the excessive sintering
and smoke phenomenon was recognized as the main issues for the powder pre-
heating in PBF-EB process. And the neglected factor focal point plane was studied
in terms of the impact on the powder sintering degree during the pre-heating stage.
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Focus offset, beam current and beam speed as the main influential factors were
investigated to obtain a healthy powder pre-heating. Further, the powder pre-
heating processing window was defined to ensure a healthy powder pre-heating for
the susceptible-to-smoke NiTi powders. This research solved the RQ 1 refer to
chapter 1.2.

Summary:

The focus of this study was on investigating the crucial step of powder pre-heating
in the PBF-EB process, particularly in the context of highly smoke-sensitive Nickel-
Titanium (NiTi) powder. The research aimed to understand the relationship
between sintering and pre-heating-related issues, such as smoking and excessive
sintering. The study began with assessing the electron beam (EB) spot size under
various focus offsets and beam currents on a ceramic-coated stainless-steel plate.
Subsequently, smoke tests were conducted at varying focus offsets and beam
currents, considering beam speeds. The results revealed that a smaller EB spot size
effectively prevented smoking by enhancing the sintering degree. However, this high
sintering degree could lead to a strong powder bonding, hindering powder recycling.
As a compromise, a less focused beam (larger EB spot) was chosen to achieve a
medium but efficient sintering at approximately 30%. Furthermore, it was observed
that negative defocused EB mitigated the smoke phenomenon compared to positive
defocused EB with a similar spot size. Based on these findings and their link to the
sintering degree, the study established three distinct processing regimes for pre-
heating NiTi powder: smoke-heating processing window, melting-heating
processing window, and healthy-heating processing window. This research not only
developed a practical methodology for evaluating the EB spot size but also revealed
the intricacies of powder pre-heating in relation to smoking and excessive sintering.
Most importantly, the study emphasized the importance of the EB spot size in
achieving smoke-free processing and outlined the potential for processing
challenging materials like NiTi powder in EBM, ultimately aiming for opening up
the door to producing the healthy parts for various materials.

5.3 Paper III: Influence of PBF-EB Process Parameters on
Transformation Temperatures and Pseudoelasticity of Shape
Memory Nickel Titanium

Author Contribution: As the main and corresponding author, Zeyu Lin
performed all of the experiments including manufacture of the NiTi density cubes
and prepared the specimen for the material characterization. He has done most of
the material characterization and analyzation for the specimen. Zeyu was also
chiefly responsible for formulating the concepts and ideas and writing the article.
The co-authors contributed to implementing the material characterization of the
material, such as XRD, EBSD and DSC. They also contribute to formulating
structure and ideas and reviewing the article.

Connection to the research questions: This paper focuses on realizing how the
process parameters affect the NiTi part density and material functional and
mechanical properties, which is related to the RQ 2 (refer to chapter 1.2).
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Summary:

The aim of this research is to investigate how the PBF-EB machine-related
parameters influence the manufacture of the NiTi part and its functional and
mechanical properties. Hence, three process parameter sets were explored for
manufacturing the NiTi dense part, including 1) high power with high scan speed
and vacuum slow cooling, 2) low power with low scan speed and vacuum slow
cooling, and 3) low power with low scan speed and medium cooling rate in helium
gas. It was observed that the density of the NiTi parts increased as the linear energy
input increased, reaching over 98% of the bulk density. Notably, under a constant
energy input, the parameter set, which is combining the low beam current and low
scan speed yielded denser parts due to reduced electrostatic repulsive forces
originate from a lower electron density. Higher beam current led to larger part sizes
due to the increased electron beam spot size. The NiTi dense parts exhibited a
distinct phase transformation temperature depending on the varying post-cooling
rate. Thus, the post-cooling rates were found to be the dominant factor affecting
NiTi phase transformation temperatures, particularly due to the influence of Ni,Tis
precipitation, with slower cooling rates resulting in higher (Ar and M)
transformation temperatures and wider transformation windows. Despite
variations in process parameters, all as-built parts in the study exhibited an
excellent pseudoelasticity, while parts cooled in helium displayed higher energy
dissipation efficiency, indicating faster damping of oscillations. Moreover, the EB
power influenced microstructure, grain size, and shape memory response in the
parts due to the EB post size. Additionally, the presence of Ti-rich inclusions and
Ni,Ti; was detected in the PBF-EB-produced parts, which generally exhibited good
pseudoelasticity in compression tests, with nearly 8% recoverable strains.

5.4 Paper IV: A systematic anrpach to optimize Ig_ar_amgzters in
manufacturing complex lattice structures of NiTi using

electron beam PBF process

Author Contribution: As the main and corresponding author, Zeyu Lin
performed most of the experiments. He has also done most of the material
characterization and analyzation for the specimen. Zeyu was chiefly responsible for
constructing the concepts and ideas and writing the article. The co-authors
contributed to implementing the material characterization test for the specimen,
such as DSC and mechanical testing. They also contribute to formulating structure
and ideas and reviewing the article.

Connection to the research questions: This paper focuses on manufacturing
delicate NiTi lattice structure using different scan strategies and compare the
characteristic results from it. More importantly, what functional and mechanical
properties of the as-built NiTi lattice structure were investigated in terms of the
process parameter and scan strategies, which is related to the RQ 3 and RQ4 (refer
to chapter 1.2).

Summary:
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A comprehensive investigation was conducted on how to manufacture the delicate
NiTi part with PBF-EB process. Firstly, benchmark parts include thin cylinders and
thin walls were designed and fabricated using two distinct scan strategies
(continuous melting and spot melting) with various process parameter sets. The
geometry accuracy and surface morphology were compared and analyzed. After
that, four different lattice structures were manufactured and characterized using
these two scan strategies and different beam speeds. The results demonstrated that
both continuous melting and spot melting modes were capable of producing lattices
with relative densities exceeding 97%. It is noted that the significant influence of
beam scan speed in the spot melting scan strategy on melt pool size and scan track
dimensions as the higher beam speed leads to a thinner strut. Besides, spot melting
was found more suitable for manufacturing point-based delicate structures, while
continuous melting was found preferred for line-based structures due to improved
homogeneity and smoother surfaces. The impact of building orientation on thin wall
manufacture is also influenced by the inclined angle. An optimum down-facing
surface strategy could be used to improve the surface morphology of the PBF-EB as-
built part. Additionally, the as-built lattice structures exhibited impressive spring-
back properties, reaching up to 8% deformation recoverability, with variations
depending on the specific lattice design. Compressive strength and ultimate
compressive strength also increased with higher volume fractions for all lattice
structures. Last but not least, the spot melting was found to be effective for
customizing delicate beam-shaped structures with superior pseudoelasticity.
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6 Conclusion and future work

6.1 Conclusions

This work encompasses a comprehensive focus on understanding and controlling
the physics of the process to create a stable and reliable manufacturing process for
the pre-alloyed NiTi powder through PBF-EB. The generated knowledge on beam-
material interaction provides insights for future developments. The development of
a process window as demonstrated in this work is also useful and applicable for
producing components in new materials using PBF-EB process. Besides, this study
has demonstrated a thorough control if the process parameters for achieving the
pseudoelasticity of the as-built parts. Last but not least, this study has also enabled
production of complex and dense NiTi components with the PBF-EB process. The
conclusions are drawn here while answering the research questions, as below.

RQ1: What are the main issues preventing the successful powder pre-heating in the
PBF-EB process and how to solve them?

Through the experimental results, it was clear that the smoke and excessive
pre-heating were the obstacles preventing the manufacture of the dense NiTi
part with the recyclable powder. Therefore, a deeper understanding of the
interaction between the EB and powder material was developed in order to
solve the smoke phenomenon. And an optimum sintering degree was defined
to prevent excessive sintering. To do so, the EB spot size and focal plane
position was investigated in terms of focus offset value. The smoke test was
also done to realize the three regimes of the powder pre-heating: melting-
heating, healthy-heating and smoke. Based on the three different powder pre-
heating regimes, the corresponding powder sintering degree was quantified by
the ratio of sintered and un-sintered powder particles on the pre-heated top
layer. And the optimum sintering degree was identified around 30%. So that,
the NiTi powder pre-heating processing window was developed by plotting the
focus offset value versus EB scan speed. While comparing the processing
window of negatively defocused EB with positively defocused EB, it was found
that the negative defocused EB has an effective mitigation effect on preventing
the powder pre-heating issues. This was attributed to the diverging beam,
which facilitates the dissipation of the negative charges and the accumulated
heat.

RQ2: How can machine-related parameters affect the manufacturability of a dense
NiTi part and what are the main factors affecting the mechanical properties and
pseudoelasticity of the as-built NiTi part?

After the successful manufacture of the dense NiTi part, the machine-related
parameters were investigated in order to engineer the NiTi part functional
and mechanical properties. Thus, at the beginning, the relationship of the
part density with the linear energy input was analyzed. The result showed
that the parts’ density increases with the increasing linear energy density
until the part can reach above 98% of the bulk material theoretical density.
In addition, a lower power and lower scan speed led to a denser part with
better geometrical accuracy due to smaller EB spot size. This was attributed
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to the lower electrostatic repulsive force. In order to realize the interplay and
the effect of the process parameters, the as-built NiTi parts were categorized
into three groups, including 1) high power with high scan speed and vacuum
slow cooling, 2) low power with low scan speed and vacuum slow cooling,
and 3) low power with low scan speed and medium cooling rate in helium
gas. Based on microstructural characterizations, it is clear that the high
power can cause the bigger grain size. However, the post-cooling rate was
found to be the most crucial factor on the NiTi phase transformation
temperature since the amount of Ni,Ti; precipitation highly depends on the
post-cooling rate. Therefore, the slower the cooling rate was, the higher the
Arand M temperature were and the wider the phase transformation window
became. Moreover, the part cooled in the helium (medium cooling rate but
faster than vacuum) demonstrated a higher strain energy dissipation
efficiency, which implied a higher energy loss in each cycle. Overall, due to
the high processing temperature and the relatively slower cooling rate, all the
as-built parts exhibited an excellent pseudoelasticity, with an almost 8%
recoverable strains.

RQ3: What are the manufacturing outcomes (feature sizes, geometrical accuracies,
performances, etc.) of complex lattice structures of NiTi affected by spot melting and
continuous melt strategy? And what are the differences between each scan strategy
in terms of manufacturing such a part?

This research designed benchmark parts for manufacturing with single
contour via spot melting and continuous melting scan strategies, respectively.
The manufacturing results showed that both scan strategies are capable of
manufacturing dense and delicate parts with over 97% of relative theoretical
density. The spot melting was preferred to manufacture a point-based
structure while the continuous melting strategy was more capable to
manufacture a homogeneous and smooth line-based. Moreover, due to the
interrupted energy input, the spot melting scan strategy led to thinner struts.
Besides, the scan speed in the spot melting was found to be an important
parameter influencing the thickness of the struts in relation to the spot time.
This is since the faster beam speed accumulates less heat leading to a smaller
melt pool size. It is interesting to note that by having an optimum build
orientation for the down-facing surface during manufacturing, the staircase
effect could be reduced by exploiting the swelling and bending outward and
upward, assisting the fusion with the next layer so that the surface can become
smoother.

RQ4: Compared to a bulk print (that is commonly investigated), how can beam
currents and scan strategies affect the density and solid volume fraction of NiTi
lattice structures? And how can two distinct scan strategies affect the
pseudoelasticity behavior of NiTi lattice structures with different designs and solid
volume fractions?

Following the principles, the density of the lattices manufactured using one
contour in both scan strategies were over 97%. However, it was found that the
parts produced with the continuous melting scan strategy had defects (e.g.,
missing struts), whereas struts of the parts produced with the spot scan
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strategy were generally thinner. These different outcomes were observed while
the value of the beam current and beam speed applied for both scan strategies
are the same. Moreover, the solid volume fraction was varying dramatically
between 8% and 42% depending on the structure and scan speed. In fact, the
solid volume fraction increased with decreasing the beam speed for all scan
strategies. On the other hand, the solid volume fraction decreased with the
increasing area of the negative surfaces in the structure. It is noted that
regardless of the used scan strategies, the as-built lattice structure showed a
good pseudoelasticity up to 8% recoverable strains. This was since the used
scan strategies had no significant influence on material properties (such as
phase transformation temperature) and hence had a similar functional
property i.e., pseudoelasticity. However, this property depended more heavily
on the structure design. More specifically, line-based lattice structures, such
as channel and sheet gyroid, exhibited comparable spring-back
characteristics. Whereas the cell gyroid parts with a point-based lattice
displayed relatively lower deformation recoverability due to their smaller
nodal zone area and reduced capacity to resist fracture.

6.2 Future works

Additional research is required to manufacture the robust and controllable delicate
and complex lattice structure using PBF-EB.

In this thesis, the dense delicate lattice structures were successfully
manufactured with NiTi powder using PBF-EB. However, some of the as-built
structures experienced a low ultimate strength due to the early fracture. In
addition, the structure manufactured with the spot melting scan strategy
results in a thinner and inhomogeneous strut compared to the continuous
melted part, which promotes the possibility of failure. Therefore, it is
necessary to study the failure modes and the failure regions for the spot melted
part. This could help to develop optimized solutions, such as double melting
scan strategy, to strengthen the thin struts under pressure.

It has been proven that the phase transformation temperature depends on the
post-cooling rate caused by Ni,Ti; precipitate formation so that the Ni ratio in
the matrix is changed accordingly. In a typical PBF-EB machine, there were
only two types of cooling rate available so far, which may not be fast enough
to fully dissolve the Ni,Ti; precipitate to decrease the phase transformation
temperature. Moreover, PBF-EB has a powerful heat source that can elevate
the part temperature in a short time, thus, there is a potential to conduct an
in-situ heat treatment for the manufactured parts to achieve desired phase
transformation temperature.

Besides, closed-loop in-situ monitoring system in PBF-EB is of critical
importance to ensure the quality of the as-built part. Especially, when
combining with concept of in-situ heat treatment, a temperature monitoring
system can effectively control the temperature profile of the build and tailor
the phase transformation temperature of the heat-treated NiTi part. It is
therefore an important area of future development.
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The pseudoelasticity of the as-built NiTi part has demonstrated remarkable
performance, with an almost 8% recoverable strain. However, the shape
memory effect has not yet been tested. Consequently, the future work should
include tests to evaluate the shape memory effect and exploring the influence
of machine-related parameters on the as-built NiTi part.

Currently, the geometrical accuracy of the PBF-EB as-built part is relatively
low due to big variance of the EB spot size and improper energy input. Thus,
the EB spot size should be considered when manufacturing delicate structures.
Besides, the thickness loss due to the staircase effect should also be addressed
by adjusting the applied energy input and adding the thickness compensation.
Therefore, the interplay between the energy input and thickness
compensation should be investigated to achieve a smooth and accurate
inclined structure.
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