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Summary

Shape memory alloys (SMAs), such as nickel-titanium (NiTi) alloys or Nitinol, possess
remarkable properties, including superelasticity and shape memory effects, which are
attributed to the reversible martensitic transformation. However, traditional manufacturing
of NiTi SMAs is challenging due to its high ductility and reactivity, which limits NiTi
applications to simple geometries. In this context, laser powder bed fusion (L-PBF), an
additive manufacturing technique, emerges as a promising solution capable of overcoming
these limitations and introducing the concept of four-dimensional (4D) printing. This
approach enables the creation of morphing shapes that can be activated by external stimuli,
such as heat or stress, particularly beneficial for SMAs.

Until now, achieving customized 4D functional responses in NiTi via L-PBF remains a
challenging task, due to complexities associated with both the L-PBF process and the NiTi
material itself. Furthermore, the intricate interplay between the L-PBF process and materials
must be taken into account when designing components, making the situation more
complicated. Therefore, aiming to address these challenges and enhance the feasibility of 4D
printed NiTi SMAs, this study has undertaken a comprehensive approach that integrates
multiple important aspects including L-PBF process, microstructure, functionalities and
designs.

Firstly, from the aspect of the L-PBF process, a key objective is to produce highly dense
parts that are free from structural defects. However, due to the involvement of multiple
processing parameters during L-PBF, optimizations of processing parameters mainly rely on
trial-and-error methods and rough estimations based on energy inputs, which is time-
consuming and costly. This results in the selection of L-PBF processing parameters only
being constrained in a narrow processing space. Therefore, the need arises for a generic
model to predict structural defect formation and design L-PBF processing parameters. To
address this challenge, a novel approach has been proposed in this study to establish L-PBF
NiTi processing maps, combining the prediction of NiTi L-PBF melt pool dimensions with
criteria for identifying structural defects (including balling, lack of fusion and keyhole

ix



Summary

induced pores). The accuracy of this model has been successfully demonstrated through
experimental validation, employing two distinct L-PBF processing conditions: high laser
power of 950 W with a 500 um beam size, and low laser power of 250 W with a small beam
size of 80 um. Based on the guidance of developed processing maps, high-quality L-PBF
NiTi parts with relative densities exceeding 99% were achieved under both conditions. This
model not only enables to accelerate the optimization of high-quality L-PBF parts but also
allows to explore processing parameters across a wide range of processing space, thereby

endowing greater flexibility with tailoring microstructure and designing NiTi components.

From the microstructure centric perspective, it becomes essential to consider grain
features and crystal defects, as phase transformation behaviour and functional properties can
be affected by microstructures. However, the influence of various processing parameters on
crystal defects and grain morphologies in L-PBF NiTi remains unclear. The reason is mainly
attributed to two aspects. Firstly, the complexity of the L-PBF process makes it challenging
to monitor temperature and thermal stress accurately, thereby hindering a comprehensive
understanding of microstructure evolution. Secondly, to achieve superelasticity, Ni-rich NiTi
alloys are commonly utilized in L-PBF. However, the phase transformation behaviour in Ni-
rich NiTi is highly sensitive to the Ni/Ti atomic ratio. The Ni evaporation that occurs during
L-PBF introduces changes in the NiTi composition, making it difficult to distinguish whether
the change in phase transformation behaviour is influenced by the Ni/Ti ratio or
microstructures. To overcome this challenge, slightly Ti-rich (near-equiatomic) NiTi,
possessing a less sensitivity of Ni/Ti ratio-phase transformation behaviour, was used as the
raw material to exclude the effect of Ni/Ti ratio on phase transformation. Based on the
optimized linear energy input by the developed processing maps, the effect of various hatch
distances on phase transformation behaviour of NiTi has been investigated by employing
DSC, XRD, TEM and FEM. The findings revealed that the phase transformation can be
adjusted by modifying the hatch distance. This phenomenon is closely associated with
changes in dislocation densities, which results from the combined influence of thermal stress
and in-situ reheating. Employing an appropriate hatch distance facilitates the formation of
high-density dislocations and equaixed grains, thereby enhancing the cyclic stability of
thermally induced phase transformations. Such strategy is also applicable to investigate the
effect of other L-PBF processing parameters on microstructure evolution and designing
stable thermally cyclic NiTi.

From the functionality’s perspective, the two important functional properties of NiTi,
shape memory effect and superelasticity are separately concerned. Regarding the shape
memory effect, dense Ti-rich NiTi was fabricated using specific parameters: 250 W laser
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power, 1250 mm/s scanning velocity, 120 um hatch distance, and 30 pm layer thickness, as
determined from the developed processing maps. The as-fabricated NiTi shows an
intermediate one-way and two-way shape memory effect. To improve shape memory effect,
various heat treatments were employed. The solutionized annealing was found to enhance
one-way shape memory cyclic stability, which is associated to the reduction of defects and
solid solution strengthening. The subsequent aging promotes the formation of nano scaled
Ti;NiOy intergranular precipitates, leading to the strain partitioning and enclosure of internal
stress within individual grains. This results in the enhanced two-way shape memory response.
These findings contribute toward the development of tailored shape memory behaviour in L-
PBF NiTi.

However, another important functional property, superelasticity, is still difficult to
achieve in Ti-rich NiTi. Superelasticity in NiTi is governed by reversible stress-induced
martensitic transformation, which requires the critical stress for transformation to be lower
than the yield strength. Unfortunately, Ti-rich NiTi, with its higher martensitic
transformation temperature, is more prone to plastic deformation instead of superelasticity.
Moreover, due to a low solidification nucleation rate and limited solubility of Ti in NiTi,
traditional methods like grain refinement, solid solution strengthening, and precipitation
strengthening are impractical for improving Ti-rich NiTi’s yield strength. Conventional way
for introducing superelasticity in NiTi is to increase Ni content or other alloying elements to
enhance solid-solution or precipitation strengthening, as well as severe plasticity deformation
with subsequent complex heat treatments to introduce grain refinement. However, all above
methods lead to the decreased phase transformation temperatures (around room temperature),
restricting NiTi's potential for high-temperature applications.

In this context, a novel strategy of fabricating fiber-textured Ti-rich NiTi has been
proposed to achieve high-temperature superelasticity. Firstly, molecular dynamics was
employed to investigate the superelastic anisotropy along various crystallographic
orientations and select optimal orientation for enhancing NiTi superelasticity. Then, utilizing
the tailorable solidification rates and temperature gradients offered by L-PBF, high quality
Ti-rich NiTi with targeted [001] texture was created with aids of finite element modelling
prediction and developed L-PBF processing maps. Finally, superelasticity was, for the first
time, demonstrated in as-fabricated L-PBF Ti-rich NiTi. The achieved superelasticity was
found to be exceptional, as it exhibited a remarkable superelastic temperature range that is
maintained up to 453K. This temperature range is comparable to, yet surpasses, that of rare
earth alloyed NiTi alloys, as it offers a wider superelastic temperature span of approximately
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110 K. Thus, this framework introduces a new concept on designing high performance
functional materials which benefits from functional anisotropy.

Ti-rich NiTi with [001] fiber-textured columnar grains was found to have highly
sensitive to hot-cracking. To address this issue, cracks healing by employing the spark plasma
sintering technique has been investigated in this work. With applying heat and force provided
by the spark plasma sintering, cracks were successfully healed. The healing mechanism can
be attributed to the formation of diffusion bonding around crack flanks, utilizing segregated
Ti and oxygen to react with NiTi to form Ti>NiOy. Importantly, healed NiTi not only
preserved [001] texture, allowing to keep superelasticity, but also showed an enhanced
mechanical properties and two-way shape memory effect. This approach demonstrates the
feasibility of using spark plasma sintering to heal NiTi cracks, allowing for a more

sustainable utilization of cracked materials.

Overall, extensive investigations were conducted to develop 4D printing of NiTi shape
memory alloys. A comprehensive framework, including L-PBF processing optimization,
microstructure control, function design, post treatment, was established. Furthermore, aiming
to improve NiTi component design feasibility, functionally graded NiTi parts, including the
microstructural gradient achieved via tailoring grain textures and the chemical composition
gradient achieved through in-situ alloying, were fabricated. This advancement enables
designers to simultaneously obtain both functions of shape memory effect and superelasticity
within one NiTi part, which takes a step toward 5D printing.

Therefore, this research significantly contributes to the advancement of 4D printed
metallic materials, offering valuable insights into the complex relationship between
processing parameters, microstructures, and functional properties of NiTi SMAs. The
findings hold the potential to revolutionize the design of superior-performance NiTi-based
alloys and expand the application potential of L-PBF NiTi parts, thereby enabling
breakthroughs in various industries that rely on shape memory alloys.

xii



Samenvatting

Legeringen met vormgeheugen (Shape Memory Alloys, SMA's), zoals nikkel-titanium
(NiTi) legeringen of Nitinol, bezitten opmerkelijke eigenschappen, waaronder
superelasticiteit en vormgeheugeneffecten, die worden toegeschreven aan de omkeerbare
martensitische transformatie. De traditionele productie van NiTi SMA's is echter een
uitdaging vanwege de hoge ductiliteit en reactiviteit, waardoor NiTi toepassingen beperkt
blijven tot eenvoudige geometrieén. In deze context komt poederbed gebaseerd lasersmelten
(L-PBF), een additive manufacturing-techniek, naar voren als een veelbelovende oplossing
die deze beperkingen kan overwinnen en het concept van vierdimensionaal (4D) printen kan
introduceren. Deze aanpak maakt het mogelijk om veranderende vormen te creéren die
kunnen worden geactiveerd door externe prikkels, zoals hitte of spanning, wat zeker voor

SMA’s gunstig is.

Het bereiken van op maat gemaakte 4D-functionele responsen in NiTi via L-PBF blijft
tot nu toe een uitdagende taak, vanwege de complexiteit van zowel het L-PBF-proces als het
NiTi-materiaal zelf. Bovendien moet bij het ontwerpen van componenten rekening worden
gehouden met het ingewikkelde samenspel tussen het L-PBF-proces en materialen, wat de
situatie ingewikkelder maakt. Om deze uitdagingen aan te gaan en de haalbaarheid van 4D-
geprinte NiTi SMA's te vergroten, heeft deze studie daarom een alomvattende aanpak
gevolgd die meerdere belangrijke aspecten integreert, waaronder het L-PBF-proces, de

microstructuur, functionaliteiten en het ontwerp.

Ten eerste, vanuit het aspect van het L-PBF-proces, is een hoofddoel het produceren
van zeer dichte onderdelen die vrij zijn van structurele defecten. Vanwege de betrokkenheid
van meerdere verwerkingsparameters tijdens L-PBF, berusten optimalisaties van
verwerkingsparameters echter voornamelijk op trial-and-error-methoden en ruwe schattingen
op basis van energie-input, wat tijdrovend en kostbaar is. Dit heeft als gevolg dat de selectie
van L-PBF-verwerkingsparameters alleen wordt beperkt in een nauwe verwerkingsruimte.
Daarom ontstaat de behoefte aan een generick model om structurele defectvorming te
voorspellen en L-PBF-verwerkingsparameters te ontwerpen. Om deze uitdaging aan te gaan,
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Samenvatting

is in deze studie een nieuwe benadering voorgesteld om L-PBF NiTi-verwerkingskaarten op
te stellen, waarbij de voorspelling van NiTi L-PBF smeltbadafmetingen wordt gecombineerd
met criteria voor het identificeren van structurele defecten (waaronder kogelvorming, gebrek
aan fusie en sleutelgatgeinduceerde porién). De nauwkeurigheid van dit model is met succes
aangetoond door middel van experimentele validatie, waarbij twee verschillende L-PBF-
verwerkingsomstandigheden worden gebruikt: een hoog laservermogen van 950 W met een
bundelgrootte van 500 pm en een laag laservermogen van 250 W met een kleine
bundelgrootte van 80 pm. Op basis van de richtlijnen van ontwikkelde verwerkingskaarten
werden onder beide omstandigheden hoogwaardige L-PBF NiTi-onderdelen met relatieve
dichtheden van meer dan 99% bereikt. Dit model maakt het niet alleen mogelijk om de
optimalisatie van hoogwaardige L-PBF-onderdelen te versnellen, maar maakt het ook
mogelijk om verwerkingsparameters over een breed scala aan verwerkingsruimten te
onderzoeken, waardoor meer flexibiliteit wordt geboden bij het aanpassen van de

microstructuur en het ontwerpen van NiTi-componenten.

Vanuit het perspectief van de microstructuur wordt het essentieel om rekening te houden
met korrelkenmerken en kristaldefecten, aangezien fasetransformatiegedrag en functionele
eigenschappen kunnen worden beinvloed door microstructuren. De invloed van verschillende
verwerkingsparameters op kristaldefecten en korrelmorfologieén in L-PBF NiTi blijft echter
onduidelijk. De reden wordt voornamelijk toegeschreven aan twee aspecten. Ten eerste
maakt de complexiteit van het L-PBF-proces het een uitdaging om de temperatuur en
thermische spanning nauwkeurig te bewaken, waardoor een alomvattend begrip van de
evolutie van de microstructuur wordt belemmerd. Ten tweede worden Ni-rijke NiTi-
legeringen gewoonlijk gebruikt in L-PBF om superelasticiteit te bereiken. Het
fasetransformatiegedrag in Ni-rijk NiTi is echter zeer gevoelig voor de atomaire verhouding
Ni/Ti. De Ni-verdamping die optreedt tijdens L-PBF introduceert veranderingen in de NiTi-
samenstelling, waardoor het moeilijk te onderscheiden is of de verandering in
fasetransformatiegedrag wordt beinvloed door de Ni/Ti-verhouding of microstructuren. Om
deze uitdaging te overwinnen, werd enigszins Ti-rijk (bijna-equiatomisch) NiTi, met een
mindere gevoeligheid van Ni/Ti-ratio-fasetransformatiegedrag, gebruikt als grondstof om het
effect van de Ni/Ti-ratio op fasetransformatie uit te sluiten. Op basis van de geoptimaliseerde
lineaire energie-invoer door de ontwikkelde verwerkingskaarten, is het effect van
verschillende luikafstanden op het fasetransformatiegedrag van NiTi onderzocht door
gebruik te maken van DSC, XRD, TEM en FEM. De bevindingen toonden aan dat de
fasetransformatie kan worden aangepast door de luikafstand aan te passen. Dit fenomeen

hangt nauw samen met veranderingen in dislocatiedichtheden, die het gevolg zijn van de
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gecombineerde invloed van thermische spanning en in-situ opwarming. Het gebruik van een
geschikte luikafstand vergemakkelijkt de vorming van dislocaties met hoge dichtheid en
gelijkgestelde korrels, waardoor de cyclische stabiliteit van thermisch geinduceerde
fasetransformaties wordt verbeterd. Een dergelijke strategie is ook toepasbaar om het effect
van andere L-PBF-verwerkingsparameters op de evolutie van de microstructuur te
onderzoeken en voor het ontwerpen van stabiel thermisch cyclisch NiTi.

Vanuit het oogpunt van functionaliteit worden de twee belangrijke functionele
eigenschappen van NiTi, vormgeheugeneffect en superelasticiteit, apart behandeld. Wat
betreft het vormgeheugeneffect, werd dicht Ti-rijk NiTi vervaardigd met behulp van
specifieke parameters: 250 W laservermogen, 1250 mm / s scansnelheid, 120 pum
arceringsafstand en 30 pm laagdikte, zoals bepaald op basis van de ontwikkelde
verwerkingskaarten. Het als-gefabriceerde NiTi vertoont een tussenliggend eenrichtings- en
tweerichtingsvormgeheugeneffect. Om het vormgeheugeneffect te verbeteren, werden
verschillende warmtebehandelingen toegepast. Opgelost uitgloeien bleek de cyclische
stabiliteit van het vormgeheugen in één richting te verbeteren, wat wordt geassocieerd met
de vermindering van defecten en vaste oplossingsversterking. De daaropvolgende
veroudering bevordert de vorming van interkristallijne Ti;NiOy-precipitaten op nanoschaal,
wat leidt tot spanningsverdeling en insluiting van interne spanning binnen individuele korrels.
Dit resulteert in de verbeterde tweerichtingsvormgeheugenrespons. Deze bevindingen dragen
bij aan de ontwikkeling van op maat gemaakt vormgeheugengedrag in L-PBF NiTi.

Een andere belangrijke functionele eigenschap, superelasticiteit, is echter nog steeds
moeilijk te bereiken in Ti-rijk NiTi. Superelasticiteit in NiTi wordt bepaald door omkeerbare
door spanning geinduceerde martensitische transformatie, waarvoor de kritische spanning
voor transformatie lager moet zijn dan de vloeigrens. Helaas is Ti-rijk NiTi, met zijn hogere
martensitische transformatietemperatuur, meer vatbaar voor plastische vervorming in plaats
van superelasticiteit. Bovendien zijn traditionele methoden zoals korrelverfijning, vaste
oplossingsversterking en precipitatieversterking, vanwege een lage
stollingskiemvormingssnelheid en beperkte oplosbaarheid van Ti in NiTi onpraktisch voor
het verbeteren van de vloeigrens van Ti-rijk NiTi. De conventionele manier om
superelasticiteit in NiTi te introduceren, is het verhogen van het Ni-gehalte of andere
legeringselementen om de vaste oplossingsversterking of precipitatie te verbeteren, evenals
ernstige plasticiteitsvervorming met daaropvolgende complexe warmtebehandelingen om
korrelverfijning te introduceren. Alle bovenstaande methoden leiden echter tot lagere
fasetransformatietemperaturen (rond kamertemperatuur), waardoor het potentieel van NiTi

voor toepassingen bij hoge temperaturen wordt beperkt.
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In deze context werd een nieuwe strategie voorgesteld voor het vervaardigen van
éénkristalachtig Ti-rijk NiTi om superelasticiteit bij hoge temperaturen te bereiken. Ten
eerste werd moleculaire dynamica gebruikt om de superelastische anisotropie langs
verschillende kristallografische oriéntaties te onderzoeken en om de optimale oriéntatie te
selecteren voor het verbeteren van NiTi-superelasticiteit. Vervolgens werd, gebruikmakend
van de aanpasbare stollingssnelheden en temperatuurgradiénten aangeboden door L-PBF, Ti-
rijk NiTi van hoge kwaliteit met gerichte [001] textuur gecreéerd met behulp van eindige-
elementenmodelleringsvoorspelling en de ontwikkelde L-PBF-verwerkingskaarten. Ten
slotte werd superelasticiteit voor het eerst aangetoond in als-gefabriceerde L-PBF Ti-rijk
NiTi. De bereikte superelasticiteit bleek uitzonderlijk te zijn, aangezien het een opmerkelijk
superelastisch temperatuurbereik vertoonde dat tot 453K wordt gehandhaafd. Dit
temperatuurbereik is vergelijkbaar met, maar overtreft, dat van met zeldzame aarde
gelegeerde NiTi-legeringen, omdat het een breder superelastisch temperatuurbereik biedt van
ongeveer 110 K. Dit raamwerk introduceert dus een nieuw concept voor het ontwerpen van

hoogwaardige functionele materialen die profiteren van functionele anisotropie.

Ti-rijk NiTi met monokristallijne [001] getextureerde kolomvormige korrels bleek zeer
gevoelig te zijn voor warmscheuren. Om dit probleem aan te pakken, is in dit werk onderzoek
gedaan naar het genezen van scheuren door gebruik te maken van de vonkplasma-
sintertechniek. Met het toepassen van warmte en kracht die werden geleverd door het sinteren
met vonkplasma, werden scheuren met succes genezen. Het genezingsmechanisme kan
worden toegeschreven aan de vorming van diffusiebinding rond scheurflanken, waarbij
gescheiden Ti en zuurstof worden gebruikt om te reageren met NiTi om Ti,NiOy te vormen.
Belangrijk is dat genezen NiTi niet alleen de textuur [001] behield, waardoor superelasticiteit
behouden bleef, maar ook verbeterde mechanische eigenschappen en een tweezijdig
vormgeheugeneffect vertoonde. Deze benadering toont de haalbaarheid aan van het gebruik
van vonkplasma-sinteren om NiTi-scheuren te genezen, waardoor een duurzamer gebruik

van gebarsten materialen mogelijk wordt.

Over het algemeen werden uitgebreide onderzoeken uitgevoerd om 4D-printen van
NiTi-legeringen met vormgeheugen te ontwikkelen. Er werd een alomvattend raamwerk
opgesteld, inclusief L-PBF-verwerkingsoptimalisatie, controle van de microstructuur,
functieontwerp en nabehandeling. Om de haalbaarheid van het ontwerp van NiTi-
componenten te verbeteren, werden bovendien functioneel gegradeerde NiTi-onderdelen
vervaardigd, inclusief de microstructurele gradiént die wordt bereikt door korrelstructuren op
maat te maken en de gradiént van de chemische samenstelling die wordt bereikt door in-situ
legering. Deze vooruitgang stelt ontwerpers in staat om tegelijkertijd beide de functie van
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vormgeheugeneffect en superelasticiteit binnen één NiTi-onderdeel te verkrijgen, wat een
stap in de richting van SD-printen is.

Daardoor draagt dit onderzoek aanzienlijk bij aan de vooruitgang van 4D-geprinte
metalen, en biedt het waardevolle inzichten in de complexe relatie tussen
verwerkingsparameters, microstructuren en functionele eigenschappen van NiTi SMA's. De
bevindingen hebben het potentiecel om het ontwerp van op NiTi gebaseerde legeringen met
superieure prestaties radicaal te veranderen en het toepassingspotentieel van L-PBF NiTi-
onderdelen uit te breiden, waardoor doorbraken mogelijk worden in verschillende industrieén
die afhankelijk zijn van legeringen met vormgeheugen.
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Shape memory materials (SMMs) are characterized by the ability to recover their
original shape from a significant deformation when a particular stimulus is applied [1]. These
materials can generally be classified into three categories: shape memory alloys (SMAs),
shape memory polymers (SMPs), and shape memory ceramics (SMCs) [2]. In comparison to
SMPs, SMAs exhibit higher actuation stress, longer cyclic life, and higher actuation energy
density [3]. Additionally, SMAs outperform SMCs by enabling larger recoverable strain,
reaching up to 8% [2]. Consequently, among all SMMs, SMAs are widely considered as

excellent candidates for practical engineering applications.

Reversible martensitic transformation, a diffusionless solid-solid phase transformation
[4], gives SMAs unique functionalities. Depending on the initial phase prior to deformation,
these functionalities are divided into superelasticity and shape memory effect (SME).
Superelasticity (also termed pseudoelasticity), giving SMAs a rubbery feel, allows SMAs
recover their deformation after unloading [5]. Unlike traditional metallic materials,
superelastic SMAs are able to several percent of strains. SME is a capability of SMAs to
regain their original shapes after deformation by heating. Due to such very attractive
functionalities [6, 7], SMAs are widely utilized in fields including actuators, sensors, dampers

and medical implants.

Due to excellent shape recoverability, durability and corrosion resistance, nickel-
titanium (Ni-Ti) alloys (also termed as Nitinol) are most widely used among all shape
memory or superelastic alloys [8]. However, it is well known that the fabrication of Nitinol
components using conventional production methods is a challenge because of its high
ductility, work hardening and reactivity [9, 10]. Therefore, applications of Nitinol alloys are
mainly limited to simple geometries including sheets, rods, wires and tubes [11].

Laser powder bed fusion (L-PBF), one of the additive manufacturing (AM) (or 3D
printing) techniques, is capable of manufacturing near-net-shaped components, enabling
more design feasibility. By combining NiTi’s functionalities with its 3D shape design
fabricated by L-PBF, a fourth dimension, i.e. morphing shapes activated by external stimulus
(including force or heat) over time, is introduced, which is considered as 4D-printing. For L-
PBF technique, there are two main characteristics: (1) process-centric aspects, which include
part quality dominated by various independent processing parameters, and interplay of these
parameters [12]; (2) material-centric aspects, which include non-equilibrium microstructure
and chemical non-uniformity present due to high temperature, steep thermal gradient and
rapid colling rate during L-PBF process. Hence, establishing accurate processing maps for
fabricating high-quality NiTi part and understanding relationship between L-PBF processing
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parameters, microstructure and functional properties are essential for the development 4D
printed NiTi shape memory alloys

1.1. Challenges and Knowledge Gaps

Until now, a number of challenges remain in the L-PBF of NiTi due to the complexity
of the L-PBF process and the phase transformations of NiTi. The control of the L-PBF
process not only impacts the structural quality but also influences the microstructures and
chemical compositions of NiTi. Moreover, the functionality of NiTi, which is governed by
its martensitic transformation, relies heavily on microstructures, chemical compositions,
crystal defects, and grain orientations. Consequently, it is challenging to simultaneously
consider and establish relationships among all these influencing factors. Furthermore, when
aiming to achieve specific functionalities through the utilization of L-PBF NiTi in the design
process, the complexity increases as the effects of both L-PBF and NiTi itself need to be
taken into account. Therefore, the current challenges can be categorized into process-,

material- and design-related challenges.

1.1.1. Process-related challenges

Despite a variety of L-PBF processing parameters leading to expanded design freedom,
the complex parameters and their interactions make quality control difficult. To roughly
estimate the processing windows of NiTi, energy inputs, such as volumetric energy density
(J/mm?) and linear energy density (J/mm), are introduced [13]. However, such metrics lack
accuracy and require subsequent laborious trial and error. It is not possible to carry out large
adjustments of process parameters to fulfil the demands of smart NiTi design. Therefore, one
of the overarching challenges is how to produce defect-free components and establish a
reliable model to predict L-PBF processing maps.

In the absence of a precise model for predicting the processing maps of L-PBF NiTi, the
selection of processing parameters often becomes arbitrary and varies among different
studies. Consequently, a dilemma arises where it becomes difficult to draw a general
conclusion regarding the fabrication of high-quality L-PBF NiTi. Furthermore, the rapid
heating and cooling, heat overshooting, and complex thermal history during L-PBF can result
in non-equilibrium microstructure, chemical segregation, and thermal stress, further
complicating the fabrication of NiTi.
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1.1.2. Material-related challenges

The functionalities of NiTi, including shape memory effect and superelasticity, arise
from reversible martensitic transformation. The transformation characteristics are linked to
NiTi chemical compositions, microstructures, crystal defects and grain orientations [14].
Although the flexibility of the L-PBF technique allows for the utilization of these influencing
factors to customize the functionalities of NiTi, the complexity also increases when aiming
to achieve specific material properties, as multiple factors need to be considered

simultaneously.

The phase transformation temperature of NiTi is highly sensitive to the Ni/Ti ratios [15].
However, during L-PBF, challenges arise due to Ni evaporation and local chemical
segregation caused by the high temperature and non-equilibrium solidification [16]. These
factors introduce uncertainties in the phase transformation after L-PBF fabrication.
Quantitatively estimating changes in the chemical compositions of NiTi proves challenging
due to the difficulty of monitoring element evaporation and elemental distribution
fluctuations during L-PBF. Furthermore, the high reactivity of Ti results in its oxidation, as
it reacts with residual oxygen in the protective gas and impurities [17], which makes the

design of L-PBF NiTi with targeted phase transformation behavior more complicated.

NiTi alloys can be classified into Ni-rich and Ti-rich compositions, with Ni50Ti50
(at. %) acting as the dividing line. However, Ti-rich and equiatomic NiTi alloys lack
strengthening factors due to the limited solid solubility of Ti in NiTi and the absence of
solidification nucleation. As a result, plastic deformation occurs instead of superelasticity
[18]. Consequently, most research efforts have been directed towards Ni-rich NiTi and its
superelastic properties [13]. To date, achieving superelasticity in Ti-rich L-PBF NiTi has not
been reported, despite the potential of Ti-rich NiTi with its higher phase transformation
temperatures for exhibiting high-temperature superelasticity and shape memory effects.

Furthermore, factors such as grain size, crystal defects, and precipitates also influence
the phase transformation behavior and functionalities of NiTi [14]. The mechanisms
underlying these influences are detailed in Chapter 2. These microstructural features can be
altered by the L-PBF process. For example, grain size and morphology can be changed by
varying the thermal gradient and grain growth rate during L-PBF [19]. The rapid heating,
cooling, and thermal stress associated with L-PBF can introduce crystal defects in NiTi [19].
Additionally, complex thermal histories, including reheating, can promote the formation of

in-situ precipitates. Hence, the complex relationship between L-PBF process, microstructural
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features, phase transformation and functionalities of NiTi presents further material-related
challenges.

Moreover, the non-equilibrium microstructure introduced by L-PBF can be modified
through heat treatment. However, research on post-treatments has predominantly been
focused on Ni-rich NiTi, where aging-induced NisTi; phases enhance superelastic and
elastocaloric effects [20-22]. There is limited investigation into post-treatment responses in
Ti-rich NiTi [23-25], primarily concerning mechanical properties. Understanding the impact
of heat-treated microstructures on shape memory effects, both one-way and two-way, is
lacking. Additionally, the elimination of structural defects and enhancement of

mechanical/functional properties in L-PBF NiTi require further research.

NiTi shows functional anisotropy with different functional behavior along various
crystallographic orientations. Sehitoglu et al. [26] employed the energy minimization theory
with experimental validation and demonstrated that Ni-rich aged NiTi along [ 148] orientation,
close to [100] orientation, had the best superelasticity. However, this approach is only
applicable for predicting superelastic behavior in single crystal NiTi and does not consider
interactions between stress-induced martensitic variants and reverse transformation from
martensite to austenite during unloading. This limitation arises from the crystallographic
complexity of martensitic transformation in polycrystalline NiTi. Therefore, comprehensive
understanding of effect of NiTi crystallographic texture on functional properties needs to be
investigated. In terms of texture fabricated by deformation in NiTi, only <111> and <110>
textures can be fabricated [27, 28]. In contrast, controlling the thermal gradient direction
during L-PBF allows for more freedom in promoting preferred grain growth along specific
orientations, thereby enabling tailored L-PBF textures. However, comprehensive
investigations on the relationship between L-PBF process, texture evolution, and functional

responses of NiTi have not yet been reported.

Hence, it is important to consider both process-related and material-related challenges
to comprehensively understand the relationships between the L-PBF process, NiTi
microstructures and NiTi functionalities. This challenging topic also serves as the research
focus of this study.

1.1.3. Design-related challenges

To achieve a realistic application of NiTi, it is necessary to design specific NiTi

components for various applications. The emergence of additive manufacturing techniques
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has led to recent research focusing on expanding the capabilities of NiTi shape memory alloys
(SMAs), which can be summarized in the following three aspects [29]: 1) The design and
fabrication of architectured NiTi alloys that combine the advantageous shape memory
properties of NiTi with macroscopically engineered structures. 2) Functionally graded (FG)
NiTi, which benefits from the combination of the functional properties of NiTi and the
characteristics of functionally graded structures. 3) The use of NiTi as the supporting matrix
in composites, which enables the enhancement of the properties of other materials. However,

there are several challenges associated with achieving the above-mentioned goals.

For the design of architectured NiTi components, it is crucial to consider the
microstructural and chemical heterogeneities. Due to different thermal histories, the
microstructures and chemical compositions vary between locations near the outer surfaces
and inner parts of the components [30]. This difference leads to a difficulty in achieving the
anticipated functions of architectured NiTi. Furthermore, NiTi shows an asymmetrical
functional response under tension, compression, and torsion [31]. During loading, different
struts within architectured NiTi experience either tension, compression, or torsion, depending
on their topological geometries and locations [32]. This requires a comprehensive
understanding of the local stress states of architectured NiTi and their corresponding
functional responses. Therefore, achieving a compatible architectural structure with NiTi
functions to realize a desirable design is challenging. Additionally, due to powder adhesion
and thermal shrinkage during solidification, ensuring a high surface finish and geometrical

accuracy of L-PBF architectured materials is also a matter of concern [33].

In terms of functionally graded NiTi, there are two types of gradients to consider:
chemical and microstructural gradients. To adjust the NiTi compositions, in-situ alloying or
controlling element evaporation can be employed. However, achieving in-situ alloying
remains challenging due to limitations in the L-PBF powder feedstock. Although the directed
energy deposition technique allows for in-situ NiTi alloying by controlling material feeding,
the low building resolution imposes limitations on the geometry accuracy of the designed
components [34]. On the other hand, to achieve chemical gradients, the Ni/Ti ratio can be
tuned by employing different energy inputs [35], taking advantage of the differences in
evaporation pressure and temperature between Ni and Ti. However, there are limitations to
the tunable amplitude, and excessive energy inputs can lead to the instability of the laser bead,
resulting in structural defects [36].

The microstructural gradient in L-PBF NiTi has not yet been reported. Due to the low
solidification nucleation rate in NiTi, creating pronounced graded microstructures with

various grain sizes is challenging. Moreover, the comprehensive understanding of the
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relationship between L-PBF processes, grain morphologies, textures, and the functions of
NiTi is still lacking. Hence, it is challenging to design multi-functional NiTi components by

creating graded crystallographic textures.

When it comes to NiTi-based composites, due to different thermal-physical properties
and laser absorptivity of NiTi and other materials, the selection of desirable material
combinations remains challenging [37]. In addition, the wettability and interface bonding
strength between NiTi and added materials also affect final mechanical and functional

properties of NiTi-based composites.

Overall, the application of L-PBF for fabricating NiTi presents numerous challenges as
an emerging technique. These challenges consist of various aspects, including the L-PBF
process, NiTi materials, and design considerations. It is crucial to not isolate these challenges
but rather comprehend the intricate interactions among the process, materials, and
performance. Achieving this requires a comprehensive understanding of the relationships
among the L-PBF process, the NiTi material itself, and the specific design requirements. By
considering these interdependencies, it becomes possible to deal with the challenges
effectively and optimize the fabrication of NiTi using L-PBF.

1.2. Research Objectives and Thesis Outline

As the acknowledged challenges and knowledges gaps, it is important to achieve L-PBF
processing parameter optimizations, understand how L-PBF process affects NiTi
functionalities, and establish a knowledge chain including L-PBF process-NiTi functions-
NiTi component design. Hence, a lot of efforts have been taken by researchers to investigate
L-PBF investigated NiTi [13, 38-42]. However, these studies do not provide sufficient

information and comprehensive understanding allowing to design NiTi in a customized way.

Therefore, the objective of this work is to develop an integrated framework for designing
L-PBF NiTi that includes the L-PBF process, microstructure evolution, realization of NiTi
functionalities, and post-treatments. To achieve high-quality dense L-PBF NiTi fabrication,
a predictive model has been developed. Then, based on established processing maps, the
relationship between the L-PBF process and crystal defects, grain morphologies, and
crystallographic textures in NiTi has been determined, enabling the creation of tailored
microstructures through L-PBF. Furthermore, through simulation and experiments, a
comprehensive understanding of the relationship between these tailored microstructures and

NiTi's functions has been achieved. Afterwards, to enhance specific functional responses of
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L-PBF NiTi, effective post treatments has been investigated. Finally, in order to address

design-related challenges, functionally graded L-PBF NiTi parts with chemical and

microstructural gradients have been successfully fabricated, opening up possibilities for

exploring greater design flexibility.

The outline of this dissertation is listed as follows:

1.

Research background, including NiTi martensite phase transformation, factors
influencing NiTi’s functionalities and additively manufactured NiTi is presented in
Chapter 2; More information about process-material-design specific challenges are
introduced in the Chapter 2.

In Chapter 3, a model for predicting processing maps of L-PBF NiTi SMAs is
introduced, which considers complex interactions between L-PBF melt pool
physics, structural defect formation criteria and processing parameters. The
accuracy of developed model has been demonstrated based on experimental
validations, allowing to search appropriate processing parameters in a wider range
of space to fabricate dense L-PBF NiTi.

Based on the optimized processing parameters from Chapter 3, the role of hatch
distance, an underestimated processing parameter, on microstructures and phase
transformation behaviour has been comprehensively investigated in Chapter 4.

The impact of heat-treated microstructures on shape memory effects, including one-
way and two-way shape memory effects, is comprehensively characterized and
quantified in Chapter 5. Then, the mechanisms of tailorable one- and two-way

shape memory effects are revealed.

Aim to the knowledge gaps of absent superelasticity in Ti-rich NiTi, the potential
of Ti-rich NiTi for exhibiting high-temperature superelasticity and shape memory
effect has been explored in Chapter 6. The processing parameters are optimized

based the model introduced in the chapter 3.

Considering that the lack of knowledge on post treatments allowing to eliminating
structural defects in L-PBF NiTi, spark plasma sintering technique is employed for
healing cracks in L-PBF NiTi. Mechanisms for crack formation and crack healing
are presented in the Chapter 7.

Lastly, Chapter 8 summarises the main findings and contributions of this research
to the materials science and mechanical behaviour community and proposes further

relevant developments of 4D printed NiTi shape memory alloys.
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2.1. NiTi shape memory alloys

2.1.1. Phenomenology of phase transformation in NiTi

The binary phase diagram of Ni—Ti is shown in Figure 2.1, where the purple area
represents the region of the intermetallic NiTi phase (or Nitinol). As the composition range
of single NiTi phase is very narrow, its mechanical and functional properties are sensitive to
variation in chemical composition, especially for Ni-rich NiTi. In the NiTi binary phase
diagram, only stable phases are shown and the NiTi phase is the austenite phase rather than
the martensite phase.
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Figure 2.1. The phase diagram of Ni—Ti.

Generally, temperature and stress act as main variables influencing the equilibrium
states of phases in NiTi. When temperature is a dominant factor there are two phases: The
first one is a high temperature phase called austenite (A, BCC_B2) and is a low temperature
phase called martensite (M, B19"). With changing temperatures, austenite and martensite can
be transformed into each other through diffusionless phase transformation. In the absence of
an applied load, the martensite is called twinned martensite, which exists in the “self-

accommodated” state, and this phase transformation is called temperature induced
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2. NiTi shape memory alloys and its additive manufacturing

martensitic phase transformation. The schematic of temperature induced martensitic phase
transformation is shown in Figure 2.2. During cooling, the austenite transforms to martensite,
which is termed as the forward transformation. Austenite begins to transform to martensite
at the martensitic start temperature (M) and is completely transferred into twinned martensite
at the martensitic finish temperature (My). Similarly, martensite could transform to austenite
during heating, which is termed as the reverse transformation. Correspondingly, there is an
austenite start temperature (4,) and austenite finish temperature (4, during the reverse
transformation. The presence or disappearance of phases during phase transformation
introduces phase interface energy and stored elastic energy, which act as barriers, resulting
in the occurrence of hysteresis [1]. The hysteresis exhibits a time lag or delay during heating
and cooling cycles. It is characterized by a difference in the transformation temperatures
between the heating and cooling paths (Figure 2.2).

Twinned M f M, Austenite
Martensite

v

Twinned A, Af Austenite

Martensite

Figure 2.2. Temperature-induced phase transformation of NiTi without stress [2].

When a mechanical load is applied on twinned martensite, twinned martensite variants
can be detwinned and reoriented along the loading direction to form detwinned martensite.
This process could result in a macroscopic shape change, where the deformed configuration
is retained when the load is released. Detwinned martensite is metastable phase, and it can
be completely transformed to austenite if the temperature is increased above A After the
transformation from detwinned martensite to austenite, a complete shape recovery will be
obtained. Cooling back to a temperature below M, (forward transformation) leads to the
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2.1. NiTi shape memory alloys

formation of twinned martensite again with no associated shape change observed. The
process described above is the one-way shape memory effect (OWSME) and the whole
OWSME loop is shown in the strain-stress-temperature diagram (Figure 2.3).

O (MPa)
Detwinned

800 Martensite
W C
600 >

Detwinning

Twinned
Martensite gz
E a%fp 6% €
g
_ cooling A / %Detwinned
Austenl A E Martensite
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Figure 2.3. Shape memory effects of NiTi in the strain-stress-temperature space [2].

Martensite phase transformation can be also triggered by stress. When a stress, above a
critical stress, is applied on austenitic NiTi, austenite can directly transform into detwinned
martensite associated with macroscopic deformation. After releasing the stress, stress-
induced martensite (detwinned martensite) completely transforms back into austenite and
deformation is fully recovered. This behaviour is termed as superelasticity (SE) or
pseudoelasticity. The ideal thermomechanical path of SE and corresponding characteristic
stresses are shown in the Figure 2.4.
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Figure 2.4. Schematic of a superelasticity stress-strain diagram [2].

In certain cases, shape memory alloys (SMAs) can demonstrate repetitive shape changes
without any applied mechanical load, but when subjected to a cyclic thermal load (Figure
2.5). This behaviour is known as the two-way shape memory effect (TWSME). The TWSME
can be observed in an SMA material that has undergone repeated thermomechanical cycling
along a specific loading path, also referred to as training. While the exact underlying
mechanism of the TWSME is not yet fully understood, it is widely acknowledged that the
formation of oriented dislocation structures during the training process is an essential

condition for enabling the reversible shape changes upon thermal cycling [3].

Austenite @

Af

Temperature, °C

My

Martensite
# (after training)

Strain, &

Figure 2.5. Two-way shape memory effect in a temperature-strain diagram [2].
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2.1.2. Microstructural features affecting functional properties of NiTi

Depending on specific applications, NiTi shape memory alloys require particular phase
transformation temperatures, phase transformation stresses, temperature or stress hysteresis,
superelasticity and shape memory effect. These characteristics can be affected by grain sizes,
chemical compositions, crystallographic defects and grain orientations. Therefore, to design
4D smart NiTij, it is crucial to understand how theses factors influence NiTi’s properties.

Grain size

Generally, phase transformation temperatures decrease with decreasing grain sizes since
grain boundaries impede the martensitic phase transformation [4]. In addition, grain
refinement can effectively improve yield strength of NiTi and inhibits dislocation mobility,
which further improves cyclic stability of SE and OWSME [5, 6]. However, due to the lower
phase transformation temperatures, applications of NiTi with fine grains are limited below
473 K [7]. It is also worthy to note that the grain size dependent transformation only shows
pronounced effect when the grain size is less than 100 nm [4, 6]. As the grain size of NiTi
produced by L-PBF is usually in the micrometre ranges [8], the size effect is barely seen in
the L-PBF NiTi parts.

Chemical composition

For binary NiTi shape memory alloys, phase transformation temperatures are very
sensitive to compositions. With an equiatomic composition (i.e. 50 at. % of Ni and Ti) as the
critical point, NiTi shape memory alloys are divided into Ti-rich and Ni-rich alloys. For Ti-
rich NiTi, the change of Ni/Ti ratios does not affect the phase transformation temperature.
For Ni-rich NiTi, however, phase transformation temperatures decrease with increasing Ni
content [9]. In addition, phase transformation hysteresis can be narrower with increasing Ni
content for Ni-rich NiTi due to improved crystallographic compatibility [9]. Therefore, the
Ni/Ti ratio is an important factor for NiTi shape memory alloys, especially for Ni-rich NiTi.

Local chemical inhomogeneities, including precipitates and impurities also affect the
NiTi phase transformation temperatures. For instance, the precipitation of NisTi; results in a
decreased Ni/Ti ratio in the NiTi matrix, which increases phase transformation temperatures
[10]. Meanwhile, the needle-like NisTis effectively improve superelasticity in Ni-rich NiTi
by increasing its yield strength and inhibiting dislocation movement [10]. However, the
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presence of TipNi (or Ti;NiOy) in Ti-rich NiTi does not affect phase transformation
temperatures [9]. Impurities, such as oxygen and carbon, mainly take effect by reacting with
Ti from NiTi matrix [32]. With the formation of TiO; or TiC, the Ni/Ti ratio increase [32].
Hence, decreased phase transformation temperatures are shown in the Ni-rich NiTi.

Depending on specific applications, different elements have been selected for designing
NiTi-based shape memory alloys. To obtain the small hysteresis required for actuation
applications, Cu is added to replace the Ni site in NiTi to form NiTiCu alloys [11]. Contrary
to the small hysteresis in actuators, applications on coupling or fasteners need to have a wide
hysteresis, which can be facilitated by Niobium addition can facilitates this characteristic [12].
To meet the demand for high-temperature applications of shape memory alloys, high
temperature shape memory alloys (operating temperatures above 473 K) have been
developed based on the third element alloying. Additions of Pd, Pt, Hf or Zr increases of
phase transformation temperatures in NiTi [13]. However, until now, the high temperature
superelasticity has never been reported in binary NiTi alloys. The transformation
temperatures for a selection of commercially available and developed shape memory alloys
are summarized in the Figure 2.6 [54].

-
] F - 1 H H I 1
-40°C 0°C 100°C 200°C 300°C

Automobile Operating Temperature Range <—>- Preferred Transformation Range

Binary Ni-Ti Transformation Range : :
Me:  Arl

Ni-Ti-Cu Transformation Range

Ni-Ti-Hf Transformation Range

"Ni-Ti-Pd Transformation Range
Cu-Zn-Al Transformation Range : :

Cu-Al-Ni-Mn Trans. Range

Figure 2.6. The transformation temperatures for a selection of commercially available and
developed shape memory alloys [54].
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Crystal defects

Crystal defects, such as lattice distortion, dislocations and grain boundaries, can also
affect functional properties of NiTi. The intermetallic NiTi B2 phase exhibits some increased
solubility for Ni with increasing temperature [ 14]. In the solid-solution Ni-rich NiTi, the high
nickel content in the matrix results in lattice distortion which prevents the martensitic
transformation [15]. Dislocations and grain boundaries can act as nucleation sites for the
martensitic transformation, affecting the transformation temperatures and stresses [16],
thereby affecting the shape memory effect and superelasticity. In addition, due to the
accumulation of dislocations induced by cyclic phase transformation, functional degradation
occurs in NiTi [17-19].

Crystallographic orientation

The crystallographic orientation of NiTi alloys can significantly affect their functional
and mechanical properties. The orientation of the martensitic variants can influence the shape
memory behaviour. For example, a specific crystallographic orientation may promote the
formation of specific variants that contribute to a more pronounced shape memory effect [20,
21]. In terms of superelasticity, the crystallographic orientation can influence the onset of the
stress-induced martensitic transformation and the resulting superelastic behaviour [22, 23].
Different orientations may exhibit varying stress-strain responses and transformation
temperatures. Furthermore, the crystallographic orientation has an effect on the mechanical
properties of NiTi alloys [23], including yield strength, hardness, and fatigue resistance.
Depending on the application requirements, specific orientations may be desired to optimize

mechanical performance.

2.2. Fabrication of NiTi by conventional methods

The conventional process route of NiTi shape memory alloys consists of several steps.
These include melting, hot and cold working, forming and shape memory treatment [24]. For
melting NiTi, vacuum induction melting (VIM) and vacuum arc remelting (VAR) are
commonly employed methods. VIM utilizes high-frequency induction heating in a vacuum
or inert gas, ensuring excellent uniformity of the resulting material. However, impurity
contamination from the crucible remains a concern. Since the transformation temperature of
NiTi is highly dependent on the nickel concentration, these impurities may locally affect the

Ni/Ti ratios. VAR offers the advantage of minimal crucible contamination. By using a water-
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cooled copper mould, contact-induced contamination is greatly reduced. However, VAR may
result in compositional fluctuations due to partial melting.

4

. Hot forging

Ingot
Melting

Hot rolled coil <:| ! —

Hot roilling

Forming of
spring coil

ﬂ Shape memory treatment
Shape memory (straight shape)
treatment

Figure 2.7. Schematic view of the conventional NiTi fabrication process [24].

The as-fabricated NiTi ingots typically exhibit unsatisfactory functional and mechanical
properties, which render them unsuitable for direct use in products. Therefore, additional
processes such as rolling, drawing, annealing, and aging are necessary [24]. NiTi has poor
cold workability, so high-temperature deformation (above 973 K) is commonly employed.
However, this poses challenges in fabricating thin wires (<4 mm) due to rapid surface
oxidation at such elevated temperatures [25]. Furthermore, inherent segregations and the
presence of inclusions in casted NiTi ingots can serve as crack initiation points during
processing [26]. While NiTi shape memory alloys can be formed through successive
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2.2 Fabrications of NiTi by conventional methods

processes, the range of NiTi products remains largely limited to simple geometries, including
sheets, rods, and wires. Additionally, it is important to note that oxidations and
contaminations are inherent concerns in each step of conventional NiTi fabrication, further
complicating the control of transformation temperatures and functional properties.

2.3. Additively manufactured NiTi

In order to improve design flexibility, reduce material waste and accelerate production
cycles, additive manufacturing (AM) of NiTi alloys has attracted researcher’s attention in
recent years. There are different AM techniques used for NiTi fabrication, such as laser
powder bed fusion (L-PBF), electron beam melting [27], directed energy deposition [28],
binder jetting [29] and filament extrusion-based additive manufacturing [30]. Among the
various additive manufacturing (AM) techniques, Laser Powder Bed Fusion (L-PBF) stands
out as particularly appealing for fabricating NiTi due to its ability to produce components
with intricated geometrical structures and customizable microstructures on a microscopic
scale. Therefore, in this study, the L-PBF technique was selected as the method of choice for
developing 4D-printed NiTi.

In LPBF, a laser beam selectively fuses metal powder to the underlying solid material
either through full melting (SLM) or partial melting (SLS) as it scans predetermined locations
on the powder bed. After each layer is completed, the bed is lowered, a new layer of powder
is added, and the process repeats until the object is fully built, following a scanning path
determined by the part's geometry and chosen strategy (Figure 2.8 (a)). The main processing
parameters include laser power (P), scanning velocity (v), hatch distance (h), layer thickness
(t) and beam diameter. From the feedstock point of view, powder size and powder size
distribution should be considered. The L-PBF process and these main parameters are
schematically shown in Figure 2.8 (b). Due to the complexity of laser beam with material
interaction (Figure 2.8 (c)), it is necessary to consider melt pool physics during designing L-
PBF processing maps.
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Figure 2.8. (a) The basic layout of an L-PBF machine; (b) a schematic of L-PBF processing
parameters; (c) a beam matter interaction [31].

Extensive research on the fabrication of NiTi through L-PBF has been predominantly
focused on manipulating the aforementioned processing parameters to achieve defect-free
structural components while examining their impact on the microstructure and properties of

NiTi. A considerable number of studies have concentrated on optimizing the volumetric

energy input (expressed in E, = , J/mm?) to identify suitable process windows for

vXhXt
fabricating dense and structurally defect-free NiTi materials [32-34]. In the past, energy
densities were primarily optimized using trial and error methods. However, the limited
accuracy resulting from the inability to capture melt pool physics renders energy density only
to a rough estimation for process parameter optimisation. Consequently, optimized energy
densities tend to vary across different research works. For instance, Meier et al. [35] and
Haberland et al. [36] reported an optimum processing energy density of 64.1 J/mm? for L-
PBF NiTi, while Dadbakhsh et al. [37] found that dense L-PBF NiTi alloys can be obtained
with an energy density ranging from 111 to 126 J/mm?. It is important to note that optimizing
L-PBF processing windows is a costly and time-consuming endeavour, which presents a

challenge in exploring processing parameters across a wide range of design space.

Based on the identified knowledge gap, a physics-based analytical model is introduced
in this study for the development of processing maps/windows, specifically for L-PBF of
NiTi [38]. This model incorporates melt pool physics and criteria for defect formation,
allowing for an extensive exploration of the processing space. The accuracy of this model
has been demonstrated through experimental validations conducted under both low power
(250 W) [38] and high-power (950 W) [39] laser conditions. A comprehensive presentation
of the model and its results can be found in Chapter 3. Subsequently, researchers from Texas
A&M University have employed the same methodology to determine optimal processing
parameters for near-equiatomic (50.1 at. % Ni) and Ni-rich (50.8 at. % NiTi) NiTi shape
memory alloys [40]. By utilizing the optimized L-PBF processing parameters, they have
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successfully fabricated fully dense NiTi parts. Furthermore, through subsequent heat
treatments applied to the fabricated NiTi alloys, they were able to achieve a shape memory
strain of 6% and superelasticity of up to 4% [40].

In addition to studying the L-PBF process, another area of research focuses on
comprehending the impact of this process on microstructure, mechanical properties, and
functional characteristics. Numerous investigations have extensively explored the influence
of various L-PBF processing parameters on microstructures, textures, phase transformation
temperatures, superelasticity in Ni-rich NiTi, and shape memory effects in equiatomic NiTi.
Soheil et al. [34] investigated the effect of laser power and scanning velocity on
microstructure and superelasticity of Ni-rich NiTi and found that a sample fabricated with
100 W laser power and 125 mm/s scanning velocity exhibits a good superelasticity with a
5.7 % recoverable strain in the first cycle [34]. However, the relationships between
processing parameters, microstructure, and the mechanisms behind enhanced superelasticity
in L-PBF NiTi are still not well understood. Dadbakhsh et al. [37] argued that a low laser
power combined with a low scanning speed leads to a pronounced shape memory effect,
while high laser power coupled with a high scanning speed results in superelasticity. Other
studies have also examined the effect of individual parameter variations, such as scanning
velocity [33] and hatch distance [41] on functional properties of NiTi. Due to the existence
of knowledge gaps in designing fully dense NiTi, optimized processing parameters differ
across studies. Consequently, when discussing the effects of L-PBF processing parameters
on microstructures and functional properties of NiTi, different and even conflicting
conclusions have been drawn. This controversy makes it challenging to directly apply these
conclusions to guide the design of high-performance L-PBF NiTi. Therefore, it is crucial to
understand the dominant factors influencing functionalities of NiTi and to leverage these
factors during the L-PBF process.

It is important to note that the achievable superelasticity has been primarily reported in
L-PBF Ni-rich NiTi rather than in equiatomic or Ti-rich (Ni-lean) NiTi alloys. This
observation can be explained by referring to Figure 2.9 [42]. Both the critical stress for
martensitic transformation (0ss) and the yield strength (o;) are temperature dependent. Ogns
increases with temperature, while o, decreases with temperature. Consequently, the higher
test temperature requires the greater stress to initiate the martensitic phase transformation.
As a result, there exists a critical temperature above which superelasticity is absent. Above
this temperature, os;y surpasses oy, leading to plastic deformation. As mentioned in section
2.1.2, the martensite phase transformation temperatures increase with decreasing Ni content.
Therefore, equiatomic and Ti-rich NiTi alloys have higher phase transformation temperatures
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compared to Ni-rich NiTi. Consequently, the stress required to induce the martensitic
transformation is higher for Ti-rich NiTi. However, unlike Ni, Ti has a very limited solid
solubility in NiTi [14], which eliminates the possibility of solid strengthening and second
phase strengthening induced by subsequent aging treatments in L-PBF NiTi. Additionally,
due to a low nucleation rate during solidification, grain sizes in L-PBF-fabricated NiTi
typically range from tens to hundreds of micrometres (excluding the low volumetric fraction
of sub-grains or nanograins) [14]. This results in less pronounced grain refinement
strengthening and lower yield strength. Consequently, achieving superelasticity in Ti-rich or
equiatomic NiTi alloys fabricated via L-PBF remains a challenge. Attempts to achieve

strengthening through fine grains or second-phase additions are impractical in this context.
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Figure 2.9. A schematic of relationship between critical stress for martensitic transformation

and yield strength as function of temperature [42].

As highlighted in section 2.1.2, NiTi exhibits anisotropic functional properties across
various crystallographic orientations. Consequently, the functional properties of NiTi can be
tailored by manipulating its textures. In particular, the L-PBF technique offers the advantage
of allowing the customization of temperature gradients and grain growth rates through the
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application of appropriate processing parameters. Since each individual laser bead serves as
the fundamental building block of an L-PBF component, the grain morphology and size are
determined by each laser melt pool, as depicted in Figure 2.10. Therefore, a knowledge gap
emerges regarding how to design L-PBF processing parameters to achieve desired
customizable functional properties in NiTi. This knowledge gap can be further divided into
two parts. The first part requires understanding the influence of crystallographic orientation
on NiTi's functional properties. The second part involves determining how to design textures
through L-PBF to achieve the desired functional outcomes.

G/R determines morphology
of solidification structure
GxR determines size of

solidification structure

Temperature gradient, G

Growth rate, R

Figure 2.10. Effect of temperature gradient G and growth rate R on the morphology and
size of solidification microstructure [44].

Mohammand et al. conducted investigations on the influence of scanning strategy [45]
and hatch distance [46] on the texture of L-PBF NiTi. They found that samples with grains
oriented along the [001] direction exhibited favorable superelasticity in Ni-rich NiTi.
Dadbakhsh et al. [47] explored the impact of "artificial" textures, corresponding to different
loading directions, by varying the orientation angles between the building direction and the
L-PBF baseplate. They demonstrated that the highest spring back occurred in tests conducted
along the building direction, while the highest thermal memory was observed in samples
tested along the horizontal direction. However, the mechanism behind the grain orientation-
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dependent anisotropy in L-PBF NiTi has not yet been fully elucidated, especially for Ti-Rich
NiTi alloys. Furthermore, due to a lack of understanding regarding the melt pool physics in
L-PBF NiTi, there is currently no general criterion for designing NiTi textures, and
conclusions vary among different studies. Important to note, the fabricated textures in
previous studies were relatively weak, with a maximum texture intensity of less than 10, and
grains with inconsistent orientations still persisting within the same sample, even when a

"strong" texture was claimed.

In order to address this knowledge gap, in this study, molecular dynamics was firstly
utilized to predict the deformation behaviour of NiTi with different grain orientations.
Subsequently, based on the obtained results concerning critical stresses for martensitic
transformation, hardening rates during martensitic transformation, and recoverable abilities,
a superelastic index was introduced to guide the selection of NiTi textures. Finally,
employing a finite element model, thermal gradients and grain growth rates were obtained,
which were utilized to achieve the desired NiTi texture. Through this proposed framework,
a [001] fiber-textured L-PBF NiTi was successfully fabricated and showed exceptional
superelasticity in Ti-rich NiTi without the need for post-treatments. Detailed findings and
results related to this study can be found in Chapter 6.

Due to the complex interactions between the laser and NiTi, as well as non-equilibrium
solidification, structural defects such as pores or cracks, crystal defects like dislocations and
stacking faults, micro-segregation, and heterogeneous microstructures can be present in L-
PBF NiTi. Post-treatments not only offer the opportunity to eliminate these structural defects
but also influence the microstructure, residual stress, and precipitates. However, the majority
of post-treatment studies have been focused on Ni-rich NiTi [48-50], as the introduction of
achievable NisTi3 phases through aging enhances superelastic and elastocaloric effects. To
date, there have been very limited investigations into the post-treatment responses of L-PBF
Ti-rich NiTi [51-53], with only mechanical properties being explored. Consequently, there is
still a lack of understanding regarding the impact of heat-treated microstructures on the shape
memory effect, both for the one-way and two-way shape memory effect. It should be noted
that, despite the adverse effects of cracks and pores on mechanical properties, there is still a
lack of research on the elimination of structural defects and the enhancement of
mechanical/functional properties in L-PBF NiTi.

2.4. Conclusions

Due to the functionalities of NiTi and advancements in additive manufacturing, the 4D

printing of shape memory alloys has attracted significant attention. Specifically, the laser
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powder bed fusion (L-PBF) technique has been extensively explored in terms of processing
parameter optimization for the fabrication of dense and high-performance 4D printed NiTi.
However, there are still knowledge gaps pertaining to the development of comprehensive L-
PBF process maps and a thorough understanding of the relationship between NiTi
functionalities and L-PBF processing design. These gaps hinder development of 4D printed
NiTi, leading to confusion among researchers and engineers when faced with inconsistent
findings. Furthermore, the complexity of thermomechanical tests required for assessing the
shape memory effect, along with the traditional concept of superelasticity absence in Ti-rich
NiTi, has resulted in an emphasis on studies focusing on superelasticity in Ni-rich NiTi rather
than Ti-rich NiTi. Consequently, there is a lack of understanding regarding the shape memory
effect of L-PBF NiTi. Additionally, post-treatment, which is a crucial aspect of material
research, has been primarily employed to investigate its impact on L-PBF NiTi functional
properties. However, the effects of post-treatment on the elimination of structural defects and

the evolution of microstructures in L-PBF NiTi remain unexplored.
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3.1. Introduction

Abstract

Before investigating the effect of processing parameters of L-PBF on NiTi’s
microstructure, textures and functional properties, achieving high-quality and structurally
defect-free L-PBF NiTi is a paramount prerequisite. In this chapter, analytical models
predicting melt pool dimensions and defect formation criteria were synergistically used to
develop processing maps demonstrating boundary conditions for the formation of such
defects, as balling, keyhole-induced pores, and lack of fusion. Experimental validation has
demonstrated that this method can provide an accurate estimation and guide
manufacturability of defect-free NiTi alloys. Moreover, the crack formation phenomena were
experimentally analyzed, which showed that a low linear energy density should be chosen to
avoid cracks in the optimized process windows. Based on model predictions and
experimental calibrations, NiTi samples with a relative density of more than 99 % were
successfully fabricated.

3.1. Introduction

Recently, laser powder bed fusion (L-PBF), categorized as a technique of additive
manufacturing (AM), is increasingly used for fabrication of NiTi shape memory alloys due
to high design freedom and the feasibility of tailoring the microstructure and functional
properties [1]. This AM method allows to overcome conventional NiTi fabrication problems
and produce fully dense as well as porous or complex shaped internal and external structures.
However, some defects such as balling, keyhole-induced pores, lack of fusion, and cracks
may be introduced, due to not optimized processing parameters. Therefore, in order to take
full advantage of L-PBF processing of high-quality parts, it is crucial to avoid defect
formation. With the aim of a clear impression about different defects, the representative

morphologies of these defects are shown in Figure 3.1.

Above mentioned defects are tightly related to L-PBF processing parameters. Balling
(Figure 3.1 (a)) mainly originates from the low laser energy input, which results in
insufficient liquid and high surface tension within each laser bead. In this case, balling is
introduced by increasing surface tension [2]. The lack of fusion (Figure 3.1 (b)) is either
caused by the metallic powders that are not fully melted in the previous deposit layer (due to
the lack of energy input) or too large hatch distance and/or layer thickness, which results in

an insufficient overlap among the laser tracks [3]. In contrast, keyhole-induced pores (Figure
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3.1 (c)) occurs in the high laser energy processing regime, when an unstable keyhole-shaped
melt pool collapses on itself, trapping gas bubbles from the vapor depression [4]. Due to rapid
melting and rapid solidification under a high local laser energy input, a great temperature
gradient and as a result a large residual thermal stress can be created in the fabricated parts.
Hence, the high temperature gradient combined with the high residual stress often causes
cracking in a fabricated part (Figure 3.1 (d)) [3]. In addition, elemental segregation towards
the grain boundaries may result in weak/brittle phases, thereby increasing the chance of

micro-cracking [5].

Balling (b) Lack of fusion

Figure 3.1 Different defects in L-PBF parts: (a) balling effect (reproduced with permission
from [6] ©2010 Elsevier, The Netherlands.); (b) lack of fusion (reproduced with permission
from [7] ©2019 John Wiley and Sons) and (c) keyhole-induced pores (reproduced with
permission from [8] ©2016 Elsevier); (d) cracks (reproduced with permission from [9]
©2019 Elsevier).
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In order to fabricate defects-free NiTi samples, L-PBF process windows need to be
established, which is typically achieved by a time and energy consuming trial and error
approach [1, 10, 11]. For convenience, researchers have often introduced the energy density,
which combines several main processing parameters, to evaluate the final part quality and
have found that defects can indeed be minimized by adjusting the energy density range [12].
As reported by Oliveira et al. [13], such two key process parameters as laser power and
scanning velocity will affect maximum temperature of melt pools, which dictates the
elemental evaporation, the number of molten powders and the melt pool mode (conduction
or keyhole mode). In order to control elemental evaporation and eliminate lack of fusion, an
appropriate linear energy density (laser power to scanning velocity ratio) should be selected
first and then layer thickness/hatch distance should be adjusted accordingly [13]. The linear
energy density (£;) can be represented by the ratio of laser power (P) and scanning velocity
(v) and can be expressed as Eq. (3.1):

E, = 3.1).

L
v

The E; is optimized to obtain desirable laser track shape, without the presence of balling
and keyhole-induced pores [6, 14-17].

For L-PBF process, the volume energy density (E,) (the second type) is commonly used
to describe the combined effect of main processing parameters (including laser power (P, W),
scanning velocity (v, mm/s), hatch distance (4, mm), and layer thickness (¢, mm). This energy
density quantifies the magnitude of energy input directed to the powder bed, and can be
calculated using Eq. (3.2) [3, 18]:

(3.2).

It has been shown that high quality NiTi parts with a low defect density can be produced
by L-PBF [19, 20]. Optimization of L-PBF process parameters for fabrication of NiTi parts
has mainly been focused on determining the ideal volumetric energy density. As reported by
Haberland et al. [21] and Meier et al. [22] the volumetric energy density of 85 J/mm? is the
most optimal. However, Walker et al. [10] and Saedi et al. [23] argued that the volume energy
density of approximately 55.5 J/mm?® should be rather used to obtain fully dense L-PBF NiTi
alloys. In contrast, Dadbakhsh reported that high quality L-PBF NiTi alloys can be fabricated
with a high volumetric energy density of 111-126 J/mm? [24]. In the above-mentioned energy

densities, laser beam diameter (dpaser beam) and powder size (gs) were not considered. In order
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to develop a more generic definition of energy input during additive manufacturing, Oliveira
et al. [25] proposed the Eq. (3.3) including all main process parameters:

P

ED=/f-
P v-h-t

(3.3),

where f is the dimensionless parameter defined as the ratio of powder grain size (gs) and the
diameter of the laser beam (dpaser beam). Since the same batch of NiTi powder and constant
laser beam size were used in this study, the Eq. (3.2) was rather used to calculate the

volumetric energy density.

Prashanth er al, pointed out that the energy density gives only an approximate
estimation [26]. Bertoli et al., also argued the limitation of volume energy density for
selecting L-PBF processing parameters, due to inability of the energy density approach to
capture melt pool physics [12]. In fact, the quality of L-PBF samples depends on the quality
of the individual laser track and the overlap between the adjacent laser tracks (melt pool
depth-to-layer thickness (D/f) and melt pool width-to-hatch distance (W/h)) [26-28].
Therefore, it is not surprising that consensus is not reached regarding an optimal linear or
volumetric energy density as criterion for estimating defect free L-PBF parts. In order to
fabricate defect-free L-PBF NiTi samples, melt pool dimensions and their tracks overlapping

characteristics should be simultaneously considered.

Determination of processing conditions to achieve defect free components, including
the effects of L-PBF processing parameters on the microstructural evolution and functional
properties of L-PBF NiTi alloys was previously addressed [19, 23, 29, 30]. However, there
is still no systemic investigation on the formation of defects induced by L-PBF processing of
NiTi parts. The presence of defects in L-PBF parts is a well-known drawback and a critical
issue, which can deteriorate mechanical and functional properties of NiTi alloys [1].
Therefore, it is essential to develop processing maps for L-PBF fabrication of high-quality
NiTi parts and to investigate the effect of processing parameters on defect formation.

With the purpose of reducing laborious experimentation and achieving fast estimates of
defects formation, the combination of melt pool dimensions based on analytical models and
defect formation criteria has been proposed [28, 31-33]. Seede ef al., has proven the
feasibility of combining the melt pool geometry and geometric criteria for avoiding defects
formation (balling, keyhole-induced pores, and lack of fusion) and they have successfully
fabricated an ultra-high strength martensitic steel using this method [27]. However, the
approach relating melt pool dimensions and defects formation has not yet been applied to
NiTi alloys.
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In this chapter, the analytic models are utilized to predict melt pool dimensions and L-
PBF processing maps are further designed based on the relationship between melt pool
dimensions and defect formation criteria. Finally, process parameters for NiTi alloys are
optimized and validated by fabrication of defect-free samples. Formation mechanisms of
such defects as balling, keyhole-induced pores, lack of fusion and cracks are discussed in
relation to L-PBF process parameters. Furthermore, micro-hardness and functional shape
memory transformation properties of NiTi alloys fabricated with various L-PBF processing
parameters are investigated. Hence, the final aim of this chapter is to systematically
understand the defect formation mechanisms and develop processing maps allowing to guide
defect-free processability in L-PBF NiTi parts.

Nomenclature
L-PBF Laser Powder Bed Fusion
AM Additive Manufacturing
SMA Shape memory alloy
E; Linear energy density, J/mm
E, Volumetric energy density, J/mm?
P Laser power, W
Scanning velocity, mm/s
h Hatch distance, mm
t Layer thickness, pm
D Melt pool depth, um
w Melt pool width, um
L Melt pool length, um
AH The specific enthalpy for evaluating keyhole formation, J/m?
hs The enthalpy at melting, J/m?
Laser absorptivity
p The density of material, kg/m?
Cp Heat capacity of material, J/(kg-K)
T The melting temperature, K
Ty The boiling temperature, K
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a The radius of laser beam, um
c The Gaussian laser beam distribution parameter, Lm
k The thermal conductivity of material, W/(m-K)
o The thermal diffusivity, m?/s
K Time, s
Po The electrical resistivity of the irradiated material, /m
A The laser wavelength, nm
EDS Energy-dispersive X-ray spectroscopy
M Martensite starting temperature, °C
BR Building rate of Laser Powder Bed Fusion, mm?*/s
£ The overlapping ratio of width between adjacent laser tracks
fp The overlapping ratio of height between adjacent laser tracks

3.2. Methodology for L-PBF processing maps
3.2.1. Defects formation and criteria

Balling effect, keyhole-induced pores and lack of fusion are three common types of
defects in L-PBF components [34]. Defect formation criteria are mainly based on geometrical
considerations and empirically determined values taken from the literature [6, 12, 28, 33, 35].
Apart from these common defects, crack formation may take place when stresses induced by
the heat introduced by laser processing exceed the strength of the material.

Balling is caused by laser energy induced non-stable melt pools [36]. Generally, there
are two kinds of balling phenomena during L-PBF. Low laser energy results in insufficient
liquid and poor wetting, which contributes to the formation of discontinuous scan lines with
coarsened ball formation (referred to the first kind of balling phenomenon). High laser
scanning speed can cause liquid splashes (micrometer-scaled) onto cohesive powder particles,
which is considered as the second kind of balling phenomenon [16]. Due to large
irregularities, distortion, and drops in the first kind of balling phenomenon, mechanical
properties and the melt pool overlapping can be significantly affected [34]. Therefore, in
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particular the first kind of balling should be avoided during L-PBF and will be the main defect
considered in this study.

For the formation of first kind of balling formation, Yadroitsev et al. have proven that
melt pool stability can be evaluated by the ratio of melt pool width (W) to its length (L) [6].
The necessary condition for the melt pool stability is:

w2 (3.4).
L 3

When excess energy is introduced by the laser, melt pools are formed in the keyhole
mode [37]. Keyhole-induced pores can be caused by the entrainment of shielding gas,
collapse of unstable keyholes, or premature solidification of the top surface [38, 39]. These
pores cause stress concentration and have a negative effect on mechanical properties [40, 41].
Formation of keyhole-induced pores is a complex multi-physics process and a numerical
framework based on the commercial software FLUENT has been proposed by We et al. [42],
which successfully interprets the dynamic process of keyhole-induced pore formation and
provides a solution to decrease porosity. King ef al. have demonstrated that the depth of the
melt pool has a linear relationship with the normalized enthalpy, and the keyhole-induced

pore formation can be estimated by a criterion given in Eq. (3.5) [12]:

AH AP 7T,
>

— (3.5),
h zhNeva® T,

where ;ﬂ is the normalized enthalpy, AH (J/m’) is the specific enthalpy, A = pC,T,

(J/m3, pis the density and Cp is the heat capacity (J/(kg-K))) is the enthalpy at melting, 4 is
laser absorptivity, « is the thermal diffusivity (m?%s), v is scanning velocity (mm/s), T,
melting temperature (K), and 7} is boiling temperature (K). In order to evaluate keyhole-
induced pore formation during L-PBF, the 1/e radius (the resulting laser beam radius at which

energy density is minimized to 1/e at the center of the laser beam) of the laser beam is treated
as the laser spot size (a = «/EO' , with s the Gaussian laser beam distribution parameter) [37].

Lack of fusion is a planar defect which occurs when insufficient heat is available to
create an appropriate bonding between the newly deposited bead and the prior layers. When

laser power, spot size and scanning speed (i.c., linear energy density) are selected, this type
of defect results from inappropriate combination of hatch distance (%), layer thickness (7),
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melt pool width (W) and depth (D). The hatch distance /4 is defined as the distance between

the centre lines of adjacent tracks (indicated in Figure 3.2 (b)).

In order to avoid lack of fusion, a maximum hatch distance should be adjusted to ensure
the good joining between the adjacent tracks [25]. The criteria for the maximum hatch
distance have been proposed from geometric, energetic and thermal aspects [25]. In this work
geometric criterion was used for its simplistic calculations, allowing to build relationships
between process parameters and melt pool dimensions.

As proposed by Seede et al. [28], lack of fusion may occur for melt pools featuring
parabola-shaped cross-sections, when % exceeds the maximum hatch distance /gy, The Ay
can be calculated based on Eq. (3.6):

t

h. =W 1—(t+D) (3.6).

Therefore, the criterion for lack of fusion can be described by the Eq. (3.7), which is
derived from Eq. (3.6):
h t

(W) +(t+D)21

3.7).

3.2.2. Melt pool dimension calculations.

As stated above, it is necessary to obtain melt pool dimensions for the evaluation of
defects formation. Compared with finite-element model (FEM), analytical solutions are
considered as simple and computationally inexpensive methods for predicting melt pool
dimensions [28, 33, 43]. Eagar-Tsai (E-T) model has been proven to be an effective analytical
model, which can provide a reasonable accurate estimation of the melt pool width and length
[28, 31, 32, 44]. In the Eagar-Tsai model [45], a Gaussian distributed heat source is assumed,
allowing to solve the differential equation analytically to obtain the temperature distribution
and hence to achieve the melt pool profile. Based on the Eagar-Tsai model, the analytical

form is re-derived as Eq. (3.8):

2 2 L2
P v y(4;ix+ avf;
r=AL |« [ L ds (3.8),
k\zdo (4as+a’Ws
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where k is the thermal conductivity (W/(m-K)), e is the thermal diffusivity (m?/s), s is the
time (s), g, is the radius of beam size, o is the distribution parameter of the Gaussian
distributed heat source. The scanning direction of the laser beam is along x and y in the

transverse coordinate, and z is directed normal to the substrate surface.

For the convenience of the melt pool dimension calculations, the Eq. (3.8) can be put in
dimensionless form by using the following  dimensionless  variables:

[32]. Furthermore, the parameter g, which is independent

of laser and material parameters, is introduced to describe the effect of scanning speed (v) on
the temperature distribution [44]. Therefore, dimensionless variables and temperature
distribution are expressed as follows in Egs. (3.9) and (3.10) [44]:

T=T,8(Xy,Vy»Zy,V) (3.9),
2 2 2
eXP[_Z_N_yN +0§:N 7) ]
H )
el va,
g sz = | " dr (3.10),
(—+IWT
va,

where, T; = is the surface temperature, while the melt pool contour is

AP
mC | ava}

determined from the condition that T equals the melting point of the material. 7=7, (T,

is the melting point of material) and 7 = ¥ _is the dimensionless time. The readers were
a4

=)
v

encouraged to refer to the original study for more details about the development of thermal
analytical solution [44].

Due to the fact that the E-T model is designed to investigate heat conduction-mode laser
melting [31], the depth of melt pool will be underestimated by the change of the melt pool
shape from the conduction mode melting to the keyhole mode melting [46]. An alternative
model proposed by Gladush and Smurov, i.e. the G-S model, [35] is a good candidate for
predicting melt pool depth, since it was derived for investigating keyhole welding, which is
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consistent with the purpose of this work. Melt pool depth (D) can be described as a function
of laser power (P), scanning speed (v) and laser beam size (a;) (as shown in Eq. (3.11)):

_ 4r ln(al+0(/v
kT, q

) (3.11),

where A is laser absorptivity, k£ is the thermal conductivity (W/(m-K)), T} is the boiling
temperature (K), and o is the thermal diffusivity (m?/s).

3.2.3. Model parameters

Due to the preheating from neighboring laser tracks during L-PBF, the temperature and
phase dependence of physical parameters should be considered. As reported by Ma et al. [30],
the temperature of neighboring tracks can reach near the melting point during fabrication of
NiTi parts. Therefore, temperature dependent properties at 1500 K (near the melting point),
such as density and thermal diffusivity, were used in this study. Due to the lack of the
experimental density data for NiTi, the density as a function of temperature is calculated by
using Thermo-Calc software (Version 2020a) based on TCHEA2 (High Entropy Alloys
version 2.1) database. Considering the fact that the crystal structure of the NiTi alloy is
austenitic at high temperature [47], the heat capacity of austenitic NiTi is used in this study.

According to Drude’s theory [27], the laser absorptivity 4 used in L-PBF can be
estimated by using empirical Eq. (3.12) [27]:

A=0365 / %) (3.12),

where po (Q/m) is the electrical resistivity of the irradiated material and A (nm) is the laser
wavelength. Based on Eq. (3.12), the laser absorptivity of NiTi is 0.32, which is similar with
that of Ti (A7 = 0.36) [53] and Ni-based alloys (Amconer 718 = 0.38) [54]. NiTi properties and
laser-related parameters are listed in Table 3.1.
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Table 3.1 NiTi thermophysical properties and laser parameters.

Parameters Values
Density (kg/m3), p 6100
Heat capacity (J/(kg-K)), C, 510 (austenite) [48]
Thermal conductivity (W/(m-K)), & 4.4 [49]
Thermal diffusivity (m%s), a 8e-6 [50]
Electrical resistivity (€2/m), 0, 8.2¢-8 (austenite) [51]
Melting temperature (K), 75 1583
Boiling temperature (K), 7} 3033 [52]
Laser beam radius (Um), 4, 40
Laser wavelength (nm), A 1070
Absorptivity, 4 0.32

3.2.4. L-PBF fabrication

The NiTi samples were fabricated via L-PBF process by an Aconity3D Midi

(Aconity3D GmbH, Germany) machine equipped with a laser source featuring a maximum

power of 1000 W and a beam with a Gaussian distribution. Gas atomized NiTi powder (TLS
Technik GmbH, Bitterfeld, Germany) with ~50.0 at. % content of Ni and spherical particles
with D-values of 23 um (D19), 40 um (Dso), 67 um (Dgg) was used in this study (Figure 3.2

(a)). Chemical composition of NiTi powder was measured by a combination of Energy-

dispersive X-ray spectroscopy (EDS), Inductively Coupled Plasma Optical Emission

Spectroscopy (ICP-EOS) and LECO combustion analysis and was confirmed to be Ni50.0

(at. %)-Ti with negligible impurity content (C, N, and O).
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>

Layer thickness, t

Figure 3.2. (a) SEM of the commercial NiTi powder and (b) the schematic of the applied L-
PBF scanning strategy.

Table 3.2 L-PBF process parameters used for the fabrication A group NiTi samples.

Al A2 A3 A4 A5 A6 AT A8 A9

Laser Power (W) 250 250 250 250 250 250 250 250 250
Scan velocity (mm/s) 1250 1250 1250 800 800 500 600 500 800
Hatch distance (um) 100 120 140 120 140 140 140 120 187
Layer thickness (tm) 30 30 30 30 30 60 30 75 30

Laser beam diameter (m) 80 80 80 80 80 80 80 80 80

Volumetric energy density ;5o 48 g7 74 60 99 56 56
(J/mm?)

As shown in Figure 3.2 (b), a bidirectional scanning strategy was conducted in each
layer and a 67° scanning rotation between the adjacent layers was applied. When altering the
scanning direction from layer to layer by 67°, it results in an increase of intertwined grain
boundaries and thus inhibits the initiation and propagation of cracks [9]. L-PBF cylindrical
samples (diameter of 6 mm and height of 20 mm) were fabricated on a NiTi base plate in
Argon protection atmosphere. The volume energy density (E£,) was defined by Eq. (3.2). In
this study, the accuracy of the developed model was validated by employing two different
combinations of laser power and beam diameter: 250W - 80 um and 950W - 500 um. The

variations in hatch distance, layer thickness, and scan velocity were considered. The samples
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3.2. Methodology for L-PBF processing maps

fabricated using the 250W - 80 um combination were assigned to group A, while the samples
fabricated using the 950W - 500 wm combination belonged to group B. The corresponding
processing parameters are presented in Table 3.2 and Table 3.3, respectively. Processing
conditions of the 250W - 80 um and 950W - 500 um are named as high and low laser power

condition hereafter.

Table 3.3 L-PBF process parameters used for the fabrication of B group NiTi samples.

Bl B2 B3 B4

Laser Power (W) 950 950 950 950
Scan velocity (mm/s) 2200 1900 1200 1060
Hatch distance (um) 180 180 180 180
Layer thickness (um) 50 50 50 50

Laser beam diameter (ULm) 500 500 500 500

Volumetric energy density (J/mm?) 48 56 88 100

3.2.5. Characterization

The relative density of the fabricated L-PBF samples was determined by the Archimedes
method, using a theoretical maximum density of 6.45 kg/m?. Samples for metallographic
examination were ground, polished and etched in a reagent of HF (3.2 vol. %) + HNO; (14.1
vol. %) + H20 (82.7 vol.%) for ~ 50—70 s [23]. The etched microstructure was examined
using an optical microscope (OM, Keyence VHX-5000) and a scanning electron microscope
(SEM, JEOL JSM 6500F) equipped with dispersive X-ray spectroscopy (EDS) analyser.
Phase transformation behaviour was analysed by a differential scanning calorimetry (DSC,
Perkin Elmer DSC 8000) with a cooling and heating rate of 10 K/min over a temperature
range of 213 to 473 K. A sample of approximately 100 mg was sliced from the middle of L-
PBF-NiTi samples for DSC analysis. Vickers hardness measurements were performed under
the test force 0.3 kgf (further denoted as HV0.3) using an Automatic MicroHardness Tester
(Buehler Vickers). In order to measure Ni content of bulk samples, at least 7 rectangular
zones (180x250 um?, at 500X magnification) were measured by EDS (15 kV, beam current
medium 13) on polished cross-sections and error bars were determined by calculating the

standard deviation based on EDS results.
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3.3. Results and Discussion
3.3.1. Analytical prediction of the melt pool dimensions

By solving Egs. (3.9) and (3.10), temperature contour can be plotted by using
dimensionless (normalized) term g. An example of a temperature contour plot and the melt
pool boundary (indicated by the black line) with the heat input resulting from 250 W laser
power and 1250 mm/s scanning velocity is shown in Figure 3.3 (a).

(a) E;=0.2 J/mm (b) Melt pool width (um)
15 ‘
fg 80 E
2 s
(2]
?‘_S o
S 1.0 N
300 800 1300180023002800
Scanning velocity (mm/s)
(c) Melt pool length (um
_ - p gth (um)
g 0.5 _
=5 s
K%} 7_’260
s 2 190
N g
0.0 _ 200-
-80 502
-200 0 200 400 600 300 800 1300180023002800
X-axis (um) Scanning velocity (mm/s)

Figure 3.3. (a) Cross-sectional views (X-Y and X-Z planes) of the temperature contour
(plotted by g) and the melt pool boundary (indicated by the black solid line, where g =
Tw/Ty) from the E-T model; (b) melt pool width and (c) length as the function of the laser
power and scanning velocity.

Based on the thermal results from the analytical solution of the E-T model, melt pool
dimensions can be calculated. The melt pool width and length as functions of laser power (P)
and scanning speed (v) are shown in Figure 3.3 (b) and (c), respectively. It can be seen that
the melt pool width and length increase with increasing laser power or decreasing scanning
speed (Figure 3.3 (b) and (c)), which means that both P and v are parameters significantly
affecting the melt pool configuration and the thermal field within each laser track.
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To verify the accuracy of the E-T model, experimental validations were carried out.
Figure 3.4 (a) illustrates the applicability of E-T model for predicting melt pool widths, while
Figures 3.4 (e)—(h) shows experimental results of the melt pool widths, which, as can be seen,
match well with the values obtained from the analytical solutions. The minimum and
maximum prediction error of melt pool width are ~3% and ~9%, respectively, which
indicates reasonable accuracy of E-T model for predicting melt pool widths.

Figure 3.4 (b) shows that the E-T model (a red dashed line with solid rod symbol)
underestimates the melt pool depth, which is consistent with results reported in the literature
[28, 31, 32]. Since The Eagar-Tsai model is designed to describe conduction-mode laser

melting and assumes constant thermophysical properties (2, Cp and k ), it hard to obtain

accurate melt pool depth estimation if L-PBF change from heat conduction to keyhole-mode,
characteristic to the high energy input condition.

In order to achieve reasonably accurate estimations of the melt pool depth, Eq. (11)
proposed by Gladush and Smurov (G-S model) for keyhole welding is used in this study. As
shown in Figure 3.4 (b), the G-S model (a violet dashed line with open circles) has a better
accuracy than the E-T model for predicting melt pool depths. The maximum deviation
between the depth predicted by G-S model and experimentally measured depth is ~23 %,
which is substantially lower than ~50 % deviation found for the E-T predicted depth.
Therefore, the G-S model is further used for predicting melt pool depths. Melt pool depths
predicted by the G-S model with various laser power and scanning velocity are shown in
Figure 3.4 (c).

The criterion for keyhole-induced pore formation is determined by the normalized
AH
B
presented in Figure 3.4 (d). As shown in Figure 3.4 (d), NiTi samples may exhibit keyhole-

enthalpy . The process map for keyhole-induced pore formation, based on Eq. (3.5) is

induced pore for scanning velocities up to 500 mm/s in a condition of constant laser power
of 250 W, which is consistent with the experimental results (Figure 3.4 (h), keyhole-induced
pores are marked by black dashed circles). It should be noted, that although keyhole-induced
pore formation with its physical complexity is hard to be precisely described by the simple
analytical equation (Eq. (3.5)), the approach by evaluating normalized enthalpy appears to
be a simple and a rather good estimation.

Due to the difficulty of measuring the melt pool length and a lack of available data from
the literature, it is hard to conduct a direct comparison between calculated and experimental
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results. As reported by Prompoppatum et al. [32], if only room temperature thermal
properties are used in the E-T model and there is a positive correlation between temperature
and thermal diffusivity, the melt pool length will be overestimated. They proposed a
correction factor to compensate for the lack of temperature-dependent properties and thus the
prediction accuracy of melt pool lengths was improved [32]. Following a similar strategy and
considering the fact that powder surrounding a melt pool has the temperature close to the
melting point [30], high temperature (1500 K near the melting point) thermal properties of
NiTi were used in the E-T model to improve the prediction accuracy. The validation of the
melt pool length is discussed further in Section 3.3, in combination with the balling

phenomena.
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Figure 3.4. Comparison of the experimentally measured melt pools (a) widths and (b)
depths between the E-T model and the G-S model predictions; (c) melt pool depths as a
function of the laser power and scanning velocities based on the G-S model; (d) the process
map for keyhole-induced pore formation; (e)-(h) cross-sectional L-PBF NiTi fabricated by
the same laser power and different scanning velocities showing melt pool characteristics
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3.3.2. Processing maps and experimental validation

As stated above, the analytical approaches can provide a reasonably accurate estimation
of the melt pool dimension and the occurrence of keyholing. Therefore, processing maps for
the L-PBF of NiTi alloys can be drawn by combining the defect formation criteria introduced

in Section 3.1 and the melt pool dimensions predicted by the analytical approaches.

Processing maps with four linear energy density conditions are depicted in Figure 3.5.
The experimental results of NiTi samples fabricated with various processing conditions, see
Table 3.2, are indicated in the Figure 3.5.

According to these processing windows (Figure 3.5), the laser power should be in the
range of 50-320 W to allow the fabrication of fully dense NiTi parts. Apart from creating
defect free parts, the build rate (BR) should also be considered. The build rate (BR) can be

expressed as:
BR=v-h-t (3.13).

Based on Eq. (3.2), i.e., the volumetric energy density (£,), a higher BR can be achieved
when using a higher laser power for the condition of a constant E,. Therefore, with respect
to the balance of the high building rate and process reliability, a laser power of 250 W is
chosen in this study.

Based on the defect criteria introduced in Section 3.1, both keyhole-induced pores and
balling mainly depend on the heat-input related parameters (laser power, scanning velocity
and laser beam size) and thermal physical properties. For NiTi and constant laser beam
diameter of 80 um, regimes of keyhole-induced pores and balling can be determined by laser
power and scanning velocity. Hence, there are fixed regimes for keyhole-induced pores (the

upper-left corner) and balling (the upper-right corner), as shown in Figure 3.5.

The lack of fusion is determined by melt pool dimensions (related to laser power and
scanning velocity), hatch distance and layer thickness. Therefore, these parameters can be
used to determine lack of fusion boundaries in the processing maps (as can be seen in Figure
3.5).

Figure 3.5 (a) shows that the fully dense region has narrowed with increasing hatch
distance (from 100 to 140 um) while keeping a constant layer thickness of 30 um. Samples
A1, A2 and A3 share the same position in the processing map (Figure 3.5 (a)), since these
were fabricated with the same laser power of 250 W and a scanning velocity of 1250 mm/s.
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Sample A3 (circled out in the solid green region, Figure 3.5 (a)) is near the boundaries of
balling and lack of fusion.

Figure 3.5 (b) shows a processing map of samples A4, AS and A9 with varying hatch
distance from 120 to 187 um and a lower scanning velocity of 800 mm/s (compare to 1250
mm/s in Figure 3.5 (a)). As can be seen, the fully dense area decreases with increasing hatch
distance. The sample A9 falls into the lack of fusion regime (solid green region surrounded
by the black dash line in Figure 3.5 (b)).

As shown in Figure 3.5 (c), boundaries for fully dense region can be determined (the
solid green region) once hatch distance and layer thickness are selected. Positions of A3, A5
and A7 depend on the applied linear energy densities.
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Figure 3.5. Processing maps for L-PBF of NiTi featuring locations of experimental data of

samples fabricated with various processing parameters.
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A processing map corresponding to simultaneous changes of hatch distance and layer
thickness is shown in Figure 3.5 (d). The fully dense region of h =120 and t = 75 um is
indicated by the blue line (Figure 3.5 (d)) and that of h = 140 and t = 60 um is indicated by
the black dash line (Figure 3.5 (d)). Samples A6 and A8 (sharing the same position in the
processing map and marked by a white diamond) are fabricated with a high linear energy
density 250/500 (J/mm) and are both susceptible to keyhole-induced pore formation (Figure
3.5 (d)).

In order to quantitatively evaluate densification of L-PBF NiTi parts, the threshold of
99 % relative density is defined as a good densification level [55]. As seen in Figure 3.6,
good densifications can be obtained in sample A2 and A8 with E, of 56 J/mm?® and A7 with
E, of 99 J/mm?. These results demonstrate that the volumetric energy density can act as a
rough guide in fabrication of dense NiTi parts. However, the suitability of E, as a design
parameter to describe L-PBF is limited due to its low accuracy on estimating relative density
of L-PBF parts.
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Figure 3.6. Measured relative density of L-PBF NiTi samples, fabricated with various
processing parameters as a function of volume energy input (the threshold of 99 % relative
density is marked by the black dash line for defining a good densification level).

58



3.3. Results and Discussion

3.3.2.1. Characterization of balling phenomena

Balling is a typical L-PBF process defect [1, 16]. Since L-PBF is carried out line-by-
line and layer-by-layer. The balling may lead to discontinuities in the laser beads and may
hinder the uniform deposition of subsequent powder layers [16]. Therefore, the factors

affecting balling should be carefully considered for process optimization.

Figure 3.7 shows the top surface of samples A1-A3 produced with the same linear
energy density (250/1250 J/mm), but with various hatch distances. Laser tracks with small-
sized balling and small gaps can be seen in A3 (with a hatch distance of 140 um) (Figure 3.7
(¢)), which means that the linear energy density of 250/1250 (J/mm) and hatch distance of
140 um is near the boundary of balling initiation. The result is also consistent with the

prediction (Figure 3.5 (a)). Thus, the feasibility of analytical melt pool dimension prediction

on the estimation of balling effect is justified.

(J/mm): Ei= 250/1250

~_Hatch distance

T (%) .
£-O-- 1, (%) 76
[ @ D o
- "
< 72
7 A2 AL
4 7
5 SOEVSPJ/ 6%3)65

Figure 3.7. SEM micrographs of the top surfaces of L-PBF NiTi fabricated with the same
linear energy of 250/1250 J/mm, but various hatch distances: (a) 100, (b) 120 and (c) 140

wm, (d) overlapping ratios of the melt pool width and height for samples A1-A3.
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As shown in Figure 3.7, balling effect can be well alleviated via narrowing the hatch
distance. The balling effect in samples A3 can be attributed to the constant laser power (250
W) combined with a high scanning velocity (1250 mm/s, compared with other samples A4—
A9), causing melt pool instabilities, where the melt tends to have a large surface energy.
Hence, rough laser tracks consisting of a number of small-sized balls are formed. Due to
increased overlapping ratios (Figure 3.7 (d)), induced by reducing hatch distance, energy

input increases and re-melt of previous tracks is enhanced, which can decrease the viscosity

of the melt (the overlapping ratio of width is defined as f,, = —— h and the overlapping ratio

of height is defined as f, = T where W is the width of melt pool, / is hatch distance, D

is the height of melt pool and ¢ is the layer thickness). Therefore, the balling tendency can be

decreased with narrowing the hatch distance.

Same hatch dlstance h = 140 pum

250/800 250/600
Linear energy density (J/mm)

Figure 3.8. SEM images of the top surfaces of L-PBF NiTi alloys fabricated with various
linear energy densities but a constant hatch distance 140 um: (a) and (d) sample A3 with £;
=250/1250 (J/mm); (b) and (e) sample A5 with £;=250/800 (J/mm); (c) and (f) sample A7

with £;=250/600 (J/mm).
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For a better understanding of balling phenomena in L-PBF NiTi alloys, samples with
various hatch distance (Figure 3.5 (b)) and linear energy density (Figure 3.5 (c)) were
fabricated. As illustrated in the predicted process map (Figure 3.5 (b)), it is possible to avoid
keyhole-induced pores and balling by using processing parameters with a laser power of 250
W and scanning velocity of 800 mm/s. As expected, with increasing the linear energy density,
enabled by decreasing scanning velocity (Figures 3.8 (a)—(f)), continuous and balling-free
laser tracks are produced, which is due to a sufficient liquid formation and a decrease of the
melt viscosity [16]. It should however be noted that, although balling phenomena was
eliminated, the cracks are introduced. Similar with the effect of hatch distance on balling
phenomena of NiTi samples fabricated by linear energy density of 250/1250 (J/mm), the
balling effect is also alleviated with decreasing hatch distance in NiTi samples fabricated by
250/800 (J/mm) (Figures 3.9 (a)—(f)).

Lmear energy densnty P/v = 250/800 (J/mm)
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Figure 3.9. SEM images of the top surfaces of L-PBF NiTi alloys fabricated with various
hatch distances but a constant linear energy density of 250/800 (J/mm): (a) and (d) A4 with
h =120 um; (b) and (e) AS with h = 140 um; (c) and (f) A9 with h = 187 um.

However, there are still cracks in the A4 sample (with narrowing hatch distance to 120
at £; of 250/800 (J/mm), Figures 3.9 (a) and (d)). Considering the serious negative effect of

cracks in AM parts, especially with respect to limiting functional properties, fatigue life and
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fracture toughness, cracks should be always avoided [1, 56]. Therefore, the linear energy
density £; of 250/1250 (J/mm) was optimized in the current work and balling were controlled
by narrowing the hatch distance. Crack formation in L-PBF NiTi parts will be discussed in
Section 3.6.

3.3.2.2. Keyhole-induced pores

In section 3.1, it has been demonstrated and validated that keyhole-induced pores form
in the condition of high linear energy density (i.e. a high laser power and a low scanning
velocity). In order to estimate the effect of hatch distance and layer thickness on keyhole-
induced pores, cylindrical NiTi samples were fabricated with various hatch distance and layer
thickness, but a constant linear energy density of 250/500 J/mm (in the keyhole-induced pores
region, Figure 3.5 (d)).

It can be seen that keyhole-induced pores and cracks are presented in sample A8 with
hatch distance of 120 um and layer thickness of 75 um (Figures 3.10 (a), (c) and (e)). With
increasing hatch distance to 140 um and decreasing layer thickness to 60 pum, keyhole-
induced pores still can be observed in sample A6 (Figures 3.10 (d) and (f)). Hence, it is
demonstrated that heat input related parameters (laser power and scanning velocity) are main
factors affecting keyhole-induced pore formation and thus should be carefully chosen.
Moreover, although the degree of cracking is reduced, the balling phenomenon is exacerbated
in sample A6 (Figure 3.10 (b)), which indicates the importance of hatch distance on cracks
formation and balling effect. Based on characterization of samples A6 and AS, the reliability
of processing map for predicting keyhole-induced pores is thus further confirmed (samples
A6 and A8 in the keyhole-induced pore regime, Figure 3.5 (d)). Therefore, keyhole-induced
pores are mainly dependent on heat input related parameters (laser power and scanning
velocity), which should be chosen carefully to avoid introducing an excessive energy in melt

pools.
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Figure 3.10. SEM of L-PBF NiTi alloys fabricated with the same linear energy level of

250/500 J/mm, but various hatch distance and layer thickness: (a), (c) and (e) h=120 um,
t=75 um and (b), (d) and (f) h=140 um, t=60 um.

3.3.2.3. Lack of fusion

As can be seen in Figure 3.7 (c¢) and Figures 3.8 (a) and (d), lack of fusion occurs in
sample A3 fabricated with processing parameters of P =250 W, v = 1250 mm/s, # = 140 um
and ¢ = 30 wm, which is consistent with the predicted process window, corresponding to the

position of the white circle in the solid green zone of Figure 3.5 (a).
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Figure 3.11. SEM of cross sections of L-PBF NiTi alloys fabricated with various processing
parameters.

In order to have a more in-depth understanding of the defect’s formation, the cross-
sectional investigation of NiTi samples manufactured with various L-PBF processing
parameters is provided in Figure 3.11. As can be seen, the condition of 250/1250 J/mm linear
energy density (sample A2 with hatch distance of 120 um (Figure 3.11 (b)), exhibits highest
densification and is nearly defect-free. The large hatch distance in A3 resulted in irregular
lack of fusion (Figure 3.11 (c)). This result is also consistent with the calculated prediction
of lack of fusion (Figure 3.5 (a)). Compared with the sample A2, although there is enough
overlapping of laser tracks for avoiding lack-of-fusion in A1, the narrow hatch distance can
cause a high volumetric energy density. As a result, vaporization may become severe and
cause formation of bubbles. Once the bubbles are trapped within the molten pools, pores can
be formed [57].

Another sample featuring lack of fusion defect is sample A9 (Figure 3.11 (f)). Referring
to the processing maps (Figure 3.5 (b)), the position of sample A9 is located in the region
where lack of fusion is expected (solid green region is the fully dense region, in the condition
of h =187 and ¢t = 30 um). This indicates that the processing map can give a relatively good
estimation on the occurrence of lack of fusion.
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3.3.2.4. Cracks in L-PBF NiTi

Besides balling, keyhole-induced pores and lack of fusion, cracks in L-PBF NiTi parts
cannot be tolerated. As shown in the top-view (Figure 3.8 and Figure 3.9) and cross-sectional
representation (Figure 3.11), cracks usually exist in L-PBF NiTi samples with high
volumetric energy densities (>74 J/mm?). These high volumetric energy densities originate
either from high linear energy densities or large overlapping of laser tracks (Figure 3.12 (a)
and (b)), resulting from relatively low hatch distances.

With increasing linear energy density to 250/800 (J/mm), cracks become dominant
defects for samples A4 (Figure 3.9 (a) and (d), and Figure 3.11 (d)) and A5 (Figure 3.8 (b)
and (e), and Figure 3.11 (e)) with hatch distance of 120 and 140 um, respectively. As
expected, with further increasing linear energy density to 250/600 J/mm, cracks are produced,
as demonstrated in A7 sample (Figure 3.8 (¢) and (f), Figure 3.11 (g), and Figure 3.12 (a)).
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Figure 3.12. Overlapping ratios of melt pool width and height of various samples: (a)
samples with constant hatch distance of 140 wm but various linear energy densities; (b)
samples with constant linear energy density of 250/800 (J/mm) but various hatch distances

ranging from 120 to 187 um.

During cooling the deposited bead will experience solidification and thermal contraction,
combined with transformation strains. If the induced strain exceeds a critical strain the
material will crack. Therefore, larger beads, related to higher linear energy density are more
susceptible to hot cracking. However, the strain rate also affects crack formation and is
determined by the cooling rate, which also depends on the linear energy density. A lower

strain rate associated with a higher linear energy density improves the crack resistance.
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Therefore, both total strain and strain rate should be considered for crack sensitivity of the

material.

It also should be noted that phase transformation and detwinning can be triggered by
residual stress [58], as a result of the shape memory property of NiTi alloys, which brings a
challenge and complexity in evaluation of residual stress in NiTi alloys. Although it is not
the scope of this work it would be interesting to investigate these observations by

experimental measurements of residual 3D stress in the L-PBF NiTi parts.

Therefore, considering defects of balling, keyhole-induced pores, lack of fusion and
cracks together, the best quality among all studied herein process groups was found for A2
sample featuring a moderate hatch distance of 120 um, which is consistent with the density

measurements (Figure 3.6).

Although the developed herein processability maps do not show the boundary
conditions for cracks formation, it still can be successfully applied with respect to balling,
keyhole-induced pores and lack of fusion (Figure 3.5). Furthermore, by combining with the
experimental results, it has been demonstrated that a low linear energy density contributes to
avoiding the formation of cracks. Therefore, defect-free NiTi samples can be fabricated by
choosing a low linear energy density in the good zone of process maps (the good zone is
surrounded by solid blue line in Figure 3.5 (a)).

Predicting the formation of cracks remains a challenge. In the case of metallic materials
manufactured through L-PBF, cracks may arise due to thermal stresses, elemental
segregations, and solidification paths [56]. Given that cracks in L-PBF components can
significantly compromise their mechanical properties and integration, it is important to
prevent and mitigate crack formation. Chapter 7 delves into the mechanisms underlying the
formation of cracks in equiatomic NiTi and presents corresponding strategies for crack
healing.

3.3.2.5. Hardness, martensite phase transformation temperatures and Ni contents

In order to evaluate the processability of L-PBF NiTi alloys, it is important to consider
its properties, such as hardness, shape memory effect, and superelasticity [59]. Hardness
measurements were conducted in this work as it can provide a quick and direct evaluation of
densification. In addition to NiTi hardness, the martensite starting temperature (M;)
determine the operating temperatures of NiTi alloys. Therefore, it is crucial to understand the

relationship between M; and the L-PBF processing conditions. As depicted in Figure 3.13,
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the hardness generally decreases with increasing volumetric (from 240 to 190 HV, Figure
3.13 (a)) and linear energy density (from 240 to 203 HV, Figure 3.13 (b)). In contrast, the M,
increase from 55 to 67 °C with the increase of energy density (for both £, and E)). The reason
for the changing trend of hardness is that high energy density (£, > 56 J/mm? and E; >
250/1250 J/mm) results in large grain sizes [60], which causes the decrease of hardness. An
exception is observed in sample A3 (Figure 3.13 (a)), where a lower hardness was achieved
with decreasing E, to 48 J/mm?. The low hardness in the sample A3 is attributed to the
occurrence lack of fusion (Figure 3.7 (c) and Figure 3.11 (c)). Figure 3.13 presents the micro-
hardness measurements results, which vary between 190 and 240 HV among all samples. On

the whole, these values are comparable with the hardness of NiTi fabricated by conventional
extrusion methods (~219 — 227 HV) [61].

b
(@ 6o = { )250 608
el S 1%
L0 g i o] 2
SEI S | o i Zs st I 0 {esF
z i o“' | E o > i ‘ ; g*

H - H ' T @ : |

& 220} Pfegpst i {eod § 200 NP P {e1m
5 Y S H : 35 Re : 3
S S I DU S O IO - A 8
200 o gl | L e {578
] [ ! | - =3 =
i ke A1 ASl j g T ! 3
180 LA A2N6, At ASL AL, A7 |5y @ A2 A9 A8 |53~
40 50 60 70 80 90 100 3 25011250  250/800  250/500 O

Volumetric energy density (J/mma) Linear energy density (J/mm)

Figure 3.13. Micro-hardness of L-PBF samples as a function of (a) volumetric energy

density and (b) linear energy density.
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As shown in Figure 3.14, with increasing the volumetric energy density, the Ni content
decreases. It indicates that more pronounced evaporation occurs at higher energy densities
which has also been reported by previous research [28, 35]. Since phase transformation
temperatures of NiTi increase with decreasing Ni content, there is an upward trend of M, as
a function of energy density. Hence, the lower the Ni content (with higher energy densities)
the higher M, temperature (see Figure 3.13 and Figure 3.14). In this work, the outlier A6 with
the highest linear energy density of 250/500 (J/mm) among all studied herein samples has a
relatively high M, temperature due to a higher Ni evaporation, as seen in Figure 3.14.

It should be noted that sample A3 also shows an abnormal M, temperature compared
with the general upward trend of M; temperature (Figure 3.13 (a)). Sample A3 compared to
sample A2, has a larger hatch distance of 140 um. As reported by Ma et al. [30], increasing
hatch distance can introduce high dislocation density in NiTi samples, and the M temperature
decreases with an increasing dislocation density due to introduction of more local misfits
during phase transformations [62]. In addition, residual stresses, which are inevitable in L-
PBF process due to high heating and cooling rates [1], can increase the transformation
temperature of NiTi alloys [63]. Hence, both high dislocation density and residual stress

could also contribute to the increase in M, temperature.

3.3.2.6. Employing the developed model in the high laser condition

The motivation behind this chapter is to establish a versatile model for predicting NiTi
L-PBF processing maps across a broad parameter range. Therefore, it becomes imperative to
assess the accuracy of this model by employing L-PBF processing parameters that
significantly differ from those of the A group. Consequently, B group samples were created
using a high laser power (950 W) and a large beam diameter (500 pm) to serve as validation
for the developed model, and detailed processing parameters are shown in the Table 3.3.
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sectional views (X-Y and X-Z planes) of the temperature contour (plotted by g) and the
melt pool boundary (indicated by the black solid line, where g = T, / Ts) from the E-T
model; Comparison of the experimentally measured melt pools (b) widths and (d) depths
between the E-T model and the G-S model predictions for applied linear energy densities
from B group samples; (c) cross-sectional pool melt shapes of L-PBF NiTi fabricated by B
group processing conditions.

An example case of a temperature contour plot and the melt pool boundary (indicated
by the black line) with the heat input resulting from 950 W laser power, 1200 mm/s scanning
velocity and 500 um beam diameter is shown in Figure 3.15 (a). By employing the developed
model, melt pool width and depth were predicted. It can be seen that predicted melt pool
widths (Figure 3.15 (b)) by using the E-T model can fit well with the experimental melt pool
width (Figure 3.15 (c¢)). However, in terms of melt pool depth, the G-S model, concerning
the keyhole melt pool, still shows a more accurate prediction than E-T model (Figure 3.15
(d)), despite conduction mode melt pools shown in samples with various linear energy input
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(Figure 3.15 (c)). This can be explained by the element evaporation, one of the features of
keyhole melt pool, which also presents in such conduction mode melt pools. Temperature
contours in the example case also demonstrates that melt pool temperatures around the laser
source is above NiTi boiling point (marked by grey dash line in Figure 3.15 (a)).

After confirming the accuracy of the model for melt pool dimension prediction in the
high laser power and laser beam diameter condition, melt pool dimensions in a wider range
of processing space are explored. The melt pool width, depth and length as functions of laser

power (P) and scanning speed (v) are shown in Figure 3.16 (a) and (c), respectively.
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Figure 3.16. Melt pool (a)width, (b) depth and (c) length as the function of the laser power

and scanning velocity for applying 500 wm beam diameter.

Similar with the process in the low laser power condition, a processing map considering

a 500 um beam diameter, 50 um layer thickness and a 180 um hatch distance is developed

(Figure 3.17). By comparing experimental results, defect formation can be accurately
950

1900

J/mm, lack of fusion occurs in L-PBF NiTi samples (Figure 3.17). However, despite in the

predicted by the processing map. When applied linear energy density is lower than

fully dense region, cracks still presents when the linear energy density above J/mm

(B4, Figure 3.17). Based on predicted processing map and experimental validation, the B3
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sample with linear energy density of

950
1200 J/mm is optimized as a defect-free sample in the

condition of high laser power coupled with a large beam size (Figure 3.17).
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Figure 3.17. An L-PBF processing map for applying a 500 um beam diameter, 50 um
layer thickness and a 180 wm hatch distance and corresponding SEM micrographs of the
top surfaces of L-PBF NiTi fabricated with different linear energies.

It should be noted that the optimized defect-free sample B3 has an 88 J/mm?® volumetric
energy density, which is located in defected regime of 250 W laser power - 80 um beam
diameter condition. However, for the applied 56 J/mm? volumetric energy density, a defect-
free E, for the low laser power condition, leads to lack of fusion in the high laser power
condition. Therefore, it further demonstrates that volumetric energy density cannot provide
accurate estimation for the fabrication of defect-free L-PBF parts.
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Based on Figure 3.17 and Figure 3.18 (a), in the condition of 950 W laser power and
500 um beam diameter, L-PBF NiTi is not sensitive to balling and keyhole induced pores.
As descripted in the Eq. 3.4, balling occurs when the ratio of melt pool width to length is
smaller than ~0.26. In the circumstance of 950 W - 500 um, the ratio of melt pool width to
depth is always higher than 0.26 (Figure 3.18 (b)). Hence, balling is not sensitive in such
conditions, which is also consistent with experimental results (Figure 3.17). For the keyhole,
despite employing 950 W laser power, the beam diameter also increased to 500 um. When

P
considering energy input per unit area (Epeam = ————————, J/mm?), the energy input for

- ( dLaser beam ]
2

the condition of 950W - 500 wm is ~ 4841 J/mm?, while it is 12440 J/mm? for the condition
of 250W - 80 um. Therefore, high laser power condition has a lower energy input per unit
area, which results in a less sensitivity to the keyhole melt pool. In addition, the increased

beam size is achieved by positively defocusing laser beam, which makes beam divergent [64].
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This divergent beam leads to the change of internal energy distribution (Figure 3.18 (c)),
which further deceases the possibility of keyhole mode melt pool.

3.4. Conclusions

In this chapter, the feasibility of analytical models for predicting melt pool dimensions
of L-PBF NiTi was demonstrated. Based on analytic solutions of the melt pool dimensions
and defect formation criteria, L-BPF processing maps for fabricating NiTi alloys were drawn.
The reliability of the L-BPF processing maps was validated for NiTi fabricated by different
L-BPF processing conditions. The main conclusions of this work can be summarized as
follows:

1. Fully dense L-PBF NiTi parts (> 99 %) can be successfully fabricated by utilizing
the analytically developed process maps. However, cracks should be separately
considered and can be inhibited by adopting desirable overlapping ratios of laser

tracks and linear energy input.

2. Heat input related parameters, such as laser power and scanning velocity should be
carefully chosen to achieve defect-free laser tracks. With a laser power of 250 W,
scanning velocity should be higher than 500 mm/s to avoid keyholing and lower
than 1250 mm/s to prevent NiTi parts from balling. Balling can be reduced by
increasing hatch distance, but there is nearly no effect found on keyholing with
changing hatch distance and layer thickness.

3. Hardness and M, of L-PBF NiTi alloys was found to be sensitive to energy input
(including both E, and E)). Hardness shows a decrease from 240 to 190 HV with
increasing E, from 56 to 99 J/mm?. M, shows an upward trend with increasing
energy input, which increases from 55 to 67 °C. The increasing phase transformation
temperatures is mainly attributed to Nickel evaporation during L-PBF.

4. The developed model is reliable in a wide range of L-PBF processing space. In the
condition of 950 W laser power and 500 um beam diameter condition, L-PBF is not

sensitive to balling and keyhole induced pores when varying scanning velocities.

Thus, in this chapter, the use of proposed analytical approaches for the development and
optimization of process parameters (including laser power, scanning velocity, hatch distance
and layer thickness) for fabrication of defect-free NiTi alloys by using L-BPF manufacturing
technique is demonstrated.
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4.1. Introduction

Abstract

Hatch distance, as an important L-PBF processing parameter, is often related to macro-
scale structural defects, however its role on controlling the microstructure and functional
properties is usually underestimated in L-PBF of NiTi. In this chapter, near-equiatomic NiTi
(49.6 at. % Ni) parts were fabricated with various hatch distances to tailor the microstructure
and their shape memory characteristics. Contrary to what is observed in Ni-rich NiTi alloys,
in this chapter, it is demonstrated that phase transformation temperatures of L-PBF
equiatomic NiTi do not decrease proportionally with hatch distance but rather relate to a
critical hatch distance value. This critical value (120 um) is derived from the synergistic
effect of thermal stress and in-situ reheating. Below this value, epitaxial grain growth and in-
situ recrystallization are enhanced. While above, irregular grains are formed, and dislocations
induced by thermal stresses decrease. However, the critical value found herein is
characterized by high dislocation density and fine grain size, resulting in a superior thermal
cyclic stability. The proposed Finite Element Model (FEM) is proven to be an effective tool
to understand and predict the effect of hatch distance on grain morphology and dislocation
density evolutions in L-PBF NiTi SMAs. In this chapter, a comprehensive understanding for
in-situ controlling L-PBF NiTi microstructure and functional characteristics, which

contributes to designing 4-dimensional (4D) shape memory alloys, is provided.

4.1. Introduction

For the fabrication of L-PBF NiTi parts, main processing parameters include laser power
(P, W), scanning velocity (v, mm s!), layer thickness (¢, um) and hatch distance (4, mm). In
the past, most studies focused on investigating the effect of laser powers and scanning
velocities (The linear energy density (£;), shown in the eq. 3.1) on structural quality,
microstructure evolution, and functional properties [1-5]. The layer thickness was usually
chosen between 30-50 um to achieve the balance among full-dense parts, stable powder
spreading and desirable building rate [5-8]. However, the hatch distance was mainly selected
as a fixed value to prevent structural defect formation (such as lack of fusion and surface
roughness) [9-11], and its role in microstructural evolution, phase transformation behavior,

and functional properties were underestimated and ignored.

As found in recent studies [12-14], the hatch distance is an unneglectable factor, which
can affect not only structural defects but also exert a significant effect on the microstructure
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and phase transformation temperatures (PTTs) in Ni-rich L-PBF NiTi alloys. However,
microstructural evolution mechanisms and changes in phase transformation temperatures of
L-PBF NiTi alloys with various hatch distances have not been revealed yet. For Ni-Ti alloys,
it has been demonstrated that phase transformation behavior can be affected by the Ni/Ti
ratio [15], precipitates [15, 16], dislocations [16, 17] and grain size [18, 19]. PTTs increase
dramatically (around 100 K at. %) with decreasing Ni content in Ni-rich NiTi alloys [15,
20]. While for equiatomic or Ti-rich NiTi alloys, PTTs almost do not change with the
chemical composition ratio of Ni/Ti [20]. Similarly, precipitates only affect the PPTs
significantly in Ni-rich rather than equiatomic or Ti-rich NiTi alloys [15, 21]. Dislocations
can decrease PTTs by hindering martensite transformation during cooling [16]. Decreasing
grain size can cause a suppression of the thermally induced martensitic phase transformation
occurring, also resulting in a decreasing PTTs [18]. Due to a higher vapor pressure and lower
boiling point of Ni compared with Ti in binary NiTi alloys [12, 14], Ni is preferentially
evaporated from NiTi alloys and the chemical composition ratio of Ni/Ti decreases after L-
PBF. Considering the sensitivity of transformation temperatures by Ni/Ti ratio and Ni-rich
precipitates in Ni-rich alloys, an equiatomic (slightly Ti-rich) NiTi composition was selected
to focus on understanding how to control phase transformation behavior and microstructure

evolution by tuning the hatch distance.

In addition, it was found that dislocation density, impeding martensitic transformations,
increases with widening the hatch distance [12], but only two hatch distance conditions were
conducted/considered, which brings uncertainty about the relationship between the hatch
distance and dislocation density.

In this work, L-PBF NiTi alloys with various hatch distances (100, 120, and 140 wm)
were successfully fabricated. The effect of hatch distance on microstructure, dislocation
density, phase transformation behavior and thermal-cyclic stability were systematically
investigated by experiments as well as finite element modeling (FEM). An near equiatomic
(slightly Ti-rich) NiTi composition (Ni: 49.6 at. %) was selected in this work in order to
understand how to control phase transformation behavior and microstructure evolution by

tuning hatch distance.
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4.2. Materials and Methods

4.2.1. Experimental
4.2.1.1. Fabrication

Based on the optimization of processing parameters outlined in Chapter 3, it was
determined that employing a laser power of 250W, in combination with a scanning velocity
of 1250 mm/s, resulted in the production of laser beads free from balling defects. Chapter 4
aims to investigate the influence of the hatch distance (h). In this investigation, various hatch
distances were tested while maintaining the other parameters constant (P = 250W, v = 1250
mm/s, and t =30 um). The samples with hatch distances of 100, 120, and 140 pm are denoted
as Al, A2, and A3, respectively. A summary of the L-PBF processing parameters can be
found in Table 3.1 of Chapter 3. For further information regarding the fabrication of L-PBF
NiTij, please refer to Section 3.2.4 in Chapter 3.

4.2.1.2. Characterization

To investigate microstructure, cross sections along the building direction and the top
view (perpendicular to the building direction) were prepared. Samples for metallographic
examination were ground, polished, and etched in two types of etching solution. The first
type etching solution consisting of HF (3.2 vol%), HNO; (14.1 vol%), and H,O (82.7 vol%)
was used to distinguish epitaxial grain growth [1]. A second solution consisting of 120 ml
distilled water, 15 ml HCI, 15 g Na;S;0s, 10 g K,S,0s, and 2 g NH4sHF was used for
identifying parent grains [22] (austenitic grains) with the help of linearly polarized light
(LEICA DML 5000 light optical microscope). The average grain width was measured by the
line intercept method [23] and the columnar architectures within molten pools were treated
as different grains [24].

Details regarding hardness measurements and the investigation of phase transformation
behaviour through DSC (Differential Scanning Calorimetry) can be found in the Section 3.2.4
in Chapter 3. All characteristic temperatures were determined by using the intersecting
tangents method [25].

Dislocations and precipitates of fabricated NiTi samples were investigated using a JEM-
2200FS transmission electron microscope (TEM) equipped with an energy dispersive
spectrometer (EDS) system. The TEM specimens were prepared by electropolishing disks
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with a diameter of 3 mm in a twin-jet electro-polisher using 10% perchloric acid and 90%
ethanol as electrolytes.

Due to overlapping NiTi martensitic peaks at room temperature, it is difficult to
investigate the broadening of XRD peaks. Hence, the high-temperature X-ray diffraction
(XRD) for achieving parent phase phases was used in this work. All samples were heated to
423 K (higher than Ay, but not causing recovery/recrystallization [26]) during the XRD
measurements. The XRD (Bruker D8 Discover diffractometer, Incoatec Microfocus Source
(InS)) measurements were conducted between 38° and 150° using a diffractometer with a Cu
target, a step size of 0.04° 26 and the counting time 20 s per frame. LaB¢ powder was used

for the determination of the instrumental contributions to the peak width.

4.2.2. Finite Element Modelling

To study the effect of hatch distance on melt pool dimensions and their temperature field,
Finite Element Analysis (FEA) was employed. A 3D thermal analysis model was developed
using COMSOL Multiphysics Modelling Software (Version 5.5, COMSOL Ltd., Cambridge,
UK).

4.2.2.1. Governing Equations and Volumetric Heat source

The thermal field was obtained by solving the following transient 3D heat conduction

equation using the temperature-dependent thermal properties of the material:
oT
p(T)C,,(T)E=Q+V(k(T)VT) (4.1),

where p(T) (kg m?) is the temperature-dependent density, C,(T) (J kg' K') is the
temperature-dependent specific heat capacity, &(T') (W m™! k) is the temperature-dependent

thermal conductivity, and Q (W mm) is the net volumetric heat flux.
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Figure 4.1. Temperature-dependent thermal-physical properties of Nitinol alloys used for
FEA: (a) the density, (b) the specific heat capacity, and (c) the thermal conductivity.

The temperature-dependent thermal-physical properties [27, 28] used in this work were
taken from literature or calculated by using Thermo-Calc software (Version 2020a, Thermo-
Calc, Stockholm, Sweden) based on TCHEA2 (High Entropy Alloys version 2.1) database
(Figure 4.1). In the solid state, powdered metal and the same metal in bulk form exhibit
different thermal-physical properties. This difference can be simplified as a function of the
porosity of the powder bed . Since the measured relative packing density of the powder is
approximately 0.7, the temperature-dependent thermal-physical properties of Nitinol alloys
in the powdered state before melting are proportionally decreased to approximately 70% of
their original values.

Considering the thermocapillary flow within melt pools, artificially corrected factor o
was induced as k, = ¢k, (since only the conduction mode melt pool was shown in this work,
o is selected as 2.5 [29]) when temperature is higher than the melting point of NiTi, where

k, is the usual thermal conductivity of NiTi and k, is the modified one [29, 30].
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Due to the lack of experimentally measured laser absorptivity, the Rosenthal equation
was used to estimate the laser absorptivity of NiTi powder layers based on experimentally
measured melt pool width [31]. The calculated laser absorptivity was found as 0.4 [31].
Although the Rosenthal equation relies on several restrictive assumptions [31]: only
conduction is considered, heat of fusion is not included, thermal properties do not depend on
temperature, and the calculation applies to remelting (no addition of powder), the estimated
melt-pool sizes have been found to be realistic and close to experimentally measured values.
Therefore, it is feasible to estimate laser absorptivity based on the Rosenthal equation and

experimentally measured melt pool width.

The applied laser energy is separated into three portions, including reflection, absorption,
and transmission of power. Only the absorbed energy is used to melt the powders and
previously solidified layers. The laser energy can travel a certain depth along the powder bed.
Therefore, the heat transfer through the depth direction on the powder bed was also
considered in the present model. The laser penetration depth can be estimated based on the
Beer-Lambert attenuation law. Therefore, the volumetric heat flux can be expressed as:

2

Q(xa Vs Z) = 3) (42)3

O (;a ») exp(—

where Q) is the heat flux on the upper surface (W m?), § = 65 um is the optical penetration

depth (um) of the used material [32], |z| is the absolute value of the z-coordinate.

The distribution of surface heat flux Q, across the powder bed is presumed to be

Gaussian, which can be mathematically represented as:

2((x—vt)2 +y2)
RZ

0,(r.) = 22L exp(- ) @3),
TR

where P is the laser power, A4 is the laser absorptivity of materials, and R is the laser beam

radius at which the energy density is minimized to 1/€? of that at the centre of the laser spot.

4.2.2.2. Geometrical description of modelling

To investigate the effect of hatch distance on melt pool dimensions and thermal
gradients, single-track simulations are presented. The schematic of the designed geometry
for investigating the effect of various hatch distances is shown in Figure 4.2. Considering
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that hatch distances directly affect overlapping ratios between adjacent laser tracks,
previously solidified parts should be included when applying various hatch distance
conditions during FEM simulations. Therefore, the top layer was divided into two parts, i.e.
the previously solidified part and the powder part. The hatch distance was reflected by the
width of the overlapping zone and can be adjusted by changing the laser beam centreline

position (Figure 4.2).

Laser beam centreline

yer thicknes
3

N

La
N

Substrate plate

gL,

Figure 4.2. The schematic for simulation of various hatch distances in the single laser track.

y

To understand thermal histories during L-PBF processes, multiple tracks FEM
simulations were carried out in the same layer. The 3D finite element model and the scanning
strategy are shown in Figure 4.3. In total, 9 tracks were simulated to make L-PBF parts

cooling down to the NiTi recrystallization temperature (873 K) [26].

(b)

3000 um

solidified part nalel

Hatch distance

Figure 4.3. (a) The 3D finite element model and (b) the scanning strategy.
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4.3. Results

4.3.1. Microstructure evolution as a function of hatch distance

Optical micrographs of samples A1-A3 fabricated with various hatch distances 4 of 100,
120, and 140 um are shown in Figure 4.4. It can be seen that the grain size and morphology
are highly affected by the hatch distances. From the top view of all samples, grain
morphologies change from square-like (100 um) to polygon-like and finally show irregular
shaped (140 um) (Figure 4.4 (a)—(c)). From the side view, the grains change from columnar
to more equiaxed-like grains with increasing hatch distance (Figure 4.4 (d)—(f)). It should be
noted that the grains in the sample with 140 um hatch distance do not show epitaxial growth
to subsequent layers, contrary to what is observed in samples with 100 and 120 pm hatch

distances.

() BD

BD

100 120 140
Hatch distance (um)

Figure 4.4. Optical micrographs for the NiTi alloys fabricated with different hatch distances
h of (a, d) 100 pm, (b, e) 120 um and (c, f) 140 um. Pictures (a—c) display the cross-section
perpendicular to the building direction (BD), and pictures (d—f) were taken under the
polarized light condition (to show the grain boundaries of the parent phase) parallel to the
building direction.
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Figure 4.5 depicts the average grain width, length and aspect ratios (the ratio of grain
length to the grain width) for the various hatch distance conditions. Both grain width and
length show the monotonically decreasing trend with increasing the hatch distance (Figure
4.5 (a)). The average grain width decreases from ~58 to 29 um and the average grain length
decreases from ~454 to 167 um (Figure 4.5 (a)). However, the length to width aspect ratio of
the grains shows an initial increase and then a decrease (Figure 4.5 (b)), implying three types
of grain growth characteristics for these three hatch distance conditions. With increasing
hatch distance from 100 to 120 um, fine width grains were obtained (due to the weakening
of reheating induced grain growth [22] (Figure 4.4 (d) and (e))). Then, with further increasing
hatch distance to 140 um the grain growth changes from columnar grain growth (Figure 4.4

(e)) to equiaxed grain growth (Figure 4. 4 (f)).

(@00 700 (b)215
- rain width -~ ©
€160} %77 Grain length{560 § 12 I
420? § 9 .
(0]
logo® 5 6 I
280% é 1
{14905 @3
Lo 2o
1 = 100 120 140
atch distance (um) Hatch distance (um)

Figure 4.5. (a) The austenitic grain width and length (measured from Figure 4.4 (d)—(f)); (b)
the aspect ratio (the ratio of grain length to the grain width) of grains in all hatch distance
conditions.
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h =120 um | h =140 um_

(® Building direction

Figure 4.6. SEM micrographs for the NiTi alloys fabricated with different hatch distances
of (a, d, and g) 100 um, (b, e, and h) 120 um and (c, f, and i) 140 pm. All pictures are
depicted on the cross-section perpendicular to the building direction (BD) (Melt tracks were
shown as red dash lines and parent grains were circled by yellow dash lines).

SEM observations on the top surfaces are shown in Figure 4.6. The melt tracks and
corresponding boundaries can be traced in Figure 4.6 (a)—(c) (red dash lines). Parent grain
(austenitic grains) boundaries are contoured by yellow dash lines in Figure 4.6 (d)—(e), which
indicates grain morphology change from equiaxed to cellular structures with increasing hatch
distance from 100 to 140 um. As shown in Figure 4.6 (g)—(i), finer cellular structures were
observed at melt track boundaries, and such microstructures are different from those
fabricated via conventional methods (such as, wrought and powder metallurgy) [33-35].
These features result from heterogeneous nucleation induced by the re-melting of previously
solidified tracks at the melt pool boundaries [36].
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4.3.2. Micro-hardness, chemical composition and phase transformation

As shown in Figure 4.7 (a), the micro-hardness increases with hatch distance (from ~193
to 226 HV). It appears that the chemical composition changes, i.e. the Ni content increases
with the hatch distance (due to reducing the extent of element evaporations) (Figure 4.7 (b)).
To investigate the effect of hatch distance on the phase transformation behaviour of L-PBF
NiTi samples, DSC measurements were conducted. Unlike the monotonically increasing
correlation between the micro-hardness or Ni content and the hatch distance, the L-PBF NiTi
sample produced with a 120 pum hatch distance shows the lowest phase transformation
temperatures among all samples (Figure 4.7 (c) and (d) and Table 4.1). For NiTi SMAs, phase
transformation temperatures mainly depend on Ni/Ti ratio [15] and dislocation densities [37].
Generally, the higher the Ni content the lower the phase transformation temperature [15].
Dislocations can hinder martensitic transition (a higher undercooling is required to trigger
the B2 / B19” transformation [38]), resulting in lower phase transformation temperatures.
Since the Ni content increases linearly with the hatch distance (Figure 4.7 (b)), phase
transformation temperatures should also have a linear relationship with the hatch distance
that is if only Ni content plays the dominant role in phase transformation. However, by
comparing Ni content and phase transformation temperatures, it is clear that an additional
factor, such a dislocations, may also be involved. Therefore, to investigate the effect of hatch
distance on dislocation densities in L-PBF NiTi samples, TEM, high-temperature XRD, and
FEM simulations were conducted and presented in follow up sections.
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Figure 4.7. Samples with various hatch distance values: (a) Micro-hardness and (b) Ni

content; (¢c) DSC curves and (d) corresponding phase transformation temperatures.

Table 4.1 Phase transformation temperatures determined by DSC.

atch distance (Um)
1 12 14
Temperature (K) 00 0 0

Martensite start temperature (M) 339.8+0.6 327.7+0.9 336.8+0.6
Martensite finish temperature (My) 314.4+0.9 2909+0.6 303.8+1.1

Austenite start temperature (As) 348.5+0.3 331.0£0.2 341.2+0.2
Austenite finish temperature (Ay) 373.0£0.3 357.9+0.2 369.8+1.2

96



4.3. Results

4.3.3. TEM observation and high-temperature XRD

Figure 4.8 illustrates the representative TEM microstructure of the L-PBF NiTi alloys
fabricated with various hatch distances. For all samples, nano-sized precipitates in the range
of 20-60 nm (marked by orange arrows) were observed. Based on the EDS results,
precipitates are TisNi,Ox, which are commonly detected in near equiatomic NiTi alloys [39].
It should however be noted that the lattice parameters and crystal structure of Ti,Ni phase
and TisNi,Ox are the same, because O resides interstitially in the TigNiO phase [40, 41].

For the sample with 100 um hatch distance, serrated martensite phases with multiple
bending were found (Figure 4.8 (a) and (b)). This feature originates from the shear force

subjected to martensite with micro stresses [42]. Besides, the secondary twin structure was

observed in the serrated martensite, which is indexed as the {llT} type I twin. Since the

secondary twin is related to the local stress concentration [43], it further proved the existence
of micro stress in the sample with 100 um hatch distance. The micro stress field should be

attributed to thermal stress induced by the high cooling rate during L-PBF process.

For the sample with the 140 um hatch distance, martensite phases mainly consists of
pure martensite structure of twins and secondary martensite twins (Figure 4.8 (c)). The TEM
image of pure martensite twins and its corresponding selected area diffraction patterns
(SADPs) are shown in Figure 4.8 (f) and (i). Some precipitates (TisNi,Oy) are embedded into

martensitic twin boundaries (Figure 4.8 (f)). <Ol 1) type II twins were determined by its

SADPs, which is commonly found in the B19" martensite [43]. The secondary martensite
twins indicate the presence of the local stress concentration, which is similar with the sample

with 100 um hatch distance.
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Figure 4.8. TEM images and corresponding selected area diffraction patterns of L-PBF
NiTi fabricated with various hatch distances % of (a, d and g) 100 um, (b, e and h) 120 um,
and (c, fand i) 140 um (the upper part depicts low magnification and the lower part high

magnification to distinguish the difference in dislocations and precipitates).

It should be noted that there are local micro stresses (implied by secondary martensite
twins) in samples with the hatch distance of 100 and 140 um, but dislocations were barely

observed. These phenomena indicate there is no micro-plastic deformation in the samples
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with the hatch distance of 100 and 140 um. There are two possible reasons for the absence
of micro-plastic deformation in L-PBF samples: (1) the local micro stress is not high enough
to activate slip systems [44]; (2) reheating from follow-up laser tracks causes the elimination
of dislocations [12]. The corresponding mechanisms are discussed in Section 4.1.

In contrast, dislocations were observed throughout the martensite matrix of the 120 um

hatch distance sample (Figure 4.8 (e)), showing a higher dislocation density in the 120 um
hatch distance samples. Based on SADPs in the sample with 120 um, {IIT} type 1

martensite twins were determined. Since this type of martensite twins are often observed in
deformed NiTi alloys [45], it can further prove that dislocations are induced by micro plastic
deformation in the sample with 120 um. Considering that dislocations can hinder martensite
transformation and lower phase transformation temperatures, the reason for the lowest phase
transformation temperature in the 120 um hatch distance sample (Figure 4.7 (d)) is attributed
to its high dislocations density.

Although TEM observations can clearly show detailed microstructural characteristics,
only locally representative areas were observed, and it is hard to quantitatively evaluate
dislocation density on a larger scale. Therefore, to quantitatively investigate the dislocation

density of these samples, high temperature XRD measurements were conducted.

In general, the micro-stain induced by dislocations and the crystallite size can cause the
broadening of X-ray diffraction peak profiles. By calculating the full width at half maximum
(FWHM) of the diffraction profiles, the peak broadening can be quantitatively evaluated [44,
46, 47]. Since the main phase is martensite (Monoclinic phase, B19") at room temperature
for all samples (Figure 4.9 (a)), many peaks are overlapping. This complicated the calculation
of the FWHM. To overcome this issue, all samples were in-situ heated to 423 K (> Ay) to
induce austenitization (Figure 4.9 (b)). Due to the simple peak profiles and the high symmetry
of the high temperature parent phase (BCC, B2), the evaluation of HT X-ray diffraction
profile broadening can then be smoothly performed. To improve accuracy of measured

FWHM, the instrumental broadening ( B, ummenay ) Was considered to achieve actual

FWHM ( B,,,)- The B, can be acquired by using the as follows equation:

2 2
ﬂhk! = \/ﬂhk/(Measured) - ﬂhk[(lnszmmemal) (44)

To calculate instrumental broadening, LaBs powder is used as standard sample. The
equation 4.4 is applied since the convolution of x-ray beam is in a shape of Gaussian

distribution. For NiTi shape memory alloys, the (110)g, peak is usually chosen to investigate
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dislocation density and coherently scattering region size by evaluating the peak broadening
[66, 67]. The (110)g, peaks of all samples measured at 432 K and corresponding FWHM are
shown in Figure 4.9. It can be seen that there are no other peaks around these 3 (110)s

austenite peaks (Figure 4.9 (b)), which indicates that all samples are austenitized by heating

to 423 K.
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Figure 4.9. The (110)g2 XRD peaks of L-PBF NiTi alloys were measured at (a) the room
temperature (RT) and (b) at 423 K (> Ay); (c) the (110)s, peaks measured at 423K and (d)
linear fitting demonstrating the values of micro strain € varied with hatch distances.

To distinguish peak broadening contributions originating from either coherently

scattering region size or micro-strain induced by dislocation, Williamson-Hall analysis based
on uniform deformation model (UDM) is used [48, 49]. In the UDM, the Williamson-Hall

equation can be written as
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B cos@ =%+4£sin6 (4.5),

where [3,, is the FWHM, @ is the diffraction angle and k is the shape factor (0.94) [48], A
is the wavelength of X-rays used (herein Cu-Ka:1 wavelength = 1.540562 A), D is coherently
scattering region size and £ stands for micro-strain. By plotting /3, cos@versus the 4sin 6 ,

the coherently scattering region size can be estimated from the Y-intercept (the intercept is
inversely proportional to the coherently scattering region size [50]) and micro-stain induced
by dislocation is derived from the fitted slope [50-52] (results shown in Figure 4.9 (d)). Then,
the dislocation density can be calculated from the obtained micro-strain based on the equation
(4.6) [44]:

82

o1

p = (46),

ik

|2

where p is dislocation density and ||b|| is the magnitude of Burgers vector, and F and & are

constants chosen to be 1 and 14.4, respectively, for bee crystal [75]. For BCC structure, the
a

HVu® +v' +w

the crystal, and u, v and w are the components of the Burgers vector [53]. For NiTi, the slip

direction is <111> [54] and a = 3.015 A [55]. The magnitude of Burgers vector of B2 NiTi

magnitude of Burgers vector is ||b|| = , where a is the unit cell edge length of

can be calculated: 2.61x107'° m. The coherently scattering region size, micro-strain induced
by dislocation and dislocation density of austenitic NiTi can be summarized in Table 4.2.
The magnitude of dislocation densities calculated in this work is comparable to other reported
works [44, 56]. The sample with 120 um hatch distance has the highest dislocation density,
which is consistent with DSC and TEM results.

It should also be noted that L-PBF NiTi consists of both relatively large grains and small
size coherently scattering regions (measured by XRD) [57]. If the fraction of small size
coherently scattering region is comparable with large size grains, peak-splitting will be
observed in the XRD patterns [58]. A sharp single peak can be seen in Figure 4.9 (c),
indicating negligible amount of small size coherently scattering regions. In this case, the
change of phase transformation temperature of NiTi with various hatch distances mainly

results from different dislocation densities, rather than coherently scattering regions.
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Table 4.2 Calculated micro-strain and dislocation densities

Hatch distance Coherently scattering Micro-strain ~ Dislocation density

(um) regions (nm) (%) (m?)
100 190 7.36x102 1.2x10%
120 478 9.71x10? 2.0x10'
140 238 6.13x107? 7.9x1013

To confirm the reason of various (110)s, FWHM in measured 3 samples, coherently
scattering region sizes should be firstly determined. Since size induced peak broadening
effect is pronounced only for coherently scattering region size less than 100 nm [64, 74], the
smallest coherently scattering region size is ~190 nm which is much larger than the critical
size. Hence, the micro-stain induced by dislocations is believed to be the main reason for
XRD peak broadening.

By comparing FWHM of samples with various hatch distances, the sample with 120 um
has the largest FWHM (Figure 4.9 (d)), which indicates the highest dislocation density.
Therefore, combining the DSC, TEM, and HT-XRD results, it can be proved that the sample
fabricated with the moderate hatch distance of 120 um can produce high density of

dislocations.

4.3.3 The effect of hatch distance on the cyclic stability of L-PBF NiTi

For NiTi-based shape memory alloys, cyclic stability is essential to ensure their
reliability during engineering applications [59]. To achieve this goal, expensive heat
treatments, cold working, or severe plastic deformation techniques are generally used [60-
63]. However, the above-mentioned methods might not be suitable for L-PBF parts since the
pre-designed geometry could be changed [64]. Therefore, in-situ process tailoring of the
microstructure is a good alternative to improve NiTi cyclic stability. This study showed that
such processing parameter as hatch distance can significantly tailor the microstructure. Hence,
it is important to investigate and understand the effect of hatch distance on the cyclic stability
of L-PBF NiTi.

Figure 4.10 depicts the cyclic DSC response of L-PBF NiTi alloys fabricated with
various hatch distances during multiple thermal cycling. The transformation temperatures
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from the acquired data are generally measured by drawing tangents to the start and end
regions of the transformation peak and the baseline of the heating and cooling curves. For all
samples, the characteristic phase transformation temperatures decrease with increasing
number of cycles (DSC curves gradually shift toward the lower temperature side in Figure
4.10 (a—c)). These phenomena are so-called thermal cyclic degradation, which is caused by
the accumulation of dislocations and their effect on subsequent transformation cycles [59,
65]. By comparing changes of characteristic phase transformation temperatures after thermal
cycling (Figure 4.10 (d)), the sample with 120 wm hatch distance has the best thermal-cyclic
0°C) and
the martensite starting temperature (ATms = 0 °C). In contrast, samples with 100 um hatch

stability, and there is almost no change in the austenite finish temperature (AT s =

distance show 8.2 and 7.6 °C temperature degradations for its Ar and M;, respectively. For
140 um hatch distance condition, the sample exhibits 6.8 and 4.6 °C temperature degradations.
Therefore, the good thermal-cycling degradation resistance is shown in the samples with 120

wm hatch distance, indicating a stable working temperature window during thermal cycling.
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Figure 4.10. Effect of hatch distance on the cyclic stability of L-PBF NiTi, determined for
10 thermal cycles determined by DSC: (a) h = 100 um, (b) h = 120 um (c) h = 140 um; (d)
characteristic phase transformation temperatures change between the 1%t and 10% cycles
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For NiTi, high-density dislocations and ultra-fine grains (< 100 nm) can effectively
improve functional stability by impeding dislocation movement during thermal cycling [66,
67]. Since small size coherently scattering regions have a very low fraction and their sizes
are larger than 100 nm, thermal cyclic stability in all investigated herein L-PBF NiTi depends
on only dislocation densities. The sample with h = 120 um shows the best thermal cyclic
stability due to the highest dislocation density (2.0x10'* m2). In contrast, the largest ATy of
13.1 °C was seen in the sample with 140 um hatch distance, which has the lowest dislocation
density of 7.9x10'3 m2 (Table 4.2).

4.4. Discussion

4.4.1. The effect of hatch distance on microstructure

In the condition of constant laser power and scanning velocity, hatch distance can
determine the overlapping between the adjacent laser tracks. A narrower hatch distance
results in a higher overlapping ratio. In this case, more of the previously solidified part is
involved in melting of the next laser track. Therefore, the effect of hatch distances on each
laser track can be evaluated by tuning the ratio of previously solidified parts in FEM
simulations (the schematic is shown in Figure 4.2). To obtain reliable simulation results and
evaluate the predictability of the FEM, 2 more hatch distance values of 80 and 140 um

(beyond experimental observations of this work) were also included in FEM simulations.

As shown in Figure 4.11 (a)—(c), simulated melt pool dimensions are very close to that
of the experimentally measured values (~ 3% deviation from experimentally measured melt
pool width and depth in the h = 120 um condition), which indicates the reasonable accuracy
of FEM simulations. Based on the results from the single laser track FEM simulations,
overlapping zones slightly decrease with increasing hatch distances (Figure 4.11 (a) and (d))
and there will be no overlap (melt pool width smaller than hatch distance) when the hatch
distance is larger than 140 um (Figure 4.11 (a)), which is consistent with the previous work
[68]. In addition, the half widths and depths of melt pool (the part including overlapping zone)
increase with hatch distance (Figure 4.11 (c¢)). The reason is attributed to a higher heat
capacity, a higher density and a higher thermal conductivity in solid NiTi (lower hatch
distance corresponding to more previously solidified parts) compared to NiTi powder, which
is inversely proportional to the melt pool dimensions [31].
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Figure 4.11. (a) The widest cross-section of the simulated melt pools featuring various
hatch distance conditions: temperature gradients (the left side) and temperature fields (the
right side) (solidus lines are shown as black dash lines); (b) the cross-sectional L-PBF NiTi
fabricated by using E£=250/1250 J mm™! showing melt pool characteristics [68]; (¢) half-
width and depth of the melt pools as a function of hatch distance (derived from FEM
simulations). Experimentally measured melt pool half-width and depth are shown as black
and red dash lines, respectively; (d) temperature gradients in the solid-liquid interface

(Z=399 um) toward X axis as functions of hatch distance.

As reported by Bormann et al. [22], square-like grains from the top view of L-PBF NiTi
parts (Figure 4.4 (a) and Figure 4.6 (d)) suggest epitaxial grain growth along the direction
perpendicular to the laser beam movement. In this work, the square-like grains gradually
disappear with increasing the hatch distance (Figure 4.4 (a)—-(c) and Figure 4.6 (d)—(f)),
indicating the fading of epitaxial grain growth. To understand the degradation of epitaxial
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grain growth, the thermal gradient perpendicular to the laser beam movement direction (i.e.,
toward X axis, Gx) in various hatch distance conditions was calculated (Figure 4.11 (d)).
Generally, grain growth during solidification tends to be along the direction of the largest
temperature gradient [69, 70], which determines the epitaxial solidification during the L-PBF
process [71]. Among all hatch distance conditions, the sample with the hatch distance of 100
um has the highest temperature gradient of 2.1x107 K m™! in front of the solid-liquid interface
(Figure 4.11 (d)). Therefore, for the sample with 100 um hatch distance it is easier to achieve
the epitaxial grain growth than for the samples with other hatch distances. The simulated
results also match well with the experimental observations (Figure 4.4 (a)—(c) and Figure 4.6

(d)—().

It should be noted that temperature gradient toward X axis (Gx) increases again when
the hatch distance is larger than 120 pum. However, since the overlap is small (even lack of
fusion in the condition of 160 um hatch distance) (Figure 4.11 (a)), there is no sufficient
nucleation site for the epitaxial grain growth. Hence, the squared-like grains still degenerate

into equiaxed grains even the Gx increases again (when h>120 pum).

4.4.2. Evolution of dislocations

The current work demonstrates that the hatch distance shows a significant influence on
the dislocation density. The variation of phase transformation behaviour with hatch distance
is believed to be the direct result of dislocations densities. With the aid of multiple laser track
FEM simulations, the dislocation evolution can be connected with the thermal histories of L-
PBF NiTi alloys [12].

The middle point between the first and second laser tacks is selected as the monitoring
point (the schematic is shown in Figure 4.12 (a)), which can directly reflect the effect from
the following laser tracks. The thermal history profiles of L-PBF NiTi in various hatch
distance conditions (Figure 4.12 (b)) can be divided into 3 processes: 1) the first melting
process (corresponding to the first peak); 2) the re-melting process (the second peak and its
temperature is higher than the melting point of NiTi) and 3) the reheating process from the
following laser tracks. It should be noted that even though the selected monitoring point will
be remelted by the subsequent layer, it can still be considered capable of exhibiting
representative features of the thermal histories of L-PBF NiTi fabricated with varying hatch

distances.
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Figure 4.12. (a) The schematic of multiple laser tracks in FEM simulations and the
corresponding monitoring point of thermal histories (the middle point between the first and
second laser tracks, marked as the red point); (b) thermal histories of nine tracks for various

hatch distances and enlarged zones for (c) the first track and (d) reheating from the

following tracks; (e¢) The average reheating temperatures.

For the first melting process (Figure 4.12 (c)), the peak temperature in the monitoring
point decreases with increasing hatch distance and is even lower than the melting point of
NiTi when applying 160 um hatch distance. In the reheating stage (Figure 4.12 (d)), the
higher hatch distance value leads to the lower reheating temperature and the shorter cooling
time to trigger in-situ annealing, which suggests less heat input for recrystallization of NiTi.
By comparing the normalized reheating heat input (with respect to the reheating time) (Figure
4.12 (e), above the recrystallization temperature 873 K [26]), a narrower hatch distance
results in a higher extent of reheating. This accounts for the lower dislocation density (due to
recrystallization) (shown in Figure 4.8 (a) and (d)) and the large grain size (due to the grain
growth) (Figure 4.4 (a) and (d)). Similar phenomena were also observed by Ma et al. [12].
With increasing hatch distance, the extent of reheating is weakened. Hence, more dislocations
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due to micro-plastic deformation induced by thermal stress will remain in the large hatch
distance condition.

It worth noting that there is not a specific recrystallization temperature theoretically
defined for metallic materials. Generally, the driving force of recrystallization is the reduction
of stored energy within the material, which is influenced by factors like grain size, defect
density (such as dislocation density), stored elastic energy, and grain boundary types [72]. In
this study, we have selected 873 K as the reference recrystallization temperature to provide
a semi-quantitative evaluation of the recrystallization driving force among samples with
varying hatch distances. Tadayyon et al. [26] observed in their study that heat treatment at
873 K can induce recrystallization. Given that the investigated NiTi alloy in their work shares
similar alloying composition and grain sizes with our NiTi, 873 K is chosen as the

recrystallization temperature indicator.

In this work, the dislocation density does not decrease monotonously with increasing
hatch distance and is rather determined by the co-effect of the recrystallization triggered by
in-situ reheating and the micro-plastic deformation induced by thermal stress (due to thermal
shrinkage). For the L-PBF parts, when applying a higher hatch distance, there will be a
smaller volume experiencing thermal shrinkage and this is believed to decrease thermal stress.
In this case, a low hatch distance value indicates a high energy input for recrystallization but

a high thermal stress level, and vice versa.

In this context, the narrower hatch distance can introduce more thermal stresses but also
contributes to promoting in-situ recrystallization annealing. In contrast, the larger hatch
distance can reduce thermal stresses, which is achieved by less volume thermal shrinkages
and less heat input for recrystallization. Therefore, dislocations in L-PBF NiTi parts are a
result of the competition between micro-plastic deformation induced by thermal stresses and
in-situ recrystallization. In this study, when the hatch distance is lower than 120 um, the in-
situ recrystallization plays a detrimental role regarding dislocations. While applying the hatch
distance larger than 120 pum, the in-situ recrystallization is weakened whereas the thermal
shrinkage volume (related to dislocations) is also reduced. Finally, the 120 wm hatch distance
is the critical value, which promotes the highest dislocation density in all studied cases. It
should be noted that the discussion about thermal stress herein is mainly qualitative. To
quantitatively evaluate thermal stress, Finite element Analysis including thermomechanical

coupling between temperature and stress fields needs to be further carried out in future work.

108



4.4. Discussion

As reported by Carroll et al. [73], dislocation substructures make the formation of B19’
more difficult in that they act as obstacles—an effect that can be seen in a shift of the Gibbs
free energy curve of B19’ towards higher energies (Figure 4.13). Therefore, the sample with
120 um hatch distance has the highest-density dislocation, indicating that makes the phase
transformation equilibrium temperature towards lower temperatures. Accordingly, all four
characteristic temperatures (4, A, My and M)) of phase transformation in L-PBF NiTi with
120 um hatch distance shows the lowest temperatures among all measured samples (Figure
4.7 and Table 4.1).

>

B2, austenite

Obstacles present
B19', martensite v

——

Gibbs free energy (J/mole)

Temperature (K)

Figure 4.13. The schematic Gibbs free energy of austenite (B2) and martensite (B19') as a
function of temperature. The presence of obstacles (dislocations in this work) makes it
energetically more difficult to form B19' (reproduced based on [71]). T is the equilibrium
temperature between B2 and B19’ without dislocations and T, the equilibrium temperature

between B2 and B19" with the presence of dislocations.

Based on above results and discussions, it has been demonstrated that hatch distance is
a significant and effective processing parameter, which can affect nano and micro structures
of NiTi shape memory alloys. These structures in turn can determine phase transformation
windows and thermal cyclic stability. For L-PBF process, the stable melt pool is determined

by laser power and scanning velocity [68, 74], and layer thickness is often fixed in the regime
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of 30-50 um to ensure stable powder spreading [6]. Hence, hatch distance becomes a

desirable processing parameter to be tuned during L-PBF process.

More work regarding cyclic thermal-mechanical testing to investigate the shape
memory effect of L-PBF NiTi with various processing parameters was shown in the Chapter
5.

4.5. Conclusions

The present work investigated the effect of hatch distance on microstructure, phase
transformation and thermal cyclic stability in NiTi alloys fabricated via laser powder bed
fusion. The effect of hatch distance variation was studied, and it was shown that this
parameter significantly affects the microstructure and dislocation evolution allowing for in-

situ tailoring functional properties. The main findings can be summarized as follows:

1. NiTi austenitic grain size increases with increasing the hatch distance, and the
grain’s morphologies change from columnar to equiaxed. The squared-like grains
from the top view of the 100 um samples result from the enhanced epitaxial grain
growth, which is attributed to a large thermal gradient along the transverse direction

(relative to laser beam movement direction).

2. Phase transformation temperatures change linearly with hatch distance. The lowest
phase transformation temperatures are observed in the 120 um hatch distance

samples and result from high dislocations density.

3. Combining TEM, HT-XRD, and FEM simulations, mechanisms of grain
morphology and dislocation evolutions by applying various hatch distances are
revealed. It has been shown that developed herein FEM models are appropriate tools
to understand and predict microstructure evolution, which contributes to designing
high-performance L-PBF NiTi shape memory alloys.

4. Due to the pre-existed high density dislocations, the samples with 120 um hatch
distance have a better ability to resist micro-plastic deformation induced by the
phase transformation. As a result, the best thermal cyclic stability is found in all

studied 120 wm samples.

5. Hatch distance can affect the number of heated volumes and reheating levels, which

is related to thermal stresses and in-situ recrystallization. The thermal stress can
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trigger dislocations by micro-plastic deformation and in-situ recrystallization can
decrease dislocation densities. Through the competition between the two mentioned
factors, different dislocation densities are shown in samples with various hatch
distances.

In summary, the current results illustrate that the hatch distance should be of concern
not only regarding the structural defects but also as a significant factor that contributes to
tailoring microstructure, dislocation densities, phase transformation windows, and thermal
cyclic stability in NiTi alloys. This work shows a new insight for fabricating in-situ tailorable
L-PBF NiTi alloys and demonstrates a predictive model to evaluate further the various hatch
distance effects. In the field of 4D printing metallic materials, phase transformation windows
and microstructure (related to thermal-mechanical responses) are two concerning factors.
Therefore, findings of this work provide a fundamental understanding about tailoring the two
factors by tuning hatch distance, which can provide a novel pathway to design in-situ
tailorable 4D NiTi shape memory alloys. More work related to the influence of hatch distance
on the thermal-mechanical SME properties and functional fatigue in L-PBF NiTi has been
shown in the Chapter 5.
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5.1. Introduction

Abstract

To obtain customized 4D functional responses in NiTi structures, tailorable phase
transformation temperatures and stress windows as well as one-way or two-way shape
memory properties are required. To achieve this goal, various heat treatments, including
direct aging, annealing and annealing followed by aging, were optimized for the Ti-rich NiTi
(Ni49.6Ti (at. %)) fabricated by laser powder bed fusion (L-PBF). Microstructural evolution,
phase transformation, precipitation and shape memory behaviour were systematically
investigated by multiscale correlative microstructural, differential scanning calorimetry
analysis and thermomechanical analysis. Based on optimized heat treatments, ~25 K phase
transformation temperature windows and ~90 MPa stress windows were achieved for the
one-way shape memory effect. Solutionized annealing was found to be the most effective
way to improve one-way shape memory degradation resistance, due to the reduction of
defects and solid solution strengthening. One of the main findings of this study is that the
heterogonous microstructures between hard intergranular Ti,NiOx and soft NiTi matrix,
induced by solutionized annealing with subsequent aging, result in strain partitioning and
enclosing the internal stress state, which was found to promote a pronounced two-way shape
memory effect response. The results of this work provide in-depth knowledge on tailoring
and designing functional shape memory characteristics via heat treatments, which contributes
to expanding L-PBF NiTi application fields, such as biomedical implants, aerospace
components, and other advanced engineering applications.

5.1. Introduction

NiTi alloys, as functional materials, have been widely used in various industrial, high-
tech and medical fields [1]. Generally, there are three main functions in NiTi SMAs,
including superelasticity, elastocaloric and shape memory effects. Superelasticity and
elastocaloric effect both are associated with reversible stress-induced martensitic
transformation [2]. Depending on the conditions required for shape recovery, the shape
memory effect is divided into the one-way shape memory effect (OWSME) and the two-way
shape memory effect (TWSME) [3]. OWSME refers to the ability of a material to remember
only one shape. When a material is deformed from its original shape, it can return to its

original shape only by heating it above its recovery temperature (austenite finish temperature,
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Ajy)). If the material is deformed below the recovery temperature, it will remain in its deformed
shape. TWSME, on the other hand, refers to a material capable to remember two different
shapes, where shape changes spontaneously occur during heating and cooling without any
external stress [4, 5]. Theses attractive functions make NiTi attractive for such smart

applications as sensors, actuators, dampers and solid refrigeration [1].

However, the high reactivity and poor machinability of NiTi limit its design complexity,
which is essential for smart device design. Laser powder bed fusion (L-PBF), categorized as
additive manufacturing (AM), is considered an alternative technique allowing for more
design flexibility of smart components [6]. Recently, NiTi with complex topological
structures, designed for damping or medical applications, has been successfully fabricated by
L-PBF [7, 8].

Due to the high heating and cooling rate in L-PBF (up to ~10° K-s) [9], steep
temperature gradient (in the magnitude of ~107 K-m™) [10, 11], layer-by-layer and track-by-
track processing characteristics [ 12], produce materials having non-equilibrium solidification
microstructures, including heterogeneous microstructures, metastable phases, micro-
segregations and dislocations [13-15]. For NiTi, such non-equilibrium solidification
microstructures affect its phase transformation temperatures and functional behavior. For
instance, the compositional ratio of Ni/Ti in the NiTi matrix influences the martensitic phase
transformation temperatures [16]. The deviation of matrix composition may result from
element segregation or precipitation of second phases, which in turn, affects phase
transformation temperatures [17]. Dislocations, associated with anisotropic stress fields [18],
are commonly observed in the as-fabricated L-PBF NiTi [11], which impedes martensitic
transformation during thermal cycling (decrease in martensite finish temperature) [11] and
promotes the stress-induced formation of martensite during superelastic cycling (decrease in

plateau stress in the forward transformation) [19].

The non-equilibrium features in L-PBF NiTi imply a possibility to tailor the phase
transformation temperature and applied stress windows by controlling its microstructures.
Heat treatments, as cost-effective and simple methods, are promising to tailor L-PBF NiTi
functional properties. Recently, efforts have been made to study the effect of heat treatment
on L-PBF NiTi. Tunable superelasticity and elastocaloric effects were achieved by applying
heat treatments to control the precipitation of NisTis in Ni-rich NiTi [20]. However, most
heat treatment-related studies have been focused on Ni-rich NiTi [15, 20, 21], since the
achievable NisTi3 phases introduced by aging enhance the superelastic and elastocaloric
effects. Until now, there are only very limited studies on the heat treatment responses of L-
PBF Ti-rich NiTi [22-24], in which only mechanical properties were investigated. There is
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still a lack of understanding of the effect of heat-treated microstructures on the shape memory
effect. Moreover, the cyclic OWSME and TWSME of heat-treated L-PBF Ti-rich NiTi have
never been investigated, which is important for a wide range of engineering applications [25].
Therefore, it is imperative to develop L-PBF Ti-rich NiTi with tunable OWSME and
TWSME via applying appropriate heat treatments and understanding the relationship

between microstructure and functional properties.

Due to the low crystallographic symmetry of NiTi martensite (B19'), polycrystalline
NiTi shows different deformation behavior when applying various deformation modes
(including uniaxial tension, compression, and shear) [26]. Especially, NiTi is very sensitive
to strain hardening under compression during the SME test [26], which is associated with the
generation of a high density of dislocations [27]. By contrast, under tension, there is no
significant plastic deformation, and a flat stress plateau is observed, which is due to a high
mobility of (011) type II twin junction planes of polycrystalline NiTi [27]. It indicates that
residual strains or plastic deformation are easier to be accumulated, resulting in shape
memory degradation under the cyclic compressive loading condition. Indeed, the superior
shape memory effect of L-PBF NiTi was mainly reported for the tensile condition [28-31].
Therefore, it is still challenging for NiTi to achieve a stable shape memory effect under the
compressive condition.

In this study, to understand the effect of heat treatments on microstructure evolution,
phase transformation behavior and shape memory effect in L-PBF Ti-rich NiTi alloys, for
different heat treatment schemes, including solutionized annealing, directly aging and
annealing followed by aging, were applied. Nano-scaled structures were investigated by
high-resolution  transmission electron  microscopy. The cyclic compressive-
thermomechanical behavior of L-PBF NiTi without and with heat treatments was evaluated
after 50 cycles. Finally, NiTi with tunable SME stress and temperature windows were
successfully developed based on specific heat treatments. Relationships between
microstructure, nano-precipitates and thermomechanical properties (including one-way and
two-way shape memory effect) were discussed. Solutionized annealing was found to improve
the OWSME degradation resistance, and subsequent aging helped to promote the TWSME
response in L-PBE NiTi. To the author’s best knowledge, this is the first systematic
multiscale correlative investigation on microstructure, differential scanning calorimetry
analysis (DSC), cyclic OWSME and TWSME of heat-treated L-PBF Ti-rich NiTi. This work
may provide an insightful understanding of designing function-tunable 4D printing NiTi.
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5.2. Materials and Methods

5.2.1. Material processing

Based on the Chapter 3, fully dense L-PBF NiTi were fabricated by the following L-
PBF process parameters were used: 250 W laser power (P), 1250 mm/s scanning velocity (v),
120 pm hatch distance (h), 30 wm layer thickness (t) and 80 pum laser beam diameter. The as-

fabricated NiTi sample is named AF hereafter.
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Figure 5.1 (a) The schematic of the applied L-PBF scanning strategy and (b) the machined
cylinder for compressive tests by EDM.

To investigate the effect of heat treatments on the shape memory effect of Ti-rich L-
PBF NiTi, three types of heat treatments were carried out on as-fabricated NiTi, i.e. solution
annealing, directly aging and solution annealing followed by aging. Based on the NiTi binary
phase diagram, Nis¢Ti (at. %) is solid when the temperature is lower than 1298 K (Figure
2.1). To reduce the residual stress and homogenise the microstructure, solutionized annealing
was carried out at 1223 K for 5.5 h followed by water quenching, referred to as S hereafter.
For the direct aging, samples were held at 623 K for 18 h indicate by A hereafter. For the
solution annealing followed by aging, samples were firstly held at 1223 K for 5.5 h and then
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aged at 623 K for various holding durations (0.5-27 h). The optimized annealing 1223 K-
5.5hs followed by aging 623 K-18 hs is named S+A hereafter. To prevent oxidation of NiTi,
all samples were placed in stainless steel envelopes filled with argon during heat treatments.
Post-process heat treatments details are summarized in Table 5.1.

Table 5.1 The overview of the post-heat treatments

Post treatments and designations Temperature - duration
Directly aging, A 623 K - 18 hs
Solutionized annealing, S 1223 K -5.5hs

Solutionized annealing followed by aging, S+A 1223 K-5.5 hs + 623 K-18 hs

5.2.2 Thermomechanical tests

Thermomechanical compression tests were conducted using a 25 kN MTS 858 Table
Top servo-hydraulic test platform. Using a strain control loop, a strain rate of 10 s! was
employed when loading and unloading were performed. Samples were machined into
cylinders with a dimension of ¢ 6 x 20 mm by electrical discharging machining (EDM)
(Figure 5.1). The strain was measured by a ceramic rod extensometer with a gauge length of
12 mm (MTS model 632.53F-14), which was attached to the samples. The samples were
heated up using an induction coil and cooled via three air-blowing nozzles. The temperature
was controlled (and monitored) by a K-type thermocouple, spot welded at the middle of the
sample.

A 3-step gradually increasing strain level test was applied to investigate the critical
stress for phase transformation and strain recovery (Figure 5.2 (a)). “Hard” cyclic tests [32],
where the same maximum nominal strain is reached for each cycle (50 cycles with a fixed
maximum 4% strain), were applied to investigate the cyclic SME stability (Figure 5.2 (b)).
Schematics of strain definitions and loading paths for the shape memory effect are shown in
Figure 5.2 (c).

To investigate the two-way shape memory effect, The dilatation of the samples after 50
thermomechanical cycles as a function of temperature is determined using a dilatometer
(TMA PT 1000/LT). A k-type thermocouple was spot welded onto the middle of sample. In
the study, each sample is initially cooled to 203 K, then heated to 473 K, and finally cooled
down to 273 K at a rate of 10 K per minute.
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(a) Gradual increase of strain
(c) Stress-strain-temperature curves
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Figure 5.2. Schematics of (a) shape memory effect test with gradually increased strain and
(b) cyclic shape memory effect, and (c) stress-strain-temperature curves, where &, is plastic

strain, &y is one-way shape memory strain and & is the two-way shape memory strain.

5.2.3 Characterizations

Before the metallographic examination, samples were ground, polished and tint etched,
and the detailed procedure can be found in the previous work [11]. The etched
microstructures were then examined via a Leica DMI 5000 optical microscope under the
polarized light mode. For Vickers hardness measurements, a Durascan microhardness tester
(Struers) was used. Polished samples were tested under the main load of 2kgf (HV>) with a
loading time of 10s. An average of 10 hardness values for each sample is reported. The series

of indents were made at a distance of 2 mm.

To measure the size and distribution of precipitates, cross-sections of the samples were
prepared and analyzed with a dual beam scanning electron microscope (Helios G4 P-FIB
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UXe, Thermo Fisher Scientific, USA) equipped with a Xenon plasma focused ion beam (P-
FIB). Protective Pt (mixed with 1.0 wt.% C) layers were first deposited on the polished
surfaces of samples. Then, trenches were machine polished by the P-FIB.

Transmission electron microscopy (TEM) images were taken by FEI cubed titan Cs-
corrected 80-300 kV transmission electron microscope and FEI Talos F200X scanning
transmission electron microscope STEM. For the samples before thermomechanical tests,
pre-sample preparation consisted of cutting and sawing a NiTi cylinder followed by
mechanical polishing to around 20 pm thickness. Then, the thin foils were punched into discs
with a diameter of 2.3 mm and glued on 3 mm Cu rings and subsequently milled to electron
transparency by Ar ion. For the samples after thermomechanical tests, TEM foil samples
were prepared by a Focused Ion Beam (FIB; FEI Helios 6001).

X-ray diffraction (XRD) analysis was carried out for phase identifications and phase
fraction calculations in the as-fabricated and post-heat-treated samples. The measurements
were carried out using the Bruker D8 Advance diffractometer in Cu-Ka radiation. The step
size used was 0.03° in a 20 range of 17°—120° with 45 kV voltage and 40 mA current.

Phase transformation behavior was analyzed by differential scanning calorimetry (DSC,
Perkin Elmer DSC 8000) in a nitrogen atmosphere, with a cooling and heating rate of 10 K
min! over a temperature range of 203-473 K. DSC samples with a dimension of ¢ 6x1 mm

were prepared by EDM.

5.3. Results

5.3.1. Hardness and microstructure

Vickers hardness was used as a first indication of the effect of different heat treatments
on NiTi properties. Figure 5.3 (a) shows the Vickers hardness variations of L-PBF NiTi with
different heat treatment conditions. After heat treatments, all samples show higher hardness
than the as-fabricated material (197 HV,). The solutionized annealed (S) sample shows the
smallest hardness deviation among all samples, indicating microstructural/chemical
homogeneity. The sample after solutionized annealing (1223 K+5.5 h) followed by aging
(623 K+18 h), referred to as S+A, has the highest hardness of 226 HV,.
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Figure 5.3. Vickers hardness for (a) different heat treatment conditions and (b) solutionized
(1223 K+5.5 h) L-PBF NiTi with various subsequent aging duration at 623 K (0.5, 9, 18
and 27 hours respectively).

Since a higher hardness value usually indicates a greater strength [33, 34], implying a
stronger ability of materials to resist deformation and dislocation movements and
proliferation. Hence, to improve NiTi OWSME degradation resistance, a higher hardness is
desirable. Based on the hardness results for different aging durations (Figure 5.3 (b)), 18 h is
considered as the optimized aging time after solutionized annealing. With changing the aging
time from 0.5 to 18 h, the hardness increases from ~210 to 226 HV,. Increasing further the
aging time to 27 h, results in a hardness decrease (from 226 to 218 HV,), indicating an over-
aging effect. Therefore, the 18 h aging is considered as a peak aging time resulting in the
highest hardness among all the test aging durations.

Optical micrographs of L-PBF NiTi with different heat treatment conditions are shown
in Figure 5.4. The top-view image of the as-fabricated sample shows a checkerboard grain
structure with ~116 um average grain size (Figure 5.4 (a)), which results from a bidirectional
scanning strategy and epitaxial grain growth within the same deposition layer [35]. The cross-
sectional image displays a columnar structure with curved austenitic grain boundaries (Figure
5.4 (e)). Such columnar grains grow nearly along BD over several deposition layers, showing
a typical epitaxial grain growth [35]. Figure 5.4 (b—d) and (f~h) shows the microstructures of
heat-treated samples from the top and cross-sectional views. Checkerboard grain structures
from the top surface and columnar grain structures from the cross-sectional view remain after
heat treatments, implying good thermal stability of the L-PBF NiTi samples. During
solutionized annealing, the area of grain boundaries decreases, resulting in the enlargement
of grains [35] (Table 5.2).
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Sample conditions

Figure 5.4. Optical microscopy images under polarized light from the top and cross-
sectional views: (a) and (e) AF, (b) and (f) A, (c) and (g) S, (d) and (h) S+A L-PBF NiTi;
Images (a)—(d) showing microstructures from the top view, and (e)—(h) cross-sectional
microstructures.
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Table 5.2 Comparison of grain sizes after heat treatments.

.. Grain size measure from  Grain length measure from
HT conditions

top view (Lm) cross-sectional view (Lm)
AF 116 £4 160 £ 7
A 1175 172+ 10
S 118+3 184+9
S+A 118+5 196 £ 11

5.3.2. Phase transformation and phase identification

DSC curves, including initial NiTi powder, AF and samples with different heat
treatments, are shown in Figure 5.5 (a), while their corresponding phase transformation
temperatures (PTTs) are shown in Figure 5.5 (b). The NiTi powder has a broadened phase
transformation temperature than other studied herein materials (Figure 5.5 (a) and (b)), which
is attributed to the inhomogeneity of composition and particle size of NiTi powder [36].
Compared with the powder, the as-fabricated L-PBF sample has higher austenite start (Ay)
and martensite finish (My) temperatures.. This results from the lower Ni content due to the
evaporation of nickel during the L-PBF process, which has been demonstrated in the previous
work [37]. All heat treatment procedures cause an increase in PTTs compared with the AF
NiTi (Figure 5.5 (b)). The solutionized sample (S) shows the highest PTTs and the subsequent
aging of the solutionized sample (S+A) decreases the PTT by ~ 5 K (Figure 5.5 (b)).

As seen in Figure 5.5 (c), only NiTi martensite (B19') and austenite (BCC_B2) phases
were detected by XRD in the as fabricated and heat-treated samples, indicating that oxidation
was effectively avoided. It also should be mentioned that EDS analysis were carried out on
all samples and there is almost no change in Ni and Ti content, which further demonstrates
the avoidance of oxidation during heat treatments.
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Figure 5.5 (a) DSC curves of NiTi powder and L-PBF NiTi for different heat treatment
conditions, and (b) corresponding phase transformation temperatures (4, austenite start
temperature, A« austenite finish temperature, M,: martensite start temperature and My
martensite finish temperature); (c) X-ray diffraction patterns of L-PBF NiTi without and
with different heat treatment conditions.

5.3.3. The effect of aging time on precipitation in solutionized L-PBF NiTi

FIB was employed to polish the samples’ cross sections to reveal precipitates in the
samples with solutionized annealing followed by different aging times, as shown in Figure
5.6. With increasing aging time from 0.5 to 27 h, average sizes of the precipitates increase
from ~140 to 350 nm (Figure 5.6). Aging for 18 h resulted in the highest measured hardness
value (Figure 5.6 (b)). The growth of the precipitates in the sample with 27 h aging is
accompanied by a loss in hardness (Figure 5.6 (b)).
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Figure 5.6. Cross-sectional SEM-FIB samples after solutionized annealing (1223 K+5.5 h)
followed by 623 K aging with different aging durations: (a), (¢) and (i) 0.5 h; (b), (f) and (j)
9 h; (¢), (g) and (k) 18 h; (d), (h) and (1) 27 h. (m) The statistical area percent of precipitates

in various samples.

5.3.4. Precipitates in as-fabricated and heat-treated L-PBF NiTi

As shown in the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image (Figure 5.7), particles are dispersedly distributed within
the matrix in the as-fabricated L-PBF NiTi. Particles were indexed as a pure Ti phase based
on HRTEM and the corresponding fast Fourier transform (FFT) image. The formation of Ti
particles in the matrix is attributed to the high solidification rate during L-PBF, where Ti
solute gets trapped in the matrix. Ti particles were barely seen in the Ti-rich NiTi fabricated
by conventional methods, such as casting and rolling, since these techniques do not induce a
sufficiently high cooling rate. By contrast, the Ti;NiOx phase is commonly seen in NiTi
fabricated by conventional techniques [17, 38, 39].
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Figure 5.7. TEM of as-fabricated L-PBF NiTi sample: (a) HAADF-STEM; (b) HRTEM of
precipitate Ti and corresponding (c) enlargement and (d) FFT.

Direct aging (A) promotes the formation of Ti,NiOx precipitates (Figure 5.8). Ti;Ni
crystal structure is determined by HRTEM and the corresponding FFT pattern (Figure 5.8 (d)
and (e)). It should be noted that the presence of oxygen was confirmed by EDS mappings

(Figure 5.8 (f)). Since oxygen has a certain solubility in Ti;Ni [38], Ti,NiOx forms in directly
aged L-PBF NiTi.

Figure 5.8. TEM images of aged for 18 h NiTi sample under 623 K: (a) HAADF-STEM,;
EDS mappings: (b) Ti, (c) Ni and (f) O; (d) The HRTEM of Ti,NiOx and (e) its FFT.

133



5. Shape memory effect of as-fabricated L-PBF and its heat treated NiTi

After 5.5 h of solutionized annealing under 1223 K, the NiTi sample shows clear

martensite phase boundaries, and most precipitates are dissolved in the matrix (Figure 5.9

(a)). Typical {lfl} type 1 martensite twins (mirror symmetry between twin martensite

variants) were found in the sample (Figure 5.9). The clear martensite twin boundaries and
wide martensite laths indicate the relief of residual stresses and homogenization of the

microstructure after solutionized annealing.

100 nm  5/1140]

Figure 5.9. TEM images of S NiTi sample (1223 K + 5.5 h): (a) BF-TEM image, (b) typical
type I twin martensite and (c) corresponding FFT images.

The 18 h aging of solutionized NiTi promotes intergranular precipitation (Figure 5.10
(a)). Based on the HRTEM and EDS results, the intergranular precipitates are identified as
TibNiOx (Figure 5.10 (b)—(f)). Since grain boundaries are high-energy regions, the
oversaturated Ti in NiTi matrix tends to precipitate along grain boundaries in a form of a
Ti;Ni-like phase. The Ti;Ni can be further stabilized by oxygen to form the Ti,NiOy phase
(Figure 5.10 (d)) [16].
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Figure 5.10. TEM images of the S+A sample: (a) HAADF-STEM and corresponding EDS
mapping: (b) Ti, (c) Ni and (d) O; (e) The HRTEM of intergranular precipitate of Ti,NiOx
and (f) its FFT.

5.3.5. Shape memory behavior

Figure 5.11 (a—d) shows the stress-strain curves of all samples under gradually increased
strain levels. Thermo-mechanical behavior of all samples consists of three deformation stages
[40], including the elastic deformation of twinned martensite (stage I), detwinning and
martensite reorientation (stage II) and the elastic deformation of detwinned martensite (stage
II) (Figure 5.11 (a—d), the corresponding deformation stages has been illustrated in the
Figure 5.2 (c)). Work hardening occurs in all samples, indicating accumulation of
dislocations during compression tests. The accumulated dislocations impede phase
transformation-induced shape recovery during heating and cause plastic deformation [41].
The recovery ratio of all samples is given in Figure 5.11 (e) and shows that different heat
treatments barely affect shape memory recovery. It should, however, be noted that heat
treatments do improve the maximum true stress under the same strain level (Figure 5.11 (f)).
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Figure 5.11. Stress-strain curves under gradually increased strain, and recovery ratio and
maximum stress. (a) AF, (b) A, (c) S, (d) S+A, (e) recovery ratio, and (f) maximum stress.

The AF sample has the lowest stress value, with a peak stress of ~844 MPa. Due to the
high heating and cooling rate, thermal residual stress can be present in the AF sample, which
may provide additional stress for detwinning and martensite reorientation [42]. The aging
treatment slightly increases the stress due to the formation of Ti>:NiOy particles. Solution
annealing induces Ti dissolution into the NiTi matrix, which provides solid solution
strengthening for NiTi. Therefore, an increased stress is shown in the S sample compared
with AF L-PBF NiTi. The S+A sample shows the highest stress for all strain levels and its
peak stress reaches 935 MPa, which is in good agreement with observed hardness trends
(Figure 5.3 (a)). The high stress is likely attributed to Ti>:NiOy intergranular precipitation
hardening.
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5.3.6. Shape memory cyclic stability and two-way shape memory effect

To investigate shape memory degradation and TWSME, cyclic thermo-mechanical tests
were carried out on samples with a nominal 4% engineering strain and 50 cycles. This strain
level was chosen because 4 % strain corresponds to a strain where detwinning is completed
and the onset of elastic deformation of detwinned martensite exists (Figure 5.11). As shown
in the Figure 5.12, with cyclic thermo-mechanical tests (loading-unloading-heating-cooling-
repeat), all samples show the degradation of the shape memory effect and accumulation of
irrecoverable strain. During cooling, the strain shows non-linear changes, indicating the two-
way shape memory effect (Figure 5.12) [43]. The two-way shape memory strain increases
with the number of cycles.
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Figure 5.12. Stress-strain-temperature curves for 50 cycles under 4% deformation for (a)
AF, (b) A, (¢) S and (d) S+A.
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As reported by Haberland et al., the conventionally processed NiTi degrades its
OWSME to ~1.8% already within 15 cycles, even at a lower compression stress level (400
MPa) [44]. The solutionized NiTi reported in this study shows the highest shape memory
degradation resistance and has ~1.8% recoverable strain (Figure 5.13) even after 50 thermo-
mechanical cycles. By contrast, the S+A sample study herein exhibits the lowest recoverable
strain (~0.8%) after 50 thermo-mechanical cycles. The as fabricated and directly aged NiTi
have a similar shape memory degradation behavior (Figure 5.13), showing ~1.2 and 1.1 %

recoverable strains after 50 cycles, respectively.

3.5
~ = AF
s ! -e- A
£25}1 a8
g X, v S+A
ou) LN AA"‘A-AA-AAA-M
=150 "Pag,
(723 I -8 ’
2 e T
(@) VVvavv'v
0.5

0 10 20 30 40 50
Cycles
Figure 5.13. One-way shape memory effect (OWSME) strain as a function of cycles, under

4% engineering strain deformation.

The TWSME strain as a function of thermo-mechanical cycles is shown in Figure 5.14.
The S+A sample shows the most pronounced two-way shape memory response, and its
TWSME strain reaches to ~1.9 % after 50 thermomechanical cycles. However, the
solutionized sample, exhibiting the highest shape memory degradation resistance, has the
lowest TWSME strain (~1.1 % after 50 cycles). The directly aged NiTi has a slightly higher
TWSME strain (~1.4 %) than the as-fabricated NiTi (~1.2%), which is an intermediate value.
By comparing results of OWSME and TWSME strains, opposite trends can be observed. It
indicates a direct correlation between shape memory degradation and two-way shape
memory evolution, which is further discussed in section 5.4.2. It is important to note that the
OWSME strain has decreased when taking the cooling-induced TWSME into account.
However, in previous studies [30, 45], only the heating-strain curves instead of the heat-
cooling-strain curves has been shown (Figure 5.11 and Figure 5.12). Therefore, the reported
OWSME strains are usually overestimated.
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Figure 5.14 (a) Strain-temperature curves showing two-way shape memory effect
(TWSME) of all samples after 50 thermomechanical cycles, and (b) TWSME strains of

different samples.

5.4. Discussion

5.4.1. Effect of heat treatment on phase transformation temperatures

Figure 5.3 (a) illustrates the difference in hardness among the samples subjected to
various heat treatments. Direct aging leads to an approximate 10 HV increase in hardness
compared to the as-fabricated samples. Since Ti particles in the as-fabricated NiTi is in the
metastable state (Figure 5.7), the direct aging promotes the formation of Ti,NiOy precipitates
(Figure 5.8), resulting in effective precipitation strengthening. Solutionized annealing also
yields a similar hardness increment to direct aging (Figure 5.3 (a)), but the underlying
strengthening mechanism differs. In the solutionized annealed sample, the enhanced hardness
is primarily attributed to solid solution strengthening since most precipitates dissolve in the
matrix (Figure 5.9). Meanwhile, the S+A sample demonstrates the highest hardness increase
(~29 HV,) due to the heat treatment's ability to promote nanoscale intergranular precipitates
of TizNiOx (Figure 5.10). These precipitates play a dual role by contributing to precipitation
strengthening and strengthening grain boundaries, effectively pinning dislocations.

Directly aged L-PBF NiTi (A) shows increased phase transformation temperatures
(Figure 5.5 (a) and (b)). Based on the TEM results, direct aging promotes the formation of
TixNiOy (Figure 5.8). Since pure Ti particles are the main precipitates in as-fabricated NiTi,
direct aging makes Ni in NiTi matrix react with pure Ti to form the Ti,Ni phase. Furthermore,
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TixNi is further stabilized by oxygen to form Ti:NiOy. As described above, it results in a

decrease of Ni content in NiTi and an increased phase transformation temperature [16].

Solutionized annealing of NiTi leads to higher phase transformation temperatures. This
is attributed to 1) the dissolution of Ti and 2) the reduction of atomic-scale defects (such as
voids and dislocations). The dissolved Ti causes a decreased Ni/Ti atomic ratio in the NiTi
matrix, hence, increasing phase transformation temperatures [16]. Atomic-scaled defects
inhibit martensite phase transformation, which can lower transformation temperatures [11].
A high annealing temperature (1223 K) allows NiTi to evolve to a more equilibrium state by
eliminating or minimizing atomic defects. Therefore, the solutionized sample shows a further

increase in phase transformation temperature.

Subsequent aging of solutionized NiTi slightly decreases its phase transformation
temperature (Figure 5.5 (b)). Since aging promotes intergranular precipitation of Ti,NiOx
(Figure 5.10), more Ti is precipitated than Ni. The Ti comes from the over-saturated Ti in
NiTi matrix, which is induced by solutionized annealing followed by water quenching.
Therefore, the increase in the Ni/Ti atomic ratio is the main reason for the decreased phase

transformation temperatures.

5.4.2. Shape memory cyclic stability

The results described in Section 5.3.6 shows that heat treatment dramatically affects L-
PBF NiTi shape memory stability and two-way shape memory evolution. To understand the
effect of various precipitates and microstructures on the thermomechanical properties of NiTi,

TEM was carried out on samples after thermomechanical testing.

The directly aged NiTi shows intermediate shape memory cyclic stability and TWSME
among all tested samples (Figure 5.13 and Figure 5.14). Direct aging promotes Ti,NiOx
formation within the NiTi matrix, which is an energy barrier for detwinning and martensite
reorientation. After 50 cycles of shape memory testing, martensite variants become re-
orientated along the loading and unloading direction (Figure 5.16). Notably, re-orientated
martensite phase boundaries are decorated by precipitates (Figure 5.16). As precipitates
create local lattice distortions, the mobility of martensite phase boundaries is limited. Hence,
re-oriented martensite boundaries are pinned by nano-scaled precipitates. Since the direct
aging was carried out at 623 K, which is lower than the typical recrystallization temperature
of NiTi (~873 K) [46], dislocation and other meta-structures cannot be fully eliminated.
Although direct aging promotes the formation of Ti,NiOy, the size of precipitates is ~45 nm,
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which is similar to the ones in the as-fabricated sample (~36 nm). Hence, the directly aged
sample shows similar thermomechanical behavior, i.e., comparable OWSME and TWSME
after 50 cycles (Figure 5.13 and Figure 5.14). An increased phase transformation temperature

in the directly aged sample is associated with the formation of Ti,NiOx.

Loading direction

Dislocati@

Figure 5.15. TEM images of as-fabricated L-PBF NiTi after 50 shape memory cycles: (a)
BF image, (b) STEM-HAADF, (c) enlarge zone in (b); The EDS mappings of (a) are shown
in the second row.

As shown in Figure 5.12, the S sample has the highest OWSME degradation resistance
and correspondingly exhibits the lowest TWSME recoverable strain after 50
thermomechanical cycles. Since solutionized annealing was carried out at 1223 K, higher
than the recrystallization temperature of NiTi, dislocations, meta-structures and residual
stresses can be effectively eliminated. This is reflected by the large size of martensite and
precipitate-free martensite twin boundaries (Figure 5.9). In addition, high-temperature
solutionized annealing followed by water quenching also causes the dissolution of
precipitates (solid-solution Ti). During thermomechanical cycles, the irrecoverable strain
originates from the irreversible plastic deformation and the accumulation of the residual
martensite phase. Solutionized annealing decreases the density of dislocations and metal-
structures, which reduces irreversible plastic deformation induced by dislocation
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proliferation. This also can be demonstrated by the STEM-HAADF image of solutionized
sample after 50 thermomechanical cycles, where dislocations are barely seen. Its
irrecoverable strain is mainly associated with the accumulation of residual detwinned
martensite phases. As shown in Figure 5.17 (a)—(c), detwinned martensite is still present in
the sample after heating to 423 K (higher than its 4y = 386 K), indicating that the
transformation from detwinned martensite to austenite is suppressed. Therefore, the
irreversible strain in the solutionized sample is attributed to the accumulation of irreversible
martensite. Interestingly, the irreversible detwinned martensite phases appear near the
undissolved large-size precipitates (Figure 5.17). Such precipitates create internal stress and
inhibit phase transformation from detwinned martensite to austenite.

Loading direction

Figure 5.16. TEM images of directly aged NiTi after 50 shape memory cycles: (a) and (c)
BF image; (b) and (d) STEM-HAADF image (precipitates were marked by red cycles).
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The S+A sample shows the highest TWSME strain among samples (Figure 5.14). The
TWSME originates from configured martensite plates by defects and directional internal
stress by thermomechanical cycles [47]. It indicates that the S+A sample after
thermomechanical cycles has the most effective internal stress state for triggering TWSME.

Such pronounced TWSME response can be attributed to the effective strain partitioning
in the S+A sample. As shown in the TEM images of the S+A sample after 50
thermomechanical cycles (Figure 5.18), S+A effectively creates a heterogeneous structure
around grain boundaries, i.e. nanoscale hard Ti,NiOx precipitates and soft NiTi matrix
(Figure 5.18 (a)—(e)). In addition, due to the existence of Ti:NiOy, martensitic transformation
in the surrounding NiTi matrix is suppressed. This is confirmed by TEM results. Since the
TEM was performed at RT, which is lower than the M¢ (~323 K, Figure 5.5 (a) and (b)), the
martensitic phase should have been present rather than the observed austenitic NiTi (Figure
5.18 (d)).

Loading direction

Figure 5.17. TEM images of S NiTi after 50 shape memory cycles: (a) BF image, (b)
STEM-HAADF image, (c) enlarge zone in (b); The EDS mappings of (a) are shown in the

second row.
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It has been widely argued that heterogeneous structures can result in strain hardening
due to the strain partitioning between soft and hard regions [48-50]. In this case, the S+A
sample has the highest stress level under the same deformation among tested samples (Figure
5.11). Strain partitioning between NiTi and nanoscale NisTi3 has been observed by Dong et
al [51] in Ni-rich NiTi. They demonstrated that nanoscale precipitates, even with a low
fraction, still allow for a considerable amount of applied stress. In this work, strain
partitioning is induced between nanoscale Ti,NiOy and matrix. To the best of the authors’
knowledge, this phenomenon is discovered for the first time in Ti-rich NiTi. Since there is a
low cooling rate in conventional manufacturing methods, stable and coarse Ti,NiOx (several
micrometers) precipitates are formed in the as-fabricated state, which cannot be further
dissolved within the matrix after high-temperature solutionized annealing [52, 53]. By
contrast, in this work, nanoscale pure Ti particles are found in as-fabricated Ti-rich L-PBF,
which allows for its dissolution into the matrix (Figure 5.7) after solutionized annealing.
Furthermore, the oversaturated Ti in the matrix precipitates in the form of nanoscale

intergranular Ti;NiOy in the subsequent aging (Figure 5.10).

Therefore, the reason for a large TWSME in the S+A sample results from the as-
following two aspects: (1) the hard region, consisting of intergranular Ti;NiOx precipitates
and surrounding distorted austenite matrix, promotes strain partitioning and makes stress
within grains more directional, which is favorable for TWSME; (2) the intergranular Ti,NiOx
precipitates effectively encloses directional internal stress within each grain, further
enhancing TWSME.
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Figure 5.18. TEM images of the S+A sample after 50 shape memory cycles: (a) BF image,
(b) STEM-HAADF image, (c) SAED of precipitate, (d) and (e) EDS mapping of (a), and (f)

SAED of matrix near the precipitate.

5.5. Conclusions

In this work, the effect of various heat treatments on microstructural evolution, phase

transformation, and shape memory behavior was systematically investigated in the L-PBF

Ti-rich NiTi. The main conclusions are summarized below:

1.

Heat treatments were found to mainly affect nano-scaled precipitates and atomic
defects, while grain sizes and morphologies were not significantly affected. Direct
aging promotes intragranular precipitation of the Ti:NiOy phase, while solutionized
annealing dissolves metastable Ti particles into the NiTi matrix and reduces atomic
defects. Intergranular Ti,NiOy precipitates were shown in the solutionized and aged

sample.

All heat treatments increase phase transformation temperatures compared with those
in the as-fabricated state, which was found to be due to an increase in the atomic

Ti/Ni ratio in the NiTi matrix and a decrease in atomic defect density.

For the single thermomechanical test with gradually increased strain level, the
optimized heat treatments allow tailoring the stress window without any sacrifice in
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the recovery of one-way shape memory strain. For the cyclic thermomechanical
tests, solutionized annealing dramatically improved OWSME degradation
resistance due to the elimination of microstructural defects, while S+A gave the
most pronounced TWSME response due to strain partitioning induced by the
heterogonous microstructures between hard intergranular Ti,NiOx and soft NiTi

matrix.

Relationships between heat treatments, microstructures and functional responses in the
L-PBF NiTi are revealed based on multiscale correlative characterization. These findings can
be used to enhance the one-way and two-way shape memory degradation resistance of L-
PBF NiTi. Furthermore, this work also provides an alternative way to tailor SME temperature

and stress windows increasing the attractiveness of 4D-printed NiTi.
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6.1. Introduction

Abstract

Superelastic metallic materials possessing large recoverable strains are widely used in
automotive, acrospace and energy conversion industries. Superelastic materials working at
high temperatures and with a wide temperature range are increasingly required for demanding
applications. Until recently, high temperature superelasticity has only been achievable with
multicomponent alloys fabricated by complex processes. In this study, a novel framework of
multi-scale models enabling texture and microstructure design is proposed for high-
performance NiTi fabrication via laser powder bed fusion. Based on the developed
framework, a Ni-lean Ni (49.4 at. %)-Ti alloy is, for the first time, endowed with a 4% high-

temperature compressive superelasticity. A <001> texture, unfavorable for plastic slip, is

created to realize enhanced functionality. The unprecedented superelasticity can be
maintained up to 453K, which is comparable with but has a wider superelastic temperature
range (~110 K) than rare earth alloyed NiTi alloys, previously only realizable with grain
refinement, and other complicated post-processing operations. At the same time, its shape

memory stability is also improved due to existing textured <100> martensite and

intergranular precipitation of TiNiOx. This discovery reframes the way of designing superior
performance NiTi based alloys through directly tailoring crystallographic orientations during

additive manufacturing.

6.1. Introduction

Reversible martensitic transformation, a diffusionless solid-solid phase transition [1],
gives shape memory alloys (SMAs) unique functional properties. Depending on the initial
phase states before deformation, the properties are divided into superelasticity and shape
memory effect (SME). Superelasticity (also termed pseudoelasticity), a rubber-like behavior,
makes SMAs recover their deformation after unloading [2]. Unlike traditional metallic
materials, superelastic SMAs can recover several percent of strain. SME is a capability of
SMAs to regain their original shapes after deformation by heating [3]. Due to its attractive
functional properties [4, 5], SMAs are widely utilized as actuators, sensors, dampers and
medical implants [6]. However, superelasticity with higher operating temperatures and a
wider superelastic temperature is required [7] in such emerging applications as aerospace,
energy and vehicle engineering fields. At the same time, to improve energy utilizing
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efficiency and reduce costs, SMAs with multi-functions, a high temperature superelasticity
and a stable SME, are highly desired.

Nitinol (NiTi), as the most commercially successful shape memory alloy, cannot meet
this challenge. Traditionally, high-temperature superelasticity has been achieved by
increasing phase-transformation temperatures whilst inhibiting dislocation slip through
lattice distortion [8], grain refinement [9] or precipitation strengthening [10]. These require
complex processing combinations of multicomponent alloying [7, 8], severe-plastic
deformation [9] and heat treatments [10, 11]. For instance, TixHfisZrisCu,sNiys [8],
Tii6.67Z116.67Hf16.67N125C010Cu1s [12] and severely cold rolled Ti-44Ni-5Cu-1Al [13] have
been demonstrated to have potential for enhancing high-temperature superelasticity.
However, such methods are costly and complex, limiting superelastic products only in form

of sheets, tubes and wires.

Nowadays, to minimize greenhouse gas emissions and energy consumption, alloy
sustainability should be taken into account. To fulfil this goal, SMAs with simplified alloying
components and high superelastic temperature windows need to be developed [14]. It is
known that Ni-lean NiTi exhibits martensitic phase transformation in a higher temperature
(can reach ~373 K) [15], which potentially allows it to achieve high-temperature
superelasticity. Nonetheless, due to relatively low yield stress and lack of precipitates
blocking dislocation movements, plastic deformation usually occurs prior to stress-induced
martensite transformation (SIMT) in the Ni-lean NiTi [16]. Therefore, Ni-lean binary NiTi
cannot reveal superelasticity in an as-fabricated state without post-treatments. Limited by
conventional processes, traditional concepts of inducing superelasticity are to increase
dislocation movement barriers (induced by robust phase interfaces or grain boundaries) [13,
17] and improve phase transformation compatibility between austenite and stress-induced
martensite [18]. This still inevitably involves multicomponent alloying and complex

deformation processes followed by heat treatments.

Crystalline materials can exhibit anisotropic mechanical and functional properties due
to preferred crystallographic orientation [19]. Utilizing such anisotropy in Ni-lean NiTi is a
promising way to induce high-temperature superelasticity, instead of alloying with rare
elements. This introduces a few challenges: 1) is there a preferred crystallographic orientation
that can introduce superelasticity in Ni-lean NiTi; 2) how to screen the desirable
crystallographic orientation; 3) how to fabricate Ni-lean NiTi with specifically orientated
grains. Therefore, quantitative predictions about the effect of crystallographic orientations on
NiTi superelasticity and a suitable processing technique should be investigated. Specifically,
in the present study, the molecular dynamics (MD) in single crystal NiTi was employed to
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screen appropriate crystallographic orientations for superelastic behavior. Considering the
fact that single-crystal fabrication is still challenging, single-crystal-like polycrystalline Ni-
lean NiTi consisting of large columnar grains are considered as alternatives [20]. Laser
powder bed fusion (L-PBF), a type of an additive manufacturing (AM) technique [21], was
applied to fabricate NiTi with designed microstructure. It offers sufficient flexibility to tailor
grain morphologies and orientation via tuning L-PBF processing parameters. Furthermore,
finite element modeling was carried out to bridge gaps between MD-optimized

crystallographic orientations and the design of L-PBF processing parameters.

In this study, for the first time, a superelasticity with a high and wide temperature
window was reported in a Ni-lean Ni (49.4 at. %)-Ti fabricated by additive manufacturing.
This was achieved by employing multi-scaled models enabling microstructural design and
functional property prediction, which opens up a new way of designing high-performance
materials by controlling functional anisotropy.

6.2. Methodology

6.2.1. Molecular dynamics simulations

Molecular dynamic (MD) simulations were performed on an open-source code
LAMMPS [22]. The modified embedded-atom method (MEAM) potential developed by Ko
et al. was applied to describe interatomic interactions [23]. To investigate superelastic
behavior at different temperatures, single crystal models, including [100], [110], and [111]
orientations, were used. The single crystal model size was ~21x10.5x10.5 nm? containing
~1.7x10° atoms. All model sizes slightly varied for each respective configuration to ensure
that the model size is an integer multiple of the crystal plane distance. The primitive cell was
taken from the literature [24]. To more accurately understand the superelastic behavior in
polycrystalline NiTi, the compressive behavior of bicrystal models for [100], [110],and [111]
textures were studied. Bicrystal models with nearly the same orientations were built with
Atomsk [25], and the model's size was ~23x16x16 nm? containing ~4.5x10° atoms. A three-
dimensional periodic boundary condition was applied. To simulate the non-elastic
deformation in a real material, 0.5% percent of atoms were removed in each model as point
defects. After 1x107'% s relaxation, the thickness of grain boundaries is about four atomic
layers. Phase transformation temperatures were determined by heating and cooling, and the

temperature change rate was set as 0.5 K / ps optimized by Ko et al. [23].
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In MD models, dislocations and nanoscale Ti;Ni precipitates in NiTi are not taken into
account. To mimic a fiber texture, The two grains in the model have similar orientations and
a high aspect ratio. Three dimensional periodic boundary condition is applied, which makes
the grain with thickness of about 80 A infinitely expand in the other two dimensions. The
bicrystal model is built with Voronoi tessellation method in ATOMSK by assigning the
centre points and the orientation of each grain. The misorientations for the two grains with
respect to the denoted orientation, i.e. [100], [110], and [111], are represented with three
angles, corresponding to the rotation of the grain around global X, Y, and Z axis, respectively.
The value of misorientations are randomly chosen to be about 3 . In this aspect, the grain
boundary in the bicrystal is built by three independent rotations and therefore it is a random
grain boundary.

Bicrystal models were uniaxially compressed to 4% engineering strain at 353K, and
single crystal models were uniaxially compressed to 8% engineering strain at different
temperatures. The length of the simulation box decreases along compressive direction, and
sizes along the rest two directions were allowed to expand or shrink to maintain the
corresponding stress components near zero. When the compression strain reaches the
maximum value, the load was removed and the change of the model’s size in the following
2x10""" s was recorded. The adaptive common neighbor analysis (A-CNA) is applied to
identify the atomic structure during loading, especially the martensitic phase induced by
stress which is of most concern. Data analysis and atomic visualizations were carried out on
the OVITO [26].

6.2.2. Finite element modeling

Details about the finite element model, heat source description and thermophysical
properties of NiTi can be found in the section 4.2.2 of Chapter 4.

6.2.3. Thermodynamic calculations and grain morphology selection

Classical and solute-trapped Scheil-Gulliver solidification models were simulated using
Thermo-Calc software (version 2021b) with the TCHEA?2 database. The solution content of
Ti in the NiTi BCC_B2 phase as a function of the solid faction was derived from Scheil-
Gulliver solidification models.

By utilizing an analytical model, grain morphologies were deduced based on thermal
gradient (G) and solidification rate (R). The model is formulated as [27]:
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G —als —47FN0 % 1 (61),
R 3n[l—g] n+l

where a = 1.25%10° (K**/m-s) and n = 3.4 are material-dependent constants (fitted by the
constitutional tip undercooling based on the Thermo-calc TCHEA?2 database), No= 2x10'3
m is the nuclei density for Ni-based alloys [27] and ¢ is a grain morphology factor. When
morphology mainly consists of columnar grains, ¢ = 0.05 and if there are equiaxed grains, ¢
=0.8. G and R can be calculated based on FEM results.

6.2.4. Material fabrication

Details about L-PBF NiTi fabrication can be found in the section 3.2.4 of Chapter 3. For
high laser power condition, B3 was chosen. For the low laser condition, A2 was chosen. The

optimized L-PBF processing parameters are listed in Table 6.1. For convenience, the B2 was

named as <()0 1>BD textured NiTi and A2 was named as non-textured NiTi.

Table 6.1 L-PBF process parameters used in this work for NiTi fabrication.

Non-textured (00 1>BD textured

Laser Power (W), P 250 950

Scan velocity (mm/s), v 1250 1200
Hatch distance (um), h 120 180
Layer thickness (um), t 30 50
Laser beam diameter (Lm) 80 500
Volumetric energy density (J/mm?) 56 88

To investigate compressive superelasticity and the SME, cylindrical samples of 13 mm
diameter and 25 mm height (along the building direction) were built and then machined into
eight compressive cuboids (4x4x8 mm) using electrical discharge machining (EDM).
Samples were ground and polished to remove EDM damage.
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6.2.5. Microstructural characterization

Metallographic procedures, chemical etching solution and differential scanning
calorimetry can be found in the section 4.2.1 of Chapter 2. Nickel contents were determined
by ICP-OES and EDS, which were introduced in the section of 3.2.5 of the Chapter 3.

An FEI cubed titan Cs-corrected 80-300 kV transmission electron microscopy (TEM)
was employed for microstructural characterization at the nanoscale. Elemental mapping was
performed, and high-angle annular dark field (HAADF) images were produced in a scanning
transmission electron microscopy (STEM) mode. TEM samples were mechanically polished
to ~20 um thickness, and then punched into 2.3 mm discs and glued on 3 mm diameter Cu

rings. The thin disc samples were then further milled to electron transparency by Ar ions.

Phase identification was determined by two-dimensional X-ray diffraction (2D-XRD)
using a Bruker D8 Discover diffractometer with Cu Ko radiation and 2D Eiger2 R 500K
detector. Data evaluation was carried out by Bruker software DiffracSuite. EVA vs 5.2.
Texture was measured by a Bruker D8 Discover diffractometer with Eulerian cradle in
parallel beam geometry with Co Ko radiation. Samples were heated to 373 K by a positive
temperature coefficient heating element to ensure an austenitic state. Bruker software

DiffracSuite.Diffrac 4.1 was used for Data evaluation.

For in-situ heating and cooling XRD measurements, NiTi samples were first immersed
in liquid nitrogen to ensure a fully martensitic state. Temperature changes were achieved by
using an Anton Paar DHS 1100 hot-stage with a temperature range from room temperature
(RT) to 423 K. XRD scans were measured over a 20 range between 15° and 100° at RT and
between 38° and 150° at 423 K. The scanning step size was 0.04° and the counting time per
step was 1 s. The in-situ heating and cooling during XRD were performed using still frames
within a 20 range between 37.6° and 47.0° since martensite B19” and R phase peaks are

mainly located within this range. The counting time per step was 20 s per frame.

For high-temperature texture measurements, four pole figures of NiTi BCC_B2 phase,
(110), (200), (211) and (310) were measured at 423 K. The rotational angle, ¢, was scanned
from 0 to 360° in steps of 5°. The tilt angle, y, was scanned from 0-70° in steps of 5°. The
harmonic series expansion method was used to obtain the orientation distribution functions

(ODFs) and recalculated pole figures. Based on ODFs, the inverse pole figures can be plotted.
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6.2.6. Mechanical testing

Superelasticity and shape memory effects were tested on an MTS 858 tabletop hydraulic
test machine by applying uniaxial compression. A strain rate of 1.0x10 s! was applied and
strains were measured by a contact-based high-temperature ceramic extensometer (632.53F-
14, MTS). The temperature change was controlled by induction heating and air flow cooling.
The temperature was measured by 3 K-type thermocouples welded onto the NiTi sample

surfaces.

Prior to superelasticity tests, samples were heated to 423 K (65 K above austenite finish
temperature) and then cooled to 353 K to ensure an austenitic state. Before SME testing,
samples were quenched in liquid nitrogen to ensure a fully martensitic state. Schematics of
strain definitions and loading paths for superelasticity and the shape memory effect are shown
in Figure 6.1. Strains were measured by a high-temperature ceramic extensometer. All
samples were loaded and unloaded along the building direction. To investigate the
superelastic temperature range, samples were trained (200 cycles) with 6% nominal
engineering strain to remove the phase transformation-induced plasticity [28]. In this work,
samples with at least 85% recoverable strain ratio are considered to exhibit superelastic

behavior.

a |  Superelasticity | b [ Shape memory effect |

Ti<As .
! Loadin
Gdetwinning

w Heatin
Sw 9

Figure 6.1. Schematics of strain definitions and loading path for (a) superelasticity and (b)
shape memory effect. Where, Ty is a testing temperature for superelasticity, T is a testing
temperature for shape memory effect, M; is the martensite starting temperature, A, is the

austenite starting temperature, Gsiv is the critical stress for stress-induced martensite,
Gaetwinning 1S the critical stress for detwinning, Espv is the elasticity modulus of stress-induced
martensite, €sg is the superelasticity strain, egmg is the shape memory effect strain and €ir is

the irreversible strain.
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6.3. Results
6.3.1. Evaluation of superelastic capability

The initiation of superelasticity is determined by the critical stress ( Og,) for stress-
induced martensite transformation (SIMT). Superelasticity disappearance occurs when the
required stress of SIMT is higher than the critical stress for plastic slip (usually yield stress,
Oy). Desirable crystallographic orientations theoretically could make NiTi show a low

hardening rate during SIMT, a relatively low Oy, and large recoverable strain.
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Figure 6.2. Molecular dynamics (MD) simulated compressive strain-stress curves along 55
crystallographic orientations.
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To screen desirable NiTi crystallographic orientations, compression (at the test
temperature 15 K above A4;) of single crystals was simulated by employing molecular
dynamics (MD). In total, 55 crystallographic orientations were considered in this work, while

the corresponding MD simulated compressive curves are shown in Figure 6.2.

( Molecular dynamics simulation for single crystals )

!

( Compressive behavior along different orientations )

| ! '
] [ Irrecoverable strains ]

Hardening rates of phase| | Critical stress for stress-induced
martensite trasformation after unloading

transformation

| :II Normalization II: |

( Superelastic capability mapping

Figure 6.3. A flowchart of the screening method for desirable crystallographic orientations.

oo ¥ ® o ~ 0 » T
[00 éﬁ% S S o 833 [011]
o O 00 0 ©
[ - |
0 0.2 0.4 0.6 0.8 1

Non-superelastic index

Figure 6.4. The superelastic capability as a function of crystallographic orientation. The
legend is, a dimensionless figure of merit to evaluate superelastic capability, non-
superelastic index, and the smaller index value indicates better superelasticity.
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The screening process developed in this work is illustrated in a flowchart diagram
(Figure 6.3). To integrally evaluate the superelastic capabilities of NiTi with various

crystallographic orientations, the hardening rate, OsM and the irrecoverable strain were
separately normalized by scaling between 0 and 1 to make it dimensionless. Then, the overall
normalization was made based on the equal-weighted summation of the three factors as a
dimensionless figure of merit to access superelastic capabilities. The lower value of the
dimensionless figure of merit indicates the more desirable crystallographic orientation for
releasing superelasticity.

For convenience, the dimensionless figure of merit is termed the “non-superelastic
index”, and all calculated non-superelastic indices are summarized in an inverse pole figure
(Figure 6.4). As shown in the Figure 6.4, only orientations close to [001] show high
possibilities for desirable superelastic capabilities. Considering the fact that low-index
orientations are more common in materials, the [001] orientated NiTi is selected to be further
fabricated.

To further confirm the capability of <00 1> orientated NiTi of inducing superelasticity,
three typical low-Miller-index bicrystal models with periodic boundary conditions, either
(001), <1 10) or <1 1 1> orientations, were applied to simulate the compressive behavior of
polycrystalline NiTi. The <00 1) model shows the lowest Oy, , near-zero hardening rate and
largest recoverable strain (Figure 6.5 (a) and (d)), indicating a more favorable orientation for
compression to activate SIMT and a better strain recoverability. Although the <1 10>

orientation also shows superelasticity based on molecular dynamics results (Figure 6.5 (b)
and (d)), the high superelastic stress, SIMT instability (dropped stress during SIMT, Figure
6. 5 (b) 2—(4)), and large stress hysteresis may cause undesirable fatigue damage and low

durability of functional parts [29]. For the (1 1 1> model, the high og,, and hardening rate of

SIMT results in more martensite variants (Figure 6.5 (c) (4)), which induces the interlocking

effect of SIM variants and leads to poor strain recoverable ability after unloading. Therefore,
it further demonstrates that NiTi with <00 1> orientated grains manifest a stable

superelasticity.
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Figure 6.5. MD simulations of 4% engineering strain compressive deformation of bicrystal

NiTi periodic boundary conditions at 353 K, showing the behaviour of (a) either <00 1) (b)

<1 10> and (c) <1 1 1> orientations; Corresponding simulated microstructures at different

deformation stages are shown above the simulated stress-strain curves: (1) the starting state,

(2) the critical point for stress-induced martensite transformation, (3) the intermediate state
between (2) and (4), (4) the position with 4% strain, and (5) the unloading state; the 0.2%
strain offset method was used to identify critical stress for the stress-induced martensite

transformation and different colour domains within the simulated microstructures indicate

grains with different orientations and martensite variants. (d) The recoverable strain ratios

and superelastic stresses of various oriented models.

6.3.2. Microstructure design and validation

The L-PBF process was employed to design <001> textured polycrystalline NiTi. In

cubic crystal structured materials [30], solidified grains prefer to grow along <001>

directions parallel to the local heat flow direction (NiTi has a body-centered-cubic structure
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at high temperature, BBC_B2) [30]. To fabricate NiTi with pronounced <001> texture, the

thermal gradient direction should be parallel to the building direction (the layer-increasing
direction) and columnar-shaped grains are required.
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Figure 6.6. Experimental and finite element simulated cross-sectional views of L-PBF NiTi
melt pool characteristics for: (a) 950 W laser power with 500 um beam diameter and (b)
250 W laser power with 80 pm beam diameter. Side-views (parallel to track deposition) of
FEM simulated melt pools for (c) the processing condition of 950 W laser power, 1200
mm/s scanning velocity and 500 um beam diameter and (d) the processing condition of 250
W laser power, 1250 mm/s scanning velocity and 80 wm beam diameter. (e) Ti in BCC NiTi
phase as a function of the fraction of solid evaluated by a classic and solute trapping Scheil
model. (f) Calculated microstructure selection map for Ni-Ti based on finite element
analysis. (g) Schematic of grain growth over several deposition layers with two optimised

processing conditions.

Grains grow parallel to the maximum thermal gradient perpendicular to solid-liquid
interfaces (can be considered as melt pool boundaries) [31]. To ensure grain growth along

the building direction to form a (001) texture, a wider and shallower melt pool is preferable

for local thermal gradients with a consistent direction [32]. The featured melt pool can be
achieved by applying a divergent laser beam with a positive defocus [33]. Here, a divergent

laser beam with a 500 um beam diameter was employed. The L-PBF processing parameter
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optimization for such processing condition can be found in the section 3.3.2.6 of the Chapter
3. For comparison, L-PBF NiTi fabricated with the optimized E; of 250/1250 J/mm is used
as a reference [34], displaying a narrow and deep melt pool (Figure 3.4 (e) in the section 3.3.2
of the Chapter 3). For convenience, the processing condition of 950 W laser power, 1200
mm/s scanning velocity and 500 um beam diameter is referred as the high laser power
condition and the processing condition of 250 W laser power, 1250 mm/s scanning velocity

and 80 wm beam diameter is referred as the low laser power condition.

To predict grain morphologies of L-PBF NiTi fabricated by using the optimized E; of
950/1200 J/mm, finite-element modeling (FEM) and analytical modeling of grain
morphology selection were conducted. Temperature fields, temperature gradients (values and
directions) and melt pool shapes were predicted by FEM and the results obtained serve as
further input for grain morphology prediction. Due to the large beam diameter, the energy
input is more divergent, which results in smaller temperature gradients (Figure 6.6 (a), (c),
and (f)) than the low laser power condition (Figure 6.6 (b), (d), and (f)). The simulated melt
pool width and height match well with experimental results, indicating reliable FEM
simulated results (Figure 6.6 (a) and (b)).

The grain morphology selection is related to temperature gradients and solidification
rates. The temperature gradients are extracted from FEM results and the solidification rates
(R) are calculated based on the equation (6.2):

R=V,  Xcosx (6.2),

where V,

ser 18 the laser beam scanning velocity and o is the angle between the local thermal
gradient at the fusion boundary and the laser scanning direction. The developed grain
morphology map shows that both applied processing conditions induce columnar grains
(Figure 6.6 (f)). Melt pool cross-sectional boundaries show that the high laser power coupled
with a large beam size results in a small variation of fusion boundary curvature of ~0.5

(Figure 6.6 (a)). This promotes grain growth in a more consistent orientation along the
building direction to form elongated <001> columnar grains. By contrast, the large melt pool

boundary curvature of ~1.4 at the low laser power condition (Figure 6.6 (b)) leads to the
frequent change of epitaxial grain growth direction with subsequent depositing layers,
causing the formation of random texture. The grain growth behavior is illustrated in the
Figure 6.6 (g).
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Figure 6.7. Optical microscopy images of samples with (a) 950 W laser and 500 pm beam
diameter and (b) 250 W laser and 80 um beam diameter, showing austenite grain size and

morphology, and corresponding grain length statistics; All scale bars are 500 um.

To validate the predictions, bulk NiTi parts were fabricated by L-PBF. To avoid
structural defects in the high laser power condition, hatch distance (h) and layer thickness (t)
were optimized based on the previously developed model as h = 180 um and t = 50 um (the
section 3.3.2.6 of the Chapter 3) [35]. For the low laser power condition, the common
optimized processing parameters were applied for fabricating the reference NiTi sample [34].
As expected, the L-PBF NiTi with the high 950 W laser power condition shows columnar

168



6.3. Results

polycrystalline features with millimeter-scaled grains (length of ~2.5 mm, Figure 6.7) and a
strong <001> texture along the building direction (referred to <001>BD texture hereafter)
(Figure 6.8 (a) and (b)). The processing condition of low 250 W laser power with focused

beam of 80 um diameter leads to randomly oriented grains (Figure 6.8 (c) and (d), referred

to non-texture hereafter).
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Figure 6.8. Cross-sectional polarized light optical microstructure showing parent austenitic
grains of L-PBF NiTi, and inverse pole figures measured by XRD at 473 K to ensure fully
austenitic BCC_B2 phase: (a) and (b) for 950 W laser power with 500 um beam diameter;
(c) and (d) for 250 W laser power with 80 um beam diameter. M.R.D. stands for multiples

of a random distribution.

It should however be noted that despite the different grain orientations and sizes, the
two materials show similar phase-transformation temperatures (Figure 6.9 (a)) because
phase-transformation temperatures are mainly controlled by the Ni content [15], which is
~49.4 + 0.1 at.% (considered as Ni-lean, Figure 6.9 (b)) for both fabrications. Notably, Ni-
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lean NiTi has previously always been considered as showing poor superelasticity, unless cold
working coupled with complex heat treatments (HTs) were performed [36]. The <001>BD

textured NiTi fabricated in this work also shows homogenous elemental distribution (Figure
6.10), overcoming the drawback of element segregation with the directional solidification

technique. In addition, the high laser power (950 W) coupled with a large beam size (500 pm)
is not only promoting a desirable <001> texture formation but also improving the building

rate (calculated by vxAxt) of NiTi AM fabrication from 4.5 to 10.8 mm?/s.
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Figure 6.9. (a) DSC of as fabricated (001)gp textured and non-textured AM NiTi; where,
martensite start temperature is denoted as M, martensite finish temperature as My, austenite

start temperature as A and austenite finish temperature as Ay. (b) Ni content of <001>BD
textured and non-textured AM NiTi samples measured by inductively coupled plasma-
optical emission spectrometry (ICP-OES) with 0.1 at. % accuracy. T is (001>BD texture and

NT is non-texture.
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Figure 6.10. (a) SEM image of 001 ,, textured AM NiTi sample and its corresponding

energy dispersive spectroscopy (EDS) maps of (b) Ti and (c) Ni and (d) EDS spectrum,
showing homogeneous elemental distribution; (¢) SEM image of non-textured AM NiTi
sample and its corresponding energy dispersive spectroscopy (EDS) mappings of (f) Ti and
(g) Ni and (h) EDS spectrum; All scale bars are 100 pm.

6.3.3. Phase identifications and microstructure characterization

Considering the crystallographic textures in designed herein AM NiTi, a 2D-XRD
technique was employed to identify phases. At RT (~300 K), B19’ martensite is the main
phase in both AM NiTi samples (Figure 6.11). When the temperature is heated to 423 K, all
B19’ martensite variants transform into B2 austenite phase. Since the strong [001] texture in

the (001>BD textured sample, the (110)s, diffraction was shown after a 45° tilt relative to a

horizontal plane (Figure 6.11 (a)). Fewer Debye Scherrer diffraction rings and a strong single

ring in the <OOI>BD textured sample indicate a preferred texture. For the cooling stage, the

B2 — Mg, transformation occurs when the temperature is lower than 318 K (Figure 6. 11
(a)), which is consistent with DSC results (Figure 6.9 (a)). With cooling back to RT, the R
phase with a small fraction was detected (Figure 6.11). The R phase is commonly seen in the
NiTi and acts as an intermedia phase between B2 and B19’ phases [24]. Since the
transformation temperature range of B2 — R is within the temperature range of B2 — B19’,
the overlapped endothermic peaks cannot be observed by DSC (Figure 6.9).
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Figure 6.11. In-situ heating and cooling two-dimensional X-ray diffraction (2D-XRD)
patterns: (a) <00 1>BD textured and (b) non-textured AM NiTi samples: Before

superelasticity tests, samples were heated to 423 K and then cooled to testing temperatures
(> 353 K) to ensure an austenitic state (marked by black arrows in (a) and (b)). Only the
austenite B2 phase and intermediate R phase were marked in 2D XRD patterns and the rest

peaks are martensite B19' phase.

Employing different AM processing conditions also affects the morphology and width
of the martensite (B19') phase. The <001>BD textured AM NiTi (see Figure 6.12 (a) and (c))
shows a ~10 times wider martensite spacing than the non-textured AM NiTi (Figure 6.12 (b)
and (d)). Besides, the (001>BD textured AM NiTi also shows a strong <100> and relatively

weak <01 1> martensitic poles (Figure 6.12 (e)). Based on the lattice correspondence of the

[001],, I1[100], . and [001],, [[011],,, [37], the textured martensite phase (B19") inherits

B19'

the orientation from <00 1) textured austenite (BCC_B2) phase (Figure 6.8 (d)).
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Figure 6.12. Bright-field TEM images of (a, c) (00 1>BD textured and (b, d) non-textured

AM NiTi samples, showing martensite size and morphology, and corresponding martensite

width statistics; IPFs of B19’ martensite phase measured by XRD in (e) (00 1>BD textured

and (f) non-textured AM NiTi samples measured at RT; All scale bars are 100 nm.
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Figure 6.13. (a) Bright-field TEM image of as-fabricated (00 1>BD textured NiTi sample. (b)

HRTEM and corresponding fast Fourier transform (FFT) images of the TisNi,Ox precipitate
in (b), and beam direction is close to [110 ]; (c) A HAADF image and corresponding EDS
mappings of typical grain boundary precipitates. (d) High-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) images of the non-textured NiTi
samples and (e) an enlarged precipitate observed by high-resolution transmission electron
microscopy (HRTEM) with corresponding indexed result showing Ti particle in NiTi
matrix (enlarged zone of (d), marked by a white square frame).

In the nanoscale, the precipitate behavior in the as fabricated (00 1>BD textured AM NiTi

is quite distinct from that in the reference non-textured AM NiTi. Ti;NiOx precipitates along
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grain boundaries were observed by TEM (Figure 6.13 (a)—(c)) in the (OO 1>BD textured AM

NiTi. By contrast, only pure Ti particles formed within grains in the non-textured sample
(Figure 6.13 (d) and (e)).

6.3.4. Functional properties of L-PBF NiTi
6.3.4.1. Superelasticity

To evaluate the superelasticity of AM NiTi with designed different textures, the samples
were tested at 353 K (25 K above the martensite start temperature) to ensure a fully austenitic

state. For the <001>BD textured NiTi, pronounced superelasticity was shown (the red line in
Figure 6.14 (a)). In contrast, the non-textured sample showed no superelasticity at 353 K (the
red line in Figure 6.14 (b)). It demonstrates the improved superelasticity in the designed
<001>BD textured NiTi. To the best of the authors’ knowledge, this superelasticity in a Ni-

lean NiTi alloy is the first demonstrated for an AM material without any additional post

processing.

To investigate superelastic temperature ranges, various loading temperatures were
applied. The (001>BD textured AM NiTi shows superior superelasticity (4% recoverable
strain from 353 K to 413 K) with a large temperature range of ~110 K and its highest
superelastic temperature can reach up to 453 K (Figure 6.14 (a)). As a comparison, the

reference sample of the non-textured AM NiTi does not show any stable superelasticity from
343 to 373 K (Figure 6.14 (b)), and it is already plastically deformed when tested above 363

K (Figure 6.15). The achieved superelasticity in the (001>BD textured AM NiTi is remarkable
as it is comparable with NiTi-Hf alloys [38]. Notably, NiTi-Hf alloys only have a narrow 20
K superelastic temperature range [39], while the textured NiTi designed in this work has a
temperature window in excess of 5 times wider. It should be noted that the (00 1>BD textured
AM NiTi partially loses its part of superelasticity when the temperature is higher than 413 K,
and its recoverable strain ratio decreases to 86 % at 453 K. Such irrecoverable strain results
from transformation- and reorientation-induced plasticity [40], which is due to the high stress
level when test temperatures above 413 K (peak stresses > 750 MPa, Figure 6.14 (a)).
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Figure 6.14. True stress (Ge) - true strain (€que) curves as a function of temperatures for (a)

(001)BD textured and (b) non-textured samples. (c) The critical transformation stress as a

function of test temperatures for (00 1>BD textured and non-textured AM NiTi samples.
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| — Non-textured AM NiTi
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Figure 6.15. The true stress (Gine) - true strain (&ue) - temperature (T) curve of a non-
textured AM NiTi sample measured at 363 K (35 K above the martensite start temperature),
showing no superelasticity and the occurrence of plastic deformation.

6.3.4.2. Shape memory effect
The SME, as another important function of NiTi alloys, was also investigated. With a
4% compressive engineering strain, the (00 1>BD textured NiTi has almost 100% recoverable

strain (Figure 6.16 (a)) at the first SME cycle, which is if not considering the induced two-

way shape-memory effect (illustrated in Figure 6.1). The non-textured NiT1i, as a comparison,
has ~18% residual deformation (0.7% true strain) (Figure 6.16 (b)). The (001)_ textured
NiTi also shows better cyclic SME stability. After 50 SME cycles, the <001>BD textured NiTi

still has ~1.6% recoverable strain, which is ~33% higher than the reference non-textured NiTi

(Figure 6.16 (c)). Even with the higher shape memory recoverable strain, the (001>BD

textured NiTi still has comparable two-way shape memory strain (~0.6) with the non-textured
NiTi (Figure 6.16 (d)).
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Figure 6.16. True stress (Gie) - true strain (&que) - temperature (T) curves of (a) as-

fabricated (00 1>BD textured and (b) non-textured samples measured at RT showing shape

memory effect. (c) The recoverable strain is a function of the number of cycles. (d) The

two-way shape memory strain is a function of the number of cycles.

6.4. Discussion
6.4.1. Occurrences of superelasticity in (001) textured NiTi

Our results clearly show that the achieved <001> texture can effectively induce

BD
superelasticity in Ni-lean NiTi. Based on the molecular dynamics simulation results,

relatively low stress triggers stress-induced martensite transformation in <001> orientated

grains (Figure 6.5). This is due to the high resolved shear stress factor in <001> orientated

NiTi [41, 42]. As reported by Sehitoglu et al. [42], the [001] single crystal has the lowest
Schmid factors of austenite and martensite phases, which resulting in the enhanced

recoverable strains and superelasticity. In this study, the fabricated polycrystalline <001>
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orientated NiTi is single-crystal-like, hence, a superelastic behavior, similar with the [001]

single crystal, was presented.

According to the post-translational modifications analysis, the deformed NiTi in the MD
bicrystal models can be divided into different domains with different local lattice orientations.
These domains were distinguished by various colors (Figure 6.5 (a)—(c)). The number of
domains can directly reflect the ability of coordinating deformation in MD bicrystal models

with various orientations. The <001> orientated NiTi shows the minimum number of 3
domains, indicating a good ability to coordinate deformation. Therefore, a relatively weak

hardening effect is shown in the <00 1> orientated NiTi during SIMT (Figure 6.5 (a)).

600 ——
% ,_Hardening rate: 2.9 GPa™"
[e0]
400 o
o I
=
%200
at 353 K
0 L 1
373}
< 393
— (001) textured AM NiTi
413 — Non-textured AM NiTi
433

0 1 2 3 4
Strue (%)

Figure 6.17. The true stress (Giue)-true strain (€uye)-temperature (T) curves. Loading and
unloading were conducted at 353 K. Subsequent heating and cooling were employed to

confirm that the irreversible strains after unloading result from residual martensite.

In experimental results, the SIMT in the <001>BD textured AM NiTi proceeds in a

catalytic manner [43], i.e., showing a fluctuation feature during the SIMT (Figure 6.17). This
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phenomenon further demonstrates that <00 1) textured grains are more favorable for SIMT.

By contrast, the non-textured AM NiTi containing some <1 1 1> orientated grains show no

superelasticity. The reason can be attributed to the significant hardening effect, especially for

<1 1 1) orientated grains, during SIMT. The SIMT hardening is directly shown in the MD

simulations and is also demonstrated by Sechitoglu ef al. [42]. Due to the existence of six

correspondent variant pairs, hardening effect is more pronounced in <l 1 1> orientated grains,

which leads to early yielding of the austenite and martensite phases and limited SIMT [42].
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Figure 6.18. Heating of differential scanning calorimetry (DSC) curves for (a) the (00 I>BD
textured and (b) the non-textured samples after 4% engineering strain under compression;
True stress (Guye) - true strain (€yye) - temperature (T) curves of (c) the (00 l)BD textured

NiTi (loading and unloading at 353 K and heating the sample to 423 K) and (d) the non-
textured samples non-textured sample (loading at 353 K, constant applied force and heating
the sample to 423 K, and unloading at 423 K).
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To understand why texture can control the occurrence of superelasticity even in NiTi
with a Ni-lean composition, DSC tests were conducted on the two samples with distinct
textures after 4% compressive deformation at 353 K. The DSC results showed additional
shoulder peaks during heating (Figure 6.18 (a) and (b)), indicating an increase in austenite-

finish temperature. Especially for the non-textured sample (Figure 6.18 (b)), the austenite-

finish temperature of the deformed state ( A}’ ) increases by 66 K to 424 K, compared with

ANon-textured NiTi _ A(OOI)BD textured NiTi
» =~

its initial non-deformed state ( [, =358 K)). By contrast, there is

only a 26 K increase of A.;‘f for the <001>BD textured sample (Figure 6.18 (a)). The DSC
results indicate that lower reverse phase transformation resistance (stress-induced martensite
to austenite) exists in the (001>BD textured AM NiTi, leading to the occurrence of
superelasticity.

To quantitatively evaluate the phase transformation compatibility between stress-
induced martensite and austenite, the required additional austenite-finish temperature
increments (A4, =A_f -A, ) were compared, and a lower AAf means better phase
transformation compatibility. The non-textured sample shows 2.5 times higher

A4 INT (66 K) and a higher fraction of 59% stress-induced martensite affected by

deformation (the high disorder part in Figure 6. 18 (a) and (b)) than the <001>BD textured

sample (AA&OODBD NI _ 26 K and the high disorder part fraction is 11%). The result

demonstrates that the designed <001>BD texture is favorable for improving the SIMT

compatibility between parent phases and the stress-induced martensite [44, 45], which

reduces the imposed elastic and interfacial energy resistance [46]. The improved

compatibility in the <001>BD textured AM NiTi directly promotes reverse transformation

from stress-induced martensite to austenite during unloading at a constant temperature
(Figure 6.18 (c)), leading to the emergence of superelasticity. In contrast, the non-textured
sample shows an irreversible transformation during unloading and the absence of
superelasticity (Figure 6.14 (b)), unless extra heating is induced to trigger the reverse
transformation (Figure 6.18 (d)).
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6.4.2. Superelastic temperature ranges

Based on Clausius-Clapeyron relationship [18], the Oy,, increases with increasing
temperatures. Theoretically, the yield stress ( 0, ) of NiTi decreases with increasing
temperatures [47]. When above a critical temperature, Ogy >0, occurs and the

superelasticity is limited to below the critical temperature [47]. The high temperature

superelasticity with a wide temperature range requires low superelastic stress temperature

dependence (dOgy, / dT') and/or yield stress temperature dependence (do, /dT ). In this
work, the <001>BD textured AM NiTi displays a relatively high superelastic stress

temperature dependence (dOg,,/dI") of ~7.4 MPa/K (Figure 6.14 (c)). Hence, the high
temperature superelasticity could be attributed to the anti-yielding ability of the <001>BD

textured AM NiTi. To demonstrate this statement, Schmid factors (describing resolved shear

stress for slip) of NiTi with various orientations were calculated to evaluate the anti-yielding
ability (Figure 6.19). The <001> orientated NiTi crystal has the lowest Schmid factor of 0.00
in the typical NiTi <001>{1 10} slip system [42] (Figure 6.19), showing in theory no plastic

slip. The MD single crystal model also demonstrates that the (00 1> orientation also shows

remarkable stability against yielding as a function of temperature (Figure 6.20 (a)). In

contrast, the (1 1 1> orientation has a rapid decrease in yield stress (Figure 6.20 (c)), which is

consistent with results reported by Sehitoglu ez al. [42]. In the non-textured NiTi, some grains

also orientate along <1 1 1> (a weak <1 1 1> texture intensity of 2.2 in Figure 6.8 (d)), which
directly cause a poor superelastic response. Therefore, the exceptional anti-yielding ability
of <001> textured NiTi contributes to superior high-temperature superelasticity (up to 453

K) with a wide temperature range of ~110 K.
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Figure 6.19. Schematics of plasticity initiations with an activated (00 1){1 10} slip system

[42] in BCC_B2 NiTi: Loading along (a) [001]; (b) [110]; and (c) [111] directions.
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Figure 6.20. MD simulated compressive strain (€)-stress (6) curves of single crystal NiTi
with 8% strain deformation at different temperatures, showing behaviour for (a) [100], (b)
[011] and (c) [111] orientations. All austenite finish temperatures (Ay) are 425 K.

6.4.3. Stability of shape memory effect

A better shape memory recoverability and a higher SME cyclic stability were shown in
the <001>BD textured AM NiTi as compared to the reference non-textured AM NiTi (Figure

6.16). For the shape memory effect, the deformation stage is associated with the detwinning
and reorientation of martensite variants, and deformation recovery is achieved by thermal-
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induced phase transformation via Mgewinned — A. Due to inconsistent orientations of self-
accommodated martensite before deforming and intrinsic lattice mismatch between austenite

(BCC_B2) and martensite (B19’), dislocation and residual martensite accumulate to induce

irrecoverable strain after cyclic SME tests [44, 48]. In this work, a strong (100)

B19'

martensitic texture at RT, inherited from the <001> austenitic texture, was shown in the

B2
(OOI)BD textured AM NiTi. Such orientated martensite phases reduce interactions and
interlocking effect of CVPs during detwinning and martensite reorientation resistance is also
weakened accordingly. After cyclic SME tests, the martensite variants with greater width in
the <001>BD textured AM NiTi (Figure 6.21 (a)) indicate smaller internal stress and better
compatibility between martensite and austenite [44]. By contrast, due to a higher internal

stress in the cyclic SME tested non-textured AM NiTi, fine laminated martensite variants
become dominant (Figure 6.21 (b)).

(001)gp textured AM NiTi  Non-textured AM NiTi

Figure 6.21. Samples after 50 shape memory effect cycles: (a) a HAADF-STEM image of
the (00 1>BD textured sample; (b) An annular dark-field STEM image in the non-textured

sample and pure Ti particles were marked by red dash circles, martensite variant
orientations were marked by solid white lines.

Precipitation behavior also affects SME stability. In the <001>BD textured AM NiTi, the

grain boundary precipitation of the Ti,NiOx phase effectively pins dislocations grain
boundaries decorated with Ti;NiOy precipitates block dislocation movements, which is seen
in the TEM images (Figure 6.22). By contrast, pure Ti particles formed within grains in the

184



6.4. Discussion

non-textured sample hinder martensite variant reorientations (Figure 6.21 (b)). The
precipitation behavior is determined by the solidification rate, which was calculated based on
FEM and solute trapping Scheil models (Figure 6.6 (c)—(f)). In the non-textured NiTi, a
higher solidification rate results in more Ti being trapped into NiTi matrix and a more rapid
cooling rate limits trapped Ti to react with NiTi to form Ti,Ni(Ox). Therefore, a better SME

stability shown in the (00 1>BD textured AM NiTi attributes to the following two reasons: 1)

the (100>319, martensitic texture coordinates detwinning and reorientation of martensite

variants; 2) intergranular precipitates pin dislocations.

[ The (001) 5 textured AM NiTi after SME test |
e 0 ST

Precipitates
Dislocation$

Figure 6.22. (a) a bright field TEM image of the (00 1>BD textured sample after 50 shape

memory effect cycles showing the dislocations pinned by precipitates segregated along the
grain boundaries and EDS maps of Ti, Ni, and O of a typical precipitate (all scale bars are
20 nm). (b) An enlarged HAADF-STEM image from a zone in (a).

6.4.4. Comparison of functional properties with other NiTi-based alloys

In this work, the wide superelastic temperature ranges, the high-temperature
superelasticity, and the high critical stress temperature dependence allow binary Ni-lean NiTi
to operate at elevated temperatures with wide tailorable stress windows (Figure 6.23 (a)). The
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properties obtained are superior to complex multicomponent single crystal (SX) or
polycrystalline NiTi-based alloys (such as NiTi-Hf and NiTi-Hf-Pd) fabricated by
deformation processes coupled with long-time heat treatments (HT) [39, 49]. By taking
advantage of the additive manufacturing technique and using microstructure design concepts
developed in this work, functionally graded NiTi. Such design flexibility opens a new path
toward novel multifunctional and smart devices.

(a)10
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Figure 6. 23. An overview of the superelastic temperature range (by temperature and the

critical stress temperature dependence (d 0oy, / dT )) for known NiTi-based alloys

fabricated by different processes (SX, HT and SE are abbreviations of single crystal, heat

treatment and superelasticity, respectively).

6.5. Conclusions

In summary, the proposed framework based on a synergy between finite-element,
analytical and molecular-dynamic models, and additive manufacturing can help to achieve
theory-guided microstructure and functional property design in NiTi SMAs. This discovery
opens a new pathway to designing high-performance functional materials via additive
manufacturing through controlling functional anisotropy. The specific conclusions are as
follows:
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The relationship between crystallographic orientations and superelasticity of NiTi
SMAs has been studied via molecular dynamics, taking into account the critical
stress for stress-induced martensite transformation, hardening rate during stress-
induced transformation and recoverable strain. An orientation map of superelasticity

has been drawn and crystallographic orientations close to <00 1> were found more
favorable for superelasticity.

Based on predictions of temperature fields and grain morphologies, single-crystal-
like polycrystalline Ni-lean NiTi with a strong <001> texture has been successfully
fabricated via a laser powder bed fusion additive manufacturing technique.

An unprecedented superelasticity up to 453K with a high and wide temperature
window (~110 K) in a Ni-lean Ni (49.4 at.%)-Ti is achieved in the <00 1> textured
additively manufactured NiTi, which is associated with the superior anti-yielding
ability of the designed <001> texture and the improved phase transformation

compatibility between austenite and stress-induced martensite.

The designed additive manufacturing processing condition can enhance

superelasticity and improve shape memory stability simultaneously. The improved
shape memory stability is attributed to the formation of <100> textured martensite

and the dislocation movement blocked by grain decorated with Ti,NiOx precipitates.
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7.1 Introduction

Abstract

The pursuit of enhancing NiTi superelasticity through laser powder bed fusion (L-PBF)
and [001] texture creation poses a challenge due to heightened susceptibility to hot cracking
in the resulting microstructure with columnar grains. This limitation restricts NiTi's
application and contributes to material waste. To overcome this, an approach of utilizing
spark plasma sintering (SPS) to heal directional cracks in [001] textured L-PBF NiTi shape
memory alloy is introduced. Diffusion bonding and oxygen utilization for Ti,NiOy formation
successfully heal the cracks. SPS enhances mechanical properties, superelasticity at higher
temperatures, and two-way shape memory strain during thermomechanical cycling. This
work provides an alternative solution for healing cracks in L-PBF parts, enabling the
sustainable reuse of cracked materials. By implementing SPS, this approach effectively
addresses hot cracking limitations, expanding the application potential of L-PBF NiTi parts
while improving their functional and mechanical properties.

7.1. Introduction

Nickel-titanium (NiTi) exhibits superelasticity and shape memory effect due to
reversible martensitic transformation (SIMT) [1], making it a desirable material for a range
of applications, including medical devices and industrial smart components [2-4]. Despite
these attractive functionalities, NiTi's fabrication remains challenging, and its poor
machinability limits its potential [S]. Laser powder bed fusion (L-PBF), an emerging additive
manufacturing technique [6, 7], offers unprecedented design freedom [5], enabling the
production of complex parts [8] and the design of microstructures and crystallographic
orientations [9, 10].

NiTi exhibits anisotropic functional properties when deformed along different
crystallographic orientations, showing distinct superelasticity. NiTi with [001]
crystallographic orientation is demonstrated to be desirable for releasing superelasticity
based on phenomenological models [11], molecular dynamics, and experiments [10].
However, fabricating [001] textured NiTi is still challenging. For NiTi components,
crystallographic orientation can be manipulated through plastic deformation processes or
solidification. Limited by the slip systems of NiTi, only [111] or [011] textured
microstructures can be achieved by plastic deformation processes, such as rolling and
drawing [12, 13]. The cubic crystal structure of solidified NiTi allows grains to grow along
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the maximum thermal gradient direction during solidification, creating [001] textured NiTi
through directional solidification or single crystal growth from melts (e.g., the Bridgman
technique) [ 14]. However, above-mentioned solidification methods result in serious chemical
compositional non-uniformity due to lower cooling rates [15]. By manipulating L-PBF
processing parameters, temperature gradients and grain growth rates can be controlled [16],
enabling the creation of single-crystal-like NiTi with [001] columnar grains, dramatically
enhancing NiTi superelasticity [10].

However, despite the advantages of L-PBF [001] textured NiTi with columnar grains,
these microstructures are susceptible to hot cracking due to restricted liquid feeding in long
channels of interdendritic regions [17]. Hot cracking can significantly reduce the mechanical
properties of NiTi, leading to negative effects on durability and integrity [18]. Therefore, it
is crucial, particularly for safety-critical applications, to heal cracks in L-PBF NiTi parts and

to utilize cracking materials in a more sustainable way.

To date, there has been limited research on healing cracks in NiTi, particularly in
additively manufactured parts. Since cracks for L-PBF [001] textured NiTi mainly propagate
along grain boundaries parallel to the building direction [10], intergranular crack flanks need
to be filled, and effective bonding among interfaces is required. In-situ precipitation between
crack flanks is a promising way to heal cracks [19]. To heal cracks, a directional force and
elevated temperature are required. The directional force, perpendicular to the crack
propagation direction, narrows or closes crack flanks, while the elevated temperature
promotes diffusion precipitation to create bonding between crack flanks. Since elevated
temperature may result in weakened texture by recrystallization, the healing process should
be as short as possible to preserve the [001] texture.

A technique for healing cracks in L-PBF [001] textured NiTi is crucial. Heat treatment
can provide heat to promote diffusion but lacks the force to assist bonding. Although hot
isostatic pressing (HIP) involves the simultaneous application of high temperature and high
pressure to a sample, the pressure is applied uniformly in all directions [20], which is suitable
for healing microcracks. As reported by Vilanova [21], HIP is unable to heal cracks beyond
6 um width for laser powder bed fusion parts. Spark plasma sintering (SPS) heats materials
rapidly and provides uniaxial pressure [22], making it a promising technique for healing
directional cracks. However, until now, crack healing of L-PBF NiTi has not been explored
by applying SPS.

The objective of this study is to investigate the feasibility of using SPS to heal cracks in
L-PBF NiTi and to determine the microstructure and superelasticity of the healed parts. This

196



7.1 Introduction

investigation aims to contribute to the understanding of how SPS can be used to heal cracks
in NiTi and emphasizes the importance of using NiTi in a more sustainable way by reducing
waste and optimizing its performance. Furthermore, this study will provide insights into the
mechanisms of crack healing in NiTi and the role of microstructure in determining its

functional properties, which can apply to healing cracks in other alloy systems.

7.2. Materials and Methods

7.2.1. Material processing

Cracked L-PBF NiTi samples were intentionally fabricated. The processing parameters
are as follows: a 950 W laser power, a 1060 mm/s scanning velocity, a 180 wm hatch distance,
a 50 um layer thickness, and a 500 pm laser beam diameter. Details about sample fabrication
can be found in Chapter 3 [10].

Crack healing was conducted in a spark plasma sintering furnace (FCT SPS system, type
KCE-FCT HP D-25-SI, Germany). Each cracked sample was loaded into a graphite die with
an inner diameter of 20 mm (ISO-68, Toyo Tanso, Japan), and its cracking direction (parallel
to the L-PBF building) is perpendicular to the SPS loading direction (Figure 7.1 (b)).

SPS

Pressure

Graphite die
Cracking NiTi

Pulsed DC
power supply

Al,O3 powder
..................................... ! Graphite punch

Vacuum
chamber

chamber

Figure 7.1. Schematics for laser powder fusion and spark plasma sintering.
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To support cracked samples, the gap between the graphite die and the sample was filled
with Al,O; powders. The choice of Al,O; powders as supporting materials stems from their
high hardness, stiffness, and melting point. These properties endow Al,O3 with exceptional
temperature stability, rendering it a fitting choice for the supporting materials during SPS.The
SPS furnace was evacuated and flushed two times with Ar-gas of 5N purity (Linde, The
Netherlands). The SPS healing process was conducted under the following procedures. First,
the furnace was heated up to the target temperature in a range of 1223-1423 K with a heating
rate of 100 K/min. The target pressure in a range of 13—22 MPa was applied with the duration
in a range of 0.4-2 hours. Finally, the pressure was released, and the sample was cooled

naturally to room temperature.

In order to achieve crack healing in L-PBF NiTi, various combinations of SPS pressure,
temperature, and duration were optimized. It is crucial to prevent plastic deformation during
the SPS healing process to preserve the [001] texture in NiTi. Therefore, the applied pressure
during SPS should be lower than the yield strength of NiTi at the specific temperature. Since
there is a lack of experimental data on NiTi yield strength above 673 K, an analytical fitting
was performed based on reported values [23]. Considering that the yield strength of NiTi
decreases with increasing temperature and becomes zero above the melting point of NiTi
(1583 K), a three-phase exponential decay function was used for the analytical fitting.
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Figure 7.2. Predicted temperature-dependent yield strength of NiTi versus the experimental
results of NiTi yield stress [23].

The predicted curve is shown in Figure 7.2, and predicted yield strength of NiTi fits well

with reported values. The enlarged image in Figure 7.2 (b) reveals that the minimum
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predicted yield strength for all investigated temperatures is 37 MPa. The maximum SPS
pressure of 22 MPa is selected to prevent significant plastic deformation after the SPS healing
process. The SPS processing parameters and corresponding sample labels are shown in the
Table 7.1. Optical microscopy images of NiTi with various SPS conditions are shown in the
Figure 7.3. It can be seen that a relative low temperature results in non-fully healing and
residual cracks (< 1273 K) and high temperature with 22 MPa lead to plastic deformation
(1423 K)

Holding time (h)

\

Temperature (K)

Figure 7.3. Optical microstructure of NiTi processed by various SPS parameters (shown in
the figure in the format of “Temperature (K)-Holding time (h)-Pressure (MPa)”). All

images are with 200 um scale bars. Micro-cracks are marked by black arrows in the figure.

Table 7.1 SPS processing parameters for healing NiTi cracks.

SPS processing parameters ~ Temperature (K) Holding time (h)  Pressure (MPa)
Semi-healed NiTi 1323 1.0 22
Fully healed NiTi 1323 2.0 22
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7.2.2. Characterization

Before the metallographic examination, samples were ground, polished and tint etched,
and the detailed procedure can be found in the section 4.2.1 of the Chapter 4 [9]. Procedures
and setting details of X-ray diffraction (XRD) analysis and differential scanning calorimetry
(DSC) were same with and described in the section 6.2.5 of the Chapter 6 [10].

Scanning electron microscopy (SEM) images and element analysis were captured by
using a JEOL JSM 6500F (JEOL, Japan) equipped with an ultra-dry energy dispersive
spectrometer (EDS) detector (Thermo Fisher Noran).

Transmission electron microscopy (TEM) images were taken by an FEI Talos F200X
TEM FEI Talos F200X TEM equipment. TEM high-angle annular dark field (HAADF)
observation, selected area electron diffraction (SAED), and energy dispersive spectroscopy
(EDS) operations were also conducted. TEM foil samples were prepared by a focused Ga*
ion beam (FIB; FEI Helios 600i).

Relative density of materials was determined by the Archimedes method, using a
theoretical maximum density of 6.45 g/cm?. The crack length density is estimated based on
the ratio of crack length and measured area [24], and the crack length was measured by using
Image J to do statistical analysis for three optical microscopy images with %200
magnification. Oxygen contents were measured by a Bruker oxygen-hydrogen analyser (G8
GALILEO).

7.2.3. Mechanical tests

Vickers hardness measurements were performed under the test force 1.0 kgf (further
denoted as HV1) using an Automatic Microhardness Tester (Buehler Vickers). To evaluate
the local mechanical properties of various NiTi samples, instrumented indentation tests were
conducted at room temperature using a Zwick ZHU2.5 instrument. To avoid stress
concentrations, a spherical ball indenter with a diameter of 0.5 mm was employed.
Description about superelasticity tests can be found in the section 6.2.6 of the Chapter 6 [10].
All samples were loaded and unloaded along the L-PBF building direction.
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7.3. Results

7.3.1. Microstructures, texture and phase transformation

The cross-sectional images along the building direction (BD) are shown in Figure 7.4.
For the as-fabricated NiTi, cracks mainly propagate along the building direction (Figure 7.4
(a)) and penetrate multiple layers (Figure 7.4 (b)), and its average crack length density was
found ~5.9 x10-* mm'. It can be seen that SPS can effectively heal cracks in L-PBF NiTi.
By applying 22 MPa pressure under 1323 K with 1 h duration, cracks have been significantly
eliminated and its crack length density decreases to ~9.5x10 mm'! (Figure 7.4). To fully
heal cracks, the pressure and heat holding time was prolonged to 2 hours. As shown in Figure
7.4 (e) and (f), cracks were fully healed. This indicates the feasibility of the SPS for healing
L-PBF NiTi cracks. The increased relative density in the fully healed NiTi (~99.7 %) also
indicates a densification induced by enclosing crack flanks (Figure 7.5 (a)).
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Figure 7.4. Crack length densities and optical microstructures: (a) and (b) as-fabricated
NiTi; (¢) and (d) Semi-healed NiTi; (e) and (f) Fully healed NiTi.
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Figure 7.5. (a) Measured relative density of as-fabricated cracked and fully healed NiTi
samples. There is an increased relative density after SPS healing process, indicating the
elimination of crack flanks. (b) and (c) Measured oxygen contents in as-fabricated cracked
and fully healed NiTi samples by using a Bruker oxygen-hydrogen analyser (G8
GALILEO). Dash lines are repeated curves. After the SPS process, an increased oxygen
content can be seen.

To further understand the crack healing mechanism, microstructures were further
examined by tint OM, SEM and EDS. As shown in the polarized light OM image (Figure 7.6
(a)), intergranular cracks are dominant in the as-fabricated NiTi. By revealing melt pool
boundaries, these intergranular cracks exist at melt pool centrelines. These hot cracks are
resulting from solidification shrinkage at the final solidification zone when dendrites solidify
in a columnar manner [17]. The backscattered electron (BSE) images of semi-healed NiTi
are shown in Figure 7.6 (c) and (d). The healed cracks (dark grey longitudinal part in Figure
7. 6 (d)) show more Ti than the NiTi matrix (Figure 7.6 (f)), indicating that formed Ti-rich
precipitates contribute to NiTi crack healing. The area around the unhealed crack (Figure 7.6
(e)) shows an even higher content of Ti than the Ti-rich precipitates (Figure 7.6 (f)). Therefore,
it is possible to further deduce the crack healing mechanism by analysing microstructural
features around unhealed and healed cracks. In the fully healed sample, there are two types
of precipitate morphologies (Figure 7.6 (g) and (h)). The elongated precipitates along the
building direction are responsible for crack healing and the dispersive particles originated
from intragranular precipitation.
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Figure 7.6. As-fabricated NiTi with cracks: optical microstructures showing (a) parent
(austenite) phase at the polarized light and (b) melt pool features at the normal light. (c)
BSE microstructures of the semi-healed NiTi and (d) its corresponding enlarged image; (e)
and (d) EDS line scanning from (d). (g) and (h) BSE microstructures of fully healed NiTi
and corresponding EDS mappings from (h). All images showing microstructures along the
building direction.

XRD measurements were conducted at room temperature to identify phases. As shown
in the XRD patterns, all samples, including cracked L-PBF, semi-healed and fully healed
NiTi, have B19' as the main phase, and small peaks, corresponding to residual austenite
(BCC B2) and TixNiOy, are also present. To compare phase transformation temperature
changes before and after the healing process, DSC measurements were carried on as
fabricated and fully healed NiTi. After the SPS healing process, phase transformation
temperatures were increased, and the corresponding temperatures are shown in Figure 7.7 (b)
and Table 7.2. There is a ~22 K increase of austenite finish temperature and a ~8 J/g increase
in the forward phase transformation enthalpy (Figure 7.7 (b) and Table 7.2)
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Figure 7.7. (a) XRD patterns of NiTi without and with different healing processes; (b) DSC
curves of as-fabricated NiTi and fully-healed NiTi; TEM images of (c) as-fabricated NiTi
(the bright field image) and (d) fully-healed NiTi (the angle annular dark field image);
Inverse pole figures (IPFs) measured by XRD at 473 K, showing texture of the austenite
phase: (e) as-fabricated NiTi and (f) fully-healed NiTi.
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The TEM images (Figure 7.7 (c) and (d)) also demonstrate that martensite is the main
phase at room temperature for as fabricated and fully healing samples, which is consistent
with XRD and DSC results (Figure 7.7 (a) and (b)). The fully healed sample has wider
martensite phases (~269 nm) than that (~32 nm) in the as-fabricated NiTi. Interestingly, the
morphology of martensite in the fully healed NiTi has a tilted brick-like structure and the tilt
direction is consistent with the SPS pressure direction (Figure 7.7 (d)). It is worth noting that,
despite the high-temperature SPS, the strong [001] texture remains in the fully healed sample
(Figure 7.7 (f)). Compared with the as-fabricated NiTi, there is a ~ 50% decrease in the [001]
texture intensity in the fully healed sample (Figure 7.7 (e) and (f)). The columnar grain
morphology in the fully healed NiTi further indicates that the desirable [001] orientated
grains for enhancing superelasticity are preserved (Figure 7.8).

As-fabricated NiTi Fully healing NiTi

Figure 7.8. Optical microstructure images taken under the polarized light condition showing
parent phase grain morphologies before and after the SPS healing process. The columnar
grains parallel to the L-PBF building direction are still preserved after the healing process.
This is consistent with the texture measurement (Figure 7.7 (e) and (f)).

Due to the resolution limitation of EDS equipped in the SEM, it is hard to analyse
elements across grain boundaries of as-fabricated NiTi. Here, the STEM-EDS technique was
applied to understand the elemental distribution along the crack flanks of the as-fabricated
NiTi. As shown in the Figure 7.9 (a)—(e), more titanium and oxygen segregate along the grain
boundary, indicating that hot cracking may result from these elemental segregations. The
distance of elemental segregation is ~14 nm.
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Table 7.2 Phase transformation temperatures determined by DSC tests.

emperature (K) » _
QT\ M, My M, A A A, AHxom(g)

As-fabricated NiTi 327 282 311 322 356 350 239
Fully healed NiTi 332 303 312 344 378 368 31.7

*M, is the Martensite start temperature, My is the Martensite finish temperature, M, is

the peak temperature of the forward transformation (A—M), A4, is the austenite start
temperature, Ay is the austenite finish temperature, 4, is the peak temperature of the reverse

transformation (M—A), AHaow is the forward transformation enthalpy.

To reveal the cracking healing mechanism, the semi-healed (as an intermediate state)
and the fully healed NiTi were further analysed by TEM. The FIB technique was applied to
exact the TEM sample including the unhealed crack (Figure 7.9 (f)). There is an elongated
precipitate along the flanks of the crack (Figure 7.9 (g)). Based on the selected area electron
diffraction (SAED) (Figure 7.9 (h)) and EDS point analysis, the precipitate is determined as
Ti containing oxygen (~11.9 £ 1.4 at. %) (hereafter referred to as Ti(O)). Compared with the
as-fabricated cracked NiTi, the width of Ti increases to ~346 nm in the semi-healed NiTi.

Therefore, the SPS process can promote the diffusion of Ti to the crack location.

To confirm precipitates along healed cracks in the fully heal sample, a TEM sample was
prepared by FIB near the position of elongated precipitates. The interested area is shown in
the Figure 7.9 (i) and the precipitate marked by the red arrows is used as a location reference.
The SAED pattern (Figure 7.9 (k)) demonstrate that final precipitates along healed cracks in
the fully healed sample are Ti,NiOy (Figure 7.9 (j)), which is also consistent with the XRD
result (Figure 7.7 (a)).
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Figure 7.9. (a) The STEM-HAADF image of as-fabricated NiTi and its corresponding EDS
mappings, i.e., (b) Ti, (¢) Ni and (d) O, and (e) a line scanning from (a); (f) and (g) TEM
images of semi-healed NiTi and SAED pattern of Ti(O) from (g); (i) and (j) TEM images of
fully healed NiTi and SAED pattern of Ti>;NiOx from (k).

7.3.2. Mechanical and Functional properties of fully healed NiTi

The purpose of this study is to heal cracks and preserve the superior superelasticity of
[001] textured NiTi. To investigate the effect of the SPS treatment on mechanical properties
of NiTi, instrumented indentation was conducted. Indentation displacement-force curves
with varying maximum forces of 10, 20 and 30 N are shown in the Figure 7.10 (a). The fully
healed NiTi always shows lower displacement values than the as-fabricated cracked NiTi
under different force levels (Figure 7.10 (a)). This indicates an improved strength of NiTi
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after the SPS healing process. The fully healed sample also has a higher Vickers hardness
(229 + 3 HV1) than the as-fabricated cracked NiTi (188 = 13 HV1) (Figure 7.10 (b)). The
large deviation in hardness values of the as-fabricated cracked NiTi results from uniformly
distributed cracks. Therefore, the SPS process not only contributes to the crack healing but
also improves NiTi strength.
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Figure 7.10. (a) Displacement-force curves and (b) Vickers hardness of as-fabricated
cracked and fully healed NiTi.

To verify whether the superelasticity still remain in the fully healed sample,
thermomechanical tests were conducted. The as fabricated [001] NiTi shows an expected
superelasticity (Figure 7.11 (a)), despite the existence of cracks. This is due to that the loading
or unloading direction is parallel to the crack propagation direction, which makes strain or
stress continuously transfer within samples. Hence, the [001] orientation still can play an
effective role on enhancing superelasticity. With thermomechanical cycles under a constant
nominal deformation of 4% strain, the superelastic strain value almost remains constant as
~3.2% and residual strain accumulate to 0.5% after 50 cycles. The accumulation of residual

strain results from phase transformation induced plasticity and can reach a saturated state
after cycles.
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Figure 7.11. Cyclic thermomechanical tests: (a) as fabricated and (b) fully healed NiTi
under 363 K loading and unloading, and (c) fully healed NiTi under 383 K loading and

unloading. (d) Superelastic strains as a function of thermomechanical cycles

Under the same loading and unloading temperature of 363 K, the fully healed sample
also shows superelastic behaviour (Figure 7.11 (b)). At the first thermomechanical cycle, the
recoverable strain is only ~1.3%. Surprisingly, its superelasticity is enhanced with the
number of cycles and the superelastic strain increases to 2.9 % after 50 thermomechanical

cycles (~223 % increase of superelastic strain compared with the first cycle). Compared with

the literature, superelasticity usually degrades with thermomechanical cycling. To best of
authors’ knowledge. it is, for the first time, found in additive manufactured NiTi that
superelasticity is enhanced by thermomechanical cycling.
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7.4. Discussion

7.4.1. Cracking and healing mechanism
7.4.1.1. Crack formation

Before discussing the crack healing mechanism, it is important to understand the crack
formation mechanism. NiTi cracking is intergranular (Figure 7.3 (a)), which is a typical
feature of solidification cracking (or hot cracking) [25]. The solidification behaviour of Ni
(49.6 at. %)-Ti is calculated based on the Scheil-Gulliver model (Figure 7.12 (a)). Since this
model assumes that no diffusion occurs in solid phases and infinitely fast diffusion occurs in
the liquid, it is suitable for L-PBF solidification with a high cooling rate. At the final stage
of solidification (the solid fraction is higher than 0.9), the solidification temperature range is
~237 K (Figure 7.12 (a)).

(@) 1600 (b) 70
S
1550 5
<1500 60
o g
51450 £
g 8 50
g 1400 & — Niin liquid
& S o
= 1350 2_40 Tiin liquid
1300] = LIQUID 2
— LIQUID + BCC_B2#2 b
1250

30
00 02 04 06 08 10 1200 1300 1400 1500 1600
A Mole fraction of solid Temperature [K]

P>

Figure 7.12. (a) The solidification path of Ni (49.6 at. %)-Ti based on the Scheil-Gulliver
model. (b) the content of Ni and Ti in the liquid as a function of temperature.

As reported by Kou [26], the solidification cracking susceptibility can be evaluated by
the steepness of the curve of T vs (f5)> when (f5)'? is close to 1, where T is the temperature

and fs is the solid fraction. For Ni (49.6 at. %)-Ti, the steepness of (]"A% is ~7431 K, which

N
is ~1.8 times higher than the high cracking susceptibility of 7075 Al alloy [27]. The high
cracking susceptibility of NiTi indicates that cracking along grain boundaries is prone to
occur due to stresses introduced by solidification shrinkage and thermal contraction.
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Due to the solute redistribution during the solidification of Ni (49.6 at. %)-Ti alloy, Ti
enriches the residual liquid (Figure 7.12 (b)). In the solidification microstructure, dendrites
grow and merge forming grains, and at the grain boundaries liquid films may remain.
Therefore, Ti segregation can be observed along the grain boundaries (Figure 7.9 (a)—(e)).

7.4.1.2. Crack healing

As shown in Figure 7.6 and Figure 7.9, the healing of cracks is achieved by the
participation of diffusion bonding. The 1323 K-1 h-22 MPa SPS healing process results in
the formation of Ti(O). Despite the L-PBF and SPS processes are under Ar (purity of 99.99%)
protection, oxygen is inevitable and can be found in NiTi [28]. As Ti is a reactive element,
Tiis easy to react with oxygen at high temperate [29]. The Ti-O binary phase diagram (Figure
7.13) shows that Ti has a large solubility of oxygen, and its solubility of oxygen can reach to
~32 at. % at 1323 K (the SPS processing temperature). The EDS result at the semi-healed
NiTi shows that ~11.9 at. % oxygen is present within Ti (Figure 7.9 (g)), which is lower than
the maximum solubility of oxygen in Ti. Therefore, Ti(O) exists in the semi-healed cracking
interface.
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Figure 7.13. The binary phase diagram of Ti-O.
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For the entire system, the Ti(O) does not exist in a state of thermodynamic equilibrium.
With increasing holding duration to 2 h under 1323 K and 22 MPa, the Ti.NiOx phase forms
by consuming Ti(O) and the chemical bonding is created, which closes cracks. In the Ni-Ti
system, the diffusion rate of Ti into Ni is much higher than that of Ni into Ti [30]. At 1223
K, close to the SPS processing temperature of 1323 K, the diffusion rate of Ti is 2.0x10-1°
cm2, which is two orders of magnitude higher than that of Ni (1.5%10'2 cm™2). Meanwhile,
there is a concentration difference of Ti between Ti(O) and NiTi matrix. Therefore,
increasing the duration of the SPS process promotes Ti atoms to diffuse from Ti(O) into NiTi.
Based on the Ni-Ti phase diagram [1], NiTi has a limited solubility of Ti and the increase of
Ti in NiTi results in the formation a Ti,Ni phase. Furthermore, oxygen can stabilize Ti,Ni
phase [31], and Ti,NiOy is finally present to act as the crack bonding phase (Figure 7.9 (g)
and (h) and Figure 7.9 (i)—(k)). The formation of Ti,Ni phase has been also observed in the
interface of Ti and NiTi of Ni-Ti diffusion couples [30].

Based on the above discussion, the chemical reaction of the whole healing process can

be summarized as follows:

Ti+0 — Ti(0) (7.1)
Ti(0) + NiTi — Ti,NiO, (7.2)

As external oxygen participates in the healing process, these reactions will result in
volume expansion. The increased oxygen levels in the fully healed NiTi (940 ppm),
compared with the as-fabricated cracked NiTi, (447 ppm) has been confirmed by oxygen
measurement (Figure 7.5 (c)). Additionally, in the fully healed NiTi crack flanks can be
further closed by the applied pressure.

Therefore, the crack healing is attributed to the synergistic effect from the following
sequential three aspects: (1) Crack flanks are closed by external pressure provided by SPS;
(2) the remaining gaps at the flanks are filled by Ti,NOy due to the volume expansion reaction;
(3) Chemical bonding is created by diffusion and remains effective after releasing pressure.
It should be mentioned that oxygen is usually considered as an undesirable contamination for
L-PBF NiTi, as it deteriorates a printability of NiTi [28]. In this study, the oxygen was utilized
to heal cracks in NiTi. The ability of Ti,NiOy in crack healing is further demonstrated by
EBSD in a larger scale (compared with TEM results shown in the Figure 7.9) (Figure 7.14).
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Figure 7.14. (a) A EBSD map with the Ti,NiOx phase inverse pole figure colour map
overlaid on an image quality map (showing the morphology of B19’ martensite variants) in
the fully healed NiTi. (b) A Kikuchi pattern obtained from the TiNOy phase. CS: cross-
section. This EBSD result further demonstrates the formation of Ti,NiOy and its role in the
healing of NiTi cracks.

7.4.2. Phase transformation temperatures and superelastic behaviour

DSC results show that the SPS healing process increases NiTi phase transformation
temperatures (Figure 7.7 (b) and Table 7.2). For the forward transformation, the main
difference between as-fabricated cracked and fully healed NiTi is shown in the martensite
finish temperature (My). The My in the fully healed NiTi is 21K higher than that in the as-
fabricated cracked NiTi. A higher M, suggests that a decreased driving force is necessary to
facilitate the transformation [32]. It has been reported that crystal defects, such as dislocations

[33], point defects [34] and grain boundaries [35], can impede martensite transformation and
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result in the decrease of phase transformation temperatures. In this study, the fully healed
NiTi underwent a high-temperature treatment (1323 K), higher than the NiTi recrystallization
temperature [36], which can eliminate crystal defects [37]. Therefore, an increased
martensitic transformation temperature is found in the fully healed NiTi. In addition, the SPS
healing process promotes the formation of Ti,NiOx by decreasing the Ni content in NiTi
matrix, which further increase phase transformation temperatures [31].

Due to the increased phase transformation temperatures, the fully healed NiTi shows
distinct superelastic behaviour from the as-fabricated cracked NiTi (Figure 7.11 (a) and (b))
at the same loading temperature of 363 K. As the loading temperature of 363 K is lower than
the Ay =368 K of fully healed NiTi, there is a lack of sufficient driving force to trigger the
reserve transformation from stress-induced martensite to austenite [38]. Therefore, a small
superelastic strain of ~1.2 % (Figure 7.11 (c)) is present after the first thermomechanical
cycle. When increasing the test temperature to 383 K (above Ay of fully healed NiTi),
desirable superelastic ability, comparable with the as-fabricated NiTi, is shown in the fully
healed NiTi (Figure 7.11 (c) and (d)).

It should be noted that, the superelasticity of fully healed NiTi shows an unusual
enhancement with thermomechanical cycles, which is different from the commonly seen
superelastic degradation [39-41]. For cyclic thermomechanical NiTi, there are two generally
accepted viewpoints: (1) the functional degradation of NiTi is due to dislocation
accumulation and plastic deformation accompanying martensite transformation [39-417; (2)
oriented internal stresses, induced by thermomechanical cycles, can promote phase
transformation and narrow the stress hysteresis [42-44]. Therefore, it can be concluded that
the enhanced superelasticity in the fully healed NiTi tested at 363 K is due to the dominance
of internal stress assisted phase transformation. In other words, the orientated internal stress
induced by thermomechanical cycles is more effective to evoke the reverse transformation
during unloading. It provides an additional driving force to promote superelastic strain, even
when there is irrecoverable plastic strain caused by dislocation accumulation.
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Figure 7.15. Two-way shape memory effect response of as fabricated and fully healed NiTi
before and after thermomechanical training.

The level of internal stress within samples can be estimated by two-way shape memory
behaviour. After thermomechanical cycles, samples show decreased phase transformation
temperatures (Figure 7.15). This is because internal stresses induced by thermomechanical
cycles decrease the required thermal driving force of phase transformations. As the
superelastic behaviour obeys the Clausius-Clapeyron relationship [1, 45], the internal stress
can be quantitatively related to the M, shift, i.e.:

do AHXp

7.3),
M, exT 7-3)

where do is the internal stress (MPa), dM_ (K) is the martensite start temperature shift,
AH (J/g) is the enthalpy of transformation (measured by DSC shown in the Table 7. 2), p
= 6.45 g/cm’ is the NiTi density [46], £= 0.08 (-) is a transformation strain [45] and T,

M,+4
herein using the equilibrium temperature of the reserve transformation (% ),is 330K

for as-fabricated cracked NiTi and 340 K for the fully healed NiTi. Based on strain-

temperature curves of samples before and after thermal mechanical tests (Figure 7.15) and
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considering the M; shift, the as-fabricated cracked NiTi has a ~7 K shift, and the fully healed
NiTi has 17 K and 13 K shifts for tests under 363 K and 383 K, respectively. By calculating
the eq. (3), the internal stress for the as-fabricated cracked and the fully healed NiTi tests
under 363 K and 383 K, are 41, 129 and 98 MPa. Such estimation also fits well with the two-
way shape memory behaviour (Figure 7.15). The fully healed NiTi tested at 363 K has the
largest two-way shape memory strain, indicating a highest internal stress.

It is worthy to note that the as-fabricated cracked NiTi after 363 K thermomechanical
cycles (the dark black line in the Figure 7. 15) and the fully healed NiTi after 383 K
thermomechanical cycles (the blue line in the Figure 7.15) has similar two-way shape
memory strains (Figure 7.15), despite ~ 2 times higher estimated internal stress in the fully
healed NiTi. This is not contradictory, as based on the Clausius-Clapeyron relationship (eq.
7.3), critical stresses for martensitic phase transformation increase with temperature. The
fully healed NiTi after training tested at 383 K (the blue line in the Figure 7.15) has a ~6 K
higher M; than the as-fabricated cracked NiTi after training tested at 363 K (the dark black
line in the Figure 7.15). This increased phase transformation results in a ~46 MPa increase
of critical stress for martensitic transformation. After excluding the temperature effect on
phase transformation stresses, the fully healed NiTi after training tested at 383 K has an
equivalent 52 MPa internal stress, which is comparable with the internal stress of 41 MPa in
the as-fabricated crack NiTi.

Therefore, the gradually enhanced superelastic ability with thermomechanical cycles
and the large two-way shape memory strain (~2.4 %) in fully healed NiTi is attributed to a
higher internal stress level. It should be highlighted that such two-way shape memory strain
is superior, as it is comparable with the heat-treated cold-drawn NiTi even at a higher
deformation level (~8.5 % training deformation [47] and an 8% pre-strain [45]). The reason
higher internal stress can be induced into full healed NiTi may result from the presence of
intergranular Ti,NiOx precipitates. In the Chapter 5, it has been demonstrated that
intergranular Ti:NiOx precipitates contributes to enclosing internal stress by strain
partitioning. The effect of Ti,NiOy on the two-way effect in the fully healed NiTi is worthy
to be further investigated.
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7.5. Conclusions

In this study, the crack-healing of [001]-textured L-PBF NiTi using SPS (Spark Plasma

Sintering) was successfully demonstrated. Under optimized processing conditions, SPS can

successfully eliminate cracks induced by the L-PBF process. The mechanism of crack-

healing, as well as the mechanical and functional properties were systematically examined.

The main conclusions can be summarized as follows:

1.

Spark plasma sintering is demonstrated as an effective method for healing hot cracks
in [001]-textured L-PBF NiTi. Cracks are healed through diffusion bonding, and the
flanks in the cracks are filled with in-situ formed Ti,NiOy precipitates.

This work utilized oxygen, which is traditionally considered detrimental to L-PBF

parts, in the healing process. The oxygen engages in the following reactions:

Ti+0 — Ti(0) and Ti(O) + NiTi — Ti,NiO, .

The SPS healing process improves the mechanical properties of NiTi by eliminating
cracks and increases the stable superelastic temperature by 20 K compared to the
as-fabricated L-PBF cracked NiTi.

An unusual enhancement in superelasticity is observed in the SPS-healed NiTi with
thermomechanical cycles. This phenomenon can be attributed to the dominant effect

of internal stress on reducing the critical stress required for phase transformation.

The SPS-healed NiTi shows a pronounced two-way shape memory response,
resulting in approximately 2.4% two-way shape memory strain under a maximum
training strain of 4%. This effect is due to high internal stress level in the SPS-healed
NiTi.

Findings of this study indicate that SPS is a promising technique for healing hot cracks

in L-PBF NiTi and can improve NiTi's mechanical properties and superelasticity. The

revealed crack-healing mechanism also provides novel insights for designing crack-healing

strategies in other alloy systems.
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The motivation behind this research was to develop 4D printed smart metallic materials.
At the inception of the PhD project, the focus of 4D printing was primarily on polymers, with
minimal research conducted on metallic shape memory materials. Hence, the aim of this
research was to fill this gap by exploring the potential of metallic materials. Specifically, a
near equiatomic NiTi shape memory alloy (slight Ni-lean 49.6 at. % Ni) was selected as the
prime candidate to demonstrate the shape memory function as the fourth dimensional
response of 3D printed metallic materials. Throughout this research, significant efforts were
dedicated to achieving an integrated design approach for additively manufactured NiTi shape
memory alloys. The research design framework can be summarized as a progression from
optimisation of processing parameters to microstructure, followed by functional properties
and subsequent post-treatment considerations. This comprehensive approach allowed for a
multiscale systematic exploration of the relationship between process parameters, resulting
microstructure, functional characteristics and the potential for post-treatments to enhance the
material's performance.

The fabrication of fully dense and structural defect-free L-PBF NiTi, as one of the
overarching challenges in the L-PBF field, has been firstly investigated in this study.
Departing from conventional methods of L-PBF parameter optimization that rely on trial-
and-error and empirical results, a novel computational approach was presented. The model
proposed in this study leverages melt pool physics and defect formation criteria to predict L-
PBF NiTi processing maps. By considering key L-PBF processing parameters such as laser
power, scanning velocity, hatch distance, layer thickness, and laser beam diameter, this
model enables the exploration of suitable processing parameters across a wide range of
conditions. Notably, the model is based on analytical solutions, resulting in a low
computational cost. It can evaluate approximately 600 L-PBF processing combinations
within a mere ~13 minutes on a typical computer with a 4-core CPU. To validate the accuracy
of this predictive model, experiments were conduced using two distinct sets of L-PBF
processing conditions: low laser power (250 W) with a small beam diameter (80 pum), and
high laser power (950 W) with a large beam diameter (500 um). The experimental results
confirmed the reliability and effectiveness of the predictive model in guiding the fabrication
of defect-free L-PBF NiTi components.

Following the optimization of processing parameters, an optimal process has been
identified as that a laser power of 250W, combined with a scanning velocity of 1250 mm/s,
yields laser beads devoid of balling defects. Building upon this optimized linear energy input,
a systematic investigation has been conducted to analyse the impact of hatch distance on
various aspects, including thermal histories, grain size and morphology, dislocation structure
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and density, and phase transformation behaviour. The findings of this study reveal that the
hatch distance significantly influences thermal histories, which, in turn, affects dislocation
densities and subsequently influences the cyclic stability of thermally induced martensitic
transformations. To establish comprehensive relationships between L-PBF parameters,
microstructures, and functional properties, a methodology that integrates a finite element
thermal model with experimental validation was developed. The results of this study
demonstrate that the martensitic phase transformation characteristics of NiTi are highly
dependent on thermal histories, influenced by phenomena such as remelting and reheating.
This proposed methodology can also be applied to investigate the effects of other L-PBF

processing parameters on the phase transformation behaviour of NiTi.

After gaining insights into thermal-induced phase transformations in L-PBF NiTi, the
investigation delved into stress-induced phase transformations. For this purpose, dense L-
PBF NiTi specimens fabricated using optimized parameters were selected, namely a 250 W
laser power, 1250 mm/s scanning velocity, 120 pm hatch distance, and 30 pm layer thickness.
Then, the as-fabricated L-PBF NiTi as well as its heat-treated counterparts have been
proceeded to investigate shape memory effect. Observations of this study revealed that all L-
PBF NiTi alloys, both with and without heat treatments, exhibit a shape memory effect.
However, variations in shape recovery ability, shape memory degradation behaviour, and
two-way shape memory effect were evident among the samples. These differences were
attributed to variations in microstructure before and after the heat treatments. To enhance
specific functionalities of L-PBF NiTi, employing heat treatments is highly recommended.
For instance, solutionized annealing can improve the shape memory degradation resistance
by eliminating crystallographic defects. Furthermore, a combination of solutionized
annealing and subsequent aging can lead to an enhanced two-way shape memory response.
This is achieved by inducing intergranular precipitates through the designed heat treatment,
resulting in heterogenous structures comprising of a soft matrix and hard precipitates. The
presence of such heterogenous structures facilitates strain partitioning, confining internal
stress within individual grains. The findings from this aspect of the study provide valuable
guidance for the tailored design of shape memory effects through the utilization of
appropriate heat treatments.

However, despite achieving a tailorable shape memory effect in L-PBF Ni-lean NiTi,
the absence of another important function, superelasticity, remains a challenge. This is
primarily due to the lack of strengthening factors such as solid-solution strengthening and
precipitation strengthening in Ni-lean NiTi, caused by its very limited solid solubility of Ti
in NiTi. Furthermore, the low solidification nucleation rate in NiTi leads to a weak Hall-
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Petch strengthening. Additionally, the critical stress for stress-induced martensitic
transformation follows the Clapeyron-Clausius law, expressing that the critical stress
increases with increasing temperatures. As a result, Ni-lean NiTi, with a higher austenite
finish temperature compared to Ni-rich NiTi, undergoes plastic deformation prior to the
stress-induced martensitic transition in L-PBF Ni-lean NiTi, resulting in the absence of

superelasticity.

To overcome this challenge, it is proposed to utilize the functional and mechanical
anisotropy of NiTi to design NiTi with preferred grain orientations that promote
superelasticity, while discouraging plastic yielding. This design approach involves three
steps: 1) grain orientation selection, 2) fabrication of NiTi with the intended preferred grain
orientations, and 3) experimental validation of superelasticity in Ni-lean NiTi. The selection
of grain orientations is accomplished through molecular dynamics and Schmid factor
calculations, confirming that [001] textured NiTi holds the greatest potential for realising
superelasticity in Ni-lean NiTi. Based on the developed processing maps and the thermal
field simulations conducted by finite element models, criteria for selecting grain morphology
were derived. L-PBF processing parameters are optimized for the fabrication of [001]
textured Ni-lean NiTi. Finally, through experimental validation, an unprecedented
superelasticity was achieved in L-PBF Ni-lean NiTi. The superelastic temperature can be
maintained up to 453 K, comparable to rare earth alloyed NiTi alloys, but with a wider
superelastic temperature range of approximately 110K. This remarkable discovery
revolutionizes the design of superior-performing NiTi-based alloys by directly tailoring
crystallographic orientations during additive manufacturing. So far, both of the main
functions of NiTi, i.e. the shape memory effect, and superelasticity, can be achieved using
the L-PBF technique in Ni-lean NiTi, laying the basis for designing functionally graded NiTi
materials with the defined alloying compositions.

Although superelasticity is achieved in L-PBF Ni-lean NiTi, there is a side effect to be
considered: fabricated NiTi with [001] textured columnar grains exhibit a high hot-cracking
sensitivity, necessitating careful selection of L-PBF processing parameters. In order to
address this issue and enable the sustainable reuse of cracked NiTi samples, an investigation
on NiTi crack healing was initiated. Through the utilization of spark plasma sintering (SPS),
hot cracks induced by element segregation and thermal stresses are effectively healed. The
healing mechanism involves the application of force and heat during SPS, which facilitate
the closure of Ti-segregated crack flanks by diffusion bonding. As a result, in addition to
preserving superelasticity, the mechanical properties and two-way shape memory response

of the SPS-healed NiTi are significantly improved. This improvement can be attributed to
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8. General Discussion and Conclusion

the formation of healing Ti,NiOx precipitates around the cracking flanks. By effectively
addressing the mitigation of hot cracking, this approach expands the application potential of
L-PBF NiTi parts while simultaneously enhancing their functional and mechanical
properties.

The findings and methodologies presented in this research provide a solid basis for
further advancements in 4D printing of metallic materials. The knowledge gained from this
study could also be extended to other metallic materials and additive manufacturing
techniques, enabling the development of a broader range of smart materials with advanced
functionalities. Overall, this research contributes to the growing field of 4D printing and
paves the way for the design and fabrication of innovative metallic materials with tailored
properties and functions.
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This study has undertaken the development of 4D printing techniques for smart metallic

materials, with a specific focus on Ti-rich NiTi shape memory alloys. Utilizing the laser

powder bed fusion (L-PBF) technique, a significant progress in establishing a comprehensive

processing framework was achieved. Efforts of this study included the optimization of L-

PBF process parameters, as well as the exploration of tailored microstructure, texture and

resulting functionalities. Additionally, suitable post-treatment processes to enhance the

functional and mechanical properties of L-PBF NiTi were investigated. Upon the outcomes

of this research, the following recommendations are formulated:

1.

Cracks pose a significant challenge to the functional and mechanical properties of
L-PBF NiTi. Despite the observation of cracking phenomena, a reliable model for
predicting crack formation in L-PBF NiTi is still lacking. To effectively address this
issue, a comprehensive model should be developed, taking into account the thermal
histories and thermal stress influenced by different processing parameters in
combination with the solidification behaviour of the material.

The significance of crystallographic orientations on the functional properties of NiTi
has been demonstrated in this study. To further enhance the design accuracy of
superelasticity in NiTi through L-PBF, it is recommended to develop integrated
models that incorporate grain and texture predictions, as well as predictions of the
superelastic behaviour based on the anticipated microstructure. These
comprehensive models will facilitate more precise control over the desired

functional characteristics of NiTi components.

With emerging design demands, there is a growing need for NiTi materials with
multistage functional responses. Functionally graded NiTi shape memory alloys
(SMAs) present a promising solution to address this challenge. Leveraging the
capabilities of the L-PBF technique, it becomes possible to tailor microstructures
and chemical compositions in situ, thereby enabling the creation of functionally
graded NiTi materials. This work has successfully achieved graded microstructures
and textures by controlling L-PBF processing parameters. However, it is important
to consider the influence of element evaporation on the chemical composition
changes and establish a quantifiable relationship between the NiTi's chemical
composition, element evaporation, and phase transformation temperatures.
Leveraging from the results of this PhD dissertation, the initial results on achieving
functionally graded NiTi with chemical gradients and microstructural gradients are
shown in Figure 9.1 and Figure 9.2, respectively.
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Figure 9.1. Functionally graded NiTi with various Ni/Ti ratios. (a) Force-displacement-
curves at different locations in the L-PBF fabricated part. (b) EDS line scan along the
building direction, showing Ni and Ti contents. (c¢) DSC curves showing different phase
transformation behaviour in various locations of functionally graded NiTi. (d) Optical

microstructures from various locations in functionally graded NiTi.
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Functionally graded NiTi

1

<001> textured

Building direction

Figure 9.2. Functionally graded NiTi created by various L-PBF process parameters: (a)
Macroscopic view and (b) microscopic images of corresponding zones.

4. One of the notable advantages of the L-PBF technique is its ability to fabricate
complex geometries. Therefore, an intriguing avenue for future exploration would
be to combine topological design with the unique functions of NiTi to create novel
functionalities, such as high negative Poisson's ratio and superior damping
properties. Moreover, gaining a deeper understanding of how NiTi functions within
meta-structures is crucial for the development of new functional materials.
Harvesting the synergistic effects between NiTi and the meta-structure will unlock
further opportunities for designing innovative materials and components with

enhanced truly unique characteristics.
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