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Abstract

Nitinol presents a compelling alternative to conventional actuation systems. Its unique shape
memory effect (SME), combined with a high force-to-mass ratio, low stiffness, and high
corrosion resistance, makes it particularly attractive for aerospace and automotive
applications. In contrast, conventional actuation systems such as pneumatic or hydraulic
systems are bulky, heavy, requiring assembly and regular maintenance. Nitinol can enable
compact, single component solutions that provide silent actuation, lower energy

consumption, reduced weight, and minimal maintenance.

Conventionally manufactured nitinol benefits from an established supply chain and reliable
processing routes, with wires being among the most common forms. The thermomechanical
processing of these wires introduces complex microstructural features that require careful
post processing treatments to achieve desired functional properties. Chapter 3 reveals that
heat treating NiTi wires between 400 °C and 500 °C results in a decrease of over 18 °C in the
transformation temperatures owing to the precipitation of secondary phases. Chapter 4
shows that stroke of a NiTi wire actuator is increased by up to 230 % when aging

temperature is increased from 350 °C to 450 °C.

A key limitation of traditionally manufactured nitinol is its poor machinability, which
restricts components to simple geometries such as wires, coils, and sheets. This constraint
has driven increasing interest into the additive manufacturing (AM) of nitinol. Techniques
such as laser powder bed fusion (PBF-LB) allow the fabrication of complex geometries not
previously possible as well as providing the opportunity to tailor microstructural and
mechanical properties by optimizing processing parameters. Chapter 5 demonstrates that
relative densities of 99.4 % can be achieved at VEDs of 42 ]J/mm3 while chapter 6
demonstrates that stroke increases by 11.9 % when VED is decreased from 83 J/mm?3 to 21

J/mm3 in PBF-LB lattice structures.

A significant gap remains in the literature concerning the effects of conventional and AM
processing on the thermo-mechanical response of nitinol. This thesis focuses on filling this

gap in knowledge. The effect of PBF-LB process parameters on the material properties of



martensitic nitinol and its shape memory response are evaluated and presented. By gaining
a deeper understanding of how PBF-LB process parameters influence the final properties of
nitinol actuators, it becomes more possible to engineer light-weight, low-maintenance
actuators capable of replacing traditional actuation systems. Actuators are integral to
countless systems, and such advancements could significantly reduce energy and fuel
consumption during both the manufacture and operational lifetime particularly of critical

industrial, aerospace, bioengineering, and automotive actuators.

Chapter 1: Introduction

1.1. Background and Motivation

Itis predicted that between 2025 and 2044, global demand will reach approximately 43,420
new passenger and freighter aircraft [1]. In 2022 airlines and manufacturers agreed to an
international goal of achieving net-zero CO2 emissions by 2050. Projected emissions from
the delivery of these new aircraft is expected to completely deplete the net-zero aviation
budget by 2032, highlighting the need for substantial fuel efficiency improvements in new
aircrafts [2]. The CO2 emissions associated with producing these aircraft, together with the
expansion of commercial space flights, drone delivery services, and thousands of satellite
launches, pose a major risk to an already critical climate crisis. Achieving meaningful
reductions in lifecycle emissions will therefore require innovations not only in propulsion
systems and fuels, but also in aircraft materials, structures, and actuation technologies that

can reduce weight, improve efficiency, and minimise resource consumption.

Among the advanced material systems being investigated for lightweight and energy-
efficient engineering applications, shape memory alloys (SMAs) have attracted considerable
attention. These are a unique class of materials that exhibit properties known as
superelasticity (SE) and the shape memory effect (SME). The shape memory effect (SME)
arises from a reversible solid-state phase transformation between martensite and austenite
phases. Following deformation in the martensitic state, the material can recover its original
shape upon heating through the transformation temperature range. These materials are
capable of converting thermal energy directly into mechanical motion, enabling compact

actuator systems with reduced complexity compared with conventional hydraulic and
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pneumatic technologies [3][4]. Although the SME property can be found in alloys such as Cu-
Al-Ni, Fe-Mn-Si, and Cu-Zn-Al, nickel-titanium (NiTi) has emerged as the most widely used.
This is due to the superior mechanical properties including high wear resistance, excellent
corrosion resistance, and biocompatibility. In addition, NiTi exhibits good cycling stability,
large recoverable strains, good ductility, and response to thermal stimuli, qualifying NiTi as

a suitable material for actuators and sensing elements [5][6].

Conventional hydraulic and pneumatic actuators are frequently bulky, heavy, maintenance-
intensive, and often inefficient. In contrast, the high force-to-mass ratio of NiTi and direct
actuation of the material itself, with reduced system complexity, offers a significant
reduction in size and weight which is particularly advantageous for aerospace and
automotive systems where, even modest reductions in component mass can translate into
substantial fuel savings over an aircraft's operational lifetime [7]. Consequently, replacing
conventional actuation systems with lightweight SMA-based alternatives offers the potential
to reduce both operational emissions and manufacturing-related environmental impacts.
NiTi actuators also provide silent, clean, low energy, and low-maintenance operation [8].
Replacing complex bulky actuation setups with compact SMA components reduces not only
system weight but also material usage, maintenance requirements, waste generation, and

associated emissions.

While both the shape memory effect (SME) and superelasticity arise from the reversible
martensitic transformation in NiTi, the majority of published research has focused on
superelastic behaviour. This emphasis is driven largely by biomedical applications, such as
stents and orthodontic devices, where large recoverable strains at constant temperature are
desirable. Consequently, considerable attention has been devoted to understanding the
effects of composition, processing, and microstructure on superelastic performance.
Comparatively fewer studies have investigated thermally activated shape memory actuation,
despite its growing relevance in aerospace, automotive, and robotics applications. Shape
memory actuators operate under fundamentally different conditions, requiring precise
control of transformation temperatures, actuation strain, recovery stress, cyclic stability, and

energy efficiency. As a result, many of the processing-structure-property relationships



established for superelastic NiTi cannot be directly translated to shape memory actuator

design, highlighting the need for dedicated investigation of SME-driven systems.

A further limitation within the current body of literature is the separation between materials
science and actuator-focused research. Materials science studies typically investigate how
composition, thermomechanical processing, heat treatment, and manufacturing parameters
influence microstructure and phase transformation behaviour. In contrast, actuator-
oriented studies frequently evaluate metrics such as displacement, force output, response
time, and cyclic performance, often without establishing direct links to the underlying
material characteristics responsible for these behaviours. While both perspectives provide
valuable insights, relatively few studies integrate the relationships between processing
conditions, microstructure, transformation characteristics, and actuator performance within
a single framework. This disconnect limits the development of predictive design
methodologies and hinders the optimisation of NiTi actuators for application-specific
requirements. Establishing these links is therefore essential for the reliable design and

deployment of next-generation NiTi actuator systems.

At present, one of the main processing routes for NiTi actuators is ingot metallurgy, where
ingots are hot worked into rods, tubes, or sheets before being laser cut or cold worked into
simple geometries such as wires. These conventional routes can introduce limitations
including randomly distributed dislocations, heterogeneous microstructures, excessive
porosity, and the formation of secondary phases all of which can alter the phase
transformation behaviour and actuator performance [9]. While heat treatment can partially
mitigate microstructural defects introduced during conventional processing, the poor
machinability of NiTi due to its high ductility and work-hardening remains a major obstacle
to manufacturing complex actuator geometries. As a result, most commercially available NiTi
actuators are limited to relatively simple forms such as wires, springs, and rods [10].
Additive manufacturing (AM), particularly laser powder bed fusion (PBF-LB), offers a
potential solution to this challenge by enabling the direct fabrication of geometrically
complex components that would be difficult or impossible to produce using conventional

methods.



To address this constraint the additive manufacturing, particularly laser powder bed fusion
(PBF-LB), of NiTi is of great interest. Additive manufacturing enables the fabrication of
complex, lightweight, and application-specific geometries. The final properties of NiTi are
greatly influenced by the PBF-LB process parameters which can control the microstructure,
phase transformation characteristics, and actuation performance [11]. Additionally, the
geometry of the part greatly influences the effect of the PBF-LB process parameters on the
part properties. Leveraging geometry specific effects alongside process parameter tailoring
could expand the capabilities and reliability of NiTi actuators. Although numerous studies
have investigated the influence of individual PBF-LB processing parameters on NiTi
microstructure and transformation behaviour, comparatively few have examined the
coupled effects of processing conditions and component geometry. The interaction between
these factors remains poorly understood, particularly for actuator applications where
dimensional accuracy, transformation temperatures, recoverable strain, and cyclic
performance are critical. This lack of understanding limits the development of predictive
design methodologies and hinders the reliable deployment of additively manufactured NiTi

actuators in engineering systems.

This doctoral thesis addresses these challenges through a comprehensive investigation of
both conventionally manufactured and additively manufactured NiTi actuators. The
research examines the effects of thermomechanical processing and post-ageing heat
treatment on the functional behaviour of conventionally produced NiTi wire actuators, while
also evaluating the influence of PBF-LB processing parameters and component geometry on
the microstructural, thermal, mechanical, and actuation performance of additively
manufactured NiTi. By establishing relationships between manufacturing conditions,
geometry, and functional response, this work aims to develop performance-optimized NiTi
actuators and to expand the fundamental understanding of how process parameters and

geometry can be tailored for application-specific requirements.

1.2. Thesis Aims and Objectives
The aim of this thesis was to explore the material behaviour and functional response of both

traditionally manufacture and additively manufactured NiTi actuators to enable the design



of bespoke SMA actuators with tailored, application specific properties and design. This aim

was achieved through investigations with the following objectives:

1.

Investigate the training of NiTi wires using age heat treatment on the material
properties, transformation temperatures, and shape recovery.

Investigate the thermo-mechanical training and wire drawing history of NiTi on the
material properties, transformation temperatures, and actuator performance by
constraining NiTi wires with different processing routes to a mandrel and age heat
treating.

Assess the effect of PBF-LB process parameters and part geometry on the material
properties and phase transformation characteristics of NiTi by producing NiTi
lattices of different strut thickness at different VEDs.

Assess the effect of PBF-LB process parameters and part geometry on the shape
memory properties and actuator performance of NiTi by producing NiTi lattices of

different strut thickness at different VEDs.

1.3. Thesis Format and Outline

This thesis is presented as a collection of published research papers and submitted

manuscripts with original contributions. The contribution of the candidate in the

publications is as following:

Chapter Publication Title Status Candidate Contribution

3

Effect of Heat Treatment Published, Co-first author,

Time and Temperature on Materials, 2023 conceptualisation,

the Microstructure and methodology, formal
Shape Memory Properties analysis, investigation,
of Nitinol Wires writing - original draft,

writing - review and editing

Investigating the Effect of Published, First author,
Wire Drawing and Heat Materials, 2025 conceptualisation,
Treatment on the Response methodology, formal

analysis, validation, data




of Nis0.9Tis9.1 R-phase

Actuators

curation, writing - original
draft, writing - review &

editing;

Effect of PBF-LB Process

Parameters and Strut

Published,

Progress in

First author,

conceptualisation,

Diameter on the Additive methodology, formal
Microstructure and Phase Manufacturing, analysis, validation, data
Transformation Behaviour 2026 curation, writing - original
of Ti-rich Nitinol Lattice draft, writing - review &
Structures editing;

Investigating the Effect of Published, First author,

VED and Lattice Strut Journal of conceptualisation,
Diameter on the Shape Materials methodology, formal

Memory Effect of Nitinol

Actuators

Research and
Technology,
2025

analysis, validation, data
curation, writing - original
draft, writing - review &

editing;

This thesis is comprised of 7 chapters, arranged progressively. The following is a brief

description of the work performed and/or contents included in each chapter:

Chapter 1: This chapter introduces the topic of this thesis, the aims and objectives, and the

structure of the thesis.

Chapter 2: This chapter provides a comprehensive review of the information fundamental
to the understanding of the thesis topic as well as a discussion of the current literature

providing a summary of the current limitations and existing knowledge gaps.

Chapter 3: This chapter investigates the effect of heat treatment time and temperature
on the material properties and shape memory capabilities of traditionally manufactured

NiTi wires.



Chapter 4: This chapter investigates the effect of the thermomechanical route used
during the wire drawing process and subsequent heat treatment and shape setting on

the material properties and shape memory of R-phase electromechanical actuators

Chapter 5: This chapter investigates the effect of PBF-LB process parameters and part
geometry on the microstructure and phase transformation characteristics of lattice

structures.

Chapter 6: This chapter investigates the effect of PBF-LB process parameters and part

geometry on the mechanical properties and actuator performance on lattice structures.

Chapter 7: This chapter summarises the main findings of this original research and suggests

future research in this area.



Chapter 2: Literature Review

NiTi is a nickel titanium shape memory alloy (SMA) with near equiatomic composition. SMAs
are a class of functional materials that exhibit unique properties, including the shape
memory effect (SME) and superelasticity (SE), in response to external stimuli such as
thermal, mechanical, and magnetic fields. The SME describes the materials’ ability to return
to a pre-defined shape after deformation, when heated above the transition temperature of
the material. SE refers to the materials’ substantial elastic elongation range (* 6 to 10%,
depending on phase composition and microstructure) compared to that of conventional

materials such as stainless steel [5].

2.1. Crystal Phases

NiTi is stable in two main crystal phases, austenite and martensite seen in Figure 1 below.
Austenite is the high temperature parent phase, with a high symmetry ordered B2 body
centred cubic (BCC) lattice structure. The low temperature martensite phase has a low
symmetry B19’ monoclinic lattice structure characterised by a herringbone array of needle-
like crystals. The martensite phase is stable in two different forms, twinned martensite, and
de-twinned martensite. The B2 phase is characterised by high hardness and stiffness while
the B19’ phase is softer and more ductile. In certain cases, a third crystal phase known as the
R-phase is favoured. The R-phase is an intermediate phase with rhombohedral crystal

structure [12].

\

R

a. Austenite b. Martensite

Figure 1: Crystal structure of the NiTi (a) austenite and (b) martensite phases [218].



The phase transformation between phases can be driven by either changes in temperature
or stress. In either case the transformation involves a hysteresis, and therefore, there is no

single temperature or stress that can define the phase change.

The temperature driven phase transformation can be described by four temperatures. The
austenite start temperature (Ag) and the austenite finish temperature (A¢) on heating are the
temperature at which the martensite begins to transform to austenite and the temperature
at which the martensite has completely transformed to austenite respectively. The
martensite start temperature (Mg) and the martensite finish temperature (M¢) on cooling
are the temperatures at the austenite begins to transform to martensite, and is completely

transformed to martensite, respectively [13].

The stress driven phase transformation is based on the detwinning mechanism. In crystalline
solids, there are several irreversible deformation mechanisms including plastic slip and
dislocations. However, in SMAs, the deformation mechanism is a reversible crystallographic
reorientation between two stable phases resulting in the detwinning of martensite twins.
Detwinning is a mode of plastic deformation where the twin boundaries in martensite
readily shift, resulting in the twins reorienting to align preferentially along the direction that
accommodates the applied stress most effectively [14][15]. In alloys without SME,
martensitic transformation is not generally reversible, as the high mechanical stresses
induced by the martensite transformation usually results in irreversible dislocation slips. In

SMAs however, these stresses result in the detwinning process.

In both cases the transformation between phases is a diffusionless solid-state
transformation meaning the only change that takes place is in the crystal structure allowing

areversible phase transformation [16][17]. This is the basis for the SME and SE in NiTi.

2.2. The Shape Memory Effect & Super Elasticity

The SME is activated via a temperature-driven transformation occurring over a range of
temperatures. From Figure 2, when the temperature is below My the material is in the
twinned martensite phase (point A). When a stress is applied to NiTi below My, the
detwinning mechanism takes place, and twinned martensite orients to detwinned

martensite (point B). When the stress is removed, some elastic recovery occurs resulting in
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reoriented detwinned martensite (point C). When heated above A, the detwinned
martensite begins to transform into austenite, causing the material to begin recovering its
original shape. When the temperature reaches A¢, the martensite is entirely replaced by
austenite, and the material has fully recovered the original shape (point D). As the
temperature is reduced from Mg to My, the reverse transformation occurs, and the material
undergoes a full phase transformation from austenite back to twinned martensite while

maintaining the original shape (point A) [18].

SE is an isothermal stress induced transformation that occurs when a force is applied at
temperatures above A;. As stress is applied, austenite transforms to stress-induced
martensite (point E). As martensite is not stable at higher temperatures, when the stress is
removed the martensite immediately transforms back to austenite and the deformation is

recovered through superelasticity (point O) [19].

The prevalence of either the SME or SE exhibited by NiTi depends highly on the alloy
composition as any deviations in the equiatomic Ni:Ti ratio can significantly affect the
transformation temperatures (TTs) of NiTi. For example a variation of 0.1 at.% of Ni can
change the TTs by 10 °C or more [20][21]. Due to the lower TTs of Ni compared to TT, Ni-
rich NiTi is typically austenitic at room temperature while Ti-rich NiTi is typically
martensitic [22] [23]. For this reason, Ni-rich compositions are generally chosen for SE
applications such as braces and stents [24], whereas Ti-rich compositions are preferred for

SME applications such as sensors and actuators [25].

2.3. The Martensitic Transformation

The martensite phase transformation in NiTi is a reversible crystal reorientation between
two phases. In the stress-free case the transformation between martensite and austenite is
a thermally driven phase transformation. Thermodynamic equilibrium occurs at the critical
temperature (To) which corresponds to the intersection between the energy curves for the
martensite phase Gm and the austenite phase Ga. The transformation from austenite to
martensite occurs when Gu is lower than Ga at a temperature below the To. In the absence of
stress, the temperature below To at which the transformation occurs is the Ms temperature.

The transformation continues as the temperature continues to decrease until reaching the

11



Shape Memory Effect

) % A Martensite
Martensite c% B
2 A Superelasticity)
e Tij 5 — Martensite
+ A (twinned)
e Ni
S >
(T>Mg Strain
Austensite < heating  Thermal shape memory
(T=Ap o
(eo Strain
esat®
r{eﬁ‘?

Figure 2: Stress-strain-temperature graph for NiTi showing the SME and SE [19].

Mr temperature. For the reverse stress-free transformation, transformation from martensite
to austenite occurs when Ga is lower than Gm at a temperature above To, the As temperature.

The transformation continues as temperature increases until the Artemperature [26][27].

In the case of stress driven transformations in NiTij, the two main deformation modes in NiTi
are twinning and dislocation slip [28]. The stress induced transformation from austenite to
martensite is a two-step process that occurs when a load is applied to NiTi in the austenite
phase at a critical stress level. This stress level is associated with a stress/strain plateau
where stress remains constant as strain increases due to the formation of detwinned
martensite accommodating the stress. If the stress is further increased passed the critical
stress of the material plastic slip will occur resulting in unrecoverable strains. When the load
is removed the martensite transforms back into austenite. This reverse transformation also
has an associated stress/strain plateau that occurs at a lower stress than the forward
transformation. This difference in the forward and reverse plateau stress is referred to as

the stress/strain hysteresis [29]. This is the basis for superelasticity.
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A three-step process between twinned martensite, detwinned martensite, and austenite
occurs when NiTi is loaded in the martensite phase. When a load is applied to NiTi in the
twinned martensite phase a transformation from twinned martensite to detwinned
martensite occurs. As the load increases, the volume fraction of detwinned martensite
increases until the matrix eventually transforms completely into detwinned martensite.
Increasing the load at this stage will elastically deform the NiTi until a critical stress is
reached resulting in plastic slip. When heated the strain is recovered as the detwinned
martensite transforms into austenite. Shape recovery increases with increasing stress up
until this critical stress at which point the strain associated with plastic slip is unrecoverable.
To maximise the shape recovery the stress applied should be selected such that the

maximum possible strain is induced in the material without inducing plastic slip [30][31].

The martensite transformation and detwinning is strongly influenced by microstructural
features such as grains size, stacking-faulty energy, and dislocation density [32]. Even in the
case that the applied stress remains below the critical stress for plastic deformation, some
irreversible processes inevitable occur during transformation. Local plastic accomodation
during transformations still occurs due to transformation-induced defects such as
dislocations and leads to macroscopic plastic deformation and martensite stabilization
during thermal cycling [33][34]. These small residual strains accumulate over many cycles
reducing the strain recovery, leading to variation in transformation thermal and stress
hysteresis [35]. Thermo-mechanical treatment can be used to facilitate the formation of
stress induced martensite over dislocation slip by increasing the difference between the
critical stress required for martensite transformation and for dislocation slip through effects
such as grain refinement, coherent nano-precipitation and strain hardening thereby

improving the strain recovery [36].

2.4. The R-Phase

NiTi has two distinct crystal structures - a high temperature austenitic phase with BCC
crystal structure (B2), and a low temperature martensitic phase with monoclinic lattice
structure (B19’) [37]. In certain cases, an additional intermediate R-phase with a
rhombohedral crystal structure (R) may be present, resulting in a multistep transformation

between austenite and martensite [38]. The formation of R-phase during the phase
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transformations between austenite and martensite depends on thermodynamic, and kinetic
factors. At a given temperature, the formation of NiTi phase is determined by the Gibbs free
energy of each phase. The phase with the lowest free energy is thermodynamically favoured.
However, for a phase transformation to occur with changing temperature, a kinetic barrier
must be overcome to initiate the phase change. The lower the activation energy required for
a phase change, the more likely this phase will form during the transformation [39].
Martensite is more stable than the R-phase and is generally thermodynamically preferred
however the R-phase has a significantly lower activation energy. Certain factors such as
thermal cycling, cold work, ageing, precipitate formation, increasing Ni content above 50%,
or the addition of alloying elements such as iron can affect phase stability and Gibbs free
energies as well or increase the kinetic energy barrier for martensite formation causing the
intermediate R-phase to form [40][41]. The R-phase also possesses unique properties, such
as narrow hysteresis and high fatigue life, which are advantageous for certain applications

[42].

R-phase transformations typically occur as two stage transformations in one of two ways. In
the symmetric case the R-phase has the lowest free energy within a certain temperature
range, making it thermodynamically favoured within this range. Additionally, the formation
of the R-phase has a lower Kkinetic barrier compared to the direct transformation to B19’,
allowing the R-phase to remain stable over a broader thermal range during cooling than
heating. Figure 3, shows the symmetric case where on cooling, as shown by the solid black
line moving from right to left, the transition from B2 to R begins at the first vertical dotted
line, and the transition from R to B19’ occurs at the third vertical dashed line. On
heating,indicated by the dotted line moving from left to right, the transition from B19’ to R
starts at the second vertical dashed line, and the transition from R to B2 occurs at the third

vertical dashed line.

In the asymmetric case, seen in Figure 4, the transformation is B2 to R to B19’ on cooling and
B19’ directly to B2 on heating. The R-phase is not thermodynamically preferred at any
temperature in this scenario. However, the transformation from austenite to martensite
involves significant atomic rearrangements and changes in the lattice structure, requiring a

large amount of kinetic energy. Conversely, the transformation between austenite and the R-
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phase has a lower kinetic barrier due to the rhombohedral structure being closer to that of
austenite. This results in a particularly low recovery strain of 0.5%, compared to the 6.5 -
8.5% seen in the martensitic transformation. Therefore, the R-phase forms before B19’, until
sufficient supercooling allows the formation of B19’. In the reverse transformation, the

kinetic barriers to form B2 are overcome before the R-phase can form [43][44].
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Figure 3: The symmetric case: a) schematic of the Gibbs free energy curves with black dotted line
showing the path on heating and the solid black line showing the path on cooling, b) schematic of the
corresponding idealised transformation strains, and c) corresponding DSC curves. [44]

2.5. Precipitates
NiTi is an intermetallic phase of the nickel-titanium of near-equiatomic composition. The
NiTi phase is stable for a narrow range of compositions as seen in the nickel-titanium phase

diagram in Figure 5. For thermodynamically stable conditions, the NiTi phase has a limited
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Figure 4: The asymmetric case: a) schematic of the Gibbs free energy curves with black dotted line
showing the path on heating and the solid black line showing the path on cooling illustrating that R
does not have the lowest energy at any temperature, b) schematic of the corresponding idealised
transformation strains, and c) corresponding DSC curves. [44]

range of solubility for titanium with minimum nickel content of approximately 49 at.%. The
maximum nickel content of the NiTi phase is 57 at.% at 1118 °C and decreases with
temperature increase or decrease [16]. Deviations from this compositional ratio can result
in the precipitation of a second phase in the microstructure, significantly altering the alloy's

fatigue and functional behaviour [45].

Precipitates are a secondary intermetallic phase that can form within the primary matrix
resulting in a microstructure primarily composed of a single phase with small quantities of
the secondary phase dispersed throughout the matrix [13]. In the NiTi phase diagram, the
boundary for the single-phase Ti-rich region is sharply defined and approaches 50 at.% Ni.
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Conversely, towards the Ni-rich side, the solubility of nickel decreases as temperature
decreases, leading to a microstructure composed of two phases. Depending on the alloy
composition, various secondary phases like TizNi, TizNis, and NisTi can form within the
microstructure [45]. Thermomechanical processing, cold working, and heat setting are
known to induce the nucleation and growth of these precipitate in NiTi [22]. Precipitates can
affect the martensite transformation by altering the local composition and inducing
coherency stresses which can significantly affect the phase transformation characteristics

[27].
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Figure 5: Nickle-titanium phase diagram with the intermetallic NiTi phase highlighted [16].

2.5.1. Precipitates in Ni-rich NiTi

The ageing process in Ni-rich NiTi causes the alloy to form more stable compounds, the
nature of which is dependent on the ageing temperature and time. According to the binary
phase diagram and precipitation kinetics shown in Figure 6, under lower temperatures (400
°Cto 600 °C) and shorter durations, Ni4Tis forms, and higher temperature and duration leads
to the formation of NisTiz precipitates, and at the highest temperatures and ageing durations,
NisTi precipitates form. Ni4Tis is the most commonly observed precipitate in Ni-rich NiTi

alloy. These precipitates strengthen the NiTi matrix and impede dislocation motion
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improving SE and increasing yield stress and cycling ability [16] [13]. NiaTis precipitates also
affect martensite transformations by increasing the transformation strain from B2 to B19’,
resulting R-phase transformations as well as increasing the TTs by forming nickel depletion

regions in the B2 matrix around the Ni-rich precipitates [46].
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Figure 6: a) Section of the nickel-titanium phase diagram showing the region in which nitinol is stable
and b) Time Temperature Transformation diagram of a Nis,Tiss alloy [16].

Yuetal. [47] examined the influence of Ni4Tis3 precipitates on the superelasticity of Niso.8Ti49.2
deformed at high strain rates. Hot-rolled rod samples were aged at 500 °C for 1 h, and 550
°C for 1 h and 4.5 h. The results indicated that mechanical properties for high strain rate
deformation can be improved by selecting the appropriate ageing treatments. Specifically,
strength and superelasticity increased with increasing ageing time and temperature due to
the increased volume fraction and size of precipitates impeding dislocation motion and
increasing critical shear stress for dislocation slip. In as-received samples, TTs increased
after ageing treatment, however, among the aged samples, TTs decreased with ageing
temperature due to increased Ni solubility in the matrix and increased with ageing time due
to growth of NisTi3 precipitates consuming surrounding Ni. All aged samples showed two
stage R-phase transformations on heating and a three-stage transformation on cooling. The

three-stage transformation is attributed to two different transformations occurring
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simultaneously, B2 to B19’ and B2 to R to B19’, due to inhomogeneity of local stress and

composition in the matrix.

Lu et al. [48] investigates the effect of Ni4Ti3 precipitates on the stability of SE during
compressive loading up to 10 cycles of Nis0.4Tis9.c PBF-LB (laser beam powder bed fusion
technique) fabricated samples aged at 350 °C, 450 °C, and 550 °C. This study concluded that
the control of NisTis precipitate formation was crucial for determining the dislocation
motion during compressive loading. Ni4Tis precipitates were more effective for improving
the cycling ability than improving the recovery strain of the Ni-rich NiTi alloy. While strain
recovery for the first cycle increased with ageing temperature, the best SE stability was
observed in samples aged at 350 °C, along with formations of evenly distributed, high-
density, relatively small precipitates. The study concluded that 550 °C was above the upper
limit temperature for Ni4Tis precipitates resulting in and uneven distribution of precipitates
and the formation of dislocation networks. The Ar temperature decreased with increasing
ageing temperature. Samples treated at 350 °C and 450 °C presented intermediate R-phase
during heating and cooling, however, the sample heated at 550 °C did not show the presence

of R-phase during phase transformation.

In a study by Jiang et al. [49] on the effect of NisTis precipitates on the microstructural
evolution and phase transformation behaviour of Niso.9Tis9.1 samples aged at 300 °C, 450 °C,
and 600 °C for 2 hours. The results showed that lower ageing temperatures (300 °C) resulted
in small, coherent NisTis precipitates in the B2 matrix, while intermediate temperatures (450
°C) allowed for a homogeneous distribution of larger coherent precipitates. Higher ageing
temperatures (600 °C) led to inhomogeneous precipitate sizes and loss of coherence with
the B2 matrix. The Ar temperatures were highest for samples aged at 450 °C due to the
homogeneous distribution of precipitates creating Ni-depleted regions throughout the
matrix. Samples aged at 600 °C showed a one-stage transformation on heating and a two-
stage transformation including the R-phase on cooling. Samples aged at 450 °C showed the
two-stage R-phase transformation on heating and cooling, and samples heated at 300 °C
showed a two-stage transformation on heating and a three-stage transformation on cooling.
The three-stage transformation is attributed to two separate two-stage B2 to R

transformations occurring simultaneously, one in the low Ni, high stress region next to the
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precipitates and the other in the high Ni, low stress region away from the precipitates,

followed by a single R to B19’ transformation.

2.5.2. Precipitates in Ti-rich NiTi

The most commonly observed Ti-rich precipitate is TizNi [50], [51], [52], [53], [54]. The Ti2Ni
precipitate exists mostly in Ti-rich NiTi, and depending on the size and distribution, these
Ti2Ni precipitates may improve the mechanical and SME properties of NiTi. The precipitation
of homogeneously distributed nanoscale TizNi can result in microstructural refinement by
separating grain boundaries, thus impeding dislocation movement, however when formed
preferentially along grain boundaries, it can also lead to fractures at the early stages of plastic
deformation, thereby diminishing the SME performance [55]. The main factors which
influence the size, morphology, and distribution of Ti2Ni precipitates in NiTi are heat

treatment, cooling rate during solidification, and thermo-mechanical processing.

Lu et al. [55] shows the effect of heat treatment on the distribution of Ti2Ni precipitates. The
study aims to improve the mechanical and SME properties of Ni49.4Tis0.6 fabricated via PBF-
LB by introducing a homogeneously distributed nanoscale Tiz2Ni precipitate into the matrix.
The study succeeded by solution treatment of the samples at 1000 °C. The alloy exhibited
excellent tensile strength of 800 MPa due to precipitation strengthening and work
hardening. The alloy had exhibited excellent plasticity with a large elongation of 22.4 %
attributed to the homogeneity of the precipitates impeding the propagation of microcracks.
The SME properties showed recovery rate of > 98 % and recoverable strain of 5.23 % after
10 cycles owing to the high-density dislocations, nanoscale Tiz2Ni precipitates, and abundant

interfaces suppressing dislocation movement and formation of retained martensite.

Bhagyaraj et al. [45] demonstrates the influence of thermo-mechanical processing on the
size, morphology, and distribution of Ti2Ni precipitates in an as-cast NiTi alloy containing
precipitates ranging from 1 um to 10 um preferentially located along grain boundaries. Hot
rolling significantly reduced the size and altered the shape of the precipitates, elongating and
fragmenting them into smaller particles oriented in the rolling direction, while maintaining
their ductility at 850 °C. Cold rolling, however, resulted in less ductility, fracturing the

precipitates into smaller, irregular shapes and causing separation at the precipitate-matrix
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interface, forming microcracks and amorphous regions around the precipitates. As cold
rolling continued with inter-pas annealing the precipitates became more round in shape and
amore refined microstructure was produced. During wire drawing and inter-pass annealing,
the stress concentration around Ti2Ni precipitates caused localized amorphization and
microstructural refinement near small particles, while larger particles induced these effects
further into the matrix. This non-uniform deformation resulted in a complex structure that,
combined with annealing, could lead to a bimodal size distribution of crystallites,

significantly impacting the functional characteristics of the shape memory alloy wire.

Based on the NiTi binary phase diagram, a Ti-rich NiTi alloy is expected to form Ti2Ni
precipitates during solidification under equilibrium conditions. Cooling rate has been
recognised as a significant factor. In cast Ti-rich NiTi, faster cooling rates typically lead to the
formation of larger volume fractions of Ti2Ni phase, which results in a titanium-deficient
matrix phase. In contrast, slower cooling rates result in a lower volume fraction of Ti2Ni
phase and the development of a uniform single-phase martensitic structure [45]. During the
PBF-LB process, heating and cooling rates as high as 108 K/s occur throughout the alloy
during the manufacturing process. Such high cooling rates result in non-equilibrium
solidification causing the formation of non-uniform distribution of TizNi precipitates. In a
study by Lu et al. [56] samples printed at lower VEDs had lower cooling rates resulting in a
more even distribution of Ti2Ni precipitates (5 - 10 nm) and high dislocation density. This
reduced the formation of dislocation slip leading to better strain recovery and improved
strength and ductility by impeding dislocation motion. In contrast samples printed at higher
VED has higher cooling rates resulting in inhomogeneous formation of TizNi (30 - 150 nm)
and substantial dislocations along the grain boundary impeding martensite variant
reorientation and detwinning, thereby promoting stress concentration, dislocation

generation, and microcrack formation.

2.6. Manufacturing of NiTi
NiTi can be fabricated by range of different conventional and additive manufacturing

methods which are summarised in Figure 7 below.

21



Production of Nitinol

Powder Metallurgy
Casting ‘ |

Conventional Advance
Method Manufacturing
Vacuum Arc
Remeling (VAR) Conventional Selective Laser
Sintering (CS) Melting (SLM)
Vacuum Self-Propagating High Selective Laser
_Induction Melting " Temperature Synthesis (SHS) Sintering (SLS)
(VIM)
Hot Isostatic .
Pressing (HIP) | Laser Engineered
Net Shaping (LENS)

Metal Injection
Molding (MIM)

Electron Beam
Melting (EBM)

Spark Plasma
Sintering (SPS)

Figure 7: Fabrication methods for the manufacturing of NiTi [218].

2.6.1. Traditional Manufacturing

The two main traditional manufacturing methods of NiTi are casting and powder metallurgy.
The melting processes typically used in the processing of NiTi are vacuum induction melting
(VIM) and vacuum arc remelting (VAR) with VIM being the most commonly used method of
NiTi melting. The two main concerns in the melting process of NiTi are compositional
fluctuations and carbon and oxygen impurities. An inhomogeneous composition can result
in deviations from the desired functional properties of the material while the inclusion of
impurities can act as failure initiation sites reducing the mechanical performance of the part.
During the VIM method, NiTi is melted by high frequency induction heating in either a
vacuum or inert gas. The material is completely melted, stirred and transferred to the mould
resulting in a high level of compositional uniformity. However, the main drawback of this

method is carbon impurity contamination from the graphite crucible. VAR benefits from
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increased purity compared to VIM however in this method the entire ingot cannot be
simultaneously melted and can result in compositional heterogeneity due to the partial
melting [57]. Conventional powder metallurgy processes for NiTi include conventional
sintering (CS), hot isostatic pressing (HIP), spark plasma sintering (SPS), metal injection
moulding (MIM), and self-propagating high temperature synthesis (SHS). These methods
typically suffers from high porosity, high levels of oxygen and carbon inclusions, and poor

control of intermetallic phases such as NiTiz, Ni3Ti, and NisTis [58].

2.6.1.1. Forming

After conventional manufacturing methods, the ingot requires extensive post processing
involving hot and cold working steps to achieve the desired geometry and part properties
[59]. The forming method, route, and parameters used to shape the ingot directly influences
the final properties of the part. The main aim of the initial hot working steps is to change the
dimensions and modify the microstructure of the ingot. Hot working steps are carried out at
temperatures between 600 and 900 °C which increases the formability of the metal, allowing
large deformations and microstructural recrystallisation. Subsequently a combination of
cold working and ageing treatments are carried out to further reduce the dimensions of the

ingot and to achieve the desired final part properties [60].

2.6.1.2. Shape Setting

Shape setting of SME NiTi refers to the process of controlling and fixing the shape that the
material will return to after deformation when the material transforms to austenite. The
three most important factors in the shape setting of NiTi are the heat treatment temperature,
dwell time, and the thermomechanical history/condition of raw material. Longer times and
higher temperatures can lead to annealing of the material however, it also results in more
exact shapes and less spring back. Shorter times and lower temperatures cause the material
to remain closer to the high-strength, cold-worked state but will result in more spring back
and less accurate shapes. The right conditions must be developed to optimise the shape

setting of NiTi [61].
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Figure 8: Forming methods of NiTi [60].

Three main methods of shape setting include mandrels and fixtures, straight annealing, and
over-straining. In the first method, the material is held in the desired shape using a mandrel
or fixture during heat treatment at a controlled temperature and time, and then the part is
quenched. Once removed from the mandrel, NiTi retains the programmed shape, known as
the “remembered” or austenitic shape [62]. Straight annealing method involves pulling long
lengths of wire from one reel to another through a tube furnace at high tensions, cooling
them upon exiting the furnace to maintain the straightness, and then reeling them again.
These wires are generally subject to further shape setting and machining. Over-straining
method involves cold working the part to the point where full recovery of the previous shape
upon heating does not occur. This process is repeated until the previous austenitic shape is

sufficiently removed. This process is time consuming and difficult to predict [63].

2.6.2. Additive Manufacturing

One of the main drawbacks of traditional manufacturing methods is the poor machinability
of NiTi which limits the parts to simple geometries such as wire, rods, and sheets. Additive
manufacturing (AM) is a layer by layer fabrication method without the need for tools or

moulds with a high degree of freedom of design [64]. AM enables the manufacturing of
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complex application specific geometries not previously possible via traditional
manufacturing methods as well as advantages such as rapid design iteration, negligible lead

time, and reduced material and energy wastage [65].

Laser powder bed fusion (PBF-LB) is an AM technique that employs lasers as a heat source
which selectively scan across a powder bed, fusing the powder to form the 2D-cross section
of a 3D model layer by layer [66]. The final properties of parts produced by PBF-LB are
mainly determined by the following process parameters: laser power (L), scan speed (v),
hatch spacing (h), and layer thickness (t) [67]. To facilitate the comparison of PBF-LB process
parameters, the relationship between laser power, scan speed, and hatch spacing is often
represented by a single value known as the volumetric energy density (VED). VED describes
the energy input to the powder per unit volume in Joules per mm? (J/mm3) and is calculated

according to the following formula:

VED =
v.h.t

2.6.2.1. Effect on the Properties of NiTi

The VED has a significant effect on the final properties of NiTi parts, and the optimum
parameters are influenced by the material characteristics of the starting powder, the
intended application, the desired part properties, and the operating environment of the final
part. The layer-by-layer nature of the PBF-LB process as well as the high melt pool
temperatures and the rapid solidification rates inherent to the process result in large
thermal gradients and non-equilibrium solidification rates [65]. These uneven solidification
rates can result in heterogeneous microstructures and phase distribution. Rapid heating and
cooling can solidify meta stable phases in alloy matrix and result in insufficient time for full
phase transformation while high thermal gradients can induce high thermal residual
stresses resulting in porosity defect and microcracks [68]. However, it is also possible to
produce parts with improved properties compared to conventionally manufactured parts.
By optimising the PBF-LB parameters the fast cooling rates can produced small grain sizes
and improved mechanical properties as well as making possible the production of

functionally graded microstructures [69]. The process parameters used control the energy
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Figure 9: Schematic of the PBF-LB process illustrating the process parameters laser power (P), scan
speed (v), hatch spacing (h), and layer thickness (t) [50].

supplied to the powder during the PBF-LB process and thus control the influence of these

effects on the final properties of the part.

2.6.2.2. Challenges

Control of Ni Content: It is well reported in the literature that the lower boiling evaporation
temperature of Ni compared to Ti results decrease in the Ni content of the PBF-LB parts from
the starting powder. The TTs of NiTi are heavily influenced by the PBF-LB process
parameters due to the high sensitivity alloy composition to VED. Transformation
temperatures can vary greatly with VED due to changes in the alloy composition owing to Ni
evaporation and precipitation of secondary phases [70]. An increase in VED due to increased
laser power or reduced scan speeds leads to increased Ni evaporation which in turn
increases TTs and results in Ti-rich regions which promote the precipitation of Ti-rich
precipitates such as NiTiz [71]. As the composition of the alloy is essential to the functional
properties and phase transformation behaviour of the alloy it is critical that the PBF-LB and

starting composition of the alloy are optimised to achieve the desired final part properties.
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Porosity Defects: On of the most common defects in the PBF-LB processing of NiTi are
porosity defects. These pores can act as initiation sites for cracks to form, deteriorating the
mechanical performance of NiTi [72]. There are three types of porosity defects which can
occur during the PBF-LB process. Gas pores are caused by gas in the powder bed which
becomes trapped or dissolved in the liquid metal during the rapid solidification process
resulting in spherical pores of less than 20 pm in size [73]. Lack of fusion defects occur when
low VED causes insufficient melting resulting in lack fusion between particles producing
irregular shaped pores ranging in size from 50 pm to several millimetres [74]. Keyhole pores
occur when high VED causes the evaporation of material which generates a recoil pressure
that pushes the molten metal away from the laser interaction zone leading to vapour cavities

[75]. These vapour cavities appear as spherical pores ranging from 20 pm to 60 pm in size.

Residual Stress & Microcracks: Residual stresses in PBF-LB parts primarily originates from
large thermal gradients produced by the high thermal energy and localised heating inherent
to the PBF-LB process. Residual stress in NiTi can influence the phase transformation
characteristics, cause localised detwinning and, when sever enough, can lead to crack
formation [76][77]. Post-processing heat treatments can be used to relax residual stresses
and annihilate defects in the microstructure however the heat treatment itself also alters the

phase transformation characteristics and microstructure of the part [78].

2.7. Shape Memory Alloy Actuators

An actuator is a device that converts energy into mechanical force to produce motion. SMA
actuator systems are typically composed of the SMA element itself, a bias element that
returns the SMA to its original shape after actuation, an electrical control unit, and a set of
fixtures used to couple the actuator to the mechanical system. During phase transformations,
SMAs can generate work in the form of force and displacement. The motion of the force and
displacement can typically be divided into either linear or rotational [79]. NiTi SMAs are used
as an alternative to traditional actuation systems due to their high power-to-weight ratio,
making them ideal for lightweight applications and miniaturization in cases requiring high
mechanical performance within limited spaces. Additionally, their low maintenance

requirements, reliability, large stroke capabilities, and spark-free, clean, and silent operation
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make them ideal for use in biomedical, robotics, automotive, and aerospace industries

[80][81].
2.7.1. NiTi Actuator Classification

NiTi actuators are primarily classified as either thermal actuators, where a change in
ambient temperature causes actuation, or electrical actuators, where actuation is initiated
by the application of direct current, resulting in a temperature change [82]. Thermal
actuators are typically controlled by passive heating where actuation occurs through
changes in ambient temperature [83]. They can be used as sensors to detect changes in
temperature and as actuators to output work. Electrical actuators are controlled by Joule
heating where a current is applied to the material causing resistive electrical heating and are
generally used solely as actuators to output work [84]. In either case, the application of heat
is the only necessary input for actuation, allowing NiTi SMA actuators to be used as high
work output actuators with reduced system complexity and volume, and higher energy

densities than pneumatic actuators and direct current motors [85].

An example of an electrical actuator system is illustrated in a study by Costanza et al. [86].
Figure 10 shows a linear actuator prototype made from a NiTi spring and a harmonic steel
spring. The SMA spring is heated by applying an electric current, causing it to push against
and compress the harmonic steel spring. When the electric current is switched off, the SMA
spring cools, and the harmonic steel spring pushes it back to its starting position. The point
of intersection between the thermoelastic curve of the NiTi spring and the elastic curve of
the steel spring defines the force and displacement of the spring, and thus the stroke of the
actuator. This study demonstrates how the actuator's stroke can be easily tailored to a

specific application by combining SMA and harmonic springs of different stiffnesses.

An example of a thermal actuator is presented in a study by Krishnan et al. [87]. In this study
the SMA element works as both a sensor and an actuator in a cryogenic thermal conduction
switch between dewars of liquid methane and liquid oxygen (Figure 11). In this case the bias
spring exerts a tensile force on the SMA spring, stretching it and separating the copper
contacts. When the temperature of the liquid methane increases beyond a certain defined

temperature, the SMA spring senses the change in temperature and actuates by undergoing

28



a phase transformation from martensite to austenite and overcomes the tension of the bias
spring bringing together the copper contacts. The copper contacts create a conductive path
for the liquid oxygen to cool the liquid methane. The SMA spring senses the decrease in
temperature and transforms back to martensite where the bias spring overcomes the SMA

spring and breaks the heat conduction circuit.
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Figure 11: Schematic of the linear electrical actuator system composed of an SMA spring and
harmonic steel spring showing the motion of the actuator [43].
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2.7.2. Limitations

Two of the main challenges of SMA actuators are energy efficiency and actuation cycle time.
During the heating part of the actuation cycle, the response time for actuation ON is
determined by the time taken for the material to reach Afand undergo phase transformation.
Actuation ON time is primarily controlled by the current applied where increasing the
current can increase the response time. The ON time is also affected by the efficiency of
heating. The heating part of the actuation cycle can suffer from low energy efficiency due to
a significant amount of heat energy being lost to the environment which also results in a
slower response time. In conventional electrical SMA wire actuators, a low voltage of up to
10 V is applied continuously, depending on the volume of the material and properties such
as resistivity and transformation temperatures [84]. In a study by Motzki et al. [88], a rapid
pulse method of electrical heating was investigated. A wire with a diameter of 76 pm and
length 225 mm, conventionally heated by a supply voltage of 8 V for 1 s, achieved a maximum
displacement of 8.33 mm, corresponding to a 3.7 % stroke. Using the rapid pulse method, a
wire of the same diameter heated by a supply voltage of 125 V for 2 ms, achieved a
displacement of 21 mm, 38 ms after the voltage was switched off, corresponding to a 9.3%
stroke. The study found that higher voltages resulted in higher forces at lower energy input
levels, and shorter activation pulses increased the efficiency of the system by eliminating

heat loss to the environment, achieving energy savings of up to 80 %.

Slow actuation cycle times are primarily dictated by the slow cooling of the NiTi actuator.
During the cooling part of the actuation cycle, the actuation OFF is the time taken for the
material to cool back to M¢. The OFF time is the more challenging part of the actuation cycle
as it is controlled by the thermal conductivity of the material. Optimising the cooling of SMA
actuators can be divided into either passive methods or active methods. Examples of active
cooling optimisation methods include active cooling systems such as fans or forces
convection through conductive fluids or coatings. The most common method of passive
cooling optimisation is increasing the surface to volume ratio. This highlights the advantage
of AM which allows the fabrication of geometries with high surface to volume ratios such as
lattice structures [89]. Sputtering methods have been used to increase the surface area to

volume ratio by producing NiTi thin films for use in microelectromechanical systems
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(MEMS). The advantage of thin film SMAs is not only their small size but also the increased

response rate of the NiTi actuator due to faster cooling rates [5][52].

2.8. Summary of Existing Knowledge

Nitinol has attracted considerable interest across aerospace, automotive, biomedical, and
robotics industries as a promising alternative to conventional actuation systems. Its high
force-to-mass ratio, superior wear and corrosion resistance, and unique shape memory and
superelastic properties enable the design of lightweight, low-maintenance actuators that
function as single components. Previous research has investigated both traditional
manufacturing and PBF-LB processing of NiTi, highlighting the influence of the starting

material, process parameters, and post-processing heat treatments on part properties.

Based on the current research traditional manufacturing methods, such as wire drawing, can
produce NiTi wires that exhibit shape memory and superelastic behaviour with tailored
transformation temperatures. However, the thermal and mechanical properties of these
wires are strongly dependent on the production route. Ingot fabrication often results in
heterogeneous microstructures with oxygen and carbon impurities, which act as sites for
crack initiation during subsequent hot or cold working or later in service. While hot and cold
working can refine the microstructure, these processes also introduce residual stresses and
dislocation networks that can shift phase transformation characteristics and degrade shape
memory performance. Post-deformation annealing and thermal ageing can relieve stresses
and tune transformation temperatures, but they may also promote extensive precipitation
of secondary phases. Such precipitates hinder the austenite-martensite transformation,

reducing shape memory performance and increasing hysteresis.

The machining of Nitinol poses another challenge. Its high ductility and work hardening
leads to significant tool wear, and processes like grinding introduce high temperatures and
stresses that alter material properties. Consequently, NiTi is generally limited to simple
geometries such as wires, tubes, and sheets, preventing the full realization of its potential.
To overcome these limitations, additive manufacturing, particularly PBF-LB, has emerged as
a promising alternative. PBF-LB enables the fabrication of complex geometries with tailored

properties. Yet, the complex interactions between process parameters and material
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behaviour also introduce drawbacks. The high temperatures, steep thermal gradients, and

rapid cooling rates characteristic of PBF-LB can lead to composition variations, porosity

defects, and significant residual stresses.

The existing literature highlights that each step of the fabrication process strongly influences

the final properties of NiTi components. Nevertheless, the majority of research focuses on

the superelastic performance, while relatively few address the shape memory effect (SME),

especially in the context of actuator behaviour such as stroke and actuation time. A critical

gap remains in understanding how PBF-LB processing parameters affect the SME of Ti-rich

NiTi, which is essential for optimizing actuation performance. This thesis aims to address

these gaps through the following investigations:

It is hypothesised that ageing heat treatments can enable the fabrication of thermal
actuators from conventionally manufactured Ni-rich wires. Chapter 3 examines the
effects of ageing time and temperature on phase transformation characteristics,
density, hardness, and shape memory performance. In this study the wires were
actuated by application of heat offering insight into the effects of ageing on
conventionally manufactured thermal actuators.

It was hypothesised that the degree of cold work and subsequent ageing treatments
can control the properties of conventionally manufactured NiTi wires and that
actuators based on R-phase transformation exhibit reduced hysteresis. Chapter 4
analyses the influence of the effect of the level of cold work and ageing time and
temperature on the phase transformation characteristics, hardness, microstructure,
and R-phase actuator performance. The results of this study provide valuable insight
into the performance of Ni-rich electromechanical R-phase actuators and the role of
thermomechanical history.

It is hypothesized that the interplay between PBF-LB process parameters and part
geometry can be leveraged to control the material properties of Ti-rich NiTi parts.
Chapter 5 examines the influence of process parameters on phase transformation
behaviour and material properties across different lattice geometries and the
relationship between the process parameters, the part geometry, and the material

characteristics. This study provides new insights into the relationship between strut

32



part geometry and PBF-LB process parameters and their effect on the phase
transformation temperatures and material characteristics of Ti-rich parts.

It was hypothesised that the relationship between PBF-LB process parameters and
part geometry together can be used to optimize the shape memory performance of
Ti-rich thermal actuators. Chapter 6 investigates the effect of PBF-LB process
parameters and lattice strut diameter on the actuator performance and strain
recovery of Ti-rich thermal actuators fabricated by PBF-LB. This study presents
valuable new insight into the interaction between PBF-LB process parameters and

part geometry on the performance of Ti-rich actuators.
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Chapter 3: Effect of Heat Treatment Time and Temperature on
the Microstructure and Shape Memory Properties of Nitinol
Wires

Josephine Ryan Murphy, Neha Agarwal, Hashemi, Theo Mossop, Darragh O’Neill, John
Power, Ali Shayegh, and Dermot Brabazon. Effect of Heat Treatment Time and Temperature
on the Microstructure and Shape Memory Properties of Nitinol Wires. Materials 2023, 16,
6480.

This chapter focuses on conventionally manufactured NiTi wires. Although wire drawing is
a well-established manufacturing method, they remain an important area of study. Much of
the existing literature concentrates on their superelastic behaviour, while comparatively less
attention has been given to the shape memory effect. Given the widespread availability of
conventionally manufactured NiTi wires and the significant scope for tailoring their
functional properties through heat treatment, this investigation provides an essential

foundation for the studies presented throughout this thesis.
Abstract

In this study, the effect of heat treatment parameters on the optimized performance of Ni-
rich nickel-titanium wires (NiTi/Nitinol) were investigated that were intended for
application as actuators across various industries. In this instance, the maximum recovery
strain and actuation angle achievable by a nitinol wire were employed as indicators of
optimal performance. Nitinol wires were heat treated at different temperatures, 400-500
° C, and times, 30-120 min, to study the effects of these heat treatment parameters on the
actuation performance and properties of the nitinol wires. Assessment covered changes in
density, hardness, phase transition temperatures, microstructure, and alloy composition
resulting from these heat treatments. DSC analysis revealed a decrease in the austenite
transformation temperature, which transitioned from 42.8 - Cto 24.39 - C with an increase
in heat treatment temperature from 400 - C to 500 - C and was attributed to the formation
of NiaTis precipitates. Increasing the heat treatment time led to an increase in the austenite

transformation temperature. A negative correlation between the hardness of the heat-
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treated samples and the heat treatment temperature was found. This trend can be attributed
to the formation and growth of NiaTis precipitates, which in turn affect the matrix properties.
A novel approach involving image analysis was utilized as a simple yet robust analysis
method for measurement of recovery strain for the wires as they underwent actuation. It
was found that increasing heat treatment temperature from 400 ° Cto 500 ° Cabove 30 min

raised recovery strain from 0.001 to 0.01, thereby maximizing the shape memory effect.

3.1. Introduction

Nitinol is an intermetallic phase of the nickel-titanium alloy with near-equiatomic
composition. It has two main crystal phases: a high-temperature austenitic phase with BCC
crystal structure, and a low-temperature martensitic phase with a monoclinic lattice
structure [90]. The transformation from austenite to twinned martensite on cooling is a
diffusionless process meaning that it can occur at very low temperatures as depicted in
Figure 12. As there is no diffusion of atoms, the only change that takes place is in the crystal
structure of the material, as depicted in Figure 12, allowing what is known as the shape

memory effect (SME) to occur [16]. When stress is applied to nitinol in the twinned
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Figure 12: The illustration of the shape memory effect in NiTi alloy is depicted through stress,
strain, and temperature variations, adapted from Yuebin Guo et al. [110].
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martensite phase, provided the stress is sufficiently high to induce a phase transformation
yet remains below the elastic limit, slip will not take place. Instead, a temporary phase
change from twinned martensite to detwinned martensite will be observed [91]. This means
that during the phase change, no atomic bonds are broken and thus the phase change is
reversible, allowing the nitinol to recover its original shape when heated to the high-
temperature austenite phase. The nitinol then remains in this shape as it cools and

transforms back to twinned martensite [18].

A process known as shape setting determines the shape that nitinol will return to, the
‘remembered’ shape, once the trained part is heated above the austenite finish (Af)
temperature. The most common method of shape setting nitinol is by heat treatment [92],
[93], [94]. The nitinol is held in the desired shape with a mandrel or fixture while it is heat
treated at a controlled temperature and time and is then quenched. When the nitinol is
removed from the mandrel after quenching, it retains its shape that is the austenitic or
“remembered” [62]. Another method of shape setting is over-straining which involves cold
working nitinol to the point at which full recovery of the previous shape on heating is not
possible. This process can be repeated until the previous austenitic shape is sufficiently
removed. This procedure takes time and is typically not as repeatable as heat treatment

shape setting [83].

The three most important factors in the heat treatment method of shape setting nitinol are
the heat treatment temperature, time spent at this temperature, and the raw material
condition. Shorter times and lower temperatures result in the material retaining the
properties of the high-strength, cold-worked state, but will result in more spring back and
less accurate shape setting. Longer times and higher temperatures can result in annealing;
however, it also results in shapes that are more exact and have less spring back [61]. The
existing literature shows that heat treating nitinol between 400 and 500 °C increases the
SME [90], [95], [96]. This is due to the formation of metastable Nis4Tis precipitates on heat
treatment of the samples and also due to the substantial density of reorganized dislocations

that remain within the samples [5].
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The Ni4Tis precipitates is dominantly present in the {111}B2 plane of the NiTi matrix This is
the crystallographic orientation relationship between the NisTis precipitate and the B2
phase. Each of the parent phase has four {111}B2 planes with two of these variants having
the same plane leading to eight variants of the Ni4Ti3 precipitates. These precipitates have
varying size vastly depending on the heat treatment temperatures and times. The precipitate
formation in the ageing temperatures generally have affinity of nucleating and grow near the
grain boundaries [97]. It was shown in the work of Sadiq et al. [98] that changes in
distribution of the Ni4Tis precipitates governs the SME as it prevents plastic deformation by
restricting the movement of dislocations and increasing the critical stress magnitude [98].
From this work, it was also noted that heat treatments at temperatures above 400 °C show
the highest extent of the SME. However, in a study by Oncel et al. [94], it was found that, at
temperatures above 500 °C, the precipitates are larger, less dense, and begin to re-dissolve
within the austenitic phase matrix, decreasing the SME of the material. These studies
highlight the importance of finding the optimum heat treatment parameters for nitinol in

order to provide the highest extent of SME.

Several research studies have demonstrated that the nickel (Ni) content within NiTi based
alloys and the presence of precipitates, such as NiTiz, Ni3Tiz, and Ni4Tis, play a significant role
in influencing the alloy’s phase transition temperature. Additionally, the incorporation of
alloying elements not only impacts the phase transition temperature but also affects the
resultant phase transition products and the pathway of the phase transition [99]. In NiTi
binary alloys, a typical one-step phase transition directly from B2 to B19’ is observed.
However, the introduction of iron (Fe) results in a two-step phase transition, progressing
from B2 to R and then to B19'. Notably, the degree of separation between these two
transition steps becomes more pronounced with higher levels of Fe incorporation. The NiTi-
Cu alloy system offers less sensitivity of the alloy’s phase transition temperature due to
compositional variations, facilitating enhanced control over memory performance. The
addition of copper (Cu) imparts the alloy with a high phase transition temperature,
exceeding room temperature, enabling the realization of shape memory effects even at
ambient conditions. These favourable attributes position NiTi-Cu alloy as a highly promising

choice for practical applications in shape memory alloys. Additionally, incorporating

37



palladium (Pd) into a NiTi alloy can substitute for nickel (Ni) atoms, resulting in an initial
decrease in the alloy’s phase transition temperature. However, as the quantity of added Pd
increases, the phase transition temperature gradually rises with the Pd content [100]. The
critical influence of nickel (Ni) content and precipitates on the phase transition temperature
of NiTi-based alloys, as well as the profound impact of alloying elements on both the
temperature and the characteristics of phase transitions, offers opportunities for tailoring

shape memory alloys to suit various practical applications.

Many different methods have been presented in the literature to determine the efficacy of
heat treatment parameters on the SME of nitinol. In a study conducted by Lahoz and
Puertolas [101], NiTi wire with Ar temperature 29.2 °C was heated treated at 660 °C for 30
min and then quenched in water. Stress-strain and deformation-temperature curves of the
NiTi wire were then obtained using a thermomechanical analyser (TMA). Several different
studies used a low-friction linear variable displacement transducer (LVDT) to measure the
displacement of a nitinol part. In Lou and Abel [102], NiTi wire with an Artemperature of 80
°C, heat treated at 550 °C for 20 min, was held stationary at one end by a support structure,
while the other end was attached to the central slider of a LVDT which measured the
horizontal displacement produced by SME. In Speicher et al. [103], nitinol helical springs and
Belleville washers are tested by using a cylindrical damper as a tension/compression device
and a LVDT was used to measure the vertical displacement during actuation of the nitinol

component.

In recent years, there has been a growing interest in harnessing the potential of shape
memory alloys (SMAs) like nitinol to enhance structural behaviours. Nitinol, with its
remarkable tensile strain recovery properties, offers the ability to generate and withstand
substantial stresses and strains, making it a standout candidate for applications requiring
high mechanical energy density. This feature enables more compact structural designs
compared to other actuator systems and adaptive materials. Furthermore, nitinol’s
attributes, such as its robust tensile strength, corrosion resistance, and biocompatibility,

have solidified its popularity in various fields, particularly in biomedical applications [104].

38



Moreover, nitinol-based single-stage bellows, shaped using the rubber bulge method, have
been investigated for their compressive behaviour. These structures hold potential in energy
absorption applications, providing adjustability in energy absorption and crushing forces
based on their bellows’ shapes. Additionally, nitinol-based bellows can be reused due to their
recovery function, making them a promising choice for energy absorption devices [105],

[106].

In a separate development, researchers have introduced a novel class of superelastic NiTi
honeycomb structures. A unique brazing technique was employed to create nitinol based
cellular structures with low relative densities. These structures exhibited impressive specific
strength, high specific stiffness, and enhanced shape recovery when subjected to
compression loading, outperforming monolithic shape memory alloys. This breakthrough
opens the door to a wide range of engineered topologies with customizable properties and
enhanced thermomechanical response [107]. These applications underscore the versatility
and promise of nitinol in various fields, from seismic engineering to biomedical devices and

advanced structural materials.

While these studies also investigate the effect of heat treatment parameters on the SME of
nitinol, there are still several gaps in our understanding of the process and material
behaviour. Achieving optimal energy consumption and SME performance for NiTi involves
selecting a temperature that closely aligns with the operational environment, avoiding being
too close to prevent unintended actuation. Previous investigations have shown that the
initial Artemperature of the wires were above room temperature; the Aftemperature further
increased after heat treatments. There are, however, many potential applications for NiTi
closer to room temperature so by selecting NiTi with a starting Ar slightly below room
temperature, after heat treatment, it becomes possible to establish the resulting As
temperature at an appropriate level above room temperature. Studies to date have also only
examined a very limited range of heat treatment times and temperatures [108]. Finally,
mechanical device methods of displacement and strain measurement used in past studies
are known to have errors due to inherent friction and strain accommodation within the
connecting mechanical elements [109]. The study involved an extensive exploration of

various temperatures and durations applied to nitinol wire with initial Ar temperatures
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below room temperature. The purpose was to determine the most effective heat treatment
parameters to enhance shape memory effect (SME) control. Additionally, a strain recovery

measurement was conducted using an image analysis methodology.

3.2. Materials and Methods

In this study, a DoE with two parameters at three levels was used to heat treat the nitinol
wires in order to determine the optimum heat treatment parameters for maximum shape
memory response. Wire samples of length 400 mm were heat treated and shape set as
straight wires in a box furnace for 30, 60, and 120 min at 400 °C, 450 °C, and 500 °C. For each
of these parameters, two samples were tested in order to validate results and calculate the
repeatability. These samples underwent characterization through metallography, density,
hardness, and DSC measurements. These analyses were performed to investigate the
influence of the heat treatment parameters on the material properties, as depicted in Figure
13. Finally, the shape memory effect (SME) of the samples was tested by angular
displacement and recovery strain experiments to determine the optimum heat treatment
parameters for SME in nitinol wires. Note that throughout this study n = 2 and error bars

shown are 95% confidence intervals.

3.2.1. Heat treatment of nitinol wires

The nitinol (NiTi) wire used for this study was provided by Fort Wayne Metals, Castlebar, Co.
Mayo, Ireland, with a chemical composition of 55 wt.% Ni and 45 wt.% Ti. The wire supplied
had a diameter of 0.468 mm with austenite finish temperature (Af) of 13.7 °C with a lightly
oxide surface finish. For heat treating the wires, a Nabertherm N60/85HA chamber furnace
was used. This furnace has an operating temperature range of 30 to 850 °C and its inner
chamber’s dimensions are 350 x 500 x 350 mm. This furnace is heated from the bottom,
sides, and the top and uses recirculating air flow to maintain temperature uniformity within

10 K according to DIN 17052-1 [110].

A summary of the heat treatment temperatures and times examined is shown in Table 1. For
each specific time and temperature configuration, a 150 mm wire length was subjected to
the heat treatment process. In total, nine wires were heat treated in this study. All the

samples were heat treated individually to have stability at the respective temperature,
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thereby avoiding opening of the furnace to add/remove samples. The samples were air

cooled outside the furnace upon completion of each heat treatment process.
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Figure 13: Process Diagram showing the implemented experimental procedure.

Table 1: Heat treatment process parameters applied to the nitinol wires.

Sample Number | Temperature (°C) | Time (min)
1 As-received As-received
2 400 30
3 400 60
4 400 120
5 450 30
6 450 60
7 450 120
8 500 30
9 500 60
10 500 120
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3.2.2. Metallography

Metallographic analysis of the surface morphology and topology was conducted using a SEM
(Zeiss EVO LS15) at an accelerating voltage of 20 kV. The Zeiss EVO LS15 is a thermionic
emission SEM with variable pressure option, and a maximum magnification of 300,000X
with a 5-axis stage. The thin wires were mounted on conductive stubs and placed inside the
SEM chamber for analysis. As the NiTi wires are conductive, no additional sample
preparation was required. An Oxford Instrument EDX (Energy Dispersive X-Ray) was used
for composition analysis. This analysis helped in identifying change in the Ni content as an

effect of the variation in the heat treatment process parameters.

As titanium is a highly oxidizing element [111], in order to study the microstructure, samples
were etched with a Kroll’s reagent (HF based acid) to provide a better contrast between
chemically different features of the material. Nitinol is a particularly unreactive metal in part
due to the formation of an insoluble titanium oxide layer. Unlike with primarily titanium-
based alloys, this etching procedure is particularly sensitive to alloy segregation, as the
chemical reactivity of nickel is significantly different from that of titanium. This creates a
challenge for determining the etching time for this metal. The etching times were found to
be different for the as-received and heat-treated samples. The etching times used for the
samples ranged between 2-5 s. There were no significant differences observed in the

microstructures after etching.

3.2.3. Density

The most widely used method for calculating the density of solids is the buoyancy method,
which is based on the Archimedean principle. This principle states that a body immersed in
a fluid indicates an apparent loss in weight equal to the weight of the fluid it displaces.
Ethanol was used as the fluid medium for density measurement in this study [112]. Density
measurements were conducted on the nitinol wires, which were heat treated. Three
measurements for each sample were recorded with averages and confidence intervals

reported in this study.
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3.2.4. Differential Scanning Calorimetry

Differential Scanning Calorimetric analysis was performed using a TA Instruments®
Discovery DSC2500, New Castle, DE, USA. DSC analysis was performed on all the heat-treated
samples as well on the as-received wire to study the phase transformation temperatures.
The crucibles used for this experiment were made of pure aluminium, which is suitable for
solid and powder samples that do not decompose or boil at temperatures between -170 °C
to 600 °C [113]. The tests were conducted in the temperature range of 0 °C to 150 °C with a
ramp up rate of 10 °C/min. The austenite and martensite start and peak and finish
temperatures were evaluated. TZero aluminium pan with TZero lids and a sample mass of
around 20 mg were used to carry out the tests. Liquid nitrogen was used as the cooling

medium.

3.2.5. Vickers Microhardness

Vickers microhardness was recorded using a Leitz MiniLoad 2® equipment (Spectrographic,
Leeds, UK by applying a force of 981 mN onto the surface of the samples with a holding time
of 20 s [114]. Vickers hardness measurements were performed on all heat-treated samples,
with each sample undergoing five measurements at randomly selected locations on its
surface. The resulting average Vickers hardness values were then recorded and reported.
For ease of the microhardness measurements with these thin wires, the wires were mounted

in epoxy resin and grinded till the required surface finish was attained.

3.2.6. Displacement Experiment of Heat-Treated Nitinol Wires

The 150 mm long heat-treated wires were deformed into ‘U’ shapes by bending the wires
180° around a 6 mm diameter mandrel while both the ends were held together. This bending
process was carried out with careful attention to prevent kinks in the wire. Such kinks could
potentially cause a form of irreversible deformation due to elevated internal stresses
compared to the surrounding wire. This deformation, if present, might diminish the overall
shape memory effect. The wire was then released and secured to a reference sheet. A
controlled heating was then applied to raise the temperature of the wire above the austenite
finish temperature. A photograph of the wire, normal to the surface, of each sample after

heating was taken, and for the measurement of deformation, an image analysis utilizing
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Image] software (V 1.8.0) was employed [115]. A schematic representation of this entire

process is visually outlined in Figure 14.
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Figure 14: Schematic of the method used for the displacement and recovery strain experiments.
(a) Wire and mandrel before deformation, (b) deformation of wire around mandrel, (c) wire after
it has been released from the mandrel, (d) wire after controlled heating.

3.2.7. Recovery Strain of Heat-Treated Nitinol Wires

Images were captured before and after bending for all of the heat-treated nitinol wires.
Image] software was used to calculate the radius of curvature before and after the wires were

heated above the Artemperature. The radius of curvature was calculated using a developed
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Image] macro. Utilizing the initial radius of curvature (denoted by R), the bending stress
equation was used to find the strain (denoted by ¢) in the maximum bent section of the wire.
The stress (denoted by o) over the point of maximum stress equals the Young’s modulus

(denoted by E) divided by the radius of curvature as in Equation

(1)

<19
~|

(1)
Furthermore, it is known that strain equals the Young’s modulus by the stress as shown in

Equation ( 2).

(2)
The combination of these two equations suggests that the strain within the sections of wire
that is measured equals the point of maximum stress by the radius of curvature as shown in
Equation ( 3 ). The point of maximum stress is relative to the neutral axis. The neutral axis
within the wires is the centre point in the wires. The point of maximum stress is equal to the
radius of these wires. Strain was calculated before and after the wires were exposed to the
heat source. Recovery strain was calculated by subtracting the strain after recovery from the

strain measured before recovery.

(3)
3.3. Results

3.3.1. Effect of Heat Treatment on Density

Density measurements are conducted to evaluate the impact of heat treatment and its
duration on the material’s properties and characteristics. This allowed a comprehensive
understanding of how changes in heat treatment conditions affect density and, by extension,
the alloy’s performance. While the density of the as-received nitinol was found to be close to
the expected nitinol density of 6.45 g/cm3 [116], differences in the resultant density were

recorded for samples produced at the
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Figure 15: Density measurements (black squares) of all heat-treated nitinol samples, n = 3.

different processing parameters, see Figure 15. A slight decrease in density compared to the
non-heat-treated samples was observed in the samples heat treated at 400 °C for 30 min
(sample 2). Among the various heat treatment conditions, the sample treated at 400 °C for
60 min (sample 3) exhibited the highest density, with a value of 6.85 g/cm3, while the sample
subjected to heat treatment at 450 °C for 30 min (sample 5) demonstrated the lowest density
of 5.95 g/cm3. A decrease in density relative to the non-heated samples was observed for
samples processed at all other heat treatment conditions. The density for the other heat
treatment conditions was on average 6.25 g/cm3. The density for the sample heat treated at
500 °C for 30 min (sample 8) was the closest to that of the as-received nitinol wire. Both
samples, as received and heat treated, were also found to have the lowest standard deviation.
[t was observed that the heat treatment time had relatively little effect on the density value

at 500 °C. Apart from one heat treatment condition, the heat treatments led to a decrease in
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the density relative to that of the as-received nitinol wire, which is consistent with previous

research findings [117].

3.3.2. Effect of Heat Treatment on Microstructure

The EDS results of the as-received wire showed a uniform distribution of Ni and Ti. Results
of further EDS tests at different locations and areas confirmed that the surface of these
samples contained a uniform composition of about 55 wt.% Ni and 45 wt.% Ti as shown in
Figure 16. The chemical composition of the heat-treated wires has been tabulated in Table

2. Other observed elements were C and O but were insignificant to be mentioned.

B Spectrum 1
Wt% o

Ni 551 02

Ti 449 02

Powered by Tru-Q®

Figure 16: SEM image and EDX mapping of the surface of the as-received wire.

Table 2: Chemical composition of as-received and heat-treated nitinol wires

Sample Number | Ni (at. %) | Ti (at. %)
1 49.9 50.1
2 49.3 50.7
3 49.5 50.5
4 49.4 50.6
5 47.9 52.1
6 48.8 51.2
7 49.1 50.9
8 48 52
9 47.5 52.5
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10 46 54

3.3.3. Effect of Heat Treatment on the Phase Transformation Temperatures

The phase change, including the austenite finish, temperatures (Af) were measured using
DSC, see Figure 17. These results show that there was a decrease in the Artemperatures with
increasing heat treatment temperature. The lowest Ar temperature for a specific
temperature group was higher than the highest Ar temperature found in the next lower
temperature treated group. On the other hand, there was an increase in Artemperature with
time for samples heated at 400 °C, a decrease in Ar temperature with time at 500 °C, and
relatively little effect of time at 450 °C on the Aftemperature. From the DSC curves the phase
change peaks become sharper with both heat treatment temperature and time with the

broadest peak at 400 °C for 30 min and the sharpest at 500 °C for 120 min.

3.3.4. Effect on Hardness Due to the Heat Treatment Process

Figure 18 presents the results from the Vickers microhardness indentation tests. The
measured hardness for all the heat-treated samples in this study was found to be lower than
the measured hardness of the as-received nitinol wire. For the samples treated at 400 °C
(samples 2, 3, and 4), there was an initial decrease in the hardness values between the
samples treated at 30 min (sample 2) and those at 60 min (sample 3), and a subsequent
increase in the hardness values from the 60 min samples (sample 3) to the 120 min (sample
4) heat-treated samples. For the samples treated at 450 °C (samples 5, 6, and 7), there was a
general trend that showed a decrease in the hardness of the samples as the heat treatment
time increased [53], [111]. Increasing heat treatment temperature also resulted in a
reduction in average hardness. The trend of results of this work in terms of hardness

matched well with those recorded previously [118].

3.3.5. Loss of Actuation Angle for the Nitinol Wires

The results in Figure 19 show that the largest deviations from the straight wire occurred in
samples heat treated at 400 °C for 30 (sample 2) and 60 min (sample 3) with angles of 18.80
°and 18.16 ° respectively. Increasing the heat treatment time to 120 min at 400 °C resulted

in a reduction of this angle to 10.61 °.
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Figure 17: (a) The Ar phase transformation temperatures of the wire samples (n = 2), and DSC
heating curves (orange line) and cooling curves (blue line) of samples treated (b) at 400 °C for 30
min, (c) at 450 °C for 30 min, and (d) at 500 °C for 30 min.

Samples heat treated at 450 °C show a different relationship between angle and heat
treatment time. The lowest angle occurred in the sample heated for 30 min (sample 5),
achieving an angle of 10.10 °. The angle increased drastically to 16.92 ° at 60 min (sample 6)
and showed only a slight decrease to 16.74 ° for 120 min (sample 7).

For samples heat treated at 500 °C, a decrease in angle with increasing heat treatment time
was observed. The sample treated for 30 min (sample 8) achieved an angle of 12.07 °. The

samples treated at 60 min (sample 9) and 120 min (sample 10) both produced the lowest
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Figure 18: Vickers microhardness test results for as-received and heat-treated samples, n = 5.

actuation angular loss compared to any of the other samples at 9.22 ° and 6.75 °,

respectively, as shown in Figure 19.

3.3.6. Recovery Strain of the Heat-Treated Nitinol Wires

The recorded recovery strains of the heat-treated nitinol wires, after bending the wires and
then recovering once they were heated above the Artemperature is shown in Figure 20. For
the samples heat treated at 400 °C, an increasing extent of recovery in the strain values were

observed with increasing heat treatment time. A similar trend was observed for the samples
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Figure 19: Loss of actuation angle from desired shape (°) for the heat-treated samples.

heat treated at 500 °C with maximum recovery strain achieved for the sample heat treated

at 500 °C for the longest duration of 120 min.

For the samples heat treated at 450 °C, the lowest time of 30 min showed the lowest recovery
in the strain values. Increasing the time of 60 min heat treatment showed an increase in the
recovery strain value, whereas a further increase in the heat treatment time to 120 min

resulted in a drop in the recovery strain value.

3.4. Discussion
Main aims of this study were to determine how the nitinol wire heat treatment process
parameters relate to the resulting shape recovery response and mechanical properties. In

this work, wire samples were heat treated in a box furnace at three different temperatures
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Figure 20: Recovery strain values for the heat-treated samples, n=3.

0f 400 °C, 450 °C, and 500 °C with varying times of 30, 60, and 120 min for each temperature.
The samples were heat treated in atmospheric conditions and air cooled outside the furnace.
As shown in Figure 20, the recovery strain response of the heat-treated samples increased
as the heat treatment temperature increased. A maximum recovery strain value was
observed for the wires heat treated at 500 °C for 120 min. This result correlates well with
the measured loss of actuation angle that was found to be the lowest for the wires heat
treated in this condition, see Figure 19. There was an increase in the change in the radius of
curvature of the wire as the heat treatment temperature of the wire was increased. Wires

with the highest recoverable strain provide the maximum shape recovery capability.

The EDX analysis of the post-processed wires showed no significant changes in the chemical

composition of the samples. The chemical composition of nitinol significantly influences the
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performance of the shape memory alloy, demanding close monitoring of the sample’s
composition. As mentioned earlier, the chemical composition of the samples used in this
study was found to be Ni55 wt.% and Ti45 wt.%. A more Ti-rich nitinol alloy exhibits better

shape memory property and higher phase transformation temperature [119] [120].

The density of the phases present in the produced parts can be directly correlated to the
hardness values measured. NisTi3 precipitates have been identified in heat-treated NiTi
samples with more precipitates occurring at higher ageing temperatures and with longer
heat treatment periods as reported by Rondelli et al. [111]. The lower hardness values for
the samples heat treated at 450 °C and 500 °C is likely caused by the increased presence of
the Ni4Tis precipitates in the wire samples, thereby lowering the hardness values compared
to samples heat treated at 400 °C [118], [121]. As indicated previously in the study conducted
by Khalil-allafi et al. [97], at the ageing temperature range of 400 to 600 °C, heterogenous
distribution of the NisTis precipitates has been observed. It has also been reported that the
grain size increases with increasing ageing temperature that leads to lowering of the
hardness values. In the work of Adharapurapu et al. [118], the samples that were heat treated
at 400 °C for 5 h exhibited the best hardness values. From this previous study, the sample
heat treated at 500 °C for 5 h also displayed a lower hardness value, however, for sample
heat treated at this temperature for longer periods of 10 h or more, the hardness increased.
This finding directly correlates with our results. The trend of decreasing hardness values
with increasing temperatures and times also is expected to be attributed to the formation of

an increased Ti-rich matrix due to the formation and growth of Ni4Tis and NisTiz precipitates.

A clear indication of the changes in the Artemperature has been observed because of the heat
treatment process, see Figure 17. From the graph, it is apparent that there is a decrease in Ar
temperature with increasing heat treatment temperature. The heat treatment time,
however, has a relatively small effect on the transformation temperatures, indicating that
the main driver for the reduction in Ar is the heat treatment temperature rather than time.
The samples heat treated at same temperature of 400 °C but for varying times, however,
show a general increase in Ar temperature with heat treatment time that has also been
reported in the literature due to an increase in Ni4Ti3 precipitation [122], [123].

Furthermore, a noticeable increase in the sharpness of the transformation peaks was
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observed with extended time and temperature. This trend was accompanied by a decrease
in Arand a heightened precision in the transformation peaks, as both temperature and time
increased [98], [124]. This phenomenon can be attributed to the relaxation of residual stress
and the correction of microstructural defects that hinder crystal mobility during heating. The
alteration in the Artemperature caused by the heat treatment process is advantageous, as it
offers the potential for adjusting the phase change temperature according to specific

application requirements.

In this work, a straightforward and quick method of calculating the actuation of a wire at the
actuation angle was developed. The results show that the actuation improved with both heat
treatment temperature and time. The largest shape recovery was achieved with the sample
heated at the highest temperature for the longest time (500 °C for 120 min), while the lowest
shape recovery was recorded at the lowest temperature and shortest time (400 °C for 30
min). The growth of the metastable finer Ti-rich precipitates with the increase in the heat
treatment temperature to 500 °C resulted in more martensitic phases that increased the

shape memory response.

This study explores the impact of heat treatment parameters on the performance of nitinol
wires, specifically focusing on actuation characteristics. While the primary focus is on
understanding the material behaviour, the results of this research can have direct
applicability in industries where nitinol-based actuators are used. By optimizing the heat
treatment parameters, the study shows how to enhance the actuator performance, which is
valuable for the development of robotic, aerospace, and medical actuator devices. This work,
therefore, adds a new scientific knowledge base to inform future practical product designs.
The study utilizes a novel approach involving image analysis to measure recovery strain
during wire actuation. This methodological innovation can be used by the scientific
community as a new practical and robust technique for assessing shape memory alloy

behaviour.

3.5. Conclusions
Wire samples of nitinol manufactured using traditional wire-drawing techniques were

examined to determine the effect of heat treatment time and temperature on the density,
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hardness, material composition, surface morphology, transformation temperature, angular
displacement, and strain recovery. This study highlights that the homogeneity and presence
of precipitates of nitinol are critical to final properties of the material. The conclusions drawn

from the obtained results are as follows:

e There is a decrease in the density between the as-received samples and the heat-
treated samples, except for sample 3. Sample 3 was treated at 400 °C for 60 min and
an increase from the as-received density of 6.45 g/cm3 to 6.85 g/cm3 was observed.
The results show that the heat treatment time and temperature can be used to control
the density within the range of 5.85 to 6.85 g/cm3.

¢ The hardness results show a general decrease in hardness with heat treatment time
and temperature.

e From the EDX and SEM results, the as-received wire has a uniform distribution of Ni
and Ti with a surface oxide layer due to titanium’s highly oxidising nature.

e The DSC curves show that increasing heat treatment time and temperature decreases
the Af temperature and increases the sharpness of the phase transition curves. This
indicates that higher temperatures (500 °C) for longer times (120 min) results in an
increased reduction of residual stresses and defects that impede crystal mobility.

e NiTi heat treated at 400 °C for up to 60 min and 450 °C for 60 to 120 min fails to
result in a high level of shape memory response. Heat treating NiTi at 500 °C for 60
(8.9°) and 120 min (6.4°) results in an increasing shape memory effect with the
greatest shape recovery observed in the sample treated for 120 min.

e The strain recovery increases with increasing heat treatment time and temperature.

The maximum strain recovery occurred in the sample heated at 500 °C for 120 min.

In terms of limitations, the size of the samples was too small to allow XRD testing. Sheet
samples could potentially be used to allow for XRD analysis due to its larger surface area.
Future studies should prioritize in-depth investigations aimed at achieving the maximum
shape memory effect tailored specifically to the desired application. Future work could also
examine the heat treatment of the wire samples at higher temperatures (e.g., 550 °C or 600

°C) and for longer periods of time (e.g., 150 and 180 min). More rapid cooling of the samples
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such as the use of water quenching of the wires after the heat treatment process should also

be further examined.
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Chapter 4: Investigating the Effect of Wire Drawing and Heat
Treatment on the Response of Niso.9Ti49.1 R-phase Actuators

Josephine Ryan Murphy, Muhannad A. Obeidi, Inam Ul Ahad, Dermot Brabazon.
Investigating the Effect of Wire Drawing and Heat Treatment on the Response of

Ni50.9Ti49.1 R-phase Actuators. Materials, 2025, 18, 4931.

This chapter builds upon the investigation of conventionally manufactured NiTi wires. The
study examines the effects of both post-processing heat treatments and the
thermomechanical processing history of the starting material, providing a deeper
understanding of the relationship between processing conditions and the resulting
functional properties. Furthermore, this work begins to establish a framework for the direct
evaluation of NiTi actuator performance through experimental testing, enabling the

measurement of key actuator characteristics such as stroke and actuation time.
Abstract

In this investigation, Nis0.9Tis9.1 wires which were cold rolled to 40 % and straight annealed
at480°C, 510 °C,and 550 °C respectively were heat treated to shape set these wires as helical
springs and enhance their SME for use as electro-mechanical actuators. These shape set
spring actuators were heat treated at 350 °C, 400 °C, and 450 °C for 30, 60, and 90 minutes.
The wires' performance as actuators was assessed on a custom-built testing rig, which
measured both the stroke and actuation time for each wire. Additionally, the wires were
characterised experimentally by DSC, XRD, and nano indentation. The final resulting
properties of the R-phase transformation helical spring actuator is controlled by the
competing mechanisms of dislocation annihilation, and precipitation of Ni4Tis, as well as the
prior thermomechanical treatment. The optimum conditions for actuator response in
Nis0.9Tis9.140 % cold worked wires was a straight annealing temperature of 480 °C and shape
setting aging conditions of 450 °C for 60 minutes. These parameters resulting in the optimum
combination of defect annihilation and density of precipitates resulting in a high stroke (56

mm), low hysteresis (2.68 °C) actuator with an actuation time of 6 s.

57



4.1. Introduction

Nitinol (NiTi) is a nickel-titanium shape memory alloy (SMA) of equiatomic composition.
SMAs are alloys that exhibit two unique mechanical properties known as superelasticity (SE)
and shape memory effect (SME) [125]. SE and SME are achieved due to a reversible,
thermally activated transformation between the two main crystal phases of NiTi: a high-
temperature austenitic phase (B2) with BCC crystal structure, and a low-temperature
martensitic phase (B19’) with monoclinic lattice structure [126], [127]. SE also refers to the
material’s ability to recover strains isothermally during a mechanical load/unload cycle
without acquiring any residual stresses, while SME is defined by the material’s ability to
recover large deformations, returning to its original shape upon heating above a transition

temperature [84].

While SE and SME have been found to exist in many different alloys, NiTi is the most popular
Shape Memory Alloy (SMA) owing to its high tensile strength, corrosion resistance, and
biocompatibility [105]. As a result, NiTi has numerous applications across a wide range of
industries, generally availing of either SE or SME. For example, the biomedical industry
makes use of NiTi’s SE along with biocompatibility and corrosion resistance for devices such
as catheters and stents, meanwhile the aerospace industry takes advantage of the SME, high
force-to-weight ratio, and spark-free response to thermal stimuli for use as sensors and
actuators [79], [80], [84]. The prevalence of either a SE or SME characteristic depends on the
composition of the alloy, which in turn determines the phase. A higher titanium content
results in higher transformation temperatures (TT), a martensitic phase, and an SME
response, while a higher nickel content results in lower TT, an austenitic phase, and an SE
response [128]. For example, Wen et al. [129] found that NiTi samples produced from
powder with a Ni content of 50.73 at.% displayed SME, while NiTi with Ni content 50.93 at.%
and 51.27 at.% displayed SE and had Artemperatures of 55 °C, 31 °C, and 25 °C, respectively.

Although Ti-rich NiTi is generally used for SME, equiatomic or Ni-rich NiTi is more widely
available and can - through thermomechanical processing - be used for SME applications. Ni-
rich NiTi also shows reduced thermal hysteresis which is an important factor for actuators,
allowing actuator activation and de-activation to occur within a smaller temperature, the

mechanical properties of NiTi are dependent on the temperature of the operative
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environment relative to the transformation temperatures for the alloy range [27] [130]. This
means that to be able to tailor NiTi SMA actuators to a wide range of applications, SME Ni-

rich NiTi must also be investigated.

As well as chemical composition, the processing routes of NiTi wire also drastically impact
the material and mechanical properties. NiTi wires are produced by a thermomechanical
process known as wire drawing, which involves a series of cold rolling through dies to reduce
the diameter and inter-pass annealing, followed by straight annealing at various
temperatures and times to control the final properties of the wire. The cold working process
introduces lattice defects and randomly distributed dislocations into the microstructure,
which can result in increased strength and reduce SME while annealing, depending on the
annealing parameters, can rearrange or annihilate the dislocations as well as cause the
formation and dissolution of precipitates such as NisTis, thereby altering the chemical
composition of the matrix. The thermo-mechanical history is therefore instrumental in

determining the material’s properties [131][132][133][81].

The nanocrystalline grain structure formed due to cold work can impede B19’ nucleation,
resulting in the formation of the intermediate R-phase. Additionally, the strain fields
introduced by precipitates such as Ni4Tis can further stabilise the R-phase [134]. R-phase can
be beneficial for sensor and actuator applications due to its increased cycling stability and
low temperature hysteresis, allowing it to operate in a smaller temperature range
[123][135]. A trade off from the R-phase is the small recoverable strains (< 1%) compared
to the martensite transformation strain (6 %) However the R-phase transformations can still
be effectively used as SMA actuators when used in the form of a helical spring allowing much
larger stroke per unit of length of the actuator and adequate work output despite the low
recoverable strains [83][136]. In addition to having larger strokes, linear SME helical spring-

based actuators are more compact than wire actuators [137].

Shape setting is performed by holding the material in the trained shape at an aging
temperature for a specific duration, followed by quenching to entrain the higher austenite
phase structure. Studies have also found that constraining NiTi for shape setting increases

the effect of heat treatment on the material. Favier et al. [138] found that aging has a stronger
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influence on the transformation and mechanical behaviour of Niso.sTis9.2 in constrained
samples, indicating faster aging kinetics. This is attributed to the interaction between
internal stresses from Nis4Ti3 precipitates and the externally applied stress during

constrained aging.

Lenticular NisTis precipitates form coherently with the matrix, generating anisotropic stress
fields with compressive stress perpendicular to the precipitates. When an external stress is
applied, the precipitates align preferentially with the external tensile stress to relieve
internal stresses, perpendicular to the internal compressive stress. During constrained
shape setting, NiTi undergoes a phase transformation to the B2 phase, attempting to recover
its straight-annealed shape. However, the applied constraint prevents full recovery, leading
to stress buildup, potential plastic deformation, and pinning of reoriented martensite, which
hinders transformation and reduces shape recovery. Benafan et al. [85] found that heating a
10 mm rod of Nis99Tiso.1 at a rate of 15 °C min-! relaxed these stresses, ultimately reaching
zero stress at 450 °C. They also noted that isothermally holding the sample at a lower
temperature above Ar for a period of time can also result in complete stress relaxation. Liu
et al. [93] found that shape setting Niso.7Ti49.3 0.5 mm wire at temperatures above 450 °C
showed negligible improvements in shape recovery compared to samples shape set at 450
°C for 60 minutes, and increased the risk of oxidation. Therefore, in this study, shape setting

is performed at 350 °C, 400 °C, and 450 °C for 30, 60, and 90 minutes.

Much of the current literature focuses on the effect of wire drawing steps on the material
characteristics of NiTi, wire as well as the influence of heat treatment on the R-phase. There
is little research on the effect of the thermomechanical processing of NiTi wires on the
functional properties of Ni-rich SMA actuators based solely on R-phase transformations.
While there have been many studies on the effects of the degree of cold work and heat
treatment on Ni-rich nitinol, they tend to focus on the SE [14][140]. In the case where SME
is studied in Ni-rich nitinol, the actuator performance is not directly assessed but instead
tested by methods such as the bend and free recovery test, which does not allow the
measurement of properties such as actuator stroke [141][142]. Finally, in the case where the
functional performance of SMA actuators is assessed using setups such as linear actuators,

the materials used are Ti-rich NiTi [15][86][143]. This study aims to address gaps in the
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literature related to the actuation performance of Ni-rich R-phase actuators. In particular,
the effect of different wire drawing histories and shape setting parameters on the stroke and
response times of NiTi helical springs. Niso.9Ti49.1 wires from the same ingot with different
thermomechanical histories were constrained and shape set as helical springs to investigate
the effect of straight annealing and shape setting parameters on actuator performance.
Actuator performance, including stroke and actuation time, were measured and reported
herein using an in-house built rig and, the properties of the wires were characterised using

DSC, XRD, SEM, and nano-indentation.
4.2. Materials and Method

4.2.1. Materials and Sample Preparation

In this study three distinct nitinol wires (denoted as Wire 1 (W1), Wire 2 (W2), and Wire 3
(W3).), fabricated using traditional wire drawing and straight annealing methods and
supplied by Fort Wayne Metals, Castlebar, Co. Mayo, Ireland. All three wires originate from
the same ingot material source with a composition of 50.90 atomic percent nickel (at. % Ni),
and an ingot Ar temperature of -5.5 °C tested according to ASTM E2994 and ASTM F2063,
respectively. All three wires were cold worked to 40 % resulting in a diameter of 0.46 mm,
and an ultimate tensile strength (UTS) of 1450 MPa. During the straight annealing step, W1,
W2, and W3 were annealed at 480 °C, 510 °C, and 550 °C, resulting in active austenite finish
temperatures of 6.37 °C (W1), 23.11 °C (W2), and 44.58 °C (W3) respectively, as measured
by DSC analysis in this study. The characterisation equipment utilised in this work is detailed
in section 2.4. For clarity, the active austenite finish temperatures of the as-received wires

are herein referred to as Af temperatures.

4.2.2. Heat Treatment and Shape Setting

A design of experiments (DoE) model with three parameters at three levels, as seen in Table
3, was employed to generate 27 distinct process parameter combinations. The complete set
of process parameters, along with their respective sample numbers, is provided in Table 4.
To ensure repeatability, three samples (n = 3) were prepared for each set of parameters,

resulting in a total of 81 fabricated and tested samples.
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From each of the three wires, 27 sections, each measuring 200 mm in length, were cut. To
shape these sections into spring actuators, a helical thread with a diameter of 10mm and a
pitch of Imm was used as a mandrel. Each sample was mechanically fixed at one end and
then wound around the mandrel within the thread groove. Six full rotations around the
mandrel following the threaded groove were completed, and subsequently the wire was
mechanically fixed at each end to maintain the spring configuration. The samples were then
placed in a box furnace while attached to the threads, enabling simultaneous shape setting
and aging treatments. The samples were heat treated in a box furnace at 350 °C, 400 °C, and
450 °C for 30, 60, and 90 minutes. Upon removal from the furnace, the samples were

immediately quenched in water to establish a clear finish time and prevent further aging.

Table 3: DoE model of three parameters at three levels.

Level -1 0 +1

Starting Wire W1l | W2 | W3

Treatment Temperature (°C) | 350 | 400 | 450

Treatment Time (min) 30 |60 |90

Table 4: Full table of the 27 process parameters used in this study.

Sample Name | Starting Wire | Heat Treatment Temp (°C) | Heat Treatment Time (min)
S1 w1 350 30
S2 w1 350 60
S3 w1 350 90
S4 w1 400 30
S5 w1 400 60
S6 w1 400 90
S7 w1 450 30
S8 w1 450 60
S9 w1 450 90
S10 W2 350 30
S11 W2 350 60
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S12 W2 350 90
S13 w2 400 30
S14 w2 400 60
S15 w2 400 90
S16 w2 450 30
S17 w2 450 60
518 W2 450 90
519 W3 350 30
S20 W3 350 60
S21 W3 350 90
S22 W3 400 30
S23 W3 400 60
S24 W3 400 90
S25 W3 450 30
S26 W3 450 60
S27 W3 450 90

4.2.3. Stroke and Actuation Time

After heat treatment, the samples were removed from the threads and loaded onto the in-
house-built NiTi actuator testing rig. A schematic of this experimental rig is shown in Figure
21, where the spring actuator 'A’ is attached to the stationary wall of the testing rig on one
side and connected to the bias load ‘D’ on the other via nylon wire, joined using floating
connector blocks 'B'. The bias load, of mass 200 g, hangs from the nylon wire attached to the
actuator while a Baumer Ultrasonic Distance Sensor (Model: U300.D50-DPM].72N) ‘E’ was
employed to measure the displacement of the sample. To initiate the Shape Memory Effect
(SME) and lift the bias load, a current of 2 A was applied across the actuator through
electrical connections at 'C' for 10 seconds. A Fluke RSE600 Infrared Camera was used to
record the temperature of the sample, and a LabVIEW program was used to control the
current and to measure the data from the camera and displacement sensor. The experiments

were carried out according to the steps below:
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e The sample is loaded onto the rig at A and attached on either end by the connector blocks
‘B’

e Electrical connectors are attached at both ends of the sample at ‘C’.

e The biasload ‘D’ is attached, causing the sample to stretch.

e Using a LabVIEW program, a current of 2 A is applied to the sample via the electrical
connectors.

e The application of current causes the sample to contract and lift the bias load.

e The distance sensor ‘E’ connected to the LabVIEW program records the change in
distance between the sensor and the bias load w.r.t time.

e The thermal camera connected to the LabVIEW program records the temperature of the
sample w.r.t time during heating.

e After 10 seconds the current switches off and the sample is left to cool.

e The distance sensor and thermal camera continue to record data as the sample cools and
stretches, lowering the bias load.

e The data from the displacement sensor is exported from the LabVIEW program and used

to calculate the maximum stroke and the actuation.

This test process was repeated on each wire three times (n = 3). The data exported from
LabVIEW can be used to plot the graph seen in Figure 22a. To calculate the stroke and
actuation time, the noise from the displacement sensor is reduced using a Gaussian
distribution function with gamma = 5. From the smoothed displacement the slope of the
displacement curve is calculated, resulting in the curve seen in Figure 22b. Stroke is defined
as Stroke = s1 - s2, where s1 is the distance between the bias load and the displacement before
current is applied and s: is the distance between the bias load and the displacement sensor
after a current of 2 A has been applied for 10 seconds. Actuation time (ta) is then defined as
ta = t2 - t1, where t1 is the time at which the current is switched on and tz is the time at which

the slope of the smoothed displacement curve is less than -0.5.
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Figure 21: Schematic of in-house designed and built actuator testing rig.

4.2.4. Material Characterisation

Differential Scanning Calorimetry (DSC) analysis was conducted using a TA Instruments®
Discovery DSC2500 instrument (+ 0.025 °C) to determine the transformation temperatures
(TT) of both the as-received and heat-treated wires. The wire samples for DSC were
prepared by cutting the sample into sections using wire cutters and placing them into
aluminium pan crucibles. These crucibles were then positioned in the DSC and prepared for
testing by ramping the temperature to 100 °C at a rate of 100 °C/min and then holding

isothermally for 5 minutes. The tests were then carried out by cooling the samples to -150
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°C at a rate of 10°C/min, followed by an isothermal hold for 5 minutes, and subsequently

heating to 150 °C at a rate of 10 °C/min.
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Figure 22: (a) Plot of the displacement, temperature, current, and t; from the LabVIEW data for
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X-ray Diffraction (XRD) tests were performed using the PANalytical X'Pert3 (+ 0.0025 °). In
preparation for XRD analysis, the wire sample segments were secured in resin. Once the
resin had solidified, the resin-encased wire samples were ground down and polished to
create a flat surface area suitable for XRD analysis. This process was carried out for wire

samples 1 to 9, see Table 2, as well as for the as-received untreated wires W1, W2, and W3.

Nano-indentation tests were performed on a Bruker HYSITRON TI Premier using a
Berkovich Indenter to measure the variation in hardness (H) and elastic modulus (E) in the
wires. In these load-controlled tests, a maximum load of 5000 uN was applied at a rate of
1000 uN/s and held for 2 seconds before unloading. A total of 400 indents were made on
each sample within a 300 pm by 300 um square grid, with 15 pm spacing between individual
indents. H and E were calculated from the load-displacement data for all 400 points on each

sample using the Oliver-Pharr method [144]. The hardness is found from:

where B, is the maximum indentation load and A, is the projected area of contact which
are both taken directly from the indentation test data [145]. And elastic modulus is found

from:

1- (vs)z

"1 1- (y)?
Er Ei

E

where E, is the reduced modulus taken directly from the indentation test data, E; is the
elastic modulus of the Berkovich indenter, and v; and v; are the Poisons ratio of NiTi and the
indenter respectively [145]. The elastic modulus Ei and Poisson’s ratio vi of the Berkovich
indenter are taken as 1141 GPa and 0.07 in this study, and the Poisson’s ratio vs used is 0.33

[146][147].
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4.3. Results & Discussion

4.3.1. Effect of Low Temperature Aging on Actuator Stroke

The graph shown in Figure 23 presents the recorded displacements for each wire. The stroke
achieved across all samples varies from the smallest stroke of 17 mm (* 3.0 mm) for S10
(W2, 350 °C, 30 min) to the largest stroke of 56 mm (*+ 1.0 mm) for S8 (W1, 450 °C, 60 min).
There is a noticeable increase in actuator stroke with increasing heat treatment temperature
and time until 450 °C for 60 minutes however, when aging time is increased to 90 minutes

at 450 °C, actuator stroke decreases.

Dislocations introduced during the wire drawing process raises the stress required for
plastic deformation, meaning that wires with a higher density of dislocations can store more
energy during loading, which can be released on the reverse transformation. On the other
hand, coherent Ni4Tis precipitates act in a similar way to the dislocations from cold work,
acting as obstacles to dislocation motion, meaning the recovery stress of all samples
increases with aging temperature and time. However, dislocations and precipitates also
impede shape memory recovery and can prevent the material from undergoing the
detwinning process or shape recovery during heating which is necessary for the SME
[55][142][148]. It has also been reported that dislocations impede both B19’ and R-phase
transformation up to three times more than precipitates [40] therefore, despite the increase
in precipitation with increasing aging temperatures and times, the stroke increases with

aging temperature and time due to increased defect annihilation.

The overall general increase in actuator stroke with increased aging time and temperature
is also attributed to the increased effectiveness of the shape setting process. As aging time
and temperature increase, the shape setting improves, and the geometry of the wire becomes
closer to the dimensions of the mandrel with less springback on removal. It was also clear
on visual inspection that the lower aging temperature of 350 °C is insufficient for shape
setting. This agrees with similar findings in the literature where Liu et al. [139] found that
temperatures between 450 °C and 550 °C were best for shape setting of Niso.7Ti49.3 wire
stents, and Zhan et al. [148] found the best aging for shape setting thin Niso.53Ti49.47 sheets

was at 30 - 60 minutes.
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The range of minimum and maximum stroke values observed across the tested samples
varied among W1, W2, and W3. For W1, the stroke has a range of 38 mm, varying from 18
mm #* 1.5 (S1: 350 °C, 30 min) to 56 mm * 1.0 (S8: 450 °C, 60 min). For W2 the stroke
achieved has a range of 30 mm, varying from 17 mm * 3.0 (S10: 350 °C, 30 min) to 47 mm *
1.0 (S15: 450 °C, 60 min). In the case of W3, the stroke has a range of 27 mm, varying from
20 mm * 2.5 (S22: 400 °C, 30 min) to 47 mm * 3.5 (526: 450 °C, 60 min). The variation
between wire responses is due to the differences in their thermomechanical and heat
treatment processing histories. Casati et al. [81] found that the drawing history carried out
to achieve a given degree of cold work is crucial to the final properties of the wire. They found
that the drawing history permanently alters the functional properties of the wire even after
heat treatment and thermomechanical cycling. As the wires were all subject to the same
degree of cold work but straight annealed at 480 °C, 510 °C, and 550 °C for W1, W2, and W3

respectively, the annihilation of defects would have been highest in W1 and lowest in W3.

At 350 °C the aging conditions are not sufficient for shape setting therefore, the stroke is
primarily dictated by the degree of plastic deformation rather than shape memory recovery.
For samples aged at 350 °C for 30 minutes, W3 has the highest stroke as it has the highest
density of dislocations and thus the lowest plastic deformation. As aging time increases to
60 and 90 minutes, precipitation of Nis4Ti3 occurs, which decreases both the plastic
deformation and the shape memory recovery resulting in W2 having the optimum balance
between these effects. As the aging temperature increases to 400 °C and 450 °C, the aging
conditions become sufficient for shape setting and thus the stroke is primarily dictated by
shape memory recovery. As W1 has the lowest density of dislocations, which impede shape
memory recovery, W1 achieves the highest stroke at the aging temperatures of 400 °C and
450 °C. The decrease in stroke displacement for all wires aged for 90 minutes indicates that
the density of precipitates at 90 minutes could be inhibiting the SME. The optimum aging

parameter for actuator stroke displacement for all wires is 450 °C for 60 minutes.

4.3.2. Effect of Low Temperature Aging (350°C to 450°C) on Actuation Time

From the results, the actuation time was found to vary between 3.4 and 7.1 seconds. At the
low aging condition of 350 °C for 30 minutes, actuation time increased from W1 to W3 (4 s

+0.1,4s£0.5 and 6 s + 1.1 for W1, W2, and W3 respectively), which may be attributed to
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Figure 23: Graph of the average maximum stroke recorded from the heat-treated samples, n = 3.

the increase in Ar temperatures (42.72 °C, 46.15 °C, and 48.96 °C for W1, W2, and W3
respectively) requiring more time to complete actuation. However, as shown in Figure 24,
there is no consistent trend in actuation time across all samples. This variability may be due
to two competing factors: the increase in stroke and the decrease in Ar with higher aging
temperatures. A larger stroke extends the actuator’s travel distance, increasing actuation
time, while a lower Arreduces the time needed to reach the actuation temperature. Thus,

actuation time is determined by the interaction between Ar temperature and stroke.
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Figure 24: Graph of the actuation time and stroke for a) W1, b) W2, and c) W3 achieved by heat-
treated samples, n = 3.
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The thermal IR image data of S26 (450°C, 60 minutes) during testing is shown in Figure 25.
Figure 25a and b show the 2 second delay that occurred between the application of current
and the wire's corresponding heating and stroke response. This "dead time" is the duration
required for the wire's temperature to reach the phase change temperature necessary to
reverse martensite transformation [149]. Beyond this dead time, at 4 seconds, the wire's
temperature has become uniform along its length, and the majority of the shape recovery
has occurred. At 6 seconds, shape recovery is complete, as shown in Figure 25d which agrees

with the results for sample 26 shown in Figure 24.

Figure 25: Thermal images (°C) and actuation timestamps (seconds) of sample 26 showing the
effect over time of the current applied across the wire on the shape memory effect and
temperature of the wire itself.

As rapid actuation is an important consideration in the functionality of actuators further
work on the improvement of actuation time such as improved conductivity via alloying
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elements such as Cu and rapid heating pulse methods to reduce the time taken for the
element to become uniformly heated and reduce loss of energy to the surroundings
[150][88], and reduced thermal hysteresis discussed in section 4.3.3 to decrease the

deadtime.

4.3.3. Phase Transformation Temperatures and DSC Results

4.3.3.1. 3.3.1. DSC Peak Analysis

The DSC curves of all samples tested in this study exhibit a symmetric multi-step
transformation (MST). Upon heating, two peaks appear: the first is the B19’ to R-phase
transformation and the second is the R-phase to B2 transformation. On cooling, two peaks
are also observed, B2 to R-phase and R-phase to B19’,.The second peak is broad and difficult
to distinguish, preventing the identification of the B19’ finish (Ms) or B’19 peak (Mp) and in
some cases even the B19’ start (Ms). It is common for the B19’ transformation peak to
become broad and seem not to appear at all in NiTi with high levels of retained cold work
[44]. In fact, the R-phase is associated with a large decrease in Ms due to internal stresses
and dislocations increasing the barrier for martensite phase transformations, thereby
facilitating the formation of the intermediate R-phase [151]. Additionally, symmetric R-
phase MSTs can be uniquely characterised by a large disparity in peak spacing between

heating and cooling [44].

R-phase transformations occur most frequently in Ni-rich NiTi and are often reported in
literature to be caused by defects induced by cold work and the presence of Ni4Tis3
precipitates, which increase the energy barrier to martensite formation, thus promoting the
R-phase due to its lower activation energy [151][152][16][31]. The degree of cold work and

annealing however, can significantly influence the transformation [44].

Figure 26 shows three plots comparing selected DSC curves to determine the effect of
different parameters on the phase transformation sequence. Figure 26a compares the as-
received wires. The DSC curves of the as-received wires show broad transformation peaks
on both cooling and heating. On heating, W1 shows two overlapping peaks that both broaden
and separate from W1 to W2 to W3. The increased separation of the two peaks from W1 to

W2 and W3 suggests an increase in lattice defects, suppressing phase transformation. On
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cooling, the two separate transformation peaks are present in W1 that broaden and separate
from W1 to W3, such that the second peak seen in W1 is barely visible for W2 and disappears
by W3. In fact, for W3, the second peak is not observed in the as-received sample or in

samples heated at 350 °C for any length of time, or at 400 °C for 30 minutes.

Figure 26b compares the effect of heat treatment temperature using S1, S4, and S7, each from
W1, and treated for 30 minutes at 350 °C, 400 °C, and 450 °C, respectively. There is a clear
sharpening of peaks with increasing temperature across the samples for both heating and
cooling curves. Additionally, the B19'—>R and R—B2 peaks become closer with increasing
temperature. Figure 26¢c compares the effect of heat treatment time using S7, S8, and S9, all
from W1, and treated at 450 °C for 30, 60, and 90 minutes, respectively. There is a substantial
increase in peak sharpness between S7 aged at 30 minutes and sample 8 aged at 60 minutes,
and a minor decrease from S8 to S9 aged at 90 minutes. However, the difference in sharpness
between samples treated at different times is considerably less significant than the
difference observed between samples treated at varying temperatures. The separation
between B19'—R and R—B2 peaks for all aging times at 450 °C is considerably reduced from
the as-received sample, indicating a reduction in dislocations from cold work. Still there are
two clear peaks visible, likely due to insufficient defect annihilation and the precipitation of
secondary phases [153]. The broadening of DSC phase transformation peaks indicates the
condition of stresses in the crystal. A broader peak indicates the presence of internal strains
impeding the phase transformation caused by dislocations and precipitates, and the
presence of stress-induced martensite [154][98][155]. Therefore, based on the DSC curves,
the amount of residual stress-induced martensite and defects increases from W1 to W3. This
indicates that increasing aging temperature and time reduce lattice defects and stress-

induced martensite, and aging temperature has a more significant effect than aging time.

4.3.3.2. Transformation Temperatures

The Ms temperature, Ar temperature, and the cooling R-phase finish temperature (Rcf)
obtained from the DSC experiments are shown in Figure 27 below. The results show that As
and Rer increase and the Ms temperature decreases from the as-received W1 to W3. This
variation in TTs between the as-received wires is due to the differences in their

thermomechanical history. Cold work, such as wire drawing, introduces dislocations and
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Figure 26: DSC curves of the as-received and untreated wires W1, W2, and W3 with a) heat flow
vs temperature and d) heat flow vs time; S1, S4, and S7 with the same starting wire (W1) and heat
treatment time (30 min) and different heat treatment temperatures of 350 °C, 400 °C, and 450 °C,
respectively with b) heat flow vs temperature and e) heat flow vs time; S7, S8, and S9 with the same
starting wire (W1) and heat treatment temperature (450 °C) and different heat treatment times of
30, 60, and 90 minutes respectively with c) heat flow vs temperature and f) heat flow vs time.

residual stresses that inhibit the phase transformations resulting in higher Ar temperatures,
lower Ms temperatures, and stabilization of the R-phase. Annealing the wires reduces the
number of dislocations and relieves the stresses, allowing phase transformation to occur
more readily thus decreasing Ar and Rer temperature and increasing Ms temperature

[133][153][156][130][154].
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The Ms temperature shows a large increase with both aging temperature and time. To
fabricate room temperature SMA actuators using R-phase transformations, the Ms
temperature must be kept below room temperature. Despite the large increase in the B19’
transformation temperatures compared to B2 and R-phase, the aging conditions in this study

maintain a low Ms temperature.

A significant reduction in the variation between W1, W2, and W3 of Arand Ref from the as-
received wires to the heat-treated wires is seen in Figure 27b and c suggesting that the
differences in microstructure amongst samples resulting from the thermomechanical

processing were reduced through the further post-processing heat treatments.

The results also show a significant increase in Ar from the as-received wires to the samples
aged at 350 °C for 30 minutes. Increases in the TTs of NiTi are commonly attributed to the
precipitation of Ni-rich precipitates as they deplete Ni from the matrix, thus increasing Ar.
This initial increase in Ar after 30 minutes of aging may therefore be due to the rapid
precipitation of Ni4Ti3 at shorter times. A similar trend was seen by both Liu et al. [139] and
Drexel et al. [96], who report a rapid increase in Af temperature owing to the high rate of
Ni4Ti3 precipitation for samples annealed between 300 °C and 500 °C for 2 min to 30 min
and increases only slightly at longer aging times. Additionally, as reported by Favier et al.
[138], constraining the sample for shape setting during results in faster aging kinetics due to
the interaction between the internal stresses from Ni4Ti3 precipitates and the applied
external stress during constrained aging. Meaning that the saturation of precipitation could

occur within the shorter aging times (< 30 min) in this study.

There is a general decrease in the Artemperature with increasing aging temperature. While
this may be assigned to a decrease in Ni4Tis3 precipitates, it is well reported in literature that
the optimum temperatures for NisTis precipitation occurs between 400 °C and 450 °C for Ni-
rich NiTi. Therefore, it is likely that as the aging temperature increases, the dislocations and
residual stress from cold work are more effectively removed while the continued

precipitation of NisTis prevents the Affrom returning to the pre-aged Arfor W1 and W2 [96].

75



For longer aging times, there is a slight increase in Arat 350 °C, but no clear trend with aging
time for higher aging temperatures. Kaya et al. [157] postulates that the increase in Ar with
aging time is due to the influence of NisTis precipitates on the martensite morphology. At
lower aging times NisTi3 precipitates are expected to be small and closely spaced. This
creates local stress fields in the alloy matrix, facilitating the nucleation of large martensite
plates at lower temperatures. As the aging time increases, the volume fraction of precipitates
remains unchanged, but the size of the precipitates increases. As the precipitates grow, the
distance between them increases reducing the effect of local stress fields on martensite
nucleation, allowing the change in Ni content of the matrix to become the driving force for
changes in Ar. The growth of NisTis precipitates with time increases the Ni depletion thereby
increasing Ar [157]. At higher aging temperatures, there are more factors influencing the
change in Ar with aging time due to more effective recovery of retained martensite and the
rearrangement and annihilation of dislocations coupled with increased volume of NisTi3
which may account for the lack of correlation between Aftemp and aging time at 400 °C and

450 °C.
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Figure 27: Graph of the a) B19’ start temperature, b) B2 finish temperature and c) R-phase finish
temperature, n = 3.

4.3.3.3. Thermal Hysteresis

Another characteristic of the R phase is a small thermal hysteresis of the B2-R phase
transformation compared to that of the B2-B19’ transformation, which decreases with
increasing aging temperature [44][38]. This characteristic can be beneficial for applications
in micro actuators with a high working frequency [42]. Thermal hysteresis ‘" is defined as

the temperature differential between the forward and reverse phase change
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transformations and can be calculated as the difference in temperature between the
martensite peak or the R-phase peak on cooling and the austenite peak on heating[158].
Thermal hysteresis is attributed to the elastic misfit between phases and is generally lower
in Ni-rich NiTi. However, the presence of dislocations, defects, residual stress, or chemical
heterogeneity in the material, all of which are inherent to cold working, can greatly alter

thermal hysteresis by either inhibiting or promoting the phase transformations [158].

Figure 28 compares the thermal hysteresis of the B19’ to B2 transformation (7,,) defined as
the difference between the B2 peak temperature (Ap) and Ms (note that as mentioned, the
broad undefined nature of the B19’ peaks in this study meant that Mp could not be identified
and instead 7n,, was calculated as the difference in temperature between Ms and Ap and the
thermal hysteresis of the R-phase to B2 transformation (ng) defined as the difference

between Ap and the R-phase peak on cooling (Rcp).

The results of this study, presented in Figure 28a, revealed a significant level of 1), in the
wires, ranging from approximately 76.44 °C + 3.87 to 138.19 °C £ 4.42. This level of thermal
hysteresis is not uncommon in wire-drawn alloys. For example, in a study by Choi etal. [156],
inducing a prestrain of 7% during wire drawing of NiTiNb alloys increased the Ar
temperature from 22.02 °C to 139.18 °C and increased the thermal hysteresis from 31.59 °C
to 122.5 °C. The results show that n,, for the as-received wires was lowest for W1 and highest
for W3 although the exact value of n,, could not be calculated as the Ms temperature could
not be identified due to the broad nature and low temperature of the martensite
transformation. Among the aged samples, the results show a decrease in n,, with increasing
aging temperature. The residual stresses and dislocations introduced during wire drawing
can pin or stabilise the martensite, increasing the energy barrier for phase transformations
and thus increasing thermal hysteresis. As annealing temperature increases the residual
stress and dislocations decrease, facilitating phase transformations and reducing hysteresis
[132][153]. The results also show that hysteresis increases with time for samples heated at
350 °C and decreases with time for samples heated at 400 °C and 450 °C. As discussed in
section 4.3.1, precipitates have a similar effect to dislocations in terms of inhibiting phase
transformation. These results indicate that 350 °C is insufficient for reducing dislocations

and residual stress but sufficient for the precipitation of Ni4Tis. At 350 °C, increasing aging
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time results in an increase in Ni4Ti3 precipitates causing an increase in hysteresis. As the
aging temperature is increased, it becomes sufficient for the removal of residual stress and
dislocations which becomes the deciding factor for hysteresis. Thus, hysteresis decreases

with aging time for aging temperatures of 400 °C and 450 °C, despite the continued

precipitation of Ni4Tis.

The results for n; presented in Figure 28 b show a significantly smaller hysteresis compared
to ny ranging from 2.06 °C + 0.01 to 4.77 °C £ 1.24. As with n,;, W1 has the smallest ny of the
as-received wires (4.79 °C) followed by W2 (5.14 °C) and then W3 (6.30 °C). Among the aged
samples, there is a general decrease in 1, with aging temperature. Variations in 7z are much

smaller than those of 7;, due to the relatively smaller variation in Ap and Rcp temperatures

compared to the Ms temperatures.
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Figure 28: Graph of a) B2-B19’ thermal hysteresis and b) B2-R thermal hysteresis of the as

received and heat-treated samples calculated from DSC, n = 3.
4.3.4. Phase and Microstructure Analysis
NiTi wires with the same chemical composition but drastically different microstructures
have been reported in literature as a consequence of the different degrees of cold work and

annealing [159]. Figure 29 a-d shows the XRD patterns of as-received W1, W2, and W3 and

the heat-treated wires S1 - S9. Due to the wire’s small diameter of 0.46mm, achieving a

sufficiently large surface area of material to obtain clear peaks was not possible for all
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samples. The primary phases identified in these samples were austenite, martensite, and R-
phase. In the as-received wires there is a single peak at approximately 20 = 42 which splits
into two peaks in the aged samples. The second peak at approximately 26 = 39 represents
the R-phase. This therefore indicated that aging stabilised the R-phase. As the density of
defects decreases from the as-received samples to the aged samples, it can be concluded that

the stabilisation of the R-phase is caused by the precipitation of Ni4Tis.
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Figure 29: XRD patterns showing the presence of the austenite, martensite, and R-phase in (a) W1,
W2, and W3 before heat treatment with sample 6 (W1, 400 °C, 90 min) as a control, (b) samples 1-3
(W1, 350 °C, for 30, 60, and 90 minutes respectively) with sample 6 as a control, (c) sample 4-6 (W1,
400 °C, for 30, 60, and 90 minutes respectively), and (d) samples 7-9 (W1, 450 °C, for 30, 60, and 90
minutes respectively) with sample 6 as a control.

4.3.5. Mechanical Properties

Table 5 provides a summary of the average values obtained from the nano indentation tests
which represent 400 points of measurements of each sample. Hardness (H) and Elastic
Modulus (E) were calculated from the nanoindentation results using the Oliver-Pharr

method [144]
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Table 5: Average values of the hardness and elastic modulus obtained from the nano indentation

tests.

Sample E (GPa) H (GPa)
W1 (as-received) 55.8+12.5 417 +1.36
S3 (W1, 350 °C, 90 minutes) 65.5+10.5 3.52+£0.83
S8 (W1, 450 °C, 60 minutes) 60.7 £11.5 2.79 £ 0.84
W2 (as-received) 59.2 +8.81 434 +1.01
S12 (W2, 350 °C, 90 minutes) 64.8 £ 9.44 3.73+0.84
S17 (W2, 450 °C, 60 minutes) 60.4+12.6 3.06 £ 0.96
W3 (as-received) 59.9 £ 10.2 4.24+£1.13
S21 (W3, 350 °C, 90 minutes) 56.1+14.3 3.16 £1.18
S26 (W3, 450 °C, 60 minutes) 60.5 +10.5 3.2+0.82

The elastic modulus is a measure of the stiffness of a material and its ability to resist elastic
deformation or deflection under an applied force and is dependent on factors including
density and size of precipitates, grain size, defects, and volume fraction of phases present
[160][161]. It is often reported in the literature that the B19’ phase has a lower elastic
modulus than the B2 phase and that the elastic modulus typically ranges from 18.45 GPa to
45 GPa for B19’ and 41 GPa to 75 GPa for B2 [162][163][160]. However, a wide range of
values for both phases has been reported in the literature. For example, Obeidi [164]
reported an elastic modulus of between 62 GPa and 79.5 GPa for B19’, and Huang et al. [165]
reported an elastic modulus of 73.7 +/- 4.2 for B19’ and 80.1 GPa for B2. As well as the main
B2 and B19’ phases, Wagner & Windl [166] reported that the elastic modulus of the pure B2
phase increased from 71 GPa to 108 GPa due to the precipitation of Ni4Ti3z and Yang et al.
[161] reported an increase from 118 GPa in the B2 phase to 163 GPa with the addition of
Ni4Ti3 precipitates. Fine, densely distributed NisTi3 precipitates inhibit dislocation motion
which increases the elastic modulus. An increase in density of precipitates increases this
effect further, however as the size of the precipitates increases they become incoherent and
the elastic modulus decreases [148][118]. In addition to the volume fraction of phases
present and the precipitation of Ni4Tis, it has been reported that aging causes an increase in

grain size and that for grain sizes of less than 60 nm, the elastic modulus decreases with
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increasing grain size due to the larger grains decreasing the stress required to form stress-

induced martensite [152][167].

W1 and W2 show an initial increase in E for aging condition 350 °C for 90 minutes, followed
by a decrease for aging condition 450 °C for 60 minutes. For W3, E decreases for aging
condition 350 °C for 90 minutes and increases for aging condition 450 °C for 60 minutes. For
W1 and W2, the increase in E from the as-received samples to those aged at 350 °C for 90
minutes may be due to the precipitation of NisTis, which increases E. Conversely, the
decrease in E for samples aged at 450 °C for 60 minutes may be attributed to a decrease in
the density of defects. The decrease in E from the as-received samples to those aged at 350
°C for 90 minutes in W3 may be due to the increase in volume fraction of the lower elastic
modulus B19’ phase as the results of this study show that this sample was found to have the
highest TTs and the most martensitic microstructure, the increase in E for aging condition
450 °C for 60 minutes may be due to the increase in the volume fraction of the higher elastic

modulus B2 phase as TTs decrease and the microstructure becomes more austenitic.

The hardness of the NiTi wire is a consequence of the microstructure owing to its
thermomechanical processing and post process aging. Frick et al. found that hardness in
cold-draw Niso9Tiss.1 wires is primarily dependent on dislocation density and that aging
between 350 °C and 550 °C reduces the hardness due to the annihilation of dislocations
[168]. Morawiec at al. found that hardness increased with cold rolling due to an increase in
dislocation density. They also found that hardness decreases linearly with increasing aging
temperature above 400 °C. They attributed the decrease in hardness between 400 °C and
500 °C to the reduction in dislocation density however, they found that although the
hardness continues to decrease at temperatures above 500 °C, there is no further decrease
in dislocation density. The decrease at temperatures above 500 °C is therefore said to be due

to some additional factors [154].

The precipitation of NisTis causes an increase in hardness and decrease in ductility due to
precipitation hardening. Hardness has a complex dependence on precipitate formation and
is significantly affected by the size, volume, and interparticle spacing of the precipitates

[118][167]. According to Tahaei et al, the hardness and resistance to martensite
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transformation are determined by the size of NisTis precipitates, finding that hardness is
highest when precipitates are around 10 nm and hardness decreases as precipitate size
increases [167]. This is because small precipitates are coherent with the matrix, making
them more effective at inhibiting dislocation motion. As aging temperature and time increase
the precipitates grow and coarsen becoming incoherent with the matrix, decreasing
hardness [168]. For example, Kaya et al. found that hardness was relatively unchanged by
increasing aging temperature from 400 °C to 500 °C, but decreased with increasing aging
time from 1 hour to 24 hours, attributing this to an increase in precipitation size and
interparticle distance [157]. Increasing aging temperatures can also reduce hardness if the
temperature exceeds the conditions for Nis4Tis precipitation. For example, Drexel et al.
reported that aging Niso.sTiss.2 wires between 350 °C and 450 °C resulted in the precipitation

of NisTiz but aging at higher temperatures caused the precipitates to dissolve [96].

The results show a general decrease in the average nano hardness of the as-received wires
with aging. The presence of precipitates or a high density of dislocations essentially affects
the hardness of NiTi in the same way. In either case, they inhibit plastic flow, which increases
hardness. The difference is that dislocations are reduced during aging while precipitates are
created. Therefore, the effect of aging on the hardness of NiTi is a function of two opposing
processes - the annihilation of dislocations and growth of NisTis precipitates [168]. Based
on the literature and the nanoindentation results of this study, the dislocations and retained
martensite introduced during the wire drawing process contributed to the relatively high
hardness values of the as-received wires (4.17 GPa, 4.34 GPa, and 4.24 GPa for W1, W2, and
W3, respectively). The overall decrease in hardness with increasing aging temperature
suggests that hardness is determined by dislocation density, which is in agreement with the
findings of Frick et al. mentioned above [168]. As the aging temperature increases, the

dislocation density decreases, leading to a decrease in hardness.

The distribution of the hardness results for all 400 data points on each sample is visually
illustrated in Figure 30. The hardness values for the as-received W1, W2, and W3 were
distributed from 1 GPa to 10 GPa, with the main peak at 3.7 GPa, 4.6 GPa, and 4.0 GPa,
respectively. The distribution of hardness values decreased from the as-received wires to

the aged wires, and among the aged samples, the hardness distribution decreased with
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increased aging temperature. The hardness for samples aged at 350 °C for 90 minutes were
distributed from 0.75 GPa to 8.75 GPa. Main peaks were identified at 3.7 GPa and 4.2 GPa for
S3 (W1) and S12 (W2), respectively. The distribution is wider for S21 (W3) and appears to
have two main peaks around 2.4 GPa and 3.8 GPa. The hardness for samples aged at 450 °C
for 60 minutes were distributed from 0.5 GPa to 6.25 GPa, with main peaks at 3.3 GPa, 3.6
GPa, and 3.3 GPa for S8 (W1), S72 (W2), and S26 (W3), respectively. Hardness distribution
values within the same sample indicate a heterogenous distribution of precipitates and
stress-induced B19’ phase [152]. The high variability in the nano hardness in the as-received
wires therefore indicates a high degree of stress and phase variation owing to the wire
drawing process. The decrease in distribution with increased aging temperature indicates a
reduction in stress-induced martensite and lattice defects from the wire drawing process
and a more homogeneous distribution of precipitates. The two main peaks for S21 could
represent two distinct phases in the material, potentially due to a higher degree of retained

martensite or defects.

Table 6: Average elastic modulus (E) and hardness (H) calculated from nano-indentation results, n =
400.

Sample E (GPa) H (GPa)
W1 (as-received) 55.8+12.5 417 +1.36
S3 (W1, 350 °C, 90 minutes) 65.5£10.5 3.52+£0.83
S8 (W1, 450 °C, 60 minutes) 60.7 £11.5 2.79 £ 0.84
W2 (as-received) 59.2 £ 8.81 434 +1.01
S12 (W2, 350 °C, 90 minutes) 64.8 £ 9.44 3.73+0.84
S17 (W2, 450 °C, 60 minutes) 60.4£12.6 3.06 £ 0.96
W3 (as-received) 59.9 +10.2 424 +1.13
S21 (W3, 350 °C, 90 minutes) 56.1+14.3 3.16 £1.18
S26 (W3, 450 °C, 60 minutes) 60.5+10.5 3.2+0.82

4.4. Conclusions

This study investigated the impact of thermomechanical processing on the actuation
performance of Niso.9Ti49.1 electromechanical helical spring actuators. The primary focus was

on the effects of wire drawing history and heat treatment parameters, including straight
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Figure 30: Hardness maps illustrating the measured nano hardness values at each of the 400
indentation points on each sample (a) W1 (as-received), (b) W2 (as-received), (c) W3 (as-
received), (d) S3 (W1, 350 °C, 90 min), (e) S12 (W2, 350 °C, 90 min), (f) S21 (W3, 350 °C, 90 min),
(g) S8 (W1, 450 °C, 60 min), (h) S17 (W2, 450 °C, 60 min), and (i) S26 (W3, 450 °C, 60 min).

annealing and shape setting conditions, on the stroke, actuation time, and transformation

temperatures of the Ni-rich nitinol springs.

The findings highlight that the final actuator properties are influenced by a combination of
dislocation annihilation, Ni4Tis precipitation, and the thermomechanical processing history.
It was observed that increasing aging temperature and duration improved actuator stroke
up to an optimal condition, beyond which excessive precipitation inhibited shape memory

recovery. The optimal processing parameters for maximizing actuator stroke while
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maintaining low hysteresis were identified as straight annealing at 480 °C, followed by shape
setting at 450 °C for 60 minutes. These conditions achieved the best balance between defect
annihilation and precipitation hardening, yielding a high-performing actuator with an A
temperature of 34.11 °C £ 0.34 °C, a stroke of 56 mm #+ 1.0 mm, a thermal hysteresis of 2.68

°C +0.26 °C, and an actuation time of 6 s + 1 s.

Unlike conventional NiTi actuators that rely on martensite transformation, this study
investigates Nis0.9Ti49.1 helical spring actuators operated through an R-phase transformation.
The stabilization of the R-phase due to controlled thermomechanical processing results in
lower hysteresis, making it particularly advantageous for applications requiring precise
actuation. Additionally, while Ti-rich NiTi is typically preferred for actuator applications due
to its superior shape memory effect, this study shows that Ni-rich NiTi can be effectively
tailored through thermomechanical treatments to achieve comparable or even superior

actuation performance, with the added benefits of reduced thermal hysteresis.

Microstructural and phase transformation analyses confirmed that the Nis4Tis precipitates
played a crucial role in stabilizing the R-phase, which contributed to the observed actuation
behaviour. Differential Scanning Calorimetry (DSC) results demonstrated a general
reduction in transformation temperature hysteresis with increasing heat treatment
temperature. Furthermore, nano-indentation analysis revealed a decrease in hardness with
increasing aging temperature, indicating effective dislocation recovery and a transition

toward a more homogeneous microstructure.

This study provides valuable insights into the processing-structure-property relationships
in Ni-rich nitinol actuators, emphasizing the potential for tuning thermomechanical
treatments to optimize actuator performance. Future work should explore alternative
alloying strategies and advanced processing techniques, such as rapid heating pulse

methods, to further enhance actuation speed and efficiency.
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Chapter 5: Effect of PBF-LB Process Parameters and Strut
Diameter on the Microstructure and Phase Transformation
Behaviour of Ti-rich Nitinol Lattice Structures

Josephine Ryan Murphy, Nicole Church, Nicholas Jones, Paul Healy, and Dermot Brabazon.
Effect of PBF-LB Process Parameters and Strut Diameter on the Microstructure and Phase
Transformation Behaviour of Ti-rich Nitinol Lattice Structures. Accepted. Progress in

Additive Manufacturing, 2026.

This chapter introduces additively manufactured NiTi and represents an important
progression in the work presented throughout this thesis. While additive manufacturing of
NiTi has experienced rapid growth in recent years, it remains a relatively underexplored
area within the literature. As such, it provides a natural extension to the investigation of NiTi
shape memory alloy actuators undertaken in this research. This chapter examines the
influence of both the process parameters and the part geometry on the resulting
microstructure and phase transformation behaviour of NiTi produced by laser powder bed

fusion.
Abstract

This study examines how volumetric energy density (VED) and lattice strut diameter affect
the microstructure, composition, and thermal behaviour of Ti-rich NiTi shape memory alloy
lattices produced by laser powder bed fusion (PBF-LB). Lattices with strut diameters of 0.5,
1.0, and 1.5 mm were fabricated across a range of VEDs, and their properties were
systematically characterized. Results show that strut diameter critically influence density, Ni
evaporation, and transformation behaviour. Thinner struts exhibited higher relative density
atlow VEDs (98.9 % at 31 ]/mm?3), but increased Ni loss (0.32 at.% to 0.45 at.%) and chemical
heterogeneity. Thicker struts exhibited reduced Ni loss (0.28 at.% to 0.40 at.%) and achieved
higher maximum densities at mid-range VEDs (99.4 % at 42 J/mm3). However, they
exhibited increased residual stress resulting in higher thermal hysteresis. The 1.0 mm strut

diameter provided the most stable transformation temperatures and lowest thermal
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hysteresis. These findings highlight the necessity of optimizing both process parameters and

geometry to engineer NiTi actuators with tailored functional properties.

5.1. Introduction

Nitinol (NiTi) is a binary nickel-titanium alloy with unique functional properties known as
superelasticity (SE) and the shape memory effect (SME) arising from the reversible phase
transformation between the high-temperature austenitic phase and the low-temperature
martensitic phase [169]. In addition to SME and SE, NiTi exhibits superior wear and
corrosion resistance [152], biocompatibility [48], high damping capacity [103], and
thermomechanical performance [170]. These characteristics have led to the widespread use
of NiTi in the automotive, aerospace, and biomedical industries [171]. However, due to NiTi’s
poor machinability - owing to its high ductility, work hardening rate, and low thermal
conductivity, all of which contribute to rapid tool wear and poor surface finish during
traditional processing [59][172] - traditional manufacturing techniques can only achieve

simple geometries, which greatly limit its potential applications [173].

To address this, in more recent years, additive manufacturing (AM), particularly laser
powder bed fusion (PBF-LB), has emerged as a promising route for fabricating geometrically
complex NiTi components [174][175]. However, the high cooling rates and large thermal
gradients inherent to the PBF-LB process can significantly alter the local microstructure and
composition, and consequently, the functional properties of the printed part [141]. For
example, Xue et al. [176] demonstrated that increasing laser power and decreasing scan
speed resulted in an increase in the transformation temperatures of Ni-rich NiTi due to
increased Ni evaporation. Meanwhile, Zhu et al. [177] found that while Ni evaporation in
equiatomic NiTi increased linearly with decreasing hatch distance, the transformation
temperatures (TTs) did not. Instead, the TTs related to a critical hatch distance, which was
determined by the interplay between thermal stresses and in situ reheating effects during
the build process. A study by Shen et al. [70] showed that increasing the VED from 70 J/mm3
to 111 J/mm3 in Ni-rich NiTi resulted in a decrease in relative density, which was attributed
to overmelting and the subsequent formation of keyhole defects at higher energy inputs. In
contrast, Khanlari et al. [78] demonstrated that the density of NiTi parts increased as the

VED was raised from 46 J]/mm?3 to 69 J/mm3, due to insufficient melting of the powder at
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lower energy densities. It should be noted that VED is a simplified metric used to describe
the combined effect of the PBF-LB parameters and does not consider the geometry of the
part. For this reason, while VED is used in this study, the results are mainly discussed in

terms of the individual effects of scan speed, laser power, and strut diameter.

While many researchers have studied the PBF-LB of NiTi, highlighting the ability to control
the material properties through process parameter optimisation [178], the majority of
studies focus on conventional bulk test specimens such as cubes. This does not account for
the critical effect of complex geometries on the thermal evolution of PBF-LB parts,
overlooking one of the key benefits of AM over traditional manufacturing methods
[179][180][71]. In addition, while several studies investigate the relationship between PBF-
LB process parameters and part geometry, the majority of research focuses on Ni-rich NiTi
[175][181][182][183]. For example, Chen et al. [174] looks at the effect of effect of geometry
on the mechanical properties of gradient lattice structures however, this study used Ni-rich
NiTi and does not investigates the relationship between the geometry and PBF-LB process
parameters. Dadbakhsh et al. [180] examines the effect of scan speed and laser power on
scaffold structures with different strut thickness but the study focuses on Ni-rich NiTi. Ni-
rich NiTi is used in the austenitic phase for its superelastic properties in biomedical
application while Ti-rich NiTi is used in the martensitic phase for its shape memory
properties in the aerospace and automotive industries. The two compositions exhibit very
different behaviours and functional properties, and the results of one cannot be applied to
the other. This leaves a clear and critical gap in the literature of how PBF-LB process
parameters and complex geometries affect the final properties of Ti-rich NiTi parts, which is

key to implementing SMAs in aerospace and automotive applications.

The fabrication of lattice structures, in particular, offers significant promise for the
development of high power-to-mass ratio shape memory alloy (SMA) actuators [184]. The
ability to optimise both the geometry and functional properties of NiTi parts to achieve
lightweight structures with tuneable material characteristics is of particular interest in the
development of SMA actuators for aerospace applications [185]. PBF-LB lattice in other Ti
alloys, such as Ti-6Al-4V have shown strong interactions between strut diameter and

process parameters, indicating a need for similar studies of NiTi [186]. Geometrical features
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such as wall thickness and strut diameters can drastically influence the final properties of
the part due to differences in thermal histories and cooling rates during the PBF-LB process
[181]. These differences in thermal histories owing to feature size have been reported to
result in differences in Ni evaporation, grain morphology, defects, and precipitate formation
within the NiTi matrix. A comprehensive understanding of the interplay between PBF-LB
process parameters and part geometry is therefore essential for the fabrication of
application specific designs with tailored material and mechanical properties, enabling
applications and performance far beyond what can be achieved by conventional
manufacturing methods [187]. By examining the interaction between process parameters
and strut diameter, this work provides insight into how these factors impact the properties
of the part, thereby contributing to the development of SMA lattice structures for high

performance applications.
5.2. Materials and Method

5.2.1. Model Configuration & Dimensions

In this study, three model configurations were designed in SolidWorks Ver. 2023, all
featuring the same geometry and differing strut diameters of 0.5 mm, 1.0 mm, and 1.5 mm
as illustrated in Figure 32 and detailed in Table 7. For brevity samples with lattice strut
diameter 0.5 mm, 1.0 mm, and 1.5 mm will herein be referred to Los, L1io, and Lis,
respectively. The Ti-rich NiTi periodic strut-based body-centred cubic (BCC) lattice
structures were composed of unit cells with equal edge lengths of 6.25 mm and internal
angles of 90°. These unit cells were repeated four times in the x, y, and z direction. As these
samples were used for both this study and a further study on the actuator performance, BCC
lattice structures were chosen based on preliminary experiments where several different
geometries were printed and tested finding that the BCC structure showed the best strain
recovery. The 6.25 mm cell size was selected to optimise the number of samples that could
be printed together on the build plate. Each model included top and bottom endplates with
the same thickness as the respective strut diameter, support structures to allow removal
from the build plate without damaging the lattice structure, and removable pillars with the

same thickness as the struts. These latter struts were used for material characterisation.
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Table 7: Lattice Configuration & Dimensions

Lattice & unit cell type Periodic Strut-Based BCC
Number of unit cells in each direction 4

Unit cell length (mm) 6.25

Internal angles (°) 90

Strut diameter (mm) 0.50,1.0,1.5

Width, depth and height of lattice (mm) 25

Solid volume fraction (%) 3.55,13.04, 26.74

Build Direction

Endplates

c Removable Pillars

Supports

Figure 32: CAD models of the NiTi lattice structures showing build direction, end plates, support
structures, and removable pillars for DSC tests with strut diameters of a) 0.5 mm, b) 1.0 mm, and

c) 1.5 mm.

Figure 31: Printed lattices with a) 0.5 mm, b) 1.0 mm, and c) 1.5 mm strut diameter.




5.2.2. Material & Fabrication

NiTi samples were produced from virgin gas atomized Ti-rich powder with a composition of
Ni (49.82 at.%) - Ti (50.18 at.%) and particle size distribution of 20 pm to 63 um provided
by Fort Wayne Metals, Castlebar, Co. Mayo, Ireland.. The NiTi samples were 3D printed

across two builds using an Aconity MINI (GmbH) PBF-LB machine, equipped with a 200 W
1068 nm Yb fibre laser. To prevent oxidation and impurity pick-up oxygen levels were kept
below 20 ppm for the duration of the build using a purging gas of pure argon (99.999 %).
The parts were printed with a layer thickness of 50 pm and a spot size of 60 pm. The scan
strategy used was a single contour on the perimeter of the part and hatching for the interior.
The scanning parameters were constant for all samples with a hatch spacing of 120 um, a
start angle of 0°, and increment angle of 67°. To investigate the effect of the PBF-LB process
laser powers of 150 W, 175 W and 200 W were used along with scan speeds of 400 mm/s,
800 mm/s, and 1200 mm/s. These process parameters were selected based on preliminary
experiments where mid laser power and scan speed of 175 W and 800 mm/s showed good

potential.

5.2.3. Design of Experiment (DoE)

A Box-Behnken DoE was used to investigate the effect of VED, scan speed (v), laser power
(P), and lattice strut diameter (d) on the material properties and actuator performance of

the produced NiTi lattices. The full DoE is presented in Table 8.

Table 8: Full DoE of strut diameter, laser process parameters, and resulting VED for the produced
NiTi samples.

Sample Strut Diameter | Scan Speed | Laser Power VED (J/mm?)
(mm) (mm/s) W)
1 0.5 800 150 31.25
2 0.5 1200 175 24.31
3 1.0 800 175 36.46
4 1.0 1200 150 20.83
5 1.0 1200 200 27.78
6 1.5 800 150 31.25
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7 1.0 800 175 36.46
8 0.5 400 175 72.92
9 1.0 800 175 36.46
10 1.5 1200 175 24.31
11 1.0 800 175 36.46
12 1.0 400 150 62.50
13 1.5 800 200 41.67
14 1.0 400 200 83.33
15 0.5 800 200 41.67
16 1.5 400 175 72.92

5.2.4. Material Characterisation

The density of the PBF-LB lattices without supports or removable pillars was measured
using the Archimedes method in an isopropyl alcohol medium according to ASTM B962-23
with the use of an analytical balance, Satorius Entris II Essential BCE124I-1S which has an
accuracy and repeatability of + 0.1 mg. Each sample was tested three times, and the resulting
average was taken as the sample density. SEM, BSEM, and EDX experiments were conducted
on the face of the centre lattice node for each sample. The chemical compositions of the as-
printed samples were obtained using the Aztec Live System EDX from Oxford Instruments
in a Zeiss EVOLS15 SEM. Five point measurements were taken from each sample, and the
average was taken as the sample composition. DSC analysis was conducted on the removable
pillars according to ASTM F2004-17 at Fort Wayne Metals, Castlebar, Co. Mayo, Ireland using
a TA Instruments® Discovery DSC2500 instrument to ascertain the phase transformation
characteristics of the powder and PBF-LB samples. Samples were first ramped at 100 °C/min
to 150 °C and held isothermally for 5 minutes. The samples were then cycled between -50 °C
and 150 °C at 10 °C/min twice. The data from the second scanning cycle was used to plot the
DSC curves and analyse the transformation characteristics. The removable pillars were also
used as samples for synchrotron X-ray diffraction (SXRD) were illuminated by a
monochromatic 0.5 mm square beam operated in transmission Debye-Scherrer geometry at
the I12 beamline at Diamond Light Source. The X-ray energy was calibrated using a CeO2
NIST standard at multiple sample-to-detector distances and corresponded to a wavelength

of 0.15678A. 2D data were collected on a CdTe 2M Pilatus area detector and reduced to 1D
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using the DAWN software package. Multiple diffraction patterns were obtained at different
locations within each sample, and these were summed to give information representative of

the whole sample.
5.3. Results

5.3.1. Input-Output Correlations

To determine the significance of the DoE inputs on the results of this study p-values noting
significance were calculated. P-value significance was used to determine the relevant
correlations between the inputs and outputs of the model overall where a p-value of < 0.05
was considered a relevant correlation. P-values were calculated using 16 samples with 4

centre points using ANOVA linear regression. All relevant correlations are shown in Table 9.

Table 9: P-values of the relevant input-output correlations.

No. of Measurements per | Strut Diameter | Laser Power | Scan Speed
Sample

Relative Density 3 0.0103

Ni Loss 5 0.0013 0.0008

Ar Temperature 2 0.0042 <0.0001

Enthalpy of Cooling 2 0.0004

Enthalpy of Heating 2 0.0002

Thermal Hysteresis 2 0.0146

For the scan speed, laser power, and strut diameter, the coded equations for the response

surface are presented below.

Relative Density = 99.02 — 0.5A + 0.3B — 0.275C + 0.5AB — 0.45 + 0.6BC — 1.26C?
Ni Loss = 0.2099 — 0.652A + 0.0044B — 0.0721C + 0.0994A? + 0.0372B? + 0.0707C?
Af Temperature = 85.61 — 0.495A + 1.42B — 2.99C — 1.11AC + 1.55A% + 1.39C?

Enthalpy of Cooling = 27.57 — 1.43A + 0.1169C + 0.5687AC — 1.63A%?
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Enthalpy of Heating
= 27.37 — 1.46A + 0.2996B + 0.1398C — 0.493AB + 0.6349AC — 1.82A%

Thermal Hysteresis = 31.2 + 0.0356A — 0.6006B + 0.3113 + 1.42A%

5.3.2. Relative Density

Density was measured according to the Archimedes principle and averaged across three
measurements, for each sample. The average relative density (Rp) calculated based on the
theoretical density of fully dense nitinol (6.45 g/cm3). For the centre points within the Design
of Experiments, the average relative density was 99.18 % with a 95 % confidence interval of
* 0.13 %. The Rp of the PBF-LB samples varied by strut diameter: for Los lattices, Rp ranged
from 98.22 % * 0.06 % to 98.88 % * 0.14 % (0.66 % variation); for Li.o lattices, from 96.60
% £ 0.58 % 10 99.27 % + 0.12 % (2.67 % variation); and for Luslattices, from 96.02 % + 0.26
% t0 99.36 % * 0.03% (3.34 % variation).

As shown in Figure 33 (a), a positive correlation between VED and Rp was observed for all
samples with VED below 45 J/mm3, while a negative correlation occurred for samples with
VED above 45 J/mm3. The SEM images in Figure 34 support this trend, showing significant
lack of fusion and unmelted powder at the low VED of 21 J/mm3, extensive cracking and
keyhole formation at the high VED of 83 ] /mm3, and minimal defects at the intermediate VED
of 37 J/mm3.

Surface contour plots in Figure 33 (b)-(d) indicate that the maximum Rp for all strut
diameters occurs at a scan speed of 800 mm/s while the laser power, and consequently the
VED, required to achieve maximum Rp increased with strut diameter. The Los lattices
achieved a maximum Rp of 98.88 % + 0.14 % at a laser power and VED of 150 W and 31.1
J/mm?3 respectively, for the Li.olattices a maximum Rp of 99.27 % + 0.12 % was achieved at
a laser power and VED of 175 W and 36.5 J/mm?3 respectively, and for the Lis lattices a
maximum Rp 0f 99.36 % * 0.03 % was achieved at a laser power and VED of 200 W and 41.7

J/mm?3 respectively.

5.3.3. Microstructure
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Figure 33: (a) Scatter Plot of relative density with VED showing 95 % confidence intervals.
Surface contours show the effect of the relationship between laser power and scan speed on
the relative density for (b) Los, (c) L1, and (d) Lis.

Representative samples were selected for microstructural examination at low (21 J/mm3),
mid (37 J]/mm3), and high (83 J/mm3) VEDs for the mid strut diameter. SEM images of the
cross sections parallel to the build direction seen in Figure 34 show the variations in pore
size, pore shape, extent of porosity, and microcrack propagation with VED. In Figure 34 (a),
sample 4 with a low VED of 21 J]/mm?3 and a relative density of 96.6 % + 0.58 % showed a
high degree of lack of fusion. In Figure 34 (b), sample 7 with a mid VED of 37 ]/mm?3 and a

relative density of 99.19 % * 0.06 % shows a significant reduction in unfused particles. In
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Figure 34 (c), sample 14 with a high VED of 83 J]/mm3 and a relative density of 97.42 % +
0.06 % displays an increased in porosity defects, exhibiting a combination of keyhole pores

and microcracks.
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Figure 34: SEM images show the effect of VED on the porosity of the part in the L1 lattices. (a)
sample 4: scan speed = 1200 mm/s, laser power = 150 W; (b) Sample 7: scan speed 800 mm/s,
laser power = 175 W; (c) Sample 14: scan speed = 400 mm/s, laser power = 200 W.

The BSEM images in Figure 35 show the microstructure and morphology of the Li.olattice at
low and high VED. Sample 4 with low VED of 21 ]J/mm3 shows a heterogeneous
microstructure with a combination of different grain morphologies and sizes. For this

sample, shown in Figure 35 (a), there is a combination of both equiaxed and columnar
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dendritic grains seen at the edge of the melt pool ranging from 0.4 pm to 5 um in size. For
sample 14, with a high VED of 83 J/mm3 the melt pool is clearly defined by columnar grains

radiating towards the edge of the melt pool as well as ultra fine cellular grains (<1 um)

adjacent to the melt pool boundary, see Figure 35 (b).

Sample 4: VED = 21 J/mm3
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Figure 35: BSEM images showing the grain morphology of (a) sample 4 and (b) sample 14.
5.3.4. Phase Analysis

The SXRD data are presented in Figure 36. To identify the phases, CIF files of the respective
structures were used to simulate powder diffraction patterns. The CIF files used were taken
from the Inorganic Crystal Structure Database (ICSD): B19’ - ICSD Entry: 164152 [188],
Ti2Ni - ICSD Entry: 15808 [189], B2 - ICSD Entry: 166368 [190]. Expected locations
corresponding to the B2, B19" and NiTiz phases are indicated by the markers at the top of the
figure. In all samples, strong reflections consistent with the B19’ martensite phase can be
seen. It is difficult to distinguish the presence and amount of NiTiz as the stronger peaks

overlap with those of the B19’ phase however in the high VED condition of the Lio (83
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J/mm3) and L15 (73 J]/mm?3) lattices and the mid VED condition of the L1s (42 J/mm3) lattice,
there are additional weak reflections consistent with NiTiz. These additional reflections are
most prominent at ~ 1.4° and 2.8° 26. This suggests a small volume fraction of NiTiz
precipitates in these samples. This phase may also be present in the high VED condition of
Los lattice (73 J/mm3), but due to the smaller diffracting volume, could be below the

resolution of the technique.

5.3.5. Composition

A decrease in Ni concentration of parts produced by PBF-LB from the starting powder is
often reported in literature owing to Ni evaporation due to the high energy inputs and lower
boiling point of Ni (2732 °C) compared to Ti (3287 °C) [173]. The composition was calculated
based on the average of five measurements on each sample. The virgin powder contained
49.82 at. % Ni and Ni loss amongst samples was found to range from 0.2 at. % to 0.52 at. %.
The results for Ni loss had a relative variation amongst samples, however the 95 %
confidence intervals were also large, see Figure 37(a). One of the main limitations of EDX is
that it can report large variations in composition as the X-rays generated from regions below
the surface are also detected and counted during measurement [191]. Chemical
heterogeneity has been found in the past to result in a high variation in composition
measurement amongst different regions in the same sample [191]. However, for the centre
points (samples 3,7, 9,and 11) within the Design of Experiments, the average Ni composition
was recorded as 49.61 at.% with a 95 % confidence interval of 0.02 at.%. From the P-values,
the Ni evaporation has a strong negative correlation with scan speed (0.0008) and strut
diameter (0.0013). The surface contours Figure 37 (b-d) show that there was negligible
change in the Ni content for scan speeds above 400 mm/s in the Li.oand Luslattices however
for the Los lattices, Ni evaporation occurred for all scan speeds. Additionally, the surface
contours show that the Los lattices had the highest Ni loss, followed by the Lis lattices and
then the Li.olattices.

5.3.6. Phase Transformation Characteristics

Two thermal cycles were conducted for two specimens from each of the samples. It was

observed that the difference between the thermal profiles of the first and second cycles were
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Figure 36: SXRD reflections at low, mid, and high VED for (a) the Lo lattices, (b) the L1
lattices, and (c) the Ly lattices.

negligible showing only a minor sharpening of the peaks. For example, the difference in the

Af between cycle 1 and 2 of sample 1 was 0.25 °C.
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Figure 37: (a) Bar chart of Ni loss showing 95 % confidence intervals. Surface contours
showing the relationship between laser power and scan speed on the Ni loss for the (b) Lo, (c)
L1o, and (d) Lis lattices.

From the DSC results displayed in Figure 38 (a) the powder exhibits multi-stage phase
transformations with overlapping peaks. The as-received powder shows two peaks on
cooling and heating with the additional peaks appearing as a shoulder to the right on the
main peaks for both heating and cooling curves. In the PBF-LB samples the additional peaks
are most prevalent in the Los lattices and almost completely disappear in the Lislattices. In
the Los lattices the shoulders on cooling appear on either side of the main peak and are
clearest S1 and S2 with VED 31 J/mm3 and 24 J/mm3 respectively which begin to disappear
as VED increases. On heating there is a small additional peak seen in the Los lattices which

disappears as VED increases.
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Figure 38: DSC curves of a) the as-received powder and DSC plots comparing the number of peaks
with the VED for b) Los, ¢) L1, and d) Lis.

The Ar temperatures of the lattice samples are shown in Figure 39below. The average Ar of
the four centre points was 85.52 °C with a 95 % confidence interval of 0.41 °C. Ar of the
starting powder was found to be 87.53 °C and Ar of the PBF-LB samples ranges from 83.53
°Ct092.34 °C for sample 4 (L1.o,P =150 W, v=1200 mm/s, VED = 20.83 ] /mm3) and sample
16 (L15,P=175W, v=400 mm/s, VED = 72.92 ] /mm3) respectively. All samples with a VED
below 42 J/mm3 had an Arlower than that of the starting powder (87.53 °C) and all samples
with a VED above 42 J/mm3 had an Arabove than that of the starting powder. Amongst the
PBF-LB samples there was a strong positive correlation between Ar and VED. Both laser
power and scan speed were found to have significant input-output correlations with the As
temperature. However, scan speed was found to be the controlling factor with p-value of

<0.0001 compared to the laser power p-value of 0.0042.
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Figure 39: (a) Scatter plot of Ar with VED. Surface contours showing the effect of the relationship
between laser power and scan speed on A¢ for (b) Los, () Lio, and (d) Lis.

Thermal hysteresis (1) in SMAs is defined as the difference in peak temperatures of the
forward and the reverse transformation [27]. 1) is an important parameter in the functional
behaviour of NiTi actuators as a small ) results in a faster response. The results showed that
the as-received powder had an 1 of 28.3 °C which was below that of all PBF-LB samples. The
average 1 of the four repetition samples was 31.4 °C with a 95 % confidence interval of 0.52
°C. The n of the PBF-LB samples ranged from 29.6 °C for sample 14 (L1.o,P =200 W, v = 400
mm/s, VED = 83 J]/mm3) to 33.6 °C for sample 6 (L1.5,P =150 W, v =800 mm/s, VED = 31.3
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J/mm3). From the P-values, n has an inverse correlation with laser power (0.0146) showing
a decrease in thermal hysteresis with increasing laser power. Additionally, from the surface

plots in Figure 40 (b-d), the highestn is seen in the Lislattices and the lowest n is seen in the

Liolattices.
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Figure 40: (a) Bar chart of thermal hysteresis (1) and surface Contours showing the effect of the
relationship between laser power and scan speed on 1 for the (b) Los, (c) L1, and (d) Lislattices.

The phase transformation process involves changes in enthalpy, where the austenitic
transformation during the heating cycle is an endothermic process, and the martensitic
transformation during cooling is exothermic [192]. Enthalpy was calculated by plotting heat
flow (W/g) against time (seconds) using Trios software and integrating the area under the

transformation peaks. Specifically, the B19’ transformation peak was integrated to obtain
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the cooling enthalpy (AHcooling), while the B2 peak was used to determine the heating

enthalpy (AHHeating).

The average values for AHcooling and AHueating across the four repetition samples were 27.33
J/g with a 95 % confidence interval of 0.84 ] /g and 27.08 with a 95 % confidence interval of
0.35]/g, respectively. The highest AHcooling and AHgeating Values were observed for the powder
at 28.82 ]/g and 28.45 ] /g respectively. Amongst the PBF-LB samples, AHcooling ranged from
26.31]/gto 28.15 ] /g and AHueating ranged from 22.99 | /g to 27.96 ] /g.

Statistical analysis of the P-values for both AHcooling and AHueating revealed that the strut
diameter was the most significant factor influencing these enthalpies, with p-values of
0.0004 for AHcooling and 0.0002 for AHueating. As shown in Figure 41, samples 6, 10, 13, and 16
- each with strut diameters of 1.5 mm - exhibited noticeably lower values for both AHcooling

and AHHeating compared to the other samples.

The enthalpy ratio (TEr) is calculated as the ratio of AHHeating to AHcooling (TEr =
AHyeating/ AHcooling) No relevant input output correlation was found for TEr amongst
samples however TEr ranged from 0.97 to 1.01 amongst all samples, indicating that all

samples underwent nearly complete phase transformations during both heating and cooling.
5.4. Discussion

5.4.1. Effect of powder composition

A change in Ni content can have a significant effect on the performance of SMA actuators as
the ratio of Ni to Ti greatly effects the transformation temperatures (TT) and functional
properties of NiTi. Specifically, Ni-rich NiTi tends to have lower TTs and exhibit SE, while Ti-
rich NiTi exhibits higher TTs and exhibit SME [193][50]. The majority of research to date on
the effects of PBF-LB process parameters and part geometry on NiTi focuses on Ni-rich
powders. This leaves a gap in the literature required to understand how these parameters
affect powders used for a whole range of applications requiring the higher TTs and SME of
Ti-rich NiTi. In this study the effect of scan speed, laser power, and lattice strut diameter on
the microstructure and phase transformation behaviour of Ti-rich NiTi lattice structures is

investigated. Ti-rich NiTi is typically chosen for applications requiring the SME. Due to the
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Figure 41: Enthalpy of the cooling (AHcooling) and heating transformation (AHgeating), and enthalpy
ratio (TEr) of the powder and PBF-LB samples.

higher TTs of titanium, Ti-rich NiTi is in the martensite phase at room temperature and
therefore the SME is the more prevalent mechanical property. In addition, Ti-rich powders
benefit from the transformation temperatures of the final part having a reduced sensitivity
to Ni evaporation during the PBF-LB process compared to Ni-rich powders. In Ni-rich NiTi a
change of 0.1 at. % Ni can cause the TT to change by 10 °C [27]. Meanwhile in this study
despite a maximum Ni loss of 0.52 at. % (see Figure 37) from the composition of the starting
powder, the Ar of the printed parts varied from the Ar of the starting powder by a maximum
of 4.8 °C (see Figure 39). This is beneficial for actuator applications as the TTs is a critical

parameter of actuators and requires precision and reliability.

5.4.2. Effect of Strut Diameter

The results show that the strut diameter has a critical influence on the material
characteristics of the PBF-LB lattice structures. This can mainly be attributed to the effect of
strut diameter on cooling rates during the PBF-LB process. A study by Biffi et al. [194]
demonstrated that the heat extraction from melted Ni-rich NiTi powder was slower at the

borders of the part closer to the unmelted surrounding powder and that this was because of
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the lower thermal conductivity of the loose powder compared the solidified metal. Similarly
a study by Qu et al. [181] demonstrates that as wall thickness decreases, the energy density
should be decreased to balance the effect of decreasing cooling rate with decreasing wall
thickness. The researchers found that decreasing the wall thickness of Ni-rich NiTi lattices
from 260 pm to 130 pm required the VED to be decreased from 167 J/m3 to 140 J/m3 to
compensate for the slower cooling rate of the thinner walls. Thinner strut diameters
therefore exhibit slower cooling due to the increased ratio of surface area to volume, where
the powder acts as a thermal insulator due to the lower thermal conductivity of the powder

compared to the solidified metal [195].

The current study addresses a gap in the literature by examining this effect on Ti-rich NiTi
lattices. The results for the relative density presented in Figure 33 show that the maximum
Rp achieved increased with increasing strut diameter . Additionally, while the maximum Rp
was achieved at a mid-scan speed of 800 mm/s across all strut diameters, the laser power
and corresponding VED required to attain this maximum increased with strut diameter (Lo.s:
98.88 %, 150 W, L1.o: 99.27 %, 175 W, Lis: 99.36 % 200 W). This can be attributed to the
slower cooling rates of the thinner lattices. At lower VEDs the reduced cooling rate in thinner
lattices result in slower solidification rates allowing more complete melting, reduced
porosity, and increased Rp. At higher VEDs, the slower cooling rates in these thinner lattices
result in overmelting. This is evident in the lower density and higher keyhole formation
found within these smaller lattice structures at higher VEDs. This concept is illustrated in

Figure 42.

Similar results have been reported for Ti-6Al-4V in a study by Casata et al. [186] which found
that the differences in porosity levels of different sample sizes could be attributed to the
difference in thermal profiles caused by the lower thermal conductivity of the powder
compared to the solidified part. The EDX results presented in Figure 37 showed that the Ni
loss was highest in the Los lattices, ranging from 0.32 at. % to 0.52 at. %. The higher Ni
evaporation in the Los lattices can be attributed to the decrease in melt pool solidification
rates resulting in more time for Ni evaporation to occur [196]. This is in agreement with a

study by Guo et al. [182] who demonstrates that the reduced solidification rate of the thinner
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walls owing to reduced thermal conductivity of the Ni-rich NiTi powder compared to the

solidified metal resulting in increased Ni evaporation.
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Figure 42: Schematic demonstrating the insulating effect of the surrounding powder on the
density of the lattices during the PBF-LB process.

Thermal hysteresis is another critical parameter in the functional performance of NiTi
actuators, as a smaller 1 leads to faster response times and improved efficiency. The results
seen in Figure 40 showed that the L1 lattices exhibited the highestn. This result is attributed
to the larger surface area per layer in the thicker struts. As the strut diameter increases, the
cross sectional area of the build layer increases and extends the time taken for the laser to
scan across each section of the lattice. This provides more time for the beginning of the melt
pool to cool as the laser completes the hatching of the current section. The elongated melt
pool therefore is subject to higher thermal gradients [197]. Furthermore, the increased

surface area in the thicker struts amplifies the thermal differential between the centre of the
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part and the border of the part due to differences in heat extraction at the border caused by
the surrounding powder [194]. Increased thermal gradients have been reported to generate
higher thermal residual stresses resulting in higher thermal hysteresis [193]. Therefore,
while not directly observed, it can be assumed that higher thermal residual stresses due to
increased thermal gradients is the reason for the increased thermal hysteresis in the Lis
lattices. Additionally, the Lo lattices exhibit higher 1 than the Liolattices. This is attributed
to the lower cooling rates of the Los lattices resulting in higher Ni evaporation which alters
the local composition, affecting phase transformation temperatures and hysteresis
behaviour [198][199]. Amongst the PBF-LB samples, the Li.o lattices exhibited the lowest n
overall demonstrating the optimum balance between the effect of reduced cooling rates in

the thinner lattices and increased thermal gradients in the thicker lattices.

The DSC experiments also showed that the Los lattices exhibited MSTs on both heating and
cooling. MSTs are generally attributed to the formations of the intermediate R-phase, which
forms when it is thermodynamically favoured or the activation energy is lower than for other
phases [200]. This is often associated with NisTis precipitates supressing the martensitic
transformation, acting as nucleation sites for R-phase [133]. However, Ni4Ti3 precipitates
tend to occur in Ni-rich NiTi. In this case, the additional peaks are likely due to local chemical
and microstructural inhomogeneity, causing some regions of the matrix to transform before
others [200][47]. The disappearance with increasing strut diameter is due to reduced Ni
evaporation and higher cooling rates increasing microstructural homogeneity. The complete
disappearance of the additional peaks in the Lis lattices is also evident in the enthalpy
results. As shown in section 5.3.6 the enthalpy of heating and cooling is noticeably lower than
that of the Lo.s and L1.o. This indicates that there is a single, complete phase change between

B2 and B19'.

5.4.3. Effect of VED

The Rp measurements presented in Figure 33 demonstrated a distinct dependence on VED,
with a positive correlation observed for all samples processed below 45 J/mm?® and a
negative correlation for those above this threshold. At low VED values (below ~45 ]/mm?),
insufficient energy input leads to incomplete melting and poor fusion between powder

particles, resulting in lack of fusion and partially melted pore defects, increasing porosity

109



and decreasing Rp [201]. As VED increases up to 45 ]/mm?, enhanced energy input promotes
more complete melting allowing the melted powder to more easily flow to fill interparticle
pores, reducing porosity and increasing density [202]. When VED increases above 45 ] /mm?,
the excessive energy input causes overheating of the melt pool, which is known to induce
higher thermal residual stresses and promotes over-melting phenomena such as keyhole
formation. These effects contribute to the formation of microcracks and keyhole pores,
which degrade the part’s integrity and cause a reduction in Rp [59]. These trends are
corroborated by the SEM micrographs presented in Figure 34. Sample 7, processed at a VED
of 37 J/mm?® with an Rp of 99.2%, exhibits a dense microstructure with minimal defects. In
contrast, sample 4 at a lower VED of 21 ]/mm? and Rp of 96.6% shows extensive unmelted
powder particles and lack-of-fusion defects. Meanwhile, sample 14, processed at a high VED
of 83 J/mm? with Rp of 97.4%, reveals significant keyhole pores and microcracks consistent

with over-melting.

The EDX results presented in Figure 37 revealed that the Ni evaporation was primarily
affected by scan speed. The results showed that for the L1.0 and L1 lattices, increasing VED
had minimal effect on the Ni concentration until scan speeds reduced to 400 mm/s at which
point Ni evaporation occurred. For scan speeds of above 400 mm/s the Ni content only
varied between 0.20 and 0.28 at. % for the L1.0 and Lislattices. Meanwhile at scan speeds of
400 mm/s the Ni content varied between 0.35 and 0.41 at. %. The higher Ni evaporation at
the lower scan speeds of 400 mm/s can be attributed to the decrease in melt pool
solidification rate resulting in more time for Ni evaporation to occur [196]. Additionally, the
SXRD results presented in Figure 36 showed the appearance of NiTiz precipitates in the Li.o
and Lis lattices at mid to high VED. NiTiz precipitates deplete Ti from the matrix resulting in
an apparent increase in Ni content. As scan speed decreases, Ni evaporation increases and

surpasses the effect of the NiTiz precipitates on the matrix composition [178].

The DSC results presented in Figure 39 demonstrated a direct positive correlation between
Af temperature and VED, with scan speed being the more significant factor. During the PBF-
LB process, two main factors alter the Af temperature: Ni evaporation and precipitate
formation [203]. Ni loss, which increases with higher VED, leads to a higher Ti:Ni ratio and

thus an increase in Af. Conversely, the formation of Ti-rich precipitates depletes Ti from the
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matrix, resulting in a decrease in Ar. A third factor which can affect the Ar PBF-LB NiTi parts
is thermal residual stress. Biffi et al. [194] demonstrated that thermal residual stresses from
the selective laser melting process resulted in an increase in the TTs of NiTi lattice structures
following the Clausius-Clapeyron stress-temperature relationship. SXRD results indicated
the presence of NiTiz in the samples, which would typically reduce the Ar temperature.
However, since the peaks representing NiTiz were relatively weak, it can be concluded that
the primary driver for the observed increase in Ar was the increase in the Ti:Ni ratio due to
Ni evaporation. As discussed, the EDX results show that the Ni content in the Lioand Lis
lattices is not significantly affected by the laser process parameters at lower VEDs (< 60
J/mm?3). The steady increase in Ar with increasing VED must therefore be attributed to both

Ni evaporation and increasing the inferred increasing thermal residual stress.

BSEM images presented in Figure 35 revealed heterogeneous microstructures between the
melt pool edges and interior for both high and low VED conditions, characterized by distinct
grain structures. This heterogeneity arises from interactions between the liquid-solid
interface and overlapping melt pools during solidification. Perumal et al. [204] demonstrated
that melt pool boundaries and their intersections act as preferential sites for
recrystallization and nucleation, thereby explaining the distinct microstructural variations
observed at these regions in the present study. While both conditions produced
heterogeneous microstructures, the low VED samples exhibited greater variation in grain
morphology and size, featuring a mix of equiaxed and columnar dendritic grains. In contrast,
the high VED samples displayed more uniform ultrafine cellular grains. This aligns with
findings by Lu et al. [56], who attributed such differences to melt pool geometry. Higher
energy densities generate deeper, wider melt pools that promote homogeneous nucleation
and growth, whereas lower energy densities produce narrower, shallower melt pools which
increase thermal gradients between the melt pool interior and edges, driving heterogeneous
grain formation. The smaller grain size found in high VED samples (see Section 5.3.3) is
consistent with result from Lin et al. [205], where it was observed that elevated VEDs
enhance remelting and grain boundary nucleation. These mechanisms simultaneously halt
grain growth prematurely and initiate new grain formation, ultimately yielding finer

microstructures.
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5.5. Conclusions

In this study the effect of scan speed, laser power, and lattice strut diameter on the
microstructure, composition, and thermal behaviour of Ti-rich NiTi lattices produced by
PBF-LB is investigated. A Box Behnken design of experiments was employed to
systematically study the final properties of the part across three strut diameters (0.5 mm,
1.0 mm, and 1.5 mm), three scan speeds (400 mm/s, 800 mm/s, and 1200 mm/s), and three
laser powers (150 W, 175 W, and 200 W). The key conclusions are summarised below:

1. The strut diameter has a significant influence on the final properties of the part.
Thinner struts exhibit slower cooling and solidification rates during the PBF-LB
process due to the lower thermal conductivity of the surrounding powder compared
to the solid part. This resulted in overmelting in the thinner lattices, leading to a
reduction in relative density for smaller strut diameters (Lo.s: 98.88 %, L1.0: 99.27 %,
L15: 99.36 %). The smaller strut diameters had slower cooling rates which resulted
in a higher Ni evaporation (Los: 0.52 at. %, L1.0: 0.41 at. %, L1.s: 0.40 at. %).

2. Faster cooling in the larger diameter stuts resulted in reduced Ni evaporation and
increased microstructural homogeneity resulting in more complete phase
transformations. However, the thicker struts exhibited higher thermal residual stress
owing to the increased surface area causing higher temperature differentials across
each layer of the part relative to the smaller strut diameters. This resulting in
increased thermal hysteresis.

3. The 1.0 mm struts exhibited the best balance between the effects of decreased cooling
rates in the 0.5 mm lattice and increased thermal gradients in the 1.5 mm showing
the smallest thermal hysteresis (Los: 33.06 °C, L1.0: 32.07 °C, L1.s: 33.56 °C).

4. The process parameters are shown the have various effects on the lattice properties
at different strut diameters. At VEDs above 45 J/mm3 defects were observed within
the printed lattices for all geometries however, the optimum VED for relative density
increased with increasing strut diameter (Los: 31.1 J/mm3, L1.o: 36.5 ]/mm3, L1s: 41.7
J/mm?3). Additionally, Ni evaporation occurred at all scan speeds including at the

higher scan speeds of 1200 mm/s in the Los lattices while no significant Ni
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evaporation occurred in the Lioand L1 lattices until the scan speed reduced to 400
mm/s.

5. The VED was also shown to control the Arand microstructure of the lattices. Ar was
shown to increase with VED due to Ni evaporation and increased thermal residual
stress. Grain structure varied significantly with VED. Lower VEDs exhibited greater
variation in grain morphology and size, featuring a mix of equiaxed and columnar
dendritic grains due to narrower, shallower melt pools increasing thermal gradients
between the melt pool interior and edges, driving heterogeneous grain formation.
While higher VEDs displayed more uniform ultrafine cellular grains due to higher
VEDs generating deeper, wider melt pools that promote homogeneous nucleation and

growth.

In summary, strut diameter fundamentally alters the thermal dynamics during PBF-LB
processing and, when combined with VED, dictates key structural and functional outcomes.
Optimizing VED and lattice geometry enables tailored control over transformation
temperatures, hysteresis, and microstructure, providing a pathway for engineering NiTi
actuators with application-specific properties. The intermediate strut diameter of 1 mm
exhibited the best properties over the range of VEDs, achieving a high density, stable phase
transformations, and the lowest thermal hysteresis, all of which are critical to reliable design
of NiTi actuators. Further studies carried out on the mechanical properties also find that the
L1.olattice is the optimum geometry for actuator performance [206]. The results of this study
provide for the first time knowledge of how of the functional properties of PBF-LB processed
Ti-rich NiTi lattice structures can be controlled. In particular, this work highlights how both
geometry and process parameters can be set to achieve precise control over the

characteristics of PBF-LB NiTi, enabling the engineering of NiTi SMA tailored properties.
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Chapter 6: Investigating the Effect of VED and Lattice Strut
Diameter on the Shape Memory Effect of Nitinol Actuators

Josephine Ryan Murphy, Josiah Cherian Chekotu, Paul Healy, and Dermot Brabazon.
Investigating the Effect of VED and Lattice Strut Diameter on the Shape Memory Effect of Nitinol

Actuators. Journal of Materials Research and Technology, 2025, 17

This chapter builds directly upon the work presented in Chapter 5. It investigates the
influence of PBF-LB process parameters and component geometry on the functional
performance of NiTi actuators. By establishing direct links between the functional
characteristics examined in this chapter and the material characteristics discussed in
Chapter 5, a comprehensive understanding of the relationships between processing,
geometry, microstructure, and actuator performance is developed. As the final experimental
chapter of this thesis, it provides a crucial connection between the process-geometry-
property relationships of additively manufactured NiTi and its resulting functional

behaviour as a shape memory alloy actuator.
Abstract

This study examines the combined effect of volumetric energy density (VED) and lattice strut
diameter on the microstructure, mechanical properties, and shape memory performance of
NiTi lattice structures fabricated by laser powder bed fusion (PBF-LB). Lattices with 0.5, 1.0,
and 1.5 mm strut diameters were produced by VEDs ranging from 21 J/mm?3 to 83 J/mm3.
Results reveal a strong process-geometry-property relationship. Optimum VED increased
with strut diameter, resulting in relative densities of up to 99.36 %. Larger struts achieved
higher ultimate strength, but reduced SME recovered strain and slower actuation. Thinner
struts achieved greater SME recovery, larger stroke, and faster actuation, but reduced
strength. The findings highlight a trade-off between strength and actuator performance and
highlight the importance of considering both geometry and process parameters when

designing NiTi actuators with application specific properties.
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6.1. Introduction

Shape memory alloys (SMA) are a class of smart materials that exhibit the shape memory
effect (SME) and superelasticity (SE) [13]. By utilizing the SME, SMA actuators are a
promising alternative to traditional actuation systems, offering high power-to-mass ratios,
low maintenance, and clean, silent actuation [16]. NiTi is currently the most widely used SMA
due to its superior functional properties, such as low stiffness, high wear and corrosion
resistance, and biocompatibility [207]. However, the implementation of NiTi actuators is
typically limited by the use of simple geometries, such as traditionally manufactured wires
and springs, due to NiTi’s poor machinability [208]. To overcome these limitations, there has
been much research into the additive manufacturing (AM), and particularly laser powder
bed fusion (PBF-LB), of NiTi in recent years. Beyond enabling the manufacturing of complex
geometries, AM offers additional advantages such as weight reduction, reduced waste

material, part consolidation, and reduced lead times [209].

Recent studies carried out on the mechanical response of NiTi with complex geometries have
demonstrated the potential of PBF-LB NiTi for a range of applications. Lightweight origami
structures have shown potential for lightweight actuator applications, achieving complete
recovery of 1000 N loads and strokes of 3.2 mm [208]. Auxetic meta-structures have
exhibited efficient energy dissipation, superelasticity, and high deformation capacity,
demonstrating potential for energy dissipation and damping applications [175]. Triply
periodic minimal surface structures have demonstrated high accuracy and energy
absorption, showing excellent potential for applications such as vibration isolators and crash
cushioning [187]. However, despite these promising results, a systematic understanding of
how specific geometric parameters influence functional performance remains limited.
Furthermore, the relationship between geometry, thermal evolution during AM processing,

and the resulting functional properties has not been thoroughly investigated.

The functional performance of SME-based actuators depends on the complex interplay
between part geometry, microstructure, and composition [178]. The microstructure and
composition of NiTi have been shown to be significantly altered by the high cooling rates and
large thermal gradients involved in the PBF-LB process, which in turn, can control the

functional properties of the printed part through parameter optimisation [141]. For
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example, Saghaian et al. [171] demonstrated that decreasing the hatch distance from 120 to
80 pum in Ni-rich NiTi resulted in improved thermo-mechanical and SE response due to the
increased crystallographic texture. Zhao et al. [173] investigated the effect of volumetric
energy density (VED) on the phase transformation and SME of equiatomic NiTi, finding that
although the samples fabricated at the lower VEDs of 375 ] /mm3 and 525 J/mm3 had a higher
proportion of NiTi phase, the samples fabricated at the higher VED of 625 ] /mm3 showed the
best shape memory performance. The authors attributed this to more complete melting of
the powder during the PBF-LB process. Yu et al. [210] showed that the pore generation on
the surface of Ni-rich NiTi was determined by the combined effect of the VED and the ratio
of laser power (P) to scan speed (V). They found that the combination of high VED (86.81
J/mm?3) and low P/V (0.21) resulted in the highest density and higher tensile strength, as
well as better shape memory performance. Garrido et al. [71] demonstrated that increasing
the VED for Ni-rich NiTi increased Ni evaporation, leading to higher transformation
temperatures and promoting the formation of Ti-rich precipitates, which in turn reduced

shape memory performance.

Despite significant advances in understanding PBF-LB processing of NiTij, a critical research
gap persists. Current studies focus predominantly on Ni-rich conventional bulk samples,
thereby neglecting one of the main advantages of AM while overlooking the critical impact
of the geometry itself on the thermal development of PBF-LB parts [179][180]. Geometry
specific variations, such as wall thickness and surface area, result in drastically different
thermal gradients and cooling rates during the PBF-LB process, which directly influence
microstructure development, chemistry, and the functional properties of the part
[181][182][197]. This gap in the literature is critical for the design and optimization of
application specific geometries with tailored actuator properties, enabling the
implementation of SMA actuators across a wide range of applications. Therefore, this study
aims to address this gap in the geometry-dependent thermal-microstructural-functional
property relationships in PBF-LB NiTi components and to advance the practical

implementation of AM NiTi actuators.
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6.2. Materials and Method

6.2.1. Model Configuration & Dimensions

In this study, three model configurations were created using SolidWorks Ver. 2023. Each
model had the same overall geometry but featured different strut diameters of 0.5 mm, 1.0
mm, and 1.5 mm as shown in Figure 32 and summarised in Table 10. For brevity, samples
with lattice strut diameter of 0.5 mm, 1.0 mm, and 1.5 mm will herein be referred to Los, L1.o,
and Lis, respectively throughout this paper. The periodic strut-based body-centred cubic
(BCC) lattice structures consisted of unit cells with similar edge length of 6.25 mm and
internal angles of 90°. These unit cells were repeated four times in the x, y, and z direction.
Each configuration included top and bottom endplates matching the diameter of the
corresponding strut diameter, as well as support structures to allow safe removal from the
build plate without damaging the lattice structures. Additionally, removable pillars with the

same diameter as the struts were incorporated for material characterisation purposes.

Table 10: Lattice Configuration & Dimensions

Lattice & Unit Cell Type Periodic Strut-Based BCC
Number of unit cells in each direction 4

Unit cell length (mm) 6.25

Internal angles (°) 90

Strut Diameter (mm) 0.5,1.0,1.5
Width, Depth, and Height of Lattice (mm) 25

6.2.2. Material & Fabrication

NiTi samples were fabricated from Ti-rich powders with a composition of 49.82 at.% Ni and
50.18 at.% Ti, provided by Fort Wayne Metals, Castlebar, Co. Mayo, Ireland. The powders
were sieved to achieve particle sizes < 75 pm. The NiTi samples were 3D printed using an
Aconity MINI (GmbH) PBF-LB system featuring a 200 W, 1068 nm Nd:YAG fibre laser. To
minimise oxidation and contamination, the oxygen concentration was maintained below 20
ppm throughout the build using a purging gas of pure argon (99.999 %). Printing was

performed with a layer thickness of 50 pm and a spot size of 60 um. Constant scanning
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a b c Removable Pillars

Build Direction

Endplates Supports

Figure 43: CAD models of the NiTi lattice structures showing build direction, end plates, support
structures, and removable pillars for DSC tests with strut diameters of a) 0.5 mm, b) 1.0 mm, and
c) 1.5 mm.

parameters were applied to all samples with a hatch spacing of 12 um, a start angle of 0°, and

increment angle of 67°.

6.2.3. Design of Experiment (DoE)

To investigate the effect of the PBF-LB process, laser powers of 150 W, 175 W and 200 W
were used in combination with scan speeds of 400 mm/s, 800 mm/s, and 1200 mm/s; to
build struts with diameters of 0.5, 1.0 and 1.5 mm. A Box-Behnken Design of Experiment
(DoE) was employed to examine the influence of scan speed, laser power, and lattice strut
diameter on the material properties and actuator performance of the PBF-PB fabricated NiTi

lattices. The VED for each sample is calculated according to the following equation:

VED =

v.h.t
Where;

P = Laser Power

v = Scan Speed

h = Hatch Spacing

t = Layer Thickness

The full DoE and corresponding VED is presented in Table 11.
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Table 11: Full DoE of strut diameter, laser process parameters, and resulting VED for the produced
NiTi samples.

Sample Strut Diameter Scan Speed Laser Power VED (j/mm)
(mm) (mm/s) W)
1 0.5 800 150 31.25
2 0.5 1200 175 24.31
3 1.0 800 175 36.46
4 1.0 1200 150 20.83
5 1.0 1200 200 27.78
6 1.5 800 150 31.25
7 1.0 800 175 36.46
8 0.5 400 175 72.92
9 1.0 800 175 36.46
10 1.5 1200 175 24.31
11 1.0 800 175 36.46
12 1.0 400 150 62.50
13 1.5 800 200 41.67
14 1.0 400 200 83.33
15 0.5 800 200 41.67
16 1.5 400 175 72.92

6.2.4. Material Characterisation

The density of the PBF-LB parts was measured using the Archimedes method in an isopropyl
alcohol medium, following ASTM B962-23, with an analytical balance (Satorius Entris II
Essential BCE1241-1S) having an accuracy and repeatability of + 0.1 mg. Each sample was
tested three times, and the average value was recorded as the sample density. The chemical
compositions of the as-printed samples were determined using the Aztec Live System EDX
from Oxford Instruments, operated within a Zeiss EVO-LS15 SEM. Five point measurements
were taken at different locations on each sample, and the average was used to represent the
sample composition. Differential scanning calorimetry (DSC) analysis was performed

according to ASTM F2004-17 at Fort Wayne Metals, Castlebar, Co. Mayo, Ireland using a TA

119



Instruments® Discovery DSC2500 to evaluate the phase transformation behaviour of the
powder and PBF-LB samples. The samples were initially ramped at a rate of 100 °C/min to
150 °C and held isothermally for 5 minutes. The data was then switched on, and the samples
were cycled twice between -50 °C and 150 °C at arate of 10 °C/min. The data from the second
scanning cycle was used to plot the DSC curves and analyse the transformation

characteristics.

6.2.5. Mechanical Characterisation

To investigate the actuator performance of the PBF-LB lattice structures, the samples were
tested using compression-heat recovery cycling. During direct compression, the samples
were compressed using a Zwick 50 kN Universal Testing Machine by employing an
increasing level of displacement-controlled loads (1 mm, 2 mm, 3 mm, and 4 mm) at aloading
rate of 2 mm/min at room temperature. Following unloading at each compressive load, the
compressed samples were heated using a heat gun set to 500 °C for 5 minutes, which heated
the samples to approximately 160 °C to enable shape recovery, and then left to cool with the
aid of two fans at 12 V and 0.07 A for 10 minutes to reverse thermal expansion. For the
experimental procedure, a dial gauge was placed on the sample and zeroed at the starting
sample height. The sample was then compressed to the applied strain (&,), which refers to
the displacement-controlled load applied during compression as a percentage of the height,
% H, of the lattice. The starting height of the lattice was 25 mm, excluding the base plate
thickness. The ¢, for Imm, 2 mm, 3 mm, and 4 mm, therefore, is 4%, 8%, 12%, and 16%
respectively. The load was subsequently removed and the change in height from H was
measured and referred to as AH;. The sample was then heated to induce the SME and left to
cool and the change in height from H after shape recovery was measured and referred to as
AH,. The true strain (&;), elastic strain (&,), residual strain (&,), and SME recovered strain
(esmE) illustrated in Figure 44a are then calculated according to the following equations:

g = = x 100

e = &g~ &t

& =~ x 100
0
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EsME = &t~ &r

Furthermore, the temperature of the sample was captured using a thermal imaging camera,

and actuation time was assessed by recording a video and analysing the results with GOM

Digital Image Correlation (DIC) software. Actuation time is defined as the time between

when the heat gun is switched on (t1) and when the slope of the displacement curve becomes

less than 0.01 (t2), as illustrated in Figure 44b.
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Figure 44: a) Graph of the typical stress-strain response during the compression and heating
cycles illustrating applied strain (&,), true strain (&;), elastic strain (&,), SME recovered strain
(€smE), and residual strain (&,). b) Plot of the typical sample response during heating showing
the sample displacement from DIC, sample temperature captured by thermal camera, with the
time when the heat gun is switched on (t1) and when actuation is complete (tz).

6.3. Results

6.3.1. Input-Output Correlations

To assess the significance of the DoE input variables on the outputs, p-values were calculated

to evaluate statistical significance (p<0.05). All relevant correlations in this study are shown

in Table 12. As three samples with 0.5 mm stut diameter failed during the first compression

and heating cycle, it was not possible to calculate the p-values for the shape memory

response parameters of the lattices (strain values, stroke, and actuation time).

Table 12: P-values of the relevant input-output correlations.

Strut Diameter

Laser Power

Scan Speed

Relative Density 0.0103
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Ni Loss 0.0013 0.0008
Ar Temperature 0.0042 <0.0001
M; Temperature 0.0007 0.0221
Thermal Hysteresis 0.0146

Stiffness <0.0001 0.0274 0.0002
Ultimate Strength <0.0001 0.0263 0.0023
Ultimate Strain 0.0046

6.3.2. Material Characterisation

6.3.2.1. Relative Density

Density was measured using the Archimedes principle and averaged across three
measurements for each sample. The average relative density (Rp) was calculated based on
the theoretical density of fully dense nitinol (6.45 g/cm3). For repeated samples within the
Design of Experiments, the average relative density was 99.18 + 0.13% (95 % confidence

interval).

As shown in Figure 45 d, a positive correlation was observed between VED and Rp for all
samples with VED below 45 J/mm3, whereas a negative correlation was found for samples
with VED above 45 J/mm3. Atlow VEDs, insufficient melting results in poor fusion of partially
melted particles at the particle-particle interface, resulting in large, irregular interparticle
porosity, increasing porosity and decreasing Rp [201]. Therefore, the increase in Rp at VEDs
below 45 J/mm3is attributed to the increased energy input enabling more complete melting
of the powder. Conversely, as VED increases above 45 ]/ mmb3, excessive energy input causes
overmelting, leading to keyhole formation and increased thermal residual stresses which
promote microcrack formation resulting in a decrease in Rp [59]. Figure 33 illustrates this
trend, showing significant lack of fusion and unmelted powder at the low VED of 21 J/mm3,
extensive cracking and keyhole formation at the high VED of 83 J/mm3, and minimized

defects at the intermediate VED of 37 J/mm?3.

Statistical analysis indicated that strut diameter was the dominant factor (p = 0.0103)
influencing Rp. The Rp of the PBF-LB samples ranged from 98.22 % + 0.06 % to 98.88 % *
0.14 % (0.66 % variation) for Los lattices, 96.60 % + 0.58 % to 99.27 % * 0.12 % (2.67 %
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variation) for Li.olattices, and 96.02 % * 0.26 % to 99.36 % * 0.03% (3.34 % variation) for
L1s lattices. Surface contour plots in Figure 46 indicate that the maximum Rp for all strut
diameters occurs at a scan speed of 800 mm/s. The laser power, and consequently the VED,
required to achieve maximum Rp increased with strut diameter. The Los lattices achieved a
maximum Rp of 98.88 % at a laser power and VED of 150 W and 31.1 ]/mm3 respectively;
for the Liolattices, a maximum Rp of 99.27 % was achieved at a laser power and VED of 175
W and 36.5 J/mm? respectively; and for the Lis lattices a maximum Rp of 99.36 % was

achieved at a laser power and VED of 200 W and 41.7 ] /mm3 respectively.
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Figure 45: SEM images showing density and porosity defects for the Lioat a) low b) mid c)
and high VEDs. d) Scatter Plot of relative density with VED showing 95 % confidence intervals.
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Figure 46: Surface Contours showing the effect of the relationship between laser power and scan
speed on the relative density for a) Los, b) L1, and c) Lis.

6.3.2.2. Phase Transformation and Ni Loss

Phase transformation characterisation was carried out using DSC for the powder and PBF-
LB samples. The DSC curves were analysed to determine the number of phase changes, the
transformation temperatures, and the thermal hysteresis. The results in Figure 47 showed
that the powder exhibited multi-stage transformations (MSTs) with overlapping peaks,
attributed to the intermediate R-phase transformation [200]. These additional peaks were
most visible in the Los lattices at low VED and disappeared as lattice strut diameter and VED

increased.

The Ms of the powder was 62.4 °C, which was lower than that of any of the PBF-LB samples.
However, there was very little variation in Msamongst the PBF-LB samples. The average Ms
for the repeated samples in the design of experiments was 64.4 °C with a 95 % confidence
interval of + 0.3 °C. The M;s of the PBF-LB samples ranged from 63.2 °C to 66.0 °C for the Los
lattices, 64.1 °C to 65.0 °C for the Liolattices, and 64.7 °C to 66.4 °C for the Lislattices. The
p-values demonstrate that the Ar temperature had a strong positive correlation with laser
power (0.0042) and an even stronger negative correlation with scan speed (<0.0001). The
Af temperature of the powder was 87.5 °C, and the average Ar across the repeated samples
in the design of experiments was 85.9 °C, with a 95 % confidence interval of + 0.4 °C. All PBF-
LB samples with a VED below 42 J]/mm?3 had an Arbelow the powder, ranging from 83.5 °C to
86.8 °C. Meanwhile, all PBF-LB samples with a VED above 42 J/mm?3 had an Ar above the
powder, ranging from 88.4 °C to 92.3 °C. While the p-values showed no relevant correlation

between strut diameter and Ar temperature, the surface contours presented in Figure 48
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Figure 47: DSC curves of a) the as-received powder and DSC plots comparing the peaks with the
VED for b) Los, ¢) L1.g, and d) Lis.

show that initially at lower VEDs, the Los have higher Artemperatures. This is likely related

to the relationship between strut diameter and Ni loss.

Ni loss during the PBF-LB process is often reported in the literature owing to the lower
boiling point of Ni (2732 °C) compared to Ti (3287 °C) [173]. Ni loss amongst the PBF-PB
samples ranged from 0.20 to 0.45 at.% Ni and the average Ni loss for the repeated samples
in the design of experiments was 0.21 at. % with a 95 % confidence interval of + 0.02 at. %
Ni. Ni loss showed a strong negative correlation with scan speed (0.0008) however
conversely to Ar temperature Ni loss did not have any relevant correlation with laser power
but did have a negative correlation with strut diameter (0.0013). The Los lattices showed a
directly proportional decrease in Ni content with increasing VED across all samples, while
the Lioand Lislattices showed no significant change in Ni concentration until higher VEDs
(>60 J/mm3) at the low scan speed of 400 mm/s at which point Ni content decreased. In

addition, SXRD results from a prior work showed that NiTiz precipitation occurred from mid
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to high VEDs, which can be attributed to the evaporation of Ni resulting in Ti saturated

regions.

Thermal hysteresis (1) was also calculated, defined as the difference in peak temperature
between the forward and reverse transformation (n = Ap - Mp). The powder had a lower 0
than all PBF-LB samples of 28.3 °C. The n of the PBF-LB samples ranged from 29.6 °C to 33.6
°C, and the average n for the repeated samples in the design of experiments was 31.4 °C with
a 95 % confidence interval of + 0.5 °C. The p-values indicate that 1 is primarily determined
by laser power (0.0164), showing a decrease in 1 with increasing laser power. However, the
surface contours in Figure 47 also reveal a correlation between n and strut diameter,

showing that the Liolattices have the lowest n and the Lis lattices have the highestn.

6.3.3. Mechanical Testing

6.3.3.1. Compression Behaviour

The compression behaviour of the PBF-LB samples was examined using a universal testing
machine. Samples were compressed separately to compressive strains of 4 %, 8 %, 12 %, and
16 % with a heat recovery cycle in between each level of compression. The ultimate strength
(oy) and ultimate strain (&) of the samples were taken as the maximum stress and strain
reached by the sample before failure, and the stiffness (k) was calculated as the maximum
force divided by the change in height of the sample at this displacement during the 4 %
compression cycle. The average oy, €y, and k of the repetition samples were 6.63 + 0.38 MPa,

15.95 + 0.04 %, and 20.76 X 10° + 2.05 X 10° N/m, respectively.

The results show that g; and k increase with both VED and strut diameter. The p-values
showed that for both o;; and k, strut diameter is the most relevant parameter with a p-value
of <0.0001 for both. Stiffness is also highly dependent on scan speed (p-value: 0.0002). Scan
speed has a reduced effect on o;; compared to k, however it is still a significant input (p-
value: 0.0023). Laser power has the least influence of the inputs on both o; and k but
remains a significant factor with p-values of 0.0263 and 0.0274 for oy and k respectively.

The ultimate strain showed a non-monotonic relationship with VED. The maximum ¢&; of
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Figure 48: Surface contours of Artemperature, Ni Loss, and thermal hysteresis of the Los, L1.o, and
Lislattices.

14.75 % occurred at a VED of 73 J/mm3 for the Lo lattices, 16.00 % at 36 J/mm3 for the L1.o

lattices, and 14.14 % at 42 ] /mm?3 for the L1 lattices.

Figure 49a shows the stress-strain response of the Los lattices. Sample 1, sample 2, and
sample 15 with VEDs of 31, 24, and 42 ]J/mm3, respectively, all failed during the 4 %
compression cycle. Crack initiation occurs at lower stress values of approximately 0.21, 0.12,

and 0.34 MPa for samples 1, 2, and 15, respectively, seen by sharp drops in stress. However,
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strain continues to increase and further fractures occur until complete failure at an ultimate
strength of 0.23, 0.18, and 0.43 MPa with corresponding strains of 3.99, 3.98, and 3.32 %
,respectively. Among the Los lattices, only sample 8 (VED = 73 J/mm3) withstood the 16 %

compression cycle, exhibiting an ultimate strength of 0.81 MPa and strain of 14.75 %.

Table 13: Ultimate values for the Lo s lattices.

Sample VED (J/mm3) | oy (MPa) ey (%) k (*105)(N/m) Failure Cycle
1 31 0.23 3.99 1.53 4%

2 24 0.18 3.98 1.20 4%

8 73 0.81 14.75 4.41 16%

15 42 0.43 3.32 3.44 4%

Figure 49b shows the stress-strain response of the Lio lattices. While all samples failed
during the 16 % compressive cycle. Sample 14 had the highest VED (83 J/mm3), ultimate
strength (7.48 MPa), and stiffness (25.48 X 10° N/m), and the lowest ultimate strain (14.36
%) of the Lio lattices. The lowest ultimate strength (4.13 MPa) and stiffness (13.56 x 10°
N/m) of the L1, lattices were for sample 4, which also had the lowest VED (21 J/mm?3).

Table 14: Ultimate values for the L1 lattices.

Sample VED (J/mm3) | g, (MPa) ey (%) k (*105)(N/m) | Failure Cycle
3 36 6.41 15.38 20.29 16%
4 21 4.13 15.26 13.56 16%
5 28 5.34 1591 17.94 16%
7 36 7.18 16.00 22.29 16%
9 36 6.56 15.98 21.21 16%
11 36 6.37 15.93 19.26 16%
12 63 7.09 15.49 23.09 16%
14 83 7.48 14.36 25.48 16%

Figure 49c shows the stress-strain response of the L1 lattices, which all failed during the 16
% compressive strain cycle. All the L1 lattices exhibited sudden failure, evidenced by a drop

in stress as strain continues to increase beyond their ultimate strain values. Ultimate
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strength and stiffness ranged from 20.68 MPa and 59.75 x 10° N/m for sample 10 with VED
of 24 ]/mm3to 28.03 MPa and 84.76 x 10> N/m for sample 16 with VED of 73 ]J/mm3.

Table 15: Ultimate values for the L1 s lattices.

Sample VED (J/mm3) | oy (MPa) ey (%) k (*105)(N/m) Failure Cycle
6 31 22.81 13.86 66.91 16%
10 24 20.68 13.68 59.75 16%
13 42 28.61 14.14 74.02 16%
16 73 28.03 14.04 84.76 16%
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Figure 49: Stress-strain response at applied compressive strains of 4 %, 8 %, 12 %, and 16 %
for a) the Los lattices, b) the Liglattices, and c) the L1 slattices.

6.3.3.2. Shape Memory Response

The SME response of the PBF-LB samples was examined using compression and heat
recovery cycles (as described in section 6.2.5). The strain recovery after compression and
heating is a sum of both the elastic strain (ge) and the SME recovered strain (esmg). The €eis
the proportion of strain that recovers upon removal of the compressive load. This
component of the strain is attributed to the regions of the matrix that undergoes elastic
deformation only as the applied strain is insufficient to induce a complete transformation to
detwinned martensite during compression [211]. The true strain (&t) is the strain that
remains after the load has been removed. In other words, €tis equal to the applied strain (€a)
less €e. The esme is the proportion of the strain that recovers after the sample was heated. This

strain component is attributed to the region of the matrix that undergoes detwinned due to
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the applied load exceeding the critical stress for the detwinning of martensite [212]. The
residual strain (er) is the proportion of strain that does not recover after heating. This
irreversible component of the strain is attributed to the applied load exceeding the critical

stress for plastic deformation [35].

Figure 50 illustrates the ge, esmg, and €r of the samples subjected to compression and heating
cycles at €a of 4 %, 8 %, 12 %, and 16 %. The results showed that as strut diameter and VED
increase, €r increases, while esme decreases. At €a 12 %, before fracturing at higher strain
levels, the Los lattice (sample 8) achieved esme of 7.8 % and &r of 1.0 %. Amongst the Li.o
lattices, both sample 4 (VED of 21 J/mm3 ) and sample 5 (28 J/mm3) achieved the highest
esme of 7.3 % and a &r of 1.4 %. The highest &r (1.6 %) was achieved by sample 14 with VED
of 83 ]/mm3. For the Lis lattices the highest esme (6.0 %) was achieved by sample 6 with &r of
1.4 % and VED of 31 ]/mmb3; and the highest &r (1.7 %) was achieved by sample 16 with VED
of 73 J/mmb3.

The recovery ratio (Figure 51) is the ratio of €sme to € and is an indication of the shape
memory recovery ability of the material. From the results presented in Figure 50, as €a
increased from 4 % to 16 %, the ssme increased and the ge decreased. However, it is also seen
that er increased and Figure 51 shows that there is an overall decrease in the recovery ratio
with increasing €a. For example, despite the fracture of the lattice structures, from the €a of
12 % to 16 % the esmrincreased from 7.8 to 10.5 % for sample 8 (Lo:s), 7.3 to 9.8 % for sample
4 (L1.0), and 6.0 to 9.0 % sample 6 (L1.5). Additionally, the €r increased from 1.0 to 1.6 %, 1.4
to 2.2 %, and 1.4 to 2.5 % for samples 8, 4, and 6, respectively. While this could indicate that
the increase in esme is substantial enough to outweigh the increase in €r, the recovery ratio
gives a more accurate indication of the relationship between €2 and SME performance. As €a
increases from 12 to 16 %, the recovery ratio decreases from 88.2 to 87.0 % for sample 8,

from 83.9 to 81.9 % for sample 4, and from 80.6 to 78.1 % for sample 6.

The average e, €sMmE, €r, and the recovery ratio of the repetition samples at applied strains of

4 9%, 8%, 12 %, and 16 % are listed in Table 16 below.
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Figure 50: Bar charts of the SME response showing €., esmg, and €, for applied strains a) 4 %, b)
8%,c) 12 %, and d) 16 %.

Table 16: Average strain values of the repetition samples with 95 % confidence intervals; strut
diameter of 1.0 mm; scan speed of 800 mm/s; and laser power of 175 W.

€a (%) 4 8 12 16

£e (%) 2.06 0.21 2.90+0.17 3.56 + 0.09 4.64 +0.09
esme (%) 1.64+0.19 432 +0.19 7.06 % 0.08 9.25+0.10
& (%) 0.30 £ 0.12 0.78 +0.13 1.38+0.15 2.11+0.10
Recovery Ratio (%) | 84.57+593 | 84.71+249 | 83.65+164 | 81.43+0.78

6.3.3.3. Stroke and Actuation Time

The stroke of a linear actuator is defined as the distance that the actuator either extends or

contracts in one direction when activated. In the present study, the stroke is therefore the
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Figure 51: Graph comparing the recovery ratio of the lattice samples at each applied strain level.

difference in mm between AH; and AH,. The average maximum stroke of the four repetition

point samples when compressed to 3 mm was 1.77 + 0.01 mm.

Figure 52 shows the strokes achieved by the lattices at each applied displacement. The
results show that the resulting stroke increases with increasing displacement. There was
also a general decrease in stroke with increasing VED and a clear increase in stroke with
decreasing strut diameter. Despite the failure of all Los lattices with lower VEDs, sample 8,
which had the highest VED of the Los lattices, achieved the maximum stroke across all
samples at 2.62 mm when compressed to 4 mm. The stroke of the Li.o lattices at applied
displacement of 4 mm ranged from 2.18 mm to 2.44 mm for sample 14 with VED 83 J/mm?3
and sample 4 with VED 21 J]/mm?3, respectively, and the stroke of the L1 lattices ranged from
2.01 mm to 2.25 mm for sample 13 with VED 42 J/mm?3 and sample 6 with VED 31 J/mm?3,

respectively.

Table 17 shows the actuation time for each sample during the 12 % compressive strain cycle.
The actuation time was calculated using DIC (following the method in section 6.2.5). It was
not possible to extract DIC results for all samples due to computational limitations, therefore,

the relationship between VED and actuation time remains unclear. However, the actuation
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Figure 52: Stroke achieved at applied compressive strains of 4 %, 8 %, 12 %, and 16 % for a) the Los
lattices, b) the Liolattices, and c) the Lislattices.

time clearly increased with increasing strut diameter. Of the two repetition samples from
which an actuation time could be calculated, the average was 36.29 + 1.47 s. Sample 8, Lo,
achieved an actuation time of 17 s. The L1 lattices ranged from 27 to 38 s, and the Lis lattices

ranged from 51 to 73 s.

The increase in actuation time with increasing strut diameter can be attributed to NiTi’'s low
thermal conductivity and greater mass of solid material, which increases the time required
to heat the entire sample. This can be seen in Figure 53, which shows the temperature
change for the three sample geometries as the heat gun is applied over an 80 s period.

Table 17: Table showing the actuation time of the lattice samples during the 12 % compression and
heating cycle.

Sample 3 4 5 6 7 8 12 13 14 16
Strut Diameter (mm) L1o L1.o L1.o Lis L1o Los L1o Lis L1o Lis
VED (J/mm3) 36 21 28 31 36 73 63 42 83 73
Time (s) 37 27 34 73 36 17 33 51 38 69

6.4. Discussion

6.4.1. Material Characterisation

The density experiments revealed that higher absolute Rp values were recorded for larger
strut diameters. In particular, the maximum density measured for the Los, L1o, and Lis
lattices was 98.88 %, 99.27 %, and 99.36 %, respectively, as shown in Figure 33. It was also
noted from these results that the highest Rp for each strut diameter occurred at higher VEDs,
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Figure 53: Thermal images comparing rate at which the temperature of the Los, Lio, and Lis
lattices increases with the application of a heat gun for the first 80 s of heating.

as the strut diameter increased (31 J]/mm?3 for the Los lattices, 37 J/mm3 for the L1.o lattices,

and 42 J/mm3 for the Lus lattices).

This is attributed to the slower cooling rates in the thinner lattices. Thinner features
produced by PBF-LB have been observed to exhibit reduced cooling rates due to a higher
ratio of surface area in contact with the surrounding powder to internal volume
[181][182][194][195]. The surrounding powder acts as a thermal insulator because of its
lower thermal conductivity compared to the solid part. Therefore, in thinner lattices, heat
transfer from the melt pool is less effective, resulting in slower cooling. This means that at
lower VEDs, the slower solidification in the Los lattices allows additional time for the melted
powder to fill interparticle porosities more effectively, resulting in higher Rp. This effect is
also reflected in the EDX and DSC results, where Ni evaporation and, consequently, the As
temperature are higher in the Los lattices at lower VEDs. However, this effect also limits the
maximum achievable Rp. As VED increases to mid VEDs, overmelting occurs, causing the Los

lattices to have the lowest maximum Rp amongst the three examined strut diameters.
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Meanwhile, at the higher levels of VED, the Lis lattices have lower Rp than the Los lattices.
This is attributed to the higher cooling rates and greater surface area in the thicker lattices,
which increases thermal gradients. Increased thermal gradients result in higher porosity
defects, thereby decreasing Rp. This effect is also seen in the results for thermal hysteresis,

where 1 is highest in the Lis lattices, indicating higher thermal residual stress [193].

6.4.2. Stress-Strain Response

The mechanical stress-strain response of the PBF-LB lattice samples was a result of both the

material properties and the structural geometry.

The stress-strain results presented in section 6.3.3.1 showed that oyincreased with
increasing VED. This is due to the formation of NiTiz precipitates, strengthen the alloy by
pinning dislocations, hindering their motion and increasing strength [56]. SXRD results from
prior work on the lattices found that NiTiz precipitates formed from the mid VEDs and
increased with increasing VED. According to the nickel-titanium phase diagram, the NiTi
phase is stable only for a narrow range of compositions (49 at.% Ni to 57 at.% Ni). Deviations
from this range can lead to precipitation of secondary phases [16]. In Ti-rich NiTi, the
resulting secondary phase most commonly observed is NiTiz2 [52], [53], [54]. The increase in
oy with increasing VED in this study therefore, is attributed to the pinning effect of NiTiz
precipitates formed due to the Ti-rich composition of the starting powder, fast solidification

rates of the PBF-LB process [45] and the increasing Ni depletion with increasing VED.

The results for the L1.0 and L1s lattices showed that the ultimate strain is strongly correlated
with Rp. As with Rp, &, increased with VED from low to mid VEDs and decreased with VED
from mid to high VEDs. From Table 14 and Table 15, maximum &; values of 16.00 % and
14.14 % occurred at mid-range VED levels of 36 J]/mm3 and 42 J/mm3 for the Li.o, and Li1s
lattices, respectively. An increase in ductility with increasing Rp is often reported in the
literature and is attributed to a decrease in porosity, which can act as a stress concentrator,
leading to crack initiation and permanent deformation [213]. From Table 13, a maximum ¢
of 14.75 % was recorded at a higher VED of 73 J/mm?3 for the Los lattices. This maximum

eybeing at higher VEDs, compared to the Li.o and Luis lattices, can be explained by the fact
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that all Los lattices with a VED below 73 J/mm?3 failed during the 4% compressive strain cycle

due to their lower ay,.

The stress-strain results showed a strong positive correlation between ultimate strength and
strut diameter. The ultimate strengths recorded ranged between 0.18 - 0.81 MPa, 4.13 - 7.48
MPa, and 20.68 - 28.61 MPa for the Los, L1.o, and Lus lattices respectively. This was coupled
with an increased in stiffness whereby k ranged between 1.20 - 4.41 N/m, 13.56 - 25.48
N/m, and 59.75 - 84.76 N/m for the Los, L1.o, and Luis lattices, respectively. Meanwhile, the
ultimate strains ranged from 3.32 % to 14.75 %, 14.36 % to 16.00 %, and 13.86 % to 14.14
% for the Los, L1o, and L1s lattices, respectively. The combination of the highest ultimate
strength and lowest ultimate strain in the L1s lattices indicates that these lattices were the
least ductile among the tested geometries [214]. The higher strength and stiffness in the
thicker lattices were due to the higher solid fraction in the direction of loading, which
resisted structural deformation [180][179]. Additionally, as previously discussed, the
increased strut diameter results in higher cooling rates. Increased cooling rates result in a
finer grain structure. The fine grain structure can impede dislocation motion, resulting in
increased fracture strength but reduced fracture strain [215]. Similar results were reported
by Dadbakhsh et al. [180], who found that while higher sample volume led to a higher
strength, faster cooling also produced a finer microstructure, resulting in higher overall

strength.

The difference in ductility amongst the lattice geometries is evident in the stress-strain
curves of the Los and Lis lattices, as shown in Figure 49. The L1 lattices exhibited a failure
mode characterised by a single peak in the stress-strain curve, with failure occurring at the
maximum stress, followed by a sharp drop in stress. In contrast, the Los lattices displayed a
more progressive failure mechanism. Crack initiation occurs in multiple stages, as evidenced
by small, sharp drops in stress, until complete fracture at the maximum stress due to

localised stress concentration [175].

Variation in failure modes can be attributed to differences in bending resistance among the
lattice geometries. As the strut diameter increases, bending deformation decreases for

similar stress levels while compressive deformation becomes more dominant. This results
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in a more homogeneous deformation behaviour, where failure occurs when all struts have
reached their maximum shear stress, at which point cracks develop along the max shear
plane seen by the 45° In contrast, thinner struts exhibit greater bending, leading to
barrelling and random distortions of the struts in multiple directions. These distortions
create strain localisation, causing individual struts to fail sequentially, represented by the

sharp stress drops, and leading to a premature decrease in overall strength [216].

6.4.3. Shape Memory Response

VED had a generally negative correlation with €sme and a positive correlation with &r. A
similar finding was reported by Garrido et al. [71], who found that lower VEDs resulted in
higher recoverable strains. The author attributed this to the increased presence of NiTiz

precipitates as VED increased.

The results showed that esve was highly dependent on strut diameter, decreasing as strut
diameter increased. Despite the high VED (73 J]/mm?3) of the only Los lattice to withstand
mechanical testing, sample 8 had the highest esme and the lowest €r at each strain level (see
Figure 50), achieving a maximum &smE of 10.48 % and a corresponding €rof 1.56 %, at €a 16

%.

This can be attributed to the higher residual stress in the thicker lattices, resulting from their
higher cooling rates. Thermal residual stresses caused by the PBF-LB process can increase
the stress required for detwinning and martensite reorientation, and in addition, hardening
due to the accumulation of dislocations during compression testing can impede the
transformation from martensite to austenite during heating, causing plastic deformation via

slip to occur, resulting in a decrease in esme and an increase in &r [50].

The highest esme achieved from the L1.o and Lis lattices, respectively, was 9.76 % and 9.00 %
at VEDs of 21 and 31 J/mm3, with the corresponding €r of 2.16 % and 2.52 %. The increase
in optimum VED for esme with increasing strut diameter (21 J/mm3 for L1.o0 and 31 J/mm?3 for
L15) was also reported by Qu et al. [181]. The author reported that while samples with larger
wall thickness showed the best strain recovery at mid VEDs, those with smaller wall
thickness required lower VEDs. They attributed this to slower cooling in the thinner samples,

leading to greater Ni evaporation and a higher degree of NiTiz precipitation.
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The performance of the PBF-LB lattices, compared to that in the literature, is promising. For
example, in a study by sun et al. [187] on triply periodic minimal surface (TPMS) lattice
structures at €a 12 % they reported a maximum esme of 6.7 % with a corresponding &r of 2.5
%. In this study, at €a 12 %, the maximum &esme and corresponding &r for each of the strut
diameters were 7.8 % and 1.0 % for the Los lattices, 7.3 % and 1.4 % for the L1 lattices, and

6.0 % and 1.4 % for the L1 lattices, respectively.

The results displayed in Figure 50 showed that esme increased with increasing €a, implying
that a greater proportion of the material undergoes martensite variant reorientation,
thereby increasing the recoverable strain [171]. However, although esme increases with &,
the recovery ratio decreases (as seen in Figure 51). This is due to stress accumulation from
thermal residual stress in the PBF-LB process as well as from dislocations and precipitates,
which cause localised slip deformations before the yield stress, resulting in a higher degree

of irreversible deformation and thereby reducing the recovery ratio [51][187].

Table 18: Table summarising the maximum Rp, oy, recovery ratio, and minimum actuation

time recorded for the Los, L1.o, and Lis lattices and their corresponding VED.

Los L1o L1s
Relative Density (%) 98.88 99.27 99.36
VED (J/mm3) 31 36 42
Los L1o Lis
Ultimate Strength (MPa) | 0.81 7.48 28.61
VED (J/mm3) 73 83 42
Los L1o L1s
SME Recovered Strain (%) | 10.48 9.76 9.00
VED (J/mm3) 73 21 31
Los L1o Lis
Actuation Time (s) 17 27 42
VED (J/mm3) 73 21 42
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6.5. Conclusions

This study systematically examined the interplay between process parameters, lattice
geometry, and functional performance in NiTi shape memory actuators fabricated by PBF-
LB. The findings highlight a strong process-geometry-property relationship, governed by
geometry dependent thermal evolution during the PBF-LB process, which directly influences

density, mechanical behaviour, and shape memory performance.

Relative density was found to depend on both VED and strut diameter. VED values below 45
J/mm?3 lead to insufficient melting and poor particle fusion, while VED values above 45
J]/mm?3 cause keyhole formation and induce thermal residual stresses. The optimum VED for

achieving maximum density increased with increasing strut diameter.

Mechanical testing revealed that ultimate strength increased with VED due to NiTiz
precipitation, whereas ductility strongly correlated with relative density. Larger strut
diameters exhibited higher strength but reduced ductility, attributed to higher solid fraction

and finer microstructure.

Shape memory response was influenced by VED and lattice geometry. Lower VEDs generally
produced higher esme and lower r. Smaller strut diameters achieved higher esme and faster
actuation, while larger strut diameters showed reduced esme and slower response due to

higher thermal residual stresses and greater material volume.

In summary, this study reveals a trade-off between the strength and the actuator
performance. Larger strut diameters and higher VEDs are suited for high-load applications
where strength is prioritised over actuator stroke and speed, while smaller struts and
moderate VEDs are recommended for lightweight, high-stroke actuators with rapid
response. These insights provide a valuable framework for tailoring NiTi actuator
performance, enabling the design of SMA actuators for a range of applications from rapid

biomedical actuators to structural aerospace systems.

Recommended future work includes investigating the effect of post process heat treatments
to relieve residual stresses from printing and produce a more homogeneous microstructure.

Further investigation is required to optimise the actuation time of the samples which may
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be achieved through shape training. Further studies could be carried out to further optimise

the geometry by testing different variations of lattice structures.
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Chapter 7: Conclusions and Future Work

7.1. Research Summary

The work presented in this doctoral thesis provides a detailed investigation into the
development of NiTi-based SMA actuators. The aims and objectives outlined in chapter one
were successfully achieved, leading to a comprehensive understanding of how process
parameters, ageing heat treatments, and part geometry influence the physical, mechanical,
and functional properties of both traditionally manufactured and additively manufactured
NiTi actuators. This research thesis addresses a critical gap in the knowledge and provides

new insight into the design and optimisation of NiTi SMA actuators.

Chapter 3 examines the influence of heat treatment time and temperature on the
microstructure and strain recovery of traditionally manufactured Ni-rich NiTi wires used as
thermal actuators. Density, hardness, phase transformation temperatures, microstructure,
and alloy composition were evaluated. The results demonstrated that increasing the heat
treatment time and temperature from 400 °C to 500 °C and from 30 to 120 min improved
the strain recovery, with wires heat treated at 500 °C for 120 minutes achieving the highest
recovery. Hardness decreased with both higher temperatures and longer times, attributed
to the presence of Nis4Ti3 precipitates and subsequent changes in the matrix. DSC results
showed that increasing the heat treatment temperature reduced the austenite
transformation temperature from 42.8 °C to 24.4 °C due to the formation of Ni4Tis3
precipitates. In contrast, longer heat treatment times resulted in a slight increase in the
austenite finish temperature. Increasing heat treatment time and temperature also
sharpened the phase transformation curves, indicating reduced residual stresses and
defects, thereby improving crystal mobility. These findings highlight that controlling heat
treatment conditions enables precise tailoring of the material properties, phase

transformation characteristics, and strain recovery of traditionally manufactured NiTi wires.

Chapter 4 investigated the combined effect of wire drawing history and post-processing heat
treatment on the microstructure and actuator performance of traditionally manufactured
Ni-rich NiTi wires used as electrical R-phase actuators. Phase transformation characteristics,

hardness, microstructure, stroke, and actuation time were assessed. The results of the study
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showed that the wire drawing steps strongly influence the final properties of the wire, even
after subsequent heat treatments, due to residual stresses, dislocations, and precipitates
introduced during the wire drawing and straight annealing steps. Defects were shown to be
detrimental to performance, while ageing was demonstrated to be effective in reducing
defects from the wire drawing process and improving actuator behaviour. Increasing ageing
temperatures lowered austenite finish temperature, thermal hysteresis, and nano-hardness
due to defect annihilation. The highest actuator stroke and lowest hysteresis were observed
in wires with minimal dislocations. Notably, the thermal hysteresis of the R-phase
transformation was significantly lower than that of the martensite transformation. The R-
phase hysteresis ranged from 2.1 °C to 4.8 °C, while the martensite hysteresis ranged from
76.4 °C to 138.2 °C, demonstrating that R-phase actuators exhibit drastically reduced

thermal hysteresis, which is a critical parameter in SMA actuators.

Chapter 5 focuses on the effect of PBF-LB process parameters and strut diameter on the
microstructure, composition, and phase change characteristics of Ti-rich lattice structures.
Results revealed that geometry critically influences density, Ni evaporation, and
transformation behaviour. Thinner lattices exhibited slower cooling due to the insulating
effect of surrounding powder, leading to lower density, greater Ni evaporation, and higher
chemical heterogeneity caused by the slower cooling rate, resulting in more overmelting and
allowing for more time for Ni evaporation to occur. Thicker lattices, in contrast, achieved
higher density, reduced Ni evaporation, and more homogeneous microstructure, resulting in
more complete phase transformations. However, they also exhibited an increase in thermal
hysteresis due to the higher thermal gradients caused by the increased surface area of each
layer of the parts built. The mid strut diameter of 1.0 mm provided the best balance between
the effects of decreased cooling rates in the 0.5 mm lattice and increased thermal gradients
in the 1.5 mm lattice, resulting in the smallest thermal hysteresis. VED was found to control
austenite finish temperature, with higher VED increasing Af through enhanced Ni
evaporation and thermal stresses. The results of this study emphasise the importance of part
geometry and provide critical insights into the relationship between geometry, process

parameters, and the final properties of NiTi PBF-LB parts.
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Chapter 6 evaluates the impact of PBF-LB process parameters and strut diameter on the
mechanical and functional performance of Ti-rich NiTi lattice actuators. Lattices with strut
diameters of 0.5 mm, 1.0 mm, and 1.5 mm were fabricated via PBF-LB with scan speeds
ranging from 400 to 1200 mm/s and laser powers of 150 to 200 W. Compression and thermal
cycling tests revealed a strong process-geometry-property relationship. Strength and
stiffness increased with both strut diameter and VED, indicating that the thinner struts
exhibited ductile failure at lower compressive stresses, while the thicker struts exhibited
more brittle failure at significantly higher compressive stresses. The increase in strength and
stiffness with VED was attributed to NiTiz precipitation, which pinned dislocations but
reduced ductility. Meanwhile, the increase in strength and stiffness with increasing strut
diameter is due to the higher volume fraction of solid material in the direction of loading,
which resists deformation and increases bending resistance. However, increased strut
diameter and VED reduced shape memory recovery and increased residual strain. The
increased with applied strain, but the recovery ratio decreased. This demonstrated that the
increase in stroke was due to the higher applied strain providing more displacement for
recovery, but the decrease in recovery ratio shows that, despite this, there was an increase
in the amount of unrecovered strain, indicating that there was residual permanent
deformation, which would result in faster degradation upon cycling. Actuation time
increased with increasing strut diameter but showed little variation with VED, indicating
that actuation time is primarily determined by the time required to heat the volume of
material. The results of this study highlight a trade-off between strength and shape memory.
Larger strut diameters and higher VEDs are beneficial for applications that require high
loads, while smaller strut diameters and lower VEDs are beneficial for applications that

require high stroke and rapid actuation.

Taken collectively, the findings of this thesis demonstrate that the performance of NiTi shape
memory actuators cannot be understood solely through either a materials science
perspective or an actuator performance perspective. Instead, actuator behaviour is governed
by a complex interaction between processing history, microstructure, phase transformation
characteristics, and geometry. By systematically investigating both conventionally

manufactured and additively manufactured NiTi, this work establishes direct links between
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process parameters, microstructural evolution, transformation behaviour, and functional
actuator performance. These relationships provide a more holistic understanding of NiTi
actuator design and contribute towards the development of predictive processing-

structure-property-performance frameworks for SMAs.

A significant contribution of this research is its focus on thermally activated SME actuation,
an area that has received considerably less attention than SE despite its growing importance
in aerospace, automotive, and robotics. While many previous studies have focused primarily
on transformation temperatures, phase transformations, or SE response, this thesis
demonstrates how these material characteristics directly influence actuator properties such
as stroke, recovery ratio, actuation time, and thermal hysteresis. The results therefore
provide important insights into the optimisation of SMA actuators rather than simply the

optimisation of SMA materials.

Furthermore, this thesis highlights the importance of geometry as a design parameter in
additively manufactured NiTi actuators. The results demonstrate that geometry does not
merely influence the mechanical response of the final component but also affects thermal
history during manufacturing, chemical homogeneity, phase transformation behaviour, and
ultimately actuator performance. This finding challenges the common assumption that
process parameter optimisation can be performed independently of part geometry and
demonstrates the necessity of considering process-geometry interactions during actuator

design.

From a practical perspective, the outcomes of this research provide guidance for the
manufacture of application-specific NiTi actuators. For conventionally manufactured NiTi
wires, the results demonstrate how thermomechanical processing and ageing treatments
can be tailored to minimise defects, reduce hysteresis, and maximise strain recovery. For
PBF-LB fabricated NiTi lattices, the work establishes clear trade-offs between strength,
stiffness, actuation displacement, recovery ratio, and actuation speed, enabling process
parameters and geometries to be selected according to the functional requirements of a

given application.

144



Ultimately, this thesis advances the understanding of how processing conditions and
geometry influence the functional behaviour of NiTi shape memory actuators. The
knowledge generated contributes towards the reliable design and manufacturing of high-
performance SMA actuators and supports the broader adoption of lightweight, energy-
efficient actuation technologies. In doing so, this work contributes to the development of
next-generation SMA systems capable of reducing weight, improving efficiency, and
supporting sustainability objectives within aerospace and other advanced engineering

sectors.

7.2. Future work

The current study achieved its aim of developing NiTi-based SMA actuators, and the key
findings of this work make a significant contribution to the understanding of optimizing both
traditionally manufactured and additively manufactured NiTi actuators. Although the
findings of this work address the existing knowledge gaps, it also highlights several
additional gaps and challenges that require further investigation. The following proposals

are recommendations for future areas of research:

e A more effective digital image correlation methodology is needed to accurately record
changes in displacement, strain, and temperature over time, thereby facilitating a
deeper understanding of the development of stress and actuator stroke in relation to
both temperature and time. This would also enable a more thorough examination of
the transfer of heat to the material, as well as the actuator cooling, which is the
primary limitation to increasing actuation time.

e Further investigation into shape training and post-processing heat treatments of the
PBF-LB parts should be conducted to enhance the shape memory response and
determine the optimal training parameters to minimize residual strain and increase
actuation time. This would help to develop a better understanding of optimization
and performance of PBF-LB NiTi actuators.

e Further investigation should be undertaken to investigate the effect of geometry on
the thermal development throughout the build. In-situ thermal investigation to
develop a deeper understanding of the thermal development across each layer of the

build. This would further enhance the understanding of the interaction between part
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geometry and PBF-LB process parameters, as well as their influence on the final
properties of the part.

Fatigue tests should be investigated, as this is another key parameter of the functional
performance of actuators. Fatigue testing of SMA actuators poses several challenges,
including the cycle time limited by the cooling time of NiTi and the need to precisely
control the actuator's temperature throughout the experiments. Developing a
method for fatigue testing NiTi that records key actuator properties, such as actuator
time, stroke, and force, would greatly benefit the understanding of NiTi actuator
performance in use.

Investigations should be conducted on the conductivity of NiTi and methods for
improving it, such as adding alloying elements like copper. Improving the
conductivity of NiTi would aid in the electrical heating of NiTi, which is crucial to its
implementation as an actuator, and enhance the actuation time, necessary for a rapid

response.
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Figure 55: CAD drawing with dimensions including supports and removable pillars of the a) 0.5 mm
lattice, b) 1.0 mm lattice, and c) 1.5 mm lattice.
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