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Abstract

Shape memory alloys (SMAs) are transformative materials renowned for their
ability to reversibly change shape in response to thermal and mechanical
stimuli. While nitinol (NiTi) remains the most extensively studied SMA, a
growing portfolio of alternative systems, particularly copper-based alloys, offer
compelling advantages in cost, durability, and functional versatility. These
materials are increasingly vital in demanding environments requiring high
performance, corrosion resistance, and tailored thermomechanical behavior.
Recent breakthroughs in additive manufacturing, especially laser powder bed
fusion (LPBF), have revolutionized the fabrication of complex SMA components,
enabling unprecedented microstructural control, intricate architectures, and
customized properties. This review synthesizes cutting-edge research on LPBF
processing of diverse SMA systems, emphasizing how process parameters
influence phase transformations, microstructural evolution, defect formation,
and functional stability. It explores innovative structural designs, such as lattice
and auxetic configurations, that unlock new levels of performance in biomedical
devices, aerospace actuators, and energy absorption systems. Despite
significant progress, challenges such as residual stresses, material homogeneity,
and scalability continue to hinder widespread deployment. This review highlights
promising avenues for future research: optimizing alloy compositions, refining
processing techniques, and expanding application horizons. By advancing our
understanding of microstructure-property relationships, these efforts aim to unlock
the full potential of both traditional and emerging SMAs across a broad spectrum
of industries.
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1 INTRODUCTION

Shape memory alloys (SMAs) constitute a unique class
of smart materials characterized by their intrinsic ability
to undergo reversible deformation and recover their
original shape upon exposure to external stimuli such
as temperature or mechanical load" . This remarkable
behavior is primarily driven by a reversible martensitic
transformation between high-symmetry austenite and
low-symmetry martensite phases ™, which confers
functionalities such as the shape memory effect (SME)
and superelasticity (SE) . These properties have
catalyzed extensive research and diverse applications

across actuators
and energy sectors

aerospace" ', biomedical ™, civil ™,

While nickel-titanium alloy (NiTi or Nitinol) remains
the flagship SMA owing to its outstanding combination
of SME, SE, corrosion resistance, and biocompatibility,
the broader landscape encompasses various other alloy
systems, each with distinct microstructural features and
functional profiles'”"'. Copper-based SMAs, including
Copper-Zinc-Aluminum (Cu-Zn-Al), Copper-Aluminum-
Nickel (Cu-Al-Ni), and Copper-Tin (Cu-Sn), are valued
for their cost-effectiveness, high thermal conductivity,
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Figure 1. Diagram Illustrating the Mechanisms behind the Shape Memory Phenomenon and Superelastic
Response in Shape Memory Materials. Reprinted with Permission from Ref.!*”.

and rapid response, although their applications
are often limited by poor corrosion resistance and
thermal stability™® . Iron-based SMAs, such as Iron-
Manganese-Silicon (Fe-Mn-Si) and Iron-Palladium (Fe-
Pd), offer advantages like high mechanical strength
and environmental stability, making them suitable for
structural and actuation roles. While NiTi remains the
gold standard for implantable devices due to its proven
biocompatibility, Cu-based SMAs are primarily restricted
to non-implantable or short-term biomedical applications
where cytotoxicity risks can be mitigated''®"”.. Their
advantages, such as lower cost, rapid response, and
antimicrobial properties, are leveraged in scenarios
minimizing direct tissue exposure (e.g., surface coatings,
external prosthetics, or sterilizable tools). Recent studies
suggest that surface modifications and alloy design can
further reduce Cu ion leaching, enabling safer utilization
in controlled environments'**",

The functional behavior of SMAs is intricately linked
to their microstructure, which is influenced by alloy
composition, processing history, and thermal-mechanical
treatments. For NiTi, the phase transformation involves
a hysteretic, diffusionless, and thermoelastic transition
that can be finely tuned by alloying elements (e.g., Fe,
Cu, Hf) and heat treatments to optimize transformation
temperatures and fatigue life. However, traditional
manufacturing routes, including casting, hot rolling, and
powder metallurgy; face limitations in producing complex
geometries, microstructural homogeneity, and defect-free
surfaces, which are critical for reliable SMA performance.

Conventional fabrication techniques often introduce
impurities, induce residual stresses, and result in
microstructural heterogeneity, adversely affecting the
shape memory properties and mechanical durability'"’.
For instance, casting processes can generate
macrosegregation and secondary phases like TiC or
Ti,Ni,O,, which deteriorate functional stability*”’. Powder
metallurgy, while offering some microstructural control,

often suffers from porosity, poor surface finish, and
limited complexity in shape'”® (Figure 1).

The advent of additive manufacturing (AM),
particularly LPBF, has revolutionized the fabrication of
SMAs by enabling near-net-shape, highly complex,
and customized components with unprecedented
microstructural control”**, LPBF involves layer-wise
melting of metal powders using a high-energy laser
beam, allowing rapid solidification rates (up to 10°K
s!) that produce non-equilibrium microstructures with
high supersaturation, metastability, and refined grain
structures”®*?, These microstructural features are
pivotal in tailoring the functional properties, such as
transformation temperatures, hysteresis, and fatigue life,
of SMA components"™*",

Various AM methods have been investigated for
producing SMAs, encompassing a range of techniques
such as powder-bed fusion processes like LPBF“*
**1 powder-flow-based approaches such as direct
energy deposition (DED)"**”, wire-based deposition
methods'**?, and electron beam melting (EBM)"“***/,
Among these, LPBF has gained prominence specifically
for NiTi alloys, primarily due to its superior capacity for
precise dimensional control, the ability to produce parts
with densities approaching those of traditionally melted
ingots when process parameters are optimized, and its
versatility in fabricating complex geometries with high
free-forming capabilities'***°". In contrast, powder-flow
and wire deposition techniques generally exhibit more
limitations in resolution and the complexity of attainable
structures, especially when intricate geometries or porous
architectures are required.

While EBM also employs a powder bed as its energy
source, it typically operates at higher process temperatures
and offers different microstructural characteristics'™' 7,
However, matching the quality and surface finish achieved
by LPBF remains challenging, and thus, EBM has seen
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Figure 2. Schematic Overview of SLM Processes and Microstructural Development of NiTi Alloys. (A) Underlying
process mechanism of selective laser melting (SLM) technology. Reprinted with Permission from Ref.”*.. (B) Various intricate
NiTi alloy structures fabricated through SLM techniques. Reprinted with Permission from Ref.”””’. (C) Thermal processes and
microstructural development during the fabrication of NiTi alloys via SLM. Reprinted with Permission from Ref."'.

comparatively limited application in the fabrication of NiTi
SMAs. The intrinsic requirements for high resolution and
precise dimensional accuracy are especially critical when
fabricating porous or architected NiTi structures, where
any deviation or constraint in the manufacturing process
can significantly impact the functional performance and
structural integrity>>’ (Figure 2).

Research has demonstrated that LPBF processing
parameters, such as laser power, scan speed, hatch
spacing, layer thickness, and scan strategy, significantly
influence the resulting microstructure, residual stresses,
and phase distribution'*®°”’, For example, optimizing
laser parameters can minimize residual stresses and
improve phase homogeneity, thereby enhancing
functional stability and fatigue performance”®. Moreover,
the rapid cooling rates facilitate the formation of fine
martensitic variants'””®”, which can be exploited to
tailor transformation hysteresis and shape recovery
behavior'®®?, Beyond NiTi, the application of LPBF
has expanded to other SMA systems, including Cu-
based and Fe-based alloys. For instance, recent
studies have successfully fabricated Cu-Zn-Al and
Fe-Mn-Si components, demonstrating that process

parameter control can produce microstructures with
desirable transformation temperatures and mechanical
properties”'°***) The ability to produce intricate
architectures such as porous lattices, functionally graded
structures, and microchannels has opened new horizons
in biomedical implants, aerospace actuators, and energy
harvesting devices'®”. Research into complex NiTi
components produced through wire-based or powder-
flow melting techniques remains sparse, partly due
to the technical challenges associated with achieving
comparable resolution and microstructural control.
Consequently, the focus of this chapter will primarily be
on NiTi parts manufactured via LPBF, emphasizing its
advantages in creating architected structures with high
precision and functional reliability.

Furthermore, the integration of in-situ monitoring,
heat treatment, and post-process thermomechanical
treatments with LPBF can further refine microstructure,
reduce residual stresses, and improve fatigue life®”,
Advanced computational modeling, including finite
element and phase-field simulations, is increasingly
employed to predict microstructural evolution,
transformation behavior, and mechanical response,
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guiding process optimization and alloy design.

SMAs are renowned for their intrinsic ability to undergo
reversible, stimulus-driven phase transformations that
result in shape changes over time, forming the basis of the
"fourth dimension" in 4D printing. AM techniques, such as
laser-based processes play a pivotal role in harnessing and
enhancing these properties. The layer-by-layer fabrication
approach enables precise control over microstructure,
microvoid distribution, and internal architecture, which are
critical factors influencing phase transformation kinetics,
response times, and actuation reliability. Moreover, AM
allows for the creation of spatially graded and complex
internal geometries, facilitating programmable and muilti-
step shape morphing tailored to specific applications. Post-
processing treatments like heat and thermomechanical
conditioning further refine phase stability and transfor-
mation temperatures, optimizing the dynamic shape
memory response. By leveraging the microstructural
and architectural versatility offered by AM, researchers
can engineer SMA components with customized time-
dependent behaviors, unlocking advanced functionalities
for applications in soft robotics, biomedical devices, and
aerospace deployable systems that require precise control
over shape change timing and performance.

While conventional 3D-printed SMAs primarily exhibit
static shape memory and superelastic properties,
the concept of 4D printing introduces an additional,
dynamic dimension, time, allowing structures to undergo
autonomous or stimuli-responsive transformations
over multiple stages. This "fourth dimension" is
realized through the strategic design and engineering
of microstructures, complex internal architectures,
and multi-material integrations enabled by AM. These
capabilities facilitate programmable, staged, and muilti-
functional shape changes, transforming static SMA
components into adaptive systems capable of multi-
step actuation and reconfiguration. AM thus provides the
essential microstructural control, geometric complexity,
and functional integration necessary to unlock this
temporal dimension, advancing the development of truly
"4D-printed" SMA structures.

Despite these advancements, challenges remain,
including controlling residual stresses, managing
porosity, and ensuring reproducibility of functional
properties across complex geometries'''. Additionally,
the develpment of multicomponent and high-entropy
SMAs via LPBF is an emerging frontier, promising alloys
with superior performance and multifunctionality™®”. The
ongoing evolution of AM technologies, such as directed
energy deposition and hybrid manufacturing, further
broadens the scope for SMA innovation.

This review consolidates recent progress in the
processing, microstructural engineering, and functional
optimization of diverse SMAs fabricated via LPBF. It

emphasizes the influence of process parameters on
microstructure and properties, explores the challenges in
industrial translation, and discusses future directions for
designing next-generation SMA components with tailored
functionalities for demanding applications.

2 LASER-BASED AM TECHNOLOGIES:
RESEARCH METHODOLOGY

The evolution of metal AM since the early 1990s
has revolutionized the way complex, high-performance
components are designed and fabricated’”’. Central to
this progress is the ability of metallic materials, primarily
in powder or wire form, to be built layer-by-layer
into intricate geometries, often surpassing traditional
manufacturing techniques in precision and flexibility!".
The classification of these systems hinges on the type of
feedstock and the energy source employed to selectively
fuse the material, with laser and electron beams being
the predominant sources”’”. Laser-based approaches,
including selective laser sintering (SLS), SLM, and direct
metal laser sintering (DMLS), are widely used for high-
resolution, detailed structures, whereas EBM offers
unique microstructural benefits, especially for NiTi

alloys'”,

To standardize terminology and operational
mechanisms, the industry and scientific community
adhere to the International Organization for
Standardization/American Society for Testing and
Materials 52900:2021 classification, which delineates
AM into seven categories: LPBF, DED, sheet lamination,
material extrusion, vat photopolymerization, material
jetting, and binder jetting. Among these, PBF, which
includes techniques like LPBF, SLM and EBM, has gained
particular prominence for metallic applications due to its
capacity for producing complex, high-precision parts”*’,

Within the PBF domain, two main processes, EBM and
LPBF, have demonstrated notable success in fabricating
NiTi SMAs. Research indicates that EBM can produce NiTi
components with homogeneous microstructures, minimal
contamination, and preserved functional properties
such as shape memory and SE"”. Recent studies!’*””
have confirmed that NiTi structures produced via EBM
maintain their characteristic pseudoelastic behavior, often
outperforming traditionally manufactured counterparts.

To elucidate the current landscape of research,
a rigorous literature review was conducted across
multiple electronic databases, principally Web of
Science, employing a systematic, multi-stage filtering
process. The initial phase involved identifying influential,
highly cited publications directly related to AM and
NiTi alloys. Through bibliographic snowball sampling,
examining references within these foundational papers,
additional relevant studies were uncovered, ensuring
comprehensive coverage of the field”®.
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Figure 3. The Distribution of NiTi Alloy Manufacturing Methods Used in AM, Showing the Number of Related
Publications in Web of Science; it Groups LPBF, SLM, SLS, and DMLS, with LPBF* Representing §tudies where
Authors Specifically Use the Term "LPBF" to Describe the Process. Reprinted with Permission from Ref."”"’.

The search strategy employed complex Boolean
queries combining keywords such as NiTi SMAs, SE, 3D
printing, LPBF, and related terms. These were connected
via logical operators to maximize retrieval breadth and
relevance. The inclusion criteria focused strictly on peer-
reviewed articles that documented experimental results,
industrial applications, or technological advancements
in AM processing of NiTi, excluding non-validated
sources such as grey literature or technical reports. This
meticulous process culminated in a curated collection
of 343 articles, forming the backbone of this review!”.
Figure 3 illustrates the distribution of research publications
over recent years, demonstrating a steady increase in
scientific interest and technological development in the
field. The upward trend depicted in Figure 3 highlights
the rapid expansion of studies focusing on AM processes
for NiTi alloys, especially in the last five years. It should
be noted that SLS and LPBF are both powder-based 3D
printing techniques that utilize a laser to process metal
or polymer powders. However, they differ significantly in
their underlying processes and material characteristics.
SLS involves sintering the powder particles, where
the laser heats the powder to a temperature below its
melting point, causing particles to fuse together without
fully melting. This results in parts that are typically less
dense and have slightly lower mechanical properties
compared to fully melted parts. In contrast, LPBF uses
a higher-energy laser to completely melt the powder
particles, resulting in a fully dense, solid part with
properties comparable to those produced by traditional
manufacturing methods. Due to this fundamental
difference, sintering versus full melting, LPBF generally
produces parts with higher strength, density, and surface
finish, making it suitable for applications requiring high
precision and mechanical performance.

Furthermore, an analysis of the types of AM methods
employed is summarized in Figure 4, which shows the
dominance of SLM, a subset of LPBF, in current research
efforts. The rising volume of literature dedicated to NiTi
fabrication via SLM underscores its significance and
potential for industrial applications. Figure 4 captures this
growth trajectory, emphasizing the increasing adoption
of SLM technology for producing complex, functional
NiTi components across biomedical, aerospace, and
engineering sectors.

This comprehensive and unbiased synthesis provides
a nuanced understanding of the current capabilities,
limitations, and future directions for the AM of NiTi SMAs.
The integration of systematic literature analysis with
cutting-edge manufacturing insights underscores the
transformative potential of AM technologies, promising
innovative solutions for advanced functional materials.
As research continues to evolve, innovations in process
optimization and material formulation are poised to
unlock new possibilities in biomedical, aerospace, and
engineering domains.

3 CHARACTERISTICS OF SMAS
3.1 The Shape Memory Effect

SMAs exhibit remarkable behaviors rooted in their
phase transformation characteristics, primarily involving
two crystalline states: the high-temperature austenitic
phase and the low-temperature martensitic phase. The
austenitic phase is distinguished by higher symmetry in
its crystal structure, typically adopting a body-centered
cubic (BCC) or face-centered cubic (FCC) configuration,
whereas the martensitic phase manifests at lower
temperatures with reduced symmetry, enabling the
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Figure 4. The Yearly Publication Volume of 3D Printing of NiTi Alloy Research Articles Indexed in the

Web of Science Database. Reprinted with Permission from Ref.

formation of multiple variants originating from a single
parent crystal. This simultaneous presence of parent and
transformed phases during the transition is known as the
shape memory transformation (SMT), which is mainly
driven by Gibbs free energy differences influenced by
temperature or applied stress™”’,

Unlike typical metals that deform plastically through
slip mechanisms, SMAs undergo reversible deformations
through atomic rearrangements within the martensitic
structure, allowing complete shape recovery. This
fundamental difference in crystal structure between
austenite and martensite underpins the SME, enabling
significant macroscopic shape changes. The phase
transformation from austenite to martensite involves
a coordinated shear movement of atoms, a solid-state
phase change categorized as either thermoelastic or
non-thermoelastic. Thermoelastic transformations are
characterized by mobile phase interfaces, permitting
elastic strain accommodation and reversible behavior,
often resulting in twinned martensite structures.
Conversely, non-thermoelastic transformations, similar to
those in carbon steels, involve immobile interfaces and
rely on dislocation mechanisms for strain accommodation,
leading to irreversible phase changes that cannot revert
spontaneously™",

The transition between phases occurs over specific
temperature ranges defined by Ms (martensite start), Mf
(martensite finish), As (austenite start), and Af (austenite
finish). These temperatures mark the beginning and
completion of phase changes, with hysteresis observed
due to energy dissipation during transformation. The
SME can be classified into one-way or two-way effects:
the one-way SME enables the material to recover its
original shape when heated above Af, while the two-way

79]

SME allows the material to alternate between two distinct
shapes through specialized thermomechanical training.

The typical process of SME can be illustrated through a
sequence of stages, often depicted in a cycle:

1. Cooling and Martensitic Formation (1->2): Starting
with austenite at a temperature above Af, cooling below
Ms and Mf induces the formation of twinned martensite
(1->2). This transformation occurs without external
stress, with martensitic variants forming in a self-
accommodating manner within the parent phase.

2. Stress-Induced Detwinning (2->3): Applying
mechanical stress causes the twinned martensite to
reorient, a process called detwinning, resulting in inelastic
deformation (2-3). This reorientation occurs below Mf
and at stresses below the plastic yield limit, producing
strains that are not fully recovered upon unloading.

3. Unloading Phase (3-4): Removing the stress leaves
the detwinned martensite in a deformed state, with the
inelastic strain remaining until the next phase.

4. Heating and Shape Recovery (4->1): Heating the
deformed alloy above Af triggers a reverse transformation
to austenite, restoring the original shape and fully
recovering the inelastic strains. This process is thermally
driven and occurs without external stress, resulting in
shape recovery due to the phase change'”’.

This sequence exemplifies how SMAs utilize phase
transformations to enable reversible shape changes,
making them highly valuable for diverse applications
(Figure 5).

3.2 Superelasticity /Pseudoelasticity
in SMAs

Pseudoelasticity, also referred to as SE, is a distinctive
characteristic of SMAs that enables the material to

https://doi.org/10.53964/id.2026010

Page 6 / 39



https://doi.org/10.53964/id.2026010

Kashi PA et al. Innov Discov 2026; 3(2): 10

Figure 5. The Transformation Diagram Shows the Phase Changes in SMAs during Thermal Cycles, Highlighting
Temperature Ranges, Phase Stability, and the Reversible Nature of PHASES. It helps researchers understand the
mechanisms behind shape memory and SE. Reproduced from Ref.'*”) with permission.

undergo significant nonlinear deformation and then
recover its original shape once the applied stress is
removed. This behavior occurs when the temperature
is above the austenite finish temperature (Af), typically
within a range where the alloy can transition between
phases. Specifically, superelasticity is observed only when
the temperature exceeds Af; if the temperature falls
below this point, stress-induced martensite (SIM) cannot
revert back to austenite. Moreover, if the deformation
temperature becomes too high, the transformation stress
may surpass the yielding strength of materials, leading
to permanent plastic deformation. The onset of phase
transformation depends on the applied stress level, with
higher stresses prompting transformation at elevated
temperatures. To broaden the temperature range
over which superelasticity can occur, one strategy is to
enhance the yielding strength of the alloy, often achieved
through processes like work hardening or precipitation
hardening.

In contrast to the SME, pseudoelasticity does not
require any temperature change. Instead, increasing
the applied load causes the alloy to transform from
austenite to martensite purely through stress. When the
load is removed, the martensite reverts to austenite,
allowing the material to recover its original shape. This
process results in large, recoverable strains and involves
a stress-induced martensitic phase change. For SMAs

including copper, the stress-strain response typically
exhibits a noticeable hysteresis loop, which highlights
their suitability for energy dissipation in damping
applications.

4 EXPLORING AM STRATEGIES
FOR SMAS

4.1 Fabrication of SMAs Using SLM
4.1.1 NiTi-based Objects

SLM employs a highly focused laser beam as the energy
source to fuse metal powders layer by layer, enabling the
fabrication of complex, near-net-shape structures with
remarkable precision. The process hinges on meticulously
controlling the laser's intensity and scanning strategy to
locally reach the melting temperature of the powder bed,
as illustrated in Figure 2", During SLM, a computer-
controlled system directs the laser along a predefined path
derived from the 3D digital model’s sliced data. The laser’s
energy causes the metal powder particles within the
targeted zone to rapidly melt, forming a molten pool that
solidifies into a metallurgically bonded state upon cooling.
This layer-wise process continues, building up the final
component with dense, high-integrity microstructures.

SLM overcomes many limitations of traditional
manufacturing routes, especially for intricate geometries,
by directly producing fully dense metal parts with superior
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mechanical attributes® ', For instance, Wang et al.
systematically examined how process parameters, such
as scanning speed, laser power, and pattern spacing,
influence the phase transformation behavior, mechanical
robustness, and functional responses of NiTi SMAs
produced via SLM****", Their studies demonstrated that
the ability to customize phase transition temperatures
and achieve high tensile strength makes SLM an ideal
platform for engineering complex NiTi SMA architectures
tailored for specific applications, such as biomedical
implants or adaptive structures (see Figure 2B).

Lu et al.”"' further refined this approach by modulating
laser energy input to generate NiTi microstructures
featuring ultra-fine dendritic and cellular configurations.
Their work achieved an unprecedented ultimate tensile
strength of 776MPa, coupled with a large elastic
elongation of 7.2%, and an extraordinary SME recovery
rate of 98.7%. Such performance metrics open new
horizons for deploying NiTi SMAs in high-performance
smart systems and responsive devices (Figure 2C).

A notable innovation by Zhang et al.”*® involved
implementing a stripe rotation scanning strategy to
enhance the tensile and shape recovery properties
of SLM-fabricated NiTi alloys. Their comprehensive
microstructural analysis revealed that rapid solidification
fosters the formation of a supersaturated matrix rich in
vacancies and dislocations, fundamentally shaping the
alloy’s microstructure®>°®', This rapid thermal cycling,
characterized by frequent reheating and cooling, induces
a high dislocation density and stabilizes twin structures,
critical to the shape memory behavior”’*%,

Table 1 summarizing key properties such as
transformation temperatures, recoverable strain,
and fatigue life reported in recent studies, The table
oversimplifies SME and superelasticity. Include
quantitative metrics (e.g., strain recovery, hysteresis)
and fabrication influences. This table highlights
both the advantages and current limitations of AM
processes relative to conventional methods, providing
a clearer understanding of the microstructure-property
relationships and guiding future research directions.

Table 2 highlights that the SME primarily relies on
thermal cycling to induce martensitic transformation,
with strain recovery up to 10% occurring over seconds
to minutes, and exhibits a wide thermal hysteresis of
20-50°C. In contrast, superelasticity is stress-driven,
enabling near-instantaneous strain recovery of up to
12% with narrow mechanical hysteresis, making it
suitable for dynamic applications such as damping.
Quantitative metrics like hysteresis width and recovery
speed differentiate these phenomena, while fabrication
methods such as LPBF influence residual stresses and
phase transformation temperatures, affecting both SME
and superelasticity performance. Understanding these

parameters is essential for optimizing material behavior
in specific applications.

AM-fabricated SMAs show shifted transformation
temperatures due to rapid cooling and residual
stresses, but they exhibit enhanced shape recovery and
superelastic strains thanks to refined microstructures.
While their fatigue life improves with post-treatment, it
still lags behind conventional wrought alloys. The rapid
solidification in AM results in finer grains and near-full
density, although surface roughness and residual stresses
require post-processing. Overall, AM offers advantages in
complex geometry fabrication, though some properties
like corrosion resistance are comparable or slightly
affected (Table 3).

The precision of SLM fundamentally depends on the
accurate regulation of parameters like laser power and
scan speed. Fine-tuning these variables ensures optimal
melting, minimizes residual stresses, and prevents
defects such as porosity or warping. For biomedical
applications, this degree of control yields highly
customized implants and tissue scaffolds with complex
geometries and predictable functional responses,
laying the groundwork for personalized medicine and
regenerative therapies (Figure 6)%%%,

4.1.2 Copper-based SMAs (Cu-based
SMAs)

Replacing NiTi with Cu-based SMAs for advanced
applications necessitates overcoming specific
challenges related to their intrinsic microstructural and
thermomechanical properties. Cu-based SMAs, such as
Cu-Al-Ni" "% Cu-zn-AI"""", Cu-Al-Be'" "', and Cu-
Al-Mn"*¥??! exhibit promising functional characteristics
including high transformation strains, rapid response, and
cost-effectiveness; however, their susceptibility to grain
coarsening, phase instability, and brittleness complicates
their fabrication and application'*.

SLM can employ a highly focused, high-energy
laser beam to selectively fuse Cu-based SMAs layer by
layer, enabling the realization of geometries that are
otherwise difficult or impossible to produce via traditional
subtractive methods''**'**!, The printing parameters
of SLM must be optimized to ensure complete fusion,
minimize porosity, and promote desirable microstructural
features that influence the functional properties of the
final component'**',

The rapid thermal cycles inherent to SLM, characterized
by high cooling rates often exceeding 10°K/s, can induce
significant residual stresses, microstructural heterogeneities,
and phase transformations within Cu-based SMAs"*"**"),
Such rapid solidification can lead to grain refinement,
but may also cause undesirable phase segregation or

the formation of non-equilibrium phases, which can
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Table 1. Comparative Analysis of SMA Fabricati

on Methods - Traditional vs. AM (LPBF/EBM)

— bl Conventional (Cast/
Property Fabricated Fabricated Wrought) Key Insights References
(LPBF) (EBM) 9
Transformation temp.  NiTi: A_f=50- NiTi: A_f=30- NiTi: A_f=20-110 LPBF/EBM enable wider
(°O) 110 (tunable) 120 tuning via parameters; EBM
closer to conventional ranges.
Recoverable strain NiTi: 6-8% NiTi: 4-8% NiTi: 6-10% Slightly lower in AM due

(%)

to porosity; LPBF matches

wrought NiTi.
Fatigue life (cycles) 104-105 (@2% 105-106 (@2% 105-107 (wrought) EBM>LPBF>cast (EBM’s
strain) strain) preheating reduces residual
stresses).
Density (% 98-99.9% 99.5-99.9% ~100% LPBF achieves near-full
theoretical) density with optimization;
EBM consistently high.
Residual stress (MPa) 200-800 50-300 <100 (annealed) LPBF induces higher stresses;
EBM mitigates via high-
temperature build.
Corrosion resistance High (low High High LPBF reduces impurities
impurities) vs. casting; EBM avoids
oxidation.
Energy dissipation Cu-Al-Ni: High - Cu-Al-Ni: Moderate AM enhances damping via
hysteresis refined grains (LPBF).
Geometry complexity  High (lattices, Moderate Low (limited by tooling) LPBF excels in intricate
gradients) (supports designs; EBM constrained by
needed) powder size.
Surface finish Moderate (post-  Rough (higher Smooth (machined)  LPBF offers better resolution;
processing than LPBF) EBM requires less support but
needed) coarser finish.

Notes: (A_f) stands for the austenite finish temperature.

Table 2. The Table Oversimplifies SME and Superelasticity. Include Quantitative Metrics (e.g.,
strain Recovery, Hysteresis) and Fabrication Influences

Property SME

Superelasticity

Key Difference References

Trigger Temperature change

(heating/cooling).

Recovery Mechanism  Heating above A; reverts
martensite->austenite.

Critical Temperatures M., M, A,, A define

Mechanical stress (no temp.

Unloading reverts
SIM->austenite.

Only A is critical (must be>A; for

SME requires thermal
cycling; superelasticity is
stress-driven.

SME is thermally
activated; superelasticity
is mechanically reversible.

SME depends on full

change).

hysteresis. reversibility). transformation range;
superelasticity requires
T>A.
Strain Recovery Up to 8-10% (NiTi), Up to 10-12% (NiTi), near- SME is time-dependent;

but slower (seconds to
minutes).

Wide thermal hysteresis
(AT=20-50°C).

Hysteresis Loop

Energy Dissipation Low (primarily for

instantaneous (milliseconds).

Narrow mechanical hysteresis
(stress-dependent).

High (ideal for damping, e.g.,

superelasticity is rapid.

SME hysteresis is
thermal; superelasticity is
stress-based.

Superelasticity excels in

actuation). Cu-Zn-Al). energy absorption.
Applications Actuators, thermal Biomedical stents, seismic SME for slow, temp-driven
switches, aerospace dampers, eyeglass frames. tasks; superelasticity for
deployables. dynamic loads.
LPBF Fabrication Residual stresses can alter  Laser parameters affect critical ~ LPBF tuning is distinct for
Impact MJ/A:. stress for SIM. each property.

detrimentally affect the shape memory and superelastic
properties”". Consequently, process strategies such as
preheating the powder bed, optimizing laser scan strategies
to control heat flow, and implementing post-processing

heat treatments are critical to achieving microstructures
with balanced strength, ductility, and functional stability

Microstructural control is further complicated by the alloy
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Table 3. Comparison of AM-Fabricated vs. Conventional SMAs

Property AM-Fabricated SMAs

Conventional SMAs Remarks

Transformation
temperatures (°C)

NiTi: 0-50 (Ms), Cu-based: -20-
0 (Ms)
Shape recovery strain (%) NiTi: 6-8%, Cu-based: 10-
12%
4-6% (NiTi), up to 8% with
optimization
104-105 (as-printed), >106 after
post-treatment

Superelastic strain (%)

Fatigue life (cycles)

Residual stress (MPa) 50-200 (as-printed), <50 after

annealing

1-10pm (LPBF), nanoscale
precipitates

98-99.5% (LPBF)

Microstructure (grain size)

Density (% Theoretical)

Surface roughness (um) 1-5 (as-printed), <1 after

polishing

Corrosion resistance Comparable in inert
environments; surface oxidation

possible

Manufacturing time & cost  Faster for complex geometries;

high initial setup cost

NiTi: -30-10 (Ms) AM exhibits shifted ranges due to
rapid cooling, residual stresses, and

non-equilibrium microstructures.

NiTi: 4-6%, Cu-based:
<8%

3-5% (NiTi)

AM’s refined grains and reduced
defects enhance recoverable strain.

LPBF enables finer martensitic
variants, improving superelasticity.

>106-107 (wrought) AM fatigue life improves with heat
treatment but lags behind wrought

alloys.

<20 (hot-rolled) LPBF’s rapid cooling induces stresses;

post-processing mitigates them.

10-100pm (cast/rolled) AM'’s rapid solidification refines grains,

enhancing strength.

>99.9% (wrought) Near-full density achievable with

optimized LPBF parameters.

0.2-0.5 (polished) AM requires post-processing for

smooth surfaces.

Slightly better in some
cases

AM'’s oxide layers may affect
biocompatibility (e.g., NiTi implants).

AM excels in customization and
lightweight structures (e.g., lattices)

Slower for complex parts;
high material waste

composition. For instance, in Cu-Al-Ni SMAs, controlling the
size and distribution of precipitates, as well as the stability
of the B-phase, is crucial for tailoring the transformation
temperature and hysteresis' . Alloying modifications, such
as adding Ti, Zr, V, or B, have been explored to enhance
grain boundary strengthening, suppress undesirable phase
formation, and improve thermal stability, factors that are
essential for maintaining functional performance under
cyclic thermomechanical loading

The integration of AM with Cu-based SMAs offers
significant advantages, including the ability to fabricate
geometrically complex, functionally graded components
with internal features designed for specific actuation or
sensing functionalities. This capacity is vital for developing
next-generation smart devices, microactuators, and
biomedical implants that require precise control over their
microstructure and functional properties . However,
realizing this potential demands an in-depth understanding
of the interplay between process parameters, alloy
chemistry, and microstructure evolution. Advances in real-
time monitoring and in-situ analysis during SLM processes
are expected to further optimize fabrication protocols and
enhance the reproducibility and performance of Cu SMA
components

In a relevant study, Tian et al. a novel Cu-
13.5AI-4Ni-0.5Ti SMA was successfully fabricated by
SLM, demonstrating the feasibility of AM for high-
performance SMAs. By meticulously optimizing the
SLM process parameters, near-full density samples
were achieved, exhibiting refined microstructures and
enhanced mechanical properties. Microstructural analysis

revealed that the rapid cooling rates intrinsic to SLM
markedly influenced the phase constitution and grain
structure. Notably, only the B1’ martensitic phase was
detected, attributable to the extremely short solidification
time that inhibits the formation of a and y2 phases
typical in conventional casting processes. The grains
exhibited significant refinement, with an average size
of approximately 43um, substantially smaller than their
cast counterparts, facilitated by rapid solidification and
Ti-induced grain refinement mechanisms. Additionally,
the presence of nanoscale CuzTiAl intermetallic particles
(20-50nm) was observed, which contributed to the
strengthening of the material.

The mechanical evaluation indicated that the SLM-
fabricated alloy possesses superior tensile performance
at room temperature, with ultimate tensile strengths
reaching approximately 541MPa and elongations around
7.63%. These enhancements are primarily attributed to
grain refinement effects and the suppression of brittle y2
phases, which often compromise ductility. Furthermore,
tensile testing at 200°C revealed an increase in both
strength and ductility, up to approximately 611MPa and
10.78% elongation, largely due to the stability of the
BCC parent phase and the activation of stress-induced
martensitic transformations, which enhance ductility and
energy absorption. The microstructures demonstrated a
distinct difference from cast alloys, with finer grains and
a more uniform phase distribution, underpinning these
improved properties.

The influence of process parameters, particularly laser
energy density, was systematically examined, revealing
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Figure 6. Bright-field Transmission Electron Microscopy (TEM) Micrograph of Mn-30 wt.% Cu Subjected to
SLM Followed by Heat Treatment. (A) Elemental distribution maps for all elements (B), Mn (C), Cu (D), and O (E)
within the region marked by the large red box in (A). Figure 8f provides a magnified view of the area outlined by the
small yellow box in (A). The distributions of Mn and Cu along the yellow line shown in (F) are depicted in (G). High-
resolution TEM image of the region indicated by the yellow box in (F) is shown in (H), with the corresponding Selected
Area Electron Diffraction (SAED) pattern in (I). Reprinted with permission from Ref."”

that moderate energy inputs (~107J/mm3) optimize
density and mechanical performance. Excessive energy led
to pore formation and voids due to incomplete melting or
spheroidal particle agglomeration, which adversely affected
the integrity of the final component. The hardness values
ranged from 267 to 289HV, correlating with microstructural
refinement and intermetallic formation'**,

Tian et al.""*”) demonstrated the successful use of
SLM to produce high-quality Cu-based shape-memory
alloys with the composition 81.95Cu-11.85Al-3.2Ni-3Mn
(wt.%). Optimized processing parameters, particularly
laser power, scanning speed, and strategy, enabled the
fabrication of dense, nearly fully martensitic samples
with up to 99% relative density. The high cooling rates
inherent to SLM suppressed secondary phase formation,
favoring the B’-martensite structure essential for shape-
memory effects.

Microstructural analysis showed that the processing

strategy significantly influences porosity, pore distribution,
and grain morphology. The single-track approach allowed
precise parameter adjustment, with optimal energy input
around 30-40J/mm3, resulting in dense, high-quality
parts. Pore characteristics and grain sizem, ranging from
about 40pum in bulk to under 10pm in overlap zones,
were strongly affected by the heat flow and energy
input, with remelting refining grains and improving
surface finish. The refined microstructure contributed
to promising mechanical properties, confirming SLM's
potential for tailoring microstructures and producing
complex, high-density Cu-based SMAs. Further work on
mechanical and shape-memory behavior will clarify the
full advantages of AM over conventional methods, paving
the way for advanced smart components with customized
microstructures and enhanced functionalities”*'.

Cu-Al-Ni SMAs are known for their high thermal
stability and a range of potential uses. However, their
practical application is often limited by their relatively low
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elastic strain and subpar shape memory performance,
specifically their recoverable strain. Additionally,
introducing new reinforcing elements typically leads to
a polycrystalline structure with larger grain sizes, which
is not ideal for maintaining shape memory properties.
To address these issues, Abolhasani et al.""** study
proposes a novel approach to enhance both the SME and
its stability in Cu-Al-Ni SMAs by partially reinforcing the
material with alumina (Al203) using SLM. In this method,
the reinforcement lines are deposited in-plane at the mid-
height of the printed component, positioned in the neutral
plane. The impact of partial reinforcement is evaluated
by comparing samples with 0.3wt% and 0.9wt% Al203
to fully reinforced counterparts. Findings reveal that
the localized residual compressive stresses generated
in the neutral plane during SLM, particularly above the
reinforcing lines, contribute to an improved SME. This
improvement is attributed to increased mechanical
anisotropy along the build direction. Furthermore, a novel
phenomenon termed the “waistband effect” is observed
during cyclic compression tests, where the reinforcing
particles gradually penetrate deeper into the neutral plane
with each cycle. This process enhances strain recovery,
especially in partially reinforced samples. Overall, these
results demonstrate that partial reinforcement with Al203
significantly boosts the shape memory performance of
Cu-Al-Ni SMAs"™*Y,

In another study, Gustmann et al.”*' applied an
additional remelting step during the fabrication of an
81.95Cu-11.85Al-3.2Ni-3Mn SMA via SLM. Using a
single-track technique followed by bulk remelting, the
process parameters were optimized to control remelting
depth and influence material properties. While no clear
correlation between energy input and relative density was
found, optimal results (~99.5+0.3%) were achieved at
around 36 J/mm3, comparable to SLM bulk samples with
98.9+0.1%. X-ray tomography showed that increasing
density mainly involved eliminating pores smaller than
100um. Grain size remained mostly unaffected at lower
energies but coarsened significantly between 100 and 2501/
mm3. Transformation temperatures could also be tuned via
process parameters, with peak martensitic transformation
temperatures adjustable between 90°C and 120°C through
remelting. The samples exhibited excellent deformability
under compression and tension. Despite changes in pore
and grain sizes, their mechanical properties stayed stable.
Overall, the additional remelting step enables the production
of dense, fully martensitic components with controlled
transformation temperatures, without compromising

mechanical performance (Figure 7).,

Dennis et al."**’ aimed to compare and analyze the
microstructural characteristics and thermal stability
of a Cu-11.3AI-3.2Ni-3.0Mn-0.5Zr SMA produced by
two different methods: SLM and traditional powder
metallurgy (PM). The PM samples were created by

sintering pre-alloyed powders (106-180um) in an
argon atmosphere at 1060°C, without any additional
processing. In contrast, SLM specimens were formed
by melting pre-alloyed powders (32-106pum) onto a Cu-
10Sn substrate. Both processing routes resulted in the
formation of B’1 martensite; however, the PM samples
exhibited coarser martensitic variants. Additionally, the
PM specimens contained intergranular eutectoid phases
and stabilized austenite at room temperature. Hardness
measurements showed similar average values for both
sets, though the standard deviation was higher in SLM
samples due to porosity. The SLM-processed specimens
displayed reversible martensitic transformations with a
To of 171°C, whereas the PM samples did not exhibit
SMEs"*,

Shishkovsky et al."**”! examined the synthesis of
intermetallic phases during layer-by-layer SLS/melting
of Cu-Al-Ni powders. Using optical and scanning electron
microscopy, energy-dispersive X-ray spectroscopy (EDX),
and X-ray diffraction (XRD) analysis, the microstructure
and intermetallic phases in porous 3D samples were
characterized under various laser processing conditions.
The prepared mixtures demonstrated high laser sintering
ability, and the SME was confirmed through specific
electrical resistance measurements. Porosity in the laser-
synthesized Al,Cu,Ni intermetallic caused a shift in the
temperature peaks, with the austenite transformation
interval (As-Af) ranging from 50 to 80°C, and the
martensite transformation (Ms-Mf) from +25 to -40°C.

In the first application of two-zone SLM to produce
CuAlINi intermetallics, samples were fabricated with an
80um hatch distance, 70W laser power, 70um beam
diameter, and scan velocity of 140mm/s. The process,
conducted in argon, tended to produce heterogeneous
rhombohedral Al,Cu,Ni phases, with scanning electron
microscope (SEM) and EDX revealing uncontrolled Al
oxidation. Electrical resistance evolution during synthesis
confirmed the presence of phases and SME behavior
in porous Cu-Al-Ni samples. The electrical resistance
measurement proved effective for identifying phase
transformations and estimating the temperature range
of SME. Porosity caused the transformation peaks to
shift, with the As-Af interval between 50-80°C and Ms-Mf
between +25 and -40°C.

This approach enables the use of electrical resistance
as a feedback tool for actuator control without additional
sensors. The layer-by-layer SLS/SLM fabrication of
porous Cu-Al-Ni offers potential for advanced bio-MEMS
devices, sensors, implants, and orthopedic applications,
including self-initiating and self-fixing prosthetic elements
that operate at human body temperature*”.
Pérez-Cerrato et al."**’ demonstrates a complete SLM
process for Cu-Al-Ni SMAs, optimizing parameters to
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Figure 7. The p-CT Reconstruction and Pore Size Distribution of Additively Manufactured Cu-Al-Ni-Mn Cubes via Different SLM
and SLRM Techniques. u-CT reconstruction of additively manufactured cubes composed of 81.95Cu-11.85AI-3.2Ni-3Mn, shown in (A). The
images correspond to specimens produced via SLM, SLRM (2), and SLRM (6) techniques (refer to Table 2). The analyzed volume, measuring
7x7x5mm3, depicts the material in green and pores in red. The pore size distributions for the remelted samples, compared to the original SLM
sample, are presented in (B) and (C). Remelting under specific parameters (SLRM (2)) effectively reduces smaller pores. However, excessive

remelting energy can lead to increased overall porosity, with larger pores also becoming evident. Reprinted with permission from Ref.""*

achieve high compaction and functional performance.
Microstructural analysis showed columnar grains with a
texture along the build direction, enhancing superelasticity
and shape memory. Fully recoverable superelastic strain of
2.7% and shape memory recovery of £4% bending strain
were obtained, outperforming reference PM samples.

A comprehensive process route included atomization,
SLM fabrication with powders of 15-45um, and post-
treatments like hot isostatic pressing (HIP) and thermal
aging. Optimal energy density (~117J/mm3 at 350W)
ensures complete melting, while HIP reduces porosity
and stabilizes microstructure. Thermal treatments
restore microstructure and transformation temperatures,
ensuring reliable SME. The columnar microstructure
with texture improves functional behavior in the build
direction, with stable superelastic cycles and full shape
memory recovery*,

Pérez-Cerrato et al.''"*” revealed the potential of
SLM for producing Cu-Al-Mn SMAs with enhanced
superelasticity. An additional remelting step during LPBF
was systematically investigated by varying hatching
distance and scanning speed to optimize density and
transformation temperatures. Results showed that
remelting improves microstructure and superelastic
properties, enabling the fabrication of locally tailored SMA
components for application-specific scenarios.

Furthermore, a comprehensive processing route for
Cu82.2Al113.3Ni4.5 (wt.%) SMA was developed, involving

atomized powders, LPBF fabrication with optimized
parameters (e.g., energy density of 117]/mm3 and
350W laser power), and post-processing treatments like
HIP and thermal aging. Microstructural analysis revealed
a columnar grain structure with a texture aligned with
the build direction, which enhances functional behavior.
Superelastic strains up to 2.7% and full shape memory
recovery after £4% bending strain were achieved, with
the microstructure and properties preserved through
post-processing. Overall, SLM significantly improves the
functional performance of Cu-Al-Ni SMAs, approaching
the levels seen in PM-produced counterparts. Controlling
process parameters and texture during building can
further enhance these properties, paving the way
for advanced AM applications in shape memory and
superelastic devices" "

Zhuo et al.""*" represents the first investigation into
fabricating CuzZnAl SMAs via SLM, focusing on how
process parameters influence microstructure and material
properties. The results reveal that energy density plays a
crucial role in determining the final characteristics of the
fabricated samples, primarily through its effect on zinc
evaporation. As the energy density increases, the relative
density of the samples initially improves, reaching over
99.9% at an optimal value of 277.8]/mm3. However,
excessive energy input causes significant Zn evaporation,
leading to porosity and a decline in density. The phase
constitution of the alloys also varies with energy density:
lower energy levels retain more Zn, resulting in a
microstructure dominated by brittle B* martensite with
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needle-like morphology, while higher energy densities
diminish Zn content and favor the formation of the a
phase with rod-like or equiaxed structures. This transition
impacts mechanical and thermal behaviors, as evidenced
by DSC analysis, where the intensity of martensitic
transformation peaks decreases with increasing
energy density, reflecting a reduction in reversible
martensite due to phase stabilization effects from Zn
loss. Microhardness measurements showed a decline
from 236.8HV to 167.6HV as energy density rises, but
fracture strength and irrecoverable strain improve, owing
to increased a phase content and decreased porosity.
Overall, these findings demonstrate that by carefully
adjusting laser energy input, it is possible to tailor the
phase composition, microstructure, and mechanical
properties of SLM-fabricated CuznAl alloys, paving the
way for producing high-performance shape memory
components with customized characteristics'"..

Harnessing the power of SLM, researchers have
crafted a cutting-edge Cu-11.85AI-3.2Mn-0.1Ti SMA that
defies convention'*"!. By fine-tuning energy density, the
alloy's grains were shattered into ultrafine structures,
shrinking to an average width of just 0.15 micrometers,
resulting in a remarkable 90% refinement over traditional
cast counterparts. This nano-sized revolution triggers a
dual-strengthening mechanism: densely packed Cu,TiAl
precipitates interweave with dislocations, forging a
formidable network that boosts mechanical resilience. The
outcome showed an impressive room-temperature tensile
strength of 829MPa with a modest 6.4% fracture strain,
and an even more formidable 883MPa coupled with 12%
strain at 200°C, nearly 30% stronger than existing laser-
melted quaternary Cu-based SMAs. Microstructurally, the
SLM process crafts an intricate mosaic, equiaxed crystals
aligned along the scan path and elongated formations
along the build direction, leading to a slight but significant
anisotropy in hardness. These tailored microstructures
underpin the alloy's superior superelasticity and shape
memory capabilities'*"’.

Xi et al."*” demonstrated the successful fabrication
of a cost-effective Cu-11.85AI-3.88Mn-1.6Nb SMA using
SLM, showcasing remarkable functional properties. By
adjusting laser energy inputs between 123 and 185]/
mms3, researchers achieved microstructures featuring
a mix of 18R and 2H martensite, along with nanoscale
(Cu, Mn)3AlzNd4 precipitates that enhance strength and
stability. The powder itself exhibited excellent fluidity and
uniformity, facilitating consistent melting.

As laser energy increased, the dominant martensitic
phase shifted toward 2H, and transformation
temperatures gradually rose due to Mn evaporation.
Despite microstructural inhomogeneities at higher
energies, the alloy delivered impressive mechanical
performance with a compressive strength of 1652MPa

and 15.1% strain, alongside an outstanding shape
memory recovery of over 99%. Nano-sized precipitates
approximately 100nm in size were observed (Figure 5).
EDS analysis revealed atomic percentages of Cu, Al,
Mn, and Nd as 24.68%, 30.49%, 4.72%, and 40.09%,
respectively. The atomic ratio of (Cu, Mn): Al: Nd was
close to 3:3:4, indicating that the second phase can be
considered (Cu, Mn)zAlzNd4. These precipitates have
a semi-coherent relationship with the matrix, which
contributes to the high strength and excellent mechanical

[152]

properties of the alloy" ™.

Babacan et al.""*” showcased how LPBF can produce
dense, crack-free Cu71.6Al17Mn11.4 SMA specimens
with highly tailored microstructures. By adjusting process
parameters, particularly energy input, the grain size
and transformation temperatures could be precisely
controlled, higher energy inputs shifted transformation
temperatures upward. Notably, the rapid cooling during
AM prevented the formation of a-phase precipitates
that hinder martensitic transformation, eliminating the
need for post-process heat treatments used with cast
materials. The additively manufactured samples displayed
fully austenitic structures with fine columnar grains aligned
along the building direction (BD), resulting in enhanced
yield strength and superelasticity compared to traditional
cast alloys. A maximum recoverable strain of 2.86%
was achieved after compressive loading, highlighting the
technique’s potential for producing custom-designed,
superelastic Cu-Al-Mn parts. These findings suggest that
LPBF is a promising route for creating high-performance,
room-temperature superelastic components with
microstructure-driven properties, paving the way for
tailored, application-specific shape memory devices
(Figure 8)™*>%,

Wu et al."**! demonstrates that SLM can produce
highly oriented, columnar Cu71Al18Mn11 SMAs with
exceptional superelasticity. Using an orthogonal design,
optimal parameters, such as 240W laser power,
1,000mm/s scanning speed, 0.11mm scanning distance,
and 25pm layer thickness, were identified to achieve
nearly full density (99.18%) and a strong texture.
The resulting microstructure, predominantly p-phase,
exhibited superior compression strength and notable
superelastic strains, especially along the scanning
direction with 2.50%, surpassing the 2.32% along the
BD. The study highlights how the interaction of process
variables influences melt pool size and microstructure
orientation, offering a promising route to tailor Cu-Al-Mn
SMAs with enhanced superelastic properties and complex
geometries. Overall, SLM presents a straightforward
method for fabricating textured, high-performance shape
memory parts for advanced applications'*.

Niedbalski et al."**! investigated laser-assisted synthesis
as a promising approach for fabricating dense Cu-Al-Ni
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Figure 8. Microstructural Characterization by EBSD of Cast Heat-treated and SLM-Ref Samples. Electron backscatter
diffraction (EBSD) maps illustrating the microstructure along the Y direction of the cast heat-treated (HT) samples in (a, c,
f), and along the BD of the SLM-Ref specimens in (b, d, g). The detailed overview includes (a, b) grain maps of the austenite
phase, (¢, d) grains color-coded according to their texture (also shown in (e)), and (f, g) inverse pole figures . The central
image (e) displays the IPF coloring scheme used for the maps in (c) and (d). Reprinted with permission from Ref."**

SMAs with potential for large-scale AM. By laser melting
elemental powders in a controlled argon atmosphere,
alloys with 14.2% Al and Ni content between 2-4% were
produced, exhibiting martensitic microstructures capable
of phase transformations between 85°C and 192°C.
The research revealed that increasing inert gas pressure
suppresses the austenite-to-martensite transformation,
leading to reduced microhardness and transformation
enthalpies, likely due to hindered volumetric transfor-
mation. Conversely, lower gas pressures increased
residual oxygen, causing oxidation and affecting alloy
quality. Shorter solidification times at higher pressures
resulted in purer, lower-hardness alloys. While the
transformation temperatures were indirectly influenced via
microstructure, the transformation enthalpy was directly
affected by gas pressure, correlating with the hindrance of
phase transformation. Porosity mainly stemmed from gas
release rather than incomplete melting or voids. Overall,
the findings demonstrate that laser-assisted synthesis can
efficiently produce high-density Cu-Al-Ni SMAs, but further
understanding of the microstructural evolution under
varying processing conditions is essential to advance this
technique toward AM of complex, high-performance SMA

components!*”,

26

Singh et al."**’ demonstrated the successful fabrication
of dense Cu-Al-Ni-Mn SMA structures via SLM using ball-
milled elemental powders. By optimizing laser power
between 300-400W, the study achieved samples with
up to 99% density, minimal porosity, and excellent
mechanical properties, hardness reaching 380HV
and tensile strength of 1550MPa. Lower laser powers
caused incomplete fusion and porosity, while higher
powers increased grain size and thermal shrinkage. All
samples exhibited the B martensite phase, with the most
optimal at 350W, producing defect-free, well-bonded
microstructures with refined grains. The transformation
temperature and sharpness improved with increased
laser power, indicating enhanced phase transformation
behavior. The findings open pathways for cost-effective,
powder-based AM of dense SMA components, with
future prospects including HIP and post-heat treatments
to further enhance microstructure and shape recovery

26]

capabilities'**,
Singh et al.'*® explored how HIP temperature
influences the density, microstructure, and mechanical
properties of Cu-Al-Ni-Mn SMAs produced by SLM. HIP
treatment increased density by 11.5%, with optimal pore
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shapes, spherical and small, observed at 950°C, while
higher temperatures introduced non-spherical pores. SEM
imaging showed the elimination of shrinkage porosity
and grain growth with rising HIP temperatures. XRD
analysis revealed phase transformations and changes in
crystallite size, correlating with improved microhardness
and tensile strength, especially at 950°C. These findings
demonstrate that controlled HIP processing enhances
the mechanical performance of SLM-fabricated Cu-Al-Ni-
Mn alloys, with temperature optimization being key to
balancing density and microstructural refinement, paving
the way for advanced industrial applications'>°..

Felice et al."*”! investigated the successful production
of Cu-17Al-11.4Mn (atomic %) SMA components
through arc-based AM utilizing a gas metal arc welding
(GMAW) system. The deposition resulted in a defect-free
wall with a uniform microstructure. Analysis using optical
microscopy, electron microscopy, and synchrotron X-ray
diffraction confirmed the development of a columnar
grain structure, attributed to thermal cycling effects, and
predominantly exhibited a FCC phase. Tensile testing in
both horizontal and vertical orientations demonstrated
high strength and ductility with negligible anisotropy.
Additionally, superelastic cyclic tests showed consistent
hysteresis behavior over 100 loading-unloading cycles,
indicating excellent functional fatigue resistance. In
situ synchrotron X-ray diffraction during tensile loading
revealed a stress-induced phase transformation,
highlighting the material’s potential for superelastic
applications. These findings illustrate the viability and
benefits of arc-based AM for processing Cu-based SMAs,
paving the way for cost-effective fabrication of functional
components™°”,

High-entropy alloys (HEAs) have been identified
as beneficial components in SMA coatings, primarily
due to their ability to refine the microstructure and
consequently improve tribological properties. Casati
et al."*¥ investigated the Fe,sMn;sCo,,Cr,, HEA was
integrated into a Cu,; gsAl;,Mn,; SMA coating through
the process of laser cladding. The study focused on
examining how varying amounts of HEA influence the
structural evolution, phase transformations, and wear
resistance of the resulting coatings. The findings reveal
that incorporating Fe,sMn;sCo,,Cr,, HEA into the SMA
matrix significantly refines the microstructure, facilitating
the formation of complex intermetallic compounds.
This microstructural enhancement leads to a marked
improvement in tribological behavior, primarily by
increasing the hardness and wear resistance of the
coating. The research provides valuable insights into
the design of advanced, high-performance coatings for
engineering applications, demonstrating that the strategic
addition of HEAs can serve as an effective approach to
bolster wear resistance and extend the functional lifespan
of surface coatings in demanding environments'***’,

Although significant progress has been made in
the AM of metamaterials, there are still inherent
compromises between functionality and mechanical
performance due to their static structures. This limitation
reduces their suitability for applications that demand high
levels of multifunctionality. Zheng et al."**' introduced
an innovative method to producing multifunctional
SMA metal metamaterials utilizing LPBF technology.
This technique facilitates reversible superelastic strains
exceeding 20%, with a complete (100%) recovery rate,
an order of magnitude greater than that observed in
traditional printed alloys. Such performance is achieved
through a novel metamaterial structural design combined
with a specially developed SMA powder. To realize these
goals, the unit cells of the metamaterial were initially
designed to allow flexible deformation, with a Poisson's
ratio close to zero. They then synthesized a new SMA
alloy composition based on Cu-18 at% AI-10 at% Mn-
0.3 at% Si, which demonstrated excellent printability and
compatibility with the LPBF process. The resulting printed
SMA exhibited superelastic behavior, as well as one-way
and two-way SMEs under different processing conditions.
Moreover, by adjusting the manufacturing parameters,
we successfully integrated multifunctionality into the
flexible Cu-Al-Mn-based metamaterials. The fabricated
metamaterial showed outstanding deformability and
was capable of recovering its original shape after
deformation, thanks to its superelasticity and shape
memory properties. This work highlights the immense
potential of AM for creating functional, adaptable metal
metamaterials and introduces a new approach for
developing intelligent metal-based structures.
Pérez-Cerrato et al."® thoroughly investigates the
entire AM process chain for Cu-13.5AI-4.0Ni (wt.%)
SMAs, starting from powder production via gas
atomization and ending with component fabrication
through LPBF. The alloy was specifically designed
to exhibit martensitic transformation above room
temperature, enabling the assessment of the SME
through thermal activation. Throughout the research,
the microstructure and transformation behavior were
examined at various stages, including the initial atomized
powder, LPBF-processed samples with single and double
melting cycles, and post-processing heat treatments such
as HIP.

The findings highlight that high-quality powders
produced through precise gas atomization are
essential, especially to control aluminum content, which
significantly influences the martensitic transformation.
HIP was shown to be an effective post-processing step
for achieving full densification, crucial for functional
applications. Thermal treatments after LPBF, or after
LPBF combined with HIP, are necessary to restore and
optimize the microstructure, preventing the formation of
stable phases that could impair shape memory behavior.
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When subjected to appropriate thermal treatments, the
Cu-Al-Ni SMAs demonstrated excellent thermoelastic
martensitic transformation with low thermal hysteresis
(~16°C) and showed highly reproducible superelastic
cycles up to 1.5% strain. The SME was successfully
activated through heating in thermally treated samples,
indicating promising potential for practical applications'**”".

In conclusion, the synergy between Cu-based SMAs
and laser-based AM techniques like SLM presents
a promising pathway toward fabricating complex,
high-performance smart objects for 3D/4D printing
applications. Continued research focused on process
optimization, alloy development, and microstructural
tailoring will be essential to unlock the full potential of
these materials in innovative smart device architectures.

4.1.3 Fe-based SMAs

Research specifically addressing the AM of Fe-
SMA materials remains relatively scarce, despite the
widespread use of AM techniques in metallic alloys,
especially Ni-Ti-based systems. Among the existing
studies on AM-fabricated Fe-SMAs, techniques such
as LPBF and DED"®"***) are commonly preferred
over SLM"®?, This preference stems from issues like
pronounced surface cracking and reduced manufacturing
efficiency associated with SLM when used for Fe-SMA
fabrication. The upcoming sections offer a concise
overview of LPBF and DED technologies, both of
which have been employed for producing Fe-SMAs.
These methods represent two major categories within
metal AM. Although they share some similarities, they
differ significantly in aspects such as material supply
mechanisms and energy sources, for example, DED
typically uses a laser or electron beam, while wire arc AM
mainly relies on an electric arc as its energy source.

Niendorf et al.""**' demonstrated, for the first time,
that an Fe-based, high Mn-Al shape memory alloy
exhibiting good pseudo-elasticity can be processed by
AM. The microstructural evolution during processing is
strongly influenced by thermal gradients and solidification
velocity, which depend on processing parameters and
specimen geometry. A single-step solutionizing heat
treatment induces significant grain growth, leading to
microstructures that display good reversibility. Mechanical
testing revealed a maximum reversible pseudo-elastic
strain of approximately 7.5%. These findings highlight
that microstructural design, such as establishing a
coarse-grained microstructure, is essential for achieving
desirable pseudo-elastic behavior. The reversibility of
the martensitic transformation was confirmed through
mechanical data. However, issues such as degradation
during testing and surface cracking are detrimental and
require further investigation. Future research should
focus on microstructural engineering, such as epitaxial
growth of columnar grains, to optimize properties for

additively manufactured Fe-Mn-Al-Ni SMAs.

Yang et al."*"' conducted a comprehensive investigation
into the orthopedic potential of biodegradable Fe-Mn-
Cu alloys. Their study focused on understanding the
mechanical properties, wear resistance, MRI compatibility,
biodegradation behavior, antibacterial efficacy,
cytocompatibility, and osteogenic differentiation capacity
of these materials. They systematically characterized
the microstructure, mechanical performance, and
biological responses of an Fe-30Mn-6Cu alloy produced
via SLM. For comparison, a Cu-free Fe-30Mn alloy was
also fabricated under similar conditions. The addition of
6 wt.% Cu stabilized the y-austenite phase, resulting in
increased yield strength, enhanced wear resistance, faster
electrochemical biodegradation, and strong antibacterial
activity. Specifically, the SLMed Fe-30Mn-6Cu exhibited a
fully y-austenite microstructure with fine grains (~7um)
and Cu-enriched intergranular second-phase particles. It
achieved a yield strength of approximately 230MPa—about
24% higher than the Cu-free alloy—and demonstrated
improved tribological performance, low magnetic saturation,
and susceptibility. The biodegradation rate was three times
higher than the Cu-free sample, and the alloy showed
over 99% bacteriostatic rate against E. coli and S. aureus.
Additionally, it exhibited excellent cytocompatibility and
promoted osteogenic differentiation in MC3T3-E1 cells.
These findings enhance understanding of the structure-
property-function relationships in multifunctional Fe-Mn-Cu
alloys and highlight their potential for orthopedic implant
applications.

4.3 LPBF and SLS Printing in SMA
Manufacturing

LPBF shares core principles with SLM but emphasizes
a layer-by-layer deposition of powdered metal, selectively
melted by a focused laser beam guided by advanced
galvanometric scanners. As depicted in Figure 3A, a
thin layer of metal powder is evenly spread over the
build platform; the laser then selectively fuses the
powder in regions defined by the 3D model, repeating
this cycle to produce intricate parts with high geometric
fidelity and excellent surface finishes. The high energy
density inherent to LPBF facilitates the rapid melting and
solidification of NiTi powders, creating dense structures
with complex internal geometries. Nonetheless, the
process involves a delicate balance: excessive energy
can induce vaporization and thermal stresses, leading
to defects such as porosity or cracking. Conversely,
insufficient energy results in incomplete fusion,
compromising mechanical integrity (Figure 9). Recent
advances have targeted micro-scale LPBF (p-LPBF),
where reducing the laser spot size, powder particle
dimensions, and layer thickness allows for feature sizes
below 300um, vital for microdevice fabrication**> "%,

Xiong et al.""*®’ demonstrated that optimizing laser
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Figure 9. Overview of LPBF Process, Complex NiTi Structures, Defect Reduction with Energy Density, and Build Orientations for

Structural Analysis. (A) The working principle of LPBF is illustrated in Ref.'"**), (B) Various complex structures fabricated using NiTi alloy are
depicted in Ref."*”, (C) The as-printed cubic Nis1.2Tias.s samples demonstrate a reduction in macroscopic defects such as cracks, warping, and
delamination as the volumetric energy density increases, as shown in Ref.""””". (D) A schematic diagram presents the arrangement of builds for

structural analysis, fabricated at orientations of 0°, 45°, and 90°, under identical process parameters, as detailed in Ref."*",

parameters with smaller laser spots and powders
produced NiTi microdevices exhibiting superior shape
memory and mechanical properties, distinct from those
obtained via traditional LPBF (see Figure 3B). These
microstructures often display fewer pores and cracks,
enhancing superelasticity and functional stability,
although post-fabrication heat treatments are typically
needed to activate full shape memory responses.

Moreover, by adjusting parameters such as laser
power and scan rate, researchers like Xue et al.'**”!
have suppressed defect formation, thereby significantly
enhancing the superelastic behavior of printed NiTi
components. Such precise control enables the fabrication
of complex, load-bearing structures suitable for biomedical
and aerospace applications. Additionally, Nematollahi
et al."*” explored the influence of build orientation (0°,
45°, 90° relative to the build plate) on microstructure
and shape memory properties, revealing the potential to
engineer anisotropic SMA components through orientation
control (see Figure 3D). The continuous refinement of
LPBF techniques, especially in the micro-scale domain,
promises to revolutionize the production of customized
biomedical devices, smart implants, and tissue scaffolds
with intricate internal architectures, pushing the frontiers

of personalized healthcare.

Shishkovsky et al.""”*! explored the temperature-
dependent electrical resistivity of porous NiTi articles
fabricated through SLS, highlighting their potential for
exhibiting the SME. Their investigations reveal that
porous NiTi samples derived from elemental Ni and Ti
powders demonstrate the likelihood of shape memory
behavior within a temperature range from -50°C to
0°C. In contrast, samples produced from commercial
PV N55T45 grade NiTi powder via laser sintering display
this effect in a higher temperature window of +25°C to
+50°C. These findings suggest that layered synthesis
using SLS can produce porous NiTi structures capable of
self-actuation at biologically relevant temperatures.

The presence of the SME in these porous, layer-by-
layer fabricated monolayers opens promising avenues for
advanced biomedical applications. Such materials could
serve as self-activating implants, sensors, or devices that
automatically adjust, fix, or deploy within the human body.
The inherent porosity also offers a significant advantage for
tissue integration, promoting soft tissue ingrowth, which
enhances biocompatibility and expedites healing processes.
Overall, harnessing the shape memory properties of
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Figure 10. Schematic and Microstructural Analysis of EBM Process. (A) Schematic illustration of the EBM process.
Reprinted with permission from Ref.""”*". (B) An imprinted cubic Nis1.2Ti4s.s component demonstrating that higher bulk energy
density results in a reduction of large-scale defects such as cracks, warping, and delamination. Reprinted with permission
from Ref."'®’, (C) X-ray computed tomography (XRT) 3D reconstructed image of an EBM-fabricated NiTi alloy. Reprinted with

permission from Ref.""””,

SLS-produced porous NiTi paves the way for innovative
solutions in orthopedics and regenerative medicine,
elevating the functionality and effectiveness of future
implantable devices" "',

Xue et al.""”*! reported that porous titanium and nitinol
implants can be precisely fabricated via SLS/Melting,
offering superior control over composition, porosity,
and near-net-shape production. The process’s rapid
cycle and high temperatures minimize contamination
and energy use, producing high-quality, biocompatible
structures. Notably, porous NiTi exhibits a martensitic
transformation around -50°C to 0°C, indicating shape
memory capabilities suitable for biomedical applications.
Histological analysis shows excellent biocompatibility,
with no corrosion or adverse tissue reactions, and strong
bone integration akin to native tissue. Cell culture studies
demonstrate that these porous implants support cell
adhesion, proliferation, and differentiation, especially
when combined with hydroxyapatite. Overall, SLS-
produced porous Ti and NiTi show immense promise
for advanced tissue engineering, craniofacial, and load-
bearing implants, combining mechanical performance
with biological compatibility" .

4.2 EBM for SMAs Fabrication
4.2.1 NiTi-based Objects
EBM, pioneered at the University of Gothenburg and

later commercialized by Arcam (acquired by GE Additive
in 2016), represents a distinctive subset of powder bed
fusion technologies that utilize a high-energy electron
beam as the heat source. Unlike laser-based methods,
EBM operates within a vacuum chamber, which prevents
beam scattering and reduces contamination, thereby
enabling the production of high-purity, dense metallic

components'’>"77,

Fundamentally, EBM employs an electron gun that
accelerates electrons to generate a focused, high-
intensity beam directed at a powder bed. The process
begins with preheating the entire build chamber to
elevated temperatures, up to 1000°C, facilitated by the
electron beam itself. This preheating reduces residual
stresses, minimizes thermal gradients, and promotes
uniform melting. As depicted in Figure 4A, the electron
beam selectively scans the powder layer in accordance
with the sliced 3D data, fusing particles into a cohesive
solid during each pass (Figure 10).

A key advantage of EBM is its capacity for rapid
layer deposition at elevated temperatures, which
facilitates the formation of microstructures with reduced
residual stresses and improved mechanical properties.
The process’s high thermal input allows for the direct
fabrication of complex, dense NiTi SMA structures with
minimal post-processing. In addition, the absence of
support structures, thanks to the self-supporting nature
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of the partially melted powder, reduces material usage
and simplifies removal""* %,

Research by Pu et al."’®’ demonstrated that tailored
heat treatments, such as aging, can significantly
enhance the superelasticity and shape recovery of NiTi
alloys produced via EBM, owing to the high density and
controlled microstructure achievable with this method.
Moreover, NiTi's intrinsic corrosion resistance and wear
properties are preserved, making EBM-fabricated
SMAs particularly suitable for biomedical implants and
implantable devices.

However, the process’s high energy density can
introduce defects, such as small pores or uneven
microstructures, which influence corrosion resistance
and fatigue life. Zhang et al. showed that optimizing
process parameters affects the defect landscape within
EBM-produced NiTi, with more uniform pore distributions
correlating with enhanced corrosion resistance (see
Figure 4B and 4C). Precise control over the energy input,
scan strategy, and preheating conditions is essential for
attaining reliable, high-performance SMA parts™’’*’?, The
high-temperature environment in EBM also opens new
possibilities for fabricating functionally graded materials
and complex porous structures, which are advantageous
in biomedical tissue scaffolds, orthopedic implants, and
smart actuators. Its ability to produce dense, oxidation-
free, and customizable NiTi components makes EBM a
promising platform for personalized, high-value medical
solutions and advanced aerospace components.

Dutkiewicz et al.""**) demonstrated the successful
application of the EBAM method to fabricate high-quality
NiTi components with a rectangular geometry. Utilizing an
electron beam welding system with a wire feeder inside
a vacuum chamber, NiTi wire containing approximately
50.97 at.% Ni was processed, resulting in a material
characterized by columnar grains elongated along the
build direction, indicative of epitaxial grain growth directly
from the substrate. The AD material exhibited martensitic
and reverse transformations over a temperature range
from —10 to 44°C. Post-deposition aging at 500°C shifted
these transformation peaks to higher temperatures and
sharpened their profiles. The material demonstrated a
maximum recoverable strain of approximately 3.5%
when deformed along the deposition axis. When aged at
500°C for 2 hours, the alloy showed martensite formation
at lower stress levels, with a gradual increase in stress
at around 2.5% strain and limited shape recovery, likely
due to higher martensitic transformation temperatures.
In situ SEM tensile testing perpendicular to the
deposition direction revealed that martensite nucleated
heterogeneously at grain boundaries and surfaces, with
crystallographic relationships identified between B2 and
B19’ martensite phases, including (100)B2||(100)B19’
and (100)B2||(011)B19". Fully austenitic microstructure
was observed in samples aged at 500 °C, but increasing

deformation induced martensite formation, predominantly
with a 45° tilt relative to the tensile axis, along with the
presence of type I invariant twin boundaries at higher
strains. These findings highlight the capacity of EBAM
to produce NiTi structures with desirable microstructural
features and shape memory properties, demonstrating
potential for advanced applications in smart materials
and biomedical devices'*.

Otubo et al.”*) compared traditional vacuum induction
melting (VIM) and innovative EBM processes for
producing NiTi SMAs. While VIM using graphite crucibles
introduces significant carbon contamination, up to ten
times higher than EBM, EBM with water-cooled CU
crucibles effectively minimizes both carbon and oxygen
impurities due to operation in high vacuum. Adjustments
in VIM, such as replacing graphite crucibles with low-
porosity variants and increasing crucible size, can halve
carbon content, yet EBM consistently achieves much
lower levels, as low as 70ppm. Since contamination by
carbon and oxygen directly influences the martensitic
transformation temperatures, reducing them by up to
100°C, the purity of the final product is crucial, especially
for biomedical applications. Ultimately, EBM proves to be
a viable and superior method for producing high-purity
NiTi alloys with controlled transformation properties,
essential for advanced functional and medical devices "

Altug-Peduk et al."®” explored the AM of NiTi SMAs
via EBM, focusing on how processing conditions influence
microstructure and hardness. Microstructural analyses
using SEM, EDS, and XRD confirmed that the powder
and bulk Ti-55% Ni components possess desired particle
sizes, high packing density, and phase compositions
aligning with literature; featuring austenite, martensite,
and Tiz2Ni intermetallic phases. Process parameters such
as scanning speed, beam current, and preheating were
optimized to produce dense, well-structured samples,
with XRD revealing a dominant austenitic phase and
a secondary monoclinic martensite phase. Hardness
measurements ranged from 264 to 417HV, indicating
suitability for functional applications. Overall, EBM
demonstrates a promising approach for fabricating
complex NiTi components with controlled microstructures,
offering significant advantages for biomedical and
aerospace industries. Future investigations will focus
on shape memory and superelastic behaviors of these
additively manufactured alloys™**”".

4.2.2 Cu-based SMAs

This section explores how the EBM process influences
the microstructure and mechanical performance of Cu-
based SMAs, highlighting the relationship between
manufacturing parameters and final quality. Additionally,
the impact of post-processing techniques, such as
thermal treatments, is examined to demonstrate
methods for enhancing the overall quality and
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performance of the printed CU-based components!' * "%,

The AM of CU alloys via EBM has been extensively
investigated for various applications, including non-
SMA %8 gnd SMAMY'%?l CU-based alloys. EBM’s high
energy density and rapid thermal cycles enable the
fabrication of complex copper structures with tailored
microstructures and enhanced properties. For example,
Momeni et al."*" examined the microstructural evolution
of Cu-25Cr alloys processed by EBM, revealing a fine,
heterogeneous microstructure with Cr-rich phases and
sub-micron Cr spheroids embedded within the CU matrix.
Ramirez et al."*”' studied the fabrication of CU reticulated
meshes and open-cell foams, observing increased
hardness due to Cu20 precipitates and dislocation
networks, which impede dislocation motion. Further
applications include the development of intricate open-
cell structures for electrical and thermal management¥,
as well as catalytic structures such as high-precision
Raney-Copper foams produced via dealloying'*®’.

CU-based SMAs also exhibit reversible shape changes
and superelasticity, driven by their microstructure
and phase transformations. Using AM techniques like
EBM, it is possible to produce complex Cu-based SMA
components with tailored properties. EBM enables precise
control over microstructure and density, facilitating the
development of advanced smart devices with enhanced
performance. Recent advancements in the fabrication
of SMAs have increasingly relied on AM technologies,
such as EBM, to produce complex, precisely controlled
microstructures. Hussain et al.""*”! demonstrated that
SMAs like TiNi, TiNiPd, and their variants exhibit unique
properties such as superelasticity and SME, which are
highly sensitive to microstructural features, phase
transformations, and precipitate distributions. Studies
have shown that AM processes, including EBM, enable the
tailored development of SMA components with optimized
microstructures, improved mechanical properties, and
enhanced functional performance. For instance, research
by Hussain et al."*”' has highlighted that incorporating
alloying elements such as CU through AM techniques can
significantly modify phase transformation temperatures
and microstructural characteristics, leading to superior
thermal stability and shape memory behavior. These
developments underscore the potential of EBM not
only for fabricating intricate SMA geometries but also
for achieving material properties unattainable by
conventional methods, thus broadening their applications
in biomedical, aerospace, and actuator systems.

Gamzina et al."*®*’ emphasized the importance of post-

processing techniques, particularly electron polishing,
to enhance the surface quality of EBM CU parts. Their
research indicated that electron polishing could improve
the surface resolution by approximately 50%, reducing
surface roughness from several tens of microns to finer
scales. Additionally, their successful deposition of CU onto

alumina substrates showcases the process'’s capability for
multi-material fabrication, opening avenues for integrated
device manufacturing. However, the interfaces between
dissimilar materials require careful control to prevent
defect formation.

4.2.3 Fe-based SMAs

EBM presents a highly promising technique for
joining Fe-based SMAs. Its notable advantages include
exceptional flexibility, thanks to the near-instantaneous
deflection of the beam, a lower heat input compared to
conventional fusion welding methods, and excellent weld
seam protection provided by the vacuum environment.
Consequently, this process is often selected for welding
materials that are typically challenging to join''*',
For SMAs, the concentrated energy delivery ensures
that microstructural modifications are confined to a
small region, minimizing potential impacts on their
functional properties. Despite its potential, the only
available research on vacuum electron beam welding
of Fe-Mn-Al-Ni has been conducted by KrooB et al.”®,
who welded 5-mm-thick bars and examined the
microstructural development and superelastic behavior
under compression after cyclic heat treatment (CHT).
Their findings indicate that the microstructure is slightly
affected in the former weld zone, with grain boundaries
still observable post-CHT. Importantly, no adverse effects
on superelasticity under compression were detected due
to the welding process.

Bauer et al."”” demonstrated that vacuum electron
beam welding provides a reliable method for joining hot-
rolled Fe-Mn-Al-Ni shape memory alloy sheets, producing
very narrow weld seams (less than 500um) and minimal
heat-affected zones, which helps maintain the overall
integrity of the material. The study showed that by
optimizing process parameters, such as preheating with
an oscillating electron beam and beam oscillation during
welding, cracking can be effectively minimized, even
at high cooling rates. Although cyclic heat treatment
can promote abnormal grain growth across the weld
seam, some smaller grains tend to remain within the
former weld zone regardless of welding conditions.
Importantly, the functional superelastic properties are
largely unaffected by the welding process because the
phase transformations responsible for these properties
occur mainly in the larger grains outside the weld zone,
ensuring that structural failure does not originate from
the weld itself.
Torrent et al.”® conducted a study utilizing EBM to
process an iron-manganese-aluminum-nickel (Fe-Mn-
Al-Ni) shape memory alloy on an AISI 304 austenitic
steel substrate, aiming to explore the potential for
creating functionally graded structures comprising
both functional and structural materials. The research
involved fabricating compression specimens with equal
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Figure 11. Schematic and Process Analysis of CMT and WAAM Strategies. (A) Illustration of the Cold Metal Transfer

(CMT) mechanism in EBM processes. Reprinted with permission from Ref.'

201

!, (B) Diagram of the simulation model, depicting

the computational domain used during the fifth layer deposition in the process. (C) Depiction of the deposition strategies and
sample orientations for the WAAM-Inconel 718 wall: the parallel deposition mode (left) and the oscillating deposition mode

(right). Reprinted with permission from Ref.""”,

parts of the shape memory alloy and the steel platform,
followed by microstructural analysis in both the as-built
state and after various heat treatments, with particular
attention to the interface between the two materials.
Using scanning electron microscopy and EBSD, the study
revealed that the as-processed microstructure exhibits
a preferred orientation aligned with the build direction.
Additionally, appropriate post-processing heat treatments
were shown to optimize the microstructure for enhanced
pseudoelastic behavior. Mechanical performance was
evaluated through incremental strain tests, applying
up to 12% compression, demonstrating the material’s
potential for functional applications.

4.3 Wire Arc Additive Manufacturing
(WAAM) for SMAs

4.3.1 NiTi-based Objects

WAAM is an innovative technique that constructs 3D
metal components by sequentially melting and depositing
metal wires or arcs, as illustrated in Figure 5A. This
process employs controlled arc welding, such as GMAW,
to fuse successive layers, offering a scalable and cost-
effective route for producing large, complex-shaped
SMAs!*,

WAAM’s core advantage lies in its capacity to deposit
high volumes of material rapidly, making it especially
suitable for fabricating sizeable NiTi structures that are
otherwise challenging to produce with powder-based
methods. By precisely adjusting welding parameters,
such as current, voltage, travel speed, and wire feed rate,
manufacturers can tailor microstructure and mechanical
properties to specific application needs. This flexibility
enables the fabrication of components with complex
geometries, including biomedical implants, aerospace
parts, and adaptive mechanisms (Figure 11)"°",

Recent developments include the integration of
CFD modeling to simulate molten pool dynamics and
optimize processing conditions. For example, Zuo et
al. employed a Ta foil-composite NiTi wire as feedstock
and used in-situ arc synthesis to produce NiTiTa ternary
SMA components with high geometrical accuracy and
tailored microstructures'””!. Their work demonstrated
that oscillating deposition modes promote better melt
pool wettability, reducing overflow and defects, which is
critical for achieving high-quality, functional NiTi parts.

Furthermore, the development of advanced process
control strategies, incorporating real-time monitoring of
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temperature, arc stability, and melt pool behavior, has led
to improved microstructural uniformity and minimized
defects such as porosity and cracks. These enhancements
translate into superior shape memory performance,
including improved superelasticity and fatigue resistance.

WAAM's high deposition rate and material efficiency
make it ideal for producing large-scale SMA components
for aerospace, biomedical, and structural applications.
Its adaptability for bioprinting remains an emerging
frontier, promising the direct fabrication of patient-specific
implants and tissues with complex architectures, thereby
revolutionizing personalized medicine and regenerative
therapies.

4.3.2 Cu-based SMAs

It is reported that Cu-based SMAs, due to their high
alloying content and complex microstructural features,
are particularly sensitive to thermal cycling during AM
processes such as WAAM. The repeated thermal cycles
are expected to influence the microstructure evolution,
precipitate formation, and resultant mechanical
properties, potentially leading to anisotropic behavior
and internal defects. Given the nature of WAAM, which
involves layer-by-layer deposition with localized high
temperatures, it is anticipated that thermal accumulation
will cause partial remelting of previous layers, impacting
phase stability and hardness. Additionally, the formation
of microcracks and porosity during rapid cooling and
reheating cycles is a concern that could compromise

)3,204]

mechanical integrity"*****,

Al-Zn-Mg-Cu alloys are highly valued in aerospace
applications due to their favorable strength-to-weight
ratio and corrosion resistance'’””’. WAAM offers a
promising route for producing large-scale, complex
metallic structures from these alloys””* "), However,
understanding the influence of WAAM's thermal cycles
on the microstructural development and mechanical
performance remains limited. Yu et al.”'" systematically
examined the thermal history during WAAM,
quantifying the temperature profiles and their effects on
microstructure evolution and mechanical behavior of the
deposited Al-Zn-Mg-Cu alloy.

The thermal cycles inherent to WAAM resulted in
accumulated heat within the previously deposited layers,
with peak temperatures exceeding 700°C after multiple
layers, notably surpassing the eutectic liquation threshold
of 478°C. This repeated thermal exposure led to partial
remelting of earlier layers, influencing the microstructure
and mechanical properties. Microstructural analysis
revealed the presence of microcracks, primarily liquation
cracks, pores, and interdendritic crystalline phases, all
of which contributed to a reduction in tensile strength.
The tensile properties measured were approximately
300MPa in the transverse direction and 250MPa along

the deposition (longitudinal) axis. The microstructure
predominantly featured grains oriented at about
65° relative to the build direction, which resulted in
anisotropic tensile behavior; notably, the fracture path
in vertical specimens often intersected brittle n phases,
Mg(Zn,Cu,Al)2, further compromising mechanical

integrity.

Microhardness measurements indicated a dynamic
evolution correlated with the thermal history. The
hardness peaked at approximately 130HV after four to
seven thermal cycles, primarily due to the formation
of Guinier-Preston zones, which serve as effective
precipitate strengthening agents. Conversely, sustained
high-temperature exposure led to a hardness reduction
to around 104HV, associated with the development of
fine n’ and coarse n phases. These phases, resulting
from continuous thermal cycling, significantly influenced
the precipitation behavior and overall hardness profile,
effectively dividing the microhardness distribution
into two zones: an unstable zone characterized by
phase transformations and a stable zone where the
microstructure was more resistant to further changes.
Overall, this study demonstrates that the thermal
cycles in WAAM critically impact the microstructural
features and mechanical performance of Al-Zn-Mg-Cu
alloys. Controlling process parameters such as peak
temperature and cooling rate is essential to mitigate
adverse effects like cracking and undesirable phase
coarsening, thereby enhancing the structural integrity
and functional properties of additively manufactured
aerospace components'*',

Al-Cu alloys offer significant potential for aerospace
applications, but WAAM processing introduces challenges
related to liquation cracking. Xu et al.””'”! investigates
the mechanisms underlying crack initiation, emphasizing
microstructural evolution, grain boundary characteristics,
Cu segregation, and eutectic transformations.

Macrocracks (6-9cm length, 5.6-7mm depth)
predominantly occur at the bottom of the build, forming
as liquation cracks along high-angle grain boundaries
(30°-60°). During re-heating, temperatures surpassing
548 °C induce partial melting, transforming discontinuous
eutectics into continuous divorced eutectics within
grain boundaries. Microstructural analysis reveals a
transition from fine grains at the fusion zone (due to high
thermal gradients), to coarse columnar grains in inner
layers, resulting in reduced grain boundary density and
increased crack susceptibility. Solute segregation remains
relatively uniform across layers, as indicated by Scheil
modeling. The combination of low grain boundary density
and coarse grain structure promotes the formation of
wider liquid films during re-solidification, which, coupled
with intergranular strains, facilitates crack initiation and
propagation along high-angle boundaries. These findings
highlight that liquation cracking is primarily driven
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by grain boundary liquid film formation in conditions
of low boundary density and high strain, rather than
solidification cracking'**”.

Understanding these microstructural and thermal
factors provides avenues for optimizing WAAM
parameters, such as controlling thermal gradients and
grain boundary characteristics, to mitigate cracking and
enhance the reliability of additively manufactured Al-
Cu aerospace components. While high-performance
AM of small aluminum components is well-established,
producing large-sized parts via WAAM remains
challenging in achieving uniform microstructure and
superior mechanical properties. Xu et al.””"*) employed
cold metal transfer WAAM (CMT-WAAM) to fabricate Al-
5.49Cu-0.4Mn-0.29Cd (ACMC) alloy, aiming to optimize
microstructure and enhance mechanical performance.

The AD samples exhibit a layered structure composed
of equiaxed grains, with significant Cu-rich eutectic
precipitates at grain boundaries. Microstructural stability
is maintained after heat treatment, with negligible grain
size variation (23um). Heat treatment dissolves the
eutectic phases, enabling Cu to enter the a-Al matrix
and precipitate fine 8’ phases (100-200nm), which are
uniformly distributed. The presence of Cd promotes 6’
precipitation via Cu-Cd vacancy clusters, while secondary
phases such as Al;(Ti, Zr) and micron-sized ACMF phases
influence crack behavior and grain boundary stability.

Mechanical testing reveals significant improvements
post heat treatment, with UTS reaching 483.7MPa, YS
at 412.3MPa, and microhardness increasing from 80HV
to 159HV. The primary strengthening mechanism is
precipitation hardening by 6’ phases, which impede
dislocation motion. Fracture mode transitions from
intergranular in the AD state, facilitated by eutectic phase
separation, to transgranular in HT samples, reflecting
enhanced matrix strength and crack resistance. This
work elucidates the microstructure evolution mechanisms
that govern the mechanical enhancements in CMT-
WAAM ACMC alloys, providing a theoretical foundation
for microstructural optimization and the development of
large-scale high-performance aluminum components for
aerospace applications”?,

4.3.3 Iron-based SMAs

Among AM techniques, WAAM is a form of DED,
utilizing an electric arc as the heat source and metal
wire(s) as the material feedstock. WAAM offers
economic advantages by employing commonly available
equipment and raw materials widely used in welding. A
substantial concentration of solute elements can create
a broad freezing interval, resulting in a slow solidification
process where the liquid fraction decreases gradually.
As solidification concludes, a small residual liquid in the
interdendritic regions can cause cracking under tensile

stress, since this tiny amount of liquid cannot sustain the
structural integrity of the surrounding solidified material.
This phenomenon is a general principle of solidification
cracking, although the specific cracking mechanisms
vary depending on the alloy system and require detailed
investigation for each case.

During WAAM, hot or solidification cracking can pose
significant challenges, especially when depositing alloys
rich in solutes such as Inconel 718. The formation of
phases like Laves phase, which is influenced by the heat
input during processing, often contributes to hot cracking
issues. Similarly, the WAAM of functionally graded
structures combining Inconel 625 and stainless steel
308L has encountered such problems, as noted by Li et
al”*! .They observed that segregation of elements like
niobium and molybdenum led to the formation of low-
melting-point metal carbides and Laves phases at grain
boundaries, causing fracture in the deposit.

Koley and Ganguly'”**! conducted a study focusing
on the fabrication of iron-based SMA (FeSMA) using
WAAM, a form of DED. They utilized a metal powder-
cored wire as the feedstock and employed a plasma-
transferred arc welding torch attached to an industrial
robot for the deposition process. During manufacturing,
severe hot cracking was encountered, with vertical
cracks developing along the build direction during the
solidification of each layer. Once initiated, these cracks
propagated upward through subsequent layers, making
repair efforts ineffective. The cracks were closely
associated with non-equilibrium secondary phases arising
from intense solute segregation. Chemical analysis of
these phases revealed oxygen ingress and significant
solute enrichment, which contributed to an expanded
solidification range and increased kinematic viscosity
in the secondary phases. This broader freezing interval
likely facilitated micro-crack nucleation toward the
end of solidification, while the high viscosity hindered
liquid flow from filling and healing these micro-defects.
Additionally, residual stresses aligned along the length
of the deposit, perpendicular to the cracks, promoted
crack growth and coalescence, ultimately leading to
embrittlement and compromised structural integrity. To
address these issues, machine hammer peening was
applied to each freshly deposited layer. This treatment
altered the residual stress distribution, microstructural
characteristics, and crystallographic texture, notably
reducing the prevalence of detrimental cubic textures and
increasing the proportion of low-angle grain boundaries
and =3 boundaries. These modifications significantly
enhanced the alloy’s resistance to cracking and fracture.

215]

Felice et al.”*® explored the application of FeSMAs,
which are a type of smart material characterized by their
shape memory and superelastic properties. Unlike other
SMAs, FeSMAs are notable for their cost-effectiveness,
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weldability, and strong mechanical behavior, making
them particularly suitable for use in the construction
sector. Recognizing their potential, this study marks a
pioneering effort to incorporate a Fe-Mn-Si-Cr-Ni-V-C
SMA into arc-based directed energy deposition AM,
specifically WAAM. The research focused on analyzing
the microstructural development and the resultant
mechanical and functional properties of the produced
material. The WAAM-fabricated FeSMA exhibited minimal
porosity and high deposition efficiency. Microstructural
investigations, employing electron microscopy and
high-energy synchrotron X-ray diffraction, revealed
that the AD alloy predominantly consisted of the y
FCC phase, along with smaller quantities of VC, €, and
o phases. Mechanical testing, including tensile and
cyclic evaluations, demonstrated the alloy’s impressive
performance, with a yield strength of 472MPa, a fracture
stress of 821MPa, and a fracture strain of 26%. Post-
mortem synchrotron X-ray diffraction confirmed the
transformation of the y phase to the € phase during
tensile deformation leading to fracture. Furthermore,
cyclic testing over 100 load/unload cycles showed stable
functional behavior, indicating the material’s promising
potential for structural applications.

5 ADVANCED AM OF ARCHI-
TECTED SMAS

To obtain high-quality, functional parts, the use of
appropriate feedstock material is essential and often
constitutes a limiting factor in fabricating complex
architected components. In LPBF processes, powders
must have a suitable size distribution and flowability to
form a dense powder bed. This is particularly critical in
lattice structures, where the density of the powder bed
directly impacts the integrity of small features such as
thin struts. Imperfections or insufficient density can lead
to rupture during processing, compromising the entire
component. Additionally, the powder must be free of
excessive contaminants such as oxygen (O), nitrogen (N),
and carbon (C), which can form permanent inclusions,
alter transformation temperatures, and reduce fatigue life.
Oxygen content is especially critical, as it tends to increase
during processing; powders with larger particle sizes, like
those used in DED or wire-based processes, have a lower
surface-to-volume ratio and are less prone to oxidation
but offer lower resolution. Conversely, the small powders
used in LPBF provide finer detail but are more susceptible
to oxidation, which can increase surface roughness and
introduce impurities affecting the microstructure*”,

Powder contamination with oxide inclusions or
impurities can lead to increased surface roughness,
particularly in thin features such as lattice struts, which
are sensitive to sintering anomalies. The presence of
adherent or partially sintered particles can compromise
mechanical performance and lead to increased roughness
correlated with particle size”'®'. Moreover, process

parameters such as laser power, scan speed, and energy
density must be carefully optimized to minimize issues
such as nickel evaporation and oxygen pick-up. Excessive
energy input can cause nickel loss and promote impurity
absorption, distorting the transformation temperatures
critical for functional properties'”’’. Regulatory standards
often specify that oxygen levels in the final component
must be below 500ppm to ensure biocompatibility and

consistent behavior**®,

Studies have demonstrated that increasing energy
density during processing can elevate nickel evaporation
and impurity incorporation, with even minor variations
(around 0.1 atomic percent Ni) leading to temperature
shifts of approximately 10°C within the material®****",
Conversely, elements such as C and O tend to form
oxides and carbides, reducing Ti content and potentially
decreasing transformation temperatures. Therefore, both
feedstock quality and minimization of oxygen uptake are
vital for producing reliable NiTi components, especially in
biomedical applications where high surface exposure to
oxidation presents additional challenges*".

For fabricating complex lattice geometries, two main
approaches are used:

Computer-aided design (CAD): Using CAD files
with predefined pore geometries allows for precise control
over pore size and distribution, leading to high accuracy
and predictable mechanical behavior. This method is
preferred for biomedical implants where pore architecture
influences osseointegration and tissue growth.

Parameter-Driven Porosity: Adjusting scanning
parameters, such as hatch distance, laser power, and
scan orientation, during printing can induce porosity
in otherwise dense structures. This approach offers
higher productivity and design flexibility but results in
less uniform pore geometries and irregular surfaces. For
example, Habijan et al.”””! investigated such strategies
by comparing parts with CAD-designed porosity
against those created by process parameter variation,
showing feasible porosity control but increased surface
irregularities and Ni-ion release due to entrapped
powders.

The advent of AM has revolutionized the fabrication of
complex, architected structures from SMAs, particularly
NiTi, owing to its unique thermo-mechanical properties.
The capability to precisely control internal geometries
enables the development of lattice architectures that
exhibit tailored mechanical responses, enhanced
biocompatibility, and optimized functional performance
for advanced biomedical applications and smart structural
components.

5.1 Material Selection and Powder
Characteristics

The foundational element of successful lattice
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fabrication is the choice of high-purity NiTi powder,
which must possess stringent specifications regarding
particle size distribution, flowability, and chemical purity.
Typically, powders with a particle size range of 15-45um
are employed in LPBF, providing a balance between
resolution and process stability. Achieving a spherical
morphology with minimal satellite particles ensures
uniform flow and packing density, which are critical for
fabricating defect-free lattice structures with consistent
mechanical properties.

Alloys with controlled compositions, often near
equiatomic NiTi, are prepared using VIM followed by
gas atomization. Post-atomization heat treatments or
sieving processes are employed to refine particle size and
remove agglomerates, thereby reducing the likelihood of
internal porosity and surface irregularities. The chemical
purity, especially low levels of oxygen (<500ppm), is
vital, as oxygen incorporation during processing can lead
to the formation of brittle titanium oxides, impairing the
SME and fatigue life.

5.2 AM Techniques for Lattice Fabrication

LPBF remains the predominant technique for
constructing NiTi lattice architectures, owing to its
ability to produce intricate geometries with micron-scale
resolution. The process involves selectively melting layers
of NiTi powder with a high-powered laser, following finely
tuned process parameters: laser power, scan speed,
hatch spacing, and layer thickness. These parameters
directly influence the thermal gradients, cooling rates,
and residual stresses within the build, which in turn
dictate microstructure evolution and defect formation.

Alternative methods such as DED and EBM are also
explored for larger-scale or functionally graded lattices.
DED offers higher build rates and the possibility of in-situ
alloying or compositional gradients, while EBM provides
higher process stability and reduced oxidation due to the
vacuum environment.

5.3 Architectural Design of Lattice
Structures

Designing lattice architectures involves a dual
approach: geometric parametric control and functional
optimization. CAD-based models enable the precise
definition of unit cell geometries, such as octahedral,
diamond, or truncated cubic cells, allowing for predictable
mechanical properties, controlled porosity, and tailored
stiffness. These designs facilitate cellular structures with
interconnected porosity, promoting tissue ingrowth,
vascularization, and nutrient transport, which are
essential in biomedical implants.

Alternatively, process-driven porosity generation
leverages the modulation of process parameters
during fabrication. By adjusting laser power and scan

speed dynamically, engineers can induce controlled
variations in density within the lattice, creating gradient
porosity tailored to specific functional zones. While this
method offers rapid prototyping advantages, it often
results in less uniform pore sizes and irregular surface
textures, which require post-processing for clinical-grade
applications.

5.4 Microstructural Evolution and
Defect Formation

The microstructure attained through AM greatly
influences the functional properties of NiTi lattices. Rapid
cooling rates inherent in LPBF lead to the formation of
fine martensitic or R-phase microstructures, which are
crucial for the SME and superelasticity. However, process-
induced defects, such as lack of fusion, keyhole porosity,
and gas entrapment, pose significant challenges.

Micro-CT analysis reveals that internal porosity within
lattice struts can range from a few micrometers to
several hundred micrometers, depending on process
parameters. For instance, suboptimal laser energy input
often results in incomplete melting, leaving unbonded
regions or residual pores that compromise mechanical
integrity. Conversely, excessive energy induces keyhole
porosity, spherical voids caused by vaporization; reducing
fatigue life and altering transformation behavior.

Optimizing the energy density, often expressed as
E=P/(vxh)E=P/(v\times h)E=P/(vxh), where PPP is
laser power, vvv is scan speed, and hhh is hatch spacing,
is critical. For NiTi, studies have shown that energy
densities in the range of 50-80J/mm3 promote dense,
well-bonded microstructures with minimal porosity,
whereas deviations outside this window increase defect
prevalence.

5.5 Microstructural Control and Phase
Transformation

The microstructure within NiTi lattice structures
influences their shape memory and superelastic behavior.
Rapid cooling during LPBF promotes a predominantly
martensitic microstructure at room temperature, which
can be further manipulated through post-process heat
treatments. Solution annealing and aging can stabilize
austenite or martensite phases, tuning the transformation
temperatures (MsM_sMs, AsA_sAs) to desired levels for
specific applications.

The phase transformation behavior is sensitive to
residual stresses, grain size, and impurity levels. For
example, residual stresses introduced during rapid
cooling can shift transformation temperatures, affecting
actuation performance. Similarly, oxygen contamination
can precipitate Ti oxides that act as stress concentrators,
reducing fatigue strength. Thus, precise control over
process atmosphere (preferably inert or vacuum),
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powder chemistry, and thermal post-treatments is
essential.

5.6 Mechanical Performance and Functional
Testing

The mechanical response of NiTi lattice structures is
characterized by a combination of elastic deformation,
phase transformation, and plasticity. Their superelasticity
enables large recoverable strains (>6%), making them
suitable for load-bearing implants and actuators. Finite
element modeling, coupled with experimental validation,
guides the optimization of unit cell geometry and strut
dimensions to balance stiffness, strength, and damping.

Fatigue testing under cyclic thermomechanical
loading reveals that defect density, surface roughness,
and residual stresses are critical factors influencing
durability. For biomedical devices, long-term stability
under physiological conditions requires rigorous
testing, including corrosion resistance assessments and
biocompatibility evaluations.

The integration of computational topology optimization
with AM techniques paves the way for next-generation
NiTi lattice structures with hierarchical porosity and
multiscale functionalities. AM's ability to produce patient-
specific implants with complex internal architectures
opens new horizons in personalized medicine.

However, challenges remain in achieving consistent
microstructure control, minimizing defects, and scaling up
production while maintaining rigorous quality standards.
Innovations in process monitoring, in-situ feedback
control, and advanced post-processing treatments are
vital to fully harness the potential of architected SMAs
fabricated via AM.

6 GEOMETRICAL QUALIFI-
CATION

6.1 Internal Defects

Additively manufactured parts often contain defects
related to powder quality and process parameters. The
most common issues include lack of fusion, porosity,
and gas entrapment, which can be detected via micro-
CT scanning. Studies by Gustmann et al.”””’' and Biffi
et al.””*** utilized micro-CT to analyze 3D-printed
NiTi lattice samples, revealing that porosity within
diamond-like lattice structures ranged from 30um to
250um, with defect sphericity ratios between 0.45 and
0.7. Homogeneous defect distribution was achievable
through optimized scanning strategies. The shape and
size of internal pores are strongly influenced by process
parameters: insufficient energy results in low sphericity
and incomplete fusion, while excessive energy induces
spherical pores due to gas entrapment. Yang et al.””*"
further assessed defect formation across different strut

diameters and scanning velocities, observing that defects
tend to concentrate at nodes, with diameters limited to
less than 0.2mm. Lower scanning speeds (e.g., 200mm/
s) reduced defect quantity, whereas higher speeds (e.g.,
800mmy/s) increased defect size and number, especially
in finer structures.

6.2 Dimensional Qualification

Beyond internal defects, process-induced geometrical
deviations such as distortion and dimensional inaccuracies
impact the performance of lattice structures, especially in
biomedical applications where fit and function are critical.
The accuracy of LPBF parts depends on laser spot size,
layer thickness, scan speed, and thermal behavior, often
described through volumetric energy density equations,
such as:

E=PvxhE=\frac{P}{v \times h}E=vxhP

where PPP is laser power, vvv is scan speed, and hhh is
hatch spacing. Variations in these parameters influence
the final geometry, surface quality, and microstructure.

Studies indicate that higher laser power can cause
over-melting, leading to thicker struts and dimensional
mismatches. For instance, Dadbakhsh et al.'**”’ fabricated
NiTi porous scaffolds with octahedral units at different
laser powers, finding that high power (250W) caused
up to 71.8% mismatch in strut thickness, whereas low
power (40W) minimized deviation (~15.6%). Despite
better dimensional accuracy, low power settings may
produce less dense structures, necessitating a balance
between density and geometric fidelity'”*”’. Orientation
during building also influences dimensional accuracy;
perpendicular walls tend to accumulate larger particles
due to partially melted powders, affecting surface
roughness and feature fidelity. Adjusting process
parameters, particularly laser power and scan speed,
can optimize this balance. For example, reduced laser
power combined with slower scan speeds may produce
smoother surfaces and more accurate features, although
at the cost of potential lack of fusion or lower density.

6.3 Surface Finishing and Roughness

Surface roughness inherently exceeds that of ideal
models in LPBF-fabricated parts, especially in lattice
structures with high surface area exposure. Roughness
levels are categorized as smooth (<0.5um), minimally
rough (~0.5-1um), moderately rough (>1-2um), and
rough (>2um). Increased roughness can benefit bone
cell attachment but negatively impact mechanical
strength and biocompatibility due to higher ion release
and inflammation risk**®’,

Post-processing techniques such as chemical
etching, electropolishing, laser polishing, and abrasive
methods are routinely employed to reduce roughness.
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Electropolishing effectively removes unmelted particles
but can also thin the struts, potentially affecting
mechanical properties and transformation behavior**’,
Surface treatments must be carefully tuned; for example,
a 7-minute HF/HNO; treatment successfully removes
residual powders while preserving structural integrity ..

In biomedical applications like vascular stents, a
smooth surface is essential to prevent blood flow damage
and thrombosis. Surface finishing methods, such as acid
etching and sandblasting, have demonstrated significant
roughness reductions, from values around 7.17um to
approximately 0.34um">". Additionally, surface finishing
enhances the accuracy of numerical models by reducing
variable cross-sections and micro-roughness, enabling
more reliable simulations of mechanical and biological
performance.

7 APPLICATIONS OF LASER-PRINTED
SMAS

7.1 Biomedical Devices

3D-printed SMAs are increasingly recognized for
their transformative potential in orthopedics. Their
intrinsic SME allows implants to dynamically conform
to changing bone structures during healing, promoting
superior integration and biocompatibility. Such
adaptability paves the way for innovative solutions in
fracture stabilization and bone defect reconstruction.
For instance, Hamann et al. employed LPBF to integrate
NiTi SMA sheets with additively manufactured Ti-6Al-
4V frameworks, creating hybrid pedicle screws with
functional capabilities™”*"’. Similarly, Jahadakbar et al.
utilized 3D printing to develop NiTi-based fixation plates
with tunable stiffness and geometries tailored for specific
surgical needs, subsequently validating their mechanical
performance through experimental testing'”*”. Further,
by optimizing processing parameters and incorporating
engineered porosity, Jahadakbar’s team successfully
produced superelastic, porous NiTi structures with
stiffness closely approximating that of cortical bone,
enabling more personalized and resilient fixation
devices in mandibuloplasty'”””. Despite these promising
developments, several hurdles remain, chiefly, ensuring
the biocompatibility of these alloys, their long-term
stability within the body, and precise control over their
shape-changing behavior. Addressing these challenges is
critical for translating 3D-printed SMAs into widespread
clinical use, ultimately offering more innovative, patient-
specific solutions for bone repair.

Although NiTi alloys remain the cornerstone of
many biomedical applications due to their superior
biocompatibility, corrosion resistance, and unique
shape memory and superelastic properties, recent
research has expanded into alternative SMA systems
where biocompatibility constraints are less stringent. In

particular, CU-based SMAs have garnered interest for
their distinct mechanical and functional characteristics,
especially in applications where biocompatibility is not the
primary concern.

For instance, single-crystal Cu-Al-Ni alloys are being
investigated for their potential as actuators within
anthropomorphic upper limb prosthetic devices”**.
These alloys offer advantageous properties such as rapid
response times, significant deformation capabilities, and
ease of fabrication, making them suitable for dynamic
actuation in complex prosthetic systems.

Beyond prosthetic actuators, Cu-based SMAs like Cu-
Al-Be are also being explored within the field of dental
medicine, particularly for endodontic tools. These alloys
exhibit promising mechanical attributes for procedures
such as root canal preparation, where flexibility,
resistance to cyclic fatigue, and precise cutting ability
are critical. Comparative studies have shown that Cu-
Al-Be alloys can achieve penetration depths comparable
to, or even exceeding, those of NiTi-based instruments,
with the added benefit of antimicrobial activity. This
antimicrobial property offers a dual function, facilitating
mechanical debridement while actively reducing microbial

235,236]

load, thereby enhancing treatment efficacy' .

Furthermore, Cu-Al-Be alloys demonstrate the
ability to inhibit biofilm formation and assist in smear
layer removal, which are crucial steps in endodontic
therapy. These additional functionalities could lead to the
development of multifunctional endodontic instruments
that not only perform mechanical tasks but also
contribute to antimicrobial defense, potentially reducing
the risk of reinfection and improving patient outcomes.
Despite these promising applications, the use of CU-based
SMAs in biomedical contexts is still in the exploratory
phase. Challenges such as potential cytotoxicity, long-
term stability, and corrosion susceptibility need to be
carefully addressed through surface modifications and
alloy optimization. Nevertheless, ongoing research
continues to unveil the broad potential of CU-based
SMAs in specialized biomedical fields where their unique
properties can be harnessed for innovative therapeutic
and functional solutions.

The application of 3D-printed SMAs in fabricating
vascular scaffolds offers distinct advantages over
traditional manufacturing methods. Conventional
techniques such as filament winding, photochemical
etching, injection molding, and laser cutting often
encounter limitations, including weld seam imperfections,
structural fragility, and environmental concerns like toxic
gas emissions. In contrast, AM enables highly precise and
customizable molding of complex scaffold geometries,
overcoming these issues. This precision allows for the
fabrication of intricate, small-scale structures with
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superior consistency and mechanical reliability. For
example, Demir et al. utilized SLM to produce CoCr alloy
cardiovascular stents, thoroughly characterizing their
morphology and surface properties post-fabrication
and electrochemical polishing”*”). Such approaches
demonstrate the feasibility of replacing conventional
microfabrication methods with more flexible, efficient,
and accurate processes. Nonetheless, challenges
such as high production costs, corrosion resistance,
biocompatibility, and material tunability persist. Continued
research and technological innovations are essential to
overcoming these limitations and advancing SMA-based
vascular scaffolds toward clinical application.

CU-based SMAs are generally limited to applications
that do not involve direct implantation, such as
temporary devices or external components, where the
potential release of copper ions poses minimal health
risks. These alloys offer notable benefits, including cost-
effectiveness, quick actuation, and inherent antimicrobial
effects, making them suitable for use in surface coatings,
external prosthetic devices, or sterilizable instruments
that do not contact tissues directly. Recent advancements
in surface treatment techniques and alloy formulation
have demonstrated that it is possible to significantly
decrease copper ion leaching, which could pave the
way for safer use of Cu-based SMAs in more controlled
biomedical environments in the future. To address Cu-
SMA cytotoxicity, there are several strategies show
promise, including surface modifications by oxide layers
(e.g., TiO2) or polymer coatings (e.g., parylene) reduce
ion diffusion by >90%!'"****!, alloying through adding Ti
or Zr improves corrosion resistance by forming passive
films®****”!, process optimization, in which LPBF's fine
grain structures decrease galvanic corrosion rates
compared to cast Cu-SMAs'**”,

While Cu-based SMAs are known for their beneficial
properties in biomedical applications, their biocompatibility
is carefully managed through design strategies such as
limited exposure, encapsulation, and the use of single-
use devices, which collectively mitigate cytotoxicity risks
and ensure safe functionality within specific biomedical
contexts. For example, regarding the dental tools, Cu-Al-
Be's antimicrobial properties are exploited in endodontic
files or orthodontic archwires, where short-term exposure
and sterilization protocols limit cytotoxicity risks™”****,
Single-use designs further mitigate leaching concerns.
Moreover, concerning prosthetic actuators, in the external
prosthetic limbs, Cu-Al-Ni actuators avoid tissue contact
while providing high-force actuation. Encapsulation in
biocompatible polymers (e.g., polyether ether ketone
or PEEK) isolates Cu from bodily fluids'®. In the case of
biosensors, Cu-SMAs are used in fiber-optic or wearable
sensors where coatings (e.g., SiO2) prevent ion release.
Their electrical conductivity enables real-time monitoring
without implantation!**2*%432%,

7.2 SMAs in Biosensing Technologies

The unique properties of SMAs make them promising
candidates for biosensing applications. Their ability to
undergo reversible shape transformations triggered by
temperature changes offers a high degree of control and
precision in sensor design. Additionally, their excellent
elasticity and durability enable sensors to perform
consistent performance over multiple cycles, extending
operational lifespan. Furthermore, the capacity to
miniaturize SMA components allows for the development
of highly sensitive, minimally invasive biosensors capable
of monitoring biological parameters in vivo. For example,
Srivastava et al. designed SMA-based actuators for non-
invasive bone diagnostics and damage assessment,
employing impedance analysis to track healing
processes'”*®!, Their non-bonded piezoelectric sensors
demonstrated reduced tissue damage and more stable
signals compared to bonded counterparts. However, the
application of SMAs in biosensing remains in nascent
stages, with challenges such as relatively slow response
times, and the need for enhanced biocompatibility and
corrosion resistance to ensure safe, long-term operation
within biological environments.

CU-based SMAs, distinguished by their exceptional
thermomechanical characteristics and their capacity
to undergo reversible phase transformations, are
increasingly being explored for innovative applications
in sensing technologies and electronic devices. Their
unique ability to respond predictably to thermal stimuli
makes them promising candidates for developing highly
sensitive and reliable sensors. For instance, an advanced
study introduced a fiber optic sensor coated with a Cu-Al-
Ni SMA layer. This sensor exhibited remarkable durability,
maintaining stable performance over more than 5,000
operational cycles. Its optical response was highly
precise, demonstrating the potential for deployment in
smart manufacturing environments where reliability and
repeatability are critical. Moreover, this fiber optic sensor
showcased an extensive temperature detection range,
spanning from -200°C to 300°C, and was effective in
both contact and non-contact measurement modes.
Notably, the sensor's sensing range could be fine-tuned
by adjusting the SMA's phase transition (switching)
temperature, offering customizable thermal sensitivity for
diverse industrial applications'**’,

In another innovative application, Cu-Al-Mn SMAs
were employed in the fabrication of Schottky diodes,
where they served as the Schottky contact interface on
a p-type silicon substrate. These diodes demonstrated
a remarkable sensitivity to incident light, effectively
functioning as photodiodes. Their behavior was frequency-
dependent, revealing promising capabilities for integration
into optoelectronic systems. Such characteristics suggest
that Cu-Al-Mn SMA-based diodes could be harnessed
for advanced light detection and signal processing
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tasks within next-generation electronic and photonic
devices”*®!, The versatility of CU-based SMAs in these
contexts stems from their ability to transduce thermal
or optical stimuli into electrical signals, paving the way
for their incorporation into smart sensors, adaptive
electronics, and integrated optoelectronic systems. As
research continues, these materials may unlock a new
realm of multifunctional devices that combine mechanical
adaptability with electronic responsiveness, broadening
the horizons of sensor technology and electronics.

7.3 Actuators

Among the most prevalent applications of CU-based
SMAs lies their role as actuators, primarily owing to their
distinctive thermoelastic properties. When exposed to
thermal stimuli, these materials can undergo reversible
phase transformations that generate mechanical work,
enabling precise actuation. SMA actuators are generally
classified into three primary categories: (1) force
actuators, which exert substantial force across extensive
ranges of motion over multiple cycles; (2) proportional
control actuators, which utilize partial shape recovery
to achieve accurate positional control; and (3) two-
way-effect actuators, capable of producing bidirectional
motion to counteract external forces™"”,

Despite their promising attributes, such as elevated
actuation temperatures, larger displacement capacities,
and lower energy requirements, research into CU-based
SMAs as practical actuators remains relatively limited.
Notably, alloys like Cu-Al-Ni-Mn exhibit rapid phase
transformation responses at temperatures exceeding
150°C, with displacement capabilities surpassing
those of comparable NiTi-based systems under similar
thermal conditions. These alloys also demonstrate
a lower power consumption profile, making them
attractive for high-precision micro-actuation tasks such
as microgrippers, micro-positioning devices, and other
miniature systems”****°), For example, Muralidharan et
al.”* illustrated a conceptual design of an SMA/Kapton
composite belt actuator fabricated via flash evaporation
and integrated within a custom belt drive system inside
a vacuum chamber. This configuration exhibits high
displacement, substantial recovery ratios, and load-
bearing capacity, rendering it suitable for high-precision
platforms such as Stewart mechanisms. Additionally,
in a study by Muralidharan et al., a bimorph actuator
composed of a flexible polyimide substrate with a Cu-Al-
Ni-Mn thin film deposited through thermal evaporation
was developed. Results indicated that increasing
substrate thickness to 75pum significantly enhanced
performance, with the actuator operating reliably
under varying loads (30mg, 45mg, and 60mg). These
systems show potential for integration into Micro-Electro-
Mechanical Systems (MEMS)!**",

Although CU alloys offer specific advantages,

such as higher operational temperatures and greater
displacement, most commercially available SMA
actuators remain based on NiTi due to their well-
established reliability and comprehensive understanding
of their properties. For example, a high-torque NiTi-based
actuator capable of delivering up to 75Nm has been
reported, demonstrating the maturity of NiTi systems
in demanding applications”>"’. Furthermore, research
by Wongweerayoot et al. showcased NiTi-CU composite
actuators used in high-precision micro grippers designed
for delicate objects, such as grasping and holding small
plastic spheres, highlighting their potential in robotic
manipulations, including humanoid robotic arms and

dexterous automation***,

7.4 Damping Devices

Seismic events pose a significant threat to structural
integrity, often resulting in catastrophic damage due
to intense vibrations. Consequently, the development
of efficient vibration mitigation systems is crucial for
civil and mechanical engineering. While NiTi-based
SMAs have been extensively employed in damping
applications thanks to their high energy dissipation,
fatigue resistance, and superelasticity, their high costs
and complex processing requirements have limited
widespread adoption. Conversely, Cu-based SMAs
emerge as a cost-effective and practical alternative,
offering favorable mechanical properties combined with
ease of manufacturing, making them suitable for a broad
array of damping solutions'*** %>/,

Structural bracing systems are fundamental in
maintaining lateral stability against wind and seismic
forces, and recent investigations have demonstrated the
effectiveness of CU SMA-based bracing methods. For
example, Cu-Al-Be SMA wires with a diameter of 0.5 mm
were integrated into the bracing elements of a scaled
three-story steel rigid frame model. Results indicated
significant improvements in damping capacity and
energy dissipation, thereby enhancing overall structural

performance during dynamic loading™*****"",

Seismic isolation techniques further leverage the
energy dissipation properties of SMAs to protect
structures from ground motion. Conventional isolators,
such as rubber bearings and sliding bearings, are
complemented by SMA-based isolators, using Cu alloys
and NiTi SMAs, due to their superelasticity, fatigue
durability, and excellent energy absorption. These devices
are strategically positioned between critical structural
components, such as girders, bent caps, or foundation
levels, to attenuate seismic vibrations. For instance,
shaking table experiments on structures equipped
with Cu-Al-Be SMA dampers revealed a remarkable
increase in damping ratios, from 0.59 to 5.95%, along
with enhanced stiffness and significant reductions in
peak accelerations and displacements during simulated
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seismic events™°. Likewise, the placement of Cu-Al-
Mn SMA elements within reinforced concrete beams
has been shown to improve structural strength, rigidity,
and energy dissipation capacity””*”’. Prototype quasi-
zero-stiffness isolators fabricated with Cu-Al-Mn SMAs
further demonstrated their capacity to reduce seismic
accelerations from 1.0g to approximately 0.2g, with
predicted resonances around 0.6Hz, thus highlighting
their potential in seismic mitigation strategies'”"!. In
summary, CU-based SMAs present a promising, cost-
efficient avenue for developing advanced damping and
seismic isolation systems, offering durable, fatigue-
resistant, and highly energy-dissipative solutions suitable
for safeguarding critical infrastructure against seismic
hazards.

8 CONCLUSION AND FUTURE
SCOPE

The integration of cutting-edge laser-based
AM technologies with the inherently versatile and
multifunctional nature of SMAs heralds a new paradigm
in the design and fabrication of smart, adaptive systems.
The precise layer-by-layer control afforded by techniques
such as SLM, EBM, and wire arc AM has enabled
unprecedented microstructural tailoring, allowing for the
manipulation of phase transformation temperatures,
microstructural refinement, and the development of
architected porous and lattice structures that optimize
mechanical, thermomechanical, and functional
properties. These advancements have facilitated the
realization of complex geometries previously unattainable
through conventional manufacturing routes, thereby
unlocking new potential in biomedical devices, such
as patient-specific implants with integrated porosity
for tissue ingrowth, as well as aerospace components
capable of adaptive morphing, vibration damping,
and energy absorption. The ability to engineer
microstructures with controlled dislocation densities,
grain orientations, and phase distributions—coupled with
in-situ process monitoring, provides a pathway towards
highly reproducible, defect-minimized, and performance-
optimized SMA parts suitable for critical applications.

Nevertheless, the journey from laboratory proof-of-
concept to industrial realization necessitates addressing
several fundamental challenges. The high thermal
gradients intrinsic to laser and EBM processes often lead
to residual stresses and microstructural heterogeneity,
which can impair fatigue performance and long-term
stability. The formation of porosity, cracks, and impurity
inclusions, particularly oxygen and carbon, remains a
persistent obstacle, especially when fabricating intricate
architectures with small feature sizes or porous networks.
Achieving consistent control over these defects requires
not only the refinement of process parameters but
also the development of real-time, in-situ sensing and
feedback systems capable of dynamically adjusting

energy input, scan strategies, and thermal management.
Advanced computational modelling, encompassing
phase-field simulations, finite element analysis, and
thermomechanical prediction, must be integrated
into process development to better understand and
manipulate microstructure evolution, phase stability, and
transformation behavior under complex thermal histories.

Looking ahead, the future landscape of SMA 3D
printing will benefit from the design of novel alloy
systems, including high-entropy and multicomponent
SMAs, which promise enhanced functional stability,
fatigue resistance, and biocompatibility. The exploration
of post-processing treatments, such as targeted heat
treatments, surface passivation, and surface texturing,
will be crucial in mitigating residual stresses, improving
corrosion resistance, and tailoring surface properties
for specific applications. Furthermore, scalable
manufacturing strategies that harmonize with quality
assurance protocols, including non-destructive evaluation
and microstructural characterization, are essential
for transitioning these materials from experimental
prototypes to reliable, high-throughput production lines.

In addition, embracing the synergistic development
of architected microstructures alongside advanced alloy
formulations will enable the creation of multifunctional
components capable of simultaneous actuation, damping,
sensing, and energy harvesting. Such integrated systems
could revolutionize fields ranging from minimally invasive
biomedical implants and tissue engineering scaffolds
to morphing aerospace structures and adaptive energy
systems. As research endeavors continue to deepen
in understanding the microstructure-property-process
relationships, and as technological innovations converge
with material science, the horizon expands toward truly
intelligent, durable, and customizable SMA components.
This trajectory holds the promise of transforming AM
into a cornerstone of next-generation smart materials
engineering, delivering solutions that seamlessly blend
functionality, reliability, and scalability for the most
demanding applications across industry and society.
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