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Abstract

Nickel-titanium (NiTi) alloys show exceptional properties, such as high
deformation recoverability, notable damping effect, and desirable biocompatibility.
However, their widespread application is hindered by limitations of conventional
manufacturing and processing methods. These energy-intensive thermomechanical
processes not only escalate production costs and generate material waste but also
restrict geometry flexibility. Therefore, there is an increasing focus on utilizing additive
manufacturing (AM) to fabricate NiTi-based components. Despite previous efforts, the
mechanical and functional properties of additively manufactured NiTi alloys and
metamaterials remain inadequate, and efficiently tuning these properties for specific
applications continues to pose a significant challenge. To tackle these issues, this
doctoral thesis presents systematic investigations into the processing regulation,
structural design, property optimization, and mechanism clarification of additively
manufactured NiTi alloys and metamaterials.

Chapter 1 presents a review of NiTi alloys, highlighting their unique reversible
martensitic transformation and the resulting properties. An introduction to prevalent
AM techniques for NiTi alloys and metamaterials is also included, along with a review
of related research in this domain.

In Chapter 2, we improve the mechanical and functional properties of NiTi alloys
by constructing a hierarchical microstructure. This microstructure — comprising high-
density dislocations, submicron grains, and micron grains — enables outstanding
combinations of ultimate tensile strength, fracture elongation, and recoverable strain,
which surpass those of previously reported counterparts. In-situ mechanical testing and
electron microscopy reveal that these improved properties stem from facilitated stress-
induced phase transformation and suppressed dislocation slip.

Chapter 3 demonstrates the successful development of NiTi alloys exhibiting

million-cycle durability and high elastocaloric strength for elastocaloric cooling



applications. Through precise control of transformation temperatures and the
construction of a Tiz2Ni-reinforced bimodal microstructure, the alloys achieve
synergistic promotion of stress-induced martensitic transformation while suppressing
plastic deformation and damage accumulation. Prototype validation confirms its
significant cooling performance, establishing a new integrated design—manufacturing
framework of next-generation solid-state refrigerants.

Chapter 4 demonstrates the efficient tuning of functional responses in additively
manufactured NiTi alloys by adjusting critical processing parameters, focusing on
damping performance as a case study. Across a laser scanning speed range of 400 to
1100 mm-s!, we achieve a significant shift in the damping peak over a broad
temperature range while retaining high damping values. Through integrated
experiments and finite element simulations, we establish that controlling Ni
evaporation via laser—powder interaction modulates phase transformation temperatures,
thereby enabling property tuning.

Chapter 5 explores the fabrication of sophisticated NiTi metamaterials with
impressive property combinations. By simultaneously optimizing the microstructure
and macrostructure, we develop superelastic NiTi scaffolds with highly tunable
mechanical and mass transfer properties, including elastic modulus, cyclic stress,
compressive strength, specific damping capacity, and permeability. These remarkable
performance integrations are attributed to an austenite-dominated hierarchical
microstructure coupled with a gyroid-sheet macrostructure, as validated through
experimental and simulation results.

In Chapter 6, we further present the infiltration of magnesium (Mg) into
superelastic NiTi scaffolds to create robust Mg—NiTi interpenetrating-phase composites.
Experimental and simulation analyses elucidate the dual effect of unit cell size on
manufacturability and mechanical behavior. A critical permeability threshold is
identified to ensure successful infiltration. Mechanically, reducing the unit cell size

enhances scaffold-matrix interaction, thereby promoting exceptional performance in
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compressive strength, energy dissipation, and deformation recovery compared with
pure Mg.

The general conclusions of this work, along with future research perspectives, are
presented in Chapter 7.

This doctoral thesis establishes the processing—structure—properties—mechanisms
relationships in additively manufactured NiTi alloys and metamaterials through
systematic investigations, providing a basis for the advancement and practical

implementation of high-performance NiTi-based components.
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