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ARTICLE INFO ABSTRACT

Keywords: Superelastic metamaterials have attracted significant attention recently, but achieving such functionality re-

NiTi mains challenging due to partial superelasticity and premature fracture in additively manufactured components.

Shape memory alloys To address these issues, this study investigates the premature fracture in Ni-rich NiTi metamaterials fabricated by

If/}l;Zfaiitrlfalg laser powder bed fusion. A comparative analysis of two structures (Gyroid network and Diamond shell) reveals

Additive manufacturing that the structural stability of bending- and stretching-dominated structures is reversed compared to typical
elastic-plastic response, due to the tension-compression asymmetry of base NiTi. The premature fracture and
partial superelasticity of these as-fabricated samples are attributed to low deformation ability for accommodating
tensile stress. Based on these findings, a heat treatment introducing NisTi3 precipitates was employed, suc-
cessfully achieving macroscopic superelasticity in the NiTi metamaterials, with consistency between model
prediction and experiments.

In recent years, the rapid development of additive manufacturing
(AM) of Nitinol (NiTi) has transitioned production from bulk materials
to customized structures and metamaterials. Due to the deformation
recoverability of NiTi alloys, NiTi metamaterials have shown wide ap-
plications such as shock absorption, bio-implants, and actuators [1-4].
Deformation recoverability in most cases of NiTi metamaterials only
relies on the shape memory effect, rather than superelasticity [5-8]. This
requires external stimuli for activation of shape recovery. However,
spontaneous deformation recoverability of metallic metamaterials is
more desirable across different industrial sectors [9-11]. Researchers
have attempted to manufacture superelastic metamaterials using Ni-rich
NiTi alloys, but only partial superelasticity has been achieved due to the
low recoverability and premature fracture [12,13]. In our previous
study, broad scatter in deformation recoverability within the investi-
gated structure has been observed, which results from variations in
compositional and microstructural distribution. This is the main cause
for the low deformation recoverability during uniaxial compression of
NiTi metamaterials [14]. Thus, this study focuses on the fracture
mechanisms of Ni-rich NiTi metamaterials fabricated using laser powder
bed fusion (L-PBF) and further provides a solution for enhancing
superelasticity in NiTi metamaterials.

* Corresponding authors.

The macroscopic properties of NiTi metamaterials are influenced by
the interaction between the NiTi functionalities and the structural
stiffness [12,15]. The former, including shape memory effect and
superelasticity, originated from reversible martensitic transformation.
The reversible martensitic transformation is sensitive to the local
microstructure and compositions. The structural stiffness is determined
by the unit cell structure and the relative density [16]. This relationship
between microstructure, mesoscale deformation, and macroscopic
response indicates that the premature fracture mechanism could be
considered as material-related or structure-related.

Based on the structure-stiffness relationship in mechanical meta-
materials, the deformation modes are categorized into two types:
bending-dominated and stretching-dominated behaviors [17-19]. By
generalizing the Gibson-Ashby theory to martensitic transformation,
bending-dominated structures exhibit high deformation recoverability
due to their structural compliance [12,15,20]. The complete classifica-
tion of triply periodic minimal surface (TPMS)-type structures as either
bending- or stretching-dominated is still under discussion [21]. How-
ever, two typical TPMS-type designs were chosen: Diamond shell
structure, which exhibits typical stretching-dominated behavior, and the
Gyroid network structure, which is typically bending-dominated
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[22-24]. The rationale behind this choice is to investigate whether the
premature fracture observed Ni-rich NiTi structure is related to the
structure configuration, as premature fracture is not observed in bulk
samples when the same process parameters are used in the
manufacturing of all samples [12].

Numerous studies have investigated the fracture behaviors of
superelastic NiTi alloys produced through conventional manufacturing
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Fig. 1. (a) Geometric model and as-fabricated samples; (b) Schematic diagram of bending-dominated and stretching-dominated behavior of ductile metallic met-
amaterials, reproduced from [22,36]; (c) Engineering stress-strain curves of Gyroid and Diamond samples under uniaxial compression from fracture tests; (c) Profiles
of interrupted samples; and crack formation in (d) Gyroid network and (e) Diamond shell structures and the selected area are marked by green rectangular box.
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methods [25-28]. However, the failure criteria and fracture mechanisms
of additively manufactured NiTi base materials under various loading
directions and stress states remain unclear. Failure theories, such as the
von Mises and Johnson-Cook criteria, which are commonly applied to
metallic metamaterials made from ductile metals, are not reasonably
applicable to the modeling of NiTi structures [29,30]. Therefore, the
fracture mechanism of NiTi metamaterials has yet to be explained [14].
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In this study, the premature fracture mechanisms in superelastic NiTi
metamaterials have been investigated. The geometries of the Gyroid and
Diamond surfaces are described using the level-set functions [31]. A unit
cell size of 5 mm and a configuration of 4 x 4 x 4 (64) unit cells are used
for the periodicity. The Diamond shell structure was generated by
thickening a surface into a shell structure with a nominal relative density
of 0.25. The Gyroid network structure was modeled by dividing the solid
volume using a single surface, for a nominal relative density of 0.3
(Fig. 1(a)). A material model developed by Auricchio et al. was used for
numerical computations [32,33]. In this model, the increment of total
strain Ae is defined as the sum of elastic strain increment Ae®! and the
increment of equivalent transformation strain Ae":

Ae = Ag® + Ag". €8

The increment of equivalent transformation strain of NiTi is defined by:

aGtr

Ae"™ = A
§ 66’

(2

where G' is the transformation potential, ¢ the volume fraction of
martensite phase, and ¢ the Cauchy stress tensor. The transformation
potential refers to the potential function used to describe inelastic
deformation during martensitic phase transformation. The tetrahedral
mesh with an average size of 0.12 mm was used. The numerical samples
were compressed between two rigid planes, with the upper plane
moving downward by 0.066 mm and a friction coefficient of 0.2
assumed for all contacts. The numerical solution was performed using
Abaqus/Explicit 2019, with semi-automatic mass scaling targeting 2.5
million steps after monitoring kinetic energy (details in Figs. S1-S2 and
Tables S1-S2).

Samples were fabricated using laser powder bed fusion (Aconity 3D
Midi) from Nis; 4Tisg.¢ powder prepared by gas atomization in a high-
purity argon-filled chamber (Fig. 1(a)). Process parameters used in
this study include a laser power of 400 W, scanning speed of 1250 mm/s,
hatch distance of 0.120 mm, layer thickness of 0.030 mm, and a stripe
scanning strategy with a 67.5° rotation [34]. Following printing, heat
treatment includes solution annealed at 950 °C for 60 min followed by
air cooling for 20 min, aging treatment at 450 °C for 90 min followed by
air cooling to room temperature. All samples were sealed in vacuum
quartz ampoules to prevent oxidation during heat treatment.

A quasi-static tensile test was performed on mini-scaled dogbone
samples using a contact extensometer with a 7 mm gauge length
(Fig. S3). Cyclic tension tests included 15 cycles with a maximum
displacement of 0.22 mm. Quasi-static compression tests were carried
out on Gyroid and Diamond structures using a contact extensometer
using a contact extensometer with a maximum displacement of 4.4 mm.
The samples were quasi-statically compressed until complete structural
failure. All uniaxial tests were conducted on a Zwick 100 mechanical
testing platform at 54 °C with a strain rate of 2 x 10™* s71. The trans-
formation temperatures of these samples are shown in Fig. S4.

Fracture analysis was performed using a Scanning Electron Micro-
scope (JSM-IT100) on samples from uniaxial compression tests. EBSD
samples were prepared using electropolishing (Struers LectroPol5) on
the macroscopic (100) cross-section aligned with the building direction
(BD). Texture analysis was conducted using a scanning electron micro-
scope (SEM) equipped with an electron backscatter diffraction (EBSD)
detector (Helios G4) with a step size of 1.5 pm. Characterization using
both bright-field transmission electron microscopy (TEM) TEM and
scanning transmission electron microscopy (STEM) was conducted with
spherical aberration-corrected transmission electron microscopes at an
accelerating voltage of 300 kV. TEM experiments utilized an image-
corrected Titan TEM 80-300 (Thermo Fisher Scientific Inc.) with a
OneView camera (Gatan Inc.). STEM and EDS experiments were per-
formed with a Spectra 300 S/TEM (Thermo Fisher Scientific Inc.),
equipped with high-angle annular dark field (HAADF) and an Ultra-X
EDS detector. For the STEM experiment, a probe semi-convergence
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angle of 28.7 mrad and a camera length of 342 mm were used.

Compressive fracture tests were conducted on the as-fabricated
samples (Fig. 1(a)) with loading direction (LD) aligned with the build-
ing direction (BD) at a temperature of 54 °C. The engineering stress-
strain curves from fracture tests are compared in Fig. 1(c) and Fig. S5.
The engineering stress-strain curves show a reversed trend compared to
the deformation behavior of metamaterials made from ductile metals
(Fig. 1(b)) [18,22,35]. Diamond shell structures, which are
stretching-dominated, exhibit an increasing effective stress and
plateau-like response after initial elasticity. The Gyroid network struc-
ture shows typical elastic-brittle behavior [17]. The stress oscillates after
the elasticity stage and the deformation mode is brittle fracture. The
initial damage strain of the Gyroid structure is 3.7 %, with a collapse
strain of 7.3 %. In contrast, the Diamond structure exhibits an initial
damage strain of 12.5 % and a collapse strain of 15.9 %. The stability of
the stretching-dominated Diamond structure makes it more attractive
for load bearing applications. This reversed trend in large deformation
compression implies a need for a reexamination of the constitutive NiTi
behaviors.

Generally, the fracture of mechanical metamaterials involves the
formation and propagation of cracks. To analyze the premature fracture,
experiments were interrupted before the final collapse of the structures
(Fig. 1(c)). The SEM images of crack initiation and propagation are
shown in Fig. 1(d) and (e). The crack formation exhibits a repeated
pattern in different unit cells (Fig. S6 and S7). In the Gyroid network unit
cell, two discrete crack formations are observed (Fig. 1(d) @ ®), while
three discrete crack initiations are observed in the Diamond structure
(Fig. 1(e) ® ® ®).

For these reversed phenomena from uniaxial compression, our hy-
pothesis is that the tension-compression asymmetry of base NiTi leads to
the premature failure of the as-fabricated structures. The asymmetric
behavior between tension and compression in the as-fabricated bulk
samples is compared in Fig. 2(a). Using the same parameters for
manufacturing bulk samples, the compressive sample demonstrates
stress-induced martensitic transformation at 54 °C [12]. In the initial
cycle, it shows significant compressive deformation capacity with a
maximum strain of 8.3 %. In cycle 15, the bulk sample exhibits a
maximum strain of 5.7 % and a transformation strain of 3.7 %. In
contrast, the tensile sample only achieves a maximum strain of 4.0 %,
which is the best data in repeating tests. Cyclic tension tests reveal
suppressed superelasticity, characterized by a recoverable strain of 1.75
% and a narrow hysteresis area. Recent studies have demonstrated that
Ni-rich NiTi with compressive superelasticity can be achieved across a
broad process window, but the process window for tensile super-
elasticity is more limited [37,38]. For tensile superelasticity, careful
adjustment of Ni concentration and texture [39,40], or improvements
through heat treatment promoting NisTiz precipitation [41], are
required. The suppressed tensile superelasticity observed in our
as-fabricated samples is consistent with the above findings.

To test our hypothesis, the maximum principal stresses for these
structures are illustrated in Fig. 2(b), with a colormap indicating
compressive and tensile principal strain. Under uniaxial compression
along the macroscopic [100] direction, the Gyroid network structure,
due to its bending-dominated behavior and non-slender geometry, ex-
hibits high tensile principal strain. In contrast, the Diamond shell
structure is less sensitive to tensile strain under the same loading con-
ditions. Fig. 2(c) shows the equivalent transformation strains for the
Gyroid and Diamond structures. In the Gyroid structure, transformation
localization forms in both compressive and tensile areas, but these
transformation regions remain isolated. In the Diamond shell structure,
martensitic transformations are interconnected along the compressive
loading direction. By comparing the interrupted experiments (Fig. 1(c)
(d)) and numerical results Fig. 2(b), the observed crack initiations in
both structures correspond to areas of concentrated tensile stress.
Therefore, the cracks at the millimeter scale in both structures are
initiated from tensile stress areas. Under uniaxial compression with the
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Fig. 2. (a) Tension-compression asymmetry of base NiTi; (b) Maximum absolute principal strain; (c) Equivalent transformation strain of the Gyroid and Diamond
structures under uniaxial compression at maximum loading.

same macroscopic loading, the Gyroid structure is more susceptible to fracture characteristics are observed as shown in Fig. 3(a) and (b). At
crack initiation due to the tensile sensitivity of bending-dominated high magnification of river-like patterns, some dimples were observed,
behavior. suggesting ductile damage during crack propagation. However, the size

From a macroscopic view in Fig. 3, both structures exhibit final and distribution of these micro-dimples suggest that ductile damage was
failure along a shear band on the macroscopic {110} plane. Clear brittle not the dominant mechanism [27].
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Fig. 3. Fracture surface of (a) Gyroid and (b) Diamond structures.

The formation of the macroscopic {110} fracture surface and the
associated brittle fracture characteristics differ from the shear bands
typically observed in ductile bulk materials [42]. In NiTi structures,
brittle fracture is primarily driven by strain localization and mesoscopic
deformation. In the Diamond shell structure, continuous fracture sur-
faces occur along the macroscopic {110} planes, with two distinct re-
gions in Fig. 3(b): cleavage river patterns and tearing ridges in the
tensile area, and a smooth shearing plane. Cracks initiate in the tensile
region due to strain localization. Upon losing stability, the entire
structure collapses along the continuous shearing plane under a
compressive force of 48.4 kN [22,23]. In the Gyroid structure, the
zoomed-in area reveals two intersecting fracture surfaces. Cracks form
in the tensile region and the rapid propagation of them creates inter-
secting fracture planes. The interconnection of the fracture planes causes
the final {110} fracture plane and structural failure under a compressive
force of 32.5 kN.

The EBSD characterization on the macroscopic (100) plane||BD of the
Diamond shell structure and Gyroid network structure is shown in Fig. 4
(a), with a colormap corresponding to BD in the inverse pole figure
(IPF). Since the slip system for the B2 phase is {110}<001>, the Taylor
factors with loading direction along the building direction are plotted in
Fig. 4(b) and (f). In the Diamond shell structure, grains with smaller

Taylor factors are primarily presented near the edges, as shown in the
extracted grains (Fig. 4(g)). This leads to unstable deformation near the
edges, consistent with the simulated results where tensile stress is
concentrated in these areas.

The effective properties of mechanical metamaterials are defined
under assumptions of homogeneity and tension-compression symmetry
in the base NiTi [12]. However, experimental results reveal that the
tension-compression asymmetry of base NiTi reverses the structural
stability of the two structures. To evaluate the deformation capacity
driven by reversible martensitic transformation, the structures were
chosen to minimize structural compliance (Fig. S1). This ensured that
the macroscopic deformation primarily originated from the base NiTi
rather than the elastic deformation of the compliant structure. In tensile
regions, large deformations of base NiTi cannot be achieved through
either the initiation of martensitic transformation or the limited dislo-
cation slip system.

Microstructural inhomogeneity [14,43], and premature fracture
have been identified as challenges for the engineering application of
NiTi metamaterials and structures. To simultaneously mitigate these
issues, we have employed heat treatment to enhance the superelasticity
by introducing NisTi3 precipitates in the Diamond shell structure. Ho-
mogenization followed by aging is applied to release residual stress,
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Fig. 4. EBSD inverse pole figure (IPF) maps with pole figures: (a) Diamond shell and (e) Gyroid network; Taylor factors for (b) Diamond shell and (f) Gyroid network;
extracted grains with low Taylor factor values highlighted in red for (c) Diamond shell and (g) Gyroid network; and pole figure for (d) Diamond shell and (h) Gyroid

network, with sample direction corresponding to the building direction.

homogenize microstructure and introduce Ni4Tis precipitates. As shown
in Fig. 5(a) and (b), the as-fabricated Diamond samples has a higher
critical stress for stress-induced transformation (~65 MPa) compared to
the heat-treated samples (~50 MPa). This difference can be attributed to
the precipitation of NisTiz (Fig. 5(e)), which reduces the Ni content in
the NiTi matrix and decreases the critical stress required for trans-
formation [44]. The heat-treated NiTi also shows a higher hardening
rate beyond 4.5 % strain and a greater recoverable strain (72 %) than the
as-fabricated sample (35 %), both suggest that Ni4Tig precipitates play a
key role [41,45]: Enhancing dislocation slip resistance in both the
austenite and stress-induced martensite phases, preventing plastic
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deformation even at higher stress levels (180 MPa). This enhanced slip
resistance contributes to the superior superelasticity of the heat-treated
NiTi. In contrast, the as-fabricated NiTi, lacking sufficient precipitation
strengthening (Fig. 5(d)), cannot maintain stress-induced martensitic
transformation alone with increasing strain and is accompanied by
plastic deformation, resulting in a lower hardening rate when the strain
exceeds 4.5 %. To the best of the authors’ knowledge, this is the first
time that model-experiment consistency in superelastic response is re-
ported in AM superelastic metamaterials, as mechanical metamaterials
were initially defined as materials designed through mechanically ho-
mogenized models. Moreover, the premature fracture in Gyroid network

Fig. 5. (a) Engineering stress-strain curves under uniaxial compression, (b) strain hardening rates during loading, (c) recoverable transformation strain ratios for as-
fabricated (AF) and heat-treated (HT) Diamond shell structured NiTi; (d) bright-field transmission electron microscope (TEM) images showing dislocations in as-
fabricated sample and (e) TEM images along with scanning transmission electron microscope (STEM) images and energy-dispersive X-ray spectra (STEM-EDS)

showing Ni4Ti3 precipitates in heat-treated sample.
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structures was mitigated (Fig. S8).

In summary, this study shows that the premature fracture of Ni-rich
NiTi metamaterials originates from the low deformation ability of base
material to accommodate the tensile stress. The tension-compression
asymmetry changes the structural stability of bending- and stretching-
dominated structures. For the first time, we achieved model-
experiment consistency in superelastic metamaterials with a recover-
able plateau-like response and second hardening. The heat treatment
following L-PBF is crucial for microstructural homogenization and
introducing Ni4Tis precipitates in Ni-rich NiTi metamaterials.
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