
Citation: Tang, D.; Hu, Y.; Yang, L.

New Insights into the Mechanical

Properties, Functional Fatigue, and

Structural Fatigue of Ni-Ti Alloy

Porous Structures. Metals 2023, 13,

931. https://doi.org/10.3390/

met13050931

Academic Editor: Alexander

V. Shelyakov

Received: 2 April 2023

Revised: 27 April 2023

Accepted: 8 May 2023

Published: 10 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Review

New Insights into the Mechanical Properties, Functional
Fatigue, and Structural Fatigue of Ni-Ti Alloy Porous Structures
Dianyu Tang, Yong Hu * and Lei Yang *

School of Transportation and Logistics Engineering, Wuhan University of Technology, Wuhan 430000, China;
tdy@whut.edu.cn
* Correspondence: huyong@whut.edu.cn (Y.H.); lei.yang@whut.edu.cn (L.Y.)

Abstract: Ni-Ti shape memory alloys (SMAs) are widely noticed and have captured great interest
due to their unique shape memory effect and super elasticity. Porous Ni-Ti SMAs have the typical
characteristics of both porous metals as well as shape memory alloys. Because of the uneven stress
distribution, cyclic loading has a more significant effect on the phase transformation and plastic
deformation of Ni-Ti porous compared with Ni-Ti bulk. This paper overviews the structural and
functional fatigue experiments and numerical simulation progress of Ni-Ti porous. The factors
affecting the fatigue performance of the Ni-Ti lattice structure and the methods for enhancing its
fatigue performance are elaborated. More importantly, the point of the coupling analysis of structural
fatigue performance and functional fatigue performance is proposed for the study of porous Ni-Ti
shape memory alloys.

Keywords: porous structure; Ni-Ti; shape memory effect; mechanical properties; fatigue

1. Introduction

Ni-Ti shape memory alloys (SMAs) have an excellent shape memory effect (SME) and
super elasticity (SE), which are unique properties that make them promising for applications
in aerospace, biomedical and other fields [1]. Thus, the porous structures made by Ni-Ti
alloys have an excellent energy absorption capacity, high damping, high specific strength,
and biocompatibility while ensuring lightweighting [2,3], which are commonly used for
functional parts such as vibration dampers [4], biological bone implants [5], micro-vibration
isolators, and smart actuators [6].

Due to the superior damping characteristics and energy absorption capacity, the Ni-Ti
porous structures often experience cyclic loading during practical applications. For this
reason, fatigue properties have a determining influence on the practical application of
Ni-Ti lattice structures [7]. The fatigue behavior of Ni-Ti (SMAs) is mainly divided into
functional fatigue and structural fatigue [8,9]. The phenomenon of the shape memory effect
and super-elasticity decrease and the residual strain increase during the martensitic cyclic
phase transformation of Ni-Ti alloys is known as functional fatigue [10]. An overall fracture
failure caused by the sprouting and expansion of cracks when nickel-titanium alloys are
cyclically loaded and unloaded is defined as structural fatigue [8,11,12]. Functional fatigue
causes dimensional changes, functional deterioration, and even failure of the Ni-Ti lattice
structure, while structural fatigue directly induces fracture failure of the part [13].

With the development of manufacturing technology, additive manufacturing technol-
ogy has breathed new life into Ni-Ti porous structures. The study of Ni-Ti porous structures
has shifted from mechanical properties and shape memory properties during loading and
offloading to fatigue properties under cyclic loading. Speirs et al. [14] investigated the com-
pressive fatigue behavior of three different cells of SLM Ni-Ti alloy brackets and compared
them with conventional octahedral beam structures. Biffi et al. [15] experimentally charac-
terized the lattice structure produced by selective laser melting (SLM) with a nickel-rich
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nickel-based alloy as the material. The microstructure, martensitic phase transformation
(MT), and hyper-elastic response of the test samples were analyzed and compared with the
bulk material.

For studying the fatigue damage mechanism of the Ni-Ti lattice structure, the marten-
sitic cyclic phase transformation model and fatigue damage model are established, and
these models are available for the regulation of fatigue performance [16–18]. The de-
velopment of numerical simulation methods has provided effective methods for solv-
ing the aforesaid problems and has proven to be effective in studying fatigue damage
mechanisms, which makes it possible to fabricate Ni-Ti lattice structures with predictable
properties [19,20]. In recent years, some scholars have focused on the research and devel-
opment of mechanical response models, martensitic cyclic phase transformation models
and fatigue damage models. The porous Ni-Ti structures were designed and prepared by
Zhang et al. [21] by the SLM method. A combination of compression experiments and finite
element analysis was used to investigate the effect of the compressive behavior of porosity
porous Ni-Ti structures. The relationship between the elastic modulus and porosity was
established based on the Gibson–Ashby model. The damage mechanism of the porous
Ni-Ti structure was analyzed. Ashrafi et al. [17]. developed finite element models at the
macroscopic scale to simulate the behavior of Ni-Ti lattice structures fabricated by selective
laser melting (SLM). The shape memory properties were investigated by thermodynamic
experiments, and appropriate boundary conditions were set for the finite element analysis.
Chen et al. [3] investigated the effects of gradient distribution characteristics on the defor-
mation patterns and energy absorption properties of gradient lattice structures (GLS-s) by
uniaxial compression tests and finite element analysis. The fracture characteristics of GLS-
free, unidirectional GLS, bi-directional increasing GLS, and bi-directional decreasing GLS
were analyzed. The common porous structure is shown in Figure 1, along with structural
and functional fatigue failure.
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There are few reviews on the fatigue properties of porous nickel-titanium (SMAs).
For instance, the progress in enhancing the structural and functional fatigue resistance
of Ni-Ti SMAs has been reviewed by Nargatti et al. [22]. Effective parameters for the
final properties of Ni-Ti alloys manufactured using powder metallurgy were reviewed by
Parvizi et al. [23]. The fatigue behavior of Ni-Ti SMA from low to high cycle (LCF-HCF) was
analyzed by Sgambitterra et al. [24]. Zhang et al. reviewed recent advances in AM-Ni-Ti as
an orthopedic implant, a porous structure design, and mechanical properties. However,
reviews on the functional fatigue and structural fatigue of porous Ni-Ti alloys are rare.
Meanwhile, numerical analysis, a popular method for studying mechanical properties in
recent years, has not found a summary of the application of numerical simulation in fatigue
properties studies.

This paper reviews the latest research and simulation methods for the mechanical,
structural fatigue, and functional fatigue properties of Ni-Ti shape memory alloy lattice
structures and shows the potential as well as the limitations of different models. The
purpose of this review is to provide the readers with a comprehensive analysis of the
unique fatigue properties of shape memory alloys and to provide current, reliable, and
computationally cost-effective simulation models.

2. Mechanical Response and Structure Fatigue of Ni-Ti Lattice Structures

The excellent mechanical properties of Ni-Ti alloys make them widely available in
several industrial fields [25,26]. The mechanical properties of Ni-Ti alloy porous structures
and fatigue properties are the focus of current research [27]. Ni-Ti alloys with different
structures have different mechanical properties, and many scholars have investigated the
mechanical response of different structures in order to improve the performance of Ni-Ti
porous structures [28,29].

In order to improve the mechanical and fatigue properties of Ni-Ti porosity, the pore
characteristics (porosity, pore shape, and pore size), which tend to cause changes in the
mechanical properties, have been investigated [30]. The optimization of manufacturing
techniques for Ni-Ti alloy porosity and post-treatment techniques for the manufactured
parts have also received attention. The addition of other materials to improve the mechani-
cal properties of porous Ni-Ti has also been studied extensively.

2.1. Influence of Pore Characteristics on the Mechanical Properties of Ni-Ti Porous Structures

At present, several studies have been reported on the factors influencing the mechani-
cal properties of the Ni-Ti lattice structure [31,32]. Lv et al. [30] investigated the effect of
different pore strategies on nickel-titanium porous scaffolds at the same porosity. Ni-Ti
porous scaffolds with different porosity strategies were prepared by selective laser melting
(SLM) based on three-periodic minimal surface (TPMS) structures. A unique conclusion
is proposed for the effect of the pore strategy on the microstructure, mechanical proper-
ties, and permeability of porous scaffolds. The pore size strategy has a small effect on
the mechanical properties of porous scaffolds, and porosity with a continuous gradient
distribution positively contributes to the mechanical properties [33]. Figure 2 shows the
compressive curves of porous Ni-Ti with different pore sizes, the relationship between the
compressive strength and elastic modulus, and the stress–strain curves of compression
experiments. In addition, a simulation study was conducted for the permeability analysis
of the stent [34].
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Ni-Ti alloys with different pore diameters. Reprinted with permission from Ref. [33]. 2015, Elsevier.

Likewise, Zhang et al. [21] fabricated biomimetic porous Ni-Ti structures with dif-
ferent porosities by SLM. The compression behavior of porous Ni-Ti structures and the
failure mechanism were evaluated. Wang et al. [35] prepared porous Ni-Ti alloys by the
non-hydrogel gel-casting method and investigated the effect of solid loading upon the
microstructure and mechanical properties of the sintered samples. An improvement of the
Ni-Ti-SLM method was proposed by Bayati et al. [36] The effect of remelting on the relative
density and surface roughness of the parts was investigated. The results revealed that the
remelt homogenizes the surface, which allows for the creation of a higher density, fewer
defects, and smoother top surfaces. These are important factors that affect the fatigue life
and functionality of the parts, and these studies are significant for the future tuning of the
mechanical properties of shape memory alloy lattice structures.

2.2. Mechanical Properties of Ni-Ti Porous Structures Influenced by the Preparation Method
and Post-Treatment

In some studies, the focus is on optimizing techniques for the preparation of Ni-Ti
lattice structures and post-treatment methods [37–39]. Khanlari et al. [40] used the laser
powder bed fusion (L-PBF) technique to fabricate dense Ni-Ti alloy parts in three different
volume energy densities. The effects of different energy densities and post-treatment
on the microstructural properties, phase transformation behavior, and hardness of the
samples have been investigated. Wang et al. [41] prepared Ni-Ti nano-porous layers using
a dealloying technique. The effect of the de-alloying treatment on the evolution of the
organization and mechanical properties of Ni-Ti fibers was investigated, and the weakening
mechanism of the nano-porous structures obtained from the de-alloying treatment was
discussed. Zhao et al. [42] produced a porous B2-Ni-Ti structure with a fine pore size and
uniform pore distribution using a phase leaching process. The method uses a nitric acid
solution to etch away the Ni-Gd phase after preparing a Ni-Ti-Ni-Gd duplex pre-alloy with
a pore structure. The pore size can be refined by increasing the cooling rate of the pre-alloy.
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Post-treatment technology has a significant impact on the mechanical properties of the
component. Proper post-treatment can eliminate residual stresses that may arise within
the part and reduce the appearance of cracks, further improving the main mechanical
properties of the product. As a result, the static properties of the structure as well as the
fatigue properties can be enhanced. Porous Ni-Ti alloys with controlled porosity and pore
size were prepared with the support of electrically assisted powder metallurgy (EPM)
by Ma et al. [43]. Ammonium bicarbonate was used to adjust the porosity and pore size
of Ni-Ti alloys and their properties. As shown in Figure 3, the stress–strain curves of
the Ni-Ti porous structure under different pre-stress conditions and the residual strain
under different porosities are shown. Khanlari et al. [44] fabricated porous 60Ni-Ti parts
by conventional pressing and sintering methods. Process parameters were varied in the
study to fabricate porous parts with different porosities, and the effects of these processing
factors on the microstructure and mechanical properties of porous 60Ni-Ti parts were
investigated. The cyclic fatigue characteristics of the samples prepared under the two
processes and the cyclic compressive stress–time curves of the samples treated under four
different conditions are shown in Figure 4. It was found that treating the parts at a faster
heating rate or shorter sintering retention time resulted in sintered and solid solution
samples with a lower relative density and higher open volume [45]. By dissolving phases
such as Ni3Ti and Ni3Ti2 through solid solution treatment, this heat treatment exhibited
higher hardness and approximately the same compressive strength.
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Figure 3. (a) Stress–strain curves for loading–unloading compression tests of Ni-Ti alloys under
different pre-stresses of 2%, 4%, 6%, and 8%, where section AB corresponds to the austenite elastic de-
formation phase, section CD is the inverse phase transformation of martensite caused by compressive
stress unloading, and section BC is the stress plateau. (b) Stress–strain curves for loading–unloading
compression tests of porous Ni-Ti with different porosities at 4% pre-strain. Reprinted with permis-
sion from Ref. [43]. 2019, Elsevier.
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2.3. Mechanical Properties of Ni-Ti Porous Structures Influenced by Additives

Enhancing the mechanical properties of the target structure by adding other ma-
terials is one of the most common means. Monogen et al. [46] used self-propagation
high-temperature synthesis (SHS) to obtain Ni-Ti porous structures and investigated the
effects of aluminum alloying on the macrostructure, microstructure, and mechanical prop-
erties of Ni-Ti porous structures. The stress–strain curves of SHS porous Ni-Ti alloys with
different aluminum concentrations are shown in Figure 5a. Kaftaranova et al. [47] studied
the physical and mechanical properties of porous alloys based on Ni-Ti with different
concentrations of Cu additives. The study found that Cu additives enhance the properties
of Ni-Ti alloys. The ability of titanium carbide (Ti-C) to enhance the mechanical properties
of Ni-Ti composites was investigated by Sharma et al. [48]. Ni-Ti compliant materials rein-
forced by silver (Ag) infiltration and titanium carbide (Ti-C) were prepared using a powder
metallurgical process. In addition, the effect of Ag and Ti-C contents on the microstructure
and densification properties of Ni-Ti-Ag-TiC composites was evaluated by field emission
scanning electron microscopy (FESEM), energy dispersive spectroscopy (EDS), and X-ray
diffraction (XRD).

Anikeev et al. [49] mixed Ni-Ti powder and Ti powder and investigated the structural
characteristics of porous materials obtained after sintering with different Ti powder con-
centrations. It was found that the Ti addition affects the phase formation of the overall
Ni-Ti matrix and contributes to the formation of the second phase precipitated as Ti2Ni
and Ti3Ni4. These precipitations affect the functional properties of the target material.
Abidi et al. [50] prepared porous Ni-Ti shape memory alloys by the pressure-less sintering
of NaCl as a spacer under the vacuum condition. The effects of the NaCl powder shape
and size on the pore morphology and mechanical properties were investigated. The results
showed that the porous alloy with spherical pores showed better mechanical properties
compared to the cubic shape. A comparison of the mechanical properties of the porous
Ni-Ti with cubic and spherical pores and the fracture samples after compression tests are
shown in Figure 5b.
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Reprinted with permission from Ref. [46]. 2022, Elsevier (b) Comparison of mechanical proper-
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(1) Bar diagram showing a comparison of mechanical properties of porous Ni-Ti with cubic and
spherical pores. (2,3) Fractured samples after compression test showing crack extension visible
through the pore angle. The inset shows the original cylindrical sample after a fracture. Reprinted
with permission from Ref. [50]. 2015, Elsevier.

3. Modeling for the Mechanical Response and Structure Fatigue Simulation

One of the most commonly used methods for studying the fatigue and mechanical
properties of Ni-Ti alloy lattice structures and even other materials and structures is through
various mechanical experiments and fatigue tests. However, the fatigue mechanism of Ni-Ti
porous structures is difficult to explain intuitively by experimental studies. Nowadays,
numerical simulation techniques have matured, and an increasing number of studies have
started to use simulation techniques to explain the fatigue property changes of materials or
structures [19,51], such as compression and tension [52].

Mechanical models are often developed in two directions in research; one is mainly
used to simulate macroscopic physical behavior such as elastic and plastic behavior, and
the other is a reconstruction of the intrinsic model of martensitic phase transformation to
investigate the microphysical behavior of the Ni-Ti porous structure [53].

3.1. Macroscopic Ni-Ti Porous Structure Simulation Study

Finite element models with six different levels of porosity were developed by
Taheri et al. [54] to simulate the mechanical behavior of porous Ni-Ti with different porosity
levels to show the relationship between hardness and porosity levels. The Ni-Ti porous
model with different porosity is shown in Figure 6a. Uniaxial compression tests were
performed on three samples with different porosity levels to verify the numerical results.
The effect of the pore shape on the performance of SMAs was investigated by Liu et al. [55].
The properties of porous SMAs with different porosities and pore shapes were discussed,
and the effect of the pore shape on the modulus of porous SMAs and the stress–strain
relationship was established. The results show that both Young’s modulus and hysteresis
decrease with increasing porosity, and the rounder the pores, the better the performance of
the material [56]. Zhu et al. [57] developed a three-dimensional constitutive model of SMA
by using kinematic hardening theory to modify the Stebner–Brinson (SB) model. Single-
hole, double-hole, and array-hole models were developed to simulate elastic deformation,
phase transformation, and plastic kinematic hardening behavior, and the modified model
with plasticity provided more accurate results. It is shown that there is a complex nonlinear
interaction effect between pores rather than a mere superposition. The geometric configu-
ration of the pores is one of the most significant factors affecting the mechanical properties.
Ravari et al. [58] used a three-dimensional intrinsic model based on a micro-plane theory
that can describe material asymmetry to predict the mechanical response of the cellular
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lattice structure. Honeycomb Ni-Ti samples were also fabricated and tested in compres-
sion by a selective laser melting process. With these models, the effect of microstructural
defects and the asymmetric response of dense SMA on the mechanical properties was
investigated, and an effective simulation method was implemented considering the effect
of microstructural defects.
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Ashrafi et al. [17] simulated the behavior of Ni-Ti CLS processed by SLM at the
macroscopic scale and developed a new cell model with modified boundary conditions
(BC) to predict the Ni-Ti Cellular Lattice Structure (CLS) properties. The UUC and MUC
models after reduction to the 1/8 model by symmetry are shown in Figure 6b for the BCC
on the left and the BCC-Z CLS on the right. Furthermore, it is noteworthy that the structural
model was developed without considering microstructural defects. The BC was modified
on the Ni-Ti CLS cell model using finite element analysis based on a modified Souza model
using a phenomenological intrinsic model. Finally, the stress–strain model obtained from
the finite elements was compared with the experimental curves, showing that the model
prediction of the structure has good reliability.

3.2. Microscopic Ni-Ti Porous Structure Simulation Study

Since most of the finite element models (FEM) in past studies have a difficult time
directly revealing the actual process of stress-induced martensitic phase transformation
(SIM) [59,60], in order to better respond to the mechanical behavior under compression by
FEA, Lu et al. [61] reconstructed the intrinsic model of SMA by a new method based on
MATLAB image processing to study the mechanical behavior and SIM process and analyzed
the mechanical behavior and SIM process on the basis of experiments and simulation. The
mechanical behavior and SIM model are discussed on the basis of experimental and
simulation analysis. Bagheri et al. [62] extended a microstructure-based multi-stage fatigue
(MSF) model to predict the fatigue behavior of AM Ni-Ti subjected to different post-
manufacturing heat treatments and compared the predicted fatigue life with experimental
specimens. It is important to note that the MSF model can capture the differences in fatigue
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behavior under different conditions (process parameters, heat treatment conditions, etc.).
This can explain the process–structure–property relationship of the cyclic damage and
fatigue life of Ni-Ti alloys more clearly. Allegretti et al. [34] used finite element analysis
to assess the fatigue risk and evaluate the fatigue behavior of Ni-Ti brackets through
computational modeling and experimental validation. Four strain models were considered:
the von Mises criterion and three different damage models (Fatemi–Socie, Brown–Miller,
and Simth–Watson–Topper models). However, for multi-axial strains, the accuracy of this
model may be limited.

4. Functional Fatigue of Ni-Ti Lattice Structures

The shape memory effect and super-elasticity are the main reasons for the wide
application of Ni-Ti shape memory alloys [63,64]. The porous structure of Ni-Ti alloy
takes full advantage of its material properties. Due to its operating process, often under
cyclic loading, the fatigue performance of Ni-Ti porous structures is a key issue in current
research. The fatigue properties of Ni-Ti lattice structures have been studied by many
scholars [64–66].

4.1. Pore Characteristics Influence the Functional Fatigue of Ni-Ti Porous Structures

The influence of the pore characteristics of porous structures on their performance is
worth investigating. Xu et al. [67] used microwave sintering and space retention techniques
for the preparation of porous Ni-Ti alloys with different porosities and pore sizes. The effect
of porosity on the mechanical properties as well as the functional fatigue of porous Ni-Ti
was investigated. The results show that the strength, as well as super-elasticity of porous
Ni-Ti alloys, decreases with increasing porosity. The hyper-elastic recovery strain of porous
Ni-Ti reaches between 3.4% and 4.7% when the porosity is 62%. The pore size of porous
Ni-Ti depends mainly on the particle size of the occupants. As the pore size of porous
Ni-Ti increases, its structural properties show an “S”-shaped trend. When the pore size is
less than 294 µm, the super-elasticity of porous Ni-Ti reaches 4% at 5% pre-strain [33]. The
cyclic strain curves of porous Ni-Ti with different porosities and the stress–strain curves of
cyclic compression tests with different pore sizes at 5% pre-strain are shown in Figure 7a.

Similarly, Zhang et al. [68] developed a process combining discharge plasma sintering
(SPS) and space retention techniques in order to prepare porous Ni-Ti alloys. The effect of
the pore characteristics and microstructure on the super-elastic behavior of porous Ni-Ti
was investigated. The residual and super-elastic recovery strain curves of the porous
Ni-Ti alloy at 4% pre-strain are shown in Figure 7d. The effect of pore characteristics on
the hyper-elastic reversion strain ratio in a certain range was obtained. The hyper-elastic
reversion strain ratio of porous Ni-Ti can reach 90% when the porosity ranges from 18%
to 61%, and the average pore size ranges from 21 µm to 415 µm. In the subsequent study,
the functionally structurally integrated Ni-Ti porous structure consisting of a central solid
and a peripheral porous layer was prepared by SPS. It was found that the obtained Ni-Ti
porous obtained a high compressive strength and good hyper-elastic recovery strain (>4%)
when the porosity of the inner layer was 14%, that of the outer layer was 49%, and the pore
size was controlled to 350 mm [69]. A comparison of the cyclic stress–strain curves of the
samples after loading–unloading compression tests with a pre-strain of 4% is shown in
Figure 7b. These studies mainly focused on the control of structural properties by changing
the pore characteristics.

The relationship between the structural characteristics and reversible shape memory
effects of porous Ni-Ti prepared by SHS was investigated by Sergey et al. [70]. The opti-
mization of the structural features was investigated by measuring as well as comparing
the multiscale features, martensitic features, and shape memory properties of SHS. Ni-Ti
foam structures with porosity in the range of 39–58% were prepared by Nakas et al. [71]
by the space scaffold sintering technique. In the study, unidirectional compression and
super-elastic cycling at room temperature were used to characterize the mechanical features,
and a compression model for Ni-Ti foams with different porosities was proposed. The
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hyper-elastic behavior of Ni-Ti foams is explained. It was found that the recovery strain was
improved at higher stress levels, and its training period increased when the porosity was
below 39%. The response of Ni-Ti foam with 58% porosity and without pre-deformation to
applied stress, the dependence of the applied and recovered strain on loading history, and
the results of super-elasticity tests are shown in Figure 7c.
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2017, Elsevier, (c) (i) response of Ti-Ni foam with 58 vol% porosity and no pre-deformation to ap-
plied stress, (ii) dependence of applied and recovered strains on loading history, and (iii) results of 
hyper-elasticity tests; Reprinted with permission from Ref. [71]. 2013, Elsevier. (d) Residual strain 
and super-elastic recovery strain curves of porous Ni-Ti alloy at 4% pre-strain; Reprinted with per-
mission from Ref. [68]. 2015, Elsevier. 
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with a good shape memory effect (recovery strain of about 5%) was obtained. The func-
tional stability and the mechanical response of the Ni-Ti lattice structure under cyclic load-
ing were evaluated. Chen et al. [3] prepared four gradient lattice structures (GLSs) using 
the L-PBF technique and combined it with topology optimization. The effects of the gra-
dient distribution on the mechanical properties as well as the functional characteristics of 
the GLSs were obtained by compression tests and finite element analysis. The shape 
memory effect of Ni-Ti GLSs prepared by the L-PBF technique was obtained after several 
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tural fatigue. Xiong et al. [1] completed the optimization of process parameters for the 
preparation of Ni-Ti porous structures by micro-laser powder bed (µ-LPBF) melting tech-
nology to obtain Ni-Ti micro-components with superior quality and functional properties. 
The effects of the processing parameters on the microstructure, phase transition behavior, 

Figure 7. (a) Cyclic strain curves for porous Ni-Ti with different porosities and stress–strain curves
for cyclic compression tests with different pore sizes at 5% pre-strain; Reprinted with permission
from Refs. [33,67]. 2015, Elsevier. (b) Comparison of cyclic stress–strain curves of samples after
loading–unloading compression tests with 4% pre-strain; Reprinted with permission from Ref. [69].
2017, Elsevier, (c) (i) response of Ti-Ni foam with 58 vol% porosity and no pre-deformation to applied
stress, (ii) dependence of applied and recovered strains on loading history, and (iii) results of hyper-
elasticity tests; Reprinted with permission from Ref. [71]. 2013, Elsevier. (d) Residual strain and
super-elastic recovery strain curves of porous Ni-Ti alloy at 4% pre-strain; Reprinted with permission
from Ref. [68]. 2015, Elsevier.

4.2. Impact of Additive Manufacturing on Ni-Ti Porous Structure

Additive manufacturing technology is an advantageous method for preparing porous
structural parts of Ni-Ti. Compared with porous structures prepared by conventional meth-
ods, the porous structures obtained by additive manufacturing have poor basic mechanical
and functional characteristics [1]. Therefore, many studies have been focused on obtaining
Ni-Ti porous structures with excellent fatigue properties by improving the preparation
process [37,72].

Taheri et al. [73] investigated the mechanical properties and shape memory effects
of Ni-Ti porous parts prepared by SLM and prepared Ni-Ti lattice structure samples. The
effect of pore morphology on the mechanical response was investigated. Porous Ni-Ti with
a good shape memory effect (recovery strain of about 5%) was obtained. The functional
stability and the mechanical response of the Ni-Ti lattice structure under cyclic loading
were evaluated. Chen et al. [3] prepared four gradient lattice structures (GLSs) using the
L-PBF technique and combined it with topology optimization. The effects of the gradient
distribution on the mechanical properties as well as the functional characteristics of the
GLSs were obtained by compression tests and finite element analysis. The shape memory
effect of Ni-Ti GLSs prepared by the L-PBF technique was obtained after several com-
pression thermal recovery experiments. It is noteworthy that the study has not separated
structural fatigue and functional fatigue but coupled functional fatigue and structural
fatigue. Xiong et al. [1] completed the optimization of process parameters for the prepara-
tion of Ni-Ti porous structures by micro-laser powder bed (µ-LPBF) melting technology
to obtain Ni-Ti micro-components with superior quality and functional properties. The
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effects of the processing parameters on the microstructure, phase transition behavior, and
mechanical properties of Ni-Ti fabricated by µ-LPBF were revealed, and the mechanical
and shape recovery capabilities of Ni-Ti micro-lattice structures and micro-scaffolds were
explored. Figure 8 demonstrates the compressive and shape recovery properties of Ni-Ti
micro-lattices and micro-scaffolds fabricated by µ-LPBF.
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Figure 8. (a) Loading-unloading-heating curves of Ni-Ti micro-lattice at 50% compressive strain. The
inset shows the images of the micro-lattice before and after deformation and after recovery from
heating. (b) Cyclic stress-strain curves of Ni-Ti micro-lattice for a gradual increase of compressive
strain from 10% to 50%. (c) Shape recovery rate of Ni-Ti micro-lattice versus compressive strain
during cycling. (d) Force-strain curves of Ni-Ti microscopic scaffolds with different strut diameters.
The inset is an image of the fabricated sample and screenshots of the compression process. The green
dashed box on the right shows a magnification of the curve for a microscopic scaffold with a strut
diameter of 100 µm. (e) Shape memory rate of Ni-Ti micro-scaffolds with different strut diameters.
(f) Shape recovery rate and deformable strain of our µ-LPBF fabricated Ni-Ti micro-lattice/scaffold
compared to the reported LPBF fabricated Ni-Ti structures. Reprinted with permission from Ref. [1].
2022, Elsevier.
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5. Modeling for the Functional Fatigue Simulation

Porous shape memory alloys combine the advantages of shape memory alloys such as
super elasticity and shape memory effect. The computational micromechanical analysis
of porous SMAs using finite element methods has become one of the most common
methods [74,75]. Currently, fewer studies have been conducted on the functional fatigue
simulation of Ni-Ti porosity, and most of them have evaluated the shape memory properties
in a single pass [16,76,77], with less research on the super-elasticity under cyclic loading
and the shape memory effect [18,78]. Current research focuses on the influence of the pore
shape on the super-elasticity and shape memory effects.

Zhu et al. [79] proposed a model based on the Gurson–Tvergaard–Needleman (GTN)
model that can reproduce the hyper-elasticity, tensile-compression asymmetry, and internal
cycling of porous SMAs under combined loading. The model was compared with the finite
element results in the literature for model validation in the study. Yu et al. [80] used finite
element techniques by analyzing the shape recovery performance of four bionic lattice
structure models. The results show that their selected bionic lattice models have a shape
recovery rate of 99% after being subjected to compressive strain. The high shape recovery
capability was also achieved under high deformation. Ma et al. [81] evaluated the effect of
pore channel properties on the structural hyper-elasticity of helical porous structures (HPS)
prepared by SLM. Unsuitable process parameters during SLM processing can result in
the appearance of metallurgical pores, which will negatively affect mechanical properties.
Therefore, a new strategy is proposed to construct the porous structure of the component
by metallurgical pores, and the effect of different metallurgical pore morphologies on
the hyper-elasticity of the porous Ni-Ti structure is evaluated to explain the deformation
behavior of the metallurgical pores. Analyzing the experimental and simulation results,
it is found that the stress concentration occurring near the pores leads to higher residual
strain and thus the deterioration of hyper-elasticity as well as mechanical property failure.

A microstructural model for simulating the functional mechanical properties of Ni-Ti
porous structures was proposed by Volkov et al. [82]. The model can describe the super-
elasticity, deformation plasticity, and shape memory effects of SMA and explains the strain
accumulation during cooling and the reverse strain during the heating of the specimen
when under constant compressive stress. Shariat et al. [83] simulated the typical hysteresis
elastic mechanical behavior of Ni-Ti orifice plates using a finite element method. The
model decomposes the mechanical response of Ni-Ti into hyper-elastic as well as hysteretic
stresses. The hyper-elastic and hysteretic stresses describe the reversible as well as the
irreversible aspects of the process. In addition, the pseudo-elastic deformation behavior of
Ni-Ti plates with through-holes is also discussed. The effect of hole morphology on the
stress–strain behavior is discussed by a numerical model based on the elasto-plastic model.
An increase in the diameter of the hole promotes the range of stress gradients and sup-
presses the stress plateau. Better controllability is provided for shape memory components
when the gradient stress exceeds the phase transition stress. Finally, numerical results are
compared and validated with experimental data [84]. The modeling and simulation of a
four-hole bone fixation plate were completed by Jahadakbar et al. [76], and fixed plates
with different porosities were designed using the AM technique and tested mechanically
under tension. Maitrejean et al. [85] used representative volume elements (RVE) and scal-
ing relations to describe the hyper-elastic behavior of porous SMAs. This approach does
not require a conventional porous microstructure model and can substantially reduce the
computational cost.

6. Application of Ni-Ti Porous Structure

The unique properties of Ni-Ti alloys, such as shape memory (or pseudo-elasticity)
and super-elasticity, have garnered significant interest. The shape memory properties allow
Ni-Ti alloys to recover their original shape even after significant deformation thanks to
the reversible martensitic transformation of their crystal structure. Moreover, Ni-Ti alloys
exhibit super-elasticity, which enables them to withstand high loads without permanent
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deformation or mechanical failure [86]. Combining these properties with a porous structure
makes porous Ni-Ti particularly promising in the fields of medical devices, aerospace
engineering, and structural materials [42], as it can offer the advantages of both porous
materials and shape memory alloys.

For instance, porous Ni-Ti alloys have been widely used in biomedical
applications [26,87]. First, Ni-Ti alloys have good mechanical properties, biocompatibility,
and corrosion resistance, making them a promising biomaterial for bone implantation. In
addition, their porous structure provides a favorable environment for cell growth and
transport, leading to effective osseointegration and integration with surrounding tissues.
Aihara et al. [25] used combustion synthesis (CS) to produce the porous Ni-Ti alloy and
evaluated its potential as a bone implant material. The study showed that bone tissue inte-
grated rapidly into the porous structure within two weeks, indicating high biocompatibility
and osseointegration properties. These observed properties of porous Ni-Ti alloys have the
potential to accelerate the healing process and improve long-term stability, making them a
promising material for bone implant applications. Zhou et al. [88] fabricated the porous
Ni-Ti shape memory alloy (SMA) with graded porosity, inspired by human long bones.
Their study demonstrated that the mechanical properties of this material are more similar
to those of human long bones, potentially extending the application range of Ni-Ti SMA
with graded porosity. Zhang et al. [89] employed finite element simulations to evaluate
the potential use of Menger sponge fractal Ni-Ti structures as bone implants. Their study
showed that by adjusting the porosity and fractal parameters of the structure to match the
porosity characteristics of bone, the Menger sponge fractal structure holds great potential
for bone implantation. The pore characteristics of porous Ni-Ti alloys play a key role in their
practical applications. Specifically, the pore size of the material influences the available
space for cell proliferation and directly affects the growth and development of cellular
tissue within the implant [90]. Figure 9a displays scanning electron microscopy (SEM)
images of MC3T3-E1 cells on Ni-Ti samples, which were cultured in a humid environment
at 37 ◦C. Jian et al. [91] conducted a study in which they prepared five different porous
Ni-Ti samples with varying pore characteristics. The cytocompatibility experiments were
then performed to investigate the effect of these pore characteristics on the mechanical and
biological properties of the material. Liu et al. [92] determined the hyper-elastic biomechan-
ical properties of porous Ni-Ti scaffolds and evaluated their impact on bone growth in vivo.
The results showed that capsule-free thermoisostatic pressing (CF-HIP) synthesized Ni-Ti
promotes bone growth. The morphology of osteoblasts on various surfaces of porous Ni-Ti
scaffolds is illustrated in Figure 9b. Further investigation into the pore characteristics of
porous Ni-Ti for use in implants is warranted.

The use of porous Ni-Ti alloys has mainly been focused on biomedicine, but there is
still potential for them to be used in aerospace and structural materials as well [93,94]. In a
study by Zhao et al. [42], a phase leaching process was used to create B2-Ni-Ti compounds
with finely distributed pores. The researchers found that reducing the porosity of these
alloys could improve their mechanical and damping properties. This suggests that fine-
porous Ni-Ti alloys with uniform characteristics could be used as damping materials in
various engineering applications.

Another study conducted by Kakaei et al. [95] investigated the electrochemical re-
sponse of porous Ni-Ti nanostructures in terms of energy storage and corrosion protection.
The capacitance of partially oxidized Ni-Ti alloys was measured at different current den-
sities to evaluate their charge transfer capabilities. The findings showed that partially
oxidized Ni-Ti can be used as a capacitive material for supercapacitors in alkaline and
sodium sulfate solutions. This research highlights the potential of porous Ni-Ti in energy
storage applications.
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Figure 9. (a) SEM images of MC3T3-E1 cells on NiTi samples after 7 days of culture in a humid
environment at 37 ◦C. MC3T3E1 cells on the outer surface of the porous NiTi stent (i,iii,v) and
on the inner surface of (ii,iv,vi), and (vii) MC3T3-E1 cells on the bulk NiTi samples. Reprinted
with permission from Ref. [90]. 2021, Elsevier. (b) SEM images showing osteoblast morphology
on different surfaces of porous NiTi scaffolds: (i) spreading over the entire surface, (ii) growing on
convex surfaces, (iii) growing on exposed pore surfaces, and (iv) invading into internal pores along
interconnected channels. Reprinted with permission from Ref. [92]. 2011, Elsevier.

Moreover, Bewerse et al. [96] utilized a powder metallurgical technique that involved
using steel wire as a spatial scaffold to produce Ni-Ti porous structures with fully inter-
connected three-dimensional microchannels. This method allows for precise control over
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the volume fraction of the microchannels. The researchers observed that the optimized
treatment resulted in shape memory properties, making the structure highly suitable for
energy absorption or actuator applications. This study emphasizes the potential of this
approach for developing innovative porous Ni-Ti structures with customized properties.
Nonetheless, further research is necessary to fully explore and expand the potential of these
materials in these fields.

7. Summaries and Perspectives

More and more scholars have become interested in additive manufacturing processes
in recent years, and metal additive manufacturing has unique advantages over other
techniques in preparing complex parts with high dimensional accuracy. The topologi-
cal parameters of SMA complex structures can be precisely controlled to modulate the
mechanical properties as well as the shape memory properties.

Currently, the factors influencing the fatigue performance of Ni-Ti porous structures
are receiving most of the attention—for example, the enhancement or decaying effects
of pore properties (porosity, pore shape, pore size, etc.) on structural and functional
fatigue. With the maturity of additive manufacturing technology, many researchers have
investigated various methods of forming porous Ni-Ti and compared the impact of different
forming methods and different process parameters on the mechanical properties of porous
Ni-Ti. However, the current research objects are mostly truss-type porous structures
obtained from simple geometric units by Boolean operations. Under the influence of
additive manufacturing technology, these structures are simple to be formed, but local
stress concentrations are highly likely to occur, and the local stress concentrations and
damage need to be paid attention to due to the unstable forming quality. In addition, porous
Ni-Ti with different topologies can have enhanced structural fatigue as well as functional
fatigue properties. In particular, three-cycle minimum surface structures with more uniform
load-bearing stress distribution should be the focus of research. The development of
different topologies for obtaining the desired mechanical properties will be an important
research direction. Some researchers have combined numerical simulations to investigate
the mechanical properties of Ni-Ti porous structures in a cost-effective and efficient manner;
however, most studies still use simpler models and consider structural and functional
properties separately. Therefore, in the direction of Ni-Ti porous fatigue performance
simulation, it is worthwhile to study how to establish the internal structural damage
mechanism as well as the functional decay mechanism.

Functional fatigue and structure fatigue should not be studied separately. Martensitic
phase transformation may form new crack initiation points and also affect the crack expan-
sion rate and path. The local stress concentration and fatigue damage of the Ni-Ti lattice
structure cannot be neglected because the quality of additive manufacturing molding is
difficult to control. It can be seen that the functional fatigue and structural fatigue of porous
Ni-Ti are inseparable and should be coupled and analyzed in order to accurately predict
and regulate the fatigue performance of the Ni-Ti lattice structure. The construction of a
coupled functional fatigue–structural fatigue intrinsic model for Ni-Ti porous structures is
an important direction for the current research on the fatigue performance of porous Ni-Ti.
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