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Abstract: NiTi alloy has a wide range of applications as a biomaterial due to its high ductility, low corrosion rate, and favorable
biocompatibility. Although Young’s modulus of NiTi is relatively low, it still needs to be reduced; one of the promising ways
is by introducing porous structure. Traditional manufacturing processes, such as casting, can hardly produce complex porous
structures. Additive manufacturing (AM) is one of the most advanced manufacturing technologies that can solve impurity issues,
and selective laser melting (SLM) is one of the well-known methods. This paper reviews the developments of AM-NiTi with a
particular focus on SLM-NiTi utilization in biomedical applications. Correspondingly, this paper aims to describe the three key
factors, including powder preparation, processing parameters, and gas atmosphere during the overall process of porous NiTi.
The porous structure design is of vital importance, so the unit cell and pore parameters are discussed. The mechanical properties
of SLM-NiTi, such as hardness, compressive strength, tensile strength, fatigue behavior, and damping properties and their
relationship with design parameters are summarized. In the end, it points out the current challenges. Considering the increasing
application of NiTi implants, this review paper may open new frontiers for advanced and modern designs.
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shape recovery, recovery stress, and superelastic strainl!,
Therefore, NiTi can be found in various applications,
such as actuators!®, aerospacel, orthopedic implants
and fixtures™, couplings and fasteners!®), electrical safety
devices!”, microelectromechanical systems!”, navy!®],

1. Introduction

In recent years, shape memory alloys (SMAs) have
been widely used in aerospace and biomedical fields
due to their excellent shape memory effect (SME) and
superelasticity!’*. SMA is a smart material that can

convert thermal energy into mechanical work to achieve
certain mechanical properties™®. Among many SMAs,
NiTi has the best shape memory properties, including high

sports equipment!®), surgical instruments!®), and so on.
There are two different phases in SMAs, called
austenite phase (high-temperature phase) and martensite
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phase (low-temperature phase)®. The transformation
between the two phases is not through atomic diffusion
but due to the sheer lattice distortion, called martensitic
transformation®®. There are two forms of martensite
variant assembly: Twinned martensite (M,) composed of
self-accommodated martensite variants, and detwinned
martensite (M) consisting of detwinned or reoriented
martensite variants'®’. When the M, at low temperature is
loaded, the martensite can be detwinned by reorienting a
part of the deformation. When the load on the M is released,
the deformed shape retains, and then the SMA is heated to a
temperature higher than A, (from M, to austenite), resulting
in complete shape recovery, as Figure 1 shows. This specific
phenomenon is called the SME. When SMAs is above the
austenite transformation temperature, the enormous strain
generated during the loading process will gradually recover
with unloading, called superelasticity or pseudoelasticity!'?!.
Due to its high ductility, low corrosion rate, and
good biocompatibility!'!, Wang et all'*'%l have carried
out a series of researches on the application of NiTi-based
SMAs in biomedical fields. Moreover, the mechanical
hysteresis of NiTi is very similar to natural bone, making
it an ideal choice for orthopedic implants!'”. Commonly
used biomedical alloys, such as titanium alloy, cobalt-
based alloy, and stainless steel have Young’s modulus of
110 GPa, 190 Gpa, and 210 GPa, respectively!®!, which
is much higher than human cancellous bone (<3 GPa) or
cortical bone (12-20 GPa)!'®. When loading, the implant
with much higher Young’s modulus withstands most of the
stress, and the stress level of the bone is considerably low,
which is called the stress shielding effect!". If the loading
force on the bone is too small for a long time, it will cause
bone resorption and loosening of the implant and ultimately
cause implantation failure®”. The Young’s modulus of
NiTi is much lower (40—-60 GPa), but it is still necessary to
further reduce it. Table 1 shows the mechanical properties
of natural human bone and biomedical metallic materials.
Producing a porous structure is the most common

method to reduce Young’s modulus?*. Traditional
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alloy manufacturing processes such as casting cannot
produce complex porous structures economically and
efficiently. NiTi is sensitive to composition and difficult
to machine due to its poor machinability!?!. Therefore,
most conventionally produced NiTi parts have simple
geometric shapes, such as wire, plate, strip, and tube,
which severely limits the full potential applicability of
NiTi®l, For overcoming the manufacturing problems
of complex structures, the current better solutions are
powder metallurgy (PM) and additive manufacturing
(AM). Most of the PM-NiTi components have high
impurities like intermetallic phases®!, which may
significantly reduce the mechanical properties of
NiTi. In most cases, the formation of these second
phases is inevitable because their formation is more
thermodynamically stable than NiTi?”. Usually,
these inclusions are carbides TiC, intermetallic oxide
TiNi,O, or intermetallic phases, such as NiTi,
Ni,Ti, and Ni,Ti,*®. Although Ni,Ti, precipitates are
highly needed, carbides and oxides are not favorable
because they are not beneficial to corrosion resistance,
biocompatibility, and transformation temperature, so PM
technology unfortunately will bring many disadvantages
and limitations during the fabrication of porous NiTi?.

Table 1. Mechanical properties of biomedical metallic materials
and natural human bone

Material Yield Modulus Reference
strength  of elasticity
(MPa) (GPa)
Stainless steel 760 ~190 [10,20]
Co-based alloy - ~210 [21]
CP-Ti 240-550 100 [18]
Ti-6A1-4V 950 112 [10,16]
Ti-35Nb-7Zr-5Ta 596 55 [16,21]
NiTi 1050 48 [10,16]
Cortical bone 188-222 15-35 [22]
Trabecular bone 2-70 0.01-3 [23]
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Figure 1. (A) Schematic of shape memory effect in NiTi. (B) A typical Shape Memory Alloys pseudoelastic loading cycle®™ (Shape Memory
Alloys, Introduction to Shape Memory Alloys, 2008, 1-51, P.K. Kumar, D.C. Lagoudas. with permission from Springer).
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AM is a novel manufacturing technology applied to
various materialsandis considered one ofthe mostadvanced
manufacturing technologies®®”. AM can overcome PM-
related impurity issues such as O, and N, inclusion. For
example, the SLM chamber has an inert argon atmosphere,
which can significantly avoid any possible contamination
such as impurity gas and Ni evaporation®.. For electron
beam melting (EBM), its vacuum environment is also
conducive to reducing impurity gas®!. AM technology
can be divided into powder bed-based technology, such
as selective laser melting (SLM) and electron beam
melting (EBM), or fluidization-based technology, such as
directed energy deposition (DED)??. Powder bed-based
technology processes powder deposition through rollers,

X-Y Scanner
System

Over Flow
Container

Powder Delivery
System

Fabrication
Piston

Figure 2. Powder bed fusion laser process“’ (Reprinted
from Additive Manufacturing, 8, S. M. Thompson, L. Bian,
N. Shamsaei, et al., An overview of Direct Laser Deposition for
additive manufacturing ; Part I : Transport phenomena, modeling,
and diagnostics, 36—62, Copyright (2015), with permission from
Elsevier).
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blades, or knives, while fluidization-based technology
deposits powder through one or more nozzles that feed the
powder directly into the laser focus. Figures 2 and 3 show
the SLM and DED processes, respectively.

Considering the relatively low accuracy of DED
technology, powderbed fusiontechnology ismoreprevalent
when manufacturing complex microstructures. EBM can
be used as an essential technology for the production of
metallic biomedical materials. Wang et al.?>*%! conducted
a series of studies on the production of Ti-6Al-4V by
EBM. Few reports are available regarding EBM-NiTil343¢],
The high vacuum conditions of EBM are suitable for
reactive materials such as NiTi®”!. However, due to poor
surface roughness, the fatigue performance of EBM parts
is terrible®®]. Furthermore, the preheating stage of EBM
is not suitable for preparing NiTi?"!. Therefore, this paper
reviews the recent developments of AM-NiTi, especially
SLM-NiTi, as orthopedic implants, the porous structure
design, and mechanical properties. Furthermore, the
relationship between SLM-NiTi properties and various
influencing factors and the characterization methods
for AM-NiTi implants are also summarized and finally,
current challenges were discussed.

2. Influencing factors in SLM-NiTi
production

For metallic AM in biomedical applications, powder bed-
based technology is much more prevalent in creating
complex geometry®), Due to its high resolution, the
most common manufacturing method to produce NiTi
is SLM. The production process for SLM utilization in
NiTi includes three main factors: powder preparation,
processing parameters, and gas atmosphere*?. In terms of
powder preparation, the Ni/Ti ratio is an essential factor
in ensuring the required functional properties (SME or
superelasticity) of the final part. At room temperature,
parts made of Ti-rich NiTi have a SMEM™, while parts made
of Ni-rich NiTi exhibits superelasticity after annealing or
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Figure 3. DED/LENS process. (A) Laser head set up. (B) Powder feeding setup'!! (Lasers in Manufacturing and Materials Processing,
Effects of Composition and Post Heat Treatment on Shape Memory Characteristics and Mechanical Properties for Laser Direct Deposited
Nitinol, 6, 2019, 41-58, J. Lee, Y. C. Shin. With permission from Springer).
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aging treatment*. In SMAs, the SME and superelasticity
are mutual processes. When the transformation
temperature is higher than the environment, SMA
exhibits the SME, and when environment temperatures
lower than the transformation temperature, the material
exhibits superelasticity™!. Therefore, the Ni/Ti ratio
must be selected according to the target characteristics
to ensure the particular mechanical behavior of the part
after fabrication. In terms of processing parameters, the
SLM parameters significantly influence the quality of the
final NiTi parts.

On the one hand, the NiTi parts produced must
be dense. Otherwise, it will seriously deteriorate the
mechanical properties, mainly related to the processing
parameters®. On the other hand, the processing
parameters will affect the transformation temperature of
NiTi parts. To ensure the satisfactory behavior of the parts
in practical applications, the transformation temperature
must be controlled by controlling the processing
parameters™’. In terms of gas atmosphere, an inert
atmosphere such as argon and nitrogen or even vacuum
needs to be provided throughout the SLM process to
minimize the oxidation and impurity absorption (such
as O, and C) to improve the surface quality, density, and
similarity with conventionally processed NiTi samples!®l.
For example, according to ASTM F2063-05, the impurity
content of produced parts should be <500 ppm*.

Farber et al™ analyzed the influence of SLM
process parameters on the martensite transformation
temperature range. The authors believed that two main
issues are influencing the NiTi martensite transformation
temperature during SLM. On the one hand, Ni evaporates
during laser processing, and the matrix components
move in the direction of high Ti content, which
increases the martensite transformation temperature.
On the other hand, in Ni-rich NiTi, high temperature
may cause the formation of the Ni-rich phases. For
example, at 200-700°C, the order of precipitation in
NiTi is Ni4Ti3—Ni3Ti2—Ni3Ti+Ni4Ti3+Ni3Ti2. Due
to the precipitation phase generation, the Ni content in
the matrix decreases. As a consequence, the martensite
transformation temperature increases!''. The lower the
martensite transformation temperature, the worse the
shape memory performance. The heat treatment after SLM
can partially solve the problem of phase transformation
temperature drift. Lee et al*V summarized the NiTi
transformation temperature range in different Ni content.
Figure 4 shows that when the Ni content is between 51
and 52 (% .at) the NiTi transformation temperature will
change drastically. Therefore, the content of Ni must
be strictly controlled to obtain an ideal transformation
temperature.

Biffi et al.P% investigated the SLM processability in
the production of fully dense NiTi parts, microstructure,
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Figure 4. Transformation temperatures according to Ni contents!*!)
(Lasers in Manufacturing and Materials Processing, Effects
of Composition and Post Heat Treatment on Shape Memory
Characteristics and Mechanical Properties for Laser Direct
Deposited Nitinol, 6, 2019, 41-58, J. Lee, Y. C. Shin. With
permission from Springer).

and the superelastic response of samples under different
parameters. The results show that the laser fluence in the
range of 63—160 J/mm® can cause the highest relative
density. Depending on the cooling rate and the size of
the molten pool, the microstructure of the sample can
have different degrees of orientation. By heat treatment
at 500°C, it can attain a fully recoverable strain up
to 6%, which shows that the annealing treatment can
promote the superelasticity of the sample. Yang et al.P!
explained that different scanning speeds affect the phase
composition, leading to critical stress and mechanical
recovery strain changes. Khoo et a/.5% proposed a new
method — repetitive laser scanning. Figure 5 shows
the schematic of differences in laser absorptivity and
heat conductivity. The results show that the phase
transformation characteristics of the sample are similar
to NiTi powder, and it can withstand the tensile load up
to 5.11%, which is equivalent to that of traditional NiTi
parts. It provides a new idea for manufacturing high-
performance SLM-NiTi parts.

Saedi et al’ used SLM to manufacture dense
and porous (32-58%) NiTi parts and the parts are then
heat-treated (solution annealing and aging). The results
show that SLM-NiTi with a porosity of up to 58% can
show the SME, and it can fully recover under 100 MPa
nominal stress. The dense SLM-NiTi shows outstanding
superelasticity after 6% deformation at body temperature,
with a recovery rate of 5.65%. The strain recovery of
samples with porosities of 32%, 45%, and 58% was
about 3.5%, 3.6%, and 2.7%, respectively. The same
researchers have studied the influence of SLM process
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Figure 5. Laser absorptivity and heat conductivity. (A) P25. (B) P40. (C) P605?! (Shape Memory and Superelasticity, Fabrication of SLM
NiTi Shape Memory Alloy through Repetitive Laser Scanning, 4, 2018, 112-120, Z. X. Khoo, Y. Liu, Z. H. Low, ef al. with permission

from Springer).

parameters on NiTi transformation temperature!*®!
and the compactness of parts®. Through improved
processes, such as repetitive laser scanning, they
obtained performance comparable to conventional NiTi
partst®. Yang et al.’* found that when preparing thinner
struts (thickness <0.6 mm), a lower scanning speed
performs better. Besides, these researchers investigated
porous SLM-NiTi performance and found that as the
porosity increases, the strain recovery rate decreases
slightly, putting forward a requirement for the upper
limit of the porosity®®. Fu et al.®® used micro-SLM
technology (with a laser beam of 25 um) to explore the
defects, microstructure, and thermomechanical behavior
of micro-SLM-NiTi parts. The authors comprehensively
analyzed the formation mechanism of defects, including
pores, unmelted areas, and cracks. At the same time, they
creatively proposed the process window for scanning
speed and hatch distance to produce micro-SLM-NiTi
with few gas pores and no cracks, as shown in Figure 6.
All the above studies have provided technical guidance
for the production of dense and defect-free SLMed NiTi.

3. Design of porous structures

In orthopedic surgery, NiTi applications include
compression bone stabilizers for osteotomy and fracture
fixation®, rods for correcting scoliosisl”), and shape
memory for cervical surgery expansion clip®, small
bone clip surgery™, and tissue suture fixation system for
minimally invasive surgery.

Utilization of a porous structure in NiTi as an
orthopedic implant is very beneficial. Although NiTi
has a low Young’s modulus (40-60 GPa), it is still high
compared to natural human bone!'. It is necessary to
further reduce Young’s modulus by increasing porosity.
On the other hand, pores are essential for forming
osteoblasts and the proliferation of mesenchymal cells(!.
The porous surface also improves the mechanical
interlocking between the implant and the surrounding
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Figure 6. Scanning speed-Hatch distance window!™ (Reprinted
from Optics & Laser Technology, 131, J. Fu, Z. Hu, X. Song, et al.,
Micro selective laser melting of NiTi shape memory alloy: Defects,
microstructures, and thermal/mechanical properties, 106374,
Copyright [2020], with permission from Elsevier).

natural bone, providing higher mechanical stability at the
interface!®?. Kuboki et al.®!l demonstrated the necessity
of pores in bone regeneration, they found no new bone
formed on the solid particles, but direct osteogenesis
occurred in the porous scaffold.

Traditional production technologies used to form
pores in biomedical materials include salt immersion
method, gas foaming method'®¥, phase separation method,
freeze casting method!®, and sintering method®?. The
most significant disadvantage of these technologies is that
they cannot accurately control parameters such as pore
shape, pore size, and porosity. Now that AM technology
has matured, it is a general trend to directly design and
manufacture porous parts. The biggest advantage of
AM technology in porous structure design is that it can
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Development of AM-NiTi as Biomedical Materials
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Figure 7. Overall process of manufacturing porous additive manufacturing-NiTi implants.

accurately manufacture complex structures without
further process and retain the original mechanical and
biological properties.

Figure 7 shows the overall process of porous AM-
NiTi implants. The critical step in producing the porous
AM-NiTi biomaterials is designing the unit cell and the
pore parameters, including pore size, porosity, pore shape,
and interconnectivity. After that, the AM parameters,
heat treatment!'l, surface modification!®-%®! and drug-
loading™ are also needed.

3.1. Unit cell design

In AM-produced porous NiTi implants, the first step
is to design the 3D model of scaffold structure and the
computer-aided design (CAD) model focusing on unit
cell design. According to Bael et al.’!, SLM cannot create
geometrically accurate and high-quality overhanging parts.
The six different unit cells designed by Bael et al.l’* are
shown in Figure 8, in which the pore shapes are based on the
research of Rumpler!™, which consists of triangle hexagon
and rectangle. Subsequently, the printed porous scaffold was
analyzed to explore the influence of pore size, pore shape,
and permeability on osteogenesis. Li et al."* used SLM to
produce metallic microlattice and epoxy interpenetrating
phase composites and the unit cell design is shown in
Figure 9. The results showed that the composites obtained
have much higher strength and an excellent specific energy
absorption capacity of up to 46 J/g. Furthermore, Wang et
al 273! conducted a series of studies on the unit cell design
of porous Ti-6Al-4V, such as introducing two different sizes
of pores to achieve coupling functions (Figure 10) and
millimeter-level pores in novel gyroid lattices (Figure 11).
The above works have significant guiding value for the unit
cell design of porous NiTi in biomedical applications.

3.2. Pore size

Micro-computed tomography (CT) is a procedure including
the isotropic slice data collection and reconstruction into a

2D image, and then the data must be compiled and analyzed
to generate a 3D image with quantitative morphological
details”®. This technique is attractive because it is non-
invasive and can be used to image and quantify bone repair.
The optimal pore size of hydroxyapatite has been measured
before, and the estimated value of the optimal pore size is
between 150 and 500 wm”, It was believed that under the
non-weight-bearing conditions, even if the pore size is in
the range of 50-125 um, using porous titanium implants is
capable of ensuring good bone ingrowth®!,

The pore size has an important influence on the
progress of osteogenesis. Hydroxyapatite scaffolds with
small (90-120 um) and large (350 wm) pores were used
for BMP-2 delivery and implanted subcutaneously in
ratsP%. Cartilage formation occurs in the small pores
before bone formation. Enhanced blood vessel formation
was observed in large diameter pores, leading to higher
oxygen tension and nutrient supply, and facilitating
direct osteogenesisP?. Gotz et alU found that 200 um
pore size is more suitable for early osseointegration, and
300 wm pore size is conducive to forming lamellar bone.
Although the low permeability of small pores may hinder
cell ingrowth and blood diffusion, large pores (>300 wm)
facilitate the absorptions of nutrients and oxygen into
the inner pores and promote the process of blood vessel
formation'®”, By constructing a functional graded porous
structure, different pore sizes can be combined and used
to promote the osteogenesis process. Taniguchi et al.B%
evaluated the effect of pore size on osteogenesis of SLM
porous titanium implants in rabbits. They produced three
types of porous titanium implants named P300, P600, and
P900, with a porosity of 65% and respective average pore
size of 309, 632, and 956 wm, as shown in Figure 12.
The pore structure of the P600 implant showed the
most suitable porous structure for orthopedic implants
manufactured by SLM due to its proper mechanical
strength, high fixation ability, and rapid bone ingrowth.
The bone ingrowth of the P300 implant is lower than the

20 International Journal of Bioprinting (2021)—Volume 7, Issue 2
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Figure 8. (A) Unit cells. (B) Optical microscopy images. (C) SEM images. (D) Models based on micro-computed tomography!”? (Reprinted
from Acta Biomaterialia, 8(7), B. S. Van, Y. C. Chai, S. Truscello, et al., the effect of pore geometry on the in vitro biological behavior of
human periosteum-derived cells seeded on selective laser-melted Ti6Al4V bone scaffolds, 2824-2834, Copyright (2012), with permission
from Elsevier).

P600 and P900 implants, which can be explained by the Wang et al® reported that the increment of
formation level of blood vessels. the pore size could lead to an increase in the size of
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Figure 9. Schematic diagram of composites unit cell design and SLMed parts’* Reprinted from Composites Part A: Applied Science and
Manufacturing, 135, X. Li, Y. H. Tan, P. Wang, et al., metallic microlattice and epoxy interpenetrating phase composites: Experimental
and simulation studies on superior mechanical properties and their mechanisms, 105934, Copyright (2020), with permission from Elsevier.
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Figure 10. Schematic diagram of the unit cell with two different
pore sizes?? (Reprinted from Additive Manufacturing, 36, P.
Wang, X. Li, Y. Jiang, et al., electron beam melted heterogeneously
porous microlattices for metallic bone applications: Design and
investigations of boundary and edge effects, 101566, Copyright
(2020), with permission from Elsevier).

the generated blood vessels. However, the degree of
vascularization with pore sizes larger than 400 wm did not
increase significantly. Based on these findings, in terms of
angiogenesis, implants with larger pore sizes (>400 wm)
are more advantageous. On the other hand, a higher
average curvature can induce higher tissue expansion
in vitro®; since the curvature is inversely proportional to
the pore size, smaller pores have advantages in curvature

effect on osteogenesis®]. Considering these factors,
in terms of bone ingrowth, the shortcomings of P300
implants compared to P600 and P900 implants are the
poor blood vessel formation. While for P900 implants,
their osteogenesis effect are worse than P600 implants
due to the lower curvature.

According to the incubation time and the pore size,
Joly et al®¥ analyzed the general behavior of human
fibroblasts in the pore filling process and the pore size,
as shown in Figure 13. After 24 hours, human fibroblasts
were spread entirely on the wall of the scaffold. They
observed fibroblast formation throughout the pores with
no complete pore filling in the medium and large pore size
categories after 3 days. After 7 days, all wells were closed
and filled with cells. However, there is still no consensus
in terms of the pore size. The currently reported optimal
pore size range is 300900 wm, and the primary selection
basis is the osteogenic effect after implantation. The final
determination of the pore size also needs to consider the
mechanical properties of the material itself while meeting
the requirement of pore size for osteogenesis. Furthermore,
the mechanical properties of the implant must fulfill
requirements for clinical use. The optimal pore size of
porous NiTi implants still needs further exploration.

3.3. Porosity

Porosity defines as the percentage of void space in a solid,
which is an inherent morphological characteristic of the
material. There are different methods to measure the
porosity and pore size of the scaffold. The total porosity

22 International Journal of Bioprinting (2021)—Volume 7, Issue 2
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Figure 11. Millimeter-level pores in novel gyroid lattices!™. (Reprinted from Journal of Material Science & Technology, 62, P. Wang, X.
Li, S. Luo, et al., additively manufactured heterogeneously porous metallic bone with biostructural functions and bone-like mechanical
properties, 173—179, Copyright (2021), with permission from Elsevier).

B

Figure 12. Basic single unit and computer-aided design of porous-
surfaced titanium plates. (A) A single unit of diamond crystal
lattice. (B) P300. (C) P600. (D) P900B" (Reprinted from Materials
Science and Engineering: C, 59, N. Taniguchi, S. Fujibayashi, M.
Takemoto, et al., effect of pore size on bone ingrowth into porous
titanium implants fabricated by additive manufacturing: An in vivo
experiment, 690-701, Copyright (2016), with permission from
Elsevier).

(IT) is measured and calculated by the gravimetric
method®), as the following equation

H= 1- P, scaffold /p material (1)
materiar 19 the density of material itself, and
Py 18 the apparent density of the scaffold measured
by dividing the mass of the scaffold by the volume of the
scaffold!®.

The type of bone in-growth depends on the pore size
and porosity. Larger pores are conducive to direct bone
formation because they allow blood vessel formation
and hyperoxygenation, while smaller pores lead to
osteochondrosis®. However, the mechanical properties
and degradation rate determine the upper limits of pore
size and porosity.

The intrinsic properties of a material, porosity,
and processing methods can determine the mechanical
properties of porous implants. As the material and
processing method fixed, the porosity cannot be so
high that it cannot meet the mechanical performance
requirements. Scaffolds made of biomaterials with
high degradation rates should not have high porosity
(>90%) because the rapid consumption of biomaterials
will damage their mechanical and structural integrity®!,
In contrast, scaffolds made of biomaterials with low
degradation rates and robust mechanical properties can
be highly porous.

In which p
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Category

Medium

Figure 13. Confocal microscopy for visualization of the actin cytoskeleton (green) and cell nuclei (blue) to illustrate the filling of scaffold
pores by human fibroblasts at day 1, 3, and 7 for the three pore size categories (scale bar equals 100 mm) (from ref.®¥ licensed under

Creative Commons Attribution 3.0 license).

Zheng et al.®® manufactured three porous titanium
implants (with 30%, 40%, and 50% volume fraction
of NaCl occupying space, named A30, A40, and AS0,
respectively) through metal injection molding (MIM). As
the volume fraction of NaCl increases from 30% to 50%,
the mechanical properties of porous titanium samples
decrease. The compressive strength reduces from 316.6
+ 11.4 MPa to 63.2 + 12.8 MPa, the yield strength
reduces from 284.9 + 9.8 MPa to 59.8 + 10.2 MPa, and
the elastic modulus reduces from 3.0 + 1.0 GPato 1.1 +
0.6 GPa. The result shows that the A30 sample has the
best mechanical properties. The yield strength of the A50
sample is about 59.8 MPa, which is less than the yield
strength of cortical bone (80—120 MPa) and close to that
of human trabecular bone (0.2-80 MPa)®. The modulus
of elasticity (1.1 GPa) of the A50 sample is much lower
than cortical bone (17 GPa)® and is close to the human
trabecular bone (0.5-4.0 GPa)®!. Figure 14 shows the

optical microscope photographs of Goldner’s staining
and non-decalcified sections after being implanted for 28,
56, and 84 day. At 28 day, there was no osseointegration
between the three kinds of porous implants. At 56 day, the
majority of new bone tissue stuck to the implant surface.
At 84 day, the porous implant and the host bone tissue
were tightly bonded. The deep and surface pores of the
porous implant are overgrown with vascular-like tissue
and mineralized bone matrix. The bone tissues of the
A40 and A50 groups were deeper than those of the A30
group!®®l,

3.4. Pore shape

Irfan et @l used NaCl powder (N400-60% rectangular
and N400-60% spherical) as a gasket during the sintering
process to prepare porous NiTi with the same porosity
but different pore shapes. The mechanical properties and
microstructure of the porous NiTi samples were analyzed,
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28d

56d

Figure 14. Optical microscope images of Goldner’s staining and non-decalcified sections after being porous-titanium-implanted for 28, 56,
and 84 day®®! (Reprinted from Transactions of Nonferrous Metals Society of China, 29(12), J. Zheng, L. Chen, D. Chen, et al., effects of pore
size and porosity of surface-modified porous titanium implants on bone tissue ingrowth, 2534-2545, Copyright (2019), with permission

from Elsevier).

as shown in Figure 15. Two pore shapes of NiTi have
similar Young’s modulus (rectangular pores 1.38 GPa
spherical pores 1.98 GPa), but the spherical pore NiTi has
higher compressive strength (rectangular pores 68 MPa and
spherical pores 107 MPa). The increase in compressive
strength attributes to the spherical shape, which significantly
avoids the stress concentration. The sharp edge provides a
location for crack initiation during the deformation process,
and the elimination of stress concentration can generate
more energy absorption before fracture®!l.

According to Bael et al, when the scaffold
was cultured in growth medium without osteogenic
differentiation inducer, only the triangular unit cell scaffold
with a pore size of 500 um had significantly increased ALP
activity. According to Reilly and Engler®, in addition
to growth factors, mechanobiological stimulation in the
scaffold structure can also promote cell differentiation.
The authors speculated that the pore size would affect
the perception of the environment, and the cells will feel
various stimuli from different pore sizes on the surface!®!.
For triangular pores with smaller pore sizes, sharp angles
with restricted pore sizes, in which cells can attach to
different structs, leading to cell differentiation. Bael et
al." also believed that triangular pores might benefit cell
proliferation and differentiation, while circular pores can

delay pore blockage. Combining pores of different shapes
and taking advantage of their respective advantages may
be a potential design direction in the future.

3.5. Interconnectivity

Earlier researches have shown that porous implants
must have interconnected pores to provide space for
the vascular tissue required for continuous mineralized
bone ingrowth®¥. Otsuki et al.® considered that the
interconnection of pores is a critical factor in bone
ingrowth, and properly interconnected pores can promote
bone ingrowth and differentiation.

Zheng et al® reported that the degree of bone
ingrowth of implants with a porosity of 30% (A30) was
lower than that of A40 and A50 implants. It is mainly
due to the different blood vessel formation degrees,
which is essential for bone formation®. The degree of
formation of blood vessels with a pore size >400 um
increased significantly. In terms of angiogenesis, A40
and AS50 implants have more advantages than A30
implants, indicating that suitable pore size and good
interconnectivity are essential for bone and vascular
tissue ingrowth. An adequate blood supply is necessary
for a good combination of bone and porous implants®®. In
addition to providing nutrition, the capillaries in the bone
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Figure 15. (A) The mechanical properties of NiTi with cubic and spherical pores. (B and C) The SEM images of fractured samples®"
(Reprinted from Materials Letters, 154, 1. H. Abidi, F. A. Khalid, M. U. Farooq, et al., tailoring the pore morphology of porous nitinol with
suitable mechanical properties for biomedical applications, 17-20, Copyright (2015), with permission from Elsevier).

tissue can also coordinate the migration and differentiation
of bone cells by delivering functional factors®”!.

According to Oers et al’®) the contact energy
with the bone (h,) is a function of the osteocyte signal
(S) of bone cells in adjacent bone elements, as shown
in Figure 16. Two signal thresholds S| and S, are used.
If the osteoclast signal is lower than S, the osteoclast
bone adhesion is strong. Between S and S, the adhesion
weakens, and above S, there is no adhesion. The
Haversian system is a necessary structural unit to support
long bones, and its pore size is 50-250 um. For bone
formation in the pores, the pore size must be larger than
the Haversian system. The length of osteoblasts is 20 um
and the capillary diameter is 10—15 um®®!.

Simultaneously, the size of the interconnected pores
is crucial for the migration of cells and blood vessels®.
In theory, for cells and blood vessels to pass through the
pore smoothly, the pore size must be larger than 35 um.
It is impossible to have capillaries and osteoblasts in the
connected pores due to the need for space in the process
of cell migration and vascular growth®!. Furthermore, it
confirms that the porous structure with 50-300 um pore
size and good connectivity is conducive to bone tissue
formation(®®,

In summary, good interconnectivity is an essential
condition for bone ingrowth after implantation. In
summary, good interconnectivity and proper pore
parameters jointly lead to the optimization of osteogenesis
effects.

3.6. Relationship between mechanical properties
and pore parameters

As mentioned above, porous biomaterials must provide
mechanical performance requirements in the design step.
Figure 17 shows a summary of the relationship between
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Figure 16. (A) h, is a function of S. (B) Configurations of minimal
surface energy for different h **/(Reprinted from Bone, 43(3), R. F.
M. V. Oers, R. Ruimerman, B. V. Rietbergen, et al., relating osteon
diameter to strain, 476-482, Copyright (2008), with permission
from Elsevier)

mechanical properties and pore parameters of porous
samples. In Figure 17A, the pore size of NiTi is 400 wm,
and the porosity is 63.5%. The pore size of Ti-6Al-4V is
500 wm and the porosity is 68.37% (triangular), 42.34%
(hexagonal), and 66.65% (rectangular), respectively. In
Figure 17B, the porosity of CP-Ti is 70%, the porosity of
NiTi is 63.8%, and the porosity of Ti-6Al-4V is 42.34%.
In Figure 17C, the pore size of Ti-6Al-4V is 282 um
(29%) and 596 um (51%), respectively. The pore size of
CP-Ti and Ti-TiB is both 400 wm, the pore size of Ti-25Ta
is 606 um, and the pore size of NiTi is 400 wm.
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Figure 17. (A) Relationship between E, compressive strength, and pore shape’>!!, (B) Relationship between E, compressive strength, and
pore sizel™131, (C) Relationship between E, compressive strength, and porosity!®!100-102,

4. Mechanical properties

AM-NiTi as a biomedical material, its mechanical
properties have always been one of the hot spots of
research. Unlike traditional formative techniques such
as forging or casting!®), the unique characteristics of
the AM process, such as multilayer melting and rapid
cooling, make AM-NiTi possesses unique mechanical
properties!'” due to its superelasticity!'*¥. In this section,
the latest researches on the mechanical properties will be
summarized from five aspects: Hardness, compressive
strength, tensile strength, fatigue behavior, and damping
properties.

4.1. Hardness

The rapid cooling after AM production leads to grain
refinement, which induces hardening!'%!. In addition to
the optimal laser parameters to generate dense parts,
higher residual stress can significantly enhance the
microhardness!!%!. Shishkovsky et al.l'%! reported that

International Journal of Bioprinting (2021)—Volume 7, Issue 2

the microhardness of SLM-NiTi is 1.5-2 times greater
than that of traditional as-cast NiTi. Different factors
can affect the microhardness of AM-NiTi, such as alloy
composition, manufacturing method (SLM or LENSs),
laser parameters, and post-heat treatment. To explore the
influence of alloy composition on the microhardness of
parts, Shiva et al."”) prepared Ni_,Ti, Ni, Ti, and Ni, Ti,
and their microhardness was 380, 440, and 525 HYV,
respectively. It shows that as the Ti content increases,
the microhardness of NiTi will increase. In addition, the
author also investigated the influence of different AM
processes on the microhardness of parts, using SLM
and LENS to produce NiTil'"!. The microhardness of
SLM-NiTi is about 540-735 HV, while the microhardness
of LENS-NIiTi is about 380 HV.

Yang et al.'® used a repetitive scanning strategy to
prepare functionally graded SLM-NiTi. The schematic
diagram and the specimens are shown in Figure 18.
The results show that the tensile curve of the part
shows an excellent strain hardening effect exceeding
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300 MPa. According to the SEM and XRD results, the
microstructure gradient characterizes by increasing the
martensite B19” along the grain direction. In the gradient
region produced by higher repetitive laser power, there
forms more martensite B19” and less B2 phase. When the
applied stress exceeds the elastic limit, the gradient region
with more B19’ phase will be deformed preferentially
due to the reorientation of the pre-existing B19” twin.
Since the reorientation is irreversible after the stress
is released!™!, the loading and unloading paths almost
overlap (0.5%< strain <1.5%). As the applied stress
increases, more B2 phases include, and the gradient
region with lower laser power is repeated and then
deformed by stress-induced deformation of martensite
B19’. This combination of multiple deformation
mechanisms increases mechanically recoverable strain
and an excellent strain hardening effect!!%.

4.2. Compressive strength

The main load of orthopedic implants during service in
the body is cyclic compressive stress!!'”. Therefore, the
compressive strength of the implant material has always
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Figure 18. (A) The first laser scan with a constant laser power of
60 W. (B) The repetitive laser scan with the varied laser power
from 5 W to 95 W. (C) Two typical graded NiTi specimens!'*®
(Reprinted from Scripta Materialia, 188, Y. Yang, J. B. Zhan, J. B.
Sui, et al., functionally graded NiTi alloy with exceptional strain-
hardening effect fabricated by SLM method, 130-134, Copyright
(2020), with permission from Elsevier).

played an essential role in this field. For AM-NiTi,
whether its compressive strength will be affected due to
the AM process parameters is worthy of attention.

Dadbakhsh et al" used two groups of laser
parameters named high parameters (HP) and low
parameters (LP) to produce octahedral porous SLM-NiTi
scaffolds and analyzed their compression performance.
Compared to the LP sample, the compressive strength
of the HP sample was almost 4 times greater than that
of the LP sample. On the one hand, because the HP
sample has a higher substantial volume fraction in the
loading direction (Figure 19), the bending of the pillar
is suppressed. On the other hand, the higher cooling
rate of the HP parameters produces finer grains, which
leads to a higher overall strength. Biffi et al.P% realized
the integration of multiple laser parameters by defining
fluence. The authors performed loading/unloading
compression tests on SLM-NiTi samples prepared
with a fluence of 63 and 160 J/mm?, respectively. The
trends of strain recovery and applied deformation are
shown in Figure 20. When the applied strain is small,
the lower fluence can obtain higher superelasticity (the
stress is almost twice that of the higher fluence when the
deformation is 3%). However, when the applied strain
exceeds 6%, the increase of fluence will bring better
superelasticity. Due to the accumulation of irreversible
plastic deformation, the recovery deformation curve of
low fluence has a plateau, while the recovery deformation
curve of high fluence is almost linear.

Andani et all" prepared dense and porous
SLM-NiTi, conducted a routine test, and analyzed its
compressive strength. They found that both the dense and
porous SLM-NiTi have a good SME; the compressible
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Figure 19. Optical microscope images of the scaffolds!'!
(Reprinted from CIRP Annals - Manufacturing Technology, 64(1),
S. Dadbakhsh, M. Speirs, J. P. Kruth, ef al., Influence of SLM on
shape memory and compression behavior of NiTi scaffolds, 209—
212, Copyright (2015), with permission from Elsevier).
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Figure 20. Cycling compression results of NiTi samples. (A) F = 63 J/mm®. (B) F = 160 J/mm?. (C) Recoverable strain®®® (Shape Memory
and Superelasticity, Selective Laser Melting of NiTi Shape Memory Alloy: Processability, Microstructure, and Superelasticity, 6, 2020,
342-353, C. A. Biffi, J. Fiocchi, F. Valenza, et al. with permission of Springer).

strain is about 5%. The authors also found that as the
porosity of porous NiTi increases, Young’s modulus,
critical stress, and strain decrease. Dense NiTi can
withstand 30.2% compression deformation and fails at
1620 MPa. The SC structure NiTi with a porosity of 58%
reached 410 MPa, and it failed after 15.6% compression
deformation. The BCC structure NiTi with a porosity of
69% reaches 63 MPa and fails after 10.5% compression
deformation. It seems that changes in porosity and pore
shape will affect the compressive strength of parts.
Bormann et al."'” used synchrotron radiation-based
micro-CT and three-dimensional positioning technology
to evaluate the internal displacement and strain field
of the SLM-NiTi scaffold during compression. It was
reported that 6% of the uniaxial compression resulted
in up to 15% local compressive strain and tensile strain,
which verified the finite element simulation results. The
3D data obtained by 6% compression in the z-direction
are shown in Figure 21; the compression and extension
values are as high as 15%. The maximum compressive
strain appears along the z-direction and is located around
the opening parallel of the rhombus to the z-direction and
at an obtuse angle outside the rhombus. This research
may help optimize the design of the support structure
and estimate the maximum displacement before a crack
occurs.

The development of bio-inspired/bio-mimetic
designs is a potential method for porous implants to
increase strength and reduce Young’s modulus®?.
Ma et al!™ inspired by the microstructure and
compression characteristics of Cancer pagurus’s claw,
prepared the bio-mimetic claw structure SLM-NiTi
(Figure 22), and analyzed the influence of rotation
increment mode on compression performance. The
results indicate that a larger rotation increment will
increase the torsional stiffness and tangential force of
the adjacent rail interface, resulting in more significant
cumulative deformation. Besides, the spiral distribution
mode helps increase the in-plane isotropy, which makes

the stress distribution more uniform during loading.
This research has important guiding significance for
the bio-mimetic structure of SLM-NiTi in the future. In
addition to the SLM technology to prepare NiTi, Zhou
et al.® used selective EBM (SEBM) to produce NiTi
and then analyzed the tensile compression properties of
the parts. The result shows that the SEBM-NiTi parts
exhibit excellent superelasticity in cyclic compression
tests at room temperature. The authors also observed a
significant asymmetry between tension and compression,
closely related to the (001) texture. It is worth mentioning
that the tensile properties of SEBM-NiTi parts are better
than NiTi prepared by SLM and LENS, which may be a
potential process for the production of NiTi implants in
the future.

4.3. Tensile strength

Previous literature!'®! has made a comprehensive review
of the compressive strength of SLM-NiTi, while there is
a minor focus on the tensile strength.

Due to the internal defects and the unidirectional
columnar grains produced in the SLM process, the reported
SLM-NIiTi often exhibits low tensile properties!"'. There
are two main reasons for the low tensile properties of SLM-
NiTi. One is that almost all SLM parts have gas pores and
cracks!!'?l, The other is that when stretched perpendicular
to the build direction, the multilayer columnar grains will
promote the propagation of cracks on the flat continent!!”),
Zhou et al"® found that using a proper laser scanning
length can prevent the formation of pores and cracks
by increasing the remelting/reheating temperature and
reducing the cooling rate. Changing the laser scanning
direction can inhibit the growth of unidirectional columnar
crystals by changing the heat dissipation direction.
Xiong et al."" proposed a strip rotation scanning strategy
in which, by combining the best laser scanning length
(stripe width of 4 mm) and laser scanning direction (hatch
rotation of 67°), they produced a defect-free, unidirectional
columnar crystal SLM-NiTi, as shown in Figure 23. The
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Figure 21. (A) The mean local displacements owing to scaffold deformation. (B) The mean local plane strains in the three orthogonal directions
(a-a, b-b, c-c, d-d are the cross-sections in different positions and directions)!"'? (Reprinted from Acta Biomaterialia, 10(2), T. Bormann,
G. Schulz, H. Deyhle, et al., combining micro-computed tomography and three-dimensional registration to evaluate local strains in shape
memory scaffolds, 1024-1034, Copyright (2014), with permission from Elsevier).

Figure 22. (A) Macro image of Cancer pagurus. (B-D) Top-surface morphology of Cancer pagurus at different magnifications. (E and F)
Cross-sectional fracture structure at different magnifications. (G and H) Cross-sectional structure after polishing. (I) A multi-pore structure.
(J) A helicoidal structure!"'* (Reprinted from Applied Surface Science, 469, C. Ma, D. Gu, K. Lin ef al., selective laser melting additive
manufacturing of Cancer pagurus’s claw inspired bionic structures with high strength and toughness, 647-656, Copyright (2019), with

permission from Elsevier).

tensile strain of the obtained lath SLM-NiTi is 15.6%,
which is more than twice the best-reported ones. Besides,
parts with complex shapes show 99% shape memory
recovery after 50% compression deformation.

Wang et al" studied the effects of scanning
speed, hatch distance, and laser power on the phase
change behavior and mechanical/functional properties

of SLM-NiTi parts. When manufacturing SLM-NiTi
in a high-oxygen atmosphere (>25 ppm), the authors
believed that oxygen would destroy the grain boundary
layer by layer, ultimately destroying the ductility of
a part. Reducing the oxygen content of the chamber is
more important for improving the ductility of parts than
optimizing laser parameterst'?®’. Despite the existence of
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a large number of inner defects (mainly gas pores), the
parts still have good ductility under the condition of large
changes in SLM parameters. Itis due to the inherent unique
deformation behavior of NiTi, that is, stress-induced
martensite transformation or martensite reorientation
occurs before plastic deformation. Simultaneously, under
high energy density, the defects are mainly spherical
pores, which effectively reduces stress concentration?!l.

The build orientation is an essential factor in the
SLM process, affecting the mechanical strength and
fatigue properties of parts!'??l. Bayati et a/." analyzed the
uniaxial tensile strength of NiTi parts manufactured in three
different build orientations, as shown in Figure 24. The
results showed that the samples made at 45° relative to the
build plate exhibit the highest ultimate strength (fractured
at ~600 MPa), while the ultimate strength of the edge and
the flat specimen is relatively low (about 350400 MPa).
Through SEM observations, different structural directions
may produce different types of defects in the part, such
as lack of fusion, entrapped gas pores, and surface flaws,
leading to different failure modes.

Zhang et al™ manufactured SLM-NiTi with
excellent tensile properties and recovery rate through
stripe rotation scanning strategy, as shown in Figure 25.
The part shows a tensile strain of 15.2 + 0.8%, which is
almost twice the best value previously reported. It also
exhibited excellent shape memory performance. After
pre-deformation of 4% and 6%, the recovery rate was 97.7
+ 1.2% and 92.5 + 2.0%, respectively. Unlike traditional
post-melting machining methods!'*, the SLM process
involves rapid solidification and repeated heating, which
gives SLM samples a unique microstructurel'>. Rapid
solidification forms supersaturated vacancies, and the
aggregation of vacancies forms high-density dislocations.
In the subsequent heating process, these dislocations
thermally move in the three directions <001>, <111>,
and <110>, resulting in thermal kinks, helical dislocation,
and wave morphology. As Figure 26 shows, while the
dislocations are moving, the precipitated Ni,Ti, particles
repeatedly nucleate and grow heterogeneously. This
repeated precipitation phenomenon does not exist in
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Figure 23. (A) The stripe rotation scanning strategy. (B) SLM-NiTi samples!'"™ (Reprinted from Journal of Material Science & Technology,
35(10), Z. Xiong, Z. Li, Z. Sun, et al., selective laser melting of NiTi alloy with superior tensile property and shape memory effect, 2238—

2242, Copyright (2019), with permission from Elsevier).

Build direction

Figure 24. Three build orientations of SLM process!'?! (Reprinted from International Journal of Mechanical Sciences, 185, P. Bayati, A.
Jahadakbar, M. Barati, ef al., toward low and high cycle fatigue behavior of SLM-fabricated NiTi: Considering the effect of build orientation
and employing a self-heating approach, 105878, Copyright (2020), with permission from Elsevier).
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conventional manufacturing technology. These unique
precipitates and dislocations lead to the unique phase
transformation behavior and mechanical properties of
SLM-NITil"*4.

4.4. Fatigue behavior

Fatigue failure is one of the main failure modes of dense and
porous NiTi. Transformation temperature, microstructure
defects, load types, the strength and volume fraction of
austenite and martensite, and the unwanted second phase
are all factors that affect the fatigue life?). Bayati et a/.l'*]
also investigated the low-cycle fatigue behavior of NiTi
parts manufactured in three different build orientations.
The fatigue life of the samples manufactured at 45°
relative to the build plate is the longest, while the fatigue
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4 mm

Hatching spacing
¥ 80um

Rotation angle

67°

life of edge samples is the shortest. Subsequently, Bayati
et al." first adopted a self-heating approach to analyze
the high-cycle fatigue behavior of samples manufactured
in the horizontal direction, as Figure 27 shows. They
evaluated the fatigue limits of the original and pre-
strained samples by the self-heating method. It seems
that the pre-strained part exhibited a longer fatigue life
compared to the original sample. The authors considered
that for a given load level, the mechanical dissipation of
the original sample is much larger than the pre-strained
sample, making the cyclic load of the original sample
accompanied by more fatigue damage and reducing the
fatigue limit.

Speirs et al.*® studied the compression fatigue
behavior of SLM-NiTi scaffolds with three different

B

Figure 25. (A) Schematic of laser scanning strategy. (B) Tensile samples of SLM-NiTi!'>*! (Reprinted from Applied Materials Today, 19, Q.
Zhang, S. Hao, Y. Liu, et al., the microstructure of a selective laser melting (SLM)-fabricated NiTi shape memory alloy with superior tensile
property and shape memory recoverability, 100547, Copyright (2020), with permission from Elsevier).
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Figure 26. Thermal history and microstructures inside SLM-NiTi. T_, melting temperature, T, precipitation temperature, and T, the holding
temperature!'>*! (Reprinted from Applied Materials Today, 19, Q. Zhang, S. Hao, Y. Liu, et al., The microstructure of a selective laser melting
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Figure 27. (A) Schematic of successive series of cyclic loadings. (B) “n” can be sub-sectioned into three parts. The actual temperature that
includes actual fluctuations in parts I and II is shown by , while the mean temperature with no fluctuation in parts I and II is shown by ['3%]
(Reprinted from International Journal of Mechanical Sciences, 185, P. Bayati, A. Jahadakbar, M. Barati, ef al., toward low and high cycle
fatigue behavior of SLM-fabricated NiTi: Considering the effect of build orientation and employing a self-heating approach, 105878,

Copyright (2020), with permission from Elsevier).

unit cells (octahedron, cellular gyroid, and sheet
gyroid). The CAD images and their products are shown
in Figure 28. It seems that under the same volume
fraction, compared with the traditional octahedral unit
cell structure, triple periodic minimal surfaces (TPMS)
show excellent static mechanical properties and fatigue
life, and the lamellar cyclotron structure shows the
highest fatigue life. Both TPMS have continuously
varying curvatures, minimizing staircase effect, and
reducing crack initiation. Simultaneously, the residual
particles on the downward-facing surface act as stress
concentrators, allowing cracks to initiate!!*”. For the
octahedral unit cell, the surface area in contact with the
powder bed during processing is the largest and more
residual particles are attached. The spiral design consists
of thicker struts at the same volume fraction, resulting
in a lower surface area. Based on the above factors,
the TPMS structure performs better in the practical
application of SLM-NiTi.

4.5. Damping properties

The damping capacity is the ability to eliminate sudden
shocks and oscillations!'?®, It is a very critical feature in
various applications, including biomedical equipment
(such as dental and spinal implants) and the automotive
industry (dampers)®. Wang et al”! used two sets of
SLM parameters to generate layered NiTi samples,
in which alternate layers have different Ni/Ti ratios,
so they have different transformation temperatures,
which lead to austenite/martensite alternating structure
in a specific temperature range. During the cooling
process in a wide temperature range (~130 K), austenite
gradually transforms into martensite, thereby obtaining
better damping performance at both low (1 Hz) and
high (90 kHz) oscillation frequencies. Figure 29 shows

Figure 28. (A) Octahedron. (B) Cellular gyroid. (C) Sheet
gyroid!'? (Reprinted from Journal of the Mechanical Behavior of
Biomedical Materials, 70, M. Speirs, H. B. Van, H. J. Van, et al.,
fatigue behavior of NiTi shape memory alloy scaffolds produced
by SLM, a unit cell design comparison, 53—59, Copyright (2017),
with permission from Elsevier).

the internal friction (tan &) measured at an oscillation
frequency of 1 Hz (a) and the temperature dependence of
tan d and Young’s modulus at an oscillation frequency of
90 kHz (b), indicating that even without the influence of
transient effects, the layered structure samples also exhibit
good damping characteristics. Table 2 summarizes the
recent researches related to the mechanical properties of
SLM-NiTi.

After design, AM, surface modification(®®!1?],
drug loading™%, and a series of characterizations of
AM-NiTi implants are required, which are summarized
in Figure 30.
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Table 2. Recent researches related to mechanical properties

Mechanical Strategies Results Author (s)
properties
Microhardness ~ Control composition The microhardness of Ni Ti, Ni, Ti, and Shiva et al.'"""!
Ni, Ti are 380, 440, and 525 HV, respectively.
Control AM method The microhardness of SLM-NiTi and Shiva et al.ll"”
LENS-NiTi are 540-735 HV and 380 HYV,
respectively.
Repetitive scanning strategy Excellent strain hardening effect over 300 Yang et a/.l'*™
MPa.
Compressive Dense, SC and BCC structure of Dense NiTi can withstand 30.2% compression ~ Andani et al.l''®!
strength SLM-NiTi deformation and fail at 1620 MPa. The SC

Tensile strength

Fatigue
behavior

Damping
properties

Use synchrotron radiation-based
micro-CT to evaluate the internal
displacement and strain field.
Fabricate the biomimetic claw
structure SLM-NiTi

Stripe width 4 mm and hatch
rotation of 67°

Manufacturing SLM-NiTi through
stripe rotation scanning strategy

SLM-NiTi manufactured in a high
oxygen atmosphere (>25 ppm)
SLM-NiTi produced in three
different structural directions

Manufacturing SLM-NiTi through
stripe rotation scanning strategy

SLM-NiTi scaffold with three
different unit cells

Use two sets of SLM parameters to
produce NiTi to generate alternate
layered austenite/martensite
structure

structure NiTi with a porosity of 58% reached
410MPa, and it failed after 15.6% compression
deformation. The BCC structure NiTi with
a porosity of 69% reaches 63 MPa and fails
after 10.5% compression deformation.

6% of the uniaxial compression resulted in up
to 15% local compressive strain

When the applied stress approached 234 MPa,
the maximum compressive strain was 0.5776.
The tensile strain of SLM-NiTi is 15.6%, and
the part shows 99% shape memory recovery
under 50% compression deformation.

The tensile strain of SLM-NiTi is 15.2 +
0.8%. After pre-deformation of 4% and 6%,
the recovery rates were 97.7 + 1.2% and 92.5
+ 2.0%, respectively.

Oxygen will destroy the grain boundary layer
by layer, eventually destroying the part.

The samples made at 45° relative to the build
plate broke at~600 MPa, while the edge and
flat samples both broke at~350-400 MPa.
The fatigue life of the samples manufactured
at 45° relative to the build plate is the longest,
and the fatigue life of the edge samples is the
shortest.

Compared with the traditional octahedron unit
cell structure, TPMS show excellent static
mechanical properties and fatigue life, and
the sheet gyroid structure shows the highest
fatigue life.

During cooling in a wide temperature
range (~130 K), good damping property is
obtained at both low (1 Hz) and high (90 kHz)
oscillation frequencies.

Bormann et al.l'"?!

Ma et al.'4

Xiong et al.l'

Zhang et al.'*¥

Wang et al.l"”]

Bayati et al.'*!

Bayati et al.l'3

Speirs et al.[1?¢)

Wang et al.”!

5. Conclusions and challenges

This paper reviews the recent developments of AM-NiTi,
especially SLM-NiTi in biomedical applications.

34

focuses on influencing factors in SLM production, which
can significantly affect the quality of products. To obtain

the required shape memory behavior, the Ni/Ti ratio must

It be precisely controlled. A qualified orthopedic implant
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Kustov, et al., selective laser melting produced layer-structured NiTi shape memory alloys with high damping properties and Elinvar effect,

246-250, Copyright (2018), with permission from Elsevier).
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Figure 30. Characterization methods of additive manufacturing-NiTi implants.

must meet both mechanical and biological performance
requirements. As a consequence, the design of the porous
structure and the mechanical properties are of vital
importance. It mainly focuses on the porous structure design
and mechanical properties, and the characterization methods
required for AM-NiTi products are also summarized.
However, there are still many challenges to face. The
SLM process is complicated, making the microstructure of
SLM parts very different from traditionally manufactured
samples!'??l. The mechanism of the SLM process affecting
the microstructure of parts has not been clarified.
Moreover, the design of functionally graded porous
structures still needs further research. Bael et al.’* have
conducted a series of researches on the unit cell design, but
it is still not enough, and more novel unit cell designs are
needed. Taking into account the combination of different

International Journal of Bioprinting (2021)—Volume 7, Issue 2

pore sizes and pore shapes to form a bio-mimetic structure
is a promising direction!'*l. Research on superelasticity,
phase transformation behavior, and texture development
of porous SLM-NiTi scaffolds are far from enough!!l,
Furthermore, we can combine machine learning with 3D
bioprinting to improve part quality!**, design novel 3D
models!3, and establish unified frameworks to share
data sets!® and ML models!'*®! among the research
community.
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