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Abstract
This article seeks to reduce the stiffness of NiTi parts from a nonporous state to that of human bone by introducing por-
osity. Compact bone stiffness is between 12 and 20 GPa while the currently used bone implant materials are several
times stiffer. While very stiff implants and/or fixation hardware can temporarily immobilize healing bone, it also causes
stress shielding of the surrounding bone and commonly results in stress concentrations at the implant or immobilization
hardware’s fixation site(s). Together these processes can lead to implant or fixation hardware and/or the surrounding
bone’s failure. Porous NiTi can be used to reduce the stiffness of metallic implants while also providing necessary stabili-
zation or immobilization of the patient’s reconstructed anatomy. In this work, mechanical behavior of porous NiTi with
different levels of porosity is simulated to show the relation between the stiffness and porosity level. Then porous struc-
tures are fabricated through additive manufacturing to validate the simulation results. The results indicate that stiffness
can be reduced from the bulk value of 69 GPa to as low as 20.5 GPa for 58% porosity. The simulation shows that it is
possible to achieve a wide range of desired stiffness by adjusting the level of porosity.
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Introduction

The elastic stiffness (Young’s modulus/modulus of elas-
ticity) of metallic implant materials used for bone
replacement and support is significantly higher than
that of bone. Young’s moduli of bone implant materi-
als such as titanium, cobalt-based alloys, and stainless
steel are, respectively, about 110, 190, and 210 GPa
(Greiner et al., 2005), which are much higher than
human cancellous (\3 GPa) or compact (12–20 GPa)
bone (Gibson and Ashby, 1999). This stiffness mis-
match between the implant and the surrounding bone
causes a large portion of the load to be transferred
through the implant. Bone that no longer undergoes
regular loading may resorb due to stress shielding
(Bobyn et al., 1992). Also, in these situations, the inter-
face between the implant and the bone may be sub-
jected to high stress concentrations which can result in
implant loosening (Bobyn et al., 1992). Moreover,
moduli mismatch may lead to large relative motion at
the implant/bone interface (Krishna et al., 2007). In
cases where this interface has been textured to promote
bone ingrowth, this unanticipated movement may

inhibit bone formation and ingrowth. Instead, inflam-
mation and fibrous tissue formation and encapsulation
may ensue (Krishna et al., 2007), thereby preventing
desirable implant osseointegration.
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Reduced implant stiffness may be achieved by add-
ing porosity (Gibson and Ashby, 1999). Surface poros-
ity may be used to produce a texture that may also
improve the attachment of bone to the implant
(Kienapfel et al., 1999; Simske et al., 1997; Urban et
al., 1996). While surface texture designed to promote
bone ingrowth does not significantly affect the stiffness
of an implant, distributed porosity can effectively
reduce its stiffness. By introducing appropriate pore
size and pore geometry to this textured area, bone
ingrowth and interconnection may also improve (Kang
et al., 2002; Li et al., 2000b). Porous devices from bio-
compatible metals have been fabricated from stainless
steel (Rausch et al., 2002) and titanium (Davis et al.,
2001; Rausch et al., 2002). Near equiatomic nickel–
titanium alloy (nitinol or NiTi) has shown biocompat-
ibility (Kang et al., 2002; Kujala et al., 2003). Modulus
of elasticity of the austenite phase is in the range of 40–
60 GPa and for the martensite phase is in the range of
28–41 GPa. This stiffness is one of the lowest among
biocompatible metals (Greiner et al., 2005). Another
interesting property of NiTi is the superelastic behavior
which could enable an implant to recover up to 8%
strain (Otsuka and Wayman, 1999), higher than the
recoverable strain of bone (up to 2%; Gibson and
Ashby, 1999).

This superelastic behavior (and also the shape mem-
ory effect) relies on a martensitic phase transformation.
Upon cooling from the high-temperature austenite
phase, a shape memory material starts to transform at
the martensite start temperature (Ms) into the marten-
site phase. At Mf (martensite finish temperature) the
transformation is completed. During heating, the
reverse transformation into austenite starts at As and
finishes at Af (austenite start and finish temperatures,
respectively). In shape memory effect, this transforma-
tion is introduced by temperature (thermal memory),
while in superelasticity, this transformation is intro-
duced by mechanical stress (mechanical memory).

In general, the processing of NiTi, and of porous
NiTi in particular, is challenging. This is especially
applicable for NiTi used as a biomaterial. Bansiddhi et
al. (2008), Elahinia et al. (2012), and Andani et al.
(2014b) have reviewed several aspects for NiTi as a
bone substitute with a strong focus on manufacturing
methods. Powder metallurgical (PM) processing routes
seem to provide the most attractive potential for manu-
facturing porous NiTi. These methods include conven-
tional sintering (Khalifehzadeh et al., 2007; Li et al.,
1998, 1999, 2000a; Zhu et al., 2005), spark plasma sin-
tering (SPS) (Butler et al., 2011; Majkic et al., 2007;
Zhao et al., 2005), self-propagating high-temperature
synthesis (SHS) (Bansiddhi and Dunand, 2007;
Barrabés et al., 2008; Chu et al., 2004; Han et al., 1997;
Lagoudas and Vandygriff, 2002; Schetky and Wu,
2004), and metal injection molding (MIM) (Bram et
al., 2011, 2012; Guoxin et al., 2008; Köhl et al., 2008,

2009, 2011). In general, most of these methods allow
for a significant reduction in stiffness by adding poros-
ity. Lagoudas and Vandygriff (2002) reported Young’s
moduli for porous NiTi prepared by hot isostatic press-
ing in the range of 5–17 GPa. However, most of these
methods lack homogeneous control of porosity (e.g.
amount of porosity, pore size, arrangement of pores,
and interconnection of pores), chemistry (impurity con-
tent, homogeneity, intermetallic), geometric flexibility,
and freeform of design.

Recently, additive manufacturing (AM) was applied
to process NiTi in order to overcome these obstacles
(Andani et al., 2014a; Bormann et al., 2010, 2012;
Haberland et al., 2012, 2013a; Meier et al., 2009, 2011;
Rahmanian et al., 2014; Shishkovsky, 2005;
Shishkovsky et al., 2008). The best known AM pro-
cesses for metals are selective laser sintering (SLS),
selective laser melting (SLM), laser-engineered net
shaping (LENS), and electron beam melting (EBM).
SLM uses a laser beam to create three-dimensional
(3D) metal parts by fusing fine metallic powders
together. This process is carried out by adding succes-
sive layers of the material defined in a computer-aided
design (CAD) file. SLM has been used to create dense
and porous NiTi parts using pre-alloyed powders (as a
representative example, see Haberland, 2012; Walker,
2014; Walker et al., 2016). It is worth noting that the
initial studies on the biocompatibility have shown pro-
mising results (Habijan et al., 2013).

This article discusses the application of AM to
develop NiTi components with desired stiffness by
introducing engineered porosity. To this end, a unit cell
that is made of two interconnecting struts is used to
generate the CAD files for a series of porous structures
with six different levels of porosity in the range of
20%–82%. Finite element (FE) analyses are conducted
to examine the stress–strain behavior of the fabricated
structures under loading. To validate the simulations,
uniaxial compression tests are performed on three NiTi
samples with three different levels of porosity (32%,
45%, and 58%), made by SLM. The experimental data
closely match with the numerical results. Additionally,
both the experimental and numerical findings indicate
that introducing porosity to a NiTi structure results in
a significant drop in the stiffness of the component.
These results pave the way for designing porous NiTi
structures with the desired level of stiffness based on
this modeling approach.

Modeling

In this work, it is assumed that a porous NiTi part is
created from n identical unit cells. The geometry of
these unit cells defines the stiffness of the assembly.
Some studies are performed on the importance of por-
osity morphology, the size, and number and
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distribution of pores (Van Bael et al., 2012; Zhu et al.,
2014). As one of the many possible configurations,
Figure 1(a) shows a unit cell that consists of three
orthogonal struts that intersect at the mid-point and
Figure 1(b) shows the portion of the unit cell that is uti-
lized for the FE analysis.

One can define a nominal stress for the entire struc-
ture of a unit cell, which is different from the actual
stress in each of the struts. This nominal stress is calcu-
lated by dividing the axial force by the projected area
of the unit cell on the plane normal to the loading direc-
tion, L2 (L: length of a strut). Using this approach, the
effect of porosity on the stiffness is studied for parts
with six different levels of porosity. The level of poros-
ity is determined by the ratio of the diameter to the
length of a strut (D/L). As listed in Table 1, D/L varies
from 0.3 to 0.8, while L is kept constant at 1 mm for
consistency. For each part, the fillet radius is set to
(0.1L). A solid rod (with zero porosity) is also modeled
to find the material parameters of the bulk NiTi for
simulation purposes.

Since a unit cell is used to obtain the mechanical
behavior of the lattice, it is necessary to apply a sym-
metric periodic boundary condition to the model (Li,
2008). To do so, the symmetric planes are fixed along
their corresponding normal direction while the opposite
faces are constrained to remain planar during the load-
ing. These constraints are schematically summarized in
Table 2. In this table, U, V, and W are displacements in
the x, y, and z directions, respectively. These boundary
conditions decrease the size of the model to one-eighth
which reduces the computational cost (Li, 2008).

A thermodynamically consistent microplane consti-
tutive model (Mehrabi et al., 2012) is implemented
through user material subroutine (UMAT) in Abaqus
commercial FE package to simulate the thermo-

mechanical behavior of NiTi components. In this
approach, the macroscopic stress tensor is first pro-
jected on the microplanes as normal and shear compo-
nents. One-dimensional (1-D) constitutive laws are
then defined between micro-level stresses and strains on
all microplanes passing through a material point.
Finally, through a homogenization process based on
the principle of complimentary virtual work, the
macroscopic strain tensor is derived (Mehrabi et al.,
2014; Shirani et al., 2014). As shown in Figure 2, the
macroscopic stress vector, t, can be projected as normal
and shear components on a microplane with the nor-
mal vector, n, using equations (1) and (2), respectively

sN =Nijsij ð1Þ

sT = Tijsij ð2Þ

in which sij is the macroscopic stress tensor, Nij = ninj,
Tij =(tinj + tjni)=2 where ti is the unit vector parallel to
the resultant shear stress on the plane and can be for-
mulated as

ti =
siknk � sN niffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sjrsjsnrns � s2

N

p ð3Þ

It can be shown that if the static constraint formula-
tion with volumetric–deviatoric, that is, sN =sV +sD,
is used, the micro-level elastic moduli will be equal to
the macroscopic ones (Kadkhodaei et al., 2007). It is
also supposed that the martensite transformation is just
associated with the shear component of microplane
stresses. Based on this formulation, the micro-level
strains can be calculated using the following relations

eV =
1� 2n

EM

sV ð4Þ

Figure 1. (a) A unit cell that is formed of two interconnecting struts and (b) the modeled unit cell.
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eD =
1+ n

EM

sD ð5Þ

eT =
1+ n

EM

sT + eLjs ð6Þ

where n is the shape memory alloy’s (SMA) Poisson
ratio, eV the volumetric strain, eD the deviatoric strain,
eT the shear strain, eL the SMA’s maximum recoverable
strain, js the stress-induced martensite volume fraction,
and EM the macroscopic elastic modulus of the pure
martensite phase (Ravari et al., 2015a, 2015c).
Applying the principle of complimentary virtual work
yields

eij = � n

EM

smmdij +
1+ n

EM

smn �
3

2p

ð
O

NmnNij + TmnTij

� �

dO+ eLjs �
3

2p

ð
O

TijdO

ð7Þ

To finalize the constitutive modeling, it is necessary
to introduce the martensite volume fraction evolution.

Since the shape memory effect is of interest in this arti-
cle, only the evolution related to this behavior is intro-
duced. Referring to Figure 3, the SMA is totally
martensitic before loading. By applying the compres-
sive load, the elastic deformation occurs with the slope
EM. When the stress reaches the value of scr

s , the det-
winning of martensite variants happens. This detwin-
ning continues until scr

f is satisfied, after which the
material behaves elastically. During detwinning, the
evolution of stress as well as temperature-induced mar-
tensite volume fraction can be explained using the fol-
lowing relations

js =
1

2
js0 � 1ð Þ cos p

scr
f � scr

s

ŝ � scr
s

� � !
+ js0 + 1ð Þ

" #

ð8Þ

jT = jT0

1� jsð Þ
1� js0

ð9Þ

in which ŝ is the von-Misses equivalent stress, and js0

and jT0 are the initial values of stress-induced and
temperature-induced martensite volume fractions,
respectively.

Two parameters are essential for modeling purposes:
material parameters of the bulk material from which

Figure 2. Projection of macroscopic stress vector to normal
and shear components.

Table 2. The boundary conditions applied to the symmetrical portion of the unit cell model as shown in Figure 1(b).

Plane Z = L Y = L/2 X = L Z = 0 Y = 0 X = 0
Boundary conditions U = free U = free U = planar U = free U = free U = 0

V = free V = displacement constraint V = free V = 0 V = free
W = planar constraint W = free V = free W = 0 W = free W = free

W = free

Figure 3. Typical stress–strain curve of shape memory effect.

Table 1. The porosity and geometry properties of the simulated NiTi parts.

D/L factor 0.3 0.4 0.5 0.6 0.7 0.8
L (mm) 1 1 1 1 1 1
Porosity volume percentage (%) 6 71 58 45 32 20
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the porous samples are fabricated and the geometry of
the unit cells. It is shown that the mechanical properties
of the bulk material of the porous samples can be
severely different from the raw material used for fabri-
cation (Garciandia, 2009; Karamooz Ravari and
Kadkhodaei, 2013). It is also realized that the fabrica-
tion parameters, such as laser power and scan velocity
(among others), can severely affect the mechanical
response of the bulk material (Garciandia, 2009). To
overcome this, some dense samples are also fabricated
with the same processing parameters as those used for
the fabrication of porous samples. These dense samples
are used for calibration of the bulk material parameters.
To calibrate the model parameters, a fracture character-
ization and a differential scanning calorimetry (DSC)
test are required. The result of fracture test, which is
performed on a dense rod fabricated by SLM at room
temperature (297 K), and the DSC test are shown in
Figures 4 and 5, respectively. Referring to Figure 3, the
slope of the first linear region of the stress–strain curve
is considered as the elastic modulus of pure martensite.
The stress value related to the initiation and finish of
the nonlinear transformation region are, respectively,

utilized as scr
s and scr

f . In addition, the intersection of
second linear region of the stress–strain curve and
abscissa is obtained as the maximum residual strain, eL.
Since the material is initially at pure temperature-
induced martensite phase, the value of the initial tem-
perature- and stress-induced volume fractions are
jT0 = 1 and js0 = 0, respectively. Transformation tem-
peratures were determined by the intersecting tangents
method. The details of the experiments are included in
section ‘‘Experimental study.’’ The material parameters
obtained from this experiment are listed in Table 3.

Fabrication

In this study, a SLM machine (PXM by Phenix/3D
Systems) is used (see Figure 6). To produce high-quality
parts, the powder for the AM process must be selected
carefully. Particle size and shape, flowability, and
impurity content are some of the key factors in choos-
ing the appropriate NiTi powder. The powder is usually
atomized by gas from the ingots. This technique allows
for production of spherical particles with high powder
bed density and good flowability. Additionally, a fine
particle size allows for thinner layers, which results in
higher resolution part. Haberland et al. (2013b) showed
that an effective compromise of the aforementioned
factors is achieved using medium-size particles (25–
75 mm). In this study, a Ni50.81-Ti (at. %) ingot
(Nitinol Devices & Components, Inc., Fremont, CA)
was atomized to powder (25–75 mm particle fractions)
by TLS Technik GmbH (Bitterfeld Germany) using an
electrode induction-melting gas atomization (EIGA)
technique. This method allows for the production of
powders with low impurity contents.

The SLM machine is equipped with a 300-W
Ytterbium fiber laser. The beam quality of the laser is
M2\1:2, the beam profile is Gaussian (TEM00), and
the beam diameter is approximately 80 mm. The
machine uses a metal scraper and roller to create the
powder layer. The process starts when the feeding pis-
ton moves upward and provides the powder. Then, the

Figure 4. Fracture compression tests on a SLM fabricated
dense and three porous NiTi structures.

Table 3. Material parameters of SLM fabricated shape memory
NiTi, based on the fracture characterization test of the dense
part at room temperature.

Material parameter Value

Elastic stiffness of the martensite, EM 69 GPa
Poisson’s ratio (equal for both phases), n 0:33
Martensitic start temperature, Ms 327 K
Martensitic finish temperature, Mf 296 K
Austenitic start temperature, As 332 K
Austenitic finish temperature, Af 360:5 K
Critical transformation stress (start), scr

s 85 MPa
Critical transformation stress (finish), scr

f 450 MPa
Maximum recoverable strain, eL 0.445

Figure 5. DSC test on a SLM fabricated dense structure.
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scraper collects the powder from the feeding piston and
the roller deposits it on the building platform. Next,
the laser selectively scans and melts the powder accord-
ing to the geometry requirements of the part provided
by the machine control software. After solidification,
dense material remains surrounded by the loose pow-
der. Finally, the building piston drops down to gener-
ate the next powder layer. This procedure is repeated
until the designed part is fabricated.

Porous parts were made of 4 3 4 3 4 unit cells with
L = 2 mm and D/L factors of 0.5, 0.6, and 0.7.
Therefore, each part had overall dimensions of
8 mm 3 8 mm 3 8 mm as shown in Figure 7. Two
plates were attached to the top and bottom of each cell
in order to facilitate the uniaxial compression testing.
Figure 8 shows the fabricated parts. The three levels of
porosity achieved in the fabricated parts are 58%,
45%, and 32%. Also, a solid rod (with zero porosity)
with 4.65 mm diameter and 10 mm height was fabri-
cated and tested for comparison.

Experimental study

Uniaxial compression tests were conducted on solid
and porous specimens. Tests were done using a hydrau-
lic Landmark MTS testing machine. Strain rate was
normalized based on the sample height at the rate of
10�4 mm s�1 of the sample height. Heating and cooling
rates were fixed at 5�C/min and controlled by a PID-
driven Omega temperature controller. Transformation
strain is measured at the faces of the compression grips
by an MTS high-temperature extensometer with a gage
length of 12 mm.

In order to make sure that the specimens are in pure
martensite phase, samples were first kept in ice water
for two hours and then allowed to equilibrate to room
temperature for testing. Using these data, the proper
level of stress required for the loading–unloading
experiment in the martensite phase at room

Figure 6. The 3D Systems PXM SLM machine that was used for fabricating the NiTi parts.

Figure 8. SLM fabricated NiTi parts. From left to right, parts have porosities of 58%, 45%, and 32%.

Figure 7. Porous NiTi structures (32% porosity). The top and
bottom plates are added to facilitate compressive testing.
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temperature is established. Samples are loaded in the
displacement control mode and are unloaded to 5 MPa
in a force control mode with a rate of 50 N/s.

Phase transformation temperatures were determined
by Pyris 1 Perkin-Elmer DSC. The heating/cooling rate
was 10�C/min in nitrogen atmosphere.

Results and discussion

In Figure 4, experimental stress–strain curves of the
solid rod and three porous structures with different lev-
els of porosity are shown. The plots indicate how the
mechanical response of NiTi is affected by adding por-
osity to the structure. A significant stiffness reduction of
70.58% is resulted by adding 58% porosity to the dense
structure. It is worth mentioning that the effects of por-
osity on the mechanical response of porous materials
depend on the pore morphology. Two porous materials
with the same value of porosity but different unit cells
may have different mechanical responses (Yavari et al.,
2015). Table 4 compares Young’s moduli of the tested
samples. The critical stresses and strains are decreased
with increasing the porosity level and as expected, por-
ous samples fail at lower stress and strain levels.

The parameters shown in Table 3 are used for mod-
eling the behavior of SLM fabricated structures. It is
worth noting that these parameters are measured from
the fracture test of a dense sample. To evaluate the per-
formance of the model in predicting the behavior of
porous parts, a series of experiments are performed as
shown in Figure 9. The samples show shape memory
behavior at room temperature. For each sample, the
amount of maximum stress upon loading is determined
based on the fracture tests of the same sample to make
sure that the plateau region is passed.

Figure 10 shows the simulated strain–stress
responses of structures with different porosities from
20% to 82%. Due to the inhomogeneity of the stress
field and consequently non-uniform phase evolution at
large stresses, the plateau cannot be clearly identified in
structures with high levels of porosity. Also the harden-
ing rate for porous materials during transformation is

Figure 9. Comparison of simulations with the experiments for loading and unloading of SLM fabricated NiTi: (a) dense part, (b)
porous structure with 32% porosity, (c) porous structure with 45% porosity, and (d) porous structure with 58% porosity.

Table 4. Experimentally obtained Young’s modulus values for
the SLM fabricated NiTi solid and porous parts.

Type Dense 32% porosity 45% porosity 58% porosity

E (GPa) 69.7 41.2 30.0 20.5

Taheri Andani et al. 2667
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higher than the dense case. The figure clearly shows
that Young’s moduli of the structures decrease with
increasing the porosity.

Figure 11(a) shows the critical stress to start the
reorientation in martensite as a function of the poros-
ity. Due to existence of larger stress concentration for
higher porosities, the critical stress decreases as poros-
ity increases. Figure 11(b) illustrates the elastic moduli
obtained by simulation and also the result of applying
the Gibson and Ashby formulation (Gibson and
Ashby, 1999)

Eporous =Ebulk 1� f 2
� �

where f is the porosity percentage and Ebulk = 69 GPa
is modulus of the bulk material. Although the Gibson
and Ashby formula is used for high porosity materials
and empirically can be extended for lower porosity, it
has a good agreement with the simulation results. The
difference between two methods is attributed to the

difference in geometrical assumptions. Since Gibson
and Ashby formulation is based on beam theory, add-
ing porosity to the bulk material would increase the
geometrical difference between two models.

Figure 11 shows the trend of variation in NiTi non-
dimensional modulus of elasticity (stiffness) as a func-
tion of porosity. Nondimensional modulus is the
normalized Young modulus of the porous part with
respect to the modulus of the dense part

Enondimensional =
E

Edense

The stiffness of NiTi structure reaches to the stiffness
level of the cortical bone (;20 GPa) at 58% porosity.
This stiffness matching can avoid bone resorption and
local weakness that usually occurs due to stress shield-
ing between bone and the implant materials.

Different types of defects may exist in porous struc-
tures especially those fabricated with laser-based meth-
ods due to unmelted or semi-melted powders
(Tsopanos et al., 2010). Some of these defects are wavy
struts, micro pores, and variable cross-sectional area
along the length (Karamooz Ravari and Kadkhodaei,
2015). It has been shown that defects have significant
effects on the mechanical behavior of the porous mate-
rials (Karamooz Ravari et al., 2014; Karamooz Ravari
and Kadkhodaei, 2015; Li et al., 2006; Ravari et al.,
2015b, 2015c). As shown in previous works (Gümrük
and Mines, 2013; Karamooz Ravari and Kadkhodaei,
2015; Tsopanos et al., 2010), the effects of these defects
can be included in the model by attributing the stress–
strain response of the single struts which are fabricated
with the same processing parameters with those utilized
for the fabrication of cellular lattices. It is due to the
existence of the same defects in the single struts which
affect their stress–strain response. Additionally, the dis-
crepancy between the model and experimental behavior

Figure 11. (a) Simulated macroscopic critical stress as a function of material porosity and (b) comparison of the elastic modulus
obtained from the simulation with the prediction of Gibson and Ashby formula.

Figure 10. The simulated stress–strain behavior of NiTi shape
memory parts with various levels of porosity.
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(as observed in Figure 12) may stem from material
imperfections and porosity defects. The analysis of
these defects and imperfections is beyond the scope of
this article and will be performed in future works.

Conclusion

In this article, the feasibility of fabricating stiffness-
tailored porous NiTi parts was investigated. SLM was
employed to fabricate solid and porous NiTi parts with
predefined pore morphology. It was shown that it is
possible to achieve the desired stiffness values by
adjusting the percentage of the engineered porosity. A
microplane constitutive modeling approach was
adopted for the FE analyses of the produced shape
memory components. Simulations and experiments
showed similar trends in stiffness reduction as the per-
centage porosity increased. While only one type of unit
cell is studied in this work, many other unit cells can be
implemented for this methodology. This approach
paves the way for creating more effective bone implants
and fixation hardware by providing both stability at
the site of implantation and desirable mechanical prop-
erties. These two features facilitate bone healing and
long-term implant success. Future fixation hardware
will benefit from porosity at certain locations for opti-
mal healing and stability properties.
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Gümrük R and Mines R (2013) Compressive behaviour of

stainless steel micro-lattice structures. International Journal

of Mechanical Sciences 68: 125–139.
Guoxin H, Lixiang Z, Yunliang F, et al. (2008) Fabrication of

high porous NiTi shape memory alloy by metal injection
molding. Journal of Materials Processing Technology 206:

395–399.
Haberland C (2012) Additive Verarbeitung von NiTi-Formge-
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