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A B S T R A C T

Near equiatomic NiTi shape memory alloys were fabricated in dense and designed porous forms by Selective
Laser Melting (SLM) and their mechanical and shape memory properties were systematically characterized.
Particularly, the effects of pore morphology on their mechanical responses were investigated. Dense and porous
NiTi alloys exhibited good shape memory effect with a recoverable strain of about 5% and functional stability
after eight cycles of compression. The stiffness and residual plastic strain of porous NiTi were found to depend
highly on the pore shape and the level of porosity. Since porous NiTi structures have lower elastic modulus and
density than dense NiTi with still good shape memory properties, they are promising materials for lightweight
structures, energy absorbers, and biomedical implants.

1. Introduction

Nickel Titanium (NiTi) shape memory alloys exhibit shape memory
effect (SME) and superelasticity (SE), and have excellent erosion
(Shida and Sugimoto, 1991), corrosion (Oshida Yoshiki, 1991), and
wear resistance (Li, 1996; Lin et al., 1997). Consequently, NiTi has
been employed in aerospace, automotive, and oil industries (Melton
and Duerig, 1985; Hartl and Lagoudas, 2007). In addition, thanks to
their good biocompatibility (Ryhänen et al., 1997; Berger‐Gorbet et al.,
1996; Assad et al., 1993) and mechanical properties, NiTi alloys are
remarkable materials for dental and biomedical applications such as
stents and orthodontic arch wires (Itin et al., 1994; Kang et al., 2002).
However, manufacturing and processing of NiTi alloys are quite
challenging (Elahinia et al., 2012). Machining of NiTi results in low-
quality work piece along with tool wear due to induced work hardening
and spring back effects (Andani et al., 2014a, 2014b). Conventional
high-temperature processing methods such as melting and casting
could result in increasing the impurity levels and thus, low functional
NiTi components (Chen, 1999; Wu, 2002). Furthermore, conventional
manufacturing processing does not allow for the production and

engineering of porous NiTi (Andani et al., 2014a, 2014b). Recently,
Additive Manufacturing (AM) has offered unique opportunity to over-
come the manufacturing difficulties in producing NiTi samples
(Haberland et al., 2012, 2013, 2014; Walker et al., 2013; Khoo et al.,
2015; Andani et al., 2014a, 2014b; Walker et al., 2014; Esfahani et al.,
2016; Elahinia et al., 2016; Taheri Andani, 2015; Ravari et al., 2016;
Leist and Zhou, 2016; Dadbakhsh et al., 2014, 2016; Krishna et al.,
2009; Bimber et al., 2016; Taheri Andani, 2015). AM builds up a
material directly from CAD data in layer by layer or even pixel by pixel
to the desired shape (Wu et al., 2015; Cai et al., 2015). Consequently,
complex components such as lattice-like structures can be fabricated
with ease. Fabricated parts by using selective laser melting (SLM)
technology show low impurity, microstructure control and meet the
requirements prescribed in the ASTM F2063-05 for medical NiTi-
devices (Meier et al., 2009; Haberland, 2012; Bormann et al., 2014).
Furthermore, SLM facilitated the fabrication of application specific and
engineered porous NiTi structures (Saedi et al., 2016).

Porous NiTi structures have lower elastic modulus than that of the
bulk NiTi and their mechanical properties can be tailored by designing
the pore size, shape, and distribution (Bernard et al., 2012). One of the
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most promising applications for porous NiTi is bone implant since NiTi
exhibit hysteretic behavior during stress cycling similar to the bone
(Morgan, 2004). The porosity of 50–80%, together with the super-
elastic properties of NiTi can decrease the risk of stress shielding effect
and could make a better match to the elastic modulus of natural bone
(Krishna et al., 2007; Shishkovsky et al., 2008; Köhl et al., 2007;
Imwinkelried, 2007). Furthermore, pore size, geometry, and connec-
tivity result in greater permeability that allows blood vessels migrate,
enable bone in-growth, and improves the strength of the implant/bone
interconnection (Kang et al., 2002; Simske et al., 1997; Urban et al.,
1996; Kienapfel et al., 1999; Yavari et al., 2014; Ahmadi et al., 2014).
However, it should be noted that SLM parameters affect the phase
transformation temperatures, thermo-mechanical behavior, micro-
structure, texture, and the grain size of the fabricated parts
(Dadbakhsh et al., 2016, 2014, 2015; Bormann et al., 2014;
Hamilton et al., 2015). The possibility of controlling the shape memory
response through SLM parameters opens a promising window for
manufacturing of NiTi components.

In this work, cellular lattice structured NiTi samples with selected
morphology and levels of porosity were fabricated via SLM method.
The mechanical properties and shape memory response of the porous
SLM fabricated Ni50.1Ti 49.9 (atomic %) parts were investigated and
compared to that of the dense sample. Furthermore, since a bone
implant may experience several cyclic loading during its operation
causing the accumulation of plastic strain, functional stability along
with the effects of cyclic loading on the mechanical response of NiTi
cellular lattice structures are also assessed.

2. Fabrication

Porous NiTi parts are generated by repeating identical unit cells in
x, y, and z directions. In this study, three different geometries are
selected as unit cells. The first unit cell consists of three orthogonal
struts that intersect at the midpoint as shown in Fig. 1(a) and this type
is named as a simple cubic (SC) unit cell in this paper. The second unit
cell is named as BCC which is constructed by eight diagonal struts to
connect the center of the upper and lower faces of a cube to the center
of its vertical edges as shown in Fig. 1(b). The third unit cell is named
as BCC-Z and it has an additional vertical strut than the BCC, which
connects the center of the lower and upper faces as shown in Fig. 1(c).
The lattice structures created from BCC and BCC-Z unit cells offer
nearly optimized configurations for bending, compression, and shear
loadings (Ravari et al., 2016, 2014; Ravari and Kadkhodaei, 2015).

To investigate the mechanical properties of the above-mentioned
cellular lattices, three different parameters should be defined; strut
diameter (D), cell length (L), and the number of repeating unit cells
along each direction. Table 1 shows the selected parameters along with
the relevant level of porosity which is defined as the ratio of the pore
volumes (include the closed pores within the struts) to the total volume
of the solid part. The level of porosities is selected based on our
previous study on achieving biocompatible stiffness in NiTi through
additive manufacturing (Andani et al., 2016).

The sample dimensions used for fabrication of porous SC and BCC/
BCC-Z for mechanical tests were 8×8×8 mm3 and 9.32×9.32×7 mm3,
respectively. Two plates were attached to the bottom and top of each
cell to facilitate the uniaxial compression testing. The thicknesses of
these plates were 1.5 mm and 0.93 mm for SC and BCC/BCC-Z,
respectively. Optical images of porous samples are shown in Fig. 2.

Phenix-PXM selective laser melting machine (3D Systems, Rock
Hill, SC) was used for SLM fabrication. The machine was equipped with
a 300 W Ytterbium fiber laser (CW, λ=1070 nm, TEM00). A tungsten
roller distributed a layer of powder onto a build platform. The beam
was focused by a system of galvanometric mirrors and create a beam
diameter of approximately 80 µm at the focal point. The powder
particles became fully molten upon absorption of laser radiation and
then bound to each other to make an entirely dense layer after re-
solidification. The build platform was then lowered, and the next layer
of NiTi powder was deposited on top. By repeating this process, the
parts were built up layer by layer in the powder bed.

Ni50.1-Ti49.91(at%) ingot (Nitinol Devices & Components, Inc.
Fremont, CA) was atomized by TLS Technik GmbH (Bitterfeld
Germany) using Electrode Induction-melting Gas Atomization (EIGA)
method. Then, the resulting powder was sieved to 25–75 µm particle
size. For the current study to make dense parts from NiTi powder, the
effective laser powder, layer thickness, scanning velocity, and hatch
distance were selected to be 250 W, 30 mm, 1.25 m/s, and 120 μm,
respectively They have been selected based on our previous study on
part density, impurity pickup, transformation characteristics, and
functional behavior of SLM fabricated NiTi alloys (Walker et al., 2016).

A Perkin-Elmer DSC Pyris 1 was used to determine the transforma-
tion temperatures (TTs), and the heating/cooling rate was 10 °C/min
in a nitrogen atmosphere. Compression tests were conducted by 100kN
MTS Landmark servo-hydraulic test platform. A strain rate of 10−4 s−1

was employed during loading and unloading was performed at a rate of
100 N/sec under force control. An attached high-temperature extens-
ometer to grips measured the strain. Heating of the specimens
occurred by using mica band heaters retrofitted to the compression
grips and cooling was achieved through internal liquid nitrogen flow in
the compression grips. K-type thermocouples measured the tempera-
ture and controlled by using Omega CN8200 Series temperature
controller. The heating rate of 10 °C/min and a cooling rate of 5 °C/
min were applied.

Fig. 1. The repeating unit cell of a) SC, b) BCC and c) BCC-Z cellular lattice structure.

Table 1
The dimensions of specimens and their relative level of porosity.

Name D (mm) L (mm) Number of Cells Porosity (%)

Dense 4.78 10 – 0
SC-32 1.4 2 4 × 4 × 4 32
SC-45 1.2 2 4 × 4 × 4 45
SC-58 1 2 4 × 4 × 4 58
BCC-Z 0.65 2.33 4 × 4 × 3 65
BCC 0.65 2.33 4 × 4 × 3 69
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3. Results and discussion

3.1. Phase transformation reponses

Fig. 3 shows the DSC plots of the initial ingot, powder, and SLM
Ni50.1Ti49.9. Multiple peaks were observed for powder DSC which was
attributed to the inhomogeneous heat transfer in the powder and/or
compositional inhomogeneity of particles (Saedi et al., 2016). While
the initial ingot showed a small shoulder during martensitic transfor-
mation, phase transformation of SLM fabricated sample occurred in a
single peak. Temperature hysteresis of the ingot and SLM samples were
almost the same. However, TTs were different. TTs determined from
the DSC results are shown in Table 2. TTs had slightly shifted to lower
temperatures after powder atomization, and then they increased after
SLM process. When compared to the ingot, in the SLM sample, Ms and
Mf were decreased by 15 °C and 13 °C while As and Af were decreased
by about 10 °C and 15 °C, respectively. The change in TTs after SLM
process can be attributed to the picked up impurities, particularly
oxygen and carbon during the process. Since titanium is active,
secondary phases such as TiC, TiO2, Ti2NiOx can be formed. The
formation of such Ti-rich secondary phases increases the Ni concen-
tration of the matrix as well as they may hinder the martensite
nucleation and consequently decreases the TTs (Frenzel et al., 2007).

Fig. 4 shows the DSC curves of ingot and SLM Ni50.1Ti49.9 for 20
cycles. For both samples, TTs decreased and then stabilized with

thermal cycling. The Af and Ms temperatures of the initial ingot
decreased from 100 °C and 73 °C at first cycle to 91 °C and 56 °C at
the 20th cycle. The Af and Ms temperatures of the SLM fabricated
sample dropped from 85 °C and 58 °C at first cycle to 80 °C and 52 °C
at the 20th cycle. The shift of TTs to lower temperatures is in good
agreement with literature (Wagner et al., 2006; Karaca et al., 2013).
Thermal cycling results in increased dislocation density and statisti-
cally distributed martensite variants results in opposing strain fields.
These fields accommodate on each other or slow down the growth of
new martensite. Therefore, MS decreases steadily during cycling. With
increasing the cycling number, smaller martensite plates form between
the larger regions of stabilized martensite. This results in a higher
number of martensite/austenite interfaces and consequently increases
a driving force for reverse transformation upon heating and therefore
the As also decreases (Wagner et al., 2006). Similar results for near

Fig. 2. Images of SLM fabricated NiTi parts. (a) SC-58, (b) SC-45, (c) SC-32, (d) BCC-Z, and (e) BCC.

Fig. 3. DSC plots of equiatomic Powder and SLM NiTi and Ingot.

Table 2
Transformation temperatures of equiatomic Ingot, Powder, and SLM NiTi extracted from
DSC plots.

Ni50.1Ti49.9 Ms (°C) Mf (°C) As (°C) Af (°C)

Ingot 73 39 69 100
Powder 59 23 53 91
SLM 58 26 59 85

Fig. 4. Thermal cycling behavior of ingot and SLMNi50.1Ti49.9.
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equiatomic NiTi produced by SLM are reported in previous works
(Meier et al., 2009; Haberland, 2012).

3.2. Stress strain response

Fig. 5 compares the compressive response of dense and porous
samples up to failure at 24 °C. It is clear that the mechanical response
of NiTi is highly affected by adding porosity to the structures. Young
modulus, critical stresses, and strains were all decreased with increased
porosity level which is in good agreement with our previous study
(Andani et al., 2016; Haberland et al., 2013). Ductility of the samples
was also decreased with porosity. While dense structure endured the
deformation of 30.2% and failed at 1620 MPa, SC-58 was failed after
15.6% at 410 MPa. BCC-69 was failed at 63 MPa with 10.5% deforma-
tion. Pore morphology also affects the mechanical response of the
samples. It has been previously shown that by increasing the portion of
the axial load in the deformation mechanisms of a porous material, the
stiffness of that material would increase in the loading direction.
However, in the case of porous SMAs, by increasing the portion of
bending in the deformation mechanisms of a porous SMA, the effects of
asymmetric material response will increase (Ravari et al., 2016).

Fig. 6a shows the temperature dependent compressive response of
the dense sample. The first test was conducted at 80 °C which is above
Ms. The sample was loaded up to 5% strain where stress-induced
martensite transformation was observed and then unloaded.
Superelasticity is not observed since the testing temperature is below
Af, however when the sample was heated above Af, recoverable strain
(ε )rec of 2.9% was observed due to back transformation. The irrecov-
erable strain (ε )irr was 0.85% after heating, which can be attributed to

plastic deformation and/or stabilized martensite. The testing tempera-
ture was increased by 20 °C at the next step and the same procedure
repeated. At 100 °C and 120 °C, partial recovery was observed during
unloading and further recovery was observed during heating. At
100 °C, the εrec was 2.5% upon unloading and 4.1% after heating. At
120 °C, the εrec was increased to 3.1% upon unloading and further
recovery was not observed upon heating. The superelastic recovery was
decreased at 140 °C since increased temperature results in the higher
required critical stress for martensitic transformation and thus,
increased plastic deformation. Based on the above results, 120 °C
was chosen to run superelastic cycling tests as shown in Fig. 6b. The
samples were cycled eight times between 5 and 800 MPa. In the first
cycle, the sample is loaded till 8% and only small back transformation
was observed upon unloading with εirr of 5%. The response is stabilized
with cycling and stress hysteresis and εirr of each cycle were decreased
with increasing number of cycles. At the eight cycle, the εirr was less
than 0.1% and the total residual strain in the sample was determined to
be 6%.

The poor superelastic response of the SLM fabricated NiTi samples
is as expected since equiatomic NiTi do not show superelasticity even in
the solutionized conditions due to low strength (Funakubo and
Kennedy, 1987). One of the practical methods to improve the shape
memory properties of NiTi alloys is the use of Ni-rich alloys and
precipitation (Saedi et al., 2016). Another advantage of Ni-rich samples
is their lower transformation temperatures. Additionally, SLM fabri-
cated samples are prone to formation of secondary phases inner defects
such as pores, unmolten particles or internal cracks which can affect
the strength of material in compared to conventionally fabricated NiTi
(Saedi et al., 2016; Kasperovich and Hausmann, 2015; Saedi1 et al.,
2016).

NiTi cellular lattice structures are suitable candidates to be used as
bone implants. A bone implant may experience several cyclic loading
during its operation which results in the accumulation of plastic strain.
To assess the effects of cyclic loading on the mechanical response of
NiTi cellular lattice structures, all the fabricated samples tested under
stress-controlled cyclic compression. Fig. 7 shows the cyclic mechanical
behavior of dense and SC porous samples to evaluate the functional
stability of the shape memory effect. In each cycle, the sample was
deformed at room temperature in martensite state and the plateau
corresponds to detwinning of martensite. After reaching to certain
stress level, the sample was unloaded and heated up to 140 °C, which is
well above Af and then cooled back to room temperature for next cycle.
The procedure was repeated for eight times. The maximum stress level
for each sample was determined according to the failure results
provided in Fig. 4. It is well known that equiatomic NiTi alloys have
poor superelastic responses due to their low strength (Funakubo and
Kennedy, 1987). Thus, in general, they are used in applications where
shape memory effect is employed.

Fig. 5. Compressive response of dense and porous SLM Ni50.1Ti49.9 samples at room
temperature.

Fig. 6. a. Temperature dependent stress-strain curves and b. Superelasticity cycling of dense SLM Ni50.1Ti49.9 sample.
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Fig. 7a displays the stress-strain responses of the dense sample at
room temperature while 7b shows the strain recovery curves of the
samples upon heating. To comprehend the figures, the test procedure
for the first cycle has been sequenced. First, samples were loaded at

room temperature to selected stress level (process 1–2) and then
unloaded (process 2–3) to 5 MPa. Next, the samples were heated up to
a temperature above Af temperature (process 3–4) to observe the
recovery. Lastly samples were cooled down to room temperature to

Fig. 7. a, c, e, g Stress-strain curves of cycling tests of Dense, SC-32, SC-45 and SC-58 SLM Ni50.1Ti, b, d, f, h The heating procedure of the same experiment to above Af after unloading.

M. Taheri Andani et al. Journal of the mechanical behavior of biomedical materials 68 (2017) 224–231

228



start the next cycle (process 5–6). Due to the back transformation and
induced strain upon cooling, the second cycle starts at point 6. The
process 5–6 were omitted for the rest of cycles to make the figure clear.
Applied maximum stresses during the cycling tests were 800 MPa for
the dense sample. Stress levels of 420, 320, and 240 MPa were used for
SC-32, SC-45, and SC-58 porous samples, respectively, which were
adjusted due to their density. Dense sample shows full shape recovery
upon heating at first cycle while negligible irrecoverable strain was
observed in porous samples, however, all as the number of cycles were
increased the response was stabilized and full recovery was achieved in
all of the samples. Fig. 8a and b depict the evolution of εrec and εirr ,
respectively, with cycling where the data were extracted from Fig. 7. An
accumulation of εirr occurs during cycling. The highest εirr can be
observed in the first cycle, while they decay by increasing cycles.
Moreover, the amount of εirr increases by increasing the level of
porosity.

Fig. 9 shows the shape memory effect of BCC and BCC-Z porous
samples. According to the failure tests, the maximum stress levels for
cycling experiments of BCC and BCC-Z were determined.
Consequently, BCC-Z and BCC loaded up to 90 and 50 MPa at 24 °C
respectively. After unloading to 5 MPa, the samples were heated above
Af to observe shape recovery and cooled back to room temperature for
next cycle. In the first cycle, the samples were deformed till 3.8 and
4.8% for BCC-Z and BCC, respectively, and fully recovered upon
unloading and subsequent heating. The strain curves during heating
show that the transformation temperatures slightly reduced in the
second cycle. It should be noted that the maximum applied stresses are
very low in BCC and BCC-Z structures due to their higher porosity
levels than SC samples.

The maximum residual strain of all samples was decreased with
cycling. Because of the porous microstructure of the samples, some
portions of the sample may experience higher plastic deformation than

Fig. 8. The change of a. εrec and b. εirr with cycling the of dense, SC-58, SC-45 and SC-32 samples.

Fig. 9. a, c. Stress-strain curves for cycling tests and b, d. The heating procedure of the same experiment to above Af after unloading to 5 MPa. of BCC and BCC-Z.
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others due to stress concentrations. The increased slope during
transformation in BCC and BCC-Z samples in comparison with SC
structure can be attributed to increased plastic deformation due to
variant-variant interaction and dissipation. The slope of transforma-
tion strongly depends on the pore morphology, microstructural defects,
and martensite morphology.

Elastic modulus, ultimate compressive stress, failure strain, max-
imum applied stress, εrec, and εirr in the first cycle, εrec in the eight cycle,
and total irrecoverable strain (ε )irr tot, are summarized in Table 3. The
recovery ratio at first cycle was calculated as the ratio of recoverable
strain to total strain.

The dense sample exhibited the highest εrec of 5.52% and lowest εirr
of 1.16% after eight cycles. SC-32 displayed εrec of 5.07% and εirr of
0.5% in the first cycle. When porosity increased to 58%, the εrec was
4.66% and εirr was 0.34% in the first cycle. All the porous SC samples
and dense part showed more than 90% recovery in the first cycle and
accumulation of εirr during cycling. There is a considerable increase in
the εrecin the second cycle for dense and all porous SC sample. After this
cycle the εrec is leveled and then declined with increased cycle number
(Fig. 8a). After cycling, all porous samples showed stabilized shape
memory effect with recoverable strain of 5%.

The dense sample has the highest elastic modulus of 69 GPa, and
the modulus decreased by increasing the level of porosity.

4. Conclusion

Selective laser melting was used to produce dense and porous near
equiatomic NiTi parts, and thermo-mechanical tests were conducted to
characterize the mechanical and shape memory properties. In addition
to the dense sample, five porous samples with a different level of
porosity from 32% to 69% with two different structures were char-
acterized. Transformation temperatures decreased slightly (about 10–
14 °C) after SLM, which was attributed to composition change and
picked up impurities. The superelastic response of the SLM fabricated
near equiatomic NiTi showed only partial recovery. This fact is
attributed to the low strength of equiatomic NiTi. The dense and
porous samples showed good shape memory effect and functional
stability. Dense SLM NiTi recovered almost entirely while less than
0.5% irrecoverable strain remained in porous samples. At the end of
cycling tests, SME behavior stabilized, and their irrecoverable strain
was negligible.

Mechanical properties of samples such as elastic modulus and
ductility of the SLM fabricated NiTi samples found to be highly porosity
level and pore structure dependent. It was shown that it is feasible to
decrease the elastic modulus of the samples up to 86% by increased
porosity and still retain the shape memory effect of SLM fabricated
samples.
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