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Abstract: NiTi alloys possess distinct functional properties (i.e., shape memory effect and superelasticity)
and biocompatibility, making them appealing for bone fixation applications. Additive manufacturing
offers an alternative method for fabricating NiTi parts, which are known to be very difficult to machine
using conventional manufacturing methods. However, poor surface quality, and the presence of
impurities and defects, are some of the major concerns associated with NiTi structures manufactured
using additive manufacturing. The aim of this study is to assess the in vitro corrosion properties
of additively manufactured NiTi structures. NiTi samples (bulk and porous) were produced using
selective laser melting (SLM), and their electrochemical corrosion characteristics and Ni ion release
levels were measured and compared with conventionally fabricated NiTi parts. The additively
manufactured NiTi structures were found to have electrochemical corrosion characteristics similar
to those found for the conventionally fabricated NiTi alloy samples. The highest Ni ion release
level was found in the case of 50% porous structures, which can be attributed to their significantly
higher exposed surface area. However, the Ni ion release levels reported in this work for all the
fabricated structures remain within the range of most of values for conventionally fabricated NiTi
alloys reported in the literature. The results of this study suggest that the proposed SLM fabrication
process does not result in a significant deterioration in the corrosion resistance of NiTi parts, making
them suitable for bone fixation applications.

Keywords: Nitinol alloys; additive manufacturing; selective laser melting; in vitro corrosion;
porous structures; bone implants

1. Introduction

Recently, Nickel-titanium (NiTi) alloys, also known as Nitinol, have become attractive for
various applications due to their unique characteristics, such as their shape memory behavior and
superelasticity, which allows them to recover from large strains as high as 8% [1–4]. In addition,
NiTi alloys are more biocompatible when implanted inside the human body, and have a more
desirable strength and modulus of elasticity compared to the metallic alloys conventionally used
(e.g., Ti-6Al-4V) [5–8]. The advantageous properties of NiTi alloys make them appealing for different
biomedical load-bearing applications, such as staples, clamps, orthodontic wires and bone implants.
The high biocompatibility of NiTi alloys is due to their high corrosion resistance, which can be
attributed to the fast formation of protective layers on the surface, especially when exposed to
Cl-containing environments (e.g., physiological environment). These protective layers mainly consist
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of TiO, TiO2 and Ti2O3, which are considerably more stable than the NiTi alloy [8–11]. It has been
reported that the composition of the protective layers on the surface of NiTi parts depends mainly
on the surface characteristics and the composition of the testing solution [12–14]. For instance,
the effects of intraoral aging on the surface properties of esthetic and conventional NiTi was studied
by Rongo et al. [15]. They found that, even for coated NiTi wires, the surface properties—including
the surface roughness—could be altered during and after their clinical use. In addition, the immersion
of NiTi alloys in Hank’s solution mostly forms TiO2, Ca3(PO4)2 and small traces of Ni(OH)2 as the
products of the corrosion process [11,16].

Despite the protection from corrosion provided by the formed layers on the surface of NiTi
parts, it has been reported in several studies that NiTi parts could release nickel (Ni) ions when
exposed to a physiological environment for long implantation durations [17]. Ni ions are known to be
harmful to the surrounding living tissues and to cause allergic reaction and genotoxicity in the human
body [11,18,19]. Ryhanen et al. [20] performed a comparative in vitro cell culture study to measure
Ni ions released from polished NiTi and electro-polished 316L stainless steel in a cell culture media.
In both cases, NiTi samples showed higher Ni ion levels for the first day, with a rapid decrease over
the next eight consecutive days until the Ni ion release levels of the 316L stainless steel samples were
reached. They found that, despite the higher Ni ion release in non-passivated NiTi samples, the ion
concentration value was not high enough to kill the adjacent cells due to toxicity. In a similar set of
studies conducted by Wever et al. [16], the Ni ion release of passivated NiTi samples was investigated
and compared with 316L stainless steel samples. They found the same results as Ryhanen et al. [20] and
reported a Ni ion release rate of 14.5× 10−7µg·

(
cm2·s

)−1. Likewise, El Medawar et al. [21] investigated
the Ni ion release of NiTi samples exposed to different sets of cells and reported that the amount of
released Ni ions were 0.098 ± 0.006 ppm and 0.104 ± 0.007 ppm after 3 and 6 days, respectively. The
control medium had a constant Ni ion release of 0.01 ppm in the investigation period. In another study,
Bernard et al. [22] reported a maximum of 268 ± 11 ppb of Ni ion release in NiTi samples.

NiTi alloys are difficult to process using conventional methods and procedures (e.g., machining).
This can be attributed to many reasons, such as the stress-induced martensitic transformation,
work hardening, spring-back effects, and burr formation of NiTi alloys [5]. These are the main
reasons that the vast majority of practical NiTi devices developed so far have simple and limited
geometries, such as wires, tubes, sheets and thin rods. In addition, NiTi is very sensitive to impurity
pick up, which makes high-temperature processing challenging [5,23]. These impurities result in
the formation of Ti-rich brittle phases, which affect the functional and structural properties of the
material. Recently, Additive Manufacturing (AM) methods have been developed for the fabrication of
metallic parts, including NiTi [24,25]. This near-net-shaping technology has been able to overcome the
manufacturing limitations and has enabled the fabrication of complex geometries, such as scaffolds
and porous structures [5,24,26]. In AM methods, the final part is fabricated directly from a Computer
Aided Design (CAD) file using layer-by-layer fabrication. This powerful method of fabrication has
enabled researchers to design and introduce realistic NiTi implants, actuators, and medical devices
with complex geometries that benefit from superelastic and shape memory effects. Several studies have
introduced patient-specific, stiffness-matched NiTi bone fixation plates that can be fabricated using
additive manufacturing [27,28]. The stiffness matching offers significantly better outcomes for patients
and has been achieved by imposing specific levels and types of porosity on the NiTi parts. The use of
additive manufacturing in the biomedical field is not limited to the fabrication of metallic parts, but
it enables the fabrication of complex shapes for a wide range of materials, including polymers and
polymer-based composites [29–31]. For example, Martorelli et al. [32] used additive manufacturing to
fabricate customized polymer-based composite mandibles that simulate the mechanical behavior of
a human mandible.

The use of AM fabrication techniques and the introduction of porosity to the NiTi parts add
other factors that may affect the corrosion characteristics of 3D-printed NiTi alloys and hence the
release of the Ni ions in the physiological environment. After an extensive review of the literature,
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it was found that the corrosion behavior of the additively manufactured NiTi parts has not yet been
evaluated. This study focuses on the in vitro evaluation of the corrosion behavior of additively
manufactured NiTi parts, fabricated using a selective laser melting (SLM) process, represented in their
electrochemical corrosion characteristics and Ni ion release levels. The chosen SLM process provides
more freedom to change the level of introduced porosity, pore morphology and material composition
of the fabricated NiTi parts needed for bone implant applications. In addition, this work is the first to
assess the corrosion and ion release behavior of the porous NiTi parts compared to 1bulk 3D-printed
and conventionally fabricated NiTi parts.

2. Materials and Methods

2.1. Design and Fabrication of the Samples

Selective Laser Melting (SLM) was used to fabricate the samples. Ni50.8Ti49.2 (at %). Ingots from
NiTi Devices and Components, Inc. (Fremont, CA, USA), were provided as the raw material for
the SLM process. The ingots were atomized to powder using the Electrode Induction-melting Gas
Atomization (EIGA) technique (by TLS Technique GmbH (Bitterfeld, Germany)). Finally, the prepared
powder in 25–75 µm particle fractions was used as the input material for the Phenix PXM SLM machine
(3D Systems, Valencia, CA, USA). The utilized SLM machine was equipped with a 300 W Ytterbium
fiber laser with a beam quality of M2 < 1.2. The beam profile of the machine was Gaussian (TEM00),
and the beam diameter was about 80 µm. Table 1 summarizes the process parameters used for
fabrication of the parts. More details on the fabrication of the samples using the Phenix machine can
be found our previous studies [27,28].

Table 1. Process parameters used in Selective Laser Melting (SLM) manufacturing of NiTi parts.

Effective Laser Power (W) Layer Thickness (µm) Scanning Velocity (m/s) Hatch Distance (µm) Energy Input (J/mm3)

250 30 1.25 120 55.5

In order to study the corrosion response of the additively manufactured NiTi parts, bulk and
porous cubic samples with dimensions of 9 mm × 9 mm × 9 mm were designed and fabricated.
The porous samples were designed by imposing porosity at different levels (15–50%), as shown in
Figures 1 and 2. Samples for electrochemical corrosion characterization were fabricated with the same
dimensions, with an additional hook connected at the top surface of the cubes for better electrical
connectivity during the test. The fabricated samples were then separated from the base by using
an EDM cutting machine.

In vitro corrosion assessment of the additively manufactured (AM) NiTi parts (bulk and porous)
was performed, and it was compared to the conventionally fabricated NiTi alloy (same atomic
composition) using immersion (Ni ion release) and electrochemical corrosion tests. A simulated
body fluid (SBF) medium, prepared according to Oyane et al. [33], was used for the in vitro tests,
see Table 2. The tested samples were polished using a sand blaster, and the samples for electrochemical
corrosion characterization were further polished using SiC papers from 180 to 1500 grit. All the tested
samples (immersion and electrochemical tests) were then cleaned by water and ultrasonically cleaned
by ethanol before each test.
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Table 2. Composition of 1000 mL solution of a modified SBF [33].

Reagent Amount

NaCl 5.403 g
NaHCO3 0.504 g
Na2CO3 0.426 g

KCl 0.225 g
K2HPO4·3H2O 0.23 g
MgCl2·6H2O 0.311 g

0.2 mol L−1 NaOH 100 mL
HEPES 17.892 g
CaCl2 0.293 g

Na2SO4 0.072 g
1 mol L−1 NaOH 15 mL
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Figure 2. Fabricated samples for electrochemical tests.

2.2. Electrochemical Corrosion Test

Samples were molded into epoxy resin with a determined area exposed. In the cases of
conventionally fabricated and AM samples, the same exposed area of 0.5 cm2 was chosen for better
comparison. In the case of the bulk and porous structures, the whole side surfaces of the part were
exposed, and only the top surfaces were covered with epoxy, see Figure 3. In this way, a better
comparison between the electrochemical corrosion characteristics of bulk and porous NiTi devices
could be determined.
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Figure 3. The epoxy molding of the bulk and porous samples and exposed surfaces after the
electrochemical corrosion test in SBF.

A Gamry (Gamry, Centennial, CO, USA) Instruments Potentiostat was used to perform the
potentiodynamic polarization (PDP) test in the SBF at pH 7.4, 37 ± 1 ◦C and a constant scan rate of
1 mV/s from −250 to +1000 mV (versus ref. voltage) with respect to the OCP value. A standard
three-electrode system with silver chloride (Ag/AgCl) as the reference electrode, graphite rod as the
counter electrode, and the sample as the working electrode, see Figure 4, was used. The potential
values obtained from the silver chloride reference electrode were properly converted to the standard
calomel electrode (SCE) potentials for better comparison with the literature. Open circuit potential
(OCP) of the samples was measured for durations of 60 min to attain a stable state prior the experiment.
Graphical Tafel analysis was used to obtain the corrosion characteristics such as current densities and
corrosion potentials.
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2.3. Surface Morphology

The surface morphology of the NiTi parts after the in vitro potentiodynamic polarization test was
investigated using scanning electron microscopy (SEM). A Hitachi (Tokyo, Japan) S-4800 scanning
electron microscope equipped with energy dispersive spectroscopy (EDS) analysis was used for this
purpose. EDS analysis was used to conduct an elemental analysis on the surface’s corrosion products.

2.4. X-ray Diffraction (XRD)

The composition of the surface of the samples before and after the electrochemical corrosion test
was investigated using a Rigaku Ultima III X-ray Diffractometer (Rigaku, Tokyo, Japan) with Small
Angle X-ray Scattering (SAXS), provided by Rigaku, Tokyo, Japan. XRD with parallel beam (PB) mode
was used, and the analysis was acquired for 2θ from 20◦ to 90◦ with a step size of 0.05 at 35 mA and
40 kV using Cu Kα radiation.

2.5. Ni Ion Release (Immersion Test)

The immersion test was conducted by submerging the sand-blast polished and ethanol-degreased
samples in polypropylene tubes filled with 20 mL SBF solution at pH 7.4 and 37 ◦C. The temperature
was maintained at 37 ◦C by placing the tubes in a rotary incubator throughout the period of the
test (3 days). The continuous rotation of the tubes (at 20 rpm) during the immersion test was used
to accelerate the corrosion process and shorten the immersion test duration. In this study, the pH of
all the tested samples was recorded daily and the amount of Ni ion released in ppb after 3 days of
exposure was measured using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES).
For each tested sample, 1 mL of the SBF medium after 3 days was diluted with deionized water at
a ratio of 1:10 in order to produce an adequate sample size and ion concentrations for spectrometry.
Calculations were performed according to these dilutions to determine the actual Ni ion release after
immersion. The samples were analyzed using the X-series 2 from Thermo Scientific. For quantitative
analysis, certified ICP-MS standards from Inorganic Ventures were prepared at 2% HNO3. Correlation
coefficients for calibration curves were above 0.999. The ionic concentrations (mmol/L) of the SBF
used in the present study were determined by Hansen et al. [34] and were as follows: 142.0 Na+, 5.0 K+,
1.5 Mg2+, 2.5 Ca2+, 147.8 Cl−, 4.2 HCO3

−, 1.0 HPO4
2− and 0.5 SO4

2−.

3. Results and Discussion

3.1. Electrochemical Corrosion Test

In vitro corrosion behavior of NiTi plays a significant role in determining the functionality of
biomedical devices in the human body. Figure 5 shows the Tafel curves of the conventionally fabricated
NiTi alloy and the additively manufactured NiTi alloy. The additively manufactured NiTi alloy shows
corrosion characteristics (20 ± 2.1 µA/cm2 current density and −0.394 ± 0.01 V corrosion potential)
comparable to those for the biocompatible conventionally fabricated NiTi alloy (12 ± 3.8 µA/cm2

current density and −0.4155 ± 0.008 V corrosion potential). The similar corrosion characteristics of the
additively manufactured and conventionally fabricated NiTi samples imply homogenization in the
microstructure and the absence of apparent defects for the AM NiTi parts that could deteriorate the
corrosion properties. The Tafel curves also show a slightly higher corrosion current density for the
AM NiTi alloy compared with the conventionally fabricated one. However, such a small difference
is within the acceptable range and does not have a significant effect on the corrosion behavior of the
additively manufactured NiTi samples. This indicates that the additive manufacturing process does
not result in a significant change in the electrochemical corrosion characteristics of NiTi alloys.

Figure 6 shows the Tafel curves of two structures with the same volume produced by additive
manufacturing: bulk structure and porous structure (35% porosity level). As expected, the higher
surface area and the presence of many edges in the case of the porous structures resulted in a higher
corrosion current. For instance, the corrosion current increased from about 200 nA for a bulk structure
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to be 950 nA for a 35% porous structure. This increase in the corrosion currents is expected to result in
more corrosion byproducts and a higher amount of Ni ion released in vivo.Metals 2018, 8, x FOR PEER REVIEW  7 of 12 
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Figure 6. The potentiodynamic polarization curves of the AM NiTi alloys with two different structures;
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3.2. Surface Morphology

SEM investigation and EDS analysis were used to study the morphology and elemental
composition of corroded surfaces for the AM NiTi parts after the in vitro potentiodynamic
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polarization test, as seen in Figure 7. The corroded surfaces showed several pits with corrosion product
agglomerations on the surface. This assures the occurrence of pitting corrosion for the tested samples.
The pits observed on the surface of the AM NiTi parts were circular, with a diameter varying between
50 and 250 µm. The EDS elemental analysis showed that the agglomerated corrosion products on the
surface of the samples (point 1), concentrated inside and around the pits, consisted mainly of sodium,
phosphorous and sulfur-based compounds alongside oxygen, Ti and Ni. However, the elemental
analysis away from the pits (point 2) showed no traces of sodium, phosphorus, or sulfur. The presence
of oxygen on the surface implies the existence of oxide layers after the corrosion test.

Metals 2018, 8, x FOR PEER REVIEW  8 of 12 

 

mainly of sodium, phosphorous and sulfur-based compounds alongside oxygen, Ti and Ni. 
However, the elemental analysis away from the pits (point 2) showed no traces of sodium, 
phosphorus, or sulfur. The presence of oxygen on the surface implies the existence of oxide layers 
after the corrosion test. 

 

Figure 7. SEM investigation and EDS point spectrum analysis of the corroded surface after the 
potentiodynamic polarization test in SBF at 7.4 pH and 37 °C, (a,b) show the pits with corrosion 
product agglomerations at 250× magnification, (c,d) show the corroded surface at 1000× 
magnification. 

3.3. X-ray Diffraction (XRD) 

XRD tests were conducted to determine the compounds available on the surface of the samples 
before and after the corrosion process. Figure 8 represents the overlapped graphs of XRD of the NiTi 
samples before and after corrosion. As can be seen, in the graph of additively manufactured NiTi 
sample, the peaks of NiTi appeared in locations around 28, 43, 61 and 76 degrees, with the second 
peak being the highest in intensity. However, in the XRD graph of the corroded sample, the NiTi 
peaks were smaller in intensity, while new phases of HA and TiO2 emerged. These peaks belong to 
the corrosion products deposited on the surface of the sample after exposure to the corrosive 
environment. Moreover, the results of XRD were in a complete agreement with the EDS elemental 
analysis. Such biocompatible products, in addition to their role in bone growth stimulation, may also 
act as corrosion barriers that decelerate corrosion. 
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potentiodynamic polarization test in SBF at 7.4 pH and 37 ◦C, (a,b) show the pits with corrosion product
agglomerations at 250× magnification; (c,d) show the corroded surface at 1000× magnification.

3.3. X-ray Diffraction (XRD)

XRD tests were conducted to determine the compounds available on the surface of the samples
before and after the corrosion process. Figure 8 represents the overlapped graphs of XRD of the NiTi
samples before and after corrosion. As can be seen, in the graph of additively manufactured NiTi
sample, the peaks of NiTi appeared in locations around 28, 43, 61 and 76 degrees, with the second peak
being the highest in intensity. However, in the XRD graph of the corroded sample, the NiTi peaks were
smaller in intensity, while new phases of HA and TiO2 emerged. These peaks belong to the corrosion
products deposited on the surface of the sample after exposure to the corrosive environment. Moreover,
the results of XRD were in a complete agreement with the EDS elemental analysis. Such biocompatible
products, in addition to their role in bone growth stimulation, may also act as corrosion barriers that
decelerate corrosion.
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Figure 8. XRD graphs of additively manufactured (raw) and corroded NiTi parts.

3.4. Ni Ion Release (Immersion Test)

The results of the Ni ion release in particles per billion (ppb) after the immersion test can
be seen in Figure 9. The results confirm that the amount of the Ni ion released of the AM NiTi
(dense structure) was similar to that for the conventionally fabricated NiTi. In addition, the AM porous
structures (15, 25, 35 and 50% porosity) showed higher amounts of Ni ion release, which confirms the
electrochemical corrosion results. For example, introducing 25% porosity increased the surface area
from 594 mm2 for bulk samples to 1997.5 mm2 for the porous sample. Such increase in the surface
area exposed to the SBF solution led to an increase in the amount of Ni ion release from 64 ppb for
bulk samples to 176.35 ppb for the 25% porous structure. However, the maximum Ni ion release
of 196.8 ppb in the case of the 50% porous NiTi structure was still within the range of most of the
values for conventionally fabricated NiTi alloys reported in the literature [22,35,36]. For instance,
Bernard et al. [22] reported a maximum of 268 ± 11 ppb of Ni ion release for conventionally fabricated
NiTi samples. This indicates that both the bulk and porous NiTi structures produced using additive
manufacturing had Ni ion release levels similar to those for conventionally fabricated NiTi alloys
confirmed to be biocompatible. The surface area calculations and the Ni ion release results are listed
in Table 3.

Table 3. The surface area and Ni ion release measurements for the conventionally fabricated and
additively manufactured NiTi samples (bulk and porous).

Sample Type Surface Area (mm2) Ni Ions (ppb) (Diluted) Ni Ions (ppb)

Conventionally-fabricated 590 5.945 59.45
AM (dense) 594 6.4 64

AM (15% porosity) 1620.3 12.79 127.94
AM (25% porosity) 1997.5 17.64 176.35
AM (35% porosity) 2106.6 19.43 194.3
AM (50% porosity) 2116.3 19.68 196.8
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Figure 9. The Ni ion release of two different structures (dense and porous) of additively manufactured
NiTi alloys in comparison to the conventionally fabricated NiTi alloy.

4. Conclusions

The additively manufactured NiTi parts were found to have a corrosion behavior (electrochemical
corrosion and Ni ion release) similar to that found for the conventionally fabricated NiTi alloy.
This indicates that the proposed additive manufacturing process does not result in a deterioration in
the corrosion resistance of NiTi parts. In addition, the SEM and XRD analysis of the corroded NiTi
samples showed the formation of biocompatible corrosion products on the surface of the sample, which
could be beneficial for bone implant applications. Adding porosity to the additively manufactured
NiTi parts increased the exposed surface area, which results in a higher electrochemical corrosion
current and hence a higher Ni ion release compared to the bulk NiTi samples. However, the Ni ion
release levels reported in this work for all the fabricated structures remain within the range of most of
values for conventionally fabricated NiTi alloys reported in the literature. It is worth mentioning that
there have been several efforts to reduce the Ni ion release of conventionally fabricated NiTi parts in
the literature using surface modification and coating techniques. Such techniques could be beneficial
to implement for additively manufactured NiTi structures to further increase the corrosion resistance
and reduce the Ni ion release rates.
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