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a b s t r a c t

Electrochemical tests and surface analysis measurements were performed to study the

corrosion behavior in a 0.9 wt.% NaCl solution at 37 �C of three NiTi shape memory alloys

fabricated by laser-powder bed fusion (L-PBF). The passive film characteristics and corro-

sion resistance of L-PBF NiTi showed different features as a function of their preparation

process settings. The passivation rate for L-PBF NiTi surfaces including defects, such as

keyhole pores and cracks which showed high electrochemical activity accelerating the

passivation reaction process, was higher in the early stages of immersion, but the corro-

sion resistance provided by such a rapidly formed passive film containing higher defect

density is lower than that for an initially defect-free surface. The thickness of the passive

film including a higher defect density does not necessarily relate to the corrosion resis-

tance. The L-PBF NiTi prepared at a linear energy density of 0.2 J/m and volumetric energy

density of 56 J/mm3 shows the least defects. Also, an outer Ti-rich and inner Ni-rich dense

and corrosion protective passive film could be obtained for these L-PBF NiTi samples,

which also results in a relatively low Ni ion release rate. A passive film model based on

thickness, composition and defect density properties as a function of processing condi-

tions is proposed to explain the difference in corrosion resistance of the various L-PBF NiTi.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Shape memory alloys (SMA) show favorable elastic and

dimensional memory properties as well as a low elastic

modulus, which enhances mechanical compatibility and
(M. Liu).

d by Elsevier B.V. This
compliance for application in the medical field [1e3]. Among

most SMA, NiTi with near-equal atomic ratio has the advan-

tage of high biocompatibility, corrosion resistance, low stiff-

ness and good damping and shock absorption in addition to

an unloading recovery strain up to 8%. It has beenwidely used

in biomedical fields such as oral orthodontics, artificial tissues
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Table 1 e The L-PBF manufacturing parameters of NiTi.

Sample A2 A4 A6

Laser power, W 250 250 250

Scanning velocity, mm/s 1250 800 500

Hatch distance, mm 120 120 140

Layer thickness, mm 30 30 60

Laser beam size, mm 80 80 80

Linear energy density, J/mm 0.2 0.3 0.5

Volumetric energy density, J/mm3 56 87 60
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or organs, orthopedics, internal stent and clinical interven-

tional therapy [4,5].

As a passivating alloy, a passive film mainly containing

TiO2 can be formed on the NiTi surface in air and service

environment to protect it from extensive corrosion [6,7].

However, the corrosive environment of NiTi in human body

can be considered to be relatively aggressive and varies as a

function of time. Microorganisms in oral saliva, different

electrolyte constituents, local acidification of the media

around implants and (cyclic) mechanical stresses may reduce

the stability of their passive films resulting in an increased

release rate of Ni ions, possibly leading to further environ-

mental changes, allergic reactions and inflammation. Many

corrosion studies of NiTi have reported that the corrosion

resistance could be affected by many factors such as alloy

microstructure, coatings, nature of the corrosive media, etc

[8e11]. Mirjalili et al. [12] reported that NiTi did not show

obvious pitting corrosion in artificial saliva. However, adding

fluoride ions could significantly promote the pitting corrosion

process and pre-passivation of NiTi could improve its corro-

sion resistance to some extent. Mo�cnik et al. [13] showed that

a low content of fluoride ions (0.024 mol/L) had no significant

effect on the corrosion resistance of NiTi in artificial saliva.

Under action of mechanical wear, the Ni ion release rate was

134 times that of the maximum allowable limit. Electro-

chemical corrosion and corrosion fatigue are the most com-

mon forms of corrosion failure of NiTi implanted in the

human body [9,14]. Figueira et al. [15] found that the corrosion

resistance of NiTi is better than that of 316L stainless steel and

worse than that of Tie6Ale4V in Hanks solution. Peng et al.

[16] reported that the base metal of NiTi with single-phase

austenite showed higher corrosion resistance than the

fusion and heat affected zones: the corrosion resistance

decreased slightly in the fusion zone, the heat affected zone

became the weakest corrosion resistance zone by the precip-

itation of a poorly corrosion resistant R-phase which consid-

erably reduced the corrosion potential.

The lower corrosion resistance of NiTi-SMA is usually

solved by coating, etc., currently, the applicability of intri-

cately shaped NiTi-SMA is severely limited due to its poor

manufacturability [2,8]. Additive manufacturing (AM) can

effectively avoid many challenges and drawbacks of tradi-

tional subtractive manufacturing and now has become one of

the current advanced processing and manufacturing tech-

nologies with even further development potential in the near

future [17e19]. Therefore, with the advantages and versatility

of AM, it is possible to manufacture complex NiTi materials

and structures. Zhong et al. reviewed the recent progress of

NiTi manufacturing by selective laser melting (SLM) [20].

Exploratory studies have been conducted on SLM NiTi, which

is shown to be challenging. High density preparation of NiTi

by SLM to obtain good mechanical properties, but also within

strict composition boundaries to enable appropriate phase

transformation properties, is shown to be strenuous. At pre-

sent, there are few studies on corrosion behavior of NiTi

manufactured by AM in medical environment. Increasing

laser energy input during AM manufacturing can reduce the

grain boundary density in the material enhancing the corro-

sion resistance. Marattukalam et al. [21] studied the influence

of laser power on the corrosion rate of NiTi in Ringer's
solution, and found that the corrosion rate of the sample

decreased with the increase of laser power.

In our previous work [22], experimental validation has

demonstrated that analytical models predicting melt pool di-

mensions and defect formation criteria can provide an accu-

rate estimation and guide manufacturability of defect-free

Nitinol alloys. The cracks and keyhole-induced pores forma-

tion phenomena were experimentally analysed. In this study,

a series of most typical L-PBF NiTi microstructures with

defect-free, cracks and keyhole-induced pores were prepared

through laser-powder bed fusion process condition variation

and their corrosion resistance were studied. The corrosion

resistance of three L-PBF NiTi were studied by means of

electrochemical techniques to identify the corrosion resis-

tance under different preparation process conditions com-

bined with surface analysis to further analyze the passive film

composition and thickness upon immersion in a simulated

human body fluid (0.9 wt.% NaCl). The results of present work

could provide some technical support for the preparation of

3D-printing NiTi-SMA with excellent corrosion resistance.
2. Experimental

2.1. Material and sample preparation

Commercial NiTi (50.0 at% Ni) powder manufactured by gas

atomization (TLS Technik GmbH, Bitterfeld, Germany) was

used as the initial powder for L-PBF fabrication. The laser-

powder bed fusion (L-PBF) NiTi were fabricated with various

volumetric energy densities (Ev, J/mm3). Based on our previous

work, it was found that microstructural defects and features

in NiTi can be tailored via applying different Ev [22]. To remain

consistent with our previous work, the same sample types

and their definitions were used in this work, namely: 1) A2

with 56 J/mm3 representing a defect-free sample; 2) A4 with

87 J/mm3 with cracking defects; and 3) A6 with 60 J/mm3

showing keyhole induced pores. The detailed L-PBF process-

ing parameters are shown in Table 1. The printed cylindrical

samples (F 6 mm � 10 mm) were cut into circular sheets by

electrical discharging machining (EDM), and were ground and

polished to remove EDM damage. Then, samples with a F

6 mm � 3 mm and F 6 mm � 2 mm are used for electro-

chemical analysis and for surface analysis, respectively. One

circular side of the electrochemical sample was connected

with a conductor and conductive adhesive, and the rest was

sealed with epoxy resin to establish a 0.28 cm2 exposed area.

Before the experiment, all sampleswere polished fromgrit 200

https://doi.org/10.1016/j.jmrt.2023.01.204
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to 2000 step by step with SiC sandpaper, cleaned and dried

with alcohol and deionized water.

2.2. Electrochemical tests

The standard three-electrode system was used for electro-

chemical test. L-PBF NiTi samples were used as the working

electrode, platinumplate (10 cm2) as the counter electrode, and

the reference electrode was a saturated calomel reference

electrode (SCE). The solution used in the experiments was a

physiological aqueous solution with mass fraction of 0.9 wt.%

NaCl, which was prepared by analytical pure chemical reagent

and deionizedwater. Electrochemical tests were performed on

a Biologic VMP3 multi-channel electrochemical workstation.

The open circuit potential (OCP) was continuously monitored

for 168 h. The potentiodynamic polarization measurements

were started upon stabilizationof theOCP for 1 h of immersion.

The scan range of the potentiodynamic polarization measure-

mentswas from�250mV vs. OCP to the anodic range at a scan

rate of 1 mV/s, the scan was stopped at an anodic current

density of 1 mA/cm2. The cyclic voltammetry test was carried

out from �1.0 VSCE to 2.0 VSCE and then back to the initial po-

tential. A total of 5 scan cycleswere performed at a scan rate of

50 mV/s. Electrochemical impedance spectroscopy (EIS) mea-

surements were carried out at OCP with a signal sine wave

amplitude of 10 mV, the test frequency range was 100 kHz -

10 mHz. The test results were analyzed by ZsimpWin 3.5 soft-

ware. The test frequency of MotteSchottky was fixed at 1 kHz,

the scan rate was 50 mV/s and the scan potential range was

�1.0VSCE toþ1.5VSCE.All electrochemical testswereperformed

at least three times and representative results are shown. The

electrolyte temperature for all electrochemical measurements

was controlled at 37 ± 0.5
�
C by a thermostatic water bath.

2.3. Auger electron spectroscopy analysis

The through-thickness composition of the passive films on

three L-PBF NiTi samples after immersion in 0.9 wt.% NaCl

solution for 7 days was analyzed by Auger electron spectros-

copy (AES). A scanning Auger model PHI-700, Ulvac-PHI, Japan

was used. The detectionwas based on general principles (GB/T

26533-2011) of AES analysis methods. A coaxial electron gun

and CMA energy analyzer were used. The high voltage of

electron gun was 5 kV and the energy resolution was 1‰. The

incident angle was 30�, and the vacuum degree of the analysis

chamber was <3.9 � 10�9 Torr. The surfaces of the passive

films were etched by Arþ ions with a F100 nm spot to obtain

the depth profiles, the sputtering rate was 1 nm/min, deter-

mined by the thermal oxidation of a SiO2/Si standard.

2.4. X-ray photoelectron spectroscopy analysis

The passive film composition of three L-PBFNiTi samples after

immersion in 0.9wt.%NaCl solution for 7dayswasanalyzedby

X-ray photoelectron spectroscopy (XPS). For the analysis, the

monochromator was Al Ka, the sensitivity was 100 kcps, the

energy spectrum scanning range was 0e1350 eV, the wide

scanning interval and narrow scanning interval was 1 eV and

0.1 eV respectively, and the energy spectrumwas calibrated by

C1s (285.0 eV). Element composition and content were
analyzed by comparison with standard element spectra from

Perkin-Elmer's XPS Data Sheet and XPS International Inc. Web

site. Through analysis of the outer and inner passive film

composition of L-PBF NiTi, the composition and structure of

their passivefilmsdifferencewere further studied.Xpspeak4.1

software was used to analyze data by Gauss-Newton fitting

method.

2.5. Ni ion release test

The Ni ion release rate of three L-PBF NiTi samples after im-

mersion in 0.9 wt.% NaCl solution for 7 days was analysed by

Inductively Coupled Plasma Mass Spectrometry (ICP-MS).

During the immersion, all samples were sealed to obtain an

exposed area of 0.28 cm2, and the sampleswere immersed in a

glass beaker with 100 mL 0.9 wt.% NaCl solution. The Ni ion

concentration was measured by ICP-MS type NexION 350D,

USA, the corresponding wavelength of Ni is 233.7 nm.
3. Results and discussion

3.1. Microstructure and surface morphology

Optical micrographs of L-PBF NiTi fabricated with various

volumetric densities Ev are shown in Fig. 1. From the top view

(Fig. 1(aec)), the grain width gradually grows with increasing

Ev and even larger than the laser track distance (yellow

markers in Fig. 1 (c)), which indicates an enhanced epitaxial

grain growth. In contrast, interlocked grains could be observed

in A2 sample (Fig. 1(a)) (Ev ¼ 56 J/mm3), and this type of grain

morphology results in a better cracking resistance than A4

(Fig. 1(b)) (Ev ¼ 87 J/mm3) and A6 (Fig. 1(c)) (Ev ¼ 60 J/mm3).

From the cross-sectional view, A2 consists of inter-stacking

conduction melt pools (Fig. 1(d)), which shows defect-free

quality. For A6 sample, the main defect type is keyhole-

induced porosity. Since applying the relatively high linear

energy density (El ¼ 0.5 J/mm) in A6, keyhole mode melt pools

were formed. When melt pools in the keyhole mode are pre-

sent, pores are easily formed due to elemental evaporation

and trapped gas. With further increasing Ev to 87 J/mm3 and

decreasing El to 0.3 J/mm (A4), cracking became the main

defect type (Fig. 1(c, f)). The reason can be attributed to the

relatively high residual stress associated with the high extent

of thermal shrinkage during L-PBF. More detailed formation

mechanisms of cracking and keyhole induced porosity can be

found in our previous work [22], however its effect on elec-

trochemical behavior should still be investigated. As shown in

XRD patterns of L-PBF NiTi patterns measured at room tem-

perature (Fig. 2), the main phase is B19’ martensite for all

samples and only tiny peaks are indexed as B2 austenite

phase. It indicates that the consistency of phases among

samples, which makes it reasonable to compare the effect of

defects on corrosion behavior of L-PBF NiTi.

3.2. Electrochemical analysis

3.2.1. Open circuit potential
The formation rate of the passive film in the early stages of

exposure can be characterized by the OCP variation [23,24].

https://doi.org/10.1016/j.jmrt.2023.01.204
https://doi.org/10.1016/j.jmrt.2023.01.204


Fig. 1 e Optical micrographs for the L-PBF NiTi fabricated with different volumetric energy densities: (a, d) A2 (56 J/mm3), (b,

e) A4 (87 J/mm3), and (c, f) A6 (60 J/mm3).

Fig. 2 e XRD patterns of L-PBF NiTi samples. A2 (56 J/mm3),

A4 (87 J/mm3) and A6 (60 J/mm3).
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Fig. 3 shows the OCPs of three L-PBF NiTi after immersion in

0.9 wt.% NaCl solution for 30 min. It can be seen that the OCP

values of the L-PBF NiTi increase rapidly, but at different rates.

The formation rate of the L-PBF NiTi passive films can be

determined [23]:

E¼ const:þ 2:303 d�=A log t (1)

where d� is the passive film growth rate at logt, A is a constant

which can be calculated by the following equation [25]:

A¼ nF
RT

ad0 (2)

where a is the charge transfer coefficient, (a ¼ 0.5) [24], and d0

represents the energy accumulation width during charge

transfer, d0 ¼ 1 [25]. Most studies conformed that the passive

film of NiTi is mainly TiO2 [6,7], our further results of XPS and
AES also confirm that the outer layer of passive films of the

three L-PBF NiTi is mainly TiO2, hence, the thickness of L-PBF

NiTi passive film in 0.9 wt.% NaCl solution increases mainly

through Ti4þ diffusion to the interface between Ti and oxygen.

The value of n in Eq. (2) is 4 and the calculated A is 78 nm/V.

Then theOCP values vs. t could be transformed into E vs. 1/logt

(see Fig. 3(b)), hence the early stage passive film growth rate d�

of three L-PBF NiTi can be calculated by Eq. (1). It can be seen

from Fig. 1(c) that the early stage passive film formation rate

from high to low is: A6 > A4 > A2.

In order to study the long term passive film formation

process of L-PBF NiTi in 0.9 wt.% NaCl solution, the OCP value

of three L-PBF NiTi samples was measured in 0.9 wt.% NaCl

solution for 7 days, as shown in Fig. 4. It can be seen that the

OCP values of the three alloys increase rapidly during the first

6 h immersion, and then stabilize. The OCP value of A2 shows

an increase from�252 mVSCE (30 min) to �104mVSCE (6 h) and

then slowly decreases to stabilize at �180 mVSCE after im-

mersion for 3 days. After immersion for 30 min, the OCP value

of A4 increases to �171mVSCE and then stabilizes at about

�126 mVSCE for 6 h. After immersion for 3 days, the OCP value

of A6 has increased to�130mVSCE and then to �119mVSCE for

6 h. After immersion for 30 min, the OCP of A6 is also changed

slightly and finally stabilized at �130 mVSCE. After immersion

for 7 days, the stabilized OCP values of the three L-PBF NiTi

samples ranges from A2 < A4 z A6. It can be preliminarily

judged that the three L-PBF NiTi can form a certain protective

passive film in 0.9 wt.% NaCl solution [23,24] which will be

subject of further study from here.

3.2.2. Potentiodynamic polarization measurements
As can be seen from the OCP results in Fig. 4, the OCPs of the

three L-PBFNiTi need at least 72 h to be stable, Fig. 5 shows the

potentiodynamic polarization curves of L-PBF NiTi immersed

in 0.9 wt.% NaCl solution after stabilization for 72 h. The

potentiodynamic polarization curves of three L-PBF NiTi show

the characteristics of typical metal passivation with a wide

https://doi.org/10.1016/j.jmrt.2023.01.204
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Fig. 3 e (a) OCPs of L-PBF NiTi after immersion in 0.9 wt.% NaCl for 30 min, (b) E vs. Logt (min), (c) passive film formation rate.

A2 (56 J/mm3), A4 (87 J/mm3) and A6 (60 J/mm3).

Fig. 4 e OCPs of L-PBF NiTi after immersion in 0.9 wt.%

NaCl solution for 7 days. A2 (56 J/mm3), A4 (87 J/mm3) and

A6 (60 J/mm3).
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passive region [24]. The anodic polarization curves of L-PBF

NiTi show a passivation region without obvious

activationepassivation transition characteristics. The Ecorr is

the potential where the net current density of anode and

cathode reaction is zero in the polarization curve, A2 has a

relatively low Ecorr, which is consistent with the OCP test re-

sults. In order to compare the passive current density (ipass),

the current density when the anode potential equals 0.55 VSCE

was used for comparison. The fitting results are listed in

Table 2. The order of the passive current density (ipass) and

corrosion current density (icorr) from low to high is:

A2 < A4 < A6, the icorr of A2 is less than 0.1 mA cm2 indicating

that a relatively well protecting passive film is formed [26].

3.2.3. Cyclic voltammetry
Fig. 6 shows the cyclic voltammetry curves of three L-PBF NiTi

immersed in 0.9 wt.% NaCl solution. It can be seen from the

wide range (�1.5 VSCE - 2.0 VSCE) and narrow range (�1.0 VSCE -

https://doi.org/10.1016/j.jmrt.2023.01.204
https://doi.org/10.1016/j.jmrt.2023.01.204


Fig. 5 e Potentiodynamic polarization curves of L-PBF NiTi

after immersion in 0.9 wt.% NaCl solution for 72 h. A2 (56 J/

mm3), A4 (87 J/mm3) and A6 (60 J/mm3).

Table 2 e Polarization curve parameters fitting values of
L-PBF NiTi. A2 (56 J/mm3), A4 (87 J/mm3) and A6 (60 J/
mm3).

Sample Ecorr
(mVSCE)

icorr,
mA cm�2

ba,
mV dec�1

bc,
mV dec�1

ipass,
mA cm�2

A2 �156 ± 10 0.02 ± 0.03 243 ± 12 �155 ± 12 2.1 ± 0.5

A4 �8 ± 12 0.21 ± 0.05 221 ± 13 �168 ± 13 4.4 ± 0.7

A6 �3 ± 14 0.52 ± 0.06 215 ± 10 �162 ± 11 7.3 ± 0.6
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2.0 VSCE) scanning curves of A2 in Fig. 6(a), five obvious anode

current peaks could be observed, a1 (�1.38 VSCE) corresponds

to the reaction of Ti to Ti2þ, a2 (�1.1 VSCE) corresponds to the

transition from Ti2þ to Ti3þ, and a3 (�0.59 VSCE) corresponds to

the transition from Ti3þ to Ti4þ [27]. The related reactions are

[28]:

a1 : TiþH2O4TiOþ 2Hþ þ 2e� (3)

a2 : 2TiOþH2O4Ti2O3 þ 2Hþ þ 2e� (4)

a3 : Ti2O3 þH2O42TiO2 þ 2Hþ þ 2e� (5)

When the potential is positive at 0.6 VSCE and enter the

oxygen control evolution process, two anodic current peaks

(a4 and a5) could be observed. Three peaks could be seen in the

back scanning curves, among which c1 (1.25 VSCE) is the

reduction peak corresponding to a4 and a5, c2 (�0.91 VSCE) re-

lates to the peak of a3, and c3 (�0.74VSCE) is the reduction peak

of a2. The reduction reaction current of dissolved oxygen in

water has reached the limit at �0.6 VSCE [26], and such strong

current may cover part of the signal of the electrochemical

reduction processes of Ti4þ/Ti2þ/Ti.
The cyclic voltammetry curves of A4 and A6 are similar in

the wide potential range scanning (Fig. 6(b) and (c)), but after

reducing the cathode scanning range to �1 VSCE, small anodic

current peaks (a5) could be observed in A4 and A6 samples at

about 0.3 VSCE. The peak positions correspond to the trans-

formation process from Ni to Ni2þ [29], which indicates Ni to

be present in the passive film of A4 and A6 is unstable
compared with A2. A small Ni reduction current peaks (c4)

could also be seen in the back scanning curves, indicating that

the generated Ni2þ will still remain in the inner layer of the

passive film [30]. The possible reactions of Ni to Ni2þ in Cl�

containing solution are as follows [31]:

a5 : NiþH2O4NiðH2OÞ 4NiðOHÞad þHþ
aq þ e� (6)

NiðH2OÞad þCl� 4NiðClOH�Þad þHþ þ e� (7)

NiðOHÞad þHþ þ e�4Ni2þad þH2Oad þ e�4NiðOHÞ2 (8)

3.2.4. Electrochemical impedance spectroscopy
In order to further identify the corrosion resistance and pas-

sive film formation process of L-PBF NiTi, the EIS with

different immersion times were measured. Fig. 7 shows the

representative Nyquist (Fig. 7(a)e(c)) and Bode (Fig. 7(a1)-(c1))

plots of L-PBF NiTi upon immersion in 0.9 wt.% NaCl solution

for 0.5 h, 24 h and 168 h. It can be seen from the Nyquist plot

that the arc of the capacitance loop of L-PBF NiTi increases

slowly with immersion time. The Bode diagram of A2 shows

two obvious capacitive arcs, indicating there are two time

constants. With immersion time, the phase angle of A2 in the

high frequency region (104-101 Hz) changes little, while the

phase angle in the low frequency region (10�e102 Hz) in-

creases gradually. The Bode diagram of A4 changes little

throughout the full immersion period, and its phase angle has

a broad capacitive arc in the low-middle frequency range (103-

101 Hz), indicating that there may be two superimposed time

constants. The same as for A4, the Bode diagram of A6 also

changes little, but two obvious capacitive arcs could be

observed in the middle (103 Hz) and low frequency (101 Hz)

regions, indicating that there are at least two time constants.

The modulus of impedance jZju/0 in the Bode plot is usually

used to examine the charge transfer activity and hence the

corrosion resistance of the alloy [32e34]. The |Z| of L-PBF NiTi

at 0.01 Hz is shown in Fig. 8 and shows that the value of |Z|0.01
from high to low is: A2 > A4 > A6, indicating that A2 has the

best corrosion resistance as compared to A4 and A6.

The previous electrochemical tests of potentiodynamic

polarization (Fig. 5) and CV (Fig. 6) all demonstrate a passive

film will be formed on the L-PBF NiTi, but according to the

surfacemorphology analysis in Fig. 1, A4 and A6 samples have

keyhole pores and crack defects, therefore, we adopt a defect-

containing model to fitting the EIS data, the equivalent circuit

used forEISparametersfitting is shown inFig. 8,whichhasalso

been used to study the corrosion behavior of NiTi and related

alloyswith defects in prior studies [15,35e37]. Themodel takes

into account an inner oxide layer (Rb, Qf) and an outer porous

layer (Rp, Qb), wherein, Rs is the solution resistance, Rp is the

additional resistance of the solution inside the pores, Qb is the

pore wall capacitance, Rb is the barrier layer resistance, and Qf

is the barrier layer capacitance. The impedance of the equiv-

alent circuit in Fig. 9 can be expressed by Eq. (9) [38]:

Z¼Rs þ 1

ZQf
þ 1

Rpþ 1
ZQb

þ 1
Rb

(9)

ZsimpWin 3.5 software was used to fit the EIS results, and

the quality of the fitted parameters was evaluated by the chi-
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Fig. 6 e Cyclic voltammetry curves of L-PBF NiTi after immersion in 0.9 wt.% NaCl solution for 30 min. (a) A2 (56 J/mm3), (b)

A4 (87 J/mm3), (c) A6 (60 J/mm3).

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 3 : 2 9 9 1e3 0 0 6 2997
square value. In general, the capacitance is anon-ideal

capacitor because of the roughness of the electrode surface

[26,30]. The capacitance is related to the angular frequency of

the excitation signal, which can be written as follows [39]:

ZQdl
¼ 1

Y0ðjuÞn
(10)

where u is the angular frequency, j is the symbol of an imag-

inary number, and n is the exponent of the constant phase

element. n usually ranges from 0.5 to 1. When n ¼ 1, the

constant phase element is equivalent to the capacitance, the

defect and the barrier layer (passive film) constant phase

angle element Qb and Qf have similar meanings [15,36e39].

It can be seen from the fitting values in Tables 3e5 that the

solution resistance Rs changes little, which is in the range of

8e13U cm2, the additional resistance of the solution inside the

pores Rp (order 10
2e103 U cm2) is much smaller than that of Rb

(order 104e105 U cm2). This indicates the corrosion resistance

of Rp is smaller, which is consistent with the results reported

by Figueira et al. [15], Chembath et al. [36], Freitag et al. [37]

and Bolat et al. [40], their results all showed that Rp is usually

within the order of 101e103 U cm2 magnitudes. The good
fitness of themodel to the data as shown in Fig. 7 corroborates

the rationale to use the equivalent circuit (Fig. 9) to explain the

corrosion process. Fig. 10 shows the fitted Rb variation with

immersion time. The Rb of A2 increases from 105.0 U cm2 to

105.8 U cm2 after immersion for 30 min to 6 h, and then

changes little in the subsequent immersion times; as for A4, Rb

increases slightly from 104.7 U cm2 to 104.9 U cm2 after im-

mersion for 30 min to 7 day; the Rb of A6 are in the 104.8 U cm2

order of magnitude and does not show any significant change

after 30 min of immersion. It can be seen that corrosion

resistance of the L-PBF NiTi in the whole 7 days from the high

to low show the following order: A2 > A4 > A6. The corrosion

resistance of A2 is comparable to that of the as-received NiTi

alloys reported by Sun et al. [35], Figueira et al. [15], Chembath

et al. [36] and Freitag et al. [37]. Our test environment is exactly

the same as Sun's, their maximum Rb value of the dense NiTi

alloy is 5.3 � 104 U cm2, which is slightly higher than that for

our worst sample A6 (4.0� 104 U cm2), slightly worse than that

for A4 (8.7 � 104 U cm2) and A2 (6.4 � 105 U cm2). The large

difference in corrosion resistance of L-PBF NiTi could be

related to the defects on their surface (see Fig. 1). A2 has the

least defects, whichmay contribute to form a dense and stable
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Fig. 7 e Nyquist (a), (b), (c) and Bode (a1), (b1), (c1) diagrams of L-PBF NiTi after immersion in 0.9 wt.% NaCl solution for

different times. (a), (a1): A2 (56 J/mm3); (b), (b1): A4 (87 J/mm3); (c), (c1): A6 (60 J/mm3).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 3 : 2 9 9 1e3 0 0 62998
passive film. As stated in the OCP part (see Fig. 4), the defects

could promote the formation rate of the passive film, but the

rapidly formed passive film has a relatively poor corrosion

resistance. Therefore, A4 and A6 could stabilize in a shorter

period of time (30 min), but the corrosion resistance of their

passive films are merely 10% of that A2.

The passive film barrier layer capacitance Cb can be

calculated by the following equation [15,36e40].
Cb ¼Qb
1=nRb

ð1�nÞ=n (11)

It is assumed that Cb is related to the thickness of passive

film [26], such as:
C¼ εε0A=d (12)
where ε is the dielectric constant of the film oxide, the typical

dielectric constant of TiO2 is 100 [15], and ε0 is the dielectric

constant in vacuum, ε0 ¼ 8.85 � 10�12 F/m. A is the effective
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Fig. 8 e |Z|0.01 of L-PBF NiTi after immersion in 0.9 wt.%

NaCl solution for different times (0.5 h, 6 h, 12 h, 1 d, 2 d,

3 d, 4 d, 5 d, 6 d, 7 d). A2 (56 J/mm3), A4 (87 J/mm3) and A6

(60 J/mm3).

Fig. 9 e Equivalent circuit of L-PBF NiTi after immersion in

0.9 wt.% NaCl solution for different times.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 3 : 2 9 9 1e3 0 0 6 2999
area and d is the film thickness. Base Eq. (11), we calculate the

thickness of the passive films of three L-PBF NiTi. The esti-

mated passive film thickness of A2 is about 1 nm, A4 is

2e3 nm, and A6 is 2e3 nm, which is much lower than the

reported 10 nm [6,7]. The apparent contradiction can be

explained by the porous defect structure of the L-PBF NiTi

passive film, and the actual working area may be much larger
Table 3 e EIS parameters fitting values of A2 (56 J/mm3) after im
6 h, 12 h, 1 d, 2 d, 3 d, 4 d, 5 d, 6 d, 7 d).

Time, h Rs,
U cm2

Qf, Rp, kU cm2

Y0

U�1 cm�2 sn
n

0.5 13.2 6.0 � 10�5 0.82 4.1

6 13.1 5.2 � 10�5 0.87 4.0

12 12.9 5.6 � 10�5 0.86 0.7

24 12.9 4.7 � 10�5 0.87 1.2

48 12.3 11.1 � 10�5 0.85 1.4

72 11.6 11.9 � 10�5 0.83 1.3

96 11.5 9.3 � 10�5 0.84 1.4

120 10.5 9.2 � 10�5 0.74 1.3

144 10.8 9.8 � 10�5 0.83 0.4

168 11.0 9.9 � 10�5 0.83 0.4
than the geometric area considered in the calculation.

Therefore, when the capacitance is constant, based on the

relationship between C and d, the larger the passive film area,

the higher the passive film thickness. According to the surface

images analysis in Fig. 1, A2 has the least number of defects

and thus has the smallest actual surface area. Therefore, it

can be concluded that A2may have theminimumpassive film

thickness. Theremay be non-positive correlation between the

thickness and the corrosion resistance of passive film for the

alloy with a high surface defect density.

3.2.5. MotteSchottky analysis
Fig. 11(a) shows the MotteSchottky curves of the three L-PBF

NiTi immersed in 0.9 wt.% NaCl solution for 7 days. Based on

classical semiconductor theory, MotteSchottky Eq. (13) can be

used to describe the linear relationship between 1/C2 and

electrode potential [41,42]. When the electrode potential is

higher than the flat band potential, the curves are all positive,

indicating that the passive films of the L-PBF NiTi formed in

0.9wt.%NaCl solution atOCParen-type semiconductor,which

again confirms the passive film on the NiTi surface is mainly

composed of TiO2 [41]. The donor carrier density in n-type

semiconductors can be calculated based on Eq. (13) [26,42]:

1
C2

¼ 2
εε0eND

�
E�Efb �kT

e

�
(13)

where C is the space charge layer capacitance of the oxide film;

E is applied potential; ε0 is the vacuum dielectric constantand,

ε0 ¼ 8.85 � 10�12 F/m; ε is the dielectric constant of the passive

film, the typical dielectric constant ε of titanium oxide is 100

[15], e is the quantity of electrons, e ¼ 1.602 � 10�19 C; ND is the

electron donor concentration; Efb is the flat band potential,

which is the voltage intercept corresponding to the straight

section of the M�S curve, k is the Boltzmann constant,

k ¼ 1.38 � 10�23 J/K; T is the thermodynamic temperature.

As can be seen from the fitting results in Fig. 11(b), the

passive film defect concentration of the three L-PBF NiTi in-

creases with the amount of their surface defects, and the

carrier density in the passive films of A2, A4 andA6 is 1.31, 1.85

and 2.23 (1020 cm�3), respectively. The number of defects in A6

passive film is 1.7 times more than that of A2, which again

indicates that the A2 sample has the least defects and shows

the highest corrosion resistance.
mersed in 0.9 wt.% NaCl solution for different times (0.5 h,

Qb, Rb, kU cm2 chi-squared

Y0

U�1 cm�2 sn
n

29.4 � 10�5 1.0 118.3 1.7 � 10�3

18.2 � 10�5 0.97 664.3 1.2 � 10�3

17.1 � 10�5 0.96 650.2 1.3 � 10�3

17.9 � 10�5 0.98 692.3 1.3 � 10�3

11.7 � 10�5 0.84 681.1 1.1 � 10�3

11.6 � 10�5 0.84 650.5 1.3 � 10�3

6.4 � 10�5 0.83 622.1 1.1 � 10�3

8.5 � 10�5 0.83 669.3 1.7 � 10�3

10.5 � 10�5 0.84 656.3 1.7 � 10�3

11.9 � 10�5 0.84 640.7 1.0 � 10�3
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Table 4 e EIS parameters fitting values of A4 (87 J/mm3) after immersed in 0.9 wt.% NaCl solution for different times (0.5 h,
6 h, 12 h, 1 d, 2 d, 3 d, 4 d, 5 d, 6 d, 7 d).

Time, h Rs,
U cm2

Qf, Rp,
U cm2

Qb, Rb, kU cm2 chi-squared

Y0

U�1 cm�2 sn
n Y0

U�1 cm�2 sn
n

0.5 9.4 5.4 � 10�5 0.73 5.7 2.3 � 10�5 0.95 52.7 2.2 � 10�4

6 9.4 4.9 � 10�5 0.75 5.4 1.9 � 10�5 0.94 61.7 3.6 � 10�4

12 8.3 4.1 � 10�5 0.73 6.2 2.7 � 10�5 0.91 65.0 2.5 � 10�4

24 9.0 4.4 � 10�5 0.75 6.0 2.2 � 10�5 0.92 71.6 2.7 � 10�4

48 9.2 4.3 � 10�5 0.75 5.8 2.1 � 10�5 0.92 80.6 2.8 � 10�4

72 9.9 5.2 � 10�5 0.86 6.2 1.5 � 10�6 0.68 83.2 2.0 � 10�4

96 9.0 5.8 � 10�5 0.79 5.8 6.5 � 10�6 0.99 92.2 1.8 � 10�4

120 9.1 5.9 � 10�5 0.80 6.6 5.0 � 10�6 0.99 96.0 1.9 � 10�4

144 8.7 5.7 � 10�5 0.80 6.1 5.8 � 10�6 0.99 82.0 2.1 � 10�4

168 8.4 5.9 � 10�5 0.80 6.2 4.5 � 10�6 0.99 86.9 1.4 � 10�4

Table 5 e EIS parameters fitting values of A6 (60 J/mm3) after immersed in 0.9 wt.% NaCl solution for different times (0.5 h,
6 h, 12 h, 1 d, 2 d, 3 d, 4 d, 5 d, 6 d, 7 d).

Time, h Rs,
U cm2

Qf, Rp, kU cm2 Qb, Rb, kU cm2 chi-squared

Y0

U�1 cm�2 sn
n Y0

U�1 cm�2 sn
n

0.5 10.6 5.5 � 10�5 0.87 1.2 3.1 � 10�5 0.78 41.5 8.8 � 10�4

6 10.2 5.4 � 10�5 0.86 1.0 3.1 � 10�5 0.78 40.6 7.0 � 10�4

12 10.2 5.2 � 10�5 0.86 1.0 3.0 � 10�5 0.78 40.8 7.7 � 10�4

24 10.2 5.3 � 10�5 0.86 0.9 3.1 � 10�5 0.78 43.6 8.6 � 10�4

48 10.2 4.6 � 10�5 0.87 0.4 4.3 � 10�5 0.74 45.5 9.7 � 10�4

72 9.8 4.5 � 10�5 0.87 0.4 4.6 � 10�5 0.73 39.2 1.7 � 10�3

96 9.6 4.4 � 10�5 0.87 0.3 4.7 � 10�5 0.73 40.1 2.1 � 10�3

120 9.4 4.3 � 10�5 0.88 0.3 5.0 � 10�5 0.71 39.9 2.1 � 10�3

144 9.2 4.2 � 10�5 0.88 0.3 5.3 � 10�5 0.71 40.1 2.3 � 10�3

168 9.0 4.1 � 10�5 0.88 0.3 5.6 � 10�5 0.70 39.9 2.6 � 10�3

Fig. 10 e Rb of L-PBF NiTi after immersion in 0.9 wt.% NaCl

solution for different times (0.5 h, 6 h, 12 h, 1 d, 2 d, 3 d, 4 d,

5 d, 6 d, 7 d), A2 (56 J/mm3), A4 (87 J/mm3) and A6 (60 J/

mm3).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 3 : 2 9 9 1e3 0 0 63000
3.3. AES analysis

The AES results of L-PBF NiTi immersed in 0.9 wt.% NaCl for 7

days is shown in Fig. 12.With the increase of sputtering depth,

the content of O decreases rapidly, the content of Ti increases

slowly, and the content of Ni increases sharply and exceeds Ti
at 5.4, 5.6 and 6.6 nm for A2, A4 and A6 respectively, indicating

that outer layer of the L-PBF NiTi is mainly Ti- oxide and Ni is

mainly enriched in the inner layer of the passive film. The

thickness of the passive film is generally considered to be

positioned at the location where the oxygen content is halved

[43], which is 8.5, 9.8 and 13.8 nm for A2, A4 and A6 respec-

tively. This is consistent with the capacitance prediction in

EIS. Generally, based on the assumption of a uniform passive

film with few defects, its corrosion resistance is positively

correlated with its thickness [35,37,43]. In EIS testing,

assuming the capacitance is constant, the passive film thick-

ness increases with the increase of its exposed area which is

positive related to the defects (see Fig. 12(d)). However, such

increased thicker oxide film is not compact, larger thickness

does not necessarily mean a better corrosion resistance.

3.4. XPS analysis

AES analysis demonstrate that outer layer of the L-PBF NiTi is

mainly Ti- oxides and the inner layer is mainly Ni-oxides, the

passive film thickness of three L-PBF NiTi is between 8.5 and

13.8 nm. In order to quantitatively analyze the difference be-

tween the two layers, we also analyzed the chemical compo-

sition of the outer layer of the original passive film and the

inner layer after sputtering 6 nm. Fig. 13 shows the XPS

element composition analysis of the passive films of three L-

PBF NiTi samples immersed in 0.9 wt.% NaCl solution for 7
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Fig. 11 eMotteSchottky curves (a) and ND(b) of L-PBF NiTi after immersed in 0.9 wt.% NaCl solution for 7 days, A2 (56 J/mm3),

A4 (87 J/mm3) and A6 (60 J/mm3).

Fig. 12 e AES of L-PBF NiTi after immersed in 0.9 wt.% NaCl solution for 7 days. (a) A2 (56 J/mm3), (b) A4 (87 J/mm3), (c) A6

(60 J/mm3), (d) the schematic diagram of the difference between the passive films of A2, A4 and A6.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 3 : 2 9 9 1e3 0 0 6 3001
days. As can be seen from the full spectrum in Fig. 12(a)e(c),

the outer layer of the passive films of the three L-PBF NiTi are

mainly composed of Ti and O, and obvious Ni peak could be

detected in the inner layer of the passive films.

The peak value of the binding energy listed in Table 6

[44e46] is used for L-PBF NiTi component fitting. Fig. 13(a1) -

(c1) shows the oxide composition of Ni 2p3/2 in the inner and
outer layers of the passive film. In the outer passive films of A2

and A4, only a very weak Ni (met) (852.8 eV) peak could be

detected, while in A6 samples, weak Ni peak could be

observed, which is mainly represented by two peaks: Ni (met)

and NiO (853.7 eV). However, obvious Ni elements could be

observed in the inner layer of the passive film of L-PBF NiTi. Ni

ismainly Ni (met) andNiO. The content of Ni (met) is relatively

https://doi.org/10.1016/j.jmrt.2023.01.204
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Fig. 13 e XPS peaks comparison of L-PBF NiTi after immersed in 0.9 wt.% NaCl solution for 7 days. (a), (a1), (a2) and (a3): A2

(56 J/mm3); (b), (b1), (b2) and (b3): A4 (87 J/mm3); (c), (c1), (c2) and (c3): A6 (60 J/mm3).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 3 : 2 9 9 1e3 0 0 63002
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Table 6e Binding energies ofmajor oxides peak values of
L-PBF NiTi in passive film.

Element Peak Species/binding energy (eV)

Ti 2p3/2 Ti (met)/454.1; TiO/454.6; Ti2O3/456.8;

TiO2/458.8

2p1/2 Ti (met)/460.1; TiO/460.2; Ti2O3/462.0;

TiO2/464.3

Ni 2p3/2 Ni (met)/852.6; NiO/853.7; Ni(OH)2/856.2

O 1S O2�/530.2; OH�/531.8; H2O/533

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 3 : 2 9 9 1e3 0 0 6 3003
high in A2 andA4 samples, and the amount of NiO is increased

in A6 samples. It can also be seen from Fig. 12 that Ni is mainly

enriched in the inner layer of the passive film, and the higher

Ni content in the outer layer of A6 passive filmmay be related

to the defects on its passive film. As the content of NiO in the

inner layer increases, the total amount of Ni is decreased.

Fig. 13(a2) - (c2) shows the oxide composition of Ti in the

inner and outer layers of the passive film. The outer passive

films of the three L-PBF NiTi are mainly TiO2 2p3/2 (458.8 eV)

and TiO2 2p1/2 (464.3 eV), and a small amount of TiO 2p3/2
Fig. 15 e The Ni ion release concentration of L-PBF NiTi in 0.9 wt.

the three L-PBF NiTi passive film (b), A2 (56 J/mm3), A4 (87 J/mm

Fig. 14 e (a) XPS element content comparison and (b) compositio

after immersed in 0.9 wt.% NaCl solution for 7 days, taking A2
(454.6 eV) could also be detected, which again confirms that

the outer passive film is mainly TiO2. The content of TiO2 in

the inner passive film layer is significantly reduced, large

numbers of low-priced Ti-oxides could be observed. Through

first-principles calculation, Juan et al. [47] also showed that

Ti4þ is mainly in the out layer of the passive film, Ti3þ species

are present in the inner passive film. A2 contains a small

amount of TiO2 2p3/2 (458.8 eV), Ti (met) 2p3/2 (454.1 eV), Ti

(met) 2p1/2 (460.1 eV), TiO 2p3/2 (454.6 eV), TiO 2p1/2 (460.2 eV),

Ti2O3 2p3/2 (456.8 eV) and Ti2O3 2p1/2 (462.0 eV). The Ti element

distribution of A4 and A6 is similar to that of A2, in which the

content of Ti (met) decreases, while the content of TiO and

Ti2O3 increases. It can also be seen from Fig. 14 that Ti is

mainly enriched in the outer layer of the passive film for A2

and A4, although the high-priced state Ti-oxides decreases in

the inner passive film, the content of Ti in the total cation of

passive film remains high, which is very beneficial to the

corrosion resistance [48]. However, the content of Ti in the

inner layer of A6 is higher than that of in the outer layer,

which could attribute to the large number of defects in the

passive film where Ti-oxide could be more easily detected.
%NaCl for 7days (a) and corrosionmode of Ni ion release on
3) and A6 (60 J/mm3).

n of the inner and outer layers of passive film of L-PBF NiTi

(56 J/mm3) as an example.
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Fig. 13(a3) - (a3) shows the composition of O element in

three L-PBF NiTi passive film. The O element is mainly

composed of O2� (530.2 eV), OH� (531.8 eV) and H2O (533 eV).

The content of O2� is the highest, which can be conformed to

the Ti- oxides (TiO, Ti2O3, TiO2) and Ni-oxide (NiO) formation

in the passive film.

3.5. Ni ion release rate

NiTi-SMA is widely used in the medical field due to its excel-

lent physical, mechanical and biological properties. However,

NiTi-SMA contains nearly 50 at.% nickel, which is one of the

biologically toxic elements, leading to inflammatory or allergic

reactions of organisms, cell aberration and even carcinogen-

esis [6,8,17], so the release rate of Ni ions is also taken as an

important evaluation criterion. Fig. 15(a) exhibits the Ni ion

release concentration of the three L-PBF NiTi immersed in

0.9 wt.% NaCl solution for 7 days. The average value of the Ni

ions release concentration of A2, A4 and A6 is 52.4, 74.9 and

79.3 ppb/cm2, respectively, which is comparable to those re-

ported by Brice~no et al. [49], Zhang et al. [50] and Shaba-

lovskaya et al. [51] that the one-week Ni ions release rate of

NiTi-SMA ranges from 50 to 300 ppb/cm2. Obviously, the Ni

ions release rate of the three L-PBF NiTi is within the range of

low values (50 ppb/cm2) reported in the literature, among

which A2 is very close to the lowest limit.

The difference in Ni ions release rate between the three L-

PBF NiTi can be explained by the following model as shown in

Fig. 15(b). Based on the previous electrochemical (see Figs.

4e8) and surface analysis (see Figs. 12e14), an outer TiO2

rich and defect containing passive film could be formed on the

surface of L-PBF NiTi after immersion in 0.9 wt.% NaCl solu-

tion. Ni ions will preferentially dissolve and release at the

defect in the passive film [52]. As can be seen from the EIS test

results in Fig. 10, the Rb of A2 in the range of 105.8U cm2 has the

best corrosion resistance. However, the Rb of A4 and A6 pas-

sive film decreased by an order of magnitude

(104.8e104.9 U cm2), indicating that there are a large number of

defects in the passive film. Although the AES (see Fig. 12) re-

sults demonstrate relatively thick passive film of A4 and A6,

the film contains a high density of defects and therefore

cannot effectively prevent the release of Ni ions. A6, which

has the maximum numbers of crack and keyhole defects,

shows the highest Ni ion release rate. In addition to electro-

chemical test, immersion test is also a commonly used

method to investigate the corrosion performance for

biomedical applications, especially under the conditions of

corrosion and mechanical coupling [53,54]. Although the re-

sults of present work showed that A2, prepared by L-PBF

exhibited excellent corrosion resistance and lowest Ni ion

release rate, more tests are still needed to confirm the feasi-

bility of its clinical application.
4. Conclusions

The corrosion behavior of three additively manufactured NiTi

alloys fabricated by L-PBF with various Ev (A2 (56 J/mm3), A4

(87 J/mm3) and A6 (60 J/mm3)) was systematically investigated

by means of electrochemical testing surface analysis and
combined with ICP-MS in 0.9 wt% NaCl solution. The main

conclusions are as follows.

(1) The defects at the alloy surface can promote the passive

film formation rate during early stages of exposure. A

corrosion resistant passive film could be formed on the

surface of A2 with barrier resistance value in the order

105.8 U cm2 after immersion for 6 h. The corrosion

resistanceof L-PBFNiTi fromhigh to low is: A2>A4>A6.

(2) The L-PBF NiTi passive films show a two-layer structure

with an outer Ti- rich (TiO2) layer and inner Ni- and Ti-

rich layer. The passive film thickness of the L-PBF NiTi

ranges from 8.5 nm to 13.8 nm and increases with the

amount of defects in the order of A2 < A4 < A6.

(3) The Ni ion release rate of the L-PBF NiTi range from 52.4

to 79.3 ppb/cm2, and is in the order of A2 < A4 < A6. The

release rate of A2 is close to the lowest value of com-

mercial NiTi alloys (50e300 ppb/cm2) in the literature.

(4) A2, prepared by L-PBFwith linear energy density of 0.2 J/

m and volumetric energy density of 56 J/mm3 has the

most uniform surfacemorphology, the best passive film

corrosion resistance and the lowest Ni ion release rate.
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