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Abstract 

In our recent experiments the behavior of a nitinol sample used as an implant was examined 

using electrochemical impedance spectroscopy (EIS), scanning electrochemical microscopy 

(SECM) and atomic absorption spectroscopy (AAS). The rate of formation and stability of the 

passive surface layer were studied in neutral (pH = 7) and in acidic (pH = 3.0), 0.1 M NaCl 

solutions. Approach curves to the metal surface were recorded. The nature of the feedback 

proved that the surface is passive in neutral media. When the sample was exposed to acidic 

NaCl solution, however, it showed a soaking-time-dependent behavior. The feedback curves 

recorded at certain time intervals after exposure to acidic media allowed the rate of 

passivation to be estimated. AAS measurements showed that at the beginning of acidic 

exposure, Ni
2+

 ions were released. The experiments demonstrate that the acidic medium 

breaks down the passive protective surface layer and during this process a measurable amount 

of Ni
2+

 ions are released. Over a time scale of minutes, however, the nitinol repassivates by 

forming another passive protective layer.  
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1. Introduction 

Nitinol is a nearly equiatomic alloy of nickel and titanium [1]. It has a wide range of 

applications in biomedical practice due to its biocompatibility, shape memory, superelasticity 

and corrosion resistance. The latter is provided by a passive oxide film formed on the nitinol 

surface, which hinders the release of metal cations from the surface and inhibits electron 

transfer reactions with the local environment. Orthodontic wires, stents, dental implants, and 

orthopedic devices are manufactured from nitinol and have been used successfully as 

implanted supports in a variety of clinical applications [2,3]. Nevertheless, the enrichment of 

the nitinol surface with nickel makes it susceptible to pitting corrosion [4,5]. This is due to the 

pitting potential of nitinol, which is below 1000 mV vs. SCE [6-8]. On the other hand, pure 

titanium has a considerable broad passivity, as the breakdown potential can be as high as 10 V 

vs pseudo-reference electrode (platinum) [9]. The problems related to clinical applications of 

nitinol implants have been intensively disputed in the literature [10,11]. The release of Ni
2+ 

ions from nitinol exposed to the neutral physiological environment has been assessed [12]. It 

has been suggested that Ni
2+

 ions are released from the areas enriched with nickel (lattice 

defects) [1,13]. The possible release of Ni
2+

 ions is considered one of the disadvantages and 

limitations of nitinol. Today, extensive research is still being carried out to reduce the release 

of nickel from nitinol implants. Nitinol biomaterial has also been examined in an acidic 

physiological environment since the pH of the extracellular fluid of the human body can drop 

to a pH value as low as 3 due to local ischemia and inflammation [14]. A considerable 

discharge of Ni
2+

 ions from a nickel-containing titanium alloy has been identified in acidic 

saliva [15], but up to now this observation has not been fully investigated. Pitting corrosion 

on nitinol has been identified under in vivo conditions [16]. It is widely known that nickel 

ions are toxic species that can cause allergic reactions [17,18]. This highlights the importance 

of studying the corrosion process in situ, and understanding the nature of the reactions taking 

place on the surface of the biomedical objects in their normal operating environment.  

Conventional electrochemical methods such as EIS and potentiodynamic polarization 

tests have generally been used to characterize the corrosion resistance of nitinol biomaterial 

objects. These methods are convenient for studying the durability of passive surface films and 

for obtaining quantitative information on a large scale. However, to obtain fine details, 

SECM, a powerful in situ tool for the characterization of materials surfaces, has also been 

employed [19]. Recently Payne et al. [20] published a review of the application of SECM in 

corrosion research. SECM has been widely used for the characterization of titanium and 
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titanium-based alloys. It has been used, for example, to map pitting corrosion [21-23], to 

investigate the heterogeneity of a surface [24-27], to examine the effect of the preparation 

procedure of titanium alloys on the stability of the oxide films [28-30], and to monitor the 

self-healing kinetics of mechanically damaged passive oxide films on titanium surfaces, as we 

reported recently [31]. Some properties of nitinol have also been studied by SECM, e.g. the 

release of Ni
2+ 

ions from activated nitinol [32], quantifying the heterogeneous electron 

transfer [33,34], and visualizing its pitting corrosion [35]. However, so far, no systematic 

study using SECM to study the electrochemical properties of nitinol exposed to an acidic 

medium has been performed.  

Here we report our recent in vitro study of the electrochemical behavior of nitinol in 

neutral and acidic media (pH = 3).  

2. Materials and methods 

2.1. Target preparation and testing electrolyte 

The experiments were carried out using commercial nitinol wire with a nominal composition 

of 55% Ni and 45% Ti supplied by Goodfellow (Cambridge, UK). For sample preparation, a 

piece of nitinol wire 2 cm long and 0.8 mm in diameter was embedded vertically in an epoxy 

resin (Struers, Ballerup, Denmark) trough using a cylindrical mold with a diameter of 3 cm. 

The top area of the target was ground with SiC paper to establish a flat surface. An 

electrochemical cell was formed by winding about 4 cm of scotch tape around the cylindrical 

plastic body. In this way a container of about 4 mL volume was obtained. A solution of 0.1 M 

NaCl (Sigma-Aldrich) was used as the corrosion testing medium, while a 0.1 M NaCl 

background solution containing 2 mM ferrocenemethanol (FcMeOH) (Sigma-Aldrich) redox 

mediator was employed for the SECM experiments.  

Before each test the nitinol target was abraded with silicon carbide paper down to 4000 grit, 

and then polished with alumina powder (Buehler, Micropolish II, particle diameters: 1, 0.2, 

0.05 µm).     

2.2. Energy dispersive X-ray spectroscopy  

An elemental analysis of the nitinol surface was carried out using EDX (Ametek, USA) 

scanning an area 250 µm × 250 µm. The accelerating potential was 25 KV.  

2.3. Electrochemical impedance spectroscopy   
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Electrochemical impedance spectroscopy was performed using a CHI604E electrochemical 

workstation made by CH Instruments. The electrochemical cell was composed of a platinum 

counter electrode and a Ag/AgCl/KCl (3 M) reference electrode, while the embedded nitinol 

wire was employed as the working electrode. 

The EIS experimental data were analyzed using EC-Lab software, selecting the equivalent 

circuit based on the chi-squared value. 

2.4. Scanning electrochemical microscopy   

The SECM experiments were carried out utilizing a commercial SECM model 370 (Uniscan 

Instruments) with a PG580R bipotentiostat as an electrochemical interface. A platinum 

scanning probe of 15 µm diameter with an RG value of 10 was used for the approach curves 

and cyclic voltammetry (CV) experiments. Ag/AgCl/KCl (3 M) and a platinum wire were 

used as the reference and auxiliary electrodes, respectively.  

2.5. Atomic absorption spectroscopy 

The amount of nickel and titanium ions released from nitinol was examined using AAS 

(PerkinElmer PinAAcle 900T). High purity NaCl (Roth) and HCl (Aristar) were used to 

prepare the solutions. Nickel standard solutions (Merck) in the range 0–600 ppb were 

prepared, while for titanium (Merck) standard solutions in the range 0–200 ppb were 

prepared, employing the matrix modifier (5µg Pd + 3µg Mg(NO3)2). The calibration 

equations for nickel and titanium ions were: A (absorbance) = 0.00963
.
C (ppb), R² = 0.9906 

and A (absorbance) = 0.00008
.
C (ppb), R² = 0.962 respectively. The AAS experiments were 

performed by preparing 9 plastic vials of 1 mL volume, one filled with 0.1 M NaCl (pH = 7) 

and the others (8 plastic vials) with acidified 0.1 M NaCl (pH = 3). First, a nitinol wire with a 

surface area of 0.54 cm² was exposed for 10 min to the neutral NaCl, then it was immersed for 

10 min in every single vial filled with acidified NaCl (ordered from 2 to 9). Subsequently, the 

concentrations of nickel and titanium ions in each vial were measured using graphite furnace 

atomization. 

3. Results and discussions 

3.1. EDX 

As shown in Fig. S1 (see supporting information), titanium, nickel and oxygen were detected 

on the surface of the nitinol sample. The table included as an inset in Fig. S1 summarizes the 

amounts of the three elements present as weight and atomic number percentages. The weight 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

5 
 

percentages for Ti, Ni and O are estimated as 43.14, 48.38 and 8.48, respectively. The 

presence of oxygen confirms that there is a passive oxide layer on the nitinol surface. Most 

likely the oxygen is in the form of TiO2 and NiO, as previously found by XPS measurements 

in [8]. 

3.2. EIS  

The corrosion resistance of nitinol in the neutral and acidic NaCl solutions was investigated 

using EIS. The first impedance spectrum was recorded after exposing the nitinol to neutral 

NaCl solution for 1.5 hours, and then another recorded directly after replacing the neutral 

NaCl solution with an acidic one. Fig. S2 illustrates the impedance spectra in the form of 

Nyquist and Bode diagrams. 

     The experimental impedance spectra were analyzed using the equivalent circuit (EEC) 

shown in the inset in Fig. S2 A. Here Rct and Qdl represent the properties of the reactions at 

the nitinol oxide/electrolyte interface, while Rox and Qox represent the resistance and 

capacitance of the passive nitinol oxide layer, respectively [36]. When nitinol was soaked in 

neutral NaCl solution, the passive film resistance was 36.04 kΩ.cm². However, a drop in the 

oxide film resistance to 28.24 kΩ.cm² was observed directly after the immersion of nitinol in 

acidic NaCl. This suggests partial dissolution of the passive film.  

3.3. SECM 

SECM was used to study the stability of the passive oxide layer grown on the nitinol 

in situ. In these experiments the SECM was operated in feedback mode, recording a series of 

Z-approach curves after different periods of time. In order to ensure diffusion-controlled 

amperometric oxidation of the FcMeOH, the platinum probe was kept at a constant potential 

of 0.6 V vs. Ag/AgCl/KCl (3 M). The SECM experiment was first performed in neutral 0.1 M 

NaCl solution, then in the acidic solution (pH = 3). The platinum probe was positioned 300 

µm above the center of the nitinol exposed to neutral 0.1 M NaCl. The tip was then moved 

vertically downward at a speed of 10 µm/s speed while the current–distance dependence was 

recorded. The inset in Fig. 1A displays a Z-approach curve recorded over a nitinol sample 

surface exposed to 0.1 M NaCl for 1.5 hours. It shows strong negative feedback. This 

indicates that a passive oxide film exists on the nitinol surface that hinders the reduction of 

the FcMeOH
+
 species [19,24]. However, when the same Z-approach curves were recorded 

after replacing the neutral testing electrolyte with the acidic one, a dramatic change in the 

feedback character was observed. Fig. 1A shows approach curves recorded after different 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

6 
 

time periods. The solid lines in Fig. 1A indicate that when the tip is far from the sample 

surface the current depends neither on the distance nor on the sample soaking time. However, 

at normalized distances below 3, the normalized current values start changing. The approach 

curve recorded after 5 mins exposure of the nitinol surface to the acidic electrolyte shows 

intensive positive feedback (red solid line). The recorded curve is near to the theoretical 

approach curve calculated for a pure conductive surface (dashed grey line). This implies the 

regeneration of the mediator. As the time of sample interaction with the acidic electrolyte is 

prolonged, the contribution of the positive feedback gradually decreases. This indicates that 

the rate of the mediator reduction reaction decreases with immersion time. The reason could 

be the formation once again of a passive layer on the sample surface, hindering the 

regeneration of the mediator. After 90 min of immersion, pure negative feedback could be 

observed, indicating that the formed passive oxide layer completely blocks the reduction of 

FcMeOH
+
.  

The protective surface film of nitinol is made of TiO2 and NiO, as reported previously 

[8]. According to the NiTi Pourbaix diagrams recently investigated by Ding et al. [37], these 

metal oxides are stable in aqueous solutions when the pH is higher than 6. At pH = 3.0, 

however, the nickel oxide dissolves and Ni
2+ 

ions are released, while the titanium dioxide 

remains stable [37]. This results in the break-up of the passive surface film with the creation 

of active spots on the nitinol surface. Most likely the active spots appeared as small pits [38]. 

This could explain the positive feedback observed previously. Since titanium is one of the 

main constituents of the NiTi, and has a very negative standard redox potential (𝐸Ti2+/Ti
°  = -

1.63 V/SHE) through its reaction with water or oxygen present in the surrounding 

environment passive titanium dioxide is formed [39,40]. Therefore, the change in feedback 

from positive to negative seen in nitinol in acidic media is the result of repassivation through 

the growth of a passive titanium dioxide film on the activated spots [31].  

In order to examine more closely the action of a passive surface layer at the nitinol 

surface, the effective heterogeneous rate constant (keff) of the mediator regenerating reaction 

was calculated using a method reported previously [41]. In this way, the dependence of the 

keff values on the exposure time (t; the time interval from introducing the acidic electrolyte 

to the time of recording the approach curve) can be obtained. Fig. 1B shows the resulting keff 

– (t) dependence. It is assumed that the decay of keff with time indicates the rate of passive 

layer buildup. Initially keff decreases rapidly, then after about 50 min of exposure time a 

slower decline is seen that ultimately leads to keff  = 0 at 90 min. 
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These findings reveal that in acidic media the passive protective layer of nitinol 

objects is dissolved in a short period of time; however, self-healing of the protective layer also 

proceeds in the same acidic aqueous media.   

Another experiment, to investigate the change in the nitinol surface in acidic media, 

was carried out by recording a series of CVs with a platinum UME (from 0 to 0.5 V vs. 

Ag/AgCl/KCl (3 M)) positioned 10 µm from the nitinol surface. The distance was measured 

by making the approach curve in neutral 0.1 M NaCl solution containing 2 mM FcMeOH. 

The first cyclic voltammogram was recorded in the neutral NaCl solution. Directly after 

replacing the neutral NaCl solution with an acidic one containing the same concentration of 

FcMeOH, a series of CVs were recorded every 5 minutes. Fig. 2A shows the CVs obtained 

after different periods of time. It can be seen that the smallest limiting tip current value (about 

4.08 nA) appeared in neutral 0.1 M NaCl solution (CV shown in red). A leap in the tip current 

up to 6.5 nA (CV shown in black) was detected directly after exposing the NiTi to the acidic 

medium. This shows that the local concentration of FcMeOH in the vicinity of the nitinol 

surface increases considerably immediately after changing the solution. This experimental 

finding also reveals that the integrity of the passive surface layer breaks up shortly after the 

interaction with acidic solution and the metal surface is activated. The FcMeOH
+ 

generated at 

the UME is then reduced to FcMeOH due to electron donation from the adjacent active 

nitinol, as shown in the inset in Fig. 2A. Fig. 2B shows the limiting tip current plotted against 

time of immersion in acidic solution. The time and current values were taken from the CVs 

displayed in Fig. 2A (at 0.4 V vs. Ag/AgCl/KCl (3 M)). A progressive diminution in the 

magnitude of the tip current with time can be observed. This also demonstrates the existence 

of a process which results in self-healing of the original passive layer on the nitinol surface. 

The results of the CV experiments show that the time needed for the complete repassivation 

of a nitinol surface exposed to an acidic aqueous environment is about 85 min.           

It is expected that metal ions could be discharged during the interaction of a nitinol 

surface with an acidic aqueous solution. Therefore, the concentrations of titanium and nickel 

ions in the different solutions used to treat the nitinol subjects were measured using AAS. The 

metal ion content of neutral 0.1 M NaCl solution was measured after nitinol had been soaked 

in it. The concentrations of titanium and nickel ions were determined to be 15 ppb and 150 

ppb, respectively. The notable amount of nickel ions released is in agreement with numerous 

other studies [1,13]. Because of the toxicity of nickel ions, much research has been focused on 

developing a special surface pretreatment procedure that mitigates nickel release from the 
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nitinol surface [13]. The low concentration of titanium ions can be attributed to the presence 

of aggressively corrosive chloride ions [38,42].  

In order to test the stability of nitinol in acidic media, a nitinol sample wire with a 

surface area of 0.54 cm
2
 was soaked in acidic 0.1 M NaCl (pH = 3.0) solutions. Fig. 3 shows 

the change in concentration of nickel and titanium ions in different vials as a function of the 

total immersion time. As can be seen, a concentration of 15 ppb of titanium ions was found 

after exposing the NiTi to acidic NaCl solution for 10 min. This value is almost identical with 

the one observed in neutral solution. However, a dramatic increase in the concentration of 

nickel ions was observed after 10 min immersion time. The measured value (580 ppb) is four 

times higher than that measured after immersion in neutral solution for the same time. The 

nitinol surface is largely protected by a film containing TiO2 and NiO, as stated previously 

[8]. Considering the small value of the solubility products (Ksp) of Ti(OH)4, which is 7.24
.
10

-

30
 in aqueous solution [43], the solubility of Ti

4+
 is lower than that of Ni

2+
. Therefore, nickel 

oxide is more susceptible to decomposition in aggressive electrolytes [44]. Hence, it is 

expected that a larger amount of Ni
2+

 ions will be released into the electrolyte as a result of 

dissolution of NiO according to the following reaction [45]: 

NiO + 2H
+
Ni

2+
 + H2O  (1) 

On the other hand, a gradual decline in nickel concentration was found in solutions of the 

vials with longer total immersion times, as shown in Fig. 3. This supports the development of 

a passive film on the surface. Furthermore, the increase in the concentration of titanium ions 

with time supports the growth of a passive titanium dioxide layer. Besides, the steep drop in 

the concentration of nickel ions after 50 min also indicates the growth of a compact passive 

layer on the surface.   

         Based on the experimental findings described above, we can assume that the newly 

formed surface layer is compact and is formed of TiO2 during the immersion of nitinol in 

acidic NaCl solution. The first step in the process could be the oxidation of Ti
0
 exposed to the 

corrosive solution after dissolution of the original surface film, as shown in Eq (2): 

Ti  Ti
4+

 + 4e
-
    (2) 

The electrons must be consumed by the oxidants present in the electrolyte, most likely oxygen 

or water since their reaction with titanium is thermodynamically possible [46]. Nevertheless, 

the titanium cation is not stable in an aqueous electrolyte, forming titanium hydroxides in a 

hydrolysis reaction, as shown in Eqs (3-5) [43]. However, the hydrogen ions produced during 
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the hydrolysis reactions decrease the pH in the vicinity of nitinol. In our previous work [47] a 

local pH decrease could be detected in the close vicinity of a G4 titanium sample while the 

self-healing of the protective TiO2 film was in progress. In those experiments the surface film 

of the sample was removed mechanically. The sample was immersed in neutral (pH = 7.2) 

phosphate buffer electrolyte (PBS) and the pH was measured with an antimony SECM tip 

positioned just above the metal surface. A pH value of 6.5 was detected 3 min after surface 

removal. As the repassivation reaction continued, the pH gradually increased. After a certain 

time, it attained the same pH as the bulk PBS (pH = 7.2) indicating the complete passivation 

of the surface. It can be assumed that similar reactions might take place during the self-

healing of the passive layer on the nitinol surface: 

Fovet and co-workers examined the stability of Ti (IV) in solutions of various pH values [43]. 

According to their findings Ti(OH)4 is the dominant form (about 80% of total titanium) in 

aqueous solutions with pH = 3.0. Hence, the passive oxide film could be produced by the 

following reaction: 

These experimental findings could explain the results reported by Huang et al. [15]. In their 

work, an in vitro study was performed by testing different orthodontic NiTi wires in artificial 

saliva with different pH values (2.5, 3.75, 5 and 6.25). Titanium ions were detected only in 

the acidic medium, accompanied by a significant concentration of nickel ions. The nickel ions 

observed might be predominantly the outcome of the dissolution of the original passive film, 

while the titanium ions were produced during the self-healing of the nitinol surface layer.  

Fig. 4 illustrates the steps of surface transpassivation and repassivation of nitinol in neutral 

and acidic NaCl solution, explained on the basis of the obtained results. 

Conclusion 

The electrochemical characterization of the surface of nitinol in neutral and acidic solutions 

was successfully carried out. It was shown that the nitinol exhibits a passive surface in a 

neutral electrolyte. By contrast, in the acidic medium the NiTi loses its protective surface 

Ti
4+

 + 2H2O   Ti(OH)2
2++ 2H

+
 (3) 

 Ti(OH)2
2+ + H2O Ti(OH)3

++ H
+
 (4) 

Ti(OH)3
+ + H2O  Ti(OH)4 + H

+
 (5) 

Ti(OH)4 TiO2 + 2H2O (6) 
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film, as illustrated by the occurrence of electron transfer reactions between nitinol and the 

surrounding electrolyte. This was a result of the dissolution of the nickel oxide, resulting in pit 

formation on the nitinol surface, and was confirmed by finding a considerable amount of 

hazardous nickel species discharged from the nitinol. Moreover, the self-healing of the 

titanium dioxide film on the nitinol biomaterial was studied by SECM. It was shown that a 

reaction time of several minutes is needed to form a compact passive film on the nitinol 

surface. It would be expected that in biological systems this may take even longer. A longer 

healing time increases the corrosion of the implanted NiTi object, which subsequently affects 

the viability of cells in the surrounding tissue. Therefore, self-healing is a critical factor which 

must be taken into consideration in the biomaterial application. The results clearly show that 

electrolytes with a low pH could be a critical factor, in addition to mechanical impacts that 

could damage the integrity of the passive films.  
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Highlights 

 SECM is used to study the corrosion of nitinol in neutral and acidic solution 

 At pH = 3.0 the integrity of the protective surface film temporarily breaks down  

 The discharge of Ni
2+

 ions was detected soon after acid exposure 

 Further exposure results in self-healing of the passive layer 

 The timescale of the self-healing reaction in acidic media was studied  
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Figure captions 

 

Fig. 1: (A) Z-approach curves recorded above nitinol in neutral 0.1 M NaCl (shown in the 

inset) and in acidic 0.1 M NaCl at different immersion times. The times shown in the inset 

correspond to the elapsed time between introducing the acidic electrolyte and recording the 

approach curve. The experiments were carried out using 15 µm Pt UME and 2 mM FcMeOH. 

(B) keff variation with time. 

Fig. 2: (A) CVs recorded above nitinol in neutral and acidic 0.1M NaCl solution, carried out 

using 15 µm Pt UME and 2 mM FcMeOH. The tip sample distance was set to 10 µm, 

corresponding to a normalized distance of 1.33. The CVs were recorded with a scan rate of 25 

mV/s. (B) Variation of the limiting current as a function of exposure time.  

Fig. 3: Variation of the concentration of released nickel and titanium ions in acidic 0.1 M 

NaCl over time. An exposure time of 10 min was employed for each vial. 

Fig. 4: (A) Presence of NiO and TiO2 on nitinol exposed to neutral NaCl. (B) Dissolution of 

NiO in acidic NaCl. (C) Self-healing of nitinol. (D) Formation of a compact TiO2 layer. 
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