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[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8]Abstract Electrochemical and corrosion behaviors of TiNi-based shape memory thin films were explored using electrochemical impedance spectroscopy (EIS) and polarization methods in phosphate buffered saline (PBS) solutions at 37C. Compared with those of electro-polished and passivated bulk NiTi shape memory alloys, the break-down potentials of the sputter-deposited amorphous TiNi films were much higher. After crystallization, the break-down potentials of the TiNi films were comparable with that of the bulk NiTi shape memory alloy. Additionally, variation of composition of the TiNi films showed little influence on their corrosion behaviour. The EIS data were fitted using a parallel resistance-capacitance circuit associated with passive oxide layer on the tested samples. The thickness of the oxide layer for the TiNi thin films was found much thinner than that of bulk NiTi shape memory alloy. During electrochemical testing, the oxide thickness of the bulk alloy reached its maximum at a voltage of 0.6~0.8 V, whereas those of TiNi films were increased continuously up to a voltage of 1.2 V.
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1. Introduction

There is a significantly increased interest for shape memory materials (SMAs)in the past decades [1-10]. Among the different types of SMAs, TiNi shape memory alloy films have been extensively explored recently since they can generate larger stress/strain compared to other candidates used in micro-electro-mechanical systems [4-10] due to their shape memory effect and superelasticity. Magnetron sputtering has been regarded as one of the best ways to deposit TiNi films [5,8]. When the films are deposited at an ambient temperature, they are normally amorphous and post-annealing crystallization is required to introduce shape memory and superelastic properties. It has been documented that the properties of TiNi films are comparable with those of bulk NiTi shape memory alloys (or commonly known as nitinol), if not better [4-10]. Recently, great effort has been made to apply TiNi films into biomedical devices, for example, microgripper and implant stents [5,11].
[bookmark: _Ref397687835][bookmark: _Ref392146490]Nitinol is the most conventional shape memory materials used for medical and industrial applications [12,13]. For implant medical devices, the high content of Ni in the nitinol has always been a concern as Ni ions are known to be allergic, toxic and carcinogenic, even though the nitinol has been verified as one of good biocompatible materials [14]. The good biocompatibility of the nitinol relies on the spontaneous formation of a protective TiO2 layer on the alloy surface [15]. In addition, the TiO2 layer can be treated as an elastic and hard layer atop the nitinol thin film, hence there are reversible trenches, i.e., elastic buckling, during thermomechanical cycling [16]. Therefore, surface treatment has been commonly applied for the nitinol in order to improve its corrosion resistance and decrease the Ni ion leaching [15,17-19]. Currently, passivation followed by electro-chemical polishing has been developed as a standard method for improving the corrosion and fatigue resistance of the bulk nitinol [20,21]. 
[bookmark: _Ref397686325][bookmark: _Ref397688075]Microstructure and properties of surface passivation layer are critical for the corrosion resistance of the nitinol [22]. It was reported that corrosion resistance of amorphous alloys was better than that of its crystalline counterpart [22,23]. However, it is complicated to fabricate bulk amorphous NiTi alloys in order to improve its corrosion resistance, where severe plastic deformation might be necessary [24]. Moreover, the bulk nitinol will lose its shape memory and superelasticity in the amorphous conditions. On the other hand, homogeneous and dense amorphous TiNi films can be readily sputter–deposited onto the substrate, such as nitinol at an ambient temperature, thus the corrosion resistance could be improved significantly [5,8,25]. However, there is no systematic report on the corrosion performance of the sputtered TiNi films.
[bookmark: _Ref397686418]Electrochemical impedance spectroscopy (EIS) has been widely used to study the corrosion resistance of materials and associated potential inhibitors, fuel cells, biosensors, batteries, nanoparticles, and passivation layers, etc, and a number of studies have employed the EIS to examine passivation behavior of Ti and its alloys in simulated physiological solutions [26-28].  It was found that the passivated TiO2 layer on the nitinol can be classified as an N-type semiconductor, and the thickness of oxide layer was increases with potential [27]. However, for the sputtered TiNi films, there are only few reports on polarization behaviors in the simulated body fluids [11]. Therefore, in the present study, corrosion and electrochemical behaviors of the sputtered TiNi films are systematically investigated using potentio-dynamic polarization and EIS methods.

2. Experimental Procedures
Amorphous near equi-atomic TiNi films of 1 m thick were sputter-deposited onto Si3Nx-coated silicon wafer, and the detail deposition parameters have previously been reported [9]. The base pressure was 2.0×10-7 Torr and the argon pressure was 2.4 mTorr during the deposition. Targets of TiNi and Ti, both with a size of 100 mm diameters, and DC plasma powers of 400 W and 70 W, were co-sputtered at ambient temperature onto the silicon substrates, which generated a deposition rate of 0.76 nm/sec for the TiNi film. The composition of TiNi films was determined using an electron microprobe. The crystallization of the as-deposited TiNi films was conducted using an RF heating system equipped with a high vacuum (base vacuum of 510-6Torr) at 650C for 5 minutes.
[bookmark: _Ref397006926]Cyclic potentio-dynamic polarization method was used to characterize the corrosion resistance of the TiNi film and nitinol bulk reference. The corrosion resistance of the TiNi/Si3Nx/Si component was conducted in a phosphate buffered saline (PBS) solution at 37C following ASTM Standard F2129-08 [29]. The PBS solution was de-aerated using pure N2 gas for 30 minutes, and the N2 gas was introduced into the PBS solution during the measurement. A saturated calomel reference electrode (SCE) was used, and the scan rate was 1 mV/second.
EIS tests of TiNi-based thin films were conducted at DC potentials from Ecorr to 1.2 V (SCE) with a step of 0.2 V. During measurement, an AC voltage of 10 mV was potentio-statically imposed on the DC potential at frequencies between 0.01 Hz and 10 kHz. The Ecorr was monitored for 60 minutes after the sample was immersed into the PBS solution at 37C.  When the potential was step-wisely increased to the subsequent value, the current was allowed to stabilize for 15 minutes before the measurement was performed.

3. Results and Discussion
3.1 Cyclic polarization behaviors of TiNi thin films
Typical cyclic polarization curves for the as-sputtered amorphous Ti-51at.%Ni and Ti-48at.%Ni thin films in the PBS solutions are presented in Figure 1, and the results of a conventional electropolished bulk Ti-50.8at%Ni wires were plotted for a comparison. 
[image: ]
  Figure 1. The cyclic polarization curves of sputtered (a) Ti-51at.%Ni and (b) Ti-48at.%Ni shape memory thin films. The electropolished Ti-50.8at.%Ni wire is also plotted for a comparison.

The obtained potential of amorphous TiNi film is comparable with that of bulk nitinol wire, in the range of -360~-460 mV. However, the anodic behaviors of the amorphous TiNi films are slightly different from those of bulk nitinol wire. For the as-deposited amorphous TiNi films, the anodic curves form a concave-shape between Points A and B at the beginning of anodic polarization curves, i.e., the two arrows indicated in Figure 1.  When the applied potential is above the Point B, the current density keeps almost a constant with increasing potential, and this current density is termed as ipassivation in the present study for an easy description. Moreover, the value of ipassivation decreases slightly at the Point B, implying that the as-sputtered amorphous Ti-51at.%Ni and Ti-48at.%Ni thin films exhibit a good capability of re-passivation. However, the concave shape does not exist in the bulk nitinol wires at the beginning segment of anodic polarization curve; andwhen the current density reaches the ipassivation, it remains almost a constant with further increasing applied potential.  The concave-shape curve at the beginning of anodic polarization results in a higher ipassivation for the as-sputtered amorphous TiNi films.  Interestingly, the Ti/Ni ratio has insignificant effect on the measured ipassivation values of the amorphous TiNi films as shown in Figure 1.
The crystallization also affects the corrosion behavior of the sputtered TiNi films as well. As shown in Figure 1, the value of ipassivation of crystallized TiNi film is much smaller than the counterparts of amorphous ones, but is still comparable to that of bulk nitinol. Additionally, this crystallization effect is not significantly influenced by Ti/Ni ratio, as shown in Figure 1. Moreover, the crystallized TiNi films exhibit an apparently good re-passivation capability, based on the changes of Point B indicated in the Figure 1. On the contrary, the re-passivation behavior has not been observed in the bulk nitinol wires.
From Figure 1, the break-down potential of the amorphous TiNi film is higher than that of bulk nitinol wires. This observation is consistent with literature that the corrosion resistance of the amorphous materials is better than that of the crystalline counterparts [22,23]. The higher corrosion resistance of the amorphous TiNi films compared to that of the bulk nitinol might be related to the less contents of inclusions and small-grain structures in the TiNi films, since the pitting is usually initiated at these defects, including non-metallic inclusions, grain boundaries and precipitates [30]. Additionally, the corrosion resistance is independent of the Ti/Ni ratios for the amorphous TiNi thin films as shown in Figure 1. After crystallization, the break-down potential of the sputtered TiNi films decreases, but is still in the similar level as that of bulk nitinol wires.  It is worthwhile to point out that the measured breakdown potential of sputtered TiNi films is around 1 V, which is in the data range of oxidation of water, rather than the localized breakdown of surface oxide layer [27]. The absence of pitting was further confirmed through examining the samples after cyclic potentio-dynamic tests. In brief, the corrosion resistance of as-sputtered TiNi films is superior to that of bulk nitinol counterparts.
3.2 Electrochemical impedance spectroscopy of TiNi thin films
[image: ]
Figure 2. The complex plane plots of amorphous Ti-48at.%Ni TiNi films in PBS solution at 37C.  Frequency range: 10 mHz to 10 kHz.

The surface oxide layer of sputtered TiNi films in the PBS solutions at 37C were characterized using the EIS, and figure 2 presents the corresponding Nyquist plots, or complex plane plots of the real (Zreal) and imaginary (Zimag) impedance components of amorphous Ti-48at.%Ni films. For an easy comparison, all the data have been normalized to the sample surface area in the present study. The impedance exhibits a systematic change with increasing the applied potential up to 1.0 V. When the potential was step-increased from 0.0 V to 0.2 V, the impedance exhibits a relatively large decrement at a lower frequency. With the potential further increased up to 1.0 V, the impedance decrement is relatively small. This observation might be related to the concave-shape curve at the beginning anodic polarization as shown in Figure 1. When the potential is further increased to 1.2 V, the impedance components decrease significantly, forming a semi-circle shape. This observation is attributed [image: ]to the oxidation evolution of the solution, rather than the breakdown of surface oxide layer [27]. 




[image: ]Figure 3. The complex plane plots of electropolished bulk nitinol wires in PBS solution at 37C.  Frequency range: 10 mHz to 10 kHz.



[image: ]For an easy comparison, the complex plane plots of electro-polished bulk nitinol wires are presented in Figure 3, which is consistent with those in the literature [27]. The impedance evolution behavior is comparable for the amorphous TiNi films and the bulk nitinol wires.
  Figure 4. Bode plots of amorphous Ti-48at.%Ni TiNi films in PBS solution at 37C.  For clarity, data are not shown for all potentials.[image: ]
  Figure 5. Bode plots of electropolished bulk nitinol wires in PBS solution at 37C.  For clarity, data are not shown for all potentials.

The corresponding Bode plots of amorphous Ti-48at. %Ni films and bulk nitinol wires are presented in Figures 4 and 5, respectively. A systematic increment of impedance magnitude () was observed with increasing potential.  The effect of potential is clearly exhibited in the phase shift angle (), especially at a low frequency. For amorphous Ti-48at. %Ni films, the phase shift angle  was close to 90 over a wide frequency range when the potential was increased up to 1.2 V, indicating a near-capacitive behavior of the surface. The impedance magnitude () plots are linear in this frequency range with slopes of almost -1. However, the maximum phase shift angle  of the bulk nitinol wires was only about 74 when the potential was increased up to 1.2 V, indicating that the near-capacitive behavior of the surface was broken, which is consistent with those in literature [27].
[image: ]
   Figure 6. (a) Complex plane plots, and (b) Bode plots of amorphous Ti-51at.%Ni TiNi films in PBS solution at 37C.  For clarity, data are not shown for all potentials.

Figure 6 shows the EIS results of amorphous Ti-51at.%Ni thin films in the PBS solution at 37C, including the complex plane plots of the real (Zreal) and imaginary (Zimag) impedance components (Figure 6a) and Bode plots (Figure 6b). They are similar to those of the amorphous Ti-48at.%Ni thin films as shown in Figures 2 and 4. There is a significant decrease of the impedance component when the potential was increased from 0.2 to 0.4 V, while that of Ti-48at.%Ni thin films was between 0 and 0.2V (Figure 2). Re-examining Figure 1, the turning point of Ti-51at.%Ni thin films is a little higher than that of Ti-48at.%Ni thin films (i.e., Point B in Figure 1). The two phenomenon might be correlated, and further explore is required.
Crystallization affects the impedance components as well. Figures 7 and 8 present the EIS results of crystallized Ti-48at.%Ni and Ti-51at.%Ni thin films, respectively, in PBS solution at 37C, including the complex plane plots of the real (Zreal) and imaginary (Zimag) impedance components (Figure 7a and 8a) and Bode plots (Figure 7b and 8b). 
[image: ]
    Figure 7. (a) Complex plane plots, and (b) Bode plots of crystallized Ti-48at.%Ni TiNi films in PBS solution at 37C.  For clarity, data are not shown for all potentials.
[image: ]
Figure 8. (a) Complex plane plots, and (b) Bode plots of crystallized Ti-51at.%Ni TiNi films in PBS solution at 37C.  For clarity, data are not shown for all potentials.

After crystallization, the impedance components of both the films have a relatively large decrement between 0.2 and 0.4 V at a low frequency. This might be related to the re-passivation behavior of sputtered films, as Point B indicating in Figure 1. Compared to those of the bulk nitinol wires, the maximum phase shift angles  of sputtered films are much larger when the applied potential is 1.2V, implying that the corrosion resistance of sputtered films is superior to that of bulk counterparts in the PBS.
[bookmark: _Ref397609729]The near capacitive behavior implies that the impedance components can be represented using a simple equivalent circuit as shown in Figure 9. In literature, complex equivalent circuit was also explored to simulate the impedance data: for example, the impedance data of Ti in a physiologic solution was analyzed using an equivalent circuit that consisted of a series resistance and a parallel combination of an interfacial capacitance and a polarization resistance [image: ][31]. 
Figure 9. Equivalent circuits of TiNi films in PBS solution at 37C.

In this case, it is assumed that the series resistance is associated with the solution and should therefore exhibit ohmic behavior. However, it was found that the series resistance varied with potential to some extent [31]. On the contrary, the polarization resistance showed little dependence on potential, which is contrary to the expected behavior [27]. Therefore, the RC-type circuit was selected in the present study, which consisted of the ohmic resistance of the solution (Rsol), the resistance of the passive oxide film (Rox), and a constant phase element (CPE) associated with the oxide films.  The constant phase element was used in place of a capacitance (Cox) to account the non-ideal capacitive behavior of the oxide.  The impedance associated with a CPE is given by: [27]
	(1)
where Y0 is the constant-phase-element parameter, ,  is the angular frequency (=2f), and  is equal to 1 for a deal capacitor. Values of Rsol, Rox, Y0, and  can be obtained using a nonlinear least squares curve fitting procedure. The values of  for both amorphous and crystallized TiNi films were found to be between 0.94 and 0.97.  Accordingly, Y0 can be taken as the value of Cox since  is close to 1 [27,28].
The thickness of the surface oxide layer, dox, can be calculated from the values of Cox,
	(2)
[image: ]where  is the dielectric constant of the oxide and 0 is the permittivity of free space (8.854×10-12 F/m) [32]. The surface oxide is mainly TiO2 for TiNi shape memory alloys [33]. The dielectric constant  for the polycrystalline rutile was taken as 100 in the present study [27]. The calculated oxide thickness evolution with applied DC potential is presented in Figure 10, where the oxide thickness increases with the potential. This observation is consistent with the behavior of nitinol in PBS and simulated human physiological solutions [27].  
Figure 10. Comparison of calculated oxide thickness of amorphous (a) and crystallized (b) Ti-51at.%Ni and Ti-48at.%Ni shape memory thin films.  The oxide thickness of electropolished bulk Ti-50.8at.%Ni wires is also plotted for comparison.

The surface oxide of Ti alloys continually increases in the PBS solution has been measured using polarization impedance spectroscopy and electrochemical atomic force microscopy [34]. The calculated oxide thickness dox of the TiNi thin films at Ecorr is around 2.5~3.0 nm, regardless of crystallized film or amorphous films. These values are slightly lower than those of the bulk nitinol wire of about 4.0 nm [27]. For the bulk nitinol, the oxide thickness reaches its maximum at around 0.6~0.8 V, and then decreases with further increasing DC potential. However, the oxide thickness of the TiNi films continues to increase until 1.2 V for both the crystallized and amorphous films. The curves of Figure 10 for the sputtered TiNi films can be generally divided into three segments. For the amorphous TiNi films, the slope is low between Ecorr and 0~0.2V, however, the oxide thickness increases significantly between 0.2 and 0.8 V, and then decreases again with further increasing potential. For the crystallized counterparts, the initial low slope can reach to 0.2~0.4 V from Ecorr, after which it has a similar trend with the amorphous counterparts. It is normally accepted that oxygen evolution starts when the applied voltage is above 0.8 V, and the oxygen evolution, in turn, affects the corrosion behavior of tested samples in PBS solution [27].  For bulk nitinol, the turning point in Figure 10 is related to the oxygen evolution in the solution.  However, the oxide thickness of sputtered TiNi films continually increases even as the applied voltage is above 0.8 V, implying that the TiNi films have a better anti-oxidized capability. This observation is consistent with those from potentio-dynamic polarization scan, as shown in Figure 1.
Results showed that the corrosion resistance of the TiNi films is better than that of bulk nitinol wires. This observation provides information for the potential applications of TiNi films into corrosion resistance application, i.e., a layer of amorphous TiNi films can be deposited onto nitinol medical devices to improve it corrosion resistance. In this case, the functional properties such as shape memory or superelasticity are controlled by the bulk nitinol, and the amorphous TiNi films (here composition of Ti/Ni is not critical) will show good corrosion resistance.

4. Summary
The corrosion resistance of TiNi films was investigated using polarization and EIS methods, and the results were compared with those from the commercial electro-polished bulk nitinol wires.  It was found that the corrosion resistance of TiNi films, whether in a crystallized or amorphous states, is better than that of bulk nitinol wires.  Additionally, the corrosion resistance of TiNi films is insensitive to the film compositions (mainly the Ni/Ti ratio). At a value of Ecorr, the oxide thickness of TiNi films is thinner than that of bulk nitinol, however, it increases with potential up to 1.2 V, whereas that of bulk nitinol reached its maximum at around 0.6~0.8 V.
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