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Abstract: 

The electrochemical behaviour of three ZrTi alloys (Zr5Ti, Zr25Ti and Zr45Ti) in Ringer’s solution 

has been investigated. Their resistance against localized corrosion has been determined from cyclic 

potentiodynamic polarization (CCP) and electrochemical impedance spectroscopy (EIS) 

measurements, whereas scanning electrochemical microscopy (SECM) was applied to investigate the 

local reactivity of the passive films developed on the materials, and scanning electron microscopy 

(SEM) was employed to characterize the surface morphology of the alloys subjected to anodic 

polarization. An increased reactivity could be detected with SECM when the metal samples were 

polarized at +0.50 VSHE, though the extent of this feature greatly depended on the nature of the 

metallic material. At 37 0C, the Zr5Ti alloy was susceptible to localized corrosion. Though Zr25Ti 

alloy presented rather low pitting potential, the spontaneous corrosion potential of the material was 

sufficiently negative to require overpotentials around 600 mV for breakdown to occur. Finally, the 

Zr45Ti alloy exhibited a larger passive range in the polarization curve, and it was resistant to 

localized corrosion.  
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1. Introduction 

Titanium and its alloys (especially Ti6Al4V) are widely used in restorative surgery due to 

their good biocompatibility and excellent corrosion resistance in physiological media [1-3]. Yet 

corrosion remains a concern because the protective passivating oxide layers that separate the metal 

from the environment are not perfect insulating barriers. Transient events related to localized 

depassivation have been observed for these materials in vitro [4-6], and they may release metal ions 
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in the surroundings. There are reports in the literature describing several cases of extensive 

metallosis and necrosis in periprosthetic tissues of failed cemented Ti6Al4V prostheses [7,8], as well 

as local and systemic effects of corrosion products [9–14]. Thus, there is increasing awareness on the 

presence of vanadium in long term implants because this element is toxic both in the elemental state 

and in its oxides [15,16]. Additionally, the association between Al and Alzheimer disease has also 

been suggested [17, 18]. 

The toxicity of vanadium pushes forward the development of new Ti-based alloys to replace 

Ti6Al4V. In particular, new β-type titanium alloys with biomechanical compatibility, low modulus 

and biochemical compatibility are sought [19,20]. β-stabilizing elements, such as Mo, Ta, Zr and Sn, 

are judged to be non-toxic and non-allergenic [21], and are thus selected as safe alloying elements to 

titanium. Zirconium and titanium are in the same group in the periodic table of elements, and are 

known to have similar chemical properties [22]. Both metals usually have their surfaces covered by 

passivating thin oxide films that are spontaneously formed in air or in electrolytes at open circuit 

[23,24]. Though Zr offers superior corrosion resistance over most other metals in different 

electrolytes [25], this metal is susceptible to localized corrosion induced by Cl- ions [26,27]. In terms 

of biomaterial applications, the most inconvenient characteristics are related to degradation, which 

occurs due interaction of the material with body or physiological fluids that typically present 

concentrations of ca. 1 wt.% NaCl [28]. In this context, Yu and Scully have reported that 

Ti13Nb13Zr alloy has an extremely high resistance to active and passive dissolution in oxidizing 

acids [29]. The binary ZrTi system exhibits complete solid solution, thus efforts can be directed to 

finding an adequate ratio for the alloying of Zr with Ti that would produce a material with decreased 

or even hindered susceptibility to localized corrosion compared to pure zirconium. Electrochemical 

characterization of the new materials in simulated physiological environments is an important tool 

for this material selection process.  

The current paper reports on the susceptibility to localized corrosion exhibited by various 

ZrTi alloys with different compositions during exposure to Ringer’s solution. For the sake of 

comparison, titanium grade 1 was also investigated in the same experimental conditions. 

Electrochemical characterization was performed using cyclic potentiodynamic polarization (CPP) 

and electrochemical impedance spectroscopy (EIS) techniques with the objective to determine the 

potential ranges for the stability of the materials, and to quantify the resistance of the passive films 

developed on them. Additionally, scanning electrochemical microscopy (SECM) was applied to 

monitor the local reactivity of the passive films exposed to the test environment. Probe approach 

curves and scan arrays were recorded at selected areas for this investigation.  
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2. Materials and methods 

2.1. Materials and sample preparation 

Three ZrTi experimental alloys were investigated. The code names and chemical 

compositions of the alloys are shown in Table 1. For comparison, titanium grade 1 was also 

considered. The non alloyed Ti samples were obtained from a bar stock in annealed state. The 

structural characterization of this metal was detailed elsewhere [30]. 

The samples were ground with a sequence of 400 to 4000 grit emery paper and subsequently 

polished with alumina suspension to attain mirror-appearance, washed with Milli-Q deionised water 

(18.2 MΩ), ultrasonically cleaned and degreased in ethanol, and dried in air. Tests specimens were 

embedded in a polytetrafluoroethylene (PTFE) holder specifically designed to facilitate connection 

to a rotating disc electrode holder (model EDI 101T, Radiometer Analytical). A polymeric resin was 

used to ensure a tight seal between the specimen and the PTFE holder, in order to avoid the 

occurrence of crevice corrosion [31]. The exposed surface of the materials to the test environments 

were discs of 0.196 cm2 area. The same arrangement was employed for the SECM experiments, 

though in this case the mount containing the metals was placed at the bottom of the small 

electrochemical cell with the metal facing upwards to the electrolyte. In this way, scans could be 

performed both vertically (approach curves) and parallel (array scans) to the sample surface. 

 

2.2. Test corrosion medium 

Electrochemical tests were conducted in aerated physiological Ringer’s solution whose 

composition was: NaCl: 8.6 g/L, KCl: 0.3 g/L, CaCl2: 0.48 g/L. The pH of this solution was 6.8. 

SECM experiments were performed in Ringer’s solution containing 0.5 mM ferrocene-methanol as 

the redox mediator. Electrolyte solutions were prepared using analytical grade chemicals and Milli-Q 

deionised water. 

 

2.3.Electrochemical measurements 

The test specimens were placed in a glass corrosion cell, which was filled with freshly-

prepared electrolyte. A saturated calomel electrode was used as the reference electrode, and a 

platinum coil as the counter electrode. The potentials in this paper are reported versus the standard 

hydrogen electrode (SHE). The temperature of the electrochemical cell was maintained at 37 0C.  

Electrochemical measurements were performed using a potentiostat manufactured by PAR 

(Model 263A, Princeton Applied Research, Princeton, NJ, USA). The instrument was controlled by a 
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personal computer and specific software (Electrochemistry Power Suite, PAR, USA). The open 

circuit potentials of the materials attained stable values after 1 hour immersion in Ringer’s solution 

(Ecorr). Therefore, measurement of cyclic potentiodynamic polarization curves (CPC) was initiated 

after 1 hour exposure to the test environment. The tests were conducted by scanning the potential at 

0.5 mV s-1 from -0.76 VSHE to +1.24 VSHE, followed by scanning the potential in the negative 

direction down to -0.26 VSHE. Using PowerCorr software (PAR, USA), the cyclic potentiodynamic 

polarization curves were plotted, and the corresponding values for the open circuit potential (Ecorr) 

and the corrosion current density (jcorr) were determined. From the cyclic potentiodynamic 

polarization curves, the passivation current density (jpass), breakdown potential (Ebp), and 

repassivation potential (Erp) values were also obtained, which are indicators of the stability of the 

passive regime of the materials. 

Electrochemical impedance spectroscopy (EIS) measurements were performed on the 

samples subjected to various potential conditions while immersed in Ringer’s solution. A lock-in 

amplifier (Model 5210, Princeton Applied Research, Princeton, NJ, USA) was employed for EIS 

measurements using 10 mV amplitude of sinusoidal voltage over a frequency range extending from 

100 kHz to 10 mHz. First, EIS spectra were acquired at the open circuit potential attained by the 

samples after 1 hour immersion in Ringer’s solution. Next, the potential of the sample was set at 

+0.54 VSHE for 30 min before recording the EIS data of the polarized sample. The EIS experimental 

data were analyzed in terms of equivalent circuits (EC) using ZsimpWin 2.00 software [32].  

All electrochemical tests were repeated three times to ensure reproducibility of the 

measurements. 

 

2.4. Scanning electrochemical microscopy (SECM) 

The SECM experiments were performed using a Model 900 Scanning Electrochemical 

Microscope from CH Instruments (Austin, TX, USA), controlled with a personal computer. The 

specimens were mounted horizontally facing upwards at the bottom of a cell made of 

polytetrafluoroethene, which was equipped with an Ag/AgCl/KCl (3M) reference electrode and a 

platinum counter electrode, all set up in. For the sake of comparison, potential values were referred 

to the standard hydrogen electrode (SHE). The electrochemical cell was located inside a Faraday 

cage. Tip microelectrodes were made from 10 μm platinum wires sealed in glass. 0.5 mM ferrocene-

methanol was added to the Ringer’s solution to act as electrochemical mediator at the tip. To enable 

the oxidation of the ferrocene-methanol the tip was kept at a constant potential of +0.70 VSHE. In 

some experiments the metal specimens were polarized using the bipotentiostat associated with the 

SECM.  
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The micromanipulator stand of the SECM instrument was used to hold the microelectrode in 

place. Measurements were performed both vertically (approach and retreat curves), and parallel 

(array scans) to the sample surface at a height of 10 µm. Temperature control was not performed in 

the SECM, and data were recorded at ambient temperature (around 20 0C). 

 

2.5. SEM  

The surface morphology of the specimens after electrochemical testing was observed by 

scanning electron microscopy. SEM observations were made using a Quanta 200 (FEI, Hillsboro, 

OR, USA) operated at an accelerating voltage of 30 kV.  

 

3. Results and discussion 

Figure 1 shows typical cyclic potentiodynamic polarization curves for pure Ti and the ZrTi 

alloys plotted in a semi-logarithmic presentation. They were recorded after 1 hour immersion in 

Ringer’s solution at 37 0C. Average open circuit potential (Ecorr) and corrosion current density (jcorr) 

values determined from the polarization curves are listed in Table 2 for the various materials tested.  

None of the materials exhibited a distinctive active-passive transition in the polarization 

curves following the Tafel region, but they entered directly into a stable passive regime. Next, the 

polarization curves measured for the three ZrTi alloys (namely Zr45Ti, Zr25Ti and Zr5Ti) exhibited 

positive hysteresis loops in the cyclic polarization curves, indicating that these materials are 

susceptible to localized corrosion (cf. Figure 1). In contrast, the pure titanium specimen showed no 

positive hysteresis loop in the cyclic polarization curve.  

Though the ZrTi alloys exhibited common features in their CPC, it must be noticed that their 

corrosion resistance greatly varied between them as result of the different content of titanium in the 

materials. The susceptibility of an alloy to localized corrosion in a given environment can be 

characterized in terms of the breakdown potential (Ebp) and repassivation potential (Erp), relative to 

the corresponding open circuit potential value (Ecorr). The potential range comprised between the 

open circuit potential and Ebp represents the passivity zone, where corrosion is small or even 

insignificant. Thus, the difference Ebp – Ecorr can be adopted as a measure of the passive range of the 

material [33-35]. Additionally, the extent of the area covered by the hysteresis loop (i.e., the 

difference between Erp and Ecorr values) is a direct measure of the susceptibility of the material to 

localized corrosion [34].  

Table 2 lists the values of the breakdown (Ebp), and repassivation (Erp) potentials found for 

the materials under investigation, together with the values calculated for the differences Ebp – Ecorr 

and Erp – Ecorr. Based on these data, the corrosion resistance of the various ZrTi alloys immersed in 



6 
 

Ringer’s solution can be characterized. The CPC for the alloy Zr5Ti exhibits both the more negative 

breakdown potential value and the narrowest potential range for passivity. These facts indicate that 

this alloy exhibits the greater susceptibility to localized corrosion. The electrochemical behaviour of 

Zr5Ti resembles that of pure zirconium [36], and the titanium content in the alloy is not enough to 

produce a significant improvement in the resistance of the material against localized corrosion in 

Ringer’s solution at 37 0C.  

Alloys containing higher amounts of titanium exhibit longer potential ranges for the passive 

regime, due to the shift of their breakdown potentials towards more positive values. This feature is 

readily observable for the Zr25Ti alloy as compared to Zr5Ti. Yet the more positive potential for 

breakdown of the passive film attained by Zr25Ti in Ringer’s solution is not be regarded safe enough 

for this material to be proposed for biomedical application. The reason for this consideration arises 

from reports describing the exposure of Ti to positive potentials up to +0.64 VSHE in the human body 

[37]. Though similar information regarding the ZrTi alloys is not available in the scientific literature 

yet, it can be estimated that similar potential values may occur as well. Thus, further addition of 

titanium to zirconium is still necessary to obtain a zirconium-based material that may be considered 

for biomedical application. The electrochemical behaviour of Zr45Ti is more promising. The passive 

zone now extends for almost 1.0 V, and a higher positive breakdown potential (ca. +0.94 VSHE) is 

exhibited by this alloy, that is, 0.30 V more positive than the highest value recorded in the human 

body until now [37].  

Though the trend exhibited by the pitting potential values can be related to the susceptibility 

of the material to localized corrosion, the possible occurrence of breakdown also depends on the 

surface condition of the metal in the environment, which results in variations in the value of the open 

circuit potential. In this way, the values of Ebp – Ecorr provide a more reliable measure of the 

breakdown resistance [34]. Indeed, an alloy with a particular surface condition may exhibit a small 

Ebp and yet have a sufficiently negative Ecorr, that the difference between them is big. This was the 

case for Zr25Ti alloy exposed to Ringer’s solution, namely it exhibited a small Ebp value (around 

+0.53 VSHE), but the difference Ebp – Ecorr exceeded 0.60 V. In this study, larger passive ranges and 

more positive corrosion potentials were found for the alloys with a higher titanium contents. In fact, 

pure titanium exhibited the more positive value for Ecorr, and no breakdown potential of the passive 

film was found for potential excursions up to +1.24 VSHE.  

The values of the passive current density (jpass) were also determined from the 

potentiodynamic polarization curves. They were taken from the anodic branch of the potential-

current density plots at around the middle of the corresponding passive regions for each material, and 

they are listed in Table 2. They were small for the Zr5Ti and Zr25Ti alloys, namely in the range of 
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0.5 - 1 μA cm-2, whereas for Zr45Ti greater passivity currents were found, possibly related to the 

development of a thicker oxide film. Estimates of the thickness of the passive films have been 

derived from electrochemical impedance data. 

Electrochemical impedance spectroscopy (EIS) measurements were performed both under 

open circuit potential conditions and under polarization at +0.54 VSHE. This polarization value was 

chosen to account for the eventual development of positive potentials in the human body as 

described before. The EIS spectra of the non-polarized samples was measured after they attained a 

stable open circuit potential in Ringer’s solution, whereas the measurements for the polarized 

samples were initiated after application of the potential value E = +0.54 VSHE for 30 min.  

Figure 2 depicts the Bode impedance plots for titanium and the ZrTi alloys under open circuit 

potential conditions in aerated Ringer’s solution at 37 0C. From a cursory observation of the spectra 

it can be deduced that they exhibit behaviours consistent with the formation of a thin passive oxide 

film on the surface of the materials, i.e., a near capacitive response illustrated by a phase angle 

greater than -450 over a wide frequency range. The passive behaviour of pure titanium in Ringer’s 

solution can be described by one time constant. The shape and the values obtained are very similar to 

those values previously reported for titanium grade 1 immersed in phosphate buffer solution by Pan 

et al. [38]. In their work they extended the low frequency range of the measurements down to 5 mHz, 

and though they fitted their spectra considering two time constants, the resistance of the outer layer 

was very small for its impact to be noticed on the shape of the Bode plots. The same system was later 

investigated by Aziz-Kerrzo et al. [39], though using high purity titanium (99.999%). In this case, 

two time constants were observed for frequencies below 1 Hz, and higher resistance values were 

estimated for the outer layer of the passive film. The variation could be assigned to the development 

of a more porous outer layer due to impurities in the material in our case.  

ZrTi alloys observed by EIS at their open circuit potential values can also be described by one 

time constant. Since the low frequency range limit of our measurements was set at 10 mHz, the 

occurrence of a second time constant below that frequency can not be discarded. Yet, it should be 

noticed that most Ti-based alloys exhibiting two time constants have the transition between them in 

the 0.1-1.0 Hz range [39]. Therefore, the spectra were analyzed in terms of the equivalent circuit 

proposed for a sealed passive layer [38] that is depicted in Figure 3A. It assumes that the corrosion of 

the passive metal is hindered by an oxide film that acts as a barrier-type compact layer. The 

equivalent circuit consists of the parallel combination terms (RpL QpL) in series with the resistance of 

the solution (Rsol) occurring between the sample and the reference electrode. The parameters RpL and 

QpL describe the properties of the passive films formed on these metallic materials, respectively the 

resistance and capacitance of the compact oxide layers.  
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For fitting the spectra, a constant phase element (CPE) was used instead of a pure capacitance 

because of the non-ideal capacitive response due to the distributed relaxation feature of the passive 

oxide films, which is observed as a depressed semicircle when the spectra are plotted in the 

corresponding Nyquist diagrams (not shown here). The impedance representation of CPE is given as: 

nCPE jY
Z

)(
1

0
)( ω
=                                                (1) 

where ω is the angular frequency and Y0 is a constant, and the value of the exponent n indicates the 

deviation from ideal capacitive behaviour (e.g., when n = 1). In general, the CPE is given as both 

capacitance C, given in units sn S, and factor n. Exponent values smaller than 1 arise from surface 

roughness of the oxide films. Yet the values were always greater than 0.8, which may indicate a 

rather smooth surface of the passive layers. Analysis of the impedance spectra in terms of this 

equivalent circuit allowed for the parameters RpL and QpL to be determined, and they are presented in 

Table 3. The fits provided similar values for Rsol in all cases, namely 70 ± 5 Ω cm2. The high quality 

of the fitting is readily seen from the good match between the measured and the fitted spectra, which 

are presented as solid lines together with experimental data on the Bode plots in Figure 2. 

From the capacitance value, the oxide film thickness can be known using the parallel-plate 

capacitor equation: 

d
AC 0εε=                                                 (2) 

where ε is the dielectric constant of the oxide and ε0 the dielectric permittivity of vacuum, A is the 

effective area, and d the thickness of the oxide layer [40]. Since the values of the capacity of the 

passive oxide layer can be derived from CPE parameters using the following equation [11]:  

( ) nnQRC
11−=                                               (3) 

the thickness of the oxide films formed on the titanium alloys could be estimated. To that end, ε = 65 

was assumed, which is the value for TiO2 [41], and the surface roughness factor as unity. The 

thicknesses of the oxide films formed on the different materials are given in Table 4. The value 

obtained for pure titanium (namely 4.5 nm) agrees well with previous reports in the literature [41]. 

Thinner films are formed when less Ti is present in the alloy, and the thickness for Zr5Ti, 2.9 nm, is 

close to that of pure zirconium spontaneously covered in air (2.5 nm) [42,43]. Therefore, the values 

reported in Table 4 are regarded to be a good estimate of the effect of composition on the thickness 

of the oxide films, though they were based on the assumption of ε = 65 to apply to the zirconium 

alloys, which may not be the case. 
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High impedance values, in the order of 106 Ω cm2, were obtained in the medium and low 

frequency ranges for ZrTi alloys, suggesting high corrosion resistance of the materials in the 

Ringer’s solution. The presence of protective passive layer provided the high corrosion resistance of 

the materials in this aqueous environment. The contribution of charge transfer resistance on the 

impedance data is regarded negligible for all the alloys. Additionally, it can be observed in Table 3 

that the value of the passive layer resistance obtained at open circuit potential, RpL, increases as the 

contents of Ti in the alloys are made smaller (i.e., 500 kΩ cm2 for pure Ti, and 2,100 kΩ cm2 for 

Zr5Ti). This feature demonstrates that the spontaneously formed passive layer on ZrTi alloys 

becomes more resistant when the amount of titanium in the alloy decreases.  

EIS measurements were also performed when the samples were polarized at +0.54 VSHE, and 

the corresponding spectra are given in Figure 4. In this case, differences can be observed between the 

spectra which vary significantly among the tested materials. Two different situations can be 

distinguished by considering the resistance values attained in the low frequency range, namely: (1) 

pure Ti and the Zr45Ti alloy display higher resistances under anodic polarization than at the open 

circuit potential (respectively 2,900 and 500 kΩ cm2 for Ti, and 1,400 and 800 kΩ cm2 for Zr45Ti); 

and (2) Zr25Ti and Zr5Ti present the opposite trend (polarized Zr25Ti exhibits a value of 500 kΩ 

cm2 whereas it amounted 1,200 kΩ cm2 at the OCP, and it could not be determined for the polarized 

Zr5Ti). Enhanced resistance is displayed by both Ti and the alloy with the highest titanium content, 

which is an indication of additional growth of the oxide films favored by anodic polarization. In this 

case, the Bode-phase plots show two relaxation constants, i.e. two peaks are observed in the Bode-

phase plots. They can be satisfactorily fitted with the equivalent circuit shown in Figure 3B, which 

can be regarded as an electrical representation of a two-layer model of the oxide film consisting of a 

barrier-type compact inner layer and a relatively porous outer layer [44]. The new components in the 

EC are the resistance and the capacitance associated with the outer layer.  

Conversely, smaller resistances are exhibited by Zr5Ti and Zr25Ti when polarized at this 

anodic potential, indicating a thinning of the oxide film or even losses of the film continuity due to 

localized breakdown. Yet some differences can be observed between the two materials. The two time 

constants remain observable in the spectrum measured for polarized Zr25Ti, and the reported 

decrease in the resistance value determined in the low frequency limit is rather small. Conversely, 

Zr5Ti shows only one time constant and the resistance is decreased by almost 2 orders of magnitude. 

It is interesting to notice that the remarkable difference in shape between the spectra for this alloy 

and the other materials could be correlated with variations in the morphology of the samples 

retrieved after recording the EIS spectra. Figure 5 shows the corresponding SEM micrographs for the 
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three ZrTi alloys and for pure titanium. The extent of the corrosion reaction on the polarized Zr5Ti 

sample spanning over the time required to record the EIS data becomes observable in Figure 5A. The 

surface roughening developed for this material was enough for the polishing lines not to be observed 

any longer. That is, the oxide film spontaneously formed over the surface of this alloy at the OCP 

during immersion in Ringer’s solution, became unstable upon application of an anodic potential of 

+0.54 VSHE. The underlying metal is then directly exposed to the electrolyte and corrodes in the 

aqueous environment.  

The onset of corrosion during anodic polarization at +0.54 VSHE in Ringer’s solution also 

occurred in the case of Zr25Ti, though in this case the polishing lines can still be observed (see 

image in Figure 5B). The nucleation of corrosion pits of micrometric dimensions is observed, as well 

as some roughening of the surface, though certainly in a smaller scale than for Zr5Ti. Therefore, the 

protective oxide film is still present on the surface of the material, though localized breakdown 

leading to pitting corrosion occurs, which is a very dangerous type of degradation process because 

the corrosive attack effectively penetrates in the bulk of the material. Conversely, no attack was 

observed in the case of Zr45Ti and pure titanium (see micrographs C and D in Figure 5). The passive 

films formed on the surface of these two materials effectively protect the underlying metallic matrix 

even at the anodic polarization of +0.54 VSHE. In summary, addition of titanium to zirconium leads 

to the formation of oxide films on the surface of the metallic material that more efficiently resist the 

onset of localized forms of corrosion.  

The EIS spectrum measured for Zr25Ti while polarized at +0.54 VSHE could still be 

satisfactorily fitted with the two-layer model presented in Figure 3B, though the less resistant system 

is evidenced by the smaller value determined for RpL, the resistance of the inner passive layer. 

Finally, a different electrical model was required to fit the spectrum obtained for the polarized Zr5Ti 

alloy. In this case, the equivalent circuit is presented in Figure 3C, which is typical for a corroding 

metal. Thus, under such condition, the inner compact passive layer was no longer present to protect 

the metal from the environment. Extensive degradation of the passive layer occurred for Zr5Ti alloy 

polarized at +0.54 VSHE in Ringer’s solution.  

In general, a very good agreement between the fitted and the experimental data was also 

achieved for the polarized samples. Table 3 shows the results of the fits. The parameters Rct and QdL 

account for the properties of the reactions at the passive layer/solution interfaces and determine the 

impedance behaviour in the high frequency range of the spectrum. The capacitance values associated 

with QdL for all the samples are typical of those related to the double layer capacitance of passive 

oxide layers [45-48]. Therefore RpL and QpL parameters describe the properties for passive layer. The 
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resistance of passive layer of ZrTi alloys polarized at +0.54 VSHE in Ringer’s solution gradually 

decreases with the Zr content, implying that the corrosion resistance of ZrTi alloy decreases for 

greater Zr contents. 

Scanning microelectrochemical measurements were also performed to spatially resolve 

different electrochemical properties of the oxide films originating from their heterogeneous 

composition. Scanning electrochemical microscopy (SECM) in the feedback mode, using ferrocene-

methanol as redox mediator, was chosen for this purpose. In this operation mode, the current arising 

from the oxidation of the ferrocene-methanol to the ferrocinium ion at the SECM tip was monitored. To 

secure that the tip would always operate under diffusion-controlled regime, the tip potential was set at +0.70 

VSHE for the SECM measurements.  

The tip-substrate distance was established by recording Z-approach curves towards the surface of 

the metallic materials, while they were effectively maintained at their Ecorr value in the test electrolyte. Once 

located the surface, the tip was retracted 10 µm from the surface, and scan arrays covering an area of 250 x 

250 µm2 were registered by moving the microelectrode in an XY plane parallel to the sample. The 

microelectrode was subsequently moved back to the bulk solution while still measuring the current 

response related to ferrocene oxidation, and the retracting curve was obtained. This procedure was then 

repeated while the metallic substrate was polarized at +0.50 VSHE. Figure 6 displays the Z-approach and Z-

retreat plots measured for Ti and the ZrTi alloys. Dimensionless tip currents are represented in the graphs as 

a function of the tip-substrate distance. i / ilim values were obtained by dividing the currents at each location 

by the diffusion-limited current measured in the bulk electrolyte (i.e. sufficiently far from the surface for 

geometrical effects to be experienced). 

Changes in the faradaic current measured at the tip are observed when it is located in close 

proximity to a surface under investigation. If the substrate is a conductive surface that can exchange 

electrons with the chemical species formed at the tip, the redox mediator species can be regenerated. 

Regeneration of the redox mediator would result in a fast increase of the currents measured at the tip when 

it approaches the surface of the substrate. Thus, this positive feedback effect would produce i / ilim values 

greater than one. Conversely, a negative feedback effect is observed when the tip approaches an 

insulating substrate due to geometric hindrance for the diffusion of the reacting mediator. The tip 

current steadily diminishes when the tip approaches the substrate, and i / ilim values smaller than one 

occur in this case. 

There was a continuous decrease of the current measured at the tip as the tip moved towards the 

substrates for all the materials when they were polarized at +0.50 VSHE. This negative feedback behaviour 

indicates that the oxide layers formed on the surfaces act as a barrier towards electron transfer reactions. 

The same dependence between the tip current and the tip-substrate distance was observed when the tip was 
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removed from the surface for all of the materials except Zr45Ti. For this alloy, activation of the surface was 

observed, and this effect will be discussed later. 

Though a negative feedback regime also describes all the vertical lines measured at Ecorr, some 

differences with the behaviour described for the polarized samples should be noticed. Firstly, the faradaic 

current measured at the tip initially increased with respect to the limiting diffusion value ilim when the tip 

experienced the influence of the substrate. Such increase occurred rather slowly with variations in the tip-

substrate distance. In this way, dimensionless current values bigger than one were observed over a rather 

extended interval of normalized distances. Secondly, a fast decrease of the faradaic current occurs when the 

tip was located in a close proximity to the substrate, namely for d/a ≤ 3. Therefore, at the smallest tip-

substrate distances, hindered diffusion of ferrocene-methanol towards the tip became the main contribution 

to the overall current. But at intermediate distances, some regeneration of the redox mediator occurred on 

the thinner oxide films formed at the more negative potentials corresponding to the Ecorr for each material. 

This behaviour has also been found for other titanium alloys containing either molybdenum or tantalum 

[49]. Regeneration of the redox mediator is more efficient on the oxide film formed on pure titanium, and 

the hindrance of diffusion occurring at the smallest tip-substrate distance is effectively overcome by the 

enhanced rate of ferrocinium ion reduction at the oxide covered metal. For this metal, i / ilim > 1 at all tip-

substrate distances. In summary, from the point of view of the shape of the Z-approach and Z-retreat 

curves, it can be deduced that the conductivity and the electrochemical reactivity of the passive films 

formed on these materials is influenced by their elemental composition because they affect the composition 

of the oxide film. Additionally, the behaviour of the alloys under spontaneously-developed electrical 

conditions can be significantly different from those generated during conventional electrochemical 

experiments, which are based on the application of a potential perturbation to the system under study, and 

this is applied to the overall material surface exposed to the test solution.  

SECM images obtained for the samples either maintained at their corresponding Ecorr, or under 

polarization at +0.50 VSHE, are given in Figures 7 and 8, respectively. Titanium showed some heterogeneity 

even at the Ecorr (see Figure 7A). That is, tip currents greater than ilim were observed at certain locations. 

This feature is due to facilitated regeneration of ferrocene-methanol at those areas, whereas hindered 

electron transfer occurs in the remaining surface. When the substrate was polarized at +0.50 VSHE (cf. 

Figure 8A), no regions with normalized tip currents greater than 1 could be found. In this case, the SECM 

image exclusively reveals the topography of the sample. This result is not surprising, for the anodic 

potential applied to the substrate is already too positive for the electroreduction of ferrocinium ions. Then, 

the changes in the current values from top to bottom exclusively reflect some unavoidable tilt of the sample 

as observed in Figure 7A, though the main features in the image correspond to variations in the 

electrochemical reactivity of the investigated surface.  
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Featureless SECM images were obtained above Zr25Ti and Zr5Ti for both the unbiased and the 

polarized substrates (see Figures 7C, 7D, 8C, and 8D), thus they exclusively provide topographic 

information. The passive films formed on these alloys at the Ecorr are insulating enough for electron transfer 

not to occur at them. Yet, variations in the thickness of the passive films formed at the different potentials 

account for the variations in the average tip currents measured in each case. That is, higher faradaic currents 

for ferrocene-methanol oxidation are measured at the Ecorr of each metal, which corresponds to the less 

insulating surfaces resulting from thinner oxide films.  

A special case is provided by the SECM maps measured for Zr45Ti alloy, which are displayed in 

Figures 7B and 8B. Negative feedback behaviour is clearly observed in the image recorded at the Ecorr for 

all the scanned area, though some locations are slightly more active (i.e. leading to higher tip currents). 

However, when the sample was polarized at + 0.50 VSHE, a sudden increase of the tip current values was 

observed, indicating that the metal surface became electrochemically activated. This new electrochemical 

behaviour was also observed in the Z-retreat curve subsequently registered, and remained during the 

measurement of a new Z-approach curve, (the two curves are shown in Figure 9). Even more striking is the 

observation that the apparent electrochemical activation of the surface affected the tip currents for tip-

substrate distances as large as 200 µm. Because the potential applied to the substrate is not negative enough 

to reduce the ferrocinium ions, this phenomenon cannot be attributed to a positive feedback behaviour. To 

our knowledge, such a phenomenon has not been reported in the scientific literature yet, and its origin 

cannot be explained at this stage. Further investigations using other redox mediators are currently 

undertaken at our laboratory to investigate this effect. 

  

 

4. Conclusions 

The electrochemical behaviour of three ZrTi alloys has been characterized in Ringer’s 

solution (pH = 6.8) in order to investigate their potential use as biomaterials to replace Ti-based 

alloys containing Al and V. The development of passivity for all the materials could be deduced 

from the potentiodynamic polarization plots, and the corrosion resistance of ZrTi alloys in Ringer’s 

solution results from the formation of a passive film on the surface of these materials. The current 

densities at the OCP, which are directly proportional to the corrosion rates of the materials, are 

observed to increase with greater titanium contents in the ZrTi alloys.  

The addition of titanium to zirconium reduces the susceptibility of the later towards localized 

corrosion, as indicated by the shift of the breakdown potentials to more positive values. Though a 

sufficiently big overpotential (ca. +0.60 V) for film breakdown is already attained by Zr25Ti, the 
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pitting potential of this alloy is more negative than the potential values that may occur in the human 

body [37]. Higher titanium contents in the alloys are required to ensure sufficient stability of the 

passive films developed on the ZrTi alloys for biomedical application.  

EIS data show that the passive films behave as an insulating barrier towards electron transfer 

at the surface of the alloys, and this effect is more effectively provided by the ZrTi alloys compared 

to pure Ti when the oxide layers were spontaneously formed at their corresponding Ecorr values. But 

this effect could not be effectively maintained for alloys with titanium contents smaller than 45 wt.% 

due to thickening and eventual breakdown of the passive oxide layers due to hazardous localized 

corrosion phenomena. 

Localized differences in electrochemical reactivity of the materials could be established from 

SECM measurements. Though the passive films behave as an insulating barrier towards electron 

transfer at the surface of the alloys, this effect is more effectively provided by the ZrTi alloys 

compared to Ti when the oxide layers were spontaneously formed at their corresponding OCP 

values. Anodic polarizations at potentials reported to be achieved in the human body for Ti implants 

only led to thickening of the passive oxide layers without electrochemical activation due to 

hazardous localized corrosion reactions.   
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Table 1. Chemical composition* and supplier of Ti and ZrTi samples. 

Sample Composition / wt.% Supplier 

Ti  

Zr45Ti 

Zr25Ti 

Zr5Ti 

Ti: 99.9 

Zr:55, Ti: 45 

Zr: 75, Ti: 25 

Zr: 95, Ti: 5 

IMNR**, Bucharest, Romania  

Zirom S.A., Giurgiu, Romania 

Zirom S.A., Giurgiu, Romania 

Zirom S.A., Giurgiu, Romania 

*The information included in the Table was supplied by the manufacturers. 
** National Institute of Research & Development for Non-ferrous and Rare Metals, Bucharest, Romania. 
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Table 2. Electrochemical parameters determined from the cyclic polarization curves measured for Ti 

and ZrTi alloys in aerated Ringer’s solution at 37 0C.  

 

 

 

 

 

 

 

 

 

 

Table 3. Impedance parameters of Ti and ZrTi alloys in aerated Ringer’s solution at 37 0C. 

Sample Rct / 
kΩ cm2 

105 Qct / 
S cm-2 s-n 

nct RpL / 
kΩ cm2 

105 QpL / 
S cm-2 s-n 

npL 

 E =Ecorr 

  Ti - - - 500 1.2 0.81 

Zr45Ti - - - 800 1.1 0.81 

Zr25Ti - - - 1200 0.8 0.82 

Zr5Ti - - - 2100 0.7 0.82 

 E =+ 0.54 VSHE 

  Ti 85 2.7 0.88 2900 1.0 0.85 

Zr45Ti 7 2.7 0.87 1400 0.9 0.82 

Zr25Ti 2 2.6 0.83 500 0.7 0.86 

Zr5Ti 31 2.4 0.85 - - - 

 

 

Sample Ecorr / 

VSHE 

jcorr / 

nA cm-2 

jpass / 

μA  cm-2 

Ebp / 

VSHE 

Erp / 

VSHE 

Ebp -  Ecorr 

/ mV 

Erp -  Ecorr 

/ mV 

Ti +0.056 560 36 - - - - 

Zr45Ti -0.042 240 6.1 +0.942 +0.815 984 857 

Zr25Ti -0.075 125 0.9 +0.527 +0.455 602 530 

Zr5Ti -0.039 55 0.4 +0.342 +0.308 381 347 



20 
 

Table 4. Film thickness estimated from EIS results measured for Ti and ZrTi alloys in aerated 

Ringer’s solution at 37 0C. A dielectric constant value of 65 was assumed. 

 

 

 

 

 

 

 

 

 
Figure 1. Cyclic potentiodynamic polarization curves of the Ti and ZrTi alloy samples in aerated 
Ringer’s solution at 37 0C. Scan rate: v = 0.5 mV/s. 
 

 
Figure 2. Measured (discrete points) and fitted (solid lines) impedance spectra typical for Ti and 
ZrTi alloy samples recorded at their open circuit potentials during exposure to aerated Ringer’s 
solution at 37 0C. 

Sample Film thickness / nm 

Ti  

Zr45Ti 

Zr25Ti 

Zr5Ti 

4.5 

3.3 

3.2 

2.9 
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Figure 3.  
Equivalent circuits (ECs) used for the interpretation of the measured impedance spectra: (A) one-
layer model of a barrier-type compact oxide surface film with one time constant;  (B) two-layer 
model of an sealed porous surface film with two time constants; and (C) simplified Randles’ circuit 
of a corroding metal. 
 

 
Figure 4.  
Measured (discrete points) and fitted (solid lines) impedance spectra typical for Ti and ZrTi alloy 
samples polarized at +0.54 VSHE during exposure to aerated Ringer’s solution at 37 0C. 
 

 
Figure 5.  
Surface morphology of: (A) Zr5Ti alloy; (B) Zr25Ti alloy; (C) Zr45Ti alloy; and (D) Ti, after EIS 
tests at +0.54 VSHE in aerated Ringer’s solution at 37 0C.  
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Figure 6.  
Z-approach and Z-retreat curves measured with the Pt microelectrode above Ti and ZrTi alloys as the 
height of the tip is changed. The metallic samples are either left unbiased at their corresponding Ecorr 
or polarized at +0.50 VSHE during immersion in Ringer’s + 0.5 mM ferrocene-methanol solution. Tip 
potential: +0.70 VSHE. i / ilim is the dimensionless tip current, and d / a is the dimensionless tip-
substrate distance. 
 

 
Figure 7. 
SECM images of: (A) Ti, (B) Zr45Ti, (C) Zr25Ti, and (D) Zr5Ti samples, maintained at their 
respective Ecorr, during immersion in Ringer’s + 0.5 mM ferrocene-methanol solution. Tip potential: 
+0.70 VSHE. Tip-substrate distance: 10 μm. Corresponding ilim values for the maps: (A) 0.53 nA, (B) 
0.51 nA, (C) 0.48 nA, and (D) 0.47 nA. 
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Figure 8. 
SECM images of: (A) Ti, (B) Zr45Ti, (C) Zr25Ti, and (D) Zr5Ti samples, polarized at +0.50 VSHE, 
during immersion in Ringer’s + 0.5 mM ferrocene-methanol solution. Tip potential: +0.70 VSHE. Tip-
substrate distance: 10 μm. Corresponding ilim values for the maps: (A) 0.53 nA, (B) 0.51 nA, (C) 0.48 
nA, and (D) 0.47 nA. 
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Figure 9. 
Z-retreat and Z-approach curves measured with the Pt microelectrode above of Zr45Ti alloy after 
recording the SECM image shown in Figure 9B. The metallic sample was polarized at +0.50 VSHE 
during immersion in Ringer’s + 0.5 mM ferrocene-methanol solution. Tip potential: +0.70 VSHE. i / 
ilim is the dimensionless tip current, and d / a is the dimensionless tip-substrate distance. 
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