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Abstract.  

This paper addresses on the electrochemical behaviour of three TiMo alloys exposed to simulated 
physiological environments. Their stability and corrosion resistance was characterized in order to 
explore the potential application for the manufacturing of implant materials. Ringer’s solution together 
with an acidic modification of the Ringer’s solution (pH = 3.1) at room temperature were considered. 
Both electrochemical methods (namely, potentiodynamic polarization curves and electrochemical impedance 
spectroscopy, EIS), and spatially-resolved scanning electrochemical microscopy (SECM), were used. 
Additionally, surface characterization was made employing optical microscopy and scanning electron 
microscopy (SEM). The oxide films formed on the TiMo alloys in neutral and acidic Ringer’s solutions 
effectively protect the metal from dissolution in this environment, and no breakdown of the passive layer 
occurs in the potential range up to +1.00 V vs. SCE. SEM micrographs of retrieved samples do not show 
corrosion pits, cracks, or any other defects despite the rather high positive potential values reached 
during the potential excursion. EIS data reveal that two-layer oxide films are formed, consisting of a 
porous outer layer and a compact inner layer (approximately 5-6 nm thick), the latter accounting almost 
completely for the corrosion resistance of the materials. The corrosion resistance of the inner compact 
film towards metal dissolution is smaller in the acidic environment, whereas it increases with higher Mo 
contents in the alloy. The passive oxide films exhibit dielectric characteristics towards charge transfer, 
and they are imaged as insulators by scanning electrochemical microscopy.  
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1. Introduction 

 

 Titanium-based materials posess a combination of properties that make them adequate for 

biomedical structural application as orthopaedic and dental implants [1-5]. The low elastic modulus, 

high strength, and the affinity and reactivity in contact with oxygen or aqueous solutions, which lead to 

form a compact and strong adherent oxide layer on their surface, all of these result in a good biological 

and mechanical compatibility. Although titanium-based materials are among the most corrosion-

resistant materials in human body fluids, and they have been extensively employed in implantology, 

there still remains some concern in the scientific literature regarding their use because of the observation 

of corrosion processes in retrieved prosthesis, as well as reports on the occurrence of metallosis [6]. 

Metal ion release into peri-prosthetic tissues has been found from bone fixation implants [7], and in 

serum in ionic states [8] and bound to proteins [9]. More interestingly, distributed metal has been 

recently found in inflamed tissues adjacent to commercially pure titanium skin-penetrating devices 

despite the absence of wear or loads [10]. In the latter, release of titanium into the body could only be 

attributed to either micro-motion [10] or localized corrosion [11,12]. To diminish the impact of these 

limitations, a main research trend is the development of β-type (body-centered cubic) titanium alloys 

with biomechanical compatibility, low modulus and biochemical compatibility due to their greater 

corrosion resistance [13,14]. The stability of the β-phase in the case of titanium alloys is expressed as 

the sum of the weighted averages of the alloying elements in wt.% known as the Mo equivalent [15,16]. 

A value of Mo equivalent in the range 8-24 wt.% relates to β-metastable titanium alloys because the 

contents of β-stabilizers is high enough to prevent any martensitic transformation in the β phase from 

quenching to room temperature [15,16]. 

Molybdenum is used as alloying element for titanium because it has good thermodynamic 

stability [17,18]. Molybdenum is considered to be instrumental in regulating the pH balance in the body, 

and acts as a cofactor for a certain number of enzymes in humans [19,20]. The biocompatibility and 

corrosion resistance of TiMo alloys has already been established in the scientific literature [21-23]. It is 

considered that the addition of Mo to pure Ti, up to 15 wt.% content, improves the protection 

characteristics of the oxide films spontaneously formed on the materials oxides. Therefore, the Ti15Mo 

(% wt.) alloy has been recently accepted for the manufacture of devices for implantation in humans, 

with composition allowances fixed under norm ASTM F 2066 [24]. Nevertheless, we have recently 

observed that Ti20Mo alloy possess better corrosion resistance than commercially pure Ti when exposed 
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to artificial saliva [25].  Therefore, it was thought that Mo contents greater than 15 %wt. might lead to 

the production of TiMo alloys with even better corrosion resistance for implant application. 

 The present communication concerns a report on in vitro electrochemical characterizations of 

three TiMo alloys exposed to simulated physiological environments as to investigate their chemical 

activity and corrosion resistance. Two alloys with Mo contents just below and above the composition 

given by the ASTM F 2066 norm were considered (namely Ti12Mo and Ti20Mo), in order to 

investigate the eventual occurrence of a deleterious effect on the corrosion resistance of the materials 

due to the higher Mo content. Additionally, a TiMo alloy with significantly higher Mo addition 

(Ti40Mo) was also explored. The work was carried out using Ringer’s solution together with an acidic 

modification of the Ringer’s solution (pH = 3.1) at room temperature. Both conventional and localized 

electrochemical techniques have been employed, including DC potentiodynamic polarization methods 

(PPM), electrochemical impedance spectroscopy (EIS), and scanning electrochemical microscopy 

(SECM).   

 

 

2. Materials and methods 

 

2.1. Materials 

Experiments were carried out on three TiMo alloys with different composition (12, 20 and 40 

wt.% of Mo) that have been synthesized by cold crucible levitation melting in an induction furnace 

(Fives Celes, Lautenbach, France), following the procedure described before [26]. The samples in the 

form of rods were cut into disks of 0.28 cm2 circular area, they were ground with SiC abrasive paper up 

to 2000 grit, followed by a final polishing stage using 1 µm alumina suspension. In the case of the 

samples investigated using scanning electrochemical microscopy, an additional polishing stage using 0.3 

µm alumina suspension was employed in order to further diminish the surface roughening that samples 

could be imaged at a shorter distance for greater spatial resolution. The samples were degreased with 

ethyl alcohol, ultrasonically cleaned in deionized water, and finally dried under air stream.   

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 
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avoid the occurrence of crevice corrosion [27]. The exposed surface of the materials to the test 

environments were discs of 0.28 cm2 area. 

 

2.2. Electrochemical measurements 

 The tests were conducted in two artificial physiological solutions based on the Ringer’s solution. 

All components were of analytical grade, and Milli-Q deionised water. Ringer’s solution was made from 

NaCl: 8.6 g/L NaCl, 0.3 g/L KCl, and 0.48 g/L CaCl2. The pH of Ringer’s solution was 6.9 in the 

naturally aerated solution. An acidified version of Ringer’s solutions was also made by adding HCl to 

Ringer’s solution to bring the pH down to 3.1. This addition caused only a small change in the 

concentrations of the other components. The acidic pH was chosen because the tissue adjacent to an 

implant under distress is considered to become acidic [28]. Measurements were performed at room 

temperature (22 ± 3 oC).  

Conventional electrochemical measurements on the TiMo alloys were conducted employing a 

three-electrode configuration. The specimens were taken as the working electrode. They were placed in 

a glass corrosion cell, which was filled with the artificial physiological solution. A saturated calomel 

electrode (SCE) was used as the reference electrode, and a platinum coil as the counter electrode. 

Electrochemical techniques were performed using a PARSTAT 4000 potentiostat supplied by Princeton 

Applied Research (PAR, Princeton, NJ, USA). The instrument was controlled by a personal computer 

and specific software (VersaStudio, PAR, USA). The samples were immersed into the artificial 

physiological solution for an hour in order to attain their spontaneous open circuit potential values 

(Eocp). Electrochemical impedance spectra (EIS) were carried out in the frequency range of 100 kHz 

down to 1 mHz by applying an alternating sinusoidal potential with an amplitude of 10 mV. EIS spectra 

were first recorded at their open circuit potential values, and subsequently the potential of the sample 

was set at +0.40 V vs. SCE for 30 min before recording the EIS data of the polarized sample. This 

potential value was chosen to be more positive than any reported to be achieved in the human body for 

Ti implants [29]. The EIS experimental data were fitted and analyzed in terms of equivalent circuits 

(EC) using a non-linear least squares fit method (ZSimpWin 2.00 software [30]) to obtain the relevant 

impedance parameters. Potentiodynamic measurements were also carried out in the artificial 

physiological solutions. These measurements were conducted by stepping the potential from -0.80 to 

+1.00 V vs. SCE using a scanning rate of 0.5 mV s-1. Before recording the potentiodynamic polarization 

curves, the TiMo samples were left unpolarized into the test solution for 1 hour. The electrochemical 
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tests were repeated three times for each TiMo specimen using a freshly polished surface as described 

before.  

A SECM equipment supplied by Sensolytics (Bochum, Germany), was employed for spatially-

resolved characterization of the electrochemical reactivity of the TiMo alloys. The instrument was built 

around a PalmSens (Utrecht, The Netherlands) electrochemical interface, all controlled with a personal 

computer. The alloy specimens were either tested at their open circuit potentials in the test solutions, or 

polarized using the bipotentiostat in the electrochemical interface. The specimens were mounted 

horizontally facing upwards at the bottom of a cell made of polytetrafluoroethene, which was equipped 

with an Ag/AgCl/3 M KCl reference electrode and a platinum counter electrode. For the sake of 

consistency, potentials were expressed in relation to the standard calomel electrode by taking in account 

the potential difference between the two reference electrodes. The electrochemical cell was located 

inside a Faraday cage. Temperature control was not performed in the SECM, and data were recorded at 

ambient temperature. Tip microelectrodes were made from 10 μm dia. platinum wires sealed in glass. 

0.5 mM ferrocene-methanol was added to the artificial physiological solution to act as electrochemical 

mediator at the tip. The tip was kept at a constant potential of +0.46 V vs. SCE to ensure the diffusion-

limited oxidation of ferrocene-methanol [31]. The establishment of the operating tip distance over the 

sample was performed by slowly approaching the surface of the TiMo alloy sample with the tip, and 

simultaneously recording the measured current at the microelectrode vs. z displacement (i.e., z-approach 

curve), until the measured current was equal to 30% of the steady-state value in the bulk of the 

electrolyte. Subsequently, the tip was withdrawn 10 µm from the sample surface, and SECM images 

were obtained with a scan rate of 30 μm s-1 by scanning the tip at constant height over an arbitrary area 

of 250 μm x 250 μm of the exposed alloy. For the sake of normalization, SECM data are presented as 

dimensionless tip currents, i/iT,∞, where (i) is the feedback current  measured at the tip while scanning 

the substrate, and iT,∞ is the limiting current determined when the tip is far from the surface. Values 

greater than one are obtained when the redox mediator is regenerated on the electrochemically-active 

substrate (positive feedback behaviour), whereas an insulating substrate hinders the diffusion the redox 

species leading to values smaller than one (negative feedback behaviour). SECM imaging was first 

performed while the samples were still at their corresponding ocp. Next, imaging was performed on the 

polarized samples, starting at the -0.54 V vs. SCE, and subsequently stepped to more positive potentials. 

for imaging 
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2.3. Surface analysis 

 The structural characterization of the as-received TiMo alloys was performed by optical 

microscopy. An inverted metallographic microscope (XJP-6A, Chongqing Optical & Electrical 

Instrument Co., Ltd., Chongqing, China) controlled using dedicated software (Materials Plus). The 

samples were mechanically polished to a final level of 0.02 μm alumina suspension and subsequently 

etched in a solution of water, hydrofluoric acid, and nitric acid [32].  

After the electrochemical measurements, specimens were retrieved from the test solutions to 

qualitatively characterize their topography by scanning electron microscopy (SEM, Quanta 3D Model 

AL99/D8229, FEI, Hillsboro, OR, USA) operating with beam energy 20 kV.  

   

 

3. Results and discussion 

 

3.1. Microstructure 

The microstructures of the samples are shown in Figure 1. They mainly consist of an acicular 

microstructure with small non oriented grains, and this structure is more noticeable the higher the 

molybdenum content in the alloy.  The increase of Mo content led to a different morphology of the 

primary β-phase dendrites because the values of the thermo-physical properties and the melting 

temperatures of these alloys strongly depend on their chemical composition. Preferential growth of 

primary β-phase dendrites with smaller sizes is observed with increasing Mo content in the alloys. 

 

3.2. Potentiodynamic polarization and immersion 

 Open circuit potential (Eocp) values of the three TiMo alloys in conventional and acidic Ringer’s 

solutions at room temperature after 1 hour immersion are listed in Table 1. From the observation of the 

values recorded for each material in the two solutions, it can be deduced that the Ti40Mo alloy exhibited 

the most positive values, while the Ti12Mo alloy showed the most negative ones. The more aggressive 

character of the acidic solution towards corrosive attack is evidenced by the systematic shift of the open 

circuit potential values of the alloys in the negative direction, which evidences that the spontaneously 

developed oxide films on the samples are less protective when exposed to a lower pH. It is well known 

that the corrosion resistance of a given material depends on several factors such as composition, 

environment and microstructure [33]. Since the three TiMo alloys exhibit a common basic 
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microstructure, it can be deduced that the addition of Mo to Ti leads to the improvement of the 

protection characteristics of the passive oxide layers formed in the two environments. 

The potentiodynamic polarization curves of the samples in the two artificial physiological 

solutions are displayed in Figure 2. This provides basic information on corrosion for subsequent 

comparison. The samples were polarized from -0.80 V vs. SCE; at this potential the cathodic branches 

of the different alloys immersed in Ringer’s solution to overlap in the graphs due to the common charge 

transfer control for the oxygen reduction reaction. Though not as effectively as in the previous case due 

to slightly different rates for the same reduction reaction of hydrogen ions, the cathodic branches of the 

curves measured in the acidic solution are also sufficiently close to regard the potential value -0.80 V vs. 

SCE as the starting point for the potentiodynamic polarization experiments. On the other hand, the 

anodic limit potential (i.e., +1.00 V vs. SCE) was chosen significantly higher than polarization values 

ever measured in the human body [29]. The shape of the anodic branches revealed the onset of passivity 

for the alloys in both solutions, which is evidenced by the observation of an active-passive transition in 

all the curves at potentials slightly more positive than their corresponding corrosion potential values 

(Ecor). Tafel analysis of both the anodic and cathodic branches of the polarization plots delivered values 

for Ecor and corrosion current densities (jcor). Table 2 gives the average values determined for these 

parameters. In all cases the values determined for Ecor are smaller than those corresponding to open 

circuit potential (cf. Table 1). This behaviour arises from the reduction of the oxide layer spontaneously 

formed on the surface of the alloys upon immersion in the solution that occurs during application of a 

cathodic polarization at -0.80 V vs. SCE. Such oxide layer was evidenced by the shift of the open circuit 

potential of the samples towards more positive potentials upon immersion in the test solutions (cf. 

Figure 3). Yet, the variation in the Ecor values with alloy composition determined from polarization 

measurements agree well with those described before for the open circuit potential (Eocp) values in the 

two environments. According to Blackwood et al. [34], the shift of to positive values shows an increase 

of the passive film thickness and correspondingly, a decrease of the corrosion rate. Further excursion of 

the potential in the positive direction results in the measurement of a constant current density for each 

material when immersed in Ringer´s solution until reaching the limiting anodic potential value. The 

oxide films formed on the TiMo alloys in Ringer’s solution effectively protect the metal from 

dissolution in this environment, and no breakdown of the passive layer occurs in all the potential range 

under consideration. A somewhat different situation is found from inspection of the potentiodynamic 

polarization curves measured in the acidic Ringer’s solution. In this case, the passive current densities 
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are not kept constant for the duration of the experiments, but they show a trend to increase with the 

excursion of potential for E > +0.20 V vs. SCE, which indicates than some metal dissolution may occur 

through the oxide film in the more aggressive environment. Yet, no indications of localized breakdown 

of the passive film in the acidic solution are observed in these curves, which would have appeared as an 

abrupt increase of the current in the E-log j plots. Values for the passive current densities for each 

material in the two test solutions are also provided in Table 2.  

The stability of the oxide films formed on the TiMo alloys after potentiodynamic polarization up 

to +1.00 V vs. SCE in both artificial physiological solutions was confirmed using scanning electron 

microscopy. Typical SEM micrographs of the retrieved TiMo specimens are shown in Figure 4. They 

revealed that uniform surfaces occurred on all TiMo alloys, and no signs of features other than the 

scratches due to polishing during preparation of the surfaces could be observed. That is, no corrosion 

pits, cracks, or any other defects were formed despite the rather high positive potential values reached 

during the potential excursion in the aggressive acidic Ringer’s solution, thus supporting the 

observations from electrochemical experiments. This observation is important because other titanium-

based materials, such as nitinol [5,35] and TiZr alloys [36], experience pitting corrosion under these 

conditions.  

 

3.3. Electrochemical impedance spectroscopy 

Impedance spectra of Ti12Mo, Ti20Mo and Ti40Mo alloy in the two electrolytes at the Eocp were 

presented as Bode-phase and Bode-magnitude plots in Figure 4. It is observed that these alloys present 

similar spectra in conventional and acidic Ringer’s solutions, and they correspond to systems exhibiting 

two time constants as revealed by the presence of two maxima in the Bode-phase diagrams. That is, they 

can be divided into two distinct frequency ranges: the time constant in the high-frequency part, which 

arises from the uncompensated ohmic resistance due to the electrolytic solution and the impedance 

characteristics resulting from the penetration of the electrolyte through a porous film, and the low-

frequency part accounting for the processes taking place at the substrate/electrolyte interface. This 

agrees with the general understanding that passive films formed on most metals [37], including titanium 

and its alloys [38,39], consist of two layers, a thin compact oxide in direct contact with the base 

unoxidized metal, and the outer thicker and more porous layer that is in direct contact with the 

environment. The thicknesses of the two layers are quite different and depend on the nature of the metal 

substrate and the environment. They typically amount a few nanometers in the case of the inner layer, 
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whereas the outer layers may extend to some micrometers in certain cases. High impedance values (in 

the order of 106 Ω cm2) were determined in the low-frequency region, indicating high corrosion 

resistance in both Ringer’s solutions at the substrate/electrolyte interface, typical of a compact inner 

oxide layer with barrier characteristics towards the passage of current through it.  

The presence of these two time constants can be described by means of an equivalent circuit 

(EC) with two RC components as shown in Figure 5. This has been proposed to give the electrical 

representation of two-layer surface films consisting of a barrier-type compact inner layer and a relatively 

porous outer layer formed on titanium [38,39] and titanium-rich alloys, such as Ti6Al4V [40-42], 

Ti6Al7Nb [41,43,44], Ti13Nb13Zr [41], and Ti–29Nb–13Ta–4.6Zr [45]. It has also been found 

applicable to alloys with lower Ti contents including Ti35Nb [46], TiNbSn [47], TiNbHf [48] alloys, 

nitinol [49], and even to ZrTi alloys [36,50]. The following elements are considered: a solution 

resistance Rsol of the test electrolyte, electrical leads, etc., the additional resistance R1 of the solution 

inside the pores, the capacitance of the pore wall C1, and the resistance and the capacitance of the inner 

barrier layer (R2, C2). Constant phase elements (CPE, Q) were used in the EC instead of capacitors, 

allowing for the effects of deviations to ideality related to electrode roughness and heterogeneities of the 

surface films to be considered. In fact, the impedance of a CPE is defined 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, ranging −1 ≤ n ≤ 

1, indicates the deviation from ideal capacitive behaviour (e.g., when n ≈ 1). The impedance results were 

obtained with the ZSimpWin software and the quality of the fits was evaluated by their Chi-squared 

values. A very good correlation was obtained between EIS data using the proposed equivalent circuit 

and the experimental impedance spectra, as it is evidenced by the solid lines corresponding to the fitted 

spectra passing through the measured data (discrete points) in Figure 4. The values of fitted parameters 

of the EC are listed in Table 3. High values of R2 (in the order of 106 Ω cm2) are determined at their 

open circuit potential values for the three TiMo alloys in both simulated physiological solutions, 

confirming the formation of an inner compact layer with high corrosion protection ability for all the 

systems. It can be observed that the variation in the values for R2 with the nature of the alloy and the 

aggressivity of the electrolyte closely matches both the trend and the magnitude of change in the values 

of jcor determined from the polarization curves given in Table 2, thus supporting the consistency of the 

electrochemical data obtained using two different techniques. 
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From the fitted values of Table 3 some differences are evident between the characteristics of the 

oxide films in both solutions. In fact, R2 values are always smaller in the acidic electrolyte for each alloy, 

thus indicating that the inner film is less protective in this environment. The opposite trend is found in 

the impedance parameter related to the constant phase elements Q2, which can be related to the thickness 

of this inner layer. Though exponent values n smaller than 1 were always found, yet the values were 

greater than 0.8, thus Q values can be considered to represent a non-ideal capacitor. Then, capacitance 

values for both the compact oxide layer and the electrolyte/oxide interfaces could be extracted from the 

CPE parameters using [51]:  

( ) nnQRC
11−=          (2) 

In this way, the order of magnitude of the capacitance values determined for both C2 and C1 were found 

to correspond to those typical for a compact barrier layer and for a porous film interface at which charge 

transfer occurs, respectively. 

Assuming that the capacitance may be related to the thickness as C = εε0A/d, where ε is the 

dielectric constant of the oxide, ε0 the vacuum permittivity, A the geometric area, and d is the thickness. 

Higher values of capacitance correspond to smaller thicknesses. To that end, the Ti/Mo ratio in the metal 

matrix was assumed to hold also in the oxide layer, using ε = 114 for TiO2 [52,53] and ε = 16 for MoO3 

[54], and the surface roughness factor as unity. The thicknesses of the inner oxide films formed on the 

different materials are given in Table 4. It is found that the thickness of the inner compact layer remains 

almost invariant for a given TiMo alloy with the change in pH of the Ringer´s solution, though the 

resistance of this layer towards metal dissolution is smaller in the acidic environment as given by the 

smaller R2 values obtained in this case. This observation is also supported by the significantly higher 

values of jpas determined from the potentiodynamic polarization curves measured in the acidic solution 

(cf. Table 2). Next, the thickness of the inner compact layer is significantly smaller for Ti40 alloy 

compared to the other two alloys (namely ca. 25% reduction compared to Ti20Mo). A more compact 

inner oxide layer must be formed on this alloy in order to account for its higher resistance given in Table 

3.   

EIS measurements were also performed on TiMo alloy samples polarized at +0.40 V vs. SCE in 

both simulated physiological solutions, and the corresponding spectra are given in Figure 6. Again the 

Bode-phase plots correspond to a physicochemical system characterized by two time constants. The chi-

square value (χ2) between 5 × 10-4 and 10-5 points to excellent agreement between the experimental data 

and simulated values. The values of fitted parameters of the EC are listed in Table 5. Higher polarization 



11 
 

resistance values in the low frequency range of the Bode-modulus plots are observed in all cases 

compared to the spectra measured at their Eocp, which demonstrates that after polarization of the samples 

at + 0.40 V vs. SCE, the passive layer formed on the surface of the TiMo alloys in Ringer’s solution is 

either more compact or more homogeneous than that formed in acidic Ringer’s solution. This happens 

though a slightly thinner passive film is produced in the acidic environment as indicated by the thickness 

values given in Table 4.   

 

3.4. Scanning electrochemical microscopy 

Since the electrochemical studies described in the previous two Sections provide electrochemical 

information that is averaged over the exposed area of the material, scanning electrochemical microscopy 

(SECM) was employed to detect local changes in the chemical reactivity of the passive layers formed on 

the alloys [31,55,56].  

Figures 7-9 depict the SECM images measured for the TiMo alloys immersed in the two artificial 

physiological solutions while they were subjected to different electrical conditions. Normalized tip 

currents greater than 1 were usually obtained when the alloys were polarized at -0.54 V vs. SCE (cf. 

images (B) in figs. 7-9). Yet some variations can be observed depending on the nature of the alloys and 

the composition of the test solution. The biggest normalized tip currents were found for Ti40Mo, 

followed by Ti20Mo, whereas the smallest were found for Ti12Mo, and they were smaller than one for 

the latter (see Figure 7B-left). That is, the surface of this alloy does not facilitate the regeneration of 

ferrocene-methanol despite the negative potential applied to the sample. This variation in the 

electrochemical activity of the cathodically-polarized alloys in Ringer’s solution closely matches the 

variation in their open circuit potentials as listed in Table 1, the nobler value exhibited by Ti40Mo, and 

the more active for Ti12Mo. That is, polarization of the sample at -0.54 V vs. SCE corresponds to a 

greater cathodic overvoltage for the alloys with higher Mo contents, which exhibit the more positive ocp 

values. Therefore, only partial reduction of the oxide film has occurred for the Ti12Mo sample at this 

cathodic potential. These observations are thus in good agreement with the spontaneous formation of an 

insulating oxide film on the alloys upon immersion in a Ringer’s physiological solution.  

On the other hand, increased normalized tip currents were always observed in acidic Ringer’s 

solution, supporting that the oxide films spontaneously formed on the surface of the alloys at their ocp 

are more easily reduced at this potential when immersed in the more acidic environment. Yet no 

evidence of a heterogeneous activation of the alloy surfaces can be found in the images, which show a 
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rather featureless surface apart from the systematic variations in a random direction that arise from the 

tilted surfaces. More stable passive films are formed at the ocp when the alloys are immersed in neutral 

Ringer´s solution, and polarization at -0.54 V vs. SCE. The reduction of the spontaneously-formed 

passive oxide film appears to be more difficult when the alloys are exposed in the neutral Ringer’s 

solution.  

An insulating surface towards regeneration of ferrocene-methanol was found when the alloys 

were polarized anodically as deduced from the inspection of images (C) in figs. 7-9. Normalized tip 

currents smaller than one were measured in both physiological solutions for the three alloys while 

polarized at +0.16 V vs. SCE. No clear differences between the insulating characteristics of the passive 

films formed on each alloys could be distinguished at this time from the SECM maps obtained for each 

alloy in the tested environments. This observation agrees with the results from EIS data that indicated 

that the passive layers formed under anodic polarization on the three alloys and in both Ringer’s solution 

and acidic Ringer’s solution exhibit similar thicknesses and resistivities. 

A more complex situation is observed from the inspection of the SECM images recorded at open 

circuit potential for each alloy. In this case, the dynamic process of oxide film formation could be 

followed through the maps labelled (A) in figs. 7-9 in some cases. This was possible because imaging of 

the surface was initiated shortly after immersion of the specimens in the electrolyte, that is, without 

waiting until a stable open circuit potential reading was attained. In this way, passivation of the surface 

was progressively advancing during the scanning movement of the SECM probe for image recording. 

Earlier times correspond to the location indicated by the axes origin in the figures, and tip movement 

advanced from left to right in consecutive lines, and from the front to the back in the plots. It can be 

observed that oxide film formation, that is related to the surface becoming an insulator for ferrocene-

methanol regeneration, does not progress in a homogeneous manner, neither at the same rate in every 

system. Both local microcathodes and microanodes must be distributed on the surface during oxide film 

formation, because an oxidant species from the electrolyte must consume the electrons left in the metal 

during its oxidation. This action is performed by dissolved oxygen molecules in the electrolyte in 

Ringer’s solution, whereas hydrogen ions are reduced in the acidic electrolyte. A more active surface is 

imaged at earlier exposures in the case of the Ti40Mo alloy immersed in the acidic electrolyte, and the 

transition from positive to negative feedback behaviours occurs at longer exposures. Normalized 

currents greater than one are observed all over the surface, indicating the Ti40Mo alloy is not yet 

covered by a protective passive oxide layer at short exposures in the acidic environment (see Figure 9A-
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right). On the contrary, negative feedback effects are observed for the other two alloys in this 

environment even at the beginning of the experiment, and further growth of the oxide film occurs with 

the elapse of time as evidenced by the continuous decrease of the values of the normalized currents as 

the tip continues rastering the surface (cf. Figure 7A-right). The described trend in the insulating 

characteristics of the passive films spontaneously formed on the TiMo alloys at the ocp when exposed to 

acidic Ringer’s solution is precisely the opposite to what it happens in the neutral solution. That is, a 

highly electrically-insulating passive film is formed on Ti40Mo in Ringer’s solution characterized by 

normalized currents averaging 0.25 (Figure 9A-left). The dynamics of passive film formation is still 

evident at this early exposures, as indicated by the spikes that correspond to local sites in the surface of 

the passivating metal where the oxide film is still thinner. Average higher currents are measured in the 

images corresponding to lower Mo contents in Ringer´s solution, which correlates well with the 

determination of greater jcor values from the potentiodynamic curves (cf. Table 2). In summary, local 

electrochemical activity for Ti12Mo and Ti20Mo alloys is smaller in acidic Ringer’s solution compared 

to the neutral environment, whereas the opposite occurs for Ti40Mo. This difference in behaviour may 

indicate that the passive layer formed on Ti40Mo is more protective, and no passive layer breakdown 

occurs in the neutral environment as to support positive feedback effects for mediator regeneration. This 

finding agrees with the proposal of a more compact and protective inner oxide layer formed on Ti40Mo 

that was made on the basis of the EIS data. Thus, a molybdenum content in TiMo alloys significantly 

greater than 15 wt.% leads to a material presenting a more insulating passive film when exposed to 

Ringer’s solution.  

 

 

4. Conclusions 

 The influence of molybdenum content in the TiMo alloys and of pH of the simulated physiological 

solution on the corrosion behaviour of the materials has been characterized using electrochemical and scanning 

microelectrochemical techniques. These materials show a high corrosion resistance in both neutral and acidic 

environments, even when subjected to anodic polarizations higher than those experienced in the human body 

[29]. Therefore, alloys with Mo contents higher than 15 wt.% should be further investigated for biomedical 

applications. The pH value of the Ringer’s solution has a minor effect on the corrosion behaviour of 

TiMo alloys. 
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The formation of passive oxide films which are not affected by localized corrosion processes when 

polarized anodic with respect to their corresponding open circuit potential values is the result of the formation 

of a two-layer surface film in all cases, in which a thin compact inner oxide layer occurs as evidenced by 

electrochemical impedance spectroscopy. 

 The EIS analysis has shown that the resistance of passive layer increased with the content of Mo 

in TiMo alloys. Also, from potentiodynamic polarization results, the values of corrosion and passive 

current density decrease with increasing Mo contents in the alloys. Consequently, in the TiMo alloys, 

surface stability increased as Mo content increased. The TiMo alloys did not show tendency to localized 

corrosion in these two simulated physiological solutions, though they have been tested under greater 

anodic polarizations and acidities than those observed in the human body until now.   

The passive oxide films formed on TiMo alloys exhibit dielectric characteristics towards charge 

transfer, and they were imaged as insulators by scanning electrochemical microscopy, even when 

imaged at their corresponding ocp values in the electrolyte. Eventual activation of the surfaces requires 

the reduction of the passive surface films under cathodic polarization. 

Greater corrosion resistance of Ti40Mo alloy than surgical alloy F 2066 (Ti-15 wt.% Mo) during 

exposure to artificial physiological solution was found, even in acidic environment. This behaviour 

arises from the formation of a more compact inner oxide layer at the metal-oxide interface for this alloy. 

Therefore, Ti40Mo is regarded a very promising material for the manufacture of implant devices. 
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Table 1. Open circuit potential values attained by the TiMo alloys immersed in the artificial 

physiological solutions at room temperature after 1 hour.  

 

Alloy Eocp / V vs. SCE 

Ringer´s solution Acidic Ringer’s solution 

Ti12Mo -0.221 ± 0.027 -0.305 ± 0.053 

Ti20Mo -0.148 ± 0.024 -0.281 ± 0.061 

Ti40Mo -0.104 ± 0.019 -0.252 ± 0.050 
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Table 2. Electrochemical parameters determined from the potentiodynamic polarization curves 

measured for the TiMo alloys in aerated the artificial physiological solutions at room temperature. 

 

Alloy Ecor / V vs. SCE jcor / nA cm-2 jpas* / μA cm-2 

Ringer’s solution (pH = 6.9) 

Ti12Mo -0.365 ± 0.071 190 ± 16.7 0.600 ± 0.148 

Ti20Mo -0.260 ± 0.064 130 ± 12.5 0.500 ± 0.201 

Ti40Mo -0.185 ± 0.050 80 ± 16.5 0.300 ± 0.090 

Acidic Ringer´s solution (pH = 3.1) 

Ti12Mo -0.435 ± 0.060 250 ± 24.0 2.1 ± 0.180 

Ti20Mo -0.404 ± 0.092 160 ± 8.2 1.2 ± 0.130 

Ti40Mo -0.377 ± 0.076 110 ± 8.5 0.9 ± 0.127 
*Values determined at +0.4 V vs. SCE 

 

Table 3. Parameters of the equivalent circuit for TiMo alloys in Ringer’s solution and acidic Ringer’s 

solution at room temperature. AC polarization was applied around their corresponding open circuit 

potential values in the electrolytes. 

 
Alloy 105 Q1 / 

S cm-2 sn 
n1 R1 / 

kΩ cm2 

106 Q2 / 
S cm-2 sn 

n2 R2 / 

MΩ cm2 

Ringer’s solution (pH = 6.9) 

Ti12Mo 2.1 0.86 26 8.8 0.83 2.9 

Ti20Mo 1.9 0.87 29 7.4 0.85 4.3 

Ti40Mo 1.9 0.87 35 7.1 0.85 5.4 

Acidic Ringer’s solution (pH = 3.1) 

Ti12Mo 1.9 0.86 59 9.1 0.82 2.6 

Ti20Mo 1.6 0.87 72 7.7 0.84 3.3 

Ti40Mo 1.6 0.88 85 7.3 0.84 4.8 
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Table 4. Film thickness estimated from EIS results measured for TiMo alloys in Ringer’s solution and 

acidic Ringer’s solution at room temperature. Dielectric constant values of 114 for TiO2 [52,53] and 16 

for MoO3 [54] were assumed in the calculation. 

Sample Capacitance of the 

inner oxide layer / µF 

cm-2 

Film thickness of 

the inner oxide 

layer / nm 

Ringer’s solution, E = Eocp 

Ti12Mo 19.0 5.7 

Ti20Mo 17.4 6.6 

Ti40Mo 17.9 5.4 

Ringer’s solution, E = +0.40 V vs. SCE 

Ti12Mo 19.4 5.4 

Ti20Mo 16.3 6.4 

Ti40Mo 16.7 5.0 

Acidic Ringer’s solution, E = Eocp 

Ti12Mo 18.0 5.7 

Ti20Mo 17.9 6.4 

Ti40Mo 18.2 5.2 

Acidic Ringer’s solution, E = +0.40 V vs. SCE 

Ti12Mo 14.4 5.5 

Ti20Mo 13.5 5.3 

Ti40Mo 14.2 5.0 
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Table 5. Parameters of the equivalent circuit for TiMo alloys in Ringer’s solution and acidic Ringer’s 

solution at room temperature. AC potential signal was applied to the samples polarized at +0.40 V vs. 

SCE. 

 

 

 

 

 

 

 

 

 

 
 

 

   
 

Figure 1.  

Optical micrographs of the TiMo alloys: (A) Ti12Mo, (B) Ti20Mo, and (C) Ti40Mo. 

Alloy 105 Q1 / 
S cm-2 sn 

n1 R1 / 

kΩ cm2 

106 Q2 / 
S cm-2 sn 

n2 R2 / 

MΩ cm2 

Ringer’s solution (pH = 6.9) 

Ti12Mo 1.9 0.87 36 8.8 0.84 3.6 

Ti20Mo 1.8 0.88 53 7.5 0.85 4.9 

Ti40Mo 1.8 0.88 61 7.1 0.85 6.2 

Acidic Ringer’s solution (pH = 3.1) 

Ti12Mo 1.4 0.88 88 9.1 0.83 3.1 

Ti20Mo 1.3 0.89 102 8.9 0.84 3.5 

Ti40Mo 1.3 0.89 154 7.2 0.84 5.2 
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Figure 2.  

Potentiodynamic polarization curves of TiMo alloys in (A) Ringer’s solution, and (B) acidic Ringer’s 

solution at room temperature. v = 0.5 mV s-1. Curves determined from individual samples. 

 

 

 
Figure 3.  

Open circuit potential (Eocp) as a function of time for TiMo alloys in (solid) Ringer’s solution, and 

(dashed) acidic Ringer’s solution at room temperature. Curves determined from individual samples. 
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Figure 4.  

The morphologies of the surfaces of the TiMo alloys retrieved from acidic Ringer’s solution after 

potentiodynamic polarization to +1.00 V vs. SCE. (A) Ti12Mo, (B) Ti20Mo, and (C) Ti40Mo. 

 

 

 
Figure 5.  

Measured (discrete points) and fitted (solid lines) impedance spectra for TiMo alloys at their 

corresponding Eocp during exposure to: (A) Ringer’s solution, and (B) acidic Ringer’s solution at room 

temperature. 
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Figure 6.  

Equivalent circuit (EC) used to fit the impedance data. 

 

 

 
Figure 7.  

Measured (discrete points) and fitted (solid lines) impedance spectra for TiMo alloys polarized at +0.40 

V vs. SCE during exposure to: (A) Ringer’s solution, and (B) acidic Ringer’s solution at room 

temperature. 
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Figure 8.  

Images generated by SECM of Ti12Mo alloy during exposure to (left) Ringer’s solution, and (right) 

acidic Ringer’s solution at room temperature. Electric condition of the samples: (A) unbiased, and (B-C) 

under polarization. Applied potential values: (B) -0.54, and (C) +0.16 V vs. SCE. Tip–substrate 

distance: 10 µm. Tip potential: +0.46 V vs. SCE. Scan rate: 30 µm s-1. The figures represent an area of 

250 µm × 250 µm in x and y directions.  
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Figure 9.  

Images generated by SECM of Ti20Mo alloy during exposure to (left) Ringer’s solution, and (right) 

acidic Ringer’s solution at room temperature. Electric condition of the samples: (A) unbiased, and (B-C) 

under polarization. Applied potential values: (B) -0.54, and (C) +0.16 V vs. SCE. Tip–substrate 

distance: 10 µm. Tip potential: +0.46 V vs. SCE Scan rate: 30 µm s-1. The figures represent an area of 

250 µm × 250 µm in x and y directions. 
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Figure 10.  

Images generated by SECM of Ti40Mo alloy during exposure to (left) Ringer’s solution, and (right) 

acidic Ringer’s solution at room temperature. Electric condition of the samples: (A) unbiased, and (B-C) 

under polarization. Applied potential values: (B) -0.54, and (C) +0.16 V vs. SCE. Tip–substrate 

distance: 10 µm. Tip potential: +0.46 V vs. SCE. Scan rate: 30 µm s-1. The figures represent an area of 

250 µm × 250 µm in x and y directions. 
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