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Motivation 

 
Prior I started my Ph.D. I did my master's degree at the University of Mohammed V in Morocco. 

My master thesis was about the investigation of the fretting corrosion impact on the corrosion 

of the materials used as orthodontic wires. As the methods for the evaluation of the corrosion 

resistance of the tested samples, potentiodynamic polarization, and electrochemical impedance 

spectroscopy were employed. After my master's degree, I moved to Hungary starting my Ph.D. 

at the University of Pécs under the supervision of Prof. Géza Nagy and Dr. Livia Nagy. When 

my supervisors introduced me to the research carried out in their group, I was very fascinated 

by the topics. Particularly, I was attracted by the scanning electrochemical microscopy 

technique. After learning the basics of the SECM, I realized that it is a powerful tool for 

understanding the performance of the surface of the material on the micrometer scale. Also, it 

can be used for studying the heterogeneous electron transfer between a metal surface and its 

surrounding environment. Besides, it can be employed to resolve the chemical reactions in the 

vicinity of the metal surface. That guide me to think about the work done in my master thesis, 

to apply the SECM for understanding in more detail the electrochemical properties of the 

biomaterials made from titanium. 
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Aims of the work 

 
Titanium and its alloys are of great industrial interest due to their versatility. They have 

broad-scale applications especially in aeronautics, electrochemical industries, and orthodontia. 

Indeed, the titanium alloys have been widely used for clinical applications such as dental 

implants, stents, and orthopedic devices because of their biocompatibility and their outstanding 

mechanical properties such as low elastic modulus, high tensile strength, and low density. Also, 

they are known for their exceptional osseointegration character functioning in living tissue. 

Besides, they are well known for the formation of robust protective film on the surface. That 

provides a high corrosion resistance via inhibiting the release of metal cations from the surface 

and hinders the electron transfer reactions with the surrounding environment. However, the 

clinical problems of titanium and its alloys were broadly reported. Metal ions were detected in 

blood and urine also localized corrosion was observed in vitro and in vivo. In fact, the 

improvement of properties of titanium-based biomaterials required a deep comprehension of 

the electrochemical feature that take place on their surface.     

 The corrosion resistance of frequently used biomaterials made of pure titanium, and its 

alloys such as Nitinol, as well as its change upon different mechanical and physiological 

impacts is an extremely important character. Most of the corrosion studies of objects used as 

implanted medical supports were done with conventional methods. The reports appeared about 

the results of these experiments however, turned up some questions, or uncertainties. 

Application measurements with new ultramicroelectrodes combined with the conventional 

methods seemed very promising for obtaining fine details about the corrosion resistance and 

about its changes. It was specially so far using SECM with its different modes and measuring 

micro tips.  In my research I planned to prepare different ultramicroelectrodes applicable in 

SECM measurement, work out selective SECM methods applicable for corrosion studies and 

use them in examination of the corrosion of biomaterial objects made of titanium and titanium 

alloys.             

 As generally known, the implanted biomaterials are highly susceptible to fretting 

corrosion. That is the result of the micromovement generated between the implant and the 

adjacent bone or metal surface. Numerous in vitro studies were carried out investigating the 

fretting corrosion of different titanium alloys. It was demonstrated that it enhances the corrosion 

of titanium. That was proved based on detecting the metal ion releases and observing the 
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localized corrosion occurrence. Those features are principally the result of the damage of the 

protective film on the titanium surface, while, if such a film after the damage required longer 

time to repassivate. The corrosive species in the electrolyte will enhance the corrosion of the 

metal. That leads to the occurrence of localized corrosion. Therefore, the study of the self-

healing kinetics of the passive film on titanium biomaterial is crucial. However, there are only 

a few reports dealing with the self-healing of the surface film of biomaterials. Mostly it was 

investigated with conventional electrochemical testing that provide only information on a large 

scale. Whereas, the corrosion is a result of the heterogeneous electron transfer between the 

metal and its surrounding environment. This cannot be studied with the conventional 

electrochemical testing. I hoped that data about kinetic of the self-healing of the protective film 

formed on the titanium G4 implant surface could be obtained by SECM. Since that has been 

considered as the proper tool to gather quantitative information on the heterogeneous electron 

transfer at the metal surface.                  

Another issue concerning the fretting corrosion, that it affects the electrochemical potential of 

the materials. Numerous reports proved that during the fretting corrosion of titanium its 

electrochemical potential shifts to cathodic potentials that can go to a lower value as low as         

-1500 mV. Indeed, several studies proved that the cells around the implant decrease with the 

rise of the negative polarization. That highlights the importance of understanding the 

electrochemical properties of titanium under the cathodic polarization in situ. For that purpose, 

I employed the SECM to study the electrochemical behavior of cathodically polarized titanium. 

 As mentioned earlier that Nitinol which is an equiatomic alloy of titanium and nickel is 

regarded among the alloys frequently employed for making medical devices. However, several 

problems related to its clinical application were intensively reported. For instance, the release 

of hazardous nickel ions from Nitinol exposed to the neutral physiological medium was 

reported. That was suggested to be as a result of the nickel ions released from areas enriched 

with nickel on the Nitinol surface. Besides, titanium ions accompanied with a significant release 

of nickel were detected from Nitinol soaked to the acidic physiological medium. However, this 

feature was not fully investigated. For this reason, I proposed to employ the SECM operated in 

the feedback mode to examine the corrosion of Nitinol biomaterial in acidic medium.               

Another limitation of the medical application of Nitinol is the susceptibility to undergoing 

pitting corrosion. That was proved in vivo, also it was demonstrated by several electrochemical 

testing methods such as potentiodynamic polarization and SECM. However, no study was 

performed to monitor the corrosion products of the degradable Nitinol. Since the SECM 
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regarded as powerful tool for resolving the chemical reactions at the metal surfaces, I proposed 

using it to resolve the corrosion reactions evolve during the corrosion of Nitinol.   

The results of my work are presented in 4 independent chapters in the III.1-4 sections.  
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Part I. Introduction 

I.1. Biomaterials 

 

Biomaterials are generally defined as substance engineered to interact with biological 

systems to treat, evaluate, and replace any tissue, organ or function of the body [1-3]. In the last 

few decades, large number of biomaterials have been developed for application in the field of 

healthcare. They mainly find use as drug delivery, orthopedics, dental care, tissue engineering 

of cardiovascular devices and skin, as shown in Fig. 1 [4,5]. While, before recognizing any new 

biomaterial to be used in the human body, several prerequisites recognized by the International 

Standards Organization (ISO) and The American Society for Testing and Materials (ASTM) 

must be fulfilled [6]. The biocompatibility is considered as the vital requirement for the suitable 

application of the biomaterials. Williams defined the biocompatibility as “the ability of a 

biomaterial to perform its desired function with respect to a medical therapy, without eliciting 

any undesirable local or systemic effects in the recipient or beneficiary of that therapy, but 

generating the most appropriate beneficial cellular or tissue response to that specific situation, 

and optimizing the clinically relevant performance of that therapy” [7]. This means the 

implanted biomaterials shouldn’t generate any harmful reactions with the local surrounding 

environment. However, the implanted biomaterials are highly susceptible to corrosion because 

they are countered with severe corrosive environment, like blood and other kind of extracellular 

fluids containing chloride ions, proteins, and amino acids. This underlines that the implanted 

materials must provide a high corrosion resistance as claimed by the ISO and ASTM.  The 

implanted object can also suffer from wearing out due to the micromovement generated 

between it and the adjacent metal or bone [8]. That yields in the formation of wear debris which 

can develop unwanted interactions with the living tissue. Therefore, the wear resistance and the 

osseointegration property regarded as a major of importance for the longevity of the implanted 

materials [9]. Nowadays, the biomaterials are made of metals and alloys, polymers, ceramics, 

and composites. In my Ph.D. thesis I examined the electrochemical properties of titanium and 

its alloys that are regarded as the most useful as medical devices.  
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Figure 1: Applications of biomaterials in the human body [4].  
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I.2. Titanium and its alloys 
 

Titanium as new element was discovered in 1790 by William Gregor but its name was 

given by Klaproth in 1795. It is considered as the ninth most abundant element in the earth. In 

recent decades, titanium and its alloys became very popular materials. They are widely applied 

in numerous fields. Health care is one of the fastest expanding application fields of them. So 

far titanium and titanium-based alloys are accepted to be the most suitable materials for 

biomedical applications, mostly as implants [3]. They have been used in manufacturing 

biomedical implants since the 1950s. It is reported that over 1000 tons of titanium are used in 

biomedical devices annually [10]. This is due to their biocompatibility and mechanical 

properties such as low elastic modulus, high tensile strength, and low density. Also, they are 

known for their exceptional osseointegration character functioning in living tissue after 

implantation. It is generally known that under atmospheric conditions, a robust protective film 

can develop spontaneously on the surface of titanium objects. Its thickness is in the range of 

nanometers. The protective oxide film is mainly composed of TiO2 mixed with some of Ti2O3 

and TiO. The TiO2 has a semiconductive property with a wide bandgap of 3.2 eV [11], provides 

a high corrosion resistance through mitigating the release of the hazardous metal ions from the 

surface and inhibits the electron transfer reactions with the implanted environment. Once the 

titanium surface gets harmed, the titanium metal repassivates through the spontaneous 

formation of the passive titanium dioxide film [12].  Since the surface of the implantable 

materials makes the first contact with living tissue, thus the stability of the oxide film is a crucial 

factor for achieving successive treatment of the implantation. Different surface modification 

treatments are often performed to enhance the stability of the surface of the devices to be 

implanted. Numerous surface modification methods have already been developed such as 

plasma assisted physical vapor deposition (PVD), nanograined (NG) and thermal oxidation 

(TO), etc. [13-16]. The stability of passive oxide films can also be increased by employing 

properly selected amount of alloying metallic additives during metallurgic steps of preparation. 

Extensive research is still carried on for developing new titanium-based alloys with excellent 

mechanical and corrosion properties. Mostly Ta, and Zr are the alloying metallic elements. They 

are employed on one hand because of their nontoxic nature [17]. In addition, they facilitate the 

formation of a very stable oxides films. However, in certain conditions, the protective film 

developed on titanium and its based alloys is not entirely stable. Localized corrosion has been 

observed on a large microscopic scale [18-20]. Beside metal ions released from implanted 

titanium biomaterials were detected in blood and urine, Table 1 illustrates the most released 
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metals from the medical devices and their effect [21,22]. It has been reported that the release of 

metal cations harmfully affects the healing of bone and surrounding tissue wounds [23]. 

Extensive wastage of material from an implanted device can change its mechanical properties, 

can wakening it that could lead to losing its supporting function [24-26]. While, the occurrence 

of the localized corrosion and the release of metal cations are mostly the result of the damage 

of the protective film on titanium metal surface due to the combined effect of chemical, 

electrochemical, and mechanical processes as summarized in the next section. However, if such 

a film after the damage required longer time to be completely healed. The corrosive species in 

the electrolyte will enhance the corrosion of the metal. That leads to the occurrence of localized 

corrosion. Hence, the self-healing of the passive film on titanium biomaterial regarded critical 

to study.  

 

 

 

 

Table 1: Illustrates the effect of corrosion in human body due to various biomaterials.  

 

 

 

 

 

Metal Effects Reference 

Nickel (Ni) - The main source of allergic contact dermatitis. 

- Harmful to bone in tissue cultures. 

[27] 

[28] [29] 

Molybdenum (Mo) - Toxic in large doses. [30] 

Vanadium (V) - Toxic in elementary state. [31] 

Aluminum (Al) - Can cause epileptic effects. 

- Al is a considered as source of Alzheimer’s 

disease. 

[32] 

[33] 
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I.2.1. Corrosion of titanium and its alloys in physiologic environments 
 

The Ti based biomaterial devices implanted in living human tissue can suffer from corrosion 

through the following type of corrosion processes: 

- Pitting corrosion, it is a corrosion that proceeds in a very limited area. It often takes 

place on the surface of passive alloys [34], yielding the formation of small area cavities 

on the metal surface in form of numerous individual pits. That can happen principally 

in the presence of halogen ionic species such as chloride, and fluoride ions being in the 

corrosive medium contacting the metal surface. The pitting corrosion often generates a 

local, more aggressive environment and enhances the corrosion. In our days extensive 

research is carried out examining the corrosion of titanium and its alloys in a different 

physiological environment containing chloride and fluoride at different concentrations. 

Titanium-nickel based alloys are the most susceptible to the pitting corrosion that was 

proved under in vitro and in vivo conditions [35]. 

- Galvanic corrosion, it is a typical type of corrosion that takes place when two different 

metals exposed to a common electrolyte and electrically in contact with each other [23]. 

When two metals are galvanically coupled, the more active metal acts as an anode that 

releases the metal cations, while the more noble metal behaves as cathode reduces the 

oxidants present in the electrolyte. Numerous reports examined this effect. J.P. Collier 

et al. [36] investigated the corrosion behavior of coupled cobalt-chromium alloy with 

Ti6Al4V which are the major elements of hip joint replacements. In their investigation 

the occurrence of localized corrosion on the cobalt alloy surface could be identified. It 

was attributed to the galvanic corrosion phenomena. Another experiments, also for 

studying corrosion of implanted titanium alloys were performed by P. Hou and co-

workers [37]. They co-implanted magnesium and titanium objects into experimental 

rats and observed the corrosion rate. It could be proved that titanium accelerates the 

corrosion of the magnesium implant.  

- Crevice corrosion, it is a severe form of high localized corrosion that is usually takes 

place at the region of contact between metal/metal or metal/nonmetal parts [38]. This is 

typically happening when a metal surface is partially isolated from the environment. 

The anodic reactions preferentially occur in the crevice owing to the difference in the 

aeration with the bulk environment. This type of corrosion was reported in the case of 

implant devices made of certain kinds of steel [39]. However, only a few reports 
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appeared about cases of clinical problems with titanium implants caused by the crevice 

corrosion. Waller et al. [40] reported the occurrence of the crevice corrosion on 

implanted femoral support osteotomy components made of Ti6Al4V and Ti6Al7Nb 

when they were fixed with bone cement. 

- Fretting corrosion, it is a phenomenon which takes place when two materials are 

submitted to friction under a slight relative motion. The implanted biomaterials are 

highly susceptible to this type of corrosion [41]. Kawalec et al. [42] investigated the 

effect of fretting corrosion on Ti6Al4V exposed to aerated aqueous 0.9% NaCl solution 

and to 10% calf serum containing isotonic electrolytes. It was proved that the wear 

accelerates the corrosion of the testing samples. In addition, F. Contu et al. [43]. testified 

that the mechanical abrasion of commercial pure titanium (cpTi) and Ti6Al4V results 

in a shift of the open circuit potential (OCP) toward cathodic potentials. That can get to 

a value as low as –1500 mV vs. SCE depending on the pH of the testing electrolyte. 

Lately similar potential change has been shown with titanium niobium (Ti-Nb) and 

titanium molybdenum (Ti-Mo) alloys [44]. Recently, J. L. Gilbert and co-workers [45] 

examined the impact of the combination between the fretting corrosion and the cathodic 

polarization on the viability of biological cells cultured on Ti-6Al-4V surface. It was 

demonstrated that the viability of the cells decreases during the fretting corrosion and 

with the increase of the negative polarization. 

 

As clearly shown in a certain conditions, titanium and its alloys can affect the surrounding 

biological cells, also they are highly susceptible to the localized corrosion. Therefore, the 

improve of titanium and its alloys properties required a deep understanding of the 

electrochemical surface features present on their surfaces. However, the titanium biomaterials 

were mostly examined using conventional electrochemical testing. That provide only 

information on a large scale. Hence, understanding the electrochemical properties under in situ 

condition regarded as critical. In my dissertation scanning electrochemical microscopy that is 

considered as powerful in situ tool was employed in the examination of titanium alloy surfaces 

in different physiological conditions. 
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I.3. Scanning electrochemical microscopy 
 

Scanning electrochemical microscopy (SECM) is a version of scanning probe 

microscopy technique introduced by Bard and Enstrom [46]. Since then, the SECM became a 

very powerful tool for investigation of fine details of chemical reactions at the solid/liquid and 

liquid/liquid interfaces. It is broadly applied in different fields such as energy production and 

storage, experimental life-, materials-, corrosion sciences, etc. [47]. The constituent of the 

SECM apparatus can be seen in Fig. 2. It is composed of an ultramicroelectrode that is hooked 

up to a three-axis (X, Y, and Z) high precision positioning system. Its important part is the 

electrochemical measuring unit employed as electrochemical interface. That contains 

bipotentiostat, and a high impedance. In SECM measurements the ultramicroelectrode (UME) 

measuring tip is positioned in the close vicinity of the area to be investigated. It gathers chemical 

information about the sample area such as surface topography, nature and concentration of 

different species at micro areas. The positioning of the measuring tip, the data acquisition and 

evaluation/image formation are carried out by a computer. The data field composed of 3D tip 

location coordinates and corresponding electrochemical signals can be well used for 

characterizing the chemical nature of the studied area with high resolution. Heterogeneous 

chemical reactions taking place at electrolyte/metal interfaces – as ones proceed during 

corrosion- can be studied.              

  The SECM methods most often employed amperometric detection. Potentiometric 

detection mode with ion selective microelectrode tip is also used. 

 

         

Figure 2: Illustrates the schemes of the operation of the SECM in amperometric mode (A) and 

potentiometric mode (B). 
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I.3.1. Different modes of SECM  
 

I.3.1.1. Feedback modes 
 

The feedback mode has been broadly applied for studying the heterogeneous electron 

transfer kinetics [48]. In my dissertation the feedback mode was used to gather quantitative 

information on the electron transfer reaction at the titanium surface under the effect of different 

conditions such as mechanical, cathodic polarization and acidic medium effects.    

 In the case of the feedback measurement, a quasi-reversible mediator is added to the 

background electrolyte. While, if we considered that the reduced species R are added to the 

background electrolyte, and the UME is polarized to sufficient potential to oxidize the R to its 

oxidizing (O) form (Eq. 1). 

R  →  O + ne- (1) 

When the UME is in the bulk of the electrolyte, a steady Faradaic current is recorded (iT∞) given 

according to the following reaction [46]. 

iT∞ = nFDca (2) 

Where F, is the Faraday constant; a, the microelectrode radius; D, the diffusion coefficient of 

the mediator; and, c, is its concentration.                  

While as the UME vertically approaches to an insulating surface, the current decreases due to 

the hindered mass transport of the mediator toward the microelectrode surface as it is illustrated 

in Fig. 4 (black line). This is called as negative feedback as shown in Fig. 3 b. During the 

negative feedback phenomena, the tip current variation follows the following equation [46]: 

𝑖

𝑖∞
=

1

0.292 + 1.515
𝑎

𝑑
+ 0.6553𝑒𝑥𝑝 (−2.4035

𝑎

𝑑
)
 (3) 

Where d is the distance from the surface i and i∞ are the current at d distance and at “infinite” 

long distance where the surface does not have influence on the amperometric current, 

respectively. The a/d generally marked as L. It has to be noted that the constants in (Eq. 3) 

would be different if the RG (ratio between the diameter of the platinum micro disc and the 

surrounding glass) value was different from 10.   
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Figure 3: Illustration different modes of the SECM. (a)- Microelectrode in the bulk (b)- negative 

feedback (c) positive feedback (d)- redox competition mode (e) tip generation substrate 

collection mode (f) substrate generation tip collection mode (g) potentiometric mode.  
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On the other hand, if amperometric SECM tip is approaching to a conductive surface, then part 

of the oxidized form of the mediator produced on the microelectrode reaches the sample 

surface. It takes part in an electrochemical reduction. Therefore, the concentration of the R 

species at tip surface increases, consequently the tip current increases as it can be seen in Fig. 

4 (red line). This kind of tip-sample interaction shown in Fig. 3 c, is named positive feedback.  

The normalized current – distance dependence is in acceptable agreement with the following 

equation [46]: 

𝑖

𝑖∞
= 0.68 + 0.78377

𝑎

𝑑
+ 0.3315 exp (−1.0672

𝑎

𝑑
) (4) 

 

While, in cases when the mediator regenerating reaction is slower, then the approach curves 

recorded can be situated between the theoretical negative and positive approach curves, as 

shown in Fig. 4. It has been expected, that experimental approach curves can be used for 

estimating of the rate coefficients of mediator regenerating reactions.  Along this line several 

groups developed numeric forms for estimation of the effect of mediator regeneration rate (keff) 

on the experimental approach curves. For instance, Wittstock and coworker proposed a model 

which is the following [48]. 

𝐼𝑇 (L) =[ 𝐼𝑇
𝑖𝑛𝑠(L) + 𝐼𝑆 (L)(1- 

𝐼𝑇
𝑖𝑛𝑠(L)

𝐼𝑇
𝑐𝑜𝑛(L)

 )] (5) 

  

Where IT(L) is the current at L distance, 𝐼𝑇
𝑐𝑜𝑛(𝐿) and 𝐼𝑇

𝑖𝑛𝑠
(L) represent the tip currents for 

conductive and insulating substrates, respectively. 𝐼𝑇
𝑐𝑜𝑛(𝐿) and 𝐼𝑇

𝑖𝑛𝑠
(L) can be described by the 

(Eq. 3) and (Eq. 4) for an RG ≈ 10 amperometric tip. 

𝐼𝑇
𝑐𝑜𝑛(L) = 0.7449932 +

0.7582943

𝐿
+ 0.2353042 ∙ 𝑒−

1.683087

𝐿  
(6) 

 

 

𝐼𝑇
𝑖𝑛𝑠(L) =

1

0.4571825+
1.4604238

𝐿
+0.4312735∙𝑒

−
2.350667

𝐿

+
−0.145437.𝐿

5.5768952+𝐿
 (7) 

  

𝐼𝑆 is the kinetically controlled substrate current which can be expressed in terms of normalized 

first order rate constant k. It is described by the following (Eq. 8): 

𝐼𝑆 (L,k) =
0.78377

𝐿(1+
1

𝑘𝐿
)
 + 

0.68+0.3315 e
−1.0672

𝐿  

1+ (

11
𝑘𝐿

+7.3

110− 40𝐿
)

                                                 (8) 
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While the theoretical approach curves can be generated by inserting the values of a normalized 

distance (L) and a chosen value of the normalized rate constant (k) into equation (Eq. 8). The 

keff (Eq. 9) can be determined by knowing the diffusion coefficient of the mediator (D), the 

radius of the microelectrode (a), and the normalized rate constant k which is derived from 

experimental approach curve. 

keff = k  ∙
𝐷

𝑎
 

However, the model proposed by Wittstock and coworker is only valid for a probe that has an 

RG ≈ 10 and for a normalized distance situated between 0.1 and 1.6. A further expression has 

been proposed by Cornut and Lefrou [49], (Eq. 10):  

𝐼𝑇 = 𝐼𝑇
𝐶𝑜𝑛. (𝐿 + 𝑘−1) +

𝐼𝑇
𝐼𝑛𝑠 − 1

(1 + 2.47. 𝑅𝐺0,31𝐿. 𝑘). (1 + 𝐿0,006.𝑅𝐺+0,113. 𝑘−0,0236.𝑅𝐺+0,91)
 

This new model can be applied for SECM probes that has an RG values less than 20 and for 

normalized distance (L) higher than 0.1.            

The equation developed by Cornut and Lefrou was frequently used in my dissertation to 

simulate the Z-approach curves performed over titanium surface. 

 

 

Figure 4: Theoretical approach curves, where the red and the black line are the pure positive 

and negative feedback approach curves, respectively.   
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I.3.1.2. Redox competition mode 

The redox competition mode of the SECM (RC-SECM) was first introduced by 

Schumann and coworkers [50]. In the RC-SECM mode, the tip and the conductive substrate are 

activated to consume the same redox species, as it is shown in Fig. 3 d. When the SECM probe 

is far from the substrate, a steady tip current is measured. However, as the tip-sample gap gets 

smaller, then the mass flow to the tip of the reacting species is decreased by competing action 

of the approaching sample surface. Therefore, the amperometric tip current decreases. This 

mode is broadly employed for detecting and mapping surface activity of metal- or organic 

protector film coated metal object [51]. 

I.3.1.3. Tip generation substrate collection mode (TG-SC) 

In TG-SC mode, the polarized tip generates a species that can react on active spots of 

the sample surface leading the formation of a product P, see the illustration in Fig. 3 e. While 

the generated P species doesn’t react at the microelectrode, thus preventing the feedback loop. 

The TG-SC mode was generally employed for the pitting corrosion studies. It was commonly 

used for producing the chloride ions at the microelectrodes for creating the pits at the metal 

surface [52].  

I.3.1.4. Substrate generation tip collection (SG-TC) mode 
 

In this mode, the SECM tip is employed for collecting the species generated at the 

substrate as seen in Fig. 3 f. High tip signal indicates that high amount of reaction product is 

released from the sample surface spot being close to tip location. This mode is widely applied 

for corrosion studies because from active corroding spots of metal surfaces usually detectable 

species are released. Several reports appeared about using SECM measurements in SG-TC 

mode for detecting released ions (Mn+) like Fe2+ [53], Ni2+ [54], Cu2+ [55], and Cr2+ [56]. The 

locally evolved hydrogen gas was also mapped using SG-TC mode.  It was done in the case of 

investigation the corrosion of magnesium and iron systems [57,58]. In my thesis the hydrogen 

gas was monitored at the cathodic spots on titanium biomaterial. That is considered as the first 

study to detect hydrogen gas on titanium, it will be discussed in details in the result and 

discussion (chapter 3).  
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I.3.1.5. SECM with potentiometric detection 
 

As it was told earlier potentiometric detection has been frequently used in practice of 

SECM. This version of probe microscopy sometimes called the scanning ion-selective electrode 

technique (SIET). The SECM with potentiometric detection actually is a version of the SG-TC 

mode SECM. Its important advantage that no redox mediator is needed for these measurements. 

Whereas, the potential at the microelectrode depends on the activity of the ion of interest as 

shown in Fig. 3 g. In the last decades, numerous ISME’s were developed mostly for corrosion 

applications. They were used for mapping the concentration distribution of different ions such 

as Cu2+, Mg2+, and Zn2+ [59-61]. The pH microsensors were also developed such as antimony 

and iridium microelectrodes [62,63]. In my work I used antimony microelectrode because of 

its simple preparation also it can be used for amperometric detection to set the tip-sample 

distance. Using antimony as SECM probe the pH at the vicinity of mechanically damaged 

titanium biomaterial was monitored as will be discussed in details in the result and discussion 

chapter 1. In addition, the antimony microprobe was also employed to monitor the pH produced 

during the anodic degradation of the Nitinol biomaterial, this will be the topic of chapter 3 in 

the results and discussion. 
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I.3.2. Microelectrochemical characterization of titanium and its alloys by 

SECM  
 

SECM has already been employed for the characterization of titanium and titanium-

based alloy surfaces [64]. The first results obtained with the technique was reported by Basame 

and White [65]. They examined the behavior of the passive titanium dioxide film on titanium 

materials (Ti/TiO2) employing different reagent such as Br-, I-, SO4
2−and Fe(CN)6

4−. It was 

found that the titanium dioxide film was more susceptible to the localized corrosion in the 

presence of Br- ions. In the work of Casillas et al. [66] it was suggested for explanation that 

bromide ions form a bond with titanium and that leads to the dissolution of the oxide film. In a 

further study of the same authors [67] active spots on titanium surface with a diameter in the 

range of 10 μm to 50 μm could be identified using the SECM in the feedback mode. That was 

attributed to pitting precursor sites formation. Garfias-Mesias et al. [68] suggested that the 

pitting precursor sites observed might be formed because of presence of Al and Si inclusions in 

the titanium alloy. They proved their hypothesis by combining the SECM with the energy-

dispersive x-ray spectroscopy (EDX).  In those experiment high concentration of Al and Si was 

identified in the active sites.                          

Another study was done by Fushimi et al. [69] for testing that how far the heterogeneity of the 

oxide film follows the pattern of underlying grain boundaries. The relationship was 

demonstrated by mapping the activity of oxide film grown on a polycrystalline titanium 

electrode in a deaerated borate solution. It was shown that the heterogeneity rises with the 

increase of the anodic polarization. A similar study was carried out by Zhu et al. [70,71]. They 

examined the electrochemical reactivity of the native oxide film on Ti grade 2 and Ti grade 7 

surfaces. They demonstrated that the presence of impurities plays a significant role in enhancing 

the rate of localized corrosion. It was confirmed by detecting the reactive spots and the grain 

boundaries. SEM/EDX experiments supported the concept that the formation of reactive spots 

could be to the presence of the impurity such as Fe. A further study has been performed by G. 

Wittstock and co-workers. They have investigated the electrochemical behavior of the oxide 

film on the Ti6Al4V alloy which is composed of α and β phases [72,73]. The kinetics of the 

electron transfer at the Ti6Al4V surface was tested by employing different mediators. They 

demonstrated that the electron transfer kinetics on the α phase strongly depends on the redox 

potential of the mediator. Also, a difference in the electronic conductivity of α and β phases 

was observed, while the β phase showed the higher reactivity.   
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 R.M. Souto and co-workers believed that the electrochemical properties of the passive 

oxide film on titanium surface significantly depend on the ways of the alloy fabrication. They 

tested the fabrication procedure's impact on the corrosion resistance of TiMo alloys [74]. It was 

shown that the alloys prepared by crucible levitation melting (CCLM) produced a compact film 

with high corrosion resistance. In contrast, the alloys made by the powder sintering (PS) method 

showed a porous structure and weaker corrosion. Besides, they studied the effect of niobium 

content on the corrosion resistance of TiMo alloys [75].  It was proved, the presence of niobium 

in the range of 8 to 16% can enhance significantly the corrosion resistance of TiMo.  

 Corrosion resistance character of Nitinol that is an equiatomic alloy of titanium and 

nickel, was also examined with the SECM. The Nitinol is frequently employed for making 

implantable biomedical devices. Schulte and coworkers [76] reported about the susceptibility 

of Nitinol to undergo to pitting corrosion. It was confirmed by visualizing the pits on Nitinol 

surface using alternating current scanning electrochemical microscopy (AC-SECM). The same 

authors examined the corrosion of NiTi/steel joints. In their work, the Ni2+ ions evolved from 

Nitinol were detected using SECM operated in stripping mode [77]. Furthermore, they reported 

a series of experiment to improve the corrosion resistance of Nitinol by using electropolishing 

procedure. Recently, Izquierdo, et al. [78] examined the properties of the passive film on Nitinol 

under polarization. It was illustrated that the electron transfer reaction on Nitinol significantly 

depends on the applied polarization. As well, they showed the susceptibility of Nitinol to the 

pitting corrosion under the anodic polarization. Because of the nickel toxicity, widespread 

research has been carried out to substitute the nickel with non-toxic metals keeping the same 

mechanical and corrosion resistance properties as Nitinol has. In most cases nickel is substituted 

by Zr and Ta. Bolat and co-workers [79] studied the electrochemical behavior of three different 

ZrTi alloys which are the following. Zr5Ti, Zr25Ti, and Zr45Ti. Their behavior was compared 

with that of the pure titanium. Via using the SECM, it was demonstrated that the increase of 

titanium content increased the corrosion resistance of Zr. That was proved based on quantifying 

the rates of electron transfer reaction on the surface of the alloys.    

 So far, no systematic study with SECM was performed to study the kinetic and the 

corrosion mechanisms of the self-healing of the protective film on titanium biomaterial. Also, 

the cathodic polarization effect on the electron transfer reaction at titanium was not fully 

investigated. In addition, no study was carried out to monitor the corrosion products on the 

Nitinol surface. In my dissertation those issues were studied in details. 
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Part II. Materials and methods 

II.1. Materials 
 

The phosphate buffer saline solution (PBS) that has pH of 7.2 was prepared using 8 g/L 

NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, and 0.24 g/L KH2PO4. All the chemicals were supplied 

by Sigma Aldrich. For acidifying, high purity HCl (Aristar) was used. In SECM measurements 

ferrocene methonol (FcMeOH) supplied by Sigma Aldrich was used as redox mediator. All the 

solutions were made using ultrapure water (Millipore water system, specific conductivity                                       

κ = 6 × 10 - 6 S/cm; Merck Millipore, Billerica, MS, USA). 

Antimony microelectrode was made using antimony powder purchased from Aldrich 

(Saint Louis, MO, USA). Pt disk microelectrodes (ME) was made from 25 m diameter Pt wire 

(Goodfellow, Cambridge, UK). Borosilicate capillaries (outer dia. Ø = 1.5 mm, inner dia. Ø = 

1.0 mm) were bought from Hilgenberg GmbH (Germany). Nitinol wire (55% Ni and 45% Ti, 

∅ = 0.8 mm) and pure titanium sheet (99.99%) were supplied by (Goodfellow, Cambridge, 

UK). Titanium G4 implant (99.5% Ti and 0.5% Fe) was supplied by Dr. B. Németh. The targets 

were prepared using epoxy resin purchased from Struers (Denmark), employed for embedding 

the metal samples.  

II.2. Targets preparation technique 
 

All the tested metal samples investigated in my thesis were embedded in the epoxy resin. 

They were prepared by mounting the testing samples in a cylindrical mold, then filling the 

cylindrical mold by 3ML liquid that was made by mixing the resin and Epofix hardener by a 

mass ratio of 8 to 1. Afterward, it was left for 12 hours at room temperature for drying.  The 

top area of the target was grounded with SiC paper to establish a flat surface, then it was wet 

polished sequentially with 1, 0.3, 0.05 m grain size alumina slurries. The electrochemical cell 

was created by wrapping around the cylindrical plastic body a sellotape. Copper wire was 

soldered on the metal sample piece. It was extended over the plastic on the back side that 

allowed connecting the sample to the potentiostat when polarized sample were studied.  
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II.3. Electrode preparation methods 
 

Homemade microelectrodes were used as SECM measuring tips in these studies. 

Procedures taken from literature were slightly modified in preparing them. 

II.3.1. Platinum microelectrode 
 

The platinum microelectrode used in the SECM experiments was prepared by following 

the procedure reported in [80]. First, a borosilicate capillary was rinsed with acetone and double 

distilled water then one end of the capillary was closed using the oxidizing flame of the Bunsen 

burner. Afterward, a platinum microfiber of diameter of 25 μm and 1-2 cm length was 

introduced into the lumen of capillary all the way down to the sealed end. The open end of the 

capillary was connected to a vacuum pump for preventing formation of air bubbles around the 

Pt wire during sealing in step. Then the capillary was positioned vertically in center, slightly 

above of an electric heating coil made from kanthal. Employing sufficient electric power about 

half of the fiber was sealed inside melted glass moving the capillary slowly down. Actually, as 

a first step a cleaning phase with lower power was performed. In the lumen of the capillary a 

copper wire was soldered to the extending Pt wire to provide electric contact. The sealed part 

of the capillary was taken off by sand paper as long as a Pt micro disk appeared up in the center. 

The small end plate was carefully polished using abrasive papers and pads (Buehler Ltd., Bluff, 

IL) coated with alumina having diameters of 1.0 µm, 0.3 µm and 0.05 µm, respectively. After 

it a pointy end was carefully prepared checking periodically the progress with an optic 

microscope. In this way micro disk type electrode with RG ≈ 10 value was fabricated and used 

in my SECM measurements.  

  

II.3.2. Antimony microelectrode 
 

The antimony microelectrode was prepared by following the procedure reported in [63]. 

As a first step about 10 g of antimony powder was melted in as small ceramic crucible using 

Bunsen flame. The molten antimony was sucked into the lumen of a thick walled glass capillary 

using a large (250 mL) syringe. Afterward the capillary with the solidified antimony fiber inside 

was pulled manually with standard glass blowing technique. In this way a glass capillary of 

about 0.2 mm diameter with antimony fiber diameter of a few µm inside was obtained. Under 

surveillance of optical microscopy, a 5-10 mm long section of it with continuous metal fiber 
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was selected and cut. Then, it was glued inside a capillary body with sticking out the antimony 

containing sensor part in one side (3-5 mm) and the copper wire in the other one.    

II.4. Conventional electrochemical measurements 
 

The conventional electrochemical measurement such as electrochemical impedance 

spectroscopy, potentiodynamic polarization, and cyclic voltammetry were performed using 

CHI604E type electrochemical workstation build by CH Instruments. As reference and counter 

electrodes, Ag/AgCl/KCl (3M) and platinum were used, respectively. 

II.5. Scanning electrochemical microscopy apparatus 
 

The experiments were performed with three different microscopes, two were homemade 

and the other was a commercial one. This later was a 370-model supplied by Uniscan 

Instruments. It is composed of a high precision, three-dimension tip positioning unit based on 

three stepper motors. These linear motors provide quite long tip travel distance of 75 mm in all 

XYZ directions with 8 nm resolution. The second part used as electrochemical interface of the 

SECM was the bipotentiostat model 59580R type supplied by Uniscan Instruments. 

  The positioning unit of one of the homemade SECM used in my work were based on 

three stepper motors model UE166PP (Newport, Irvine, CA, TypeMMFN25PP). Their step size 

resolution is 75 nm and they can provide 25 mm travel range. EF437 bipotentiostat supplied by 

(Elektroflex Ltd., Szeged, Hungary) is employed as measuring unite. The program controlling 

the tip positioning, data acquisition and evaluation were written on Microsoft Visual Basic 6.

 The construction of the second homemade microscope used in my experiments is 

described in [81]. In brief, it is composed of three stepper motors controlled by a SD4DX USB 

Controller (Peter Norberg Consulting, Inc. 117 South Clay Ave. Ferguson, MO, USA), and 

driven by a Gecko step-and-direction driver board (Geckodrive, Inc. 14662 Franklin Ave, Santa 

Ana, CA.). The controlling of the positioning was performed by a software written in Java 

installed in a personal computer.  

II.6. Energy dispersive x-ray spectroscopy (EDX) 
 

An elemental analysis of cp titanium and nitinol surface was carried out using EDX (Ametek, 

USA) scanning an area 250 µm × 250 µm. The accelerating potential was 25 KV.  
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II.7. Atomic absorption spectroscopy (AAS) 
 

The release of nickel and titanium from nitinol were examined using the atomic absorption 

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

used for the solution preparation. The nickel standard solutions (Merck) were prepared in the 

range of 0-600 and 0-200ppb for titanium (Merck), employing the matrix modifier (5µg Pd + 

3µg Mg(No3)2 ). Where the calibration curve for Nickel and titanium are: y = 0.00963x, 

R²=0.9906 and y=0.00008x, R²=0.962 respectively. The AAS experiments were done through 

preparing 9 plastic vials of 1mL volume, one filled with 0.1M NaCl (pH=7) and the others (8 

plastic vials) with acidified NaCl (pH=3). First, as-received Nitinol wire that has a surface area 

of 0.2 cm² was exposed for 10 min in the neutral NaCl then was immersed for 10 min at every 

single vial filled with the acidified NaCl (ordered from 2 to 9). Subsequently, nickel and 

titanium were measured at each vial employing the graphite furnace. 
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Part III. Results and discussions 

Chapter 1 – Monitoring the self-healing of the native passive film 

on titanium biomaterial after mechanical removal. 
 

III.1.1. Resume 
 

Titanium and titanium-based alloys considered among the most used materials as 

implantable biomaterials because of their high corrosion resistance provided by the protective 

passive film formed on the titanium surface. However, numerous reports showed the failure 

cases of titanium implants, due to the fact of the damage of the protective film [18,20]. That 

would happen via mechanical, chemical, and biological impacts [82]. While if such protective 

film takes time to be healed, it would enhance the corrosion of the implant. That eventually 

leads to the failure of the implant. Therefore, understanding of the kinetic and the mechanism 

of the repassivation process of titanium and its alloys regarded critical. However, there are only 

a few reports dealing with the self-healing of the biomaterials. For instance, F. Contu et al. [43]. 

examined the repassivation of mechanically damaged surface of pure titanium and Ti-6Al-4V 

immersed in inorganic buffer solutions. In their work, the repassivation kinetics was carried out 

through measuring the open circuit potential of the testing samples before and after the 

mechanical damaged. Moreover, J.L. Wang et al. [83]. They investigated the self-healing of 

different titanium alloys using in situ scratching, whereas the repassivation rate was controlled 

by the chronoamperometry. In their experiments, the test samples were polarized to 0.1 V for 

600 s. Afterward, they scratched the surface. They considered the time needed for the current 

after scratching to reach the same current value of the undamaged surface, as the time of the 

self-healing. They demonstrated that the time need for the self-healing of the tested titanium 

alloys varies between 10 and 150 s, depending on the composition of the alloy. However, the 

method used is not adequate for estimating the self-healing rate because protective surface film 

of the tested samples was prepared by electrochemical polarization which enhances the 

formation of the protective film. Besides, the kinetic of the self-healing will be controlled by 

the imposed polarization. Thus, in situ tool is required for studying the self-healing of the 

passive metals. For that purpose, I proposed the scanning electrochemical microscopy for this 

task as an in situ tool. In this chapter, I examined the kinetics of the self-healing of titanium 

dioxide formed on titanium G4 implant surface using SECM operated in amperometric and 

potentiometric modes.  



31 
 

III.1.2. Investigation of the electron transfer at titanium biomaterial after 

removal of the native passive film, using SECM operated in the feedback 

mode 
 

III.1.2.1. SECM approach curves measurements 

 

In our SECM experiments, 25 m diameter Pt microelectrode (ME) used as SECM 

probe. About 3ML of PBS physiological background solution containing FcMeOH in 1.2 mM 

concentration was introduced into the small cylindrical cell created over the embedded sample. 

0.6 V vs. Ag/AgCl/KCl (3M) electrode potential was employed and the amperometric current 

was recorded at different tip positions. The sample metal that in this case was an implantable 

dental root matter was cut by diamante saw perpendicularly to its stem. After embedding it with 

the circular surface up, the Ti G4 sample surface was freshly polished. The tip was positioned 

over the center of the sample 100 µm vertical (Z) distance from it. Afterward the electrolyte 

was introduced into the cell, and current – distance dependence was recorded without 

connecting polarization potential onto the sample. The tip was moving vertically down with 10 

µm/s speed. Before touching the surface, the tip was detracted back to 100 µm. After certain 

times approach curves were recorded similarly.  

 

Figure 5: Z-approach curves measured using 25 µm platinum microelectrode over titanium G4 

immersed in PBS mixed with 1.2 mM FcMeOH. The tip potential was 0.6 V vs. Ag/AgCl/KCl 

(3M) and scan rate of 10 µm/s was employed. The symbols and the solid line represent the 

experimental and the theoretical data, respectively. The times shown in the inset correspond to 

the elapsed time between introducing the PBS electrolyte and recording the approach curve. 
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The curves recorded at different times are presented as dotted lines in Fig. 5. The 

abscissa values of the curves mark the normalized distance L (L=d/a where d is the gap distance 

and a is the radius of the tip, in this case 12.5 µm) while the ordinate values show the so called 

normalized current Ir = Id/I∞ where Id is the measured tip current at d gap size and I∞ is the 

current measured in the bulk, far from the sample surface.  

                               

Figure 6: Electrochemical responses observed for the tip current as a function of time during 

amperometric SECM operation over titanium G4 surface. (A) Positive feedback effect recorded 

at the first period of immersion; (B) negative feedback effect recorded after 40 min of immersion 

due the total passivation of titanium G4 surface. 

 

Negative feedback effect is expected above the freshly polished titanium G4 surface if 

formation of protective TiO2 is an instantaneously fast reaction. Observing the dotted lines 

shown in Fig. 5, it can be seen that as long as the tip is far from the sample surface the 

normalized current does not depend on the normalized distance. Its value is constant and does 

not depend on the sample soaking time either. On the other hand, as the normalized distance 

starts decreasing below 3 that correspond to three times tip radius (3a) the normalized current 

values start to change. While, the approach curve recorded immediately after exposing the 

freshly polished titanium G4 surface to the electrolyte shows an intensive positive feedback 

effect (black dots), due to the reactivity of the titanium G4 surface (see Fig. 6 A). As the time 

of sample electrolyte interaction goes on, the extent of the contribution of the positive feedback 

is gradually decreasing. This indicates that the rate of the mediator reduction reaction is 

decreasing by the immersion time. The reason might be the formation of the passivation layer. 

Most likely titanium oxide is building up on the sample surface that hinders the regeneration of 

the mediator (see Fig. 6 B). After 14 minutes of immersion time no more positive feedback 
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shows up (yellow curve). This shows that the concentration of the FcMeOH will not be higher 

at the tip surface than it is in the bulk. As the time goes on, the approach curves show gradually 

more and more extensive negative feedback character. This indicates that the further 

decelerated chemical reaction less and less can compensate the diffusion transport hindering 

effect of the approaching surface. After 40 min of immersion a pure negative feedback character 

could be observed (see Fig. 5) indicating that the passive titanium oxide layer formed 

completely blocks the reduction of FcMeOH+ as shown in Fig. 6 B. 

As it is well known, the shape of amperometric approach curve recorded over 

conductive sample surfaces with SECM and employing appropriate mediator species will be 

determined by the competition of the mediator regenerating reaction and the diffusion transport 

hindering. Therefore, knowing the diffusion coefficient of the mediator, the rate coefficient of 

mediator regenerating reaction can be estimated. The equation developed by Cornut and Lefrou 

can be effectively used for this task [49].  

 

Figure 7: Variation of the calculated effective rate coefficient as a function of immersion time. 

In this way, the dependence of keff values on the time period between time exposing the renewed 

Ti G4 surface to the electrolyte and time of approach curve taking (t) could be obtained. Fig. 

7 shows the keff – (t) dependence obtained in this way. It can be accepted that the decrease of 

the keff value in time indicates the rate of the self-healing process.          

As it can be seen in the initial period, the keff values decrease rapidly. After about 12 minutes 

exposition time a section with moderate decrease follows reaching all the way to the keff  = 0. 
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At the initial moment of immersion, the freshly cleaned sample surface is conductive. On the 

contrary, with time, the effective rate coefficient decreases progressively indicating the more 

moderate regeneration of the FcMeOH caused by the fewer electrons on the titanium G4 

surface. The keff value achieved the zero value after 25 min of immersion due to the formation 

of insulator oxide layer on the titanium alloy.       

 The approach curves obtained in our experiment show that the formation of the 

passivation TiO2 film on the Ti G4 surface is not an instantaneous process. About 25 minutes 

time is the needed for getting entirely formed. 

III.1.3. pH monitoring on titanium biomaterial after removal of the native 

passive film, using SECM in the potentiometric mode   
 

Heterogeneous redox reactions are often involving local pH changes in the vicinity of 

the surface taking part in the process. Therefore, it was obvious to investigate the changes of 

local pH values over the dental implant sample during healing of the protective surface film. 

III.1.3.1. SECM line scans measurements 

 

The above discussed experiments with SECM operated in amperometric mode prove 

that the formation of the titanium dioxide on titanium G4 is a time-dependent process. That 

indicates that electrochemical processes are taking place on titanium G4 surface, most likely 

they are anodic and cathodic processes. In my further experiments, SECM operated in 

potentiometric mode was used for monitoring the pH in the vicinity of the titanium G4 surface. 

Sb/Sb2O3Microelectrode as SECM probe was used and measurements were done in different 

times after mechanically damaging of the protective surface layer of titanium G4 by polishing. 

In the actual SECM experiments, first, the Ti G4 sample embedded in the epoxy resin was 

freshly polished, then about 3ML PBS physiological background solution was added into the 

electrochemical cell. The distance between the Sb/Sb2O3Microelectrode probe and the target 

was set to 30 µm adjusted by lowering the SECM probe carefully over the epoxy surface and 

the potential jump at “touch down” was noticed and accepted as zero distance. Afterward the 

tip was retracted from the surface by 30 µm. The setup of the experiment is shown in Fig. 8 

The potential was measured at the tip versus Ag/AgCl/KCl (3M) reference electrode. 

Subsequently a series of consecutive horizontal line scans were carried out across the center of 

freshly polished titanium G4 at different periods of time. 



35 
 

Fig. 9 show the line scans recorded. They are showing local pH values measured at different 

exposition times as the tip traveled horizontally across the surface containing of titanium G4 

sample. As it can be seen, the pH above the epoxy resin is almost the same as in the bulk (pH 

≈ 7.3). However, an acidification could be detected at the close vicinity of the freshly polished 

titanium G4. After 3Min of immersion of the freshly polished titanium G4 in PBS solution, a 

pH value of 6.5 was measured. This indicates that chemical reaction taking place right after the 

interaction of the mechanically polished titanium surface with the PBS solution.  Nevertheless, 

the pH increases progressively with time, indicates the slowing down of the chemical processes. 

Whereas about 15 min the pH is almost identical to the one measured above the epoxy resin. 

This implies the cessation of the chemical reaction at close vicinity of the titanium sample. 

 

 

 

Figure 8: Scheme represents the setup used for the SECM potentiometric measurement where 

antimony microelectrode used as SECM probe and PBS solution as background electrolyte 

were applied. The potential was measured versus Ag/AgCl/ 3M KCl using a homemade voltage 

follower based on 1012 Ω input impedance operational amplifier. 
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Figure 9: Line scans recorded over freshly polished titanium G4 surface immersed in PBS 

solution using antimony microprobe. The vertical tip-sample distance was 30 µm and a scan 

rate of 50 µm/s was used. The time values shown in the color code represent the elapsed 

between introducing the PBS solution and recording of the individual line scan. 
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In corrosion mechanisms, the acidification is ordinarily attributed to the hydrolysis of the 

hydrated metal [84]. Therefore, the local pH change observed can be explained by considering 

the released of the metal cations from the anodic areas. This implies the oxidation of titanium 

metal is required for forming the Ti4+ (Eq. 11). While the electrons yield from the oxidation 

reaction must be consumed by the oxidant present in the electrolyte, mostly likely by water or 

/and oxygen since their reactions are thermodynamically possible with titanium [85].   

Whereas, in aqueous phase the Ti4+cation is not steady, the hydrolysis reaction take place 

forming the titanium hydroxides through the following reactions (Eqs. 12-14): 

Therefore, it can be accepted that the local 

acidification that occurs in the vicinity of the 

polished titanium G4 shown in Fig. 9 is the result of 

the hydrogen ions yielded from the hydrolysis 

reactions of Ti4+ ions.  

Y. Fovet et al. [86] examined the stability of Ti4+ in 

Ringer solution at different pH values. It was proved 

that at pH 7.3 the titanium tetra hydroxide Ti(OH)4 

is the dominant form which will dehydrate forming 

the TiO2 insulating layer, as follows: 

 

Ti(OH)4→ TiO2 + 2H2O (15) 

 

The local pH change observed by potentiometric SECM experiments clearly revealed that the 

above-mentioned chemical reactions can occur on freshly polished titanium G4 and take part 

in the formation of TiO2 insulating layer on the metal surface. Fig. 10 summarizes the different 

process of the self-healing. 

 

Ti   →Ti4+ + 4e- (11)  

Ti4+ + 2H2O   →Ti(OH)2
2++ 2H+ (12)  

 Ti(OH)2
2+ + H2O →Ti(OH)3

++ H+ (13)  

Ti(OH)3
+ + H2O → Ti(OH)4 + H+ (14)  

Figure 10: Represent the corrosion 

mechanisms of the self-healing of the 

titanium dioxide on titanium G4. A- the 

oxidation of titanium B- hydrolysis 

reaction C- dehydration reaction.  
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III.1.4. Investigation of the corrosion resistance of titanium biomaterial after 

removal of the native passive film, using EIS. 
 

In conventional corrosion studies the impedance spectroscopy is frequently employed 

for investigations of the processes. In order to gather information on the impact of the 

immersion time on the corrosion resistance of the passive film developed on the titanium G4 

surface, electrochemical impedance spectroscopy was employed. In this experiment the passive 

surface film was removed by mechanical polishing. Then PBS solution was introduced into the 

electrochemical cell. Afterward, the EIS spectra were recorded at every 5 min applying a range 

of frequency of 100 kHz – 0.1 Hz and sinusoidal voltage of 10 mV. The impedance spectra 

registered are illustrated in Fig. 11 in the form of Bode and Nyquist plots. As clearly can be 

seen, the Bode diagrams presented in the Fig. 11 A can be partitioned into three segments. The 

first section located at the high frequency range of 103-105 Hz. It displays a stable value of log 

|Z| that doesn’t depend on the immersion time, whereas the phase angle is approaches to a value 

of zero. This is ordinarily attributed to the resistance of the electrolyte between the tested sample 

and the reference electrode. The second region that is situated at intermediate frequencies, the 

phase angle diagrams shows almost a stable angle own a value close to 80°, while the log |Z| 

vs. log f spectrum reveals a linear slope with a value adjacent to -1; as generally known is the 

typical performance of the compact passive film [87]. The last section is taking place at low 

frequencies, while the phase angle spectrum exhibited a variation of the phase angle from 36° 

to 57 ° as the time of immersion raises. That suggested the development of the protective oxide 

film on titanium G4 surface [88]. Besides, the Nyquist plots presented in Fig. 11 B, exhibit 

different single depressed capacitive like-semicircles that is correlated to the passive oxide layer 

on titanium G4 surface that acts as a barrier layer at all periods of immersion [88]. Therefore, 

the increase of the diameter of the capacitive like-semicircles indicates the development of the 

passive film on the titanium G4 surface with lengthening of exposure time. 
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Figure 11: Electrochemical impedance spectra recorded on freshly polished titanium G4 

exposed to PBS solution. (A) Nyquist plot (B) Bode diagram. The experiment was carried out 

in a frequency range of 100 kHz – 0.1 Hz and sinusoidal voltage of 10 mV was applied. The 

inset in Figure 11 A represent the electric circuit used for fitting the experimental data. The 

experiments were done at the open circuit potential condition. 
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Based on the Bode plots, that displays a single peak. This suggested the simulation of the 

impedance spectra using the equivalent circuit composed by one RC element as shown in Fig. 

11 B. Where Rs and Rbf represent the resistances of the electrolyte and the native barrier oxide 

film, respectively. Qbf define the constant phase element of the native barrier oxide film. Similar 

equivalent circuit has been proposed to model EIS spectra of different titanium and titanium-

based alloys such as pure titanium [89], titanium grade 2 that has almost a similar composition 

compare to titanium grade 4 [90-92] and other titanium alloys such as Ti35Nb10Ta-xFe and 

TiNbZr [93,94]. The EIS parameters were gathered by simulating the EIS spectra using the Ec-

Lab software, whereas the quality of the fittings was evaluated based on the Chi-squared values. 

Fig. 11 shows the fitted curve (solid lines) manifests a very good correlation with experimental 

data (discrete points). 

 

 

 

Figure 12: Variation of the oxide film resistance as function of self-healing time. 

 

Fig. 12 displays the variation of the resistance of the barrier oxide film as a function of time. 

As can be seen, the resistance raises with the increase of the exposure time. It indicates the 

protection of the titanium G4 surface with a compact film after the interaction with PBS 

solution. At the first period of immersion up to 15 min, the resistance increases with a rate of 

2206 MΩ.cm2/min, nevertheless after 15 min the resistance rate declines to 958 MΩ.cm2/min. 

This suggests that the chemical reactions occurring at the vicinity of titanium surface for 
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forming the passive film became less favored after 15 min of exposure. This is in a close 

correlation with results of potentiometric and amperometric SECM experiments. 

These experiments clearly show that the self-healing of the titanium dioxide on titanium 

metal is a process that takes well measurable time for completion. Several minutes were needed 

for the formation of compact passive film. That was proved by the occurrence of the electron 

transfer reactions between the titanium and the local environment. Also, it was demonstrated 

by the low pH detected during the repassivation process which indicates the discharge of 

titanium cations from titanium surface. This underlines that during self-healing unwanted 

release of cations can happen. This is a crucial factor which must be taken into consideration in 

the biomaterial application. 
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Chapter 2 – Impact of cathodic polarization on the electrochemical 

reactivity of titanium biomaterial 
 

III.2.1. Resume 
 

The anticorrosion property is one of the main factors providing suitable 

biocompatibility. In the case of titanium biomaterials, the anticorrosion property is principally 

conferred by the passive titanium dioxide protective layer which inhibits the release of 

hazardous metal cations from the surface, and hinders the electron transfer reactions with the 

surrounding tissue. Numerous papers have been published on evaluating the anticorrosion 

property of titanium metal. In those works, different physiological electrolytes, surface 

treatments, and anodic polarization were employed, and their effects were compared [95,96]. 

To our knowledge, however, a very limited number of studies dealt with the investigation of 

the cathodic polarization impact so far. While the implanted materials can suffer from the 

cathodic polarization during the fretting corrosion. F. Contu et al. [43] showed that during the 

mechanical abrasion of commercial pure titanium (cp Ti) and Ti6Al4V their open circuit 

potential can drop to a value as low as –1500 mV vs. SCE. Similarly, was revealed in the case 

of titanium niobium (Ti-Nb) and titanium molybdenum (Ti-Mo) alloys [44]. Moreover, the 

cathodic polarization can occur during the galvanic corrosion most likely when titanium is 

coupled with a dissimilar material. Recently, in vivo studies carried out by P. Hou and co-

workers [37] the corrosion rate of magnesium co-implanted with titanium object was examined. 

It was demonstrated that titanium accelerated the corrosion of the magnesium implant. 

Furthermore, studies testing the influence of catholic polarization on viability of cells in tissues 

surrounding polarized titanium implants, that it decreased with the increase of the negative 

polarization [97,99]. Further study performed by Brooks et al. showed that under the cathodic 

polarization the corrosion resistance of titanium declined and it accompanied by intensive 

release of metal cations [100]. Therefore, understanding the electrochemical behavior of 

negatively polarized titanium in situ is recognized as critical character. In this chapter, the 

electrochemical behavior of commercial pure titanium sample was investigated under cathodic 

polarization using scanning electrochemical microscopy in the amperometric mode.   
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III.2.2. Chronoamperometric measurement on freshly polished cp titanium 
 

In order to ensure the formation of the passive titanium dioxide film on the cp titanium 

surface (99.99 % Ti), chronoamperometric measurement was carried out on freshly polished 

embedded titanium sample. The experiment was conducted in 0.1 M NaCl at room temperature. 

Freshly polished titanium sample was kept at 2 V vs. Ag/AgCl/KCl (3M) polarizing potential 

for 60 s, meanwhile the current-time dependence was recorded. The recorded curve is shown 

in Fig. 13. As it can be seen the current decays by the time. In the first stage a fast decrease of 

it shows up afterward the current remains almost stable. That indicates the development of a 

protective film on the cp titanium surface. Most likely the passive film is composed of titanium 

dioxide which can be formed through the following reaction.  

 

 

 

Figure 13: Chronoamperometric curve recorded on freshly polished pure titanium soaked in 

0.1 M NaCl. The titanium sample was polarized to 2 V vs. Ag/AgCl/ 3M KCl for 60. 

 

 

Ti + 2H2O  →  TiO2 + 4H+ + 4e-  [16] 
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III.2.3. Titanium surface characterization by energy dispersive x-ray 

spectroscopy 
 

The percentages of different atoms in the surface film formed upon oxidative polarization 

could be estimated using EDX spectroscopy. As a result of that study Fig. 14 shows the 

elemental composition of the surface layer of Ti sample after electrode polarization to 2 V vs. 

Ag/AgCl/KCl (3M) for 60 s. It can be seen that oxygen and titanium elements were detected. 

The estimated weight percentage of oxygen and titanium were found to be 27.5% and 72.5%, 

respectively. The presence of oxygen affirms the creation of the passive titanium dioxide film 

on the surface in agreement with the observations reported in [101].  

 

 

 

Figure 14: EDX done after polarizing titanium for 2 V vs. Ag/AgCl/KCl (3M) for 60 s. (a) 

represent the EDX spectra (b) and (c) correspond to the oxygen and titanium distribution on 

titanium surface, respectively. The table shown in the inset shows the weight and atomic 

percentage of oxygen and titanium on the surface. 
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III.2.4. Electrochemical characterization of commercial pure titanium using 

cyclic voltammetry 
 

Cyclic voltammograms were carried out on freshly polished pure titanium (99.99% Ti) 

electrode immersed in deaerated 0.1M NaCl solution, as shown in Fig. 15. As it can be seen, in 

the first CV swept anodically starting from -0.5V vs. Ag/AgCl/KCl (3M), a very fast increase 

of current shows up. It is the result of the TiO2 layer formation on the metal surface [102]. 

As the electrode potential proceeds to negative direction, an increasing reduction current shows 

up starting at about -100 mV. As suggested by Ohtsuka et al. [103] we can assume that the 

electro-reduction of anodically formed titanium dioxide takes part in this cathodic polarization 

range. The electrochemically reduced protons (H𝑎𝑞
+ + e-→H𝑎𝑑) get absorbed. This leads to the 

transformation of titanium dioxide to titanium hydroperoxo species, described by the following 

reaction [103]: 

 

TiO2 + ne- + x𝐻𝑎𝑞
+ →  TiO2-x (OH)x  [17] 

   

   

 

 

  

Figure 15: Cyclic voltammograms recorded on freshly polished titanium electrode in 0.1M 

NaCl. The first scan began from -0.5 V up to 2 V (black line). The second line (red line) and 

the third line (blue line) were performed at the range of potential of -1 V – 2 V vs. Ag/AgCl/KCl 

(3M). A scan rate of 1 mV/s was employed.  
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III.2.5. SECM investigation of the reactivity of titanium surface  
 

III.2.5.1. SECM approach curves measurements 

 

Further electrochemical characterization of the thin titanium oxide layer formed on a 

pure titanium surface has been done with SECM. For investigating the dependence of the 

electrochemical reactivity of the titanium sample surface on the cathodic polarization potential, 

consecutive approach curves were recorded over the surface of embedded titanium sample 

surface. Platinum disk as amperometric SECM tip that has a diameter of 25 m was employed. 

For these experiments 0.1M NaCl background solution containing 5mM FcMeOH was 

introduced into the cell and tip potential of 0.5 V vs. Ag/AgCl/KCl (3M) was imposed. The tip 

was positioned over the center of the sample for 500 µm vertical (Z) distance from it. Then after 

steady amperometric current could be observed the tip was moving vertically down with 1 µm/s 

speed meanwhile the current – distance dependence was recorded. First, the Z-approach was 

done at open circuit sample potential (OCP) with disconnected titanium surface. Afterward the 

sample was connected to the potentiostat and similar approach curves have been recorded 

consecutively employing different negative polarizing potentials, starting from -100 mV vs. 

Ag/AgCl/KCl (3M). 

 

Figure 16: Z-approach curves recorded over titanium at different electric polarization 

potentials. The experiments were performed in 0.1M NaCl mixed with 5mM FcMeOH. 

Platinum micro-disk electrode of 25 µm diameter was used as SECM probe moving with scan 

rate of 10 µm/s. The inset shows the calculated effective rate coefficients corresponding to each 

polarizing potential value applied to titanium sample. 
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The curves recorded are presented as lines in Fig. 16. The abscissa values of the curves mark 

the normalized distance L (L=d/a where d is the gap distance and a is the radius of the tip) while 

the ordinate values show the so-called normalized current I = Id/I∞ where Id is the measured tip 

current at d gap size and I∞ is the current measured in the bulk, far from the sample surface. As 

can be seen, the Z-approach curve recorded at OCP showed pure theoretical negative feedback 

character. It proves that the thin layer formed anodically passivates the titanium sample surface, 

which avoids the regeneration of the mediator (Fig. 16 a). However, as titanium sample biased 

to cathodic polarization, the Z-approach curves became gradually separated from the theoretical 

approach curve relating to insulating surface. As the negative polarizing potential gradually 

increases the shape of the approach curve gradually changes, showing more and more extent of 

mediator regeneration. As it can be seen for the approach curves recorded in the potential range 

between -100 and -400 mV the negative feedback character is the dominant whereas a mixed 

positive-negative feedback effect shows up at the potential of -500 mV. Besides, positive 

feedback occurs at more negative potential than -500 mV. This is due to the electro-reduction 

of FcMeOH+ that causes the increase of FcMeOH concentration in the vicinity of titanium 

surface. That results in a positive feedback as the applied potential increases (Fig. 16 b). Since 

the titanium sample was polarized negatively, molecular hydrogen might be produced and could 

interfere with the oxidation of FcMeOH at the platinum tip. To clarify this point, cyclic 

voltammograms were recorded over titanium surface using platinum microprobe held at 10 µm 

constant distance from the center of the titanium sample surface as shown in Fig. 17. The Fig. 

17 A depicts several cyclic voltammograms recorded from 0 to 500 mV vs. Ag/AgCl/KCl (3M) 

with the tip immersed in 0.1M NaCl solution containing 5mM FcMeOH. The substrate was 

held at constant potential during CV recording. These polarizing constant potential values kept 

on the sample for different CV taking were varied from -100 to -800 mV by step size of                

100 mV. As it can be seen, the higher is the negative potential applied on titanium the greater 

limiting currents are observed at the platinum tip. This affirms the regeneration of FcMeOH 

mediator on the sample surface, as well as the dependence of the rate of regeneration reaction 

on the applied polarizing potential.  These findings are in accordance with the Z-approach 

curves seen in Fig. 16.  

The platinum micro-tip positioned over the Ti sample surface can also detect the hydrogen if it 

evolves from the sample upon negative polarization. In order to examine the hydrogen evolution 

on titanium, several CV-s were recorded with the platinum probe, scanning in potential range 

of -0.4 V to 0.5 V. In those experiments 0.1M NaCl background solution (without mediator) 
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with tip-sample distance of 10 m was applied. The obtained CV-s are shown in Fig. 17 B. As 

it can be seen the CVs recorded at different sample polarization potential in close vicinity of 

the sample surface in absence of mediator do not show significant increase of the tip current. 

This proves that the current measured during the feedback experiments seen in Fig. 16 and Fig. 

17 A is resulted predominantly by the oxidation of FcMeOH at the probe. 

 

 

Figure 17: Cyclic voltammograms recorded on 25 µm platinum microelectrode over titanium 

polarized to different electric polarization. (A) - CVs recorded on titanium exposed to 0.1M 

NaCl solution containing 5mM FcMeOH mediator. (B) CVs recorded on titanium exposed to 

0.1M NaCl solution (no mediator). The tip-sample was 10 µm and scan rate of 25 mV/s was 

employed. 
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The effective rate coefficient (keff) of mediator regenerating electrode process can give 

quantitative information about surface condition of sample surfaces. The equation developed 

by Cornut and Lefrou [49] was used for characterization of sample properties and for checking 

their changes upon negative polarization. As can be seen, the theoretical curves in Fig. 16 

indicated by circle symbols show very good fit to the experimental curves. The obtained keff 

coefficient values are in the range of 4.10-4 cm/s to 2.5.10-2 cm/s when titanium sample biased 

cathodically between -100 mV and -700 mV as illustrated in Fig. 16 The keff – polarizing 

potential dependence clearly denotes that the increase of the applied negative potential 

facilitates the electron transfer at the titanium oxide layer. 

III.2.5.2. 2D maps of electrochemical reactivity recorded with SECM over embedded 

titanium metal sample 

 

In order to image the electrochemical reactivity of the protective oxide formed on pure 

titanium and make a comparative study with the approach curve experiments, 2D SECM images 

were recorded over titanium surface immersed in deaerated 0.1M NaCl solution mixed with 5 

mM FcMeOH mediator. The 25 µm measuring tip of the SECM was set to 0.5 V vs. 

Ag/AgCl/KCl (3M). Constant height (Z direction) of 20 µm from the target was set and 

amperometric 2D scans over selected area of 2000 µm × 1600 µm area with a scan rate of 20 

µm/s were carried out. First, the SECM map was made over titanium maintained to its OCP 

and then a sequence of 2D images were recorded setting different fixed negative substrate 

polarization potentials. The recorded SECM images are presented as normalized current values 

(Id/I∞), given in Fig. 18.    

The map recorded at the OCP shows a similar distribution of the normalized current of 

0.63 over the whole scanned area. It can be seen that the current values are the same over the 

embedding epoxy resin and over the metal. The whole area acts as insulator with clear negative 

feedback. This agrees with the Z-approach curve (grey color) in Fig.16. Current values higher 

than the current above the insulating resin are clearly visible over titanium sample in images 

recorded employing appropriate cathodic bias potential. The applied sample polarizing 

potentials of -0.4 V, -0.6 V and -0.8 V resulted in normalized current values of 0.92, 1.08 and 

1.35, respectively. This feature is caused by the electron transfer donation at titanium oxide to 

the ferrocenium species, results in positive feedback as proven by the approach curve 

experiment depicted in Fig. 16. Obviously, the SECM images showed a uniform negative and 

positive feedback in cases of the maps recorded at OCP and at application of polarizing negative 
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potentials, respectively. This indicates the super homogeneity of titanium surface which 

obviously is the result of the high purity of the titanium sample. 

 

Figure 18: 2D images recorded over titanium at the OCP and under cathodic polarization of  

-400 mV, -600 mV and -800 mV. The images were recorded at scanned area of 2000 µm × 

1600 µm in 0.1M NaCl solution with 5mM FcMeOH mediator concentration, carried out with 

platinum micro-disk electrode (diameter25 µm) moved with a scan rate of 10 µm/s, while the 

vertical tip-sample distance was 20 µm. 

 

This is in good agreement with EDX mapping seen in Fig. 14. The SECM images, as well as 

approach curves obtained in the experiments, indicate in close agreement that the negative 

polarizing potential increases the conductivity of titanium oxide. The positive feedback 

appearance under cathodic polarization seen in the approach curve experiments and SECM 

images can be explained by the change of the surface film from a passive insulating character 

to a more conductive oxide structure. The CV shown in Fig. 15 is in agreement with 

electrochemical reduction of titanium dioxide (Eq. 17) accompanied by the absorption of 

hydrogen. When higher cathodic polarization potential was applied, more hydrogen was 

absorbed in the oxide film [103]. Since titanium dioxide has a semi conductive property, the 

mentioned processes result in the incorporation of additional states within the band gap of 

titanium oxide. This increases its conductivity with an extent that depends on the applied 

polarizing potential [104], reaching a limit of conductivity at -0.8 V vs. Ag/AgCl/KCl (3M) 



51 
 

(3M) as shown in Fig. 16. Hence, the increase of surface conductivity and the facilitated 

electron transfer at titanium oxide film can be understood.  

III.2.5.3. Hydrogen absorption monitoring using SECM 

 

In order to monitor the hydrogen concentration over biased titanium at different cathodic 

polarization, SECM measurements were carried out. In these experiments 6000 µm long 

horizontal line scans were rerecorded over the center of titanium sample embedded in epoxy 

resin. The Ti potential was set to different constant values and deaerated 0.1M NaCl background 

solution was used. -0.6 V vs. Ag/AgCl/KCl (3M) platinum tip potential, typically used for 

hydrogen ion detection [105], was set and it was moved (in X direction) with a scan rate of 10 

µm/s. The vertical distance between the SECM probe and the sample surface was set to 20 µm. 

It was done via making Z-approach curves over the resin surface (pure negative feedback has 

been observed) in 0.1M NaCl solution mixed with 5mM FcMeOH mediator, then the tip was 

retracted by 20 µm. Subsequently the solution was replaced by deaerated 0.1M NaCl testing 

electrolyte. Fig. 19 shows selected plots obtained at various substrate polarizations. They are 

current – distance values recorded as the tip travels at horizontal line across the metal sample 

20 m above it.  

 

 

Figure 19: Line scans recorded with platinum micro-disk electrode of 12.5 µm tip radius in 

deaerated 0.1M NaCl solution above embedded titanium sample polarized negatively from -

300 to -800 mV with an increment of 100 mV. The tip sample distance was set to 20 µm and 

scan rate of 20µm/s was employed. 
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As it can be seen above the insulating resin a constant current value shows up. On the other 

hand, over the Ti surface the current value depends on the applied polarizing potential. Higher 

negative potential goes along with smaller tip currents resulted by the competitive effect as 

illustrated in Fig. 20. If sufficient cathodic polarization potential is applied on the Ti sample 

surface, then the reduction reaction (Eq. 17) competes with the tip reaction, thus the 

concentration of hydrogen ions decreases in the vicinity of titanium, therefore the tip current 

decreases.  

 

 

Figure 20: Scheme representing the redox competition between tip and sample for hydrogen 

ion reduction when titanium sample is negatively polarized. 

 

As readily seen, only a moderate competitive effect showed up when the applied potential was 

-300 mV and -400 mV. It ensured that the rate of electrochemical reduction is slow in the 

vicinity of titanium. Conversely, at a negative potential higher than -500 mV, an intense 

competitive effect could be seen owing to the significant reduction of protons. This finding is 

in good agreement with CV measurements seen in Fig. 15, which showed a remarkable current 

increase at the potential more negative than -500 mV. At that polarization range hydrogen is 

significantly absorbed in the surface (Eq. 17), in accordance that was reported in [103]. In 
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correlation with these findings, the approach curve experiments demonstrate that titanium gets 

more conductive at potentials more negative than -500 mV. 

Generally, the hydrogen gas takes place at the reduced passive oxide films when it gets 

completely activated. For that purpose, the hydrogen gas was monitored above the cathodically 

polarized titanium using the SG-TC mode. In these experiments the platinum probe was 

polarized at 0 V vs. Ag/AgCl/KCl (3M) and the titanium sample was biased to different 

cathodic polarization at the range of -0.1 V and -1.4 V. The platinum tip was positioned 20 µm 

from the surface. It was set by recording a Z-approach curve above the insulating resin using 5 

mM FcMeOH dissolved in 0.1M NaCl solution, the negative feedback was observed, and the 

tip position was determined by fitting the measured approach curve to the theoretical one, then 

the tip was positioned for 20 µm vertical distance from the sample surface. Afterward the 

solution was replaced with deareated 0.1M NaCl solution.  Line scans were recorded. They are 

shown in Fig. 21. As could be seen, a steady current of close to 0 nA was recorded above 

titanium sample when the applied polarizing potentials were between -0.1 V and -1.2 V. That 

indicated no hydrogen gas evolution on the surface. It implies that the reduction of the oxide 

film is the dominant electrochemical process taking place at the potential below -1.2 V vs. 

Ag/AgCl/KCl (3M). That is in agreement with the findings reported by Y. Zeng et al. [106]. 

On the other hand, a significant current was recorded at applied potential of -1.4 V that proved 

the hydrogen gas evolution from the titanium surface Interestingly the current showing the 

concentration of evolved hydrogen was very high at the edges of the titanium sample.   
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Figure 21: Line scans indicating the hydrogen concentration above epoxy resin implanted 

titanium sample polarized to different negative polarizations. The recordings were taken with 

25 µm size platinum tip polarized to 0 V vs. Ag/AgCl/3M KCl. The tip-sample distance was 20 

µm and scan rate of 20 µm/s was employed. Deaerated 0.1 M NaCl solution was used as 

background electrolyte. 
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III.2.6. Examination of the cathodic polarization impact on the corrosion 

resistance of titanium using EIS. 
 

It was important to investigate how and what extent the cathodic polarization affects the 

corrosion resistance of titanium. In my work electrochemical impedance spectroscopy was 

employed for these studies. In the sample preparation step oxide layer was formed anodically 

on titanium surface. In the next step EIS spectrum was recorded on it without employing 

polarization, that is at open circuit potential (-50 mV vs. Ag/AgCl/KCl (3M)). Afterward, 

electrochemical impedance spectra were recorded applying different constant polarization 

potential values on titanium from -100 mV to -800 mV. Fig. 22 shows the impedance spectra 

at the form of Nyquist and Bode plots. 

As it is shown, the size of the Bode spectra decreases with the increase of the cathodic 

polarization potential. At low frequencies, a phase angle value of 63.71° was obtained when the 

Bode diagram was recorded at the OCP. While a progressive decrease of the phase angle with 

the increase of the cathodic polarization potential is observed that reached a value as low as 

50.85° at the polarization potential of -0.8 V vs. Ag/AgCl/KCl (3M). Similar trend was 

observed with log |Z| vs. log f. The Nyquist plots depicted in Fig. 22 A reveal different depressed 

semi-semicircles. Their radius decreases with the increase of the cathodic polarization potential. 

This implies the decrease of the corrosion resistance of the titanium sample with the increase 

of the degree of cathodic polarization employed.   
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Figure 22: Electrochemical impedance spectroscopic plots obtained with titanium polarized to 

different negative potentials from – 100 mV to -800 mV with 100 mV increment. Figures A and 

B represent the EIS spectra in the form of Nyquist and Bode plots, respectively. The EIS spectra 

were recorded at the frequency range of 100 kHz - 0.1 Hz and using an alternating sinusoidal 

potential with an amplitude of 10 mV. 
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Quantitative information was gathered via simulating the impedance spectra using the 

equivalent electric circuit (EEC) shown in Fig. 23. That was chosen based on the Bode plots 

which displayed two-time constants. The EEC is composed of the electrolyte resistance Rs in 

series with two parallel RQ elements. 

 

Figure 23: Equivalent electric circuit used to simulate the experimental data 

Where Rct and Qdl are the resistance and the capacitance, relating to the reactions proceeding 

on the titanium oxide layer/electrolyte interface. Whereas Rox and Qox stand for the resistance 

and capacitance of the titanium oxide, respectively [101]. Fig. 24 shows the dependence of the 

resistance and capacitance of the titanium oxide on the applied potential. As it can be seen, 

under -0.4 V polarizing potential only a slight change of the Rox and Qox shows up. However, 

at more cathodic potentials than -0.4 V, those properties significantly change. The capacitance 

increases considerable and the resistance significantly decreases. These finding are in tight 

correlation with results of SECM experiments. They show significant increase of the surface 

conductivity at cathodic potentials higher than -0.4 V vs. Ag/AgCl/KCl (3M). 

 

Figure 24: Variation of the resistance and CPE parameter of the oxide film as a function of 

polarization. 
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The experiments proved that application of cathodic polarizing potential lower than          

-0.4 V increased the conductivity and the occurrence of the electron transfer reactions between 

the metal and the surrounding electrolyte. That is titanium biomaterial loses anticorrosion 

property under the cathodic polarization. That would affect the viability of the biological cells 

surrounding the implanted titanium.  
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Chapter 3 – Anodic polarization impact on the electrochemical 

behavior of Nitinol biomaterial using SECM 
 

III.3.1. Resume 
 

Nitinol is a nearly equiatomic alloy of nickel and titanium [107]. It is considered 

amongst the alloys widely used for medical applications due to its biocompatibility, shape 

memory, superelasticity, and high corrosion resistance. Nitinol is largely applied as orthodontic 

wires, stents, dental implants, and orthopedic devices [27,29]. However, in the literature 

problems related to the uses of Nitinol are quite frequently have been mentioned and discussed 

[108]. For instance, its susceptibility to the pitting corrosion under in vitro and in vivo 

conditions was demonstrated [109], as well as the discharge of Ni2+ ions from Nitinol soaked 

in neutral, physiological environment [29]. Also, Nitinol biomaterial was examined in acidic 

physiological environment. Since the pH of the extracellular fluid of human body can drop to 

significantly lower value at certain location in extreme physiologic conditions like in inflamed 

muscle or joint tissues. It was proved that the pH can drop to a value as low as 3 [110]. A 

significant release of nickel ions from NiTi exposed to an acidic environment was also found 

[111]. However, up to now, this feature was not fully investigated. Commonly known that 

nickel is a toxic species and numerous studies attest nickel as a source of allergic reactions 

[28,112]. That highlights the importance of the investigation of the corrosion process in situ 

and understanding the nature of the reactions happening on the surface of the biomedical 

objects. 

Nitinol biomaterial was generally characterized by employing conventional electrochemical 

testing such as electrochemical impedance spectroscopy (EIS) and potentiodynamic 

polarization tests. Those methods are confined to test the steadiness of the passive films and to 

gather quantitate information on a large scale. In my experiments, SECM was used for obtaining 

fine details about behavior of Nitinol. To the best of our knowledge, no systematic study was 

performed to survey the electrochemical properties of Nitinol in the acidic medium using 

SECM. Also, the anodic and the cathodic spots on the active areas where the chemical reactions 

proceed have not been visualized. In this chapter, the electrochemical behavior of Nitinol 

biomaterial was carried out under anodic treatment performed with scanning electrochemical 

microscopy. 
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III.3.2. Characterization of Nitinol surface using the energy dispersive x-ray 

spectroscopy 
 

  The elemental surface analysis of Nitinol sample was performed using energy dispersive 

x-ray spectroscopy. Through scanning a surface area of 250 µm × 250 µm of the Nitinol sample 

titanium, nickel and oxygen were detected as shown in Fig. 25 B, C and D. The table revealed 

as inset in Fig. 25, summarizes the obtained percentages of the three detected elements in weight 

and atomic number percentages. As it is indicated, estimated weight percentages of 43.14, 48.38 

and 8.48 were obtained for Ti, Ni and O, respectively. The existence of oxygen confirms the 

creation formation of passive oxide layer on the Nitinol surface. Most likely the oxygen is in 

TiO2 and NiO forms as it was demonstrated earlier by XPS measurements reported in [113]. In 

the bulk of Nitinol, the Ti/Ni ratio is 0.82, whereas in the surface film of it is about 0.9. This 

suggests that the titanium slightly accumulates on the surface due to the favored state of 

titanium dioxide formation. That might be explained by considering the formation Gibbs energy 

(∆G) of titanium dioxide that is -889 kJ.mol-1 (298 K), whereas the nickel oxide owns a 

moderate ∆G (298 K) of -211.7 kJ.mol-1 [114].  

 

 

Figure 25: Results of EDX experiments done over Nitinol surface. A displays the EDX diagram 

while B, C and D shows the distribution of titanium, nickel, and oxygen, respectively. The table 

shown in the inset indicates the ratios of O, Ti, and Ni in weight and atomic percentage. 
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III.3.3. Electrochemical characterization of Nitinol using potentiodynamic 

polarization 

 
  The potentiodynamic polarization measurements were done on embedded Nitinol 

sample that was exposed to 0.1M NaCl solution for 1.5 hours. The obtained curve is shown in 

Fig. 26. As can be seen, a short passivation plateau appears extending up to 0.48 V vs. 

Ag/AgCl/KCl (3M). It indicates that a stable passive oxide layer is formed on the Nitinol 

surface. However, a swift of current reveals at 0.48 V in agreement with the previous reports 

[115]. This means that over 0.48 V the integrity of the passive oxide film ceases. That can result 

in the initiation of the pitting corrosion [78]. 

 

Figure 26: Tafel polarization curve of Nitinol recorded on Nitinol sample in 0.1 M NaCl. It 

was carried out in a potential range of -0.8 V – 0.6 V vs. Ag/AgCl/KCl (3M), and scan rate of 

1 mV/s. 
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III.3.4. Electrochemical characterization of Nitinol surface before and after 

anodic treatment using EIS  
 

The electrochemical impedance spectroscopy (EIS) was performed in order to 

characterize the Nitinol surface before and after the anodic polarization. The impedance spectra 

were carried out in 0.1M NaCl solution. First it was done on Nitinol exposed to 0.1M NaCl 

solution for 1.5 hours (unbiased Nitinol). Afterward, the EIS was performed on Nitinol 

polarized to 1 V vs. Ag/AgCl/KCl (3M) for 15 min (biased Nitinol). The measured spectra are 

shown in Fig. 27, displayed in the form of the Bode diagram. Comparing the two plots (before 

and after polarization), it is obvious that the behavior of the Nitinol surface considerably 

changes in consequence of the anodic polarization.      

 

Figure 27: Electrochemical impedance spectroscopy spectra of Nitinol sample in a form of 

Bode plot. The Bode plot with red symbols was recorded on Nitinol sample immersed for 90 

min in 0.1M NaCl, while the one with black symbols was carried after polarizing the Nitinol 

sample for 1 V vs. Ag/AgCl/KCl (3M) for 15 min. The solid lines represent the fitted data. The 

experiments were performed at the frequency of 100 kHz - 0.1 Hz and an alternating sinusoidal 

potential with an amplitude of 10 mV was applied. 
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The Bode diagram obtained before polarization displays two time constant, one at high 

frequencies and the other one at low frequencies. At the high-frequency range, the Bode 

modulus plot shows a short range of the constant log ǀZǀ with a phase angle close to 0° due to 

the electrolyte resistance between the reference electrode and the testing sample, similarly seen 

with anodically polarized Nitinol. In the middle frequencies, the Bode diagram related to 

unbiased Nitinol shows a linear slope of about -1 and a phase angle of 80°. As generally known, 

it is a typical response of a capacitive behavior of the passive films [88]. It implies that nickel 

and titanium passive oxides were developed on the Nitinol surface.                    

The Bode diagram of the biased Nitinol shows two-time constants, clearly manifested by the 

incidence of two waves. One at a frequency in the range of 104 -101.5 Hz, while the other wave 

appears between 101.5 - 10-1 Hz. However, it doesn’t show a linear slope in the middle frequency 

range. This behavior could be the result of the bilayer oxide structure [74], or the localized 

corrosion occurring on the metal surface [116,117]. Since the Nitinol sample was polarized at 

1 V. The applied potential belongs to the transpassivation region as seen in the Tafel plot shown 

in Fig. 26, this will result in a breakdown of the Nitinol surface. This highly suggests that the 

localized corrosion is causing of the behavior presented in the Bode diagram. 

 

                  

Figure 28: The equivalent electric circuit (EEC) used for simulating the experimental data. (A) 

The EEC used to simulate the EIS registered after exposing Nitinol for 90 min in 0.1M NaCl. 

(B) The EEC employed to simulate the EIS after polarizing the Nitinol sample for 2 V vs 

Ag/AgCl/KCl (3M). 
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In the sake to model the corrosion processes at the Nitinol/electrolyte interface, two EEC were 

proposed based on the above results, as shown in Fig. 28 A. As could be seen a very good 

correlation was obtained between the simulated data and the experimental impedance spectra. 

The Bode diagram of unbiased Nitinol was simulated using the EEC shown in Fig. 28 A. 

Composed of the electrolyte resistance Rsol in series with two parallel RQ elements. The high 

frequency, Rct and Qdl describe the properties of the reactions at Nitinol passive 

oxide/electrolyte interface, respectively the charge transfer resistance and the double layer 

capacitance [101]. Whereas, at low frequency, Rox and Qox define the properties of the passive 

Nitinol oxide layer correspondingly to the resistance and capacitance of the barrier native oxide 

film [101].              

  The EEC displayed in Fig. 28 B, was used to simulate the Bode diagram of anodically 

polarized Nitinol. It is considered the most often employed circuit for analyzing the 

heterogeneity and the localized corrosion of materials involved. The first-time constant 

observed at high frequency, composed of the resistance of the electrolyte in the pores of the 

oxide film (Rpo) and the capacitance of the passive area (intact) Qox. Whereas, the second time 

constant at low frequency takes into account the corrosion reaction at the Nitinol substrate. It is 

characterized by the charge transfer resistance (Rct) and the electrical double layer capacitance 

(Qdl) at passive film pores [117]. 

III.3.5. SECM investigation of the reactivity of Nitinol surface before and 

after anodic treatment 
 

The electrochemical reactivity of the Nitinol surface before and after the anodic 

polarization was investigated using SECM. In these experiments, the SECM was operated in 

the feedback mode, employing platinum microelectrode (disk diameter 15 µm) as SECM probe. 

Ferrocenemethanol 2mM FcMeOH applied as reversible electrochemical mediator added to 

0.1M NaCl electrolyte background. Where, the platinum probe monitored the current arising 

from the oxidation of FcMeOH. The tip was biased to 0.6 V vs. Ag/AgCl/KCl (3M) to ensure 

the diffusion control, as commonly practiced in amperometric feedback SECM experiments 

[64]. 

First, SECM was done on unbiased Nitinol. Via making the 2D image using meander 

mode data collecting pattern. Selected area of 2000 µm × 2000 µm with a scan rate of 20 µm/s 

was scanned. The tip-sample distance was set to 10 µm, established through making a                      

Z-approach curve above the insulating resin. Fitting the measured negative feedback plot to 
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theoretical one helped to determine distance and to set the needed 10 µm value. Subsequently, 

the probe moved in an XY plane parallel to the sample. Fig. 29 A illustrates the recorded 

feedback current map across the unbiased Nitinol surface.  

 

 

Figure 29: A - Image generated by SECM of Nitinol sample immersed for 90 min in 0.1M NaCl 

solution mixed with 2mM FcMeOH. Tip potential: 0.6 V vs. Ag/AgCl/KCl (3M); scan rate: 20 

µm/s; tip radius: 7.5 µm. Selected area of 2000 µm × 2000 µm was scanned. B - Negative 

feedback effect scheme.   

 

The obtained image shows a homogenous current distribution over the Nitinol sample and the 

surrounding resin. It implies the total sampled area exhibits negative feedback character, due to 

the passive oxide layer grown at the NiTi surface. The close vicinity of the sample surface 

hinders the diffusion of the mediator to the measuring tip that results in smaller current that is 

in negative feedback as shown in Fig. 29 B. However, when a single SECM line scan was 

recorded over the same vertical distance from the surface of the biased Nitinol, significant 

change of the current by the tip location could be seen, as it is illustrated in Fig. 30. It depicts 

various current regions. Ones have higher current than the negative feedback value monitored 

above the insulating resin (>1.8 nA), at one spot a moderate current value close to 1 nA have 

been recorded.  

 



66 
 

 

Figure 30: Line scan recorded above anodically treated Nitinol (polarized for 15 min) in 0.1M 

NaCl + 2mM FcMeOH. Tip potential: 0.6 V vs Ag/AgCl/KCl (3M); scan rate: 20 µm /s; tip 

radius: 7.5 µm. 

 

In the sake of having a closer view, 2D image was recorded over the biased Nitinol. It is 

presented in Fig. 31. As it can be seen, a heterogeneous image has been obtained. At regions 

over the edges of Nitinol, the current values are mostly higher than 1.8 nA. Whereas, spot 

showing current values smaller than the areas over the insulating resin (negative feedback) 

appeared over the central regions of the Nitinol sample surface. Based on the SECM 

measurements we can say that 1V vs. Ag/AgCl/KCl (3M) polarization (for 15min) brakes down 

the integrity of the passive surface layer, and the originally homogenous Nitinol surface brakes 

down to regions of different activities. Some area produces positive feedback, but some show 

current smaller than the expected negative feedback value. These activity differences are the 

consequence of the localized corrosion on the Nitinol surface. Hence, anodic and cathodic spots 

take place on the NiTi surface. 
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Figure 31: 2D image generated by SECM of biased Nitinol sample in 0.1M NaCl solution mixed 

with 2mM FcMeOH. Tip potential: 0.6 V vs. Ag/AgCl/KCl (3M); scan rate: 20 µm /s; tip radius: 

7.5 µm. Selected area of 2000 µm × 2000 µm was scanned. 

 

As seen in Fig. 30 and Fig. 31, current values smaller than the ones measured above the resin 

show up over certain areas of the sample surface. The negative feedback effect cannot be 

responsible for obtaining these small currents, since we know that over the resin complete 

negative feedback conditions dominate. Growing of the thickness of the passive oxide layer on 

the concerned metal surface can arise as a straight forward explanation [118,119]. The growth 

of thickness decreases the sample – tip distance gap, in this way increases the shielding that 

hinders the diffusion transport of mediator to the tip. However, the significant extent of growth 

of the oxide film thickness in micrometer scale is not the case with biased NiTi. The oxide layer 

thickness on surface of titanium and its alloys, would not extend over a very few nanometers, 

not even when it was formed by anodic polarization [120]. The possible change of its thickness 

comparing to the 10 µm gap won't affect noticeably the tip current. The action of so called 

redox-competition between the sample and the tip gives a more acceptable explanation for 

obtaining that small current over center of the Nitinol sample. We can assume that it is resulted 

by the oxidation of the FcMeOH mediator at active spots of the sample surface acting as an 
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anode, as it is illustrated in Fig. 32. The concentration of reduced form of the mediator is smaller 

in center sample regions because of the competition. At the sample sides the spherical diffusion 

carries more mediators to the tip. Obviously at the sides the competition can have less effect on 

the tip current than at the center. The redox competition mode often observed in SECM 

measurements [64].           

 

Figure 32: Scheme of the feedback phenomena occurring on the biased Nitinol. Positive 

feedback effect recorded above the intact area (edges of the Nitinol sample), while a redox 

competitive effect recorded at center where the localized corrosion is happening. 

 

The high current values detected at the edges of the Nitinol sample displayed by the line scan 

Fig. 30 and 2D image Fig. 31, could be explained by the regeneration of the mediator. The 

electrons yielded from the anodic spots (center of Nitinol) will be consumed by the passivated 

area of the Nitinol sample (intact) which will act as the cathode. Therefore, the FcMeOH+ 

generated at the tip will be reduced due to the electron donation by the passive area (intact). 

This is the well-known as a positive feedback effect, as illustrated in Fig. 33. 

The experiments performed with the SECM operated in the feedback mode clearly 

showed that the Nitinol sample before anodic polarization maintained a homogeneous passive 

surface. After anodic polarization however, heterogeneous surface was obtained. Appearance 

of the spots with different activity, at the center and at the edges of the Nitinol sample could be 

seen. On these base chemical reactions, most likely corrosion processes would take place at the 

vicinity of Nitinol sample. At the anodic spots, the formation of the metallic cations, mostly 

Ti4+ and Ni2+ (Eq. 18 and 19) is happening. In parallel, oxygen and water reduction take place, 

most likely it happens typically at cathodic spots of the surface (Eq. 20 and 21): 
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Ti ⇌ Ti4+ + 4e- (18) 

Ni ⇌ Ni2+ + 2e- (19) 

2H2O + 2e-⇌    2OH- + ↑H2 (20) 

O2 + 2H2O + 4e-⇌   4OH- (21) 

As generally known, the SECM is a very promising in situ tool for investigation the 

chemical reactions above the corroding materials [64]. SECM measurements can be adopted 

for monitoring the hydrogen which might be evolved over the biased Nitinol (Eq. 20). In this 

approach, platinum microprobe set to 0 V vs. Ag/AgCl/KCl (3M) for amperometric detection 

of hydrogen is usually employed. This is known as substrate generation tip collection (SG-TC) 

mode of the SECM [46]. It has been broadly applied in various model systems such as the 

corrosion of iron and magnesium [57,58]. In my experiments local hydrogen concentration was 

mapped over embedded Nitinol sample soaked in 0.1M NaCl solution. The tip sample-distance 

established through monitoring the oxygen with a 15 µm platinum probe set to -0.6 V. 

Recording Z-approach curve over the insulating resin, negative feedback was observed. 

Afterward, the probe was set to 10 µm vertical distance from the surface then biased to 0.0 V 

vs. Ag/AgCl/KCl (3M). Subsequently, the tip moves parallel to the surface crossing the surface 

of the biased Nitinol. The SECM map recorded is presented in Fig. 33. As it can be seen it 

displays small steady current over the epoxy resin. However, above the biased Nitinol, 

heterogeneously distributed high current values could be detected. Over the side region the 

current reached a value as high as 80 pA that indicates considerable rate of hydrogen evolution. 

(Eq. 20). This finding being in tight correlation with results of feedback mode experiments 

revealed the presence of cathodic areas merely at the sides of the biased Nitinol. 
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Figure 33: Image generated by SECM of biased Nitinol sample in 0.1 M NaCl containing 2 mM 

FcMeOH. Tip potential: 0 V vs. Ag/AgCl/KCl (3M); scan rate: 20 µm /s; tip radius: 7.5 µm. 

Selected area of 2000 µm × 2000µm was scanned. 

Other experiment using SECM operating in potentiometric mode was carried out. 

Antimony microelectrode was employed as SECM probe for monitoring the pH distribution in 

the solution adjacent to the biased Nitinol surface. In this work line scans were recorded along 

4000 µm long tip travel distance crossing the surface of the biased Nitinol sample exposed to 

0.1M NaCl solution. The tip-sample distance was set to 20 µm. It was adjusted by recording a 

Z-approach curve above the resin by operating the Sb microprobe in amperometric mode. The 

Sb probe was polarized to -0.6 V vs. Ag/AgCl/KCl (3M) in this way detecting the local 

concentration of the oxygen dissolved in the electrolyte. Negative feedback was observed, then 

the tip was retracted by 20 µm from the surface. In recording the pH – distance line scan, the 

Sb probe crossed the center of the biased Nitinol with 10 µm/s scan rate, measuring the potential 

versus Ag/AgCl/KCl (3M) reference electrode. Fig. 34, presents a pH – distance plot obtained 

in performing the line scan. Similar to the pH of the bulk solution a pH value of 6.5 was sensed 

over the insulating resin, while a value as low as 5.7 was detected at the vicinity of Nitinol. On 

the other hand, a slight alkalization could be observed at the edge of the Nitinol as it is shown 

at by the inset (Fig. 34). That is resulted from the hydroxide ions yielded from the cathodic 

reactions (Eqs.  20-21).  
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The acidification observed at the vicinity of Nitinol can be explained by considering that from 

anodic areas of the corroding sample surface cations are released. The hydrolysis of them, 

shown by (Eq. 22) generates the decrease of local pH observed [84]: 

Mn+ + xH2O ⇌    M(OH)𝑥
(𝑛−𝑥)+

 +xH+ (22) 

 

 

Figure 34: Line scan recorded along 4000 µm tip travel distance above the biased Nitinol in 

0.1M NaCl solution using antimony microprobe. Scan rate: 10 µm /s; tip radius: 15 µm. 

 

Distinctly, the acidification detected at the vicinity of Nitinol was resulted by the hydrolysis 

reaction of released cations. As it has been mentioned previously, Ni2+ and Ti4+ are assumed 

being the cations released from the metal surface. Accordingly Ni(OH)2 and Ti(OH)4 can be 

regarded as the stable metal hydroxides involved [86,121]. Comparing their solubility products 

(Ksp) in aqueous solution that for Ni(OH)2 and Ti(OH)4 are 5.7.10-16 and 7.24.10-30,  respectively 

[86,122], we can say that the titanium hydroxide has quite small Ksp compare to that of the 

nickel. This is in agreement with the previous reports that indicated Ni2+ ions are the species 

favorably released from the corroding Nitinol surfaces [35]. Ruhlig et al. [54] came to the same 

conclusion evaluating their experimental finding in which they detected the release of Ni2+ ions 

from activated NiTi using stripping mode SECM. A remarkable transient peak discerned clearly 

above the anodic area, appeared immediately right after the probe crossed the cathodic spot 

(Nitinol edge). The pH reached a value of 5.6 afterward it fast risen to 6.1. This relatively large 
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change at a small distance could be resulted by the high dissolution rate of the metal since the 

anodic and cathodic spots were adjacent to each other. Similar phenomena have been observed 

with Mg/steel galvanic couple [123]. 

Eventually, Fig. 35 illustrates a sketch of the corrosion mechanisms of the degradable Nitinol, 

via considering the findings obtained with EIS and SECM in amperometric and potentiometric 

mode. 

 

 

Figure 35: Scheme summarizes the corrosion reactions on corroded Nitinol surface. 
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Chapter 4 - Acidic medium effect on the electrochemical behavior 

of the Nitinol biomaterial  
 

III.4.1. Resume 
 

As it was mentioned earlier in some conditions the pH in certain areas of the human 

body can be as low as 3. In the surroundings of dental root implants this can be expected to 

happen. Therefore, the effect of acidic media on corrosion resistance of implantable devices 

made of Nitinol is of great importance. In my experimental work EIS, SECM, and AAS 

techniques were used for investigation this practically important feature.      

III.4.2. Examination of the acidic medium impact on the corrosion resistance 

of Nitinol using EIS  
 

The electrochemical impedance spectroscopy (EIS) well can be employed for measuring 

the resistance or studying its change upon different effects. The change of resistance can be 

considered as character showing the change of corrosion resistance. In EIS experiments the 

behavior of Nitinol sample in neutral and acidic media was compared.        

First, the impedance spectrum was measured expositing the Nitinol to neutral 0.1M NaCl 

solution. Subsequently, it was recorded right after replacing the neutral NaCl with the acidic 

one. Fig. 36 shows the impedance spectra recorded in the form of Nyquist and Bode diagrams. 

All the EIS spectra were done under open circuit potential conditions.        

 EIS spectra on the Bode form is shown in Fig. 36 B. As it can be seen at high frequencies 

(104 to 105 Hz), the impedance is almost independent of the frequency. This is typical response 

character that corresponds to the resistance of the electrolyte. Due to the difference of the 

conductivity of the testing electrolytes a phase angle of 9 and 4° were recorded in neutral and 

in acidic NaCl solutions, respectively. In the medium frequency region (from 1 to 103.5 Hz), the 

plot has a linear section with a slope of about -1, and phase angle of near to 80°. This is 

commonly attributed to the capacitive behavior of the passive oxide films [88]. Similarly, it 

was also observed for other titanium alloys [87]. Whereas at low frequency range (1/s ≥10-1Hz), 

the plot manifests a difference of the phase angles which are 46 and 39° recorded in the neutral 

and acidic medium, respectively. It implies the superior protection of the passive film formed 

on Nitinol in the neutral NaCl. The recorded Bode phase plots, clearly manifest two-time 

constants, one in the high-frequency- and the other one in the low-frequency range. In the high-
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frequency range, the time constant indicates the charge transfer reaction occurring in the film-

electrolyte interface while in the low-frequency it reflects the properties of the passive layer.  

As it is clearly shown in Fig. 36 A, all the Nyquist plots can be characterized by a wide 

depressed queasy semicircle. The diameter of Nyquist plot decreases after interchanging the 

neutral electrolyte with the acidic one. It indicates a noble electrochemical behavior of the 

passive oxide layer on Nitinol exposed to neutral NaCl solution.     

 Based on the above results, the experimental impedance spectra were analyzed using 

the equivalent circuit seen in the inset in Fig. 36 A. The parameter Rct and Qdl represent the 

properties of the reactions at Nitinol passive oxide/electrolyte interface, the charge transfer 

resistance and the double layer capacitance, respectively. Whereas, Rox and Qox stand for the 

properties of the passive Nitinol oxide layer, namely for the resistance and for the capacitance 

of the native, barrier oxide film [101]. In the sake of fitting the impedance spectra, the ideal 

pure capacitance was replaced by the constant phase angle element (CPE) to account the non-

ideal behavior which is related to a non-equilibrium current distribution due to surface 

roughness and surface inhomogeneity [79]. When Nitinol was soaked in neutral NaCl solution, 

the passive film resistance was 36.04 kΩ.cm². Whereas a drop of the oxide film resistance to 

28.24 kΩ.cm² could be observed right after the immersion of Nitinol to acidic NaCl solution. 

This intimates the partial dissolution of the passive film.  
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Figure 36: Electrochemical impedance spectra of Nitinol sample in Nyquist (A) and in Bode 

plots (B). The red symbol corresponds to the EIS measured after exposing the Nitinol sample 

to 0.1M NaCl for 90 min, while the one with dark green color was taken immediately right after 

replacing the neutral 0.1M NaCl with acidic one (pH=3). The inset shows the EEC used for 

fitting the experimental data. The experiments were performed at the frequency of 100 kHz - 

0.1 Hz and an alternating sinusoidal potential, with amplitude of 10 mV was applied. 
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III.4.3. Examination of the acidic medium impact on the reactivity of Nitinol 

using SECM  
 

III.4.3.1. SECM approach curves measurement 

 

In the sake of examining the stability of the passive film on the Nitinol biomaterial, 

SECM operated in the feedback mode was used. In this task consecutives Z-approach curves 

were recorded after different periods of time. Platinum UME was used as SECM probe and 

2mM FcMeOH was employed as redox mediator. The Pt UME was set to a constant potential 

of 0.6 V vs. Ag/AgCl/KCl (3M) to ensure the diffusion-controlled amperometric oxidation of 

the FcMeOH. Before staring the SECM measurements the embedded Nitinol sample surface 

was freshly polished, and immersed in 0.1 M NaCl for 90 min. During this time the formation 

of the native oxide film was expected. First approach curve was recorded over the Nitinol 

sample in the neutral solution. After the neutral 0.1M NaCl solution was replaced with the 

acidic one (pH = 3), and then a series of Z-approach curves were recorded rigorously controlling 

the length of time between the solution change and the individual approach curve recording 

time  In order to take the approach curves, the platinum probe was located 300 µm above the 

center of the Nitinol. Then moved vertically down with scan rate of 10 µm/s, meanwhile the 

current–distance dependence was recorded 

 

Figure 37: Z-approach curves recorded over Nitinol sample in neutral 0.1M NaCl (shown in 

the inset) and in acidic (pH=3.0) 0.1M NaCl solution. The inset shows the different different 

length of times between the time of introducing the acidic solution and the time of recording 

the individual Z -approach curve.  Tip potential 0.6 V vs. Ag/AgCl/KCl (3M), scan rate 10 µm/s. 
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The inset in Fig. 37 shows the recorded Z-approach curve over the Nitinol sample surface that 

was immersed in neutral 0.1M NaCl electrolyte. It displays intensive negative feedback 

character. This implies that the Nitinol surface is protected with a passive oxide film that hinders 

the reduction of the FcMeOH+ species generated at Pt UME (Fig. 38 A). Nevertheless, after 

replacing the neutral testing electrolyte with the acidic one, the recorded Z-approach curves at 

different periods show a dramatic change in the feedback character, as shown in Fig. 37 (solid 

lines). As it can be seen, when the SECM tip is a long way from the Nitinol surface, the current 

depends neither on the soaking time nor on the distance. However, a significant change could 

be seen at normalized distances below 3. After 5 min of exposure of the Nitinol surface in the 

acidic 0.1M NaCl intensive positive feedback character could be observed (red solid line). 

 

Figure 38: Schemes showing the phenomena occurring on Nitinol surface in different times and 

conditions. A - negative feedback recorded over Nitinol sample soaked in neutral 0.1M NaCl, 

B - positive feedback recorded at the early immersion of Nitinol to acidic 0.1M NaCl. C - 

negative feedback recorded after a longer immersion time in the acidic 0.1M NaCl electrolyte. 

 

The shape of the approach curve recorded for Nitinol sample after short time exposition to 

acidic media is close to the theoretical approach curve calculated for a pure conductive surface 

(dashed grey line). This indicated the regeneration of the FcMeOH (Fig. 38 B). Nevertheless, 

the positive feedback character is gradually decreasing as the time of interaction of the Nitinol 

surface with the acidic medium prolonged. It implies that the regeneration of the mediator gets 

slower with increase of exposure time, that might be due to thickening of a newly formed of 

passive oxide layer that hinders the regeneration of the FcMeOH. A pure negative feedback 

character could be seen after 90 min of immersion. It indicates that the regeneration of the 

FcMeOH completely blocked by the newly developed passive oxide layer (Fig. 38 C). These 

occurrences could be explained by considering the following; the Nitinol surface is protected 
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by a spontaneously formed passive film composed of TiO2 and NiO, as it was stated previously 

in [113]. Lately, Ding et al. [124]. investigated the Pourbaix diagrams of NiTi. It showed that 

in cases pH ˃ 6, TiO2 and NiO are stable. At pH = 3.0, however, the NiO dissolves and Ni2+ 

ions are discharged, whereas the titanium dioxide resides steadily [124]. This results in the 

transpassivation of the passive surface film with the formation of small pits [125]. Which will 

generate the electron transfer reaction between the Nitinol and the mediator. This would explain 

the positive feedback observed earlier. Since titanium is one of the main elements of the Nitinol 

material that has a very negative standard redox potential (𝐸Ti2+/Ti
° = -1.63 V/SHE). It will lead 

to the formation of the passive titanium dioxide by its reaction with water or oxygen present in 

the surrounding environment [85]. Hence, the transformation in the feedback from positive to 

negative observed when Nitinol was exposed in the acidic media is the outcome of the 

repassivation process via the development of the passive titanium dioxide film on the pits.  

In the aim to have a closer view on the action of the passive surface layer at the Nitinol 

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

was quantified employing the method demonstrated by Cornut and Lefrou [49]. In this way, the 

relationship between the values of the effective heterogeneous rate constant and the time 

interval from the time of introducing the acidic 0.1 M NaCl to the electrochemical cell and the 

time of recording the Z-approach curve (t) can be obtained. Fig. 39 illustrates the relationship 

between the keff and time (t). It can be supposed that the decay of keff with time signifies the 

rate of the growth of the passive layer on the Nitinol surface. At the initial moment of the 

immersion, the keff declines swiftly, while after about 50 min of exposure time a moderate 

decline of the keff is seen that eventually leads to keff = 0 at 90 min. 
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Figure 39: Variation of the calculated effective rate coefficient with time. 

The findings with the experimental Z-approach curves showed that the passive oxide 

film on Nitinol biomaterial breaks up shortly after its interaction with acidic 0.1M NaCl, while 

as the Nitinol soaked in the acidic medium for a long period it repassivates by forming a new 

compact passive film. 

III.4.3.2. Cyclic voltammetry measurements 

 

Fig. 40 illustrates the CVs obtained after various periods. It can be seen that the CV 

recorded in neutral 0.1M NaCl shows a small limiting tip current value that is about 4.08 (CV 

is shown in red). While the first CV recorded immediately after replacing the neutral solution 

with the acidic one shows a leap in the tip current up to 6.5 nA (CV shown in black). This 

implies the increases in the concentration of FcMeOH at the vicinity of the Nitinol surface. This 

experimental finding is also in agreement with the Z-approach curve experiment showing that 

the surface of the Nitinol gets activated right after its interaction with the acidic medium. That 

leads to the reduction of the FcMeOH+ generated at the UME to FcMeOH due to electron 

donation from the adjacent active Nitinol surface, as it is shown in the inset in Fig. 40. 
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Figure 40: Cyclic voltammograms recorded on platinum micro disk electrode above the Nitinol 

sample. The tip potential 0.6 V vs. Ag/AgCl/KCl (3M); tip-sample distance: 10 µm, potential 

range 0 – 0.5 vs. Ag/AgCl/KCl (3M); scan rate 25 mV/s. The inset shows the different length of 

times between the time of introducing the acidic 0.1M NaCl into the electrochemical cell and 

the time of recording of the marked CV. 

Fig. 41 shows the limiting tip current plotted versus time of exposure in acidic solution. 

A progressive decrease in the magnitude of the tip current with time can be seen. This also 

proves the occurrence of the self-healing process that results in the decrease of the tip current 

by hindering the regeneration of the mediator. The results of the CV experiments show that 

about 85 min is the time required for the formation of a compact passive film on the Nitinol 

surface immersed in acidic 0.1 M NaCl. The plot of decreasing current values shown in Fig. 41 

can be approximated with two linear segments with different slopes. The first segment is from 

0 up to 40 min while the other one takes place from 40 to 80 min. Their slopes are -0.039 and  

-0.019 nA/min respectively. This suggests that the self-healing process of the passive layer on 

Nitinol surface might be controlled by two different steps. The initial step most likely is a fast-

chemical reaction in which the elemental metal cations at the exposed surface react with species 

being in the electrolyte right at the interface.  While the modest slope of the second segment 

suggests the decelerate outgrowth of the passive film in a process in which diffusion transport 

might have important role [126].  
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Figure 41: Variation of the limiting current as function of time. 
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III.4.4. Detection of nickel and titanium releases from Nitinol using AAS 
 

Our experiments carried out to study the effect of exposition of Nitinol surface to 

corroding media of 0.1M NaCl solution showed an interesting behavior. The surface coated 

with a spontaneously formed passive layer got activated upon short time acidic exposure. After 

keeping Nitinol in the same acidic solution however, repassivation of the surface could be 

observed. In order to get information about the processes involved in this outcome it was 

interesting to see what changes happened in composition of the corrosive soaking solution.            

It was anticipated that metal ions could be released when the Nitinol surface is in contact with 

an acidic aqueous solution. Therefore, the concentration of the ions having roles in these 

processes was measured with atomic absorption spectroscopy in different times of exposition.  

First, Nitinol wire that has a surface area of 0.53 cm2 was soaked in 10 mL neutral 0.1M NaCl 

solution for 10 min. It was obtained that the concentrations of titanium and nickel ions in this 

solution were 15 ppb and 150 ppb, respectively. The high concentration of nickel ions detected 

is in agreement with expectations and findings [107]. That was suggested to be discharged from 

the defects. Because of the toxicity nickel ions, extensive research still has been carried on for 

improving and developing different surface pretreatment procedure that decreases the discharge 

of nickel ions from Nitinol surface [35]. While the low concentration of titanium ions can be 

attributed to the formation of pits due to the presence of aggressively corrosive chloride ions 

[125].  

In order to test the stability of Nitinol in acidic media, the sample wire that was exposed 

before to the neutral solution was soaked sequentially in 10 mL acidic 0.1M NaCl (pH = 3.0) 

solutions kept in different vials for 10 minutes. Fig. 42 illustrates the concentrations of nickel 

and titanium ions measured in different vials as a function of the total immersion time. Where 

the blue and red symbols correspond to titanium and nickel respectively. As can be seen, after 

exposing the Nitinol to acidic NaCl solution for 10 min, concentration of 15 ppb of titanium 

ions was obtained. The value obtained is almost the same as the one measured in neutral soaking 

solution. Nevertheless, a high concentration of nickel ions was observed in the same solution. 

The measured concentration value of 580 ppb is almost four times higher than the one measured 

for the same time in the neutral solution. For explaining these findings we need to consider that 

the Nitinol surface is mostly protected by a film composed with TiO2 and NiO, as reported 

previously [124]. Taking into account the value of the solubility products (Ksp) of Ti(OH)4, 

which is 7.24.10-30 in aqueous solution [86], the solubility of Ti4+ is regarded be smaller than of 
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Ni2+. Consequently, NiO is suspected to get dissolved in aggressive medium [127]. Hence, the 

large amount of Ni2+ ions observed could be the outcome of dissolution of NiO followed by the 

release of Ni2+ from the nickel content of the Nitinol material through to the following reactions 

[128]: 

 

                        
  

Figure 42: Concentration of nickel (red symbols) and titanium (blue symbols) measured in 

different vials using AAS. The concentration is plotted against the total exposition time. 10 

min considered as the time of immersion at each vial (8 vials). 

 

On the other hand, in consequent vials a progressive decrease in nickel concentration was 

observed, as it is shown in Fig. 42. This suggests that after the initial time the dissolution rate 

of nickel decreases most likely because of the progress of a passive oxide film formation on the 

Nitinol surface. Additionally, the rise in titanium concentration with time also supports the 

development of a passive titanium dioxide layer. As clearly could be seen after 50 min of 

exposure a drop in the concentration of nickel ions is observed this implies also the formation 

of a compact passive film.   

NiO + 2H+ → Ni2+ + H2O (23) 

Ni    →  Ni2+ + 2e- (24) 
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         Based on the experimental findings described above, we can estimate the nature of 

reactions involved in yielding the unusual changing of surface character that was observed 

exposing the Nitinol sample to 0.1M, pH=3.0 NaCl solution. After immersing the metal in the 

solution, the integrity of the surface film that contains mixed oxides of Ti and Ni brakes up. 

This process is fast and it results in activation of the surface as well as higher amount of Ni and 

traces of Ti ions release into the solution. As the immersion time increases however, surface 

repassivation takes place. This reaction is slower, might has two different time constant and 

during this less Ni and some Ti ions are released into the solution. We can suppose that the 

newly formed surface layer is compact and is built of TiO2. The first step in the process can be 

the oxidation of Ti0 after the partial dissolution of the native surface film as it is shown by (Eq. 

25): 

Ti  →Ti4+ + 4e-    (25) 

The electrons left the oxidation process (Eq. 25) must be consumed by the oxidants present in 

the electrolyte. Most likely they are oxygen or water, because their reaction with titanium is 

thermodynamically favored. However, the titanium cation is not steady in an aqueous 

electrolyte, hydrolysis reaction will take place toward forming the titanium hydroxides, as 

shown in (Eqs. 26-28) [86]. While, the hydrogen ions yielded from the hydrolysis reactions 

(Eqs. 26-28) might lead to a decrease of the pH in the close locality of the Nitinol. Similarly, 

as it was reported in chapter 1 about the self-healing of the mechanical damaged titanium G4 

surface. It can be expected that same reactions might be happening during the repassivation of 

the Nitinol surface: 

Fovet et al. [86] studied the stability of Ti (IV) in different pH values. Based on their results at 

pH = 3 the Ti(OH)4 is the stable hydroxide form. Hence, the titanium dioxide film could be 

formed through the dehydration of Ti(OH)4 via the following reaction: 

These experimental findings obtained with EIS, AAS, and SECM could elucidate the 

work stated by Huang et al. [111]. In their work, different Nitinol wires were tested in different 

pH values (2.5, 3.75, 5 and 6.25). They found that at higher pH than 5 there was no release of 

Ti4+ + 2H2O   →Ti(OH)2
2++ 2H+ (26) 

 Ti(OH)2
2+ + H2O →Ti(OH)3

++ H+ (27) 

Ti(OH)3
+ + H2O → Ti(OH)4 + H+ (28) 

Ti(OH)4→ TiO2 + 2H2O (29) 
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titanium, whereas at acidic pH, titanium ions were detected accompanied by a significant 

release of nickel ions. The nickel ions detected might be mainly the consequence of the 

dissolution of the native passive film, whereas the titanium ions could be formed during the 

repassivation of the Nitinol surface film.  

Fig. 43 summarizes the corrosion process of the Nitinol surface soaked to neutral and acidic 

0.1M NaCl. 

 

Figure 43: Scheme resume the corrosion process at the Nitinol surface in the neutral and acidic 

0.1M NaCl. A - formation of passive NiO and TiO2 B - Dissolution of the NiO in the acidic 

0.1M NaCl C - self-healing of the titanium dioxide in acidic 0.1M NaCl D- Formation of 

compact passive titanium dioxide layer.       
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Thesis points 

 
The work presented in my thesis devoted to the electrochemical characterization of the titanium 

biomaterials using scanning electrochemical microscopy. Aimed to understand their 

electrochemical properties and draw attention to new transient events that must be considered 

for their application. The obtained results are summarized below: 

- Thesis point 1: 

The mechanical impact on the electrochemical reactivity of the titanium G4 implant surface has 

been investigated using SECM operated in amperometric mode. It was found that the kinetic of 

the self-healing of the protective film on the titanium surface is a time dependent process, 

several minutes needed for the formation of a compact film.  

- Thesis point 2: 

The corrosion mechanisms of the passive titanium dioxide were studied using the SECM in 

potentiometric mode. Antimony microprobe was used as SECM probe, while acidification was 

sensed at the vicinity of the mechanical damaged titanium G4 implant surface. It indicates the 

discharge of the titanium cations from the implant surface. Therefore, care must be taken for 

minimizing the time of the self-healing process because longer healing time would enhance the 

corrosion of the implanted material that causes a discharge of hazardous metal cations. That 

may lead to reduce the mechanical propertied of the implant. 

- Thesis point 3: 

Cathodic polarization on the electrochemical properties of the passive film formed on 

commercial pure titanium has been studied. Using SECM operated in the amperometric mode 

it was demonstrated that the anticorrosion property of the protective film loses with the increase 

of the cathodic polarization. That was proved by the occurrence of the electron transfer reaction 

at the titanium oxide/electrolyte interface. This can arise as a straight forward explanation of 

the decrease of the viability of the biological cells under cathodic polarization reported in the 

literature. 
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- Thesis point 4: 

The change of the titanium behavior from passive to conductive under cathodic polarization 

was explained by the hydrogen intercalation into the titanium oxide film, hydrogen acting as a 

doping element.  

- Thesis point 5: 

The corrosion of the anodically treated Nitinol was examined. Using SECM in the 

amperometric mode, anodic and cathodic sports were visualized. While redox competitive 

effect was observed in the anodic areas, on the other hand, positive feedback occurs at the 

cathodic spots. Furthermore, employing antimony as SECM tip acidification and alkalization 

processes were detected in the anodic and cathodic areas, respectively.  

- Thesis point 6: 

The effect of acidic medium on the electrochemical properties of the Nitinol surface was 

investigated. It was demonstrated that at pH close to the normal physiological condition that is 

about 7, the spontaneously formed passive film on Nitinol stays in passive state. However, at 

pH-s adjacent to inflammatory condition that is about pH=3, the Nitinol passive film breaks 

down. It was proved by the occurrence of the electron transfer reaction between Nitinol and the 

surrounding environment. That is due to the formation of pits on the surface caused by the 

nickel oxide dissolution. It was confirmed too by the significant discharge of hazardous nickel 

ions soon after exposure of Nitinol to the acidic solution. Furthermore, it was shown that tens 

of minutes are required for the total repassivation of the Nitinol upon the acidic attack. Hence, 

the mitigate of the nickel amount on the Nitinol surface regarded crucial. 
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