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Resumo 

 

 O titânio é um material vastamente utilizado na medicina dentária graças à sua 

excepcional biocompatibilidade e óptima resistência à corrosão. Mesmo assim, alguns dos 

implantes são rejeitados. Embora resistente à corrosão, o titânio não é completamente inerte em 

condições in vivo, existindo a libertação de partículas de desgaste e iões resultantes da sua 

corrosão. A complexidade do ambiente da cavidade oral, quer pelas suas propriedades químicas, 

electroquímicas ou mecânicas, é um excelente campo de estudo, que necessita de um 

conhecimento mais aprofundado para evitar perdas médicas ou económicas.  

 O peróxido de hidrogénio é um composto químico comummente descrito como citotóxico 

para uma vasta gama de culturas animal, de plantas ou bacteriana. Este tem um papel 

preponderante na resposta imunitária dos seres vivos. Normalmente utilizado como agente de 

limpeza, em produtos de branqueamento de dentes ou para tratamento de feridas, o peróxido de 

hidrogénio está em constante contacto com tecidos, tornando-o um caso de estudo interessante 

na área biomédica.  

 O principal objectivo deste trabalho prende-se com o estudo, pela primeira vez, da 

influência do peróxido de hidrogénio na tribocorrosão do titânio. Alguns estudos foram 

conduzidos ao longo dos últimos anos relacionados com o efeito do H2O2 na corrosão do titânio, 

mas nenhum relacionado com tribocorrosão. Foram feitos ensaios de contacto recíproco em 

amostras imersas em saliva artificial, com diferentes concentrações de peróxido de hidrogénio, 

usando um contacto tribológico com a configuração de bola-em-plano, de modo a recriar o 

processo de mastigação num ambiente oral. 

 Foi observado que o peróxido de hidrogénio tem uma importante influência no 

comportamento corrosivo do titânio. Quão maior a concentração de H2O2, menor a tendência 

para a corrosão deste, mas por outro lado apresenta uma velocidade de corrosão maior. 

Também a resistência à corrosão do sistema é fortemente afectada, diminuindo com o aumento 

da concentração de H2O2. A maior conclusão do trabalho prende-se com o facto de a presença 

do peróxido de hidrogénio diminuiu o volume de desgaste e diminuiu o tempo de estabilização 

electroquímica do sistema quando em contacto recíproco. 
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 Abstract 
 

 Titanium is widely used in dentistry due to its exceptional biocompatibility and high 

corrosion resistance. Even tough, some dental implants are lost. Titanium is not completely inert 

when in vivo conditions, leading to the release of wear debris and corrosion ions which have a 

hostile effect on the surrounding tissues. The complexity of the oral cavity conditions, either by its 

chemical, electrochemical and even physical properties is an important subject to study and to 

try to understand, to avoid the medical and economical losses. 

 Hydrogen peroxide is a compound commonly described as cytotoxic to a wide range of 

animal, plant and bacterial culture. It is usually used as bleach, teeth whitening product or wound 

treatment. It is also the most important intermediate in an inflammatory response. The constant 

presence of hydrogen peroxide on the human body increases its scientific importance in a 

biomedical point of view. 

 The main objective of this work is to understand, for the very first time, the influence of 

hydrogen peroxide on the tribocorrosion of titanium. Several studies had been conducted over the 

last years regarding the influence of H2O2 on the corrosion of titanium, but its influence had never 

been associated with tribocorrosive mechanisms. Reciprocating sliding tests were performed on 

samples immersed on artificial saliva with different concentrations of hydrogen peroxide using a 

reciprocating ball-on-plane tribometer in order to mimic the mastication process in an oral 

environment. 

 As the main conclusions of this work, it was observed that the presence of hydrogen 

peroxide has an important influence on the corrosive behavior of CP-Ti. The higher the 

concentration of H2O2, the lower tendency to corrosion on the samples, although they showed an 

higher corrosion rate. The corrosion resistance of the system is strongly affected by the presence 

of H2O2, decreasing it as the higher the concentration. And the most important conclusion is that 

the presence of H2O2 influences how titanium it behaves when in reciprocating sliding contact. Its 

presence decreases the wear volume loss and decreases the needed time to achieve a stabilized 

state in a tribological contact. 
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1. Introduction 

1.1. Motivation and Objectives 
 

Dentistry is a medicine branch which main goal is to prevent or repair any related 

problem with oral cavity or stomatognathic system. The use of dental implants to restore a 

function is a common practice among dentists. These implants are normally made of 

biocompatible metals, placed in the jaw bone. Commercially-pure titanium is the most common 

metal used due to its outstanding corrosion resistance. Although some implants might be lost.  

Some studies related to the corrosion mechanisms on titanium on the presence of 

hydrogen peroxide had already been carried out, although, the novelty of this work is to 

understand, for the first time, the role of hydrogen peroxide on the tribocorrosion mechanisms of 

CP-Titanium. The investigation of the corrosion mechanisms was carried out in order to 

supplement data for the interpretation of the tribocorrosion mechanisms. The chosen electrolyte 

to perform this study was Fusayama’s artificial saliva, which mimics the oral environment 

electrochemical properties. Hydrogen peroxide was added to the artificial saliva mimicking the 

concentrations found in bleaching products. The main objectives for this work are: 

-to evaluate the corrosive behavior under these conditions and compare them with 

previous works; 

-to assess the tribocorrosive behavior of titanium samples immersed in artificial saliva, 

with and without hydrogen peroxide; 

-to achieve an understanding on the effect of the hydrogen peroxide on the surfaces and 

how it influences its composition. 

- evaluate how the concentration of H2O2 influences the wear volume loss when in a 

reciprocating contact. 
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1.2. Dissertation Organization 
 

 The dissertation is divided in six chapters. The first, “Chapter One - Introduction” has the 

objective to introduce the work and to define the its main objectivest. State of the Art chapter has 

the goal of give an overview of the field of the study, how it had been studied and what had been 

done during the years.  

“Chapter 3 – Materials and Methods” explain how experimental work had been performed, which 

materials and equipment had been used and which techniques were chosen to achieve the 

objectives. The next chapters are related with the presentation and discussion of results, being 

divided in “Chapter 4 - Corrosion” and “Chapter 5 - Tribocorrosion”. 

 The conclusions and proposals for future work are in “Chapter 6 – Conclusions and 

Future Work”. 
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2. State of the Art 

2.1. Introduction 
 

Dental implants are used in dentistry with high rate of success, although some of them 

might be lost [1]. Several reasons for these failures had been pointed out, including, for example, 

surgical trauma, bone weakness, condition of the patient, and inappropriate implantation of the 

implant or the wear of the prosthesis [2]–[4]. In dentistry, commercially pure titanium (CP-Ti) and 

titanium alloys are the first choice for oral prosthesis [5]. This fact is supported by, mainly, their 

biocompability and excellent corrosion resistance [6]. Nevertheless, as a metal, titanium follows 

the general patterns of degradation in environmental situations. Metals undergo electrochemical 

reactions with the environment, leading to the formation of chemical compounds, corrosion 

products [7]. 
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2.2. Titanium 
 

Commercially pure titanium (CP-Ti) and titanium alloys are the most used and attractive 

material for biomedical applications [6], [8], [9]. The characteristics that make titanium so well 

suited for this kind of application are the biocompatibility [10], excellent corrosion resistance [11] 

and mechanical properties closer to the ones present on bone than the rest of materials [12], 

[13]. CP-Ti has four different grades for biomedical applications, which are dependent of the 

quantities of Fe, C, O, N and H [3], [14]. On Table 1, the difference between the grades in terms 

of composition can be seen. In dental replacement, the CP-Ti grade 2 is the most used. The 

differences observed in oxygen concentration provide different mechanical properties for example 

ductility and strength while differences in hydrogen and nitrogen may cause an enbrittlement 

effect on titanium [15]. 

Table 1 – Composition of Commercially pure Titanium, Grades 1, 2, 3 and 4 [15] 

Grade Fe     O C N H Ti 

CP – Titanium Grade 1 0.20 0.18 0.1 0.03 0.015 Remaining 

CP – Titanium Grade 2 0.30 0.25 0.1 0.03 0.015 Remaining 

CP – Titanium Grade 3 0.30 0.35 0.1 0.05 0.015 Remaining 

CP – Titanium Grade 4 0.50 0.40 0.1 0.05 0.015 Remaining 

 

Different alloys are developed due to the necessity of getting properties well suited for the 

application in cause, even though these are used mainly for hard tissues replacement. One of the 

most important aspects of titanium is its biocompatibility. Even though, it can be improved by the 

use of non-toxic elements in the composition of its alloys [16]. It is important to notice that the 

changing of the chemical composition will also affect, as example, the corrosion resistance of the 

material. A large number of different titanium based alloys are used for biomedical applications. 

In Table 2, it is possible to see the wide range of titanium alloys.  
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Table 2 – Different Titanium alloys used on biomedical applications [17] 

  

CP-Ti Grade 1, 2, 3 and 4 Ti–12Mo–6Zr–2Fe 

Ti-6Al-4V Ti–15Mo 

Ti-6Al-7Nb Ti–16Nb–10Hf 

Ti-5Al-2.5Fe Ti–15Mo–5Zr–3Al 

Ti-5Al-3Mo-4Zr Ti–15Mo–3Nb 

Ti–15Sn–4Nb–2Ta–0.2Pd Ti–35.3Nb–5.1Ta–7.1Zr 

Ti–15Zr–4Nb–2Ta–0.2Pd Ti–29Nb–13Ta–4.6Zr 

Ti–13Nb–13Zr 

 

These different alloys were designed for different applications, and its variation is in the 

mechanical properties, as tensile strength, fracture toughness or fatigue resistance [17].  

2.3. Titanium characteristics 
 

Titanium forms a stable, strongly adherent and protective film [18]. This film is 

spontaneously formed when the surface is exposed to a fluid. This very thin (2-6 nm) oxide film  

[19] is capable of an instant regeneration due to its high affinity to oxygen [20]. This layer offers 

an effective barrier against electron and ion transport [18]. In a comparative study of different 

metals and alloys, it was shown that titanium exhibited the lowest corrosion tendency in a 

representative environment of the human mouth [19]. The contact with several compounds that 

might be harmful for the implant is a constant in the oral environment. Some with external 

influence as the use of toothpastes, food, drinks, mouth rinses or whitening products [21]–[23] 

or even some others with biological influence as the presence of bacteria colonies or an 

inflammatory response [3], [4], [24]. Some bacteria strains and leukocytes are responsible for 

the production of lactic acid or hydrogen peroxide which attack Ti surfaces [19]. It had been 

studied the influence of bacterial colonies on the surface of titanium and how the surface 

characteristics, as roughness, influence the growth of these colonies [25]. The results show a 

positive feedback, if surface topography is rougher, it is more susceptible to colonies growth and 

when they are present the surface roughness tends to increase also [26], [27]. Some retrieved 

implants were found with a thicker oxide layer comparing to the ones tested in vitro. Despite the 
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excellent titanium corrosion resistance when tested in vitro, the in vivo ones display different 

results. Metal ions are sometimes found on the tissues surrounding implant [11], [25].  

 On Table 3, some mechanical properties as tensile and yield strength, roughness, young 

modulus and type of alloy are shown. 

Table 3 – CP-Ti different grades and some mechanical properties comparing with bone [15], [17] 

Alloy 

Tensile 

strength 

(MPa) 

Yield 

strength 

(MPa) 

Ra (%) 

Young 

Modulus 

(GPa) 

Type of alloy 

CP-Ti Grade 1 240 170 30 102.7 α 

CP-Ti Grade 2 345 275 30 102.7 α 

CP-Ti Grade 3 450 380 30 103.4 α 

CP-Ti Grade 4 550 485 25 104.1 α 

Bone 90-140 - - 10-40 
Viscoelastic 

composite 

 

Several studies reference the importance of these properties as a factor of extreme 

importance on the failure rate of the implant [28]–[31]. The osseointegration process can suffer 

different paths depending on the characteristics of the surrounding material. As example, 

Bearinger et al [29] stated that the type of alloy of the material plays an important role  in the 

solubility of hydrogen and oxygen. The solubility of oxygen plays an important role on the 

formation of the oxide film, which will act as an effective barrier to penetration of several 

compounds. The destruction of it, by some mechanism, will easily allow the diffusion of the 

compounds [32]. For instance, the diffusion of hydrogen on titanium affects its structure [29]. 

When the solubility limit of hydrogen in titanium is exceeded, the precipitation of hydrides begins. 

The absorption of hydrogen results in embrittlement and increases the possibility of cracking 

under stress conditions [33]. 
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2.4. Dental Implants 
 

The improvement of healthcare leads to a consequent longer life for humans. This aging 

process can explain the increasing use and importance of biomaterials [34], [35].  A general use 

of biomaterials can be pointed out, as a replacement implant, a knee joint implant or a dental 

implant, as also a localized drug delivery or a support for tissue regeneration [7]. 

The usage of a material as a replacement for a determined missing part of the human 

body is a practice used ever since. Different metallic, ceramic and polymeric materials are used 

for their compatibility with body tissues [36]. Metals are used due their high strength, durability 

and resistance to fracture while ceramics and polymers are used for their chemical resistance 

[28]. Titanium is widely used as the main choice for dental implants. Although, the use of 

titanium as a material for dental replacement is a “recent” common practice in dentistry, rising 

only on early 1970’s, twenty years after Branemark  [2][12] began his research. 

Dentistry plays an important role nowadays. Whether related to the oral cavity or 

digestive system track, it can restore normal function of the system or aesthetics [5], [21], [38]. 

Dentistry deals with diagnosis, prevention and treatment of diseases or injuries of the 

stomatognathic system [3][5]. With an estimated market of over 2 million implants placed per 

year[28], it is easy to say that is an increasing market with a lot of eyes on it. This way, the 

failure rates can play an important role. The implant survival rate of dental implants goes around 

90% [1], [3], [39], depending on if it is a short or long term implant, the place of implantation 

(maxilla, mandibular bone or anterior mandibular bone) [1] and a specific condition of the 

patient, as example, age, smoking condition, hypertension, cardiac condition, pulmonary disease, 

diabetes, the use of steroids, chemotherapy or radiation therapy [1], [10], [28]. 

The most frequently used implants are the endosseous ones (between 300 and 400 

thousand just in the USA) and it has an expected growth of 7% to 9% annually [3], [10], [26], 

[28], which are hold on the bone, and they will be the support for all the rest of the implant parts. 

Figure 1 shows a schematic representation of the dental system and how it will look as a 

replacement. Dental implants consist in a three part construction, fixed on the bone by a screw 

which will support the abutment and the crown. These parts are normally made of different 

materials, normally a metal-ceramic combination [40]. The use of zirconia as the crown is 
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common due its teeth appearance while the screws are made of metallic materials, namely 

titanium.  

After the installation of endosseous implants, there are three possible responses that 

may occur in host tissues: acute or chronic inflammatory process, causing early implant failure; 

the formation of connective tissue surrounding implant, leading to osseointegration failure; and 

living and functional bone tissue formation around the implants, resulting in osseointegration [5], 

[41], [42]. Beyond the implant loss, early marginal bone loss around endosseous implants is also 

considered as a failure [39]. It can be said that all biomaterials induce infection [28], [42], since 

they are in contact with cells and fluids in body, acting as receptors to microbial attachment [43]. 

This process may lead to an inflammatory reaction [10] with consequent loss of bone in the 

place of the implant and rejection of it [2]. 

 

 

Figure 1 – Schematic illustration of a normal tooth and an endosseus implant, left and right 
respectively [3] 

 

Another cause for dental implant failure is the stress applied in abutment. The act of 

chewing or mastication can cause an occlusal force which can lead to an overload on implant 

structure [40], [43], [44]. This condition can lead to a release of wear debris to the adjunct 
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tissue. The releasing of metal ions represents a health risk, existing the possibility of 

dissemination in all body [45]. 

The importance of surface properties in implant osseointegration as morphology, 

topography, roughness, chemical composition, surface energy, surface energy, surface 

composition, chemical potential, residual stress, the existence of impurities, thickness of titanium 

oxide film and the presence of metallic and nonmetallic compounds on the surface is described 

in several papers [5], [26], [29], [46], [47], reporting how these different properties interact and 

determine the activity of the attached cells that are close to the dental implant surface. 

The oral cavity provides an ideal environment for the study of biological processes, a 

clear advantage over other areas of the body is the ease of accessibility. Furthermore, the 

materials within the mouth interact continually with physiological fluids, containing biologically 

important ionic species [41], [47], [48]. The mouth is also home to bacteria, single cell species 

whose adhesion and proliferation on surfaces is governed by processes that are similar to those 

of tissue cells, but whose spread and behavior might be harmful [43], [45]. 

 

2.5. Tribocorrosion 

2.5.1. Definition 
 

Tribocorrosion can be defined as a term that integrates two of the major areas in 

material studies, tribology and corrosion. In one hand, tribology is the science and technology of 

friction, lubrication and wear of two interacting surfaces in relative motion [49], [50]. This term 

was used for the first time in 1966, in a British Department of Education and Science report 

[49][51]. This field of science applies an operational analysis to problems of great economic 

significance such reliability, maintenance and wear of technical equipment [52]. Wear results in 

loss of material, being responsible for a decrease in mechanical performance [53].  On the other 

hand, corrosion is the reaction of a material with the surrounding environment. This reaction can 

result in a deterioration of the material properties [48]. With this, tribocorrosion can be defined as 

the study of the influence of environmental factors on the tribological behavior of surfaces [54]. It 

can be said that the mechanical process of degradation combined with a corrosive action of the 
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surrounding environment lead to the degradation of the material [3], [54], as can be seen in 

Figure 2. 

 

Figure 2 – Tribocorrosion basic concept (adapted from [54]) 

 

This research area has an important role in materials science, since tribocorrosion can 

be identified as a major cause of material wastage and mechanical performance decrease [55]. 

Several biomedical and industrial fields can be acknowledged when this term comes upon. 

Dental implants, contact lenses, stents, heart valves, any artificial replacement and its lubrication 

[51]. In industrial area some examples can be pointed out as marine and off-shore equipment, 

hot strip mills, cutting tools, chemical pumps, food processing and mining equipment [55]. With 

the medical and economic importance of this research area, the challenge consists on finding out 

all the characteristics of the process and how to decrease its influence in material wastage. 

2.5.2. Tribology 
 

As already said, tribology can be defined as the science of wear, friction and lubrication. 

The main focus of this chapter is going to be the wear. This term can define the progressive loss 

of substance resulting from mechanical interaction between two contacting surfaces [50]. The 

interaction of the surfaces can take different forms and characteristics, and different 

configurations can be used to study each interaction. The most common tribological contacts are 

sliding, rolling, fretting, impact and flow, Figure 3 gives an illustrative view of the phenomenon. 
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Figure 3 – Wear contact [54] 

In the sliding contact mode, the relative motion between the surfaces can be 

unidirectional or reciprocating, being the amplitude of movement relatively large [54]. On the 

other hand, fretting involves a motion with the same relative contact, but the movement 

amplitude is not greater than 500 µm [56], [57]. Surface deterioration might release wear 

particles which can lead to the presence of a third body, which is considered to be abrasive wear 

[6], [58]. Abrasion is usually caused either by particles which are embedded or attached to some 

opposing surface, or by particles which are free to slide and roll between two surfaces and can 

be easily observed when the surface is placed in contact with another which hardness value is 

equal or greater. A material undergoes fatigue wear when a cyclic loading is applied in it, and this 

phenomenon can be observed in sliding, rolling, or impact [56]. The mechanisms that mainly 

affect dental implants are fatigue; abrasive and chemical wear [3], [6], [21]. Abrasion processes 

may be subdivided into two-body and three-body abrasion processes. Two-body abrasion involves 

damage caused by the particles and asperities that are attached to another surface. On the other 

hand, three-body abrasion wear process involves damage caused by hard particles that are not 

fixed on a surface but instead move between the two contact surfaces [49].  
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2.5.3. Corrosion 
 

It is estimated that the annual cost of corrosion, only in the USA, range from 9 billion to 

90 billion dollars[18]. Premature failure of structures or equipment can result in human injury or 

even life loss. 

Most of metals commonly used are unstable in the atmosphere. They tend to return to 

their original state, the lowest thermodynamic state [59]. For most materials, this means the 

formation of oxides or sulfides from which they were initially extracted, being refined for 

engineering purposes [60]. The changes mentioned are electrochemical reactions that follow the 

laws of thermodynamics. The understanding of the interactions of materials with environment 

depends on the understanding of the chemistry and electrical changes between both. 

The oxidation of a pure metal when exposed to water is one of the basic corrosion 

reactions. The oxidation part of the reaction is normally called anodic reaction, while the 

reduction is called the cathodic part. 

M → M+ + e‐ (Oxidation) 

2H+ + 2e‐ → H2 (Reduction) 

O2 + 2H2O + 4e‐ → 4OH‐ (Reduction) 

Anodic reactions in metallic reactions are simple to predict. In these, the metal is always 

oxidized to a higher valence state [18]. This higher valence state can be understood as the 

formation of metallic ions, sometimes with several valence states, showing several stages of the 

corrosion process [53]. An important aspect to be noticed is the importance of both anodic and 

cathodic part of reaction, since, the liberated electrons in the first process are consumed on the 

second, a corroding metal does not accumulate charge [18], [61]. This neutral charge is 

maintained with the same rate in both branches of the reaction. With this in mind, an important 

feature can be highlighted; the retarding or stopping of the reduction part will affect directly the 

corrosion rate. Although, not all this processes have a negative aspect. As already said before, 

titanium forms almost instantly an oxide layer on its surface. The formation of this oxide provides 

a protective film against further degradation. 
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2.6. Hydrogen Peroxide  
 

Hydrogen peroxide was first produced by Louis Jaques Thenard in 1818. He acidified 

Barium Peroxide (BaO2) with Nitric Acid (HNO3). This pathway is replaced by a new one, which 

leaves a relatively pure aqueous solution of H2O2.  

BaO2(s) + 2 HCl(aq)→ H2O2(aq) + BaCl2(aq)   

The worldwide production of H2O2 was estimated to have reached more than 1.6 million 

metric tons. The major part of this production is intended to be used in bleaching processes [62]. 

Hydrogen peroxide is a reactive substance in the presence of other substances[63], elements 

[25], radiation [64], materials [65] or cells [66]. Both biotic and abiotic degradation processes 

are important routes in the removal of hydrogen peroxide in the environment. Biological 

degradation of hydrogen peroxide is an enzyme-mediated process [67]. Abiotic degradation of 

H2O2 is due to reaction with itself (disproportionation), reaction with transition metals, organic 

compounds capable to react with H2O2, reaction with free radicals, heat or light. When exposed, 

H2O2 rapidly decomposes to oxygen gas, following equation: 

 

2H2O2(aq) → 2H2O(l) + O2(g)  

 

The presence of a catalyst has to be faced as an important factor to be pointed out. Most 

transition metals, especially Fe, Mn and Cu may have significant influence on degradation rates 

of hydrogen peroxide in aqueous solutions [68]. Regarding the photodecomposition of it, 

radiation over a wide continuous spectrum 280-380 nm is absorbed (visible and infrared) but is 

not decomposed by exposure to light of wave length greater than about 380 nm [64]. 

 Solutions used for bleaching and wound treatment varies from 3-30% in volume [62], 

[69]. Higher concentrations (70-98%) are used as monopropellant in rocket engines. Its 

decomposition, a highly exothermic reaction (-98.30 kJ/mol), is followed by enough heat to 

convert water in steam [63].   

Even though H2O2 is usually a short live substance, when degradation processes are 

inactive it can persist in the environment [68]. 
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2.6.1. Hydrogen peroxide in the human body 
 

Hydrogen peroxide is commonly described as a cytotoxic to a wide range of animal, plant 

and bacterial culture [67]. It is dangerous to mucosal cells, easily penetrating through 

membranes and causing, depending on their concentration, their apoptosis and necrosis 

[24].The LD50 (lethal dose of a compound that is needed to kill half of the population) value 

depends on the cell type, physiological state, length of exposure and concentration [70]. Even 

though, it is a normal metabolite aerobic cells. Hence, the elimination must be a quick process, 

engaging enzymes as catalases or peroxidases [42], [66]. 

The reason for this harmful behavior lends to the production of superoxide anion radical 

(O2
-) as an intermediate compound in hydrogen peroxide production [29], [66], [71], [72]. 

Indeed, the presence of hydrogen peroxide is due to superoxide dismutase (SPD), produced 

during inflammatory response, which catalyze O2
- by the following chemical reaction. 

  
    

     
   
           

Some tissues are more often in contact with H2O2. Its presence, besides the inflammatory 

process mentioned before, can be detected in freshly voided human urine and in exhaled air  

[67]. The continuous production of hydrogen peroxide after the end of the inflammatory 

response, might lead to DNA damage, additional inflammation and changes cellular metabolism 

[71].  

Hydrogen peroxide can also be present in some beverages, as instant coffee or green tea  

[67], [73], in mouthwashes and tooth whitening products [70], [74].  

 

2.6.2. Hydrogen Peroxide in dentistry 
 

 As already said before, dentistry plays an important role in aesthetics of oral cavity. The 

appearance of teeth depends on the combined intrinsic and extrinsic characteristics. Color 

appears as one of the most important concern on this matter. This characteristic can be 

influenced by both intrinsic and extrinsic color. Intrinsic one is the result of the color of enamel 

and underlying dentine [75]. On the other side, extrinsic comes from staining on the tooth 
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surface and on the salivary pellicle [74]. Discolorations can appear related to a number of 

reasons, as injury, antibiotic use, fluorosis, aging (in intrinsic color) and ingestion of tea, coffee, 

red wine, smoking, metal salts or a bad oral hygiene in general (for extrinsic color) [22], [71], 

[76], [77]. The extrinsic factors can be contained in part by the use of toothpaste abrasives. 

Some chemical agents as peroxides have been used to improve intrinsic tooth color. These kinds 

of treatments can be performed professionally or homely, with a wide range of peroxide based 

products available [74]. 

 In 2003, The Scientific Committee on Cosmetics and Non Food Products intended for 

Consumers (SCCNFP) had stated that: “It is known that the use of tobacco, and alcohol abuse, 

cause an increased risk of oral cancer. Hydrogen peroxide may enhance this risk. This effect 

cannot be quantified. It is not anticipated that the tooth whitening products will represent a risk of 

oral cancer in people neither using tobacco nor abusing alcohol. Tooth whitening products should 

only be used under the surveillance of a dentist. These teeth whitening product should not be 

freely available to consumers” [70] Although, three years later, in 2006, the same commission 

stated that : “The proper use of tooth whitening products containing > 0.1 to 6.0 % hydrogen 

peroxide (or equivalent for hydrogen peroxide releasing substances) is considered safe after 

consultation with and approval of the consumer's dentist. Particular care should be taken in 

using tooth whitening products by persons with gingivitis and other periodontal diseases or 

defective restorations. Conditions such as preexisting oral tissue injury or concurrent use of 

tobacco and/or alcohol may exacerbate the toxic effects of hydrogen peroxide”. The same 

commission had also referenced some counter indications on the use of hydrogen peroxide 

based products, as tooth sensitivity, irritation, pathological effects on oral tissues, changes in 

amalgam surfaces, although any of these was related to titanium dental implants [78]. The lack 

of study related to this matter is a fact and the importance of this study is emphasized at this 

point.  
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3. Materials and Methods 
 

 3.1. Materials and Solution 
 

3.1.1 Samples 
 

CP-Titanium Grade 2 (Goodfellow Cambridge Limited, UK) squared samples (20mm x 

20mm x 1mm) were used to perform the tests. The samples were acid-etched (H2O: HF: HNO3 

(1:1:1)). After the attack the samples were ultrasonic cleaned for 10 min in propanol followed by 

10 min in distilled water. The samples were ground down to 1200 mesh size SiC paper. After 

grinding, the samples were ultrasonic cleaned in the same conditions as before. The samples 

were kept in desiccator for 24 h before starting the tests in order to obtained similar surface 

conditions. 

3.1.2. Artificial Saliva 
 

 The chosen electrolyte was Fusayama´s artificial saliva. It was chosen due to the 

previous reported works [3], [4], and also by the electrochemical similarity with the oral 

environment [11], [79]. On Table 4 is given the chemical composition of the solution. 

Table 4 – Fusayama’s artificial saliva composition [3], [4], [11], [79] 

Compounds Artificial Saliva 

(g/L) 

NaCl 0,4 

KCl 0,4 

CaCl2.2H2O 0,795 

Na2S.9H2O 0,005 

NaH2PO4.2H2O 0,69 

Urea 1 
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3.1.3. Hydrogen peroxide 
 

Two different amounts of hydrogen peroxide were used to understand the corrosive and 

tribocorrosive behavior of CP-Ti. Concentrations of 0,1% and 6% (%vol.) of hydrogen peroxide were 

added to the artificial saliva in order to mimic the two boundaries that are mentioned in a 

directive of European Commission, in a plenary meeting on 28th of March, 2006 [78]. This 

guidance states that the use of tooth whitening products up to 0,1% hydrogen peroxide are safe 

and that an amount of 6% is also considered safe but it should only be used with an approval of a 

dentist.  

All solutions were kept agitated using a magnetic stirrer up to the moment of the 

beginning of the test.  

After this point the solutions will be called as the Table 5 suggests. 

Table 5 – Abbreviations of solutions’ denomination 

Solution Denomination 

Artificial Saliva AS 

Artificial Saliva + 0,1% of H2O2 AS-0.1 

Artificial Saliva + 6% of H2O2 AS-6 

 

 

3.2. Methods 
 

3.2.1. Tribocorrosion Measurements 
 

The tribocorrosion measurements were conducted on polished CP-Ti samples immersed 

in AS, AS + 0,1% and AS + 6% hydrogen peroxide. These solutions were prepared recurring to 

Fusayama’s Artificial Saliva recipe. It was prepared and maintained in rotation to avoid 

deposition. The addition of the hydrogen peroxide was done right before the beginning of the 

tests. The used electrochemical cell was designed for this purpose. The exposed area in this case 

is 4,52 cm2 and the cell can hold a solution volume of approximately 40 mL. The tests were 

performed at body temperature of (37º±1º C). 
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Figure 4 – Schematic representation of the test apparatus 
Legend: 

1- Saturated Calomel Electrode (SCE) 

2- Platinum (Pt) Electrode 

3- Acrylic Cell 

4- CP-Ti Sample / Working Electrode 

5- Acrylic Sample Holder 

6- Alumina ball 

7- Alumina ball support 

 

A CETR tribometer (UMT-2, Campbell, USA) was used in ball-on-plane configuration 

(Figure 4) and for the reciprocating sliding parameters were: 

- 1000 cycles; 

- 1 mm of stroke length; 

- 1,5 N of normal load; 

- 1 Hz of frequency 

The sliding tests were performed against an alumina ball (Al2O3) (Ceratec Technical 

Ceramics BV) with a diameter of 10 mm. A fresh part of the alumina ball was used for each trial 

to avoid contamination by transfer of wear debris from one test to another. The applied load, 

tangential force and COF were recorded and analyzed by the UMT-2 software (Campbell, USA). 

The initial Hertzian contact pressure was calculated based on the materials properties and 

dimensions. The initial value for the contact pressure was 0.47 GPa.  
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Electrochemical tests were performed recurring to a Gamry Potentiostat/Galvanostat 

(Model Reference 600). 

A conventional three electrode set up was mounted to measure all the electrochemical 

aspects on the trials, although, two different configurations were used. A saturated calomel 

electrode (SCE) was used as reference electrode, a platinum (Pt) electrode was used as a 

counter electrode and the CP-Ti sample was placed as working electrode. The sample was 

connected to the potentiostat through an electrical copper connection placed under it.  

The Open Circuit Potential (OCP) was measured right after the temperature of 37º C was 

reached. As soon as a stable potential plateau was reached on the OCP, the value is used as a 

corrosion potential in the Electrochemical Impedance Spectroscopy (EIS), over a frequency range 

from 63 kHz to 10 mHz, with 10 points per decade, and a sinusoidal wave of 10 mV of 

amplitude. OCP was measured before, during the reciprocating sliding contact and after it. At the 

end, another EIS was measured to understand the differences between the pre-sliding 

electrochemical characteristics of the system and its differences after of it. At least three samples 

were tested per condition in order to guarantee the reproducibility of the results.  

After tests, a wear track analysis was performed using Leica DM2500 optical 

microscope. 

3.2.2. Potentiodynamic Measurements 
 

 A standard three electrode electrochemical cell (adapted from ASTM: G3-89) with an 

electrolyte volume of 200 mL.  

The solutions used were the same mentioned before, AS, AS + 0,1% H2O2 and AS + 6% 

H2O2. To avoid any kind of decomposition of hydrogen peroxide, the addition of H2O2 happened in 

the moment right before the electrochemical test. 

 First, the immersion of the electrochemical cell in a bath, in order to achieve the desired 

temperature, 37º C. as soon as reached, an OCP was performed for an hour (3600 s) in order to 

get a stabilized state of the system’s potential. The stabilized potential is observed and a 

potentiodynamic test is set up. With the value of stabilized potential, it starts at 0,5 V below Eocp 

and moving into anodic direction up to 1 V. The potential scan rate used for these tests was 1 

mV/s. 
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 At least three samples were tested under each condition. The surface exposed to the 

solution was 0,64 cm2.  
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4. Corrosion  
 

The study of corrosion behavior of the electrochemical system has an enormous 

importance, not only in dentistry but also in industrial filed. In this chapter, results obtained from 

potentiodynamic curves are going to be showed. Some curves as OCP and EIS, are going to be 

presented only on Chapter 5 due to its relation with the tribocorrosion tests. Potentiodynamic 

curves were measured to obtain information related to the corrosion rate and passivity of the 

electrochemical system. 

 

4.1. Potentiodynamic Polarization 
 

Potentiodynamic measurements are a very important tool to understand how both 

cathodic and anodic reactions influence the active/passive behavior of the material [80], [81]. 

Figure 5 shows the potentiodynamic curves of the three CP-Ti samples in artificial saliva 

containing H2O2 or not.  

 These curves were obtained by increasing the potential, dV/dt while the current was 

recorded. The magnitude of the measured current is related to the driving force of the reactions 

taking place on the working electrode. It shows which electrochemical processes take place at 

the anode and cathode, as well as their rate. 

The curves show a similar behavior, typical of passive materials. All samples present a 

large passivation region which goes in concordance with the fact that titanium can get protected 

by a protective oxide film [82], [83], Corrosion parameters obtained from potentiodynamic 

polarization scan can be found in Table 6.  
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Figure 5 – Potentiodynamic polarization curve on CP-Ti immersed in AS with different amounts of 

H2O2. Surface area: 0,38 cm2, potential scan rate: 1mV/s, potential scan rate from OCP – 0,5V to 

1V vs SCE 

 

Table 6 – Corrosion potential and passive current density for potentiodynamic measurements on 

CP-Ti immersed on different AS solutions 

Electrolyte 
Corrosion potential 

(Ecorr vs SCE) 

Passive current density 

ipass(µA/cm2) 

AS -0,48±0,05 8,67±2,44 

AS-0,1 -0,03±0,07 8,34±4,22 

AS-6% 0,05±0,03 14,2±7,44 

  

The tests started in the cathodic part of the curve (range differ for each condition, 

potentials below Ecorr). Under these conditions of potential, the reduction of the oxide film of the 
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surface takes place [83]; the reduction of oxygen takes place [20]. When the potential reaches 

Ecorr, the current density that is measured has a value near 0. Under these conditions a steady 

state is achieved where the cathodic and anodic reactions happen at same but opposite rate  

[59]. Regarding the corrosion potential for all the samples, an increase of this value with the 

addition of H2O2, takes place leading to a nobler titanium surface potential. The potential shift in 

the positive direction is attributed to an enhanced oxide film growth rate according to the high-

field theory which relates the oxide thickness to the potential difference across the film [65], [76]. 

On the contrary, the samples immersed only in AS showed a negative corrosion potential, near -

0,5 V vs SCE, the ones in contact with H2O2 suffered an increase of about 0,5 V, getting a 

corrosion potential near 0 V vs SCE.  This increase gives information related to the corrosion 

tendency, although, it doesn’t contribute with any information related to the reaction rate. This 

kind of information can be obtained by the analysis of passive current density values.  

The anodic part of the curve, unrolls from Ecorr until the passivation plateau is achieved 

(this concept applies only if an oxide layer is formed on the surface). In Figure 5, it is possible to 

observe that the different curves don’t correspond it. The increase of the H2O2 concentration 

leads to a quicker oxidation of the surface. It is also possible to observe that the passivation 

plateau had moved to the right, to higher current densities. It can be said that the presence of 

hydrogen peroxide increases the corrosion rate of titanium. Comparing the values of Ecorr and Ipass, 

they seem to point out in different directions. On one hand the tendency to corrosion seems to 

decrease but on the other hand the corrosion rate increases. This can be explained by a non-

stabilized element on the surface. This result suggests that the film growing on is not TiO2 but a 

hydroxy-titanium- and titanium-peroxy rich layer that is porous [29]. This aspect can be due to the 

variation on electrical properties, which suggests the presence of residual currents, created by 

the reduction followed by oxidation of H2O2  [29], as suggested on the next equation. 

                             

Tengvall proposed in 1989 a model to explain the interaction between titanium and 

hydrogen peroxide. When in contact, a different chemical state is achieved; the oxidized titanium 

surface is covered with a hydrated TiOOH matrix. 

 As a conclusion, regarding only potentiodynamic polarization results so far, it can be 

said that, the immersion of titanium in hydrogen peroxide decreases the tendency to corrosion of 
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the material but on the other hand, it increases the reaction rate. It is also important to keep in 

mind that the outer porous layer that is formed might not be completely composed by TiO2. 
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5. Tribocorrosion 
 

The understanding of tribological and corrosive mechanisms on dental implants has a 

huge importance. Since the interactions between mechanical, chemical and electrochemical 

phenomena are not well known, a full understanding is needed to avoid implant failure. The 

extension of the study of these systems includes tribocorrosive and corrosive behavior in several 

physiological fluids, although, the influence of hydrogen peroxide as an agent in tribocorrosion of 

titanium implants had never been studied.  

In Chapter 4, the influence of the concentration of H2O2 was studied based on 

potentiodynamic curves. The results showed that the presence of the H2O2 decreases the 

tendency to corrosion of CP-Ti but it increases its susceptibility. In this chapter, the influence of a 

reciprocating sliding applied on the sample surfaces is studied based on the analysis of the 

coefficient of friction, the wear volume loss, as well as OCP and EIS measurements. 
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5.1. Reciprocating Sliding Contact 
 

Figure 6 shows the recorded OCP values before, during and after reciprocating sliding on 

polished CP-Ti samples immersed in artificial saliva containing different amounts of hydrogen 

peroxide. 

 

Figure 6 – OCP evolution of CP-Ti polished samples immersed in AS with different amounts of H2O2 

(Reciprocating sliding at a frequency of 1 HZ, applied normal load of 1,5 N, amplitude of displacement – 

1 mm, 1000 cycles) 

 

The open circuit potential of the samples stabilized at different values. Samples 

immersed in AS had the lowest electrochemical potential (stabilized ≈ -0,4 V vs SCE), followed by 

AS-0,1(≈0 V vs SCE) and, the highest electrochemical potential is recorded on  the samples 

immersed in AS-6.  The presence of H2O2 shifts gradually the potential value to a nobler one. The 

stabilization time involves the transformation of the naturally formed passive film in a solution 

formed one [4], [53].  
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 At the beginning of the contact it is possible to observe a decrease of potential in all the 

curves. This behavior can be explained by the contact pressure of the alumina ball on the 

sample’ surface, which is smaller than the yield strength of titanium causing the destruction of 

the outer layer, but smaller enough to avoid plastic deformation [6], [84]. The process of 

destruction and removal of the oxide layer on the surface is known as depassivation [84], 

allowing the exposition of an active titanium surface part, increasing the tendency to corrosion of 

the sample. Regarding the decreasing of the electrochemical potential, this phenomenon didn’t 

occur with the same impact in all the samples. The one immersed in AS suffered a potential 

decrease of almost 0,4 V, in contrast with the 0,3 V and 0,1 V of the ones immersed in AS-0,1 

and AS-6, respectively. Actually, the fact that neither of the samples in contact with H2O2 ever 

reaches the potential displayed in AS, indicates that the passive layer hasn’t been completely 

removed. The oscillations in this part of the plot can be explained by the constant depassivation 

and repassivation of the outer layer. 

At the end of the sliding tests, when the counter body is lifted away from the surfaces, 

the increase of the potential happens, recovering the stabilized electrochemical values observed 

at the beginning of contact, although, this happens at different rates. The sample immersed in AS 

took approximately 1000 s to reach the same potential while the one in AS-0.1took half of that 

time, namely 500 s. The sample in contact with the higher concentration of hydrogen peroxide, 

AS-6, had a different behavior, reaching the initial potential even before the sliding test ended. 

Two explanations can be introduced in here. First it can be said that the repassivation rate is 

higher than the depassivation one [85]–[87]. The observation of the detachment of some wear 

debris can be pointed out, which might expose some fresh titanium area, accelerating the 

decomposition of H2O2. The presence of bubbles on the surface of the samples shows the model 

explained on Chapter 4, regarding the reduction and oxidation of hydrogen peroxide leading to 

the release of molecular oxygen.  

An interpretation of OCP values should not be enough to fully characterize an 

electrochemical system. Since the OCP is a mean value determined by the ratio between active 

to passive, material in the wear track depending on, repassivation rate, contact frequency and 

normal load [81], some more detailed information regarding the kinetics of reactions should be 

taken into account. EIS measurements are such a good complement to OCP. 
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5.2. COF 
 

Concerning the COF evolution, Figure 7, no significant differences were found between 

the samples immersed in AS and in contact with 0,1 % of H2O2. The mean values under these 

conditions were 0,46 (±0,02) and 0,50 (±0,02) respectively. On the other hand, the curve related 

to AS-6 has a different shape, acquiring a mean COF of 0,57 (±0,06).  

 

Figure 7 – Evolution of COF of CP-Ti polished samples immersed in AS containing different 

amounts of H2O2 (Reciprocating sliding at a frequency of 1 HZ, applied normal load of 1,5 N, 

amplitude of displacement – 1 mm, 1000 cycles) 

 
If the COF curves are compared to the OCP curves, some interesting fact points out. 

Both curves follow the part, these means that AS and AS-0,1 remain constant during the contact, 

tough, the AS-6 samples´ COF and OCP increase. In Figures 8, 9 and 10 show the curves and 

their evolution for each condition. The oscillations observed in all the curves might be explained 

by fluctuations in the normal force and/or the reciprocating movement [3] 
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Figure 8 - Evolution of OCP and COF over time 

during contact sliding, for samples immersed in AS 

 
 

 
Figure 9 - Evolution of OCP and COF over time during 

contact sliding, for samples immersed in AS-0.1 

 
 

 
Figure 10 - Evolution of OCP and COF over time during contact sliding, for samples immersed in AS-6 

 

 

 The phenomena observed for each condition can be explained by the nature of the 

passive film and the chemical state of the surface. The adhesion of the passive film to the 

substrate and the resistance to delamination is shown by a stable COF which do not change 

considerably with potential [6]. Samples immersed in AS and AS-0.1 show a decrease on the 

measured potential, probably, bulk titanium was exposed. The fact that an active bulk titanium is 

in contact with the electrolyte lead to a synergism on the mechanism, the presence of a corrosive 

and mechanical part on the wear of the sample. On AS-6 samples, the potential never suffers 

such a drastic decreasing, which can indicate that the oxide film was never completely removed. 

The OCP and COF increase in AS-6 immersed samples can be explained by the reactions that 

took place on the surface. Several studies showed that the presence of H2O2 leads to the 
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formation of a porous surface [29], [76], [86], [88], [89]. As already said on Chapter 4, the 

possibility of a TiOOH formed layer can lead to different electrochemical and mechanical 

properties [90]–[92]. With the data showed in Figure 6 and 7, it is possible to admit that the 

newly formed layer has different properties than the oxide layer previously formed. Although, 

further tests are still needed to fully understand the differences between them. 

 

5.3. Wear Track Analysis 

 

In Figure 11, 12 and 13 it is possible to observe the wear track, observed in Optical 

Microscope (OM), of CP-Ti immersed on different solutions.  

 

Figure 11 - OM image of CP-Ti wear tack immersed in AS 

 

 

Figure 12 - OM image of CP-Ti wear tack immersed in AS-0.1 

 

 

Figure 13 - OM image of CP-Ti wear tack immersed in AS-6 

 

 

This observation technique can give information related to the scar dimensions, although, 

it is not possible to evaluate rigorously its depth. Also the wear mechanisms involved cannot be 
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derived from it. The wear track analysis was based on optical microscope images and the 

calculations for volume loss are theoretical, considering a perfect contact sliding. Figure 14 

shows the wear scar obtained in a perfect contact.  

 

Figure 14 - Schematic representation of a perfect sliding contact 

It is considered that when in contact, the counter body will scratch the sample surface in 

a certain way that, the widest part of the scar is indicative of the depth of the track. Since the 

radius of the counter body is known and the scratch can be measured, the depth of the contact 

can be calculated with the following equation: 

  
     

  
 

In which, r is the radius of the counter body, a the distance between the center of the 

contact and the edge and h the depth. The equation can be arranged in order of h, being 

possible to solve it. 

As soon as the value depth is known, the calculation of the wear volume can be done by 

the following equation: 

  
 

 
     

This equation is derived from the volume calculation of a scalene ellipsoid, an ellipsoid 

with three different dimensions, which is the case. In this, a is the distance between the center 

and the edge, transversal, h is the deepness and b is the distance between the center and the 

edge, longitudinal. 
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The obtained results for the deepness and volume loss are shown on Table 7. 

Table 7 – Contact deepness and wear volume loss for different conditions 

 Deepness (µm) Wear Volume (mm3) 

AS 8.3±1.5 0.80±0.26 

AS-0.1 8.5±0.1 0.87±0.12 

AS-6 3.5±1.6 0.12±0.03 

 

It is important to reaffirm that the values on Table 7 are just indicative of volume loss, 

they don´t have in consideration any wear mechanism that might involve.  

With these values, another important concern can be pointed out. The differences on 

wear volume loss between AS and AS-0.1 are not statistically relevant, being in fact very similar. 

Regarding the increase of concentration of H2O2, AS-6, the loss of material seems to be lower 

than the rest. With this information, some significant facts mentioned before get another relevant 

evidence. The fact that the wear volume loss has decreased but the COF has suffered an 

increase, goes in accordance with what had already been said, that the porous outer layer that is 

formed is not TiO2 but some other compounds [29], [76]. The presence of a TiOOH layer, 

decreases the wear volume, which might indicate that, even it is a porous layer, it is more 

resistant to wear than the titanium oxide layer. 
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5.4. Electrochemical Impedance Spectroscopy 
 

 EIS can be considered the most important technique in kinetic characterization of an 

electrochemical system. It relays on the measurement of the impedance, a function of electrons’ 

transference, a determinant aspect on a corrosive environment. The main objective of this 

chapter is to complete the information obtained before. The use of EIS as a tool for this objective 

had been widely used, even in the study of the influence of H2O2. The main novelty is the 

introduction of the sliding contact. 

 

5.4.1. EIS results 
 

Figure 15 and Figure 16 show Bode and Nyquist plot with the respective fitting lines.  

 

Figure 15 - Bode plot - CP-Ti in different AS solutions after 1.5h of immersion 

 

In terms of |Z| versus frequency (Figure 15), it is possible to observe the presence of a 

plateau at high frequencies. The high frequencies region reflects the transport of the charge in 
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the oxide layer, which has an electrical behavior similar to a capacitor [29]. This plateau is 

related to the phase angle of 0º, corresponding to the response of the electrolyte resistance, the 

resistance of the solution [10], [93]. Regarding the middle and lower frequencies, the differences 

between the curves, both impedance and phase angle, can be pointed out. From 101 to 10-1 Hz, 

the slope can give information about the stability of the passive film formed [4]. Slopes of -1 with 

a phase angle of -90, the perfect capacitor, are representative of a very stable passive film. In this 

case, since the perfect capacitor is a rare case, it is replaced by a phase constant element (CPE). 

In all the cases the results are similar, with slopes of –0,91 for the samples immersed on AS and 

AS-0,1 and -0,94 for the ones on AS-6. The high values of impedance at the lower frequencies 

can be explained by the polarization resistance of titanium. It is also important to point out that 

the impedance value on the phase angle near -90º is representative of the sum of polarization 

resistance and solution resistance. The lowest frequencies in the plot are commonly associated 

with the mass transport in gas-diffusion layers. 

 

Figure 16 - Nyquist plot - CP-Ti in different AS solutions after 1.5 h of immersion 

 

Nyquist impedance response, Figure 14, is normally identified as a semi-circle for 

metal/oxide/solution interface, illustrative of real and imaginary Impedances plotted against each 
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other. It can give important information about the total resistance of the system [94], [95]. The 

interception of the semi-circle with the Zreal axis is representative of the solution resistance and the 

total resistance of the system. The intersection on small values of Zreal (higher frequencies) gives 

information related to the solution resistance while the intersection for higher values (lower 

frequencies) shows the total resistance of the system. The difference between these two values is 

the polarization resistance. The cross of these results with the ones obtained in the Bode plot can 

give a full characterization of the system. As already said before, not always a Nyquist plot is a 

perfect semi-circle. The physical meaning of depression in the representation is attributed to 

either surface roughness, the presence of a porous corrosion product layer or the heterogeneous 

nature of the surface [96].  

It is apparent that the corrosion resistance is strongly affected by the presence and 

concentration of H2O2, as seen from both Bode and Nyquist plots. For frequencies below 1Hz. the 

impedance of the system suffers a decrease from 105 Ω.cm2 to 104 Ω.cm2. It is also possible to 

observe a decrease of the highest phase angle at the end of the slop. It is also possible to see 

that the total resistance of the system (Nyquist plot) decreases with the increase of H2O2 

concentration. According to Tengvall [42], the decrease in the polarization resistance of the metal 

is related to the adsorption of intermediates with a strong oxidizing properties, such as HO2
- or 

HO-. The different curves observed indicate that the mechanisms that control the samples 

response to H2O2 are different. 

 

5.4.2. EIS model and fitting 
 

The analysis of EIS information is usually based on comparing of experimental results 

with results obtained by using an electrochemical equivalent circuit. In the presence of a compact 

passive protective layer, the first equivalent circuit to be tested is Randles. A schematic 

representation can be seen in Figure 17.  
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Figure 17 - Schematic representation of Randles equivalent circuit 

Legend: 

Re – Electrolyte Resistance 

Rp – Polarization Resistance 

Qp – Polarization Capacitance 

 

The electrolyte resistance measured between the working and reference electrode is 

represented by Re, the non-ideal behavior of the passive film is represented by a constant phase 

element, polarization capacitance (Qp). Rp represents the polarization resistance related with the 

system [3], [89]. 

The Randles circuit can be divided in two important parts, the electrolyte equivalent and 

the compact oxide layer. The parallel connected elements, Rp and Qp represent the primarily 

capacitive effect on the oxide surface. From a physical point of view, it can be said that they 

represent the contribution of charged species through the oxide and how vacancies influence it  

[93], [97], [98]. Both of this variables are directly related to the amount of electrical charge 

accumulated in the titanium oxide and how it behaves when an electric current flow through it. 

This equivalent circuit was used to analyze the corrosion behavior of the samples immersed in AS 

and AS-0.1. The goodness of fitting, chi-square values, in this case vary between 4,34 x 10-4 

(±1,25 x 10-4) and 4,01 x 10-4 (±9,95 x 10-5) for AS and AS-0.1, respectively. 

Often, the system electrochemical behavior doesn’t fit Randles equivalent circuit. The 

presence of a diffusion layer observed in the Nyquist plot is represented as a straight line, with an 

angle of 45º in the end of the semi-circle [99].  Literature relates the diffusion layer with a mass 

transport and a gas-diffusion layer [89], [93]. The interaction of H2O2 with a metal, titanium for 

instance, creates an inner compact oxide layer and an outer porous layer. Using this approach, 
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the model represented in Figure 15 shows the equivalent circuit considering this configuration of 

the passive film.  

The equivalent circuit showed in Figure 18 was used by Fonseca et al. [89] , where the 

Warburg impedance is replaced by a resistance due the interactions between the outer porous 

layer and the decomposition of H2O2. The other parts of the circuit represent: Re is the solution 

resistance, as well in the Randles circuit; Qprr the capacitance of the outer porous layer; Qp and Rp 

represent the polarization resistance of the inner compact oxide layer as well the interfacial 

capacitance resistance.. This circuit shows better results regarding the tolerant deviation between 

the experimental and fitting results, with values ranging 2,12 x 10-4 (±4,63 x 10-5). 

 

Figure 18 - Equivalent circuit for CP-Ti in contact with H2O2 

Legend: 

Re – Electrolyte Resistance 

Rp – Polarization Resistance 

Qp – Polarization Capacitance 

Qpr – Outer porous layer polarization resistance 

W - Warburg 
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5.4.3. Influence of reciprocating sliding on EIS 
 

 Table 8 shows the different values for EIS obtained after using the equivalent circuits for 

fitting. 

Table 8 – EIS different parameters values 

 
Re 

(Ω.cm2) 

Rp 

(x 104 Ω.cm2) 

Qp 

(x 10-5snΩ-1cm-2) 

Qpr 

(sn.Ω-1.cm-2) 

W 

(Ω.cm2.s1/2) 

AS 
Pre-sliding 434.9±30.6 41.0±6.7 15.6±1.3 - - 

Post-sliding 476.0±51.0 60.0±13.0 14.4±1.7 - - 

AS-0.1 
Pre-sliding 365.0±16.7 5.16±1.33 6.57±0.27 - - 

Post-sliding 347.0±18.5 8.88±2.63 6.33±0.37 - - 

AS-6 
Pre-sliding 390.5±31.0 9.0±0.4 3.6±0.1 0.005±0.001 50.35±0.63 

Post-sliding 381.0±49.5 1.3±1.1 3.8±0.1 0.005±0.001 499.73±0.25 

 

By observing the Table 8, it is possible to understand that samples immersed on AS had 

the higher values for all the parameters. Although, it is not statistical correct to assume that the 

addition of H2O2 lead to a decrease of the electrolyte resistance. In this case, the standard 

deviation overlaps the Re of different conditions, Figure 19. 
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Figure 19 - Electrolyte resistance for different solutions containing H2O2, before and after sliding 

 

A decrease in Rp, Figure 20, and Qp, Figure 21, values with the increasing of H2O2 

concentration can also be observed. The immersion of CP-Ti in AS-0.1 and AS-6 lead to a 

lowering of the corrosion resistance as already detailed in Chapter 4. Pan et al. stated that 

titanium dissolution occurs at localized defects in the passive film rather than uniformly[76]. The 

presence of strong oxidizing agents and the existence of gaps in titanium structure (porous layer) 

can be pointed as the main reasons for this phenomenon. It is important to notice that, even 

tough, AS-0,1 contains H2O2, the fact that the concentration is so low, its influence is not so well 

defined as the influence of AS-6. Regarding the influence of the contact, no significant differences 

were found related to Rp and Qp. 
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Figure 20 - Polarization resistance for different solutions containing H2O2, before and after sliding 

 

Figure 21 - Polarization capacitance for different solutions containing H2O2, before and after 
sliding 

 

Regarding the Warburg impedance, its presence is due to the diffusion of compounds, 

through the oxide layer, causing the adsorption of unstable ions. H2O2 drives Ti4+ diffusion through 

the oxide, leaving OH- and PO4
- on the surface [29]. The sliding increases the Warburg 
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impedance. This indicates that diffusion and surface heterogeneities have a predominant 

influence after sliding [100]. 

As a conclusion, the presence of hydrogen peroxide in artificial saliva influences the 

tribocorrosion behavior of titanium. The presence of a porous outer layer, formed by a different 

chemical state of titanium, namely TiOOH, decreases the overall corrosion resistance of the 

system. Also, its presence decreases the wear volume loss and increases the COF, probably due 

to different mechanical properties.  
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6. Conclusions and Future work 
 

6.1. Main conclusions 

Dental implants suffer relevant influence from the operating conditions, in a chemical 

and mechanical way. With this, tribocorrosion studies on materials used on these applications 

become clearly important. 

The corrosive effect of hydrogen peroxide on titanium has already some studies 

dedicated to it. Its constant presence on the oral environment makes it attractive. The novelty of 

this work involves the study of the influence of hydrogen peroxide on the corrosion of titanium, 

but also to the use of it to a better understanding of the tribocorrosive behavior of implants.  

The main conclusions of this work are summarized hereafter: 

- The presence of hydrogen peroxide has an important influence on the corrosive 

behavior of CP-Ti. Higher concentrations of H2O2 lead the metal to a nobler state, 

although it accelerates it corrosion process; 

 

- The corrosion resistance of the system is strongly affected by the presence of H2O2, it 

decreases as the H2O2 concentration increases; 

 

- The main conclusion of the work is that the presence of H2O2 has a strong impact on 

the tribocorrosion of CP-Ti. Its presence decreases the wear volume loss and 

decreases the needed time to achieve a stabilized state in a tribological contact. Even 

though its corrosive resistance is decreased in the presence of H2O2, the tendency to 

corrosion is reduced. 
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6.2. Future Work 
 

In this study, the influence of H2O2 on titanium was studied by the immersion of the 

samples in artificial saliva containing different H2O2 concentrations. During the development of 

this study, several questions had been raised, which needed to be answered by future work. 

- To study the influence of hydrogen peroxide at concentrations between 0,1% and 6%, 

since the lower one had a weak effect on the surfaces. The understanding of the 

transition system would be important; 

 

- To evaluate the influence of a higher concentration of H2O2 to understand if it follows  

a proportional behavior, the higher the concentration, the higher the influence; 

 

- To investigate the colonization properties of surfaces immersed in artificial saliva 

containing different concentrations of H2O2. 



 

 
 

 

 

 

  

 

 

 

 

 

 

References



References 

 

Influence of hydrogen peroxide on the tribocorrosion of titanium 
Master Dissertation |José Sequeiros|2013|  44 

References 

[1] P. K. Moy, “Dental Implant Failure Rates and Associated Risk Factors,” Int J Oral 
Maxillofac Implant., vol. 20, no. 4, pp. 569–577, 2005. 

[2] S. Kim, “Clinical Complications of Dental Implants,” in in Implant Dentistry - A Rapidly 
Evolving Practice, 2010, pp. 467–490. 

[3] H. Cruz, “Influence of fluoride on the biotribocorrosion behaviour of titanium covered with 
biofilms,” Master Dissertation, Universidade do Minho, 2010. 

[4] J. C. M. Souza, S. L. Barbosa, E. Ariza, J.-P. Celis, and L. a. Rocha, “Simultaneous 
degradation by corrosion and wear of titanium in artificial saliva containing fluorides,” 
Wear, vol. 292–293, pp. 82–88, Jul. 2012. 

[5] Y. Oshida, E. B. Tuna, O. Aktören, and K. Gençay, “Dental implant systems.,” Int. J. Mol. 
Sci., vol. 11, no. 4, pp. 1580–678, Jan. 2010. 

[6] N. Diomidis, S. Mischler, N. S. More, and M. Roy, “Tribo-electrochemical characterization 
of metallic biomaterials for total joint replacement.,” Acta Biomater., vol. 8, no. 2, pp. 
852–9, Feb. 2012. 

[7] F. Jones, “Teeth and bones: applications of surface science to dental materials and 
related biomaterials,” Surf. Sci. Rep., vol. 42, no. 3–5, pp. 75–205, May 2001. 

[8] S. A. Brown and J. E. Lemons, “Medical Applications of Titanium and Its Alloys: The 
Material and Biological Issues,” in Medical Applications of Titanium and Its Alloys: The 
Material and Biological Issues, 1996, p. 12. 

[9] J.-M. Reclaru, L. , Meyer, “Study of corrosion between a titanium implant and dental 
alloys,” J. Dent., vol. 22, pp. 159–168, 1994. 

[10] R. L. W. Messer, G. Tackas, J. Mickalonis, Y. Brown, J. B. Lewis, and J. C. Wataha, 
“Corrosion of machined titanium dental implants under inflammatory conditions.,” J. 
Biomed. Mater. Res. B. Appl. Biomater., vol. 88, no. 2, pp. 474–81, Feb. 2009. 

[11] N. Schiff, F. Dalard, M. Lissac, L. Morgon, and B. Grosgogeat, “Corrosion resistance of 
three orthodontic brackets: a comparative study of three fluoride mouthwashes.,” Eur. J. 
Orthod., vol. 27, no. 6, pp. 541–9, Dec. 2005. 

[12] P. Heinl, L. Müller, C. Körner, R. F. Singer, and F. a Müller, “Cellular Ti-6Al-4V structures 
with interconnected macro porosity for bone implants fabricated by selective electron 
beam melting.,” Acta Biomater., vol. 4, no. 5, pp. 1536–44, Sep. 2008. 

[13] et al. Van Oosterwyck, “The influence of bone mechanical properties and implant fixation 
upon bone loading around oral implants,” Clin Oral Impl Res, vol. 9, pp. 407–418, 1998. 



References 

 

Influence of hydrogen peroxide on the tribocorrosion of titanium 
Master Dissertation |José Sequeiros|2013|  45 

[14] L. Yan, J. J. Noël, and D. W. Shoesmith, “Electrochimica Acta Hydrogen absorption into 
Grade-2 titanium during crevice corrosion,” Electrochim. Acta, vol. 56, no. 4, pp. 1810–
1822, 2011. 

[15] A. Ribeiro, “Influence of pH and corrosion inhibitors on the tribocorrosion behaviour of 
titanium in different tribological geometries,” PhD, Universidade do Minho, 2007. 

[16] A. I. Karayan, S.-W. Park, and K.-M. Lee, “Corrosion behavior of Ti–Ta–Nb alloys in 
simulated physiological media,” Mater. Lett., vol. 62, no. 12–13, pp. 1843–1845, Apr. 
2008. 

[17] M. Niinomi, “Mechanical properties of biomedical titanium alloys,” Mater. Sci. Eng. A, vol. 
243, no. 1–2, pp. 231–236, Mar. 1998. 

[18] P. A. Schweitzer, Fundamentals of Corrosion Mechanisms, Causes, and Preventative 
Methods, 1st ed. New York, 2010, p. 430. 

[19] G. Mabilleau, S. Bourdon, M. L. Joly-Guillou, R. Filmon, M. F. Baslé, and D. Chappard, 
“Influence of fluoride, hydrogen peroxide and lactic acid on the corrosion resistance of 
commercially pure titanium.,” Acta Biomater., vol. 2, no. 1, pp. 121–9, Jan. 2006. 

[20] S. V. Mentus, “Oxygen reduction on anodically formed titanium dioxide,” Electrochim. 
Acta, vol. 50, no. 1, pp. 27–32, Nov. 2004. 

[21] A. C. L. Faria, A. R. D. V. Bordin, V. Pedrazzi, R. C. S. Rodrigues, and R. F. Ribeiro, “Effect 
of whitening toothpaste on titanium and titanium alloy surfaces.,” Braz. Oral Res., vol. 26, 
no. 6, pp. 498–504, 2012. 

[22] L. Z. Collins, B. Maggio, J. Liebman, M. Blanck, S. Lefort, P. Waterfield, D. Littlewood, M. 
Naeeni, and F. Schäfer, “Clinical evaluation of a novel whitening gel, containing 6% 
hydrogen peroxide and a standard fluoride toothpaste,” J. Dent., vol. 32, pp. 13–17, Jan. 
2004. 

[23] L. P. Faverani, V. a R. Barão, G. Ramalho-Ferreira, M. B. Ferreira, I. R. Garcia-Júnior, and 
W. G. Assunção, “Effect of bleaching agents and soft drink on titanium surface 
topography.,” J. Biomed. Mater. Res. B. Appl. Biomater., pp. 1–9, May 2013. 

[24] M. Strus, T. Gosiewski, K. Fyderek, A. Wedrychowicz, P. Kochan, P. Adamski, and P. B. 
Heczko, “A role of hydrogen peroxide producing commensal bacteria present in colon of 
adolescents with inflammatory bowel,” J. Physiol. Pharmacol., no. 8, pp. 49–54, 2009. 

[25] el al. Al-Salehi, “The effect of hydrogen peroxide concentration on metal ion release from 
dental casting alloys.,” J. Oral Rehabil., vol. 35, no. 4, pp. 276–82, Apr. 2008. 

[26] S. Kikuchi and J. Takebe, “Characterization of the surface deposition on anodized-
hydrothermally treated commercially pure titanium after immersion in simulated body 
fluid.,” J. Prosthodont. Res., vol. 54, no. 2, pp. 70–7, Apr. 2010. 



References 

 

Influence of hydrogen peroxide on the tribocorrosion of titanium 
Master Dissertation |José Sequeiros|2013|  46 

[27] A. Palmquist, O. M. Omar, M. Esposito, J. Lausmaa, and P. Thomsen, “Titanium oral 
implants: surface characteristics, interface biology and clinical outcome.,” J. R. Soc. 
Interface, vol. 7 Suppl 5, pp. S515–27, Oct. 2010. 

[28] P. H. Long, “Medical devices in orthopedic applications.,” Toxicol. Pathol., vol. 36, no. 1, 
pp. 85–91, Jan. 2008. 

[29] J. P. Bearinger, C. a Orme, and J. L. Gilbert, “Effect of hydrogen peroxide on titanium 
surfaces: in situ imaging and step-polarization impedance spectroscopy of commercially 
pure titanium and titanium, 6-aluminum, 4-vanadium.,” J. Biomed. Mater. Res. A, vol. 67, 
no. 3, pp. 702–12, Dec. 2003. 

[30] G. Lütjering, “Commercially Pure Titanium and Alpha Alloys,” 2007. 

[31] M. Wen, J.-F. Gu, G. Liu, Z.-B. Wang, and J. Lu, “Surface evolution of a gradient 
structured Ti in hydrogen peroxide solution,” Appl. Surf. Sci., vol. 254, no. 9, pp. 2905–
2910, Feb. 2008. 

[32] J. Song and M. Z. Bazant, “Effects of Nanoparticle Geometry and Size Distribution on 
Diffusion Impedance of Battery Electrodes,” J. Electrochem. Soc., vol. 160, no. 1, pp. 
A15–A24, Nov. 2012. 

[33] TIMET Catalogue, “Corrosion resistance of titanium,” Denver, 1997. 

[34] J. Chevalier, “What future for zirconia as a biomaterial?,” Biomaterials, vol. 27, no. 4, pp. 
535–43, Feb. 2006. 

[35] L. L. Hench, “Biomaterials: a forecast for the future.,” Biomaterials, vol. 19, no. 16, pp. 
1419–23, Aug. 1998. 

[36] D. F. Williams, “On the nature of biomaterials.,” Biomaterials, vol. 30, no. 30, pp. 5897–
909, Oct. 2009. 

[37] D. A. Rosa, “Alterações de superfície de mini-implantes,” Master Dissertation, 
Universidade Cidade de São Paulo, 2007. 

[38] I. Turkyilmaz, Implant Dentistry - A Rapidly Evolving Practice. Rijeka, Croatia: InTech, 
2011, p. 556. 

[39] H. L. Sun, “Failure Rates of Short Dental Implants and Factors Influencing Their Failure : 
A Systematic Review,” Int. J. Oral Maxilofac. Implant., vol. 26, no. 4, pp. 816–825, 2011. 

[40] I. Denry and J. R. Kelly, “State of the art of zirconia for dental applications.,” Dent. Mater., 
vol. 24, no. 3, pp. 299–307, Mar. 2008. 

[41] F. Katou, N. Andoh, K. Motegi, and H. Nagura, “Immuno-inflammatory responses in the 
tissue adjacent to titanium miniplates used in the treatment of mandibular fractures.,” J. 
Craniomaxillofac. Surg., vol. 24, no. 3, pp. 155–62, Jun. 1996. 



References 

 

Influence of hydrogen peroxide on the tribocorrosion of titanium 
Master Dissertation |José Sequeiros|2013|  47 

[42] C. Gretzer, P. Tengvall, A. Wennerberg, and A. Go, “Inflammatory response to titanium 
surfaces with fibrinogen and catalase coatings : an in vitro study,” Wiley Intersci., 2006. 

[43] M. M. Fürst, G. E. Salvi, N. P. Lang, and G. R. Persson, “Bacterial colonization 
immediately after installation on oral titanium implants.,” Clin. Oral Implants Res., vol. 18, 
no. 4, pp. 501–8, Aug. 2007. 

[44] C. Aparicio, F. J. Gil, C. Fonseca, M. Barbosa, and J. A. Planell, “Corrosion behaviour of 
commercially pure titanium shot blasted with different materials and sizes of shot 
particles for dental implant applications.,” Biomaterials, vol. 24, no. 2, pp. 263–73, Jan. 
2003. 

[45] A. Coury, “Biological Environment,” in in Biomaterial Science, 1996, pp. 243–281. 

[46] J.-P. Celis, P. Ponthiaux, and F. Wenger, “Tribo-corrosion of materials: Interplay between 
chemical, electrochemical, and mechanical reactivity of surfaces,” Wear, vol. 261, no. 9, 
pp. 939–946, Nov. 2006. 

[47] A. Surdacka, K. Strzyka A, and A. Rydzewska, “Changeability of oral cavity environment.,” 
Eur. J. Dent., vol. 1, no. 1, pp. 14–17, Jan. 2007. 

[48] J. Souza, “Biotribocorrosion Behaviour of Titanium in Simulated Oral Environments,” PhD, 
Universidade do Minho, 2009. 

[49] M. J. Neale, The Tribology Handbook, Second., vol. 37, no. 159. Boston: Antony Rowe 
Ltd, 1891, pp. 587–587. 

[50] S. . Lim, “Recent developments in wear-mechanism maps,” Tribol. Int., vol. 31, no. 1–3, 
pp. 87–97, Jan. 1998. 

[51] Z. M. Jin, M. Stone, E. Ingham, and J. Fisher, “Biotribology,” Curr. Orthop., vol. 20, no. 1, 
pp. 32–40, Feb. 2006. 

[52] L. Vincent, “Mechanics and materials in fretting,” Wear, vol. 153, pp. 135–148, 1992. 

[53] A. C. de S. Vieira, “Corrosion and tribocorrosion mechanisms in Al-Si-Cu-Mg alloys and in 
functionally graded Al-SiCp composites,” PhD, Universidade do Minho, 2011. 

[54] M. T. Mathew, P. Srinivasa Pai, R. Pourzal, a. Fischer, and M. a. Wimmer, “Significance 
of Tribocorrosion in Biomedical Applications: Overview and Current Status,” Adv. Tribol., 
vol. 2009, pp. 1–12, 2009. 

[55] N. Diomidis, J.-P. Celis, P. Ponthiaux, and F. Wenger, “Tribocorrosion of stainless steel in 
sulfuric acid: Identification of corrosion–wear components and effect of contact area,” 
Wear, vol. 269, no. 1–2, pp. 93–103, May 2010. 

[56] Y. Berthier and L. Vincent, “Fretting fatigue and fretting wear,” Tribol. Int., vol. 235, no. ii, 
pp. 235–242, 1989. 



References 

 

Influence of hydrogen peroxide on the tribocorrosion of titanium 
Master Dissertation |José Sequeiros|2013|  48 

[57] J. Ding, D. Houghton, E. J. Williams, and S. B. Leen, “Simple parameters to predict effect 
of surface damage on fretting fatigue,” Int. J. Fatigue, vol. 33, no. 3, pp. 332–342, Mar. 
2011. 

[58] M. T. Ehrensberger and J. L. Gilbert, “The effect of scanning electrochemical potential on 
the short-term impedance of commercially pure titanium in simulated biological 
conditions,” J. Biomed. Mater. Res. A, vol. 94, no. 3, pp. 781–9, Sep. 2010. 

[59] M. Pourbaix, “Electrochemical corrosion of metallic biomaterials,” Biomaterials, vol. 5, 
no. 3, pp. 122–34, May 1984. 

[60] I. Cservenyak, G. H. Kelsall, and W. Wang, “Reduction of Ti species in aqueous sulfuric 
and hydrochloridic acids,” Electrochim. Acta, vol. 41, no. 4, pp. 563–572, 1995. 

[61] H. Search, C. Journals, A. Contact, M. Iopscience, and I. P. Address, “Calculated 
transition probabilities in highly charged Ti-like ions,” J. Phys. B At. Mol. Opt. Phys., no. 
34, pp. 1941–1951, 2001. 

[62] H. U. Süss, N. F. Nimmerfroh, and D. Ag, “Hydrogen Peroxide in Chemical Pulp 
Bleaching,” Vitoria, Brazil, 1996. 

[63] G. B. Payne, P. H. Deming, and P. H. Williams, “Reactions of Hydrogen Peroxide. VII. 
Alkali-Catalyzed Epoxidation and Oxidation Using a Nitrile as Co-reactant,” vol. 26, pp. 
659–663, 1961. 

[64] S. Pehkonen, “Spectroscopy and photochemistry of hydrogen peroxide and its complexes 
in solid rare gases,” Master Dissertation, University of Helsinki, 2008. 

[65] N. a. Al-Mobarak, a. M. Al-Mayouf, and a. a. Al-Swayih, “The effect of hydrogen peroxide 
on the electrochemical behavior of Ti and some of its alloys for dental applications,” 
Mater. Chem. Phys., vol. 99, no. 2–3, pp. 333–340, Oct. 2006. 

[66] A. Boveris, N. Oshino, and B. Chance, “The cellular production of hydrogen peroxide.,” 
Biochem. J., vol. 128, no. 3, pp. 617–30, Jul. 1972. 

[67] B. Halliwell, M. V Clement, and L. H. Long, “Hydrogen peroxide in the human body.,” 
FEBS Lett., vol. 486, no. 1, pp. 10–3, Dec. 2000. 

[68] J. Ramo, “Hydrogen peroxide - metals-chelating agents; interactions and analytical 
techniques,” Master Dissertation, University of Oulu, 2003. 

[69] U. Oltu and S. Gürgan, “Effects of three concentrations of carbamide peroxide on the 
structure of enamel.,” J. Oral Rehabil., vol. 27, no. 4, pp. 332–40, Apr. 2000. 

[70] SCCP Risk assessment, “Opinion on Hydrogen Peroxide in Tooth Whitening Products,” 
2005. 



References 

 

Influence of hydrogen peroxide on the tribocorrosion of titanium 
Master Dissertation |José Sequeiros|2013|  49 

[71] M. P. Lisanti, U. E. Martinez-Outschoorn, Z. Lin, S. Pavlides, D. Whitaker-Menezes, R. G. 
Pestell, A. Howell, and F. Sotgia, “Hydrogen peroxide fuels aging, inflammation, cancer 
metabolism and metastasis,” Cell Cycle, vol. 10, no. 15, pp. 2440–2449, Aug. 2011. 

[72] J. P. Barnard and M. W. Stinson, “Influence of environmental conditions on hydrogen 
peroxide formation by Streptococcus gordonii.,” Infect. Immun., vol. 67, no. 12, pp. 
6558–64, Dec. 1999. 

[73] M. St, P. Abhishek, and M. Kundabala, “Etiology of tooth discoloration- a review,” Nig 
Dent J Vol, vol. 18, no. 2, pp. 56–63, 2010. 

[74] A. Watts and M. Addy, “Tooth discolouration and staining: a review of the literature.,” Br. 
Dent. J., vol. 190, no. 6, pp. 309–16, Mar. 2001. 

[75] C. F. Pinto, V. Cavalli, and M. Giannini, “Peroxide bleaching agent effects on enamel 
surface microhardness , roughness and morphology,” vol. 18, no. 4, pp. 306–311, 2004. 

[76] J. Pan, D. Thierry, and C. Leygraf, “Hydrogen peroxide toward enhanced oxide growth on 
titanium in PBS solution: blue coloration and clinical relevance.,” J. Biomed. Mater. Res., 
vol. 30, no. 3, pp. 393–402, Mar. 1996. 

[77] R. G. Castellon, E. C. Combe, and I. J. Pesun, “The effect of artificial saliva on the 
rheological properties of tooth whitening systems.,” J. Oral Rehabil., vol. 31, no. 12, pp. 
1149–54, Dec. 2004. 

[78] SCCP Risk assessment, “Guidance document on Epidemiological and clinical studies on 
Tooth Whitening Products,” 2006. 

[79] T. Fusayama, T. Katayori, and S. Nomoto, “Corrosion of Gold and Amalgam Placed in 
Contact with Each other,” J. Dent. Res., vol. 42, no. 5, pp. 1183–1197, Sep. 1963. 

[80] E. M. Oliveira, C. E. B. Marino, S. R. Biaggio, and R. C. Rocha-Filho, “Reactivation of 
passive titanium: the enhancement of O2 evolution after potentiodynamic cyclings,” 
Electrochem. commun., vol. 2, no. 4, pp. 254–258, Apr. 2000. 

[81] P. Ponthiaux, F. Wenger, D. Drees, and J. P. Celis, “Electrochemical techniques for 
studying tribocorrosion processes,” Wear, vol. 256, no. 5, pp. 459–468, Mar. 2004. 

[82] M.-G. Vergé, P. Mettraux, C.-O. a. Olsson, and D. Landolt, “Rotating ring-disk 
electrochemical quartz crystal microbalance: a new tool for in situ studies of oxide film 
formation,” J. Electroanal. Chem., vol. 566, no. 2, pp. 361–370, May 2004. 

[83] K. Fushimi and H. Habazaki, “Anodic dissolution of titanium in NaCl-containing ethylene 
glycol,” Electrochim. Acta, vol. 53, no. 8, pp. 3371–3376, Mar. 2008. 

[84] P. Ponthiaux, F. Wenger, and J. Celis, “Tribocorrosion : Material Behavior Under 
Combined Conditions of Corrosion and Mechanical Loading,” in in Corrosion Resistance, 
2012, p. 472. 



References 

 

Influence of hydrogen peroxide on the tribocorrosion of titanium 
Master Dissertation |José Sequeiros|2013|  50 

[85] N. Diomidis, J. Celis, P. Ponthiaux, and F. Wenger, “A methodology for the assessment of 
the tribocorrosion of passivating metallic materials,” Lubr. Sci., vol. 21, pp. 53–67, 2009. 

[86] M. Aziz-Kerrzo, K. G. Conroy, a M. Fenelon, S. T. Farrell, and C. B. Breslin, 
“Electrochemical studies on the stability and corrosion resistance of titanium-based 
implant materials.,” Biomaterials, vol. 22, no. 12, pp. 1531–9, Jun. 2001. 

[87] D. Landolt, S. Mischler, and M. Stemp, “Electrochemical methods in tribocorrosion: a 
critical appraisal,” Electrochim. Acta, vol. 46, no. 24–25, pp. 3913–3929, Aug. 2001. 

[88] C. Fonseca, F. Vaz, and M. a. Barbosa, “Electrochemical behaviour of titanium coated 
stainless steel by r.f. sputtering in synthetic sweat solutions for electrode applications,” 
Corros. Sci., vol. 46, no. 12, pp. 3005–3018, Dec. 2004. 

[89] C. Fonseca and M. A. Barbosa, “Corrosion behaviour of titanium in biofluids containing 
H2O2 studied by electrochemical impedance spectroscopy,” Corros. Sci., vol. 43, pp. 
547–559, 2001. 

[90] Z. R. Ismagilov, N. V Shikina, E. V Bessudnova, and V. Denis, “The Effect of Chemical 
Treatment Conditions of Titanium Dioxide Sols on Their Dispersion and Cytotoxic 
Properties,” Chem. Eng. Trans., vol. 27, pp. 241–246, 2012. 

[91] L.-B. Xiong, J.-L. Li, B. Yang, and Y. Yu, “Ti3+ in the Surface of Titanium Dioxide: 
Generation, Properties and Photocatalytic Application,” J. Nanomater., vol. 2012, pp. 1–
13, 2012. 

[92] B. R. Chrcanovic, “Chemical and topographic analysis of treated surfaces of five different 
commercial dental titanium implants,” Mater. Res., vol. 15, no. 3, pp. 372–382, Jun. 
2012. 

[93] S. Tamilselvi, V. Raman, and N. Rajendran, “Corrosion behaviour of Ti–6Al–7Nb and Ti–
6Al–4V ELI alloys in the simulated body fluid solution by electrochemical impedance 
spectroscopy,” Electrochim. Acta, vol. 52, no. 3, pp. 839–846, Nov. 2006. 

[94] P. M. Gomadam and J. W. Weidner, “Analysis of electrochemical impedance 
spectroscopy in proton exchange membrane fuel cells,” Int. J. Energy Res., vol. 29, no. 
12, pp. 1133–1151, Oct. 2005. 

[95] L. Allebrandt, “Estudo da Passividade da Liga 600 em Meio Ácido,” Universidade Federal 
do Rio Grande do Sul, 2003. 

[96] O. R. Laboratory, “http://ortholab.buffalo.edu/bioelectrochemresearch, Acessed on 
10.12.2013.” . 

[97] T. Nickchi and A. Alfantazi, “Kinetics of passive film growth on Alloy 800 in the presence 
of hydrogen peroxide,” Electrochim. Acta, vol. 58, pp. 743–749, Dec. 2011. 



References 

 

Influence of hydrogen peroxide on the tribocorrosion of titanium 
Master Dissertation |José Sequeiros|2013|  51 

[98] P. Liu, J. Kong, X. Yang, and Q. Liu, “Preparation and ionic conductive mechanism of 
novel electrolyte for automobile oxygen sensor,” Proc. 2nd Int. Conf. Electron. Mech. Eng. 
Inf. Technol., pp. 1623–1626, 2012. 

[99] A. Lasia, “Electrochemical Impedance Spectroscopy and its Applications,” Master 
Dissertation, Université de Sherbrooke, 1999. 

[100] M. T. Mathew, S. Abbey, N. J. Hallab, D. J. Hall, C. Sukotjo, and M. a Wimmer, “Influence 
of pH on the tribocorrosion behavior of CpTi in the oral environment: synergistic 
interactions of wear and corrosion.,” J. Biomed. Mater. Res. B. Appl. Biomater., vol. 100, 
no. 6, pp. 1662–71, Aug. 2012.  

 




