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RESUMO 

Devido ao aumento da expectativa de vida e à consequente elevação no 
número de cirurgias ortopédicas, tem-se observado uma crescente demanda por 
materiais implantáveis com elevada biocompatibilidade e propriedades mecânicas 
otimizadas. As ligas de titânio tradicionais, como a Ti6Al4V, embora amplamente 
utilizadas, apresentam preocupações quanto à biocompatibilidade devido à liberação 
de elementos citotóxicos. Em resposta a essa limitação, este estudo teve como 
objetivo avaliar o comportamento eletroquímico e a biocompatibilidade da liga β-
metastável de titânio Ti20Zr3Mo3Sn, em comparação ao titânio comercialmente puro 
(cpTi) e à liga Ti6Al4V. A caracterização eletroquímica foi realizada por meio de 
ensaios in vitro em solução tampão fosfatada (PBS) e em fluido sinovial biomimético 
(BSF), utilizando técnicas como potencial de circuito aberto (OCP), polarização 
potenciodinâmica (PP), espectroscopia de impedância eletroquímica (EIS) e análise 
de Mott-Schottky. Adicionalmente, foi empregada espectroscopia de fluorescência 
para avaliar a estabilidade lipídica no BSF antes e após os testes de corrosão. Os 
resultados demonstraram que a liga Ti20Zr3Mo3Sn apresentou desempenho 
eletroquímico comparável ao das ligas convencionais em PBS e BSF, com densidade 
de corrente passiva significativamente menor em BSF, indicando maior resistência à 
corrosão. Além disso, a análise por fluorescência indicou que a nova liga não 
promoveu desnaturação lipídica, sugerindo melhor biocompatibilidade. Concluiu-se 
que a liga Ti20Zr3Mo3Sn representa uma alternativa promissora às ligas de titânio 
convencionais, oferecendo menor citotoxicidade e estabilidade eletroquímica 
favorável em condições fisiologicamente representativas. 
Palavras-chave: Titânio. Corrosão. Eletroquimica. Estudo in-vitro.  
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ABSTRACT 

Due to increasing life expectancy and the corresponding rise in orthopedic 
surgeries, the demand for biocompatible and mechanically optimized implant materials 
has grown. Traditional titanium alloys, such as Ti6Al4V, while widely used, pose 
biocompatibility concerns due to the release of cytotoxic elements. In response, this 
study aimed to evaluate the electrochemical behavior and biocompatibility of the novel 
β-metastable titanium alloy Ti20Zr3Mo3Sn, in comparison to commercially pure 
titanium (cpTi) and Ti6Al4V. Electrochemical characterization was performed through 
in vitro assays in phosphate-buffered saline (PBS) and biomimetic synovial fluid (BSF), 
utilizing techniques such as open-circuit potential (OCP), potentiodynamic polarization 
(PP), electrochemical impedance spectroscopy (EIS), and Mott-Schottky analysis. 
Additionally, fluorescence spectroscopy was employed to assess the impact of 
corrosion processes on lipid stability within BSF. The results demonstrated that 
Ti20Zr3Mo3Sn exhibited electrochemical performance comparable to conventional 
alloys in both PBS and BSF, with notably lower passive current density in BSF, 
indicating enhanced corrosion resistance. Furthermore, fluorescence analysis 
revealed that the novel alloy did not induce lipid denaturation, suggesting superior 
biocompatibility. It was concluded that Ti20Zr3Mo3Sn presents a promising alternative 
to existing titanium alloys, offering reduced cytotoxicity and favorable electrochemical 
stability under physiologically relevant conditions. 
Keywords: Titanium. Corrosion. Electrochemistry. In-vitro study. 
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1 INTRODUCTION 

The increasing life expectancy has led to a rise in orthopedic surgeries, such 

as total hip arthroplasty (THA), necessitating biomedical implants with optimized 

durability, biocompatibility, and mechanical properties [1]. Titanium alloys have been 

the material of choice for such implants since 1950 due to their corrosion resistance 

and favorable strength-to-weight ratio [2]. However, widely used alloys like Ti6Al4V 

pose risks due to the release of cytotoxic vanadium and aluminum, which have been 

linked to neurodegenerative diseases [3], [4]. Consequently, there is a pressing need 

to develop novel β-metastable titanium alloys with improved biocompatibility and 

mechanical performance, particularly in biomimetic environments that simulate 

physiological conditions. 

Despite advancements in alloy design, a critical gap remains in understanding 

the electrochemical behavior of these materials under conditions that mimic the 

synovial fluid of human joints. While studies have examined corrosion resistance in 

simplified electrolytes like phosphate-buffered saline (PBS), few have evaluated 

performance in complex biofluids that account for proteins, lipids, and hyaluronic acid 

[5][6]. This gap limits the translational potential of new alloys, as their long-term stability 

in vivo depends on interactions with biological media [7]. 

This study addresses this gap by investigating the electrochemical properties 

of the novel β-metastable alloy Ti20Zr3Mo3Sn in comparison to commercially pure 

titanium (cpTi) and Ti6Al4V. The research is justified by its potential to advance the 

design of safer implant materials by replacing cytotoxic elements like Al and V with 

biocompatible alternatives and provide insights into corrosion mechanisms in 

biomimetic synovial fluid (BSF), a more clinically relevant environment than traditional 

electrolytes [8]. 

This work is structured as follows: reviews the literature on THA, stress 

shielding, and titanium alloy properties; details the materials and methods; 

presentation and discussion of the results; conclusions and implications for future 

research. By integrating materials science with electrochemical and biomimetic testing, 

this study aims to contribute to the development of next-generation orthopedic implants 

with enhanced longevity and patient safety. 
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2 OBJECTIVES 

2.1 General objectives 

The general objective of this work is to compare and analyze the 

electrochemical behavior of Ti20Zr3Mo3Sn, a novel β-metastable alloy that has 

promising mechanical properties to combat stress shielding and less cytotoxic alloying 

elements, against cpTi, and Ti6Al4V in PBS and BSF. 

 The study of Ti20Zr3Mo3Sn has the objective to obtain a new titanium alloy 

that has advantages to already established titanium alloy in the medical industry. 

2.2 Specific objectives  

1. Evaluating open-circuit potential (OCP) and passive film stability over 

24 hours. 

2. Analyzing corrosion resistance via potentiodynamic polarization and 

electrochemical impedance spectroscopy (EIS). 

3. Characterizing the semiconducting properties of passive films using 

Mott-Schottky analysis. 

4. Assessing the interaction between alloys and BSF through 

fluorescence spectroscopy to detect lipid denaturation. 
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3 LITERATURE REVIEW 

3.1 Total hip arthroplasty  

At the end of the last century, we have seen a rise in their ageing population 

and long-term health problems associated with sedentary and low nutritional value 

lifestyles in Organisation for Economic Co-operation and Development (OECD) 

nations[1]. This in turn leads to health problems like obesity which puts more stress in 

the joints leading to higher cases of arthritis, arthrosis and osteoporosis[9]. The 

increase in the number of these pathologies has led to more total hip arthroplasty 

(THA) surgeries being performed in the OECD nations, with 75000 THAs being 

performed each year in the National health service (NHS) of the United Kingdom alone, 

as it is one of the most common orthopedic surgeries [9], [10]. THA involves the 

removal of the damaged femoral head and acetabular cartilage, which are then 

replaced with prosthetic components, with the intentions of restoring original 

biomechanical balance of the coxofemoral joint[11]. The main problem with the fixation 

and lifetime of the THA protheses is periprosthetic osteolysis which is the chronic bone 

resorption around the exogenous implant devices until the fixation is lost [12]. The 

following image shows the anatomy of a right hip with arrows indicating the names of 

each bone and where the bone is cut for THA. 

 

Figure 1: Anatomy of right hip showing the site of surgical removal for total 
hip arthroplasty 

 

Source: (SIOPACK et al., 1995) 



 17 
 
 

   

 

The prostheses utilized typically consist of a femoral stem with a ball 

component, often made from metal or ceramic, and an acetabular cup, usually 

composed of a metal shell with a plastic, ceramic, or metal liner [10], [13]. The materials 

used in the bearing of the protheses greatly affect its longevity, currently there are three 

distinct types of bearing systems, metal on polyethylene, metal on metal and ceramic 

on ceramic. Metal on polyethylene bearings are widely used by their cost-effectiveness 

and their predictable lifespan, but their disadvantage is that the polyethylene debris 

generated by the wear of the bearing can cause periprosthetic osteolysis [14]. Metal 

on metal bearings can have a longer lifespan than metal on polyethylene bearings due 

to their reduced wear and they also have a lower dislocation rate, but the wear of the 

metal realizes metallic ions, metallosis, and increasing the risk of cancer [15], [16]. 

Ceramic on ceramic bearings on the contrary of the other systems, release inert 

particles into the body and lower friction, but they are more expensive and can 

generate noise on movement [17]. 

THA is classified as a major orthopedic surgical intervention and is generally 

performed under regional or general anesthesia. It requires meticulous surgical 

technique to ensure proper alignment and fixation of the components, which can be 

cemented with polymethylmethacrylate or uncemented depending on the patient's 

bone quality and surgeon’s preference. The following Figure shows how a protheses 

with a metal on polyethylene is inserted into the femur and acetabulum, this protheses 

is fixed in the region with polymethylmethacrylate. 
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Figure 2: A total hip arthroplasty with methyl-methacrylate used for fixation. 

 

Source: (SIOPACK et al., 1995) 

 

3.2 Stress shielding 

The possible complications that a patient will acquire overtime after a THA 

surgery can be attributed to a diversity of factors involving the design of the implant 

utilized, surgical factors and patient factors[18]. One possible long term complication 

involving design factor is stress shielding, which is a biomechanical phenomenon that 

occurs when a prosthetic implant bears a significant portion of the load that would 

normally be transmitted through the surrounding bone[19]. This absorption of the load 

fragilizes the surrounding bone in accordance to Wolff’s law which is a series of 

observations that the bones adapt their external shape and internal structure in 

response to the mechanical forces applied to it, this leads to reduced mechanical 

stimulation and subsequent bone resorption [20], [21]. When body weight is equally 

distributed around the lower limbs this phenomenon is regulated, but when a prothesis 

with different Young’s modulus is introduced, the equilibrium is altered. Leading to a 

atrophic bone in the region of the femur that no longer receives mechanical stimulation 

because of the bone resorption, this subsequently causes the formation of a denser 

bone in the region exposed to higher mechanical stress than physiological[22]. This 

phenomenon can be modelled by utilizing composite beam theory that predicts that 

bone stress immediately after implantation is proportional to the relative structural 
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rigidity of the implant and bone. Therefore, a protheses with larger diameter will cause 

more significant bone loss, in comparison to one with smaller diameter[23]. 

 

Figure 3: Physiological distribution of the load (a) and altered distribution of 
the load due to the insertion of a hip prosthesis (b). 

 

Source: (SAVIO; BAGNO, 2022) 

In THA, this commonly affects the proximal femur, where stiff metallic implants, 

particularly those made of traditional cobalt-chromium or titanium alloys, alter the 

natural load distribution. That being that most of the load bypasses the proximal femur 

instead travelling through the protheses to the distal portion of the femur[22]. Over time, 

the lack of physiological stress on the peri-implant bone results in osteopenia and 

potential aseptic loosening of the prosthesis, compromising long-term implant stability 

[24], [25], [26]. 

Modification of the prosthesis design and material can reduce or aggravate the 

effect of the stress shielding. Conventional femoral stems, such as fully coated or stiff 

tapered stems, are associated with higher stress shielding due to their rigidity. In 

contrast, newer innovations like tapered, flexible stems aim to mimic natural load 

transfer, reducing bone loss[27]. Additionally, cementless implants with metaphyseal-

loading designs promote proximal stress distribution, whereas diaphyseal-fitting stems 

may exacerbate distal stress transfer[28]. Understanding these dynamics is crucial for 

implant selection, as minimizing stress shielding improves bone preservation and long-

term THA outcomes. 
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To increase the chances of success of a joint prosthesis and prolong its life in 

service, it is essential to manufacture it from metallic materials that have a low Young’s 

modulus of elasticity, close to that of bone (around 10-30GPa) and a high ultimate 

strength, properties which are crucial to withstand the intense stress to which load-

bearing implants are generally exposed [29]. Titanium (Ti) alloys and cobalt-chrome 

(Co-Cr) alloys are some of the most common materials utilized in THA implants, both 

are resistant to corrosion in the implantation area and possess suitable mechanical 

properties. But their Young’s modulus is very distant from that of the bone, with Co-Cr 

having a Young’s modulus of 200-230 GPa and Ti6Al4V having 110 GPa[30].  

 

Table 1: Modulus of elasticity of some commercially used biomedical alloys 
and bone 

Material Microstructure 

Young’s 

modulus 

(GPa) 

Yield Stress 

(MPa) 

Ultimate tensile 

Strength (MPa) 

Bone 
Viscoelastic 

composite 
10-30  90-140 

Stainless 

steel 316L 
Austenite 200 170 480 

CoCrMo Austenite 200-230 450 565 

CpTi 

(grade 4) 
α 105 480 550 

Ti6Al4V α+β 110 680 780 

Ti-

11.5Mo–

6Zr–4.5Sn 

(BIII) 

β 79 620 690 

Source: (GEPREEL; NIINOMI, 2013) 
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3.3 Titanium alloys  

Titanium, first widely used in the 1950s for military and naval applications, has 

since become one of the world’s most essential metals. Today, titanium alloys are 

applied in a broad range of fields, from aerospace engineering to medical prosthetics[2]. 

Several Key physical properties contribute to its popularity, one of them being its 

density that is approximately 60% that of steel, offering a lightweight yet strong 

alternative. Another key property is its strength, its tensile strength is comparable to 

that of martensitic stainless steel, making it suitable for high-stress applications[31]. 

One important aspect is its cost that is comparable to superalloys, balancing 

performance with economic viability. The manufacturability of titanium is advantageous 

since it is both castable and machinable, which enhances its versatility across various 

industries. Finally, its corrosion resistance is outstanding because of the passive oxide 

film of TiO2 formed in its surface, particularly in the human body, making it ideal for 

biomedical uses[2], [32]. 

Currently Ti6Al4V alloy is one of the most widely used titanium alloys in 

biomedical devices, this is because they present good corrosion resistance and 

mechanical properties akin to bone structures. Although the TiO2 film prevents the 

liberation of titanium metallic ions into the body, recent studies have shown that 

aluminum ions liberated from the passive film increase the chances of Alzheimer’s 

disease and alloys containing vanadium have been associated with cytotoxicity and 

adverse reactions in the tissue[3], [4], [33]. These problems have incentivized the 

search for new titanium alloys that are less cytotoxic to be used in biomedical 

devices[8], [34].  

New titanium alloys have been proposed over the years, one of the most 

promising groups of alloys are those containing beta stabilizer elements, which are 

also low cytotoxic, such as Zr, Nb, Mo and Ta. These alloying elements contribute to 

the stabilization of the β-phase of titanium alloys, which has a lower young modulus 

and better formability than near-α and α-β alloys, this causes a better load transfer 

from the implant to the bone tissue and decreases the likelihood of bone resorption 

and loosening[35]. Titanium alloys are constituted by two mains phases the α and β, 

the α-phase unit cell is hexagonal close-packed (HCP) while the β-phase has body-
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centered cubic (BCC) unit cell, these two configurations possess different lattice 

parameters. Pura titanium is a near-α alloy while TAV is a α-β alloy, new alloys such 

as Ti–24Nb–4Zr–8Sn possess a β-metastable structure. This metastability of the β-

phase allows the material to alter its lattice parameters when subjected to strain, 

conferring to it a super elasticity not achievable through the conventional alloys[36]. 

 

Figure 4: Unit cells of the crystal structures of titanium. a) Unit cell of α phase 
b) Unit cell of β phase 

 

 

Source: (LÜTJERING; WILLIAMS, 2007) 

3.4 Bio-mimetic environment 

These advancements in new titanium alloys must be accompanied by studies 

of their electrochemical properties and as the new alloys are envisioned to be used as 

protheses it’s important to identify how they behave in bio-mimetic environments. 

Because of this there has been research done in different simulated body fluids 

including Ringer‘s solution, Hank’s solution and phosphate buffered saline solution 

[37], [38], [39]. Ringer’s solution is a commonly used physiological fluid in biomedical 

research, its composition does not include phosphates differently from Hank’s solution 

and PBS [40]. Hank’s solution is also a widely used physiological medium due to its 

similar ionic composition of human extracellular fluids, it has been used in corrosion 

analysis of Titanium alloys in previous studies and shown that they are passive in it 

[41], [42].  PBS is also a widely utilized physiological solution for corrosion analysis of 

titanium alloys, like Hank’s solution it possesses a similar a ionic composition to human 

body fluids[43]. Titanium alloys have shown passive behavior in previous PBS 

studies[5], [44]. The lubricant present in the joints, known as Synovial Fluid (SF), is 
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primarily composed of proteins, phospholipids, and hyaluronic acid. Structurally, SF 

consists of multilayers of lipids surrounding the hyaluronic acid and proteins, forming 

a network of vesicles [6], [45]. This can be seen in the Figure below 

 

Figure 5:Representation of healthy synovial fluid showcasing the lipidic 
multilayers and the enveloped hyaluronic acid mixed with proteins 

 

Source: Author 

Research has also been conducted under in-vitro conditions utilizing synovial 

fluid extracted from patients or through implantation in animals. However, with the 

development of bio-mimetic synovial fluid, it is now possible to simulate the properties 

of natural synovial fluid without the need for patient-derived samples[7], [46], [47]. This 

allows a more proximate simulation of the behavior of the material during application. 

3.5 Electrochemistry 

Electrochemistry plays a important role in many areas of material engineering, 

nowadays being a fundamental cornerstone of understanding chemistry and physics 

in relation to materials. This knowledge is utilized in many for uses such as: 

Electrochemical deposition, formation of oxide layers and semiconductors, new 

polymer materials and nanotechnologies[48], [49].  

Corrosion is one electrochemical phenomenon that affects most metallic 

materials and represents an increased cost of maintenance in a wide array of areas; 

therefore, the study of this phenomenon is essential to produce longer lasting materials. 
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Corrosion is an attack by a chemical or an electrochemical reaction with the 

environment, for corrosion to occur the presence of four elements, an anode, cathode, 

electrolyte and a metallic path for the flow of electrons.  

In a corrosion cell, the anode functions as the negative terminal. As the more 

reactive metal, it releases electrons that travel through a metallic pathway toward the 

cathode. The cathode, which acts as the positive terminal, is the site of reduction 

reactions that consume the electrons generated by the anode. The process also 

requires the presence of an electrolyte, which is an electrically conductive solution 

encompassing both electrodes and enabling corrosion to occur. For potential 

measurements, a system involving three electrodes is employed. The working 

electrode is where the reaction of interest takes place, and measurements are 

recorded. The reference electrode provides a stable and known reference potential 

against which the working electrode’s potential is compared. Finally, the counter 

electrode, also known as the control electrode, completes the electrical circuit, 

ensuring the flow of current between it and the working electrode[49]. 

The oxidation of the surface layer of a metal is called passivation which is a 

process that creates a passive stable film as barrier between the environment and the 

metal. These passive films are very thin, in the scale on nm, and behave like semi-

conductors with metallic properties, allowing a limited amount of conductivity of cations 

between the metallic matrix and the environment. This causes the corrosion rate to 

dramatically slow down because of the reduction of current density for cathodic 

reduction and the increase of current density for anodic polarization. 

Some transition metals like Fe and Ti possess what is called an active-passive 

behavior where they exhibit a S-shaped polarization curve. This curve is representation 

of the relationship between potential (V) and current density is very important as it 

delineates three reaction zones: active, passive and transpassive. In the cathodic zone 

the metal is actively corroding and as the potential increases the current density rises 

sharply as it corresponds to the metal undergoing anodic dissolution, this is the 

expected behavior of a metal in an aggressive environment. In the passive zone the 

metal is protected by a stable oxide film that is adhered to its surface, as previously 

stated this severely reduces the corrosion rate[49]. Lastly there is the transpassive 
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zone that occurs at very high potentials, in this zone the oxide layer breaks down 

leading to a rise in current density, which provokes an accelerated corrosion and 

compromises the integrity of the material. 

3.5.1 Corrosion types 

 Corrosion comes in many forms and types and although it can be not 

detrimental initially over time it starts to affect the strength, mechanical properties and 

appearance of the material. Which if not considered can cause catastrophic failure 

during operation such as the failure of cable bolts in mining operations. As commented 

before the environment affects drastically how the corrosion will occur in the material, 

these environments can be saline, dry, wet or acidic for example[50].   

One of the most common corrosion types is uniform corrosion, it occurs when a 

small amount of electrolyte is present on the surface of a metal, such as seawater on 

steel. It occurs by the exchange of electrons between the anodic and cathodic areas 

where the oxidation of the metal and the reduction of the oxygen occurs 

respectively[51]. An example reaction of steel in aqueous environment can be seen in 

the equations below. 

 𝐹𝑒 → 𝐹𝑒2+ + 2𝑒’          (1.1) 

 𝑂2 + 2𝐻2𝑂 + 4𝑒 → 4𝑂𝐻−         (1.2) 

 𝐹𝑒2+ + 2𝑂𝐻− → 𝐹𝑒(𝑂𝐻)2        (1.3) 

 2𝐹𝑒(𝑂𝐻)2 + 𝑂2 + 2𝐻2𝑂 → 4𝐹𝑒(𝑂𝐻)3      (1.4) 

 4𝐹𝑒(𝑂𝐻)2 + 𝑂2 → 2𝐹𝑒2𝑂3. 𝐻2𝑂 + 2𝐻2𝑂       (1.5) 

 

In the equation (1.1) the oxidation of iron generates electrons that react with 

the oxygen and water in equation (1.2) to generate a hydroxyl ion. This ion then reacts 

with the ferrous ion, in equation (1.3), to generate Iron(II) hydroxide than can then 

either react with water and oxygen to generate iron(III) oxide-hydroxide as in equation 

(1.4) or just with oxygen to generate hydrated iron oxide as in equation (1.5). 

Another important corrosion type is galvanic corrosion that occurs when two 

metals with different electrochemical potentials are joined together while in contact with 

a corrosive electrolyte[52], [53], [54]. This can be a problem, or it can be used to 

prolong the life of a piece, as one of the metals can be used as a metal sacrifice. This 
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occurs because, as the name implies, a galvanic cell is formed between the two metals, 

during the process the main driving force of corrosion the difference in potential 

between the two metals. The difference in potential of two metal can be surmised with 

the help of a galvanic table which classifies metals from more anodic to more cathodic, 

the farther apart the metals are the more rapidly the anodic metal will corrode[55]. The 

mechanism through which this occurs is the same as previously discussed in corrosion 

cells, since a galvanic cell is a corrosion cell. 

Different factors affect the magnitude of galvanic corrosion, the first one being 

how far apart the two metal are from each other in the galvanic table which indicates 

how rapidly the corrosion will occur as previously stated. Secondly the nature of the 

environment will affect corrosion as it affects the pathways of ions and electrons in 

galvanic cell. Lastly, the area, distance, and geometry of the metal significantly 

influence corrosion reactions[49]. Specifically, an unfavorable ratio of cathodic to 

anodic metal surface areas can accelerate the corrosion rate, this occurs because the 

metal with the smaller surface area experiences a higher current density. If this smaller 

area corresponds to a more anodic metal, it will corrode more rapidly as it reacts with 

its environment, thereby accelerating the overall corrosion process. As for the distance 

it is widely known the conductivity is inversely proportional to distance, therefore the 

shorter the path between the two metals the more galvanic damage will be found. 

Lastly the geometry of the components also affect galvanic corrosion since continuity 

of the pieces affects its polarization. 

Crevice corrosion is a type of corrosion common in bio-medical devices used 

in joints, since there are discontinuities between the bio-medical devices and the bone 

it is connected to. This type of corrosion occurs when there are small spaces between 

metal to metal or metal to non-metal, the presence of cracks or fissures and deposition 

detritus on the surface of the materials[56]. Several factors can contribute to the 

intensity of crevice corrosion, some then are the type and geometry of the crevice, the 

composition of the alloy, the characteristics of the passive film and the mass transfer 

in and out of the crevice[57]. There are many different mechanisms that explain crevice 

corrosion, one of them is metal ion concentration, according to it there is a difference 

between the metal ion concentration in and out of the crevice, because of that a 
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corrosion cell is formed. As the area with low metal concentration becomes the anode 

and the area with high metal concentration becomes the cathode[58]. 

One of the most serious corrosion types is pitting, since it damages the 

materials, but it is quite difficult to identify it. Pitting is a localized corrosion that creates 

cavities or pits in the metal while large part of the surface remains unaffected, while 

the damage is localized it necessities the changing of the whole piece when identified 

since it can cause catastrophic failure[59]. Generally pitting occurs in marine 

environments where there is a higher concentration of ions, but it can also occur in 

pipes when transporting hard or soft water. For pitting to occur it is necessary for a 

passive film to be present on the surface of the metal, that could be the oxide of a 

passive-active metal or a coating. Since uniform corrosion is unlikely to occur in active-

passive metals, pitting works by destroying the passive film on certain spots in the 

surface causing the formation of a small anode area which subsequently starts acting 

as a corrosion cell[60]. Nowadays it is possible to analyze the pitting potential of a 

metal through electrochemical techniques, one of them being the polarization 

hysteresis where we observe the anodic polarization behavior of a metal. In this 

technique, a open circuit potential is started and subsequently the anodic polarization 

scan is conducted in the noble direction at a slow rate and upon reaching a 

predetermined value it reverses and move towards an active potential closing the loop. 

This analysis divides the plot in 3 regions, the first one representing a resistance to 

pitting, followed by a region where the pits already initiated growth but there is no 

formation of new ones. Lastly in the final region where the potential has reached critical 

pitting potential it generates new pits and deepens the ones already formed[49], [61]. 

Intergranular corrosion occurs between the grain boundaries, it is a form of 

localized corrosion in a metal in a corrosive environment[62]. It can cause the 

dislodgment of the grain causing peeling of the surface of the metal. This form of 

corrosion is more common in stainless steel, aluminum and nickel alloys with different 

mechanisms of corrosion for each alloy. 

3.5.2 Open-circuit potential   

Open-circuit potential  is conducted with the utilization of three electrodes and 

a potentiostat to find the steady-state conditions of the material tested, it is expected 
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that the potential (V) will rise over time until reaching stability indicating the growth of 

a passive film in the sample[63]. As can be seen in Figure 6. 

 

Figure 6: OCP graph of potential versus time of cp-ti and Ti20Mo in artificial 
saliva solution along 24 hours. 

 

Source: (MARECI et al., 2010) 

OCP is a weak indicator of the corrosion resistance of a material, so although 

useful its results alone cannot be used to prove with certainty the effectiveness of a 

material over another when it comes to corrosion resistance. 

3.5.3  Electrochemical impedance spectroscopy  

 EIS is a versatile technique used to investigate the electrochemical properties 

of a material through applying a potential in various frequencies and measuring its 

response[64], [65]. The data acquired through the measurements can then be used to 

ascertain properties such as corrosion resistance, passive film growth and rate of ion 

transport. It is also possible to then simulate the equivalent electrical circuit of the 

electrochemical system with the response acquired. An important prerequisite for the 

analysis of EIS data is the utilization of the Kramer-Kroning test, as it allows to 

ascertain the validity of data obtained and to verify if the data was influenced by 

bias[66]. The Kramer-Kroning test works by verifying the linearity of the time-invariant 

with the causal system between the real (Z’) and imaginary (Z’’) part, this is done by 
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calculating the theorical Z’’ with Kramer-Kroning relation and Z’ data to then compare 

it to experimental data[67], [68]. The equation utilized can be seen below: 

 

𝑍′(𝜔) =
2

𝜋
. ∫

𝜔′ .  𝑍′′(𝜔′)

𝜔2 − 𝜔′2
𝑑𝜔′

∞

0
       (2.1) 

𝑍′′(𝜔) =
2

𝜋
. ∫

𝜔′ .  𝑍′(𝜔′)

𝜔2 − 𝜔′2 𝑑𝜔′
∞

0
        (2.2) 

 

 In equation 2.1 we calculate the theoretical value of Z’ with Z’’ where ω is the 

angular frequency of the applied signal of the EIS and ω’ is the variable for integration 

representing the frequency domain over which the data is evaluated. For equation 2.2 

the same applies but utilizing Z’ to obtain the theoretical value of Z’’. This then allows 

us to find the error between the theoretical value and the experimental data, identifying 

if a data set presents instrumental noise, non-linear behavior or instability of the 

system[66]. 

 With the validated data the equivalent electrical circuit of the system can then 

be found by analyzing the Nyquist and bode plots. The Nyquist plot is composed of Z’ 

in the X-axis and Z’’ in the Y-axis, where each point corresponds to a specific frequency, 

where the high-frequency is generally found on the left side of the plot. This type of 

graph correlates the real and imaginary parts while frequency varies[69]. An example 

of Nyquist plot can be seen below. 

 

Figure 7: Nyquist curve of Ti20Zr3Mo3Sn in PBS 

 

Source: author 

 There are two types of bode plots magnitude plots and phase plots both then 

are necessary to be able to analyze the nature of an electrochemical system, they 
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respectively correlate magnitude and phase angle of the impedance as a function of 

the frequency[69]. The magnitude plot consists of the magnitude of the impedance (|Z|) 

in the Y-axis in a logarithmic scale and the frequency of the applied signal in the X-axis 

also in the logarithmic scale. In the phase angle plot the Y-axis the phase angle, which 

indicates the phase difference between the applied voltage and the resulting current, 

the X-axis is the same as the magnitude bode plot. Since both graphs have the same 

X-axis they can be represented together, a bode plot obtained by Mareci et al[70]. can 

be seen below with the equivalent circuit he used to fit the data obtained. 

 

Figure 8: Bode plots for a Ti50Ta alloy in different media. 

 

Source: (MARECI et al., 2009) 

Figure 9: Equivalent circuit of fitted impedance data 

 

Source: (MARECI et al., 2009) 

 The fitting of the data to an equivalent electrical circuit is generally done with 

specialized software such as ZView and ECLab, in the equivalent circuit obtained by 
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Mareci et al. it is possible to see the main elements of a equivalent circuit. That being 

the resistance of the electrolyte (Rsol), the capacitor of the system, the constant phase 

element (CPE), and the resistance of the passive film. The validity of this fitting is 

evaluated through the χ² (chi-squared) test that is the sum of the error-squared of Z’ 

and Z’’, the equation for χ² used for evaluating the validity of the fitting can be seen 

below. 

𝜒2 = ∑ (
𝑍′

𝑒𝑥𝑝,𝑖−𝑍′
𝑚𝑜𝑑𝑒𝑙,𝑖)²

𝜎
𝑍′
2 +

𝑍′′
𝑒𝑥𝑝,𝑖−𝑍′′

𝑚𝑜𝑑𝑒𝑙,𝑖)²

𝜎
𝑍′′
2 )𝑖               (3.1) 

 Where the Z’exp,i and Z’’expl,i are the real and imaginary parts of the experimental 

impedance data at a i frequency, Z’model,i and Z’’model,I are the real and imaginary parts 

of modeled impedance data and lastly the σZ’ and σZ’’ are the standard deviations of 

the real and imaginary parts respectively. 

3.5.4 Mott-Schottky 

The Mott-Schotttky (MS) analysis is used to study the electronic properties of 

the passive film, particularly their semiconducting behavior such as if they’re n-type 

or a p-type. A N-type semi-conductor presents a abundance of electrons as the 

majority carriers of charge while vacancies are the minority carriers. For a P-type 

semiconductor the opposite is true, the vacancies where electrons should be the 

majority charge carriers while the electrons are the minority charge carriers[71]. This 

behavior can be identified through the appearance of the graph, below are two Mott-

Schottky obtained by Bengas et al, where the graph a) shows a plot of ZnO that 

posses a n-type behavior and graph b) that shows the p-type behavior of Cu2O. 

 

 

 

 

 

 

 

 



 32 
 
 

   

 

Figure 10:  Mott–Schottky plots of a) ZnO showing n-type behavior and b) 
Cu2O showing p-type behavior 

 

Source: (BENGAS et al., 2019) 

 

 Titanium oxide is expected to present an n-type behavior that is due to the 

presence of oxygen vacancies where free electrons are the majority carriers. Another 

important property that can be identified with Mott-Schottky is the charge carrier density 

(Nd) which represents the number of charge carriers, electrons or vacancies, present 

in a volume unit. The value of the charge carrier density can be found through the 

following equation. 

𝑁𝑑 =
2

∈∈0𝑒 .𝑠𝑙𝑜𝑝𝑒
                     (4.1) 

In (4.1) the ϵ is the dielectric constant of the material, ϵ0 is the permittivity of 

free space and e the elementary charge. It is important to denote that in the Mott-

Schottky there are two slopes in n-type and p-type behaviors, so the Nd changes after 

reaching an inflection point. 

 Mott-Schottky is a technique that is used to identify the nature of the reactions 

occurring in the passive film through the point-defect model (PDM). The PDM is a 

theoretical framework that is used to explain the growth and breakdown of passive 

oxide films on metals and alloys, it describes the processes from film formation, steady-
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state growth, film breakdown and the role of the environment. It focuses on atomic-

scale imperfections within the oxide layer such as vacancies and interstitials. 

Vacancies are missing atoms in the oxide lattice, these can be either metal or oxygen 

vacancies, while interstitials are extra atoms located in positions between the regular 

lattice points. These imperfections facilitate the transport of ions through the oxide layer, 

which causes the growth and repair of the passive layer. Another important aspect of 

the PDM is being able to discern the nature of passive oxide film, since p-type films 

generally contain a deficiency of metal ions or an excess of cation vacancies, while n-

type films generally contain an excess of cations in interstitial sites or anion 

vacancies[72]. Roh and Macdonald studied the growth behavior of titanium oxide in a 

0.5 M H2SO4 solution. The following Figure presents a simplified overview of the 

reactions they identified using the PDM framework, offering valuable insights into the 

defect mechanisms governing the oxide's stability and growth. 

 

Figure 11: Schematic of physico-electrochemical processes that are 
postulated to occur within the point-defective anodic oxide barrier layer 

 

Source: (ROH et al., 2019) 
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 Reaction 1 shows the injection of the interstitial titanium cation (Tiiχ+) and a 

titanium vacancy (VTi) into the barrier layer from titanium atom (Ti), these interstitials 

are then ejected into the solution (TiΓ+) after migrating from the barrier layer as can be 

seen in reaction 3. In reaction 2 the oxygen vacancies (Vö) and titanium cations in their 

expected lattice site (TiTi) are generated at the innermost part barrier layer during its 

rua freiformation, in reaction 4 these defects then migrate to the interface of the barrier 

and solution where they interact with water injecting the oxide ion (Oo) in the barrier 

layer. Γ and χ represent the oxidation state of the ions and vacancies respectively[73].  

3.6 Potentiodynamic polarization 

Potentiodynamic polarization (PP) is a technique used to analyze the current 

response of the material as the potential increases over time, this provides insights 

such as the kinetics of anodic and cathodic reactions and the susceptibility of corrosion 

of the material. As with previously discussed techniques, the experimental setup for 

Potentiodynamic polarization involves the utilization of a corrosion cell, that consists of 

the working, reference and control electrodes, the data obtained in this test plots a 

graph of potential (V) versus the current density (A/cm²). Through this plot it is possible 

to obtain the key information such as the corrosion potential (Ecorr), corrosion current 

density (Icorr) and passive current density (Ipass).  Ecorr indicates the potential where the 

anodic and cathodic reactions are equal. Icorr is obtained through Tafel extrapolation 

where the cathodic and anodic branches of the curve are extrapolated linearly, the 

point of intersection between the two of them at corrosion potential is the corrosion 

current density. The Icorr gives the corrosion rate of the material, a higher Icorr indicates 

a higher rate of corrosion and thus lower corrosion resistance. This extrapolation can 

be seen in the following hypothetical Tafel plot. 
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Figure 12: Hypothetical Tafel plot of log current density versus potential 
relative to SCE 

   

Source: (AHMAD, Zaki, 2006) 

In this polarization curve the log of the current density is plotted in the x-axis 

and the potential in the y-axis, in it we can see the Tafel extrapolation and that OCP 

aligns with the corrosion potential of the material. Ipass is the minimum current density 

necessary for the metal to remain in its passive state, a lower Ipass indicates better 

corrosion resistance. Mareci et al. studied the electrochemical properties of cpTi and 

Ti20Mo alloy in artificial saliva, the polarization curve he obtained shows that Ti20Mo 

presented a superior corrosion resistance to cpTi[63]. 
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Figure 13: Polarization curve of cpTi and Ti20Mo in artificial saliva 

 

Source: (MARECI et al., 2010) 

In the polarization plot we can see that the Ecorr is approximately -0.5 V for both 

materials and that the is Ipass lower for Ti20Mo alloy in comparison to cpTi, indicating 

its superior corrosion resistance. According to previous studies the passive current 

density for cpTi and Ti6Al4V are similar, which may indicate a similar mechanism for 

the formation of the passive film when tested in the same medium[74]. 
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4 MATERIALS AND METHODOLOGY 

4.1 Materials: 

4.2 Alloys: 

Three distinct alloys samples were utilized: cpTi, Ti6Al4V and Ti20Zr3Mo3Sn. 

The latter was manufactured at (Metallurgical Chemistry Laboratory, INSA Rennes, 

France). The metals used were purchased in massive form from Goodfellow Company 

with commercial purity and introduced into the crucible of the furnace cut into very 

small pieces to facilitate the uniformity of the chemical composition. To obtain the 

samples of Ti20Zr3Mo3Sn a Cold crucible levitation melting (CCLM) high frequency 

induction furnace under argon atmosphere was used to control de grain size the alloy 

ingots were homogenized in a tubular furnace under high-vacuum (10-7 mbar) with a 

heating rate of 20°C/min. After synthesis, the alloy ingot underwent a rolling operation 

with a degree of reduction of approximately 90% to obtain a metal strip from which 

specimens for tensile testing and samples for biocompatibility and corrosion testing 

were cut. All the specimens and samples were solution treated at 900°C for 30 min in 

the beta-phase field and water quenched to maintain the characteristic high-

temperature beta microstructure at room temperature. 

The evaluation of the composition of the produced samples of Ti20Zr3Mo3Sn 

were done with the technique of X-Ray diffraction, the obtained results were then 

checked for characteristic peaks of the β-phase and the alloying elements. The 

samples of cpTi an Ti6Al4V were square shaped with 15mm sides and 5 mm thickness, 

while Ti20Zr3Mo3Sn samples were circular with a radius of 1,3 mm and a thickness of 

0,7mm. 

4.3 Electrolyte: 

Two distinct electrolytes were used, phosphate buffered saline solution and 

biomimetic synovial fluid manufactured at (Laboratoire de Mécanique des Contacts et 

des Structures, INSA Lyon, France). PBS solution was made using PBS tablets 

(delivered by EMD Millipore Corp., Burligton, USA) composed of 140 mM NaCl, 10 mM 

phosphate buffer, and 3 mM KCl and deionized. The solution has a pH value of 7.4 

approximately. BSF was made using 0.3mg/ml EggPC, (delivered by Avanti Polar 
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Lipids, Inc., Alabaster, USA) 3mg/ml hyaluronic acid (delivered by SIGMA ALDRICH, 

co., St. Louis, USA) and 20mg/ml bovine serum albumin. Where first a solution of 9-

parts chloroform to 1-part ethanol was used to dissolve the EggPC in a glass balloon, 

where the solution is evaporated in a roto evaporator leaving lipid vesicles on the walls 

of the glass balloon. After the complete evaporation of the solution bovine serum and 

hyaluronic acid are added to the container and agitated until they become well 

incorporated with the lipid vesicles, afterwards the solution is filtered. 

 

4.4 Corrosion tests: 

The samples were prepared by polishing then with silicon carbide grit paper 

from 800 to 4000, followed up by using 3μm and 1μm diamond paste until mirror-polish 

was achieved. The electrochemical measurements were conducted using a standard 

three electrode system, connected to a potentiostat (SP-300, BioLogic) with a 

computer running the EC-Lab® Software (BioLogic) to control and register the 

measurements. The electrodes were; the samples being the working electrode with a 

1cm² of contact area with solution, graphite as counter electrode and a Ag/AgCl 

reference electrode. The working electrodes were fixed with a copper plate connected 

to the potentiostat by a copper cable when using the PBS solution. For the BSF tests 

the samples were put into resin while connected to a copper cable, the sample was 

then submerged into BSF solution, and the electrolyte solution was kept as 38°C during 

the measurements. The experimental system can be seen in Figures 14 and 15. Figure 

shows the system for PBS and Figure shows the system for BSF.  

The experimental protocol flowchart in image 16 shows the order of analysis 

conducted, where first they are polished until mirror polish is achieved, followed by 

submerging the samples in either PBS or BSF. Then two different procedures are 

conducted, both start with OCP followed by EIS, procedure one finishes with PP and 

procedure two finishes with MS. From the experiments conducted in BSF a vial of the 

electrolyte was taken for later analysis of its properties through fluorescence. All data 

presented in this paper consists of the average and standard deviation of the most 

representative results for each experiment and sample. 
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Figure 14: Experimental system utilized for PBS samples 

 

Source: Author 

 

Figure 15: Experimental system utilized for BSF samples 

 

Source: Author 

 

Figure 16: Experimental protocol flowchart of the order of analysis 
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Source: Author 

4.5 Open-circuit potential 

Open-circuit potential  was the first analysis to be conducted, it lasted the period 

of 24 hours taking measurement every 5 seconds until achieving the steady-state of 

the working electrode. The OCP was done before each corrosion test and the settings 

utilized in EC-Lab® Software (BioLogic) can be seen in table. 

 

Table 2: Settings parameters utilized for OCP 

Setting Setting value 

Recording time (h) 24 

Record every (s) 5 

Potential range (V) -2.5 to 2.5 

Source: Author 

 

4.6 Potentiodynamic polarization 

Potentiodynamic polarization was conducted from -0.2 to 1.5 vs OCP with a 

scanning rate of 1 mV/s, EC-Lab® Software (BioLogic) was used to plot the 

polarization curves that were then used to estimate the current corrosion density of the 

samples. 

Table 3: Setting parameters utilized for potentiodynamic polarization 
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Parameter Value 

Scan 

Ewe with dE/dt (mV/s) 1 

From Initial potential (V vs OCP) -0.200 

From Final potential (V vs ref) 1.500 

Record 

average current over potential step <I> 

over the last 70% 

Average N 8 

Potential range (V) -2.5 to 2.5 

Source: Author 

 

4.7 Electrochemical impedance spectroscopy  

EIS was performed at OCP with results being record from the range of 105 to 

10-2 Hz, with a sinus amplitude of 15 mV. The data obtained is used to construct an 

spectra bode plot of magnitude / phase angle versus frequency. Based on the data 

obtained, an equivalent circuit is used to model the experimental spectra and with the 

equivalent circuit built, it is possible to obtain the resistance and capacitance of parts 

of the system. SIMAD software developed by Centre national de la recherche 

scientifique (CNRS) was utilized to simulate and acquire the fitting parameters. 

Measurement model developed by Watson, Et al, was utilized to find the general 

capacitance (C∞), polarization resistance (Rp). 

 

Table 4: Setting parameters utilized for Electrochemical impedance 
spectroscopy 

Parameter Value 

Initial frequency (Hz) 105 

Final frequency (Hz) 10-2 

Points per decade in logarithmic spacing 9 

Sinus amplitude (mV) 15.0 

Wait period before each frequency 0.10 

Average number of measures per 

frequency 
3 
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Potential range (V) -2.5 to 2.5 

Current range Auto 

Bandwith 8 

Source: Author 

 

4.8 Mott-Schottky analysis 

Mott-Schotcky analysis was executed from the range of -0.6 V vs OCP to 1,2 

V vs OCP, with measurements taken in increments of 0.5 V. The spectras were 

recorded from the range of 10^5 to 10^-2 Hz with a sinus amplitude of 15 mV. The 

SPEIS results are a collection of spectras collected at different potential, they are 

analyzed collectively through the use of the Mott-Schotcky technique. This technique 

involves the construction of the Mott-Schotcky curve of the reciprocal of square 

capacitance (1/C²) by the potential (V).  The EIS and SPEIS experimental results were 

interpreted through the graphical approach to obtain the resistivity of the solution, CPE, 

alpha and generalized polarization. Measurement model was used to find the resistivity 

of the solution, general capacitance and general polarization. SIMAD software 

developed by CNRS was utilized to simulate and acquire the fitting parameters. 

4.9 Experimental Data Validation 

The validity of the obtained EIS data was confirmed trough the linear Kramer 

Kroning methodology with the use of the program Lin-KK developed by M. Schönleber, 

D. Klotz and E. Ivers-Tiffée in the Karlsruhe Institute of Technology. The frequency, 

real and imaginary data are inputted into the program where the residual, the according 

deviation, indicates the reproducibility of the measured impedance spectrum.  

4.10 Fluorescence analysis 

Fluorescence was executed to identify the presence of lipids in the BSF 

prepared and how they behave before and after the corrosion experiments. A parcel 

of BSF was collected before and after the corrosion tests for each sample. For the 

identification of lipids, the BSF was diluted 20 times and was excited at the 

frequencies of 270 and 290 nm as to identify the peaks of tyrosine and tryptophan 

respectively. For the behavior analysis a DIOLL probe was added to the BSF sample 
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and the peaks at 450 and 500 nm were excited at 21°C and 37°C. With the two 

peaks the generalized polarization (Gp) can be calculated through the following 

equation (5) 

𝐺𝑝 =
(𝐼𝑒𝑚(450𝑛𝑚)−𝐼𝑒𝑚(500𝑛𝑚))

(𝐼𝑒𝑚(450𝑛𝑚)+𝐼𝑒𝑚(500𝑛𝑚))
       (5) 

 

The results are then compared between the two temperatures to identify the 

behavior of the samples. 
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5 RESULTS AND DISCUSSION 

5.1 Alloys 

In Figure 16 we can see in the XRD analysis conducted on one of the 

samples allowing us to obtain the diffractogram of the sample, analysing the 

peaks we are able to ascertain that the sample was indeed beta-titanium even 

though the peaks were slightly dislocated to the right. 

 

Figure 16: XRD graph of Ti20Zr3Mo3Sn 

 

Source: Author 

 

In Figure 17 the solution treatment was effective as the obtained microstructure 

does not show elongated grains characterized by the rolling process.   
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Figure 17: Microstructure of Ti20Zr3Mo3Sn sample through optical 
microscope 

 

Source: Author 

5.2 OCP 

The open circuit potential is dependent on the nature of the interface between 

metal and solution; therefore, it’s not a property specific to the alloy since it varies with 

temperature, surface condition, oxygen concentration on the electrolyte and its 

composition.  

As can be seen in table 5 the OCP value after 24H was -0.09 V for cpTi, -0.10 

for Ti6Al4V and -0.13 V for Ti20Zr3Mo3Sn in PBS. The curves demonstrate a rapid 

increase during the first hour which demonstrates the growth of the passive film on the 

surface of the material overtime, following the initial hour the growth of the passive film 

slows down indicating a closer equilibrium between the alloy and the environment. The 

samples submerged in BSF presented the same behavior during the 24 hours period, 

where there was a rapid increase in the passive film followed by a gradual increase in 

thickness. Table 5 shows the OCP values for the samples in BSF, the OCP value for 

cpTi was -0.25 V, for Ti6Al4V it was -0.34 V and for Ti20Zr3Mo3Sn it was -0.23 V. 

Figure 18 shows the gradual increase in potential over the 24 hours immersion period 
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Figure 18: OCP graph of potential over time of tested alloys in a) PBS and b) 
BSF 

 
Source: Author 

 

 

Table 5: OCP for titanium alloys in bio-mimetic environment after 24 hours of 
immersion 

Electrolyte PBS (V) BSF (V) 

cpTi -0.108 + 0.04 0.251 + 0.05 

Ti6Al4V -0.101 + 0.06 -0.340 + 0.06 

Ti20Zr3Mo3Sn -0.111 + 0.06 -0.191 + 0.21 
Source: Author 

 

5.3 Potentiodynamic Polarization 

 Figure 19 displays the plotted graphs of the current density corrosion of 

the alloys tested in PBS and BSF after 24 hours. As can be seen all sampled materials 

present a typical passive behavior in both environments, it is observed that after the 

corrosion potential is reached there is a logarithmic increase in the current until 

reaching the passive potential where it stabilizes into the passive current density. The 

passive current densities at different voltages are shown in table 1, alloys tested in 

PBS presented similar values of passive current density as can be seen in table 1. In 

BSF it is observed that there is a more significant difference in the passive current 

density between alloys, Ti20Zr3Mo3Sn presented a comparable passive current 

density between the tested samples in PBS, while in BSF it presented the lowest 

passive current density.  
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Figure 19: Polarization curves for sampled alloys in (a) PBS and (b) BSF. 

. 

 

Source: Author 

 

 

Table 6: Passive current density of sampled alloys in PBS and BSF along an 
increase of potential. 

Electrolyte PBS BSF 

Parameter 
Passive current density 

(mA/cm²) *104 
Passive current density  

(mA/cm²) *104 

0 V 0.5 V 1 V 0 V 0.5 V 1 V 

cpTi 
8.31 + 
8.19 

17.1 + 
3.64 

35.7 + 
0.711 

-8.38 + 
3.34 

87.9         
+  14 

118.5  + 
17.3 

Ti6Al4V 
2.77 + 
2.60 

29.3 + 
5.45 

32.9 + 
2.25 

7.82 +  
4.66 

69.5 +  
2.47 

84.6 
+1.91 

Ti20Zr3Mo3Sn 
1.75 + 
1.08 

39.6 + 
4.21 

41.6 + 
3.63 

1.42 + 
1.43 

23.1  + 
12.9 

43.7 + 
8,84 

Source: Author 

 

5.4 Electrochemical impedance spectroscopy  

The results shows that the impedance values for the alloys in PBS were all 

similar with a low dispersion between each experiment, this can be seen in Figure 20 

(a). For BSF the values were similar to each other but with a higher dispersion of results 

between each sample, the shape of its Bode representation and the values acquired 

as it can be overserved in Figure 20 (b).  
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Figure 20: Z bode and phase bode spectra for sampled alloys in (a) PBS at 
38° C and (b) BSF at 38 °C. 

 

 

Source: Author 

 

A pronounced level of noise was identified at higher frequencies making 

reliable analysis difficult, therefore for all following analysis the frequencies used were 

in the range of 10-1 to 104 Hz. For the EIS the principal property analyzed was the film 

thickness of the samples, which can be obtained using equation (6). 

𝛿 =
𝜀𝜀0

𝐶∞
            (6) 

Where ε is the dielectric constant of the material (89.9), ε0 is the vacuum 

permittivity (8.8542E-14 F cm−1), C∞ is the limiting capacitance at high frequency and 

δ is the film thickness in cm which is then converted to nm for easier comprehension. 

The results can be seen in Figure 21. 
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Figure 21: Average film size of sampled alloys in PBS and BSF. 

 

Source: Author 

 

The results show a similar film size in all studied materials were similar 

between each other and between different bio-mimetic environments. The results show 

that under representative conditions Ti20Zr3Mo3Sn has a similar film thickness to 

commercial alloys. 

The phase angle bode plot of the samples shown in Figures 20 (a) and (b) all 

sampled alloys presented a single peak. This indicates that a simple equivalent circuit 

can be used to model their behavior, the utilized equivalent circuit can be seen in 

Figure 22. The fitting parameters utilized were the resistance of the electrolyte solution 

(R1), the resistance of the passive film (R2), constant phase element of the passive 

film (Q1), alpha is the indicator to how close the film resembles a pure capacitor. All 

fitting parameters were similar between each alloy in PBS, while in BSF it was found a 

larger variance between each alloy.  Because all sampled materials could be 

represented by a simple equivalent circuit in both electrolyte solutions, the results 

indicate that the effect of the lipids is not high enough to generate another film over the 

alloys impeding the passage of electric charges. The results of the fitting are seen in 

table 3 and 4. 
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Figure 22: Simple equivalent circuit. 

 

Source: Author 

 

Table 7: Fitted values for the parameters of sampled titanium alloys in PBS. 

 Fitting with SIMAD Fitting with measurement model 

Parameters 

 

Alloy 

R1 

(Ω*cm²) 

Q1                        

(F⋅cm−2⋅sn−1 

) *10-5 

Alpha 
R2 

(Ω*cm²)*105 

Rp 

(Ω*cm²) 

*10-5 

C∞ 

(F⋅cm−2⋅sn−1 ) 

*10-5 

Film 

Thickness* 

(nm) 

cpTi 
55.98 + 

7.8 
1.59 + 0.2 

0.94 

+ 

0.01 

9.66 + 4.3 
9.92 + 

3.3 
1.34 + 0.1 

8.17 + 0.7 

 

Ti6Al4V 
56.15 + 

4.2 
2.20 + 0.2 

0.92 

+ 

0.01 

10.14 + 5.2 
5.78 + 

1.6 
1.68 + 0.1 7.82 + 0.9 

Ti20Zr3Mo3Sn 
50.56 + 

2.4 
2.29 + 0.3 

0.93 

+ 

0.02 

8.65 + 6.6 
4.55 + 

3.8 
1.89 + 0.2 6.5 + 0.1 

Source: Author 

* Calculated with equation (6) 

 

Table 8: Fitted values for the parameters of sampled titanium alloys in BSF. 

 Fitting with SIMAD Fitting with measurement model 

Parameters 

 

Alloy 

R1 

(Ω*cm²) 

Q1 

(F⋅cm−2⋅sn−1 

)*10-5 

Alpha 
R2 

(Ω*cm²)*105 

Rp 

(Ω*cm²) 

*10-5 

C∞ 

(F⋅cm−2⋅sn−1 

) 

*10-5 

Film 

Thickness* 

(nm) 

cpTi 
100.97 + 

14.2 

4.84 + 

2.9 

0.92 + 

0.04 
77.18 + 22.2 

6.73 + 

5.5 
1.97 + 0.76 4.51 + 1.6 

Ti6Al4V 
69.95 + 

3.5 

2.48 + 

0.3 

0.92 + 

0.01 
14.31 + 2.9 

5.14 + 

1.6 
1.39 + 0.47 6.15 + 1.6 

Ti20Zr3Mo3Sn 
82.83 + 

2.2 

2.84 + 

1.2 

0.93 + 

0.002 
46.03 + 18.6 

6.74 + 

1.9 
1.30 + 0.30 6.33 + 1.2 

Source: Author 
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* Calculated with equation (6) 

5.5 Mott-Schotck analysis 

 Typical Mott-schotck plots are shown in Figure 23 demonstrate the 

behavior of the tested alloys in PBS. Through the graph, N-type semi-conductive 

behavior is seen as expected in all the alloys analyzed, it was also identified two distinct 

slopes in the depletion phase of the materials[75]. The presence of these slopes 

indicates two distinct charge carrier densities at different potential, in this manner we 

utilize the following equation (7) and (8)[76]. 

𝑁𝑑
′ =

2

𝜀𝜀0𝑒𝑆1
− 𝑁𝑑         (7) 

𝑁𝑑 =
2

𝜀𝜀0𝑒𝑆2
          (8) 

Where N’d is the charge carrier density of the first slope, Nd is the charge carrier 

density of the second slope, e is the electron charge (1,6*10-19 C) and S1 and S2 are 

the first and second slope respectively. The electrochemical properties of the three 

alloys can be seen in table 9. 

 

Table 9: Charge carrier density of sampled titanium alloys in PBS after 24 
hours of immersion. 

 

  Properties 

Sample              
N’d  (cm-3) *1017 Nd (cm-3) *1017 

cpTi 1.96 +1.5 0.501 + 0.063 

Ti6Al4V 1.89 + 0.9 0.482 + 0.047 

Ti20Zr3Mo3Sn 1.62 + 0.37 0.552 + 0.079 

Source: Author 

 

It is observed that all samples exhibit a difference of at least one order of 

magnitude between the initial and subsequent charge carrier densities. Additionally, 

there is no significant variation in charge carrier density among the different alloys.  
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Figure 23: Average Mott-Shottcky plot of sampled alloys in PBS. 

 

Source: Author 

 

5.6 Fluorescence analysis 

The presence of tyrosine and tryptophan peaks in BSF samples, both before 

and after corrosion experiments, confirmed the successful preparation of BSF. The 

peaks for tyrosine and tryptophan can be seen in Figure 24: 

Figure 24: Example of tyrosine and tryptophan peaks in fluorescence 
analysis 
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Source: Author 

 

Additionally, these results indicate lipid denaturation in the BSF used for the 

cpTi and Ti6Al4V corrosion tests. The Figure 25 presents the calculated generalized 

polarization values for the control sample (untreated BSF) alongside those subjected 

to corrosion testing. 

Figure 25: Generalized polarization of sampled alloys in BSF. 

 

Source: Author 

 

In synovial fluid, the expected behavior of lipid vesicle membranes is 

fluidization upon temperature increase, as observed in the control sample. However, 

in the presence of cpTi and Ti6Al4V, the BSF underwent detrimental changes during 
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corrosion testing, manifesting as increased membrane rigidity—evidenced by a rise 

in Gp. In contrast, the BSF exposed to the novel alloy Ti20Zr3Mo3Sn did not exhibit 

membrane stiffening. Instead, it retained the anticipated fluidization response, 

aligning with the behavior of healthy synovial fluid as demonstrated by the control 

group. 
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6 CONCLUSION 

The results obtained from OCP, EIS and PP have shown similar 

electrochemical properties of Ti20Zr3Mo3Sn when compared to the traditional alloys 

of cpTi and Ti6Al4V, indicating that the novel alloy could be used in place of the 

commercially used alloys with the advantage of the absence of cytotoxic alloying 

elements and more desirable mechanical properties. The fluorescence analysis has 

also shown that Ti20Zr3Mo3Sn did not affect negatively lipid vesicles after the 

corrosion experiments, indicating favorable biocompatibility in contrast to traditional 

alloys.  

During the analysis of the data some questions were raised, but due to time 

constraints during the internship it was not possible to delve further into the topics. 

Further X-ray photoelectron spectroscopy to analyze the surface is important to better 

understand how the oxide surface is interacting with both electrolyte solutions. Further 

biological analysis, such as osseointegration studies, to study the behavior of 

Ti20Zr3Mo3Sn when in contact with live cells. 

  



 56 
 
 

   

 

7 REFERENCES  

 

[1] C. Kendir et al., “Unclassified English text only Health Working Papers 

International Assessment of the Use and Results of Patient-Reported Outcome 

Measures for Hip and Knee Replacement Surgery Findings of the OECD 

Patient-Reported Indicator Surveys (PaRIS) Working Group on Hip and Knee 

Replacement Surgery”, 2022. 

[2] G. Lütjering e J. C. Williams, Titanium. em Engineering Materials, Processes. 

Berlin, Heidelberg: Springer Berlin Heidelberg, 2007. doi: 10.1007/978-3-540-

73036-1. 

[3] B. C. Costa, C. K. Tokuhara, L. A. Rocha, R. C. Oliveira, P. N. Lisboa-Filho, e 

J. Costa Pessoa, “Vanadium ionic species from degradation of Ti-6Al-4V 

metallic implants: In vitro cytotoxicity and speciation evaluation”, Materials 

Science and Engineering: C, vol. 96, p. 730–739, mar. 2019, doi: 

10.1016/J.MSEC.2018.11.090. 

[4] A. Campbell, “The potential role of aluminium in Alzheimer’s disease”, 

Nephrology Dialysis Transplantation, vol. 17, no suppl_2, p. 17–20, mar. 2002, 

doi: 10.1093/NDT/17.SUPPL_2.17. 

[5] B. Burnat, M. Walkowiak-Przybyło, T. Błaszczyk, e L. Klimek, “Corrosion 

behaviour of polished and sandblasted titanium alloys in PBS solution”, Acta 

Bioeng Biomech, vol. 15, no 1, p. 87–95, 2013, doi: 10.5277/abb130111. 

[6] D. Mazzucco, R. Scott, e M. Spector, “Composition of joint fluid in patients 

undergoing total knee replacement and revision arthroplasty: correlation with 

flow properties”, Biomaterials, vol. 25, no 18, p. 4433–4445, ago. 2004, doi: 

10.1016/J.BIOMATERIALS.2003.11.023. 

[7] Y. Bao, A. I. Muñoz, B. M. Jolles, e S. Mischler, “Assessment of in-vivo 

corrosion of Ti and CoCrMo joint implants by electrochemical measurements in 

human synovial liquids”, Electrochim Acta, vol. 476, fev. 2024, doi: 

10.1016/j.electacta.2023.143708. 



 57 
 
 

   

 

[8] M. Niinomi, “Recent research and development in titanium alloys for biomedical 

applications and healthcare goods”, Sci Technol Adv Mater, vol. 4, no 5, p. 

445–454, set. 2003, doi: 10.1016/J.STAM.2003.09.002. 

[9] C. R. Schwartsmann, L. de F. Spinelli, L. C. Boschin, A. K. Yépez, M. V. 

Crestani, e M. F. Silva, “Correlation between patient age at total hip 

replacement surgery and life expectancy”, Acta Ortop Bras, vol. 23, no 6, p. 

323–325, 2015, doi: 10.1590/1413-785220152306148609. 

[10] S. R. Knight, R. Aujla, e S. P. Biswas, “Total Hip Arthroplasty - over 100 years 

of operative history”, Orthop Rev (Pavia), vol. 3, no 2, p. e16, set. 2011, doi: 

10.4081/OR.2011.E16. 

[11] J.-M. Lee, “The Current Concepts of Total Hip Arthroplasty”, Hip Pelvis, vol. 28, 

no 4, p. 191–200, dez. 2016, doi: 10.5371/HP.2016.28.4.191. 

[12] S. B. Goodman e J. Gallo, “Periprosthetic Osteolysis: Mechanisms, Prevention 

and Treatment”, Journal of Clinical Medicine 2019, Vol. 8, Page 2091, vol. 8, no 

12, p. 2091, dez. 2019, doi: 10.3390/JCM8122091. 

[13] D. S. Jorge Siopack, H. E. Jergesen, e S. Francisco, “Conferences and 

Reviews Total Hip Arthroplasty”. 

[14] P. Bizot, R. Nizard, M. Hamadouche, D. Hannouche, e L. Sedel, “Prevention of 

Wear and Osteolysis: Alumina-on-Alumina Bearing”, Clin Orthop Relat Res, 

vol. 393, p. 85–93, 2001, doi: 10.1097/00003086-200112000-00010. 

[15] H. C. Amstutz et al., “Metal on metal total hip replacement workshop 

consensus document”, Clin Orthop Relat Res, vol. 329, no 329 Suppl, 1996, 

doi: 10.1097/00003086-199608001-00027. 

[16] A. Lee, G. D. Paiement, B. L. Penenberg, e S. S. Rajaee, “Metallosis in Total 

Hip Arthroplasty”, JBJS Rev, vol. 11, no 10, out. 2023, doi: 

10.2106/JBJS.RVW.23.00105. 

[17] P. Christel, “Biocompatibility of surgical-grade dense polycrystalline alumina : 

Alumina ceramic arthroplasty”, Clin Orthop Relat Res, 1992. 

[18] Huiskes. R, “Preclinical testing of noncemented total hip arthroplasty”, 

research.tue.nl, Acessado: 21 de abril de 2025. [Online]. Disponível em: 

https://research.tue.nl/files/90606993/585629.pdf 



 58 
 
 

   

 

[19] M. I. Z. Ridzwan, S. Shuib, A. Y. Hassan, A. A. Shokri, e M. N. Mohammad 

Ibrahim, “Problem of stress shielding and improvement to the hip implant 

designs: A review”, Journal of Medical Sciences, vol. 7, no 3, p. 460–467, abr. 

2007, doi: 10.3923/JMS.2007.460.467. 

[20] P. J. Prendergast e R. Huiskes, “The Biomechanics of Wolff’s law: Recent 

advances”, Ir J Med Sci, vol. 164, no 2, p. 152–154, abr. 1995, doi: 

10.1007/BF02973285/METRICS. 

[21] J. Klein-Nulend, A. D. Bakker, R. G. Bacabac, A. Vatsa, e S. Weinbaum, 

“Mechanosensation and transduction in osteocytes”, Bone, vol. 54, no 2, p. 

182–190, jun. 2013, doi: 10.1016/J.BONE.2012.10.013. 

[22] D. Savio e A. Bagno, “When the Total Hip Replacement Fails: A Review on the 

Stress-Shielding Effect”, Processes 2022, Vol. 10, Page 612, vol. 10, no 3, p. 

612, mar. 2022, doi: 10.3390/PR10030612. 

[23] M. J. Silva, K. L. Reed, D. D. Robertson, C. Bragdon, W. H. Harris, e W. J. 

Maloney, “Reduced bone stress as predicted by composite beam theory 

correlates with cortical bone loss following cemented total hip arthroplasty”, 

Journal of Orthopaedic Research, vol. 17, no 4, p. 525–531, 1999, doi: 

10.1002/JOR.1100170410. 

[24] S. Baskerville, “Effects of orthopedic implant and host bone properties on 

stress-shielding induced osteopenia”, Theses and Dissertations, maio 2022, 

Acessado: 22 de abril de 2025. [Online]. Disponível em: 

https://repository.fit.edu/etd/546 

[25] D. Y. R. Chong, U. N. Hansen, e A. A. Amis, “THE INFLUENCE OF TIBIAL 

PROSTHESIS DESIGN FEATURES ON STRESSES RELATED TO ASEPTIC 

LOOSENING AND STRESS SHIELDING”, 

https://doi.org/10.1142/S0219519410003666, vol. 11, no 1, p. 55–72, nov. 

2011, doi: 10.1142/S0219519410003666. 

[26] A. Ait Moussa, J. Fischer, R. Yadav, e M. Khandaker, “Minimizing Stress 

Shielding and Cement Damage in Cemented Femoral Component of a Hip 

Prosthesis through Computational Design Optimization”, Adv Orthop, vol. 2017, 

no 1, p. 8437956, jan. 2017, doi: 10.1155/2017/8437956. 



 59 
 
 

   

 

[27] P. K. Maji, A. Roychowdhury, e D. Datta, “Minimizing Stress Shielding Effect of 

Femoral Stem&#8212;A Review”, J Med Imaging Health Inform, vol. 3, no 2, p. 

171–178, jun. 2013, doi: 10.1166/JMIHI.2013.1152. 

[28] A. H. Glassman, J. D. Bobyn, e M. Tanzer, “New femoral designs: Do they 

influence stress shielding?”, Clin Orthop Relat Res, vol. 453, p. 64–74, 2006, 

doi: 10.1097/01.BLO.0000246541.41951.20. 

[29] D. T. Reilly, A. H. Burstein, e V. H. Frankel, “The elastic modulus for bone”, J 

Biomech, vol. 7, no 3, p. 271–275, maio 1974, doi: 10.1016/0021-

9290(74)90018-9. 

[30] M. Abdel-Hady Gepreel e M. Niinomi, “Biocompatibility of Ti-alloys for long-

term implantation”, J Mech Behav Biomed Mater, vol. 20, p. 407–415, abr. 

2013, doi: 10.1016/J.JMBBM.2012.11.014. 

[31] M. Niinomi, “Recent research and development in titanium alloys for biomedical 

applications and healthcare goods”, setembro de 2003. doi: 

10.1016/j.stam.2003.09.002. 

[32] M. Niinomi, “Mechanical properties of biomedical titanium alloys”, Materials 

Science and Engineering: A, vol. 243, no 1–2, p. 231–236, mar. 1998, doi: 

10.1016/S0921-5093(97)00806-X. 

[33] E. Santos, N. K. Kuromoto, e G. A. Soares, “Mechanical properties of titania 

films used as biomaterials”, Mater Chem Phys, vol. 102, no 1, p. 92–97, mar. 

2007, doi: 10.1016/J.MATCHEMPHYS.2006.11.010. 

[34] I. Gurrappa, “Characterization of titanium alloy Ti-6Al-4V for chemical, marine 

and industrial applications”, Mater Charact, vol. 51, no 2–3, p. 131–139, out. 

2003, doi: 10.1016/J.MATCHAR.2003.10.006. 

[35] T. Gloriant et al., “Synthesis and phase transformations of beta metastable Ti-

based alloys containing biocompatible Ta, Mo and Fe beta-stabilizer elements”, 

Adv Eng Mater, vol. 8, no 10, p. 961–965, out. 2006, doi: 

10.1002/adem.200600106. 

[36] P. Castany, T. Gloriant, F. Sun, e F. Prima, “Design of strain-transformable 

titanium alloys”, 1o de dezembro de 2018, Elsevier Masson SAS. doi: 

10.1016/j.crhy.2018.10.004. 



 60 
 
 

   

 

[37] P. Afzali, R. Ghomashchi, e R. H. Oskouei, “On the Corrosion Behaviour of 

Low Modulus Titanium Alloys for Medical Implant Applications: A Review”, 

Metals 2019, Vol. 9, Page 878, vol. 9, no 8, p. 878, ago. 2019, doi: 

10.3390/MET9080878. 

[38] Y. Bai, S. J. Li, F. Prima, Y. L. Hao, e R. Yang, “Electrochemical corrosion 

behavior of Ti-24Nb-4Zr-8Sn alloy in a simulated physiological environment”, 

Appl Surf Sci, vol. 258, no 8, p. 4035–4040, fev. 2012, doi: 

10.1016/J.APSUSC.2011.12.096. 

[39] Y. L. Zhou, M. Niinomi, T. Akahori, H. Fukui, e H. Toda, “Corrosion resistance 

and biocompatibility of Ti-Ta alloys for biomedical applications”, Materials 

Science and Engineering: A, vol. 398, no 1–2, p. 28–36, maio 2005, doi: 

10.1016/J.MSEA.2005.03.032. 

[40] M. Geetha, U. Kamachi Mudali, A. K. Gogia, R. Asokamani, e B. Raj, “Influence 

of microstructure and alloying elements on corrosion behavior of Ti–13Nb–13Zr 

alloy”, Corros Sci, vol. 46, no 4, p. 877–892, abr. 2004, doi: 10.1016/S0010-

938X(03)00186-0. 

[41] M. Karthega, V. Raman, e N. Rajendran, “Influence of potential on the 

electrochemical behaviour of β titanium alloys in Hank’s solution”, Acta 

Biomater, vol. 3, no 6, p. 1019–1023, nov. 2007, doi: 

10.1016/J.ACTBIO.2007.02.009. 

[42] S. L. De Assis, S. Wolynec, e I. Costa, “Corrosion characterization of titanium 

alloys by electrochemical techniques”, Electrochim Acta, vol. 51, no 8–9, p. 

1815–1819, jan. 2006, doi: 10.1016/J.ELECTACTA.2005.02.121. 

[43] S. Gudić, L. Vrsalović, D. Kvrgić, e A. Nagode, “Electrochemical Behaviour of 

Ti and Ti-6Al-4V Alloy in Phosphate Buffered Saline Solution”, Materials 2021, 

Vol. 14, Page 7495, vol. 14, no 24, p. 7495, dez. 2021, doi: 

10.3390/MA14247495. 

[44] C. Fonseca e M. A. Barbosa, “Corrosion behaviour of titanium in biofluids 

containing H2O2 studied by electrochemical impedance spectroscopy”, Corros 

Sci, vol. 43, no 3, p. 547–559, mar. 2001, doi: 10.1016/S0010-938X(00)00107-

4. 



 61 
 
 

   

 

[45] M. M. Sava, D. M. Suflet, Y. Berthier, e A. M. Trunfio-Sfarghiu, “Role of 

Synovial Fluid Constituents on Tribological Behavior of Synovial Joints - 

Application for Developing Novel Therapeutic Substitutes”, Applied Mechanics 

and Materials, vol. 658, p. 477–482, 2014, doi: 

10.4028/WWW.SCIENTIFIC.NET/AMM.658.477. 

[46] Y. H. Chen et al., “In-vitro and in-vivo bio-corrosion and biocompatibility 

responses of bioactive TiTaNb films with various Ta contents on Ti6Al4V 

implants”, Journal of Materials Research and Technology, vol. 25, p. 3803–

3818, jul. 2023, doi: 10.1016/J.JMRT.2023.06.216. 

[47] T. J. Joyce et al., “Significantly less wear of UHMWPE rubbing against 

pyrocarbon than against CoCr”, J Mech Behav Biomed Mater, vol. 160, dez. 

2024, doi: 10.1016/j.jmbbm.2024.106768. 

[48] W. Plieth, “Electrochemistry for Materials Science”, Electrochemistry for 

Materials Science, p. 1–410, jan. 2008, doi: 10.1016/B978-0-444-52792-

9.X5001-5. 

[49] Z. Ahmad, “Principles of Corrosion Engineering and Corrosion Control”, 

Principles of Corrosion Engineering and Corrosion Control, p. 1–656, jan. 2006, 

doi: 10.1016/B978-0-7506-5924-6.X5000-4. 

[50] H. Chen et al., “Microbiologically influenced stress corrosion cracking 

responsible for catastrophic failure of cable bolts”, Eng Fail Anal, vol. 131, p. 

105884, jan. 2022, doi: 10.1016/J.ENGFAILANAL.2021.105884. 

[51] Z. Ahmad e S. Afzal, “Glass-lined water heaters in sea coastal environment”, 

Arab J Sci Eng, 1995, Acessado: 20 de abril de 2025. [Online]. Disponível em: 

https://pure.kfupm.edu.sa/en/publications/glass-lined-water-heaters-in-sea-

coastal-environment 

[52] B. A. . Miller, R. J. . Shipley, R. J. . Parrington, e D. P. . Dennies, “ASM 

handbook. Volume 11, Failure analysis and prevention”, 2021, Acessado: 20 

de abril de 2025. [Online]. Disponível em: 

https://books.google.com/books/about/ASM_Handbook.html?id=tmlNygEACAA

J 



 62 
 
 

   

 

[53] R. Winston. Revie e H. Henry. Uhlig, “Uhlig’s corrosion handbook”, p. 1253, 

2011. 

[54] H. P. Hack e N. Grumman, “Evaluating Galvanic Corrosion”, Corrosion: 

Fundamentals, Testing, and Protection, vol. 13, p. 562–567, dez. 2003, doi: 

10.31399/ASM.HB.V13A.A0003663. 

[55] F. Mansfield, D. H. Hengstenberg, e J. V. Kenkel, “Galvanic Corrosion of Al 

Alloys I. Effect of Dissimilar Metal”, Corrosion, vol. 30, no 10, p. 343–353, out. 

1974, doi: 10.5006/0010-9312-30.10.343. 

[56] W. Xu, B. Zhang, O. Addison, X. Wang, B. Hou, e F. Yu, “Mechanically-

assisted crevice corrosion and its effect on materials degradation”, Corrosion 

Communications, vol. 11, p. 23–32, set. 2023, doi: 

10.1016/J.CORCOM.2023.01.002. 

[57] R. J. Brigham, “Temperature as a Crevice Corrosion Criterion”, Corrosion, vol. 

30, no 11, p. 396–398, nov. 1974, doi: 10.5006/0010-9312-30.11.396. 

[58] M. G. Fontana, “Corrosion engineering. Third edition.”, 1986, Acessado: 20 de 

abril de 2025. [Online]. Disponível em: 

https://books.google.com/books/about/Corrosion_Engineering.html?id=zcZRAA

AAMAAJ 

[59] T. P. Hoar e W. R. Jacob, “Breakdown of Passivity of Stainless Steel by Halide 

Ions”, Nature 1967 216:5122, vol. 216, no 5122, p. 1299–1301, 1967, doi: 

10.1038/2161299a0. 

[60] A. Broli, H. Holtan, e H. Sigurdsson, “The Influence of Chloride Concentration 

on the Kinetic Behaviour for the Initiation Stage of pitting corrosion on 

aluminium”, Materials and Corrosion, vol. 26, no 8, p. 629–633, ago. 1975, doi: 

10.1002/MACO.19750260806. 

[61] S. Esmailzadeh, M. Aliofkhazraei, e H. Sarlak, “Interpretation of Cyclic 

Potentiodynamic Polarization Test Results for Study of Corrosion Behavior of 

Metals: A Review”, Protection of Metals and Physical Chemistry of Surfaces, 

vol. 54, no 5, p. 976–989, set. 2018, doi: 

10.1134/S207020511805026X/METRICS. 



 63 
 
 

   

 

[62] D. A. Vermilyea e C. S. Tedmon, “A Simple Crevice Corrosion Theory”, J 

Electrochem Soc, vol. 117, no 4, p. 437, abr. 1970, doi: 

10.1149/1.2407538/XML. 

[63] D. Mareci, R. Chelariu, I. Dan, D. M. Gordin, e T. Gloriant, “Corrosion 

behaviour of β-Ti20Mo alloy in artificial saliva”, J Mater Sci Mater Med, vol. 21, 

no 11, p. 2907–2913, nov. 2010, doi: 10.1007/s10856-010-4147-9. 

[64] A. C. Lazanas e M. I. Prodromidis, “Electrochemical Impedance 

Spectroscopy─A Tutorial”, 21 de junho de 2023, American Chemical Society. 

doi: 10.1021/acsmeasuresciau.2c00070. 

[65] M. Orazem, B. T.-N. Jersey, e undefined 2008, “Electrochemical impedance 

spectroscopy”, iopscience.iop.org, Acessado: 21 de abril de 2025. [Online]. 

Disponível em: 

https://iopscience.iop.org/article/10.1149/2.20192if/pdf#page=50 

[66] M. Schönleber, D. Klotz, e E. Ivers-Tiffée, “A Method for Improving the 

Robustness of linear Kramers-Kronig Validity Tests”, Electrochim Acta, vol. 

131, p. 20–27, jun. 2014, doi: 10.1016/J.ELECTACTA.2014.01.034. 

[67] P. Agarwal, M. E. Orazem, e L. H. Garcia‐Rubio, “Application of Measurement 

Models to Impedance Spectroscopy: III . Evaluation of Consistency with the 

Kramers‐Kronig Relations”, J Electrochem Soc, vol. 142, no 12, p. 4159–4168, 

dez. 1995, doi: 10.1149/1.2048479/XML. 

[68] J. M. Esteban e M. E. Orazem, “On the Application of the Kramers‐Kronig 

Relations to Evaluate the Consistency of Electrochemical Impedance Data”, J 

Electrochem Soc, vol. 138, no 1, p. 67–76, jan. 1991, doi: 

10.1149/1.2085580/XML. 

[69] J. Huang, Z. Li, B. Y. Liaw, e J. Zhang, “Graphical analysis of electrochemical 

impedance spectroscopy data in Bode and Nyquist representations”, J Power 

Sources, vol. 309, p. 82–98, mar. 2016, doi: 

10.1016/J.JPOWSOUR.2016.01.073. 

[70] D. Mareci, R. Chelariu, D. M. Gordin, G. Ungureanu, e T. Gloriant, 

“Comparative corrosion study of Ti-Ta alloys for dental applications”, Acta 

Biomater, vol. 5, no 9, p. 3625–3639, 2009, doi: 10.1016/j.actbio.2009.05.037. 



 64 
 
 

   

 

[71] R. Bengas et al., “Electrochemical synthesis of n-type ZnS layers on p-Cu2O/n-

ZnO heterojunctions with different deposition temperatures”, RSC Adv, vol. 9, 

no 50, p. 29056–29069, set. 2019, doi: 10.1039/C9RA04670D. 

[72] A. Fattah-alhosseini, F. Soltani, F. Shirsalimi, B. Ezadi, e N. Attarzadeh, “The 

semiconducting properties of passive films formed on AISI 316 L and AISI 321 

stainless steels: A test of the point defect model (PDM)”, Corros Sci, vol. 53, no 

10, p. 3186–3192, out. 2011, doi: 10.1016/J.CORSCI.2011.05.063. 

[73] B. Roh e D. D. Macdonald, “Passivity of titanium: part II, the defect structure of 

the anodic oxide film”, Journal of Solid State Electrochemistry, vol. 23, no 7, p. 

1967–1979, jul. 2019, doi: 10.1007/s10008-019-04254-0. 

[74] H. A. Hameed, H. A. Hasan, e M. K. Alam, “Evaluation of Corrosion Behavior 

by Measuring Passivation Current Density of Dental Implant Coated with 

Bioceramic Materials”, Biomed Res Int, vol. 2021, 2021, doi: 

10.1155/2021/9934073. 

[75] S. Yuan, J. Zou, N. Lin, H. Zhang, D. Li, e Y. Wu, “Understanding the protective 

role of a gradient titanium oxide ceramic layer on Ti6Al4V against corrosion via 

analyses of Mott-Schottky curve and electron work function (EWF)”, Ceram Int, 

vol. 48, no 21, p. 31896–31901, nov. 2022, doi: 

10.1016/J.CERAMINT.2022.07.123. 

[76] B. Ter-Ovanessian e B. Normand, “Passive films growth on different Ni-Cr 

alloys from the migration of cation vacancies”, Journal of Solid State 

Electrochemistry, vol. 20, no 1, p. 9–18, jan. 2016, doi: 10.1007/s10008-015-

2981-x. 

  


		2025-08-14T13:54:18-0300


		2025-08-14T17:00:46-0300


		2025-08-15T12:12:41-0300




