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Efeitos de aditivos na saliva artificial no comportamento a corrosao

e tribocorrosao de Ti cp

RESUMO

Os implantes dentarios sao normalmente estruturas de Ti ou ligas de Ti colocadas na maxila ou
mandibula, para substituir as raizes dos dentes. Embora sejam bastante fiaveis, com uma taxa de
sucesso de 90 a 95%, atualmente ainda sao relatados casos de falha de implantes, nomeadamente
devido a corrosdo /n vivo (na boca) que, além de modificar a aparéncia do metal exposto, pode
comprometer as propriedades mecéanicas do implante e causar reaces adversas no organismo.

A saliva artificial Fusayama é o meio mais comum para testar o comportamento a corrosdo de
biomateriais dentarios. O estudo do impacto de aditivos na saliva (como acido fosférico, PA, presente
nalguns alimentos, ou acido latico, LA, formado pelo crescimento de algumas bactérias) no
comportamento a corrosao destes biomateriais é ainda escasso. Por outro lado, a tribocorrosao a que
um implante dentario é sujeito esta diretamente relacionada com a sua possivel falha. Desta forma, o
grande objetivo deste trabalho foi investigar o efeito de alguns aditivos na saliva artificial (AS) no
comportamento a corrosao e tribocorrosao de Ti comercialmente puro (cp).

0O melhor comportamento a corrosao do Ti cp foi em AS, tendo sido influenciado pela presenca
de aditivos. O aumento do teor de LA (2,5 e 5 g/L) teve efeito negligenciavel no comportamento a
corrosdo, no entanto, quando adicionadas diferentes concentracdes de PA (1 e 14 M), o comportamento
a corrosdo do Ti cp piorou, verificando-se que ocorreu um aumento tanto da suscetibilidade como da
taxa de corrosdo. Em condicdes tribo-eletroquimicas, os papéis inverteram-se. Ao OCP, quando em
contacto com AS, o filme passivo formado na superficie do Ti cp, juntamente com os produtos de
desgaste resultantes do contacto mecanico, promoveram menor protecao ao material, o que levou a
formacao de pistas de desgaste de maiores dimensodes e, deste modo, um volume de desgaste superior.
Ao adicionar LA, o desgaste do material foi ligeiramente, mas nao consideravelmente, menor. Por outro
lado, a adicéo de PA, devido a presenca de fésforo (P), um constituinte de lubrificantes industriais, levou
a um desgaste menor. Os mecanismos de tribocorrosao consistiram em mecanismos de abrasao e
adesao, porém, foi detetada fadiga quando o PA 14M foi adicionado. Nos ensaios potenciostaticos
(+0,5V,gne) concluiu-se que, no caso da AS, o desgaste mecanico foi dominante. Ja com a adicao de
aditivos, a corrosao foi significativa, confirmando um sinergismo entre corrosao e desgaste.

Palavras-chave: aditivos, corrosao, saliva artificial Fusayama, Ti cp, tribocorrosao.



Effects of additives in artificial saliva on the corrosion and

tribocorrosion behavior of cp Ti

ABSTRACT

Dental implants, which are usually made of Ti or its alloys, are placed in the maxilla or mandible to
replace the roots of the teeth. Although they are quite reliable, with a 10-year success rate of 90 to 95%,
nowadays, cases of implant failure are still reported, namely due to /n7 vivo corrosion (in the mouth). This
phenomenon, in addition to modifying the appearance of the exposed metal, can compromise the
mechanical properties of the implant and cause adverse reactions in the body.

Fusayama s artificial saliva is the most common testing solution to access the corrosion behavior
of dental biomaterials. However, the impact of additives in saliva (such as phosphoric acid, PA, found in
some foods, or lactic acid, LA, formed by the growth of bacteria) on the corrosion behavior of these
biomaterials is still scarce. On the other hand, tribocorrosion effect on a dental implant is directly related
to its possible failure. Hence, the main goal of this work was to study the effect of some additives, at
different concentrations, in artificial saliva (AS) on the corrosion and tribocorrosion behavior of cp Ti.

Cp Ti best corrosion behavior was promoted by AS, and significantly influenced by the presence
of additives. Increasing amount of LA (2.5 and 5 g/L) had negligible effect on corrosion behavior, however,
the added different concentrations PA (1 and 14 M) were detrimental for both corrosion susceptibility and
rate. In tribo-electrochemical conditions, the roles reversed. At OCP, in AS, the passive film formed on cp
Ti surface, along with the wear debris resulting from the mechanical contact, promoted the lowest level
of protection to the material, leading to the largest wear tracks and, therefore, the highest volume loss.
By adding LA, the mechanical damage was slightly lower, but not considerable. On the other hand, the
addition of PA, due to the presence of P, a known constituent of industrial lubricants, leaded to the
smallest wear tracks. The tribocorrosion mechanisms consisted in abrasion and adhesion mechanisms,
however, fatigue phenomenon was detected when PA 14M was added. In potentiostatic conditions
(+0.5V,..0) it was concluided that, in the case of AS, mechanical wear was dominant, and when additives
were added, corrosion was significant, confirming a synergism between corrosion and wear.

Keywords: additives, cp Ti, corrosion, Fusayama s artificial saliva, tribocorrosion.
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GENERAL INTRODUCTION

1 (GENERAL INTRODUCTION

Nowadays people are starting to become more aware of the importance of watching over their health,
and they are starting to prioritize dental care, in order to improve their life quality. Although studies are
paying more attention to technicalities that can actually make a difference on the implants’ durability and
reliability, the research for the perfect dental implant is still ongoing. The human body is complex and
somehow still unknown, especially when it comes to the oral cavity environment and how it affects the

material incorporated on the implanted devices.

1.1 CONTEXT AND MOTIVATION

Implantology is an area of dentistry that involves the entry and placement of dental implants, as
well as the associated surgical procedures [1]. As shown in Figure 1, these dental implants are, generally,
composed by a ceramic crown attached to a metallic screw (frequently made of Ti), placed in the maxilla
or mandible, which replaces the roots of the teeth. These structures are mostly needed due to edentulisim
(condition where some or all teeth are missing), caused by periodontal disease (caused by bacteria),
caries or injury [2-4]. Also, implants offer total prosthesis stability while avoiding damage to any of the

remaining natural teeth [3].

Custom-made
crown

Abutment screw

Abutment

Ti implant
Gum

Cortical bone

Figure 1 - Schematic representation of a dental implant.
Adapted from [3].
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According to the Institute of Implantology, although the Portuguese have been paying more and more
attention to oral health, 27% of the Portuguese population have never had access to consultations with a
dentist and/or stomatologist and about 68% have lack natural teeth, which leads to chewing quality loss
and self-esteem problems [5].

Thus, the clinical demand for optimized, personalized, comfortable treatment solutions that, at
the same time, maintain dental function and aesthetics has been growing exponentially, leading to the
enormous challenge: finding the perfect implant. Despite the indisputable evolution in this field, there is
still a long way to go, as cases of dental implant failure are still reported. The main cause of failure is /in
vivo corrosion, in mouth. This can result in the release of potentially toxic corrosion products, which, in
addition to modifying the appearance and topography of the exposed metallic implant, it can compromise
its mechanical properties. In these cases, removal surgery is necessary, which is sometimes very painful
to the patients, whose recovery takes time [6].

The driving force for corrosion in the oral cavity is the saliva, as this is the environment where
everything is triggered. Hence, its constitution, as well as its constant change (for example, due to eating
and hygiene habits or diseases) and the dynamic environment that is generated are some of the main
factors to be taken into consideration when studying corrosion in dental prostheses. Fusayama s artificial
saliva (FAS) [7] is the most common medium to test the corrosion behavior of biomaterials used in
dentistry. Nevertheless, there is a gap in the literature regarding the effect of some additives in the saliva,
such as phosphoric acid (present in some foods) or lactic acid (which can be formed by the growth of
some bacteria), on the corrosion behavior of these biomaterials. On the other hand, the tribocorrosion,
defined as the combined action of corrosion and wear (caused by chewing and talking movements), to
which a dental implant is subjected is directly related to its possible functionality loss.

It is also important to note that, when designing a dental implant, the material selection is a
fundamental decision for the precision and predictability of the treatment. For years, precious metals,
such as gold, were used, as they are less susceptible to corrosion. However, they are more expensive
and have insufficient mechanical properties, which has raised interest in finding cheaper metals without
a major compromise of the metal’s corrosion stability [8]. For example, Ti, due to its mechanical behavior,
good resistance to corrosion in the presence of body fluids and nontoxicity, is widely used in dental
implants these days [3,6]. Although it is commonly used as the major component of alloys, its
commercially pure form (cp Ti) is frequently used, so it is going to be the topic of discussion on the

present investigation.
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1.2 OBJECTIVES AND HYPOTHESIS

The objective of this dissertation was to study the effect of additives in artificial saliva in the
corrosion and tribocrrosion mechanisms of cp Ti.
Hence, the hypothesis of this work is that the presence of additives in artificial saliva influences

corrosion and tribocorrosion behavior of cp Ti.

1.3 STRUCTURE OF THE DISSERTATION

This thesis is structured in 5 chapters. The first chapter provides a general introduction on the
topic, as well as the context, motivation and objectives of this work.

In chapter 2 is presented the state of the art, where some relevant theoretical concepts and
technologies are addressed. Additionally, this chapter includes a literature review by referencing and
discussing studies on the effect of some additives in FAS on the corrosion and tribocorrosion behavior of
cp Ti.

Chapter 3 describes the materials and methods used for the preparation of the cp Ti samples
and the electrolytes, as well as for the electrochemical and tribo-electrochemical tests and
characterization techniques.

In chapter 4, the results are compiled and discussed in order to compare all the conditions for
electrochemical and tribo-electrochemical tests.

Finally, in chapter 5, the conclusions are presented, as well as future works that can complete
this study even more and provide important information to promote an even greater development of

optimized dental implants.
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2 STATE OF THE ART

As mentioned before, with the scientific and technological advances of the 20» century, there is an
increasing awareness about dental care being one of the keys to a healthy life. At the same time, the
demand for implants to replace natural teeth is growing, as it is estimated that, each year, devices like
this are implanted in approximately 275 000 people, all over the world, with some patients needing more
than 12 implants [6].

When it comes to dental implants, the conditions they are subjected to are conducive to causing
unwanted reactions, especially on the metallic screw (which mimics the root of teeth), that fits into the
ceramic crown, mainly because it contacts directly with the adjacent tissues, either gum or bone. This
screw, whose material should exhibit similar properties to the bone, is often made of Ti, since it is reported
as a passive metal that best behaves in physiological environment, in this case, mouth [3,6].

The saliva constitution is continuously changing due to several external and/or internal factors.
In this way, besides saliva basic components, some additives can be found, altering its pH. To this extent,
when choosing a material that is meant to be inserted in the human body, along with some specific
chemical and mechanical properties, nontoxicity and good corrosion resistance are primary requirements
[3,9,10].

Thereby, studying the corrosion behavior of metallic implants is of extreme importance because it
can cause an unfavorable impact on its biocompatibility (due to the release of metallic ions that can cause
an adverse reaction in connective or epithelial tissues), mechanical integrity and osseointegration,
promoting the device deficiency and, consequently, its failure. On the other hand, it is not just about the
corrosion mechanisms. The implants failure is usually determined by the dynamic environment that is
the human mouth and its influence on the chosen material, due to biomechanical (wear) and biochemical
(corrosion) phenomena occurring simultaneously, meaning that a complex tribocorrosion system is
generated [6].

Nonetheless, it is important to point that this synergism between wear and corrosion may disturb
or, sometimes in more severe conditions or long-term exposure, destruct the protective film formed on
the surface. In this way it is imperishable to understand the recurring depassivation and repassivation

and how this cyclic behavior is related to different additives detected in the saliva [11].
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2.1 DENTAL STRUCTURE

Before addressing the central topics of this dissertation, it is important to know the constitution
of the teeth, as well as some relevant orofacial structures.

The oral cavity is the “heart” of the orofacial system, as it is where all the teeth are located. An
average adult possesses 32 permanent teeth, while each quadrant of the cavity has two incisors, one
canine, two premolars and three molars [12]. As illustrated in Figure 2, dental structure consists in three

hard components: dentin, enamel and cement (or cementum) [11,12].

Enamel

Dentin

Pulp cavity
Gingiva

Periodontal ligament
(desmodontium)

+«— Alveolar process
Cement
Dental root canal

Figure 2 - Schematic representation of a sagittal
section through a tooth, showing major its anatomic
components [12].

Dentin is part of the tooth bulk and is essentially needed to provide support and stress distribution
[13]. Like bone, dentin is a hydrated biological composite structure formed by a matrix of collagen type |
(around 92%; produced by odontoblasts, located in the dentin/enamel margin) reinforced with a calcium
phosphate mineral, called apatite [11,12]. As shown in Table 2, dentin (80 to 92 HV) is harder than the
cortical bone (43 to 76 HV) due to its higher inorganic composition [13]. When compared to the enamel,
dentin is more porous and has higher organic phase (about 21%) [13]. Furthermore, it is reported that its
flexibility might help prevent the fracture of enamel, which is characterized for its brittleness [12,13].

The dentin root is covered by cement. This cement is anchored to a fibrous joint, called
periodontal ligament, which provides a connection between the tooth and the alveolar bone [12].

Enamel (with thickness up to 2 mm) is the hardest substance in the human body, with 300 to

410 HV, and it consists in the outer layer of the tooth, as it coats and protects the dentin, allowing efficient
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mastication. Mature enamel is a crystalline structure, as it is highly calcified. Its composition consists in
96 wt.% inorganic material (mineral), 1 wt.% lipids and proteins, and the rest being water [11,13]. The
cells responsible for enamel production are located in the outer surface of the enamel and are quickly
worn out as teeth growth happens. Enamel damage cases, also known as caries, are quite frequent,
however it does not possess regenerative capacity [12].

Caries are developed basically due to mineral dissolution. Generally, teeth demineralization is
motivated by acids (lactic, acetic, propionic, among others) expelled by bacteria, as a result of the
metabolism of carbohydrates [13]. In dental implant-supported prosthesis, bacteria accumulate on top of
the dental pellicle (protein film, formed almost instantaneously after the contact with saliva, which protects
the tooth from those acids) on the tooth surface and colonize existing gaps between teeth, forming
“plaque”. For example, between the implant and the abutment (see Figure 4), gaps of 2.5 to 60 um were
reported, and as the microorganisms’ diameter is under 10 um, these prosthetic gaps can be effortlessly
colonized by several microorganisms [10]. Thus, microgaps are the most susceptible areas for biofilm
formation, which will strongly affect corrosion and tribocorrosion mechanisms.

These colonies, also known as oral biofilms, are defined as “a population of microbes associated
with extracellular polymers forming at an interface” [13], and can be more that 1 mm thick. Although the
ingestion of acidic foods or drinks can also damage the teeth and cause the loss from enamel, bacteria
(simple anucleated cells) is still the number one cause of caries. Also, it is important to note that, besides
tooth decay, 100% of gingivitis cases are directly linked to biofilms formation [13].

All biomaterials used in oral restoration are prone to biofilm formation and proliferation and
consequent events like epithelium downgrowth and bone loss around the implant often lead to implant
failure [11]. In this way, pathological conditions of the tissues around dental implants, such as peri-
implantitis may happen, and they are commonly related with the same bacteria (A.
actinomycetemcomitans) as periodontitis, however, the dental implant material role is not yet clarified
[11,14,15].

It is imperative that the chosen materials are relatively similar to the structures described above
[11]. Tiis one of the most used biomaterials in dental implants. It is reported that the bonds between Ti
implants and the epithelium are morphologically similar to the original bond with the tooth, however, this
interface has not been fully characterized. On the other hand, although connective tissue does not bond
with Ti, it is able to form a tight seal that reduces bacteria migration, as well as the deposition of their
metabolites [11]. Thus, many materials frequently used in dental implantology were organized by Berry

et al. [16] in a descending order according to its antibacterial activity: Au > Ti > Co >V > Al > Cr > Fe.
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2.2 DENTAL IMPLANTS

Dental implants history goes way back to the Ancient Egyptian civilization (3000 B.C.) where the
first Cu stud was applied inside the mouth [6]. Replacing the missing teeth in earlier times included
natural materials such as bamboo pegs, animal or human teeth, seashells and ivory, and even
sometimes, stones [3]. The years went by and countless diverse attempts to replace missing teeth were
made in order to regain full, comfortable masticatory function and facial aesthetics, but nothing seemed
to be working, at least on the long-term. Until 1809, when a French dentist, Maggiolo J., described the
implantation process of a gold alloy with three branches into the jawbone, and the installation of a
porcelain crown [17].

In the early 1900s the metallic artificial root forms commonly resorted for tooth functionality
restoration [3]. In 1937, new materials were found to be effective, CoCrMo alloy was developed and
implanted by Stock at Harvard University. Later in 1940, Dahl presented a revolutionary approach, by
being the first person to attempt subperiosteal implant [17].

In 1969, the term “osseointegration” was presented by Per-Ingvar Branemark and his colleagues,
as “a direct structural and functional connection between ordered, living bone and the surface of a load-
carrying implant’ [3]. Branemark and his co-workers were studying the microcirculation of blood around
a cp Tiimplant in a rabbit, and they realized that it was hard to remove the device, since bone has grown
and deposit around it, leading to its osseointegration. Thus, Dr. Branemark developed a root form
threaded Ti implant to use in his patients [3,17]. Another historical mark was made by Dr. Lee, who
introduced an endosseous implant with a central post. In the 1960s, other great discoveries were made,
since Dr. Leonard Linkow proposed the newly updated version of the basic spiral design, the blade implant
(endosseous), and made it possible to use in either the maxilla or mandible [17].

In 1963, the first screw-type implant (Veniplani) was finalized. At first it was made of a CoCr alloy,
but it was replaced by Ti due to Branemark’s investigation. Brdnemark’s concept expanded rapidly
throughout the decades and still is the keystone of today’s newest implants [2,17]. Another key and
historical fact to highlight is related to Scharf and Tarnow’s [18] publication, in 1993, regarding some
data that showed high success rate implantations in a dental office setting under aseptic conditions. This
was a big step forward as surgery room setups are more expensive than a regular dental office equipment.

These days, computer aided design and manufacturing technologies are used to conceive
prostheses which mimic the patients' natural teeth and capable of withstanding similar loads. Plus,
zirconia has started to appear as an alternative to Ti, as it is reported that it provides better integration

and response from the adjacent tissues, however “further clinical studies are needed before such
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recommendation, as it remains a brittle ceramic material with a significant sensitivity to surface defects”

[17,19].

2.2.1 TYPES OF DENTAL IMPLANTS

There are two types of dental implants: endosteal (also called endosseous) and subperiosteal. The
endosteal type is in direct contact with bone tissue, and has different available shapes and forms, such
as root form (screws), blades (plates), transosseous, among others. On the other hand, the subperiosteal
type are placed along the bone surfaces, under the periosteum (membrane that covers the outer surface
of all bones), conducting every tension to the cortical bone [2,6,20,21]. In Figure 3 it is possible to observe

different dental implant types.

Figure 3 - Schematic representation of different dental implant
designs [6].

In this dissertation, the focus is on endosseous implants like the one in Figure 4, (specifically on
the screw) since they are the most common and problematic type, essentially due to its invasiveness.
These implants are normally cylindrical and consist in an artificial tooth surgically anchored to the
mandible or maxilla and are part of a three-component system. There is an abutment that connects the

ceramic crown to the metallic screw (the “anchor”), normally made of Ti [6].
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ceramic crown

Abutment

Torquing at 20-32 Ncm

Implant

Figure 4 - Schematic structure of an endosseous dental implant, and its
components [10].

2.2.2 BIOMATERIALS IN ENDOSSEOUS DENTAL IMPLANTS

First and foremost, the term biomaterial is continuously changing by the years. Even so, as proposed
by the Biomaterials journal, biomaterial is defined as “a substance that has been engineered to take form,
which, alone or as a part of a complex system, is used to direct, by control of interactions with components
of living systems, the course of any therapeutic or diagnostic procedure” [22]. There are four major
biomaterial categories: metals, polymers, ceramics and their composites.

Ancient civilizations, such as the Romans, Chinese and Aztec, used Au in dentistry. Since then,
precious metals were widely used to ensure minimal corrosion. However, in nowadays the search for
cheaper and more efficient materials became mandatory [6].

In the 60’s and 70’s, ceramics like alumina, hydroxyapatite and tricalcium phosphate were first
used, however, despite presenting a good biological response, their brittleness is a big disadvantage on
load-bearing applications like dental implants. On the other hand, polymers have also been used before
due to their easier manufacturing ability, but their poor mechanical and biological response have
restrained their application [23].

In the orthodontic field, when it comes to the placement of endosseous implants, the ambition is
to have an osseo- and bio-integrated structure. Many biomaterials have been used, but just a few have
proven to be effective long-term, considering the cyclic loads that the implants are subjected. Thereby,
metals are probably the oldest type of biomaterials used for dental prostheses and, by far, the most
frequently used on nowadays threaded implants, because of its high mechanical strength and integrity.
Precious metals, stainless steel, tantalum and Co-Cr alloys were incorporated to these implants screw,
but Ti introduction changed the course of dental implantology history, due to its better acceptance in the

body and, also, it is able to be properly integrated with the bone [6,17,23,24].
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2.3 CP Tl IN THE ORTHODONTIC FIELD

Souza et al. [10] stated that “a@ dental implant-supported prosthesis should possess mechanical
properties similar to the dental and bone structures in order to establish a long-term clinical performance
and harmony with the masticatory system” and, as stated before, choosing the right material is perhaps
the most important step to achieve it.

Biocompatibility is a top requirement when choosing a material to incorporate in dental implants,
as it has been defined, according to Williams [23] as “the ability of a material to perform with an
appropriate host response in a specific applicatior’’, and it covers all aspects of the interactions between
the material and tissues. If there is any sort of evidence of degradation the adjacent tissues to the implant,
the material is considered toxic and, therefore, non-biocompatible.

Therefore, an ideal implant material should be, primary, biocompatible, but basic mechanical
properties such as hardness, ductility, yield strength and Young’s modulus are important to choose a
material. Physical and chemical properties of the materials (bulk and surface) are determinant factors to
the corrosion and tribocorrosion mechanism and, thus, to the clinical success and prediction of implant
therapy as well. Not only is important to have full knowledge about these properties, but also how they
are interrelated with the constitution, microstructure and crystallographic components of the phases, their
ratio, distribution and orientation [6,25].

Since the clinical success of Branemark's research, Ti has been widely discussed by many
authors, being the material of choice for the fabrication of root-form implants to support the oral prosthesis
(Figure 4), due to its great mechanical properties (almost equal that of nigh noble alloys, at much lower

price), biocompatibility and high corrosion resistance [2,6,11,17,26].

2.3.1 PROPERTIESOF CPTI

Cp Ti is one of the most common biomaterials to be incorporated in these units, mainly due to its
low density, attractive mechanical properties (compared to, for example, highly used in the past, titanium
alloy Ti-6Al-4V - Table 1), such as relatively low Young's modulus, low toxicity, ability to be osseointegrated
and great corrosion resistance when in contact with body fluids, such as saliva [3,6,27].

Ti-based alloys have two allotropic structures (Figure 5): hexagonal close-packed (HCP), called o
phase, up to 882°C, and body-centered cubic (BCC), also known as (3 phase, above the previous

temperature. Therefore, Ti-based alloys can be known as a, a + 3 or 3 [3,6,11,28].
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Cp Ti exists in a hexagonal close-packed (HCP) structure, called o phase, at room temperature
(25°C), and is an unalloyed Ti, available in four ASTM F67 grades: 1, 2, 3 and 4. These grades differ on
slight variations in the percentages of residual elements such as N, C, H, Fe, O, as shown in Table 1,
which generates different mechanical and physical properties, for each grade (Table 2). The reason for
this range of properties essentially resides in the oxygen content, since it is the predominant element
after titanium (about 99%), however, as investigated by Gonzalez ef al. [27], the effect of the remaining

elements should not be underestimated [3,29].

Figure 5 - Titanium crystal lattice unit cells: (a) body-centered
cubic cell, and (b) hexagonal close-packed. Adapted from [11].

On the other hand, Ti-6Al-4V, also known as Ti64 or ASTM F136 (grade 5), is an o + [ alloy: the
addition of Al, an a-phase stabilizer that decreases its density while increasing its strength, and vanadium
(V), a B-phase stabilizer, to the elements listed for pure titanium. This combination of phases also provides
higher strength to the alloy and better wear resistance [6,30,31]. This alloy was used in the past, but not
as much anymore due to toxicity concerns about V [6]. Gonzalez et al. [27] also concluded that al
enrichment of the a-phase, in this case, Al, was found to be detrimental to the passivity and corrosion
resistance of Ti.

Both, specific weight (4.5 g/cms) and Young’s modulus (also known as, elasticity modulus,
stiffness or rigidity) of cp Ti are independent of the grade (103 to 107 GPa) [32]. The Young's modulus
is similar to the Ti-6Al-4V alloy (110 to 114 GPa), however, five to six times higher than the cortical bone.
It is important that the material Young's modulus matches, or it is not too high compared to the cortical
bone (10 to 18 GPa), so that the stress transfer between the dental implant and the bone is well
distributed. Otherwise, stress shielding occurs. This well-known phenomenon that consists in the transfer
of all the loads to the implant, protects the bone. This way, the bone tissue is protected/shielded, leading
to bone atrophy and, possibly, its resorption and necrosis may occur. Consequently, the implant can
become loose, meaning that its clinical failure is inevitable [25,32,33].

It is reported that the oxygen ratio increases both yield strength (YS) and ultimate tensile strength

(UTS), and decrease ductility [3,6,32]. At atomic level, oxygen atoms take up room as they dissolve into
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the crystal lattice as interstitial atoms, squeezing Ti ions. Thus, higher oxygen content leads to less
movements within the lattice, which means lower ductility [30].

For example, in cp Ti grade 1, at 0.18 at. % oxygen, the YS and UTS are, respectively, around
170 MPa and 240 MPa, while, in grade 4 (0.40% oxygen), these properties increase to 483 MPa and
550 MPa, respectively. Additionally, Ti-6Al-4V exhibits even greater UTS than grade 4 (860 MPa).

For metallic materials, hardness is one of the most important parameters, since it is an indicator
of the Ti wear resistance. It is a critical property given the occlusal loads (cyclic loads instigated by tooth
against tooth movements during mastication). Harder metals are usually less prone to suffering damages
when subjected to a tribocorrosive environment, but, on the other hand, they are less ductile and tough,
which is not exactly desirable given the mechanical loads which dental implants are subjected [11].

To be noted that hardness and YS are, somehow, related. Usually, metals with higher values of
hardness also present high YS, which means they are harder to scratch/polish. In dentals applications,
the enamel hardness must be lower than the material’s, otherwise the enamel might be worn out by the
metallic material. This phenomenon is undesirable because, when combined with the oral environment,
it might get worse, jeopardizing the clinical success of the implant. As shown in Table 2, enamel exhibits
significantly higher Vickers hardness than all cp Ti grades and alloy [11].

Moreover, cp Ti grade 1 presents the best corrosion resistance. Besides, since it has the lowest
oxygen percentage presents the lowest strength and highest ductility at room temperature, meaning that
it is the easiest to be cold-worked. On the other hand, cp Ti grade 2 possesses similar great corrosion
behavior and biocompatibility when compared to cp Ti grade 1, however, it exhibits higher YS and UTS,
which is great for bending resistance, but not too high to the point of not being compatible with bone.
Because of this great property compromise, grade 2 is the main cp Ti incorporated in dental implant
applications [29,33-35]. And finally, grades 3 and 4 are more resistant (with higher YS and UTS), being
that grade 4, due to its highest oxygen ratio of all four ASTM grades, is mechanically the strongest and
less ductile. In both cases, YS and UTS make them relatively incompatible with the cortical bone, and,

therefore, not adequate to dental implant applications [29].
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Table 1 - Elemental composition of cp Ti (grades 1, 2, 3 and 4) and Ti-6Al-4V alloy. Adapted from [6,32].

Element (%) CpTi CpTi CpTi CpTi Ti-6Al-4V
Grade 1 Grade 2 Grade 3 Grade 4
Nitrogen (N) 0.03 0.03 0.05 0.05 0.05
Carbon (C) 0.10 0.10 0.10 0.10 0.08
Hydrogen (H) 0.015 0.015 0.015 0.015 0.012
Iron (Fe) 0.02 0.03 0.03 0.05 0.25
Oxygen (0) 0.18 0.25 0.35 0.40 0.13
Aluminum (Al) - — — — 5.5-6.5
Vanadium (V) — — — — 3.54.5
Titanium (Ti) Balance Balance Balance Balance 88.3-90.8

Table 2 - Mechanical properties of Cp Ti (grades 1, 2, 3 and 4), Ti-6Al-4V, cortical bone, dentin and enamel. Adapted from
[3,6,10,11,31,32].

Material Ultimate | Yield Elongation | Young’s Specific | Vickers
Tensile | Strength | (%) Modulus | Weight Hardness
Strength | (MPa) (GPa) (g/cm?) (HV)
(MPa)
Cp Ti Grade 1 240 170 24 103-107 4.5 120- 150
Cp Ti Grade 2 345 275 20 103-107 4.5 180-209
Cp Ti Grade 3 450 380 18 103-107 4.5 190-240
Cp Ti Grade 4 550 483 15 103-107 4.5 280
Ti-6Al-4V 862 793 10 114-120 4.4 350
(Grade 5)
Cortical bone 140 30-70 0-8 10-18 0.7 43-76
Dentin 52 — — 11-19 2.1 80-92
Enamel 10 — — 75-100 2.96 300-410
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2.3.2 PASSIVATION OF Ti

It is reported titanium has low corrosion rate in corrosive environments, as the oral cavity, derives
from its passive behavior, by growing a strongly adherent oxide film on its surface (Figure 6), when in the
presence of oxygen [3,4,11,28,36]. Because of this protective layer, when exposed to saliva, Ti manages
to retain this outer surface layer and, thus, keep its attractive mechanical and toxicological properties,
which dictates its extensive use and study in dental implantology (especially Cp Ti grade 2, as mentioned
before).

Cp Ti is well known to be tolerated in the human body because it can spontaneously react with
the surrounding media and form an oxide layer which has a protective function, as it prevents material-
medium interactions. This passive barrier (typically 3 to 7 nm, but can go up to 10 nm) is commonly an
amorphous layer of n-semiconducting titanium dioxide, TiO, (Ti** + 2027, with the ability to control
cp Ti corrosion behavior, as it acts like a barrier to chemical attack. Usually, these films are amorphous,
however, depending on the conditions where it was established, anatase and rutile nanocrystals could be
found [28,35]. The Ti,O/Ti has, approximately, a 2:1 ratio and it gradually reduces from as it

approaches to the bulk. Moreover, hydroxides and chemisorbed water can also bond with Ti** [4].
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Figure 6 - Schematic representation of (a) the formation of oxide film formed on cp Ti, at room temperature, and
(b) the TiO2 layer. Adapted from [4,27].
This oxide outer layer and its dissolution products seem to be biologically inert, meaning they do not
induce allergic or inflammatory reactions in adjacent tissues [4,34]. However, even in its passive state,
chemical dissolution happens and ions are released from the oxide film, which means Ti is not entirely
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inert. As an advantage, this almost inertness allows bone growth and the osseointegration of the implant
[11].

There is in vivo evidence that even greater corrosion behavior can be developed by a thicker film
[34]. Besides the thickness of the layer, its physical and electrochemical properties, which depend on the
metallic bulk nature and the surrounding environment, are determinant for Ti stability and degree of
passivity [27].

As observed in Ti Pourbaix diagram (Figure 7), besides the most common oxide, TiO,, other
several oxide stoichiometries can be generated, in water, for different pH ranges: TiO, Ti, 05 and TiO5.
By analyzing the potential/pH diagram, the passive area is notoriously large, indicating passive films
stability through a broad range of pH and potential values. Additionally, there are many Ti species (Ti,

Ti%** Ti3*, Tio, TiO,, Ti, 05 and TiO5 - 2H,0) that are stable for specific conditions [37,38].
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Figure 7 - Pourbaix diagram of titanium in water, at 25°C [38].

In typical physiological conditions (saliva normal pH is 6 to 7), Ti is in its passive state but, as the
conditions in the oral cavity can change, and certain substances can be produced by the body or ingested,
breakdown of passivity can happen [10,11]. However, when the film is disturbed, Ti can instantly
repassivate, thanks to the “surface oxidation-controlled kinetics” (Sakaguchi et a/. [11]), and form a new

compact film, getting back the well-known excellent biocompatibility and corrosion resistance.
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Simultaneously to electrochemical reactions (corrosion), friction and sliding-wear happen during
occlusal movements, leading to the oxide film detachment and even further dissolution as more potentially

toxic ions added to the environment. This compromises the implants viability and clinical success [35].

2.4 SURFACE CHARACTERISTICS AND ITS INFLUENCE ON THE IMPLANTS

OSSEOINTEGRATION

Surface properties of an endosseous implant impacts the osseointegration process. In the past,
implant surfaces were categorized as rough or smooth, however, nowadays, surfaces are more complex,
so that, when proposing an implant, in order to promote the desirable bone formation around the implant
and, consequently, reduce the healing time, factors such as the chemistry, geometry and topography of
the materials surface must be taken into consideration by the engineer [3,37]. This osseointegrative
mechanism includes protein absorption, platelet interactions and activation, signaling molecules, and
osteogenic cell migration and differentiation [3].

Topography has great influence on the implants osseointegration capacity, perhaps even greater
influence than corrosion and tribocorrosion behavior of the materials [3,37]. Some studies have been
conducted to improve surface architecture of Ti implants [39-42]. It is reported that surface designs with
undercuts and/or slightly porous provide to the implant remarkably higher mechanical interlocking with
bone. Lower scale features (for example, micro or nanometric levels) earlier bone deposition, while slightly
higher scales impact late/intermediate integration with anchoring points for the collagen of the newly
formed bone [3,37]. As a result, a surface with different scales features is desirable in order to take
advantage of both effects, and thus have a continuous osseointegration process of the implant [3].

As will be further addressed, corrosion, either by itself, or accompanied with mastication and/or
occlusal forces can lead to surface damage of the implant. Whenever two surfaces rub against each other
in a corrosive environment (either implant/implant or implant/tooth), Ti passive film is removed, which
means that the fresh metal is exposed. The fresh metal is less stable and more prone to chemical and
mechanical attack, compared to the removed film, since it did not go through the process of interacting
and reacting with the surrounding environment. As the film is removed, chemical and physical properties
of Ti surface change since it is no longer protected, which leads to surface corrosion and release of

metallic ions and debris into the oral cavity, which might be harmful and toxic [37].
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2.5 THE ORAL ENVIRONMENT

Biocompatibility of a dental material depends on its composition, location, and interactions with the
oral cavity [11]. Overall, the physiological environment is complex and severe, which can accelerate and
exacerbate biomaterials degradation. More specifically, when a device/material is inserted in the mouth,
it is subjected to biochemical and biological actions and instantly contacts with saliva. Besides saliva, it
is also crucial to know the teeth and its constituents, as well as masticatory forces and what could be

eventually causing teeth loss.

2.5.1 SALIVA AS AN ELECTROLYTE

Human saliva (pH 6 to 7) is the body fluid that abounds the oral cavity and consists in a cocktail of
water (about 99 vol.%) and biochemical, organic and inorganic substances produced by three pairs of
salivary glands (parotid, submaxilar and submandibular) and the oral mucosal glands (labial, lingual,
palatal, and vestibular) [10,43].

The organic compounds consist in a variety of important proteins (albumin, proline-rich proteins,
statherin, histatin, etc.), glycoproteins (mucin), characterized by providing the viscosity to saliva, and
aminoacids (leucine, glycine, glutamate, aspartate) for the oral health, with specific biological functions
[10,37]. Additionally, carbohydrates (glucose, galactosis, sialic acid), lipids (phospholipids, triglycerides
and cholesterol), and antibodies (IgAs, I1gM, 1gG) and enzymes (lyzozyme, lactoferrin, lactoperoxidase),
which are responsible for the elimination of microorganisms, are organic constituents as well. On the
other hand, saliva inorganic compounds are basically consisting in ions like Ca?™, POE‘, Na*, K" and
HCO3~, being that bicarbonate (HCO3~) and phosphate (P03 ™) ions act as buffers to preserve the
saliva normal pH values [44]. Bicarbonate ionic bond to H, forming H,C 05, H, and CO,, is the main
buffering mechanism, since it is responsible to increase saliva’s pH, leading to prevention of teeth
demineralization. On the other hand, this process can be jeopardized if there is of microbial cells density
or low salivary flow rate [44,45].

It is important to note that saliva plays a fundamental role in human life in general. It is a key
element to regulate microbial colonization on oral tissues, breakdown food by lubricating the mouth, as
well as assisting the swallowing motions and the digestive process, and cleaning the oral cavity [43].
Salivary glands produce 1 to 1.5 liters of saliva per day. Masticatory action has great influence on salivary
output, being that, while it is happening and more fluid is being produced, thus, oral cleaning is promoted

[44,45]. On the other hand, during the night, as the human body is resting, salivary flow rate is naturally
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lower, which inevitably leads to an increase of microbial species in the oral cavity. As mentioned before,
these species form micro-accumulations (biofilms) in implants gaps (between implant components) or
between the gum/implant or gum/teeth interstices and secrete acidic metabolites, leading to a decrease
on the salivary pH (around 5 - significantly lower than other places in the mouth), that combined with
mechanical solicitations (caused, for instance, by normal chewing movements) might be harmful for the
long-term performance of dental implanted systems [10,37]. It is clear that the saliva constitution,
properties and flow are unique for everyone. It changes overtime as individuals grow, but also every day,
as the conditions change [9].

The oral fluids pH consists in a critical factor for corrosion and tribocorrosion of dental implant
materials. It can change quite rapidly due to external and/or internal factors. External factors like acids
(e.g., lactic acid) and fluoride, introduced, respectively, by bacteria and teeth cleaning habits, as well as
diet, tobacco consumption and the presence of microbial metabolites, can easily alter salivary pH and,
thus, be determinant for the corrosion behavior of the dental implant [37,44]. Additionally, oxygen levels
in the oral cavity are always changing, since variations can occur between the mucosal and sub-gingival
areas, essentially when there is infection. Oxygen is almost absent in areas below the gingival margin so,
consequently, microbial colonization occurs, which promotes the preferential growth of aerobic or
anaerobic microorganisms. As oxygen is important for cathodic reactions during the electrochemical
processes of metals, the corrosion kinetics can be affected [37]. As for internal factors, such as salivary
gland dysfunctions and body temperature or, simply, the time of the day or the amount of stress the
person is experiencing, they can strongly influence the oral environment [35,37].

Bardo et al. [46] studied the influence of saliva pH on cp Ti and Ti-6Al-4V alloy corrosion behavior.
For both materials, no significant differences were observed for the different pH values. At lower pH, Ti
showed a decrease on the corrosion resistance due ionic transfer with saliva. The authors reported a
significant increase on the corrosion rate, as Ti revealed a higher corrosion resistance than Ti-6Al-4V.
Also, greater surface changes of Ti occurred at low pH values and, for the potentials and solutions used,
no pitting corrosion was found.

Taking the saliva unstable nature into account, it is necessary to resort to AS solutions, to be able
to test biomaterials /n7 vitro to mimic the oral conditions. However, as saliva is constantly changing, these
prepared solutions do not model many aspects of clinical conditions [37]. Organic-free artificial saliva
solutions have been used in corrosion studies, and reviews about the composition and properties of many
artificial saliva solutions, in the scope of dental implants corrosion behavior [47,48]. However, since

Fusayama et al. [7] proposed modifications to a well-known synthetic saliva, already proposed by Meyer,
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Fusayama “s artificial saliva (FAS) has been largely used as the electrolyte in studies about Ti corrosion
behavior, since it is currently the closest to natural saliva [8,33,35,49-52]. In Table 3 is presented the

composition of FAS.

Table 3 - Composition of the Fusayama's artificial saliva [33].

Compounds Concentrations (g/L)
KClI 0.4

NacCl 0.4

CaCl,-:2H,0 0.795

Na,HPO,-2H.,0 0.69

Na,S-9H,0 0.005

Urea 1

2.5.2 MASTICATORY FORCES AND STRESS DISTRIBUTION

Failure in dental implants has been attributed not only to biomechanical overloads but also to
corrosion and wear synergy along with the cyclic loading mechanism of the masticatory process [37].
Human body features (age, gender, weight, muscle strength, whether they have, or not, dental implants,
etc.) and food characteristics (hardness, ductility, size, thickness, Young s modulus, etc.) dictate the
intensity of mastication forces [10].

The mastication forces produced during the chewing cycle have been reported to be in the range
of 10 to 120 N [52]. The highest mastication forces are generated at the end of the chewing cycle when
sliding motion stops as the teeth reach the centric occlusion that produces localized abrasion wear of
contacting dental surfaces [52]. According to Anusavice et a/. [53] and Sevimay et a/. [54], the maximum
biting forces were measured by different methods, such as electromyography and occlusal transducers,
and are in the range of 89 to 150 N at the incisors (anterior region), 133 to 334 N at the canines, 220
to 445 N at the premolars (intermediary region) and 400 to 600 N at the molars (posterior region).

Once the tooth is replaced, every dental implant should be able to support these forces, as the
design and the material and its properties have a major role in the ability to withstand these forces.
Besides the magnitude of the mastication forces, orientation is also a very important aspect to consider,

since axial loads promote stress transfer through dental implanted systems to the bone tissue, and
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oblique stresses can generate material and bone overload, which often leads to its failure by fatigue and
wear [55-57]. Moreover, it is important to be aware of the fact that design aspects, such as shape, length
and/or diameter, should be optimized in order to minimize stress distribution to the hard tissues, and,
also, it is desirable that dental prostheses components are made out of rather similar materials, in order
to have similar mechanical properties. Otherwise, abrupt variations may cause even more stress
transportation to the maxilla or mandible bones [10].

During mastication forces, micro-movements can be found at the prosthesis interfaces:
implant/crown, implant/abutment, implant/bone and abutment/crown. In these situations, fretting
corrosion can happen, meaning that wear and corrosion occur simultaneously, in other words,
synergistically [37]. In Figure 8 there are presented the loads an implant is subjected, as well as the

location of possible micro-movements and gaps.

Oblique
loads

/ SE \

Abutment

Ceramic crown

Figure 8 - Schematic representation of mastication forces and loads an implant is
subjected. Adapted from [35].

2.6 CORROSION OF CP TI IN THE ORAL CAVITY

First and foremost, according to EFC, corrosion can be defined as “physicochemical interaction
between a metal and its environment which results in changes in the properties of the metal and which
may often lead to impairment of the function of the metal, the environment, or the technical system of
which these form a part" [58]. Therefore, the term “corrosion” is referred as the process and the involved
reactions, and not the outcome, frequently designated as corrosion damage or degradation.

Corrosion of metal implants is critical since it can adversely affect biocompatibility and

mechanical integrity. Corrosion and surface film dissolution are two mechanisms for introducing
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additional ions in the body. Extensive release of metal ions from the metallic structure can result in
adverse biological reactions and can lead to mechanical failure of the device [27]. Ti has been a dominant
topic of discussion for the past decades, in the dental implantology field, due to its attractive properties,
regarding corrosion resistance and mechanical strength, and biocompatibility. A major reason for the
large-scale use of Ti is due to its reported excellent corrosion resistance when inserted in the oral cavity
[3].

Thus, in the scope of this thesis, corrosion behavior regarding cp Ti (Grade 2) used in endosseous
implants was investigated. It is not only important to analyze this biomaterial when in contact with mimetic
solutions of human saliva (such as FAS), but also to consider the presence and effect of certain additives
(as a result of natural events, daily activities or surgical interventions) and the fact that the mouth is not
a static environment. Saliva is a complex natural electrolyte that is constantly changing and, as a result,
can interfere in the corrosion behavior of Ti. Besides its normal components, it might contain additional
substances, such as fluorides, hydrogen peroxide (H,0,) and acids (citric acid, lactic acid, phosphoric
acid) as a result of either bacteria and their metabolic activity or the ingestion of certain foods or drinks
[33,34]. As aforementioned, the main goal of this this work was to understand the effects of the additives.
Although the majority of these effects are still unknown to the science investigation community, they
promote local changes of pH in the oral cavity, which can compromise the Ti efficiency.

Marino et a/. [59] studied the electrochemical behavior of a dental screw made of cp Ti (Grade
2) in AS, during a period of 1500 minutes. EIS, OCP and potentiodynamic tests were performed and
results evidenced the stability of the surface oxide layer that covers the implant, protecting it against
corrosion up to 1.5V at 25 °C, in AS. The resistance of the film decreased as the exposure time increased,
due to the breakdown of the oxide layer followed by its dissolution. Chemical composition of Ti was
analyzed and demonstrated that the maximum limits of interstitial elements (C, N, Fe and O) were altered,

influencing its corrosion resistance.

2.6.1 INFLUENCE OF FLUORIDES

Corrosion induced by fluorides (F~) is a problem since it is frequently found in oral health solutions
for dental caries prevention such as toothpastes, gels and elixirs, as well as some drinking waters, and
recently has been added in cooking salt [60]. Fluorides are used in oral hygiene solutions because they
are able to suppress microbial growth and act as a buffer inhibiting bacterial acid production [61].

However, these products present pH levels of 3.5-7 and fluoride concentrations around 250 to 10.000
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ppm, which means its continuous use may affect the corrosion, and tribocorrosion, behavior of dental
implants [61-63].

Schiff et al. [62]performed some electrochemical tests using potentiometric and voltametric
techniques, on cp Ti (grade 2) and some alloys in the presence of Fusayama-Meyer s AS and certain
concentrations of fluorides. The tests revealed interaction between the fluoride ions and Ti, which
damaged the protective passive layer of the metal. The authors stated the importance to pay attention to
the patients wearing titanium dental prosthesis should be advised not to use fluoridated products.

Moreover, high concentrations of F~ revealed localized corrosion, namely pitting corrosion, on
Ti-based surfaces. The occurrence of this type of corrosion was reported to the formation of hydrated Ti
oxides and salts, in the presence of hydrofluoric acid (HF) [51,64]. These investigations have proven that
minimum concentration of 30 ppm HF is enough to promote a localized corrosion of titanium in fluoride
solutions. Actually, corrosion in fluoride-rich solutions depends on the pH and the formation of HF
produced by the dissociation of sodium fluoride (NaF), when present at high concentrations, or in low pH
solutions due to the bonding between H* and F~ ions. As a result, localized corrosion on Ti surfaces
might occur in a solution containing 452.5 ppm F~, at pH 4.2, or in a solution containing 227 ppm F~
at pH 3.8. The formation of pits on cp Ti was also found in a previous study after immersing it in AS
containing 11180 or 12300 ppm F~ [61,64]. Chemical analysis showed heterogenic oxides, such as
TiOF, and TiOHF, were found in cp Ti, after immersing it at high F~concentration [64].

2.6.2 INFLUENCE OF LACTIC ACID

Lactic acid (LA) (C3Hg03) can also be found in the saliva as result of metabolic activity by bacteria
[37]. Koike and Fujii [65-67] studies evidenced higher resistance to corrosion of Ti immersed in
physiological saline and AS, and dissolution and discoloration when in contact with LA [65,66]. The
authors also studied the corrosive properties of Ti in 128 mmol/L of lactic and formic acids at pH 1 to
8.5 for three weeks at 37°C. Results showed that the corrosive properties of titanium were markedly
dependent on pH in formic acid and relatively less dependent on pH in LA. However, up to now, there
have been few reports studying the effect of LA amount, and the mechanism remains unclear [67]. On
the other hand, Qu et a/. [68] investigated the corrosion behavior of pure titanium in AS and concluded
that the addition of lactic acid into AS solutions can distinctly accelerate the corrosion rate, and the
corrosion of titanium is aggravated with increasing the amount LA. Additionally, SEM images indicated

that LA can accelerate the pitting corrosion in AS.

35



STATE OF THE ART

2.6.3 INFLUENCE OF HYDROGEN PEROXIDE

As lactic acid, hydrogen peroxide (H,0,) is an important oxidizing compound produced by bacteria
and leukocytes, which are freed into the oral cavity during an inflammation process, as a consequence
of surgical trauma or abscesses [60]. Moreover, H, 0, is able to damage microbial cell walls, however,
at the same time, it is not able to recognize the cells is in contact and, therefore, differentiate which ones
are the host’'s and the attacker’s. This way, H,0, can be detrimental to biomaterials since it
compromises cell viability and, thus, osseointegration of the implant [37]. Actually, H,O, has proven to
have a damaging effect on Ti. Mabilleau et a/. [60] investigated the corrosion resistance of cp Ti disks for
nine days of immersion in different media: AS containing F~ (at concentrations 0.5 % and 2.5 %), H,0,
(at concentrations 0.1 % and 10 %) and/or LA. It was demonstrated that the combined action of these
additives resulted in a considerable increase of Ti corrosion, as well as intensifying its surface roughness,

which may influence the tribocorrosion behavior.

2.6.4 INFLUENCE OF CITRIC ACID

Ascorbic (also commonly known as vitamin C) and citric acids (C¢HgO- - H,0) can be detected in
the mouth due to food breakdown. The citric acids are commonly found in many fruits, vegetables, or
drinks. Vieira et al. [34] combined citric acid with AS and proved it enhances the oral environment
corrosivity, however, contrariwise, it appears to provide a protective effect to Ti under fretting corrosion
conditions. Kedici et a/. [69] verified that Ti demonstrated high corrosion resistance in FAS with citric

acid, while with other alloys whose behavior was being investigated as well must be carefully examined.

2.6.5 INFLUENCE OF PHOSPHORIC ACID

Phosphoric acid (PA) (H3P0O,) is another additive to consider, as it is often found in some foods,
especially dairy products such as milk or cheese. Ghoneim ef.a/ [70] studied the influence of PA
concentration and temperature on pure Ti and Ti-6Al-4V alloy electrochemical behavior was investigated
using OCP and EIS tests, over a range of acid concentration (1 to 14 M), where lower concentration of
PA lead to lower corrosion susceptibility (from OCP) and higher corrosion resistance (from EIS) than
higher concentration of PA. In OCP measurements was registered initial positive shift in potential
associated with thickening of the oxide film formed on the material surface. Moreover, as the

concentration of PA increased, potential changes towards more negative values are shown due to the
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thinning and dissolution of the film. The EIS tests confirmed this trend, since the corrosion current density
values, at any given temperature, were higher for the alloy as compared to those for the metal. Also, at

any given temperature, Ti oxide film showed higher thickening rate, in 1 M PA medium.

2./ ELECTROCHEMICAL TECHNIQUES FOR CORROSION BEHAVIOR ANALYSIS

In literature, there are many electrochemical techniques to investigate the corrosion behavior.

OCP is one of them and its results provide information about the electrochemical state of a
material, showing if the material is on an active or passive state. In other words, it is useful to examine
the corrosion susceptibility. However, there is important information this technique is not able to give,
specifically, concerning corrosion kinetics [71].

PDP is another useful technique since it provides information about electrochemical reactions
kinetics, through measurement of current density values while changing the applied potentials to the
metallic samples [71].

Furthermore, EIS is an even more complete technique, as it nondestructive and provides a
detailed analysis of electrochemical reactions, mechanisms and kinetics. After the stabilizing the system
(achieved in OCP), it gives information about the properties of the passive film and localized corrosion

mechanisms, and it allows the study of species adsorbed on the materials surface [71].

2.8 TRIBOCORROSION OF CP TI IN THE ORAL ENVIRONMENT

In dental implantology, both electrochemical and mechanical solicitations are determinant to the
implant clinical performance and success. The ASTM standards succinctly define tribocorrosion as “a
form of solid surface alteration that involves the joint action of relatively moving mechanical contact with
chemical reaction in which the result may be different in effect than either process acting separately”
[72]. Also, according to Mischler et a/ [73] and Landolt ef a/ [74], tribocorrosion consists in the
irreversible degradation phenomena of a material caused by simultaneous mechanical (wear) and
electrochemical (corrosion) actions on surfaces subjected to a relative tribological contact movement, in
a corrosive medium. In this sense, a tribocorrosion system is complex to understand since both
transformation mechanisms affect each other mutually [75].

It is reported that passive metals such as Ti are particularly sensitive to tribocorrosion

phenomena, since sliding can destroy the passive film, leading to the increase of both corrosion and wear

rates, before the surface repassivation [76,77].
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2.8.1 TRIBOCORROSION; SYNERGISM BETWEEN CORROSION AND WEAR

Corrosion is a major cause of Ti implants degradation due to the corrosive nature of the oral
environment (saliva and its additives). However, as these structures are implanted in the mouth they are
also subjected to mechanical actions such as masticatory forces or sliding and fretting (cyclic
micromovements) at implant/crown, implant/abutment, implant/bone interfaces. This constitutes a
tribocorrosion system. The combined action of corrosion and wear lead to the increased release of
metallic ions and wear debris, which cause toxicity and, therefore, compromise, the material
biocompatibility [37,78].

In a tribocorrosion system, a synergism between mechanical and chemical actions of environmental
effects is observed, which can have negative consequences depending on the properties and
characteristics of the materials surface and reaction products, as well as on the composition of the local
environment. A corrosive environment can amplify the rate of material loss by wear mechanisms, while
wear can increase the corrosion rate by damaging and detaching the protective TiO, passive film
[10,79,80].

In Figure 9 is presented a schematic representation of the different tribocorrosion mechanisms
of titanium while rubbing against a hard counter-body made of alumina, which is often used in dental
crowns [10,81]. As the rubbing motion begins, localized disruption of the protective layer may occur,
exposing the bulk metal to the oral environment. This leads to the formation of micrometric oxide third-
body particles (wear debris), which play a critical role as they can have negative effects, when they are
abrasive, and therefore, accelerate mechanical wear, or positive effects when they act as a solid lubricant
and mitigate friction, and consequently, wear [81]. As this happens, the metallic surface tries to reinstall
its protective film (repassivation), leading to an increase of the metal internal energy due to severe plastic
deformation, which will compromise the corrosion behavior of Ti [74].

The wear products can be transferred and deposited on the alumina surface or spreaded on the
Ti surface forming oxide tribolayers. When abrasive, these layers can aggravate the wear mechanisms
and, on the other hand, as it all takes place in an electrochemical environment (oral cavity), dissolution
may happen, exposing fresher and more reactive metal. In this way, a galvanic cell is established and the
corrosion rate is drastically increased. As a result of these two mechanisms involved in a tribocorrosion
system, metallic debris and ions are released to the surrounding tissues, which can cause inflammatory
reactions and incompatibility [37,74]. Thus, it is vital to minutely investigate the tribocorrosion
mechanisms and effects in severe conditions, so that the implant does not fail when implanted in the

mouth [37].
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Figure 9 - Schematic representation the different tribocorrosion mechanisms of titanium while rubbing against alumina [10].

2.8.2 TRIBOCORROSION SET-UP

The synergism between corrosion and wear is a complex system so, in order to study it, corrosion
and wear have to be monitored simultaneously. To perform tribocorrosion tests, it is important to know
the possible tribological contacts, as well as test set-up (tribometer), in order to understand the synergistic

effects.

2.8.2.1 TRIBOLOGICAL CONTACTS

Wear can be defined as the progressive loss of material resulting from mechanical interaction
occurring between two contacting surfaces, which are in relative motion, and under load [82].

Wear and its debris are critical factors on the implant lifetime and biofunctionality, especially when
allied to a corrosive environment. In order to study the wear contribution on tribocorrosion mechanisms
of dental implants, it is crucial to know the possible tribological contacts. According to Landolt ef a/. [74],
materials degradation due to simultaneous chemical and mechanical effects may occur under a few
possible tribological contacts, such as sliding (unidirectional or reciprocating), fretting, rolling or
impingement, as shown in Figure 10.

Sliding contacts can occur as a two body or three body system (resultant of the rubbing motion),
and the relative motion can be unidirectional, as in a pin-on-disk wear test, or reciprocating/bidirectional,

as in a pin-on-plate test apparatus [74].
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Fretting is considered a special type of sliding contact because it consists on cyclic stresses,
which can also happen in two body or three body arrangements. In other words, it is a form of
reciprocating sliding, but with small amplitude motions (micromovements) [74]. According to Kumar et
al. [83], fretting corrosion is a major factor on the Ti implants clinical failure, under /n vivo conditions.
Fretting corrosion of Ti and its alloys has been studied in simulated body fluids, where the synergism
between wear and corrosion seems to increase metal degradation [78].

In rolling conditions, a cylinder or sphere rolls against a smooth surface, causing friction. And
finally, impingement is a consequence of the impact of particles on a smooth surface. If the motion is
perpendicular to the surface, impingement attack is observed, and if it is parallel, there is surface erosion

[74].

CONTACT MODE SCHEMATIC
(names)
Sliding
- unidirectional : 3
- reciprocating &
corrosive wear
wear accelerated corrosion two body three body

chemo-mechanical polishing

Fretting —
fretting corrosion three body
Rolling

corrosive wear

Impingement l +

erosion corrosion m

impingement attack

Figure 10 - Schematic representation of the different types of
tribological contacts involving simultaneous mechanical and
chemical effects [74].

2.8.2.2 TRIBOCORROSION ARRANGEMENTS

In the tribological contacts aforementioned concerning tribocorrosion systems, different types of
arrangements involving an antagonist (or counter-body) rubbing against a flat plate can be used. The
counter-body can be a cylindrical pin, a truncated cone, or a sphere, as seen in Figure 11. Unlike spherical
contacts, a flat pin surface as the cylindrical is not free from alignment problems and has a well-defined

nominal contact area, which is an advantage [80].
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Figure 11 - Types of counter-body: (I) cylindrical pin, (Il) truncated cone and (Ill) sphere. Adapted from

[74].

In order to have a tribocorrosion system, an electrolyte solution is required. The conventional pin-on-
disk arrangement that includes an immersed stationary disk (or plate) rubbing against an oriented rotating
spherical pin are not well suited for being immersed in an electrolyte (Figure 12 (a)). In Figure 12 (b) is
represented pin-on-plate apparatus, which consists in a pin sliding in linear reciprocating motion on an
immersed stationary plate. The arrangement presented in Figure 12 (c) includes a downwards rotating
disk contacting with a stationary pin, while the electrolyte solution is ejected through below nozzles.
However, this can also be used with in an immersed contact, rather than the nozzles. Lastly, in Figure
12 (d), a ceramic microtube, included in a second tube containing the electrolyte, rotates on a stationary
metal plate, allowing measurements of the tribocorrosion behavior locally on very small surfaces,

sactrificing the fidelity of mechanical control [80].

! ]

Figure 12 - Experimental arrangements used in tribocorrosion studies:
(@) pin rotating on immersed plate, (b) reciprocating motion of pin on
immersed plate, (c) stationary sphere on rotating disk with electrolyte
injection from below, (d), rotating ceramic microtube serving as electrolyte
conduit. Adapted from [74].

The results obtained by Landolt ef 4/ [80] indicated similar coefficient of friction values when
different tribocorrosion arrangements were used. On the other hand, significant differences were observed

in the wear volume quantification, as well as in the current density measurements.
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2.8.2.3  TRIBOCORROSION EQUIPMENT AND ELECTROCHEMICAL TECHNIQUES FOR /V 1/7RO STUDY OF TRIBOCORROSION

In order to investigate /n vitro tribocorrosion on dental implants, in mimic conditions of the oral
environment, and study the synergistic action of corrosion and wear, both have to be monitored
simultaneously with special equipment. Barril ef a/. [78] developed a novel apparatus (such as the one
showed in Figure 13 to study the fretting—corrosion behavior of metallic materials used in prosthetic
implants that combines a precise control of mechanical and electrochemical variables, and the data
showed good reproducibility of the measurements.

In Figure 13 is showed a tribocorrosion set-up, which consists in a potentiostat is coupled to a
tribometer, where an electrochemical cell with a reference electrode (RE), working electrode (WE), which
is the sample, and, when necessary, a counter electrode (CE), in order to get data on electrochemical

and tribological mechanisms simultaneously.
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Figure 13 - Schematic representation of a tribocorrosion set-up [79].

Ponthiaux et a/ [71] pointed electrochemical techniques, such as OCP, PDP and EIS to
investigate combined corrosion and wear degradation of materials in sliding contacts immersed in
electrically conductive solutions. Performing these techniques assembled to a tribological test provide
crucial and meaningful data to understand tribocorrosion parameters (such as the electrochemical
reactions nature, existence of protective passive films, interactions between electrochemical reactions
and friction) and the kinetics of corrosive reactions (such as corrosion rate, depassivation rate by
mechanical action in the contact area and film passivation rate). Besides, electrochemical measurements

can give information on the tribological conditions of friction and wear mechanisms, as sliding friction,
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the electrochemical state of the surfaces is highly influential on the wear process in the contact region,
showing signs of mild oxidation, abrasive wear, among others.

Furthermore, Mischler [84] published a critical paper on the main electrochemical methods used
in tribocorrosion research with special emphasis on sliding and fretting situations involving passive metals.
It was reported that, for tribocorrosion studies, OCP and PDP are the most used techniques.

OCP results are determined by surface factors, such as the ratio of worn and unworn surfaces,
being the worn where the fresh metal is exposed to the electrolyte due to protective film removal and
unworn are where the passive film is intact. Moreover, the repassivation kinetics of the bare material in
exposed regions, the contact frequency and load [71,84]. As an example, Figure 14 a) is represented an
OCP test schematic set-up, under rubbing conditions, with an alumina ball as the counter-body, where
the corrosion potential (E.. or OCP) of an immersed (0.9% NaCl solution) Ti-6Al-4V sample is being
monitored with a potentiostat. The results in Figure 14 b) show that, as the rubbing begins, the E... of the
material shifts to lower values, also known as cathodic shift. During sliding, the measured corrosion
potential reflects the two surface states, with the passive metal (unworn area) and the fresh metal (worn
area) exposed to the electrolyte, as reported by Ponthiaux ef a/. [71]. In this case, the oscillations on E.,,
due to represent the material’s attempts of passivating the worn areas by the ceramic ball. As the rubbing
motion stops, E... is able to reach the similar values as the initial ones due to repassivation mechanisms,

as the Ti alloy fully recovers its protective surface layer.
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Figure 14 - (a) Schematic representation of a tribocorrosion test set-up with the
measurement of the E.,, (RE: standard silver chloride electrode, SCE) and (b)
evolution of the E.,, of a Ti-6Al-4V alloy rubbing against an alumina ball in 0.9%
NaCl solution [84].

In Figure 15 a) is presented a schematic potentiostatic test set-up, where a selected anodic potential
is imposed to an immersed (0.9% NaCl solution) Ti-6Al-4V sample, using a three-electrode (WE, RE and
CE) set-up connected to a potentiostat. In this case, current density values are measured as a function of

the time to assess electrochemical reactions kinetics, in tribocorrosive conditions. Important to note that
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this experiment is performed after the stabilization of the OCP. As the rubbing begins, an abrupt increase
in current density occurs due to oxidation reactions of the fresh metal exposed to the electrolyte, after
abrasion of the passive film on its surface. During sliding motion of the ceramic ball, current density
values suffer little oscillations due to the surface’s galvanic coupling of worn and unworn areas, as it tries
to reinstate the passive film. When rubbing stops, current density decreases to a similar value of the one
before the mechanical solicitation because the Ti alloy sample is fully repassivated [84].
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Figure 15 - (a) Schematic view of a tribocorrosion experimental set-up including a
potentiostatic set-up and (b) evolution of the current density values of a Ti-6AI-4V alloy rubbing
against an alumina ball in 0.9% NaCl solution at imposed potential of 0.3V, (RE: standard
silver chloride electrode, SCE) [84].

On the other hand, performing PDP tests can be profitable since they provide detailed information
on electrochemical reactions kinetics alterations due to sliding, and allow to understand the influence of
surface reactions on sliding conditions in the contact region. Mechanical depassivation rate of worn
surfaces, corrosive wear rate and the mechanism of mechanical wear are other parameters which PDP
when used in a tribocorrosion system [71]. Finally, with EIS it is possible to understand, in detail, the
electrochemical reactions kinetics, under sliding contacts, and the interaction between friction and
corrosion. In these last techniques, results can be to interpret due to the surfaces topography and

chemistry heterogeneity [71,84].

2.8.3 FACTORS THAT AFFECT TRIBOCORROSION IN DENTAL IMPLANTS

Tribocorrosion behavior is a complex system, as it is highly dependent on the properties and
characteristics of the contacting materials, the mechanical aspects of the tribological contact and the
properties of the surrounding environment, as shown in the scheme displayed in Figure 16 [38,78]. These
parameters are combined in a synergistic or antagonistic way, which can be favorable or not for the

tribocorrosion system [80].
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Figure 16 - Schematic representation of the parameters that influence a tribocorrosion
system [38].

Regarding mechanical aspects, the tribocorrosion rate for a certain metal-environment combination
depends on distribution and frequency of application of load and contact pressure, contact geometry and
type - sliding, fretting, rolling or impingement. It is important to note that frequency and velocity are critical
parameters once that they determine the depassivation rate [80].

In dental implants, masticatory forces will endorse, as well as amplify, the development of cyclic
micro-movements at implant/bone or implant/abutment or implant/ceramic crown interfaces. The type
of movement may be fretting or reciprocating sliding, depending on its amplitude and frequency [13].

In a tribocorrosion system, the parameters, such as hardness, topography, morphology, chemical
composition, microstructure and the presence or not of an oxide film (and its properties), of the participant
materials in the tribological contact are crucial [80].

Lastly, dental implants are placed in the oral cavity, so, naturally, it is going to interact with the
saliva and/or body fluids. Its chemical composition, pH, temperature, the presence of additives, and,

sometimes, consequent formation of biofilms are prime factors to take into consideration [80].

2.8.4 TRIBOCORROSION STUDIES OF CP TI FOR DENTAL APPLICATIONS

Recently, the need for more information regarding tribocorrosion behavior of metals such as cp Ti,
regarding dental applications is growing in order to understand the corrosion-wear mechanisms and how
the oral environment affects the materials corrosion-wear mechanism.

Mathew ef a/. [85] performed unidirectional sliding tests to cp Ti disks, with a ceramic ball, in
FAS at three different pH values (3, 6 and 9). EIS measurements performed before and after sliding
showed that, after sliding, the corrosion resistance increased probably due to the coupled action between

45



STATE OF THE ART

the characteristics (higher corrosion resistance) of the passive film formed in the unworn area and the
chemical reaction in the worn area. On the other hand, a worse tribocorrosion behavior as observed at
pH 6.0 evidenced by the highest weight lost and greater tribocorrosion damage proved by the cracks
observed on the SEM images. Despite reports of cp Ti being electrochemically stable down to pH 2.0,
this study suggests degradation peaks at near neutral pH values when mechanical solicitations are
involved.

The influence of fluorides (F) on the tribocorrosion behavior of cp Ti (grade 2) in FAS was studied
by Souza et al. [33] under reciprocating sliding. F- content ranged from 20 to 12 300 ppm, leading to a
pH variation from 5.5 to 6.5. Tests were conducted at room temperature and the OCP monitored. In
solutions free of or containing low F- concentrations (up to 227 ppm), cp Ti was able to establish a
compact passive film. EIS tests showed the corrosion resistance of cp Ti decreased as F- concentration
increased. The coefficient of friction and subsequent wear, in FAS at low F- (227 ppm) concentrations, is
quite similar. On the other hand, for higher F- concentration (12 300 ppm), the OCP presented almost
negligible variations during sliding, since it is impossible to form the passive film in those conditions. Also,
coefficient of friction recorded on titanium revealed a substantial decrease attributed to the presence of
reaction product layers, and an increase of material loss was noticed. Thus, F- amplifies the environments
harshness and promotes the destruction of the Ti oxide film, which may lead to implants failure. Also, the
wide spreading of wear debris close to the surrounding may induce peri-implant inflammations and toxic
effects to the human body.

Vieira et al. [34] investigated the tribocorrosion behavior of cp Tiin FAS without (pH 5.5) and with
citric acid (pH 3.8), in fretting conditions. The authors stated that the acidic saliva (with citric acid) had a
protective-like role, as it slightly improved the tribocorrosion behavior of Ti. This behavior was attributed
to the nature of oxidation and reduction reactions in the contact area. Despite no significant differences
in the wear rate in function of the dissipated energy, in those conditions, it showed lower wear volume,
which is linked to the slightly lower corrosion rate of the citric acid solution, during the fretting tests. Also,
tribolayers were formed in the contact area during the tribocorrosion test, which are more stable when
reached, approximately, 7000 cycles in FAS containing citric acid, as confirmed by the lower coefficient
of friction and corrosion current.

When tribocorrosion occurs in the oral environment the presence and accumulation of
microorganisms and its metabolites bring further complexity in understanding the material deterioration

mechanisms generated by the synergic action of wear and corrosion. In fact, the interaction of metallic
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surfaces with tribocorrosion products, bacteria, and their metabolic products may increase corrosion
damage, as a result of the dissolution of metallic ions in the human body [37,86].

Souza et al. [87] performed tribocorrosion tests on cp Ti (grade 2) samples covered mixed
biofilms of S. mutans (lactic acid- producing bacteria) and C. albicans (found in peri-implant sites),
immersed in FAS (pH 5.5), with reciprocating sliding conditions against an alumina ball. Biofilms lead to
a decrease on the pH down to 4, due to the secretion of acidic substances. At low normal loads of 100
mN, biofilms significantly reduced friction on cp Ti during sliding. On the other hand, EIS results showed
that the reduction of the corrosion resistance of the metal, which is attributed to the acidic environment.
Also, OCP measurements were also lower, which means the corrosion susceptibility increased in acidic
conditions. However, these biofilms were removed when the applied normal load was 200mN. In both
cases, when the friction is reduced and the fresh metal is exposed to the corrosion-wear interactions,
mechanical integrity of the metal may be disrupted, causing the failure of the implant. Since most
accumulations of microorganisms and acidic substances can be found microgaps on dental implants, it
is crucial to avoid these gaps by designing optimized dental structures less susceptible to localized
corrosion.

After an intense research on the effect of the most relevant additives on the corrosion and
tribocorrosion behavior of cp Ti, there are not studies that approach it all, especially in terms of
tribocorrosion, which is ultimately reflects what the oral cavity is: a tribocorrosion system. So, in order to
get the best and most complete knowledge in terms of how this material interacts and reacts with the
surrounding environment when implanted, /n vitro analysis with parameters that mimic the condition

changes in the mouth is crucial.
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3 MATERIALS AND METHODS

3.1 CPTI SAMPLES PREPARATION

Cp Ti (Grade 2) plates (20x20x2 mm) were ground down to #600 mesh SiC paper. After, the
samples were cleaned in ultrasound with propanol, for 5 minutes.

To ensure equal conditions for all samples, by removing all impurities, grinding marks and
destroying any passive film previously formed, followed by the growth of a new oxide film, under controlled
conditions, the samples were etched with a Kroll reagent (Vie:Vinos:Vieo = 1:1:1) during 30 s. After that, the
Ti samples were cleaned in an ultrasonic bath with propanol for 10 minutes and distilled water for 5

minutes, and lastly dried with hot hair.

3.2 ELECTROLYTE PREPARATION

As an electrolyte and a base for other electrolytes to be used the electrochemical and tribo-
electrochemical tests of the control group, Fusayama'’s artificial saliva (FAS) [60,64,88] was prepared
with a pH of 5.50 + 0.25. In Table 4 is included information related to the FAS constituents, apart from
distilled water.

In order to study the influence of lactic acid (C3Hg O3, LA), solutions of 2.5 g/L (pH 2.40 + 0.33)
and 5 g/L (pH 1.91 + 0.02) were prepared with FAS. The LA used is from the brand Riedel-de Haén, with
88-92% purity. Solutions of FAS with phosphoric acid (Hz PO,, PA) were also prepared with 1 M (pH 0.75
+0.45) and 14 M (not possible to measure the pH due to the solutions high acidity). The PA used is from
Honeywell brand, with 85% purity. The pH values were measured with CyberScan pH 510 from Eutech

Instruments.

Table 4 - Constituents of FAS and their brand, purity and concentration to use [33].

Constituent Brand Purity (%) Concentration (g/L)
NaCl Panreac 99.5 0.4

KCI Panreac 99.5-100.5 0.4

CaCl,-:2H.,0 Riedel-de Haén >99 0.795
Na,HPO,-2H.0 Riedel-de Haén > 99 0.005

Na,S-9H.0 Sigma-Aldrich > 98 0.69
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3.3 ELECTROCHEMICAL TESTS

Electrochemical tests consisted in open-circuit potential (OCP), electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization (PDP), using a three-electrode setup, at body
temperature (37 °C) with 200 mL of electrolyte. The cp Ti plates, with an exposed area of 0.38 cm? to
the electrolyte, were established as the WE. A platinum (Pt) wire mesh was used as the counter electrode
(CE) and a saturated Ag/AgCl electrode as the reference electrode (RE).

Electrochemical tests were carried out with a Reference 600+ potentiostat/galvanostat/ZRA from
Gamry Instruments. OCP was monitored for 3 hours in order to evaluate the corrosion potential of cp Ti
when contacting with each electrolyte, as well as to stabilize the system, which was considered stable as
long as the OCP values did not present higher variation than 60 mV in the last hour of the immersion.
Since OCP monitorization gives information only on the susceptibility to corrosion, other techniques, such
as EIS and PDP were performed in order to have a better understanding on the corrosion resistance and
corrosion rate. The EIS diagrams were obtained at the OCP, by applying a 10 mV sinusoidal potential
through a frequency range of 1 MHz to 10 mHz. Lastly, PDP measurements were recorded from —0.25
Voer 10 1.50 Vygue USINE @ scanning rate of 0.50 mV/s.

To note that, at least three samples were studied for each electrolyte in order to assure

reproducibility and all the electrochemical results are presented as average + standard deviation.

3.4 TRIBO-ELECTROCHEMICAL TESTS

In order to perform tribo-electrochemical tests at OCP, cp Ti samples were placed and fixed in a
tribo-electrochemical cell and immersed in 30 mL of electrolyte at body temperature (37°C). The cell was
installed in the tribometer with a reciprocating ball-on-disk apparatus (Bruker CETR-UMT-2), where a 10
mm of diameter alumina ball (Ceratec) was used as counter-body. Tribo-electrochemical measurements
were obtained via a two-electrode configuration (Ag/AgCl as RE and cp Ti samples as WE) coupled with
a Reference 600 potentiostat/galvanostat/ZRA from Gamry Instruments.

Before sliding, as in the electrochemical tests, OCP was monitored for 3 hours, in order to
stabilize the system, which was considered stable as long as the AE<60 mV/h. The OCP was monitored
before, during and after sliding. The sliding time was set as 30 minutes. During sliding, the coefficient of
friction (COF) values were also measured during sliding. All tests were performed with 3 mm amplitude,
frequency of 1 Hz and normal load of 1 N. For all groups, at least three tests were performed in order to

assure the repeatability of the results. After each test, the samples were rinsed with distilled water.

49



MATERIALS AND METHODS

For the potentiostatic tests, the samples were prepared the same way as OCP tests using the
tribo-electrochemical cells. On the other hand, after fixing the tribo-electrochemical cell to the tribometer,
a three-electrode configuration was used, with Ag/AgCl as RE, Pt wire mesh as CE and cp Ti samples as
WE (exposed area of (2.6 + 0.4) cm?), coupled with a Reference 600 potentiostat/galvanostat/ZRA from
Gamry Instruments. As a counter-body, a 10 mm of diameter alumina ball was used in order to have a
reciprocating ball-on-disk apparatus.

These tests were carried out in two steps. First, before sliding, the OCP values were monitored
for 5 minutes. Then, for 50 minutes, a constant anodic potential of +0.5 V...« Was applied to the samples
while the current density evolution was monitored before, during and after sliding. During the first 10
minutes, the current density stabilizes, and then, waited 150 seconds, the sliding started, lasting 30
minutes. The remaining time was used for the material recovery. All the tests were performed with 3 mm
amplitude, frequency of 1 Hz and normal load of 1 N. For all groups, at least three tests were performed
in order to assure the reproducibility of the results.

After removing the electrolyte, the wear products were collected for characterization. Lastly, the

samples were rinsed with distilled water.

3.5 CHARACTERIZATION

After the tribocorrosion tests, an optical microscope (Leica-DM2500, Germany) and SEM/EDS
(FEI QUANTA 250 FEG-SEM/Oxford Aztec EDX) with backscattered (BSE) and secondary electron (SE)
configuration were used to characterize the wear tracks and wear products. The wear volumes, profiles
and roughness were obtained by using a non-contact 3D profilometry (Profilm3D). Vickers hardness (HV)
(EMCO-TEST DuraScan) was also measured in eleven points, inside and outside the wear tracks, of the

samples with a 0.5 kg normal load.
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4 RESULTS AND DISCUSSION

To ensure equal conditions for all surfaces, the cp Ti surfaces were etched in Kroll's reagent so
that any previously formed passive film will be removed together with any impurities and grinding marks,
leading to the growth of a new oxide film, under controlled conditions. Figure 17 shows the morphology
of the cp Ti surfaces after etching, where can be observed the typical granular structure of Ti, that will be

the benchmark for the following discussions. Same procedure was performed by Sousa et a/. and Costa
et al. [89,90].

Figure 17 - OM image of a cp Ti surface after etching.
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4.1 ELECTROCHEMICAL BEHAVIOR

Before performing EIS and PDP, the OCP was performed in order to stabilize the system, through
the formation of a passive film. In Figure 18 a) are shown the E. for the cp Ti samples immersed in the
different proposed solutions, for the last 5 minutes of immersion. In Table 5 are presented the average
Eocr values.

When immersed in non-additivated AS, cp Ti presents an Eoe of (—0.309 £ 0.039) V,ue. By adding
lactic acid (LA) in 2.5 g/L or 5 g/L, E« is increased, meaning that cp Ti tendency to corrosion decreases.
Nevertheless, when comparing the effects for both concentrations, when the lowest concentration of LA
was added led to a slightly lower corrosion susceptibility. This tendency is congruent with Qu ef a/. [68]
study on the influence of the amount of LA to artificial saliva on the corrosion behavior of titanium, at
37°C. The authors reported that E. increased with increasing concentration of LA from 0 to 3.2 g/L, due
to the growing adsorption to the metallic surface. However, from 3.2 g/L LA upwards, OCP started to
slightly decrease as the maximum level of adsorption is reached and it starts to separate from the surface.

In the case of phosphoric acid (PA), when added in a lower concentration (1M), it did not have a
significant effect on the corrosion susceptibility of cp Ti, since the Eq values are similar to the AS. On the
other hand, when PA 14M is added to AS, the tendency to corrosion is significantly worsened. Ghoneim
et al. [70] studied the effect of PA concentration in triply distilled water on cp Ti corrosion, at 298 °K
(approximately, 25 °C), and reported similar results, since the E.. became more positive, until stabilizing,
across PA 1M, 3M and 4M, which is directly related to the thickening of the passive film. On the other
hand, from PA 6M upwards, it was reported a negative shifting of the OCP for PA 10M and 14M due to
the active dissolution before stabilization. Thus, PA 14M provided the lowest Eo after 90 minutes of
immersion.

Representative potentiodynamic polarization curves are presented in Figure 18 b), along with the
extrapolated corrosion potential (E,.,) and passivation current density (i...) values, together with E., that
are presented in Table 5. In the cathodic region, below E,.,, cathodic reactions prevail, and corrosion of
cp Tiis inhibited. As soon as anodic and cathodic reactions rates are the same, when E., is reached, the
anodic domain is started. Initially, there is an active region, where there is an increase in the current
density values, which is directly related to an increase in cp Ti corrosion rate. When in contact with AS,
AS+LA or AS+PA 1M, cp Ti presents its typical curve, meaning that, from E., upwards, the increasing
current density ends when ... is reached, followed by a well-defined passivation plateau, indicating the

passivation of the metal. This typical behavior of cp Ti is well reported in the literature [64,89,91,92] .
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In a more detailed analysis, despite the lower corrosion susceptibility attributed to higher E,.,, the
addition of LA to AS, in both concentrations, resulted in slightly the same corrosion behavior for cp Ti,
due to the relatively close i.... values. Nonetheless, the recorded i.... evidenced higher corrosion rate as LA
is added to AS. Moreover, for AS, AS+ LA 2.5 g/L and AS+LA 5 g/L, i.. is reached at (0.025 + 0.064)
Vigreoy (0.136 = 0.058) Vs, (0.234 + 0.149) V,ue, respectively. This may indicate that, as LA
concentration increases, cp Ti reaches its passive state for higher applied potentials, suggesting, once
again, its lower corrosion susceptibility. Qu et a/. [68] also performed potentiodynamic polarization tests
on cp Ti and the results showed that, although, visually, the differences between LA concentration curves
appeared to be negligible, when analyzing the polarization parameters, E., was less negative as LA
concentration increased from 2.5 to 5 g/L, being that non-additivated AS resulted in the lowest values,
regardless of the immersion time, confirming the lower tendency to corrosion without LA. Nonetheless,
i, Which translates corrosion rate, increased with the amount of LA, meaning that increasingly high LA
concentration, indeed, accelerates corrosion of cp Ti, more significantly for higher immersion times.

PA, on the other hand, tends to substantially worsen the corrosion behavior of the material since
both AS+PA 1M and 14M the potentiodynamic polarization curves are shifted towards lower range of
potential and higher range of current density values, meaning that, apart from corrosion susceptibility
being greater, corrosion is accelerated. Furthermore, as implied by the recorded i..., the corrosion rates
are far superior to AS and AS+LA. Comparing with the control group, despite E ., being relatively similar,
for AS+PA 1M, cp Ti is able form the protective surface film at a lower applied potential, (—0.135 + 0.245)
V.ereo, than the previously discussed solutions.

For a higher concentration of PA (14M), the corrosion behavior is even worse, which can be
observed by the shift of the potentiodynamic polarization curve to higher current density values. A new
“arm” of values on the potentiodynamic polarization curve, also observed by Singh et a/. [93]. This branch
can be observed between the active region and the passivation plateau. The start point of this new region
is the maximum active current density value, also called critical corrosion density (i), (111.23 + 8.15)
pA/cmez, with corresponding potential called primary passivation potential (E,,), (<0.396 + 0.014) V,yua.
From this point, there is a rather abrupt current density decrease, indicating that anodic reactions are
taking place as a passive film starts to form, until i.... Here, a well-defined passivation plateau is also
observed, and the passive film is formed and stable.

In Singh et a/. [93] study, cp Ti showed active-passive behavior and a large passivation-plateau
when immersed in doubly distilled water with various PA concentrations (1M, 3M, 5M, 9M, 11M and 13

M), at (30+1) °C. The cathodic region was similar for all concentrations, while differences were noted as
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E., was reached. Despite the current density increase with increasing concentration, it only happened
from PA 1 to 11M. At PA 13M, the PDP curve is slightly shifted towards lower current density values,
where i. was lower than for PA 9M and 11M and i... was even lower than for PA 1M. This behavior was
attributed to possible changes in the structure of the acidic solution, where a hybride layer was formed
by interconnection of PO,> ions by hydrogen bonds instead of being bonded to the H.,O lattice. Since not
only the base solution is different (doubly distilled water), but the temperature in which the tests were
performed is 30 °C rather than 37 °C, the results are not entirely comparable, implying these changes

in conditions may cause a completely different outcome.
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Figure 18 - (a) Evolution of OCP for the last 5 minutes of immersion and (b) potentiodynamic polarization curves of cp Ti for
all the electrolytes, at 37°C.
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Table 5 - Open-circuit potential (E,), corrosion potential (E.,,) and passivation current density (i,...) values for all groups.

Groups Eoce (Vignea) E o (Vignec) i,... (MA CM?)
AS ~0.309 + 0.039 —0.326 + 0.040 3.32+0.32
AS+LA 2.5 g/L —0.182 + 0.085 —0.193 + 0.070 3.73+0.40
AS +LAS5 g/L —0.135+0.118 —0.168 + 0.121 3.85+ 0.24
AS + PA 1M ~0.311 +0.036 —0.328 +0.120 7.10+0.70
AS + PA 14M ~0.581 + 0.061 —0.626 + 0.021 11.91 + 1.54

Since the corrosion behavior of a passive metal, such as cp Ti, is majorly determined by the
nature of the passive film spontaneously formed on its surface, EIS was performed to have a more
complete insight on the differences in corrosion behavior of cp Ti for the various electrolytes. In Figure
19 are represented the EIS diagrams, in the form of Nyquist and Bode, as well as the fitted data and the
respective electrical equivalent circuit (EEC).

Overall, the EIS data correlated with the potentiodynamic polarization results. According to the
Nyquist diagram, Figure 19 b), when cp Ti is immersed in non-additivated AS it manifested the highest
corrosion resistance, due to highest |Z|—.. When additives were added to AS, the corrosion resistance
of cp Ti decreased: LAS5 g/L > LA 2.5 g/L>>PA 1M >> PA 14M.

The “depressed semicircles appearance” in the Nyquist diagrams for AS and AS+LA (2.5 and
5g/L) indicated that the addition of LA did not change cp Ti corrosion mechanism [68].

According to the Bode diagram, Figure 19 a), AS+LA 5 g/L proved to cause great corrosion
resistance. At low and middle frequencies (1072 to 10! Hz), not only cp Ti was able to form a compact
passive film with good capacitive behavior, due to a broad phase maximum which suggests the formation
of a thicker film [70] but phase angle values closer to —90°. Moreover, the overall high system
impedance, |Z], although not as high as the values for non-additivated AS, suggested, once again, the
material’s high corrosion resistance in this medium. At the same time, at high frequencies, the constant
|Z| values and phase angle values near 0° translate the typical response of the electrolyte resistance.
For AS+LA 2.5 g/L, although the surface film quality is similar to the films in AS and AS+LA 5 g/L, |Z|
is not as high. Qu ef a/. [68] also performed EIS to Ti immersed in AS without and with LA (5 g/L) and it
was considered that, overall, LA 5 g/L did not cause a significant difference in the corrosion resistance
of Ti. However, SEM images of Ti surface showed that non-additivated AS promotes a smoother surface,
since there seen old scratched, and no signs of extreme corrosion and chemical attack were spotted. On

the other hand, by adding LA (3.2 g/L and 5 g/L) the authors observed the surfaces tended to look
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increasingly damaged with clear signs of pitting corrosion. Such signs of localized corrosion were not
observed on the samples surfaces of the present study.

When in contact with PA solution, the metallic samples presented significantly lower corrosion
resistance. The Bode diagrams are visibly different from AS and AS+LA, particularly the one for PA 14M,
as corrosion resistance is substantially worsened for this concentration (Figure 19 b)). The addition of PA
14M proved to be detrimental to the formation process of a thick and protective layer on the cp Ti surface
due to narrower phase maximum angle not as close to —90° the lowest recorded |Z| values of the test,
at low and middle frequencies (102 to 10t Hz), as shown in Figure 19 a). At high frequencies (104 to 10¢),
there was lower constant |Z| values and while phase angle approached 0°, indicating poorer electrolyte
response resistance when penetrating a porous film [94].

Moreover, Ghoneim ef al/ [70] study showed compatible results when comparing both
concentrations. Triply distilled water with lower concentration of PA (IM) induced overall higher |Z],
broader phase maximum with angles values lose to —90°, at low frequencies, indicating the presence of
a thicker and, thereby, more protective film on the surface, relatively to the solution with the highest
concentration (PA 14M).

Despite corrosion resistance being significantly worsened by the addition of PA 1M to AS, the

data were able to be fitted with a regular compact film model, modified Randle’s circuit.
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proposed for c) AS, AS with LA (2.5 g/L and 5 g/L) and AS with PA 1M, and d) AS with PA 14 M, at 37°C.

Figures 19 c) and d) show the schematic representation of the two EEC’s used for fitting the EIS

experimental data. The EEC in Figure 19 c) is a model that validates the presence of a compact
homogenous film (passive state), when cp Ti is immersed in AS, AS+ LA (2.5 g/L and 5 g/L) and AS+PA

1IM. This circuit, also known as modified Randle’s circuit, widely used in the literature to describe native

passive films [64,91,92,95]. This EEC consists in R,, the solution resistance, in series with a R,/Q, pair,

where R, is the resistance of the native oxide film, and Q,, which is a constant phase element (CPE) for

the film. The impedance of a CPE is given by Equation (1) [91]:

Z(CPE) = [Yo(jw)"] !
(1)

Where Y is the CPE admittance in 271 s™ cm™2, j = v/—1 is the imaginary unit number, w = 2nf

L and n is a dimensionless number, being that —1 <n < 1,

is the angular frequency in rad s~
depending on the surface morphology and composition: for n = —1 , CPE works as an inductor, n = 0

as a resistor, and n = 1 as a capacitor . In this case, the obtained n values were approximately 1,

confirming the CPE presents a non-ideal capacitor behavior, due to a non-uniform current distribution due

to the film roughness and heterogeneities [70,91]. Furthermore, Q, is obtained by Equation (2), derived

from Brug's equation [92]:
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¢, = [y RG] "
(2)
where C, is the capacitance of the oxide film.

On the other hand, the EIS spectra for AS+PA 14M were fitted with a more complex model (Figure
19c¢)) [64] that implied the presence of a surface heterogeneities or a porous film was present, hence,
requiring the introduction of other parameters. This EEC included R, in series with a parallel combination
of Q, with a series combination of R, (additional solution resistance, located in the pores of the film) with
a parallel combination of the pair R,/Q, (resistance and CPE located in the inner side of the film), in order
to have a better understanding of what is happening in the bulk metal/oxide film interface. Q, can be

determined through Equation (3), also derived from Brug's equation [92]:

C = [0z (R, + RG] "
(3)
where C, is the capacitance of the double layer.

The EEC fitting parameters for all solutions are presented in Table 6. The data were found to be
adequately fitted to the equivalent circuits, as the quality of fitting was evaluated by the x?, for which the
EEC presented values under 10,

R, values were decreased by the addition of the additives to AS, since they changed the
electrolytes conductivity and enhanced the media corrosivity [64]. The addition of LA led to decreasing R,
with increasing concentration. Although a different EEC was used, Qu ef a/. [68] also concluded the
electrolyte resistance decreased with increasing LA concentration (0, 2.5, 3.2 and 5g/L) in AS.

When preparing the electrolytes, the increase in the solution viscosity was visible as PA was
added. This certainly reduced the solutions conductivity, leading to the lowest R, values for AS+PA 14M.
Ghoneim et a/. [70] also used a different EEC, however, when PA 14M was added to triply distilled water
also presented lower R, than for PA 1M.

As expected, non-additivated AS presented the highest R,, as this film was compact, inhibiting
current flow on its surface and keeping the bulk metal passivated. Although not very different, higher R,
values were obtained for when increasing concentration of LA was added. Despite Qu ef a/. [68] results
for LA 5 g/L were not as close to plain AS, they were higher than the values for LA 2.5 g/L. PA 1M, on
the other hand, substantially lower R, meant that the oxide film became less resistive and, consequently,
enabled more current flow through the surface. In the case of AS with higher PA concentration (14M), R,

was used as the term of comparison and, due to five times lower order of magnitude of the results
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confirmed cp Ti corrosion resistance in this medium is severely worse. R, is also to be had taken into
consideration and, the extremely lower value when compared to R, of the other solutions validates that
PA 14M favored active corrosion, causing the film formed on top of cp Ti to self-damage.

Q, analysis allows better understanding of the oxide film protection mechanisms [91]. As Q, is
directly related to C; through Equation (2), it is relevant to refer that change in capacitance (C),
corresponding to C,, can be an indicator for the change in the passive film thickness (d). The capacitance

is inversely proportional to thickness, according to Equation (4) [70,92]:

_ €o€A
T d

(4)
where o is the vacuum permittivity (8.85 x 10712 Fm™1), ¢ is the relative dielectric constant of the
oxide film, being that e=100 (for TiO,) and A is the exposed area to the electrolyte. Hence, when C, is
higher, the film thickness is lower and, consequently, less protection is provided to the bulk metal.

In agreement with the R,, interpretations, the lowest C, value was obtained in non-additivated AS,
which means that the thickest film was formed in this media. Regarding the addition of LA, as expected,
the oxide film formed in AS+LA 5 g/L is thicker than the film in AS+LA 2.5 g/L, hence higher LA
concentration can have greater protection to the bulk, as confirmed by Qu ef a/. [68] when immersion
time was longer than one hour. PA addition triggered higher C, values and obvious thinning of the oxide
layer, especially for the highest concentration [70]. In addition to the AS+PA 14M analysis, the high C,
values, along with C,, indicated that this electrolyte promoted, indeed heterogeneities in passive film [70].

Hence, film thickness decreased when additives were added to the saliva, particularly PA.
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Table 6 - EEC parameters obtained from EIS data for all groups of samples, at 37°C.

Electrolytes | R, R, C. n, R, R, C, n, x>
(Qcm?) | (Qcm?) | (WF cm™) (x10s Q cm?) | (2 cm?) | (UF cm™)

AS 164+5 | - 35+1 093+0.01 717510 |- — — <10+

AS + LA 126 £ 8 | - 43 +7 095+001|443+166 | - - - <10:

25g/L

AS + LA 118+5 | - 40+13 10.95+001 621+211 |- = = <10¢

5¢g/L

AS + PA 10+£1 |- 72+39 |094+0.020.09+006 |- - - <10¢

1M

AS + PA 3z1 378+94 |95+ 9 091+0.01 - 832+4 529+2 |0.65+0.06  <10¢

14M
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4.2 TRIBO-ELECTROCHEMICAL BEHAVIOR

Dental implants materials must to be able to withstand the mastication forces, while in contact
with the saliva and the additives. Hence, the performance of tribo-electrochemical tests on cp Ti, under
loaded and reciprocating-sliding conditions, is essential to this study in order to understand the synergistic

interactions between corrosion and wear.

4.2.1 TRIBOCORROSION BEHAVIOR UNDER OCP

42.1.1 OCPAND COF EVOLUTION

Figure 20 shows the evolution of the OCP before, during and after the sliding action, together
with the evolution of COF. In the beginning of the test, all samples presented a stabilized OCP, indicating
that a passive oxide film was formed.

Regarding the OCP results, as soon as loading and sliding started, almost instantly, the cp Ti
samples immersed in AS and AS+LA (2.5 and 5g/L) demonstrated an abrupt decrease in OCP, also
called cathodic shift, due to the mechanical disruption and/or destruction of the surface film by the Al.O,
ball, leading to the exposure of fresh metal to the electrolyte. In other words, corrosion susceptibility
increased, however, after this potential drop, potentials reach a steady state, where oscillations can be
observed due to the cyclic removal (depassivation) and restoration of the film (repassivation)
[33,34,91,96]. It is reported that these variations may also be caused by the abrasion of wear debris
against the metallic surface, causing even more damage to the film [33]. Cp Ti showed the worst
tribocorrosion behavior for AS. Hence, due to the higher OCP values, during sliding, the addition of lactic
acid proved to have protective-like role for cp Ti, when subjected to mechanical action. For the highest
concentration (5 g/L), the behavior is slightly improved, when comparing to LA 2.5 g/L, due to the higher
OCP, values during sliding. Finally, when sliding stopped, the OCP presented a sudden increase close to
the pre-sliding values, for each electrolyte, which was attributed to the complete repassivation of the worn
areas [33,91,95,96].

The addition of phosphoric acid to artificial saliva showed intricate results during sliding. Overall,
cp Ti presented the best tribocorrosion behavior when PA 1M was added to artificial saliva due to the no
observation of an abrupt cathodic shift, in the beginning of sliding, and almost no potential fluctuations,
during sliding. As mentioned before, during the preparation of the electrolytes, when compared with AS
and AS+LA solution, increasing PA content in AS visibly increased viscosity of the solution. In fact,

phosphorus (P) is a known constituent of anti-wear (AW) and extreme pressure (EP) additives for lubricant
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applications so that friction and, therefore, wear are reduced [97]. Thus, despite the thin passive film
showed in static conditions, the fact that PA 1M worked as a lubricant during sliding caused almost no
disturbance of the passive film and a minimal effect on the low corrosion susceptibility of cp Ti, during
the mechanical action. After the end of sliding, the almost non-repassivation of the surface is supported
by the fact that no great damage was inflicted to the passive film by the mechanical action and that, in
agreement with the EIS tests, a poor resistive film was covering the surface, meaning that corrosion
susceptibility of cp Ti was minimally affected.

On the other hand, a visibly worse tribocorrosion behavior was shown when cp Ti was in contact
with AS+PA 14M. In this case, OCP had a straight-line appearance, where the pre-sliding OCP values
were constant throughout the entire test. Through the OCP, PDP and EIS tests of the present study, it
was possible to conclude that unworn cp Ti was in its active state, during static corrosion, due to AS+PA
14M harshness and the porosity of the thin passive film formed on its surface. Hence, this phenomenon,
also reported by Sousa et a/. [33] when testing cp Ti with a highly fluoride concentrated (12 300 ppm)
Fusayama'’s artificial saliva, combined with the powerful lubricant effect induced by PA 14M, explained
cp Ti low corrosion susceptibility not being at all affected by sliding. When sliding stopped, nothing
different occurred and the OCP values remained constant.

Furthermore, it is reported the potential increase (AE) (V), that characterizes the metal
repassivation after sliding, can be calculated through the tangent equation in the beginning of the
repassivation process [98-100]:

AE =k, logt + k,
(5)
where k1 is the slope of the equation and, therefore, the repassivation rate, in this case, calculated for a
period of 300s after the end of sliding, t (s) is the time after interrupting sliding, 300s, and k2 is a
constant, as is k1, calculated by fitting the OCP values, after sliding, to Equation (5).

In Table 7 are presented kl, k2 and AE. These results showed that, despite the poor
tribocorrosion behavior exhibited by cp Ti in AS, this solution promoted the greatest repassivation rate,
meaning that repassivation was faster in non-additivated AS. Hence, in accordance with the OCP results,
the addition of additives decreased cp Ti repassivation rate: AS+LA 5 g/L > AS + LA 2.5 g/L >> AS+PA
IM. Since no repassivation was noticed for cp Ti when immersed in AS+PA 14M, the respective

parameters are not included in Table 7.
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Table 7 - AE, k1 and k2 parameters for repassivation rate calculations.

RESULTS AND DISCUSSION

k, (V/s) k, AE (V)
AS 0.156 + 0.013 —0.036 + 0.043 0.350 + 0.013
AS+LA 2.5 g/L 0.111 +0.016 —0.026 + 0.032 0.250 + 0.009
AS+LA 5 g/L 0.143 £ 0.030 —0.013 £ 0.035 0.341 +0.103
AS+PA 1M 0.007 + 0.001 —0.004 + 0.003 0.014 + 0.004

Regarding the COF results, there is an evident correlation with the OCP oscillations during sliding.
AS and AS+LA (2.5 and 5 g/L) showed relatively similar and stable COF values, with 0.48 + 0.02, 0.46
+ 0.03 and 0.48 + 0.04, respectively. This friction evolution can be attributed to high abrasion for these
electrolytes, by possible surface delamination and the formation of bigger-size wear debris [91].

According to Ponthiaux et al. [75], COF “depends on the electrochemical state of the material”
and the level of protection provided by the passive film, however, despite the poor corrosion behavior and
the formation of thin passive films, lower number of variations and COF were presented by PA-based
electrolytes, mainly due to the higher viscosity and, hence, their lubricant effect on the mechanical sliding.

For AS+PA 1M, cp Ti showed COF of 0.43 £0.04 and even lower for AS+PA 14M (0.39 +0.04).
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Figure 20 - OCP evolution before, during, and after sliding, together with the evolution of COF, during sliding, for all tested
groups, at 37°C.
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4.2.1.2 CHARACTERIZATION OF THE WORN SURFACES AND WEAR MECHANISMS

Representative optical microscope images of the wear tracks and SEM/EDS of the worn cp Ti
surfaces and respective Al,O, counter part (Figure 21) were taken in order to thoroughly investigate the
tribocorrosion mechanisms.

Sousa et al. [33] reported the alignment of the wear scar marks with the sliding direction when
cp Ti was immersed in Fusayama'’s artificial saliva. In the present study, this could be observed for all
five groups as an indicator of abrasive mechanisms [91].

In agreement with tribo-electrochemical results, the OM images proved that the immersion in AS
caused the largest wear tracks, with a width of (712 + 22) um, followed by AS+LA 2.5 g/L and AS+LA 5
g/L, with (692 + 23) um and (694 + 16) um, respectively. For these three conditions, the SEM images
of the wear tracks revealed clear signs of parallel ploughing grooves (plastic deformation) and surface
material detachment, due to abrasion and adhesion mechanisms [90,95]. It is also important to note
that oxidized patches could be observed for these three conditions, in BSE images. These mechanisms
were more noticeable in the presence of non-additivated AS.

The formation of third-body particles (wear debris from adhesion and/or corrosion wear) along
with this material detachment are reported to cause more variations on COF, as well as having a decisive
role for mechanical wear [33]. These metallic particles might be oxidized and it severely increase in the
tested material wear loss, or it can act as a lubricant, inhibiting friction between surfaces and therefore,
wear [34,101]. In the case of AS, due to intense material transfer, these wear debris tend to be oxidized
and harden causing detrimental effects to mechanical wear [90].

Furthermore, for AS+LA solutions, a dark mark of oxide debris can be observed around the wear
track, suggesting that oxide products were ejected from the surface to the electrolyte, and then mainly
deposited around the worn area. The COF of cp Ti in AS+LA solutions was similar to AS, however, more
positive OCP values, thus, better behavior was noticed during sliding, suggesting the increased
concentration of lactic acid induced new reactions, possibly related to the wear debris that provided a
certain protection to cp Ti [71].

The EDS spectra of the worn areas of the wear tracks were similar for AS and AS+LA (2.5 and 5
g/L), where Ti was understandably the predominant element, followed by the characteristic peak for Ti
and O, which are elemental constituents of the previously formed passive film. Other elements, such as
phosphorus (P) and chlorine (Cl) were detected as they were part of the elemental constitution of the

base electrolyte, artificial saliva.
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For both AS and AS+LA, adhesion mechanism is mainly associated with Ti high reactivity [90], it
was evident not only due to the ploughing grooves formation in cp Ti surfaces, but also to the transferred
material from the softer surface (cp Ti) to the harder one (Al,O, ball). The wear scars on the Al,O, balls
were the largest for non-additive AS, which is in accordance with size of the wear tracks. The EDS
spectrum for AS confirmed the detection of Ti at a very high ratio. For the addition of LA, on the other
hand, despite the close size wear tracks to the ones for AS, the wear scars in the counter-body were
smaller and had a different appearance, especially for the higher concentration of LA (5g/L). In these
cases, the EDS spectra were similar and proved adhesion was also a factor for AS+LA solutions due to
the transference of Ti.

Taking into consideration that no cathodic shift on OCP when sliding started and the lower COF
values during sliding, OM images confirmed that AS+PA 1M and AS+PA 14M induced the smallest contact
areas on cp Ti, with and average width of (317 + 6) um and (315 + 2) um, respectively. This phenomenon
is directly linked to the lubricant effect provided by the presence of P, causing less wear to the surfaces.
For the lowest concentration (1M), SEM analysis showed scratches on the cp Ti surfaces, which is an
indicator of abrasion and material detachment in certain areas were observed, with no apparent plastic
deformation. In this case, EDS also displayed the peak for the detection Ti and O. Regarding the respective
counter-body, a small scar was observed, suggesting less adhesion, however, some dark patches were
observed that EDS spectrum demonstrated they consisted in oxidation products and Ti, that were
transferred to the ball.

Lastly, for AS+PA 14M, surface wear was strongly dominated by fatigue due to the appearance
of small numerous fissures along the abrasion scratches. For these surfaces, the detection of Ti and O
peaks were also observed. Fatigue wear can occur even when lubricants are present, since the tensions
are still transferred to the tested material [102]. It is also reported that, even in well lubricated conditions,
significant amount of wear could happen despite minor adhesion [103]. In fact, for AS+PA 14M, a scar
was not visible in the counter-body with SEM and a negligible amount of Ti was detected in the alumina
ball. Even more evidently than AS+PA 1M, the highest PA concentration lubricated the contact between
cp Ti and the counter-body, yet wear, however lower than other conditions, still occurred. Moreover, for

both PA concentrations electrolyte constituents were detected on the cp Ti surfaces.
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Figure 21 - OM, BSE and SE-SEM images of the wear track and the respective EDS spectra, and SEM and EDS of the counter-body, for all groups, after the tribo-electrochemical tests at OCP
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4.2.2 AT+0.5V, ke

For the proposed solutions, cp Ti presented significant dissolution through oxidation reactions, so
a synergism between corrosion and wear is irrefutable. This emphasizes the relevance of the performance
of potentiostatic tests with an applied anodic potential of +0.5V,.., located in the passive zone for all

electrolytes.

4.2.2.1 POTENTIOSTATIC MEASUREMENTS

Figure 22 shows the evolution of the anodic current density (i) before, during and after the sliding
action, together with the evolution of COF. At the end of the first 10 minutes of the test, all samples
presented a stabilized current density around (0.47 + 0.93) pA.cm? for AS, (-0,07+ 0.93) pA.cm? for
AS+LA (2.5 and 5 g/L) and AS+PA 1M, and (1.21 + 0.40) pA.cm? for AS+PA 14M.

Regarding the current density results, when loading and sliding started, almost instantly, the cp
Ti samples for all electrolytes demonstrated an abrupt increase in anodic current density due to the
mechanical disruption and/or destruction of the surface film by the Al,O; ball, leading to the exposure of
fresh metal to the electrolyte and, hence, increasing corrosion kinetics [90,104]. When load was applied,
the highest increment in current density was recorded in the presence of non-additivated AS. After this
current density increase, fluctuations of current density values were observed, as a sign of cyclic removal
(depassivation) and restoration of the film (repassivation), during sliding. Similarly to the oscillations on
the tribo-electrochemical results at OCP, these fluctuations of current density may also have been caused
by the abrasion of wear debris against the metallic surface, causing even more damage to the film [33].

Cp Ti showed the greatest current density value and the greatest current density fluctuations for
AS+LA 5 g/L, indicating considerable surface damage [85]. Thus, the slightly lower current density values,
especially towards the end of sliding, for non-additivated AS and AS+LA 2.5 g/ suggested that the passive
film provided better protection to the bulk.

On the other hand, PA-concentrated solutions presented the lower current density values,
probably due to the lubricant effect of the electrolyte. However, when comparing the results for both PA
concentrations, AS+PA 1M presented mixed peaks of higher and lower current density values at some
stages of sliding, in sync with COF variations. According to Sousa et a/. [90], this phenomenon could be
related the formation a “discontinuous tribolayer” that protected the metal, and lowered current density,
in certain areas against wear and corrosion. It may be speculated that this layer could be similar to the

hybride layer reported by Singh et al. [93], considering that, their study, 30°C and a less P-enriched base
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electrolyte (doubly distilled water) was used. Hence this layer could already start its formation on cp Ti
surface at a lower PA concentration than it was reported (13M). AS+PA 14M, on the other hand, presented
relatively stable current density, with smaller and homogenously distributed peaks throughout the sliding
period than AS+PA 1M, and slightly higher current density values. This behavior could be attributed to
the strong lubricating capacity and high corrosivity of this electrolyte, proven through the potentiodynamic
polarization and EIS tests.

Finally, when sliding stopped, the current density presented a sudden decrease to similar pre-
sliding stabilization values, for each electrolyte, which was attributed to reinstatement of the passive film
in the worn areas [104].

Regarding the COF results, there is an evident correlation with the current density variations
during sliding. Similarly to tribo-electrochemical test results at OCP, AS and AS+LA (2.5 and 5 g/L)
solutions exhibited the highest COF values: 0.44 + 0.02, 0.44 + 0.03 and 0.44 + 0.02, respectively. High
COF values are usually linked to abrasion and material detachment and the formation of wear debris that
promote friction between the first and second bodies [91].

Furthermore, AS+PA solutions led to lower COF values. Despite the overall lower COF by AS+PA
14M (0.34 + 0.02), which is the most viscous electrolyte, when comparing with AS+PA 1M (0.37 + 0.04),
at certain stages of sliding, the lowest PA concentration induced lower friction. As mentioned before, this
could be seen as a sign of a protective layer that is cyclically formed (low current density) and destructed

(high current density).
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Figure 22 - Representative current density evolution before, during, and after sliding, along with the evolution of COF, during
sliding, at 37°C.

4.2.2.2  CHARACTERIZATION OF THE WORN SURFACES AND WEAR MECHANISMS

OM and SEM/EDS were equally performed to the worn cp Ti surfaces and respective Al,O, ball,
after the potentiostatic tests, to gather further information regarding cp Ti surface wear, as well as its
mechanisms, for all electrolytes. The representative images are presented in Figure 23.

Similarly to tribo-electrochemical tests at OCP, alignment of the wear scar marks with the sliding
direction was observed for all groups, as a sign of abrasive mechanisms [91].

Optical microscope images showed that, overall, wider wear tracks were formed in potentiostatic
conditions. This behavior could be attributed to the fact that, despite reports of increasing film quality and
thickness when higher potentials are applied [105], the anodic film may consist of different structured
oxides. In other words, the nature of both films, at OCP and +0.5V, e, is Same, however, when forcing a
film to be formed by applying the anodic potential, leading to different thickness of the natural film formed
during 3h of OCP monitorization. Hence, when this film is disrupted/destroyed, greater volume loss could
be noted.

Again, the largest tracks were promoted by the presence of non-additivated AS, with (749 +
20) um, while AS+LA (2.5 and 5 g/L) induced tracks of (735 + 15) um and (732 + 13) um, respectively.
SEM images showed abrasion and adhesion phenomena, with highly noticeable plastic deformation
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through parallel ploughing grooves, as well as larger-sized gaps where material detached from the surface,
when comparing with the results at OCP. Oxidized patches were identified as well. According to Silva et
al. [106], these compacted oxidized debris could cause a dual effect: localized protection could be
provided to the testing material, as a consequence of their higher hardness, or the formation of third-body
particles could happen and, therefore, increase abrasion between the surfaces. It was also reported that,
at a normal load of 1N, oxidized patches were relatively looser from the surface than for higher load (10N)
[106]. Hence, taking into consideration the larger tracks for non-additivated AS and the large amount of
collect debris, the second option appears to be the most plausible. From EDS analysis it was detected
the presence of Ti, as well as other elements constituent of AS.

In AS+LA solutions, cp Ti suffered slightly less plastic deformation than in non-additivated AS.
However, at LA 2.5 g/L signs of material detachment were found, contrary to the tribo-electrochemically
tested samples at OCP. In fact, despite similar COF values for these three conditions, the anodic current
density evolution on cp Ti pointed the LA-enriched solutions to have very close behavior to AS, when
potential was applied, suggesting that, in potentiostatic conditions, the corrosion rate is increased and
closer to cp Tiin AS. In fact, AS+LA 5 g/L current density was overall higher than AS and AS+LA 2.5 g/L,
which could suggest a more considerable effect of corrosion in cp Ti material damage [85] and/or, since
the dark mark of oxide debris is no longer located around the wear tracks, it may be speculated that the
deducted protection provided by those debris at OCP was inhibited when the anodic potential was applied
to the samples. EDS spectra of cp Ti in contact AS+LA (2.5 and 5 g/L) showed similar results to those of
AS, by detecting peaks for Ti, and Ti and O.

Comparing Al,O; balls for these three conditions, in agreement with the wear track sizes, abrasion
marks were more visible in the presence of AS, followed by AS+LA 2.5 g/L and AS+LA 5g/. EDS proved
the material transfer to the balls (adhesion) [90], for the three electrolytes, with AS promoting higher
peaks of Ti. When comparing with the counter-body scars formed during tribo-electrochemical tests at
OCP, these three electrolytes promoted bigger scars, suggesting that higher volume losses in
potentiostatic conditions.

Regarding the counter-body surfaces, a lighter scar was detected for AS+PA 1M, when comparing
with tribo-electrochemical tests at OCP, with EDS spectrum detecting, once again, Ti and O, along with a
high peak of P. For the highest PA concentration, no scar was detected on the Al,O, ball and no detection
of Ti and O was presented. Thus expected, significantly less and smaller wear debris were collected from
the wear tracks as PA was added, confirming decreasing wear volume loss promoted by the lubricant

effect of PA.
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Wear debris were collected with carbon tape from the cp Ti samples. Flakier-looking debris were
formed as LA concentration increased, which may be a sign of delamination and explain the high current
density values, since these third-body particles increase abrasion, causing more critical damages to the
surface [91]. Besides this, when immersed in AS, cp Ti produced a more substantial amount of, as
described by Caha ef al. [91], “blocky debris” along with some bigger-sized wear particles ~ 50 um were
found on cp Ti wear tracks.

Regarding the addition of PA to AS, the lower additive concentration induced lower width-sized
wear tracks than AS and AS+LA solutions: (375 + 9) um for AS+PA 1M and (370 + 10) pm for AS+PA
14M. As mentioned before, this, along with the lower COF and current density values might be linked to
the lubricant properties promoted by increasing presence of phosphorus [97]. SEM images for the lowest
PA concentration revealed signs of abrasion and adhesion, together with localized formation of a new
layer. Singh ef a/l. [93] reported the formation of a hybride layer for 13M PA in doubly distilled water,
triggered by PO;Z" adsorption capacity to cp Ti. Hence, for 1M light adsorption phenomena could have
been taking place so that an easily disturbed layer was formed, considering the current density and COF
oscillations. In agreement with these assumptions, for AS+PA 14M, a similar structured layer appeared
to be fully formed on the cp Ti surface, with some localized damages of this layer, that may be attributed
the combination of the mechanical action and the high corrosivity of this medium. Furthermore, EDS
spectra for both concentrations revealed peaks for Ti and oxidation products, as well as more defined

peaks for P, supporting the theory the hybride layer.
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Figure 23 - OM, BSE and SE-SEM images of the wear track and the respective EDS spectra, and SEM and EDS of the counter-body, for all groups, after the tribo-electrochemical tests at OCP.
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4.3 COMPARISON OF WEAR VOLUME LOSS BETWEEN THE TRIBO-ELECTROCHEMICAL

TESTS AT OCP AND +0.5V, xc.

Further analysis of the wear tracks was carried to have a better understanding of the effect of the
electrolytes on cp Ti surface topography and properties, inside and outside the wear tracks, and therefore,
compare tribocorrosion behavior at OCP and +0.5V,,.. For that end, for all electrolytes, the wear profiles
and wear volume losses were measured by profilometry, as well as surface roughness and hardness
inside and outside the wear tracks.

In order to clarify the contribution of corrosion and wear, the mechanistic approach, reported by
Mischler et a/. [84], was adopted for the quantification of both mechanical wear and wear-accelerated

corrosion mechanisms, in potentiostatic conditions, through Equation (6):

Viotat = Venem + Vinecn
(6)
where V.. is the total wear volume, and V... and V.... correspond to the wear volumes promoted by
corrosion and mechanical action, respectively. V... (Figure 24) was obtained by through measurements

of the wear profiles and V... were estimated by Equation (7) [104]:

QxM
nXFXp

chem —

(7)
where M is the atomic weight of the dissolving element, Ti, (47.867u), n is the valence number of Ti (+4),
F is the Faraday constant (96490 C mol), p is the specific weight of the wore material, cp Ti Grade 2,
(4.5 g cm?) and Q is the electric charge, calculated through integration of the current (I) for the sliding

period, as shown in Equation (8) [84,104]:
tsliding
Q= J I1(t)dt
0

(8)

Hence, V... values, and thus, V..., were determined for all conditions, since V... was already know

by profilometry measurements (Figure 24). Mathew et a/. [85] reported criteria (Table 8) that allowed the
evaluation of the dominant degradation mechanism of the total wear volume loss, by comparing Vem/Vees

ratios for the testing conditions.
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Table 8 - Criteria to determine the dominant degradation mechanism of the total wear volume loss [85].

Synergistic ratio

Degradation mechanism

vchem/ VMech S 0’ 1

Wear

071 < vchem/vmech < 1

Wear-corrosion

1 < vchem/ vmech S 10

Corrosion-wear

Corrosion

vchem/vmech > 10

According to the results presented in Table 9, it was possible to conclude that degradation of cp
Ti in non-additivated AS was wear-dominated, as Ve.um/ Ve Was below 0.1. In fact, according to OM and
SEM images, wear tracks on cp Ti and scars on AlO, balls were more noticeable for AS due to clearer
signs of abrasion, adhesion, material detachment and plastic deformation. When additives are added,
0.1 < Vau/Veewr < 1, indicating synergistic effect between material dissolution reactions (corrosion) and

mechanical wear on cp Ti degradation.

Table 9 - Chemical and mechanical wear volume losses, during the potentiostatic tests.

Electrolytes V... (10 mm?) V... (10 mm?) Voo Ve
AS 0.96 + 0.14 10.37 £+ 0.49 0.09
AS+LA25g/L 0.89+0.16 8.25+0.11 0.11
AS+LAS5 g/L 1.14 £ 0.20 7.13+0.07 0.16
AS + PA 1M 0.43+0.11 3.04 £ 0.50 0.14
AS + PA 14M 0.49 + 0.07 2.39+0.2 0.20

Thus, by applying a passive potential, the film formed on cp Ti might not be able to achieve the
same thickness, and, the same level of protection to the bulk, as the 3 hour-long naturally formed films.
This could explain the overall larger wear tracks (Figure 24), and therefore, higher wear volume (Figure
24), obtained under anodic potential application, for all electrolytes.

In agreement with previous analysis, AS was the electrolyte that induced the largest and most
worn tracks on cp Ti, as wear had a key role on material degradation. For AS+LA solutions, the metallic
samples showed not considerably smaller wear tracks, hence, slightly lower wear volume losses as LA
was added to AS. Important to note that, in agreement with the current density measurement, when the
anodic potential was applied, wear volume for AS+LA solutions was even closer to the wear volume in

non-additivated AS, which could be attributed to the formation “flake-like debris” that increased abrasion
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and the no longer presence of the oxide debris mark around the wear tracks, that may have protected
the surfaces at OCP [91].

PA solutions produced, for both types of tests, the lowest wear volumes and the visibly narrower
and less deep wear tracks due to the increasing viscosity of the media with increasing PA concentration.
At +0.5 Vg, higher wear volume was measured, which could be attributed to possible enhancement of

corrosion and/or wear, triggered by the “bubbled layer”.
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Figure 24 - Wear volumes and representative 2D wear track profiles of the cp Ti worn surfaces for all electrolytes, after tribo-electrochemical tests at OCP and +0.5V,,.., at 37°C.
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When sliding a hard-rough material, such as Al,O, against cp Ti, abrasion of the passive film is
the ruling wear mechanism so that surface roughness on the contact areas of the softest materials are
modified and depassivation and mechanical wear rates are severely affected. Thus, COF is also
conditioned by the surface roughness of the contacting materials [38,90].

Surface roughness (R.) measurements are given in Table 10. All electrolytes promoted higher R,
inside the wear tracks, at both OCP and +0.5V...«. In accordance with COF values, AS and AS+LA
solutions were the electrolytes that induced overall rougher surfaces, as result of abrasion and material
detachment [91]. PA solutions, on the other hand, induced lower surface roughness on cp Ti, for which
the main reason may be the less contact between the samples and the balls, promoted by the viscosity
of the solutions.

Interestingly, despite the larger wear tracks and higher wear volumes under potentiostatic
conditions, rougher surfaces inside and outside the wear tracks were presented after tribo-electrochemical
tests at OCP, as confirmed by the slightly lower COF values at OCP. This phenomenon could be attributed
to overall higher material dissolution, and therefore, more a more intense synergism between corrosion
and wear, when anodic potential was applied, together with the fact that the anodic films might not be as

thick as the naturally formed ones, so that the bulk metal was more easily disturbed.

Table 10 - Average roughness values (R, of cp Ti surfaces, after tribo-electrochemical tests at OCP and potentiostatic

conditions.
Electrolytes Ra (um)
ocP +0.5V
Inside Outside Inside Outside

AS 1.32+0.37 0.95+0.44 0.66 + 0.16 0.20 +0.12
AS +LA 2.5 g/L 0.96 + 0.23 0.55 + 0.06 0.67 +0.26 0.34+0.16
AS +LA5 g/L 1.11 £ 0.26 0.51+0.11 0.70 £ 0.28 0.25+0.05
AS + PA 1M 0.40+0.11 0.34+0.11 0.42 +0.11 0.25+0.11
AS + PA 14M 0.30+0.10 0.31+£0.13 0.41 +0.08 0.22+0.13

Vickers hardness (HV) was also measured (Table 11). Similar to Ti-6Al-4V, in Caha et a/. [91]
study, cp Ti showed higher hardness inside the wear tracks, for all electrolytes. These phenomena were

attributed cold-hardening phenomenon, due to plastic deformation and material dislocation and
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compaction with ongoing sliding. Hence, as expected, the hardest wear tracks belonged to AS, and
decreased with increasing concentration additives: LA 2.5 g/L > LA 5 g/L > PA 1M > PA 14M.

As previously noted, as a result of intense material transfer, wear debris could tend to oxidize and
harden [90,106]. In fact, at OCP, higher hardness values were measured which could be directly caused
by the relatively higher number of oxidized patches. The same reasoning could be applied when
comparing material hardness for AS and AS+LA solutions to AS+PA, where no oxidized patches were
noticed.

Moreover, besides higher HV and the formation of oxidized patches, the lower volume loss at

OCP could be linked to plastic deformation at subsurface of the wear track [91].

Table 11 - Vickers Hardness (HV,) of cp Ti, after the tribo-electrochemical tests at OCP and potentiostatic tests.

Electrolytes Vickers Hardness (HV,,)
ocP +0.5V,,..

Inside Outside Inside Outside
AS 201 +7 163+ 11 213 +7 159 +9
AS +LA 25 ¢g/L 201+9 170+ 2 192 +6 159 +9
AS +LA5 g/L 194+ 5 165+7 179+ 11 172 +6
AS + PA 1M 189+ 6 166 + 9 209 + 9 166 + 8
AS + PA 14M 183+ 4 167 + 3 206 + 7 172 +5
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5 CONCLUSIONS AND FUTURE
WORKS

5.1 CONCLUSIONS

In this study, the effects of additives in artificial saliva on the corrosion and tribocorrosion behavior
of cp Ti (grade 2) were investigated.

Cp Ti presented overall the best corrosion behavior when in contact with non-additivated AS due
to the presence of a more compacted and thicker passive film. Lactic acid proved to not have a significant
effect on the corrosion behavior, while phosphoric acid-concentrated AS promoted significantly lower
corrosion resistance.

After tribo-electrochemical tests, at OCP and +0.5V,., Non-additivated AS induced larger wear
tracks and higher wear volume loss than additivated solutions. For simple AS, the mechanical wear was
the predominant mechanism. In the presence of additives, it was proven that a clearer synergistic effect
between corrosion and wear was present. Lactic acid, despite not having a significant effect on
tribocorrosion behavior of cp Ti, promoted slightly smaller and less worn surfaces as LA concentration
increased. This phenomenon was attributed to probable oxidation reactions related to ejected wear debris,
that provided a certain protection to cp Ti. In accordance, abrasion, adhesion and plastic deformation
were detected for AS and AS+LA solutions, with the first showing more clearer signs of those wear
mechanisms. For AS+PA solutions, on the other hand, a predominant lubricant effect was identified
mainly do the visibly higher viscosity of these electrolytes (caused by the presence of P), which lead to
the formation of considerably smaller wear tracks and lower wear volume loss. At OCP, a dangerous wear
mechanism was observed, fatigue, which often takes place in well-lubricated contacts. At +0.5V,gu0,
despite the formation of a potencial hybride layer, there were higher wear volume losses through possible
enhancement of corrosion and wear triggered by this new surface layer.

Phosphoric acid had a significant effect and lactic acid did not, which means the hypothesis of

this work was partially validated.
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5.2 FUTURE WORKS

In order to have a more complete investigation, future works are required. Other additives, such
as fluorides, hydrogen peroxide and citric acid should be investigated, so that comparisons could be
drawn. Longer exposition time tests, to both electrolyte and mechanical action, could be performed since
dental implants could be placed in the oral cavity for years. X-ray Photoelectron Spectroscopy (XPS) can
be performed to obtain a quantitative and, therefore, more detailed analysis about the nature of oxide
layers. Performance of EIS technique under applied anodic potentials, so that passive film growth
mechanisms are clarified. And lastly, understand what surface treatments could be applied to cp Ti to

improve its corrosion and tribocorrosion behavior for this specific application.
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