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ABSTRACT

Demand for new implants with improved bioactivity, corrosion resistance, and
optimal mechanical properties has been increasing considerably. In this sense,
different surface treatments are applied in titanium alloys to improve their
osteointegration process. Nevertheless, the developments of new bioactive surfaces
could cause a considerable reduction in fatigue and corrosion strength leading to
catastrophic failures in clinical use. For these reasons, this work studied the
biocompatibility, corrosion and fatigue performance of Ti-12Mo-6Zr-2Fe alloy treated
with three different surface modifications, namely, chemical surface treatment
(CST), nanotubes (Nt) and nanopores (NP). Samples were immersed in simulated
body fluid (SBF) solution during different periods, 0, 1, 7, and 14 days. After 14 days
immersed in SBF, samples with CST showed high hydroxyapatite (HAp) formation;
Likewise, samples with Nt and NP exhibited lower and moderated HAP formation,
respectively. In samples without surface treatment was not observed HAp formation.
The electrochemical behavior was studied through polarization curves and
electrochemical impedance spectroscopy (EIS). Samples with Nt and NP displayed
higher corrosion resistance and lower passivation current (lpass) compared with
untreated samples, after 14 days of immersion in SBF; samples with CST showed
the worst corrosion performance for all the surface conditions studied. Furthermore,
within the framework of electrochemical investigations, EIS results of Nt and NP
samples showed a characteristic behavior that could not be modeled by traditional
equivalent circuits. Thus, it was proposed a two-channel transmission line model for
analyzing this impedance results, leading to a successful fitting of the EIS data.
Finally, was observed a reduction of the fatigue resistance in the samples treated
with NP and CST, associated with hydrogen embrittlement processes, due to the
pick-up of hydrogen during the respective surface treatments.

Keywords: Titanium alloy; Bioactivity; Corrosion resistance; Fatigue behavior;
Hydrogen embrittlement.
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RESUMO

ESTUDO DE BIOATIVIDADE, RESISTENCIA A CORROSAO E
COMPORTAMENTO EM FADIGA DA LIGA TI-12Mo-6Zr-2Fe APOS
DIFERENTES TRATAMENTOS DE SUPERFICIE

A demanda por novos implantes com melhor bioatividade, resisténcia a
corrosdo e Otimas propriedades mecanicas tém aumentado consideravelmente.
Nesse sentido, diferentes tratamentos de superficie sdo aplicados em ligas de titanio
para melhorar seu processo de osseointegracdo. No entanto, o desenvolvimento de
novas superficies bioativas pode causar uma reducéo consideravel na fadiga e na
resisténcia a corrosdo, levando a falhas catastréficas no uso clinico. Por esses
motivos, este trabalho estudou o desempenho em biocompatibilidade, corrosdo e
fadiga da liga Ti-12Mo-6Zr-2Fe tratada com trés diferentes modificacbes de
superficie, a saber: tratamento quimico da superficie (CST), nanotubos (Nt) e
nanoporos (NP). As amostras foram imersas em uma solu¢ao que simula o fluido
corporal (SBF) durante diferentes periodos, 0, 1, 7 e 14 dias. Ap6s 14 dias imersos
em SBF, ndo foi observada formacdo de HAp nas amostras sem tratamento de
superficie, porém amostras com CST mostraram alta formacédo de hidroxiapatita
(HAp). Da mesma forma, amostras com Nt e NP exibiram baixa e moderada
formacdo de HAp, respectivamente. O comportamento eletroquimico foi estudado
através de curvas de polarizacdo e espectroscopia de impedancia eletroquimica
(EIS). Amostras com Nt e NP apresentaram maior resisténcia a corrosao e menor
corrente de passivacao (lpass) €m comparacdo com amostras nado tratadas, apés 14
dias de imersdo no SBF; amostras com CST apresentaram o pior desempenho a
corrosdo de todas as condi¢cfes de superficie estudadas. Além disso, no ambito de
investigacdes eletroquimicas, os resultados de EIS das amostras de Nt e NP
mostraram um comportamento caracteristico que néo foi possivel modelar pelos
circuitos equivalentes tradicionais. Assim, foi proposto um modelo de linha de
transmisséo de dois canais para analisar esses resultados de impedancia, levando
a um ajuste bem-sucedido dos dados de EIS. Por fim, observou-se uma reducéo da
resisténcia a fadiga nas amostras tratadas com NP e CST, associadas aos
processos de fragilizacao por hidrogénio, devido a captacdo de hidrogénio durante
0S respectivos tratamentos de superficie.

Palavras-chave: Liga de titdnio; Bioatividade, Resisténcia a corrosao;
Comportamento em fadiga; Fragilizagéo por hidrogénio.
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RESUME

ETUDE DE BIOACTIVITE, RESISTANCE A LA CORROSION ET
COMPORTEMENT EN FATIGUE DE L’ALLIAGE Ti-12Mo-6Zr-2Fe APRES
DIFFERENTS TRAITEMENTS DE SURFACE

La demande de nouveaux implants avec une meilleure bioactivité, résistance
a la corrosion et des proprietés mécaniques optimisées a augmenté
considérablement. Différents traitements de surface sont appliqués sur des alliages
de titane pour améliorer leur processus d’ostéo-intégration. Néanmoins, le
développement de nouvelles surfaces bioactives pourrait causer une réduction
considérable de la résistance a la fatigue et a la corrosion, ce qui peut entrainer des
défaillances catastrophiques dans leurs utilisations cliniques. Ainsi, dans ce travail,
la performance en biocompatibilité, en fatigue et en corrosion de Il'alliage de Ti-
12Mo-6Zr-2Fe (TMZF) a été étudié. Cet alliage a été soumis a trois modifications de
surface différentes, a savoir le traitement chimique de surface (CST, en anglais, pour
Chemical Surface Treatment), les nanotubes (Nt) et les nanopores (NP). Les
échantillons ont été immergés dans une solution physiologique appelée SBF (en
anglais, pour Simulated Body Fluid) avec des durées d’immersion différentes : 0, 1,
7, et 14 jours. Aprés 14 jours d'immersion dans SBF, les échantillons qui ont subi un
traitement chimique de surface ont montré une formation importante
d’hydroxyapatite (HAp), nécessaire pour assurer une bonne osseo-intégration de
'implant. De méme, les échantillons avec des nanotubes et nanopores montrent une
formation, respectivement, faible et modérée de HAp. Dans les échantillons sans
traitement de surface, la formation de HAp n’a pas été observée. Le comportement
électrochimique a été étudié par des courbes de polarisation et par spectroscopie
d'impédance électrochimique (SIE, ou EIS en anglais, pour Electrochemical
Impedance Spectroscopy). Les échantillons avec Nt et NP manifestent une meilleure
résistance a la corrosion et un domaine de passivité (lpass) plus faible, en
comparaison avec les échantillons non traités aprés 14 jours d'immersion dans SBF.
Les échantillons qui ont subi un traitement chimique de surface (CST) ont démontré
une résistance a la corrosion faible par rapport aux autres surfaces étudiées. Par
ailleurs, dans le contexte des investigations électrochimiques, les résultats de SIE
d’échantillons NT et NP ont montré un comportement caractéristique qui ne pouvait
pas étre modélisé par les circuits équivalents traditionnels. Ainsi, un modéle de ligne
de transmission de deux canaux a €été proposé pour analyser ces résultats
d'impédance, permettant un ajustement réussi des données de SIE. Finalement,
une réduction de la résistance a la fatigue a été observée dans les échantillons
traités avec NP et CST, via une fragilisation par I'hydrogene, en raison du captage
d’hydrogéne pendant les traitements de surface.

Mots clés: Alliage de titane; bioactivité; résistance a la corrosion; comportement a
la fatigue; fragilisation par I'nydrogéne.
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1 INTRODUCTION

Metallic alloys for orthopedic implants have to show four essential
characteristics: a) low stress-shielding effect, due to the elastic modulus
incompatibility between bone and implant; b) biocompatibility avoiding toxic-
elements; c) excellent fatigue performance for cyclically stressed implants, and d)
high corrosion resistance [1].

Due to the presence of elements as Al and V, considered as cytotoxic and the
high elastic modulus of the Ti—-6Al-4V-ELI, (~110 GPa), new titanium alloys with no
toxic elements and lower elastic modulus have been investigated. Metastable [3-
titanium alloys like Ti-12Mo-6Zr-2Fe alloy (TMZF) show high mechanical strength
and lower elastic modulus than the Ti—6Al-4V-ELI [2].

Metallic materials as titanium and its alloys, stainless steel and cobalt-
chromium alloys, are used under load-bearing conditions. However, the direct
contact metal-bone does not imply the formation of a strong bond between them.
Thus, it is necessary to develop more bioactive surfaces over these metals [3].

Some surface treatments are applied on titanium alloys to improve their
osteointegration process. Previous studies have demonstrated that HCI etching plus
NaOH treatment can be an effective way to develop nanometric features on the
surface of Ti-6Al-4V-ELI (ELI for Extra Low Interstitial content) samples unchanging
its static and cyclic mechanical properties [4].

An alternative to CST is the anodizing process; this procedure is widely used
on pure titanium, creating TiO2 nanotubes on the surface, maximizing the specific
surface area of the material and obtaining better biocompatibility [5].

An indicator of the bone formation ability on metallic implants is the nucleation
and growth of a hydroxyapatite (HAp) layer. This capacity can be measured through
the specimen immersion in a simulated body fluid (SBF), whose ion concentrations
nearly equal to those of human blood plasma [3, 6].

Thus, the main objective of this project is studying the biocompatibility and
corrosion performance of Ti-12Mo-6Zr-2Fe samples with nanotubes, nanopores and
chemical surface treatment (CST) immersed during various periods in SBF, as well
as the fatigue resistance variation of these different surface conditions.






2 STATE OF THE ART
2.1 Metallic biomaterials

The first reports of titanium date from 1791 in England, when the amateur
mineralogist William Gregor was able to remove iron from the “ilmenite” mineral
consisting of iron, oxygen, and titanium (FeTiO3), and the remaining titanium oxide
was called “Mechanite” , in reference to the place where it was found [7]. Then the
chemist Martin Heinrich Klaproth isolated the metal from its oxide, naming it
"Titanium" because of the difficulty of extracting it, associating it with the powerful
titans of Greek mythology. And between 1937-1940, chemist Wilhelm Justin Kroll
was able to optimize the industrial method of obtaining titanium, being the process
hereinafter known as the "Kroll process"; this method is still the most used nowadays
[8, 9].

The strong titanium affinity for oxygen makes it one of the most corrosion-
resistant structural metals due to the thermodynamic stability of a protective oxide
layer formed promptly in different harsh environments, especially in aqueous acid
environments [9]. Due to its high resistance to density ratio, titanium is widely used
in the aeronautical, chemical and biomaterials industries [10].

In the 1940s titanium and its alloys emerged commercially, developed for
aerospace applications; However, in 1963 they began to be used as biomaterials
due to the excellent combination of properties desired for this purpose. Branemark
et al. (1964), were the first to successfully evaluate the phenomenon of human bone
developing on the surface of titanium, a process they called osseointegration [11].

According to the World Health Organization, 30% of people aged 65-74 have
no natural teeth, so titanium dental implants are a viable solution for replacing
missing teeth [12]. Additionally, the number of total hip or knee arthroplasties has
been increasing considerably, approximately 800,000 procedures are performed per
year in the United States [13, 14]. It is estimated that by the year 2030 the increase
in these procedures will be approximately 673% for total knee arthroplasty and 174%
for total hip arthroplasty. Thus, the demand for new long-term implants is being
required and the study of problems and defects arising from surface modifications
may be effective to contribute to the knowledge and improvement of mechanical
behavior of these materials which may favor the performance and reduce the risk of
failure of these components [13, 14].

Orthopedic implants can be categorized into two main groups, temporary
implants for fracture fixation and joint implants. The first group plays a structural role
in a fractured bone segment until it consolidates, and can be surgically removed after
the end of the process. The second group demands additional mechanical properties
because the implant is subjected to cyclic stresses arising from human body



movement and the transmission of loads, such as dental, hip, knee implants, etc.
[15, 16], see examples in Figure 2.1. This work focuses on this second group.
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Figure 2.1 Metallic biomaterials for orthopedic and dental applications (provided by
Nakashima Medical Co. Ltd Japan and Japan Medical Materials (JMM) Co.) [17].

2.2 Titanium alloys

Orthopedic implants require high mechanical properties, biocompatibility and
osseointegration, high corrosion resistance, relatively low elastic modulus and high
fatigue strength [14]. Titanium and its alloys have a high ability to become integrated
with the bone. This property significantly improves the long-term behavior of
implanted devices, reducing the risks of loosening and failure [18].

Titanium represents approximately 0.6% of the earth's crust, being the fourth
most abundant structural metal, behind only aluminum, iron and magnesium [19].
Pure titanium exhibits allotropic phase transformation at 882 °C, moving from a high-
temperature body centered cubic structure (B) to a compact hexagonal (a) at low
temperatures (Figure 2.1). Conventionally commercial titanium alloys are classified
into three categories, a, a +  and 8 alloys, according to the type and content of
alloying elements. Substitutional elements such as Al, Sn, Ga, Zr and interstitial
elements such as C, O and N dissolved in the titanium matrix are recognized as a



stabilizers. Alloying elements, which decrease the phase transformation
temperature, are known as [ stabilizers. Generally stabilizing B elements are
transition metals such as Mo, V, Ta, Fe, Mn, Cr, Ni and Nb. Additionally, some
elements such as Zr, Hf and Sn behave neutrally, increasing or decreasing the
transformation temperature a/f, depending on their concentrations [20-22].

e

(a) (b)

Figure 2.1 Schematic illustration of the crystal structure of the major Titanium alloys
for implants. a) Center-body cubed (a-Ti) and b) Compact hexagonal B-Ti.

2.2.1 Ti-12Mo-6Zr-2Fe

Some studies have indicated that aluminum and vanadium present in the
most widely used Ti-6Al-4V alloy may be harmful to human health. Thus, there was
a need to develop titanium alloys free of these elements with a desirable lower
modulus of elasticity. In the mid-1950s the Ti-15Mo alloy was developed, in 1969
Crucible developed the Ti-11.5Mo0-6Zr-4.5Sn (Beta Ill) alloy, which has similar phase
transformations as the Ti-15Mo alloy. Finally, in the nineties Howmedica added iron
to increase resistance to beta Il alloy, thereby resulting in the Ti-12Mo-6Zr-2Fe alloy
[7, 23].

Ti-12Mo-6Zr-2Fe alloy, also known as TMZF, has excellent mechanical
properties among metastable 3 alloys. According to ASTM F1813, the microstructure
of this alloy, in order to be used as a biomaterial, must have a recrystallized 8 phase,
and the appearance of phases a and a” is not allowed in a 100X magnification [24].
This provides an alloy with higher yield strength and better ductility than Ti-6Al-4V
alloy, and a relatively low modulus of elasticity, lying in the range 74-85 GPa [25].

There are no surgical implant materials completely free of adverse reactions in
the human body. However, the TMZF alloy has been tested “in vivo” in animals and
has been used clinically for more than two decades. The results of these studies
indicated a well-characterized level of local biological response that is equal to or
less than that produced by the pure titanium used as reference material [24].



2.3 Fixation method

The fixation of the implant in the bone is very important and influences its useful
life time. It can be of cemented or non-cemented type, in the first case there is
cementation of the implant in the bone using a polymethyl methacrylate (PMMA)
resin; in the second fixation method, a porous, bioactive surface is produced on the
implant surface within which bone can grow [26].

Cemented implants are commonly used in elderly patients who do not have
sufficient bone regeneration capacity to fix the implant through osseointegration.
During use, small regions may lose adhesion without necessarily interfering with
implant stability, in addition to the generation of PMMA and metallic debris that may
result in adverse and inflammatory reactions [3].

The use of cementless prostheses increased in the 1980s due to its application
in younger patients with a higher bone regeneration capacity. Currently, younger and
more active patients requiring replacement surgery are treated with cementless
prostheses [26]. This is because they have an adequate structure and surface
composition to produce a durable mechanical anchor with the bone.

2.3.1 Surface modification of medical implants

Surface modifications are employed in metallic biomaterials to improve
biological and mechanical compatibility to receive hard/soft tissues, resulting in the
promotion of osseointegration; however, this should happens without impairing
wear, corrosion, and fatigue resistance [26].

A schematic illustration of the regions formed at the titanium/bone interface is
shown in Figure 2.2. From the left side of the figure, towards the right side, five
distinct regions are highlighted. The first refers to the metallic titanium (region 1)
covered by a layer of oxide (TiO2) forming region 2. This, in turn, after interaction
with hydroxyl groups of water, forms a material with a gel consistency (region 3). At
this stage, proteins present in body fluids adhere to the Ti-Gel layer (region 4) and
the process continues by the adhesion of osteoblastic cells (region 5) towards the
bone formation and osseointegration [27].
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Figure 2.2 An artist’s view of the titanium/tissue interface divided into five regions.
The oxide of titanium is covered with a very thin layer of titanium peroxy compounds,
which are in contact with the living bone (Adapted from [28]).

2.3.2 Chemical surface modification by acid etching and alkaline treatment

Several chemical modification methods make the implant surface more
favorable for cell growth and adhesion. An example of chemical modification follows
the principle of obtaining roughness through an acid attack with a subsequent
alkaline treatment that generates a chemically biocompatible layer.

2.3.2.1 Acid etching

Acid attacks on titanium-based alloys are employed to remove oxidation and
surface contaminants as a result of previously performed processing steps. Due to
the reoxidation process that occurs, the acid attack also alters the roughness,
surface composition and wettability [29].

The dual acid etching procedure, commonly described in the literature, consists
of immersing the metal in a mixture of concentrated HCI and H2SO4 for a certain time
at a temperature of 100°C [30]. These studies suggest that there is greater
apposition of osteogenic cells, when increasing the surface roughness of the
material, also increasing the bone/implant contact. This type of surface promotes
rapid osseointegration by improving osteoconductivity processes, resulting in bone
formation directly on the implant surface favored by the topography generated on
the titanium surface [3].

2.3.2.2 Alkaline treatment

Alkaline treatment imprints changes in chemical composition, roughness and
topography on the treated surface by forming a layer of sodium titanate (in the case
of titanium); this procedure makes materials bioactive , favoring, stimulating or



catalyzing hydroxyapatite precipitation (Figure 2.3) [31, 32].

The passive oxide film spontaneously formed on the titanium metal initially
suffers a degradation reaction during the acid etching, as follows:

TiO, + 4HCl - TiCl, + 2H,0 (2.1)

Simultaneously, titanium reacts with HCI:
2Ti + 6HCl — 2TiCly + 3H, 1 (2.2)
Ti+ H, - TiH, (2.3)

On the TiH2 intermediate layer, a new passive oxide layer is formed and
subsequently reacts with the NaOH solution. At first, the passive layer is partially
dissolved to form HTiO3™:

TiO, + OH™ - HTiO3~ (2.4)
At the same time, the metallic titanium is hydrated forming HTiOs™-nH20:
Ti+30H™ > Ti(OH)3" + 4e” (2.5)
Ti(OH)i+ e~ - Ti0,.H,0 + 0.5 H, 1 (2.6)
Ti(OH)} + OH™ & Ti(OH), (2.7)
TiO,.nH,0 + OH™ < HTiO; .nH,0 (2.8)

Finally, positively charged alkali ions (Na+) react with negatively charged
groups, to produce an alkali titanate hydrogel layer. Then, the samples treated in the
alkaline medium can be immersed in a solution known as simulated body fluid (SBF),
where apatite precipitation is stimulated (Figure 2.3) [3, 33].
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Figure 2.3 Schematic representation of the structural change in the surface of the
metallic Titanium after the alkaline process and subsequent apatite formation on the
treated surface (Adapted from ref. [3]).

In some cases, these attacks (acid etching and alkaline treatment) may cause
a decrease in mechanical properties, especially its ductility and resistance to fatigue.
Probably, due to surface irregularities that tend to be crack nucleation sites, besides



the possible embrittlement caused by the absorption of hydrogen [34]. Therefore,
another interesting surface modification could be the electrochemical anodization, in
order to improve the biological, electrochemical and mechanical properties of the
TMZF alloy avoiding hydrogen embrittlement.

2.3.3 Anodization process

Special attention has been paid over the last decades to the formation of TiO2
nanotubes or nanopores, in particular by anodizing pure titanium. This method is a
promising alternative to the deposition of hydroxyapatite, in particular because it
allows to grow, simply, quickly, and at low cost, a layer of TiO2 bioactive, directly
connected to the titanium substrate, and therefore very adherent [14,15].

The presence of nanotubes on titanium surfaces changes the structural
properties of the bulk titanium substrate, becoming a more attractive material for
tissue engineering applications because of the higher porosity and increased surface
area, improved cell attachment and tissue ingrowth, and therefore osseointegration.
Figure 2.4 shows human osteoblast cell attachment on blank titanium and TiO:2
nanotubes after seven days of culture [35].

Figure 2.4 Human osteoblast cell attachment and proliferation on a) titanium and b)
titanium with TiO2 nanotubes [30].

Table 2.1 summarizes the anodization conditions, characteristics and cell
response of TiO2 nanotubes on titanium investigated by different research groups to
date. It is possible to observe the diverse anodization processes and the different
nanotubes characteristics obtained; the morphologic characteristics as diameter and
lengths of the nanotubes could influence the cell response and therefore their
osseointegration.

Nanotube diameter had a critical impact on cell response. Some studies
claimed that 15 nm is the maximum permissible diameter prior to cell apoptosis for
mesenchymal stem cells [31,32]. Nevertheless, reports also indicated nanotubes
with diameters exceeding 100 nm favoring cell proliferation in case of osteoblast
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cells [36]. Thus, these contradictory results suggest that the interaction mechanism
between cells and anodized surfaces is not yet clearly understood.

Table 2.1 Anodization parameters and cell response of Ti-based metallic implants

Synthesis conditions of NTs

NTs dimensions

Applied

Material Anodization Diameter Length Cell response Ref.
Voltage : .
Electrolyte (V)g Time (min) (nm) (nm)
) Osteoblasts showed adhesion [37]
Ti HF 20 60 70 250 on TiO2 Nt.
Excellent biocompatibility for [38]
) mesenchymal stem cells on
Ti HsPO4+HF 1-20 10-15 600 15 nm TiO2 Nt, compared to
cell apoptosis on 100 nm Nt.
Osteoblast and osteoclast [39]
Ti HsPO4+HF 1-20 60 15 - 100 apoptosis when cultured on
TiO2 Nt of diameter 15 nm.
Human mesenchymal stem [40]
cell adhesion on Nt of both 30
) o and 100 nm diameter, with
lL Acetic acid/HF  5-20 30 30 - 100 more cell proliferation, and
migration, but also osteogenic
differentiation on 30 nm Nt.
NH4F + Osteoblast-like cells [41]
Ti Ethylene 30 180 100 4000 demonstrated high viability on
glycol Nt.
Crystallized and higher [36]
_ NHaF + 360- diameter NTs lead to better
Ti Gl Etrl%ﬁne | 10-20 120 45-130 4500 cellular activity than
ycolilycero amorphous and/or smaller Nt.
2.3.3.1 Mechanisms of surface anodization

In the initial phase of the anodization process, when the titanium surface is
exposed to sufficiently anodic voltage in an electrochemical configuration, an
oxidation reaction occurs forming a compact oxide layer (Equations 2.9 — 2.12).
These reactions are known as a field-assisted oxidation process and are the first
step of the anodization process. At the anode oxidation of the metal takes place,
which releases Ti** ions and electrons [42]:

Ti - Ti*" 4+ 4e~

Ti** + OH™ - Ti(0OH),
Ti** + 20%~ - Ti0,
Ti(OH), - Ti0, + 2H,0

(2.9)
(2.10)
(2.11)
(2.12)

Simultaneously, hydrogen evolution will take place at the cathode:

4H** + 4e~ > 2H,

(2.13)
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In the overall process the oxidized metal can be dissolved in the electrolyte or else
form an oxide, according to equation [43]:

Ti+ 2H,0 & Ti0O, + 4H*" + 4e” (2.14)

In the case of titanium anodization, the predominant phenomenon is the formation
of an oxide on the surface. The presence of fluoride ions in the electrolytes will form
fluoride water-soluble [TiFs]> species. The fluoride ions that are present in the
electrolytes can react with Ti** or can chemically attack the formed TiOz:

Ti** 4+ 6F~ - [TiFs]*~ (2.15)

TiO, + 6F~ + 4H** — [TiF,]?>~ + 2H,0 (2.16)

These fluoride ions will lead to the field-assisted chemical dissolution of TiO2
(Equation 2.16) Small pits are formed due to the localized dissolution of the oxide,
these pits acting as pore-forming centers.

Anodization processes with electrolyte containing species capable of
dissolving the anodized oxide layer (F’), show three characteristic stages. In the first
stage, a barrier oxide layer is formed (a few tens of nm). Then, during stage two, the
surface begins to be locally dissolved and the pores grow randomly. The initiation of
these pores leads to an increase in the active area and therefore an increase in the
current [44]. Consequently, the pores share the available current equitably, which
leads to the formation of a network of vertically ordered nanotubes (stage three). In
this phase the current becomes constant. More precisely, the steady-state is
established when the growth rate of the oxide is equal to its rate of dissolution (Figure
2.5) [44].

During the anodization process it is possible to obtain nanotubes and
nanopores surfaces according to the anodization parameters. Both nanotubes and
nanopores are interesting and will be investigated in this project.
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Figure 2.5 Schematic representations of the different stages of the anodization
process: Stage | oxide layer formation; Stage Il pores nucleation and dissolution of
the TiO2 layer; in Stage 1l the steady-state is established.

After the anodization process, the samples are often subjected to an annealing
treatment at high temperatures (400 to 600 °C) to transform the TiO2 from an
amorphous phase to a crystalline one [45]. Crystalline nanotubes possess a stronger
adhesion to the titanium substrate and increased hydrophilicity [46]. Additionally,
this thermal treatment decreases the amount of fluoride remaining in the anodized
surface, which might be toxic to the cells, favoring the biological response [36, 47].

2.4 Corrosion of biomedical devices

Surface degradation on biomedical devices occurs due to the interfacial
reaction between the passive film and the surrounding environment. Generally,
surface modifications to improve the biological response, modify the surface area
and the chemical characteristics of the surface, causing a decrease in the corrosion
performance. High corrosion resistance is required to reduce the release of metallic
ions to the body, which can be harmful to the organism. A very small amount of
released metal ions may cause an allergic response and carcinogenesis in the
human body [48, 49].

Corrosion of metallic biomaterials causes the loss of their structural integrity
and surface function. It accelerates their fatigue, fretting fatigue and wear and,
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electrochemical characterization is one of the most im
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[49]. Due to these problems,
portant mediators to evaluate

Generally, when a metallic material is immersed in an electrolyte, an infinite

number of atomic-size anodes and cathodes are form

ed as shown in Figure 2.6. At

this moment short-circuit current flows between local anodes and cathodes. The
place of local anodes and cathodes changes every moment in the case of general
corrosion. Moreover, the total anodic current is equivalent to the total cathodic
current. As a result, the whole surface is uniformly attacked [49].

Local cathode

i[
Local current _
ne

[Metal
Local anodes and cathodes

Local anode

Metal M <

Loca

/Heductant
N

Oxidant + ne”

M

= Electrolyte
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Figure 2.6 Schematic illustration of the local anodes and cathodes and the local cell

formed between them [49].

2.4.1 Potentiodynamic polarization

Polarization is an electrochemical process induced by deviation of the
electrochemical equilibrium potential (Ecorr), the potential at which anodic and

cathodic reactions have an equal rate (net current is
partial reaction at the corrosion potential in Figure 2
density (Icorr), Which is proportional to the corrosion rat

zero). The rate of the anodic
.7 is called corrosion current
e [49, 50].
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Figure 2.7 Schematic illustration of potential vs current density curves of a metallic
electrode. Ecor = corrosion potential; Eeq = equilibrium potential; lcorr = corrosion
current density; io.= exchange current density [49].

Some metallic materials, such as stainless steel, aluminum, titanium and their
alloys, can passivate as they spontaneously form a protective oxide layer on the
surface. The anodic currents measured for these systems are then often very low
and the shape of the current-voltage curve is modified as is possible to see in Figure
2.8 [51].

Figure 2.8a illustrates, for example, the characteristic shape of the anodic
polarization curve of stainless steel in an acid electrolyte. In such an aggressive
medium, this stainless steel loses its passive layer, and undergoes generalized
corrosion, see "Active region”, left part of the graph. With an increase in potential,
the passive layer can reform, causing a decrease in the current density. For still
slightly higher potentials, the current density stabilizes and we see a passive plateau
appearing (ipass). In this area, the metal is protected by the spontaneous formation
of the passive layer. Finally, for very high potentials, the passive layer can be
destroyed; it is the domain of transpassivity, see right part of the graph [51].

Figure 2.8b illustrates the shape of the anodic polarization curve of a
passivable metal in a non-aggressive medium. This is the case of titanium in a
neutral medium, for which the passive layer is very stable over a wide range of
potential; and this even in the presence of chlorides. Here, only the domain of
passivity (ipass) is observed [36].
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Figure 2.8 Schematic representation of the anodic part of the polarization curve (a)
of a stainless steel in an acid medium (b) of a passive metal in a non-aggressive
medium. Adapted from [36].

In Figure 2.9 is possible to observe the different characteristic polarization
behavior for three different common metallic biomaterials, these anodic polarization
curves were measured after one-week immersion in Hanks’ solution. As examples,
the curve of 316L stainless steel shows an abrupt increase in current density due to
stable pitting corrosion that finishes the passive region, the cobalt-chromium alloy
shows an increase in current density due to transpassive dissolution following the
passive region whereas pure titanium shows a constant passive current density in
the potential region of this study [52].
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Figure 2.9 Anodic polarization curves of 316L stainless steel, cobalt-chromium alloy
and pure Titanium immersed in Hanks solution [52].

Recently proposed works suggest the use of biomimetic materials in order to
imitate the mechanical, physical, chemical and biological properties of the bones. An
example consists in modifying titanium surface with a composite coating obtained by
plasma electrolytic oxidation (PEO) with organic pore filler of integrin-active RGD.
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This surface modification improved its biological properties. On the other hand, it
reduced the corrosion resistance, showing higher corrosion current density values
when compared with uncoated samples, CG-Ti and nano-Ti, see Figure 2.10. This
behavior was attributed to the electrochemically active Ca and Na species contained
in the coating layer and more defects in the layer [53].

| m— (1) CG-Ti

| w— (2) nano-Ti

|=(3) CG-Ti*PEO

| m— (4) nano-Ti+PEQ

| == (5) CG-T+PEO+RGD
J= @ nano+Ti+PEO+RGD
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CG-Ti+PEO
h=26.5£3.0 um

10kv  X2,000 10pm 04 47 SEI

E (V vs. Ag/AgCl)

06

04 47 SEI
log(lcorr) (A cm )
Figure 2.10 (a) Potentiodynamic polarization test results for CG and nanostructured
titanium substrates, uncoated, PEO coated and RGD modified and PEO coating
morphology for (b) coarse-grained and (c) nanostructured titanium substrates [53].

On the other hand, some surface modification processes as anodization of the
commercial pure titanium have proven to be very interesting, forming a surface
highly bioactive, and maintaining a high corrosion resistance compared with the
untreated titanium, see Figure 2.11. The anodized surfaces showed a clear increase
in the corrosion potential and lower values of the corrosion current density compared
with untreated titanium. The authors attributed these results to an increase in the
thickness of the oxide layer [54].
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Figure 2.11 (a) Potentiodynamic polarization curves of the untreated and anodized
titanium samples in NaCl (8 g/l); and (b) representative SEM image of the anodic
treated titanium sample [54].

2.4.2 Electrochemical Impedance Spectroscopy (EIS)

Although rich in information the potentiodynamic polarization test is a
destructive method and provides information about the slowest phenomena taking
place on the surface of a material exposed to a corrosive environment [55]. On the
other hand. the EIS is a non-destructive test and a very sensitive detection method
of the coated metal condition. Hence, the EIS technique has been used to evaluate
the corrosion state of different metallic biomaterials [53]. Contrary to the
potentiodynamic polarization methods, which use direct current (DC), the EIS is
based on the excitation of the interface by a low amplitude alternating current (AC).
A small-amplitude sinusoidal potential perturbation is typically applied to the working
electrode (5-10 mV) at a number of discrete frequencies. During the EIS test, a
potential waveform of a few millivolts is applied across the circuit, and the current
response to the frequency signal generates impedance data. Thus, the impedance
data is related to a phase shift angle and a variation in potential and current
amplitudes. (See Figure 2.12) [54].
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Figure 2.12 Schematic representation of the principle of measurements by EIS.

The impedance measurements are valid when the system is stationary or
quasi-stationary, linear and time-invariant. The linearity is verified by the use of an
input signal of low amplitude (typically 10 mV), the stationarity and the invariance
are ensured by the measurement of the potential in open circuit (OCP) preceding
the measurement of impedance [56]. Thus, the impedance of the system is defined
by the ratio between the input signal and the output signal. This relationship can be
written as:

Z(w) = ’f—:exp(jcb) = |Z| (cos® + jsin®) = Z,(w) + jZ;(w) (2.17)

Where Eog is the amplitude of the excitation signal, lo is the amplitude of the
output signal, w is the angular frequency (w = 2rrf where f is the frequency in Hz)
and @ is the phase shift (in °) between the input signal and the output signal, Z:is
the real part of the impedance (in Q or Q cm?), Z; the imaginary part (in Q or Q cm?)
and |Z| the module or magnitude of the impedance vector (in Q or Q cm?) [57].

The magnitude of the impedance can be expressed in terms of the real and
imaginary components as:

1Z()| = VZ ()2 + Zi(w)? (2.18)
The phase angle can be obtained from:
_ -1 ,Zi(w)
®(w) = tan (_Zr(w)) (2.19)

Two types of complementary graphic representations are used to analyze the
impedance measurements. One of them is a complex plane plot called the Nyquist
plot or complex plot. It is a curve of the imaginary part of the impedance (Zior Z*)
versus the real part of the impedance (Z: or Z") (Figure 2.13 (a)). In this plot, the
imaginary impedance of the electrochemical systems is usually negative [58].
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The second type is the Bode plots, divided in the impedance modulus (|Z|) or
the phase angle (¢), versus the frequency (w). This representation generally makes
easier to count the interfacial phenomena involved in the impedance response. It
also allows quick visualization of the value of the low-frequency module, which
provides information on the corrosion resistance of the system [36].
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Figure 2.13 Schematic representation of the impedance results: a) Nyquist plot or
complex plot; b) magnitude of the Bode plot and c) phase of the Bode plot.

The Bode representation shows some disadvantages in electrochemical
systems due to the influence of electrolyte resistance (Re). For instance, in the
traditional phase angle plots shows the current and potential in phase at high
frequencies; however, in this region, the current and surface potential are exactly out
of phase. This alteration is associated with the fact that at high frequencies, the
impedance of the surface tends toward zero, and the Re dominates the impedance
response. Thus, Re obscures the behavior of the electrode surface in the phase
angle plots [59].

It is possible to correct the influence of electrolyte resistance, according to:

|Z|corrected = \/(Zr_Re)z + Zi2 (2-20)

The phase angle can be obtained from:

1, Z
Dorrectea = tan 1(Zr_Re) (2.21)

Cordoba-Torres et al [60]. showed that in some systems the number of
distributed processes involved in the impedance response can be determined using
the corrected bode phase angle plots. This knowledge is a crucial point in the choice
of the equivalent circuit if reliable results are desirable. The corrected Bode phase
angle plot (Figure 2.14 b) shows three distributed processes involved, which are,
however, hardly recognized in the Bode phase angle plot (Figure 2.14 a), using the
same impedance data.
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Figure 2.14 representations of synthetic impedance data in standard units: a) Bode
phase-angle; (b) Corrected Bode phase-angle. (adapted from [60])

2.5 Fatigue in metallic biomaterials

Fatigue strength is one of the most important mechanical properties in implants
exposed to cyclic loading conditions. When a specimen or component is subjected
to repeated or fluctuating reproductions, it may break under a maximal acting stress
lower than the strength limit of the material [61]. Final fatigue failure usually occurs
suddenly (macroscopically) and catastrophically, after the generated fatigue crack
grows over time to a critical value unsupported by the structure [62].

Crack nucleation in fatigue occurs due to localized submicroscopic damage,
and the presence of any localized stress amplifier may favor the onset of premature
damage, and, subsequently, the formation of a crack [63]. This stress amplifier is
usually caused by a notch or a discontinuity present in the component. These defects
can be introduced on purpose and are known as structural notches; examples are
gear teeth, screw threads, or any general holes [63].

Surface topography in titanium alloys is very important due to the fact that it will
determine the level of cell adhesion and growth on the implants [64, 65]. Thus, those
processes that modify surfaces for better osseointegration may also cause changes
in fatigue life behavior [66].

Leinembach et al [67] studied the fatigue performance of Ti-6Al-4V alloy after
an Al203 particle blasting process, generating a Ra = 4.6 um roughness. In this a +
B alloy, a 31% decrease in fatigue strength was observed when compared to
polished surface, a result which was attributed to the concentration of surface
stresses generated by the presence of the remaining blasting particles, as well as to
the roughness generated. A different behavior was observed in the work of Pazos et
al [66] when pure titanium was blasted with Al2Os particles, resulting in fatigue
strength similar to the condition of polished specimens.

Ti-6Al-7Nb specimens (a + [ alloy) were treated by thermal and anodic
oxidation, showing a roughness of 0.121 um and 0.065 pm, respectively. The
anodically oxidized samples showed a slight decrease in fatigue performance when
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compared to the polished ones, but showed a more positive response when
compared to the thermally oxidized samples (Figure 2.16).This behavior was
attributed to a more fragile characteristic of the oxide layer formed by heat treatment
[68].
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Figure 2.15 Axial loading S,N-curves in oxygen-saturated Ringer’s solution: a)
polished and grit blasted Ti-6Al-4V; b) polished, thermally and anodically oxidized
Ti-6Al-7Nb (Adapted from [68])

Plasma electrolytic oxidation process was employed in order to produce porous
oxide layers on the surface of Ti-6Al-7Nb and Ti-6Al-4V alloys, it was observed that
this treatment markedly decreased the fatigue strength of these alloys, being
between 17- 61%. This decrease can be attributed to two factors, the first being the
formation of fragile TiO2 layers that favor surface cracking, and the second to the
propagation of pre-existing cracks and the accumulation of internal stresses during
the oxidation process [69].

Due to the great variability in fatigue results for these titanium alloys used as
biomaterials, P. S de Carvalho et al. [70] determined the notch sensitivity of Ti-6Al-
4V-ELI alloy by calculating the critical value of roughness Rzci = 2.8 um (Figure
2.16), which indicates that variations of the surface roughness above the critical
value may result in a large reduction of the fatigue resistance of this alloy [70].
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Figure 2.16 Plot of fatigue resistance (or) in function of the Roughness (Rz)

Ordered arrays of TiO2 nanotubes are considered as very promising to improve
the osseointegration of titanium-based implants to living tissues. However, this
improvement could be accompanied by an alteration in mechanical properties. An
array of self-organized TiO2 nanotubes with an amorphous structure was produced
on the biomedical Ti-6Al-4V and Ti-6Al-7Nb alloys. This surface modification was
not deleterious to the fatigue response of both a+f alloys mainly due to the nano-
scale dimension of the nanotubes layer [71].

Some studies show a decrease in mechanical properties due to the
incorporation of hydrogen inside titanium alloys after they are chemically treated in
acidic solutions. During these processes, hydrogen ions are dissolved in the titanium
matrix causing brittleness and degrading the mechanical properties. Just a small
addition of hydrogen (40 ppm) can cause great harm in this TA15 titanium alloy (34%
reduction of the number of cycles to failure) [72].

Other interesting studies appoint that increasing the volume fraction of § phase
in a+f alloy could reduce the sensitivity of the hydrogen embrittiement due to higher
solubility of this element in B phase, approximately 5 times higher than in a phase
[66]. Nevertheless, some [ titanium alloys as the Ti-5Al-56Mo-5V-3Cr with a
microstructure consisting of a large volume fraction of fine secondary a in the 3
matrix, shows that a slight increase in hydrogen content produces a reduction in
fracture toughness (38%) and fatigue resistance (Figure 2.17) [73]. These results
show that the role of the B phase in the hydrogen embrittlement process of titanium
alloys is still unclear.
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Figure 2.17 Staircase fatigue diagrams for 5 x 108 endurance limits. “X” means
failure and “O” means survival to the run-out [73].

Summarizing, surface topography is very important in orthopedic and dental
implants since it will determine the level of cell adhesion and osseointegration.
Modifying the surface of the implant for better osseointegration may decrease its
corrosion and fatigue performance. Therefore, finding a balance between biological,
electrochemical and mechanical properties is a challenge in designing an implant
device subjected to cyclic loadings. Thus, in this thesis the surface of the commercial
B titanium alloy was modified by anodizing processes and acid etching together with
an alkaline attack, to improve their bioactivity response. Then, the electrochemical
and fatigue behavior of these samples were studied as will be detailed further in the
manuscript.
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3 MATERIALS AND METHODS

The main experimental procedures developed during this doctoral project are
contained in the flowchart in Figure 3.1

Bioactivity assays (0, 1, 7, 14 days)
Surface conditions Measurements of HAp formation on the
material surface:
TVZF | - Untreated - Mass gain
samples ) ;
Chemical surface treatment - SEM, XRD and Raman Mapping
=) * HCI+NaOH (CST) -
ﬁ ]— 1mm _ . . . . .
Anot.ilzatlon treatments Corrosion behavior in SBF
10mm * TiO,Nanotubes (Nt) (0,1, 7, 14 days) Better
« TiO,N N, . - i ot
i0, Nanopores (Np) :’Dte:tm:ym?mf po.'a;rzahon cu;ves biological and
ectrochemical impedance spectroscopy [\ 0 o
(EIS)
response
Fatigue resistance Surface conditions
* Staircase method *  Untreated
* Hydrogen absorption HCI+NaOH (CST)
* Failure analyzes + TiO,Nanopores (Np)

Figure 3.1 Flowchart of the experimental procedure developed in this doctoral
thesis.

3.1 Materials and samples

The material used for this study was the  TMZF alloy. It is a commercial
titanium alloy, purchased in the form of an ingot, and supplied by Ercata GmbH. The
nominal composition of the alloy is shown in Table 3.1. Later, the material was
submitted to the rotary swaging process in an open matrix, with repeated heating
cycles in a muffle furnace to a temperature of 1000 °C, providing bars with a diameter
of 11 mm.

Table 3.1 nominal composition of the TMZF alloy [2].

Material Ti Al Mo V Cr Zr Fe (@]

TMZF Balance - 10,0-13,0 - - 50-7,0 1,5-2,5 0.008-0,28

For biomedical and corrosion tests the TMZF bars were cut into disks of 10
mm of diameter and 1 mm of thickness. For fatigue tests, the specimens were
machined from the same TMZF bars, according to the dimensions illustrated in
Figure 3. 2, assuring the relationship between the dimensions according to the
ASTM E466-07 standard [74]. All samples were heat-treated at 800 °C for two hours
and then fast cooled in water to obtain a fully recrystallized beta phase structure [2].
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Then, the elastic modulus was obtained employing the pulse excitation technique
(ASTM E1876).
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Figure 3. 2 Dimensions of specimens for fatigue tests (in mm).
3.2 Surface modification processes

Four different surface conditions were investigated on TMZF samples:
untreated surface, surface treated with HCI etching and alkaline NaOH solution
(CST), and two anodized condition — nanotubes (Nt) and nanopores (NP).

3.2.1 Surface preparation

In order to eliminate the machining marks, all specimens were successively
grounded with 120, 240, 360, 400, 600 and 1200 grade silicon carbide papers and
then polished with alumina of 3 and 1 um. Then, they were cleaned ultrasonically
into deionized water (Milli-Q®), acetone, and ethanol for 10 minutes in each case.
Finally, the samples were rinsed with distilled water and dried with compressed air.

3.2.2 Chemical surface treatment

The surface modification of the specimens was carried out in two steps: initially
with HCI, and subsequently with NaOH. The acid etching was carried out as a pre-
treatment to remove surface oxidation and contaminants, and to generate a micro-
rough and uniform surface. After the acid etching the specimens were treated with
NaOH to generate submicron and nanometric changes, forming a bioactive sodium
titanate layer on the treated surface.

For acid etching, samples were immersed into an HCI solution (37 wt.%) heated
at 60 °C for 30 min. The alkali treatments were performed using polyethylene
containers with 45 ml of NaOH 10 mol-L™* for each sample, and a furnace with a
digital controller was used to keep the alkaline medium at 60 °C for 24 h. The pH of
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the acid and alkaline solutions was <2 and >13, respectively. After the chemical
modification, the samples were immersed into deionized water and sonicated for 10
min, followed by 10 min in acetone.

3.2.3 Anodization process

The TiO2 nanostructures were obtained by anodization of the polished
samples. The anodization processes were carried out in an electrochemical cell with
a conventional two-electrode arrangement. The counter electrode (cathode) was a
cylindrical platinum grid placed ~3 cm away from the polished disks, which were
used as the working electrode (anode) in the case of bioactivity and corrosion test
samples (Figure 3.3a). For the fatigue specimens (anodes), the counter electrode
was a 304 stainless steel tube (Figure 3.3b).

Cathode :
Stainless steel

Cathode :
Platinum grid

(a) | Anode: Polished TMZF disks (b) | Anode: TMZF Fatigue specimens

Figure 3.3 electrochemical cells used in this work for anodization experiments: a)
assembly for polished disks and b) assembly for fatigue specimens.

The anodization experiments were performed at 25 °C, in an organic electrolyte
consisting of glycerol, containing 25 vol% of water and 0.25M of NH4F [75]. The DC
constant potential applied to obtain nanotubes was 10V during 2h and 20V during
1h was employ to obtain nanopores.

After the anodization processes, the samples were rinsed with distilled water,
then with acetone, and finally dried with compressed air.
Finally, the samples were annealed in air at 550 °C for 2 h to crystallize the
TiO2 surface layer into a mix of anatase and rutile phases.

3.3 Bioactivity assay

Some bioactive materials bond to living bone through a layer of apatite. It has
been shown that this apatite layer can be reproduced on the materials surfaces in
an acellular and protein-free simulated body fluid (SBF) with ion concentrations
nearly equal to those of human blood plasma (Figure 3.4.), and that apatite thus
formed is similar to the bone mineral in its composition and structure [6].
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In order to characterize the bioactivity of the four different surface modified
conditions, it was measured the amount of apatite (Ap) spontaneously deposited on
the different samples immersed into SBF. The bone-like apatite can biologically bond
with living tissue, which can estimate the in vivo bone bioactivity of the surface.

The protocol followed in this study for carrying out bioactivity tests was
proposed by Kokubo and Takadama [76] and in ISO 23317: 2014 [6]. In this protocol,
the samples are placed in hermetically closed plastic containers with 50 ml of SBF
solution at 37 °C and pH 7.4. It is important to place the active surface to be tested
perpendicularly to the bottom part of the container, as shown in Figure 3.4. Indeed,
the SBF solution being unstable, Ca/ P compounds could precipitate and deposit on
the surface of the sample, which would distort the evaluation of bioactivity [6, 76].

Concentration / mol-m™

SBF  Human blood plasma
G Na* 142.0 142.0

K 5.0 5.0

2+
Mg 15 1.5

50 ml —

—=» SBF —= ca 25 25
@ 147.8 103.0

37°C .
_\_ HCO;4 4.2 27.0
HPof' 1.0 1.0
SO, 05 05

TMZF sample

——

Figure 3.4 Schematic representation of the experimental assembly used to
bioactivity assays and the ion concentrations of the simulated body fluid (SBF) [6].

After 1, 7 and 14 days of immersion, the samples were removed from the
solution, gently rinsed and dried in a desiccator. Three samples per condition and
soaking time were evaluated. Apatite formation was then evaluated by weighing the
samples before and after immersion, and the morphology of each surface treatment
was examined by Scanning Electron Microscopy (SEM), chemical analysis by
energy dispersive spectroscopy (EDS), X-Ray diffraction (XRD) and Raman
Mapping.

3.4 Electrochemical behavior

After the surface treatments, all specimens were air-aged at room temperature
for 24 hours and then electrochemically tested. The electrochemical characterization
was performed with a potentiostat (Gamry Instruments, Reference 600+), using SBF
at 37°C and pH 7.40. A conventional three-electrode cell was used, where the TMZF
samples were the working electrode with an exposed area of 0.283 cm?, flat platinum
mesh as the counter electrode, and a Saturated Calomel Electrode (SCE, 0.242 V
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vs. SHE at 25 °C) as the reference electrode. The counter and the working
electrodes were always kept at almost the same distance (~3 cm). In order to avoid
any exchange of solutes between the reference electrode and the electrolyte, the
SCE electrode was immersed into an extension tube containing a 1 mol-L* KNOs
solution, positioned close to the work surface. In addition, the reference electrode
was connected in parallel to a platinum wire connected to a capacitor of 1 yF. This
device is used to avoid capacitive and inductive artifacts that can happen when
recording the high-frequency impedance measurements [77]. A schematic
representation of the experimental setup is provided in Figure 3.5.

Reference electrode

Capacitor 1 puF
P ll _ i (SCE)

Pt wire _ il ———__ Extension KNO;

- | |

Counter electrode Sample holder

(Pt mesh) Working electrode
(TMZF sample)

Figure 3.5 Schematic representation of the experimental assembly for the
electrochemical characterization. (Adapted from [36])

The experimental assembly was placed inside a Faraday cage (steel box)
connected to an Earth ground. It reduces current noise picked up by the working
electrode and voltage noise picked up by the reference electrode. Additionally, the
electrochemical characterizations were performed in dark environment, thus
reproducing physiological conditions [36].

For the corrosion studies, three electrochemical techniques were employed.
The characterization sequence firstly consisted of recording the evolution of the
Open Circuit Potential (OCP) during 1 hour of immersion in the electrolyte to allow
steady-state conditions to be reached. Subsequently, electrochemical impedance
spectroscopy measurements (EIS) were recorded at the OCP with a frequency
range of 102 - 10* Hz with a sinusoidal perturbation signal of 10 mVms amplitude
relative to the OCP (amplitude large enough for the output signal to be easily
measured but which also allows the linearity criterion to be satisfied). Finally, the
corrosion resistance was assessed through potentiodynamic polarization curves
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recorded over the potential range of -0.03 V/SCE to +1.2 V/SCE relative to the OCP,
with a scan rate of 0.3 mVs™. These corrosion tests were performed over untreated
samples, CST, Nt, and NP in four different immersion periods inside the SBF solution
0, 1, 7, and 14 days. Three samples were evaluated per condition and soaking time
(different samples each time, but with the same surface treatment).

After performing the bioactivity and the electrochemical characterizations, the
surface conditions that showed better results were evaluated to determine if these
modifications affect the fatigue behavior.

3.5 Fatigue resistance

To accurately determine the effect of surface treatments on the fatigue
response of the titanium alloy, a high cycle fatigue test called staircase (or up and
down) was employed. This method was carried out according to ISO 12107 [78].
This is an incremental method in the sense that each test is established based on
the result of the previous one. The method starts by subjecting the first specimen to
a level close to the maximum stress value for a given number of cycles (typically N=
5x10° cycles for implants). Sequentially, new specimens are then tested according
to the following criteria: if the immediately previous test resisted to the established
life, the next one is subjected to a higher stress level in a d value (step or fixed value
of stress increase or decrease), while, if it didn’t resist, it is tested at a lower level in
d. In this way, seven specimens from each of the surface conditions (untreated, CST
and Np specimens) were tested, promoting a confidence level of 50% and a
probability of failure of 10%, being suitable for exploratory research. To determine
the fatigue strength and standard deviation values, the Dixon and Mood statistical
method was used [78].

The fracture surfaces of the different specimens were observed in the Scanning
Electron Microscope in order to analyze the fracture mechanisms present.

3.6 Surface characterization

The specimens with the modified surfaces were analyzed morphologically and
chemically via Scanning Electron Microscopy (SEM), chemical analysis by energy
dispersive spectroscopy (EDS), crystalline apatite formation by X-Ray diffraction
(XRD) and Raman Mapping.

Raman characterization was performed using a Renishaw InVia Raman
spectrometer equipped with dielectric filters (InVia) to remove the Rayleigh line.
Raman photons were collected with a cooled CCD. In all cases, the excitation light
was the green line of an Ar laser (514.53 nm). The scanning area was 4 x 4 cm 2D
map with a step size of 100 um. Spectra were recorded at the wavelength range
between 900-1000 cm?, following the characteristic peak of Hydroxiapatite at
962cm.
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3.6.1 Roughness Measurements

The roughness measurements were performed with the help of an Olympus
LEXT OLS4100 LASER confocal microscope with 50X and 100X objective lenses.
The Olympus Stream image analysis software was employed to perform a qualitative
and quantitative analysis of the generated surfaces. Additionally, it was possible to
produce a 3D image of the surface of the samples.

3.6.2 Hydrogen absorption

A LECO ONH836 element analyser was used to determine the amount of
hydrogen present in the material before and after chemical treatments. Initially, disc
samples were cut into small pieces. They were weighed (~ 20 mg) and deposited in
a graphite container, after which the material was heated until it released the
hydrogen as a gas, which is detected using non-dispersive infrared cells. The
hydrogen concentration was determined relatively using calibration standards.
Additionally, to determine the possibility of hydrides formation was employed a
Transmission Electron Microscopy (TEM) equipped with an orientation-phase
mapping precession unit NanoMEGAS (model ASTAR) and with a DigiSTAR P1000
unit.
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4 RESULTS AND DISCUSSION

4.1 Bioactivity and electrochemical behavior of TMZF samples treated with
CST, nanopores and nanotubes

The biological and electrochemical response of the commercially pure
titanium and the Ti-6Al-4V ELI alloy treated with chemical and electrochemical
processes has been extensively studied. However, the need for the use of 8 titanium
alloys with low elastic modulus makes interesting the study of these treatments on
commercial B-Ti alloys such as Ti-12Mo-6Zr-2Fe (TMZF).

In the present chapter, Hydroxyapatite (HAp) mass gain test was carried out
as an indicator of the osseointegration behavior of the different surface treatments
obtained over the TMZF samples surface. Additionally, the HAp growth resulting
from soaked specimens in SBF solution was confirmed by SEM, EDS, XRD and
Raman mapping.

Corrosion of metallic prosthesis modify their structural integrity and can cause
alterations of the surrounding environment, such as changes in pH, and decrease of
dissolved oxygen. Furthermore, the metal ions released may cause an allergic
response and can be harmful to the patient. For these reasons, the study of the
corrosion process is critical and necessary for metallic biomaterials. In this way, was
studied the electrochemical behavior of the surface treated with CST, nanopores,
and nanotubes through potentiodynamic polarization curves.

The microstructure of swaged and heat-treated materials consisted of equiaxed
grains with grain size of 80-100 um, as presented in Figure 4.1 (a). The evaluation
of the microstructure through XRD suggested the existence of recrystallized 8 phase
(Figure 4.1 b). which met the requirements of the standard ASTM F1813. This
microstructure provides an alloy with an intermediate modulus of elasticity ~ 90+6
GPa, measured by the impulse excitation technique.
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Figure 4.1 (a) Microstructure and (b) XRD spectrum of the TMZF alloy.

Figure 4.2 shows the surface of the untreated TMZF sample after the polishing
process. Here, a soft topography is noted with the presence of small marks or
scratches, due to the abrasion during grinding and subsequent polishing processes.
This surface will be used as the reference one for the different bioactivity,
electrochemical, and fatigue tests.

Figure 4.2 SEM image of the untreated samples after the grinded and polished
processes.

The images in Figure 4.3 refer to the sample treated with hydrochloric (HCI)
acid and sodium hydroxide (NaOH); it is possible to observe the effect of the attack
on the entire polished surface, changing the initial, smooth morphology, by a surface
with micropores uniformly distributed and reveling the grain boundaries. A higher
magnification (Figure 4.3 b), was used to evaluate the presence of nanometric
characteristics on the sample surface, confirming the effect of the NaOH. Here, it is
possible to observe coral-like structures in the submicrometric and nanometric scale
formed during the alkaline treatment.



35

Figure 4.3 SEM images of TMZF alloy, chemically treated by HCI 37% at 60 °C and
NaOH 10 mol-L™* at 60 °C for 24 h.

To find the synthesis parameter for nanotubes was a little more time-
demanding than expected, because the traditional parameters used for pure
titanium, does not produce nanotubes in this B titanium alloy. After several try-outs
varying time and voltage, it was possible to see that reducing the potential to values
close or lower than 15V favors the formation of nanotubes homogeneously
distributed on the TMZF surface (see Figure 4.4). Additionally, during these try-outs
were found the anodization parameters for another attractive surface referred as
nanopores surface.
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200 nm

Figure 4.4 SEM images of anodized surfaces for different preliminary anodization
parameter, varying the applied potential and the anodization time: a) 60V-1h, b) 40V-
1h, c) 40V-2h, d) 20V-2h, e) 15V-2h and f) 10V-2h.

High-resolution SEM image in Figure 4.5 shows the final surface condition of
the two different anodized systems studied in this work. Figure 4.5 (a) shows the
formation of a network of vertically self-organized tubes uniformly distributed over
the entire surface, while Figure 4.5 (b) shows a nanometric and disordered worm-
like structure; this later mesopores surface was named as nanopores.
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Figure 4.5 High-resolution SEM image of anodized samples: a) Nanotubes and b)
Nanopores.

4.1.1 Hydroxyapatite formation test

The bioactivity assays were performed on TMZF disks untreated, with CST,
nanotubes and nanopores conditions. Three samples for each condition were
immersed in 50 ml of classic SBF solution at 37 °C for different periods (1, 7 and 14
days) and it was measured the amount of hydroxyapatite (HAp) spontaneously
deposited on the sample surface [6].

Figure 4.6 summarizes the average value of the mass gain for three samples
of each surface condition during the different periods. It is possible to see that there
IS no apatite deposit on the untreated TMZF alloy and nanotubes. In contrast,
nanopores samples showed a moderate HAp formation after 14 days of immersion
(mass gain higher than 0.5 mg).

On the other hand, CST samples show a better bone-bonding ability compared
to the anodized and untreated samples. After 7 days soaking, this surface evidenced
a significant apatite formation with a mass gain higher than 0.8 mg; this nucleation
and growth process is maintained, showing the highest mass gain value around 1.8
mg after 14 days.
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Figure 4.6 Quantitative evaluation by apatite mass gain of untreated, CST,
nanotubes and nanopores samples after different immersion times in SBF.

SEM images in Figure 4.7 reveal that even after 14 days of immersion in the
physiological solution, none or slight traces of HAp are detected on untreated,
nanotubes and nanopores surfaces. Nevertheless, it was possible to observe HAp
spheres on the CST sample after the same 14 days in SBF (Figure 4.7 d). This visual
information corroborates the mass gain values obtained for the different surface

treatments after soaking times.
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Figure 4.7 SEM images for samples of TMZF alloy subjected to the bioactivity tests
after 14 days immersed in SBF. a) Untreated; b) Nanotubes; ¢) Nanopores and d)
CST samples.
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Table 4.1 shows the EDS results performed on untreated, CST, nanotubes and
nanopores samples after 14 days of immersion. Only on CST and nanopores
surfaces were detected the presence of calcium, phosphorus and oxygen elements
that are characteristic of the hydroxyapatite present in the human body [79]. This
result is corroborated by XRD patterns in Figure 4.8, where is possible to see the
diffraction peaks of the crystalline HAp phase solely in the samples with CST after

14 days of immersion.

Table 4.1 Quantitative chemical EDS analysis of untreated, nanotubes, nanopores,
and CST samples. After 14 days of immersion in SBF solution.

Chemical element (% at.)

Condition Ti Mo Zr Fe @) Ca P
Untreated 67.32 3.79 2.15 1.94 22.75 - -
Nanotubes 57.65 3.64 1.97 - 35.36 - -
Nanpores  46.28 3.10 1.60 - 48.89 0.60 0.40
CST 11.88 0.54 0.24 - 59.06 16.97 9.34
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In a physiological fluid, for instance SBF solution, OH- groups are adsorbed to
the surface of TiOz to form Ti-OH bonds. Since these hydroxyl groups are slightly
negatively charged, the result is an electrostatic attraction of the calcium cations,
thus forming amorphous calcium titanate [75]. With the immersion time, this calcium
titanate interacts with the PO43 phosphate ions of the SBF solution to form an
amorphous calcium phosphate compound [26, 79, 80]. Then, since hydroxyapatite
is the most stable calcium phosphate compound in aqueous medium at pH 7.4, the
surface deposit crystallizes in this form. Once formed, the crystalline apatite layer
consumes the calcium and phosphate ions from the SBF solution [79].

——— Untreated + B—Titanium

—CST m g—Titanium

— Nt * TiO,- Rutile
NP + TiO,- Anatase

e HAp

Intensity (arbit./unit)

20 30 40 50 60 70 80 90
20 (Degree)

Figure 4.8 XRD patterns of untreated, CST, nanotubes and nanopores samples after
14 days of immersion in SBF.

Another complementary test to know if we have the crystalline form of the
calcium phosphate (Hap) deposited on the surfaces treated, is the Raman spectral
mapping. For this test was employed the wavenumber characteristic of HAp,
961cm™. In this qualitative result, the HAp formation is determined through the red
color intensity; higher intensity zones mean more precipitation of this compound.

Figure 4.9 shows the difference between the different treated samples after 7
and 14 days of immersion in SBF. Independent of the immersion time, nanotubes
samples showed maps with low Raman intensity, indicating low HAp formation even
after 14 of immersion. In the case of nanopores samples the results are slightly
better, showing different zone with precipitates of HAp after 14 days of immersion in
SBF.

On the other hand, CST samples showed the best bioactivity behavior. As a
result, was observed a greater amount of crystalline calcium phosphate precipitated
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along the entire surface of the material, even just after 7 days of immersion,
indicating more favorable surface conditions for osseointegration.

Nanotubes Nanopores CST

7D

500 pm 500 pm 500 pm

14D

500 pm 500 pm 500 pm

Figure 4.9 Raman spectral mapping of nanotubes, nanopores and CST samples
soaked during 7 and 14 days in SBF.

The large area developed by the nanotubes and nanopores allows the
formation of a significant number of -OH bonds and thus increase the number of
nucleation zones responsible for the initiation of the apatite layer [81]. However,
surface contamination by other oxides of metallic elements present in the alloy as
Mo, Zr, and Fe, could decrease this surface potential, decelerating the apatite
nucleation [82].

4.1.2 Electrochemistry characterization

Figure 4.10 compare typical potentiodynamic polarization curves of a
representative sample for each surface condition and immersion time. From these
curves, was calculated the corrosion potential (Ecorr) corresponding to the position
where the net current is zero and is indicated as the "peak" directed downwards on
the polarization curves.
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Figure 4.10 Anodic polarization curves, for the TMZF alloy in SBF electrolyte at
37 °C: a) Untreated; b) nanotubes; c) nanopores and d) CST.

The nature of the polarization curves indicated stable passive behavior for all
the surface conditions and immersion periods. However, in the nanotubes sample at
0 days is observed fluctuations in the passivity domain due to the creation of a
localized aggressive environment that breaks down the passivation layer [83]. These
kinds of oscillations can be attributed to the competition between the formation and
dissolution of the passive film. Remain fluoride ions trapped into the tubes from the
anodization process could favor this phenomenon [84].

The values of Ecor for the four different surface treatments are summarized in
Figure 4.11. These values are comparable with the potential obtained for each
condition after one hour of OCP. Untreated samples show, initially, a low corrosion
potential close to -0.370 Vsck, but this value increases considerably after 1 day of
immersion and remains almost constant at -0.050 Vsce until 14 days in SBF solution.

Furthermore, nanotubes, nanopores and CST samples showed a nobler
behavior (-0.072, -0.115 and -0.190 Vsck, respectively) compared to untreated
samples at 0 day. After 1 day of immersion in SBF solution, all of them exhibited a
tendency to higher potential values close to -0.050 Vsce, this behavior was less
pronounced for the samples treated with HCI etching plus alkaline treatment,
indicating a lower corrosion protection than the anodized samples (Figure 4.11).
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Figure 4.11 Electrochemical measurements of corrosion potential (Ecor) of TMZF
alloy untreated and treated with nanotubes, nanopores, and CST for different
immersion times in SBF at 37°C.

As part of this study, the current density of the passivation plate (ipass) was
chosen instead of the current density of corrosion (icorr) in order to establish a better
comparison between the different surfaces obtained, which are prone to passivation.
However, in some passivating materials exposed to physiological environments, the
current density is not independent of the potential in the passive state. One reason
is the dynamic nature of the test; the changes of the film with the potential are very
slow to remain stable with the scan. Another possibility is that the changes in the
passive layer are uncompensated for the increased oxidative driving force during the
test [83].

In practice, the shapes of the anodic branches are not identical for all the
samples, and the determination of ipass can be non-trivial (Figure 4.10), for these
reasons the method for the determination of ipass, consisted of calculating, for each
sample, the average of the current densities measured in the range of potentials
between +0.4 Vsce and +1 Vsce relative to the OCP [5].

Metallic implants are deemed to be corrosion resistant, and the rate of ion
transfer establishes the effectiveness of their passive layer. In this way, TMZF alloys
in a physiological environment with iyass lower than 12.5 yA.cm™ or corrosion rate
lower than 10! mm/year are considered belonging to the “Stable” corrosion
resistance category and lower than 1.25 yA.cm or 102 mm/year are placed in the
“Very stable” resistance class [85].

Figure 4.12 shows the ipass Values and the corrosion resistance category for the
different surface treatments in different immersion time. Untreated specimens show
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moderate-low and stable results with ipass closer to 2.0 yA.cm, during the different
periods analyzed, due to the presence of a homogenous and thin passive layer on
the alloy’s surface.
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Figure 4.12 Electrochemical measurements of passivation current density (ipass) and
corrosion rate (C.R.) of TMZF alloy untreated and treated with nanotubes,
nanopores, and CST in different immersion time in SBF at 37°C.

Initially, for 0 and 1 day of immersion, nanotubes samples showed high ipass
values, around 5.0 pA.cm?. This behavior could be attributed to surface
heterogeneities created during the anodization process. Nonetheless, after 7 and 14
days, the ipass values were lower than 0.8 pA.cm. Initially, ordered nanotubes
offered a free path for ion diffusion between the bulk electrolyte and the electrode,
after a few days of immersion these channels begin to close by the deposition of
calcium phosphate on the outer and bottom part of the nanotubes, with additional
growth of the inner passive film [86], which could have hindered the transfer of ions
through these channels. This discussion will be taken again in section 4.3.3.

Nanopores samples exhibited good electrochemical behavior with low and
stable ipass values during all immersion periods, with ipass values lower than
0.3 yA.cm? after 14 days soaked in SBF. This performance is due to its
homogeneous passive layer; this layer is thicker than the passive layer for the
untreated samples.
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From an electrochemical point of view, samples with CST showed the least
corrosion resistance among the four systems studied for the different immersion
times, showing ipass Values higher than 12 yA.cm for 0, 1 and 7 days of immersion
in SBF. However, after 14 days, it was possible to see a reduction in its ipass value
(~8.0 yA.cm?) positioning it in the “Stable” resistance category. This chemical
treatment produces micro, submicron and nanometer features on the titanium
sample. These fine network structures are favorable for accelerating apatite
nucleation due to the formation of a sponge-like structure, but consequently, this
structure facilitates the diffusion and charge transfer between the electrolyte and the
TMZF substrate [87].

The hydroxyapatite formation and electrochemical behavior investigated
through potentiodynamic polarization curves of TMZF samples untreated and
treated with CST, nanopores and nanotubes, has been studied and the conclusions
are summarized in the following paragraphs:

o Surface treatments as nanotubes, nanopores and chemical surface treatment
on B-TMZF alloy were successfully obtained.

o Nanotubes and nanopores show a lower and moderate apatite formation
(respectively) when compared with CST samples. This behavior could be
associated with the reduction of the surface potential due to the formation of
oxides of metallic elements present in the alloy as Mo, Zr, and Fe. Thus,
decelerating the apatite nucleation.

o On the other hand, CST samples showed the best bioactivity behavior
attributed to the high electrostatic interaction between the functional groups on
the surface and the ions in the fluid.

o Ecorr Values reveal that nanotubes and nanopores show a nobler behavior than
untreated and CST samples, indicating a more stable and protective surface.

o Although nanotubes and nanopores surfaces showed moderate passivation
currents values in the early stages of immersion (0 and 1 day), densification
processes of the oxide film and deposition of calcium phosphates improve their
corrosion resistance, reducing the isass values, close to 0.2 yA.cm? after 14
days immersed in SBF.
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4.2 Analysis and modeling of the impedance spectra for the different
surface conditions obtained

In recent years, Electrochemical Impedance Spectroscopy (EIS) has been
successfully applied to corrosion systems. EIS has been used effectively to measure
the polarization resistance and determinate the corrosion mechanisms in different
systems. Passive, oxide and porous layers show complex impedance responses and
the interpretation of their impedance behavior is not trivial.

Traditionally, the impedance test results are modeled by electrical circuits,
through the combination of electrical components such as resistors, capacitors, and
inductors; however, it is essential to remark that the way to use these elements must
have a physical and electrochemical meaning [88].

More specifically, the objective in this chapter is to study the impedance spectra
response for the different surface treatments studied in this thesis, via Electrical
Equivalent Circuit (EEC), in order to go further in understanding their electrochemical
behavior in physiological medium.

Initially, throughout this chapter, some generalities on the principle of modeling
the impedance measurements will be presented. Then, different equivalent circuits
proposed in the literature will be reviewed and applied for the EIS data of the
untreated and CST samples. Finally, a new model will be developed for the anodized
samples and its applicability will be evaluated.

The program used in this study to perform the simulations and adjustments of
the impedance parameters is the Simad software. It was developed at the
Laboratoire Interfaces et Systemes Electrochimiques (LISE) at Pierre et Marie Curie
University (UPMC).

4.2.1 EIS measurements over untreated TMZF samples

In order to complete the electrochemical characterization discussed in Chapter
[l of the surfaces selected for this study, additional information is obtained from EIS
measurements and the interpretation of their data. Figure 4.13 shows the evolution
of the Nyquist plots and the Bode diagrams with immersion time in SBF solution of
untreated TMZF samples (polished samples); replicate specimens show similar
results but are not plotted for better visualization of the diagrams (reproducibility was
checked).

Nyquist and Bode representations of impedance measurements of samples
without surface treatments are shown in Figure 4.13 (b-d). The data plotted in the
figures of this chapter have been corrected by the geometric area (0.283 cm?)
exposed to the electrolyte. Graphics of Figure 4.13b and 5.13d have been corrected
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for the ohmic resistance or electrolyte resistance (Re), estimated between
20-30 Q.cm?, which was deduced from the high-frequency limit (f = 104 Hz).

Nyquist diagram for untreated samples in Figure 4.13c reflected the typical
response of a capacitive-resistive or pseudocapacitive system independent of the
immersion time. It means that the charge transfer, and therefore the reactions are
limited due to the protective behavior of the passive oxide layer [36, 89].

The continuous increase of the impedance modulus |Z| throughout the
iImmersion time suggests that the first two weeks in SBF enhances the corrosion
resistance of the untreated samples (Figure 4.13d). This observation is consistent
with the Ecorr measurements (Figure 4.11), which shows a significant increase from
the first day of immersion and remains almost constant until 14 days.
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Figure 4.13 a) SEM micrograph of untreated TMZF sample before the immersion
period; limpedance results for untreated samples immersed in SBF at 37 °C: b)
Corrected-phase angle; c¢) Nyquist plot and d) Corrected-magnitude of the
impedance for the different immersion time (0, 1, 7, and 14 days denoted as 0D, 1D,
7D and 14D respectively).
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The impedance responses of electrochemical systems can be modeled by
analytical expressions and also by EEC. The construction of these circuits consists
of combining in series and/or in parallel electrical elements such as resistor (R),
capacitors (C) or inductors (L). Note that the element L is indicated here but will not
be mentioned again because this phenomenon was not encountered in this study.
When the electrochemical responses are not ideal and cannot be represented by a
connection of simple R-C-L elements, a Constant Phase Element (CPE) is used.
This CPE element indicated the non-ideal capacitive behavior and model the
presence of distributed processes [90-92]. The combination and use of these
elements depend strictly on the physical aspects of the interface, considering what
could happen at this interface.

The most common EEC for the metal /solution interface is the Randles circuit
in Figure 4.a, which consists of three elements: a resistor representing the electrolyte
resistance, Re, in series with the parallel combination of a capacitor representing the
double layer capacitance, Ca, and a resistor indicating the charge transfer resistance
Rct or the polarization resistance Rp in metals that form protective passive layers [50]

11 ]
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Figure 4.14 Schematic electrochemical impedance circuits: a) Randles circuit and b)
porous passive layer circuit.

Another interesting model is shown in Figure 4.14b, for an electrode with a
protective porous layer [93]. This circuit uses two times constant, one for the high
frequency that characterizes the electrode/coating system and another at low
frequencies that characterizes the electrode/agueous medium system. It is a
consequence of the coating having pores or defects through which the electrolyte
accesses the electrode base.

To determine suitable results from the impedance analysis is necessary to
understand how many processes are happening on the studied surface during the
test and then define the adequate model. In this way, using alternative graphical
representations of the impedance results as the corrected Bode plots help to define
the appropriate EEC [94].

Traditionally, the Bode plot has been particularly useful in recognizing the
number of time constants of the system to check the validity of an EEC. These curves
are more sensitive to modelling parameters than other traditional impedance plots.
Nevertheless, the presence of the electrolyte resistance or ohmic resistance covers
the real behavior at high frequencies. For this reason, modified Bode curves
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corrected from ohmic resistance is used as a reliable option when the solution
resistance is not negligible [94]. Therefore, all Bode diagrams in this work were
corrected from the electrolyte resistance using Equations 2.20 and 2.21 (Chapter 2).

Over the untreated TMZF surface is expected the formation of a passive bi-
layer which has been observed in similar titanium alloys containing zirconium and
molybdenum [95]. This passive bi-layer would be composed by an external porous
layer and inner barrier layer; thus, it is expected to found two relaxation processes
or time constants in the impedance results.

The corrected Bode representations for the untreated TMZF sample are shown
in Figure 4.13b and 4.13d. Using the corrected-phase plot, it is possible to observe
two time constants present during the impedance test. One of them is in the range
of 102 Hz to 102 Hz and the second one in high frequency around 10* Hz, confirming
the theory of the porous passive layer formation indicated above. Thus, the most
appropriate EEC for modeling the impedance results obtained for the samples
without treatments is the model shows in Figure 4.b.

The principal disadvantage of the corrected Bode phase plot is the need for a
precise estimation of the electrolyte resistance. Inaccurate estimations could provide
the wrong idea of an additional time constant at high frequencies. Besides that, the
corrected curves are very sensitive to the data noise at high frequencies [60]. For
these reasons, a complementary curve for the corrected Bode plots is the graphical
representation of the effective CPE exponent (aeff), extracted from the imaginary part
of the impedance (Z;) according to [60]:

o () = ‘ dloillzi(f)l ‘
ogf
(4.1)

Traditionally, in the curve of aer, the CPE elements are associated with
plateaus extended during various levels of frequencies. However, these regions
can decrease to form bumps or smooth peaks due to the interaction of events with
close relaxation processes [60]. In this sense, Figure 4.1515 clearly shows two time
constants for all samples, and thus modeled by two CPE, one of them in the range
of 102 Hz to 102 Hz and the second one in high frequency around to 10* Hz.
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Figure 4.15 Evolution of aert versus frequency, of the TMZF untreated samples for
the different immersion periods (0, 1, 7, and 14 days denoted as 0D, 1D, 7D and
14D respectively).in SBF at 37 °C.

According to the information obtained through the Bode phase and the aest plots
(Figure 4.14b and Figure 4.15), the EEC for the untreated sample will be composed
of two relaxation processes, a similar configuration as the EEC shown in Figure
4.14b. Such characteristic phase pattern may be related to a bi-layered
microstructure of the passive films formed on the titanium alloys surface [93, 95].

In this electrical circuit (Figure 4.16), Re denotes the resistance of the SBF
solution, between the working electrode and the reference electrode. The suffix B
and OP are associated with the elements that represent the inner barrier layer and
the outer porous oxide layer, respectively. The use of a CPE, instead of a pure
capacitor was considered due to the assumption of a heterogeneous distribution of
charge on the sample surface [59, 95].
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Figure 4.16 Electrical equivalent circuit for untreated samples and b) Nyquist plots
of experimental and simulated results obtained through the Simad software, for the
different immersion periods (0, 1, 7, and 14 days denoted as 0D, 1D, 7D and 14D
respectively) in SBF at 37 °C. The error coefficient was lower than 1% for all the
curves.

The impedance of a phase element is defined as Z.pr = [Q(jw)¥]™t. The
value of a is related to the heterogeneous distribution of current as a result of the
non-uniform surface. The capacitance is Q, while j and w are the current and
frequency, respectively. The resistance, capacitance and a values of the porous and
barrier layers, obtained by adjusting the experimental data using the EEC are given
in Table 4.2 Electrical parameters obtained by fitting the experimental results of
impedance for untreated samples at 37 °C in SBF solution.. The a values of around
0.9 suggest that the behavior of such passive layer approached that of an ideal
capacitor, independent of the immersion time [59].

Table 4.2 Electrical parameters obtained by fitting the experimental results of
impedance for untreated samples at 37 °C in SBF solution.

Immersion Re Qop Rop Qs Rs X
Days  (Q-m}) (Qsecm?) O (@em?) (Qstcm?) 0 (10°0-cm?) (%)
0 23 1.74E-05 0.85 94 1.37E-05 0.83 2.83 0.45
1 20 8.35E-06 (33 63 6.02E-06  (sa 2.90 0.23
7 21 4.80E-06 0.92 49 8.55E-06 0.81 4.64 0.22

14 20 1.04E-05 0.84 77 2.95E-06 0.88 4.60 0.77
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The resistance values, Rs, associated with the inner barrier layer, increases
with the immersion days and are significantly larger than the values associated with
the outer porous layer, Rop, which remains nearly constant, as Table 4.2 shows.
These results indicate that the protection provided by the passive layer is
predominantly due to the inner barrier layer, as also observed in other titanium alloys
[93, 95, 96].

The Ohmic resistance (Re), estimated from the proposed model, varies
between 20-23 Q.cm? during the immersion days, and is in a good agreement with
the one deduced from the high-frequency limit (20-30 Q.cm?) from the Bode
diagrams (Figure 4.13).

From the values of CPE (Q and a), Re, and Rop, Rs and using the Brug equation
(Equation 2.2), it is possible to obtain the values of the effective capacitance of the
passive layer, considering the titanium surface composed by an outer porous layer
and an inner compact layer.

Cepr = QV*(R, ™ + ROP,B_l)(a_l)/a (4.2)

The Cert calculated from the values listed in Table 4.2 for the different
immersion periods are ranged from 18 to 9 yF.cm~2 for the porous layer and from 12
to 3 yF.cm™ for the inner compact layer, values similar to the observed in the AISI
316L stainless steel immersed in physiological solutions [97, 98]. This capacitance
reduction is associated with an increase in the passive layer thickness [75, 99].
Traditionally, low capacitance values are associated with nobler electrochemical
behavior [75, 93, 99].

The passive film thickness of the inner compact layer can be calculated from
Equation 4.3, which is valid for the parallel-plate capacitor model of a homogeneous
oxide layer, associating the overall effective capacitance to the protective oxide
layer:

Aoy = 22 (4.3)

COX

Where ¢o is the vacuum permittivity (8.85x10'* F.cm™) and & is the relative
dielectric constant of the material (taken as & = 100, the dielectric constant of
TiO2[75]). Using this information, it was possible to obtain an approximation of the
passive layer thickness for the differentimmersion days. The passive layer grew with
the increase of the immersion days, initially, from 7 nm for non-immersed samples,
to 27 nm after 14 days (Figure 4.17).
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Figure 4.17 Effective capacitances and thickness evolution of the passive inner layer
for untreated TMZF samples during different immersion days in SBF solution at
37 °C.

The agreement between experimental and simulated results indicates that the
experimental results are well fitted by the proposed equivalent circuit. Error values
(X) lower than 1% were found during these EIS data treatments, indicating a
satisfactory fitting level (Table 4.2) [75].

4.2.2 EIS measurements over TMZF samples treated with HCI and NaOH

A similar study to that conducted in section 4.1 was carried out on the CST
samples. Electrochemical impedance spectroscopic measurements were employed
to investigate the changes on the chemically treated surface after different
immersion time in SBF solution (0, 1, 7 and 14 days).

The effect of the immersion periods through impedance curves for the acid and
alkali treated samples is presented in Figure 4.18. The evolution of the overall
impedance in the Nyquist plots displays semicircles arc flattened at low frequencies.
The radius of these arcs decreases with the increase of immersion time (Figure
4.18c).
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Figure 4.18 a) SEM micrographs of CST TMZF samples before the immersion
periods; Schematic representation of the impedance results for CST samples
immersed in SBF at 37 °C during the different periods (0, 1, 7, and 14 days denoted
as 0D, 1D, 7D and 14D respectively): b) Corrected-phase angle; ¢) Nyquist plot and
d) Corrected-magnitude of the impedance.

Figure 4.18 (b and d) shows the Bode curves of treated TMZF samples soaked
in SBF for different immersion times. Samples without previous immersion or on zero
days (0D), exhibit a progressive increase of the phase angle from high to middle
frequencies, with a variation of the phase angle from -54° to -27°. After that, the
phase achieved a minimum value of -74° in the frequencies between 10°Hz — 10 Hz
and remained approximately constant. The behavior mentioned above can be
associated with the sodium titanate layer formed on the substrate during the CST;
this layer is considered low capacitive owing to its porous constitution. Then,
reducing ever more the frequencies is possible to observe a new increment of the
phase angle until reaching a value of approximately -15°.

A uniform variation in the phase angle curves is observed with the increase of
immersion periods. At intermediate frequencies, it was observed a slightly reduction
in the phase angle in samples 1 and 7 days of immersion, compared with samples
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without previous immersion. This behavior was associated with the precipitation and
growth of the first nucleus of calcium phosphate on the sample surface. In the same
region, after 14 days of immersion, the plateau appeared in a higher phase angle
around -62°. After 1 and 7 days of immersion, the phase angle increase with the
reduction in frequency attaining a value around -12° at the lowest frequency. Similar
to the behavior observed in 0 days. However, after 14 days the angle achieved a
lower value, -23°, at the same frequency.

Similar behavior to the above mentioned has been attributed to the presence
of a porous layer accompanied by the formation of a new layer. The porous layer
can be associated with the gel sodium titanate layer, and the formation of the new
layer, to the hydroxyapatite layer grown [84].

Hodgson et al. [100] associated the interaction between the ions present in
the physiological solution and the electrode surface with a change in the phase angle
at the frequencies region in the Bode curves. Relating these variations to a physical
change in the sodium titanate layer present on the CST samples.

As shown in Figure 4.13d, untreated TMZF samples exhibited a performance
similar to a blocking electrode, characterized by a slope value of -1 at all frequency.
However, independent of the immersion period, the CST samples behave differently
and show plots with magnitude smaller than unity at the lower frequency region
(Figure 4.d). Indicating a behavior typical of a more reactive electrode [59].

The modified Bode representations for the CST sample are shown in Figure
4.b and d, Using the corrected-phase plot (Figure 4.b), two relaxation processes or
time constants present during the impedance test are possible to be determined. It
can be observed that the two constant phase angle regions for the chemically treated
samples are smaller compared to the constant region of the untreated titanium alloy.
This short distribution of the time constants indicates a less protective and
homogeneous surface.

Effective CPE exponent (aeft) plot is used for a better characterization of the
relaxation process occurring over the surface of chemically treated samples. Figure
4.19 shows a similar behavior at high and intermediated frequencies on the
corrected-phase plot. Nevertheless, this plot shows an additional bump at low
frequencies (102 Hz to 10! Hz), This interesting behavior was associated with an
extra relaxation process.
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Figure 4.19 Evolution of aert versus frequency, of the CST TMZF samples for the
different immersion periods (0, 1, 7, and 14 days denoted as 0D, 1D, 7D and 14D
respectively) in SBF solution at 37 °C.

According to the information obtained from the aerr plot, this third relaxation
process is attributed to a diffusion phenomenon, which is typically revealed during
low-frequency disturbances during the impedance measurements [101]. Initially, it
was thought to use a Warburg element to model this phenomenon, due to values of
the effective alpha close to 0.5, However, the values of the obtained parameters
were outliers and the results were not satisfactory due to high fitting errors.
Therefore, an extra CPE element was indicated, related to a general diffusion
element.

Over the CST is expected to find three relaxation processes acting during the
impedance test, one more than the two found in the untreated samples, and it is
associated with the external sodium titanate layer created during the chemical
treatment with HCIl and NaOH.

As mentioned above and confirmed by the information obtained from the Bode
phase and the aet plots, the EEC for the CST TMZF samples shall be composed of
three relaxation processes. The circuit is shown in Figure 4. and provides a good
representation for systems with a compact inner layer, an intermediate porous oxide
layer and an outer gel sodium titanate layer.
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Figure 4.20 Equivalent circuit for CST TMZF samples (Adapted from [59]).

In the electrical circuit of Figure 4.20, Re represents the electrolyte resistance
(SBF solution), Ror and CPEor represent the resistances and the capacitances of
the outer porous layer, associated with the gel sodium titanate layer dissolution and
the HAp growth. Rip and Re are the resistances of the intermediate porous oxide

layer and the inner barrier layers, and the CPEir and CPEs are used to designate
the capacitances of the outer porous layer and the compact inner layer, respectively.

The Nyquist representation of the fitting EIS data for CST samples is shown in
Figure 4., and the simulated curves were modeled through of the EEC presented in
Figure 4.20. The errors measured (X) for the experimental and simulated data were
lower than 1% independently of the immersion period, indicating a satisfactory fitting
level.
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Figure 4.21 Nyquist plots of experimental and simulated results obtained through the
Simad software, for the CST samples immersed in SBF at 37 °C during the different
periods (0, 1, 7, and 14 days denoted as 0D, 1D, 7D and 14D respectively).

The electrochemical impedance parameters as resistance, capacitance and a
values of the porous and barrier layers obtained from the equivalent circuit are
displayed in Table 4.3.

Table 4.3 Electrical impedance parameters obtained by fitting the experimental
results of CST samples immersed in SBF at 37 °C for the different periods 0, 1, 7
and 14 days.

Immersion Re Qop Ropr Qi Rip Qs Rs Cefia X
dopr aip aB
Days (Q.cm?) (Qs-=%.cm?) (Q.cm?) (Qs.cm?) (Q.cm?) (Qs%.cm?) (Q.cm?) (UF/cm?) (%)
0 25 8.61E-04 0.57 35.05 3.31E-06 0.71 819 1.69 E-05 0.91 48562 32 0.39
1 21 2.79E-04 055 50.14 6.66 E-06 0.72 283 1.39 E-05 0.95 16366 29 0.26
7 24 3.30E-04 053 11233 9.28 E-06 0.60 283 2.46 E-05 0.84 11916 22 0.71
14 23 145E-04 0.80 178.97 4,08 E-06 0.76 155 1.81 E-05 0.85 11513 18 0.82

With the increase of the immersion days from O to 7 days, the Qop values
decreased showing a dissolution process of the gel sodium titanate layer. This might
be associated with the interaction between the ions present in the physiological
solution and the ions in the titanate layer [86].

Between 7 and 14 days in the SBF a mature HAp layer arises from the
complete dissolution of the sodium titanate layer, which acts as a diffusion barrier
corroborate by the higher aop value at 14 days. This behavior is confirmed in the
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Nyquist spectrum at 14 days of immersion (Figure 4.21), where it is possible to see
a semicircle arc smoothed at low frequencies [86].

The resistance Rs decreased continuously, and at the same time, the Rop
increased with the immersion days, attaining a constant value between 7 and 14
days. This behavior can be associated with the continuous dissolution and formation
processes of the barrier layer and the HAp layer, respectively [86].

Previous investigations employing Auger emission spectroscopy confirmed the
presence of an oxide film between the sodium titanate layer and the titanium surface
[102, 103]. Through the impedance results and employing the Equation 4.2 and the
fitting results Cesis from Table 4.3, it is possible to calculate an approximation value
of the titanium oxide inner layer thickness, whose values are summarized in Figure
4..

CST samples without immersion in SBF showed a thinner compact layer
compared with the untreated samples in the same condition. During acid etching
with HCI, the thin passive titanium oxide layer dissolves to form TiHz; immediately
after, in contact with air moisture, a new titanium oxide layer is formed. However,
this layer is thinner than the initial one [31, 104, 105]. Similar to the untreated
samples, the passive layer on the CST samples grew with the increase of the
immersion days (Figure 4.).
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Figure 4.22 Effective capacitance and thickness evolution of the passive inner layer
for CST TMZF samples during different immersion days at 37 °C in SBF solution.

4.2.3 EIS measurements over anodized TMZF samples

Electrochemical impedance spectroscopic results were employed to
investigate the changes in two different anodized systems (nanotubes and
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nanopores surfaces) after different immersion periods in SBF solution (0, 1, 7 and
14 days).

High-resolution SEM image in Figure 4. shows the surface condition of the
TMZF samples with nanotubes before the immersion periods. Initially, it was
analyzed the electrochemical evolution of the nanotube samples through the Nyquist
plots and the Bode diagrams shown in Figure 4. (b-d).
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Figure 4.23 a) SEM micrographs of nanotubes TMZF sample before the immersion
periods; impedance results for nanotubes samples immersed in SBF at 37 °C for the
different periods (0, 1, 7, and 14 days denoted as 0D, 1D, 7D and 14D respectively):
b) Corrected-phase angle; c) Nyquist plot and d) Corrected-magnitude of the
impedance.

Observation of the Nyquist diagrams reveals that regardless of the immersion
time studied, the shape of the CST impedance spectra (arc) is typical of a reactive
system (section 4.2), whereas in Figure 4.(c) the samples with nanotubes are
apparently rather purely capacitive (straight line), or at least pseudocapacitive
(inclined straight line). This means that the faradaic reactions are very limited [59].
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These anodized samples showed a particular behavior in the Nyquist diagram,
observing an inclined straight line or an arc at high frequencies range (Enlarged
region Figure 4.23c) and a capacitive or pseudocapacitive branch at low frequencies.
This is a typical characteristic of a porous electrode, as will be demonstrated in
section 4.2.3.3.

The corrected Bode phase angle plots of TMZF samples with nanotubes
immersed in SBF are shown in Figure 4.(b). At low and middle frequencies (102 Hz
to 10! Hz), the phase angle remains almost constant, presented with values
approaching -90° which is the typical capacitive behavior of a compact oxide film.
The protective character of this film seemed to be enhanced with increased
immersion, indicating a more protective behavior after 14 days.

With the further increase in frequency, the phase angle progressively increased
to the highest value close to -45° and decreased again at the higher frequencies
zone. Thus, two relaxation processes or time constants were identified from the
Bode phase angle plot. One of them is in the range of 102 Hz to 10 Hz and the
second one at a high frequency around to 104 Hz Figure 4.(b).

Figure 4.(d), shows the modulus of impedance for nanotubes samples,
showing a similar behavior for all the immersion days, separated by two distinct
zones. Between low and middle-frequency (102 Hz — 10! Hz), the curves exhibited
a constant linear slope close -1, less inclined than the slope at high-frequency,
around to -0.5. This behavior is characteristic of capacitive surfaces [84].

Figure 4. shows the evolution of the Nyquist plots and the Bode diagrams with
immersion time in the SBF solution, for the TMZF samples with nanopores.
Additionally, in Figure 4. (a) is possible to see the surface condition of the nanopores
TMZF samples before the immersion periods.

Similar to the nanotubes, nanopores specimens show a capacitive or
pseudocapacitive behavior, which was observed in the Nyquist diagram
independently of the immersion time studied (Figure 4.(c)). These curves are
typically observed in low reactive porous systems.

Observing the enlarged region in Figure 4.(c), the nanopores samples showed
the same behavior of a porous film over a conductive substrate [106], with a straight
line at ~ 45°at high frequencies, with a capacitive straight line corresponding to the
capacitance of the pore wall [107].
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Figure 4.24 a) SEM micrographs of nanopores TMZF sample before the immersion
periods; Schematic representation of the impedance results for untreated samples
immersed in SBF at 37 °C during the different periods (0, 1, 7, and 14 days denoted
as 0D, 1D, 7D and 14D respectively): b) Corrected-phase angle; c) Nyquist plot and
d) Corrected-magnitude of the impedance.

The corrected Bode phase representations of nanopores TMZF samples
immersed in SBF are shown in Figure 4. (b). Here, two relaxation processes are
present during the impedance test. One of them in the range of 102 Hz to 10 Hz in
values approaching -90°and the second one in high frequency around to 10% Hz.

Figure 4.24 (d) shows the Bode impedance plot of TMZF samples anodized
with nanopores and after immersion periods in the SBF solution. Independent of the
soaking time, all samples showed a stable behavior, characterized by two slopes
with a slight tilt between them. One of them, is at the low-intermediary frequency
region (102 Hz to 10! Hz) and the second one, between the intermediary and high
frequency (10! Hz — 10% Hz). This behavior is similar to the one observed by
nanotubes.

Graphical representations of the aert (Figure 4.25) were built to determine the
number of time constants present during the impedance tests to help us choose the
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more appropriate EEC system to fit the result of the anodized samples (Nt and NP).
Figure 4.25 shows two-time constants for the Nt and NP samples whatever the
immersion time.
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Figure 4.25 Evolution of aeft with the frequency of the anodized TMZF samples for
the different immersion periods (0, 1, 7, and 14 days denoted as 0D, 1D, 7D and
14D respectively) in SBF at 37 °C: a) nanotubes and b) nanopores.

According to the information obtained through the Bode phase and the et
plots, initially, the anodized samples were fitted considering a similar electrical circuit
as the one used for untreated samples, Figure 4.14b, which is related to passive film
with bi-layered microstructure. However the fitting results for both anodized
conditions were not satisfactory as already mentioned in different works [75, 108];
the adjustment errors are large and the values of the parameters obtained are
outliers.

4.2.3.1 Analysis of the electrical models proposed in the literature

Various equivalent electrical circuits have been suggested to model the
impedance response of anodized titanium surfaces [60, 109-113]. The first
explanation for this may lie in the diversity of experimental conditions, for example,
the temperature, the position of the electrodes, the nature of the electrolyte, etc. In
the case of anodized samples, the measurement can also be very sensitive to the
topography and the crystal structure of the surface, and also to the ambient
luminosity. Indeed, TiO2 being a photosensitive semiconductor, its electrical
response depends greatly on light [114]. As mentioned in Chapter Il, in this thesis,
the impedance measurements were conducted in a dark environment to reproduce
the conditions of the human body.

Figure 4.26 presents the electrical circuits with two relaxation processes most
frequently found in the literature to model the impedance response of the anodized
titanium surfaces. Model (a) shows a circuit with two time constants in series widely
used. In this model, Ro and Qo are respectively attributed to the resistance and the
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pseudo-capacity of the external porous layer while the elements Rr and Qb model
the internal barrier layer [110, 111].

On the other hand, a model with three time constants combining cascade and
parallel sequences is introduced [60, 109], where Qo represents the capacitive
contribution of the nanotubes walls, Rep is the resistance of the electrolyte in the
pore, Ri and Qi are associated with the interface at the bottom of the pore and finally
Qv and Ro model the barrier layer (Figure 4.26 b).

Finally, some authors have also proposed to introduce an element of Warburg
(W) into their electrical circuits associating it with a diffusion impedance as reported
in the models (c) and (d) [112, 113]; however, the experimental impedance results
for nanotubes and nanopores samples analyzed in the present thesis did not show
characteristics of a Warburg element.

(a) (b)

OG Qb

Figure 4.26 Graphical representation of the EEC most frequently used for modeling
the impedance results of anodized titanium samples.

In most of the publications cited above, the Nyquist representation presents
spectrum in the form of a semicircle (or flattened semicircle, or portion of a
semicircle), which is the typical signature of EEC based on R/Q or R/C
arrangements. Therefore, this observation justifies the use of EEC like those
presented in Figure 4.26 to model the experimental results of the anodized samples.

However, in this thesis work, the Nyquist representations of nanotubes and
nanopores are not characterized by semicircles but rather by a line inclined at low
frequencies which tends towards infinity and a portion distorted to high frequencies
inclined by almost 45 ° (as presented in Figure 4.23 and Figure 4.24).
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Therefore, modeling the impedance results of this work with classical
equivalent circuits as those mentioned above does not seem relevant. Moreover, the
preliminary adjustment tests carried out with the circuits presented in Figure 4.26
were unsatisfactory; the adjustment errors were large (higher than 10% in some
cases) and the values of the parameters obtained were atypical.

Thereby, a new model based on a non-classical theory is employed to model
the impedance response of anodized TMZF samples in SBF. As mentioned in the
Nyquist representations for nanotubes and nanopores samples, these surfaces
show similar behavior as the porous electrodes. Similar behavior was described by
De Levie [115, 116]. This author modeled the impedance results of a porous
electrode through an alternative model describe as the Transmission Line (TL)
model.

After the theory described by De Levie, some authors as Bisquert et al. have
already shown the TL applicability for the modeling of porous TiO2 deposits made
for solar applications [117, 118]. The model has also been used by other groups to
analyze porous film impedance measurements of TiO2 for photosensitive pigment
solar cells [119, 120].

Recently anodized titanium surfaces have been studied through impedance
using transmission line models [36, 108]. These studies have shown excellent
compatibility between experimental and modeling results, as well as, consistency in
the values of the parameters obtained. In this way, the rest of this chapter will be
dedicated to the study of the porous electrodes using the TL model, applied to
nanotubes and nanopores in a physiological environment.

4.2.3.2 Porous electrode model and transmission line

TL models owe their origin and name to the development of mathematical
theory for the performance of submarine telegraph lines. William Thompson showed
that an impulse would broaden by the time it reached the other end of the cable,
requiring a significant reduction in transmission speed to resolve the pulses. He
considered that, because the capacitive coupling would be to the seawater adjacent
to the cable, the advent of submarine cables required a more careful analysis of the
problem [59].

Thomson modeled a submerged telegraph line as a conducting wire of radius
r, separated from a conductive ocean by an insulating concentric cylinder of radius
r> (Figure 4.27), and expressed the capacitance per unit length of the coated wire
by:
__ 2megy
Cwire = 0t/

(4.4)
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Where ¢ is the dielectric constant, and €o is the permittivity of vacuum with a
value of €0 = 8.8542 x10* F/cm.

Heaviside extended the theory for telegraphy expressing the problem in
frequency rather than time domain and including the effect of inductance per unit
length of the cable. He later generalized this analysis in terms of transmission lines
[59].

An equivalent circuit of a transmission line is given in Figure 4.27 (b), where Z1
represents the resistance of the wire with units Q.cm and Z2 represents the
capacitive coupling through the insulating material and the seawater. It is an
impedance by a unit length, with unit Q/cm.

conductor

insulator p
1
conductor I
-4tH--—-—---—----] kdx———-——-———-—————-

(a)
i(x)

u(x)
— Zdx Z dx -— Z dx

Z,/dx Z,/dx| di(x) Z,ldx

(b)

Figure 4.27 Schematic representation of the telegraph cable considered by
Thomson and Heaviside: a) representation showing a differential element with
length dx and b) elementary components of a transmission line. For system shown
in a, Z1 = Ro and Z2 = 1/jwCuire [59].

Porous electrodes are used in numerous industrial applications because they
have the advantage of an increased effective active area. Figure 4.28 (a) illustrates
the random structure of the porous electrode. However, the porous electrode is
usually represented by the simplified single-pore model shown in Figure 4.28 (b), in

which pores are assumed to have a cylindrical shape with a length / and a radius
r.

Figure 4.28 (b) displays a graphical representation of the transmission line
model, where Ro is the solution resistance for the pore length, with units of Q.cm,
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Zo is the interfacial impedance along of the pore length, with units of Q.cm,
expressed in function of the pore radius as:

Ry = = (4.5)
And
Zy = 24 (4.6)

2nr

Zeq is the interfacial impedance, and p is the electrolyte resistivity. With the
restrictive assumption that Zo and Ro are independent of the distance x, de Levie
calculated analytically the impedance of one pore to be [121]:

R
Zyore = (RoZo)Y/? coth(? Z—z) 4.7)

Finally, The impedance of the overall electrode is obtained by accounting for
the ensemble of n pores and for the electrolyte resistance outside the pore, i.e.,

Z=R,+ 2 (4.8)
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—
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— Z,/dx
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Figure 4.28 Schematic representations of a porous electrode: a) porous electrode
with irregular channels between particles of electrode material and b) transmission
line inside a cylindrical pore [59].

Subsequently, to explain the impedance behavior of non-ideal porous
electrodes Bisquert [106] studied and developed a generalized model involving the
concept of the transmission line, using as an important reference point, the work
developed by De Levie [121]. Bisquert assumed a configuration that consists of a
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porous electroactive film deposited on a conducting substrate and dipped in an
electrolyte, as is represented in Figure 4.2929.

X;=Channel 1

Substrate
Electrolyte '

N\

' X,= Channel 2

Figure 4.29 Schematic illustration of the inner region (0 < x <L) of a porous electrode
divide by a porous film deposited on a conductive substrate. ¢ represents the
interfacial impedance disposed over the entire porous surface, Za is correlated with
the impedance of the interface external solution | solid and Zs is used to describe
the interface internal solution | substrate. (adapted from [106]).

Thus, the electrode region is viewed as a mixture of two phases that conduct
different species, electronic and ionic, and where the macroscopic boundaries are
impermeable to different species. As the porous structure implies a distribution of
the current in different directions of space [117], it cannot be modeled by a classic
arrangement in series or in parallel of R-L-C elements. The equivalent type of circuit
that may apply in this case is a transmission line, as shown in Figure 4.2929.

This TL model is described in Figure 4.2929, with the equivalent circuit
modeling the ac behavior of the film. It is considered that exists a freely ionic
exchanged between the species into the pores and the bulk solution at the top of the
pores (X = 0). Besides, the electronic charge carrier in the nanotubes walls can be
interchanged freely at the interface with the titanium substrate (X = L).

In this model, faradaic currents and polarization may occur at the inner
surface separating the two phases. Additionally, it is assumed that the elements in
the distributed equivalent circuit are homogeneous, independent of the position
normal to the plane of the electrode.

Elements X1 and X. describe the local ohmic drop at each point of the
transport channels, depending on media conductivity and more generally on
transport properties. The element ¢ represents the interfacial impedance (internal
solution | porous solid). Za and Zs are associated with boundary conditions, more
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precisely, Za is the impedance coming from the interface, external solution | porous
solid, while Zs describes the interface, internal solution | substrate at the bottom of
the pores.

The quantites X1 and X2 are impedances per unit length (Q.cm™)
corresponding to the whole electrode area, and ( is an impedance-length (Q.cm)
also for the whole electrode area. The full analytical expression for such a
transmission line is [106]:

1 1 -1
Z= [A(Xl + XS+ (Za+Zp)C + mzAsz] .(L/w(lx2 X, +

X)S; + X1 [AX1S) + LX,CoZ4 + X5[AX,S; + LX,C3)Z5 + # [lexz +
(X2% + X,7)Co + 5 X,X,5;| ZaZ ) (4.9)

Where the notations Ci=cosh(L/2), Si=sinh(L/A), and A = [{/(X1+X2 )]*2 have
been used.

This model is very versatile and, depending on the particular case, can be
adapted to attend and simulated the different surface conditions. In this way, the TL
model for anodized TMZF samples will be described below.

4.2.3.3 Employment of the transmission line model to the case of
anodized TMZF samples in SBF

The TL model suggested in this study to describe the impedance behavior of
anodized titanium samples in SBF was applied to two different surface topographies,
nanotubes and nanopores.

The TL model illustrated in Figure 4.2929 can be useful for modeling different
microstructures and geometries regarding different types of hypotheses. For
instance, the geometry indicated above of long cylinders over the substrate or
permeable film with irregular geometries or even fine semiconducting particles
embedded in a matrix [117]. Additionally, it is necessary to remark that this model
involves the volume processes distributed over the whole electrode surface.

Hereafter, it is assumed that quantities X1, X2, and ¢ are independent of
position, meaning that these quantities are only functions of frequency. Additionally,
a limit condition for the charge carriers was established, for example, when the
electrons reach the external edge of the solid part at x = 0, and when the ions find a
wall at x = L. Typically, those hypotheses are defined by the premise that the electric
current disappears at the outer part of the porous layer and the ionic current at the
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end of the liquid channel. This restriction provides a considerable simplification of
analysis.

The analysis of the Nyquist diagrams in Figure 4.23 (c) and Figure 4.24 (c)
reveals that the two morphologies, nanotubes and nanopores, present a distorted
branch at high frequencies and an inclined line at low frequencies. The high-
frequency distortion could come from the presence of an influent Zg pore bottom
impedance at the end of a shorted channel or an anomalous transport phenomenon
in the resistive channel, e.g., the semiconductor behavior of the TiO2 layer [117].

In order to build a model in agreement with these observations three
hypotheses were defined. The first, consists of admitting that the electrolyte
contained in the pores is represented by the resistive channel, X1, which is modeled
by a distributed resistance:

And thus, the total resistance (Q.cm) distributed in the resistive channel and
normalized by the area is given by:

R1 == L.T‘1 (411)

In the second hypothesis was adopted the anomalous transport formalism to
model the channel 2 (solid phase of TiO2). Thus, Xz is represented by a parallel
arrangement of r2 and gz. Indeed, TiOz2 in the anatase form can be assimilated to a
moderately doped semiconductor [122]. It is then expected that its crossover
frequency be lower than the range of frequencies investigated by impedance in this
work. The expression of impedance that describes this behavior is:

1

Xy = 14 13 q5 (iw)B

(4.12)

Itis pointed out that Equation (4.12) represents an unique transport mechanism
taking place in the channel 2 and not the association of a charge transfer
phenomenon in parallel with a capacitive phenomenon, as it is normally the case
during analysis of impedance results [75, 123].

In the transition region between the internal solution and the pore wall, a
potential difference is maintained and is modeled by an interfacial capacitance.
Therefore, the third hypothesis proposed that the capacitance of the polarizable
interface depends on the frequency and is modeled by a constant phase element or
CPE [124, 125].

{= (w7 (4.13)

Where g3 is a constant with dimension F s™! and the exponent n can be any
number in the range 0 < n < 1. The impedance of Equation 4.13 consists on a tilted



71

straight line in the complex plot, and the total pseudocapacitance (Qs) describing the
interface is defined by:

Qs =1L.q3 (4.14)

Where L is the length of the pores (in cm), associated with the thickness of the
nanotubes and nanopores layers (Figure 4.30).
Ly.= 19218 n
‘*W-‘n T

[

200 nm

Figure 4.30 Representative SEM images indicating the procedure to obtain the layer
thickness of: a) Nanotubes and b) Nanopores.

When the slope at high frequencies is not equal to 1 and 0.5 at low frequencies,
the impedance of the boundary condition Zs (Interface electrolyte/substrate) has to
be consider and modeled by a CPE (Qs). Similar to the capacitive contribution of the

Z
Zp = é (iw) =B (4.15)

Finally, the last hypothesis assumes that the boundary impedance Za
(Electrolyte / top of the pores) is modeled by an impedance consisting of a resistance
(Ra).

According to the hypothesis established, it was proposed a transmission line
model to describe the impedance response of the anodized TMZF samples
immersed in SBF at 37 °C during different periods. Figure 4.31 shows a schematic
representation of the model. Channel 1 is represented as a distributed resistance,
transport in channel 2 is considered anomalous, that is to say, the impedance Xz is
equivalent to a parallel arrangement of a CPE (Q2) and a resistance (R2). The
interfacial impedance C is considered pseudocapacitive (Qs) and in the limits an
impedance Zs (Qs) and a resistance Za (Ra).
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Electrolyte X;=Channel 1

o 7 o
X,= Channel 2

Figure 4.31 The transmission line model proposed to describe the impedance
response of the anodized TMZF samples immersed in SBF at 37 °C during the
different periods evaluated.

Equation 4.16 shows the solution of the TL employed in this work to model the
impedance results:

1
X1+X,

-1
[,1()(1 +X)S; + (Zy + Z5)Ch + ;ZAZBA] .(L/leXZ X, +

Z= (X1 +X2)

X3)Sy + X1 [AX1 83 + LX,C)Za + Xy [AXo Sy + LX, G312 + — [lexz +
1 2

(X2% + X,2)Ca + 2 X,X,53| ZaZ ) (4.16)

1

Where X; =1, ; X, = m;{=

—(W)F [ Zy =Ry 2y = ()P
3 B

Ca=cosh(LI2), Si=sinh(LIA), and A = [{/(X; + X,)]*/?.

Figure 4.32 shows the adjustment results (indicated by a solid line) of the
experimental measurements of anodized samples with nanotubes and nanopores
using the model proposed in Equation 4.16 and illustrated in Figure 4.31. The TL
model is composed of 10 parameters that satisfactorily describes the behavior of the
interface. The error between the experimental points and the simulation was lower
than 1.0 % independently of anodized morphology and immersion time. Only the
nanotube condition after 14 days showed a higher value (1.7%), which is quite
reasonable.
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Figure 4.32 Nyquist plots of experimental and simulated results acquired from Simad
software for the anodized specimens immersed in SBF at 37 °C during different
periods (0, 1, 7, and 14 days denoted as 0D, 1D, 7D and 14D respectively): a)
Nanotubes and b) Nanopores.

Table 4.4 shows the electrochemical impedance parameters obtained by
adjusting the experimental results of nanotubes samples for the different immersion
days. Additionally, the values of the crossover frequency (wc) that represent the
transport mechanism through the channel 2 (X2) were calculated using 4.17 and
showed in Table 4.4.

1
Ye = gz P (4.17)

Table 4.4 Electrical impedance parameters obtained by adjusting the experimental
results of Nt samples.

X1 X2 4 ZA ZB

L wce X
Days

R1 R2 Q2 e Qs b Ra Qs (cm) Hz) (%)

(Q.cm) (Q.cm?) (Qs®.cm? (Qs™®.cm) (Q.cm?) (Qs™.cm?
0 827 217 6.53E-07 096 163E-04 096 7.22E+06 3.69E-05 091 20E-05 0.035 0.77
1 956 222 455E-07 0.76 296E-04 0.96 2.99 E+05 169E-05 0.84 20E-05 0.023 0.48
7 938 209 6.06 E-07 0.78 3.91E-04 0.95 4.90 E+08 558E-06 0.92 20E-05 0.019 0.43
14 860 145 281E-06 0.72 996E-05 0.96 5.25E+09 780E-06 0.89 20E-05 0.003 1.70
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The pseudocapacitance values Qs varies as the immersion time increases; this
could indicate the processes of formation and dissolution of small nuclei of calcium
phosphates on the nanotubes walls. Between days 7 and 14, the nucleation process
is favored, showing an evident decrease in the interface impedance. Besides, the
coefficient b is close to 1, showing homogeneity and stability of the pore walls,
independently of the immersion time.

Figure 4.33 was graphed to understand the behavior of the endpoints of the
line (Za and Zs) during the immersion days, represented by resistance and
capacitance of Ra and Qg, respectively. The values of Ra and Qs were obtained from
Table 4.4.
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Figure 4.33 Endpoints parameters, Ra and Qs, obtained from the transmission line
model used in nanotubes samples after different immersion periods in SBF.

During the immersion time in SBF, the resistance Ra gradually increases and
the Qs decrease. This behavior could be associated with the formation and growth
of calcium phosphate nuclei (Initial step to the apatite formation) on the outer part of
the nanotube and the bottom part of the channel. This behavior is observed in Figure
4.34 (red circles). Additionally, the Qs decrease could be associated with the growth
of the inner passive film [86].
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Figure 4.34 Apatite formation over nanotubes samples after different immersion
periods in SBF (0, 1, 7 and 14 days).

Table 4.5 shows the electrochemical impedance parameters obtained by
adjusting the experimental results of nanopores samples for the different immersion
days. Similar to the adjustment for the nanotubes samples, an average value was
chosen of L (2x10-° cm) for the nanopores samples. This value was used in the fitting
model.

Table 4.5 Electrical impedance parameters obtained by adjusting the experimental
results of NP samples.

X1 X2 4 ZA ZB
L wce X

R1 R2 Q2 e Qs b Ra Qs n (cm) Hz) (%)
(Q.cm) (Q.cm?) (Qs®.cm? (Qs™.cm) (Q.cm?) (Qs™.cm?

559 203 852E-07r 060 7.73E-05 096 140E+06 5.32E-06 0.90 2.0E-05 0.003 0.60

826 207 9.24E-07 0.64 752E-05 0.97 2.00E+05 1.15.E-05 082 2.0E-05 0.004 0.97

787 209 6.06 E-07 096 8.68E-05 0.97 8.83E+07 9.18E-06 0.92 2.0E-05 0.004 0.43

936 218 6.88E-07 060 7.60E-05 0.97 490E+08 559E-06 0.89 2.0E-05 0.003 1.00
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For nanopore samples, the pseudocapacitance Qs values are lower compared
to nanotubes and remain almost constant regardless of the immersion time, due to
the stable behavior of the interfacial impedance (), even in the first immersion days.
Besides, the coefficient b is close to one showing homogeneity and stability of the
pore walls.

Figure 4.35 shows the endpoints parameters represented by resistance and
capacitance of Ra and Qs, respectively. These values were graphed to understand
the behavior of the transmission line endpoints (Za and Zg) during the immersion
days. The values of Ra and Qs were obtained from Table 4.5.
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Figure 4.35 Endpoints parameters, Ra and Qs, obtained from the transmission line
model used in hanopores samples after different immersion periods in SBF.

During the immersion time in SBF, the resistance Ra gradually increases. This
behavior could be associated with the possible nucleation and growth of hydrated
silica gel and amorphous calcium phosphate on the outer and inner parts of the
nanopores, both predecessors for the apatite formation [126]. This behavior could
be observed in Figure 4.36 (red circles). Moreover, the Qs values were low and
constant indicating a stable and protective behavior of the inner passive film during
the entire time analyzed.
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Figure 4.36 Apatite formation over nanopores samples after different immersion
periods in SBF (0, 1, 7 and 14 days).

As it was indicated in the transport process in channel 2 (X>), it is represented
by a different model termed as “anomalous transport model” (parallel connection of
a Constant-Phase-Element, Qz, and a resistance, R2), since the charge carrier
transport mechanism depends on the frequency (Equation 4.12). For both anodizing
conditions, nanotubes and nanopores, wc was between 0.003 to 0.035 Hz. These
low values indicated a low charge transfer through the channel 2 in the frequency
regime studied in this work (102 - 10* Hz).

Figure 4.37, summarize the corrosion response and the bioactivity after 14
days of immersion in SBF of the different surface conditions studied in this work; the
barrier resistance values (Rs or Ra for the anodized samples) associated with the
corrosion resistance obtained from the impedance data, the lpass Obtained from the
polarization curves and the bioactivity through the mass gain.

Untreated samples showed a good corrosion response indicated by a high
resistance value and acceptable Ipass, lower than 2 pA.cm2; however, in this surface
condition was not detected HAp formation.
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Samples treated with HCl and NaOH contrary to untreated samples, showed
excellent bioactivity with the highest mass gain value, around 1.8 mg after 14 days
of immersion in SBF. Still, their corrosion resistance was deficient, proved by the
lowest Rs and the highest Ipass values.

Finally, the anodized samples showed the best corrosion resistance
corroborated by the highest and lowest values of Ra and Ipass, respectively. On the
other hand, specimens with nanotubes and nanopores exhibited low and moderated
values of HAp formation after 14 days in SBF.
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Figure 4.37 Corrosion response and bioactivity of untreated, CST, nanotubes, and
nanopores samples after 14 days of immersion in SBF at 37 °C. Barrier resistance
(Rs or Ra for the anodized samples) obtained from the impedance data, passivation
current (Ipass) from the polarization curves, and bioactivity through the mass gain.

Impedance behavior of the four different treated surface samples has been
successfully studied and the conclusions are summarized in the following
paragraphs:

o Nyquist and Bode plots for untreated TMZF samples showed a
pseudocapacitive behavior due to their very protective passive layer.

o The continuous increase of the impedance modulus |Z| in the untreated
samples suggests that the corrosion resistance enhances with the immersion
time.
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o Bode representation corrected for ohmic resistance as a primary approach, and
followed by the graphical representation of aett were successfully employed to
determine the more accurate EEC.

o The EEC for the untreated sample was composed of a bi-layered
microstructure, an outer porous oxide layer, and an inner barrier layer.

o The inner barrier layer grew through the immersion periods, indicating that the
corrosion protection increase was mainly due to the effect of this barrier.

o Through the Nyquist and Bode plots, the CST samples showed a more reactive
behavior compared with the untreated samples, independently of the
immersion time in SBF.

o The impedance results for the CST samples after 14 days of immersion,
corroborated the presence of the apatite layer over the surface.

o Alpha effective plots for CST samples indicated an extra relaxation process at
low frequency, associated with diffusion phenomena occurring through the
outer porous layers.

o TMZF samples after CST showed a thinner passive layer compare with
untreated samples. It was associated with the dissolution of the oxide layer
during the HCI attack.

o Impedance measurements of anodized samples in SBF showed a peculiar
behavior that could not be modeled by the traditional equivalent circuits. It
resembled the behavior of a porous electrode. Thus, it was proposed a two-
channel transmission line model for analyzing the impedance results.

o Nyquist diagrams for nanotubes and nanopores samples reveal a capacitive or
at least pseudocapacitive behavior. This means that the electrochemical
reactions on the surface were very limited.

o Bode representations for the anodized samples independent of the soaking
time showed a characteristic response of capacitive surface films.

o The impedance {, between the solution and the porous walls was purely
pseudo-capacitive. This interface is almost not reactive, and the CPE behavior
results from surface heterogeneities.

o During the immersion time in SBF, the resistance Ra gradually increased and
the capacitance Qs decreased. It could be associated with the initial steps to
the apatite formation on the outer and inner parts of the anodized layers.

o The described models led to the successful fitting of EIS data measurements
of the four different surface morphologies on TMZF samples, with meaningful
fitting parameter values and low error between the experimental points and the
simulation.

A final observation concerns the fact that these results illustrate the difficulty of
extracting reliable parameters from the fitting of EIS through traditional EEC and TL
models. This is a widely used procedure that must be carried out very carefully.
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4.3 Fatigue behavior of the different surface treatments

Surface topography in titanium alloys applied in orthopedic and dental implants
is essential because it will determine the level of cell adhesion and growth on them.
Thus, those processes as anodizing and chemical surface treatments with HCI and
NaOH that modify surfaces for better osseointegration may also cause changes in
fatigue life behavior.

The fatigue performance analysis of metallic materials is mainly based on two
phenomena, the first is the crack nucleation process, and the second is the process
of propagation of these cracks, both due to cyclic solicitations.

Surface alteration processes, such as those used in this project, could lead to
the formation of notches of considerable sizes, becoming cracks nucleation sites
and therefore reducing the fatigue resistance of the material.

Additionally, during some stages of these modification processes, hydrogen
gas is produced, and due to the affinity of the titanium B phase for the hydrogen, it
could be absorbed in sufficient quantity causing embrittlement problems of the
material, which could directly affect the propagation process of fatigue cracks.

In this way, the fatigue response of untreated samples (polished surface),
treated with HClI and NaOH (CST) and anodized samples (nanopores) was
evaluated. The fatigue resistance was determined through the staircase tests, and
then the fracture surfaces were analyzed to assess the evidence of embrittlement
mechanisms.

4.3.1 Fatigue resistance of TMZF samples untreated and treated with CST,
and nanopores

Microstructure, chemical composition and tensile mechanical properties of the
employed material followed the requirements of ASTM F1813-13. Table 4. shows
the mechanical properties of the TMZF alloy used in this work compared to the
standard minimal requirements.

Table 4.6 Mechanical properties of the TMZF titanium alloy used in this study.

Material Yield strength 0.2% Tensile strength Elongation
(MPa) (MPa) (%)
TMZF used 1060 +19 107114 1742
ASTM F1813-13 931 897 12

Orthopedic implants are subjected to cyclical loads due to the mechanical
demands of the human body, submitting these components to high cycle fatigue
conditions (HCF). High cycle fatigue tests (N = 5 x 108 cycles) were performed using
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the staircase method to evaluate the fatigue performance of the different surfaces
studied in this work.

As it was mentioned in section 2.2.1, untreated samples were grinded and
polished, aiming to minimize the influence of surface defects induced by machining
on the fatigue properties. Figure 4.38 displays the results of the staircase method for
untreated samples. A maximum stress of 750 MPa was selected as the initial value
based on the tensile test results (~70% of the yield strength) shown in Table 4.6

775 T T T T T T T
() Untretaed
7501 @ @ @ -
o)
o
>3
5 7254 O S o 4
(72
o
N
7004-R=01 | . -
* 6
?—1§)O <|:_3|/ches ¢ Non-failure
675 T T T T T . fal.llure T
1 2 3 4 5 6 7

Specimen number

Figure 4.38 Staircase fatigue diagram for untreated samples. “o” Means failure and
“#” means survival to the run-out.

The data plotted in Figure 4.38 was rearranged and put in Table 4.7 to count
the frequencies of failures and non-failures of the specimens tested at different
stress levels. This procedure serves as a guide for the statistical calculation using
the method of Dixon and Mood [4]. This statistical analysis has to be used for the
events with the least number of observations between “failure” and “non-failure.”



82

Table 4.7 Analysis of staircase method data for untreated TMZF alloy.

Non-failure
Stress (MPa) Level i n; i*n; iZxn;
750 2 0 0 0
725 1 2 2 4
700 0 1 0 0
Sum - 3 1 1
N A B

The following expressions allow the calculation of the fatigue strength (oF):

op =0o+d.(5205) (4.18)
Were N = ) n;
A= Y(i.n)
B = Y (i*.n)

i = is the number of stress levels used (i = 0,1,2,3, ... i;nsx)
n; = Number of occurrences of the selected event (failure, non-failure) at
the level i

0, = Minimum tension reached in the test, where no specimen broke.

The sign (+) is used when the selected event is, non-failure and (-) when the event
is, failure.

The standard deviation assessment is given as follows:

N .B— A?
§= 1.62.d.( %+ 0.029) (4.19)
When the ratio is:
(“224) 203 (4.20)

Or equal to:

u=053.d (4.21)
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When the ratio is:

N .B— A2
N2

) <03 (4.22)

The fatigue limit in terms of maximum stress and the standard deviation
calculated with the Dixon-Mood statistical approach are respectively 730 and 13
MPa.

Figure 4.39. shows the fracture surface of the untreated specimens to examine
and determine the fracture characteristic after the fatigue tests. Crack nucleation on
the surface (region 1) has been the leading initiation site for untreated samples. The
zone of stable crack propagation or region 2 occupies around 50% of the entire
surface and is characterized by well-defined fatigue striations and river patterns. The
remaining area comprises a transition zone of unstable crack propagation.
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Figure 4.39 Fractography of untreated sample, the dash line designates the
approximate transition between the stable and unstable crack propagation regions
and the square indicates the magnified region on the right side, pointing out the crack
initiation site.

With the aid of a laser scanning confocal microscope, topographic
characteristics were obtained, such as roughness and morphology of the different
treatments studied.

Table 4.8 reports the average roughness values (Ra) and peak-to-valley
roughness (Rz) with the standard deviation values for each of the treatments.
Untreated samples were polished to obtain a homogeneous and smooth surface, as
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it can be seen in Figure 4.40(a). The polishing process eliminates the risks arising
from the machining process, which is corroborated by the low values of Ra and Rz
roughness. This flat surface prevents or delays the nucleation of superficial fatigue
cracks and is used as a suitable surface condition to determine the fatigue strength
of a metallic material, in an attempt to minimize the effect of previous machining and
heat treatment upon fatigue behavior variability [127].

Table 4.8 Topography measurements of Ra and Rz roughness of the untreated, CST
and nanopores samples.

Ra (um) Rz (um)

Untreated <0.100 <0.100
CST 0.443 +£0.082 3.390 +£0.841
Nanopores <0.100 0.313 £0.044

Figure 4.40 (b) shows the topography of a representative sample treated with
HCI and NaOH. This combined attack produces a surface with formation of
generalized micro-pits in an approximate size of 3.40 uym. Higher than the value
observed in the polished samples (<0.100 ym).

As it was indicated in section 1.5, roughness scattering (i.e., notches) can lead
to considerable differences in the fatigue response of the component. For instance,
grooves of approximately 3.50 ym on the Ti-6Al-4V alloy could reduce the fatigue
resistance by around 12% [70].
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Nanopores

Figure 4.40 Representative 3D-images determined by confocal laser scanning
microscopy of: a) untreated, b) CST and c) nanopores samples.

Preliminary fatigue results of CST samples showed a drastic decrease of the
fatigue resistance to a value lower than 370 MPa (maximum principal tensile stress
for a hip stem geometry [128]). This high reduction of the fatigue strength (~ 50%
compared with the untreated samples) indicates the existence of an additional
phenomenon to the notch sensitivity that is affecting the fatigue response of the
material.

Previous studies employing HCI etching and NaOH treatment over an a+j
titanium alloy showed a significant increase in the hydrogen content [129]. Even a
slight increase in hydrogen content could cause embrittlement in titanium alloys,
producing a reduction in fracture toughness and fatigue resistance [130, 131].

In this way, it was calculated the hydrogen content of the different surface
conditions (Table 4.9), showing an increase after the surface treatments compared
with the untreated samples. CST samples show the highest values, close to 310
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ppm. This high hydrogen content could explain the drastic decrease in fatigue
resistance of the CST specimens.

Table 4.9 Hydrogen content results for: Untreated, CST, CST-polished and
nanopores.

H (ppm)
Untreated 99 £ 22
CST not -polished 310+ 23
CST-polished 261 +4
Nanopores 127 £ 23

To determine if there is an alteration of the fatigue performance by the
hydrogen absorbed after the chemical treatment, TMZF specimens treated
chemically were grinded and polished (using the same protocol employed in
untreated samples) to eliminate the micro-pits formed, and thus avoid the notch
effect. Then, the specimens were tested through the staircase fatigue method.

Figure 4.41 shows the results of the staircase method for CST-polished
samples. Using the previous information of untreated conditions, the stress value of
725 MPa was selected as the initial one. This stress level was very high, and the
initial specimens failed prematurely (empty rhombus in Figure 4.41); thus, they were
not considered in the analysis of the fatigue resistance. On the other hand, the first
specimen employed for the determination of the fatigue resistance failed at 550 MPa.
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Figure 4.41 Staircase fatigue diagram for CST-polished samples. “o” Means failure,
“¢” means survival to the run-out and “0” specimens not considered in the analysis.

The data obtained from Figure 4.41 was organized and placed in Table 4.10.
This information was employed in the Dixon and Mood statistical approach to
determine the fatigue strength of the CST-polished samples. Here, the event with
the least number of observations was “failure.”

Table 4.10 Analysis of staircase method data for CST-polished samples.

Failure
Stress (MPa) Level i n; i*n; i? xn;
600 2 1 2 4
575 1 1 1 1
550 0 1 0 0
Sum - 3 3 5

The fatigue limit in terms of maximum stress and the standard deviation
calculated are respectively 563 and 28 MPa for the samples chemically treated and
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polished. The reduction of 25% of the fatigue resistance compared with the untreated
samples could be associated with the significant increase in the hydrogen content
detected in the material even after grinding and polishing the surface of the
specimens (Table 4.9).

Figure 4.42 shows the fracture surface of the CST-polished specimens. Here
the propagation region is characterized by cleavage steps or river patterns. The
branches of these river patterns join in the direction of crack propagation and can be
used to establish the local fracture direction and the crack nucleation point, indicated
by the black square.

The magnified region in Figure 4.42 shows evidence of secondary cracks
formed through the grain boundaries. Generally, this fracture type is associated with
hydrogen embrittlement phenomena, such as grain boundary embrittlement or even
the repeated formation and rupture of brittle hydride phases close to the grain
boundary [63, 132].

Figure 4.42 Fractography of CST-polished sample, the square indicates the
magnified region on the right side, pointing out the crack initiation site.

As observed in Table 4.9, the samples anodized with nanopores presented a
slight increase in the hydrogen content, close to 130 ppm. This value is lower than
the observed in samples treated with CST. Moreover, from confocal measurements
(Table 4.8), nanopores samples displayed a refined surface with low roughness
values (Rz = 0.3 ym), avoiding a possible notch effect. These two conditions could
indicate better fatigue behavior than the CST specimens.

In this way, fatigue specimens anodized with nanopores were tested. Initially,
the maximum axial stress was 725 MPa, similar to the protocol established for CST
samples. Contrary to the expected behavior, the specimen failed after few cycles
(3258 cycles). Subsequently, new specimens tested at lower stress levels showed
a similar behavior, as indicated in Figure 4.43. All of them failed, even the specimen
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tested at 300 MPa, at stress values lower than the maximum principal tensile stress
for a hip stem geometry (370 MPa) [128]. Only the specimen tested at 200 MPa
survived to the run-out. Indicating that even avoiding the possibility of notch effect,
the anodization process reduced the fatigue resistance, and it could be associated
with the hydrogen content in the samples.
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Figure 4.43 Staircase fatigue diagram for nanopores samples. “o” Means failure, “¢”
means survival to the run-out and.

The fatigue fracture surface corresponding to the nanopores sample tested at
500 MPa is illustrated in Figure 4.44(a). As it is observed in the region (b), typical
features of cyclic fatigue crack growth such as river patterns and cleavage steps
appear and become the primary propagation mechanism in this region. This stable
propagation zone of the fatigue crack is restricted to a small elliptical region.

The fractographies in Figure 4.44 (c-d) of the samples treated with nanopores
and CST show more evidence of brittle fracture. Here an interesting and distinct
cleavage pattern called Wallner lines is observed (indicated by black arrows). This
arrangement is observed in fracture surfaces of brittle materials, brittle inclusions, or
intermetallic compounds. It consists of two sets of parallel cleavage steps that often
intersect to produce a crisscross pattern. Wallner lines result from the simultaneous
propagation of a crack front and an elastic shock wave in the material [133].
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Figure 4.44 a) Fractography of nanopores sample, which was tested at 500 MPa, b)
magnified zone indicating a stable crack propagation region, c) magnified region of
the nanopores sample indicating Wallner lines and d) magnified region of the CST-
polished sample which was fatigue tested at 550 MPa indicating the Wallner lines
pattern.

4.3.2 Hydrogen embrittlement

Hydrogen embrittlement (HE) is an interesting but harmful phenomenon, and it
could be presented in a wide variety of metals and alloys. HE involves a group of
mechanisms associated with reducing the mechanical properties attributed to the
hydrogen as the principal actor [63].

It is usually challenging to determine directly how hydrogen influences the
behavior of metallic materials due to the difficulty in measuring and observing this
element accurately. Therefore, its effects are indirectly deduced from variations in
mechanical properties. Moreover, its effect depends on the way it is in the material,
either trapped at crystal defects, in solution, or forming hydrides [134, 135].
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Atomic hydrogen can be transported easily in titanium alloys by a combination of
interstitial and intergranular diffusion, which in turn reduces the ductility and strength
of the metal [63, 131, 132]. Different theories have been studied to explain how
hydrogen causes embrittlement. However, the fracture mechanism behind this
embrittlement in the titanium alloys is not fully understood.

This difficulty is especially true for metastable § titanium alloys where the effect
of hydrogen on the mechanical behavior has been explained in terms of: (i) failure
due to stress-induced hydride formation [130, 136], (ii) hydrogen-induced
decohesion [63, 137, 138] and (iii) hydrogen-enhanced localized plasticity (HELP)
[139, 140]. Even in single phase systems, as is the case of the TMZF alloy, the
identification of the embrittlement mechanism is complex, and multiple
hydrogen-related fracture mechanisms can operate simultaneously [137, 138, 140].
While a number of mechanisms have been proposed to explain hydrogen
embrittlement, the aforementioned are considered to be the most applicable to this
study.

Embrittlement attributed to hydride-forming is normally associated to the
brittle characteristic of the hydride phase and the failure along the fragile
hydride/metal interface. The degree of embrittlement should exhibit an inverse strain
rate dependence, since hydride formation kinetics is diffusion-controlled, and low
strain rates provide more time for the hydrides to form. Moreover, the hydrogen
concentration at which this mechanism causes fracture depends on thermodynamic
factors, as the local stress intensity, the volume change associated with hydride
formation from solid solution, and the attractive H-H interaction [130, 136].

Since {3 titanium alloys exhibit very high hydrogen solubility, they do not readily
form hydrides [141]. However, J. Von Pezold et al. [142]. employed simulations
combining density functional theory (DFT) and the semi-empirical embedded atom
method (EAM), and showed that it is possible to obtain stress-induced hydride seeds
even in samples with hydrogen content lower than 160 ppm, due to an increase in
the hydrogen local concentration in the tensile strain field of crystallographic defects
[142].

Figure 4.45 shows the analysis by the automated crystal orientation mapping
(ACOM-TEM) of the samples treated with CST and then fatigue tested. In addition
to the B phase of the matrix, it is observed on the phase map the presence of very
fine TiH2 particles or seeds with a tetragonal lattice. The presence of those brittle
hydrides is strong evidence of the effect of hydrogen in reducing the fatigue strength
of the material.

These hydrides may result from the increase of the local hydrogen
concentration in the tensile strain field of extended lattice defects, such as
dislocations. Therefore, it is suggested that, as hydrogen exhibits a considerable
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solubility in the B phase, and according to the phenomenon known as stress-induced
hydride, the localized deformation during the fatigue test induced the segregation of
hydrogen [142, 143]. Consequently, TiH2 precipitation occurred at high-energy grain
boundaries, as observed in Figure 4.45b and 4.45c.

(d)

653279-ICSD Titanium bcc-W

Phase
| [ 653279-CSD Titanium boc-W TiH2-169603
[ TiH2-189603

F 001 100
1 pm

Figure 4.45 Images of the CST-polished sample and fatigue tested generated using
the ASTAR system coupled to TEM: (a) virtual bright-field (VBF) image, (b) phase
mapping (PM), (c) orientation image mapping (OIM) and (d) inverse pole figure (IPF)
from where the colors were used to index orientations in the OIM.

The second HE mechanism inferred from the TMZF specimens studied in this
work is the hydrogen-induced decohesion, which associates the fracture stress
reduction of the lattice with the decrease of its cohesive energy by the presence of
the solute hydrogen into the matrix [137, 139]. Usually, in alloys with low hydrogen
content, the supporting evidence is the fracture surface characteristics, define by
intergranular failures by decohesion of the grain boundaries [137, 138].

During the crack propagation, the work required to separate the grain boundary
into two free surfaces decreases with increasing the hydrogen content [139]. Figure
4.46 shows evidence of this phenomenon on nanopores samples fractured after
fatigue tests at 650 MPa. Here, the hydrogen weakens the bonding to allow the
decohesion mechanism with little plasticity. Thus, the high stress intensity (high
crack velocities) causes failure of the grain boundaries by intergranular decohesion.
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Figure 4.46 Fractography of nanopores sample, which was fatigue tested at 650
MPa, the square indicates the magnified region on the right side.

The third HE mechanism studied in this work is the hydrogen-enhanced
localized plasticity (HELP). In this theory, the nucleation and motion of dislocations
are favored by the hydrogen content [137, 144]. In this sense, it is expected an
increase of deformation and plasticity at the zone with high hydrogen concentration.
Thus, evidence justifying the HELP mechanism is observed in fractography with
localized ductile crack propagation, contrary to a brittle characteristic ahead of the
crack tip [139, 140].

Traditionally, the fatigue crack growth mechanism in metals depend on
striations formed by slip at a crack tip [133]. During the crack growth, the crack tip
blunt until the saturation level, at the maximum load (Figure 4.47 a). Nevertheless,
when the hydrogen is present, it diffuses toward crack tips and concentrates in this
zone (Figure 4.47 b-2). Thus, the hydrogenated crack continues growing even after
the maximum load. Thereby, the fatigue crack growth rates of hydrogen-charged
zones are more favorable than those of non-charged [140].
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Figure 4.47 Crack tip opening and striation formation mechanism in fatigue: (a) no
hydrogen effect, (b) hydrogen effect. Extracted from [144].

As mentioned in Chapter 1, hydrogen is produced during these two treatments
(CST and anodized) at the metal/electrolyte interface. Simultaneously, a quantity of
this element is absorbed and diffused into the titanium alloy; however, a high quantity
is accumulated adjacent to the specimen surface. This condition facilitated the
observation of the HELP mechanism acting on the nanopores and CST not-polished
samples during the fatigue tests.

Figure 4.48 shows evidence of the HELP mechanism acting on the CST not-
polished samples during the fatigue test at 300 MPa. Through the magnified images
it is possible to observe a circumferential crack propagating in the round specimen.
The propagation of this localized ductile crack is confined within a region of
approximately 26 + 5 um from the sample surface (Figure 4.48 b-d), favored by an
increase in dislocation nucleation and mobility, due to the higher concentration of
hydrogen in this subsurface region.
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Figure 4.48 a) Fractography of CST not-polished sample, which was fatigue tested
at 300 MPa, b), c) and d) magnified zone indicating a stable crack propagation region
at the hydrogenated zone indicated by black arrows.

Similar behavior was observed in the nanopores samples fractured after the
fatigue tests. Figure 4.49 shows the evidence of a circumferential crack propagating
around the specimen. These observations suggest that the values displayed in Table
4.9, for the samples with nanopores and CST could be higher than indicated, due to
the high hydrogen concentration at the sample surface and the experimental
difficulties to obtain the accurate concentration in this region.

Here, the confined region of the circunferential crack is a little bit more diffuse
due to a lower quantity of hydrogen absorved during the anodizing treatment
compared with the quantity absorved by the samples during the CST as it was
indicated in Table 4.9.

Figure 4.49 shows that the circumferential surface crack is generated and
propagated during the initial cycles. From this, new crack nucleates and then spread
radially into the sample on a plane normal to the external load (Figure 4.49 c). Finally,



96

failure happens under overload displaying shallow dimples. As observed in Figure
4.49, this final failure connects directly with the pre-existence circumferential crack,
which corroborates the fracture sequence mentioned.

Figure 4.49 a) Fractography of nanopores sample, which was fatigue tested at 300
MPa, b) magnified zone of the final failure, c) and d) zone indicating a stable crack
propagation region at the hydrogenated area, indicated by black arrows.

Table 4.11 shows the results of exploratory tensile testing of CST and
nanopores specimens, together with the results of the untreated samples to
determine if the hydrogen content produces significant changes in the tensile
properties. A negligible difference in the yield strength and ultimate tensile strength
was observed for the different treatments. Nevertheless, the elongation decreased
in both treatments, but it was more evident in the nanopores samples.
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Table 4.11 Tensile testing results of untreated, CST and nanopores samples.

Yield strength 0.2% Tensile strength Elongation
(MPa) (MPa) (%)
Untreated 1060 +19 1071+14 17+2
CST 1059+18 1077+8 14+2
Nanopores 1020420 1030410 5+2

Additional to the elongation reduction, the untreated and treated samples
showed different fracture characteristics, as observed in Figure 4.50. Untreated
samples show a ductile fracture with evidence of plastic deformation and formation
of a necking region. The magnified zone of the untreated sample in Figure 4.50 (a)
displays deep dimples with conical shape. Unlike the CST and nanopores samples,
the dimples become shallower due to the mode of fracture changed to intergranular
decohesion in these hydrogen-embrittled samples (Figure 4.50 b and c).

The lateral view of the fractured samples displays more evidence of the
hydrogen embrittlement mechanism. In Figure 4.50 b and c it is observed the
presence of multiple secondary cracks that propagated in a direction perpendicular
to the tensile axis. This peculiar crack grow is favored by the HELP mechanism.
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Figure 4.50 Frontal and lateral fractography of: a) untreated, b) CST and c)
nanopores samples.

All of this fractographic information evidence the embrittlement processes
produced by the hydrogen pick-up during the different surface treatments. Moreover,
the drastic fatigue reduction observed in the NP specimens could indicate a higher
hydrogen content that was not accurately detected during the measurement.

The explanation for these low hydrogens values is that we used anodized disc-
shaped samples for the hydrogen measurements because they could be more easily
cut into small pieces without inducing hydrogen desorption. However, in these
samples, only one disc face was exposed to the anodization process and therefore
to hydrogen diffusion, while the fatigue specimens were totally immersed in the
solution during the anodization process, and a larger area was exposed to the
hydrogen diffusion.
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Table 4.12 summary of the fatigue response for the different surface conditions

studied in this work.

Roughness Fatigue
o stress Fractographic Observations
condition
(MPa)
Untreated Polished 730 e Well define fatigue striation and river
surface patterns.
<300 e Circumferential crack propagation
. associated with HELP mechanism.
CST not -polished Roughness o High roughness, possibility of notch effect.
CST-polished Polished 563 . Se_condary crack_s at the grain boundaries.
surface e Evidence of hydride formation.
< 300 e Intergranular fracture in samples tested at
high stress level and correlated with the
Nanopores Soft hydroge_n-lnduced decohesion
mechanism.
e Circumferential crack propagation

associated with HELP mechanism.

As it was demonstrated in this chapter, hydrogen levels of 150 to 350 ppm
could drastically reduce the fatigue strength of the TMZF titanium alloy (Table 4.12).
However, some studies as the one developed by Y. Murakami et al. [140, 144]
indicate that it is possible to revert this phenomenon through a hydrogen desorption
process. They employed a special heat treatment called non diffusible hydrogen
desorption-heat treatment (NDH-HT), to remove the hydrogen trapped at the
interstitial sites. This process decreases substantially the hydrogen content whereby
reduce the fatigue crack growth (Figure 4.51).
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Figure 4.51 effect of the NDH-HT on crack growth rate of type 316L stainless steel

(Extracted and edited from [144]).
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In this chapter the fatigue response of untreated samples, treated with HCI and
NaOH and nanopores samples was studied, and the conclusions are summarized in
the following paragraphs:

o Untreated TMZF samples showed a high fatigue limit in terms of maximum
stress of 730 MPa.

o Fatigue results of CST samples without subsequent polishing showed a drastic
decrease in the fatigue resistance, greater than 50%, compared with the fatigue
resistance of the untreated samples.

o CST-polished samples showed better fatigue behavior than the CST not-
polished. However, they showed a decrease of 25% of the fatigue resistance
compared with the untreated samples.

o Elemental analyses showed a significant increase in the hydrogen content in
the samples treated with CST even after grinding and polishing the surface.

o Even with a slight increase in the hydrogen content, nanopores samples
showed a dramatic reduction of the fatigue resistance, similar to the fatigue
resistance of the CST not-polished.

o Clear evidence of brittle fracture was observed in the fractographies of the CST
and nanopores samples called Wallner lines; these patterns are observed on
fracture surfaces of brittle materials.

o In this study three principal hydrogen embrittlement mechanisms possibly
acted over the treated samples: stress-induced hydride formation, hydrogen-
induced decohesion and hydrogen-enhanced localized plasticity.

o Analysis by the automated crystal orientation mapping showed the presence of
small TiH2 particles or seeds. These hydrides increase the local dislocation
density, favoring the micro-cracks nucleation.

o Evidence of the hydrogen-induced decohesion and HELP mechanisms were
observed in the fractography of the nanopores and CST samples fatigue
tested; however, more studies are necessary to certify these mechanisms.

o Equally, it was found evidence of the hydrogen embrittlement acting over the
treated samples during the tensile testing, reducing the elongation and
providing brittle fracture characteristics.

o The fatigue results and the hydrogen embrittlement mechanisms observed in
this study point out the risk of well-known methods as cited in this chapter to
design the titanium surface for osseointegration improvements.
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5 GENERAL CONCLUSIONS

In this thesis it was studied the biocompatibility and corrosion performance of

Ti-12Mo-6Zr-2Fe samples with nanotubes, nanopores and CST immersed during O.
1. 7 and 14 days in SBF, as well as the fatigue resistance variation of untreated
samples, treated with CST and nanopores. The conclusions from these analyses are
summarized in the following paragraphs:

Surface treatments as nanotubes, nanopores and CST on B-TMZF alloy were
successfully obtained.

After 14 days of immersion in SBF, nanotubes and nanopores samples showed
a lower and moderate HAp formation (respectively). Meanwhile, the CST
samples showed the best bioactivity behavior.

Potentiodynamic polarization curves of nanotubes and nanopores surfaces
revealed a more protective behavior against corrosion, placed them in the
“Very stable” resistance class.

Through the electrochemical tests, the CST samples showed a more reactive
behavior independently of the immersion time in SBF.

Impedance curves of the anodized samples revealed a pseudocapacitive
behavior, corroborating the protective response of these surface conditions.
Additionally, it was observed a particular behavior that could be modeled
successfully by a transmission line model.

Untreated TMZF samples showed a high fatigue limit in terms of maximum
stress of 730 MPa.

Fatigue results of CST samples showed a drastic decrease of the fatigue
resistance around to 50% compared with the untreated samples, due to the
notch effect and the additional high hydrogen content.

In order to avoid the notch effect, new CST samples were polished and then
fatigue tested. However, they showed a decrease of 25% of the fatigue
resistance compared with the untreated samples, which was associated with
the hydrogen absorbed during the CST.

Even with a slight increase in the hydrogen measured, nanopore samples with
low surface roughness showed a dramatic reduction in fatigue resistance,
similar to the CST not-polished samples. This behavior was associated with
the possibility of a high hydrogen concentration at the sample surface.

In this study was observed evidence of three hydrogen embrittlement
mechanisms possibly acting over the treated samples. However, more studies
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are necessary to corroborate it.

o These results motivate us to conduct systematic evaluations of mechanical and
electrochemical properties when metallic surfaces are modified to improve their
osseointegration.
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6 FURTHER RESEARCH

o Study alternative anodizing parameters and also complementary treatments
above the two anodization processes to improve their HAp formation process.

o Study in more detail the hydrogen embrittlement mechanisms acting in the
TMZF alloy.

o Investigate the hydrogen effect on another commercial B titanium alloys treated
with CST, nanotubes, and nanopores.

o Investigate the possibility of reverting the hydrogen embrittlement phenomenon
through hydrogen desorption processes.
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