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Title

TiO2 bioactive surfaces doped with Sr intended for orthopaedic applications

Abstract

Ti-based implants currently on the market do not fully meet the expectation of
patients. Infection, lack of bioactivity, wear debris and the biomechanical mismatch
existent between the implant and the hosting bone are still the major problems in the
prostheses field and can lead to aseptic loosening, fibrous encapsulation and osteolysis.
Macro-porosity in the Ti implant is presented as a beneficial way to reduce the
biomechanical mismatch, in order to match the value of Young’s modulus of the implant
to the one found in the bone. As follows, porous Ti is considered as a promising
biomaterial for several orthopaedic applications, promoting the ingrowth of new bone
tissue inside the pores, with the aim to achieve anchorage by enlarging the
bone—implant interface area. However, the lack of bioactivity and wear resistance are
yet to be improved. Surface modification by micro-arc oxidation (MAO) allows the bio-
functionalization of the Ti surface with micro-porous oxide layers containing bioactive
elements such as calcium (Ca), phosphorus (P) and strontium (Sr) with an improved
biological response and tribocorrosion behaviour.

This thesis presents the study of multifunctional TiO, bioactive surfaces together
with highly porous Ti. Ca and P as bioactive elements are already well reported in the
literature, however, the knowledge on the effect of Sris still limited. In the present work,
the effect of several amounts of Sr was evaluated and the morphology, chemical
composition and crystal structure of the oxide layer were investigated. Furthermore, in
vitro studies were carried out using human osteoblast-like cells and it was revealed that
lower concentrations of Sr did not compromise initial cell adhesion either viability and
showed improved mineralization. However, the highest concentration of Sr (and
consequent higher amount of rutile) revealed a superior amount of collagen secretion
but with compromised mineralization, possibly due to a delayed mineralization process
or due to induced precipitation of deficient hydroxyapatite. Results showed that the

distribution of anatase and rutile in the porous oxide layer led to less visible damage and



lower values of coefficient of friction. The group containing more Sr presented the best
tribocorrosion response mainly due to the increased amount of rutile.

Moreover, a bio-functionalized porous surface was obtained on Ti by a two-step
anodic treatment. The first-step provided macro-porosity while the second-step, a bio-
functionalization process by MAO, provided an oxide layer (anatase + rutile) with micro-
pores and bioactive elements (Ca + P). Corrosion and tribocorrosion behaviour were
enhanced due to the protective role of the oxide layer formed on the second-step.
Tribocorrosion mechanisms for the bio-functionalized porous structures were
presented.

Additionally, the electrochemical behaviour of highly porous Ti samples processed
by powder metallurgy with space holder technique and bio-functionalized by MAO, was
evaluated. Results showed that bio-functionalization improved the corrosion behaviour
of highly porous Ti. Nevertheless, increased macro-porosity promoted a higher
corrosion rate. Highly porous Ti was also studied under fretting-corrosion conditions as
a function of load and amplitude. Fretting-corrosion mechanisms were presented and a
fretting map was illustrated. There was a significant load- and amplitude-dependent
response. The promising structure of highly porous Ti was preserved after 16 hours of
fretting-corrosion under severe solicitations.

The outcome of this work deeply emphasizes the important role of biological and
tribocorrosion characterizations in promising biomaterials structures such as TiO2

bioactive surfaces doped with Sr.



Titulo

Superficies bioativas de Ti0, dopadas com Sr para aplicagdes ortopédicas

Resumo

Os implantes a base de Ti que se encontram atualmente no mercado ndo satisfazem
as expectativas dos pacientes. Infecao, falta de bioatividade, produtos de desgaste e a
incompatibilidade biomecanica existente entre o implante e o osso continuam a ser os
principais problemas das préteses e podem levar ao descolamento asséptico,
encapsulamento fibroso e ostedlise. A macro-porosidade no implante de Ti é
apresentada como uma forma benéfica de reduzir a incompatibilidade biomecanica, de
modo a aproximar o mdédulo de Young do implante ao do osso. Desta forma, o Ti poroso
é considerado um biomaterial promissor para diversas aplica¢cdes ortopédicas uma vez
que permite o crescimento de novo tecido dsseo dentro dos poros, obtendo-se assim
uma melhor ancoragem devido a uma maior drea da interface osso—implante. No
entanto, a falta de bioatividade e a baixa resisténcia ao desgaste ainda carecem de
solucdo. A modificacdo da superficie por oxidacdo micro-arco (MAQ) possibilita a bio-
funcionalizacdo da superficie de Ti com camadas de 6xido micro-poroso com elementos
bioativos, como célcio (Ca), fésforo (P) e estroncio (Sr), originando uma melhor resposta
biolégica e um melhor comportamento a tribocorrosao.

Esta tese tem como objetivo o estudo de superficies multifuncionais bioativas de
TiO2 em conjunto com Ti altamente poroso. Ca e P, como elementos bioativos, ja estdao
descritos na literatura, porém o conhecimento do efeito do Sr ainda é limitado. No
presente trabalho, vérias quantidades de Sr foram estudadas bem como a morfologia,
composicdo quimica e estrutura cristalina da camada de 6xido. Além disso, estudos
realizados in vitro usando células semelhantes a osteoblastos humanos revelaram que
concentragdes mais baixas de Sr ndo comprometeram a adesao celular inicial nem a
viabilidade e ainda melhoraram o processo de mineralizacdo. Contudo, maior
concentracdo de Sr (e consequente maior quantidade de rutilo) induziu a secre¢do de

colagénio, mas com uma mineralizacdo comprometida, possivelmente devido a um



processo de mineralizacdo retardado ou precipitacdo de hidroxiapatita com défices. Os
resultados mostraram que a distribuicdo de anatase e rutilo na camada de éxido poroso
traduziu-se numa maior resisténcia ao desgaste, com menores valores de coeficiente de
atrito. O grupo contendo maior quantidade de Sr apresentou a melhor resposta a
tribocorrosdo devido ao aumento da quantidade de rutilo.

Além disso, uma superficie porosa bio-funcionalizada foi obtida no Ti com
tratamento anddico de duas etapas. A primeira etapa produziu macro-porosidade,
enquanto a segunda etapa, um processo de bio-funcionalizagdo por MAO, forneceu uma
camada de oxido (anatase + rutilo) com micro-poros e elementos bioativos (Ca + P). O
comportamento a corrosao e a tribocorrosdo foi melhorado devido ao papel protetor
desempenhado pela camada de éxido formada na segunda etapa. Os mecanismos de
tribocorrosdo para as estruturas porosas bio-funcionalizadas foram apresentados.

O comportamento eletroquimico de amostras de Ti altamente porosas processadas
por metalurgia dos pds com técnica space holder e bio-funcionalizadas por MAO foi
avaliado. Os resultados mostraram que a bio-funcionalizacgdo melhorou o
comportamento a corrosao de Ti altamente poroso. No entanto, o aumento da macro-
porosidade levou a um incremento da taxa de corrosdo. Ti altamente poroso também
foi investigado electroquimicamente em condi¢des de fretting em funcdo da carga e
amplitude. Os mecanismos de corrosao por fretting foram apresentados e um mapa de
fretting foiilustrado. O comportamento sujeito a condicGes de fretting demonstrou uma
dependéncia relativamente a carga e amplitude. A estrutura promissora de Ti altamente
poroso foi preservada apds 16 horas de corrosao por fretting sob severas solicitacdes.

Os resultados deste trabalho enfatizam a importancia do papel essencial
desempenhado pelas caracterizagdes bioldgicas e de tribocorrosdao nos biomateriais

com estruturas promissoras tais como superficies bioativas de Ti0, dopadas com Sr.

Vi
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Structure of the thesis

The structure of the thesis was summarised with a brief description of each
chapter together with a diagram of the thesis outline. This thesis is composed of eight
chapters:

Chapter 1 establish the significance of surface modification by micro-arc oxidation
of porous titanium for orthopaedic applications in a general introduction. Subsequently,
the problem statement, aims and specific objectives of this research were presented.

Chapter 2 covers the state-of-the-art in the area of biomaterials related to the
development of the current research status in surface modification of porous Ti, mainly
by micro-arc oxidation. This chapter was designed to provide a comprehensive literature
review on the recent understanding of the topics. The main subjects were related to
porous Ti, bio-functionalization by micro-arc oxidation and bio-functionalization of
porous Ti. Firstly, biomaterials and the developments of porous metallic biomaterials
were briefly reviewed, giving some considerations on the design and selection of such
materials structure. The following sections review information related with bio-
functionalization by micro-arc oxidation of Ti-based materials. The latter section focuses
on the combination of porous Ti with bio-functionalization process by micro-arc
oxidation. Moreover, this chapter highlights the challenges and the perspectives of such
topics. This chapter was accepted for publication in the book Tribology, Lubrication and
Surface Engineering: Research and Applications, Two-Volume Set" to be published by
CRC Press in June 2021.

The following chapters compass five research reports that comprise
contextualization, materials and methods, results, discussion and conclusions
combining publications and a submitted manuscript. The experimental work was
accomplished at Faculdade de Engenharia da Universidade do Porto (Portugal),
Universidade do Minho (Portugal), Centro Brasileiro de Pesquisas Fisicas (Brazil) and
Centre Ingénierie et Santé from Ecole Nationale Supérieure des Mines de Saint-Etienne
(France).

Chapter 3 focuses on a detailed study of the effect of Sr as a bioactive element
into a Sr-Ca-P-TiO; porous layer produced by micro-arc oxidation. Therefore, in this

chapter, the effect of various amounts of Sr was evaluated and the morphology,

1



chemical composition and crystal structure of the TiO, layer were investigated.
Furthermore, in vitro studies were carried out using human osteoblast-like cells, where
cell adhesion, viability, mineralization and cytokine production were investigated. The
results of this work were published in Materials Science & Engineering C.

Chapter 4 follows the previous chapter and presents added characterization to Sr-
Ca-P-TiO2 porous layers. Moreover, the influence of Sr addition on the tribocorrosion
behaviour of the MAO layers was evaluated, using three different amounts of Sr. This
chapter was published in Materials Letters.

A multiscale (macro-, micro- and nano-scale) porosity on the surface could be
beneficial for mechanical interlocking, as well, for promoting cell adhesion and
proliferation. By varying the parameters of two or more steps of anodic treatment, it
was possible to obtain hierarchical porous surfaces on the macro-, micro- or nano-scale.
In this way, hierarchical macro-, micro- to nano-topographies on the surface were
produced and studied. Chapter 5 emphasizes the influence of micro-arc oxidation layers
on the improved corrosion and tribocorrosion behaviour of porous surfaces produced
by a two-step anodic treatment. The first-step provided macro-porosity only on the
surface while the second-step, the bio-functionalization process by micro-arc oxidation
provided a TiO; layer with micro-pores and bioactive elements such as Ca and P.
Tribocorrosion mechanisms for the bio-functionalized porous surfaces were presented.
The findings of this work were published in Corrosion Science.

Chapter 6 deals with bio-functionalized macro-porous Ti structures and their
electrochemical characterization. In this chapter, macro-porous Ti structures were
processed by powder metallurgy with space holder technique and then bio-
functionalized by micro-arc oxidation, resulting in nano- and micro-structured TiO;
surfaces containing bioactive elements such as Ca and P. This work was published in
Surface and Coating Technology.

Chapter 7 devotes to the study of triboelectrochemical consequences of the
micro-movements between macro-porous Ti against Ti alloy. In this investigation,
fretting-corrosion behaviour of macro-porous Ti was studied as a function of normal
load and displacement amplitude. A fretting map was illustrated and different fretting

regimes were distinguished and identified from dynamic measurements of tangential



force and specimen displacement together with worn surfaces. This chapter was
submitted to Corrosion Science.

Chapter 8 gives a general discussion of the outcomes of the experimental works
reported in the previous chapters and concludes all the significant findings of this thesis
with the subsequent suggestion for perspectives in the area.

A schematic diagram of the summarized objectives together with illustration and

highlights for each chapter is presented in Figure 1.
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Chapter 1. Introduction

1.1. Motivation

Bone loss due to trauma or disease is a major problem of global public health.
Unfortunately, surgeries are being performed on younger patients, which expose the
implant to greater mechanical stress over a longer period of time due to their active
lifestyle. The existing prostheses may be successful in restoring function, thereby
increasing the quality of life of millions of people but in the medium/long-term present
some concerns. The normal implant lifetime is from 10 to 15 years mainly due to the
following problems: i. poor implant fixation due to the mismatch of the Young's modulus
between the bone (10—30 GPa) and the metallic implant material (for example, 110 GPa
for Ti) leading to a stress-shielding effect, and local resorption of the bone and
consequently to aseptic loosening of the implant; ii. weak bond between the bone tissue
and the implant metallic surface due to the bioinertness of its surface that causes fibrous
encapsulation; iii. bio-tribocorrosion that implant suffers caused by the synergism of the
physiologic aggressive environment and the tribological wear as a degradation process
[1-5].

Through compositional or structural modification, it is possible to decrease
Young’s modulus of the implant to match that of the bone and at the same time to
increase the interfacial bond between the biological part and the implant material. The
use of porous metals for implants instead of fully dense materials can reduce the
modulus mismatch, and consequently, the stress-shielding problem. Also, macro-
porosity can improve the bone—implant interfacial bond by bone-ingrowth through the
pores [4,6-8].

However, Ti implants cannot bond to living bone directly after implantation into
the host body. To achieve improved osseointegration, the composition and topography
of the implant surfaces need to be modified. Recent studies on the biological response
of Ti implants have demonstrated that the micro-arc oxidation process is one of the best
methods for modifying the implant’s surface, by creating a nano- and micro-structured

TiO; bioactive layer on the surface due to the incorporation of bioactive elements in the



oxide layer. Micro-arc oxidation can also increase the electrochemical and
triboelectrochemical resistance and decrease the metal ion release [9-14].

One of the many advantages of micro-arc oxidation process is the possibility of
doping bioactive elements to the porous oxide layer with the aim to improve the
biological response by promoting bioactivity of the surface. The major chemical element
found in the bone is Ca, followed by P, but there are at least a dozen of other chemical
elements present there and one of them is Sr. 99% of the total amount of Sr in the
human body is deposited in the bone due to its superior ability to bind with the mineral
phase of bone, hydroxyapatite. Moreover, Sr preferably appears in the new bone: the
amount of Sr is 3 to 4 times higher in a new cortical bone than that in an older one and
about 2.5 times higher in a new cancellous bone than that in an older one. Sr presents a
singular mechanism of action by increasing pre-osteoblast proliferation, osteoblast
differentiation and replication, type | collagen synthesis and bone matrix mineralization.
Sr also inhibits osteoclast differentiation and activation [15-22]. In this way, Sr with its
dual action is a promising bioactive element to be incorporated on bio-functionalized

porous Ti.

1.2. Objectives

Porous Ti is considered a promising biomaterial for several orthopaedic
applications since it can allow ingrowth of new bone tissue inside of the pores. On the
other hand, micro-arc oxidation allows modifying the Ti surface to obtain bioactive
elements, such as Sr, incorporated in the micro-porous oxide layers yielding improved
tribocorrosion behaviour and biological response. However, there is still a lack of
knowledge in the literature about the combination of those two solutions, namely, a
bio-functionalized macro-porous Ti structure. Accordingly, the present work
hypothesises that Sr incorporated in a micro-porous Ti oxide layer formed on a macro-
porous Ti can improve both the biological and triboelectrochemical response of the Ti
implant. In order to test the proposed hypothesis, the main objectives are:

e To investigate the effect of Sr on the biological response and

triboelectrochemical behaviour of the bio-functionalized Ti structures;



¢ To investigate the use of bio-functionalization processes like micro-arc oxidation
to create bio-functionalized macro-porous Ti structures with improved behaviour to
tribocorrosion;

¢ To investigate the influence of the macro-porous Ti and the bio-functionalization
process on the electrochemical and triboelectrochemical (sliding tribocorrosion and

fretting-corrosion) behaviour in simulated body conditions.
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Abstract

Implants require long-term stability and rapid healing, however, Ti-based implants
that are currently on the market do not meet entirely the existent expectation of
patients. Infection, lack of bioactivity, wear debris and the biomechanical mismatch
existent between the implant and the hosting bone are still the major problems in the
prostheses field and can lead to aseptic loosening, fibrous encapsulation and osteolysis.
Macro-porosity in the Ti implant is presented as a beneficial way to reduce the
biomechanical mismatch, in order to approach the value of Young’s modulus of the
implant to the one found in the bone. As follows, porous Ti is considered a promising
biomaterial for several orthopaedic applications, due to the capability of ingrowth of
new bone tissue inside of pores with the aim to achieve anchorage by enlarging the
bone—implant interface area. However, the lack of bioactivity and wear resistance are
yet to be improved. Surface modification by micro-arc oxidation allows to bio-

functionalize Ti surface with micro-porous oxide layers yields improved biological
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response and tribocorrosion behaviour. In this way, the development of biomaterials
with bio-functionalized macro-porous Ti structures is presented as a promising solution.

This chapter presents the main outcomes regarding those promising solutions
based on their biocompatibility, mechanical properties, corrosion and tribocorrosion
resistance. Although the current development in the research area of bio-functionalized
macro-porous Ti is promising, further efforts should be applied to the study of essential

long time investigations according to the clinic application.

Keywords: Bio-functionalization, Porous Ti, Micro-arc oxidation, Biomedical implants

2.1. Introduction

A remarkable increase in human life expectancy led to an unprecedented shift in
the current patterns of disease, showing an increase in degenerative diseases, which
causes degeneration of the bones. More than 50% of chronic diseases in patients with
more 65 years old in Europe are related to bones and joints pathology. This brings a
growing requirement for implants not only due to the people longer life but also due to
the fact that more people at a younger age are injured from physical activity or trauma
[1-4].

In most of the cases, the evolution of degenerative diseases, bring artificial
prostheses as the sole solution with the demand for artificial bone implants increasing
all over the world. Unfortunately, the available implants that are currently used have
limited durability, most of the time, due to degradation in service. The products resulting
from the degradation processes are bio-reactive species that, by interacting with the
human tissues, provoke an adverse reaction that may lead to implant rejection and
failure and consequently, a revision surgery. Nowadays, more hip replacements and
dental implants are required for younger or more active patients, mainly due to traumas
and diseases, making it essential and mandatory to improve their long-term longevity
[2,5-9].

Each year, more than 2.2 million patients undergo to a hip or a knee replacement
in OECD countries. Since the beginning of the 21 century, hip replacement rates have

tripled. Currently, European countries like Germany, Austria, Switzerland, Finland,
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Luxembourg and Belgium present the highest rates for hip and knee replacement while
Mexico, Portugal, Israel, Ireland and Korea present the lowest rates. Differences in
population structure may explain part of this variation across countries [1].

Health care quality is achieved by measuring what is important for people.
However, just a few health systems in the world are asking and registering the patients’
outcomes after their surgeries. In specific, after a hip replacement, according to OECD
indicators, an individual’s quality of life, regarding mobility, self-care, activity, pain and
depression is improved around 20% [1].

The major clinical problems, illustrated in Figure 2.1, leading to the implant failures
are:

*» Infections that are caused by infectious agents, mainly bacteria and that
challenging to treat orthopaedic implant infections due to a resistance of convention
therapy and this may lead to revision surgeries and in the most severe cases can result
in amputation and mortality. Infections are associated with patient health factors and it
was found that aspects like chronic diseases as rheumatoid arthritis and diabetes, age,
high body mass index are among the main reasons that increased their risks. Infections
may also occur when the implant material provides surfaces with vulnerability for
attachment and proliferation of bacteria, and consequently to biofilm formation, i.e.,
adherent bacteria that produce a protective and polymeric extracellular substance,
making the treatment process more difficult. A revision surgery increases the risk of
infections [10-13].

» Aseptic loosening of the implant initiated by Young's modulus mismatch existent
between the bone (10-30 GPa) and the implant (for example, 110 GPa for Ti) leading to
a stress-shielding effect and consequently to bone resorption. In this way, aseptic
loosening reported the mechanical failure between the implant and the bone and
appears primarily as a consequence of focal periprosthetic inflammatory bone loss
occurring at the interface of the implant. At the present, aseptic loosening is the cause
of more than 50% of the revision surgeries in hip arthroplasty. Specifically, early aseptic
loosening may be related to the characteristics of the material and implant design that
may affect osseointegration [7,14-18];

*» Bioinertness of the implant surface resulting in a poor bond between the

surrounding bone tissue and the implant that causes fibrous encapsulation, a layer of

13



connective tissue formed as part of the body’s response to a foreign material
[7,11,14,19];

» Osteolysis due to an inflammatory reaction caused by wear debris released for
the surrounding tissue of the implant due to the bio-tribocorrosion process that material
suffers caused by the synergism of the physiologic aggressive environment together

with the tribological wear as a degradation process [2,7,14,20,21].

Aseptic loosening

)
Infection p

Fibrous capsule Osteolysis

Figure 2.1. Schematic drawing of the major clinical problems leading to hip implant failures.

These problems will prevent the bone to heal and significantly reduce the quality
of life of the patients. In this way, new investigations are demanded to improve clinical
orthopaedic results [22]. Some of the solutions investigated are:

» By controlling the implant macro-porosity is possible to adjust the stiffness of

the implant to match the one of the bone and consequently, reduce or eliminate the
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stress-shielding effect caused by the stiffness mismatch between the prosthesis and the
bone [23-25];

» Through surface modification, it is possible to improve bioactivity, corrosion and
tribocorrosion performance of the implant by creating a micro-porous oxide layer with
bioactive elements and this can enhance biological mechanisms and improve the long-
term performance of implants by improving the wear resistance of the implant [26-28].

In order to succeed, implants require varied mechanical properties in different
regions of their structure. The most common examples are the dental, hip, craniofacial
and mandible implants. For each application, the functional requirements and
aesthetics aspects must be considered. For load bearing implants, like hip and mandible,
the mechanical properties change throughout the implant and the functionality
requirements of the implant are heterogeneous through the implant. In the case of the
hip, the head part should be dense while the stem can be porous. In the case of the
mandible, the dental abutment must be a dense region while the body of the implant
may be a porous part. These structures are described as Functionally Graded Materials
(FGMs). FGMs are attracting attention in biomedical engineering due to the possibility
to have exceptionally good mechanical and biological properties where they are most
solicited. A more effective implant requires a gradient structure across it, with tailored
size, shape and distribution of pores in each region. In this way, the part with a high level
of porosity can stimulate elevated vascularization and direct formation of bone while
the dense structure can provide mechanical stability. Somehow, it mimics the porous
architecture of the bone because it presents a differentiated and graded structure
[7,19,25,29,30]. Thus, the following aspects should be considered for designing implant
surfaces: mimicking the natural bone structures at a macro-, micro- and nano-scales
with an adequate chemical composition, wettability and rapid osseointegration ability.
Osseointegration can be defined as the capability to produce bone from the osteoblasts
that adhere to the substrates and rapid osseointegration is a critical factor for the
success rate of orthopaedic implants. Osseointegration is a crucial stage for the success
of implants and it has been showing that the biological fixation is closely related to the
surface characteristics of the implant material. In this way, in order to fulfil such
characteristic to achieve better outcomes, different materials together or not with

coatings and surface modifications have been suggested to enhance biomechanical
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behaviour in order to increase the performance of the implant—bone interface [22,31-
34].

A biomaterial can be defined as a material designed to take a form that can direct,
through interactions with living systems, the course of any therapeutic or diagnostic
procedure [35]. Its production for implantology requires a multifaceted team composed
of physicians, scientists and engineers that get involved in the creation of a new medical
device in order to increase the quality of life of the patients. The development of new
materials is constantly aiming the optimum balance between the biological, mechanical
and triboelectrochemical performance as well as the surface properties since they can
influence biological and mechanical compatibility. So, the desire is to develop
biomaterials with mechanical properties that match the bone, without compromising its
biocompatibility and bioactivity [14,25,36]. Biocompatibility can be defined as the ability
of a material to perform with an appropriate host response in a specific application and
it is controlled by the initial and successive reactions between the material and host
body, where the most important are related with adsorption of molecules and proteins,
cell and bacterial adhesion, activation of macrophage, formation of tissues and
inflammation processes [37]. In this way, biocompatibility should be considered a
characteristic of a biomaterial-host interface and not just from the biomaterial itself
[38].

Several orthopaedic clinic applications, for example, knee, hip and shoulder joint
implants, bone plates, screws, among others, have been used different biomaterials
with the aim to improve performance for such applications. Currently, almost 80% of
implants used are made of metallic biomaterials and the most metals used are Ti and its
alloys, stainless steels and cobalt (Co)-chromium (Cr)-molybdenum (Mo) alloys. Among
these, Ti exhibited the highest biocompatibility, corrosion resistance and specific
strength (ratio of the tensile strength to density). Further metallic biomaterials, such as
magnesium (Mg) alloys, iron (Fe), tantalum (Ta) and niobium (Nb) are also used in the
field but with a much smaller presence [39].

One of the most abundant metals on Earth’s crust and lithosphere is Ti, a transition
metal within the group IV of Mendeleev’s periodic table. Elements from this group
present a partially filled d subshell and they are very reactive in the presence of oxygen

and that is why an oxide (passive) film is immediately formed on their surfaces. Ti
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presents the highest strength-to-weight ratio between the metals group. Ti is abundant
and widely distributed in natural mineral deposits (ilmenite and rutile) making it more
reachable than rare elements [22,32,40,41]. Ti is not usually used in the automotive
industry due to the high cost of extraction and production. Therefore, Ti finds
applications mainly in sectors with demands, such as the aerospace industry or
biomedical devices, where the final high cost is not the principal concern [42]. More than
1000 tonnes of Ti are implanted into patients every year. Ti being non-magnetic presents
the advantage of interferes less than, for example, steel and Co alloys with post-
operative imaging methods such as magnetic resonance imaging (MRI) and computed
tomography (CT) scanning, which are necessary to verify the position and health of the
implant and the surrounding bone tissue. While Ti implants may have achieved high
success rates, two major problems are still experienced: the lack of bone tissue
integration and implant-centered infection. Ti is susceptible to crack propagation, that
together with the other clinical problems associated with the implant failures, can limit
the Ti implants lifetime to only 10 to 15 years [7-9,15,25,40,43,44]. Besides this,
implants made of metallic materials, Ti included, are much stiffer when compared to
bone, and this mismatch can cause stress-shielding effects under load-bearing leading
to bone resorption and consequently, an eventual failure of implants. Therefore,
metallic biomaterials with lower Young’s modulus that can match the one from the bone
are required in order to minimize the stress-shielding effects and to guarantee an
optimal load transfer [17]. Among these, Ti and its alloys have been used extensively
and there are studies on developing low Young’s modulus implants, but they still could
not reach the modulus of the bone [45-47]. Although new B-type alloys are recently
emerging for biomedical applications with promising properties mainly in terms of their
mechanical behaviour, they are still lack of exhaustedly completed studies, especially
under in vivo evaluation.

In this way, another route of investigation that had progressively shifted the focus
from an interface dense metallic—bone implant design is porous metallic structures that
may present a Young’s modulus that fits the one found in the bone. Besides this, a
porous structure can promote a mechanical interlocking and a more area to contact with
cells, leading to a bone-ingrowth inside of the pores [48-53], like it is schematized in

Figure 2.2. Porous Ti maintains the already known properties of a material with the
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possibility of osseointegration inside of the pores. This porosity gives the possibility of
development of materials in accordance with the demands of specific situations
encountered in the clinical practice. While factors controlling their biological and
mechanical response have recently been a subject of research [48-52], the interplay
between mechanical and triboelectrochemical properties, bone-ingrowth requirements
and manufacturing constraints is still under study [26,54,55]. The processing of an
implant with hierarchical porosity with macro- and micro-properties will determine its
performance since they will control the physicochemical characteristics and

topographical parameters that are the main communication with cells [56].

Bone-ingrowth inside of
a porous hip implant

Figure 2.2. Schematic drawing of bone-ingrowth inside of a porous hip implant.

18



2.2. Porous Ti

With porosity, it is possible to obtain maintenance of the mechanical strength of
the implant and at the same time provide the adequate pore size for bone-ingrowth.
Porosity is the best way to achieve the required weight and density and it determines
the final mechanical properties of the implants. Porosity may be defined by the
percentage of void space in a solid and is a morphological property completely
independent of the material. Pores provide the cells with the necessary space to
migrate, to allow the vascularization and the proliferation and eventually to
differentiate into the needed cell. Depending on the percentage of porosity and pore
geometry, the surface area available to cell adhesion will be different and that will
influence the vascularization process. In order to ensure ingrowth of bone inside of the
pores, the optimum porosity may vary from about 30% to 60% [22,29,30,40,50,57].

A porous structure induces less time for the osseointegration process because it
favours the contribution of adequate nutrients for the osteoblasts. Open pores are
preferred for the increased ingrowth of tissue inside of the porous structure [36]. A
complex structure is required with a wide range of pore size. Macro-pores of 50—300 um
are required for the fixation of the implants due to the interlocking between the tissue
that grows inside of the pores [57,58]. However, an optimum range for the pore size
required for implant fixation and osseointegration remains undetermined. From a
biological point of view, some authors [30] prefer to consider a larger range and stated
that an open porous structure with pore sizes from 50 to 800 um should be the aim in
order to favour bone ingrowth. On the other hand, other authors [40,59] follow a
smaller range and consider that pore sizes between 100 and 500 um are the most
suitable for bone ingrowth and humoral transmission, whereas the minimum pore size
for acceptable bone ingrowth may be in the range of 50-150 um [57]. Baril et al. [60]
used micro-computed tomography in order to quantify bone ingrowth inside of porous
Ti. With this technique, the authors visualized and quantified the bone amount in
different implant regions and planes and showed that bone ingrowth near cortical bone
was around 28.9%, significantly greater than in cancellous that was found to be about

14.5%. The authors also presented mineralized tissue inside of the porous structures
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and stated that a pore size larger than 28.5 um did not affect bone formation, suggesting
28.5 um as minimum pore size for efficient cell migration.

From a biological point of view, after the implantation, the response can be of two
types. The worst type is related to the formation of a fibrous soft tissue capsule around
the implant that does not provide biomechanical fixation and consequently, leads to the
clinical failure of the implant. On the other hand, a better response involves the direct
bone—implant contact, without having a connective tissue layer. The response is largely
influenced by the surface chemical composition, hydrophilicity and roughness since such
parameters play an important role in an implant—tissue interaction and
osseointegration. Both bone anchoring and biomechanical stability are improved with
implants with rough and porous surfaces [43,61,62]. Porosity, roughness and wettability
are considered three major factors that contribute to the success of a cell-contacting
biomaterial since the contacted area between the cells and the material is enlarged and
in this way, cell growth is promoted [63]. Although it was accepted that a rough surface
is considered beneficial for cell adhesion and proliferation, the interplay between
roughness and mechanical properties need also to be taken into account, especially for
porous structure. Wang et al. [64] showed that the best etching treatment in porous Ti
for cell adhesion and proliferation presented a negative effect on the mechanical
properties of such structures.

The production of porous Ti must provide high manufacturing rates and
competitive prices so it is very important that porous structures present economically
viable fabrication methods. Porous Ti implants will demand technologies that can
concede economic mass production for standard implants while preserving flexible
manufacturing options for custom-made implants and this market will sharply rise [25].

There are several ways to produce porous Ti structures. Powder metallurgy (PM)
[26,49,55,65,66], additive manufacturing (AM) [29,67-70], freeze-casting [71,72], spark
plasma sintering [73,74] and metal injection moulding [75,76] are some of the available
techniques to produce porous structures. The high melting point of Ti (about 1670 °C)
combined with its high reactivity makes liquid-based techniques not viable. Therefore,
the production of porous Ti through powder-based processing routes is considered as
an economic and flexible way to achieve the desired designed structures. PM presents

several advantages such as high material yield, reduction of machining steps and the
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possibility of designing alloys with tailored compositions. In addition, some of the above-
mentioned methods provide limited porosity. PM can be combined with space holder
technique and in this way, it is possible to obtain uniformity, adjustable porosity level,
controlled pore shape and uniform pore size distribution with a not so expensive
technology. Sintering temperature, porosity and pore size will condition yield strength
and Young’s modulus [24,49,55,59,65]. Several space holders can be used like urea or
carbamide (CHsN;0) [24,26], sodium chloride (NaCl) [49], ammonium hydrogen
carbonate (NH4)HCOs [66], acrowax [66], sugar pellets (C12H22011) [77], tapioca [78] and
rice husk [79].

AM offers freedom to design and a wide choice of materials and even multiple
materials. Recently, AM techniques showed flexibility in constructing micro- and macro-
scale structures based on computer models and analyses. AM can also be used for near-
net-shape fabrication of complex-shaped parts with tailored properties [29,67-70].
Nowadays, AM had shown promising techniques to produce porous Ti structures,
between them, the most common ones are electron beam melting (EBM) [29,69,70] and
selective laser melting (SLM) [80—82]. EBM is a rapid manufacturing process in which an
electron beam energy is applied on overlaying materials layer by layer based on CAD
data. During the process, the electron beam passes over each successive layer of
powder, which is gravity-fed from powder cassettes and raked into successive layers.
SLM technique produces by melting selected areas of powder layers using a computer-
controlled laser beam. Both techniques provided complex porous structures with
freeform of shapes and porous structures with controlled pore size fraction. Usually, the
properties achieved are comparable to the design parameters but the predictability at
higher porosities seems to be better [29,69,70,80-82].

Impurities can seriously affect the mechanical properties of porous Ti, where the
amount of oxygen and nitrogen present a crucial role. Increasing oxygen content
develops an increase of the yield strength, hardness and fatigue resistance at a given
stress level, whereas on the other hand, leads to a decrease of the ductility and impact
resistance by restricting twinning and prismatic slip. When heated to a high
temperature, Ti derives its strength from solution hardening because of oxygen and
nitrogen and the presence of these interstitial elements lead to the brittleness of the

material [40,83,84].
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The oxygen content has an important impact on the compressive properties of
dense and porous Ti. The yield strength and the ductility are significantly affected when
the oxygen content increases from 0.24 to 0.51 w:%. After the sintering stage in vacuum,
the surface of Ti is repassivated when exposing to air and this is an additional oxygen
pick-up. This effect is minimal for dense components but may be very relevant for
porous components. This oxygen film contributes to the total oxygen content but its
influence on the final mechanical properties is usually negligible. However, this oxide
film provides to Ti improved corrosion resistance and biocompatibility [83—85].

The use of particles in most of the processes for the production of porous Ti
provides a large surface area that is naturally covered with a thin oxide film that
contributes to an increase in the oxygen content and consequently can affect the
properties of the final materials. The large surface area of the powder provides also a
large portion of the material to react with additives (i.e., binder, space holders) or with
the atmosphere during processing. In addition, the high temperature processing of the
powder leads to a dissolution of the oxide and/or nitride layers on the surface of the
powder and, therefore, provides a fresh Ti surface to react with the atmospheric
constituents. Then, a natural oxide layer reforms on the surface of the porous structure
after exposure to air at low temperature. While the impact of interstitials on the
properties of dense Ti-based materials has been widely studied and reported in the
literature, their effect on the properties of porous Ti structures has been rarely reported
[85,86].

Implants in the human body are usually under cyclic loading conditions during
walking and running. The cortical bone suffers combined loading stress states that can
involve tension, compression, shear and fatigue [87]. There have been several studies
evaluating the compression behaviour [50,59,87-89], bending behaviour [90,91] and
fatigue behaviour [84,87,92,93] of porous Ti. However, final results may present
variations depending on the details of processing techniques, interstitial elements
content and heat treatments, among other details.

The mechanical properties, especially Young’s modulus, of porous Ti are mainly
governed by the porosity. Xiang et al. [59] showed that the compressive strength and
Young’s modulus decreased as the porosity level increases. When the porosity was 70%,

Young’s modulus was 1.2 GPa, which is close to the one found in the human bone.
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Imwinkelried et al. [90] stated that the typical yield strength of the porous Ti with 62.5%
porosity is above 60 MPa in compression, bending and tension. In conclusion, Young’s
modulus, the vyield strength and ultimate compressive strength decrease with an
increase of porosity [40]. Nevertheless, the choice of the testing method for the
evaluation of Young’s modulus of porous material is critical. The most reported
technique is compression test, however, dynamic methods like ultrasound technique
have superior precision and repeatability. Hence, the literature shows that Young’s
modulus measurements from uniaxial compression tests are significantly lower than
those obtained by dynamic measurements [94,95].

Bending combines tension and compression in a more complex stress distribution
so that is why the values obtained by bending test differ from the ones obtained in pure
tension or pure compression [96]. Amigd et al. [91] tested bending performance of
porous Ti produced by PM with space holder technique and stated that the size of the
space holder particles influences flexure strength. More specifically, a higher bending
strength was obtained on the porous samples that had smaller particles size of the space
holder. The results also showed that bending strength decreased as porosity increased.
The same conclusion was found by Kashef et al. [97], where lower porosity provided a
higher bending yield stress.

Fatigue may be defined by a progressive localized permanent structural change
occurring in a material subjected to cyclic stresses that are often the principal cause of
the premature mechanical failure of the metallic biomaterials. Under fatigue conditions,
in the human body, fluids can accelerate the initiation of a surface flaw and can lead to
propagation to its critical size that can start the fracture. The simultaneous action of
fatigue stress and electrochemical dissolution is defined as corrosion fatigue. Fatigue
strength presents remarkable changes when studied under corrosive action of simulated
body fluids [87,92,98—-100]. The reduction of fatigue life of Ti and its alloys under
corrosion fatigue has been scarcely documented [101-105]. However, especially for
porous structures, where it is possible to have interconnected porosity allowing fluids
to penetrate through the structure, corrosion fatigue must be explored. Figure 2.3
presents surface and cross-section tomographic slice images showing a simulation of

flooded pores by electrolyte, where porous Ti with a mixture of open and closed pores
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was found to be crossed by the electrolyte, meaning that the top and bottom surfaces

were linked by a void structure [26].
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Figure 2.3. Top surface and cross-section tomographic slice images presenting a simulation of

electrolyte penetrating the pores. Reproduced with permission from [26], Copyright (2020).

Porosity may be an efficient way to achieve the mechanical and biological
characteristics that are needed, however, it may present a detrimental effect on the
corrosion and tribocorrosion properties. The lifetime of an implant is crucial and it is
conditioned by its degradation and this process is responsible for decreasing the
structural integrity of the implant and the release of wear and corrosion products that
may initiate some adverse biological reaction in the body and even lead to mechanical

failure of the implant. Body fluids present a highly aggressive chemical environment for

24



the metals due to their high concentration of chloride ions that have an ability to induce
localized corrosion [106—109]. The study of the electrochemical behaviour of Ti is well
extended, whereas the same study on porous Ti is scarce. In general, studies indicate
that pores may have strong effects on corrosion characteristics [110-112]. Xu et al. [110]
fabricated porous NiTi and presented a decrease of the corrosion resistance on the
porous samples that was attributed to a larger real contact surface area of the porous
structures, as well as, the presence of crevice corrosion. Alves et al. [113] studied the
corrosion behaviour of porous Ti having 30 and 50 0% of nominal porosity.
Electrochemical studies revealed that samples presented a less stable oxide film at the
inner pores at increased porosity. The lack of a well-defined passivation plateau in the
potentiodynamic polarization curves was explained by the heterogeneities on the oxide
film formed, especially on the most inner pores. The authors stated that the difference
on the thickness and the nature of the oxide film between the porous structures was
due to the difficulty on the electrolyte penetration through the pores as well as the
difficulty on the oxygen diffusion. More recently, Alves et al. [26] developed corrosion
studies on macro-porous Ti and stated that corrosion rate of macro-porous structures
was influenced by the surface area.

Tribocorrosion, the phenomena caused by both the electrochemical and
mechanical interactions on the materials, i.e. synergistic combination of corrosion
processes and wear, is one of the most important aspects in biomedical industries. It
appears as a threat to the quality of implant systems during and after the implantation
surgery. There has been significant progress in this research area, however, the studies
are significantly less when compared to the ones related to tribology and corrosion areas
separately.

Hip implants as well as dental implants suffer different kinds of tribocorrosion
phenomena. There are different interfaces in the hip implants: bone—cup (fretting-
corrosion), head—cup (sliding-tribocorrosion), head-neck (modular junction: fretting-
corrosion) and stem—bone (modular junction: fretting-corrosion), as presented in Figure
2.4. Dental implants are exposed to cyclic micro-movements at implant—abutment
interface causing relative motion between contacting surfaces and leading to wear
[114-116]. The wear behaviour of the implant depends on several properties, among

them, with special emphasis on hardness, roughness, fracture toughness and Young's
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modulus of the interacting materials. In this way, implants must have a good

performance regarding degradation, that will not interfere in the bone—implant

interface [117].

Fretting corrosion at
cup-bone interface

Slidding tribocorrosion at
head-cup interface

Fretting corrosion at
head-neck interface

Fretting corrosion at
stem-bone interface

Figure 2.4. Schematic drawing showing the fretting-corrosion and sliding tribocorrosion interfaces in

the hip implant.

Porous structures may present different wear behaviour compared with dense
material. Studies [55,118-120] showed that porosity can either play a favourable or
unfavourable role. Pores at the surface reduce the real nominal contact area and may
trap the wear debris where they can be partly compacted in the pores. The presence or
absence of debris can influence wear mechanisms and coefficient of friction. Porosity
can also contribute to the initiation of microstructural defects, like cracks that may
produce higher wear rates and decrease of the transition load. Toptan et al. [55] studied
the tribocorrosion behaviour of macro-porous Ti and stated that the ejection of the wear
debris into the macro-pores can decrease the third-body abrasion effect and may
contribute to an improved tribocorrosion performance by macro-pores structures. A
schematic draw of the suggested tribocorrosion mechanisms for porous Ti is presented

in Figure 2.5.
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Figure 2.5. Schematic drawing for a possible wear scenario for porous Ti.

In contrast to what happens in static corrosion resistance, where the performance
depends on a stable spontaneous passive film that was formed, under tribocorrosion
evaluation, the behaviour relies on depassivation of the passive film and the formation
of a tribofilm (including adsorbed proteins) [45,121,122]. It has been reported [5,123]
that proteins affected the formation and the growth of the passive film and changed the
variation in corrosion kinetics. Biological products (e.g. cells, proteins) can be a part of
an extra layer that protects the implant from wear and therefore, may decrease the
damage given by tribocorrosion.

Thus, the use of porous Ti instead of fully dense material may allow primary
stability for the implant and a possibility to the living bone to grow inside of the
structure. Although having these advantages, Ti is presented as a bioinert material, and
after the implantation, Ti does not bond to the bone directly. Therefore, it is desirable
to perform changes in the surfaces in order to add some bio-function without
compromising the stable fixation. It is also pertinent to do improvement against long-
term concerns such as the generation of metal debris from the implant. With surface
modification, it is possible to achieve bioactivity, enhanced by the incorporation of

bioactive elements and to achieve protection for both wear and corrosion [43,117,124].

27



2.3. Bio-functionalization by micro-arc oxidation

Ti presents low resistance to wear and a high coefficient of friction, releasing metal
ions under tribocorrosion solicitations [27,123,125,126]. However, there is still no
consensus on how much amount of metal ions can be tolerable in the human body [127].
Recently, Costa et al. [128] showed that particles from tribological tests performed on
Ti alloys increase the production of anti-inflammatory cytokines. Wear particles from Ti-
based materials also exhibited the capability to penetrate osteoblast cell membranes
and to become internalized [128]. In this way, it is required the use of an appropriate
surface modification to improve the surface properties of the implant [14,20,21,27,125].

Ti implants are expected to detain high bone—implant contact. Briefly, there are
four factors that can be considered being relevant in the contact between the bone and
the structure: materials and surface treatments, topography, surface energy and bio-
functionalization [32,129].

The main disadvantage of using metals, like Ti, as biomaterials is the fact that they
have no bio-function. To solve this issue, surface modification is an effective way to bio-
functionalize, altering the surface morphology and chemical composition of metals to
be used as biomaterials where the tissue compatibility of the surface can be improved.
Surface modification with nano- and micro-porous structures showed promising results
at the implant—bone interface, with improved cell response, improved corrosion and
wear resistance and, consequently, an increased implant lifetime [22,130-133].

There are several methods for surface modifications, where the most known ones
are physical techniques like polishing, sandblasting and heat treatment, chemical
approaches including acid-alkali etching, electrochemical methods like anodic
treatment, among others. Nowadays, surface modification methods, such as anodic
treatment [125,134], ion implantation [135], nitriding [135], laser-cladding [135],
surface mechanical attrition treatment [136] and thermal oxidation [136] are widely
applied to regulate the surface structure in order to improve the biological and the
tribocorrosion behaviour of the Ti-based materials. Some of those techniques enforce
the protective properties of the oxide film that is naturally formed on the surface that
consists mainly of amorphous or low-crystalline and non-stoichiometric TiO,. However,

the passive film possesses poor tribological properties, thus, some of those techniques
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can be applied in order to promote the growth of thick and adherent oxide layer on the
surface and to enhance its tribocorrosion resistance [137].

At least four different types of titanium oxide can be formed on the surface of Ti.
Under atmospheric pressure, the thermodynamically stable oxide is TiO2 and it can exist
in an amorphous natural state or one of three crystalline polymorphs phases: anatase
(tetragonal), rutile (tetragonal) and brookite (orthorhombic). Rutile is the most stable
crystallographic phase of TiO, but lower temperatures favour the formation of
metastable anatase over the rutile [137].

Among the various available anodic treatments, micro-arc oxidation (MAQ), that
can also be called plasma electrolytic oxidation (PEO), generates a porous uniform hard
TiOz layer that it is firmly adherent to the bulk material (Ti). This TiO, layer already
proved to be a promising approach since it is capable of improving the surface aspects
of materials intended for biomedical applications by presenting better roughness and
wettability and promoting bioactivity. Consequently, these modifications bring better
results on cells adhesion, proliferation and differentiation, blood compatibility,
reduction of the haemolysis rate, among other properties [28,48,138,139]. In addition
to improve bioactivity, many other studies refer to MAO as a suitable and economical
method for improving the corrosion [140-145] and tribocorrosion [55,125,126,146,147]
behaviours because this hard TiO; layer acts as a physical barrier against corrosion and
wear.

MAOQO provides the possibility of combining the chemical and morphological
modification of Tiimplant surfaces in an effective single-step environmental friendly and
fast process. Various electrolyte solutions are used to anodize Ti and the composition of
the new layer is mainly determined by the electrolyte constituents [33,148,149].

There are several biological studies on anodized Ti surfaces [134,150,151]. Chen
et al. [150] successfully applied MAO in order to grow TiO; (anatase- and rutile-rich)
layers on B-Ti alloy for improved osseointegration. In vitro osteoblast activity and
microscopic observations revealed that osteoblast grew well and completely fused to
the micro-porous TiO; layer. Oliveira et al. [134] reported that the anodic treatment with
Ca and P incorporation modulated positively the cell viability and osteoblast-related
gene expression [152]. Ribeiro et al. [28] studied MAO layers formed on Ti surfaces and

showed faster osteoblast adhesion and spreading when compared with Ti. Felgueiras et
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al. [151] demonstrated that porous oxide surfaces promoted osteoblast attachment,
differentiation and consequently osseointegration. These structures allowed a stronger
bone anchorage on both animal and human experiments. The authors performed
tribocorrosion tests in the presence of MG-63 osteoblast-like cells and results presented
a resistant oxide layer and cells’ capacity of regeneration after implant degradation
[151].

Durdu et al. [153] studied the tribocorrosion behaviour of Ti-6Al-4V alloy modified
by MAO and stated that the wear resistance and tribological properties of the treated
samples were better than those of the untreated alloys. Alves et al. [125] stated that the
presence of rutile decreased the mechanical damage after sliding, so the crystalline
structure of the layer formed in the MAO process affected the tribocorrosion behaviour.
In conclusion, several works studied the tribocorrosion behaviour of the porous oxide
layer on Ti [125,151,154] showed that MAO contributes to an improvement of
biomedical materials performance in tribocorrosion field.

On the electrochemical field, studies [140-144] have shown that micro-porous
oxide layers produced by MAO demonstrated better corrosion behaviour when
compared to Ti. Park et al. [140] evaluated the surface characteristics of Ti modified by
MAO and reported an increased corrosion potential and decreased corrosion current
density. Velten et al. [142] reported that the thickness of the TiO; layer increased with
the increase of the oxidation voltage. As so, a higher thickness of the oxide porous layer
can increase the corrosion performance as well as the surface roughness.

There are only a few reports [155-157] regarding the mechanical performance of
MAO-treated Ti and its alloys. Gu et al. [156] evaluated the micro-hardness of treated
Ti-6Al-4V samples by MAO and presented higher value for the treated samples when
compared with the untreated ones. On the other hand, Santos et al. [157] studied the
mechanical properties of MAO-treated Ti samples by nanoindentation and showed that
the hardness of the oxide layer was reported as similar to the one found in the Ti bulk
material. In opposite, Young’s modulus of the oxide layer was 19% lower than the one
for bulk Ti due to the porosity.

Hierarchical multiscale (macro-, micro- and nano-scale) porosity on a surface can
be beneficial for promoting cell adhesion and proliferation and for mechanical

interlocking [58]. Such approach can be easily obtained by changing the variables of two
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or more steps of anodic treatment. Li et al. [58] created a super hydrophilic surface
through a two-step MAO process. The authors stated that the first-step only changed
the morphology, but the second-step changed both the morphology and the
composition. The authors presented a triple hierarchical structure on Ti surface, in the
macro- (macro-pores with 100—300 pm), micro- (micro-slots with 3—10 um) and nano-
(submicron/nano-pores with 80—200 nm) scales. It was also stated that the ability to
induce hydroxyapatite increased due to the presence of the micro-slots and the nano-
pores [58]. Zhou et al. [158] performed a three-step MAO on Ti with the incorporation
of bioactive elements and biological results presented that good induction of apatite
was closely related to the gouges, the structure that was formed in the second-step of
MAO. More recently, a hierarchical bio-functionalized porous surface was obtained on
Ti by a two-step anodic treatment [27] where the authors showed that with the first-
step, it was possible to obtain macro-porosity while with the second-step, a bio-
functionalization process by MAOQ, it was provided an oxide layer with micro-pores and
bioactive elements, as presented in Figure 2.6. Corrosion and tribocorrosion behaviours
were evaluated and the results showed improved performance due to the protective

role given by the hard porous TiO; layer formed on the second-step (MAO).

Ti_1MAO

Ti_1MAO o e Ti-3MAO

Figure 2.6. Hierarchical multiscale (macro-, micro- and nano-scale) porosity obtained by MAO process
(a and d) and by a two-step anodic treatment (b to f). Reproduced with permission from [27],

Copyright (2020).
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One of the many advantages of MAO is the possibility of doping bioactive elements
to the porous oxide layer with the aim to improve the biological response
[28,48,148,159-166]. Calcium (Ca) is the most common mineral in the human body, the
major structural component of bones and teeth. More than half of the mass of
bone mineral is composed by phosphorus (P), which combined with calcium, forms
hydroxyapatite crystals. Calcium phosphate showed to play a relevant role in order to
enhance early-stage bone tissue integration [106,167,168]. Ishizawa and Ogino were the
forerunners [169] to produced bioactive oxide layer containing Ca and P, as bioactive
elements.

Strontium (Sr) as bioactive element presents a dual action since it showed
beneficial effects on bone growth and reduction of bone resorption. In this way, Sr is
reported to increase osteoblast differentiation and bone matrix mineralization
[32,148,160-165]. Mg ions are naturally occurring within a human body and play a
critical role to many essential cellular functions, such as activating adenosine
triphosphate and synthesizing DNA and RNA. More than 60% of Mg in the human body
is found in bone. Mg can be absorbed by the human body over time and this
characteristic makes it particularly well-suited for applications that require malleable
implant devices [22,160]. Another promising bioactive element is zinc (Zn) that presents
a beneficial effect on bone growth and positively affects bone regeneration as well as
antibacterial potential [160,170]. Fluor (F) is stored in teeth and bones and increases
their structural stability. More recently, F incorporation as bioactive elements showed
promising results since it enhanced the antibacterial activity of medical devices and also
osteoblastic activity [168]. Silver (Ag) and copper (Cu) exhibit antimicrobial ability
however their incorporation may lead to cytotoxicity [165,166,170,171]. Recently, it was
reported that manganese (Mn) can have a significant role as a co-factor in the bone
mineralization as well as bone cartilage and collagen formation showing promising
results to be used as bioactive element [36]. Cerium (Ce) is a rare earth element that
also has been used in biomaterials to stimulate antibacterial activity [159]. Co has been
shown to be favourable for angiogenesis but also exhibits prolonged antibacterial
effects [168]. Bioactive elements may play a role not only with biological effects but can
also set performance on the tribocorrosion behaviour, playing or not a lubricant effect

[172].

32


https://lpi.oregonstate.edu/mic/minerals/calcium
https://lpi.oregonstate.edu/mic/glossary#mineral

2.4. Bio-functionalized macro-porous Ti

The main goal with the bio-functionalization process by surface modification using
MAO for porous Ti is to achieve an efficient procedure that provides bioactivity for both
the outer surface and inner parts of the surface implant, like Figure 2.7 illustrated. Such
modification can increase the biological response and tribocorrosion without an
alteration on its macro-pore size distribution, amount of porosity or 3D interconnection.
However, the evaluation of bio-functionalized macro-porous Ti is still scarce in the

literature [26,48,55,173—175] and most of the studies give a limited evaluation.

Macro-pore

Oxide layer with micro-pores
and bioactive elements Z

Figure 2.7. Schematic drawing of bio-functionalization of macro-porous Ti, where a micro-porous

oxide layer with bioactive elements covers all the surface of the macro-pores.

Bio-functionalized macro-porous Ti showed apatite-forming abilities with apatite
rapidly nucleates and grows on the porous structures [174,175]. Extensive biological
studies were recently reported. Alves et al. [48] studied the biological response in terms
of adhesion, spreading, viability and proliferation of pre-osteoblasts on bio-
functionalized highly porous Ti. Representative lower and higher magnification SEM
images of osteoblasts attached to bio-functionalized porous Ti are presented in Figure
2.8. The authors stated that bio-functionalization by MAO is an efficient way to
incorporate bioactive elements on both outmost surfaces and inner pore surfaces,
which may allow the supply of bioactive elements when necessary. Results showed that
bio-functionalized porous Ti structures exhibited better cell adhesion and proliferation.
Another study [170] with porous Ti implants that were bio-functionalized by MAO
showed that bioactive elements such as Ag and Zn were released from the implant

surfaces for at least 28 days resulting in antibacterial activity. Besides this, bio-
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functionalized porous Ti generated reactive oxygen species and by this way, promoted
antibacterial contact killing. Such surfaces also showed enhanced osteogenic behaviour

of pre-osteoblasts after 3, 7, and 11 days [170].

Figure 2.8. Representative lower (a, c and e) and higher (b, d and f) magnification SEM images of
osteoblasts attached to bio-functionalized dense Ti (a,b) and bio-functionalized highly porous Ti (c—f).

Reproduced with permission from [48], Copyright (2019).
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Using a different bio-functionalization process than MAO, macro-porous Ti with
TiO2 nanotubes showed potential on the number of planktonic bacteria and hindering
the formation of biofilms making them, according to the Yavari et al. [166], promising
candidates for combating peri-operative implant-associated infections. Bose et al. [167]
also studied the effect of TiO, nanotubes on porous Ti and stated that such an approach
induced early-stage osteogenesis with enhanced defect healing and mechanical
interlocking at the interface bone—implant.

On the other hand, surface modification methods should not deteriorate the final
properties of macro-porous structures. Previously, surface techniques to improve the
biological response of porous Ti showed promising results for cell response but
mechanical response was seriously affected [176,177]. Korkmaz et al. [155] applied
MAO to open-cell porous Ti-6Al-4V alloy and studied the mechanical properties by
compression tests and stated that results of the MAO-treated porous samples were
significantly improved when compared to the untreated porous materials, showing
higher peak stress. Karaji et al. [178] studied the effect of MAO process on the
mechanical properties of porous Ti processed by AM. The authors showed that when
MAO was performed for 2 min, it did not influence most of the mechanical properties
under studied like maximum stress, yield stress, plateau stress, energy absorption and
Young’s modulus. But when MAO treatment was applied for 5 minutes, a decrease on
Young’s modulus, yield stress and plateau stress was showed although no changes were
found on the maximum stress and energy absorption.

The triboelectrochemical response is also an important aspect that will conditione
the overall response of the material that will be implanted. The literature is still very
scarce on the evaluation of corrosion and tribocorrosion of bio-functionalized porous Ti.
Recently, Alves et al. [26] demonstrated that bio-functionalization process by MAO
improved the corrosion behaviour of macro-porous Ti, in terms of thermodynamic and
kinetics. The authors reported that an increase of the macro-porosity led to an increase
on the corrosion rate, mostly due to the growth of the barrier film formed during MAO.
Toptan et al. [55] evaluated the tribocorrosion behaviour of bio-functionalized macro-
porous Ti and the results showed lower tendency to corrosion under sliding for bio-
functionalized porous structures due to the load-carrying effect produced by the hard

protruded porous TiO; surfaces formed by the MAO process.
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Valuable insights are reported in the literature for bio-functionalized macro-
porous Ti but most of the studies revealed limited information. The main limitation is
related to the porous area that is exposed to the electrolyte, especially when MAO
process is proceeding. The inner pores may not be reached during the surface treatment
and therefore, the oxide layer formed at the surface might be different throughout the
macro-porous structure [48,55]. Besides, a lot is yet to be explored since the overall and
long-term responses are yet to be understood. A better understanding of the
degradation mechanics under fatigue or fretting-corrosion solicitations for long times is
not known for bio-functionalized macro-porous Ti. The effect of proteins, bio-organism

or bone-ingrowth inside of the pores should also be understood.

2.5. Summary and concluding remarks

The search for an optimum solution to solve the clinical problems associated with
the implants led to the manipulation of the implant structures in order to obtain
hierarchical porosity. Bio-functionalized macro-porous Ti was presented as a promising
solution in order to overcome the main problems of implant failures: infections, aseptic
loosening, bioinertness of the implant surface and osteolysis. The combination of
macro-porous Ti with a micro-porous bioactive Ti oxide layer as a hierarchical structure
can have the adjusted Young’s modulus to match the one of the bone by controlling the
implant macro-porosity and increasing the surface area that may improve the
osseointegration. Additionally, trough surface modification with micro-arc oxidation, it
is possible to improve bioactivity, corrosion and tribocorrosion performance of the
implant by creating a micro-porous oxide layer containing bioactive elements.

The biological, mechanical and triboelectrochemical performance of such
combination of solutions, bio-functionalized macro-porous Ti structures, are on the way
to be improved and optimized for future implant applications. However, further long-
term investigations studies are needed to justify these approaches to be a candidate to
substitute the current Ti-based implant materials. In addition to all the other mechanical
properties of implant materials, the design of the implant should optimize the load

transfer to the bone and such phenomena should not affect the osseointegration

36



process. After that, in vivo studies are necessary to validate such tailored materials to

be used as an implant.
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Abstract

One of the main problems that remain in the implant industry is poor
osseointegration due to bioinertness of implants. In order to promote bioactivity,
calcium (Ca), phosphorus (P) and strontium (Sr) were incorporated into a TiO; porous
layer produced by micro-arc oxidation. Ca and P as bioactive elements are already well
reported in the literature, however, the knowledge of the effect of Sr is still limited. In
the present work, the effect of various amounts of Sr was evaluated and the
morphology, chemical composition and crystal structure of the oxide layer were
investigated. Furthermore, in vitro studies were carried out using human osteoblast-like
cells.

The oxide layer formed showed a triplex structure, where higher incorporation of
Sr increased Ca/P ratio, amount of rutile and promoted the formation of SrTiO3
compound. Biological tests revealed that lower concentrations of Sr did not compromise
initial cell adhesion either viability and interestingly improved mineralization. However,
higher concentration of Sr (and consequent higher amount of rutile) showed to induce
collagen secretion but with compromised mineralization, possibly due to a delayed
mineralization process or induced precipitation of deficient hydroxyapatite. Ca-P-TiO;
porous layer with less concentration of Sr seems to be an ideal candidate for bone

implants.

Graphical abstract

CaP mSr mmSr mmmSr

Keywords: Sr, Micro-arc oxidation, TiO,, Orthopaedic implants

56



3.1. Introduction

In most OECD countries, the number of hip replacements has increased by 30%
between 2000 and 2015 and currently, more than 1 million total hip replacements are
performed every year in the world [1,2]. The existing prostheses may be successful in
restoring function, thereby increasing the quality of life of millions of people, but
present some concerns in the medium/long-term. Unfortunately, nowadays it was
estimated that 75% of the hip implants had a lifetime of 15—-20 years [3] mainly due to
tendencies to fail after medium/long-term use because of various reasons, such as low
wear resistance, lack of bioactivity and poor osseointegration due to the bioinertness of
the implant surface [4-6]. In order to solve these problems and to improve the lifetime
of implants, surface modification by anodic treatment under micro-arc oxidation (MAOQ)
regime, also called plasma electrolytic oxidation (PEO), is presented as a favourable
solution. MAO has shown capabilities to improve the most important surface
characteristics of implants such as improving the bioactivity by the incorporation of
bioactive elements, tailoring the oxide phases, roughness, porosity and topography that
also eventually defines the wettability in a way to be more suitable for cells [7-10]. MAO
contributed to an improved adhesion, proliferation and differentiation of cells, blood
compatibility, reduction of the haemolysis rate, extended dynamic coagulation time,
reduction of the amount of platelet adhesion and degree of deformation, among other
properties [7-10], like improved corrosion [11-16] and tribocorrosion [17-21]
behaviour.

MAO promotes the incorporation of bioactive elements in order to give bio-
function to bioinert metal implants. Regarding bioactive elements, the major chemical
element found in the bone is Ca, followed by P, but there are at least a dozen of other
chemical elements in its constitution. For example, most Sr (99%) present in the human
body is deposited in the bone due to its superior ability to bind with hydroxyapatite
(HAP) i.e. with the mineral phase of bone [22-29]. New compact bone contains at least
three times more Sr than old compact bone, while new cancellous bone contains at least
two times more Sr than old cancellous bone. This can be explained by the fact that in
the newly formed bone, Sr is not only incorporated into the crystals (as heteroionic

substitutions) but it is also included onto their surface (adsorption and exchange). In
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contrast in old bone, Sr is almost exclusively taken up onto the surface of crystals since
almost no heteroionic substitution occurs afterwards [30]. Sr has an effect on osteoblast
proliferation and osteoclast resorption with consequently stimulation of bone growth
and inhibition of bone resorption [31,32]. Thus, Sr is accounted as a potential bioactive
element showing promising results in vitro [31-34] and in vivo [25,33,35-37].

Nowadays Sr has been widely used in the biomedical field, as implants [31-34] and
drug deliveries systems [34]. However, there are many concerns with its long-term
effectiveness and performance because of possible Sr toxicity that has been shown to
present a dose-dependent behaviour [30,38,39]. For example, some cardiovascular side
effects were observed when strontium ranelate [28] was used as therapeutics to treat
osteoporosis.

Sr on TiO, layers [29,35,40-43] showed promising results for biomedical
applications. Kung et al. [29] studied the incorporation of Sr, Ca and P on anodized Ti
and stated that the lowest Sr content provided a preferential surface for osteoblastic
cell proliferation. Zhang et al. [41] showed that osteoblastic cell adhesion on Sr-
incorporated TiO; was significantly enhanced compared with the Sr-free TiO,. Sato et al.
[42] studied the effect of the Sr addition along with Ca and P to a TiO; layer formed by
MAO and the results showed a small inhibitory effect on pre-osteoblasts cell
proliferation, however osteogenic differentiation and mineralization was observed.
Based on our knowledge, few studies explored in in-depth the effect of Sr incorporation
on Ca-P on TiO; layers and there is no consensus in which range of Sr is more beneficial
for mineralization. There is still limited information regarding the effect of the amount
of Sr on the composition, microstructure and long-term biological responses of Sr-TiO;
surfaces.

A lot of studies that evaluated the effect of Sr in a layer with Ca are substituting
Cafor Sr[31,35,42]. We combined the work of Kung et al. [24,29,44], where the authors
used 0.0013 and 0.013 of strontium hydroxide to produce Ca-P-Sr TiO; porous surfaces,
and a recent work that showed the behaviour of Sr can be promoted in a calcium-rich
microenvironment [45]. Xie et al. [45] hypothesize that the effect of strontium on bone
regeneration is related to the concentration of calcium and concluded that Sr is more
potentially effective for bone regeneration in combination with an environment having

a high concentration of calcium ions. In fact, strontium inhibits bone regeneration with
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low dose calcium and promotes bone regeneration with a high dose of calcium in vitro.
In addition, we also decide to work with 0.35 M of calcium acetate, since previous works
showed that higher Ca concentration in the MAO electrolyte solution had a positive
effect on the surface properties, chemical composition, cell evaluation and
tribocorrosion behaviour [7,9,18,19,46]. In the end, we continued the studies with 0.35
M of calcium acetate and combined with the addition of 3 concentrations of strontium
hydroxide (0.0013, 0.013 and 0.13 M).

Hence, in the present work, the effect of the incorporation of several
concentrations of Sr on Ca-P-TiO; layers was evaluated and discussed. A detailed
characterization of Sr-MAO oxide layer was performed with high-resolution techniques
since there is a lack of information regarding their structure. Osteoblasts—Ca-P-Sr TiO;

layers interface, cell adhesion, viability and mineralization was evaluated.

3.2. Materials and methods

3.2.1. Samples preparation and characterization

Prior to MAO treatment, Ti plates (1 x 1 cm) were ground with 320# SiC papers
and then etched in a Kroll's reagent solution (1:1:1 for HF:HNO3:H,0) for 10 seconds.
Then the samples were ultrasonically cleaned in propanol for 15 minutes followed by 10
minutes in distilled water and dried with warm air.

After surface pre-treatment, anodic treatment was carried out under MAO regime
using 200 mL of a mixture of 0.02 M of B-glycerophosphate disodium salt pentahydrate
(B-GP, Alfa Aesar), 0.35 M of calcium acetate monohydrate (CA, Alfa Aesar) and 0.0013
M, 0.013 M or 0.13 M of strontium hydroxide octahydrate (SH, Alfa Aesar). The
electrolyte was chosen in order to incorporate bioactive species, namely P (from B-GP),
Ca (from CA) and Sr (from SH). Electrical conductivity was measured (WTW Inolab
conductivity meter Level 1) for the 4 conditions of electrolyte under study, at 22 + 1 °C,
with at least 5 measures per condition. Depending on the concentration of SH on the
electrolyte, the groups of samples were named CaP (no SH added), mSr (0.0013 M of
SH), mmSr (0.013 M of SH) and mmmSr (0.13 M of SH). Table 3.1 gives the details of the

MAO process, presenting the electrolyte composition with the respective group code
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and electrolyte conductivity (ms/cm). MAO treatment was performed at room
temperature under a constant voltage of 300 V with a limiting current of 2.60 A during
1 minute (i.e. wait to reach 300 V and then count 1 minute) using a direct current (DC)
power supply. The samples were connected as anode and a platinum sheet was used as
cathode. The anode area was 2.8 cm? and the cathode area was 13 cm?. The distance
between the cathode and the anode was 8 cm and all the MAO treatments were carried
out under turbulent regime at 200 rpm. After MAO treatment, the samples were cleaned
with distilled water and air-dried. Each electrolyte was reused to produce a maximum
of 5 samples after preliminary analyses ensuring the reproducibility in terms of

morphology, oxide phases and chemical structure.

Table 3.1. Electrolyte composition with respective group nomenclature and electrolyte

conductivity (ms/cm).

Electrolyte composition Group nomenclature  Electrolyte Conductivity (ms/cm)
0.35 M CA + 0.02 M B-GP CaP 21.5+0.3
0.35M CA +0.02 M B-GP +0.0013 M SrH mSr 219+0.1
0.35 M CA +0.02 M B-GP + 0.013 M SrH mmSr 22.6+0.1
0.35M CA +0.02 M B-GP + 0.13 M SrH mmmSr 33.6+0.1

The topography, microstructure and chemical composition of the oxide layers
formed on the surface were analysed by FEI Nova 200 field emission gun scanning
electron microscope (FEG-SEM) equipped with energy dispersive X-ray spectroscopy
(EDS). The distributions of pore size of the MAO layers were calculated using a point-
counting method adapted from ASTM E562, where a grid (17 lines parallel to each other
with a constant spacing of 0.03 mm) was superimposed on the micrographs. All the
pores intersecting the lines had their diameters measured. Three SEM images were
taken for each sample in at least 3 different zones of the surface and 3 samples were
used per group. EDS mapping was performed using a silicon drift detector (SDD)
(Oxford), equipped to scanning electron microscope, using AZtec (Oxford) software.

Crystalline structure was characterized by XRD (Cu Ka radiation, Bruker D8
Discover) with a scanning range (26) of 20° to 100° at glancing incidence angle. At least
three samples were evaluated per group in order to assure the reproducibility. Phase

identification was performed with the help of the standard JCPDS database (JCPDS
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database: 00-044-1294 for Ti, 01-089-4203 for anatase and 01-078-1508 for rutile) and
the phase percentage of the oxide layer obtained by MAO was calculated following
Equation (3.1):

% phase, = Zlepeaks (3.1)
Zlallpeaks

The elemental composition and chemical bonding of the top of the surface of the
oxide layers were evaluated by X-ray photoelectron spectroscopy (XPS) using a SPECS
PHOIBOS 100/150 spectrometer with a 150 mm hemispherical analyser operating with
X-ray energy source of 1486.6 eV from a polychromatic Al (Ka) radiation in 30° as take-
off angle, Epass of 30.0 eV, using an energy step of 0.5 eV (for the survey spectra) and
0.02 eV (for the high-resolution spectra over each element peak). The energy band peak
deconvolution was made using the CASA-XPS software and the NIST-XPS database for
the envelope peaks C 1s, O 1s, Ti 2p, Ca 2p, P 2p and Sr 3d binding energies. C 1s (284.6

eV) was used as calibration energy.

3.2.2. Surface preparation and cell culture

Prior to cell culture experiments, Ti plates bio-functionalized (including their
backsides) were sterilized in a sterile culture hood by 2 hours immersion in ethanol 70%
(V/V) followed by 2 hours of UV light irradiation.

Human osteoblast-like MG-63 cells (ATCC number: CRL-1427™) were provided by
Rio de Janeiro cell bank and were used for evaluation of cell-surface interactions. MG-
63 osteoblastic cells were cultured at 37 °C and 5% CO: in a cell growth medium
consisting of Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with
10% (V/V) fetal bovine serum (FBS, Gibco) and 1% (V/V) of an antibiotic (100 U mL™ of
penicillin-streptomycin, BioReagent). Cell culture experiments were performed at

approximately 80% confluence.
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3.2.3. Cell adhesion

For adhesion experiments, MG-63 cells were seeded with a density of 1x10* cells
per cm? on the surfaces placed in a 24-well plate and grown at 37 °C in fully humidified
atmosphere containing 5% CO; alternatively for 4 and 24 hours. Evaluation of the cell
adhesion experiments was performed by fluorescent staining of the actin cytoskeleton
(using alexa fluor 546 phalloidin, Thermo Fisher Scientific, A22283) and the nucleus (4’,6-
diamidino-2-phenylindole-dihydrochloride, DAPI, Sigma-Aldrich, F6057). Cells adherent
to the disks after 4 and 24 hours were fixed with 4% paraformaldehyde (PFA),
permeabilized with 0.1% (V/V) Triton X-100 and the unspecific staining was blocked by
incubation in 3% BSA before exposure to alexa fluor 546 phalloidin and DAPI. Samples
were examined with a fluorescence microscope inverted with a digital camera Axio
Observer Al (Zeiss) equipped with AxioCAM MRm. For each testing condition and time
point of experiment, at least four samples were used and two independent experiments

were carried out.

3.2.4. Cell viability

For viability experiments, MG-63 cells were seeded (cell density of 2x10* cells per
cm?) on the surfaces placed in a 24-well plate. All the cell-containing samples were
incubated at 37 °C in a fully humidified atmosphere containing 5% CO; for 24 hours.
Then LIVE/DEAD® assay was performed to access the cytotoxicity of the surfaces and
was used in accordance with the manufacturer’s instructions (LIVE/DEAD®
viability/cytotoxicity kit, Thermo Fisher Scientific, L3224). The kit contained two probes:
calcein acetoxymethyl and ethidium homodimer. Active intracellular esterase of living
cells converts calcein acetoxymethyl to calcein to generate green fluorescence. On the
other hand, ethidium homodimer binds the nucleic acids but it is not permeable to cell
membrane. In this way, it can only enter on the dead cells with a broken cell membrane
producing red nuclear fluorescence. Finally, the total number of live and dead cells
adhered on materials surfaces was determined by fluorescence microscope inverted
with digital camera Axio Observer Al (Zeiss) equipped with digital camera AxioCAM

MRm (Zeiss). A total number of 12 images were acquired for each group, from which the
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number of live (green) and dead (red) cells were counted. For each testing condition, at

least three samples were used and two independent experiments were carried out.

3.2.5. Cell mineralization

For the 21 days cell culture experiments, in order to evaluate osteoblastic
mineralization, MG-63 were seeded with a density of 1x10° cells per cm? in incomplete
osteogenic medium. The medium component are Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) high glucose, supplemented with 10% (V/V) fetal bovine serum (FBS,
Gibco) and 1% (V/V) of an antibiotic (100 U mL™ of penicillin-streptomycin, BioReagent),
and 0.01 M B-glycerophosphate (Sigma-Aldrich) and 50 pg mL™ of L-ascorbic acid
(Sigma-Aldrich) to induce cell mineralization. The culture medium was replenished every
7 days. After 21 days, alizarin red-s staining (ARS) of MG-63 osteoblasts was conducted
to detect the ability to form calcified deposits. All specimens were stained with 1%
alizarin red-s (Sigma-Aldrich, A5533-25G) solution at room temperature and then rinsed
with ultra-pure water. Alizarin red-s was dissolved using a solution of 0.5 N HCl with 5%
SDS and the absorbance value of each well was quantified spectrophotometrically using
a microplate reader (Biotek synergy 2 multi-mode detection with gen5 software) at a
wavelength of 450 nm. Results were reported as optical density (OD) values. For each
testing condition, at least four samples were used and two independent experiments
were carried out.

Evaluation of the cell organic matrix was performed. Cells were fixed in PFA 4%,
permeabilized with 0.1% (v/v) Triton X-100 and the unspecific staining was blocked by
incubation in 1% BSA. Following triple staining for the actin cytoskeleton (using alexa
fluor 546 phalloidin, Thermo Fisher Scientific, A22283), for the level of collagen type |
(monoclonal anti-collagen type |, Sigma-Aldrich, C2456-2Ml) and for the nucleus (4’,6-
diamidino-2-phenylindole-dihydrochloride, DAPI, Sigma-Aldrich, F6057) was performed.
Samples were then examined with a fluorescence microscope inverted with a digital
camera Axio Observer Al (Zeiss) equipped with AxioCAM MRm. For each testing
condition, at least three samples were used and two independent experiments were

carried out.
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3.2.6. Cell morphology

In order to investigate cell morphology at different culture time points (4, 24 hours
and 21 days), cells adhered to the surface were fixed with Karnovsky, post-fixed with 1%
osmium tetroxide (OsOa, Alpha Aesar), 0.8% potassium ferrocyanidethen dehydrated
through a graded series of alcohol (50%, 60%, 70%, 80%, 90%, 95% and 100%), then
dried using hexamethyldisilazane (HDMS, Sigma-Aldrich). Afterward, specimens were
sputter-coated with gold and cell morphology was observed by SEM (FEG-SEM Tescan-
Lyra 3 microscope).

An Auriga 40 Dual Beam instrument equipped with a Focused lon Beam (FIB) using
a gallium ion source and a SEM was used in order to analyse the interface between
osteoblast and oxide layer. The samples were fixed and dehydrated as previously
described. Cross-sections were performed on osteoblast adhered for 24. Slices and
millings were performed using ion currents between 1 and 5 nA and beam energy of 30
keV. Lower ion beam currents (~ 200 pA) were used to polish and clean the cross-section
surface. Images were recorded using the electron beam accelerated with 5 kV and a

backscattered detector.

3.2.7. Cytokines expression

MG-63 cells were cultivated during 21 days on MAO-treated surfaces and 100 plL
of the supernatants were collected for cytokine analysis for all the conditions. The
supernatant was kept frozen at -80 °C. Analysis was performed following the
manufactures’ recommendations for the MAGPIX reagent kit for identification of
cytokines (cytokines -plex panel, Biorad). IL-1B, IL-1Ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-
9, IL-10, IL-12p70, IL-13, IL-15, IL-17A, IP-10, IFN-y, TNFa, VEGF, bFGF, MIP-1a, MIP-1,
MCP-1, PDGF-BB, RANTES, GM-CSF, G-CSF and Eotaxin were included in the analysis.
Each step was preceded by washing using an automated washing station (BioPlex-

MAGPIX, Biorad).
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3.2.8. Statistical analysis

Statistical analysis was performed using one-way analysis of the variance (ANOVA)
followed by Tuckey test in order to access the differences in the variance between the

groups in the biological assays, using a significance level of p<0.05.

3.3. Results and discussion

3.3.1. Surface characterization

Figure 3.1 shows the top surface of the MAO samples with a morphology that did
not change through the studied conditions: a typical rough micro-porous network with
volcano-like shape (also named as crater-like structure) resultant from the micro-
discharges channels that occur during the MAO treatment [47]. It was observed that
most of the holes were well separated and homogeneously distributed over the surface
for all conditions. In this way, the incorporation of Sr was not influencing the
morphology of the surface, either the pore size distribution or the average pore size
(Figure 3.1). Sato et al. [42] also reported no significant effect of Sr concentrations in the
morphology of MAO layers. The oxide layer presented a distribution of the pore size

between 0.5 and 5 um with an average size around 2 um.

mmmSr|
Average pore size: 2,3 £1,1 ym|

Frequency (%)
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Pore size (um) Pore size um) Pore size (um) Pore size (um)

Figure 3.1. Representative SE-SEM images together with corresponding pore size distribution and

average pore size for all conditions.
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Supplementary video obtained by slice-and-view in a dual beam microscope
shows a detailed look of the cross-section at the oxide layer produced by MAO
treatment. Porosity along the cross-section showed interconnectivity between the
pores along the oxide with some closed pores. Thickness of MAO layers was accessed
by FIB cross-section cuts for all the groups under study and the mean value for thickness
obtained was 4.7 £ 0.9 um. The oxide layer presented the typical triplex structure
composed by a compact and thin layer next to the bulk material, called barrier film, then
an inner porous layer having small pores and an outer porous layer having bigger pores.
A similar detailed cross-section was already presented by Alves et al. [46] and the
authors stated that the barrier film was responsible for good corrosion protection. In
this way, MAO treatments allow the formation of rough, porous titanium oxide layer
with a wide range of pore size and distribution in the micro- and nano-scales, excellent
conditions that influence bone cell behaviour [48].

During MAO treatments, high temperatures were reached promoting the localized
melting of the oxide. In this way, bioactive elements present on the electrolyte were
incorporated in the oxide layer during its formation [11]. Elements like Ti, O, Ca, P and
especially Sr were detected in the elemental analysis by EDS, showing that the
incorporation of Sr in the MAO layer was successful for the three conditions (Figure
3.2a). EDS confirmed the incorporation of Sr having an 4% content of 0.32 + 0.03, 0.57
+ 0.04 and 2.66 + 0.09 on mSr, mmSr and mmmSr groups, respectively. On the group
with higher amount of Sr, Ca and P were incorporated less than in the other conditions,
since Sr was highly available in the electrolyte. Despite that, Ca/P ratio obtained was
above the one found in HAP (1.67) in all the conditions. Superior Ca/P ratio can be
favourable since Ca presents a faster dissolution than P in physiologic solution, even
though that dissolution is what promotes the formation of HAP [49-51]. Sr was
distributed uniformly on the surface for all the conditions, as it can be observed in Figure
3.2a. According with Lu et al. [52], it is easier to incorporate Ca and Sr than P. The
cationic elements as Ca%* and Sr?* in the electrolyte were more attracted to the cathode
and repulsed from the anode during the MAO treatment because of the strong electric
field. In fact, calcium acetate and strontium hydroxide were easily dissolved in the water
and in this way, they combined with OH™ ions and moved towards the sparking areas

incorporated in the oxide layer while the voltage increased.
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X-ray diffraction patterns for all conditions are shown in Figure 3.2b. The major
characteristic peaks presented corresponded to Ti and TiO; in the form of anatase and
rutile. A large number of plasma discharges provided enough energy to reach
temperatures to allow the formation of both metastable anatase and stable rutile [53].
The percentage of rutile phases were calculated by Equation (3.1) and the results
obtained were 42 * 3 for CaP, 40 + 3 for mSr, 39 + 3 for mmSr and 48 + 2 for mmmSr.
These results suggests that the condition with the highest level of Sr (mmmSr), led to an
increase in the rutile phase. In fact, as it was shown in Table 3.1, the addition of Sr after
a certain amount changed the conductivity of the electrolyte. It is known that the
conductivity of the electrolyte influences the dielectric breakdown potential which may
lead to differences in the oxide phases formed during MAO treatment. Hence, on
mmmSr condition, the dielectric breakdown potential was probably reached sooner
leading to higher temperatures for a longer period, facilitating the formation of more
amount of rutile [53]. From literature, it is known that rutile is formed at higher
temperatures and at higher voltages when compared with anatase [54,55]. Teng et al.
[56] also reported the same trend in the MAO treatment where the relative intensity of
the rutile peak increased with a higher amount of Sr. However, this phenomenon is
dependent on the technique that is used to incorporate Sr. For instance, Xu et al. [38]
incorporated Sr in TiO2 by plasma spraying and stated that with the increased Sr amount
in the coating, the relative amount of anatase increased, showing that Sr incorporation
can suppress the anatase to rutile transformation.

The distribution of the oxide phases within the Sr-MAO-treated Ti oxide layers is
not yet clarified. Previously, Ribeiro et al. [9] and Oliveira et al. [19] that produced MAO
layers on Ti with similar processing parameters, including the Ca/P ratio stated that the
oxide layer was a mixture of anatase and rutile phases where rutile was preferentially
located on the top of the volcanoes-like structures, while the valleys of the oxide were
mainly composed of anatase. In addition, wear and tribocorrosion resistance was also
improved by the presence of rutile phases on the oxide layer [9,14,18-20].

XPS analysis was used to investigate the surface chemistry of the oxide layers
formed by MAO in order to assess the effect of the Sr incorporation. The survey
spectrum of the CaP specimen, presented in Figure 3.2c, revealed peaks associated with

Ca 2s, Ti 3p, Ti 3s, P 2p, Sr 3d, P 2s, Sr 3p, C 1s, Ca 3p, Ti 2p, O 1s, O KLL, Ca LMM. The
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addition of Sr resulted in a survey with peaks associated with the presence of Sr 3d and
Sr 3p, confirming the incorporation of Sr into the oxide layer, as in accordance with the
EDS analysis presented in Figure 3.2a. Figure 3.2c also shows the high-resolution spectra
for P 2p and Sr 3d, Ti 2p and Ca 2p, regions, respectively, for CaP and mmmSr groups. P
2p envelope was fitted with two peaks. As presented, the binding energy found at 132.9
eV into the P 2p envelope reinforces that PO4> groups were present on the surface of
the different films [36,57—60]. On the mmmSr spectra, P 2p and Sr 3d peaks overlapped
around 134/135 eV and the Sr 3ds/2 component detected at 133.8 eV might be assigned
to strontium carbonate (SrCOs) species, due to further oxidation of the metallic
strontium with exposure to air [25,61]. In Figure 3.2c, high-energy resolution analysis of
individual peaks for Ca 2p are presented, where the significant contributions at 347.0
and 346.8 eV for CaP and mmmSr groups could be attributed to the presence of CaCO3
compounds, as well as Ca-O compounds [36,57-59,62]. It is also suggested that the
minor Ca 2ps;; contributions at 345.5 and 345.0 eV for CaP and mmmSr groups,
respectively, corresponded to metallic Ca species [57,63]. As depicted in Figure 3.2c, four
major peaks were fitted for each condition in the Ti 2p region, decomposing into two
doublets, where the major one (represented by the Ti 2ps/. peaks at 458.3 and 458.1 eV
for CaP and mmmSr groups, respectively) corresponded to TiO; [57,58,64]. For CaP
group, the Ti 2p3/2 peak found at 457.7 eV with a doublet separation of 5.2 eV may be
associated with the Ti3* valence state from Ti,03[57,58,64]. On the other hand, for the
mmmSr group, the additional doublet with spin-orbit splitting of 5.7 eV could be related
to the SrTiOs compound, which is identified by Ti 2p3/2 peak at 457.0 eV.
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Figure 3.2. Surface characterization: a) elemental concentrations (.:%) by EDS analysis for all
conditions and SE-SEM and EDS mapping images (without overlay) for mmmSr group; b) crystal
structure obtained by XRD analysis for all conditions; c) XPS spectra with the respective high-
resolution spectra and respective deconvolution for P 2p and Sr 3d, Ca 2p and Ti 2p for CaP and

mmmSr groups.

3.3.2. Biological assays

The behaviour of MG-63 osteoblast cells was evaluated in terms of cell adhesion,
viability and mineralization. It is known from the literature that biological results are due
to the combination of several physicochemical characteristics of the surfaces, hence, we
suppose that the biological results are the combined action of Sr within the coating as
well as the Sr leached, together with oxide morphology, chemical composition and
crystal structure. Figure 3.3a presents the initial cell adhesion area (4 h after seeding)
where no significant differences between all the conditions were observed. However,
after 24 h, a statistically significant difference in the cell adhesion area was observed
between mSr and mmmSr. Figure 3.3b shows the fluorescence microscope images after
24 h of cell adhesion, where it was possible to see a significant enhancement of cell
adhesion and spreading only for CaP and mSr groups. Cells presented an organised actin
cytoskeleton with a spindle morphology. Hence, these results showed that higher
amount of Sr (mmmSr) may have a detrimental effect on cell adhesion after 24 h (Figure
3.3a). This poor cell adhesion may be due to the combined action of chemical
composition (higher quantity of Sr) and different quantities of crystal structures (higher
amount of rutile in mmmSr) on the oxide layer. He et al. [65] showed that the crystal

structure influence osteoblastic cells grown, with osteoblasts presenting the largest
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spreading on the anatase phase, behaviour that was not observed in the rutile phases
structures. In this way, probably the poor osteoblast adhesion on mmmSr may be due
to the combined action of higher amount of Sr and rutile phase that can possibly
compromise cell adhesion. Ribeiro et al. [9] previously reported the interface
osteoblast—CaP cross-section after 2 h of osteoblast adhesion and showed that cells are
well adhered to the surface when the amorphous nanometric film rich in Ca and P is
present, but not when the surface is made of a mixture of rutile and amorphous phases.
The authors presented a TEM image of the cross-section showing that the inner part of
the oxide was composed of a mixture of crystalline and amorphous structures, while the
top of the oxide was mainly composed of an amorphous phase rich in Ca and P that enter
in direct contact with cells stimulating their adhesion [19].

Osteoblastic-like cells adhered to the oxide layers were viable, indicating that
although higher concentrations of Sr compromise cell adhesion their viability was not
disturbed (see Figure 3.3c—d). These results are consistent with the literature where no
appreciable Sr effects on pre-osteoblastic [43] and mesenchymal stem [66] cells
cytotoxicity were reported. MAO surfaces are extremely porous and rough which can
mislead the cell density on different fields due to the peculiarity ridges and valleys

present on the surfaces.
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Figure 3.3. a) Adhesion area (%) of MG-63 cells cultured for 4 and 24 hours (* p<0.05 indicates a
significant difference compared with the mSr 24 hours) and b) fluorescence images of MG-63 cells
cultured after 24 h with F-actin stained with phalloidin in red and the cell nuclei stained with DAPI in
blue; c) Number of live and dead cells (%) and d) fluorescence images of LIVE/DEAD® staining of MG-

63 cells after 24 h of incubation.

Osteoblast morphology was examined by SEM after 4 h, 24 h and 21 days of
culture (Figure 3.4). No significant differences were seen in cell morphologies between
all the conditions and between the studied time-points. According to the results
presented in Figure 3.4c and d, osteoblasts on Ca-P-Sr TiO, porous layer were well
attached to their surfaces. It was also possible to see osteoblasts spreading on the
surface, with extended filopodia covering the porous oxide surface, attached to the
edges of the pores, penetrating and crossing the pores (see Figure 3.4a—f after 4 and 24
h). After 21 days, osteoblasts continued to be well adhered to the oxide layer and it was
possible to observe a thin lamellipodia on the top of some parts of the oxide layer, with
cell processes extending over other neighbouring cells indicated the formation of cell
monolayer (Figure 3.4g). No differences were obtained in the cell morphology between
all the conditions after 21 days of incubation. On the other hand, superficial and cross-
sectional observations of the cell-oxide layer interface revealed osteoblasts penetration

in the pores, as illustrated on Figure 3.4i.
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Figure 3.4. SE-SEM images presenting cell morphology after a, c and e) 4 h of seeding and b), d)
and f) 24 h of seeding; g) SE-SEM images presenting cell morphology after 21 days of culture; h) SE-
SEM image of the cross-section of the oxide layer with a cell on top 24 h after seeding; i) illustration of
the interface between cells and the oxide layer [Figures a, c, e, f and h are from mmmSr condition, b
from mSr condition and d from mmSr condition. No significant differences were seen in cell adhesion

morphologies by SEM analysis between the studied conditions and time-points].

Bone is a living organ maintained by living cells such as osteoblasts, osteoclasts,
osteocytes, among others. It is composed by an inorganic component that is
predominantly hydroxyapatite (Cas(POa)3(OH)), together with an organic matrix of type
| collagen and small quantities of osteonectin and osteocalcin that promote bone
regeneration [67—70]. Bone mineralization is the result of complex biological processes
in which deposition of inorganic salts is induced by a template of collagen type | network.
Collagen provides the template for mineral deposition, where the size and the
organization of the collagen fibrils determine the dimensions that mineral crystals can
attain [67—70]. Figure 3.5a presents the fluorescence microscope images of MG-63 cells
cultured after 21 days (stained with DAPI for nucleus, phalloidin for actin and collagen
type | for collagen secretion) where it was possible to observe the presence of collagen
network in all conditions. Figure 3.5b shows the results of the semi-quantitative analysis
of collagen deposition, where a statistically significant increase on collagen secretion
was observed in mmSr and mmmSr conditions compared with the control group.
Previous studies using Sr for other applications showed that Sr was promoting the
collagen secretion [71]. Naruphontjirakul et al. [71] evaluated the biological behaviour
of human stem cells on bioactive glass and the biological effect of Srions released. The
presence of Sr-bioactive glass induced a higher amount of mature extracellular matrix
formation and expression of proteins associated with collagen production.

Alizarin red-s was used to stain matrix calcium phosphates deposits and results
presented in Figure 3.5c. As it is possible to observe a clear statistically significant
decrease in the amount of calcium deposits was observed for the mmmSr group. It is
possible that the combined action of higher content of Sr with rutile phase, can be what
is delaying the mineralization process. Previously, Verberckmoes et al. [72] showed a
multiphasic interference of Sr ions with osteoblast cells mineralization. Particularly, it

was shown by the authors that a Sr dose between 2-5 ppm was promoting cell
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mineralization, while a Sr dose between 20-100 ppm showed the opposite effect.
Studies [39,73,74] indicated that Sr ions can activate signalling pathways particularly,
through a calcium-sensing receptor, stimulating or inhibit cell mineralization. On the
other hand, Xu et al. [38] showed that higher amount of Sr presented an adverse effect
on the osteogenic function of bone marrow mesenchymal stem cells and reported that
more amount of rutile might be influencing their mineralization.

Interestingly, the group with a higher amount of Sr showed higher secretion of
collagen matrix despite the decrease in mineralization processes. Mineralization of
calcium phosphates in bone has been proposed to proceed through an initial collagen
secretion and deposition of the mineralized matrix via amorphous precursor phase
which transforms into nanocrystalline hydroxyapatite [75—77]. Possibly, the higher
amount of Sr can be delaying the mineralization process. Another possibility is that the
surface with a higher amount of Sr is inducing a mineralization process with a deficient
HAP structure and/or an amorphous precipitate as stated by Verberckmoes et al. [78].
The authors showed that low Sr amount did not affect either HAP crystal solubility or
mineralization. On the contrary, when the Sr content increased, a physicochemical
interference of Sr in the HAP formation was observed resulting in defective
mineralization. The authors presented an XRD of the deposited mineral that revealed a
diffuse pattern, characteristic for a non-crystalline (amorphous) HAP precipitate [78].
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Figure 3.5. a) Fluorescence images of MG-63 cells cultured after 21 days with F-actin stained with
phalloidin in red, the cell nuclei stained with DAPI in blue and collagen stained in green and b) amount
of collagen (%) of MG-63 cells cultured for 21 days (* p<0.05 indicates a significant difference
compared with the CaP); c) quantitative mineralization results of alizarin red-s absorbance (%) after
21 days of incubation (* p<0.05 indicates a significant difference compared with the CaP, mSr and

mmmbSr).
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The mineralization and differentiation of osteoblasts are processes regulated by
complex interactions among different molecules like hormones, cytokines and local
growth factors, among others. The cytokines secretion plays a crucial role in bone
remodelling since these factors appear to have crucial roles in both normal and
pathologic bone cell functions [79,80]. The amount of the cytokines, chemokines and
growth factors were quantified in the supernatant after 21 days of cell culture and
results are presented in Figure 3.6. Although almost 30 soluble secreted mediators were
quantified, it was only observed significant differences in interleukin-1 receptor
antagonist (IL-1Ra), granulocyte colony-stimulating factor (G-CSF) and IL-15 cytokines.

Comparing with CaP control surfaces, mSr and mmmSr groups promoted reduced
secretion levels of IL-1Ra, whereas mmSr increased its levels. IL-1Ra is a member of the
IL-1 family involved in modulation of immune and inflammatory responses. In specific
events where IL-1f levels are increased in the microenvironment, the reduction of IL-
1Ra levels leads to a greater IL-1B ability that activates its signalling cascades and induces
inflammation [81-83]. Indeed, increased levels of IL-1Ra have been associated with the
inhibition of bone formation in vivo [84]. In this sense, our data suggested that mmSr
possibly induce inhibition of bone formation and that mSr and mmmSr could turn the
microenvironment more susceptible to inflammation. However, in a complex system,
several secreted proteins are able to promote a balance in order to maintain
homeostasis.

Lower amount of Sr (mSr) on the oxide layer seemed to induce the secretion of
higher levels of G-CSF, whereas higher amount of Sr (mmSr and mmmSr) do not alter G-
CSF levels, being comparable to control group CaP. G-CSF is considered an endogenous
hematopoietic growth factor that induces proliferation, differentiation and release of
neutrophils from bone marrow [85]. Despite these relevant effects, overexpression of
G-CSF may also lead to bone resorption in mice [86]. Resuming mSr induced the
secretion of G-CSF that is an important growth factor that stimulates the bone marrow
to produce stem cells and releases them into the bloodstream stimulating osteogenesis
[87].

Regarding the cytokine IL-15, mmSr promotes its increase in secretion, but not mSr

and mmmSr. IL-15 is widely known for its role in osteoclast differentiation [80] and
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consequent osteoclastogenesis [79,86]. Possibly the reduced secretion of this cytokine
for mSr and mmmSr indicates that these surfaces inhibit osteoclastogenesis.

All the surfaces induced osteoblasts to secrete vascular endothelial growth factor
(VEGF) and interferon gamma (IFN-y) since no significant differences were observed
when comparing to CaP. VEGF, a potent mediator of angiogenesis displaying an
important role in bone development and regeneration [70,88], and IFN-y, that presents
variable effects on many immunological functions as well as in inflammation, seemed to
have a similar secretion pattern between groups. In bone, studies showed that IFN-y
plays an important role in bone homeostasis and increases alkaline phosphatase activity
in osteoblast-like cells. However, it also plays important roles in osteoclastogenesis [89].
So, depending on the circumstances, IFN-y may contribute to a reduce inflammation but
may also promote bone resorption and formation [9,80,85,86,90].

Resuming, mSr and mmmSr induced the secretion of lower levels of IL-1Ra, with
mSr inducing G-CSF secretion. In addition, mmSr induced increased levels of IL-1Ra and
seemed to increase IL-15 secretion. It is important to disclose that increased levels of a
secreted protein in mSr experimental group do not mean that mmSr or mmmSr (or vice-
versa) would result in its increased levels in a concentration dependent manner.
Eukaryotic cells display different mechanisms for maintaining their microenvironment
balance. Then, it is common that the challenged cells respond, altering the levels of
many secreted proteins and activating or deactivating intracellular signalling pathways,
always searching for survival and homeostasis. It is conceivable that it was occurring in
this study. Taken together, our data suggested that although mSr surfaces possibly
secrete cytokines involved in inflamation, they also secrete growth factors that
contribute to osteogenesis and other cytokines that inhibit osteoclast formation and

consequent bone resorption.
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Figure 3.6. VEGF, IL-1Ra, G-CSF, IFN-Y and IL-15 cytokines secreted by osteoblasts after 21 days of

incubation (* p<0.05 indicates a significant difference compared with the CaP).

This work gives an insight into the effect of Sr amount in the oxide layer on
osteoblast culture. It is shown that the presence of Sr, with a dose-depending effect,
influences the behaviour of osteoblast adhesion, mineralization and cytokines released.
Sr is a unique element showing promising results in its dual action in the bone cells,
osteoblasts and osteoclasts. So, as future work, the effect of Sr amount on osteoclast
behaviour should be evaluated. The real magnitude of the effect of Sr amount cannot
be easily evaluated and there may be some synergistic relationships coming into
account, mainly between osteoblast and osteoclast independent and dependent
responses. The optimal material that will promote the enhancement of bone formation
osseointegration as well as a reduction of bone resorption should be a result of the
synergistic effect exerted by the hierarchical surface topography (micro- and nano-
porous), chemical composition (TiO, with Ca-P-Sr) and crystal structure (anatase + rutile)
together, and as it was studied and presented, the amount of Sr can be in the range of

mSr and mmSr groups.

3.4. Conclusion

This study has outlined the effect of the Sr amount in porous Ca- and P-rich TiO2
layers processed by MAO, evaluated in terms of surface characteristics and in vitro
biological response. Incorporation of Sr did not affect the pore size and morphology in

the TiO; layer, although, changed the chemical composition and the oxide crystal
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structure. Cell viability was not compromised, however, the combination of higher
amount of Sr with the higher amount of rutile impaired osteoblast adhesion, induced
collagen secretion and mineralization compromised. Possibly Sr is delaying the
mineralization process or inducing the formation of a deficient HAP structure. More
studies are necessary to clarify these phenomena however we can conclude that lower
amount of Sr presented an overall good biological outcome which is likely to be a

beneficial surface to be used as implants and other bone regeneration applications.
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Abstract

Micro-arc oxidation is being applied to overcome the poor wear resistance of Ti
that also enables to give bio-functions with the incorporation of bioactive agents such
as Ca, P and Sr. In the present work, micro-arc oxidation was used to obtain Ca-P-Sr-
doped hard TiO; porous layers with three different amounts of Sr and tribocorrosion
behaviour was investigated. Results showed that the distribution of anatase and rutile
in the porous oxide layer led to a less visible damage and lower COF values, where the
group containing more Sr presented the best tribocorrosion response mainly due to the

increased amount of rutile.
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4.1. Introduction

Ti presents an attractive combination of chemical, mechanical and
electrochemical properties for biomedical implants, however, presents poor wear
resistance and bioinertness [1,2]. In order to overcome such problems, micro-arc
oxidation (MAOQ) can create TiO; layers with the incorporation of bioactive elements [3—
5]. The most common ones, being the main constituents of the bone, are Ca and P, but
there are other important elements like Sr [6]. Sr showed promising results on bone
formation and healing due to its dual-action by promoting bone formation and reduction
of bone resorption [7,8].

Although biological response of Sr in bioactive surfaces is studied, studies on
materials degradation involving wear and corrosion are still very scarce. Since
tribocorrosion is an important concern for implants, the influence of Sr on the
tribocorrosion behaviour of the bio-functionalized Ti should be understood. The present
work aimed at having a first insight on the tribocorrosion behaviour of Ti having Ca-P-

Sr-doped TiO; layers.
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4.2. Materials and methods

MAO was applied to Ti (Grade 2) plates for 1 min at 300 V. An electrolyte
composed by 0.35 M calcium acetate monohydrate, 0.02 M [B-glycerophosphate
disodium salt pentahydrate and strontium hydroxide octahydrate (Sr(OH).) was used as
a source of bioactive species (Ca, P and Sr, respectively). Testing groups were labelled as
CaP, mSr, mmSr and mmmSr, containing 0, 0.0013, 0.013 and 0.13 M of Sr(OH),,
respectively.

Energy dispersive X-ray spectroscopy (EDS) analysis was performed at 15 keV
accelerating voltage (EDAX Pegasus). Crystalline structure was characterized by X-ray
diffraction (XRD, Cu Ka radiation, Bruker D8 Discover). For electron backscatter
diffraction (EBSD, FEI QUANTA 400 FEG-SEM having a TSL-EDAX EBSD Unit), samples
were embedded in epoxy resin, cut and then cross-sections were mechanically grinded
and polished with a final polishing step of 0.2 um fumed silica.

For tribocorrosion evaluation, a linear reciprocating ball-on-plate tribometer
(CETR-UMT-2) coupled with a potentiostat (Gamry Reference 600) was used with
Ag/AgCl as reference electrode and samples as a working electrode (0.38 cm?as exposed
area). 10 mm diameter alumina balls were used as counter-body. Tests were performed
with 3 mm of amplitude, 1 Hz and a normal load of 0.50 N for 30 min with 9 g/L of NaCl
as electrolyte at body temperature by following open circuit potential (OCP) and
coefficient of friction (COF). Before sliding, all samples were immersed in the electrolyte
for 1 h to stabilize OCP. To guarantee the reproducibility, all tests were triplicated. Wear

tracks were analysed with FEI Nova 200 FEG-SEM.

4.3. Results and discussion

In the beginning of MAQ, high current contributes to the fast growth of the oxide
layer and sparks can be visible on the surface. The dielectric breakdown potential occurs
when the applied voltage exceeds the critical voltage of original naturally formed
insulating layer of the material and after that, the number of sparks started to decrease
even though in the final moments, they can be more energetic than the previous ones
promoting large pores [5,9]. Figure 4.1a presents the current evolution during MAO.
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t(gal/pot) corresponds to the time where current remains at its maximum value,
delimitating the end of galvanostatic control and the begging of potentiostatic control.
Higher Sr concentration possibly contributed to higher electrolyte conductivity, thus, the
t(gal/pot) Was delayed. EDS confirmed the incorporation of Sr having an 4% content of 0.32
+0.03,0.57 £ 0.04 and 2.66 + 0.09 on mSr, mmSr and mmmSr groups, respectively. Ca/P
ratio was 3.23 £ 0.02 for CaP, mSr and mmSr groups and increased to 3.89 + 0.15 on
mmmSr group. Figure 4.1b presents the XRD spectra showing that TiO, layers were
composed by anatase and rutile. The phase percentages were calculated by dividing the
total intensity of the selected peaks by the total intensity of all peaks [4] and found that
mmmSr surfaces had 38% of rutile whereas the other bio-functionalized groups had
34%. Roughness (Ra) was calculated and presented in Table 4.1, showing no differences

between the conditions.
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Figure 4.1. a) Evolution of current during MAO and b) resulting XRD spectra after MAO.

Table 4.1. Roughness of MAO layers.

CaP mSr mmSr mmmSr

Ra (um) 1.24+0.60 1.30+0.38 1.12+0.20 1.09+0.20

Surfaces presented a typical porous volcano-like structure of MAO composed of a
thin barrier film next to Ti followed by inner and outer porous layers having small and
big pores, respectively (Figures 4.2a—c). Addition of Sr did not lead to a noticeable
difference in terms of morphology or pore size (data not shown).

Figures 4.2d—f represent phase maps overlaid on the corresponding cross-

sectional images of the samples without and with the highest Sr concentration. While Ti
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has a hexagonal close-packed crystal structure, anatase and rutile phases have a
tetragonal crystal structure with different lattice parameters and in this way, they can
be distinguished by EBSD. EBSD phase maps indicated that the oxide layer contained
relatively higher amount of anatase phase near the inner porous layer whereas relatively
higher amount of rutile was observed on the outer surfaces. Porosity and remaining
roughness that was not possible to remove by polishing can contribute to a reduced
electron diffraction signal. This combined with the nano-sized grain sizes of anatase and
rutile resulted in maps that are not continuous in all surface [10]. Besides, amorphous
phases were presented through the entire oxide layer. It has been shown recently for
MAO-treated Ti that TiO, phases were irregularly distributed as result of the higher
energy input on the uppermost side of the layer and amorphous TiO, phases were
observed next to pores due to the rapid cooling of gas phase and the distribution of

discharges during MAO [11,12].

Figure 4.2. SEM images of MAO a) top surface, b) cross-sectional surface and c) cross-sectional

detailed image; d), e) and f) EBDS maps overlapped on cross-sectional detailed images (a, d and e

from CaP group; b, c and f from mmmSr group).
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Figure 4.3 presents worn surfaces for all bio-functionalized groups together with
OCP and COF evolution during tribocorrosion tests. It was observed that the protrusions
of the oxide layers were smoothed while the bottom part of the porous structure
seemed to remain undamaged. Pores were filled and compacted with the debris
removed from the protrusions. Interestingly, worn mmmSr surfaces exhibited
noticeably less damage. Although some damage was observed mainly on the outmost
surfaces of the oxide layer, no significant variation of the potential values was noticed
during sliding. For the untreated Ti, naturally formed passive film was easily removed
when the sliding started, indicated by the abrupt decrease on OCP. The excellent
tribocorrosion properties of MAO layers can be attributed to the presence of an oxide
layer, mixture of anatase and rutile, where the increased percentage of rutile may be
the reason for obtaining less visible mechanical damage on mmmSr group within the
testing conditions. Similar wear mechanism of MAO layers was previously reported
elsewhere [4] by some of the authors. Besides, the average COF values were lower for
mmmSr group (0.47 £ 0.04), than the other groups (0.60 + 0.03), and that can be related
to the increased rutile percentage and/or increased Sr concentration, that needs further
studies for deeper understanding. COF values for MAO layers are in accordance with

previous studies [4,13,14].

94



200 i

o : . = .
“Compacted % . ! “Coffipacted.
"MAQ layer

- g

Damaged
MAQO layer

50 pm

E (V vs Ag/AgCl)

T T T T T
0 600 1200 1800 2400 3000 3600
Time (s)

Figure 4.3. Lower (upper row, the tracks are in the centre) and higher (lower row) magnification

SEM images of the wear tracks together with the evolution of COF and OCP on tribocorrosion tests.

4.4, Conclusions

Influence of Sr on Ca-P-Sr-doped TiO; layers was investigated by means of
microstructural, chemical and triboelectrochemical evaluation. The results revealed that
higher Sr concentration in the MAO electrolyte led to an increase of rutile phase within
the MAO surfaces resulting in less visible mechanical damage and lower COF during

tribocorrosion tests.
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Abstract

A bio-functionalized porous surface was obtained on Ti by a two-step anodic
treatment and its corrosion and tribocorrosion behaviour were evaluated. The first-step
provided macro-porosity while the second-step, a bio-functionalization process by
micro-arc oxidation (MAQ), provided an oxide layer (anatase + rutile) with micro-pores
and bioactive elements (Ca + P). Corrosion and tribocorrosion behaviour were improved
due to the protective role given by the oxide layer formed on the second-step.

Tribocorrosion mechanisms for the bio-functionalized porous structures are presented.
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5.1. Introduction

Chronic diseases such as osteoarthritis, cardiovascular diseases and old age-
related traumas together with the ageing population worldwide are set to increase the
demand for medical implants in the next following years. By 2022, the medical implants
market is expected to garner 116 billion USD [1]. Several types of materials are used to
fulfil the needs of the implants market, and among the metallic materials, Ti is widely
used mainly due to its high strength, lower Young’s modulus compared to Co-Cr alloys
and stainless steel, lower density and a good combination of mechanical properties and
outstanding corrosion resistance [2—4]. However, Ti presents three major concerns as
an implant material, such as poor wear resistance, bioinertness and higher Young’s
modulus compared to bone, that can result in stress-shielding effect [5].

A multiscale (macro-, micro- and nano-scale) porosity on the surface could be
beneficial for mechanical interlocking, as well, for promoting cell adhesion and
proliferation [6]. By varying the parameters of two or more steps of anodic treatment,
it is possible to obtain hierarchical porous surfaces on the macro-, micro- or nano-scale.
In order to give bio-functions, a specific anodic treatment, micro-arc oxidation (MAQ),
can be applied. MAO has shown tremendous potential as a process to improve the

surface characteristics of materials intended for biomedical applications since it can
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improve the roughness, create better wettability and promote bioactivity.
Consequently, these modifications bring better results regarding adhesion, proliferation
and differentiation of cells, blood compatibility, reduction of the haemolysis rate,
extended dynamic coagulation time, reduction of the amount of platelet adhesion and
degree of deformation, among other properties [7-10]. In addition to improved
bioactivity, the tailored MAO layer also improves the corrosion [11-16] and
tribocorrosion [17-21] behaviours by acting as a physical barrier against corrosion and
wear. Moreover, it is also possible to have a further increase on tribocorrosion
resistance by optimizing the electrolyte concentrations or compositions in a way to
increase the rutile to anatase ratio [17-19].

Hierarchical porous surfaces have already been reported in the literature [6,22—
24]. Through a one-step anodic treatment process, Xie et al. [22] obtained a multi-level
porous structure with craters sized from 2 to 20 um that were covered by pores with 50
to 500 nm. Zhou et al. [23] obtained macro-pores in the range of 50 to 1000 um and
micro-pores from 0.6 to 2 um on the surface through a two-step anodic treatment. Then
some of the same authors, by a three-step anodic treatment, obtained pores with 80 to
200 pm and with 0.6 to 2 um with the incorporation of bioactive elements, such as Ca, P,
Si and Na [24]. More recently, Li et al. [6] obtained surfaces with macro-pores in the
range of 100 to 300 um, micro-pores with 3 to 10 um and also submicron/nano-pores in
the range of 80 to 200 nm by a two-step anodic treatment.

Although macro-porous structures present many advantages as biomaterial,
studies regarding their tribocorrosion performance are very scarce [21] and their wear
mechanisms are yet to be fully understood. Wear studies on porous materials showed
that porosity may play a beneficial role by reduced contact area, reduced third-body
abrasive wear after ejection of wear debris to the pores [25], or in an aqueous
environment, by promoting a self-lubricant effect [26]. However, porosity may also play
a disadvantageous role due to higher effective stresses applied to the outmost surfaces
[25], or due to cracks that are originated from pores [25,27].

Bio-functionalized multi-scale porous surfaces may be a promising cost-effective
solution to improve bioactivity as well as corrosion and tribocorrosion resistance of Ti.
Thus, the present work aimed to study the corrosion and tribocorrosion behaviour of

bio-functionalized hierarchical porous surfaces obtained by a two-step anodic
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treatment. In the first-step, superficial macro-porosity was created and in the second-
step, by MAO, a micro-porous oxide layer was obtained with the incorporation of
bioactive elements (Ca and P), in order to bio-functionalize the macro-porous surface

obtained on the first-step.

5.2. Materials and methods

5.2.1. First-step anodic treatment

Prior to the anodic treatments, Ti (Grade 2) plates (20 x 20 x 2 mm) were ground

down to 800 mesh with SiC papers and etched in a dilute acid mixture (Vur:Vinos:Vhyo =

1:1:18) for 5 min in an ultrasonic bath, to remove all impurities, grinding marks and the
native oxide film. Cleaning was performed with propanol and distilled water in an
ultrasonic bath for 10 and 5 min, respectively.

All anodic treatments were performed using a DC power supply (Agilent
technologies N5772A), under agitation in a turbulent regime by using a magnetic stirrer
rotating at 200 rpm in an acrylic electrochemical cell. The exposed anodic area was 1.50
cm? and a platinum sheet with an exposed area of 7 cm? was used as a cathode,
positioned 8 cm away from the sample. The first-step was carried out at room
temperature using 200 mL of an electrolyte mixture (pH=14) of 0.50 M sodium
hydroxide (NaOH, Eka) and 0.10 M sodium nitrate (NaNOs, Sigma-Aldrich) under a
constant voltage of 45 V with a limiting current of 2.60 A for 1, 2, 3, 4 and 5 minutes
(Table 5.1). In order to remove the oxide products formed in the first-step and to reveal

the macro-pores, the samples were etched with a dilute acid mixture (Vir:Vinos:Vhy0 =

1:1:18) in ultrasonic bath for 10 min. After, the samples were ultrasonically cleaned in

propanol for 10 min followed by distilled water for 5 min and then dried with warm air.

Table 5.1. Groupings of samples after the first- and the second-step anodic treatment.

Duration of the first-step anodic treatment (min) 0 1 2 3 4 5
Grouping after the first-step anodic treatment Ti Ti_1 Ti_2 Ti_3 Ti_4 Ti 5
Grouping after the second-step anodic treatment Ti_MAO Ti_1MAO - Ti_3MAO - -
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Pore size distribution was obtained by measuring the diameters of the pores on 9
images of 1.14 x 0.86 mm frames captured from each 3 different samples per each
group. Considering the pores size distribution and morphology, just the groups treated
for one and three minutes were chosen for the second-step anodic treatment.

Superficial area (the area exposed to electrolyte on corrosion tests) was calculated
on optical microscope (OM, Leica DM2500) images using Imagel) 1.51j8 software
through 3 combined cross-sections images per group with a total area of 0.20 cm?2. The
superficial area obtained for Ti_1 was 0.47 cm? and for Ti_3 was 0.51 cm?. These areas

were used for normalizing electrochemical data.

5.2.2. Second-step anodic treatment under MAO regime

The second-step anodic treatment was performed under MAO regime using 200
mL of a mixture of 0.02 M of B-glycerophosphate disodium salt pentahydrate (B-GP, Alfa
Aesar) and 0.35 M of calcium acetate monohydrate (CA, Sigma-Aldrich) electrolyte. This
electrolyte was chosen in order to incorporate bioactive species, namely P (from B-GP)
and Ca (from CA). The treatment was performed at room temperature under a constant
voltage of 300 V with a limiting current of 2.60 A during 1 min. The setup was the same
as the one used on the first-step, including the electrochemical cell, cathode, exposed
areas and power supply. Finally, the samples were ultrasonically cleaned in distilled
water for 5 min and then dried with warm air. This second-step was identified by MAO
on sample grouping presented on Table 5.1.

The topography, microstructure and chemical composition of the modified
surfaces were analysed by FEI Nova 200 field emission gun scanning electron microscope
(FEG-SEM) equipped with energy dispersive X-ray spectroscopy (EDS). EDS analysis was
performed at an accelerating voltage of 15 keV, using conventional ZAF correction
procedure included in the EDAXPegasus software. Crystalline structure was
characterized by XRD (Cu Ka radiation, Bruker D8 Discover) with a scanning range (20)
of 20° to 100°. The phase percentage of the oxide layer obtained by MAO was calculated
by following Equation (5.1):

% phase, = Zlapeaks (5.1)

X Iallpeaks
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In order to obtain cross-section images by OM, the samples were embedded in a
hard-resin, cut with a diamond disc, ground with 1200 mesh SiC papers and polished
with a colloidal silica suspension (Struers, OP-S) down to 0.04 mm.

Surface roughness measurements were carried out by a non-contact profilometer
(Veeco Dektak 150). In total, 10 profiles (2 mm in length) were taken per each condition,
on different samples to calculate the average roughness values (Ra). In the case of

macro-porous samples, the roughness values were taken from the outermost surfaces.

5.2.3. Wettability

Hydrophilicity of each group was examined by contact angle measurements
through a sessile drop method using an optical tensiometer Theta Lite controlled by
OneAttension software. C.a. 5 ul droplet of ultra-pure water was dropped on the surface
and the contact angle was considered after 10 s. The evaluation was performed at room
temperature in air. Five different samples per group were analysed with three valid
measurements per sample. One-way analysis of the variance (ANOVA) followed by
Tuckey test was used in order to access the differences in the variance within the groups
after the first- and the second-step anodic treatments, using a significance level of

p<0.05.

5.2.4. Corrosion tests

Corrosion tests consisted of open circuit potential (OCP) measurement and
potentiodynamic polarization were performed using a three-electrode setup at body
temperature (37 £ 2 °C) in 200 mL NaCl solution (9 g/L). Samples with geometric exposed
area of 0.38 cm? were used as working electrode (WE), a Pt electrode was used as a
counter electrode (CE), while a saturated Ag/AgCl electrode was used as a reference
electrode (RE). All the potentials were given with respect to saturated Ag/AgCl
electrode. Corrosion tests were performed with a Reference 600+
potentiostat/galvanostat/ZRA from Gamry Instruments. OCP was monitored for a period
of 180 minutes to evaluate the corrosion potential of the material in contact with the
electrolyte and to stabilize the system. The system was considered stable if OCP values
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did not present a variation higher than 60 mV in the last hour of measurement.
Potentiodynamic polarization tests were performed from -0.25 V to 1.50 V using a
scanning rate of 0.50 mV/s. At least three samples were evaluated per group in order to

assure the reproducibility.

5.2.5. Tribocorrosion tests

Tribocorrosion tests were carried out in a triboelectrochemical cell, containing 25
mL of NaCl solution (9 g/L) at 37 £ 2 °C. The cell was installed in a tribometer with a
reciprocating ball-on-disk configuration (CETR-UMT-2), against an alumina ball with 10
mm of diameter (Ceratec). A three-electrode configuration (RE-Ag/AgCl, CE-Pt and WE-
samples) connected to a Reference 600 potentiostat/galvanostat/ZRA from Gamry
Instruments was used for the triboelectrochemical measurements. Before sliding, the
samples were immersed for 180 minutes in the electrolyte in order to stabilize the
system. OCP values were monitored before, during and after sliding. Coefficient of
friction (COF) values were also monitored during sliding. Tribocorrosion tests were
performed with a total stroke length of 3 mm, frequency of 1 Hz, normal load of 0.50 N
(corresponding to a maximum Hertzian contact pressure of 330 MPa for Ti) and total
sliding time of 60 min. All groups had at least three tests in order to assure the
reproducibility. After each tribocorrosion test, the electrolyte was collected, stored in 2
mL plastic container and kept at 4 °C for posterior analyses. The released ions of Ti, Ca
and P were quantified by inductively coupled plasma-atomic emission spectrometer
(ICP-AES, Horiba Jobin-Yvon Ultima). Three measurements were performed for each
group, however for Ti quantification, in the groups after the second-step, only two

numeric ion concentration values were obtained due to a detection limit of 1 pg/L.
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5.3. Results and discussion

5.3.1. First-step anodic treatment

Figure 5.1a presents a macro-pore formed after 2 minutes of the first-step anodic
treatment. The formation of macro-pores covered by oxides (corrosion products) may
be explained by the pitting mechanism that Ti suffers randomly across the surface, as a
result of the corrosion capacity of NO3 and its predisposition to react with bulk Ti [6,28].
Previously, Zhou et al. [23] suggested that OH™ promotes the reaction of NO3 with Ti,
in this way, a higher amount of OH™ leads to higher amount of macro-pores due to the
formation of more pitting sites on the surface. The first-step anodic treatment was only
applied to form macro-pores and this treatment is known to not to affect the outmost
surface [6]. The oxides or corrosion products formed on the macro-pores were removed
after etching in a dilute acid mixture (Figure 5.1b and c).

a) Before etching Resin By) After etching

N\
Oxides after the first-step

|z |

Figure 5.1. a) and b) OM images of the cross-sections after first-step of anodic treatment before and
after etching, respectively and c) secondary electron (SE) and backscattered electron (BSE) SEM

images of the porous surface after etching.

The morphology and distribution of the pores can be seen on the OM images given
in Figure 5.2 with the respective time of the first-step anodic treatment. The samples
shown in Figure 5.2 were slightly polished with 4000 mesh SiC paper to improve the
contrast between the macro-pores and the outmost surface in order to reveal the
morphology of the macro-pores. With the increasing time, pores grew larger in all
directions and became interconnected. All conditions presented a homogeneous
distribution of macro-pores through all surface which is in accordance with the literature
[6,23,24] stating that a NaOH concentration of 0.50 M in the electrolyte was suitable to

obtain a homogeneous distribution of macro-pores.
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Figure 5.2. OM images after the first-step anodic treatment performed fora) 1,b) 2,c) 3,d)4and e) 5

minutes.

Pore size distribution after the first-step anodic treatment is presented in Figure
5.3 together with the percentage of superficial macro-porosity and average pore size
values. With the increasing time, the pore size distribution was shifted to higher values
of pore dimensions due to more time given to the macro-pores to be enlarged.
Consequently, both the average pore size and surface porosity increased with treatment
time. An optimum pore size or pore size distribution are still undefined but it is known
that if the pores are very small, cells may not migrate inside of the pores and if the pores
are too big, cell attachment may be difficult [29]. Pores around 100 pum are reported to
facilitate optimal attachment for cell proliferation, differentiation and bone remodelling
[30,31]. On the other hand, macro-pores in the range of 300—600 um are also required,
especially to facilitate the bone formation, bone-ingrowth and vascularization [32-34].
When the first-step was performed for more than three minutes, the favourable range
of pores stated before was lost. Thus, Ti_4 and Ti_5 were discarded due to the presence
of pores with dimensions well above to the ones intended. Within the remaining groups,
Ti_1 and Ti_3 were selected to carry forward representing the surfaces having mostly
isolated round pores and mostly interconnected porosity, respectively. Eventually, the
second-step anodic treatment, MAO, was only performed on three groups: Ti as control,

Ti_1andTi_3.
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The average deepness of the pores for Ti_1 and Ti_3 groups was accessed, and the

values were 74 + 23 um and 149 £ 48 um, respectively. Consequently, the mass loss after

Ti_1 was lower than Ti_3 (11 + 3% and 16 + 3%, respectively) due to a lower number of

pores with smaller dimensions.
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Figure 5.3. Pore size distribution after the first-step anodic treatment for Ti_1 to Ti_5 groups,
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5.3.2. Second-step anodic treatment under MAO regime
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After the second-step anodic treatment (MAO), surfaces were covered by a

uniform micro-porous anodic layer with the typical volcano-like structure, as shown in

the SE-SEM images presented in Figure 5.4a to c and in more detail in Figure 5.4d to f.

No discontinuities or differences in morphology were observed between the pore

surfaces and the outmost surfaces.
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Figure 5.4. Representative SE-SEM images obtained after the second-step anodic treatment for

Ti_MAO (a and d), Ti_1MAO (b and e) and Ti_3MAO (c and f).

The cross-sectional morphology of Ti_MAO, Ti_1MAO and Ti_3MAO groups are
shown in Figure 5.5a, b and c, respectively, revealing a similar oxide layer with a
thickness of 5.20 £ 1.00 um, 5.27 + 1.26 um and 5.41 + 1.06 um, respectively. Alves et
al. [35] had previously presented the detailed cross-section of a MAO layer obtained
with the same processing parameters on a bulk Ti, having a triplex structure composed
of a compact and thin layer next to the bulk material followed by an inner porous layer
having small pores and an outer porous layer having bigger pores.

During MAO process, the applied voltage exceeded the dielectric breakdown of
the oxide layer and a micro-porous structure was formed because of the micro-arc
discharges [36]. The initial moments were attributed to the formation of a thin and
compact oxide layer. Then, as a result of the higher applied voltage, the oxide layer
started to get thicker as a consequence, the measured current dropped to lower values
[6]. The evolution of current during the MAO treatment did not reveal significant
differences between the testing groups (Figure 5.5d). These results confirmed that the
macro-pores formed at the first-step did not have a noticeable effect on the micro-
porous oxide layer formed at the second-step. Furthermore, no significant differences
in the cross-section morphology or thickness were observed between the oxide layer

inside and out of the pores.
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Figure 5.5. Cross-sectional OM images of a) Ti_MAO, b) Ti_1MAO and c) Ti_3MAO and d) respective

current evolution during MAO treatment.

Due to localized melting of the oxide, Ca and P elements presented in the
electrolyte were incorporated in the micro-porous anodic layer [19], giving a bio-
function since they are the main constituents of bone [37]. Figure 5.6a shows the EDS
spectra of MAO-treated groups, confirming the incorporation of Ca and P during MAO
treatment. The Ca/P as atomic ratio was 2.91 + 0.13, 2.99 + 0.15 and 2.99 + 0.11 for
Ti_MAO, Ti_1MAO and Ti_3MAO, respectively. In the bone, the stoichiometric atomic
ratio of Ca/P for hydroxyapatite (HAP) is about 1,67 [37]. It was favourable to have Ca/P
ratio above the one in HAP since Ca presents a faster dissolution than P [38-40].

The XRD patterns of MAO-treated groups are shown in Figure 5.6b where
characteristic peaks of Tiand TiO2 (as anatase and rutile) were obtained as in accordance
with the literature [17,21,35]. The percentage of anatase and rutile phases were
calculated by Equation (5.1) and the results showed around 70% of anatase and 30% of
rutile for all the conditions. A mixture of anatase and rutile may play an important role
on the tribocorrosion behaviour and biological properties of the implant. It is well
reported that MAO treatment improves the wear resistance of Ti, mainly attributed to
the increase in hardness due to the presence of mixture of hard anatase and rutile
phases [14,17-19]. Hardness of anatase and rutile are around 8 and 17 GPa, respectively

[41]. Oliveira et al. [19] studied similar structures on bulk Ti surfaces and reported that
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anatase was evenly distributed through all the surface while rutile was mostly presented
at higher zones around the micro-pores with volcano-like structures. Recently, Alves et
al. [7] showed that bio-functionalization process by MAO, with the same parameters
used in the second-step anodic treatment described in this work, improved adhesion
and proliferation of NIH/3T3 cells when compared to untreated Ti due to chemical
composition, nature of the TiO; films (a mixture of anatase and rutile) and topography

of the anodic layers formed by MAO.
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Figure 5.6. a) EDS and b) XRD spectra after the two-step anodic treatment.

5.3.3. Roughness

Another important surface characteristic influencing the interactions between the
implant and the biological material is surface roughness. After the first-step anodic
treatment, the acid etched surfaces (just before MAO treatment) presented Ra values
of 1.48 £0.35 um, 1.47 £ 0.78 um and 1.41 + 0.89 um for Ti, Ti_1 and Ti_3, respectively.
After the MAO treatment, a slight increase on Ra values was observed, leading to values
of 1.88 £ 0.49, 1.85 + 0.52 um and 1.90 + 0.60 um for Ti_MAO, Ti_1MAO and Ti_3MADO,
respectively. These results suggest that the roughness created by etching governed the
global roughness after two-step treatment. For biomedical applications, the material
response does not necessarily depend on the degree of the surface roughness but rough
surfaces usually presents better biological response [42,43] since cell growth and a
better adsorption of proteins can be promoted by an increase in the surface area

available for cells [43].
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5.3.4. Wettability

Wettability may control four important phenomena between the biological
organisms and the surface: adhesion of proteins and other macro-molecules, hard and
soft tissue cell interactions, adhesion of bacteria and bio-film formation, and rate of
osseointegration [44]. Therefore, wettability of the treated surfaces was defined and
the results of the contact angle measurements are presented in Figure 5.7, together
with the representative images for each group under water contact angle evaluation
test. After the first-step, the average values of contact angle for Ti, Ti_1 and Ti_3 were
71 + 9°, 80 + 8° and 70 + 7°, respectively. These values pointed a less hydrophilic
behaviour after the first-step. Statistical analysis was performed in order to access if the
type of porosity influenced the wettability within the groups after the first-step anodic
treatment. Results showed statically significant differences for the values obtained for
Ti_1ascompared to Tiand Ti_3, indicating that the type of macro-porosity had an effect
on the wettability. When the macro-pores were mostly isolated (Ti_1), the contact angle
was higher, and consequently, the wettability decreased when compared with the
control group. But, if the interconnected porosity increased, then the wettability
increased and the value was closer to the one found in the control group, Ti. After the
second-step, Ti_ MAO, Ti_1MAO and Ti_3MAO presented average contact angles of 26
+ 9% 27 + 8° and 19 £ 11°, respectively. These values showed that a shift for the
hydrophilic regime occurred after the second-step, due to chemical as well as
topographical changes on the surface, with the formation of a micro-porous oxide layer.
Regarding the MAO groups, there were no statistically significant differences in the
average values between the testing groups.

A hydrophilic surface is more prone to interact with the fluids in a biological
environment, promoting protein adsorption to the surface, while a hydrophobic one can
promote the entrapment of air bubbles that can affect the interaction between the
surface and the proteins or the cells, leading to a worse adsorption or
adhesion/activation, respectively [44]. Therefore, the second-step anodic treatment
under MAO regime may also promote beneficial interactions in a biological environment

by transforming the surfaces from hydrophobic to hydrophilic.
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Figure 5.7. Contact angle values for each group and the respective representative images (* Significant

difference within the first-step group (p<0.05)).

5.3.5. Corrosion behaviour

Figure 5.8 shows the representative potentiodynamic polarization curves for all
groups and Table 5.2 gives the average values for open circuit potential (Eocp), corrosion
potential (E(i-0)) and passivation current density (ipass). All polarization curves exhibited a
direct transition from the active region to passive region. It was also possible to see a
well-defined passivation plateau for Ti (starting around 0.25 V), that was not lost after
the first-step. There was no significant difference between Ti and porous surfaces of Ti_1
and Ti_3 as also can be seen more clearly on Eocp, E(i-0), and ipass values presented in Table
5.2, thus, it can be stated that the corrosion behaviour was not affected significantly by
the macro-porosity obtained after the first-step. It was clear that the corrosion
resistance was improved after the second-step (MAOQ) since it can be observed that the
polarization curves in Figure 5.8 shifted to the left-upper area of the graph, exhibiting

lower values of current density as well as higher corrosion potential as it is confirmed in
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Table 5.2. There were no significant differences between Ti_MAO, Ti_1MAO and
Ti_3MAO on ipass (values considered at 0.60 V), Eocp or E(i-0). Improvement of corrosion
behaviour after MAO had already been reported in the literature for dense Ti and Ti-
6Al-4V surfaces and it was attributed to the formation of oxide layers with higher
corrosion resistance, mainly by the contribution of the barrier layer that was formed in

the MAO treatment [14,19,35].
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Figure 5.8. Potentiodynamic polarization curves before (Ti_1 and Ti_3) and after (Ti_1MAO and
Ti_3MAO) the second-step anodic treatments, in comparison with their control groups (Ti and

Ti_MAO, respectively).

Table 5.2. Open circuit potential (Eocr), corrosion potential (Ej-0) and passivation current density (ipass)

values for all testing groups.

Ti Ti_1 Ti_3 Ti_MAO Ti_IMAO  Ti_3MAO
Eocp (V) -0.16+0.03 -020+0.05 -0.17+0.05 0.36+0.05 0.34+0.06 0.38+0.08
Eii=0) (V) -0.20+0.05 -0.15+0.06 -0.23+0.01 0.01+0.03 0.04+0.02 0.00+0.01

ipass(MAcm™2) 2.97+0.63 2.37+034 292053 0.06+0.02 0.07+0.02 0.09%0.02
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5.3.6. Tribocorrosion behaviour

Figure 5.9 presents the representative OM and SEM images of the worn sample
and counter-body surfaces, together with the EDS spectra taken from the worn counter-
body surfaces after the first- and the second-step anodic treatment. Parallel grooves to
the sliding direction were dominant on the samples tested after the first-step anodic
treatment, which is a characteristic feature of abrasive wear. MAO-treated samples
presented smaller worn areas (more evident on the OM images) and less visible wear
damage (more evident on the SEM images) compared to samples tested after the first-
step anodic treatment. Additionally, SEM images revealed oxidized patches formed due
to repetitive transfer of material between the two mating surfaces, as well, loose
oxidized wear debris in the macro-pores. In MAO-treated samples, both worn and
unworn areas can be seen on the wear tracks since the counter-body was carried by the
most protruded surfaces. On the other hand, material transfer from samples to the
counter-body (alumina ball) was confirmed for all conditions, evidenced by EDS spectra

taken from the worn counter-body surfaces.
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Figure 5.9. OM and SEM images of the worn sample surfaces, together with the SEM images and the
respective EDS spectra taken from the worn counter-body surfaces after the first- and the second-step

anodic treatments.
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BSE-SEM images taken from Ti_1MAO sample presented in Figure 5.10 give a
closer look to the worn MAO-treated surfaces, showing some typical key worn surface
features observed on all MAO-treated surfaces, together with the respective EDS
spectra. As it can be seen on Figures 5.10a and b, the zones marked as Z1, Z3 and Z6
presented different atomic contrast, pointing severe local damage on the MAO layer, as
also evidenced by the EDS spectra where no distinguishable peaks of Ca and/or P were
registered. Nevertheless, some differences were observed within these three zones as
Z1 and Z6 presented sharp grooves or scratches parallel to the sliding direction and Z3
presented an uneven morphology. In Z2 and Z7, the outmost part of the MAO layer was
damaged due to contact with the counter-body and these zones presented a smooth
surface with some areas presenting a darker tone that were probably the micro-pores
being filled with wear debris. In Z4, the oxide layer was only partially damaged and Ca
and P peaks were still presented in the EDS spectrum (Figure 5.10c). The zones marked
as Z5 and Z8 represented unaffected areas, where the structure was not changed and
therefore, similar morphology and similar EDS spectra were observed to the ones

already shown in Figure 5.4d and Figure 5.6a, respectively.
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Figure 5.10. Higher magnification SEM images of the worn surfaces after the second-step anodic

treatment (a and b), together with EDS spectra taken from the marked zones (c and d).

The evolution of OCP before, during and after sliding together with the evolution
of COF during sliding are presented in Figure 5.11. As general, groups before (Figure
5.11a) and after (Figure 5.11b) the second-step anodic treatment exhibited significantly
different behaviour. Before sliding Ti, Ti_1 and Ti_3 presented stable and very similar
potential values due to the presence of the native oxide film. This film was immediately
damaged with the starting of sliding as it was evident by a sharp decrease in OCP values.
The lowest OCP values were observed on the run-in period and afterwards, OCP values
increased and remained relatively stable for the remaining time of sliding. During sliding,
simultaneous increases and decreases were observed in both OCP and COF values that
were more pronounced on Ti as compared to the porous samples. These variations on
OCP and COF can be linked with the adhered oxidized patches. In the presence of macro-
pores, some part of the wear debris was ejected into the pores resulting with less dense

oxidized patches on the worn Ti_1 and Ti_3 surfaces, as compared to Ti (Figure 5.9). On
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Ti, on the absence of the macro-pores, it was possible that adhered oxidized patches got
denser during sliding time, however, after getting a certain thickness, these wear debris
might be broken by the counter-body. As patches were getting thicker, due to their
physical barrier role, they can give a limited protection against corrosion that can explain
the local increments on OCP. In the same time, as they were getting thicker, surface
roughness was also getting higher, therefore simultaneous increments on COF values
were recorded [45].

After the second-step anodic treatment, all groups presented an improvement on
the tribocorrosion behaviour, characterized by higher OCP values under sliding, together
with more stable COF values (Figure 5.11). It was also observed that within the MAO-
treated groups, an increase in macro-porosity led to lower OCP values under sliding,
with OCP values slightly decreasing as sliding proceeded. Considering that there were
no significant differences in terms of morphology, chemical and phase composition
between the MAO layers for each condition, and that there were no significant
differences on the corrosion behaviour from potentiodynamic polarization curves, it is
reasonable to assume that these differences were related to the distinct tribological
contact due to different levels of macro-porosity. As the level of macro-porosity
increased, the contact area with the counter-body decreased, leading to higher local
contact pressures on the contact zones. In this way, higher contact pressures translated
into higher mechanical damage on the contact points with the counter-body. On the
other hand, since the contact with the counter-body was only on the protruded hard
oxide zones on the MAO-treated surfaces, more stable evolution of COF values was

observed.

119



R p— ' ® 10 — :
_ ae==Ti E === Ti_MAO
084 | ceeeTia| %87 --- Ti_1MAO
i 0,6 | eee-Tia| 061 | --- Ti_3MAO
0,4 : 0,4 !
0,2 4 I 0,2 -1 |
0,0 : : 0,0 ] :
j+— Sliding ——, j¢— Sliding ——,
0,6 0,6
= T ] ’ 1 1
Q ] | ] -::k~ ------------------ +-"-—--'--::
2034 ) 03 e pomTITEETE
= 1 | i R L s
2 0o | | 007 =
6 = e 11 l
> -0,3 = - ey P -‘f '0,3 -
> ] AT B AP SRR AT ]! !
= [ [ 1
w -6 4—r—D—7——T"-"—"7T"-"—""7T""—"7T" Vb6 f——FT—FTFT—T—TF——F 1
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
time (s) time (s)

Figure 5.11. Evolution of OCP before, during and after sliding on the samples before (a) and after the

second-step anodic treatments (b), with the respective COF values.

Metal ion release in the body may significantly alter several biological processes
like osteoblastic cell viability and apoptosis as well as regulation of bone resorbing
mediators [46]. The average ICP-AES results of the Tiion concentration in the electrolyte
after the tribocorrosion tests for Ti, Ti_1 and Ti_3 groups were 0.06, 0.10 and 0.11 mg/L,
respectively. After the second-step, the results obtained for Ti ion concentration were
0.01, 0.02 and 0.03 mg/L for Ti_MAO, Ti_1MAO and Ti_3MAO, respectively. Results
showed that metal ion release after the second-step anodic treatment was much lower
than the one after the first-step. Decreased metal ion release on the bio-functionalized
porous surfaces indicated that the oxide layer formed on the second-step protected the
metal substrate. ICP-AES results for Ca ion concentration were 1.39, 1.54 and 1.92 mg/L,
for Ti_MAO, Ti_1MAO and Ti_3MADO, respectively, whereas the values obtained for P
ion concentration were 0.41, 0.46 and 0.66 mg/L for Ti_MAO, Ti_1MAO and Ti_3MAO,
respectively. These results suggest that as the level of macro-porosity increased, the
released amount of ions increased most probably due to the increased damage given at

the contact zones due to the higher local contact pressures.
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5.3.7. Tribocorrosion mechanisms

The tribocorrosion mechanisms proposed based on the microstructural,
electrochemical and triboelectrochemical analysis of the worn surfaces are illustrated in
Figure 5.12. Due to high reactivity of Ti, as well as due to its low tensile and shear
strength, during sliding, micro-fractures may occur on the surface and consequently,
large amounts of metal may be pulled out (adhesive wear) [47]. As sliding proceeds,
pulled-out debris can be work hardened, as well, can be mixed with the oxidized wear
debris (third-bodies). Afterwards, these mixed debris can be compacted on the worn
surfaces, forming oxidized patches, whereas some of these debris may adhere on
counter-body surfaces (Figure 5.9) that can abrade the metal leading to the formation
of grooves on the worn surfaces (Figure 5.9), or move freely on the sliding surfaces,
acting as third-body particles (Figure 5.12a). As also discussed above, it is suggested that
oxidized patches gave a limited protection against corrosion, but as well, led to an
increase in COF values. Evolution of COF and OCP values during sliding suggested that
thickening and removal of the oxidized patches repeated several times during sliding.

After the first-step anodic treatment, similar mechanisms were also observed on
the macro-porous surfaces, however, oxidized patches were less dense and the effect
of third-body abrasive wear was reduced due to ejection of wear debris into the macro-
pores, but at the same time, higher local contact pressures on the contact surfaces
seemed to increase the severity of abrasive wear (Figure 5.12b).

Figure 5.12c presents the proposed wear mechanism for the MAO-treated Ti
surfaces. As discussed above with the detailed SEM images, local damages were
observed on the most pultruded zones of the MAO layer that had direct contact with
the counter-body. A similar mechanism was also observed on the samples after two-
step anodic treatment (Figure 5.12d). Due to the reduced contact area of the macro-
porous surfaces, which was further reduced by the increased roughness of the anodic
layer, higher contact pressures were obtained on the contact zones leading to more
severe local damage, evidenced mainly by lower OCP under sliding, as compared to
Ti_MAO samples. Ti_1MAO and Ti_3MAO samples presented a gradual decrease in OCP
values during sliding, suggesting a gradual increase on the damage given to the MAO

layer, whereas overall lower OCP values were observed on Ti_3MAO samples. Even
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though, it is worthy to stress that Ti_3MAO samples still exhibited better tribocorrosion
behaviour as compared to the samples after the first-step anodic treatment in terms of
less visible total wear damage, less amount of released metallic ions and more positive

OCP values during sliding.
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Figure 5.12. Schematic draws of the suggested tribocorrosion mechanisms for a) Ti, b) Ti after the

first-step, c) Ti after the second-step and d) Ti after two-step anodic treatments.

5.4. Conclusions

A fast and simple two-step anodic treatment was used to obtain a macro-porous
surface structure covered with a micro-porous Ca- and P-rich anodic layer. By increasing
the treatment time of the first-step anodic treatment, bigger and more interconnected
macro-porosity was obtained. After the second-step anodic treatment by MAO, multi-
scale (micro- and macro-) porous surfaces exhibited a lower tendency to corrosion and
more stable COF values under sliding, together with improved wettability. Therefore,
this two-step anodic treatment can be considered as a versatile and low-cost technique
to obtain multi-scale porous surfaces having potential of improved bioactivity and
mechanical interlocking, along with their improved resistance to tribocorrosion.
Nevertheless, before considering this treatment for biomedical implants, biomechanical

stability and biological response of these surfaces should be explored.
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Abstract

Ti foams are attractive for orthopaedic applications due to reduced Young’s
modulus and ability of bone-ingrowth. However, poor corrosion behaviour and lack of
bioactivity are yet to be overcome. In the present work, highly porous Ti samples were
processed by powder metallurgy with space holder technique and bio-functionalized by
micro-arc oxidation, resulting in nano- and micro-structured TiO; surfaces containing
bioactive elements. The electrochemical behaviour of these bio-functionalized highly
porous Ti surfaces was evaluated through potentiodynamic polarization and EIS in

physiological solution at body temperature. Results showed that bio-functionalization
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improved the corrosion behaviour of highly porous Ti. However, increased macro-

porosity led to an increased corrosion rate.

Keywords: Powder metallurgy, Porous Ti, Micro-arc oxidation, Corrosion, EIS

6.1. Introduction

Ti-based materials are commonly used as orthopaedic and dental implant
materials due to their properties, as excellent biocompatibility, high specific strength,
high corrosion resistance, low density and relatively low Young’s modulus [1-6].
However, these materials still present the risk of implant aseptic loosening or bone
failure, mainly due to stress-shielding effect that is caused by the inefficient load transfer
from the implant to the bone [7-9]. The stress-shielding effect occurs due to the
mismatch of Young’s modulus between the implant material (Ti: 100110 GPa, Ti-6Al-
4V: 114 GPa) and human bones (4-30 GPa) [3,7,8].

Porous Ti structures presenting open-cellular structure are being developed in
order to decrease this mismatch but also to allow the new bone-ingrowth and the
transport of body fluids [10—-14]. Moreover, as reported by Jha et al. [15], open-cellular
structures also show potential for drug delivery applications. One of the most suitable
methods for processing Ti foams is space holder technique. This method is cost-effective
and allows to adjust the porosity level, pores geometry and pores size distribution [15—
18].

Studies regarding characterization of porous metallic implants in terms of
microstructural, mechanical and biological properties are widely reported in the
literature [19-24]. However, reports on their electrochemical behaviour are still scarce
[1,22,23]. Some studies showed that the corrosion behaviour of porous materials may
be different from dense materials, mainly due to the existence of localized corrosion as
a result of the stagnation of the electrolyte inside the pores [22,23], or due to the
differences in the nature and quality of the passive films formed on the outermost
surfaces and on the inner pore surfaces [1].

Although Ti is the most biocompatible metallic material, it is also bioinert thus, it

cannot induce bone growth. With the aim of addressing this issue, several surface
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modification approaches have been developed such as micro-arc oxidation (MAQO) [24—
34]. MAO does not only lead to a better corrosion behaviour but also can improve the
bioactivity of Ti through the creation of tailored surfaces in terms of chemical
composition, nano- and micro-porosity and topography [24-26,28-36]. Furthermore,
during MAO treatment it is possible to incorporate bioactive elements, as Ca and/or P,
allowing to reach a Ca/P ratio similar to hydroxyapatite (HAP) on the anodic layers. After
MAO treatment, HAP may be precipitated by a hydrothermal treatment, which is
reported to improve the bioactivity [27—-30,37-39]. Nevertheless, the studies on the bio-
functionalization of highly porous Ti surfaces by anodic treatment are still very limited
[3,20,40,41]. Yavari et al. [20] studied the effect of alkali-acid heat and acid-alkali
treatments on compression and fatigue behaviour of porous Ti-6Al-4V alloy processed
by selective laser melting. The authors stated that the acid-alkali treatment leads to
substantial mass loss when compared with alkali-acid heat treatment, and thus it
notably modify the porous Ti-6Al-4V structures mechanical properties. On the other
hand, Fan et al. [41] processed porous Ti scaffolds by powder metallurgy using space
holder technique followed by anodic and heat treatments. The authors stated that
anatase nanotubes were successfully produced on Ti scaffold, which improved the
biocompatibility due to their apatite-formation ability.

The present study is a following work of these authors. Previous studies on bio-
functionalized highly porous Ti showed that both outermost and inner pore surfaces
were successfully covered by MAO layers leading to a lower corrosion susceptibility,
both under static conditions and under sliding. The authors attributed this behaviour
not only to the improved corrosion resistance provided by the MAO layers but also to
the increased hardness, leading to higher wear resistance, of those layers [3]. Moreover,
although no clear effect of bio-functionalization was found on cell viability, enhanced
cell proliferation and activity was reported for bio-functionalized highly porous Ti having
22% of porosity [42]. Although it is well reported that MAO treatment on Ti surfaces
improves the corrosion behaviour, the electrochemical response of bio-functionalised
highly-porous Ti is yet to be known. Therefore, this study aimed at understanding the
electrochemical behaviour of 3D macro-porous architecture having bio-functionalized

surfaces developed by MAO with the incorporation of Ca and P.
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6.2. Experimental procedure

6.2.1. Processing

Dense Ti samples were produced using angular shaped Ti powders (Grade 2, Alfa
Aesar, D50 = 36 um) and as a binder it was used polyvinyl alcohol (PVA, Sigma Aldrich
Chemistry). For highly porous Ti samples, angular shaped urea particles (Scharlau, <500
um) were used as a space holder.

Firstly, Ti powders and PVA (0.4 v0%) were manually mixed, then 0, 30 or 50 0%
of urea was added to the mixture. In order to get a homogeneous mixture, the powders
were mixed in a ball mill rotating with Al,O3 spheres at 130 rpm for 4 h. The blended
powders were then uniaxially pressed in a zinc stearate lubricated nitrided stainless steel
die under 350 MPa for 2 min. The green compacts (12 mm in diameter and 3 mm in
thickness) were subjected to two thermal cycles. The first one at 450 °C during 3 h under
Ar atmosphere was performed to remove the binder and the space holder. Then, the
samples were sintered in vacuum (better than 10-> mbar at 1100 °C during 3 h). The
heating and cooling rates were set to 5 °C min~. Thermal analysis/thermal gravimetric
(DTA/TG) and dilatometric tests were carried out to select the binder and space holder

as well as sintering temperatures and this analysis was presented elsewhere [1].

6.2.2. Bio-functionalization by micro-arc oxidation

In order to achieve similar surface roughness to the highly porous samples, dense
Ti samples were grounded using SiC papers with 180 mesh. Both dense and highly
porous samples were ultrasonically cleaned in acetone for 3 min and etched in Kroll’s
reagent (Vur:Vhnos:Vhy0 = 2:10:88) for 1 min. After the etching procedure, the samples
were immediately cleaned ultrasonically in propanol for 10 min followed by 5 min in
distilled water and dried with warm air.

The bio-functionalization treatment by MAO was performed in an electrolyte
consisting of a mixture of 0.02 M of B-glycerophosphate disodium salt pentahydrate, (B-

GP; Alfa Aesar) and 0.35 M of calcium acetate monohydrate (CA; Alfa Aesar), as P and
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Ca ions source, respectively. Dense and highly porous Ti samples were used as anode
(geometric area of 3.39 cm?) and completely immersed in the electrolyte, while a Pt
plate was used as cathode (exposed area 12.57 cm?). The anode and cathode were
placed 8 cm apart and connected to a DC power supply (GPR-30H10D). The total MAO
treatment time was 1 min with a selected voltage of 300 V. A magnetic stirrer rotating
at 200 rpm was used to create a turbulent flow regime. After the bio-functionalization,
all samples were cleaned in an ultrasonic bath in propanol and distilled water and dried

as described previously.

6.2.3. Electrochemical tests

Open circuit potential (OCP), potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS) tests were performed to assess the electrochemical
behaviour of all groups of samples. All electrochemical tests were performed in a
physiological solution consisting of 9 g/L of NaCl at body temperature (37 + 2 °C) as
presented in Figure 6.1. The electrochemical cell was placed in a climate chamber, which
kept the temperature constant and acted as a Faraday cage in order to avoid any
external currents. Sample surfaces were used as working electrode, a platinum wire was
used as a counter electrode while a saturated calomel electrode (SCE) was used as
reference electrode, connected to a Reference 600 potentiostat/galvanostat/ZRA from
Gamry Instruments. All potentials are given with respect to SCE.

All samples were immersed in the electrolyte and allowed to rest for 24 h. OCP,
EIS and potentiodynamic polarization measurements were performed sequentially. OCP
was continuously measured and was considered stable when AE<60 mV h™2. Then, at 24
h, EIS was performed at the last registered OCP with frequencies ranging from 10 till
1072 Hz, with 7 points per frequency decade. A sinusoidal signal with an amplitude of 10
mV was chosen in order to ensure the linearity of the electrode response. After EIS
measurements, the OCP was measured during 10 min, followed by the potentiodynamic
polarization tests that started at -0.250 Vocp and went up to 1 Vsce with a scanning rate
of 1 mV s71. The potentiodynamic polarization parameters were chosen in a way to

determine the passivation current densities and to understand the stability of the anodic
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layers within the range of potentials that are reported to be relevant in human body
[43,44].
To guarantee the repeatability of the results, all these experiments were repeated

at least three times and the results are presented as average + standard deviation.

\, .

Reference Counter
electrode electrode

Electrolyte
(9 g/L NacCl)

\ [,O-ring

Insulalion—b} L/\A—Copper wire

Working electrode (sample)

Figure 6.1. Schematic representation of the electrochemical test setup.

6.2.4. Characterization

The topography, microstructure and chemical composition of as-processed and
bio-functionalized samples were analysed by SEM using a FEI Nova 200 equipped with
energy dispersive X-ray spectroscopy (EDS).

The porosity morphology and distribution of pores of highly porous Ti samples
were characterized by micro-computed tomography (micro-CT) by using X-view X 50-CT
(North Star Imaging) micro-CT system, under the accelerating voltage of 50 KV and a
tube current of 400 pA. For each bulk sample, 1200 projections were taken over 360°
(0.3° range) with an exposure time of 3 s for each projection. A CMOS image sensor
(3888 x 3072 pixels) coupled to Csl scintillator was used for detecting the transmission
beam. The samples were scanned with 17 um x 17 um pixel size, allowing a field of view
of around 3 cm. Reconstruction was done with 2400 TIFF projections, where the average
scanning time was 90 min per sample.

A point-counting technigue based on ASTM E562 was used to calculate the
number and pores size distribution of the anodic layers. This method consisted in a grid

having 17 lines parallel to each other with a constant distance between them of 0.03
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mm that was superimposed on a SEM micrograph. All the pores intersecting the lines
were counted and their diameters were measured. From each group of bio-
functionalized samples, three SEM micrographs were taken in different zones of the
surface’s samples and five samples were used per group of samples. The groups of
samples are presented in Table 6.1 together with the nominal porosity, real porosity and

surface treatment.

Table 6.1. Samples under study, nominal porosity, real porosity and surface treatment.

Group Nominal Porosity (as urea vo%) Real Porosity (%) [1] Surface Treatment
Ti - 0.4 Etched
Ti22 30 22 Etched
Ti37 50 37 Etched
Ti-AT - 0.4 Bio-functionalized
Ti22-AT 30 22 Bio-functionalized
Ti37-AT 50 37 Bio-functionalized

The cross-section of the anodic layers was analysed using a FIB-SEM (Auriga
Compact, ZEISS). Gallium ions at 30 keV were used to section the surface, with a 5 nA
current up to a depth of approximately 20 um and to clean the edge of the cross-section,
with 1 nA currents.

The real exposed metallic area to the electrolyte for highly porous samples was
determined from the voxelized true geometry of the porous sample derived from the
raw data acquired by micro-CT. After the 3D reconstruction, grayscale data of the voxels
was submitted to the following procedure: i. denoising by a Gaussian technique; ii.
segmentation of the full 3D domain between (0) world (outside domain), (1) matrix (Ti)
and (2) void (pores), based on a simple threshold technique, with the threshold value
determined from the histogram of images from the material + voids domain. After
segmentation and being known the 3D geometry of the porous sample, an arbitrary flat
surface was selected. Following the experimental procedure, the free subsurface area
delimited by the o-ring is numerically flooded, as well as all void voxels in contact with

the flooded region. By the end, the area of the interface between the void flooded
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region and the matrix was simply integrated by counting the number of elementary

surfaces (voxel faces) of the flooded region—matrix interface.

6.3. Results

6.3.1. As-processed surfaces

Previous results [1] had shown that, for the same processing conditions,
approximately 80% of the pores in both highly porous Ti samples ranged from 50—-350
um. Although Ti22 group presented an average pore size of 230 um, the average pore
size of Ti37 samples was slightly lower, around 200 pm. Microstructural and 3D
tomographic investigations revealed that Ti22 samples mainly presented closed pores,
while Ti37 samples showed a mixture of open (interconnected) and closed pores.
Considering its importance on the electrochemical tests, the real metallic area exposed
to the electrolyte was calculated using the micro-CT data. For a geometric area of 0.38
cm? the real metallic area exposed to electrolyte was 1.18 cm?and 14.8 cm? for Ti22 and
Ti37, respectively. It was observed on the 3D reconstructions that the flooded region did
not pass completely through the sample on Ti22. However, since Ti37 samples contained
a mixture of open and closed pores, whatever the first flat surface selected on 3D
reconstructions, the flooded region always crossed completely the sample, meaning
that the upper and lower surfaces were always linked by the void region (Figure 6.2).
Thus, these calculated real exposed areas were used to normalize the electrochemical

data.
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Figure 6.2. Surface and cross-section tomographic slice images showing the exposed geometric
area for the electrochemical tests and the simulation of flooded pores by electrolyte.

6.3.2. Current density evolution with anodic treatment time

The current density evolution during the MAO treatment at 300 V is given in Figure
6.3. All curves showed two different regions: In region |, the current was constant
(limiting current of 2.6 A, which was the maximum current provided by the power
supply) until the system reached the selected potential (300 V). When 300 V was
reached (moment indicated as tgai/pot), the anodic treatment turned to constant voltage
control and a decrease on current values was observed (region Il), thus, the formation
of micro-arcs and evolution of gas in the system started [34]. Moreover, it was observed
that the density of micro-arcs decreased while the current fell. The parameter tgai/pot
corresponds to the time at which the final potential is reached, being 13+ 1, 23 + 1 and
48 + 1 seconds for Ti, Ti22 and Ti37, respectively. Higher levels of porosity led tgai/pot to
increase probably due to the increased exposed metallic area. However, the current

density is not significantly different for all group of samples.
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Figure 6.3 Current density evolution during the anodic treatment at 300 V.

6.3.3. As-etched and bio-functionalized surfaces

Figure 6.4 presents the SEM micrograph of as-etched and bio-functionalized
surfaces. As previously reported by some of the present authors [1,3], along with the
induced porosity, residual porosity was presented in all etched surfaces (Figures 6.4b
and 6.4c), being typical on the conventional powder metallurgy processing method. On
the other hand, as already reported by some of the present authors [1], the difference
between the nominal porosity (30 and 50%) and the measured porosity (22 and 37%,
respectively) is attributed to shrinkage, which increased as the amount of the space
holder was increased. The grinding marks on the as-etched Ti surfaces (Figure 6.4a) were
still visible after etching. However, after anodic treatment, those grinding marks were
disappeared (Figure 6.4d) and a multiscale porous structure was obtained. It has also
been previously reported that after anodic treatment the surface roughness had
increased from 0.63 to 1.27 um [3]. The volcano-like porous structure, typical of micro-
arc treated surfaces, was observed in all samples. Moreover, in the case of Ti22-AT and

Ti37-AT (Figures 6.4e—f), the uppermost pore surfaces were successfully covered by the
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anodic layers formed during the bio-functionalization process. The size of the pores of
the anodic layers ranged from approximately 0.6 to 2.9 um, in accordance with the
values reported in the literature [34,35].

The ratio of Ca/P (wt%), based on EDS analysis, is 3.44 + 0.15, 3.38 £ 0.23 and 3.46
1 0.40 for Ti-AT, Ti22-AT and Ti37-AT, respectively. Moreover, the crystalline structure

of the anodic layers processed under identical conditions was previously characterized

as a mixture of anatase and rutile [3].

Figure 6.4. Secondary electron SEM images of the as-etched (a—c) and bio-functionalized (d—f) Ti, Ti22

and Ti37 samples, respectively.

In this study, Ti-AT samples presented the largest pores size distribution, ranging
from 0.60 to 3.68 um, while for porous bio-functionalized samples it ranged from 0.24
to 2.91 and from 0.21 to 2.58 um for Ti22-AT and Ti37-AT, respectively (Figure 6.5). Most
of the pores on Ti-AT had a diameter between 1.0 and 1.5 pm. In the case of Ti22-AT
and Ti37-AT, the pore sizes decreased, with diameters between 0.5 and 1.0 um. Also,
the number of pores per geometric surface area was different comparing Ti-AT and Ti22-
AT/Ti37-AT groups, namely (9.2 + 2.3)x103 pores mm~2 for Ti-AT and (11.7 + 1.6)x103
and (11.9 + 1.7)x10° pores mm~2 for Ti22-AT and Ti37-AT, respectively. Thus, within the

bio-functionalized samples, there was a slight increase on the number of pores from
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dense to porous samples. However, no significant differences were observed between

Ti22-AT and Ti37-AT.
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Figure 6.5. Pores size distribution on the bio-functionalized samples.

Representative SEM micrographs of FIB-prepared cross-sections of the anodic
layers formed on the outermost surfaces are presented in Figure 6.5. The anodic layer
formed in both dense and highly porous Ti samples presented a triplex structure, where
no significant differences were observed, at least on the outermost surface. The barrier
film is formed at metal—oxide interface in the first seconds of the anodic treatment. This
barrier film is followed by two porous layers, an inner porous layer that is characterized
by small pores and an outer porous layer that presents larger pores [35]. All anodic
layers with the triplex structure presented an average overall thickness of approximately
2.50 um. However, in the most inner pores, the formed anodic layer may present some
heterogeneities, most probably due to the difficulty of the electrolyte to wet all the

exposed metallic area in the case of highly porous samples.
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Figure 6.6. SE-SEM images of FIB-prepared cross-sections of the anodic layers for: a) Ti-AT, b) Ti22-AT
and c) Ti37-AT samples.

6.3.4. Electrochemical behaviour

OCP, EIS and potentiodynamic polarization measurements were performed
sequentially. After the immersion of each sample, the evolution of its OCP was
monitored for 24 h and a stable condition was assumed when the potential drift became
lower than 60 mV.h™1. The OCP values recorded during the last hour of monitoring, just
before the EIS measurement, are presented in Figure 6.7. It was observed on the as-
etched samples that increased porosity led to a decrease on the corrosion susceptibility
by presenting values of OCP less negative for the highest level of porosity (Ti37). On the
other hand, the bio-functionalized samples presented nobler values than as-etched
samples, showing a lower tendency to corrosion, although this difference samples was

not significant on Ti37.
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Figure 6.7. OCP evolution with immersion time for all samples in NaCl (9 g/L) at body temperature.
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Figure 6.8 shows the representative potentiodynamic polarization curves of as-
etched and bio-functionalized samples and Table 6.2 presents the average OCP (average
of the last 10 min of monitoring), corrosion potential (Ecorr) and passivation current
density (ipass) taken as the respective current density at 0.4 Vsce. As-etched Ti showed
the lowest corrosion potential and a well-defined passivation plateau starting at
approximately 0.1 Vsce. The Ecorr showed a clear improvement from Ti to Ti-AT samples.
Bio-functionalized Ti showed a passivation plateau starting from ca -0.1 Vsce to 0.39 Vs,
followed by a slight increase of the current, which may be related to the dissolution of
calcium and phosphorus on the MAO layer. The passivation current density showed a
decrease of almost two orders of magnitude from Ti to Ti-AT samples. As-etched highly
porous Ti samples presented Ecorr slightly nobler than Ti. Even though no well-defined
passivation plateau was recorded, these groups of samples presented a passivation
region, where a slow increase of the current density rate on the anodic domain around
107 A cm~2 was observed.
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Figure 6.8. Potentiodynamic polarization curves of a) Ti, b) Ti22 and c) Ti37 as-etched and bio-

functionalized samples immersed in NaCl (9 g/L) at body temperature.

Table 6.2. Open circuit potential, corrosion potential Ecorr and passivation current density (ipass) values

for all groups of samples.

Ti Ti-AT Ti22 Ti22-AT Ti37 Ti37-AT
Eocr (MVsce) -354+9 -32+22 -174 £ 90 -82 +57 -157+34 -136 +30
Ecorr (MVsce) -356+12 -152 +41 -170 £ 96 -109 + 29 -186 + 40 -196 + 36

ipass(WMAcm™2) 3.24+095 0.05+0.02 13.33+3.62 5.89+172 26.50+5.05 17.97+1.90

142



Figure 6.9 shows the electrochemical impedance spectra for as-etched and bio-
functionalized samples in the forms of Bode (Figures 6.9a—c) and Nyquist (Figures
6.9d-f) diagrams, respectively. Comparing the Nyquist diagrams, an increase can be
observed on the diameter of the semicircle from as-etched to bio-functionalized
samples. This behaviour suggests a better corrosion resistance of bio-functionalized
samples. Constant values of |Z| and phase angles close to 0° were obtained in the Bode
diagrams for all as-etched samples at the high frequencies range, being the typical
response of the electrolyte resistance. Independently of the porosity level, just one time
constant was observed. In low and middle frequency range, the typical capacitive
behaviour of a compact oxide film was observed by the phase angle values approaching
-90° for Ti. Regarding Ti22 and Ti37, the phase angle approached to -70° and -50°,
respectively. This is an effect of the decrease of exponent nox of the CPE, in agreement
with the higher heterogeneity of an increasingly porous material.

Concerning the bio-functionalized samples, all groups presented three time
constants, two corresponding to middle-high frequencies, where the phase angle
approached to -40°, -30° and -20° for Ti-AT, Ti22-AT and Ti37-AT, respectively. The third
one (low frequencies) was characterized by an increase of the phase angle (-80° and -
60° for Ti-AT and Ti22-AT, respectively) with the exception of Ti37-AT, where no
significant difference was observed on the phase angle from high to low frequencies,

due to the larger values of the electrolyte resistance.
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Figure 6.9. EIS spectra in the form: (a—c) Bode and (e—f) Nyquist diagrams recorded on as-etched and

bio-functionalized Ti, Ti22 and Ti37 samples immersed in NaCl (9 g/L) at body temperature.

Figure 6.10a gives the schematic representation of the electrical equivalent circuit
(EEC) used for fitting the EIS results of as-etched samples. An Re(RoxQox) circuit was used
to represent the native oxide film formed on exposed sample surfaces, where Re is the
electrolyte resistance, Rox is the native oxide film resistance and Qux is a constant phase
element (CPE), considering a non-ideal capacitance of the native oxide film. The
schematic representation of the EEC used for fitting the EIS results of bio-functionalized
samples is presented in Figure 6.9b. The presented EEC was recently proposed by some
of the present authors to fit EIS results for commercial pure Ti, bio-functionalized by
MAO under conditions similar to those used in the present study [35]. In this EEC, the
barrier film is represented by a resistor Rpf and a constant phase element Qpt. Regarding
the porous layers, the intact porous wall (outer porous layer, Figures 6.6 and 6.10) and
the porous wall under the outer pores (inner porous layer, Figure 6.6 and 6.10) are
represented by Qwai and Qu/2wall, respectively. No resistor was considered in parallel with
these CPEs as the thickness of the corresponding layers was too high, leading to a very
high resistance, as electronic conduction is almost impossible. Moreover, the overall
electrolyte resistance was represented by Re, together with the additional resistances of

the electrolyte inside the outer pores (Re’) and inner pores (Re”).
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Figure 6.10. Equivalent circuit for fitting EIS results for a) as-etched and b) bio-functionalized samples.

In order to allow the representation of a non-ideal capacitor, a CPE was used in
the fitting. The impedance of CPE is defined as: Z.pr = [Yo(jw)"]™%, where =1 < n <
1.Forn=1,n =0, orn = —1 the CPE response corresponds to a capacitor, a resistor
or an inductor, respectively. A non-ideal capacitor may be described by a CPE if n~1.
However, it is known that the surface roughness and its heterogeneities influence the n
values. All as-etched samples presented n values higher than 0.90 in the case of dense
Ti, while for porous samples the n values were always higher than 0.74. Regarding the
bio-functionalized samples, the lowest n was 0.71. All the impedance spectra were
fitted to these circuits using Zview software (version 2.9) and the quality of the fittings
was evaluated by their chi-square values. All as-etched samples presented chi-square
below 10 and in the case of the bio-functionalized samples the chi-square was below
1073. The EEC parameters obtained from EIS data for as-etched and bio-functionalized

samples are presented in Table 6.3.
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Table 6.3. Equivalent circuit parameters obtained from EIS data for all groups of samples.

Samples Rox (MQcm?)  Qox(x105F cm™2s™?) Nox Quf (Xx10~°F cm~2s™?) Nbf Qu/2wan (X105 F cm=2s™?) N1/2wall Quall (x107°F cm™2s™?) Nwall
Ti 0.52+0.16 4.25+1.84 0.91+0.03 - - -
Ti22 0.16 £0.14 7.03+£3.69 0.80+0.01 - - -
Ti37 0.02+0.01 4.21+0.97 0.74+0.02 - - -
Ti-AT - - 1.26 +0.09 0.85+0.08 9.59+2.17 0.80+0.04 5.74 £2.87 0.71+0.01
Ti22-AT - - 2.06£0.38 0.73 £0.09 38.81+£3.70 0.82 £0.09 5.43 £0.38 0.72 £0.05
Ti37-AT - - 0.52 £ 0.06 0.84 £0.01 31.87£1.05 0.76 £0.01 5.73 £0.07 0.73+£0.04
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6.4. Discussion

6.4.1. Bio-functionalization

MAO treatment has two distinct stages. In the first stage, anodic layer formation
proceeds as the conventional anodic treatment mechanism where a compact and thin
oxide film is formed. Then, when the dielectric breakdown potential is reached, oxide
phases such as anatase and rutile are formed as a result of the extremely high
temperatures that are locally reached at the metal—electrolyte interface due to the
micro-arcs that occur at that interface [45]. Moreover, the transformation of metastable
anatase to stable rutile is facilitated by the frequent micro-discharges. On the other
hand, the formed oxides present low thermal conductivity, which increases the local
temperature, thus further transformation of anatase to rutile is also promoted, as
reported by Wang et al. [46]. However, some studies [32,35] show that decreased
electrolyte conductivity may increase the amount of rutile phase. Although increased
macro-porosity level led to an increase on the galvanostatic control, no differences were
observed on the anatase/rutile ratio. During the galvanostatic control, the highest
current was reached and kept constant until the selected voltage was reached.
However, the remaining sparks were probably more energetic than the previous ones
and therefore, the transformation of anatase to rutile occurred.

By increasing the duration of galvanostatic control (i.e. for longer tga/pot), it is
considered that the thickness of the barrier film (thin and compact oxide film) increased,
as shown by the decrease of Qu values (Table 6.3) from Ti-AT to Ti22-AT and Ti37-AT. In
theory, longer galvanostatic regions lead to an increase on the total charge of the system
(Q =1 x t), which would influence the amount of oxide formed during this stage of the
process. On the other hand, on the second stage (when currents fall), higher currents
are usually associated to thinner oxide films [32]. However, the increase of total charge
did not account for a significant difference in the thickness of the MAO layer (at least on
the outermost surface, Figure 6.5). Also, from the cross-sections obtained for the
samples from each group, it was not possible to observe any visible effects in the
compactness of the oxide. On the other hand, micro-pores were formed at high voltages

(exceeding the electrochemical breakdown potential) and the species present in the
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electrolyte were incorporated into the porous oxide layer [27-31]. Consequently, MAO
process resulted in porous surfaces with a wide range of pore sizes [33,37] presenting
the well-known volcano-like structures. Furthermore, it is known that using a mixture of
CA and B-GP as electrolyte in MAO leads to incorporation of elements as Ca and P in the
porous oxide layers, being one advantage of the MAO treatment since the presence of

bioactive elements as Ca and P may improve the bioactivity of Ti [24-31,38].

6.4.2. Electrochemical behaviour

Results showed that porosity affected the corrosion behaviour of highly porous Ti
samples where increased icor Values were observed for Ti22 and Ti37 samples, in
accordance with the literature [1,47-49]. Some of the present authors [1] have
previously explained these differences by the effect of porosity on the formation rate of
the passive oxide layer. Moreover, several authors working on the corrosion behaviour
of porous metallic materials have stated the difficulties on calculating the real metallic
area exposed to the electrolyte solution [50-55]. In the present work, a model has been
used for the accurate calculation of the real metallic exposed area. However, this model
does not consider the oxygen/air entrapped in the most inner pores either the difficulty
of electrolyte penetration into these pores, which may lead to different passive states
on the native oxide film. Nevertheless, the corrosion rate of highly porous structures is
not just influenced by the surface area. Although Ti is known for its high resistance to
localized corrosion, and the localized breakdown of its passive film occurs at relatively
higher potentials [56], the effect of the highly porous architecture on localized corrosion
is yet to be fully understood. Some authors [50-53] stated that the increased corrosion
density with the increased porosity level is due to the larger surface area in contact with
the electrolyte, but crevices or restrictions to the flow of species into the interconnected
pores can result in corrosion rates that are not proportional to the real contact surface
area. In this respect, Blackwood et al. [53] stated that the attempts to accurately assess
the true effective surface area directly wetted by the electrolyte are not enough to
understand the corrosion behaviour of the highly porous metallic structures, since they
do not take into account the restrictions on the flow of species. Although these

difficulties may result in increased corrosion kinetics, excellent passivation
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characteristics are still reported in the literature for porous Ti structures [50-52,55]. On
the other hand, Seah et al. [50] also reported decreased corrosion susceptibility (less
negative values of Ecrr) With increasing amount of porosity, since the interconnected
pores promoted the free flow of ionic species, whereas isolated pores trapped the
electrolyte and exhausted the oxygen supply, resulting in a thinner oxide film. Apart
from electrolyte penetration, entrapped air and free flow of species, as Damborenea et
al. [43] reported for the Ti-6Al-4V scaffolds processed by direct metal laser sintering
(DMLS), that the three-dimensional architecture of the scaffolds might also have an
influence on their corrosion behaviour, due to the presence of edges and vertices in the
samples that may lead to different corrosion response when compared with flat
surfaces.

The decreased values on |Z| and phase angle from Ti to Ti22 and Ti37 were
probably due to the difference in the nature of the passive film. Recently, some of the
present authors [1] reported two time constants for porous Ti samples: the first on
middle frequencies representing the response of the most external pores and the
second time constant on the low frequencies characterizing the inner pores. Due to their
complex geometry, the most inner surfaces may lead to a slower and more difficult
penetration of the electrolyte. In the referred study [1], the authors used a conventional
three-electrode electrochemical cell (adapted from ASTM G3-89), where the samples
were placed vertically. In order to overcome the difficulty of removal of entrapped
oxygen, which limits the electrolyte penetration into the inner pores, and to facilitate
the formation of a more homogeneous passive film, the testing set-up was changed, and
the samples were placed horizontally, as shown in Figure 6.1. The average values of the
native oxide film capacitance were increased from Ti to Ti22 samples, but no relevant
differences were found between Ti and Ti37 samples. On the other hand, Rox values
decreased with increased porosity, independently of the porosity level. These results
showed that although a passive film was formed on Ti surfaces and inside pores, it
presented different corrosion resistance. In principle, this behaviour would be assigned
to a deterioration of the protective nature of the oxide film, but in the present case it is
important to stress that a huge increase in the surface area occurred in the porous

materials leading to different passive states at the surface and inside the pores, as

149



evidenced by the differences on the phase angles for the highly porous samples (Figure
6.9).

Research on porous materials is not new and, in particular, there has been
previous research published on the general topic of porosity and about its effect on the
electrochemical results [1,22,23]. This work departs from previously existing knowledge
and tries to obtain a deeper insight on the behaviour of these materials. Impedance
results for complex systems may be difficult to interpret just based on the visual analysis
of Nyquist or Bode spectra. This has led to a large number of analysis strategies whose
discussion was not intended in this manuscript and that may include the use of special-
purpose graphics or the modification of the data. As an example, the methodology,
recently proposed by Tribollet [57], where the Bode plots were obtained after
subtracting the ohmic impedance, leads to a complete modification of the phase plot at
high frequencies, revealing processes (and corresponding time constants) that might be
hidden in the original spectrum. This has happened in the present work with the as-
etched samples, where a fine analysis has shown that, instead of the proposed one time
constant equivalent circuit, a ladder model with two time constants could be more
appropriated to account for the effect of porosity. However, this effect was so subtle
that the corresponding time constant was not evident in the spectrum and, for the sake
of simplicity in the analysis, the one-time constant circuit was maintained. On the other
hand, the evolution of the parameters of a three or four time constant system may not
reflect easily on the corresponding spectra. Thus, just a discussion of the effects of
porosity on the Bode plots is not straightforward. Moreover, several degenerated
equivalent circuits may be used for three time constants, resulting in similar spectra,
even if they have no physical meaning. Thus, for the choice of an equivalent circuit, there
is a need for more information than that exclusively provided by the impedance spectra,
in particular that originating from the morphology and structure of the system.
Therefore, in the present work it is not easy to establish a cause-effect relationship
between the analysis of the spectra and the choice of the proposed equivalent circuits.
The strategy is then to propose a circuit that leads to an appropriate fitting of the results,
with meaningful parameters, in the expected orders of magnitude, and that, by
establishing the correspondence of each circuit element with a physical process, may

explain the behaviour of the sample.
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It is very well reported in the literature that MAO treatment improves the
corrosion behaviour of Ti, along with bioactivity [29,31-34,37,58]. In the present study,
a clear improvement was observed on the dense Ti, whereas the improvement was
relatively limited on the highly porous samples. This behaviour may be explained by the
complexity of the system, having a highly porous structure including interconnected
pores. It is acceptable to assume that the most inner pores might not be reached by the
electrolyte during the anodic treatment [3]. Consequently, the most inner pores might
not be uniformly covered by the typical anodic layers. Even though, a slight
improvement was obtained on the porous samples after bio-functionalization, namely
on the corrosion potential and corrosion current density.

The lowest Qus values were found for Ti37-AT samples, while a slight increase from
Ti-AT to Ti22-AT samples was observed (Table 6.3). This behaviour may be explained by
the increased galvanostatic conditions where the barrier film was formed. Ikonopisov
[59] stated that the breakdown voltage is practically independent of the current density.
Recently, Mathis et al. [45] showed that, under galvanostatic conditions, micro-arc
initiation voltages observed were similar to the ones obtained during potentiodynamic
scans. The authors also suggested three stages of galvanostatic conditions: /. the
formation of an inner barrier inner layer leading to a sharp increase of voltage with time;
jii. increase of the voltage and formation of first micro-arcs; and finally, iii. the
stabilization of the voltage and transformation of the micro-arcs into large energetic
arcs. Thus, the lower values of Qut for Ti37-AT were probably due to the increased tgal/pot
giving longer time for barrier film formation. Moreover, due to the complexity of the
porous sample geometry, the Q values might be affected as the surface area significantly
increased with increased porosity. Nevertheless, the Quai values were always lower
when compared with Qi/2wai, Which may result from the lower thickness of the oxide
corresponding to Qi/zwall. Assuming a parallel plate capacitor, the dependence of the
capacitance with thickness is given as C = €€yA/d, where ¢is the dielectric constant, &
the vacuum permittivity, A is the surface area and d is the thickness, so a thinner layer
will lead to higher capacitances. Furthermore, no relevant differences were found for
Quallvalues with increased porosity, showing the ability to form the anodic layers on the
outermost porous surfaces. However, an increase on Qi/zwall Values was found for bio-

functionalized porous samples, probably due to the fact that the anodic layer might not
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be homogenously formed on the most inner pores. When the Qu of the bio-
functionalized samples was compared with the as-etched Qox values, it was noticed that
the Qufvalues were always lower than Qox, showing the improvement in the corrosion
behaviour by the anodic treatment.

Although the anodic layers formed on the outermost surfaces did not exhibit
significant differences between dense and highly porous Ti (Figure 6.6), there is still a
lack of knowledge on the structure of the inner pores, where the anodic layer may not
be fully formed. Anyway, the present values seem to be easily explained considering the
above factors. Nevertheless, to get a deeper understanding on the electrochemical
behaviour of bio-functionalized highly porous Ti, long-time immersion tests involving
OCP monitoring and periodic EIS measurements in physiological solution should be
performed on samples having more levels of macro-porosity, together with
potentiodynamic tests after different immersion times. On the other hand, there is a
need to understand the morphology, composition and homogeneity of the anodic layers

formed on the most inner pores, as a function of macro-porosity.

6.5. Conclusions

The effect of macro-porosity on the composition, structure and electrochemical
behaviour of the bio-functionalized highly porous Ti was studied. Within the limitations
of this work, it is concluded that the presence of macro-porosity did not deteriorate the
bio-functionalization treatment, on which regards chemical composition (Ca/P ratio)
and layer structure. The electrochemical behaviour of highly porous samples was
improved by the bio-functionalization treatment in terms of thermodynamic and
kinetics. The improved corrosion behaviour of bio-functionalized highly porous samples
was mostly due to the barrier film formed under longer galvanostatic control during the

anodic treatment.
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Abstract

Highly porous Ti was investigated under fretting-corrosion conditions as a function
of load and amplitude.

To obtain a correlation between mechanical and electrochemical responses
according to amplitude, a new representative master curve was suggested: the A ratio
(dissipated energy over total energy) vs. 15t OCP drop that fitted well the fretting-
corrosion behaviour.

Fretting-corrosion mechanisms were presented and a fretting map was illustrated.
There was a significant load- and amplitude-dependent response, showing gross slip and
partial slip regimes can occur with expected OCP variations.

The promising structure of highly porous Ti was preserved after 16 hours of

fretting-corrosion under severe solicitations.
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Graphical abstract
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7.1. Introduction

The elderly population is increasing and together with lack of proper physical
activity resulting in trauma or disease, the rate of implants used is rising. Implants
require long-term stability and rapid healing however the existing Ti-based implant
materials do not meet completely the current expectation [1,2].

Macro-porosity in the Ti implant was presented as a beneficial way to reduce the
biomechanical mismatch, in order to approach the value of Young’s modulus of the
implant to the one found in the bone. It also gives the opportunity of ingrowth of new
bone tissue inside of the pores [3-5].

Depending on the target implant application that can be dedicated for dental, hip,
craniofacial or mandible, the functional requirements and aesthetics aspects should be
considered where the mechanical properties can change throughout the implant and
consequently, the functionality requirements will be heterogeneous through the
implant. Macro-porosity can be combined with dense regions in order to achieve an
implant structure that will fulfil the specified requirements for every section. Porosity

may promote high vascularization and direct osteogenesis while the dense structure
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may promote mechanical stability. For example, in the case of the hip, the head part
should be dense while the stem may be partly porous. In the case of the mandible, the
dental abutment should be a dense region while the body of the implant may have
porosity [3,6-9]. These approaches, with tailored design, can lead to several
complications due to the introduction of additional interfaces, which are subjected to
various loading conditions and micro-motions.

The study of simultaneous wear and corrosion (tribocorrosion) is one of the most
important aspects of load-bearing systems. A hip implant is affected by sliding contact
between the femoral and the tibial or acetabular component and it is immersed in body
fluids, therefore it is susceptible to tribocorrosion. There are micro-motions in the points
of the implant fixation. On the other hand, dental implants are also exposed to cyclic
micro-motions at the implant—abutment and implant—bone interfaces. These micro-
motions are leading to debris and consequently to ions released by fretting-corrosion
[2,10].

A very limited number of tribocorrosion studies on porous structures [11,12] have
been published, leaving a lack of understanding of the evaluation of the contacts
between porous-dense Ti-based structures. This work aims at investigating, to the best
of the authors’ knowledge for the first time, the triboelectrochemical consequences of
the micro-movements between the highly porous Ti against Ti alloy structures under
fretting-corrosion solicitations. The fretting-corrosion behaviour of highly porous Ti in
foetal bovine serum solution was studied as a function of normal load and according to

displacement amplitude.

7.2. Materials and methods

Powder metallurgy with space holder technique was used to produce highly
porous Ti samples (@ = 12 mm). Angular shaped Ti powders (Grade 2, Alfa Aesar, D50 =
36 um) and angular shaped urea particles (Scharlau, <500 pum), 50 v0/%, were prepared
in a ball mill for 4 hours at 130 rpm with alumina balls, in an argon atmosphere. Then
the procedure continued with the pressing stage where a zinc stearate lubricated
nitrided stainless steel die was used to uniaxially press the power blends under 350 MPa

for 2 minutes. Then, green compacts were subjected to a thermal cycle for space holder
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removal, performed at 450 °C for 3 hours under argon atmosphere. Afterwards, the
sintering step was performed at 1100 °C, for 3 hours under high vacuum (<10 mbar).
Highly porous Ti was characterized by tomography using a Nanotom 180 (Phoenix | X-
ray, GE) equipment, with an accelerating voltage of 160 kV and a current of 75 pA. The
sample was scanned in continuous mode and 2000 projections were performed around
360° with an exposure time of 500 ms for each projection.

Ti alloy (Ti-6Al-4V) samples were manufactured according to ASTM F136. For
fretting-corrosion experiments, Ti alloy samples were electrically insulated with oxidized
zirconium (Zircalloy) alloy plates and varnished, exposing to the electrolyte the surfaces
facing each other.

Fretting-corrosion tests were carried out at room temperature (25 + 2 °C) in
normal air atmosphere using a fretting-corrosion set-up (details described elsewhere
[13-15]) during 57600 cycles, i.e. 16 hours. Metal surfaces were electrically insulated
from the experimental device. Electrochemical data was continuously monitored with a
potentiostat (Parstat 2263) connected to the device of fretting-corrosion. During
electrochemical measurements, a three-electrode configuration was used with highly
porous Ti sample as working electrode and platinum and saturated calomel electrodes
(SCE) as counter and reference electrodes, respectively. The protocol started with a
cathodic polarization at -1 Vsce for 5 minutes followed by open circuit potential (OCP)
monitorization, before, during and after fretting solicitation.

A substantial range of loads (no load applied, 22.5, 42.5, 85, 127.5, 170 and 200 N)
was applied where linear voltage displacement transducer sensors on the device were
in charge of controlling a displacement of + 10, 40, 70 and 100 pm sinusoidal
displacement. Tests were repeated to a minimum of 3 times (5 times max.) to ensure
the reproducibility for + 40 um sinusoidal displacement. For the rest of the amplitudes
under study, only one test per load was carried out in order to obtain a fretting map. For
each test, new samples of porous Ti and Ti alloy were used. It was not possible to apply
the higher loads (170 N and 200 N) when higher amplitudes (+ 70 and 100 um) were
imposed because the tangential load limit exceeded the limit that the tangential
transducer was able to measure.

The usual master curve used in tribology is wear volume vs. total dissipated energy

[16,17]. Due to corrosion phenomena in solution, the wear volume is not only the
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consequence of some mechanical degradations (friction). This statement provides the
opportunity to combine both effects, i.e. electrochemistry and mechanics. In order to
build and suggest a new master curve for each amplitude under study according to the
load, 1t OCP drop vs the A ratio (dissipated energy over total energy) was calculated.
After 1 hour of stabilization, fretting started and 15t OCP drop was obtained by the
difference between the potential before and after fretting started. The schematic
representation of the fretting-corrosion protocol was illustrated in Figure 7.1. The A
ratio (dissipated energy over total energy) was obtained with a mean of the last hour
under fretting solicitation. Dissipated energy is the area of every tangential load vs.

imposed displacement cycle.

15t OCP drop

E(V) E(V)
before after

fretting fretting

I 70 minutes I 16 hours of I 5 hours I

for fretting for
stabilization T Trepassivation
Fretting Fretting
starts stops

Figure 7.1. Schematic representation of the fretting-corrosion protocol.

3D profilometry (NT9100 ex. Veeco, Bruker™) was used in order to obtain 3D
roughness, wear volume and 3D wear profile for all the samples under study. The
morphological features of the fretted corroded zones were assessed using scanning
electron microscopy (SEM, Zeiss™Supra 55, 20 kV of voltage). Special attention was paid
on the conduction of the holder in order to avoid some electrical charges accumulation,

especially on porous titanium that exhibits non uniform oxide films.

163



7.3. Results and discussion

Figure 7.2 presented the three-dimensional tomographic reconstructions of highly
porous Ti sample together with the optical microscope (OM) images of the top surfaces.
Supplementary video obtained by tomographic analysis and Figure 7.2 showed a general
look of the macro-porosity of highly porous Ti structures, presented closed and open
(interconnected) pores well distributed through the sample. Induced (nominal) porosity
was 50%, but previous studies [18,19] with identical processing conditions showed that
real porosity obtained by image analysis was around 37%. About 80% of the pores were

in the range 50 to 350 um, with an average pore size of around 200 um [18,19].

Figure 7.2. Three-dimensional tomographic reconstructions of highly porous Ti sample with @ = 12

mm: a) top surface and b) cross-sectional view; c) and d) OM images from the top surface.
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Maximum Hertzian contact pressure for dense Ti/Ti alloy contact was calculated
for all the loads under study (22.5, 42.5, 85, 127.5, 170 and 200 N) and results showed
210, 280, 400, 490, 570, 620 MPa respectively. A dense structure was assumed for
contact pressure calculations, thus, it is reasonable to assume that the values during the
tests were much higher due to reduced contact area because of porosity. These values
of contact pressure were considerably above to the ones found in the human body for
most of the cases in implant materials that are lower than 10 MPa [20-22]. For example,
on the femoral structure (acetabulum cavity), the peak pressure for normal walking can
be 3.26 MPa while standing up is 8.97 MPa [23].

Micro-movements occurring during the healing phase may lead to fibrous
encapsulation of the implant and usually, they were in the range 3 to 50 um, showed a
maximum displacement of 71.9 um [24-29]. According to this, 0.08 mm of displacement
amplitude was investigated and representative curves from the results regarding
fretting-corrosion tests for 16 hours were presented in Figure 7.3. Coefficient of friction
(COF) values presented in Figure 7.3a, showed a trend since values were decreasing with
the increase of the load, with the exception for 127.5 N. For lower loads, 22.5 and 42.5
N, oscillations can be seen during the 16 hours of the tests. On another way, for the rest
of the loads, the COF was relatively stable through the duration of the test. The
decreasing of the COF values, while the load was increasing, may be related with several
factors, creating a complex system under study, where lubrication by the electrolyte,
tribolayer formation and adhesive wear from the metal/metal contact can contribute.
For instance, highly porous Ti presented protrusions that may be flattened while the
load was increasing, promoting a decreased of COF. In order to evaluate tribocorrosion
and fretting-corrosion behaviours as well as wear damages, COF evolution is widely used
but following the results, in this study, an isolated COF evolution did not present a
valuable contribution regarding fretting regimes and their transition. In this work, COF
evolution was considered to compare the behaviour between the loads under study.

The representative curves for the evolution of OCP with time during fretting
solicitations were presented in Figure 7.3b. These OCP values were mixed potential
values of highly porous Ti and Ti alloy, as well, mixed potential values of both the active
(worn) and passive (unworn) surfaces of both materials. Highly porous Ti consisted of a

mixture of open and closed pores (as presented in Figure 7.2) and previous 3D
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reconstructions samples [18] showed that electrolyte can cross completely the samples.
Although samples were isolated to prevent leaking of the electrolyte, a more extensive
metallic area from the porous samples was exposed to the electrolyte than from Ti alloy.
When fretting solicitations were starting, a decrease in the potential was observed for
all the loads under study. The highest OCP drop was related to the test under 22.5 N
indicating a higher perturbation of the native oxide film and more exposure of the
underlying metal surface to the electrolyte. After fretting stopped, all samples recovered
their potential values up to the ones registered before fretting soliciting. This may
indicate that the repassivation process and growth of the oxide film happened once
fretting finished.

Depending on the applied load, different characteristics are highlighted between
the conditions in the acquired fretting hysteresis loops (tangential load wvs.
displacement) as observed in Figures 7.3c and d. While fretting-corrosion was occurring,
modifications of the contact parameters were happening depending on the load, and
consequently, fretting hysteresis loops presented a dynamic response [30]. In this way,
the response at cycle 10, correspondent to 3 hours and 20 minutes of fretting
solicitations (Figure 7.3c) and cycle 240, correspondent to 16 hours of fretting
solicitations (Figure 7.3d) were presented in order to show the main differences in the
evolution between the fretting hysteresis loops at the beginning and the end of the
experiments, respectively. While 22.5 N was being applied, gross slip was occurring for
all the cycles. This behaviour was promoted by a contact that was characterised by a
constant friction force associated with a pure dissipative behaviour and that was why
the fretting hysteresis loops presented a quadratic shape [31]. For 42.5, 85, 127.5, 170
and 200 N fretting hysteresis loops, an elliptic shape was obtained. However, for 42.5 N,
the final loop presented a different shape than the one presented in the beginning, and
that can mean a mixed slip regime, starting with partial slip and then became more close
to a gross slip regime [31]. The area of the fretting hysteresis loops corresponds to the
mechanical energy dissipated during the cycle [14,30] and it was presented its evolution
during the fretting tests in Figure 7.3e. The lowest loads under study (22.5 and 42.5 N)
presented considerable high values of dissipated energy, followed by 200 N condition.
For the intermediate loads, 85, 127.5 and 170 N, the values obtained for dissipated

energy were close to 0. Another mechanical parameter than can access the fretting
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regimes is the ratio obtained between the dissipated energy over the total energy called
the A ratio [15]. This energy ratio, defined by Mindlin and Deresiewicz [32] approach,
followed by Fouvry et al. [17], allows accessing the transition between partial and gross
slip regimes. If the A ratio (in a cylinder vs. plane contact) is below 0.2, a partial slip
regime is occurring as presented by Figure 7.3f for 42.5, 85, 127.5, 170 and 200 N. For
22.5 N, it was possible to see that the first cycles were under a gross slip regime (energy
ratio > 0.2), in accordance with the fretting hysteresis loops shown in Figure 7.3c,
followed by a transition for the partial slip regime. On the other hand, 42.5 N presented
an evaluation of the A ratio that followed the opposite trend, showing lower values, in
the beginning, increasing the values at the end of the test, being closer to a gross slip

regime, as in accordance with the fretting hysteresis loops presented in Figure 7.3d.
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Figure 7.3. a) Coefficient of friction evolution, b) open circuit potential evolution; c) representative
fretting hysteresis loops (tangential load vs displacement) for cycle 10 and d) for cycle 240; e)
dissipated energy evolution and f) the A ratio evolution between Ti alloy vs highly porous Ti under

fretting-corrosion tests for several loads with 0.08 mm of displacement amplitude.
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Worn surfaces of highly porous Ti and Ti alloy were evaluated by SEM and optical
profilometry and representative images for the respective loads under study were given
in Figures 7.4 and 7.5, respectively. Highly porous Ti worn surfaces presented parallel
sliding grooves due to abrasive wear together with the compacted oxidized wear debris.
From 22.5 to 200 N, the intensity of the grooves and the small particles as wear debris
decreased, suggesting that at lower loads, friction was more efficient. This may be linked
with COF evolution, where 22.5 N presented the highest COF values (Figure 7.3a). With
the ejection of wear debris, adhered and dense oxidized patches on the worn surfaces
were getting thicker, surface roughness was also getting higher, leading to high COF
values. At 127.5 N, Figure 7.4a presented a decrease in the number of noticeable
grooves, showing smoothing of the porous structures was occurring. At 200 N, less
visible degradation was noticed, pointing that a sort of polishing and smoothing of the
surface was happening, due to partial slip behaviour.

Macro-pores presented loose oxidized wear debris. On porous structures, wear
debris generated can go inside of the pores and can be compacted. In this way, the
ejection of the wear debris into the pores can decrease the third-body abrasion that also
contributed to an improved tribocorrosion performance [12].

In accordance with what was noticed in the highly porous Ti wear tracks, Ti alloy
presented grooves more pronounced at lower loads, as presented in Figure 7.4b. At 22.5
N, this phenomenon was well visible, decreasing at 42.5 N where just low marks and
slightly less marked grooves were visible. SEM image presented for Ti alloy at 42.5 N
represented the mixed slip regime discussed above in Figure 7.3 since the bottom part
of the wear track showed signs of sticking and adhesion while the rest showed a slip
mechanism. At 200 N, no grooves were visible together with no substantial marks,
proving an idea of sticking mechanism with small friction. At 200 N, Ti alloy surfaces
presented only crystals precipitated from the electrolyte showing no wear debris
formation. Ti alloys worn surfaces presented more distinguished parallel sliding grooves
than porous Ti and it was previously stated that wear tracks were less noticeable in
porous Ti structures than in dense structures when tribocorrosion tests were performed
against a ceramic material [12]. The same trend was found for the compacted wear
debris or tribolayer. These oxides compacted in a layer can play a protective role by

reducing the wear due to adhesive wear but they can also be freely moving in the
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electrolyte and/or they can work as third body wear. Under fretting solicitations, wear
particles can also become entrapped in the fretted regions, in this way they can work as
load-carrying plateau [33,34].

The fretting response from the material is linked with a regime characterized by
its mechanisms of surface degradation and wear track. For example, the partial slip
regime is usually associated with few amount of wear. The explanation is the low
dissipated energy produced during the test where some parts of the contact remain
adhered to each other and no relative motion takes place between them. Consequently,
there is no wear. In this regime, only a smaller part of the contact experiences relative
motion (thus low dissipated energy). Partial slip regime can be divided into two main
domains: a security domain without damage and a domain where cracking appears.
Usually, cracking first appears under partial slip conditions, whereas the material
removal and the debris formation are mainly encountered under large displacement
conditions. Gross slip regime is characterized by a high dissipated energy due to the
sliding phenomena that occurs between the surfaces of the contacting bodies. Gross slip
regime usually presents severe surface damage by wear due to significant material
removal, with a lot of third body effects while mixed slip regime generates competition
between cracking and wear [31,35,36].

EDS analysis, presented in Figure 7.4c, detected some Al and V elements in the
composition of porous Ti worn surfaces, from the Ti-6Al-4V counter-face, supporting the

transfer mechanism between highly porous Ti and Ti alloy.
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Figure 7.4. SEM images of a) highly porous Ti and b) Ti alloy worn surfaces for several loads with 0.08

mm of displacement amplitude; c) EDS spectrum obtained in the wear tracks of highly porous Ti.

A smoothing of the porous structure can also be detected in Figure 7.5. On the
wear profiles of the porous structures, it was noticed material compaction and as well
wear debris inside of the macro-pores, as can be seen in Figure 7.5a, for 170 N condition
represented by the green isolated zones inside of the big pore coloured in blue. Highly

porous Ti structures exhibited a damaged surface represented by the green parts,
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surrounded by a less damaged zone coloured in red, except for 200 N. Parallel grooves
for all Ti alloy images were highlighted by the optical profiles depicted in Figure 7.5b,
following what was discussed above in Figure 7.4b. Once again, sticking phenomena was
highlighted at 200 N, since highly porous Ti profiles showed less damage and Ti alloy

profiles presented less pronounced grooves.
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Figure 7.5. Worn surfaces images by optical profiles for a) highly porous Ti and b) Ti alloy for several

loads with 0.08 mm of displacement amplitude.

The surface morphology of the highly porous Ti was preserved after 16 hours of
fretting-corrosion for all the loads under study: no destruction of the structure, low
wear, few/no grooves and a porous structure highlighted. As a result of microscopical

and profilometric observations, together with electrochemical and fretting analysis, a
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proposed fretting-corrosion mechanism of highly porous Ti against Ti alloy is illustrated
in Figure 7.6. Due to the reduced contact area of the macro-porous surfaces, higher
contact pressures were obtained on the contact zones leading to more severe local
damage, where the most pultruded zones of the porous structures were flattened,
creating wear debris. These new wear debris that were generated can be work-
hardened, and/or can be mixed with the oxidized wear debris (third-bodies).
Consequently, they be compacted on the worn surfaces, forming oxidized patches,
whereas some of these debris may adhere on counter-body surfaces that can abrade
the metal leading to the formation of grooves on the worn surfaces or move freely on
the sliding surfaces, acting as third-body particles (Fig. 12a), or can go inside of the pores.
For porous structures, as the load was decreasing, it seemed that the severity of abrasive

wear increased.

Electrolyte

[Macro-pores !
O Closed pores O

Titanium

Wear track

Figure 7.6. Schematic draw of the suggested fretting-corrosion mechanisms for highly porous Ti

against Ti alloy.

The focus of this study was to evaluate, to the best of the authors’ knowledge for
the first time, the tribocorrosion behaviour of highly porous Ti against Ti alloy, simulating
fretting-corrosion interfaces of implants. Depending on the load and the amplitude
imposed, highly porous Ti against Ti alloy can present a different behaviour. In order to

obtain a correlation between the mechanical and electrochemical responses according
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to the displacement amplitude [37], Figure 7.7 presented the evolution of the 15t OCP
drop when fretting started according with the A ratio. 0.02 mm as displacement
amplitude was characterized by low values of the 15t OCP drop and low values of the A
ratio, as presented in Figure 7.7a, showing a partial slip behaviour for all the loads under
study. No significant differences can be seen between all the loads under study. In
accordance with Figure 7.3, for 0.08 mm as displacement amplitude, Figure 7.7b
presented that the biggest drop on OCP under fretting was the test with the extreme
minimum load under study, 22.5 N, followed by 42.5 N condition. Fretting micro-
motions at lower load (22.5 N) induced gross slip with high and unsteady COF values
(Figure 7.3a), and presented a big OCP drop when fretting was applied (Figure 7.3b),
supported by hysteresis loops (Figures 7.3c and d) with quadratic shape, that
consequently expressed in high values of dissipated energy (Figure 7.3e). The A ratio
(Figure 7.3f) allowed accessing that during the test, a regime transition may occur from
gross slip to partial slip. Under 42.5 N, it was found a mixed slip regime, with contrary
behaviour of the previous one described. According to hysteresis loops (Figure 7.3c and
d), response started with partial slip and with time, the behaviour became closer to the
gross slip regime, supported by the A ratio evolution (Figure 7.3f), presenting high values
for dissipated energy (Figure 7.3e). For higher loads (85, 127.5, 170 and 200 N), most of
the dissipated energy (Figure 7.3e) decreased back to near zero that together with the
A ratio (Figure 7.3f), showed that with higher loads the response becomes more robust
showing to be in a partial slip regime. No significant differences can be seen between
85, 127.5, 170 and 200 N, showing a similar response under fretting-corrosion at the
interface highly porous Ti against Ti alloy, characterizing a partial slip behaviour. For 0.14
mm, the values obtained for the loads that were possible to study, presented in Figure
7.7¢, showed a shift for the right side of the graph. 42.5 N presented a mixed slip regime
while the rest of the load presented a partial slip regime. The transition from partial to
gross slip was occurring around 0.14 mm, presenting this displacement amplitude as a
threshold of the fretting-corrosion behaviour. Regarding tests with an amplitude
imposed of 0.2 mm, presented in Figure 7.7d, all the loads were shifted for a higher A
ratio, in comparison with the values obtained for the other amplitudes under study, with
the exception of 22.5 N. This high A ratio obtained showed a gross slip behaviour for all

the loads under this imposed amplitude.
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Representative SEM images of highly porous Ti worn surfaces for 22.5 N with 0.02

mm of amplitude, 22.5 N and 42.5 N with 0.14 mm of amplitude were presented in

Figure 7.7e, f and g respectively. These images were chosen in order to represent the

features correspond to partial slip (Figures 7.7e and f) and gross slip regime (Figure 7.7g),

presented more noticeable grooves. With the increase of the displacement amplitude,

gross slip regime started to be established and consequently, one may assess the COF

decreased by wear, which generated a compliant third body layer together with higher

worn material removal and a shorter crack length [31,35,36].
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Figure 7.7. Evolution of the 15 OCP drop when fretting started according to the A ratio for the
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porous Ti worn surfaces for e) 22.5 N with 0.02 mm of amplitude, f) 22.5 N and g) 42.5 N with 0.14 mm

of amplitude.
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This study presented an amplitude and load-dependent responses under fretting-
corrosion solicitations between highly porous Ti and Ti alloy. Figure 7.7 allowed the
construction of a schematic illustration of a fretting map in terms of contact load and
displacement amplitude obtained regarding the consequences of the micro-movements
between highly porous Ti against Ti alloy, presented in Figure 7.8. A fretting map is a
diagram showing the relevant regimes in two variables, with regime boundaries
representing critical values for the transition from one regime to another [36]. The
obtained fretting map was in accordance with [38,39], where partial slip was followed

by a mixed slip regime and then gross slip for higher displacement amplitudes.
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Figure 7.8. Schematic illustration of a fretting map in terms of contact load and displacement
amplitude obtained regarding the consequences of the micro-movements between highly porous Ti

against Ti alloy.

Open circuit potential with the mechanical data from the tangential force and
displacement analysis can provide information about the properties and behaviour of
materials during fretting-corrosion tests. However, there were several limitations to this

study. Firstly, for 0.02, 0.14 and 0.2 mm of displacement amplitude, only one test was
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performed for each load under study. In this way, a number of repetitions need to be
performed in order to verify the proposed fretting map. Secondly, in the literature,
master curves are presented using with the evolution of the wear rate or wear volume
according to the cumulated dissipated energy [16,17,39,40], however when evaluating
tribocorrosion behaviour of porous materials, this approach was not viable since it was
difficult to distinguish a pore with wear damage. Besides, wear debris may go inside the
pores and/or being compacted inside the pores, misguiding wear or weight loss
measurements. However the A ratio vs. 1t OCP drop seems to make sense according to
the tribological behaviour. Thirdly, in order to use this contact geometry approach,
dense-on-porous contact, it was difficult to calculate the accurate real contact pressure.
Actually, due to the surface roughness, the real contact between two counterparts was
composed of many small asperity contacts. In lubricated conditions like in this study, the
hydrodynamic film may stay in these small junctions and carries part of the applied
normal force. In this way, the actual force applied will be reduced comparing to non-
lubricated condition where the total applied normal force was carried solely by the
contacting asperities [41]. Since one of the counterparts was a porous structure, it was
possible that at the start of the tests, only some points were in contact, mainly due to
the existence of pores. Afterwards, with the destruction of the top of the porous
structure, the contact area was increasing which may lead to underestimation of the
contact pressure as the porous Ti material was degraded, giving relatively lower contact
pressure at the end of the test.

Even so, this study provided, to the best to the authors’ knowledge, a first insight
on the evaluation of porous Ti material under fretting-corrosion solicitations. These
results can support the next investigations with the aim to evaluate the viability of this
material for potential use in orthopaedic implants. Nevertheless, there is a need for
generic standards that deal with fretting as well as test standards for specific devices
[38], and these results showed that a new master curve of the A ratio vs. 15t OCP drop
may be promising to study and to evaluate such complex systems.

Further investigations should focus on fatigue corrosion evaluation to study how
porous Ti materials behave with crack initiation and propagation during cyclic stresses
that can lead to the creation of new non-passivated surfaces in the metallic structures.

This together with the study of corrosion in dynamic fluids containing proteins and

177



micro-organisms that can affect the electrochemical and triboelectrochemical response

of porous materials is crucial, in order to mimic the in vivo conditions.

7.4. Conclusions

This study complies the characterization of highly porous Ti as a potential bone
substitute under fretting solicitations.

The fretting response was highly dependent on the applied load and several
mechanical responses were obtained, from gross slip under low normal load until partial
slip under high loads.

In order to obtain a correlation between the mechanical and electrochemical
responses according to displacement amplitude, a new representative master curve was
suggested: the A ratio vs. 1t OCP drop. 0.02 mm as displacement amplitude was
characterized by low values of 15t OCP drop and low values of the A ratio, showing a
partial slip behaviour for all the loads under study. For 0.08 mm of displacement
amplitude, 22.5 N presented gross slip regime, 42.5 N a mixed slip regime and the rest
of the loads presented partial slip regime. 0.14 mm was presented as a threshold
amplitude for behaviour because tests with 0.2 mm, presented higher A ratio, shifting
the behaviour for gross slip regime. A fretting map was built in terms of contact load and
displacement amplitude regarding the consequences of the micro-movements between
highly porous Ti against Ti alloy.

The surface morphology of the highly porous Ti was mostly preserved after 16
hours of fretting-corrosion solicitations. The benefits of porous titanium seem promising

for replacing some metallic parts well used in dentistry and implants field.
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Chapter 8. General discussion and final conclusions

8.1. General discussion

Nature is the main inspiration for the creation of biomaterials with diverse
properties. Indeed, it is in nature that it is possible to see materials with properties and
hierarchical structures together with mechanisms that go beyond what materials
engineering can mimic and/or produce. One of the greater examples is bone
architecture that has been a struggle to achieve. Although, especially in the last decades,
besides the outstanding growth with prodigious outcome in the biomedical field, there
are still challenges and problems to be solved and overcome to accomplish the ultimate
promising biomaterial.

The definition of biomaterial presented in Chapter 2 can be already achieved but
the optimum balance resulted from all the fields of properties has not been
accomplishing and the progress on the investigation must continuous. The fact that we
consider a material as a biomaterial, since it was designed and studied for this function,
does not mean that we can control all the interactions with the living systems in all the
bodies and through all the situations where it will be used. The same was expected with
the definition of biocompatibility stated in Chapter 2. The appropriated response is still
under discussion since no guidance yet established in the nature of the interactions and
it is still very hard to do a rigorous control of what happened since the implantation until
the end of the service.

Although orthopaedic implants can be considered very successful, many patients
still face two major complications: infections and aseptic loosening of the implant [1-4].
Much of the recent work in this field has focused on the design of material solutions
either to prevent aseptic loosening while ignoring infection or vice versa or to promote
osseointegration while ignoring microbial susceptibility. However, both solutions are
required to achieve the long-term success of the implant. Therefore, it is very important
that such procedures will be evaluated during the development of new orthopaedic
strategies. Developing a strategy that can maintain both the anti-microbial and
osseointegrative capabilities at a long-term scale is critical for the viability of the implant

technologies, making the early results for engineered surface topographies quite
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promising. The outcome of technologies to address all the challenges stated above
simultaneously is ongoing. A clear future direction for the field is the development of
multifunctional implant materials that can effectively balance osseointegration and
microbial challenges. The ideal orthopaedic implant surface will likely be
multifunctional, combining different technologies to simultaneously promote
osseointegration while inhibiting microbial infection and stop aseptic loosening. The
hope is that new understanding and new directions of research will result in patients
receiving these ideal implants, thereby reducing premature implant failures and also
extending overall implant lifetimes.

To achieve the main aim, a systematic and multidisciplinary approach was
followed, through which new scientific knowledge was produced in research fields that
were not yet explored in literature. The development of this thesis comprised several
studies, which were reported in different scientific papers all interrelated with each
other. In this way, this chapter is where the main results of this project, presented form
Chapter 3 to Chapter 7, are discussed with the presentation of the interrelation existing
between the main outcomes of each chapter together with some important topics that
were additionally discussed.

Tissue like the bone has a hierarchically organized structure where pore size and
porosity change from cancellous to cortical bone, and this express into distinct and
peculiar mechanical properties. The bone-mimicking mechanical properties can be
achieved by a promising solution of hierarchical macro-porous Ti covered by a porous
oxide titanium layer with Ca, P and Sr as bioactive elements. This solution tailors the
material form the nano- to the macro-scale to fruitful all the requisites of an implant. By
increasing the surface area and porosity of the implant, it was possible to improve bone-
ingrowth through the implant, thereby reducing micro-motion and increasing
osseointegration. At the same time, through compositional or structural modification, it
was possible to decrease Young’s modulus of the implant to match the one of the bone.
The use of porous metals for implants instead of fully dense materials can reduce the
Young’s modulus mismatch, and consequently, the stress-shielding problem [2,5-8].
Powder metallurgy together with the space holder technology was presented in

Chapters 2, 6 and 7, as a suitable way to produce such a porous Ti structure.
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However, Ti implants cannot bond to living bone directly after implantation into
the host body. To achieve improved osseointegration, the composition and topography
of the implant surfaces were modified. Micro-arc oxidation (MAO) process is one of the
best methods for modifying the implant’s surface, by creating a nano- and micro-
structured TiO, bioactive layer on the surface due to the incorporation of bioactive
elements in the oxide layer. Micro-arc oxidation can also improve electrochemical and
triboelectrochemical behaviour and decrease metal ion release like presented in
Chapters 2,4, 5 and 6.

Powder metallurgy and MAO are considerable simple and low-cost techniques.
More expensive materials and processing technologies do not motivate investment as
easily as the simple ones and undemanding approaches that can bring immediate
production. The use of technologies already existent in other areas is also an added
value. MAO is also widely used in aluminium [9,10] and magnesium [11,12] based
materials and is also used to improve the performance of metal materials on other
application far from biomedical ones, like for the marine field [11,13].

The increasing and promising interest in the effect of Sr for bone tissue
regeneration has been reflected in recently superior incorporation studies of new Sr-
containing biomaterials to enhance bone repair. However, the effect of Sr concentration
in in vitro studies was still scarce and most of the reports do not present an adequate
control group or an adequate characterization. The demand for further knowledge on
the Sr-enriched materials was still ongoing and that is why the main focus on Chapter 3
and 4 was to study the effect of three Sr concentrations on characterization, biological
and tribocorrosion evaluations.

Like stated in Chapter 2, functionally graded materials (FGMs) are attracting
attention showing that gradients in composition, morphology and porosity in a structure
showed a new path of success in this field. These materials also can emphasize the
promising future direction, which can lead us near to success [14]. Since it was such a
complex hierarchical tailored solution, its evaluation needed to be performed separately
to achieve the optimum balance between all the properties required, as well as the

following discussion.
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8.1.1. Macro-porous Ti

Porous Ti-based structures in all the scales (nano, micro and macro) have been
studied for several body parts like mandible [15], cervical [16], hip [17], dental [18] and
knee [19]. Highy porous Ti-based structures can be even used in drug-releasing purposes
[20,21].

To achieve the amount of ideal porosity, one must consider the architecture of the
porous structure and the pore size distribution as well as their interconnection.
Moreover, pore architecture and their interconnection size were considered as
important properties influencing mass transport and migration properties,
vascularization potential and cellular organization. This was not only important for
biologic performance but also for mechanical performance. Therefore, porosity value
affects both the available surface area and the fluid transport properties which need to
be finely balanced to obtain an optimized porous structure. For this purpose, the
diameter of pores in porous Ti structures was evaluated, presented and discussed in
Chapters 2, 5 and 6. There is still no consensus in the optimum pore size but it is well
known that a wide pore size distribution is important to fulfil biological activity. More
specifically, it was shown in the literature that macrophages were sensitive to the
diameter of the pores since a pore size diameters above 80 um were shown to favour
the pro-inflammatory type M1 macrophage polarization within a pore structure [22].
Recently, Wo et al. [23] showed that macro-porous Ti structures facilitated osteoblast
adhesion and differentiation when pore size was 300 um (comparing to 500 and 800
pum) or with higher amount of porosity (58% comparing to 30%). On the other hand,
proliferation was more promising with 800 um of pore size and 58% of pore fraction.
Besides amount of porosity and pore size, pore interconnection is also a major factor.
The interconnection is the aperture between two adjacent pores by which cells must go
through to fully colonize a porous structure. Although this parameter appears to be
important regarding cell migration, the relationship between interconnection diameter
and cell behaviour is poorly documented in the literature compared to the studies
related to pore size and amount of porosity. Cell colonization and vascular growth across
porous structures are closely linked to the diameter of the interconnections. The supply

of nutrients as well as the removal of cellular wastes are also related to the parameter.
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Cell penetration and cells’ communication and consequently, tissue growth rate is
promoted by a well interconnected porous structure [24].

Pattern, grooves and pores from the nano- to the macro-scale are known to
improve biocompatibility with the body and reduce adverse reactions. Hierarchical and
tailored topographical structures need to be balanced with suitable wettability and
roughness since they are parameters essential for cell response [25—-27]. Wettability and
roughness evaluation was presented in Chapter 5 for macro-porous surfaces. Cells are
sensitive to topographical parameters like roughness but also to the curvature of their
substrate. Accordingly, the curved surface provided by porous structures appeared as
an additional feature which will condition cell functions [24].

The need to characterize porosity is a fact. Different techniques have been used in
the literature like Archimedes principle [28], helium pycnometry [29], tomography as
micro-CT, like in Chapters 6 and 7, image analysis, like in Chapter 5 and 6 and
electrochemical impedance spectroscopy (EIS) [30]. Recently, Giner et al. [30] used EIS
to characterize in vitro osteoblast cell response in a porous Ti structure. The authors
stated that techniques that are required to evaluate and monitor the renewal,
differentiation and maturation of osteoblast cells in culture after different experimental
conditions are generally destructive techniques, such as histology, scanning electron
microscopy, fluorescence microscopy, immunohistochemistry and other biochemical
assays. As an alternative approach, the authors used impedance-based cellular assays in
the field of tissue engineering and regenerative medicine offer a range of methods that
use microelectrodes to measure the impedance of biological systems, and thus obtain
information of cellular behaviour growing on any surface or biomaterials. Giner et al.
[30] studied and discussed the use of EIS to characterize both the porosity size of porous
titanium discs produced by space holder technique and the growth of osteoblast cell
cultures on the flat surface and inside of pores.

One of the main drawbacks in studying porous structures is to know the exact area
of pores exposed to the electrolyte. The determination of real exposed area to the
electrolyte of highly porous structures is being reported as the main difficulty in
evaluating the corrosion behaviour of these structures. The raw data acquired by micro-
CT, presented in Chapter 6, was used to determine the real metallic area exposed to the

electrolyte of highly porous Ti samples. Because even if it is known the number of pores
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that are exposed, it is hard to know if the electrolyte penetration was at the same time
in the most inner pores. When placing the sample horizontally, it has been promoted
the penetration inside of the pores and the creation of a more homogenous natural
oxide film as stated in Chapter 6. Thus, it is believed that the knowledge of the real
exposed area was a step forward to study the corrosion behaviour of highly porous Ti
structures. It can be also an improvement when evaluating the biological results of such
structures. Previously, porous structures similar to the ones on Chapters 6 and 7 were
biologically evaluated [26] and presented promising biological outcome. On the study
[26], seeding of cells was according to the geometrical area exposed and not real
exposed metallic area. Future studies can investigate these promising structures with
the seeding of cells according to the real exposed area that was calculated by the
method based on micro-CT results. The determination of real exposed area to the
electrolyte when MAO treatment is being performed is also a concern that will be
discussed in the next sub-chapter.

The presence of porosity in the implant can reduce or even eliminate the problem
of the Young’s modulus mismatch effectively and also assure good biological fixation of
the implant with the surrounding tissue. A porous structure can also help the blood
circulation, the healing process of implant and reduction of the overall weight of the
implant [14]. However, the problem of aseptic loosening is associated with the gaps at
the bone—implant interface. Firstly, there are micromotions of the implant relative to
the bone and that can lead to a progressive worsening of micromotions. At the same
time, wear particles may start to interfere in direct contact between bone and implant.
These wear particles may activate macrophages, initiating a cytokine signalling cascade
that can lead to osteoclastogenesis and bone resorption [8]. In this way, the main

novelty of Chapter 7 was the study of this micromotions on porous Ti structures.
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8.1.2. MAO

MAO has been known to improve the biologic outcome showing treated surfaces
with good biocompatibility in terms of cell attachment, proliferation and differentiation
in bone tissue. Moreover, it was previously demonstrated that the relevance of bio-
functionalization treatment on porous Ti macro-structures allowed the incorporation of
Ca and P on the anodic layers on the most outer surface, but also into the pores, which
may allow the supply of bioactive elements when necessary [26]. MAO has been
demonstrated to improve corrosion, as stated in Chapter 5 and 6, and tribocorrosion
responses, as stated in Chapter 4, 5 and 6.

The application of MAO layers is widely broad since has been introduced for
decorative purposes, photocatalytic activity [31,32] and to aid drug release [33-35].
MAO is presented as an eco-friendly technique where the surface characteristics of
metal would be altered significantly by electrochemical reactions assisted by plasma
discharges, resulting in the formation of a hard, conformal, adhesive and porous
inorganic layer on the metal substrate. The main mechanism characteristic from MAO
process is the dielectric breakdown which makes micro-arc and micro-sparks discharges
that are developed rapidly and extinguished. MAO treatment is influenced by the
substrate, time of treatment, electrical parameters and electrolyte composition [36].

Regarding the substrate, there is still a lot of discussion about the preparation of
samples before MAO treatment can lead to significant differences in the oxide layer
formed during the treatment. Previously, it was shown that preparation of the Ti6Al4V
substrates was the principal factor that determined not only the grain and pore sizes but
also the morphology and topography of the coating. Consequently, the presence of the
amorphous TiO; passive film (unpolished) resulted in thicker and more irregular oxide
layer produced by MAO than when anodization was done on the bare metal surface (like
polished) [37]. The authors stated that grain size and pore size of the MAO layer were
determined principally by substrate preparation (unpolished vs polished) rather than
time or electrolyte concentration. In Chapters 3, 4, 5 and 6, samples were etched in a
dilute acid mixture before MAO treatment to uniform the roughness inside and outside

of the pores, to remove impurities and the passive oxide layer.
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The growth of the oxide layer during the time of MAO treatment is still under
evaluation. Recently, Zhang et al. [38] presented an oxide layer after applying MAO
treatment for 5, 10, 30 and 60 s to reveal the growth mechanism before or just after
the initiation of dielectric breakdown. First, what happened was the growth of the
barrier film due to its compaction that is the main protection to corrosion like stated in
Chapters 5 and 6. Then, TiO2 layer presented ultrafine pores, which evolved the grooved
morphology and finally became a typical porous structure from MAO after the
prolongation of oxidation periods. Zhang et al. [38] showed three distinctive stages with
typical morphologies, namely ultrafine pores (5 s), grooved craters (10 and 30 s) and
porous structure (1 and 10 min). During the early stages, the authors stated that
dramatic modifications of porosity, morphology and thickness were occurring. The
ultrafine pores after 5 s oxidation were originated from oxygen evolution associated
with electrochemical reactions, which thus could be maintained until the end of MAO
process since it was independent of the dielectric breakdown. Since the electric field
may concentrate at the edge of the previously formed pores, it thus stimulated oxygen
generation. As a result, ultra-fine pores could aggregate together to form the grooved
craters. Along with the formation of grooved morphology, porosity continued to
increase, which also caused the growth of the oxide with a dramatic increase in thickness
[38].

Chapter 5 presented the study of corrosion and tribocorrosion behaviour of the
hierarchical porous structures with tailored topography and chemical composition,
developed by combining two-steps of anodic treatment, including the regime under
micro-arc oxidation (MAQ), considered as a versatile and low-cost technique. The effect
of MAO on the corrosion and tribocorrosion has been already studied in the literature.
However, corrosion and tribocorrosion behaviour of such surfaces having multi-scale
porosity with tailored topography and chemical composition, to the best of the author’s
knowledge, has not been studied before. Chapter 5 provided a first and new insight into
the wear—corrosion mechanisms involved in hierarchical bio-functionalized porous
surfaces developed for biomedical implants. It was shown that the evolution of current
during the MAO treatment did not reveal any noticeable difference between groups

(plane and porous surfaces) and it was possible to state that the increased exposed area
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did not affect the morphology, thickness, chemical composition and the crystalline
nature of the MAO layers.

In Chapter 6, it was shown the current density evolution during MAO process
regarding dense and porous Ti. Higher levels of porosity led tgal/pot to increase probably
due to the increased exposed metallic area by the porous surfaces. The galvanostatic
period is the one governing the barrier film formation that led to better corrosion
behaviour and consequently, differences in the tga/pot, may lead to differences in the
electrochemical behaviour. By increasing the duration of galvanostatic control (i.e. for
longer tgal/pot), it is considered that the thickness of the barrier film (thin and compact
oxide film) increased and therefore the corrosion behaviour of bio-functionalized highly
porous samples was improved. In theory, a longer galvanostatic period lead to an
increase on the total charge of the system (Q = | x t) which would influence the amount
of oxide formed during this stage of the process. On the other hand, on the second stage
(when current fall) higher currents measured are usually associated with a thinner oxide
film. However, the increase of total charge did not account for a significant difference in
the thickness of the MAO layer (at least on the outmost surface). Also, from the cross-
sections obtained in the samples from each group, it was not possible to observe any
visible effects in the compactness of the oxide. This was preceded by the problem of
knowing the exposed area to the electrolyte when MAO is being performed. Moreover,
different FIB cuts were performed at the outermost surface in order to understand if the
macro-porosity influenced the MAO layer formation in terms of structure and thickness.
As stated in the chapter, there were no significant differences on MAO layer (at least on
the outmost surface) among the groups. Macro-porosity level increased the
interconnectivity of the pores which may lead to a difficulty on the electrolyte to wet all
the metallic area which consequently can create some heterogeneities on the MAO layer
on the most inner pores. Moreover, it is important to state that it was tried to use micro-
CT to understand how depth the MAO layer was formed in the most inner pores
however, the MAO layer was not detected by micro-CT.

Like stated in Chapter 2, there is still no consensus on how much amount of metal
ions can be tolerable in the human body [39]. In consequence, regarding the metal
release from orthopaedic implants, very little is known about the size, the chemical

toxicity or bioavailability of degraded implant products that are released into and
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accumulate within tissues around the implant. Although the formation of nanoparticles
has been speculated, their distribution and speciation are still not elucidated as well as
its limited. Findings highlight the propensity for particle accumulation in the inflamed
tissues around dental implants and will help guide toxicological studies to determine the
biological significance of such exposures. Unfortunately, Ti particles from Ti (Grade 4)
implants from several manufactures were found in peri-implant tissue in the nano- to
micro-scale order in local densities of up to several ten millions per mm?3 [40]. In this
way, it is required the use of an appropriate surface modification to improve the surface
properties of the implant and consequently, decrease and hopefully eliminate the metal
ion release [41-45]. As also stated in Chapter 5, metal ion release for macro-porous
surfaces decreased after bio-functionalization by MAO, indicated that the TiO; layer
formed protected the metal substrate, showing MAO treatment a valuable asset on
decreasing the metal ion release.

As explained in Chapters 4 and 5, wear mechanism of MAO layer in most of the
tribocorrosion conditions tested was based in a progressive removal of the higher
asperities of the rough oxide. The normal load chosen for Chapters 4 and 5 was 0.5 N,
corresponding to a maximum Hertzian contact pressure of 330 MPa for Ti that is already
drastically above the contact pressure found in the human body for implant materials
that is lower than 10 MPa [46—48]. For example, on the femoral structure, the peak
pressure for normal walking is 3.26 MPa while standing up is 8.97 MPa [49]. 0.5 N was
also chosen to avoid induced plastic deformation of Ti by the influence of the normal
load since it was aimed to keep the applied load lower than the yield strength of Ti that
can go up to 410 MPa [50]. A fretting frequency of 1 Hz was applied in order to simulate
the average human gait. 1 Hz is also presented as the optimal stride frequency [51-53].
In this way, the conditions used for Chapters 4 and 5 studies are well above the ones
found in the human body, showing the material response to a harsher condition that
what target application requires. The same was stated in Chapter 7 for highly porous

structures under fretting-corrosion solicitations.
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8.1.3. Strontium

Sr, within the group Il of the periodic table of elements, follows directly calcium as
alkaline earth metal. Due to its chemical and physical similarities, Sr can be accumulated
in the skeleton. Sr appears as a trace element in the lithosphere and moves up into food
chain. Plants absorb Sr in their environment proportionally and the animals prefer Ca in
favour of Sr. Consequently, the Sr/Ca ratio is higher in plants than in animals [54,55].

Sr has been presenting functions of osteogenesis induction [56-61],
osteoclastogenesis inhibition [62—64] and may have antibacterial properties [56,65]. In
this way, Sr incorporation in MAO layers may be a valuable strategy to improve bone
response to implants.

Sr was previously added to MAO structures [58,65—68] but the optimum level of
Sr inclusion had not been elucidated. It is well known that modifying electrolyte
parameters can lead to significant changes in the MAO layer, however, the knowledge
of the introduction of bioactive elements and the effect of their concentrations was still
very scarce. That is why the effect of three different Sr concentration was characterized
and biological and tribocorrosion evaluated on Chapters 3 and 4.

The possible mechanism behind Sr activity is correlated to the activation via
strontium divalent cations (Sr**) of the calcium-sensing receptor (CaR), which is
expressed by bone cells. The activation of CaR triggers cell proliferation and
differentiation in osteoblasts and, at the same time, apoptosis in osteoclasts, thereby
promoting bone formation and reducing bone resorption. Sr can substitute Ca in the
hydroxyapatite lattice, because it can have the same charge. Because of the chemical
analogy with Ca, Sr is a bone seeking element and 99% of the Sr that is in the human
body is on the skeleton. The incorporation of Sr?* instead of Ca?* in the HAP structure is
reported to enhance bioactivity, biocompatibility, biodegradable rate and compressive
strength compared with the traditional Sr-free HA. Indeed, several studies [55,69-73]
reported the effects of Sr-HAP and Sr by itself as a promoter in the improvement of the
bioactivity and biocompatibility of implants, together with an increased bone formation
and less bone resorption. However, Sr concentration plays a crucial factor. As it was
possible to see in Chapter 3, Sr in low concentrations did not compromise initial cell

adhesion either viability and interestingly improved mineralization. However, higher
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concentration of Sr showed to induce collagen secretion but with compromised
mineralization, possibly due to a delayed mineralization process or induced precipitation
of deficient hydroxyapatite.

The physical and chemical properties of material play an important role in the
overall bioactivity of doped implants and in turn mediating cellular functions. The
interplay between bioactive elements was also not yet fully clarified in the literature. Sr
has been combined with a lot of elements, like Ca, P, Co F and Zn [65,74] but its effects
and its ideal concentration is still under evaluation. Sr can play a role in anti-bacterial
mechanisms but that was not yet well-established [75,76]. However, it was found out
that silver antibacterial effect can be promoted by the presence of Sr ions. Silver and
strontium combination showed promising results against bacterial strains such as
methicillin-resistant Staphylococcus aureus (MRSA), which have developed resistance to
common antibiotics [77]. It is important to develop adequate models to study the effect
of Sr for antibacterial research in future studies, in order to better define the
concentration on the therapeutic application of this element.

The increase on the collagen production, stated in Chapter 3, especially for the
groups with higher amount of Sr (mmSr and mmmSr), opened the perspective to adapt
this material to be a kind of collagen bio-stimulator in the tissues in which the
mineralization is considered a side effect, for example, in soft conjunctive tissue
regeneration. As stated in Chapter 4, the condition with a higher amount of Sr (mmmSr)
presented a better preliminary response to tribocorrosion evaluation.

Sr has been also used with drug release solutions [78—80]. The use of Sr has been
broadly applied and its doping on a TiO; oxide layer on porous Ti is quite promising and
comprehensive.

FGMs are showing a new path to the problem of longevity and durability of
artificial implants. In this project, efforts to achieve TiO; layer doped with Sr on a macro-
porous Ti have been made. However such combination, functionally graded macro-
porous doped with Sr was not achieved, because more efforts were made to produce
new insights on the solutions separated. After characterization and biological and
triboelectrochemical evaluation, Ti structures doped with bioactive elements on the
TiO2 layer are suggested as a promising biomaterial. By comparing with the available

literature, this thesis remarkably shows that significant improvements have been
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achieved. For example, by means of a simple approach, a simple and fast two-step
anodic treatment was developed in Chapter 5 in order to produce macro-pores only on
the surface with the incorporation of bioactive elements. The new methodology
developed may bring new insights to improve already existing implant systems, or even
to create new surfaces with enhanced functionalities.

This study takes along a fundamental and insightful contribution by providing new
knowledge on the mechanisms behind tribocorrosive degradation of macro-porous
structures that is still very scarce in the literature. This thesis brings a profound and
innovative knowledge of the synergistic role of macro- and micro-pores effects. In the
end, the investigations described and discussed in this thesis can contribute to develop
a hard anticorrosive bioactive porous hierarchical graded structure for a durable and

successful artificial load-bearing implant.

8.2. Final conclusion

The main hypothesis formulated at the beginning of this thesis, in Chapter 1, was
validated since Sr incorporated in a micro-porous Ti oxide layer formed on a macro-
porous Ti can improve both the biological and triboelectrochemical response of the Ti
implant.

Therefore, based on the experimental approaches carried out on this work, the
following conclusions are highlighted addressing the three main objectives obtained by
dividing the main hypothesis:

* The incorporation of Sr did not affect significantly the pore size and morphology
in the TiO; layer, although, it changed the chemical composition and the oxide crystal
structure; biological tests revealed that lower concentrations of Sr did not compromise
initial cell adhesion neither viability and interestingly improved mineralization; higher Sr
concentration in the MAO electrolyte led to an increase of rutile phase within the MAO
surfaces resulting in less visible mechanical damage and lower COF during tribocorrosion
tests;

¢ A macro-porous surface structure covered with a micro-porous Ca- and P-rich

oxide layer was produced using a fast and simple two-step anodic treatment; The
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presence of macro-porosity did not deteriorate the bio-functionalization treatment,
either chemical composition (Ca/P ratio) and layer structure;

¢ A macro-porous surface structure covered with a micro-porous Ca- and P-rich
oxide layer exhibited a lower tendency to corrosion and more stable COF values under
sliding; the electrochemical behaviour of highly porous Ti samples was improved by the
bio-functionalization treatment in terms of thermodynamic and kinetics; the improved
corrosion behaviour of bio-functionalized highly porous samples was mostly due to the
barrier film formed under longer galvanostatic control during the MAO process; fretting
response between highly porous Ti against Ti alloy was highly dependent on the applied
load and several mechanical responses were obtained; the promising surface
morphology of the highly porous Ti was preserved and was highlighted by its mechanical
integrity under severe contact after 16 hours of fretting-corrosion solicitations.

Thus, following the main objectives of this work, within the limitations of this
work, it can be concluded that macro-porous Ti with micro-porous Ti oxide layer with

Ca, P and Sr can be considered as an implant material for biomedical applications.

8.3. Perspectives

Despite the number of experiments and results obtained throughout this research,
there are open questions that may be deliberated for upcoming investigations. In this
way, based on current findings, it is proposed to be considered for further investigation:

¢ Following the study in Chapter 3, the assessment of the role of Sr in anti-bacterial
mechanisms and osteoclast culture;

¢ Evaluation of the biomechanical stability and biological response of macro-
surfaces produced in Chapter 5;

¢ An in-depth study to define the area exposed to the electrolyte by a porous Ti
structure and the oxide layer formation throughout the porous structure (micro-CT and
slice-and-view FIB-SEM may be used to help to quantify the metallic area exposed to the
electrolyte and to evaluate how is the oxide layer formed by MAO in the most inner
pores; thermal imaging cameras may record the nature and temperature outputs from

discharges, which may create temperature gradients during layer growth);
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¢ Additional mechanical testing, including deeper evaluation on fretting corrosion,
fatigue corrosion and fracture of macro-porous Ti structures;

* As reported in Chapter 2, dynamic methods like ultrasound technique to
determine the Young’s modulus of macro-porous Ti;

¢ In vitro evaluation of macro-porous Ti structures with TiO; layers doped with Sr
to determine the consistency between these results and the benefits of bio-functionality

on the longevity of orthopaedic implants.
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